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A B S T R A CT 

Concepts can be represented by distributed pat-

tern s o f  activit y i n network s o f  neuron-lil< e units . 

One advantag e o f  thi s kin d o f  representatio n i s 

tha t  i t  lead s t o automati c generalization .  W h e n 

th e weight s i n th e networ k ar e change d t o incor -

porat e ne w knowledg e abou t  on e concept ,  th e 

change s affec t  th e knowledg e associate d wit h 

othe r  concept s tha t  ar e represente d b y simila r 

activit y patterns .  Ther e hav e bee n numerou s 

demonstration s o f  sensibl e generalizatio n whic h 

hav e depende d o n th e experimente r  choosin g 

appropriatel y simila r  pattern s fo r  differen t  con -

cepts .  Thi s pape r  show s ho w th e networ k ca n 

be mad e t o choos e th e pattern s itsel f  whe n 

shown a  se t  o f  proposition s tha t  us e th e con -

cepts .  I t  choose s pattern s whic h mak e explici t 

th e underlyin g feature s tha t  ar e onl y implici t  i n 

th e proposition s i t  i s shown . 

componentia l  approac h eac h concep t  i s simpl y a 

set  o f  feature s an d s o a  neura l  ne t  ca n b e mad e 

t o implemen t  a  se t  o f  concept s b y assignin g a 

uni t  t o eac h featur e an d settin g th e strength s o f 

th e connection s betwee n unit s s o tha t  eac h con -

cep t  correspond s t o a  stabl e patter n o f  activit y 

distribute d ove r  th e whol e networ k (Hopfield , 

1982 ;  Kohonen ,  1977 ;  Willshaw ,  Buneman ,  & 

Longuet-Higgins ,  1969) .  Th e networ k ca n the n 

perfor m concep t  completio n (i.e .  retriev e th e 

whol e concep t  fro m a  sufficien t  subse t  o f  it s 

features) .  Th e proble m wit h componentia l 

theorie s i s tha t  the y hav e littl e t o sa y abou t  ho w 

concept s ar e use d fo r  structure d reasoning . 

They ar e primaril y concerne d wit h th e 

similaritie s betwee n concept s o r  wit h painvis e 

associations .  The y provid e n o obviou s wa y o f 

representin g articulate d structure s compose d o f 

a numbe r  o f  concept s playin g differen t  role s 

withi n th e stnjcture . 

1:  T w o s impl e theorie s o f 

neura l  representatio n 

There have been many different proposals for 

how conceptua l  infomnatio n ma y b e represente d 

i n neura l  networks .  Thes e rang e fro m extrem e 

localis t  theorie s i n whic h eac h concep t  i s 

represente d b y a  singl e neura l  uni t  (Barlow , 

1972 )  t o extrem e distribute d theorie s i n whic h a 

concep t  correspond s t o a  patter n o f  activit y ove r 

a larg e par t  o f  th e cortex .  Thes e tw o extreme s 

ar e th e natura l  implementation s o f  tw o differen t 

theorie s o f  semantics .  I n th e structuralis t  ap -

proach ,  concept s ar e define d b y thei r  relation -

ship s t o othe r  concept s rathe r  tha n b y som e in -

terna l  essence .  Th e natura l  expressio n o f  thi s 

approac h i n a  neura l  ne t  i s  t o mak e eac h con -

cept  b e a  singl e uni t  wit h n o interna l  structur e 

and t o us e th e connection s betwee n unit s t o en -

cod e th e relationship s betwee n concepts .  I n th e 

2 :  Ro le-spec i f i c  un i t s 

One way of using neural nets to implement ar-

ticulate d structure s o f  th e kin d show n i n th e 

semanti c ne t  formalis m i n figur e 1  a  i s t o assig n 

a grou p o f  neura l  unit s t o eac h possibl e rol e an d 

t o mak e th e patter n o f  activit y o f  th e unit s i n tha t 

grou p represen t  th e concep t  tha t  fill s  th e rol e 

(Hinton ,  1981) .  Eac h uni t  the n represent s th e 

conjunctio n o f  a  rol e wit h a  featur e o f  th e con -

cep t  fillin g tha t  rol e (e.g .  a  uni t  migh t  b e activ e if f 

th e agen t  i s  male) .  A  propositio n ca n the n b e 

represente d b y a  stabl e combinatio n o f  rol e 

filler s a s show n i n figur e lb .  Thi s i s a  fun -

damentall y differen t  metho d o f  representatio n 

fro m eithe r  o f  th e tw o mor e obviou s method s 

describe d above .  I t  ha s th e interestin g propert y 

tha t  th e ver y sam e concep t  wil l  hav e quit e dif -

feren t  representation s whe n i t  i s playin g differen t 

roles . 
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T h e us e o f  multipl e differen t  representation s o f 

th e s a m e cx>ncep t  appear s t o b e a  seriou s fla w 

fo r  tw o reasons :  First ,  I t  appear s t o b e un -

economical .  Second ,  i t  i s  no t  clea r  h o w w e 

k n o w tha t  J o h n I n th e representatio n o f  "Joh n hi t 

M a r y "  ha s anythin g t o d o wit h Joh n i n th e 

representatio n o f  "Mar y divorce d John" . 

The economic considerations are complex. The 

"obvious "  w a y t o represen t  tha t  Joh n i s th e 

agen t  o f  a  certai n propositio n i s t o combin e a 

canonica l  representatio n o f  J o h n wit h a  canoni -

ca l  representatio n o f  agent .  I n lisp ,  fo r  example , 

a symboli c expressio n lik e (agen t  John )  woul d b e 

a n obviou s representatio n an d a  whol e proposi -

tio n migh t  b e represente d b y th e expressio n 

((agen t  John )  (relatio n hit )  (patien t  mary)) .  Alter -

natively ,  th e role s migh t  b e implicitl y  represente d 

b y th e positio n o f  a n elemen t  i n a  lis t  an d s o th e 

who l e propositio n coul d b e represente d b y (hi t 

Joh n mary) .  Eithe r  w a y ,  th e ver y s a m e symbo l  i s 

use d fo r  J o h n whateve r  rol e h e play s i n th e 

proposition .  I n logi c an d i n compute r  program -

ming ,  th e standar d w a y o f  representin g conjunc -

tion s i s b y compos in g symboli c expression s ou t 

of  individua l  symbols .  Give n a  conventiona l 

genera l  purpos e compute r  m e m o r y ,  i t  i s  eas y t o 

stor e arbitrar y composition s o f  symbols . 

If, however, we want to be able to retrieve a 

propositio n fro m a  partia l  descriptio n o f  it s con -

tents ,  th e advantag e o f  alway s usin g th e ver y 

s a m e representatio n fo r  J o h n i s les s clear .  I f  th e 

partia l  descriptio n include s th e informatio n tha t 

proposit ion s propositlon 4 

Joh n i s th e agent ,  w e woul d lik e thi s t o pic k ou t 

jus t  thos e proposition s whic h hav e Joh n a s 

agent .  Thi s i s  m o r e specifi c  tha n th e proposi -

tion s whic h hav e a n agen t  an d als o hav e Joh n i n 

s o me role .  I t  I s th e conjunctio n o f  Joh n wit h 

agen t  tha t  form s th e retrieva l  cue ,  an d s o I n a 

neura l  implementatio n i t  woul d m a k e sens e t o 

hav e a  specifi c  representatio n fo r  thi s conjunc -

tion .  Thi s conjunctiv e representatio n ca n the n 

caus e th e effect s require d fo r  completin g th e 

whol e patter n o f  activit y tha t  represent s th e 

proposition .  S o ,  eve n i f  ther e i s a  representatio n 

i n whic h Joh n an d agen t  ar e represente d 

separately ,  i t  m a y b e necessar y t o for m a  con -

junctiv e representatio n fo r  retrieval . 

A similar argument can be made in other 

domains .  I n representin g th e graphemi c struc -

tur e o f  th e wor d "chip" ,  fo r  example ,  i t  woul d b e 

possibl e t o us e a  representatio n suc h a s (( 4 p ) 

( 2 h )  ( 3 i )  ( 1 c) )  bu t  fo r  a  tas k lik e fillin g i n th e 

blan k i n "c-ip "  i t  i s  Inefficien t  t o acces s al l  word s 

whic h contai n c  an d i  an d p .  T h e identitie s an d 

role s o f  th e letter s nee d t o b e conjoine d t o for m 

m o r e specifi c  acces s cues .  Thi s argue s tha t  w e 

nee d quit e differen t  neura l  representation s fo r  ( 1 

c )  an d ( 4 c) .  Fo r  th e purpose s o f  acces s t o th e 

whol e word ,  thes e representation s nee d hav e 

nothin g i n c o m m o n ^  Indeed ,  paralle l  networ k 

Mn a conventional lisp program, it is easy to separate the 
representatio n fro m th e procedure s use d fo r  retrieva l  an d s o 
it  i s  eas y t o us e a  representatio n tha t  i s  no t  I n a  for m tha t  i s 
helpfu l  fo r  retrieval .  I n a  neura l  ne t  i t  i s  probabl y mor e 
importan t  t o choos e representation s tha t  ca n directl y caus e 
th e require d effect s vi/ithou t  th e interventio n o f  a  comple x 
interpreter .  Thi s i s on e o f  th e man y difference s i n represen -
tationa l  consideration s tha t  follow s fro m th e differenc e be -
twee n th e Vo n Neuman n architectur e an d a  massivel y paral -
le l  network . 

Joh n hi t Mar y 

agen t relatio n patien t 

(a )  (b ) 

Figur e 1 :  (a )  Par t  o f  a  semanti c net .  (b )  Thre e group s o f  unit s whic h hav e tw o alternativ e stabl e state s 

tha t  represen t  th e tw o proposition s i n th e semanti c net . 

2 
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model s o f  readin g us e separat e representation s 

of  letter s i n differen t  position s withi n th e wor d 

(McClellan d &  Rumelhart ,  1981) . 

The second problem with role-specific represen-

tation s i s ho w t o recogniz e th e identit y o f  th e 

variou s differen t  role-specifi c  representation s o f 

th e sam e concept .  A n efficien t  wa y t o d o thi s i s 

t o hav e a  single ,  canonica l  representatio n fo r 

eac h concep t  an d t o hav e a  mechanis m fo r 

translatin g betwee n role-specifi c  representation s 

and th e canonica l  one .  Hinto n (1981 )  show s 

ho w thi s ide a ca n b e implemente d i n a  neura l 

net .  I t  wil l  no t  b e discusse d furthe r  i n thi s paper . 

2.1: Choosing role-specific representations 

Fro m no w on ,  w e assum e tha t  a  concep t  playin g 

a rol e withi n a  large r  structur e i s represente d b y 

a patter n o f  activit y i n a  grou p o f  role-specifi c 

units ,  an d w e focu s o n th e issu e o f  ho w thi s pat -

ter n shoul d b e chosen .  A  simpl e solutio n i s t o 

us e pattern s selecte d a t  random ,  perhap s wit h 

th e additiona l  constrain t  tha t  n o tw o pattern s ar e 

to o similar .  Th e us e o f  rando m pattern s i s quit e 

common i n researc h i n thi s are a (Hopfield ,  1982 ; 

Willshaw ,  1981) .  i t  make s analysi s easie r  an d i t 

i s  a  sensibl e defaul t  i n th e absenc e o f  an y othe r 

idea s abou t  representation .  However ,  i t  entirel y 

eliminate s on e o f  th e mos t  interestin g aspect s o f 

distribute d representations :  Th e abilit y  t o cap -

tur e th e similarit y betwee n concept s b y th e 

similarit y o f  thei r  representations ,  an d th e con -

sequen t  abilit y  t o generaliz e ne w informatio n i n 

sensibl e ways .  W e Illustrat e thi s poin t  i n th e 

simpl e domai n o f  famil y relationships . 

Figure 2 shows two family trees. All the infor-

matio n i n thes e tree s ca n b e represente d i n 

simpl e proposition s o f  th e for m (person i 

relationshi p person2) .  Thes e proposition s ca n 

be store d a s th e stabl e state s o f  activit y o f  a 

neura l  networ k whic h contain s a  grou p o f  unit s 

fo r  th e rol e personi ,  a  grou p fo r  th e rol e 

relationshi p an d a  grou p fo r  th e rol e person2 . 

The ne t  ma y als o requir e furthe r  group s o f  unit s 

i n orde r  t o achiev e th e correc t  interaction s be -

twee n th e thre e role-specifi c  groups .  Figur e 3 

shows a  networ k i n whic h on e furthe r  grou p ha s 

bee n introduce d fo r  thi s purpose .  Unit s i n thi s 

extr a grou p detec t  combination s o f  feature s i n 

th e role-specifi c  group s an d ca n b e use d fo r 

causin g appropriat e completion s o f  partia l  pat -

terns .  Suppose ,  fo r  example ,  tha t  on e o f  th e ex -

tr a unit s become s activ e wheneve r  person i  i s 

ol d an d relationshi p require s tha t  bot h peopl e 

be th e sam e ag e (e.g .  th e relationshi p has -

husban d i n th e ver y conventiona l  domai n w e 

use) .  Th e extr a uni t  ca n the n activat e th e uni t 

Christophe r  =  Penelop e 
I 

Andre w =  Christin e 

I 

Margare t  =  Arthu r Victori a =  Jame s Jennife r  =  Charle s 
± 

Coli n Charlott e 

Robert o =  Mari a Pierr o =  Francesc a 
I 

Gin a =  Emili o Luci a =  Marc o Angel a =  T o m a s o 

Alfons o Sophi a 

Figure 2: Two isomorphic family trees. The symbol "=" means "married to". 



Hinto n 

tha t  represent s th e featur e ol d withi n th e 

p e r s o n 2 group .  A n extr a uni t  tha t  work s i n thi s 

w ay wil l  b e sai d t o encod e a  micro-inference .  I t 

use s s o m e o f  th e feature s o f  s o m e o f  th e role -

filler s t o infe r  s o m e o f  th e feature s o f  othe r  role -

filler s an d i t  i s  typicall y usefu l  i n encodin g m a n y 

differen t  proposition s rathe r  tha n jus t  a  singl e 

one .  B y dedicatin g a  uni t  t o a  micro-inferenc e 

tha t  i s  applicabl e i n m a n y differen t  propositions , 

th e networ k m a k e s bette r  us e o f  th e informatio n 

carryin g capacit y o f  it s  unit s tha n i f  i t  dedicate d a 

singl e extr a uni t  t o eac h proposition .  Thi s i s  a n 

exampl e o f  th e techniqu e o f  coars e codin g 

describe d i n Hinton ,  McClellan d &  Rumelhar t 

(1986) .  I n describin g h o w a  micro-inferenc e 

coul d b e implemented ,  w e a s s u m e d tha t  ther e 

w a s a  singl e uni t  withi n th e person l  grou p tha t 

w a s activ e w h e n e v e r  th e patter n o f  activit y i n 

tha t  grou p encode d a n ol d person .  Thi s woul d 

not  b e tru e usin g r a n d o m patterns ,  bu t  i t  woul d 

b e t m e usin g a  componentia l  representation . 

Micro-inferences store propositions by encoding 

th e underlyin g regularitie s o f  a  domain .  Thi s 

for m o f  storag e ha s th e advantag e tha t  i t  allow s 

sensibl e generalization .  I f  th e networ k ha s 

l eame d th e micro-inferenc e give n abov e i t  wil l 

hav e a  natura l  tendenc y t o m a k e sensibl e 

guesses .  If ,  fo r  example ,  i t  i s  tol d enoug h abou t 

a n e w person ,  Jane ,  t o k n o w tha t  Jan e i s ol d 

an d i t  i s  the n aske d t o complet e th e propositio n 

(Jan e has-husban d ? )  i t  wil l  expec t  th e fille r  o f 

th e p e r s o n 2 rol e t o b e old .  T o achiev e thi s kin d 

of  generalizatio n o f  domain-specifi c  regularities , 

i t  i s  necessar y t o pic k a  representatio n fo r  Jan e 

i n th e person l  rol e tha t  ha s jus t  th e righ t  activ e 

unit s s o tha t  th e existin g micro-inference s ca n 

caus e th e righ t  effect s i n th e othe r  role-specifi c 

groups .  A  randoml y chose n patter n wil l  no t  do . 

The real criterion for a good set of role-specific 

representation s i s  tha t  i t  m a k e s i t  eas y t o ex -

pres s th e regularitie s o f  th e domain .  I t  i s  sen -

sibl e t o dedicat e a  uni t  t o a  featur e lik e ol d be -

caus e usefu l  micro-inference s ca n b e expresse d 

i n term s o f  thi s feature .  Ther e i s anothe r  w a y o f 

statin g thi s poin t  whic h enable s u s t o avoi d 

awkwar d question s abou t  whethe r  th e networ k 

reall y understand s wha t  ol d m e a n s .  Instea d o f 

sayin g tha t  activit y i n a  uni t  m e a n s tha t  th e per -

so n i s old ,  w e ca n simpl y specif y th e se t  o f 

peopl e fo r  whic h th e uni t  i s  active .  Eac h uni t 

the n correspond s t o a  w a y o f  partitionin g al l  th e 

peopl e int o tw o subsets ,  an d goo d represen -

tation s ar e one s fo r  whic h thes e partition s ar e 

helpfu l  i n expressin g th e regularities .  T h e 

searc h fo r  goo d representation s i s the n a  searc h 

i n th e spac e o f  possibl e set s o f  partitions^ . 

2| f  th e unit s ca n hav e intermediat e activit y level s o r  ca n 
behav e stochastically ,  the y d o no t  correspon d t o clea n cu t 
partition s t>ecaus e ther e wil l  b e borderlin e cases .  The y ar e 
more lik e fuzz y sets ,  bu t  th e forma l  apparatu s o f  fuzz y se t 
theor y (whic h i s wha t  define s th e meanin g o f  "fuzzy" )  i s  o f  n o 
hel p her e s o w e refrai n fro m usin g th e ter m "fuzzy "  I n muc h 
of  wha t  follow s w e tal k a s i f  unit s defin e clearcu t  set s wit h n o 
margina l  cases .  Thi s i s jus t  a  usefu l  idealisation . 

^ % o 

agen t 

O q O ^ O 

0 0 6 0 0 0 ^ 0 
relatio n patien t 

Figur e 3 :  A n extr a grou p o f  unit s ca n b e use d t o implemen t  higher-orde r  constraint s be twee n th e role -

specifi c  patterns . 
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2.2 :  Givin g th e networ k th e f reedo m t o 

c h o o s e representation s 

T h e networ k s h o w n i n figur e 3  ha s th e disadvan -

tag e tha t  i t  i s  impossibl e t o presen t  a  propositio n 

t o th e networ k withou t  alread y havin g decide d 

o n th e pattern s o f  activit y tha t  represen t  th e 

peopl e an d relationships .  W e woul d lik e th e net -

wor k t o us e it s experienc e o f  a  se t  o f  proposi -

tion s t o construc t  it s  o w n interna l  represen -

tation s o f  concepts ,  an d s o w e mus t  hav e a  w a y 

of  presentin g th e proposition s tha t  i s neutra l  wit h 

respec t  t o th e variou s possibl e interna l 

representations .  Figur e 4  s h o w s h o w thi s ca n 

b e done .  T h e networ k translate s a  neutra l  Inpu t 

representatio n i n whic h eac h perso n o r  relation -

shi p i s represente d b y a  singl e activ e uni t  int o it s 

o wn interna l  representatio n befor e makin g an y 

associations .  I n th e inpu t  representation ,  al l 

pair s o f  concept s ar e equall y similar̂ . 

*Th e word s o f  a  natura l  languag e see m t o wor k i n a  ver y 
simila r  way .  The y stan d fo r  concept s whils t  indicatin g ver y 
littl e abou t  ho w thos e concept s shoul d b e represente d inter -
nally .  Monomorphemi c word s wit h simila r  meaning s d o no t 
generall y hav e simila r  forms .  S o a  patter n o f  activit y base d 
on th e for m o f  th e wor d i s no t  a  goo d wa y o f  capturin g th e 
similaritie s betwee n meanings .  Ther e mus t  b e a  proces s 
tha t  map s wor d form s int o wor d meanings .  Thi s proces s 
must  b e fa r  mor e comple x tha n th e simulation s w e presen t 
her e becaus e man y wor d forms ,  Wke 'bank' ,  ar e ambiguou s 
and s o th e proces s o f  goin g fro m th e inpu t  representatio n t o 
a representatio n o f  th e wor d meanin g canno t  b e perfonme d 
separatel y fo r  eac h word .  Th e meanin g o f  whol e phrase s o r 
sentence s mus t  b e use d fo r  disambiguatio n (Walt z &  Pol -
lack ,  1985) . 

3:  A  n e t w o r k tha t  learn s 

distribute d representation s 

In our attempts to show that neural networks can 

iea m sensibl e distribute d representation s w e 

hav e trie d severa l  differen t  learnin g procedures . 

T h e mos t  successfu l  o f  these ,  s o far ,  i s  th e 

"back-propagation "  procedur e describe d i n 

Rumelhart ,  Hinto n &  William s (1986) ,  an d th e 

simulatio n w e presen t  use s back-propagation . 

Thi s learnin g procedure ,  whic h i s briefl y outline d 

i n sectio n 4 ,  a s s u m e s tha t  th e unit s hav e real -

value d output s betwee n 0  an d 1  whic h ar e 

deterministi c function s o f  thei r  tota l  inputs , 

wher e th e tota l  input ,  Xj ,  t o uni t  j  i s  give n b y 

^y =  X> ' / ^ j Jt (1 ) 

A uni t  ha s a  real-value d output ,  yj ,  whic h i s a 

non-linea r  functio n o f  it s  tota l  input . 

>' /  = 
U e ,-X : 

(2 ) 

T h e unit s ar e arrange d i n layer s wit h a  laye r  o f 

inpu t  unit s a t  th e bottom ,  an y numbe r  o f  inter -

mediat e layers ,  an d a  laye r  o f  outpu t  unit s a t  th e 

top .  Connection s withi n a  laye r  o r  fro m highe r  t o 

lowe r  layer s ar e forbidden :  Al l  connection s g o 

fro m lowe r  layer s t o highe r  ones . 

agen t relatio n patien t 

"T T 

Figur e 4 :  T h e stat e o f  eac h role-specifi c  grou p ca n b e fixe d vi a a  specia l  inpu t  group .  B y varyin g th e 

weight s betwee n th e specia l  Inpu t  group s an d th e role-specifi c  group s th e networ k ca n develo p it s o w n 

role-specifi c  representation s instea d o f  bein g force d t o us e representation s tha t  ar e pre-determined . 
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An inpu t  vecto r  i s presente d t o th e networ k b y 

settin g th e state s o f  th e inpu t  units .  T h e n th e 

state s o f  th e unit s i n eac h laye r  ar e determine d 

by applyin g Eq .  1  an d 2  t o th e connection s c o m -

in g fro m lowe r  layers .  Al l  unit s withi n a  laye r 

hav e thei r  state s se t  i n parallel ,  bu t  differen t 

layer s hav e thei r  state s se t  sequentially ,  startin g 

at  th e botto m an d workin g upward s unti l  th e 

state s o f  th e outpu t  unit s ar e determined . 

To use the back-propagation learning procedure 

we nee d t o expres s th e tas k o f  learnin g abou t 

famil y relationship s i n a  for m suitabl e fo r  a 

layere d network^ .  Ther e ar e m a n y possibl e 

layere d network s fo r  thi s tas k an d s o ou r  choic e 

i s s o m e w h a t  arbitrary :  W e ar e merel y tryin g t o 

s h o w tha t  ther e i s a t  leas t  on e w a y o f  doin g it , 

an d w e ar e no t  claimin g tha t  thi s i s th e bes t  o r 

onl y way .  T h e networ k w e use d i s s h o w n i n 

figur e 5 .  I t  ha s a  grou p o f  inpu t  unit s fo r  th e fille r 

of  th e person i  role ,  an d anothe r  grou p fo r  th e 

fille r  o f  th e relationshi p role .  T h e outpu t  unit s 

represen t  th e fille r  o f  th e pe rson 2 role ,  s o th e 

networ k ca n onl y b e use d t o complet e proposi -

tion s w h e n give n th e firs t  tw o terms^ .  T h e state s 

of  th e unit s i n th e inpu t  group s ar e c lampe d fro m 

outsid e an d th e networ k the n determine s th e 

state s o f  th e outpu t  unit s an d thu s complete s th e 

proposition . 

For some relationships, like uncle, there may be 

severa l  possible  filler s fo r  th e pe rson 2 rol e tha t 

ar e compatibl e wit h a  give n fille r  o f  th e person i 

role .  I n a  stochasti c networ k i t  woul d b e reason -

abl e t o allo w th e networ k t o choos e on e o f  th e 

possibilitie s a t  random .  I n th e deterministi c net -

*Rumelhar t  et .  al .  describ e anothe r  versio n o f  th e proce -
dur e whic h doe s no t  requir e a  layere d net .  I t  work s fo r 
arbitrar y recurren t  networks ,  bu t  require s mor e comple x 
unit s tha t  remembe r  thei r  histor y o f  activit y levels .  W e hav e 
not  applie d thi s versio n t o th e famil y relationship s task . 

^e would have preferred it to perform completion when 
give n an y tw o terms .  Thi s coul d hav e bee n don e b y usin g a 
bigge r  networ k i n whic h ther e wer e thre e inpu t  group s an d 
thre e outpu t  groups ,  bu t  learnin g woul d hav e bee n slowe r  i n 
th e large r  networ k an d s o w e opte d fo r  th e simple r  case . 
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wor k w e decide d t o insis t  o n a n outpu t  whic h ex -

plicitl y  represente d th e whol e se t  o f  possibl e 

fillers .  Thi s i s eas y t o d o becaus e th e neutra l 

representatio n tha t  w e use d fo r  th e outpu t  ha s a 

singl e activ e uni t  fo r  eac h perso n an d s o ther e i s 

a n obviou s representatio n fo r  a  se t  o f  people . 

Using the relationships {father, mother, hus-

band ,  wife ,  sor) ,  daughter ,  uncle ,  aunt ,  brother , 

sister ,  nephew ,  neic e }  ther e ar e 10 4 instance s 

of  relationship s i n th e tw o famil y tree s s h o w n i n 

figur e 2 .  W e traine d th e networ k o n 10 0 o f 

thes e instances .  T h e trainin g involve d 150 0 

s w e e p s throug h th e 10 0 example s wit h th e 

weight s bein g update d afte r  eac h sweep .  T h e 

detail s o f  th e trainin g procedur e ar e give n i n 

sectio n 4 .  Afte r  thi s substantia l  experienc e o f 

th e domain ,  th e weight s wer e ver y stabl e an d 

th e networ k performe d correctl y o n al l  th e train -

in g examples :  W h e n give n a  person i  an d a 

relationshi p a s inpu t  i t  alway s produce d activit y 

level s greate r  tha n 0. 8 fo r  th e outpu t  unit s cor -

respondin g t o correc t  answer s an d activit y level s 

of  les s tha n 0. 2 fo r  al l  th e othe r  outpu t  units .  A 

typica l  exampl e o f  th e activit y level s i n al l  layer s 

of  th e networ k i s s h o w n i n figur e 5 . 

The fact that the network can learn the ex-

ample s i t  i s  s h o w n i s no t  particularl y surprising . 

T h e interestin g question s are :  D o e s i t  creat e 

sensibl e interna l  representation s fo r  th e variou s 

peopl e an d relationship s tha t  m a k e i t  eas y t o ex -

pres s regularitie s o f  th e domai n tha t  ar e onl y im -

plici t  i n th e example s i t  i s  given ? D o e s i t 

generaliz e correctl y t o th e remainin g examples ? 

D o es i t  m a k e us e o f  th e isomorphis m betwee n 

th e tw o famil y tree s t o allo w i t  t o encod e the m 

m o r e efficientl y an d t o generaliz e relationship s 

i n o n e famil y tre e b y analog y t o relationship s i n 

th e other ? 

3.1: The representations 

Figur e 6  s h o w s th e weight s o n th e connection s 

fro m th e 2 4 unit s tha t  ar e use d t o giv e a  neutra l 

inpu t  representatio n o f  person i  t o th e 6  unit s 

tha t  ar e use d fo r  th e network' s internal ,  dis -

tribute d representatio n o f  personi .  Thes e 
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Figur e 5 :  Th e activit y level s i n a  fiv e laye r  networ k afte r  i t  ha s learned .  Th e botto m laye r  ha s 2 4 inpu t 

unit s o n th e lef t  fo r  representin g perso n 1  an d 1 2 unit s o n th e righ t  fo r  representin g th e relationship .  Th e 

whit e square s insid e thes e tw o group s sho w th e activit y level s o f  th e units .  Ther e i s on e activ e uni t  i n th e 

firs t  grou p (representin g Colin )  an d on e i n th e secon d grou p (representin g has-aunt) .  Eac h o f  th e tw o 

group s o f  inpu t  unit s i s totall y connecte d t o it s ow n grou p o f  6  unit s i n th e secon d layer .  Thes e tw o 

group s o f  6  mus t  lear n t o encod e th e inpu t  term s a s distribute d pattern s o f  activity .  Th e secon d laye r  i s 

totall y connecte d t o th e centra l  laye r  o f  1 2 units ,  an d thi s laye r  i s connecte d t o th e penultimat e laye r  o f  6 

units .  Th e activit y i n th e penultimat e laye r  mus t  activat e th e correc t  outpu t  units ,  eac h o f  whic h stand s fo r 

a particula r  person2 .  I n thi s case ,  ther e ar e tw o correc t  answer s (marke d b y blac k dots )  becaus e Coli n 

has tw o aunts .  Bot h th e inpu t  an d outpu t  unit s ar e lai d ou t  spatiall y  wit h th e Englis h peopl e i n on e ro w 

and th e isomorphi c Italian s immediatel y below . 

V) 
r C 

< < 
5 o 

9) 
Q. 
O 
4> 
c 
a. 

S-  u  c 
6 >  - % 

X ^ 

i . 

L. 

Q. 
O 5 
i s 

5 

Q.  c  * > 
o •= •  - r  4» 
fl>  C O 

— 4 > 
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< < " u u Q . o > - ^ i : o 

Figur e 6 :  Th e weight s fro m th e 2 4 inpu t  unit s tha t  represen t  peopl e t o th e 6  unit s i n th e secon d laye r  tha t 

lear n distribute d representation s o f  people .  Whit e rectangle s stan d fo r  excitator y weights ,  blac k fo r  in -

hibitor y weights ,  an d th e are a o f  th e rectangl e encode s th e magnitud e o f  th e weight .  Th e weight s fro m 

th e 1 2 Englis h peopl e ar e i n th e to p ro w o f  eac h unit .  Beneat h eac h o f  thes e weight s i s th e weigh t  fro m 

th e isomorphi c Italian . 
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weight s defin e th e "receptiv e field "  o f  eac h o f  th e 

6 unit s i n th e spac e o f  people .  I t  i s  clea r  tha t  a t 

leas t  o n e uni t  (uni t  n u m b e r  1 )  i s  primaril y con -

cerne d wit h th e distinctio n betwee n Englis h an d 

Italia n an d tha t  mos t  o f  th e othe r  unit s ignor e 

thi s distinction .  Thi s m e a n s tha t  th e represen -

tatio n o f  a n Englis h perso n i s  ver y simila r  t o th e 

representation  o f  thei r  Italia n equivalent .  T h e 

networ k i s  makin g us e o f  th e isomorphis m be -

twee n th e tw o famil y tree s t o allo w i t  t o shar e 

structur e an d i t  wil l  therefor e ten d t o generaliz e 

sensibl y fro m on e tre e t o th e other . 

particula r  se t  o f  relationshi p term s tha t  wer e 

used .  Eac h o f  th e 1 2 relationshi p term s c o m -

pletel y determine s th e se x o f  person 2 s o th e 

se x o f  person i  i s  redundant .  Figur e 7  s h o w s 

tha t  on e o f  th e 6  unit s whic h encode s th e twelv e 

possibl e relationship s i s  entirel y devote d t o 

predictin g th e se x o f  person2 .  I f  w e ha d in -

clude d relationship s lik e spous e ther e woul d 

hav e bee n mor e pressur e t o encod e th e se x o f 

p e r s o m becaus e thi s woul d hav e bee n usefu l 

i n constrainin g th e possibl e filler s o f  th e 

pe rson 2 role . 

Uni t  2  encode s whic h generatio n a  perso n 

belong s to .  Notic e tha t  th e middl e generatio n i s 

encode d b y a n intermediat e activit y level .  T h e 

networ k i s  neve r  explictl y tol d tha t  generatio n i s 

a usefu l  three-value d feature .  I t  discover s thi s 

fo r  itsel f  b y searchin g fo r  feature s tha t  m a k e i t 

eas y t o expres s th e regularitie s o f  th e domain . 

Uni t  6  encode s whic h branc h o f  th e famil y a  per -

so n belong s to .  Again ,  thi s i s usefu l  fo r  express -

in g th e regularitie s bu t  i s no t  a t  al l  explici t  i n th e 

examples^ . 

It is initially surprising that none of the 6 units 

encode s sex .  Thi s i s  probabl y becaus e o f  th e 

3.2 :  Micro-inference s a n d scientifi c  law s 

Ther e i s a n interestin g analog y betwee n th e w a y 

i n whic h th e networ k represent s profjosition s 

an d th e w a y i n whic h scientist s represen t  th e 

structur e o f  th e natura l  world .  I n orde r  t o ex -

®ln man y tasks ,  feature s tha t  ar e usefu l  fo r  expressin g 
regularitie s betwee n concept s ar e als o observabl e propertie s 
of  th e individua l  concepts .  Fo r  example ,  th e featur e mal e i s 
usefu l  fo r  expressin g regularitie s i n th e relationship s be -
twee n peopl e an d i t  i s  als o relate d t o set s o f  observabl e 
propertie s lik e hairynes s an d size .  W e carefull y chos e th e 
inpu t  representatio n t o mak e th e proble m difficul t  b y remov -
in g al l  kjca l  cue s tha t  migh t  hav e suggeste d th e appropriat e 
features . 

}n o o f 
« i > S  2  £  o 

S . 2 &  . 2 g  § 
. O ( 0 C  C  3  ( 0 

Figur e 7 :  Th e weight s fro m th e 1 2 inpu t  unit s tha t  represen t  relationship s t o th e 6  unit s i n th e secon d 

laye r  tha t  lear n distribute d representation s o f  th e relationships . 
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pres s th e regularitie s i n th e data ,  a  scientis t 

must  describ e the m usin g appropriat e terms . 

For  example ,  substance s wit h widel y differen t 

appearance s mus t  b e groupe d togethe r  int o 

categorie s lik e "acid" ,  "salt" ,  o r  "base" .  I f  th e ap -

propriat e term s ar e give n i n advance ,  th e tas k i s 

much easie r  tha n i f  th e term s themselve s mus t 

be discovere d b y searchin g fo r  set s o f  term s tha t 

allo w law s t o b e expressed .  Th e gradien t  de -

scen t  procedur e use d b y th e networ k als o ha s 

it s analo g i n scientifi c  research .  Initia l  definition s 

of  th e descriptiv e term s ca n b e use d t o for -

mulat e law s an d th e apparen t  exception s ca n of -

te n b e use d t o refin e th e definitions . 

Naturally, there are also many important dif-

ference s betwee n th e wa y scientist s procee d 

and th e wa y learnin g occur s i n th e network . 

Scientist s woul d no t  normall y b e satisfie d i f  thei r 

theor y consiste d o f  a  ver y larg e numbe r  o f 

statistica l  "laws "  an d the y neede d a  computa -

tionall y intensiv e procedur e t o decid e wha t  th e 

law s predicted . 

3.3: Generalization 

The networ k wa s traine d o n 10 0 o f  th e 10 4 in -

stance s o f  relationship s i n th e tw o famil y trees . 

It  wa s the n teste d o n th e remainin g fou r  in -

stances .  Th e whol e trainin g an d testin g proce -

dur e wa s repeate d twice ,  startin g fro m differen t 

rando m weights .  I n on e cas e th e networ k go t  al l 

fou r  tes t  case s correc t  an d i n th e othe r  cas e i t 

got  3  ou t  o f  4 ,  wher e "correct "  mean s tha t  th e 

outpu t  uni t  correspondin g t o th e righ t  answe r 

had a n activit y leve l  abov e 0.5 ,  an d al l  th e othe r 

outpu t  unit s wer e belo w 0.5 .  I n th e tes t  cases , 

th e separatio n betwee n th e activit y level s o f  th e 

correc t  unit s an d th e activit y level s o f  th e 

remainde r  wer e no t  a s shar p a s i n th e trainin g 

cases .  Figur e 8  show s th e activit y level s o f  al l 

24 outpu t  unit s fo r  eac h o f  th e 4  tes t  case s afte r 

training . 

Any learning procedure which relied on finding 

direc t  correlation s betwee n th e inpu t  an d outpu t 

vector s woul d generaliz e ver y badl y o n th e 

famil y tre e task .  Conside r  th e correlation s be -

twee n th e fille r  o f  th e person i  rol e an d th e fille r 

of  th e person 2 role .  Th e fille r  o f  person i  tha t  i s 

use d i n eac h o f  th e generalizatio n test s I s nega -

tivel y correlate d wit h th e correc t  outpu t  vecto r 

becaus e i t  neve r  occure d wit h thi s outpu t  vecto r 

durin g training ,  an d I t  di d occu r  wit h othe r  outpu t 

vectors .  Th e structur e tha t  mus t  b e discovere d 

i n orde r  t o generaliz e correctl y i s no t  presen t  i n 

th e painAfis e correlation s betwee n inpu t  unit s 

and outpu t  units . 

The good generalisation exhibited by the net-

wor k show s tha t  th e structur e whic h i t  ha s ex -

tracte d fro m th e trainin g example s agree s wit h 

th e structur e whic h w e attribut e t o th e domain . 

We woul d lik e t o b e abl e t o sa y tha t  th e trainin g 

set  Implicitl y  contain s th e Informatio n abou t  ho w 

Figur e 8 :  Th e activit y level s o f  th e outpu t  grou p i n th e fou r  tes t  case s tha t  wer e no t  show n durin g training . 

The dot s ar e o n th e correc t  answers .  Notic e tha t  i n ever y cas e th e networ k ha s a  sligh t  tendenc y t o 

activat e th e isomorphi c perso n i n th e othe r  famil y tree . 
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t o generaliz e an d tha t  th e networ k ha s conrectl y 

extracte d thi s implici t  information .  Bu t  thi s re -

quire s a  prescriptiv e domain-independen t  theor y 

of  ho w a  se t  o f  example s shoul d b e use d fo r 

makin g generalisations .  Suc h a  theor y woul d 

constitut e th e "computationa l  level "  o f  under -

standin g fo r  learnin g researc h (Marr ,  1982) ,  an d 

woul d b e a  majo r  advanc e whic h coul d guid e 

researc h a t  th e algorithmi c an d implementatio n 

levels .  Unfortunately ,  w e kno w o f  n o suc h 

theor y an d s o w e ar e restricte d t o showin g tha t 

th e learnin g procedur e produce s sensibl e 

generalization s i n particula r  domains . 

4: The back-propagation 

learnin g procedur e 

The aim of the learning procedure is to find a set 

of  weight s whic h ensur e tha t  fo r  eac h inpu t  vec -

to r  th e outpu t  vecto r  produce d b y th e networ k i s 

th e sam e a s (o r  sufficientl y clos e to )  th e desire d 

outpu t  vector .  I f  ther e i s a  fixed ,  finit e se t  o f 

input-outpu t  cases ,  th e tota l  erro r  i n th e perfor -

mance o f  th e networ k wit h a  particula r  se t  o f 

weight s ca n b e compute d b y comparin g th e ac -

tua l  an d desire d outpu t  vector s fo r  ever y case . 

The error ,  E ,  i s define d a s 

^  =  5 X I ^ y . - ^ y . ) ' (3 ) 

wher e c  i s a n inde x ove r  case s (input-outpu t 

pairs) ,  j  i s  a n inde x ove r  outpu t  units ,  y  i s th e 

actua J stat e o f  a n outpu t  unit ,  an d d  i s  it s desire d 

state .  T o minimiz e E  b y gradien t  descen t  i t  i s 

necessar y t o comput e th e partia l  derivativ e o f  E 

wit h respec t  t o eac h weigh t  i n th e network .  Thi s 

i s simpl y th e su m o f  th e partia l  derivative s fo r 

eac h o f  th e input-outpu t  cases .  Fo r  a  give n 

case ,  th e partia l  derivative s o f  th e erro r  wit h 

respec t  t o eac h weigh t  ar e compute d i n tw o 

passes .  W e hav e alread y describe d th e forwar d 

pas s i n whic h th e unit s i n eac h laye r  hav e thei r 

state s determine d b y th e inpu t  the y receiv e fro m 

unit s i n lowe r  layer s usin g Eq .  1  an d 2 .  Th e 

10 

backwar d pas s whic h propagate s derivative s 

fro m th e to p laye r  bac k t o th e botto m on e i s 

more complicated . 

The backward pass starts by computing dE/dy 

fo r  eac h o f  th e outpu t  units .  Differentiatin g Eq . 

3 fo r  a  particula r  case ,  c ,  an d suppressin g th e 

inde x c  give s 

d E 

By/ 
y.- d 
•7 J 

(4 ) 

We ca n the n appl y th e chai n rul e t o comput e 

dE/dx j 

d E ^ d E ^ 

^  dy j  dx j ^ 

Differentiatin g Eq .  2  t o ge t  th e valu e o f  dyjidx j 

give s 

3£ d E , ,  , 
— =  — )' .  (i-y. ) 
ax.  dy ^  ̂  ^ 

(5 ) 

Thi s mean s tha t  w e kno w ho w a  chang e i n th e 

tota l  input ,  x ,  t o a n outpu t  uni t  wil l  affec t  th e er -

ror .  Bu t  thi s tota l  inpu t  i s jus t  a  linea r  functio n o f 

th e state s o f  th e lowe r  leve l  unit s an d th e 

weight s o n th e connections ,  s o i t  i s  eas y t o com -

put e ho w th e erro r  wil l  b e affecte d b y changin g 

thes e state s an d weights .  Fo r  a  weight ,  Wjj ,  fro m 

i  t o j  th e derivativ e i s 

dE 

B-J i 

dE 

dXj 

dE 
3_ 

dXj 

dWji 

yi (6 ) 

and fo r  th e outpu t  o f  th e it h uni t  th e contributio n 

t o dE/dy ^  resultin g fro m th e effec t  o f  i  o n j  i s 

simpl y 

d E ^ ^ d E 

dxj  dy i a..."̂' -
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SO takin g int o accoun t  al l  th e connection s 

emanatin g fro m uni t  i  w e hav e 

dE 

r ^ ^ ^ 

(7 ) 

We hav e nov» ? see n ho w t o comput e dEld y fo r 

any uni t  i n th e penultimat e laye r  whe n give n 

BE/d y fo r  al l  unit s i n th e las t  layer .  W e ca n there -

for e repea t  thi s procedur e t o comput e dE/d y fo r 

successivel y earlie r  layers ,  computin g BE/d w fo r 

th e weight s a s w e go .  Th e amoun t  o f  computa -

tio n require d fo r  th e backwar d pas s i s o f  th e 

same orde r  a s th e fonA/ar d pas s (i t  i s  linea r  i n 

th e numbe r  o f  connections) . 

One way of using dE/dw is to change the weights 

afte r  ever y input-outpu t  case .  Thi s ha s th e ad -

vantag e tha t  n o separat e memor y i s require d fo r 

th e derivatives .  A n alternativ e scheme ,  whic h 

we use d i n th e researc h reporte d here ,  i s  t o ac -

cumulat e dE/d w ove r  al l  th e input-outpu t  case s 

befor e changin g th e weights .  Th e simples t  ver -

sio n o f  gradien t  descen t  i s  the n t o chang e eac h 

weigh t  b y a n amoun t  proportiona l  t o th e ac -

cumulate d dE/dw . 

Aw =  - e 
dE 

dw 
(8 ) 

Thi s metho d doe s no t  converg e a s rapidl y a s 

method s whic h mak e us e o f  th e secon d deriva -

tives ,  bu t  i t  i s  muc h simple r  an d ca n easil y b e 

inplemente d b y loca l  computation s i n paralle l 

hardware .  I t  ca n b e significantl y improved ,  with -

out  sacrificin g th e simplicit y an d locality ,  b y 

usin g a n acceleratio n metho d i n whic h th e cur -

ren t  gradien t  i s  use d t o modif y th e velocit y o f  th e 

poin t  i n weigh t  spac e instea d o f  it s  position . 

Aw{t )  =  - E 
dE 

dw{t ) 
+ aAw(r-l ) (9 ) 

wher e t  i s  incremente d b y 1  fo r  eac h swee p 

throug h th e whol e se t  o f  input-outpu t  cases ,  an d 

a i s a n exponentia l  deca y facto r  betwee n 0  an d 

1 tha t  determine s th e relativ e contributio n o f  th e 

curren t  gradien t  an d earlie r  gradient s o n th e 

weigh t  change .  Eq .  9  ca n b e viewe d a s describ -

in g th e behavio r  o f  ball-bearin g rollin g dow n th e 

error-surfac e whe n th e whol e syste m i s im -

merse d i n a  liqui d wit h viscosit y determine d b y 

a. 

The learning procedure is entirely deterministic, 

so i f  tw o unit s withi n a  laye r  star t  of f  wit h th e 

same connectivit y an d th e sam e weight s ther e i s 

nothin g t o mak e the m eve r  diffe r  fro m eac h 

other .  W e therefor e brea k symmetr y b y startin g 

wit h smal l  rando m weights . 

The learning procedure often works better if it is 

not  require d t o produc e output s a s extrem e a s 1 

or  0 .  T o giv e a n outpu t  o f  1 ,  a  uni t  mus t  receiv e 

an infinit e tota l  inpu t  an d s o th e weight s gro w 

withou t  bound .  Al l  th e example s o f  back -

propagatio n describe d i n thi s pape r  us e a  mor e 

libera l  erro r  measur e whic h treat s al l  value s 

abov e 0. 8 a s perfectl y satisfactor y i f  th e outpu t 

uni t  shoul d b e o n an d al l  value s belo w 0. 2 a s 

perfectl y satisfactor y i f  th e outpu t  uni t  shoul d b e 

off .  Othenwise ,  th e erro r  i s th e square d dif -

ferenc e fro m 0. 8 o r  0.2 . 

There are many aspects of the learning proce-

dur e whic h mak e i t  highl y implausibl e a s a 

model  o f  learnin g i n rea l  neura l  networks .  Ther e 

ar e way s o f  removin g th e prohibitio n o n recur -

ren t  connection s (Rumelhart ,  Hinto n &  Williams , 

1986 )  an d i t  ma y b e possibl e t o overcom e th e 

nee d fo r  a n externall y supplie d desire d outpu t 

vector .  Bu t  th e back-propagatio n phas e i s 

centra l  t o th e learnin g procedur e an d i t  i s  quit e 

unlik e anythin g know n t o occu r  i n th e brain .  Th e 

connection s ar e al l  use d backwards ,  an d th e 

unit s us e a  differen t  input-outpu t  function .  W e 

therefor e vie w thi s learnin g procedur e a s a n in -

terestin g wa y o f  demonstratin g wha t  ca n b e ach -

ieve d b y gradien t  descent ,  withou t  claimin g tha t 

thi s i s ho w gradien t  descen t  i s actuall y imple -

mente d i n th e brain .  Nevertheless ,  th e succes s 

of  th e learnin g procedur e suggest s tha t  i t  i s 
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wort h lookin g fo r  othe r  mor e plausibl e way s o f 

doin g gradien t  descent . 

4.1: The learning parameters used for the 

famil y tre e simulatio n 

We trie d severa l  differen t  value s fo r  th e 

parameter s e  an d a  i n Eq .  9 .  W e finall y chos e 

t o us e e  =  .00 5 an d a  =  . 5 fo r  th e firs t  2 0 sweep s 

throug h th e 10 0 trainin g example s an d e  =  .0 1 

and a  =  . 9 fo r  th e remainin g sweeps .  Th e 

reason s fo r  varyin g th e parameter s durin g learn -

in g an d th e method s use d t o choos e reasonabl e 

parameter s ar e discusse d i n nnor e detai l  i n 

Plaut ,  Nowla n &  Hinto n (1986) .  Al l  th e weight s 

wer e initiall y  chose n a t  rando m fro m a  unifor m 

distributio n betwee n -. 3 an d +.3 . 

To make it easier to interpret the weights, we 

introduce d "weight-decay" .  Immediatel y afte r 

eac h weigh t  chang e th e magnitud e o f  ever y 

weigh t  wa s reduce d b y 0.2% .  Afte r  prolonge d 

learnin g th e deca y wa s balance d b y dE/dw ,  s o 

th e fina l  magnitud e o f  eac h weigh t  indicate d it s 

usefulnes s i n reducin g th e error .  Weigh t  deca y 

i s equivalen t  t o modifyin g th e erro r  functio n s o 

that ,  i n additio n t o requirin g th e erro r  t o b e small , 

it  require s th e su m o f  th e square s o f  th e weight s 

t o b e small .  A  side-effec t  o f  thi s modificatio n i s 

tha t  I t  sometime s cause s tw o unit s t o develo p 

ver y simila r  set s o f  weight s wit h eac h weigh t  be -

in g hal f  a s bi g a s i t  woul d b e i f  th e jo b wa s don e 

by a  singl e unit .  Thi s i s becaus e 

(.5h') 2 +  (.5w)2<w2 . 

To achieve negligible error without weight decay 

require d 57 3 sweep s throug h th e 10 0 trainin g 

examples .  Th e weight s show n i n figur e 6  wer e 

obtaine d b y allowin g th e learnin g t o ru n fo r  150 0 

sweep s wit h weight-decay . 
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Representin g causa l  schemat a i n connectionis t  system s 

Richard M. Golden 

Department of Psychology 

Brown University 

The connectionist approach to human memory is based upon the idea that knowledge can be 

store d implicitl y  i n th e for m o f  real-value d interconnection s amon g a  se t  o f  simpl e "neuron-like " 

computin g element s (Hinto n &  Anderson ,  1981) .  Th e schem a syste m approac h (Rumelhart , 

1980 ;  Schan k &  Abelson ,  1977 )  consider s h u m a n memor y t o b e organize d i n term s o f  m a n y 

smal l  packet s o f  knowledg e calle d schemata .  I f  a  knowledg e packe t  i s define d a s som e sequenc e 

of  causall y relate d events ,  the n i t  i s  referre d t o a s a  "causa l  schema "  o r  "script. " 

Although these two seemingly different approaches to the problem of modelling human 

memory migh t  see m incompatible ,  the y ar e actuall y intimatel y relate d (Rumelhart ,  Smolensky , 

McClelland ,  &  Hinton ,  1986 ;  als o se e Touretzk y &  Hinton ,  1985) .  I n thi s paper ,  a  connectionis t 

model  o f  ho w causa l  schemat a ar e use d i n th e recal l  o f  action s fro m simpl e storie s i s described . 

The pape r  i s organize d i n th e followin g manner .  First ,  a n explici t  procedur e fo r  representin g 

comple x causa l  schemat a a s "neura l  activatio n patterns "  i s discusse d i n detail .  Next ,  th e 

fundamenta l  neura l  mechanism s tha t  ar e use d t o proces s an d lear n informatio n ar e describe d 

and motivate d fro m a  probabilisti c  viewpoint .  Finally ,  th e resultin g syste m i s use d t o mode l 

some experimenta l  dat a obtaine d b y Bower ,  Black ,  an d Turne r  (1979 )  i n thei r  studie s o f  h u m a n 

memory fo r  writte n text . 

Representational assumptions 

The fundamental entity in this model is called a "causal relationship." A Causal 

Relationshi p (CR )  consist s o f  a n "initia l  situation, "  a n "action, "  an d a  "fina l  situation. "  I f  th e 

"fina l  situation "  o f  on e causa l  relationshi p i s identica l  t o th e "initia l  situation "  o f  anothe r  causa l 

relationship ,  the n th e pai r  o f  causa l  relationship s ar e sai d t o b e "causall y linked. "  A  collectio n o f 

causa l  relationship s tha t  hav e bee n linke d togethe r  i n thi s manne r  i s referre d t o a s a  causa l 

schema .  Fo r  example ,  le t  th e notatio n (S3,A.3,S5 )  indicat e a  causa l  relationshi p forme d fro m a n 

initia l  situatio n S3 ,  a n actio n A 3 ,  an d a  final  situatio n S5 .  Figur e 1  show s tha t  C R (Sl,Al,S3 ) 

i s causall y linke d t o C R (S3,A3,S5 )  which ,  i n turn ,  i s  linke d t o C R (S5,A2,S6) . 

A basic assumption of the model discussed here is that a causal relationship corresponds to 

some uniqu e patter n o f  neura l  activit y i n th e brain .  I n addition ,  simila r  causa l  relationship s ar e 

assume d t o posses s simila r  neura l  codings .  Mor e specifically ,  a  causa l  relationshi p i s 

represente d a s a  160-dimensiona l  stat e vecto r  (i.e. ,  a  lis t  o f  16 0 rea l  numbers )  wher e th e rt h 

elemen t  o f  th e vecto r  specifie s th e firing  rat e o f  th e it h neuro n i n a  neura l  network .  Conside r  th e 

causa l  relationshi p a t  th e to p o f  Figur e 2 .  Th e initia l  situatio n field  o f  thi s C R i s interprete d as : 

"Th e acto r  i s a t  a  restaurant ,  th e acto r  i s hungry ,  an d th e acto r  i s a t  th e table. "  Th e actio n field 

of  th e C R i s interprete d as :  "Th e acto r  order s th e meal. "  Th e final  situatio n field  i s interprete d 

as :  "Th e acto r  i s a t  th e table ,  th e acto r  i s hungry ,  th e foo d i s o n th e table. " 

To encode the initial situation field as a 64-dimensional subvector, the three 64-dimensional 

binar y orthogona l  subvector s correspondin g t o th e states :  "At_restaurant, "  "At_table, "  an d 

"Hungry "  ar e adde d togethe r  t o for m a  composit e 64-dimensiona l  subvector .  I f  a n elemen t  o f 

thi s composit e subvecto r  i s non-negative ,  the n th e valu e o f  tha t  elemen t  i s se t  equa l  t o +  1 , 

otherwis e th e valu e o f  tha t  elemen t  i s se t  equa l  t o -1 .  Th e resultin g modifie d composit e 

subvecto r  represent s th e initia l  situatio n field  o f  th e 160-dimensiona l  causa l  relationshi p stat e 

vector .  Mor e formally ,  th e 4 1 state s i n th e "stat e dictionary "  for m a  psychologica l  basi s se t  tha t 
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N o t _ a t _ r e 5 t a u r a n t 

H u n g r y 

S c r i p t 
( S I ) 

A t _ r e s t a u r a n t 

H u n g r y 

S c r i p t  ( S 3 ) 

G o _ t o _ t a b l e 

( A 3 ) 

A t _ r e s t a u r a n t 

H u n g r y 

A t _ t a b l e ( S 5 ) 

J 

O r d e r _ m e a l  ( A 2 ) 

H u n g r y 

F o o d _ o n _ t a b l e 

A t _ t a b l e ( S 6 ) 

^ 

E n t e r _ r e 5 t a u r a n t 

( A 1 ) 

F a s t - f o o d 

A t _ r e s t a u r a n t 

S c r i p t 

( S 2 ) 

I 

O r d e r _ m e a l 

( A 2 ) 

M e a l — o r d e r e d 

F a s t — f o o d 

A t — r e s t a u r a n t 

( S 4 ) 

I 

6 o _ t o _ t a b l e 

( A 3 ) 

T 

Figur e 1 .  A  portio n o f  a  causa l  schema .  Not e tha t  suc h schemat a ma y b e 
represente d a s unordere d collection s o f  causa l  relationships . 
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C a u s a l  R e l a t i o n s h i p 

S 5 :  A t _ r e s t a u r a n t ,  H u n g r y . A t _ t a b l e 

A 2 :  O r d e r _ m e a l 

S 6 :  H u n g r y ,  A t _ t a b l e .  F o o d _ o n _ t a b l e 

S t a t e D i c t i o n a r y 

A t _ r e s t a u r a n t  F F F F O O O O F F F F O O OO 

A t _ t a b l e F F O O F F O O F F O O F F OO 

H u n g r y F O F O F O F O F O F O F O FO 

F o o d _ o n _ t a b I e F F F F F F F F O O O O O O OO 

A c t i o n D i c t i o n a r y 

G o _ t o _ t a b I e F F F F O O OO 

O r d e r _ m e a l  F O F O F O FO 

V e c t o r  c o d i n g o f  C a u s a l  R e l a t i o n s h i p 

S 5 : F F F O F O O O F F F O F O OO 

A 2 :  F O F O F O FO 

S 6 :  F F F O F F F O F O O O F O OO 

C a u s a l  R e l a t i o n s h i p S t a t e V e c t o r 

F F F O F O O O F F F O F O O O F O F O F O F O F F F O F F F O F O O O F O OO 

N o t e ; 

0 r e p r e s e n t s v e c t o r  (- 1 .- 1 ,- 1 , - 1 ) 

F r e p r e s e n t s v e c t o r  ( 1 , 1 , 1 , 1 ) 

Figur e 2 .  Representin g a  causa l  relationshi p a s a  stat e vector .  Th e initia l  situatio n 
field  o f  th e C R i s forme d b) '  addin g th e 64-dimensiona l  subvector s i n th e stat e 
dictionar y labelle d "At__restaurant, "  "Hungry, "  an d "A t  table "  togethe r  an d 
assignin g a  +  1  t o th e non-negativ e element s o f  th e resultin g vecto r  an d a  - 1 t o th e 
negativ e vecto r  elements .  Th e actio n field  o f  th e C R i s simpl y looke d u p i n th e actio n 
dictionary .  Th e final  situatio n field  o f  th e C R i s constructe d i n th e sam e manne r  a s 
th e initia l  situatio n field.  Not e tha t  th e symbo l  F  refer s t o a  sequenc e o f  fou r 
positiv e ones ,  whil e th e symbo l  0  refer s t o a  sequenc e o f  fou r  negativ e ones . 
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can represen t  ove r  50,00 0 situation s i n a  64-dimensiona I  stat e vecto r  space . 

The action field of the causal relationship is represented by a 32-dimensionaI binary 
orthogona l  subvecto r  whos e valu e i s obtaine d directl y fro m th e "actio n dictionary, "  Th e encodin g 
procedur e fo r  th e final  situatio n field  o f  th e causa l  relationshi p vecto r  i s  identica l  t o th e 
procedur e use d t o encod e th e initia l  situatio n vecto r field. 

Making "most probable" decisions with a neural model 

The fundamental problem of content-addressable memory may be formulated as follows. 
Give n som e unusua l  o r  "improbable "  vecto r  Xq ,  construc t  a  mor e probabl e interpretation .  Mor e 
formally ,  w e ca n searc h fo r  a  maximu m o f  som e probabiht y densit y functio n P(X )  i n th e vicinit y 
of  Xq .  Thi s densit y functio n indicate s th e relativ e frequenc y o f  occurrenc e o f  a  stimulu s vecto r  X 
with m th e environment .  Withi n thi s framework ,  w e ca n vie w a  broa d clas s o f  neura l  networ k 
model s a s specifi c  gradien t  ascen t  algorithm s tha t  maximiz e P(X) ,  whil e som e popula r  neura l 
networ k learnin g algorithm s ar e viewe d a s procedure s tha t  estimat e th e genera l  for m o f  P(X) . 
I n particular ,  th e learnin g proces s i s viewe d a s a  procedur e tha t  construct s a  P(X )  suc h tha t  P(X ) 
obtain s a  loca l  maximu m fo r  eac h clas s o f  vector s learne d b y th e system . 

Memory Recall is Maximizing a Probability Density Function 

The Brain-State-in-a-Box (BSB) neural model (Anderson, Silverstein, Ritz, & Jones, 1977) is 
an abstrac t  nervou s syste m mode l  tha t  wa s designe d t o stud y variou s psychologica l  phenomena . 
Informatio n i n thi s syste m i s represente d b y a n N-dimensiona l  stat e vecto r  tha t  specifie s a 
particula r  patter n o f  firing  rate s ove r  a  grou p o f  N  neurons .  Th e it h neuro n i n th e syste m i s 
modelle d a s a  simpl e linea r  integrato r  possessin g a  maximu m an d minimu m firing  rate .  Th e 
syste m operate s b y amplifyin g a n incomin g activatio n patter n (stat e vector )  usin g positiv e 
feedbac k unti l  man y o f  th e neuron s i n th e syste m hav e obtaine d thei r  maximu m o r  minimu m 
firing  rates .  Th e assumptio n tha t  neuron s posses s maximu m an d minimu m firing  rate s implie s 
tha t  th e neura l  activatio n patter n ove r  th e se t  o f  N  neuron s i s constraine d t o li e withi n a n 
N-dimensiona l  hypercube .  Mor e formall y th e BS B mode l  i s  define d a s follows : 

Xi(k+1) = S[Xi(k) + I aijXj(k)] (1) 

J 

where Xj(k) is the fth element of the state vector X at discrete time interval k, and a- is a 
synapti c weigh t  representin g th e synapti c efficac y betwee n th e it h an d jt h neuron s i n th e 
system .  Th e linearize d sigmoida l  functio n S[a J i s define d a s follows .  S[a ]  =  +  1  fo r  a  >  +1 , 

S[a ]  =  - 1 fo r  a  <  -1 ,  an d S[a ]  =  a  fo r  - 1 ̂  a  <  +1 . 

Now let Xq be the initial value of the system state vector. Let E(X) be defined as: 

E(X) = (-1/2)X'^AX (2) 

where the ijth element of the matrix A is the synaptic weight ay. Golden (1986) has 
demonstrate d tha t  th e BS B mode l  i s  a n algorith m tha t  transform s X q int o a  ne w vecto r  X , 
locate d i n th e vicinit y o f  Xq ,  suc h tha t  E(X )  <  E(Xq )  unde r  fairl y  genera l  conditions . 

Now define P(X) as the probability of X and let the form of P(X) be given as follows: 

P(X) = ke"^^^^ (3) 

where k is a constant chosen such that / P (X) = 1 and E(X) is defined in (2). The gradient of 
P(X )  wit h respec t  t o X  i s calculate d a s follows : 
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GRAD[P(X) ]  =  -  GRAD[E(X)]P(X) .  (4 ) 

Equation (4) states that an algorithm that moves along the path of steepest descent with 
respec t  t o E(X) ,  i s als o movin g alon g th e pat h o f  steepes t  ascen t  wit h respec t  t o P(X) .  Moreover , 
when th e stat e vecto r  i s "improbable "  (i.e. ,  P(X )  i s small) ,  th e ste p siz e wil l  b e small .  Bu t  whe n 
th e stat e vecto r  i s "probable "  (i.e. ,  P(X )  i s large) ,  th e ste p siz e wil l  b e large .  Finall y not e tha t 
sinc e P(X )  i s a  monotonicall y decreasin g functio n o f  E(X) ,  a  neura J networ k mode l  tha t  minimize s 
E(X)  i s als o maximizin g P(X) .  I n psychologica l  terms ,  th e BS B mode l  i s constructin g a  "mor e 
probable "  interpretatio n o f  th e initia l  stat e vecto r  Xq . 

Learning is Estimating the Form of the Probability Density Function 

In the BSB model, the synaptic weight between the rth and yth neurons in the system is 
specifie d b y a  rea l  number ,  a-: ,  tha t  correspond s t o th e ijt h elemen t  i n th e A  matrix .  Th e se t  o f 
synapti c weight s specif y th e parameter s o f  th e probabilit y  densit y functio n i n (3 )  an d therefor e 
als o specif y th e "knowledg e base "  o f  th e system .  T o obtai n a  se t  o f  synapti c weight s responsiv e 
t o a  particula r  se t  o f  trainin g stimuli ,  th e autoassociativ e Widrow-Hof f  learnin g rul e (Anderson , 
1983J i s used .  Mor e specifically ,  a t  eac h learnin g trial ,  a  stat e vecto r  i s randoml y selecte d fro m 
th e se t  o f  trainin g stimuli .  Next ,  thi s trainin g stimulu s i s use d t o updat e th e curren t  se t  o f 
synapti c weight s accordin g t o th e synapti c weigh t  updatin g rule : 

a.j(k +1) = aij(k) + 7 (^'i -1 ai„,(k)x^)Xj (5) 
m 

where a"(k) is the value of the synaptic weight between the rth and jth neurons in the system at 
learnin g tria l  k ,  X j  i s  th e it h elemen t  o f  th e trainin g stimulu s vector ,  an d 7  i s a  positiv e learnin g 
constant .  Th e on-diagona l  elements ,  a:; ,  ar e no t  updated . 

Let A be a matrix of synaptic weights formed by the coefficients a-. Let X be the random 
vecto r  associate d wit h som e unknow n stationar y probabilit y  distributio n functio n i n th e 
environment .  Th e autoassociativ e Widrow-Hof f  learnin g rul e ca n b e show n t o b e searchin g fo r 
an A  matri x tha t  minimize s th e expecte d valu e o f  th e Euclidea n distanc e betwee n A X an d X 
wher e th e expectatio n i s take n wit h respec t  t o X  (Widrow ,  1971) .  Le t  C  b e a  valu e o f  th e 
rando m vecto r  X .  Golde n (i n preparation )  ha s demonstrate d tha t  i f  C  i s a  hypercub e vertex ,  A 
i s symmetric ,  an d A C i s i n th e sam e quadran t  o f  th e hypercub e a s C ,  the n C  i s a  stric t  loca l 
maximu m o f  th e densit y function .  I n conjunctio n wit h th e observatio n tha t  (2 )  i s a n energ y o r 
Liapuno v function ,  thi s implie s tha t  a  regio n abou t  C  exist s suc h tha t  an y stat e initiate d i n tha t 
regio n mus t  approac h C  a s tim e increases . 

Psychologically, these arguments simply indicate that the autoassociative Widrow-Hoff 
learnin g rul e connect s th e neuron s i n th e syste m suc h tha t  th e neura l  networ k implicitl y  assign s 
hig h probabilitie s t o stimul i  tha t  hav e bee n taugh t  t o th e system .  Thes e neura l  interconnection s 
ar e the n use d b y th e BS B neura l  networ k t o reconstruc t  "mor e probable "  interpretation s o f  les s 
probabl e o r  nove l  stat e vecto r  stimuli . 

The Causal Schema neural network model 

The Causal Schema (CS) neural model is a special type of production system specifically 
designe d t o mode l  causa l  schemata .  Th e mode l  make s specifi c quahtativ e prediction s regardin g 
th e patter n o f  error s mad e b y peopl e i n recalhn g short ,  simpl e storie s fro m memory .  T o 
illustrat e th e operatio n an d behavio r  o f  th e model ,  a n experimen t  performe d b y Bower ,  Black , 
and Turne r  (1979 )  i s describe d an d the n simulate d usin g th e C S neura l  model .  Additiona l  test s 
of  th e mode l  ar e discusse d b y Golde n (i n preparation) . 

17 



G O L D EN 

Bower  e t  al .  (1979 )  ha d colleg e student s lear n a  serie s o f  ver y shor t  storie s tha t  wer e 

organize d abou t  routin e even t  sequence s o r  "scripts. "  S o m e o f  th e storie s wer e generate d fro m 

th e sam e scrip t  an d wer e therefor e ver y simila r  t o on e anothe r  (e.g. ,  "visitin g a  doctor "  an d 

"visitin g a  dentist") ,  whil e othe r  storie s studie d b y th e subject s wer e quit e distinctive .  Afte r  a n 

intervenin g task ,  th e subject s wer e give n th e title s o f  th e storie s a s cue s an d requeste d t o recal l 

th e action s tha t  wer e mentione d i n th e story .  Bowe r  e t  al .  foun d tha t  "stated "  scrip t  action s 

(i.e. ,  action s explicitl y  mentione d withi n a  story )  wer e recalle d mor e frequentl y tha n "unstated " 

scrip t  action s (i.e. ,  action s imphcitl y  mentioned) ,  an d "unstated "  scrip t  action s wer e recalle d 

mor e frequentl y tha n "other "  type s o f  scrip t  actions .  I n addition ,  a s th e similarit y betwee n tw o 

storie s learne d b y a  subjec t  wa s increased ,  th e numbe r  o f  "unstated "  scrip t  action s recalle d b y 

th e subject s increase d an d th e numbe r  o f  "stated "  scrip t  action s recalle d b y th e subject s 

decrease d (Tabl e 1) . 

Constructing a Long-term Memory 

The first step to modelling the Bower et al. (1979) experiment is the development of a 

long-ter m m e m o r y fo r  th e C S neura l  model .  Suc h a  m e m o r y wa s constructe d i n th e followin g 

manner .  Fou r  distinc t  causa l  schemat a associate d wit h th e even t  sequence s "goin g t o a 

restaurant, "  "goin g t o a  fas t  foo d restaurant, "  "goin g t o a  lecture, "  an d "goin g t o a  doctor "  wer e 

constructed .  Next ,  tw o variation s upo n eac h o f  thes e fou r  basi c causa l  schemat a wer e 

constructed .  Th e resultin g se t  o f  twelv e schemat a ar e the n completel y specifie d b y a  tota l  o f  10 7 

causa l  relationships .  A  matri x o f  synapti c weight s wa s the n constructe d fro m thi s stimulu s se t 

of  causa l  relationship s b y trainin g th e syste m usin g th e autoassociativ e Widrow-Hof T learnin g 

rul e fo r  100 0 learnin g trials .  Th e resultin g se t  o f  synapti c weight s wa s define d a s th e model' s 

long-ter m memory .  I n th e simulation s describe d here ,  five  suc h matrice s wer e generate d usin g 

differen t  rando m numbe r  seed s i n a n attemp t  t o mode l  th e long-ter m m e m o r y structure s o f  five 

colleg e students . 

Golden (in preparation) describes some computer simulations illustrating how this type of 

long-ter m m e m o r y syste m ca n b e use d t o contro l  behavior .  I n particular ,  a n incomplet e C R 

representin g a n initia l  situatio n (e.g. ,  (Si,0,0) )  i s  presente d t o th e B S B mode l  whic h reconstruct s 

th e actio n field  o f  th e CR .  Th e effec t  o f  thi s actio n upo n th e environmen t  result s i n a  ne w 

situatio n (e.g. ,  (S2,0,0) )  that ,  i n turn ,  ca n b e use d b y th e B S B mode l  t o reconstruc t  th e secon d 

actio n i n som e actio n sequence . 

Modelling the Learning of Short Stories 

After the 1000 learning trials using the "long-term memory" stimulus set of 107 CRs were 

completed ,  th e simulate d "subjects "  wer e traine d wit h 2 4 "stor y sets. "  I n particular ,  eac h 

subjec t  wa s taugh t  a  singl e stor y se t  fo r  a n additiona l  10 0 learnin g trial s an d the n tested .  Eac h 

stor y se t  consiste d o f  tw o simila r  storie s derive d fro m th e sam e causa l  schem a an d on e ver y 

distinctiv e stor y derive d fro m anothe r  causa l  schema .  A  "story "  simpl y consiste d o f  a  collectio n 

of  five  causa l  relationshi p stat e vector s tha t  wer e implicitl y  linke d togethe r  usin g th e causa l 

schem a stat e vecto r  encodin g procedur e tha t  wa s describe d earlier .  Not e tha t  th e system' s 

knowledg e o f  storie s i s store d ove r  th e sam e se t  o f  synapti c weight s a s th e system' s long-ter m 

memory. 

Modelling the Recall Process 

Figure 3 illustrates the main flow of control when the CS neural model is requested to recall 

a stor y fro m memory .  Th e B S B mode l  i s provide d wit h a n initia l  situatio n an d actio n field 

(correspondin g t o th e titl e o f  th e story) ,  an d reconstruct s th e final  situatio n field.  Th e final 

situatio n field  i s the n use d t o for m th e initia l  situatio n field  o f  a  n e w stat e vector .  Th e actio n 

and final  situatio n fields  o f  thi s ne w stat e vecto r  ar e filled  wit h zeroes .  Th e ne w stat e vecto r  i s 
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Figur e 3 .  Flo w o f  contro l  durin g stor y recall .  Th e C R representin g th e storj '  title , 
(S1,A1,0) ,  i s transforme d b y th e BS B mode l  int o (Sl,Al,S2 )  thu s reconstructin g a 
final  situatio n field  fo r  th e partiall y  specifie d (Sl,Al,0) .  Th e final  situatio n o f 
(Sl,Al,S2 )  i s the n use d t o for m (S2,0,0 )  whic h i s presente d t o th e BS B model .  Th e 
BSB mode l  recall s a n action ,  A2 ,  fro m memor y an d thi s actio n i s recorde d b y th e 
experimenter .  C R (S2,A2,0 )  ma y no w b e use d a s a  memor y cu e t o recal l  th e nex t 
actio n i n th e stor y amd th e abov e cycl e i s repeated . 
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the n submitte d t o th e BS B mode l  whic h reconstruct s a  ne w action .  Thi s ne w actio n i s recorde d 
as th e first  actio n recalle d b y th e model ,  an d th e ne w actio n an d ne w initia l  situatio n ar e use d t o 
initiat e th e cycl e onc e agai n t o recal l  th e secon d actio n fro m memory . 

Computer Simulation Results 

Table 2 provides the results of the computer simulations which may be compared with the 
result s obtaine d i n th e Bowe r  e t  al .  (1979 )  study .  Lik e th e huma n dat a i n Tabl e 1 ,  "stated " 
action s ar e recalle d mor e frequentl y tha n "unstated "  action s whic h ar e recalle d mor e frequentl y 
tha n "other "  actions .  I n addition ,  a s th e numbe r  o f  relate d storie s tha t  ar e learne d b y th e 
compute r  subject s increases ,  th e numbe r  o f  state d action s recalle d decrease s an d th e numbe r  o f 
unstate d action s recalle d increases .  Th e interactio n o f  "numbe r  o f  relate d stories "  an d "actio n 
type "  wa s highl y significan t  ( p <  0.01 )  i n th e compute r  simulation s treatin g eithe r  stor y set s o r 
compute r  subject s a s rando m factors . 

Summary 

A connectionist model of causal schemata in human memory has been described that makes 
specifi c  qualitativ e prediction s abou t  experiment s involvin g memor y fo r  writte n text .  A s a n 
example ,  th e performanc e o f  th e mode l  wa s compare d wit h huma n subjects '  performanc e i n a 
specifi c  psychologica l  experiment .  Fo r  thi s particula r  experiment ,  th e C S mode l  successfull y 
capture d th e genera l  qualitativ e characteristic s o f  huma n recal l  memor y fo r  simpl e stories .  I n 
addition ,  a  procedur e fo r  representin g comple x causa l  schemat a a s collection s o f  neura l 
activatio n pattern s (stat e vectors )  an d a  probabilisti c  interpretatio n o f  memor y recal l  an d 
learnin g i n th e BS B mode l  wer e discussed . 
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G O L D EN 

Tabl e 1 

Average number of actions recalled by human subjects 
(adapte d fro m Bowe r  e t  al. ,  1979 ) 

Number  o f 
state d 
action s 

Number  o f 
unstate d 
action s 

Number  o f 
othe r 
action s 

Number 
of  1 
relate d 2 
storie s 

3.0 3 
2.2 7 

0.8 0 
1.2 6 

0.3 9 
0.3 5 

Tabl e 2 

Average number of actions recalled by the CS neural model 
(Compute r  simulation ) 

Number  o f 
state d 
action s 

Number  o f 
unstate d 
action s 

Number  o f 
othe r 
action s 

Number 
of  1 
relate d 2 
storie s 

2.4 7 
1.6 2 

0.1 0 
0.4 0 

0.0 2 
0.0 0 
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ABSTRACT 

The present paper is a preliminary report of our work exploring 
skil l  learnin g an d repetitio n primin g i n paralle l  studie s o f 
mirro r  symmetr y detectio n i n human s an d networ k models .  Th e 
memory mechanism s supportin g th e acquisitio n o f  skil l  an d 
repetitio n primin g i n human s hav e bee n th e subjec t  o f  muc h 
speculation .  O n on e account ,  drawin g o n th e distinctio n betwee n 
procedura l  an d declarativ e learning ,  thes e learnin g phenomen a gro w 
out  o f  experience-base d tunin g an d reorganizatio n o f  processin g 
module s engage d b y performanc e i n a  give n domain ,  i n a  manne r  tha t 
i s  intimatel y tie d t o th e operatio n o f  thos e modules .  Suc h 
learnin g appear s simila r  t o tha t  suggeste d b y th e Incrementa l 
learnin g algorithm s currentl y bein g explore d i n massively-paralle l 
connectionis t  model s (e.g. ,  th e Boltzman n machine) .  I n th e 
presen t  work ,  bot h learnin g phenomen a wer e observe d i n th e 
behaviora l  dat a fro m huma n subject s an d th e simulatio n dat a fro m 
th e networ k models .  Th e networ k model s showe d primin g effect s 
fro m th e star t  o f  d e nov o learnin g despit e bein g designe d t o 
handl e generalizatio n t o ne w material s -  th e essenc e o f  skil l 
learnin g -  an d withou t  additiona l  mechanism s designe d t o provid e a 
temporar y advantag e fo r  recentl y presente d material .  Primin g 
occurre d fo r  th e huma n subject s despit e th e us e o f  nove l  material s 
fo r  whic h pre-existin g representation s canno t  alread y b e presen t 
i n memory .  Thes e finding s suppor t  th e notio n tha t  skil l  learnin g 
and repetitio n primin g ar e linke d t o basi c incrementa l  learnin g 
mechanism s tha t  serv e t o configur e an d reorganiz e processin g 
module s engage d b y experience . 

1 Supporte d b y a  Biomedica l  Researc h Suppor t  Gran t  fro m th e Divisio n o f 
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than k Carolin e McKeldi n fo r  researc h assistanc e an d Valeri e Meh l  fo r 
manuscrip t  preparation .  Reprin t  request s shoul d b e sen t  t o Nea l  J .  Cohen , 
Departmen t  o f  Psychology ,  Th e John s Hopkin s University ,  Baltimore ,  MD 21218 . 
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INTRODUCTION 

The memor y mechanism s supportin g th e abilit y  t o acquir e ne w skill s  an d 

th e additiona l  facilitatio n o f  performanc e du e t o repetitio n primin g effect s 

(i.e. ,  superiorit y i n tas k performanc e fo r  repeate d materials )  hav e bee n th e 

subjec t  o f  muc h recen t  wor k i n cognitiv e scienc e an d cognitiv e 

neuropsychology .  Skil l  learnin g an d repetitio n primin g ar e bot h exhibite d a s 

a consequenc e o f  experienc e i n amnesi c patient s despit e thei r  impaire d recal l 

and recognitio n o f  th e specifi c  material s use d t o trai n an d tes t  skille d 

performance ,  poo r  recollectio n o f  th e learnin g experience s durin g whic h 

skille d performanc e wa s developed ,  an d poo r  insigh t  int o th e natur e o f  th e 

knowledg e underlyin g th e increasingl y skille d performanc e (se e Cohen ,  1985 ; 

Squir e &  Butters ,  198 4 fo r  reviews) .  Skil l  learnin g an d repetitio n primin g 

hav e bee n dissociate d fro m aspect s o f  explici t  rememberin g (recal l  an d 

recognition )  i n norma l  subject s a s wel l  (se e Kolers ,  1979 ;  Schacter ,  1985 ; 

Tulving ,  198 5 fo r  reviews) .  We hav e argue d tha t  thes e learnin g phenomen a 

reflec t  th e operatio n o f  a  procedura l  memor y syste m tha t  influence s th e 

organizatio n o f  perceptua l  an d actio n system s i n a  wa y tha t  doe s no t  depen d 

upo n explici t  representatio n o f  particula r  learnin g experience s o r  o f  rule s 

abou t  th e worl d (Cohen ,  1985 ;  Cohen ,  Eichenbaum ,  DeAced o &  Corkin ,  1985 ; 

Squir e &  Cohen ,  1984) .  O n thi s view ,  skille d performanc e i n a  give n domai n 

grow s ou t  o f  th e tunin g and '  reorganizatio n o f  processin g an d actio n module s 

engage d b y performanc e i n tha t  domain ;  th e learnin g tha t  result s consequen t  t o 

experienc e i n tha t  domai n i s intimatel y tie d t o th e operatio n o f  it s 

processin g components . 

The characteristic s o f  procedura l  learnin g an d it s relationshi p t o th e 

declarativ e syste m hav e bee n explore d mos t  extensivel y b y Joh n Anderson ,  wh o 

has modele d th e procedura l  syste m i n a  production-syste m framewor k i n th e 

contex t  o f  a  broade r  conceptualizatio n o f  memor y an d cognitio n (e.g. , 

Anderson ,  1982 ,  1983) .  Ou r  vie w o f  th e procedura l  system ,  however ,  an d th e 

explanatio n o f  skil l  learnin g an d repetitio n primin g tha t  i t  suggests ,  seem s 

t o bea r  stron g similarit y t o tha t  o f  th e incrementa l  learnin g algorithm s 

currentl y bein g explore d i n massively-paralle l  networ k models . 

One exampl e o f  networ k architecture s i s th e Boltzman n machine ,  whic h ha s 

bee n applie d successfull y t o suc h problem s a s figure-groun d separatio n i n 
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visua l  perceptio n (Sejnowsk i  &  Hinton ,  1986) .  Th e processin g unit s i n thi s 

architectur e ar e binar y an d connecte d symmetricall y wit h couplin g strength s o r 

weight s tha t  ca n hav e positiv e o r  negativ e values .  Ther e exist s a  learnin g 

algorith m fo r  th e Boltzman n machin e tha t  allow s th e networ k t o automaticall y 

fin d a  se t  o f  weight s fo r  solvin g a  proble m give n onl y example s o f  typica l 

input s an d th e require d output s (Hinto n &  Sejnowski ,  1983 ;  Ackley ,  Hinto n & 

Sejnowski ,  1985) .  Th e Boltzman n machin e learnin g algorith m ha s recentl y bee n 

use d fo r  learnin g t o detec t  th e axi s o f  mirro r  sjrmmetr y i n checkerboard-base d 

pattern s (Sejnowski ,  Kienke r  6e Hinton ,  1986) .  Thi s proble m i s a  second-orde r 

predicat e i n th e sens e o f  Minsk y an d Paper t  (1969 )  an d i s beyon d th e 

capabilit y  o f  th e perceptro n learnin g algorith m (Rosenblatt ,  1959 )  an d 

Hopfiel d network s (Hopfield ,  1982) .  Th e crucia l  differenc e tha t  distinguishe s 

Boltzman n machine s fro m perceptron s an d allow s the m t o solv e difficul t 

problem s i s th e presenc e o f  additiona l  unit s betwee n th e inpu t  an d outpu t 

layers ,  calle d hidde n units .  Thes e hidde n unit s ca n b e use d a s featur e 

detector s fo r  solvin g th e problem ;  th e learnin g algorith m discover s th e 

optima l  se t  o f  featur e detector s b y shapin g th e weight s amon g unit s throug h 

incrementa l  changes . 

I n nearl y al l  previou s wor k wit h connectionis t  models ,  th e focu s ha s bee n 

on th e abilit y  o f  a  networ k t o generaliz e fro m example s t o ne w instance s o n 

whic h th e networ k wa s no t  previousl y trained^ .  Th e wor k wit h huma n subject s 

suggest s tha t  skil l  learning ,  measure d i n term s o f  th e improvemen t  i n 

performanc e fo r  nove l  material s i n th e traine d domain ,  i s  closel y associate d 

wit h repetitio n primin g effects ,  th e additiona l  facilitatio n i n performanc e 

specifi c  t o th e material s actuall y presente d durin g training .  I n orde r  t o 

examin e whethe r  thes e learnin g phenomen a ar e linke d i n th e networ k model s a s 

the y ar e i n humans ,  w e hav e bee n explorin g skil l  learnin g an d repetitio n 

primin g i n bot h Boltzman n machin e architecture s an d huma n subject s i n studie s 

of  mirro r  symmetr y detectio n fo r  checkerboard-base d patterns .  I t  i s  importan t 

t o not e tha t  thi s enterpris e i s no t  i n an y wa y intende d t o offe r  th e Boltzman n 

machin e implementatio n o f  sjamnetry-detectio n learnin g a s a  detaile d mode l  o f 

how human s actuall y acquir e skil l  i n thi s domain .  Rathe r  i t  i s  intende d t o 

2 Althoug h McClellan d &  Rumelhar t  (1986 )  an d Carpente r  an d Grossber g e t 
al .  (1985 )  hav e considere d repetitio n primin g effect s i n model s o f  wor d recognition . 
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explor e whethe r  simple ,  incrementa l  learnin g algorithm s ca n manifes t  bot h 

stimulus-generalizabl e skil l  learnin g an d stimulus-specifi c  repetitio n primin g 

phenomena i n th e sam e networks . 

Perceptio n o f  mirro r  sjnnnmetrie s i s super b i n human s (e.g. ,  Kohler ,  1929 ; 

Garner ,  1962 ;  Bruc e &  Morgan ,  1975 ;  Barlo w &  Reeves .  1979) ,  and ,  indeed ,  ha s 

bee n assume d t o pla y a n importan t  rol e i n th e earl y stage s o f  visua l 

processin g (e.g. ,  Mar r  &  Nishihara ,  1978 ;  Biederman ,  1985) .  I t  i s  no t 

surprising ,  then ,  tha t  studie s o f  mirro r  symmetr y detectio n i n human s hav e 

focuse d o n it s psychophysica l  characteristic s rathe r  tha n o n it s improvemen t 

wit h practice .  Th e acquisitio n o f  visua l  symmetr y recognitio n ha s bee n 

studie d i n pigeon s (Deliu s &  Nowak ,  1982 )  an d Boltzman n machine s (Sejnowski , 

Kienke r  &  Hinton ,  1986) ,  bu t  thi s stud y is ,  t o ou r  knowledge ,  th e firs t  t o 

examin e th e acquisitio n o f  mirro r  symmetr y detectio n i n humans .  We assum e 

tha t  despit e thei r  alread y develope d skil l  i n symmetr y detection ,  human s wil l 

sho w considerabl e practic e effects ,  learnin g ho w bes t  t o appl y symmetry -

detectio n routine s t o thi s particula r  clas s o f  visua l  materials ,  e.g. , 

learnin g abou t  th e critica l  visua l  feature s tha t  ar e diagnosti c o f  mirro r 

symmetr y fo r  differen t  axe s i n thes e particula r  checkerboard-base d patterns . 

An importan t  questio n tha t  ha s bee n raise d i n previou s wor k o n repetitio n 

primin g i n humans ,  an d especiall y i n wor k wit h huma n amnesi c patients ,  i s  th e 

exten t  t o whic h primin g depend s upo n a  structured ,  pre-existin g knowledg e bas e 

i n whic h particula r  fact s ca n b e temporaril y  activate d b y recen t  experience , 

rathe r  tha n upo n acquisitio n o f  ne w knowledg e (e.g. ,  se e Fowler ,  Napp s & 

Feldman ,  1985 ;  Schacter ,  1985 ;  Gordon ,  1986) .  Th e presen t  wor k addresse s thi s 

issu e i n tw o ways :  First ,  th e checkerboard-base d pattern s use d a s stimul i  i n 

th e presen t  studie s ar e nove l  materials ,  an d ar e no t  a  par t  o f  subjects '  pre -

existin g knowledg e structures .  Tha t  is ,  an y primin g effect s obtaine d her e 

coul d no t  b e accounte d fo r  b y postulatin g th e temporar y activatio n o f  alread y 

store d logogen -  o r  pictogen-lik e representations .  Second ,  th e compute r 

simulatio n wor k explore s th e possibilit y  o f  primin g effect s i n network s 

learnin g d e novo ,  wher e n o pre-existin g knowledg e i s provide d abou t 

topography ,  symmetry ,  o r  checkerboard-base d patterns .  Th e presen t  pape r  i s a 

preliminar y repor t  o f  finding s fro m ou r  paralle l  studie s o f  huma n subject s an d 

compute r  simulation s relevan t  t o understandin g th e mechanism s o f  repetitio n 

primin g an d it s relationshi p t o skil l  learning . 
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METHOD 

Subject s 

Twenty-tw o student s a t  Th e John s Hopkin s Universit y volunteere d t o b e 

subject s i n th e presen t  studies .  O f  these ,  1 2 serve d i n th e primin g 

experimen t  an d 1 0 serve d i n th e axi s generalizatio n experiment . 

Materials 

Stimul i  wer e computer-generated ,  mirror-sjrmmetri e visua l  pattern s 

constructe d b y designatin g a s purpl e approximatel y 40 % (rang e -  31-49% )  o f  8 1 

cell s withi n a  9x 9 blu e display .  Eac h patter n wa s symmetrica l  abou t  on e an d 

onl y on e o f  fou r  axes :  horizontal ,  vertical ,  lef t  diagonal ,  o r  righ t 

diagonal .  Th e precis e distributio n o f  purpl e an d blu e cell s withi n a  pattern , 

give n a  particula r  axi s o f  symmetry ,  wa s determine d randoml y b y a n IB M PC . 

The pattern s wer e approximatel y 1 3 c m o n eac h sid e an d subtende d approximatel y 

8 de g o f  visua l  angle . 

Apparatus 

Pattern s wer e presente d o n a n IB M P C colo r  displa y controlle d b y a n IB M 

PC.  Reactio n time s an d respons e axe s wer e recorde d vi a a  Summagraphic s 

optica l  mouse . 

General Procedure 

Subject s wer e seate d individuall y i n fron t  o f  a n IB M P C colo r  displa y 

controlle d b y a n IB M PC ,  an d hel d a  Sunraiagraphic s optica l  mous e i n thei r 

dominan t  hand .  The y wer e presente d wit h a  serie s o f  40 0 pattern s (divide d 

evenl y amon g th e 4  axes )  organize d int o block s o f  60-80 .  Withi n eac h bloc k 

ther e wa s a n equa l  numbe r  o f  pattern s representin g eac h axis ,  wit h n o axi s 

occurrin g mor e tha n 3  time s i n succession .  Subject s initiate d eac h tria l  b y 

pressin g th e lef t  butto n o f  th e mouse .  Eac h tria l  consiste d o f  a  visua l 

patter n presente d fo r  8 3 mse c followed ,  afte r  a  1 7 mse c unfille d delay ,  b y a 

visua l  mask .  Th e mas k consiste d o f  a  regular ,  alternating-colo r  checkerboar d 

whose cell s wer e identica l  i n siz e an d colo r  t o th e tes t  stimuli .  I t  remaine d 

on th e scree n unti l  a  respons e wa s recorded ,  o r  unti l  8  se c ha d elapsed , 

endin g th e trial .  Subject s wer e instructe d t o indicat e th e axi s o f  symmetr y 
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by movin g th e mous e o n th e table-mounte d pa d i n th e directio n analogou s t o th e 

axi s perceive d o n th e display .  The y wer e instructe d t o respon d a s quickl y an d 

as accuratel y a s possible ,  guessin g wheneve r  i n doubt .  Afte r  eac h response , 

feedbac k wa s give n i n th e for m o f  a  re-presentatio n o f  th e patter n wit h th e 

additio n o f  a  lin e indicatin g th e correc t  axis .  Th e feedbac k patter n remaine d 

on th e scree n fo r  2  sec . 

Prio r  t o th e star t  o f  th e tes t  series ,  subject s receive d a  practic e 

sessio n consistin g o f  2 0 stimul i  (divide d equall y amon g th e axe s presente d i n 

th e subsequen t  experimenta l  condition) ,  eac h presente d wit h a  feedbac k lin e 

indicatin g th e correc t  axis . 

Exp. 1: Priminig: experiment 

Subject s wer e traine d o n a  combinatio n o f  repeatin g (primed )  an d 

nonrepeatin g patterns .  O f  th e 40 0 stimul i  presente d t o eac h subject ,  ther e 

wer e 24 0 nonrepeatin g pattern s (6 0 o f  eac h axis )  common t o al l  subjects ,  wit h 

eac h subjec t  receivin g a  different ,  pseudo-randomize d order .  Th e remainin g 

160 stimul i  wer e th e primes ,  consistin g o f  a  se t  o f  pattern s tha t  repeate d a t 

one o f  thre e differen t  rates :  I n th e 1/1 0 condition ,  4  pattern s ( 1 o f  eac h 

axis )  repeate d i n ever y 10+ 2 stimuli ;  i n th e 1/2 0 condition ,  8  pattern s ( 2 o f 

eac h axis )  repeate d i n ever y 20+ 6 stimuli ;  i n th e 1/4 0 condition ,  1 6 pattern s 

( 4 o f  eac h axis )  repeate d i n ever y 40+1 0 stimuli .  Not e tha t  th e overal l 

percentag e o f  prim e stimul i  i n eac h serie s wa s maintaine d a t  40 % acros s th e 

differen t  condition s b y doublin g th e numbe r  o f  prim e pattern s fo r  eac h halvin g 

of  th e prim e repetitio n rate .  Th e prim e pattern s wer e yoke d acros s th e thre e 

priming-rat e condition s suc h tha t  a  give n prim e patter n appeare d i n eac h 

condition .  Stimul i  wer e presente d i n 5  block s o f  80 . 

Exp. 2: Axis generalization experiment 

Thi s experimen t  consiste d o f  a  trainin g phase ,  i n whic h pattern s wer e 

symmetri c abou t  on e o f  onl y tw o axes ,  an d a  testin g phase ,  i n whic h pattern s 

wer e sjrmraetri c abou t  on e o f  fou r  axes ,  a s i n th e primin g experiment .  Th e 

trainin g phas e consiste d o f  10 0 stimul i  symmetri c abou t  eithe r  th e lef t  an d 

righ t  diagona l  axes ,  fo r  on e grou p o f  subjects ,  o r  th e horizontal-vertica l 

axes ,  fo r  anothe r  group .  Thes e stimuli ,  presente d i n 2  block s o f  50 ,  wer e 

differen t  fo r  eac h subject .  Th e testin g phas e consiste d o f  30 0 stimul i  (7 5 o f 
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eac h axis )  common t o al l  subjects ,  wit h eac h subjec t  receivin g a  different , 

pseudo-rando m order .  Th e tes t  stimul i  wer e presente d i n 5  block s o f  60 . 

Computer Simulations 

Network s 

Two network s wer e studied .  Bot h ha d 8 1 inpu t  units ,  representin g th e 8 1 

cell s o f  th e 9x 9 array ,  an d 4  outpu t  units ,  representin g th e 4  possibl e axe s 

of  mirro r  sjmimetry .  The y differe d wit h respec t  t o th e numbe r  an d connectivit y 

of  th e hidde n units .  On e networ k ha d 1 2 hidde n units ,  eac h full y an d 

symmetricall y connecte d t o al l  o f  th e inpu t  unit s an d outpu t  unit s (hereafte r 

calle d th e global-uni t  network) .  Th e othe r  networ k ha d 7 2 hidde n units ,  eac h 

connecte d t o th e 4  outpu t  unit s an d t o on e o f  9  3x 3 section s o f  th e 9x 9 

stimulu s arra y (hereafte r  calle d th e local-uni t  network) .  Fo r  bot h networks , 

th e hidde n unit s wer e no t  interconnected . 

General procedure 

The learnin g algorith m an d implementatio n detail s ar e th e sam e a s thos e 

describe d i n Sejnowski ,  Kienke r  an d Hinto n (1986) .  Al l  network s starte d wit h 

al l  weight s se t  t o zer o excep t  fo r  th e axi s generalizatio n experiment ,  i n 

whic h th e trainin g phas e ra n unti l  performanc e reache d asymptot e an d the n 

switche d t o th e testin g phas e unti l  performanc e agai n reache d asymptote . 

Approximatel y 40,000-100,00 0 pattern s wer e presente d i n eac h simulation . 

Materials 

Pattern s wer e randoml y generate d followin g th e sam e constraint s a s thos e 

use d i n th e huma n experiments .  Pattern s wer e compose d o f  approximatel y 40 % 

(rang e =  31-49% )  o f  th e 8 1 cell s i n a  9x 9 arra y bein g "on "  i n suc h a  wa y a s t o 

be symmetri c abou t  on e an d onl y on e o f  th e fou r  axes . 

Exp. 1: Priming experiment 

The network s wer e traine d o n a  combinatio n o f  repeatin g (primed )  an d 

nonrepeatin g patterns .  I n eac h simulation ,  tw o primin g rate s wer e included , 

wit h on e bein g a  multipl e o f  2  o r  3  tha t  o f  th e other .  I n eac h cas e (wit h th e 

exceptio n o f  th e conditio n wit h th e highes t  primin g rate ;  se e below) ,  ther e 

wer e a t  leas t  2 0 differen t  pattern s tha t  serve d a s prim e stimul i  fo r  eac h 
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primin g rate ,  divide d equall y amon g th e differen t  axes .  Ther e wer e si x 

differen t  conditions ,  involvin g primin g rate s o f  1/5 0 an d 1/150 ,  1/10 0 an d 

1/200 ,  1/20 0 an d 1/400 .  1/40 0 an d 1/800 ,  1/80 0 an d 1/1600 ,  an d 1/83 3 an d 

1/2500 . 

Fiv e simulatio n condition s wer e ru n wit h th e global-uni t  networ k wit h 

severa l  replications .  Fo r  thre e o f  these ,  th e overal l  percentag e o f  prim e 

stimul i  wa s hel d constan t  a t  30 % (2 0 differen t  pattern s eac h a t  1/10 0 an d 

1/200 ;  8 0 differen t  pattern s eac h a t  1/40 0 an d 1/800 ;  an d 16 0 differen t 

pattern s eac h a t  1/80 0 an d 1/1600) .  Fo r  th e othe r  tw o simulations ,  th e 

overal l  percentag e o f  prim e stimul i  wa s permitte d t o vary ,  wit h 9  an d 2 0 prim e 

pattern s respectivel y a t  1/5 0 an d 1/15 0 (31 % prim e stimuli) ,  an d 2 0 prim e 

pattern s eac h a t  1/83 3 an d 1/250 0 (3.2 % prim e stimuli) . 

Fiv e simulatio n condition s wer e ru n wit h th e local-uni t  networ k wit h 

severa l  replications .  Fo r  tw o o f  these ,  th e overal l  percentag e o f  prim e 

stimul i  wa s hel d constan t  a t  30 % (4 0 differen t  pattern s eac h a t  1/20 0 an d 

1/400 ;  an d 8 0 differen t  pattern s eac h a t  1/40 0 an d 1/800) .  Fo r  th e othe r 

thre e simulations ,  th e overal l  percentag e o f  prim e stimul i  wa s permitte d t o 

vary ,  wit h 2 0 differen t  pattern s eac h a t  1/10 0 an d 1/20 0 (30 % prim e stimuli) . 

at  1/20 0 an d 1/40 0 (15 % prim e stimuli) ,  an d 1/40 0 an d 1/80 0 (7.5 % stimuli) . 

Exp. 2: Axis generalization experiment 

I n th e trainin g phase ,  th e network s wer e presente d wit h pattern s 

symmetri c abou t  on e o f  onl y tw o axes ,  eithe r  th e lef t  an d righ t  diagona l  axes , 

fo r  on e se t  o f  simulations ,  o r  th e horizontal-vertica l  axes ,  fo r  anothe r  se t 

of  simulations .  I n th e testin g phase ,  th e network s wer e presente d wit h 

pattern s symmetri c abou t  on e o f  th e fou r  possibl e axes ,  a s i n th e primin g 

experiment . 

RESULTS 

Human Experiments 

Exp.  1 :  Primin g experimen t 

Subject s bega n trainin g wit h performanc e wel l  abov e chanc e level s an d 

showed stead y skil l  learnin g acros s th e 5  block s o f  th e experiment .  Wit h 

practice ,  response s t o th e nonrepeate d pattern s becam e increasingl y accurat e 
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Figur e 1 .  Percen t  correc t  acros s trial s fo r  prime d an d unprime d 
patterns .  Acros s primin g condition s (1/10 ,  1/20 ,  an d 1/40) .  th e 
overal l  percentag e o f  prim e stimul i  wa s hel d constant . 

(see Figure 1) and had shorter latencies (see Figure 2). Subjects also showed 

clea r  repetitio n primin g effects ,  measure d bot h i n term s o f  percen t  correc t 

(Figur e 1 )  an d reactio n tim e (Figur e 2 ) .  Repetitio n primin g wa s eviden t  fo r 

al l  block s fo r  th e 1/1 0 repetitio n rat e an d seeme d t o emerg e b y th e las t  tw o 

block s fo r  th e 1/2 0 repetitio n rate ;  n o primin g wa s observe d fo r  th e 1/4 0 

repetitio n rate . 

One interestin g resul t  concern s performanc e fo r  th e differen t  axe s whe n 

analyze d separately .  Performanc e wa s superio r  fo r  th e horizonta l  an d vertica l 

axes ,  fo r  whic h subject s presximabl y hav e ha d a  goo d dea l  mor e real-worl d 

experienc e prio r  t o th e presen t  studies ,  tha n fo r  th e diagona l  axes ,  whic h 

see m t o pla y les s o f  a  rol e i n ou r  perceptua l  experience .  Th e observe d 

differenc e i n performanc e wa s maintaine d acros s al l  5  block s o f  th e experimen t 

(se e Figur e 3 ) . 

Exp.  2 :  Axi s generalizatio n experimen t 

Result s fo r  th e 2-axi s trainin g an d 4-axi s testin g phase s o f  thi s 

experimen t  ar e presente d i n Figur e 4  (onl y th e firs t  3  o f  th e 5  testin g block s 

ar e shown) .  Dat a ar e presente d separatel y fo r  trainin g o n horizontal-vertica l 
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axe s versu s diagona l  axe s (middl e an d botto m panels) ,  an d ar e als o average d 

togethe r  a s traine d versu s untraine d axe s (to p panel) .  Th e skil l  learnin g 

exhibite d b y subject s fo r  ne w pattern s di d no t  generaliz e acros s axes .  Afte r 

tw o block s o f  trainin g wit h tw o axes ,  performanc e o n th e untraine d axe s a t  th e 

star t  o f  th e 4-axi s testin g phas e wa s n o bette r  tha n -  indeed ,  o n averag e wa s 

poore r  tha n -  performanc e a t  th e beginnin g o f  th e trainin g phase .  Note , 

however ,  tha t  thes e dat a d o no t  tak e int o accoun t  difference s i n numbe r  o f 

respons e alternative s betwee n th e trainin g an d testin g phases .  T o th e exten t 

tha t  th e observe d performanc e include s som e amoun t  o f  guessin g distribute d 

• trained 0 untrained 

160 24 0 32 0 

# o f  T r i a l s 

•  dia g 0  hor-ver t 

160 24 0 32 0 

# o f  T r i a l s 

•  dia g 0  hor-ver t 

160 24 0 32 0 

# o f  T r i a l s 

Figur e 4 .  Percen t  correc t  acros s trial s whe n traine d o n eithe r 
diagona l  (middle )  o r  horizontal-vertica l  axe s (bottom )  an d teste d 
on al l  fou r  axes .  Overal l  effec t  o f  trainin g i s show n a t  top . 
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among th e se t  o f  respons e alternatives ,  th e contributio n o f  guessin g t o 

performanc e woul d b e differen t  fo r  trainin g tha n fo r  testing ,  artificiall y 

lowerin g th e score s o n th e testin g phase .  Ou r  inspectio n o f  th e error s an d 

observation s o f  subject s takin g th e tes t  suggest s tha t  rathe r  littl e 

contributio n i s mad e t o th e observe d performanc e b y distributin g guesse s amon g 

th e se t  o f  respons e alternatives ,  thereb y lessenin g it s presume d impact . 

The cleares t  findin g o f  thi s experimen t  wa s th e differenc e betwee n 

performanc e fo r  th e diagona l  axe s an d performanc e fo r  th e horizontal-vertica l 

axes ,  amplifyin g th e effec t  see n i n Exp .  1 .  First ,  lookin g onl y a t  th e 

trainin g results ,  subjects '  initia l  performanc e wa s bette r  fo r  th e horizontal -

vertica l  axe s (botto m panel )  tha n fo r  th e diagona l  axe s (middl e panel) ,  an d 

ther e wa s mor e improvemen t  ove r  th e tw o trainin g block s fo r  th e horizontal -

vertica l  axe s tha n fo r  th e diagona l  axes .  Moreover ,  th e effect s o f  2-axi s 

trainin g o n 4-axi s tes t  performanc e wa s dramaticall y differen t  fo r  th e tw o 

set s o f  axes :  Trainin g o n th e horizontal-vertica l  axe s produce d a  hug e 

advantag e i n performanc e fo r  thes e axe s ove r  th e diagona l  axe s whe n teste d i n 

th e 4-axi s conditio n (botto m panel) ,  wherea s trainin g o n th e diagona l  axe s 

serve d onl y t o boos t  performanc e o n thes e axe s t o th e leve l  o f  th e horizontal -

vertica l  axe s whe n teste d i n th e 4-axi s conditio n (middl e panel) . 

Computer simulations 

Exp.  1 :  Primin g experimen t 

For  eac h network ,  simulation s showe d bot h skil l  learnin g fo r  nonrepeate d 

item s an d repetitio n primin g fo r  repeate d items ,  eve n ove r  ver y lon g lag s (se e 

Figure s 5-8) .  Th e findin g o f  primin g i n th e global-uni t  networ k fo r  th e 

1/160 0 conditio n (se e Figur e 6 )  deserve s particula r  emphasis .  Th e primin g 

effec t  wa s apparen t  wit h fewe r  tha n 1 2 presentation s o f  a  give n prim e patter n 

sprea d ou t  ove r  20,00 0 stimuli .  I n fact ,  i n a  subsequen t  stud y (Cohen , 

Abrams ,  Harley ,  Tabor ,  Gordon ,  &  Sejnowski ,  1986) ,  w e hav e demonstrate d 

primin g wit h a s fe w a s 6  presentation s o f  a  give n prim e stimulu s sprea d ou t 

among 20,00 0 patterns .  I n addition ,  th e primin g effec t  wa s remarkabl y 

reproducibl e acros s replications .  Tha t  is ,  fo r  thos e set s o f  simulation s tha t 

include d overla p amon g th e primin g rate s (e.g. ,  fo r  th e local-uni t  network , 

th e thre e simulation s ha d primin g rate s o f  1/10 0 an d 1/200 ,  1/20 0 an d 1/400 , 

and 1/40 0 an d 1/800 ;  loo k acros s panel s o f  Figur e 7 ) ,  th e performanc e o f 

34 



^OHEN,  ABRAMS,  HARLEY,  TABOR,  &  SEJNOWSKI 

%C 

lOOj 

90- -

B0- -

70- -

60- -

50- -

40- -

30- -

20- • 

PI IOOt 

P2 

I Q 

unprine d 

Pl-1/5 0 

P2-1/15 0 

# Of Trials 

(xlOOO ) 

unprine d 

%C 

Pl=l/83 3 

P2»l/250 0 

fr-J . 
10 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 

# O f  T r i a l s 

(xlOOO ) 
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Figur e 6 .  Percen t  correc t  fo r  global-uni t  networ k fo r  prime d an d 
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tw o differen t  primin g rates .  Th e overal l  percentag e o f  prim e 
stimul i  wa s maintaine d acros s simulations . 
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Figur e 7 .  Percen t  correc t  fo r  local-uni t  networ k fo r  prime d an d 
unprime d stimuli .  Eac h o f  thre e simulation s teste d performanc e o n 
tw o differen t  primin g rates .  Th e overal l  percentag e o f  prim e 
stimul i  wa s permitte d t o var y conditions . 

networ k fo r  th e sam e primin g rat e o n differen t  occasion s wa s virtuall y 

identical .  Th e performanc e o f  bot h network s fo r  th e differen t  axe s wa s nearl y 

invariant ,  unlik e th e result s fo r  huma n subjegts . 

The tw o network s differe d i n a  nxunbe r  o f  interestin g ways .  First ,  thoug h 

bot h network s starte d learnin g d e novo ,  th e local-uni t  networ k learne d muc h 

more rapidly ,  reachin g a  highe r  leve l  o f  performanc e fo r  nonrepeate d stimul i 

i n 40,00 0 trial s (se e Figure s 7  &  8 )  tha n di d th e global-uni t  networ k i n 

80,00 0 trial s (se e Figure s 5  &  6 ) .  Second ,  despit e th e superio r  skil l 

learnin g o f  th e local-uni t  network ,  th e global-uni t  networ k wa s th e mor e 

sensitiv e on e t o priming ,  showin g a  primin g effec t  eve n a t  a  primin g rat e o f 

1/160 0 (se e Fig .  6 )  an d a t  1/320 0 (Cohe n e t  al. ,  1986) ,  wherea s th e local-uni t 

networ k showe d onl y margina l  primin g a t  a  primin g rat e o f  1/80 0 (se e Figure s 7 

& 8 ) .  Third ,  th e global-uni t  networ k bu t  no t  th e local-uni t  networ k showe d a 

trade-of f  betwee n skil l  learnin g an d repetitio n primin g a s a  functio n o f 

primin g rat e whe n th e overal l  percentag e o f  prim e stimul i  wa s permitte d t o 

vary .  Thus ,  performanc e fo r  th e prim e stimul i  wa s bette r  i n th e 1/5 0 an d 

1/15 0 conditio n tha n i n th e 1/83 3 an d 1/250 0 condition ,  wherea s performanc e 

fo r  th e nonrepeate d stimul i  wa s poore r  i n th e 1/5 0 an d 1/15 0 conditio n tha n i n 
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Figur e 8 .  Percen t  correc t  fo r  local-uni t  networ k fo r  prime d an d 
unprime d stimuli .  Eac h o f  tw o simulation s teste d performanc e o n 
tw o differen t  primin g rates .  Th e overal l  percentag e o f  prim e 
stimul i  wa s maintaine d acros s simulations . 

th e 1/83 3 an d 1/250 0 conditio n (se e Figur e 5 ) .  Th e trade-of f  disappeared , 

however ,  whe n th e overal l  percentag e o f  prim e stimul i  wa s hel d constan t  acros s 

th e differen t  primin g rat e condition s (se e Figur e 6 ) .  Fo r  th e local-uni t 

network ,  ther e wa s n o trade-of f  regardles s o f  whethe r  th e overal l  percentag e 

of  prim e stimul i  varie d o r  wa s constan t  (se e Figure s 7  6e 8 ) . 

Inspectio n o f  th e weight s fo r  th e hidde n unit s o f  th e tw o network s wa s 

illuminating .  Th e hidde n unit s i n th e global-uni t  networ k behave d i n th e 

manner  reporte d b y Sejnowsk i  e t  al .  (1986) .  Th e weight s wer e frequentl y 

antisymmetri c abou t  on e o r  mor e axes ,  an d ofte n wer e als o symmetri c abou t  on e 

or  mor e othe r  axes .  Th e amoun t  o f  antisymmetr y wa s striking .  Th e spatia l 

distributio n o f  th e weight s t o inpu t  unit s correspondin g t o differen t  portion s 

of  th e receptiv e fiel d varie d considerabl y amon g hidde n unit s an d represente d 

a numbe r  o f  differen t  type s o f  geometri c feature s a s wel l  a s som e isolate d 

cell s i n th e array .  Man y o f  th e geometrica l  features ,  suc h a s linea r  stripe s 

or  angles ,  wer e quit e global ,  spannin g th e entir e widt h o r  lengt h o f  th e 

array .  Frequently ,  suc h feature s wer e represente d i n on e hidde n uni t  alon g 

wit h thei r  complemen t  i n a  differen t  unit .  Finally ,  th e weight s t o som e 
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Figur e 9 .  Percen t  correc t  fo r  global-uni t  networ k whe n traine d o n 
eithe r  horizontal-vertica l  (middle )  o r  diagona l  axe s (bottom )  an d 
teste d o n al l  fou r  axes .  Overal l  trainin g effec t  i s  show n a t  top . 

hidde n unit s wer e ver y small ,  suggestin g tha t  thes e unit s playe d littl e o r  n o 

rol e i n th e solutio n t o th e problem . 

The hidde n unit s i n th e local-uni t  networ k behave d i n a  simila r  fashion , 

althoug h thei r  receptiv e field s wer e quit e local ,  bein g restricte d t o 

particula r  3x 3 section s o f  th e 9x 9 inpu t  array .  Here ,  too ,  th e numbe r  o f 

unit s whos e weight s wer e se t  u p t o detec t  antisymmetr y wa s striking .  Th e 

presenc e o f  hidde n unit s wit h weight s representin g geometrica l  feature s an d 

thei r  complemen t  i n a  uni t  wit h a  matchin g receptiv e fiel d wa s note d her e a s 

well .  A n interestin g aspec t  o f  th e hidde n unit s i n thi s networ k wa s th e 
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apparent reliance of the network on units with receptive fields in the center 

3x3 sectio n o f  th e inpu t  array .  Thi s sectio n i s relevan t  t o detectio n o f  an y 

of  th e fou r  axes .  Accordingly ,  th e weight s fo r  suc h unit s wer e typicall y 

sensitiv e t o multipl e axe s and ,  i n particular ,  wer e antisynmietri c fo r  on e o r 

more axe s whil e bein g symmetri c fo r  on e o r  mor e others . 

Exp. 2: Axis generalization experiment 

Bot h network s traine d o n a  particula r  pai r  o f  axe s showe d a  decremen t  i n 

overal l  performanc e whe n switche d t o testin g wit h al l  4  axe s (se e Figure s 9  & 
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Figur e 10 .  Percen t  correc t  fo r  local-uni t  networ k whe n traine d o n 
eithe r  horizontal-vertica l  (middle )  o r  diagona l  axe s (bottom )  an d 
teste d o n al l  fou r  axes .  Overal l  trainin g effec t  i s  show n a t  top . 

39 



COHEN,  ABRAMS,  HARLEY,  TABOR,  &  SEJNOWSKI 

10) .  No t  onl y di d performanc e declin e fo r  th e traine d axes ,  especiall y i n th e 

global-uni t  network ,  bu t  performanc e o n th e previousl y untraine d axe s wa s 

poore r  a t  th e star t  o f  th e 4-axi s testin g tha n wa s performanc e fo r  th e othe r 

pai r  o f  axe s a t  th e star t  o f  th e 2-axi s training .  Again ,  thi s wa s 

particularl y eviden t  fo r  th e global-uni t  network .  Unlik e th e performanc e o f 

human subjects ,  neithe r  o f  th e network s showe d a  preferenc e fo r  th e 

horizontal-vertica l  axe s ove r  th e diagona l  axes ,  o r  vic e versa .  (Not e tha t 

thes e data ,  lik e thos e presente d fo r  huma n subjects ,  d o no t  tak e int o accoun t 

th e differenc e betwee n th e trainin g an d testin g phase s i n numbe r  o f  respons e 

alternatives .  Preliminar y dat a fro m simulation s i n whic h th e network s ar e 

traine d o n 2  axe s an d the n teste d o n onl y th e othe r  2  axe s suggest s tha t  th e 

previousl y untraine d axe s neithe r  benefi t  no r  suffe r  fro m prio r  trainin g o n 

othe r  axes. ) 

The weight s fo r  th e hidde n unit s i n th e tw o network s wer e simila r  t o 

thos e discusse d above .  On e findin g o f  interes t  tha t  come s fro m thi s 

particula r  tas k wa s th e preponderanc e o f  hidde n unit s i n th e local-uni t 

networ k tha t  wer e responsiv e t o bot h o f  th e tw o axe s durin g th e 2-axi s 

trainin g phase .  Inspectio n o f  th e hidde n unit s wit h receptiv e field s i n th e 

cente r  3x 3 sectio n o f  th e inpu t  arra y reveale d a n organizatio n o f  weight s tha t 

nearl y alway s wa s symmetri c fo r  on e axi s an d antisymmetri c fo r  th e other .  Fo r 

th e othe r  units ,  i n mos t  o f  th e case s i n whic h th e uni t  wa s responsiv e t o onl y 

one axis ,  i t  wa s responsiv e t o antisymmetr y i n tha t  axis .  Hidde n unit s wit h 

receptiv e field s i n portion s o f  th e inpu t  arra y no t  relevan t  t o distinguishin g 

betwee n th e axe s bein g teste d ha d smal l  weight s an d wer e inactive .  Upo n 

switchin g t o 4-axi s testing ,  thes e inactiv e unit s rapidl y too k o n weight s 

appropriat e t o th e ne w axes ,  makin g thi s networ k rathe r  mor e responsiv e t o th e 

chang e i n stimulu s parameter s tha n wa s th e global-uni t  network .  Th e global -

uni t  networ k wa s force d t o reconfigur e it s hidden-uni t  weight s t o confor m t o 

th e ne w stimulu s parameters . 

DISCUSSION 

The presen t  wor k document s skil l  learnin g an d repetitio n primin g i n 

symmetr y detectio n fo r  bot h huma n subject s an d th e Boltzman n machine .  Th e 

behaviora l  dat a fro m human s an d th e simulatio n dat a fro m th e networ k model s 

shar e certai n qualitativ e similarities ,  bu t  ar e differen t  i n som e significan t 
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quantitativ e an d qualitativ e respects .  Th e differenc e quantitativel y betwee n 

human an d mode l  performanc e i s striking :  Th e numbe r  o f  trial s require d fo r 

th e network s t o lear n th e tas k i s som e tw o order s o f  magnitud e greate r  tha n 

tha t  require d b y humans .  Moreover ,  th e performanc e o f  th e network s fo r 

unprime d stimul i  seem s t o platea u a t  approximatel y 70-80 % correct ,  dependin g 

upo n th e condition ,  wherea s th e performanc e o f  ou r  huma n subject s continue s t o 

improv e wit h practice ,  an d wil l  approac h 100 % correc t  wit h enoug h trials . 

Note ,  however ,  tha t  human s com e t o thi s tas k wit h considerabl e topographi c 

knowledg e an d familiarit y wit h symmetr y detection ,  an d thei r  initia l 

performanc e o n th e tas k i s wel l  abov e chance .  B y contrast ,  th e Boltzman n 

machin e start s it s learnin g d e novo ;  i t  mus t  lear n simultaneousl y abou t  bot h 

symmetr y an d th e critica l  aspect s o f  symmetr y detectio n fo r  thes e particula r 

materials .  It s performanc e o n th e presen t  tas k start s a t  chance .  I n additio n 

t o thi s differenc e i n wha t  mus t  b e learned ,  th e discrepanc y betwee n th e 

relativel y smal l  nxombe r  o f  unit s use d i n th e networ k model s compare d wit h th e 

presumabl y hug e numbe r  o f  neuron s i n th e huma n visua l  syste m sensitiv e t o 

sjrmmetr y i s likel y t o b e a n importan t  factor .  Finally ,  not e tha t  i t  i s 

extraordinaril y  difficul t  t o kno w ho w t o scal e th e performanc e o f  th e networ k 

model s vis-a-vi s huma n performanc e i n th e absenc e o f  specifi c  claim s abou t  th e 

psychologica l  relevanc e o f  "trials "  o r  "machin e operations "  fo r  thes e models . 

Unti l  suc h claim s ar e made ,  conclusion s base d o n quantitativ e comparison s ca n 

be offere d onl y tentatively . 

I n term s o f  qualitativ e comparison s o f  th e experimenta l  dat a an d 

simulatio n data ,  i t  i s  noteworth y tha t  human s showe d a  stron g superiorit y fo r 

detectin g vertica l  symmetries .  Th e superiorit y o f  performanc e i n bot h 

experiment s fo r  horizontal-vertica l  axe s ove r  diagona l  axe s wa s du e 

overwhelmingl y t o superio r  performanc e fo r  th e vertica l  axis .  Acros s th e 5 

block s o f  Exp .  1 ,  performanc e fo r  th e vertica l  axi s (84 % correct )  showe d 

nearl y a s muc h advantag e ove r  performanc e fo r  th e horizonta l  axi s (77 % 

correct )  a s fo r  th e diagona l  axe s (74 % correct) .  Thi s wa s a s tru e i n th e 

initia l  bloc k ( % correct :  v  =  75 ,  h  =  66 ,  d  =  63 )  a s i n th e fina l  bloc k ( % 

correct :  v  -  91 ,  h  =  84 .  d  =  81) .  Thi s resul t  i s  consisten t  wit h previou s 

psychophysica l  wor k (Barlo w &  Reeves ,  1979) ,  bu t  a t  odd s wit h th e performanc e 

of  th e networks .  Th e superiorit y fo r  vertica l  symmetrie s i s though t  t o b e du e 

at  leas t  i n par t  t o th e sensitivit y o f  cell s nea r  th e vertica l  midlin e t o 
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loca l  feature s aroun d th e midline .  Othe r  feature s relevan t  t o processin g 

mirro r  symmetrie s mus t  b e processe d mor e globally .  Ou r  modelin g attempt s 

include d bot h a  local-uni t  an d global-uni t  network ,  a  differenc e i n 

connectivit y o f  th e hidde n unit s tha t  ha d importan t  implication s fo r  th e wa y 

i n whic h th e mode l  wa s abl e t o internall y represen t  mirro r  symmetries .  Th e 

global-uni t  network ,  wit h les s pre-wire d structur e tha n th e local-uni t 

network ,  wa s mor e influence d b y th e structur e impose d b y th e stimulu s array : 

I t  remaine d responsiv e t o prime s ove r  lon g lag s an d wa s mor e sensitiv e t o th e 

chang e fro m 2  t o 4  axes .  Th e limite d receptiv e field s o f  processin g element s 

i n th e local-uni t  networ k woul d see m t o provid e a  close r  mode l  o f  th e typ e o f 

processin g use d b y biologica l  visua l  systems ,  althoug h th e connectivit y amon g 

th e loca l  processin g unit s actuall y establishe d b y learnin g i n ou r  network s 

may b e quit e differen t  fro m tha t  attaine d b y biologica l  systems .  Evaluatio n 

of  whic h o f  thes e network s provide s a  close r  matc h t o huma n performanc e await s 

furthe r  testing . 

The mos t  importan t  findin g o f  th e presen t  studie s i s th e emergenc e o f 

primin g fro m th e networ k mode l  withou t  an y additiona l  mechanisms ,  suc h a s 

short-ter m change s t o th e weights .  Thes e network s wer e designe d t o handl e 

generalization ,  whic h i s th e essenc e o f  skil l  learning ;  th e fac t  tha t  the y 

prov e t o b e sensitiv e t o individua l  item s eve n ove r  enormou s lag s i s a 

strikin g finding ,  on e tha t  furthe r  link s skil l  learnin g an d repetitio n 

priming .  Thi s i s th e basi c qualitativ e similarit y betwee n th e simulatio n an d 

human performanc e data . 

Two conclusion s ca n b e draw n fro m th e stud y o f  symmetr y detectio n i n 

humans an d massively-paralle l  networ k models .  First ,  primin g fo r  human s i n 

thi s tas k canno t  depen d upo n th e activatio n o f  som e pre-existin g 

representatio n o f  th e prime d materials ,  sinc e th e stimul i  use d i n thes e 

studie s wer e novel .  Second ,  primin g i s a  laten t  propert y o f  incrementa l 

learnin g i n th e paralle l  networ k mode l  an d occur s fro m th e star t  o f  d e nov o 

learning .  Thus ,  bot h th e behaviora l  dat a fro m htiman s an d simulatio n dat a fro m 

th e mode l  sugges t  tha t  repetitio n primin g i s no t  a  sepaiat e mechanis m an d doe s 

no t  depen d o n a n alread y structure d system .  Primin g ma y instea d b e a n 

integra l  featur e o f  th e basi c learnin g proces s tha t  configure s an d reorganize s 

processin g modules .  Paralle l  wor k wit h human s an d networ k models ,  suc h a s 

tha t  reporte d i n th e presen t  paper ,  ca n provid e importan t  insight s abou t 
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possible mechanisms of learning and memory. 
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A D A P T I V E R E S O N A N CE T H E O R Y:  S T A B L E S E L F - O R G A N I Z A T I O N 

O F N E U R A L R E C O G N I T I O N C O D E S I N R E S P O N SE T O 
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Boston ,  Massachusett s 0221 5 

1. SELF-ORGANIZATION OF NEURAL RECOGNITION CODES 

A neura l  network ,  calle d a n adaptiv e resonanc e theor y ( A R T )  architecture ,  fo r  th e 

learnin g o f  recognitio n categorie s i s describe d herein .  Real-tim e networ k dynamic s fo r  thi s 

model  hav e bee n completel y characterize d throug h mathematica l  analysi s an d compute r 

simulations .  Th e architectur e self-organize s an d self-stabilize s it s recognitio n code s i n re -

spons e t o arbitrar y ordering s o f  arbitraril y  man y an d arbitraril y  comple x binar y inpu t 

patterns .  Top-dow n attentiona l  an d matchin g mechanism s ar e critica l  i n self-stabilizin g 

th e cod e learnin g process .  Th e architectur e embodie s a  paralle l  searc h schem e whic h up -

date s itsel f  adaptivel y a s th e learnin g proces s unfolds .  Afte r  learnin g self-stabilizes ,  th e 

searc h proces s i s automaticall y disengaged .  Thereafte r  inpu t  pattern s directl y acces s thei r 

recognitio n code s withou t  an y search .  Thu s recognitio n tim e doe s no t  gro w a s a  functio n o f 

cod e complexity .  A  nove l  inpu t  patter n ca n directl y acces s a  categor y i f  i t  share s invarian t 

propertie s wit h th e se t  o f  familia r  exemplar s o f  tha t  category .  Thes e invarian t  propertie s 

emerg e i n th e for m o f  learne d critica l  featur e patterns ,  o r  prototypes .  Th e architectur e 

possesse s a  context-sensitiv e self-scalin g propert y whic h enable s it s emergen t  critica l  fea -

tur e pattern s t o form .  The y detec t  an d remembe r  statisticall y predictiv e configuration s o f 

featura l  element s whic h ar e derive d fro m th e se t  o f  al l  inpu t  pattern s tha t  ar e eve r  experi -
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enced .  Fou r  type s o f  attentiona l  process—priming ,  gai n control ,  vigilance ,  an d intermoda l 

competition—ar e mechanisticall y characterized .  Top-dow n primin g an d gai n contro l  ar e 

neede d fo r  cod e matchin g an d self-stabilization .  Attentiona l  vigilanc e determine s ho w fine 

th e learne d categorie s wil l  be .  I f  vigilanc e increase s du e t o a n environmenta l  disconfirma -

tion ,  the n th e syste m automaticall y searche s fo r  an d learn s finer  recognitio n categories .  A 

ne w nonlinea r  matchin g la w (th e 2/ 3 Rule )  an d ne w nonlinea r  associativ e law s (th e Webe r 

L a w Rule ,  th e Associativ e Deca y Rule ,  an d th e Templat e Learnin g Rule )  ar e neede d t o 

achiev e thes e properties .  Al l  th e rule s describ e emergen t  propertie s o f  paralle l  networ k 

interactions .  Th e architectur e circumvent s th e noise ,  saturation ,  capacity ,  orthogonality , 

an d linea r  predictabilit y  constraint s tha t  limi t  th e code s whic h ca n b e stabl y learne d b y 

alternativ e recognitio n models .  I n addition ,  A R T circuit s hav e elsewher e bee n use d t o 

analys e dat a abou t  speec h perception ,  wor d recognitio n an d recall ,  visua l  perception ,  ol -

factor y coding ,  evoke d potentials ,  thalamocortica l  interactions ,  attentiona l  modulatio n o f 

critica l  perio d termination ,  an d amnesia s (Banque t  an d Grossberg ,  1986 ;  Carpente r  an d 

Grossberg ,  1985a ,  1985b ,  1986a ,  1986b ,  1986c ;  Grossberg ,  1976a ,  1976b ,  1978a ,  1980 , 

1986a ;  Grossber g an d Stone ,  1986a ,  1986b) .  I n th e followin g pages ,  w e describ e intuitivel y 

some ke y propertie s o f  th e model . 

2. STABILITY-PLASTICITY DILEMMA: 

M U L T I P L E I N T E R A C T I N G M E M O RY S Y S T E M S 

A n adequat e self-organizin g recognitio n syste m mus t  b e capabl e o f  plasticit y i n orde r  t o 

lear n abou t  significan t  ne w events ,  ye t  i t  mus t  als o remai n stabl e i n respons e t o irrelevan t 

or  ofte n repeate d events .  I n orde r  t o preven t  th e relentles s degradatio n o f  it s  learne d code s 

by th e "blooming ,  buzzin g confusion "  o f  irrelevan t  experience ,  a n A R T syste m i s sensitiv e 

t o novelty .  I t  i s  capabl e o f  distinguishin g betwee n familia r  an d unfamiliei r  events ,  a s wel l 

as betwee n expecte d an d unexpecte d events . 

Multipl e interattin g memor y system s ar e neede d t o monito r  an d adaptivel y reac t  t o 

th e novelt y o f  events .  Withi n A R T ,  interaction s betwee n tw o functionall y complementar y 

subsystem s ar e neede d t o proces s familia r  an d unfamilia r  events .  Familia r  event s ar e 

processe d withi n a n attentiona l  subsystem .  Thi s subsyste m establishe s eve r  mor e precis e 

interna l  representation s o f  an d response s t o familia r  events .  I t  als o build s u p th e learne d 

top-dow n expectation s tha t  hel p t o stabiliz e th e learne d bottom-u p code s o f  fanailia r  events . 

By itself ,  however ,  th e attentiona l  subsyste m i s unabl e simultaneousl y t o maintai n stabl e 

representation s o f  familia r  categorie s an d t o creat e ne w categorie s fo r  unfamilia r  patterns . 

A n isolate d attentiona l  subsyste m i s eithe r  rigi d an d incapabl e o f  creatin g ne w categorie s 

fo r  unfamilia r  patterns ,  o r  unstabl e an d capabl e o f  ceaselessl y recodin g th e categorie s o f 
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familia r  patterns . 

The secon d subsyste m i s a n orientin g subsyste m tha t  reset s th e attentiona l  subsyste m 

when a n unfamilia r  even t  occurs .  Th e orientin g subsyste m i s essentia l  fo r  expressin g 

whethe r  a  nove l  patter n i s familia r  an d wel l  represente d b y a n existin g recognitio n code , 

or  unfamilia r  an d i n nee d o f  a  ne w recognitio n code .  Figur e 1  schematize s th e architectur e 

tha t  i s  analyse d herein . 

An A R T syste m dynamicall y reorganize s it s recognitio n code s t o preserv e it s stability -

plasticit y balanc e a s it s interna l  representation s becom e increasingl y comple x an d differen -

tiate d throug h learning .  B y contrast ,  man y classica l  adaptiv e patter n recognitio n system s 

become unstabl e whe n the y ar e confronte d b y comple x inpu t  environments .  Unlik e man y 

alternativ e model s th e presen t  mode l  ca n dea l  wit h arbitrar y combination s o f  binar y in -

put  patterns .  I n particular ,  i t  place s n o orthogonalit y o r  linea r  predictabilit y  constaint s 

upo n it s inpu t  patterns .  Th e mode l  computation s remai n sensitiv e n o matte r  ho w man y 

inpu t  pattern s ar e processed .  Th e mode l  doe s no t  requir e tha t  ver y small ,  an d thu s noise -

degradable ,  increment s i n memor y b e mad e i n orde r  t o avoi d saturatio n o f  it s  cumulativ e 

memory.  Th e mode l  ca n stor e arbitraril y  man y recognitio n categorie s i n respons e t o inpu t 

pattern s tha t  ar e define d o n arbitraril y  man y inpu t  channels .  It s memor y matrice s nee d 

not  b e square ,  s o tha t  n o restriction s o n memor y capacit y ar e impose d b y th e numbe r  o f 

inpu t  channels .  Finally ,  al l  th e memor y o f  th e syste m ca n b e devote d t o stabl e recogni -

tio n learning .  I t  i s  no t  h e cas e tha t  th e numbe r  o f  stabl e classification s i s bounde d b y 

some fractio n o f  th e numbe r  o f  inpu t  channel s o r  patterns .  Thu s a  primar y goa l  o f  th e 

presen t  articl e i s t o intuitivel y describ e neura l  network s capabl e o f  self-stabilizin g th e self -

organizatio n o f  thei r  recognitio n code s i n respons e t o a n arbitraril y  comple x environmen t 

of  inpu t  patterns . 

Four  propertie s ar e basi c t o th e working s o f  th e network s tha t  w e characteriz e herein . 

A.  Self-Scalin g Computat iona l  Units :  Critica l  Featur e Pattern s 

Properl y definin g signa l  an d nois e i n a  self-organizin g syste m raise s a  numbe r  o f  subtl e 

issues .  Patter n contex t  mus t  ente r  th e definitio n s o tha t  inpu t  feature s whic h ar e treate d 

as irrelevan t  nois e whe n the y ar e embedde d i n a  give n inpu t  patter n m a y b e treate d a s 

informativ e signal s whe n the y ar e embedde d i n a  differen t  inpu t  pattern .  Th e system' s 

uniqu e learnin g histor y mus t  als o ente r  th e definitio n s o tha t  portion s o f  a n inpu t  patter n 

whic h ar e treate d a s nois e whe n the y pertur b a  syste m a t  on e stag e o f  it s  self-organizatio n 

may b e treate d a s signal s whe n the y pertur b th e sam e syste m a t  a  differen t  stag e o f  it s 

self-organization .  Th e presen t  system s automaticall y self-scal e thei r  computationa l  unit s 

t o embod y context -  an d learning-dependen t  definition s o f  signa l  an d noise . 
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S T M 

R E S E T 

W A V E 

D I P O L E F I E L D 

G A I N 

C O N T R OL 

I N P U T 

P A T T E R N 

1.  Anatom y o f  th e attentional-orientin g system :  T w o successiv e stages ,  F j  an d F2 ,  o f  th e 
attentiona l  subsyste m encod e pattern s o f  activatio n i n shor t  ter m memor y ( S T M ) .  Bottom -
up an d top-dow n pathway s betwee n F j  an d F 2 contai n adaptiv e lon g ter m memor y ( L T M ) 
trace s whic h multipl y th e signal s i n thes e pathways .  Th e remainde r  o f  th e circui t  modulate s 
thes e S T M an d L T M processes .  Modulatio n b y gai n contro l  enable s F j  t o distinguis h 
betwee n bottom-u p inpu t  pattern s an d top-dow n priming ,  o r  template ,  patterns ,  a s wel l 
as t o matc h thes e bottom-u p an d top-dow n patterns .  Gai n contro l  signal s als o enabl e F 2 
t o reac t  supraliminall y t o signal s fro m F j  whil e a n inpu t  patter n i s on .  Th e orientin g 
subsyste m generate s a  rese t  wav e t o F 2 whe n mismatche s betwee n bottom-u p an d top -
down pattern s occu r  a t  Fi .  Thi s rese t  wav e selectivel y an d enduringl y inhibit s activ e F 2 
cell s unti l  th e inpu t  i s shu t  off . 
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One propert y o f  thes e self-scalin g computationa l  unit s i s schematize d i n Figur e 2 .  I n 

Figur e 2a ,  eac h o f  th e tw o inpu t  pattern s i s compose d o f  thre e features .  Th e pattern s agre e 

at  tw o o f  th e thre e features ,  bu t  disagre e a t  th e thir d feature .  A  mismatc h o f  on e ou t  o f 

thre e feature s ma y b e designate d a s informativ e b y th e system .  W h e n thi s occurs ,  thes e 

mismatche d feature s ar e treate d a s signal s whic h ca n elici t  learnin g o f  distinc t  recognitio n 

code s fo r  th e tw o patterns .  Moreover ,  th e mismatche d features ,  bein g informative ,  ar e 

incorporate d int o thes e distinc t  recognitio n codes . 

I n Figur e 2b ,  eac h o f  th e tw o inpu t  pattern s i s compose d o f  thirty-on e features .  Th e 

pattern s ar e constructe d b y addin g identica l  subpattern s t o th e tw o pattern s i n Figur e 2a . 

Thu s th e inpu t  pattern s i n Figur e 2 b disagre e a t  th e sam e feature s a s th e inpu t  pattern s 

i n Figur e 2a .  I n th e pattern s o f  Figur e 2b ,  however ,  thi s mismatc h i s les s important ,  othe r 

thing s bein g equal ,  tha n i n th e pattern s o f  Figur e 2a .  Consequently ,  th e syste m m a y trea t 

th e mismatche d feature s a s noise .  A  singl e recognitio n cod e m a y b e learne d t o represen t 

bot h o f  th e inpu t  pattern s i n Figur e 2b .  Th e mismatche d feature s woul d no t  b e learne d 

as par t  o f  thi s recognitio n cod e becaus e the y ar e treate d a s noise . 

The assertio n tha t  critica l  featur e pattern s ar e th e computationa l  unit s o f  th e cod e 

learnin g proces s summarize s thi s self-scalin g property .  Th e ter m critica l  featur e indicate s 

tha t  no t  al l  feature s ar e treate d a s signal s b y th e system .  Th e learne d unit s ar e pattern s 

of  critica l  feature s becaus e th e perceptua l  contex t  i n whic h th e feature s ar e embedde d 

influence s whic h feature s wil l  b e processe d a s signal s an d whic h feature s wil l  b e processe d 

as noise .  Thu s a  featur e m a y b e a  critica l  featur e i n on e patter n (Figur e 2a )  an d a n 

irrelevan t  nois e elemen t  i n a  differen t  patter n (Figur e 2b) . 

The nee d t o overcom e th e limitation s o f  featura l  processin g wit h som e typ e o f  contex -

tuall y sensitiv e patter n processin g ha s lon g bee n a  centra l  concer n i n th e h u m a n patter n 

recognitio n literature .  Experimenta l  studie s hav e le d t o th e genera l  conclusion s tha t  "Th e 

trac e syste m whic h underlie s th e recognitio n o f  pattern s ca n b e characterize d b y a  centra l 

tendenc y an d a  boundary "  (Posner ,  1973 ,  p.54) ,  an d tha t  "jus t  listin g feature s doe s no t 

go fa r  enoug h i n specifyin g th e knowledg e represente d i n a  concept .  Peopl e als o kno w 

somethin g abou t  th e relation s betwee n th e feature s o f  a  concept ,  an d abou t  th e variabilit y 

tha t  i s  permissibl e o n an y feature "  (Smit h an d Medin ,  1981 ,  p.83) ,  W e illustrat e herei n 

ho w thes e propertie s m a y b e achieve d usin g self-scalin g computationa l  unit s suc h a s critica l 

featur e patterns . 

B.  Self-A4justin g M e m o r y Searc h 

No pre-wire d searc h algorithm ,  suc h a s a  searc h tree ,  ca n maintai n it s efficienc y a s a 

knowledg e structur e evolve s du e t o learnin g i n a  uniqu e inpu t  environment .  A  searc h orde r 
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( a ) 

( b ) 

2.  Self-scalin g propert y discover s critica l  feature s i n a  context-sensitiv e way :  (a )  T w o 
inpu t  pattern s o f  3  feature s mismatc h a t  1  feature .  W h e n thi s mismatc h i s sufficien t 
t o generat e distinc t  recognitio n code s fo r  th e tw o patterns ,  th e mismatche d feature s ar e 
encode d i n L T M a s par t  o f  th e critica l  featur e pattern s o f  thes e recognitio n codes ,  (b ) 
Identica l  subpattern s ar e adde d t o th e tw o inpu t  pattern s i n (a) .  Althoug h th e ne w inpu t 
pattern s mismatc h a t  th e sam e on e feature ,  thi s mismatc h ma y b e treate d a s nois e du e 
t o th e additiona l  complexit y o f  th e tw o ne w patterns .  Bot h pattern s m a y thu s lear n t o 
activat e th e sam e recognitio n code .  W h e n thi s occurs ,  th e mismatche d featur e i s delete d 
fro m L T M i n th e critica l  featur e patter n o f  th e code . 

tha t  m a y b e optima l  i n on e knowledg e domai n m a y becom e extremel y inefficien t  a s tha t 

knowledg e domai n become s mor e comple x du e t o learning . 

The ART system considered herein is capable of a parallel memory sezu-ch that adap-

tivel y update s it s searc h orde r  t o maintai n efficienc y a s it s recognitio n cod e become s ar -

bitraril y  comple x du e t o learning .  Thi s self-adjustin g searc h mechanis m i s par t  o f  th e 

networ k desig n whereb y th e learnin g proces s self-stabilize s b y engagin g th e orientin g sub -

syste m (Sectio n 5) . 

None of these mechanisms is akin to the rules of a serial computer program. Instead, the 

circui t  architectur e a s a  whol e generate s a  self-adjustin g searc h orde r  an d self-stabilizatio n 

as emergen t  propertie s tha t  aris e throug h syste m interactions .  Onc e th e A R T architectur e 

i s i n place ,  a  littl e randomnes s i n th e initia l  value s o f  it s  memor y traces ,  rathe r  tha n 

a carefull y wire d searc h tree ,  enable s th e searc h t o carr y o n unti l  th e recognitio n cod e 
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self-stabilizes . 

C.  Direc t  Acces s t o Learne d Code s 

A hallmar k o f  h u m a n recognitio n performanc e i s th e remarkabl e rapidit y wit h whic h 

familia r  object s ca n b e recognized .  Th e existenc e o f  man y learne d recognitio n code s fo r 

alternativ e experience s doe s no t  necessaril y  interfer e wit h rapi d recognitio n o f  a n unam -

biguou s familia r  event .  Thi s typ e o f  rapi d recognitio n i s ver y difficul t  t o understan d usin g 

model s wherei n tree s o r  othe r  seria l  algorithm s nee d t o b e searche d fo r  longe r  an d longe r 

period s Sl S a  learne d recognitio n cod e become s large r  an d larger . 

I n a n A R T model ,  a s th e learne d cod e become s globall y self-consisten t  an d predictivel y 

accurate ,  th e searc h mechanis m i s automaticall y disengaged .  Subsequently ,  n o matte r  ho w 

larg e an d comple x th e learne d cod e m a y become ,  familia r  inpu t  pattern s directl y access , 

or  activate ,  thei r  learne d code ,  o r  category .  Unfamilia r  pattern s ca n als o directl y acces s 

a learne d categor y i f  the y shar e invarian t  propertie s wit h th e critica l  featur e patter n o f 

th e category .  I n thi s sense ,  th e critica l  featur e patter n act s a s a  prototyp e fo r  th e entir e 

category .  A s i n h u m a n patter n recognitio n experiments ,  a n inpu t  patter n tha t  matche s a 

learne d critica l  featur e patter n m a y b e bette r  recognize d tha n an y o f  th e inpu t  pattern s 

tha t  gav e ris e t o th e critica l  featur e patter n (Posner ,  1973 ;  Posne r  an d Keele ,  1968 ,  1970) . 

Unfamilia r  inpu t  pattern s whic h canno t  stabl y acces s a  learne d categor y engag e th e 

self-adjustin g searc h proces s i n orde r  t o discove r  a  networ k substrat e fo r  a  ne w recognitio n 

category .  Afte r  thi s ne w cod e i s learned ,  th e searc h proces s i s automaticall y disengage d 

and direc t  acces s ensues . 

D.  Env i ronmen t  a s a  Teacher :  Modulat io n o f  Attentiona l  Vigilanc e 

Althoug h a n A R T syste m self-organize s it s recognitio n code ,  th e environmen t  ca n 

als o modulat e th e learnin g proces s an d thereb y carr y ou t  a  teachin g role .  Thi s teachin g 

rol e allow s a  syste m wit h a  fixed  se t  o f  featur e detector s t o functio n successfull y i n a n 

environmen t  whic h impose s variabl e performanc e demands .  Differen t  environment s m a y 

demand eithe r  coars e discrimination s o r  fine  discrimination s t o b e mad e amon g th e sam e 

set  o f  objects .  A s Posne r  (1973 ,  pp.53-54)  ha s noted : 

"If subjects are taught a tight concept, they tend to be very careful about classi-

fyin g an y particula r  patter n a s a n instanc e o f  tha t  concept .  The y ten d t o rejec t  a 

relativel y smal l  distortio n o f  th e prototyp e a s a n instance ,  an d the y rarel y classif y 

a patter n a s a  member  o f  th e concep t  whe n i t  i s  not .  O n th e othe r  hand ,  subject s 

learnin g high-variabilit y  concept s ofte n falsel y classif y pattern s a s member s o f  th e 

concept ,  bu t  rarel y rejec t  a  member  o f  th e concep t  incorrectly. .  .Th e situatio n 
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largel y determine s whic h typ e o f  learnin g wil l  b e superior. " 

In an ART system, if an erroneous recognition is followed by negative reinforcement, 

the n th e syste m become s mor e vigilant .  Thi s chang e i n vigilanc e m a y b e interprete d a s 

a chang e i n th e system' s attentiona l  stat e whic h increase s it s sensitivit y t o mismatche s 

betwee n bottom-u p inpu t  pattern s an d activ e top-dow n critica l  featur e patterns .  A  vigi -

lanc e chang e alter s th e siz e o f  a  singl e paramete r  i n th e network .  Th e interaction s withi n 

th e networ k respon d t o thi s paramete r  chang e b y learnin g recognitio n code s tha t  mak e 

finer  distinctions .  I n othe r  words ,  i f  th e networ k erroneousl y group s togethe r  som e inpu t 

patterns ,  the n negativ e reinforcemen t  ca n hel p th e networ k t o lear n th e desire d distinctio n 

by makin g th e syste m mor e vigilant .  Th e syste m the n behave s a s i f  i t  hji s  a  bette r  se t  o f 

featur e detectors . 

T h e abilit y  o f  a  vigilanc e chang e t o alte r  th e covirs e o f  patter n recognitio n illustrate s a 

them e tha t  i s  c o m m o n t o a  variet y o f  neura l  processes :  a  one-dimensiona l  paramete r  chang e 

tha t  modulate s a  simpl e nonspecifi c  neura l  proces s ca n hav e comple x specifi c  effect s upo n 

high-dimensiona l  neura l  informatio n processing . 

3. BOTTOM-UP ADAPTIVE FILTERING AND CONTRAST-

E N H A N C E M E NT I N S H O R T T E R M M E M O RY 

T h e remainde r  o f  th e articl e intuitivel y summarize s ke y mode l  properties .  W e begi n 

by considerin g th e typica l  networ k reaction s t o a  singl e inpu t  patter n I  withi n a  tempora l 

strea m o f  inpu t  patterns .  Eac h inpu t  patter n m a y b e th e outpu t  patter n o f  a  preprocessin g 

stage .  Differen t  preprocessin g i s given ,  fo r  example ,  t o speec h signal s an d t o visua l  signal s 

befor e th e outcom e o f  suc h modality-specifi c  preprocessin g eve r  reache s th e attentiona l 

subsystem .  Th e preprocesse d inpu t  patter n I  i s  receive d a t  th e stag e F i  o f  a n attentiona l 

subsystem .  Patter n I  i s  transforme d int o a  patter n X  o f  activatio n acros s th e nodes ,  o r 

abstrac t  "featur e detectors" ,  o f  F i  (Figur e 3) .  Th e transforme d patter n X  represent s a 

patter n i n shor t  ter m memor y ( S T M ) .  I n F i  eac h nod e whos e activit y i s sufficientl y larg e 

generate s excitator y signal s alon g pathway s t o targe t  node s a t  th e nex t  processin g stag e 

F2.  A  patter n X  o f  S T M activitie s acros s F i  hereb y elicit s a  patter n S  o f  outpu t  signal s 

fro m Fi -  W h e n a  signa l  fro m a  nod e i n F i  i s  cwrie d alon g a  pathwa y t o F2 ,  th e signa l  i s 

multiplied ,  o r  gated ,  b y th e pathway' s lon g ter m memor y ( L T M )  trace .  Th e L T M gate d 

signa l  (i.e. ,  signa l  time s L T M trace) ,  no t  th e signa l  alone ,  reache s th e targe t  node .  Eac h 

targe t  nod e sum s u p al l  o f  it s  L T M gate d signals .  I n thi s way ,  patter n S  generate s a  patter n 

T o f  LTM-gate d an d s u m m e d inpu t  signal s t o F 2 (Figur e 4a) .  Th e transformatio n fro m S 

t o T  i s calle d a n adaptiv e filter. 
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S.  Stage s o f  bottom-u p activation :  Th e inpu t  patter n I  generate s a  patter n o f  S T M acti -
vatio n X  acros s Fj .  Sufficientl y activ e F i  node s emi t  bottom-u p signal s t o F2 .  Thi s signa l 
patter n S  i s gate d b y lon g ter m memor y (LTM )  trace s withi n th e F j  —•  F 2 pathways .  Th e 
L T M gate d signal s ar e summe d befor e activatin g thei r  targe t  node s i n F2 .  Thi s LTM-gate d 
and summe d signa l  patter n T  generate s a  patter n o f  activatio n Y  acros s F2 .  Th e node s 
i n F i  ar e denote d b y Ui ,  V2,... ,  v^ .  Th e node s i n F 2 ar e denote d b y ^m+I i  ̂ ^+2 ^  •  •  •  v^ . 
The inpu t  t o nod e u ,  i s  denote d b y /, .  Th e S T M activit y o f  nod e u ,  i s  denote d b y x, .  Th e 
L T M trac e o f  th e pathwa y fro m v ,  t o V j  i s  denote d b y 2,j . 
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Th e inpu t  patter n T  t o F 2 i s quickl y transforme d b y interaction s amon g th e node s 

of  F2 .  Thes e interaction s contrast-enhanc e th e inpu t  patter n T .  Th e resultin g patter n o f 

activatio n acros s F 2 i s a  ne w patter n Y .  Th e contrast-enhance d patter n Y ,  rathe r  tha n th e 

inpu t  patter n T ,  i s  store d i n S T M b y F2 . 

A specia l  cas e o f  thi s contrast-enhancemen t  proces s i s on e i n whic h F 2 choose s th e 

nod e whic h receive s th e larges t  input .  Th e chose n nod e i s th e onl y on e tha t  ca n stor e 

activit y i n S T M .  I n general ,  th e contras t  enhancin g transformatio n fro m T  t o Y  enable s 

mor e tha n on e nod e a t  a  tim e t o b e activ e i n S T M .  Suc h transformation s ar e designe d t o 

simultaneousl y represen t  i n S T M severa l  groupings ,  o r  chunks ,  o f  a n inpu t  patter n (Cohe n 

an d Grossberg ,  1986a ,  1986b ,  1986c ;  Grossberg ,  1978a ,  1986a) .  W h e n F 2 i s designe d t o 

make a  choic e i n S T M ,  i t  select s tha t  globa l  groupin g o f  th e inpu t  patter n whic h i s preferre d 

by th e adaptiv e filter.  Thi s proces s automaticall y enable s th e networ k t o partitio n al l  th e 

inpu t  pattern s whic h ar e receive d b y F i  int o disjoin t  set s o f  recognitio n categories ,  eac h 

correspondin g t o a  particula r  nod e (o r  "pointer, "  o r  "index" )  i n F2 . 

Al l  th e L T M trace s i n th e adaptiv e filter,  an d thu s al l  learne d pas t  experience s o f  th e 

network ,  ar e use d t o determin e th e recognitio n cod e Y  vi a th e transformatio n I  - ^  X  —* 

S —>•  T  —*̂  Y .  However ,  onl y thos e node s o f  F 2 whic h maintai n store d activit y i n th e 

S T M patter n Y  ca n elici t  ne w learnin g a t  contiguou s L T M traces .  Becaus e th e recognitio n 

cod e Y  i s a  mor e contrast-enhance d patter n tha n T ,  m a n y F 2 node s whic h receiv e positiv e 

input s { I  ̂  X  ^  S  ^ T )  m a y no t  stor e an y S T M activit y { T - ^  Y ) .  Th e L T M trace s i n 

pathway s leadin g t o thes e node s thu s influenc e th e recognitio n even t  bu t  ar e no t  altere d 

by th e recognitio n event .  Som e memorie s whic h influenc e th e focu s o f  attentio n ar e no t 

themselve s attended . 

4. TOP-DOWN TEMPLATE MATCHING 

A N D S T A B I L I Z A T I O N O F C O D E L E A R N I N G 

As soo n a s th e bottom-u p S T M transformatio n X  —*  Y  take s place ,  th e S T M activitie s 

Y i n F 2 elici t  a  top-dow n excitator y signa l  patter n U  bac k t o F j  (Figur e 4b) .  Onl y 

sufficientl y laurg e S T M activitie s i n Y  elici t  signal s i n U  alon g th e feedbac k pathway s F 2 —» 

Fi .  A s i n th e bottom-u p adaptiv e filter,  th e top-dow n signal s U  ar e als o gate d b y L T M 

trace s an d th e LTM-gate d signal s ar e s u m m e d a t  F i  nodes .  Th e patter n U  o f  outpu t 

signal s fro m F 2 hereb y generate s a  patter n V  o f  LTM-gate d an d s u m m e d inpu t  signal s 

t o F p Th e transformatio n fro m U  t o V  i s thu s als o a n adaptiv e filter.  Th e patter n V  i s 

calle d a  top-dow n template ,  o r  learne d expectation . 

T wo source s o f  inpu t  no w pertur b F p th e bottom-u p inpu t  patter n I  whic h gav e ris e 

t o th e origina l  activit y patter n X ,  an d th e top-dow n templat e patter n V  tha t  resulte d fro m 
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(d ) * 

4.  Searc h fo r  a  correc t  F 2 code :  (a )  Th e inpu t  patter n I  generate s th e specifi c  S T M activit y 
patter n X  a t  F i  a s i t  nonspecificall y activate s A .  Patter n X  bot h inhibit s A  an d generate s 
th e outpu t  signa l  patter n S .  Signa l  patter n S  i s transforme d int o th e inpu t  patter n T , 
whic h activate s th e S T M patter n Y  acros s F2 .  (b )  Patter n Y  generate s th e top-dow n 
signa l  patter n U  whic h i s transforme d int o th e templat e patter n V .  I f  V  mismatche s I 
at  Fi ,  the n a  ne w S T M activit y patter n X *  i s generate d a t  Fj .  Th e reductio n i n tota l 
S T M activit y whic h occur s whe n X  i s trauisforme d int o X *  cause s a  decreas e i n th e tota l 
inhibitio n fro m F i  t o A .  (c )  The n th e input-drive n activatio n o f  A  ca n releais e a  nonspecifi c 
arousa l  wav e t o F2 ,  whic h reset s th e S T M patter n Y  a t  F2 .  (d )  Afte r  Y  i s inhibited ,  it s 
top-dow n templat e i s eliminated ,  an d X  ca n b e reinstate d a t  Fi .  N o w X  onc e agai n 
generate s inpu t  patter n T  t o F2 ,  bu t  sinc e Y  remain s inhibite d T  ca n activat e a  differen t 
S T M patter n Y *  a t  F2 .  I f  th e top-dow n templat e du e t o Y *  als o mismatche s I  a t  Fi ,  the n 
th e rapi d searc h fo r  a n appropriat e F 2 cod e continues . 
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activatin g X .  T h e activit y patter n X *  acros s F i  tha t  i s  induce d b y I  an d V  take n togethe r 

i s typicall y differen t  fro m th e activit y patter n X  tha t  wa s previousl y induce d b y I  alone . 

I n particular ,  F ^  act s t o matc h V  agains t  I .  Th e resul t  o f  thi s matchin g proces s determine s 

th e futur e cours e o f  learnin g an d recognitio n b y th e network . 

Th e entir e activatio n sequenc e 

j^X-^S^T-^Y^U-^V^X* (1) 

takes place very quickly relative to the rate with which the LTM traces in either the bottom-

u p adaptiv e filter  5  —•  T  o r  th e top-dow n adaptiv e filter  U  —^  V  ca n change .  Eve n thoug h 

non e o f  th e L T M trace s change s durin g suc h a  shor t  time ,  thei r  prio r  learnin g strongl y 

influence s th e S T M pattern s Y  an d X *  tha t  evolv e withi n th e networ k b y determinin g th e 

transformation s S  - *  T  an d U  —>^V.  W e no w discus s ho w a  matc h o r  mismatc h o f  I  an d V 

at  F i  regulate s th e cours e o f  learnin g i n respons e t o th e patter n I ,  an d i n particula r  solve s 

th e stability-plasticit y dilemm a (Sectio n 2) . 

5. INTERACTIONS BETWEEN ATTENTIONAL AND ORIENTING 

S U B S Y S T E M S:  S T M R E S E T A N D S E A R C H 

I n Figur e 4a ,  a n inpu t  patter n I  generate s a n S T M activit y patter n X  acros s F p Th e 

inpu t  patter n I  als o excite s th e orientin g subsyste m A ,  bu t  patter n X  a t  F i  inhibit s A 

befor e i t  ca n generat e a n outpu t  signal .  Activit y patter n X  als o elicit s a n outpu t  patter n 

S which ,  vi a th e bottom-u p adaptiv e filter,  instate s a n S T M activit y patter n Y  acros s 

F2.  I n Figur e 4b ,  patter n Y  read s a  top-dow n templat e patter n V  int o Fi .  Templat e V 

mismatche s inpu t  I ,  thereb y significantl y inhibitin g S T M activit y acros s Fi .  Th e amoun t 

by whic h activit y i n X  i s attenuate d t o generat e X *  depend s upo n ho w m u c h o f  th e inpu t 

patter n I  i s  encode d withi n th e templat e patter n V . 

W h en a  mismatc h attenuate s S T M activit y acros s Fi ,  th e tota l  siz e o f  th e inhibitor y 

signa l  fro m F i  t o A  i s als o attenuated .  I f  th e attenuatio n i s sufficientl y great ,  inhibitio n 

fro m F i  t o A  ca n n o longe r  preven t  th e arousa l  sourc e A  fro m firing.  Figur e 4 c depict s 

h o w disinhibitio n o f  A  release s a n arousa l  burs t  t o F 2 whic h equally ,  o r  nonspecifically , 

excite s al l  th e F 2 cells .  Th e cel l  population s o f  F 2 reac t  t o suc h a n arousa l  signa l  i n 

a state-dependen t  fashion .  I n th e specia l  cas e tha t  F 2 choose s a  singl e populatio n fo r 

S T M storage ,  th e arousa l  burs t  selectivel y inhibits ,  o r  resets ,  th e activ e populatio n i n F2 . 

Thi s inhibitio n i s long-lasting .  On e physiologica l  desig n fo r  F 2 processin g whic h ha s thes e 

propertie s i s a  gate d dipo U field  (Grossberg ,  1980 ,  1984a) .  A  gate d dipol e field  consist s 

of  opponen t  processin g channel s whic h ar e gate d b y habituatin g chemica l  transmitters .  A 
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nonspecifi c  arousa l  burs t  induce s selectiv e an d endurin g inhibitio n o f  activ e population s 

withi n a  gate d dipol e field. 

I n Figur e 4c ,  inhibitio n o f  Y  lead s t o remova l  o f  th e top-dow n templat e V ,  an d thereb y 

terminate s th e mismatc h betwee n I  an d V .  Inpu t  patter n I  ca n thu s reinstat e th e origina l 

activit y patter n X  acros s Fi ,  whic h agai n generate s th e outpu t  patter n S  fro m F j  an d th e 

inpu t  patter n T  t o F2 .  Du e t o th e endurin g inhibitio n a t  F2 ,  th e inpu t  patter n T  ca n n o 

longe r  activat e th e origina l  patter n Y  a t  F2 .  A  ne w patter n Y *  i s thu s generate d a t  F 2 

by I  (Figur e 4d) .  Despit e th e fac t  tha t  som e F 2 node s m a y remai n inhibite d b y th e S T M 

rese t  property ,  th e ne w patter n Y *  m a y encod e larg e S T M activities .  Thi s i s becaus e leve l 

F2 i s designe d s o tha t  it s tota l  suprathreshol d activit y remain s approximatel y constant , 

or  normalized ,  despit e th e fac t  tha t  som e o f  it s  node s m a y remai n inhibite d b y th e S T M 

rese t  mechanism .  Thi s propert y i s relate d t o th e limite d capacit y o f  S T M .  A  physiologica l 

proces s capabl e o f  achievin g th e S T M normalizatio n propert y i s base d upo n on-cente r 

ofF-surroun d feedbac k interaction s amon g cell s obeyin g membran e equation s (Grossberg , 

1980 ,  1983) . 

Th e ne w activit y patter n Y *  reads-ou t  a  ne w top-dow n templat e patter n V* .  I f  a 

mismatc h agai n occur s a t  Fi ,  th e orientin g subsyste m i s agai n engaged ,  thereb y leadin g 

t o anothe r  arousal-mediate d rese t  o f  S T M a t  F2 .  I n thi s way ,  a  rapi d serie s o f  S T M 

matchin g an d rese t  event s ma y occur .  Suc h a n S T M matchin g an d rese t  serie s control s th e 

system' s searc h o f  L T M b y sequentiall y  engagin g th e novelty-sensitiv e orientin g subsystem . 

Althoug h S T M i s rese t  sequentiall y  i n tim e vi a thi s mismatch-mediated ,  self-terminatin g 

L T M searc h process ,  th e mechanism s whic h contro l  th e L T M searc h ar e al l  paralle l  networ k 

interactions ,  rathe r  tha n seria l  algorithms .  Suc h a  paralle l  searc h schem e continuousl y 

adjust s itsel f  t o th e system' s evolvin g L T M codes .  I n general ,  th e spatia l  configuratio n o f 

L T M code s depend s upo n bot h th e system' s initia l  configuratio n an d it s uniqu e learnin g 

history ,  an d henc e canno t  b e predicte d a  prior i  b y a  pre-wire d searc h algorithm .  Instead , 

th e mismatch-mediate d engagemen t  o f  th e orientin g subsyste m realize s th e typ e o f  self -

adjustin g searc h tha t  wa s describe d i n Sectio n 2B . 

Th e mismatch-mediate d searc h o f  L T M end s whe n a n S T M patter n acros s F 2 reads -

out  a  top-dow n templat e whic h matche s I ,  t o th e degre e o f  accurac y require d b y th e leve l 

of  attentiona l  vigilance ,  o r  whic h ha s no t  ye t  undergon e an y prio r  learning .  I n th e latte r 

case ,  a  ne w recognitio n categor y i s the n establishe d a s a  bottom-u p cod e an d top-dow n 

templat e sir e learned . 

6. ATTENTIONAL GAIN CONTROL AND ATTENTIONAL PRIMING 

Furthe r  propertie s o f  th e top-dow n templat e matchin g proces s cj m b e derive d b y con -
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siderin g it s rol e i n th e regulatio n o f  attentiona l  priming .  Consider ,  fo r  example ,  a  situatio n 

i n whic h F 2 i s activate d b y a  leve l  othe r  tha n F i  befor e F j  ca n b e activate d b y a  bottom-u p 

inpu t  (Figur e 5a) .  I n suc h a  situation ,  F 2 ca n generat e a  top-dow n templat e V  t o F ^  Th e 

leve l  F i  i s  the n primed ,  o r  sensitized ,  t o receiv e a  bottom-u p inpu t  tha t  m a y o r  m a y no t 

matc h th e activ e expectancy .  A s depicte d i n Figur e 5a ,  leve l  F j  ca n b e prime d t o receiv e 

a bottom-u p inpu t  withou t  necessaril y  elicitin g suprathreshol d outpu t  signal s i n respons e 

t o th e primin g expectancy . 

On th e othe r  hand ,  a n inpu t  patter n I  mus t  b e abl e t o generat e a  suprathreshol d 

activit y patter n X  eve n i f  n o top-dow n expectanc y i s activ e acros s F j  (Figure s 4 a an d 

5b) .  H o w doe s F i  kno w tha t  i t  shoul d generat e a  suprathreshol d reactio n t o a  bottom-u p 

inpu t  patter n bu t  no t  t o a  top-dow n inpu t  pattern ? I n bot h cases ,  excitator y inpu t  signal s 

stimulat e F i  cells .  Som e auxiliar y mechanis m mus t  exis t  t o distinguis h betwee n bottom -

up an d top-dow n inputs .  Thi s auxiliar y mechanis m i s calle d attentiona l  gai n contro l  t o 

distinguis h i t  fro m attentiona l  primin g b y th e top-dow n templat e itsel f  (Figur e 5a) .  Whil e 

F2 i s active ,  th e attentiona l  primin g mechanis m deliver s excitator y specifi c  learne d templat e 

pattern s t o Fi -  Th e attentiona l  gai n contro l  mechanis m ha s a n inhibitor y nonspecifi c 

unlearne d effec t  o n th e sensitivit y wit h whic h F i  respond s t o th e templat e pattern ,  a s wel l 

as t o othe r  pattern s receive d b y F p Th e attentiona l  gai n contro l  proces s enable s F i  t o tel l 

th e differenc e betwee n bottom-u p an d top-dow n signals . 

7. MATCHING: THE 2/Z RULE 

A rul e fo r  patter n matchin g a t  Fi ,  calle d th e 2/ 3 Rule ,  follow s naturall y fro m th e 

distinctio n betwee n attentiona l  gai n contro l  an d attentiona l  priming .  I t  say s tha t  tw o 

out  o f  thre e signa l  source s mus t  activat e a n F i  nod e i n orde r  fo r  tha t  nod e t o generat e 

suprathreshol d outpu t  signals .  I n Figur e 5a ,  durin g top-dow n processing ,  o r  priming ,  th e 

node s o f  F i  receiv e input s fro m a t  mos t  on e o f  thei r  thre e possibl e inpu t  sources .  Henc e 

no cell s i n F i  ar e supraliminall y activate d b y th e top-dow n template .  I n Figur e 5b ,  during . 

bottom-u p processing ,  a  suprathreshol d nod e i n F i  i s  on e whic h receive s a  specifi c  inpu t 

fro m bot h th e inpu t  patter n I  an d a  nonspecifi c  excitator y signa l  fro m th e gai n contro l 

channel .  I n Figur e 5c ,  durin g th e matchin g o f  simultaneou s bottom-u p an d top-dow n 

patterns ,  th e nonspecifi c  gai n contro l  signa l  t o F i  i s  inhibite d b y th e top-dow n channel . 

Nodes o f  F i  whic h receiv e sufficientl y larg e input s fro m bot h th e bottom-u p an d th e top -

d o wn signa l  pattern s generat e suprathreshol d activities .  Node s whic h receiv e a  bottom-u p 

inpu t  o r  a  top-dow n input ,  bu t  no t  both ,  canno t  becom e suprathreshold :  mismatche d 

input s canno t  generat e suprathreshol d activities .  Attentiona l  gai n contro l  thu s lead s t o 

a matchin g proces s whereb y th e additio n o f  top-dow n excitator y input s t o F i  ca n lea d 
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5.  Matchin g b y th e 2/ 3 Rule :  (a )  A  top-dow n templat e fro m F 2 inhibit s th e attentiona l 
gai n contro l  sourc e a s i t  subliminall y prime s targe t  F j  cells ,  (b )  Onl y F i  cell s tha t  receiv e 
bottom-u p input s an d gai n contro l  signal s ca n becom e supraliminall y active ,  (c )  W h e n a 
bottom-u p inpu t  patter n an d a  top-dow n templat e ar e simultaneousl y active ,  onl y thos e 
Fi  cell s tha t  receiv e input s fro m bot h source s ca n becom e supraliminall y active ,  (d ) 
Intermodalit y inhibitio n ca n shu t  of f  th e F i  gai n contro l  sourc e an d thereb y preven t  a 
bottom-u p inpu t  fro m supraliminall y activatin g Fi .  Similiirly ,  disinhibitio n o f  th e F i  gai n 
contro l  sourc e b y a n "ac t  o f  will "  m a y enabl e a  top-dow n prim e t o becom e supraliminal . 

59 



C A R P E N T ER &  G R O S S B E RG 

t o a n overal l  decreas e i n Fi' s  S T M activit y (Figure s 4 a an d 4b) .  Figur e 5 d show s ho w 

competitiv e interaction s acros s modalitie s ca n preven t  F i  fro m generatin g a  supralimina l 

reactio n t o bottom-u p signal s whe n attentio n shift s fro m on e modalit y t o another . 

8. CONCLUDING REMARKS: SELF-STABILIZATION 

A N D U N I T I Z A T I O N W I T H I N A S S O C I A T I V E N E T W O R KS 

Th e qualitativ e propertie s discusse d herei n ar e elsewher e supplemente d b y a  complet e 

set  o f  mathematica l  theorem s an d man y compute r  simulation s (Carpente r  an d Grossberg , 

1986a ,  1986b ,  1986c) .  T w o mai n conclusion s o f  ou r  wor k ar e especiall y salient .  First , 

th e cod e learnin g proces s i s on e o f  progressiv e refinemen t  o f  distinctions .  Th e distinction s 

tha t  emerg e ar e th e resultan t  o f  al l  th e inpu t  pattern s whic h th e networ k eve r  experiences , 

rathe r  tha n o f  som e preassigne d features .  Second ,  th e matchin g proces s compare s whol e 

patterns ,  no t  jus t  separat e features .  I t  m a y happe n tha t  tw o differen t  inpu t  pattern s t o 

Fi  overla p a  templat e a t  th e sam e se t  o f  featur e detectors ,  ye t  th e networ k wil l  rese t  th e 

F2 nod e i n respons e t o on e inpu t  bu t  no t  th e other .  Th e degre e o f  mismatc h o f  templat e 

patter n an d inpu t  patter n a s a  whol e determine s whethe r  codin g o r  rese t  wil l  occur . 

Thu s th e learnin g o f  categorica l  invariant s resolve s tw o opposin g tendencies .  A s cat -

egorie s gro w larger ,  em d henc e cod e increasingl y globa l  invariants ,  th e template s whic h 

defin e the m becom e smaller ,  a s the y discove r  an d bas e th e cod e o n set s o f  critica l  featur e 

patterns ,  o r  prototypes ,  rathe r  tha n upo n familia r  patter n exemplars .  Thi s wor k show s 

ho w thes e tw o opposin g tendencie s ca n b e resolve d withi n a  self-organizin g system ,  leadin g 

t o dynami c equilibration ,  o r  self-stabilization ,  o f  recognitio n categorie s i n respons e t o a n 

arbitrar y lis t  o f  arbitraril y  m a n y binar y inpu t  patterns .  Thi s self-stabilizatio n propert y i s 

of  majo r  importanc e fo r  th e furthe r  developmen t  o f  associativ e network s an d th e analysi s 

of  cognitiv e recognitio n processes . 
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ABSTRACT 

Qualitative judgment, the ability to evaluate attributes that imply some degree of 'goodness' or preference, 
pose s importan t  problem s fo r  th e informatio n processin g paradigm .  I n thi s pape r  on e for m o f  qualitativ e 
judgment ,  contextua l  judgmen t  o f  magnitude ,  i s analyse d i n som e detail . 

Th e result s o f  psychophysica l  experiment s ar e consisten t  wit h th e ide a tha t  h u m a n magnitud e 
representatio n i s  base d o n a  contextua l  codin g proces s i n whic h a n actua l  stimulu s i s  compare d wit h 
a sampl e o f  trace s o f  previousl y encountere d simila r  stimuli .  Suc h a  codin g proces s i s  har d t o realiz e 
i n a  conventiona l  memor y system . 

A distribute d mode l  fo r  contextua l  magnitud e judgmen t  i s  described ,  i n whic h thi s trac e samplin g 
proces s i s  feasible ,  whe n specia l  provision s fo r  th e us e o f  resonanc e informatio n ar e made .  Resonanc e 
codin g involve s th e representatio n withi n a  memor y syste m o f  th e memor y activit y cause d b y specifi c 
pattern s o f  stimulation .  A  possibl e implementatio n o f  resonanc e coding ,  detectio n o f  dissonance ,  i s  briefl y 
described .  Th e hypothesi s i s  pu t  forwar d tha t  evaluatio n o f  memor y resonanc e play s a n equall y importan t 
rol e i n othe r  form s o f  qualitativ e judgment . 

I N T R O D U C T I ON 

People routinely make qualitative judgments: 'an interesting novel', 'a very elegant solution', 

' a ho t  bath' ,  ' a bitte r  disappointment' ,  ' a highl y comple x problem' .  Suc h judgment s hav e i n 

c o m m on tha t  o n th e on e han d som e classificatio n o f  a  qualit y i s indicate d -interestingness , 

elegance ,  hotness ,  etc. -  an d o n th e othe r  han d ther e i s a n evaluatio n o f  th e degree ,  o f  th e 

qualit y present . 

Qualitative judgment poses pervasive problems to the information processing paradigm. 

One se t  o f  problem s i s apparen t  i n th e actua l  performanc e o f  presentda y A I  (expert )  systems . 

I t  i s  generall y recognize d tha t  A I  system s sho w distinc t  pattern s o f  strength s an d weaknesse s 

when compare d t o standard s o f  huma n intelligence .  Wher e A I  system s m a y easil y exce l  i n 

computationa l  powe r  i n forma l  domains ,  i n 'verbatim '  memor y capacity ,  i n deductiv e inference , 

i t  i s  a  challengin g tas k t o approac h huma n standard s i n heuristi c inference ,  c o m m o n sense , 

creativity ,  estheti c judgment ,  an d robustnes s i n th e fac e o f  unexpecte d an d devian t  situations . 

M u ch o f  thi s patter n o f  weaknesse s ca n b e roughl y summarize d i n th e statemen t  tha t  A I 

system s hav e problem s i n dealin g wit h qualitativ e aspect s o f  task s an d situations . 
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Problem s wit h qualitativ e judgmen t  m a y b e furthe r  illustrate d i n th e relativ e neglec t  i n 

cognitiv e psycholog y o f  affectiv e processe s suc h a s motivation ,  valuation ,  emotio n (e.g .  Mandle r 

1985 )  i n whic h qualitativ e judgmen t  play s a  centra l  role . 

Yet another set of problems prevail at the epistemological level. When people make 

qualitativ e judgments ,  the y experienc e certai n qualitativ e content s o r  qualia ,  a  tomat o 'look s 

brigh t  red' ,  w e 'fee l  a  pain '  i n a  sor e tooth .  Quali a pla y a  prominen t  rol e i n debate s o n 

th e philosoph y o f  mind ,  an d particularl y i n argument s o n th e adequac y o f  th e functiona l 

(cognitive )  paradig m i n psychology .  I t  ha s ofte n bee n argue d tha t  th e informatio n processin g 

paradig m canno t  accoun t  fo r  th e phenomena l  qualitie s o f  h u m a n experience . 

The major aim of this paper is to outline and illustrate a global hypothesis on the nature 

of  qualitativ e judgment .  Accordin g t o thi s hypothesi s qualitativ e judgmen t  i s base d o n a n 

evaluatio n o f  memor y resonance ,  roughl y th e impac t  o f  stimulatio n o n pattern s o f  autonomou s 

activit y i n th e representationa l  system .  Th e bod y o f  th e pape r  i s devote d t o a n analysi s o f 

th e archetyp e o f  qualitativ e judgmen t  th e contextua l  judgmen t  o f  magnitude . 

Q U A L I T A T I V E J U D G M E NT O F M A G N I T U DE 

Any system that operates in the real world must face the elementary task of representing 

th e magnitude s o r  intensitie s o f  object s o n continuou s physica l  variable s suc h a s length ,  weight , 

sound -  o r  ligh t  intensity .  Th e questio n h o w h u m a n being s dea l  wit h thi s tas k i s th e prope r 

domai n o f  psychophysics ,  on e o f  th e oldes t  researc h tradition s i n moder n experimenta l 

psychology .  Researc h i n psychophysic s ha s demonstrate d m a n y peculiaritie s o f  h u m a n magnitud e 

representatio n (For  review s se e e.g .  Carterett e &  Friedma n 1974) . 

Firs t  o f  all ,  magnitud e judgmen t  ofte n i s a  har d tas k fo r  h u m a n beings .  Th e poin t  i s 

perhap s appreciate d bes t  whe n i t  i s  realize d h o w dependen t  w e ar e o n th e m a n y measuremen t 

instrument s -fro m yardstic k an d balanc e t o sophisticate d electroni c devices -  tha t  hav e bee n 

develope d t o overcom e th e limitation s o f  sensor y systems . 

Problems with magnitude judgment arise in particular when memory representations of 

magnitude s ar e involved .  H u m a n capabilitie s i n intensit y resolutio n pe r  s e -i.e .  discriminatin g 

betwee n magnitude s whe n tw o o r  mor e ar e presen t  simultaneousl y o r  i n immediat e succession -

diffe r  widel y betwee n sensor y modalities ,  bu t  i n som e case s huma n discriminatio n i s fai r  t o 

an y standard s an d m a y b e har d t o equa l  b y mechanica l  devices .  O n e o f  th e fe w genera l 

observation s tha t  ca n b e mad e abou t  intensit y discriminatio n i s know n a s 'Weber' s Law' :  jus t 

notabl e difference s (jnd's )  betwee n intensitie s ten d t o b e constan t  fraction s o f  stimulu s intensity . 

However ,  whe n a  singl e stimulu s a t  a  tim e i s judge d i n relatio n t o a  m e m o r y representatio n 

of  on e o r  mor e referenc e magnitudes ,  huma n performanc e i s severel y limite d and ,  moreover , 

shows surprisingl y littl e variatio n ove r  sensor y modalities .  A s Mille r  (1956 )  noticed ,  fo r  man y 

differen t  sensor y continu a peopl e canno t  reliabl y distinguis h mor e tha n 7  +/ -  2  level s o f 

intensit y i n identificatio n tasks .  Performanc e i n intensit y identificatio n tasks ,  wher e referenc e 

level s mus t  b e remembered ,  contrast s sharpl y wit h performanc e i n intensit y discriminatio n 

tasks .  Fo r  continu a lik e loudnes s an d brightnes s subject s m a y b e abl e t o partitio n th e rang e 

fro m th e weakest ,  jus t  perceptible ,  t o th e largest ,  jus t  bearable ,  intensit y (th e dynami c range ) 

i n wel l  ove r  a  hundre d jn d steps ,  whe n stimul i  ar e pairwis e compared ;  ye t  S s ca n a t  mos t 

distinguis h abou t  1 0 level s o f  intensit y wit h singl e stimulu s presentations . 
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It may be conjectured that these memory limitations are a direct consequence of the 

characteristic s o f  th e hardwar e i n whic h huma n intelligenc e i s implemented .  Artificia l  recordin g 

device s stor e informatio n i n physicall y stabl e structure s tha t  m a y remai n essentiall y  unchange d 

ove r  longe r  period s o f  time .  Th e huma n brai n i s a  sof t  kin d o f  hardware ,  a s livin g tissu e 

grows ,  change s an d decay s ove r  time .  H u m a n magnitud e representatio n m a y b e understoo d 

as a  strivin g fo r  constanc y i n a n inherentl y unstabl e system . 

A further characteristic of memory representations of magnitude is their dependency on 

context ,  particularl y o n th e rang e o f  magnitude s over  whic h judgment s ar e made .  Th e stabilit y 

of  memor y representation s o f  magnitud e decrease s wit h increasin g judgmenta l  range .  T w o 

intensit y level s tha t  ca n b e easil y distinguishe d whe n the y for m th e extrem e magnitude s i n 

a smal l  rang e stimulu s set ,  m a y becom e highl y confusabl e i n a  larg e rang e stimulu s set . 

Context dependency is also a striking feature of the way magnitudes are typically expressed 

i n everyda y language .  Magnitude s ar e typicall y communicate d i n qualitativ e term s lik e 'big' , 

'small' ,  'many' ,  'few' .  Suc h term s expres s magnitud e i n referenc e t o a  contextuall y determine d 

norm ;  ' a lo t  o f  people '  implie s differen t  number s a t  cocktai l  partie s o r  mas s meetings . 

How are contextual norms represented in memory? How are judgments made in relation 

t o thes e norms ? O n e approach ,  exemplifie d i n th e influentia l  'Adaptatio n Level '  theor y (Kelso n 

1964) ,  i s  t o assum e tha t  judgment s ar e mad e i n relatio n t o som e neutra l  poin t  tha t  represent s 

th e centra l  tendenc y o f  th e stimulu s distribution .  Contex t  effect s the n ar e represente d i n a 

singl e parameter ,  th e adaptatio n level .  However ,  i t  ha s repeatedl y bee n demonstrate d tha t  no t 

jus t  th e centra l  tendenc y bu t  th e entir e shap e o f  th e stimulu s distributio n i s reflecte d i n 

magnitud e judgment s (e.g .  Parducc i  &  Perret t  1971) .  Apparentl y peopl e emplo y som e 'mult i 

parameter '  representatio n o f  stimulu s distributions . 

Trac e Sampl e Theor y 

The characteristics of human magnitude representation just described can be accounted for 

by a  genera l  mode l  o f  qualitativ e magnitud e judgmen t  ('Trac e Sample '  theory ,  de n Uy l  1981) . 

Onl y a  fe w element s o f  thi s theor y nee d t o b e mentione d here . 

Magnitude information may be represented in one of two different formats: primary or 

trac e cod e an d secondar y o r  contextua l  cod e (cf .  Durlac h &  Braid a 1969) .  A  trac e code ,  th e 

outpu t  o f  som e perceptua l  system ,  i s a  direc t  o r  analogu e representatio n o f  stimulu s intensity . 

The preciz e natur e o f  trac e code s w e leav e unspecifie d fo r  th e moment ;  i t  is ,  however ,  assume d 

tha t  trac e code s ar e highl y unstabl e an d deca y rapidl y over  time .  Hence ,  th e lon g ter m memor y 

representatio n o f  individua l  trac e code s wil l  b e subjec t  t o ver y larg e error . 

The central assumption in trace sample theory is that contextual magnitude representations 

ar e forme d b y comparin g th e trac e cod e fo r  a n actua l  stimulu s magnitud e t o a  sampl e o f 

trac e code s o f  previousl y encountere d simila r  stimuli .  Th e resultin g contextua l  magnitud e 

judgmen t  i s essentiall y  th e ran k o r  percentil e scor e o f  th e actua l  stimulu s magnitud e i n a 

subjectiv e referenc e distributio n forme d b y th e trac e sample .  Thus ,  whe n w e judg e a  do g 

t o b e 'ver y large' ,  thi s essentiall y  mean s tha t  thi s do g appear s t o b e large r  tha n mos t  dog s 

we hav e see n before .  I t  shoul d b e note d tha t  becaus e o f  th e larg e erro r  i n th e memor y 
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representation of traces, the subjective reference distribution will be systematically distorted 

wit h regar d t o th e objectiv e distributio n o f  referenc e magnitudes . 

Space does not permit to review the evidence here that this simple contextual coding 

mechanis m ca n accoun t  fo r  man y finding s i n experimenta l  psychophysic s (cf .  de n Uy l  1981) . 

We shoul d tur n attentio n t o th e implication s o f  thi s codin g schem e fo r  th e organizatio n o f 

memory. 

Classification, Judgment and Memory 

Trace Sample theory implies that quite a number of specific traces must be somehow represented 

i n memory ;  i n orde r  t o mak e qualitativ e judgment s a  sampl e o f  trace s shoul d b e availabl e 

fo r  eac h dimensio n o f  eac h categor y i n memory . 

How is the representation of these traces integrated in the representation of categories 

i n memory ? On e possibilit y  i s  t o assum e tha t  fixe d set s o f  trace s ar e store d wit h eac h categor y 

i n memory ,  an d ca n b e accesse d whe n th e entr y fo r  th e categor y i s reache d a s a  resul t  o f 

some classificatio n process .  Th e proble m wit h thi s proposa l  i s  tha t  i t  ma y easil y lea d t o a 

proliferatio n o f  postulate d trac e sample s whe n th e ai m i s t o accoun t  fo r  th e flexibilit y  o f 

human judgment .  T o jus t  mentio n som e potentia l  problems : 

-Ofte n th e nor m fo r  on e dimensio n i s dependen t  o n th e valu e o n som e othe r  dimension , 

e.g .  a  heigt h o f  thre e fee t  woul d b e 'tall '  fo r  a  tw o yea r  ol d child ,  'ver y tall '  fo r  a  1. 5 

year  old ,  'extremel y tall '  fo r  a  on e yea r  old .  I t  ma y b e possibl e t o represen t  dependencie s 

betwee n correlate d continuou s variable s i n set s o f  discret e subcategorie s (e.g .  Lebowit z 1985) , 

but  i t  woul d no t  see m a  particularl y elegan t  solution . 

-Sometime s contextua l  judgment s appea r  t o b e mad e i n referenc e t o a d ho c categorie s (Barsalo u 

1983 )  constructe d o n th e spot .  Fo r  example ,  th e judgmen t  tha t  ther e ar e 'no t  s o man y peopl e 

present '  a t  a  particula r  lecture ,  ma y b e mad e i n referenc e t o a n a d ho c nor m fo r  'thi s kin d 

of  lecture' ,  define d b y a  se t  o f  circumstance s lik e siz e o f  th e lectur e hall ,  fam e o f  th e lecturer , 

tim e o f  da y etc . 

An alternative approach that could solve these problems in a principled way, would be 

t o assum e tha t  a  trac e sampl e i s newl y compose d fo r  eac h occasio n wher e a  qualitativ e judgmen t 

i s made .  Tha t  is ,  fo r  eac h judgmen t  th e memor y syste m sample s th e trace s fro m th e previousl y 

judge d object s mos t  simila r  t o th e objec t  presentl y bein g judged .  Clearly ,  thi s i s a n attractiv e 

possibilit y  i n tha t  i t  coul d conceivabl y giv e a  syste m th e flexibilit y  apparen t  i n huma n 

judgmen t  .  However ,  th e computationa l  cost s o f  thi s schem e woul d see m extravagan t  i n a 

conventiona l  computationa l  architecture :  th e schem e implie s tha t  som e similarit y metri c i s 

compute d betwee n th e judge d objec t  an d eac h individua l  objec t  store d i n memory .  I n orde r 

t o furthe r  explor e thi s proposal ,  w e nee d t o conside r  a n implementatio n o f  th e trac e sampl e 

model  i n a  parallel-distribute d processin g architectur e i n whic h th e implie d computation s ar e 

feasible . 

An elegan t  treatmen t  o f  'nor m theory '  base d o n relate d principle !  ha s recentl y bee n presente d i n (Kahnema n 
& Mille r  1986) . 
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M A G N I T U DE R E P R E S E N T A T I ON I N A  D I S T R I B U T E D M E M O RY 

The distributed model I will outline here is based on the 'Harmonium' model developed by 

Smolensk y &  Rile y (1984 )  wit h a  fe w modification s inspire d b y relate d model s (e.g .  McClellan d 

& Rumelhar t  1985) .  Harmon y theor y relie s o n a  forma l  mappin g betwee n paralle l  computatio n 

and therma l  physic s an d i s simila r  i n thi s respec t  t o th e 'Boltzma n machine '  describe d b y 

Ackley ,  Hinto n &  Sejnowsk i  (1985) . 

A distributed memory consists of a -large- set of interconnected modules, each of which 

i n tur n consist s o f  man y interconnecte d simpl e processin g unit s o r  'nodes' .  Th e activatio n 

stat e o f  node s m a y vary ,  an d th e basi c mod e o f  operatio n o f  node s i s th e passin g o f  activatio n 

signal s t o othe r  node s withi n an d betwee n modules .  Specifi c  pattern s o f  activit y ove r  th e 

node s i n th e memor y networ k constitut e activ e knowledg e states .  Informatio n processin g take s 

th e for m o f  chain s o f  knowledg e states ,  brough t  abou t  b y th e unit s spreadin g activatio n throug h 

th e network . 

Each module contains two layers of nodes: representation nodes (R-nodes) define the active 

knowledg e state s o f  th e system ;  trac e node s (T-nodes )  contai n informatio n o n pas t  contingencie s 

betwee n R-node s an d m a y sen d activatio n signal s t o R-node s o n thi s basis .  Connection s ar e 

onl y betwee n layers ,  node s withi n a  singl e laye r  ar e no t  connected .  Bot h representatio n an d 

trac e node s tak e onl y tw o activatio n values :  node s ar e eithe r  on/activ e o r  off/inactive . 

The basic cognitive operation in a connectionist memory is pattern completion. Pattern 

completio n take s plac e i n (asyncronous )  processin g cycle s i n individua l  module s a s follows : 

At  th e beginnin g o f  th e cycl e som e subse t  o f  th e R-node s i n th e modul e i s clampe d int o 

activatio n state s b y incomin g connection s fro m othe r  modules .  Othe r  R-node s ar e assume d 

t o hav e rando m activatio n value s a t  th e beginnin g o f  th e cycle .  Th e tas k fo r  th e modul e 

i s t o reinstat e a  stabl e an d complet e patter n ove r  al l  th e representatio n node s i n th e module . 

Not e tha t  i n a  distribute d mode l  'psychological '  stimulu s feature s (e.g .  shapes ,  color )  d o no t 

correspon d t o individua l  processin g units ,  bu t  t o activatio n pattern s over  collection s o f  units . 

Each trace node is connected to a set of representation nodes by bidirectional links. A 

T-nod e contain s -a s a  resul t  o f  pas t  experience -  a  key ,  a  se t  o f  weight s o n connection s wit h 

R-node s wit h value s o f  eithe r  + 1 o r  -1 .  Thi s ke y define s a  'preferre d pattern '  o f  activatio n 

state s ove r  connecte d R-nodes . 

A processing cycle is divided in discrete 'ticks' (McClelland & Rumelhart 1985). At each 

tic k a  T-nod e receive s a n activatio n signa l  fro m eac h R-nod e tha t  i s consisten t  wit h th e 

ke y (th e stat e o f  th e R-nod e matche s th e sig n o f  th e weight )  an d a  de-activatio n signa l 

fo r  eac h mismatch .  A  trac e nod e i s i n th e activ e stat e a s lon g a s th e su m o f  th e (de-)activatio n 

signal s exceed s som e variabl e threshol d value .  Activ e T-node s sen d activatio n signal s t o R-node s 

i n accordanc e wit h th e weight s i n th e key ,  e.g .  a  de-activatio n signa l  i s  sen d whe n th e weigh t 

i s negative . 

The threshold s o f  T-node s ar e graduall y raise d i n th e cours e o f  a  processin g cycle .  A s 

a resul t  man y T-node s ma y participat e i n th e firs t  stage s o f  a  cycle .  A t  th e en d o f  a  cycl e 

onl y th e bes t  matchin g T-node s remai n activ e whe n th e modul e 'freezes '  int o a  stabl e 

completion . 
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The activation state of a R-node not clamped by external connections is a (probabilistic) 

functio n o f  th e incomin g signal s fro m T-nodes ;  representatio n node s wil l  ten d t o confor m 

t o th e 'majorit y vote '  o f  incomin g signals . 

How do trace nodes come to represent contingencies between representation nodes? I will 

shortcu t  thi s comple x issu e her e b y postulatin g a  globa l  learnin g rul e tha t  suffice s fo r  presen t 

purposes :  a t  th e en d o f  a  completio n cycle ,  ke y weigth s o f  the n activ e trac e node s tha t  ar e 

inconsisten t  wit h th e activatio n stat e o f  th e connecte d representatio n nod e ma y chang e thei r 

sig n wit h a  certai n probabilit y  s o a s t o achiev e consistenc y . 

Harmony 

In a 'harmonium model' processing is driven by a single principle: that of achieving completions 

wit h th e highes t  harmon y o r  'self-consistency' .  Harmon y i s th e degre e o f  consistenc y betwee n 

a patter n o f  activatio n ove r  th e representatio n nodes ,  an d a  se t  o f  preferre d pattern s define d 

by th e key s i n th e activ e trac e nodes .  Mor e precisely ,  th e harmon y o f  a  syste m stat e ca n 

be expresse d a s follow s : 

Let  a  vecto r  T  represen t  th e state s o f  trac e node s wit h th e value s active= l  an d inactive=0 ; 

a vecto r  R  ove r  representatio n node s take s th e value s on=+ l  an d off=-l ;  a  vecto r  K j  represent s 

th e ke y i n trac e nod e T j  wit h th e value s + 1 an d - 1 fo r  positiv e an d negativ e weights ,  an d 

0 whe n T j  i s  no t  connecte d t o Rj .  Th e harmon y o f  a  stat e the n is : 

H(T.R) = ^ T.R*K. (1) 

It can readily be seen that (1) is equivalent to the sum of all consistent signals in the module 

minu s th e summed inconsisten t  signal s ('* '  denote s th e do t  product) . 

Primary Coding of Magnitude 

Magnitudes on some dimension are represented on a subset of the R-nodes in a harmonium 

module ,  th e 'magnitud e representatio n nodes '  o r  M-nodes .  Th e primar y cod e fo r  a  magnitud e 

i s simpl y th e numbe r  o f  M-node s activ e i n th e module .  Thi s primar y codin g ma y b e brough t 

abou t  thus . 

M-node s ar e clampe d int o activatio n state s b y externa l  connection s carryin g activatio n signal s 

tha t  hav e thei r  origi n i n sensor y systems .  Fo r  eac h M-nod e a  threshol d paramete r  mj ^  i s  define d 

tha t  randoml y fluctuate s ove r  time .  A n M-nod e wil l  b e clampe d i n th e activ e stat e upo n 

presentatio n o f  a  stimulu s magnitud e s .  whe n Sj  >  mj ^  an d wil l  b e clampe d 'of f  otherwise . 

Weber' s La w implie s tha t  th e treshold s o f  M-node s ar e space d approximatel y geometricall y 

ove r  th e dynami c rang e o f  th e magnitud e dimension .  Th e cumulativ e distributio n function , 

i.e .  th e expecte d numbe r  o f  activ e M-nodes ,  the n i s a  logarithmi c functio n o f  stimulu s intensity . 

2 
Thi s postulat e mark s a  transitio n fro m a n 'enumeratio n o f  specifi c  instances '  principl e i n Smolensk y i t  Rile y 

41984 )  t o a  'superpositio n o f  traces '  principl e (McClellan d i i  Rumelhar t  1985) . 
T h e presen t  notatio n i s slightl y differen t  fro m Smolensk y S t  Rile y (1984) . 
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A rational e fo r  th e presen t  instantiatio n o f  Fechner' s time-honore d 'Logarithmi c Law ' 

i s tha t  thi s codin g schem e make s minima l  demand s o n th e stabilit y  o f  th e unit s i n whic h 

magnitud e informatio n i s encoded .  I n thi s wa y reliabl e intensit y resolutio n ca n b e achieve d 

by parallellin g highl y unreliabl e individua l  units . 

Contextua l  Codin g 

In Trace Sample theory (den Uyl 1981) the contextual code for a stimulus magnitude Sj is 

th e proportio n o f  trace s i n th e trac e sampl e smalle r  tha n S: .  Th e presen t  distribute d mode l 

does no t  stor e trace s (copies )  o f  magnitudes .  Stimul i  ma y onl y hav e a  lastin g impac t  o n memor y 

by changin g ke y weights .  Yet ,  a  contextua l  cod e ca n b e compute d i n th e harmoniu m mode l 

tha t  i s  equivalen t  t o th e secondar y cod e i n Trac e Sampl e theory . 

Four kinds of trace signals t(R,K) from T-nodes to R-nodes contribute to system harmony: 

-  activatio n signal s t o activ e R-nodes :  t(+,+) , 

-  de-activatio n signal s t o activ e R-nodes :  t(+,-) , 

-  activatio n signal s t o inactiv e R-nodes :  t(-,+) , 

-  de-activatio n signal s t o inactiv e R-nodes :  t(-,-) . 

Inconsisten t  trac e signal s (t(+,- )  an d t(-,+) )  provid e informatio n concernin g th e positio n 

of  Sj  i n th e magnitud e distributio n o f  simila r  stimuli .  A  signa l  t(+,- )  implie s tha t  th e presen t 

stimulu s dominate s a  threshol d (Sj>mjj )  whil e som e pas t  stimulu s s  whic h cause d th e negativ e 

key weigh t  i n th e signal ,  ha d bee n belo w thi s threshol d (mjj,> s  ) .  Hence ,  i t  ma y b e inferre d 

fro m t(+,- )  tha t  Sj  dominate s a t  leas t  on e pas t  stimulus .  Analogously ,  a  signa l  t(-,+ )  indicate s 

tha t  Sj  i s  smalle r  tha n som e pas t  stimulus .  O f  course ,  erro r  i s introduce d int o thes e inference s 

becaus e o f  th e rando m fluctuation s ove r  tim e o f  th e thresholds . 

Consisten t  signal s d o no t  provid e contextua l  information ,  thes e signal s onl y indicat e wher e 

bot h Sj  an d pas t  stimul i  stan d wit h regar d t o threshol d nodes . 

We denote the frequency of the signal t(R,K) summed over M-nodes, given activation 

vector s T  an d M upo n presentatio n o f  stimulu s Sj  b y f(T,M)j(̂ >̂ ) -  ̂  contextua l  cod e C j 
equivalen t  t o th e percentil e cod e i n Trac e Sampl e theor y ca n the n b e expresse d as : 

Cj may range from 0 for extremely small stimuli to 1 for extremely large stimuli, the expected 

valu e fo r  intermediat e stimul i  (th e adaptatio n level )  i s  0.5 . 

It may be observed that in the present model norms for magnitude judgment, i.e. the 

distributio n o f  trac e signal s i n a  harmoniu m module ,  ar e indee d compose d ane w fo r  eac h 

judgment ,  a s eac h stimulu s patter n ma y activat e a  differen t  T  vecto r  an d henc e sampl e a 

differen t  se t  o f  ke y weight s (cf .  McClellan d &  Rumelhar t  1985) . 
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Dissonanc e a s a  Contextua l  Cod e 

The contextual coding scheme in the preceding section raises one important problem: How 

can th e contextua l  cod e i n (2 )  b e compute d i n a  distribute d system ? Al l  th e informatio n 

require d fo r  th e computatio n i s presen t  i n th e M-nodes .  I t  woul d appea r  a  simpl e solutio n 

t o hav e al l  M-node s sen d count s o f  inconsisten t  incomin g signal s t o specia l  'collector-units ' 

wher e th e necessar y computation s coul d b e performed .  However ,  thi s proposa l  woul d requir e 

M-node s t o sprea d othe r  -mor e complex -  informatio n throug h th e syste m tha n jus t  thei r 

activatio n state .  Th e proposa l  implie s a  majo r  breac h wit h connectionis t  desig n principles . 

There are ways to approximate the contextual code using standard -though specialized-

connectionis t  processors .  On e suc h schem e involve s th e detectio n o f  dissonanc e i n activatio n 

patterns .  A  clampe d representatio n nod e i s dissonant ,  whe n a  majorit y o f  incomin g trac e signal s 

ar e inconsisten t  wit h th e clampe d activatio n stat e o f  th e R-node . 

Dissonance can be detected in the following way. Suppose a completion cycle in a 

harmoniu m modul e i s followe d b y a  resonanc e cycl e i n whic h th e activatio n patter n o n T-node s 

remain s unchanged ,  bu t  al l  clamp s o n R-node s ar e removed ,  thu s allowin g R-node s t o settl e 

int o preferre d states .  Dissonan t  node s -i.e .  R-node s whic h chang e thei r  activatio n stat e i n 

th e resonanc e cycle -  coul d the n b e registrate d i n specialize d unit s (e.g .  unit s sensitiv e t o 

time-contras t  i n activatio n signals) . 

The contextual code in (2) can be approximated in various ways from the dissonance 

i n M .  Larg e stimul i  wil l  ten d t o clam p high-threshol d M-node s -expecte d t o b e off -  i n dissonan t 

activ e states ,  smal l  stimul i  wil l  produc e dissonanc e i n inactiv e nodes .  Intermediat e magnitude s 

wi l  caus e th e lowes t  overal l  dissonanc e i n M . 

The precize form a dissonance-based contextual code may take is not important for the 

moment.  Th e genera l  poin t  I  wan t  t o mak e her e i s tha t  althoug h i t  i s  feasibl e t o develo p 

fairl y simpl e codin g scheme s fo r  contextua l  magnitud e representation s i n a  connectionis t  memor y 

module ,  som e specia l  provision s ar e require d t o thi s end . 

R E S O N A N CE A N D QUAL ITAT IV E J U D G M E NT 

It may be conjectured that all qualitative judgments share the structure of contextual magnitude 

judgment ,  the y al l  involv e th e contextua l  evaluatio n o f  memor y resonanc e t o a n objec t 

description . 

A crucia l  ste p mus t  b e take n i n orde r  t o us e resonanc e informatio n i n a  memor y system . 

Globa l  characteristic s o f  memor y activit y i n respons e t o a  patter n o f  stimulatio n mus t  b e 

represente d withi n th e memor y syste m itself ,  i n orde r  t o b e interprete d a s providin g informatio n 

abou t  th e objec t  tha t  gav e ris e t o thi s memor y activity .  Fo r  instance ,  i n orde r  t o us e th e 

exten t  o f  inconsisten t  activatio n i n a  modul e a s a  measur e o f  th e extreemnes s o f  th e magnitud e 

of  a n object ,  inconsisten t  activatio n mus t  i n som e wa y b e detecte d an d registrated . 

It has been proposed that resonance evaluation takes the form of evaluating patterns of 

dissonanc e betwee n a  'preferred '  o r  expecte d resonanc e pattern ,  an d th e patter n externall y 

impose d o n th e memory .  A  rational e fo r  thi s for m o f  evaluatio n ca n b e foun d i n th e desig n 

principle s o f  a  distribute d memory .  I n a  distribute d memor y knowledg e i s hidde n rathe r  tha n 
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Stored .  Pas t  event s onl y leav e trace s i n th e for m o f  change s i n activatio n weights .  I t  i s  no t 

easy t o systematicall y searc h o r  recove r  pas t  episode s fro m suc h traces . 

Some tasks ,  lik e magnitud e judgmen t  o r  evaluatio n o f  prototypicality ,  requir e a  syste m t o 

make us e o f  knowledg e concernin g th e distributio n o f  differen t  stimulu s pattern s i n th e past . 

Yet ,  a  modul e i n a  distribute d memor y ca n onl y suppor t  on e patter n o f  activatio n a t  a  time . 

Trace s o f  pas t  event s tha t  d o no t  correspon d t o a n actua l  patter n i n a  modul e ma y onl y 

influenc e furthe r  processing ,  i f  i t  i s  i n som e wa y registere d tha t  the y woul d hav e like d t o 

see thing s different . 

I have said little about 'goodness', preference and affective qualities in qualitative judgment. 

The reaso n i s tha t  likin g doe s no t  occu r  -excep t  i n a  metaphorica l  sense -  o n th e leve l  o f 

memory modules .  Onl y th e syste m a s a  whol e ha s like s an d dislikes .  I n orde r  t o exten d th e 

presen t  hypothesi s t o affectiv e evaluation ,  th e notio n o f  memor y resonanc e shoul d b e extende d 

t o highe r  level s o f  organization ,  i.e .  resonanc e shoul d b e evaluate d ove r  collection s o f  module s 

rathe r  tha n withi n singl e modules .  A  suitabl e framewor k fo r  suc h a n extensio n ca n b e foun d 

i n Frijda' s 'concern-realization '  theor y o f  emotio n (Frijd a 1986 ;  de n Uy l  &  Frijd a 1984) . 

REFERENCES 

Ackley, D., Hinton, G. E. & Sejnowski, T. J. (1985). Boltzmann machines: Constraint satisfaction 
network s tha t  learn .  Cognitiv e Scienc e 9 ,  147-169 . 

Barsalou ,  L .  W.  (1983 )  A d ho c categories .  Memor y &  Cognition ,  11 ,  211-227 . 
Carterette ,  E .  C .  &  Friedman ,  M .  P .  (1974) .  Handboo k o f  Perceptio n Volum e II ,  Ac .  Press , 

New York . 
Durlach ,  N .  I .  &  Braida ,  L .  D .  (1969) .  Intensit y Perceptio n I :  Preliminar y theor y o f  intensit y 

resolution .  Journa l  o f  th e Acoustica l  Societ y o f  America ,  46 ,  372-383 . 
Frijda ,  N.H .  (1986 )  Th e Emotions .  Ne w York :  Cambridg e U.P . 
Helson ,  H .  (1964) .  Adaptatio n Leve l  Theory ,  Ne w York ,  Harpe r  an d Rowe . 
Kahneman,  D .  &  Miller ,  D.T .  (1986) .  Nor m Theory :  comparin g realit y t o it s alternatives . 

Psychologica l  Review ,  Vol .  93 ,  136-153 . 
Lebowitz ,  M .  (1985) .  Categorizin g numeri c informatio n fo r  generalization .  Cognitiv e Science , 

9,  285-30 8 
Mandler ,  G .  (1985) .  Cognitiv e Psychology :  a n essa y i n cognitiv e science .  LEA ,  Hillsdale ,  N.J . 
McClelland ,  J .  L .  &  Rumelhart ,  D .  E .  (1985) .  Distribute d memor y an d th e representatio n o f 

genera l  an d specifi c  information .  Journa l  o f  Experimenta l  Psychology :  General ,  Vol . 
114,  159-188 . 

Miller ,  G .  A .  (1956) .  Th e magica l  numbe r  7  plu s o r  minu s two .  Psychologica l  Review ,  63 , 
81-97 . 

Parducci ,  A .  &  Perrett ,  L.F .  (1971 )  Categor y ratin g scales :  effect s o f  relativ e spacin g an d 
frequenc y o f  stimulu s values .  Journa l  o f  Experimenta l  Psychology ,  Monograph ,  89 , 
427-452 . 

Smolensky ,  P .  &  Riley ,  M .  S .  (1984) .  Harmon y Theory :  Proble m solving ,  paralle l  cognitiv e 
models ,  an d therma l  physics .  IC S Repor t  8404 ,  U C Sa n Diego . 

den Uyl ,  M.J .  (1981) .  O n th e Relativit y o f  Huma n Judgment :  Outlin e o f  a  Theor y o f  Contextua l 
Magnitud e Representation .  Manuscript ,  Psych .  Dept .  Stanfor d University . 

den Uy l  M.J .  &  Frijda ,  N.H .  (1984) .  Mood ,  Emotio n an d Action :  A  Concern-Realizatio n Model . 
Proceeding s o f  th e Sixt h Cognitiv e Scienc e Conference ,  Boulder ,  Co .  137-141 . 

71 



T H E S P A C I N G E F F E C T O N N E T T A L K , 

A M A S S I V E L Y - P A R A L L E L N E T W O RK 

Charle s R .  Rosenber g 

Cognitiv e Scienc e Laborator y 

Princeto n Universit y 

Terrenc e J .  Sejnowsk i 

Departmen t  o f  Biophysic s 

John s Hopkin s Universit y 

A B S T R A CT 

NETtalk is a massively-parallel network that leams to convert English text to phonemes. In 

NETtalk ,  th e memor y representations  ar e share d amon g man y processin g units ,  an d thes e 

representations  ar e learne d b y practice .  I n humans ,  distribute d practic e i s mor e effectiv e fo r  long -

ter m retention  tha n masse d practice ,  an d w e wondere d whethe r  learnin g i n NETtal k ha d simila r 

properties .  NETtal k wa s teste d o n cue d paired-associat e recal l  usin g nonword s a s stimuli . 

Retentio n o f  thes e targe t  item s wa s measure d a s a  functio n o f  spacing ,  o r  th e numbe r  o f 

intersperse d item s betwee n successiv e repetition s o f  th e target .  A  significan t  advantag e fo r  space d 

or  distribute d item s wa s foun d fo r  spacing s o f  u p t o fort y intervenin g item s whe n teste d a t  a 

retention  interva l  o f  6 4 items .  Conversely ,  a  significan t  advantag e fo r  masse d item s wa s foun d i f 

testin g immediatel y followe d study .  Thes e result s ar e strikingl y simila r  t o th e result s o f  man y 

experiment s usin g huma n subject s an d sugges t  a n explanatio n base d o n distribute d representations 

i n massively-paralle l  networ k architectures . 
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I n 1885 ,  Ebbinghau s note d tha t  "wit h an y considerabl e numbe r  o f  repetition s a  suitabl e 

distributio n o f  the m ove r  a  spac e o f  tim e i s decidedl y mor e advantageou s tha n th e massin g o f 

the m a t  a  singl e time "  (Ebbinghaus ,  1885/196 4 p.89) .  Sinc e then ,  th e spacin g effec t  ha s bee n 

foun d acros s a  wid e rang e o f  stimulu s material s an d tasks ,  semanti c a s wel l  a s 

perceptual/motor ,  an d ha s eve n bee n foun d whe n th e repetition s ar e acros s modality ,  o r  acros s 

languages ,  i f  biUngual s ar e employe d a s subject s (se e Hintzman ,  1974 ,  fo r  a  review) .  Th e 

ubiquit y o f  thes e result s suggest s tha t  spacin g reflect s somethin g o f  centra l  importanc e i n 

memory.  However ,  despit e ove r  a  hundre d year s o f  research ,  th e spacin g effect ,  a s genera l  a s 

i t  is ,  continue s t o def y adequate ,  o r  a t  least ,  simple ,  explanation . 

Perhap s th e mos t  popula r  accoun t  o f  th e spacin g effec t  i s  th e encodin g variabilit y 

hypothesi s (e.g .  Melton ,  1970 ;  Martin ,  1968 ;  Glenberg ,  1979) .  Thi s hypothesi s make s tw o 

majo r  assumptions :  (1 )  stimul i  ar e encode d relativ e t o th e context ,  o r  environment ,  i n whic h 

the y occur ,  an d (2 )  th e probabilit y  o f  retrieva l  i s  positivel y correlate d wit h th e similarit y o f 

th e contex t  a t  retrieva l  t o th e contex t  a t  encoding. ^  Give n a  continuousl y evolvin g 

environment ,  tw o trial s tha t  occu r  back-to-bac k wil l  ten d t o shar e mor e contex t  wit h eac h 

othe r  tha n tw o trial s widel y separate d i n time. ^  Distributin g practic e wil l  henc e b e 

advantageou s t o th e exten t  tha t  th e tw o repeat s o f  th e to-be-remembere d (TBR )  ite m ar e 

encode d mor e independently ,  thu s boostin g th e probabilit y  o f  th e item' s retrieva l  i n a 

randoml y chose n contex t  presumabl y b y increasin g th e numbe r  o f  possibl e retrieva l  routes . 

Overall ,  th e encodin g variabilit y  hypothesi s ha s foun d onl y limite d empirica l  suppor t 

(Hintzman ,  1976) .  On e recen t  failur e o f  th e hypothesi s i s th e stud y b y Postma n an d Knech t 

(1983 )  i n whic h th e encodin g context s o f  word s wer e varie d b y embeddin g the m i n differen t 

sentences ,  eithe r  on e sentenc e repeate d thre e time s o r  i n thre e sentence s eac h onl y onc e 

repeated .  I n th e cue d recal l  task ,  cuein g wa s wit h on e o r  thre e o f  th e sentenc e frames  (wit h 

th e T B R wor d deleted) .  Accordin g t o th e encodin g variabilit y  hypothesis ,  retrieva l  shoul d b e 

greate r  i n th e multipl e contex t  condition .  Nevertheless ,  the y foun d n o differenc e i n fre e recal l 

of  th e targe t  words ,  teste d eithe r  immediatel y o r  afte r  2 4 hours .  I n fact ,  cue d recal l  wit h a 

singl e sentenc e fram e le d t o highe r  recal l  rate s fo r  target s tha t  appeare d i n singl e context s tha n 

target s tha t  appeare d i n multipl e contexts ,  a  tren d i n a  directio n opposit e t o tha t  predicte d b y 

th e hypothesis . 

'  Th e notion s underlyin g th e encodin g variabilit y  hypothesi s wer e originall y derive d from  Estes' s stimulu s 

samplin g an d fluctuation  mode l  (1959) . 

2 Th e precis e us e o f  th e ter m "context "  ha s no t  alway s bee n consisten t  amon g investigators .  Se e Mak i  & 

Hashe r  (1975 )  fo r  a  discussio n an d empirica l  investigatio n o f  thi s issue . 
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Postma n an d Knech t  conclude d tha t  encodin g item s i n differen t  context s doe s no t 

necessaril y  improv e retention ,  an d may ,  i n fact ,  lea d t o diminishe d retention .  A n overridin g 

facto r  ma y b e th e strengt h o f  specifi c  cue-targe t  associations ,  buil t  u p b y repeatin g th e ite m i n 

identica l  contexts .  Tha t  is ,  man y wea k retrieva l  route s ar e no t  necessaril y  bette r  tha n on e 

stron g one . 

I f  w e assume ,  a s th e Postma n an d Knech t  stud y suggests ,  tha t  th e spacin g effec t  depend s 

t o som e exten t  upo n th e repetitio n o f  specifi c  items ,  an d no t  necessaril y  o n th e encodin g o f 

item s relativ e t o a  continuousl y varyin g context ,  the n th e followin g questio n arises :  Whic h 

repetitio n o f  th e item ,  th e first  o r  th e second ,  i s les s effectivel y processe d o r  encode d whe n 

th e tw o presentation s occu r  back-to-back ? Thos e theorie s tha t  clai m tha t  th e first  presentatio n 

i s deficien t  includ e th e rehearsal-buffe r  theor y (Atkinso n &  Shiffron ,  1968 ;  Rundus ,  1971 )  an d 

a versio n o f  consolidatio n theor y (Landauer ,  1969) .  I n eithe r  case ,  th e disadvantag e foun d fo r 

massed practic e i s th e resul t  o f  th e interruptio n o f  a n ongoin g encodin g proces s b y th e 

immediat e occurrenc e o f  th e secon d item .  Bjor k an d Alle n (1970 )  found ,  however ,  tha t 

interposin g a  mor e difficul t  tas k betwee n repetition s di d no t  disrup t  thi s encodin g process ,  a s 

bot h rehearsal-buffe r  theor y an d th e consolidatio n hypothesi s woul d predict .  T o th e contrary , 

the y foun d improve d retentio n i n th e difficul t  tas k condition. ^  Thi s resul t  i s  har d t o reconcil e 

wit h eithe r  theory . 

The othe r  alternativ e i s tha t  th e secon d masse d presentatio n i s mor e poorl y processe d o r 

someho w les s effective .  I t  ha s bee n propose d tha t  subject s habituat e (e.g .  Hintzman ,  Block ,  & 

Summers,  1973 )  an d therefor e canno t  proces s th e secon d masse d presentatio n a s effectivel y a s 

the y ca n th e first.  I t  i s  no t  clea r  ho w thi s proposa l  coul d explai n th e Bjor k an d Alle n result , 

unles s th e intervenin g difficul t  tas k i n som e wa y release s th e habituatio n fro m th e first  item . 

I n addition ,  attempt s t o overhabituat e t o a  targe t  ite m b y presentin g th e ite m fo r  longe r 

duration s hav e bee n unsuccessfu l  (Hintzman ,  Summers ,  &  Block ,  1975) . 

Anothe r  suggestio n i s tha t  subject s d o no t  atten d a s effectivel y (e.g .  Shaughnessy , 

Zimmerman ,  &  Underwood ,  1972 )  t o th e secon d occurrenc e o f  a n ite m i f  i t  closel y follow s a n 

identica l  first  ite m i n time .  Bu t  effort s t o forc e subject s t o atten d t o th e secon d occurrenc e i n 

variou s way s hav e indicate d n o reductio n i n th e spacin g effec t  (e.g .  Hintzman ,  Summers ,  Eld , 

& Moore ,  1975) . 

Jacob y (1978 )  ha s offere d a n accoun t  o f  spacin g i n term s o f  processin g effort .  Tha t  is , 

i n th e masse d presentatio n condition ,  subject s hav e th e first  ite m consciousl y availabl e whe n 

3 Thi s resul t  ha s bee n replicate d b y Tzen g (1973) . 
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the y ar e presente d wit h th e secon d ite m an d consequentl y d o no t  hav e t o proces s th e secon d 

ite m t o th e sam e degree .  A s a  result,  processin g o n th e secon d masse d ite m i s no t  a s grea t  a s 

tha t  o n th e first  an d doe s no t  for m a s rich a  code .  Thi s explanatio n seem s t o giv e a  coheren t 

accoun t  o f  al l  th e evidenc e thu s fa r  mentioned :  I t  doe s no t  depen d o n encodin g item s relativ e 

t o a  dynami c context ,  an d i t  account s fo r  th e Bjor k an d Alle n results ,  sinc e interposin g a 

difficul t  tas k coul d plausibl y mak e th e secon d ite m les s available ,  requiring  mor e processing . 

However ,  i t  leave s unclea r  wha t  "processin g effort "  (no t  t o mentio n "consciousness" )  involves . 

Al l  thes e theorie s attemp t  t o explai n spacin g i n term s o f  concept s suc h a s encoding , 

habituation ,  an d consolidation ,  whic h mak e littl e referenc e t o th e actua l  for m o f  th e memor y 

representation ,  althoug h implici t  i n som e o f  th e explanation s i s th e assumptio n tha t  individua l 

item s hav e loca l  representations .  Anothe r  approac h i s t o see k a n explanatio n a t  th e leve l  o f 

th e representation :  I t  ma y matte r  ho w th e informatio n i s store d i n th e system .  On e wa y t o 

explor e thi s possibilit y  i s  t o construc t  explici t  model s tha t  incorporat e particula r  memor y 

representation s an d learnin g mechanism s an d t o tes t  the m wit h th e sam e experimenta l 

paradigm s tha t  hav e bee n use d t o stud y huma n memory . 

I t  wil l  b e demonstrate d tha t  th e spacin g effec t  i s  a  natura l  consequenc e o f  learnin g i n a 

networ k wit h distribute d memor y representations  an d a n incrementa l  learnin g procedure .  I n 

thi s framework ,  learnin g consist s o f  modifyin g connection s i n th e networ k s o tha t  thi s 

informatio n i s retained  a s accuratel y a s possibl e withi n th e constraint s impose d b y th e numbe r 

of  availabl e connections .  Thi s wa y o f  storin g informatio n i s fundamentall y differen t  fro m a 

loca l  representatio n wher e individua l  item s ca n b e store d independenti y o f  on e another ,  a s i n a 

compute r  memory .  I n a  distribute d representation  a  singl e connectio n ca n participat e i n th e 

storag e o f  man y items ,  an d conversel y a  singl e ite m i s store d i n man y connections . 

Approachin g memor y i n thi s wa y ha s alread y le d t o ne w insight s i n th e domain s o f 

categorizatio n an d concep t  formatio n (McClellan d &  Rumelhart ,  1985 ;  Anderson ,  Silverstein , 

Ritz ,  &  Jones ,  1977 ;  Eich ,  1982 ;  Amari ,  1977 ;  Kohonen ,  Oja ,  &  Lehtio ,  1981) .  Thes e model s 

of  memor y ar e inspire d b y th e paralle l  architectur e o f  th e brai n (Ballard ,  Hinton ,  & 

Sejnowski ,  1983 ;  Feldma n &  Ballard ,  1982) . 

NETtalk 

We hav e recenti y describe d NETtal k (Sejnowsk i  &  Rosenberg ,  1986) ,  a  massively -

paralle l  networ k tha t  learn s t o translat e letter s i n Englis h tex t  int o phoneme s an d associate d 

wor d stress .  I t  achieve s approximatel y 9 5 % accurac y pe r  lette r  withou t  acces s t o informatio n 

about  semantic s o r  syntax .  I n NETtalk ,  th e learnin g occur s b y modifyin g th e strength s o f 

connection s betwee n a  larg e numbe r  o f  simpl e an d identica l  processors ,  o r  units .  Thes e 
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H (  E  _  C  0  W ) 

Inpu t  Unit s 

Figur e 1 .  A  schemati c drawin g o f  th e NETtal k architecture .  Th e littl e circle s represen t  unit s (ther e ar e 

many mor e unit s tha n show n here )  an d th e arrow s represen t  bundle s o f  connections ,  o r  weights ,  betwee n 

th e group s o f  units .  Connectivit y i s complet e betwee n th e connecte d groups ,  s o eac h uni t  i n eac h o f  th e 

fiv e inpu t  group s show n ha s connection s t o al l  o f  th e unit s m th e hidde n layer ,  a U o f  whic h ar e i n tur n 

connecte d t o eac h o f  th e outpu t  units .  Fo r  th e presen t  experiments ,  ther e wer e 2 9 unit s i n eac h o f  th e in -

put  groups ,  6 0 unit s i n th e hidde n layer ,  an d 2 6 unit s i n th e outpu t  layer .  I n addition ,  al l  unit s hav e a 

connectio n t o a  specia l  uni t  tha t  i s alway s "on "  (no t  shown) ,  whic h serve s a s a  variabl e threshold . 

connections, which are real-valued and directional, determine how the activity of one unit 

affect s th e activit y o f  anothe r  unit .  I f  uni t  A  i s i n a n activ e stat e an d ther e i s a  positively -

value d (excitatory )  connectio n goin g fro m uni t  A  t o uni t  B ,  the n th e activit y leve l  o f  uni t  B 

wil l  b e drive n toward s one .  Conversely ,  a  negatively-value d (inhibitory )  connectio n betwee n 

th e tw o unit s wil l  driv e th e activit y leve l  i n uni t  B  toward s zero .  A  give n uni t  typicall y ha s 

connection s t o a  larg e numbe r  o f  othe r  suc h units .  T h e behavio r  o f  th e networ k i s th e 

collectiv e resul t  o f  a  larg e numbe r  o f  thes e simple ,  local ,  computation s tha t  ar e performe d i n 

parallel . 

NETtal k ha s acces s t o th e correc t  pronunciation s o f  th e word s durin g th e learning ,  s o i t 

i s  "supervised "  an d aki n t o learnin g wit h a  teacher .  T h e back-propagatio n o f  erro r  wa s use d 

t o adjus t  th e value s o f  th e connectio n strength s (Rumelhart ,  Hinton ,  &  Williams ,  1986) , 

whic h i s a  generalizatio n o f  th e perceptro n learnin g rul e (Rosenblatt ,  1962 )  t o multi-layere d 

networks . 
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Ther e ar e 23 1 unit s an d 10,34 6 connection s i n th e versio n o f  NETtal k use d i n th e presen t 

experiments .  A s show n i n Figur e 1 ,  th e unit s tha t  compos e NETtal k ar e arrange d i n a  layere d 

hierarchy ,  consistin g o f  thre e layers :  a n inpu t  layer ,  whic h encode s letters ,  a n outpu t  layer , 

whic h encode s phoneme s an d stress ,  an d a  hidde n laye r  tha t  connect s th e inpu t  laye r  t o th e 

outpu t  layer .  Eac h o f  th e layer s i s completel y connecte d t o th e laye r  jus t  abov e and/o r  jus t 

belo w it .  Letter s ar e "clamped "  a t  th e inpu t  layer ,  an d informatio n (i n th e for m o f  uni t 

activit y levels )  passe s u p throug h th e hidde n layer ,  finally  reachin g th e outpu t  laye r  wher e th e 

patter n o f  activit y o n th e outpu t  unit s i s interprete d a s a  phonem e an d stress . 

The decisio n o f  ho w eac h lette r  i s  t o b e pronounce d mus t  b e mad e o n th e basi s o f  th e 

surroundin g lette r  context ,  sinc e al l  letter s ca n b e pronounce d i n severa l  ways .  Usin g 

NETtalk ,  w e hav e bee n abl e t o examin e ho w performanc e varie s wit h windo w size .  I n thi s 

version ,  th e networ k "sees "  five  letter s a t  a  time:  th e curren t  letter ,  th e precedin g tw o letters , 

and th e followin g tw o letters. ^  Eac h o f  thes e five  letter s i s encode d simultaneousl y i n a  se t  o r 

grou p o f  twenty-si x dedicate d units ,  locall y representin g eac h o f  th e twenty-si x Englis h letters . 

Impose d o n th e networ k i s a  contro l  structur e tha t  step s thi s five-letter  windo w throug h th e 

corpus ,  letter-by-letter . 

Mor e specifically ,  th e valu e o f  eac h uni t  i s  a  functio n o f  th e value s o f  al l  th e unit s i n th e 

laye r  belo w i t  an d tiie  strengt h o f  th e connectio n betwee n th e tw o units .  Th e valu e o f  th e zt h 

uni t  i s  determine d b y first  summin g al l  o f  it s  input s 

Ei  =  Z^ijP i  (1 ) 

wher e P j  i s  th e valu e o f  th e yt h uni t  an d w ^  i s th e weigh t  valu e o f  th e connectio n betwee n th e 

tw o units ,  an d the n applyin g a  sigmoida l  transformatio n 

A =  /'(£i )  =  — " - r r  (2 ) 
1 +  «  ' 

The resultin g patter n o f  activit y produce d a t  th e outpu t  laye r  i s interprete d a s th e "guess "  o f 

ho w th e middl e lette r  i n th e windo w shoul d b e pronounced. ^  Thi s ou^u t  vecto r  i s the n 

compare d wit h th e "correct "  phonem e provide d it ,  an d th e connectio n strength s i n th e networ k 

^  Thi s windo w siz e ha s bee n reduce d from  seve n i n th e origina l  NETtal k i n orde r  t o spee d training . 

5 Thi s wa s don e b y computin g th e projectio n o f  th e ouQ>u t  vecto r  o n al l  th e possibl e phoneme s (ther e ar e 5 5 
of  them )  an d selectin g th e phonem e wit h th e highes t  overlap . 
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ar e recursivel y adjuste d t o minimiz e thei r  difference s (se e Rumelhart ,  Hinton ,  &  Williams , 

1986 ,  fo r  details) . 

Ther e wer e tw o adjustabl e learnin g parameter s i n th e model :  Th e rat e o f  learning ,  e ,  wa s 

set  t o 4.0 ,  an d th e smoothin g parameter ,  a ,  wa s se t  t o zer o (se e Sejnowsk i  &  Rosenberg , 

1986 ,  fo r  a n explanatio n o f  thes e parameters) .  Continuou s deca y o f  th e weigh t  value s toward s 

zer o ha s bee n experimente d with ,  bu t  wa s no t  use d i n th e presen t  experiments . 

The purpos e o f  th e presen t  experimen t  wa s t o investigat e th e spacin g effec t  i n NETtalk , 

a networ k wit h tw o layer s o f  modifiabl e weights .  Th e desig n wa s modele d afte r  Experimen t 

1 b y Glenber g (1976) .  I n thi s experiment ,  subject s wer e presente d wit h paire d associates , 

repeate d twic e a t  spacing s o f  approximatel y 0 ,  1 ,  4 ,  8 ,  20 ,  an d 4 0 intervenin g items ,  an d 

teste d a t  retentio n interval s o f  approximatel y 2 ,  8 ,  32 ,  an d 6 4 items .  Eac h pai r  wa s compose d 

of  tw o four-lette r  c o m m o n nouns ,  "constructe d t o avoi d c o m m o n pre-experimenta l 

associations ,  rhymes ,  an d orthographi c similarities "  (pg .  4) .  A t  test ,  jus t  th e stimulu s wor d 

was presented ,  an d th e subjec t  wa s t o recal l  th e associate d respons e term .  Glenberg' s result s 

ar e reproduce d her e a s Figur e 2 .  A  significan t  interactio n wa s foun d betwee n spacin g (lag ) 

and retentio n interval .  A t  shor t  retentio n intervals ,  masse d repetition s le d t o a  highe r 

probabilit y  o f  recall ,  wherea s a t  lon g retentio n intervals ,  distribute d repetition s wer e 

advantageous .  Glenber g als o note d tha t  retentio n a t  th e 64-ite m retentio n interva l  wa s a 

monotoni c an d negativel y acceleratin g functio n o f  spacing . 

As i n Glenberg' s experiment ,  th e retentio n o f  targe t  stimul i  repeate d a  certai n numbe r  o f 

time s a t  variou s spacin g interval s wa s measure d a s a  functio n o f  retentio n interval .  I f 

NETtal k exhibit s th e spacin g effect ,  the n long-ter m retentio n o f  thes e item s shoul d b e bette r 

when a  larg e numbe r  o f  othe r  item s interven e betwee n successiv e repeat s o f  th e targe t 

(distribute d practice) .  Conversely ,  short-ter m retentio n o f  th e targe t  item s shoul d b e bette r 

when fewe r  item s ar e presente d betwee n repeat s (masse d practice) . 

METHOD 

Pre-Experimental Training 

The networ k wa s first  traine d t o pronounc e a  se t  o f  commonl y occurrin g Englis h words . 

Thes e word s wer e obtaine d b y selectin g th e on e thousan d mos t  frequen t  word s fro m th e 

Webster' s Pocke t  Dictionary ,  base d o n frequency  count s i n th e Brow n corpu s (Kucer a & 

Francis ,  1967) .  Th e networ k cycle d throug h thi s on e thousan d wor d corpu s a  tota l  o f  eleve n 

times .  Th e performanc e o f  th e networ k a t  thi s poin t  i n training ,  a s determine d b y th e 

percentag e o f  th e correc t  phoneme s "guessed" ,  wa s 8 5 % ,  an d coul d hav e bee n improve d wit h 
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Figur e 2 .  Th e proportio n o f  respons e term s recalle d a s a  functio n o f  spacin g interva l  an d retentio n inter -

va l  (Afte r  Glenberg ,  1976. ) 

further practice. 

Th e weigh t  value s o f  th e networ k wer e store d followin g thi s initia l  training ,  an d serve d 

as a  c o m m o n startin g poin t  fo r  al l  o f  th e subsequen t  experimenta l  trials . 

Targe t  Stimul i 

I n orde r  t o forc e n e w learnin g t o tak e place ,  rando m characte r  string s o f  lengt h si x wer e 

employe d a s targe t  stimuli .  Thu s ther e wa s n o orderl y relatio n betwee n th e cu e an d response . 

Whateve r  performanc e leve l  NETtal k wa s abl e t o reac h o n thes e item s coul d no t  hav e bee n 

du e t o th e utilizatio n o f  rule s acquire d eithe r  prio r  o r  subsequen t  t o study . 

Twent y six-lette r  cue s wer e generate d b y choosin g si x letter s a t  rando m (wit h 

replacement )  ou t  o f  th e twenty-si x letter s o f  th e Englis h alphabet .  Likewise ,  th e respons e 

term s associate d wit h eac h o f  thes e cue s wer e randoml y generate d phonem e an d stres s strings , 

als o si x character s eac h i n length .  Ther e wer e 5 3 possibl e phoneme s an d five  possibl e stres s 

characters. ^  T h e frequenc y o f  occurrenc e o f  th e character s i n natura l  languag e wer e no t  take n 

int o accoun t  i n thi s selectio n process .  S o m e o f  thes e item s an d severa l  item s fro m th e 

^  I n generatin g th e targe t  stimuli ,  tw o "phonemes" ,  th e spac e betwee n word s (_ )  an d di e perio d (.) ,  wer e no t 

possibl e choices . 
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Tabl e 1 .  Example s o f  som e trainin g (distractor )  an d targe t  item s used . 

letter s 

fil e 

al l 
secon d 

tak e 

togethe r 

nec k 

atmospher e 

D I S T R A C T O RS 

phonemes 

fAl -
cl -
sEkxn d 
tek -
UgED-- R 
nEk-
@tmxsf-Ir -

stres s 

> 1 « 
1 « 
> 1 < 0 « 
> 1 « 
> 0 > 1 « 0 < 
> 1 « 
1 < > 0 » > 2 « 

letter s 

fozepd 
sccfy k 
bmyqcl 
grtuf h 
eqhxx u 
ncssv r 
wxsal e 
djzxd e 
lonfjq i 

R A N D OM T A R G ET I T E M S 

phonemes 

WdicnK 
p-UdS p 
bzgTl z 
K C c z OL 
ANT Iv M 
zTSdWg 
RKpfl l 
Yby'̂ y l 
W G e n GN 

stres s 

1<121> 
>202< 1 
0 » « > 
>1<01 0 
>01<> 2 
« 1 2 > 2 
U l l l O 
2 0 » 2 > 
1 x 1 0 2 

trainin g corpu s ar e presente d i n Tabl e 1 . 

Procedur e 

The twenty target items were tested individually on separate trials. A trial consisted of 

first reading in the pre-experimental weights (described above), presenting a target item either 

two, ten, or twenty times, and then measuring the retention of the target as it was interfered 

with by subsequent learning. Furthermore, each target was presented at each of six spacing 

intervals, with either 0 (massed), 1, 4, 8, 20, or 40 (distributed) intervening items. Thus, 

eighteen trials were devoted to each target item (3 repetition groups x 6 spacing intervals). 

Between successive repeats of the target, words were presented from the original training 

corpus. Following the last repeat, the training corpus was again presented, and retention of the 

response terms of the target item was assessed after every item by presenting the cue term and 

measuring the mean squared difference between the ouQjut of the network and the correct 
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respons e 

i ( p ; - p f 

erro r  = ^ ^ — J (3 ) 

for  the / units in the output layer, where p> * is the target activation of the yth ouQ)ut unit, and 

Pj  i s  it' s  actua l  value .  Respons e accurac y wa s define d a s on e minu s th e mea n erro r  fo r  th e 

wor d 

N 
'Y,  ̂ ffo r 

accurac y =  1  -  " ^  „ — (4 ) 
yv 

wher e N  i s th e numbe r  o f  letter s i n th e word .  Learnin g wa s turne d of f  (achieve d b y settin g 

th e learnin g rat e t o zero )  fo r  thes e tests ,  s o tha t  n o change s wer e mad e t o th e strength s o f  th e 

connection s i n th e network . 

RESULTS 

Accuracy ,  a s define d above ,  wa s average d ove r  th e twent y targe t  item s an d plotte d a s a 

functio n o f  retentio n interva l  fo r  eac h repetitio n grou p (Figur e 3) .  Followin g Glenber g (1976) , 

value s wer e selecte d fro m thi s curv e a t  retentio n interval s o f  2 ,  8 ,  32 ,  an d 6 4 item s an d re -

plotte d a s a  functio n o f  spacin g interva l  (Figur e 4) . 

A 6  (spacin g intervals )  x  4  (retentio n intervals )  analysi s o f  varianc e wa s performe d o n 

thes e selecte d values ,  treatin g targe t  item s a s subjects .  Th e mai n effec t  o f  retentio n interva l 

was highl y significan t  i n al l  repetitio n groups ,  F  (3 ,  57 )  =  32.82 ,  58.50 ,  an d 48.29 ,  al l  / ? < 

0.001 ,  fo r  th e two ,  ten ,  an d twent y repetitio n groups ,  respectively ,  indicatin g tha t  a 

considerabl e amoun t  o f  forgettin g o f  th e targe t  item s di d tak e place .  Th e mai n effec t  o f 

spacin g wa s highl y significan t  onl y i n th e twent y repetitio n condition ,  F  (5 ,  95 )  =  5.10 ,  p  < 

0.001 ,  an d marginall y significan t  i n th e te n repetitio n condition ,  F  (5 ,  95 )  =  3.02 ,  p  <  0.05 . 

Of  interest ,  however ,  wa s th e interactio n betwee n spacin g an d retentio n interval .  Thi s 

interactio n wa s significan t  fo r  al l  thre e repetitio n groups :  F  (15 ,  285 )  =  27.6 8 an d 37.29 ,  bot h 

p <  0.001 ,  fo r  th e te n an d twent y repetitio n conditions ,  respectively ,  an d F  (15 ,  285 )  =  2.73 ,  p 

< 0.03 ,  i n th e tw o repetitio n condition . 

A trend s analysi s o f  th e accurac y measure s wa s performe d acros s spacing s fo r  retentio n 

interval s o f  0  (short-term )  an d 6 4 (long-term )  items .  Th e downwar d tren d i n retentio n fo r 

immediat e retentio n a s spacin g increase d wa s highl y significan t  followin g te n an d twent y 

repeat s o f  th e target ,  F  (5 ,  95 )  =  17.1 4 fo r  th e ten ,  an d F  (5 ,  95 )  =  6.7 0 fo r  th e twent y 

repetitio n groups ,  bot h p  <  0.001 .  I n bot h cases ,  th e linea r  tren d wa s highl y significant ,  F  (1 , 
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F i g u r e 3 .  M e a n respons e a c c u r a c y ove r  al l  targe t  i tem s plotte d a s a  functio n o f  retentio n interva l  followin g 

t w o (a) ,  te n (b ) ,  a n d t w e n t y (c )  repetition s o f  th e targe t  i tem .  O n l y spac in g interval s o f  zer o (solid )  a n d for -

t y (dots )  item s ar e shown . 

19) = 38.43, p < 0.(X)1, and F (1, 19) = 11.80, p < 0.001, for the ten and twenty repetition 

groups ,  respectively .  Thi s downwar d tren d wa s no t  significan t  afte r  onl y tw o repeats , 

however ,  F  (5,15 )  <  0.5 .  Neithe r  th e quadrati c no r  th e cubi c trend s reache d significan t  level s 

i n an y o f  th e thre e repetitio n groups . 

The upwar d tren d a t  th e 64-ite m retentio n interva l  wa s significan t  fo r  al l  repetitio n 

groups ,  F  (5 ,  95 )  =  2.31 ,  p  =  0.05 ,  fo r  tw o repeats ,  an d F  (5 ,  95 )  =  8.9 2 an d 22.40 ,  bot h p  < 

0.00 1 fo r  th e te n an d twent y repetitio n groups .  Th e shap e o f  th e curv e varied ,  however .  A s 

th e numbe r  o f  repetition s increase d fro m tw o t o te n t o twenty ,  th e tren d varie d fro m cubic ,  F 

(1 ,  19) ,  p  <  0.05 ,  t o linear ,  quadratic ,  an d cubic ,  F  (1 ,  19 )  =  6.06 ,  24.94 ,  an d 6.12 ,  p  <  0.05 , 

0.001 ,  an d 0.05 ,  respectively ,  t o onl y linea r  an d quadratic ,  F  (1 ,  19 )  =  16.2 1 an d 66.63 ,  bot h p 

< 0.001 . 

DISCUSSION 
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Figur e 4 .  Mea n respons e accurac y plotte d a s a  functio n o f  spacin g interva l  a t  2 ,  8 ,  32 ,  an d 6 4 ite m reten -
tio n interval s fo r  th e tw o (a) ,  te n (b )  an d twent y  (c )  repetitio n groups . 

A significan t  spacin g effec t  wa s observe d i n NETtalk :  Retentio n o f  nonword s afte r  a  64 -

ite m retentio n interva l  wa s significantl y bette r  whe n presente d a t  th e longe r  spacing s 

(distribute d presentation )  tha n a t  th e shorte r  spacings .  I n addition ,  a  significan t  advantag e fo r 

massed presentation s wa s foun d fo r  short-ter m retentio n o f  th e items .  Althoug h stimulu s 

materials ,  respons e measures ,  an d procedur e diffe r  sufficientl y t o mak e direc t  compariso n 

impossible ,  th e overal l  patter n o f  thes e result s resemble s tha t  foun d b y Glenber g (1976) ,  i n a n 

experimen t  usin g huma n subjects .  W e obtaine d ou r  result s withou t  makin g additiona l 

assumption s o r  includin g additiona l  mechanism s suc h a s consolidation ,  rehearsal ,  o r  attention . 

Nor  wer e explici t  assumption s mad e abou t  a  continuousl y changin g contex t  othe r  tha n th e 

contex t  implicitl y  provide d b y th e network . 

Recenc y effects ,  simila r  t o thos e reporte d here ,  ar e commo n i n th e huma n literatur e an d 

hav e bee n reporte d i n spacin g experiment s (e.g .  Peterson ,  Wampler ,  Kirkpatrick ,  &  Saltzman , 

1963 ;  Sperber ,  1974) .  Thi s short-ter m advantag e fo r  masse d practic e i s commonl y discusse d 

wit h referenc e t o a  limited-capacit y memor y buffer .  Th e presen t  experiment s indicat e tha t 

some o f  th e effect s suc h a  mechanis m wa s designe d t o accoun t  fo r  ca n b e produce d withou t 

suc h a  device . 

83 



R O S E N B E RG &  S E J N O W S KI 

W hy shoul d NETtal k exhibi t  thes e characteristics ? Th e answer ,  a s w e attemp t  t o show , 

depend s o n th e wa y i n whic h learnin g an d th e resultin g knowledg e i s represente d i n NETtalk . 

An intuitiv e understandin g o f  learnin g i n NETtal k ca n b e obtaine d b y thinkin g o f  th e se t 

of  n  weigh t  values ,  th e man y site s o f  learnin g i n th e network ,  a s specifyin g a  poin t  i n a n n -

dimensiona l  hyperspace .  Th e goa l  o f  learnin g i s t o mov e o n a  trajector y throug h thi s 

hyperspac e toward s a  poin t  wher e th e erro r  o n th e entir e trainin g corpu s i s minimized .  Th e 

directio n i n whic h t o mov e a t  an y on e poin t  i s  determine d b y estimatin g th e erro r  gradient .  I f 

a globa l  min imu m fo r  a  give n corpu s ca n b e reached ,  n o furthe r  learnin g (i.e .  weigh t 

adjustments )  i s required .  A  minimu m i s consequentl y a  poin t  o f  hig h stability ,  unti l  a  ne w 

ite m i s presente d tha t  i s irregular ,  o r  i s  fo r  som e othe r  reaso n no t  lik e th e othe r  item s i n th e 

trainin g corpus .  Ou r  hypothesi s i s tha t  distributin g practic e lead s t o a  mor e stabl e positio n i n 

thi s hyperspac e upo n th e re-presentatio n o f  th e trainin g corpus . 

For  th e sak e o f  simplicity ,  suppos e tha t  NETtal k ha s onl y thre e connections ,  s o tha t  it s 

stat e a t  an y on e tim e ca n easil y b e represente d i n a  3-dimensiona l  spac e (se e Figur e 5) . 

Suppos e furthe r  that ,  a s i n th e presen t  simulations ,  thi s networ k ha s bee n traine d o n a  larg e 

pre-experimenta l  trainin g corpu s an d tha t  i t  ha s reache d a n optimu m (wher e th e erro r  i s a t  a 

globa l  minimum )  fo r  thes e item s (Poin t  A ) .  N o w a  ne w an d unusua l  targe t  ite m i s presente d 

i n eithe r  a  masse d o r  space d conditio n t o ou r  mini-network .  I f  th e targe t  i s presente d severa l 

time s back-to-back ,  a s i n th e masse d condition ,  minimizin g th e erro r  followin g eac h 

presentatio n wil l  lea d u s dow n a  pat h towar d a  poin t  tha t  i s  optima l  fo r  thi s targe t  item , 

perhap s eve n reachin g thi s optimu m (Poin t  B) .  Bu t  becaus e thi s voyag e wil l  hav e take n u s 

quit e ou t  o f  th e wa y fro m ou r  startin g poin t  (A) ,  thi s ne w positio n i s no t  likel y t o b e stabl e t o 

th e re-presentatio n o f  th e trainin g corpus ,  an d s o th e masse d learnin g o f  th e ne w ite m wil l  b e 

los t  quickly . 

Assuming ,  however ,  tha t  ther e i s a  poin t  tha t  i s  optima l  fo r  bot h th e trainin g corpu s an d 

th e targe t  ite m (Poin t  C  i n th e figure),  alternatin g presentation s o f  th e targe t  wit h item s fro m 

th e trainin g se t  i s on e wa y o f  movin g close r  t o thi s highl y stabl e point. ^  Upo n th e first 

presentatio n o f  th e targe t  item ,  th e erro r  gradien t  fo r  tha t  ite m i s estimate d an d th e erro r  i s 

reduce d b y adjustin g th e weight s i n th e directio n o f  th e steepes t  descen t  (t o positio n 1) .  S o 

far ,  thi s procedur e ha s bee n identica l  t o tha t  fo r  th e masse d condition ,  an d s o th e networ k i s a t 

"̂  Anothe r  w a y i s t o updat e th e weigh t  value s les s frequently .  Instea d o f  learnin g i n smal l  increments ,  a s i n 

NETtalk ,  whic h update s afte r  ever y word ,  on e coul d als o collec t  dat a ove r  m a n y trial s an d the n tak e on e bi g 

jump .  Althoug h thi s procedur e (withi n it s resolution )  overcome s th e problem s associate d wit h presentatio n orde r 

(suc h a s th e spacin g effect) ,  i t  m a y b e a  hazardou s one ,  sinc e n e w informatio n i s integrate d a t  a  slo w rate . 
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Figur e 5 .  Movement s i n weight-spac e durin g learnin g fo r  masse d (solid )  an d distribute d (textured )  condi -

tions .  Poin t  A  i s a  globa l  optimu m fo r  th e pre-experimenta l  trainin g corpu s (th e assume d startin g poin t 

fo r  al l  experimenta l  trials) ,  Poin t  B  i s a n optimu m fo r  th e targe t  item ,  an d Poin t  C  i s a n optimu m fo r  bot h 

th e targe t  an d th e tramin g corpus .  (Se e tex t  fo r  explanation. ) 

th e sam e poin t  i n hyperspace .  N o w ,  however ,  instea d o f  presentin g th e targe t  again ,  a n ite m 

fro m th e origina l  trainin g corpu s i s presented .  Again ,  th e weight s ar e adjuste d t o minimiz e 

th e erro r  o n th e ite m (t o positio n 2) ,  onl y thi s tim e th e directio n o f  m o v e m e n t  i s mor e likel y 

t o b e toward s Poin t  A  tha n Poin t  B ,  sinc e A  wa s a  globa l  m i n i m u m fo r  th e trainin g corpus . 

Presentin g th e targe t  agai n wil l  caus e a  movemen t  bac k toward s B  (t o positio n 3) ,  an d s o on . 

We se e tha t  distributin g practic e cause s th e networ k t o weav e bac k an d fort h i n thi s 

hyperspace ,  allowin g i t  t o perfor m a  mor e complet e searc h o f  th e erro r  spac e fo r  bot h th e 

trainin g corpu s an d th e targe t  item .  T h e networ k therefor e ha s a  bette r  chanc e o f  findin g th e 

optima l  positio n (Poin t  C )  tha n i t  woul d i f  practic e wer e massed ,  an d it s encodin g o f  th e 

targe t  ite m wil l  consequentl y b e mor e abl e t o withstan d interferenc e du e t o furthe r  trainin g o n 

bot h type s o f  material . 

T h e explanatio n o f  th e spacin g effec t  tha t  w e offe r  her e i s no t  mean t  a s a n alternativ e t o 

previou s suggestions ;  i t  i s  a  differen t  typ e o f  explanation ,  relyin g a s i t  doe s o n th e underlying 

structur e o f  th e representations .  T h e declin e i n learnin g rat e a s loca l  optim a ar e approache d i s 

reminiscen t  o f  th e proces s o f  habituation :  les s i s effectivel y learne d eac h tim e th e ite m i s 
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repeated .  Othe r  aspect s o f  ou r  mode l  bea r  a  resemblanc e t o encodin g variabilit y  t o th e exten t 

tha t  item s ar e encode d relativ e t o th e curren t  stat e o f  th e network ,  whic h i s i n a  stat e o f 

continua l  flux.  An d i f  w e identif y Jacoby' s processin g effor t  wit h th e degre e o f  chang e 

require d t o construc t  a  distribute d representation ,  the n ou r  simulation s ca n b e considere d 

suppor t  fo r  thi s proposa l  a s well .  Nevertheless ,  whil e thes e concept s o f  habituation ,  encodin g 

variability ,  an d processin g effor t  ma y b e reinterprete d withi n th e framewor k o f  connectionis t 

model s suc h a s ours ,  the y ar e a t  a  differen t  leve l  o f  explanation . 

Our  result s ar e limite d t o a  particula r  networ k architectur e i n a  particula r  domain .  T o 

what  exten t  i s thi s conclusio n dependen t  o n th e detail s o f  ou r  model ? I f  th e spacin g effec t  i s 

a direc t  consequenc e o f  incrementa l  learnin g i n memor y system s tha t  us e distribute d 

representations ,  a s w e suspect ,  the n th e sam e effect s o f  masse d an d distribute d learnin g shoul d 

occu r  i n othe r  tas k domain s an d wit h othe r  networ k architecture s tha t  als o hav e learnin g 

algorithm s wit h distribute d representations ,  suc h a s Boltzman n machine s (Hinto n & 

Sejnowski ,  1983 ;  Ackley ,  Hinton ,  &  Sejnowski ,  1985) .  W e predic t  a s wel l  tha t  th e sam e 

genera l  principle s ma y underli e th e spacin g effec t  i n huma n learning . 
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In this paper we present three experiments which investigate the hypothesis 
propose d b y Hankame r  an d Sa g (1976 )  tha t  ther e ar e tw o distinc t  kind s o f 
anaphor s i n natura l  language—"deep "  an d "surface "  anaphors .  "Deep "  anaphor s 
i n Englis h includ e amon g othe r  thing s definit e pronouns ,  "One"-pronominals , 
an d N u U Componen t  anaphora ,  exemplifie d i n (1 )  below . 

1. a. John left. He was angry. (Definite pronoun) 
b .  Mar y bough t  a  gree n car .  Fran k bough t  a  re d one .  (On e pronominal ) 
c.  Mar y kne w w h o wa s guilty .  Bu t  sh e wouldn' t  tel l  .  (Nul l  Component ) 

"Surface" anaphors, on the other hand, include examples of Verb Phrase Ellipsis, 
Gapping ,  an d Sluicing . 

2. a. Sander built a new house. Max did , too, (Verb Phrase Ellipsis) 
b .  Willia m caugh t  a  barracuda ,  an d Harry ,  ,  a  shark . 
c.  Someon e jus t  calle d you .  Bu t  I  don' t  kno w wh o . 

AU anaphors, we assume, fall into one of these two classes. 

One of the primary differences between the two categories is that deep 
bu t  no t  surfac e anaphor s ma y fin d thei r  antecedent s i n th e genera l  contex t 
of  us e (e.g .  somethin g pointe d a t  o r  otherwis e mad e salient) .  Surfac e anaphors , 
unlik e dee p anaphors ,  requir e th e presenc e o f  a  linguistically-expresse d ante -
cedent .  Consider ,  fo r  instance ,  a  situatio n i n whic h tw o peopl e ar e watchin g 
a fisherma n ree l  i n a  fish .  Unde r  thos e circumstances ,  on e o f  th e bystander s 
coul d tur n t o th e othe r  an d say ,  "D o yo u thin k he'l l  ea t  ̂ t? "  (usin g a  dee p 
anaphor) ,  bu t  no t  "An d Bill' s  nephew ,  a  rainbo w trout "  (infelicitiousl y usin g 
a surfac e anaphor ,  meanin g Bill' s  nephe w caugh t  a  rainbo w trout) .  Thus , 
dee p anaphor s tak e antecedent s whic h ma y o r  ma y no t  b e linguistically-introduce d 
antecedents .  We wil l  assum e tha t  dee p anaphor s fin d thei r  antecedent s i n 
some non-linguisti c for m o f  representation ,  whil e surfac e anaphor s see k antecedent s 
among linguisti c representations . 

Moreover, we follow Sag and Hankamer (1984) in assuming that the level 
of  linguisti c structur e i n whic h surfac e anaphor s fin d thei r  antecedent s i s 
mor e abstrac t  tha n surfac e structure ;  i n fact ,  a  leve l  o f  logica l  for m seem s 
t o b e th e mos t  appropriat e leve l  a t  th e presen t  tim e (thi s i s a  leve l  o f  linguisti c 
representatio n i n whic h scop e o f  operators ,  suc h a s quantifie d NP's ,  i s  unambigu -
ousl y represented) .  Althoug h multipl e level s o f  linguisti c representatio n ar e 
assume d b y m a n y forma l  linguisti c an d A I  theories ,  littl e i f  an y processin g 
evidenc e support s th e nee d fo r  suc h abstrac t  levels .  Dee p an d surfac e anaphor s 
offe r  a n idea l  contras t  fo r  studyin g th e processin g o f  thes e representations , 
becaus e i n th e sam e contex t  o f  interpretation ,  the y ma y inde x differen t  aspect s 
of  menta l  representation s o n th e wa y t o th e sam e fina l  interpretation . 

One of the more compelling arguments for a deep-surface distinction is 
tha t  surfac e anaphor s see m t o requir e tha t  thei r  antecedent s b e constituent s 
at  th e appropriat e leve l  o f  linguisti c representation ,  wherea s dee p anaphor s 
do not .  Conside r  th e example s i n (3) . 
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3. a. Someone has to take out the garbage. 
b .  Th e garbag e ha s t o b e take n out . 
c.  Bu t  Bil l  refuse d t o . 
d.  Bu t  Bil l  refuse d . 

Sentence (3a) may be felicitously followed by either (3c) or (3d) equally 
well ,  thoug h (3c )  i s a  cas e o f  surfac e VP-Ellipsis ,  wherea s (3d )  i s a n exampl e 
of  a  dee p N u U Complemen t  anaphor .  However ,  i f  bot h ar e precede d i n a  dis -
cours e b y (3b )  instead ,  (3c)—th e surfac e anaphor—become s infelicitous ,  wherea s 
(3d)—th e dee p anaphor—remain s perfectl y acceptabl e an d easil y interpretable . 
Thi s i s becaus e i n th e logica l  for m o f  (3a )  th e ver b phras e ("tak e ou t  th e gar -
bage" )  i s a  constituent ,  a s i t  i s  o n th e surface ,  wherea s th e logica l  for m o f 
(3b )  ha s n o constituen t  assigne d th e meanin g "tak e ou t  th e garbage, "  agai n 
th e sam e a s surfac e for m i n whic h "th e garbage "  an d "(be )  take n out "  d o no t 
for m a  singl e constituent .  Followin g Hankame r  an d Sag ,  w e wil l  refe r  t o thi s 
as th e "parallelism "  requiremen t  o f  surfac e anaphors ,  reflectin g th e intuitio n 
tha t  th e anteceden t  o f  a  surfac e anapho r  require s structur e paralle l  t o tha t 
require d a t  th e sit e o f  th e anapho r  itself ;  i n th e cas e o f  (3c )  a  V P ,  missin g 
at  th e sit e o f  th e anaphor ,  i s  require d a s a n antecedent .  O n th e othe r  hand , 
dee p anaphor s fin d antecedent s base d o n knowledg e o f  situation s an d othe r  con -
ceptua l  phenomena ,  wher e th e linguisti c notion s o f  categor y an d constituenc y 
do no t  com e directl y int o play .  Henc e ther e i s n o "parallelism "  requiremen t 
fo r  dee p anaphors ,  lik e (3d) . 

In three experiments we manipulated the parallelism of the antecedent. 
Usin g a  "make s sense "  judgmen t  tas k (henceforth ,  "th e judgmen t  task") ,  w e 
aske d subject s t o rea d a  contex t  sentenc e an d the n decid e whethe r  a  subse -
quentl y presente d targe t  sentenc e mad e sens e give n th e context .  Thi s tas k 
was chose n becaus e i t  provide s bot h judgmen t  an d reactio n tim e data ,  an d 
becaus e i t  require s th e subject s t o integrat e th e anapho r  wit h precedin g dis -
cours e i n orde r  t o mak e th e judgment .  Al l  o f  th e contex t  an d targe t  sentence s 
wer e grammatica l  sentence s i n English ,  bu t  som e o f  th e fille r  target s di d no t 
make sens e give n th e contex t  (e.g .  "Bil l  wo n firs t  prize .  H e wa s gla d tha t 
he didn' t  , "  o r  "To m too k ou t  th e garbag e willingly .  H e objecte d t o doin g 
it." ) 

In our first experiment, we created non-paraUel antecedents by changing 
activ e sentence s int o passive s (e.g .  "Somebod y ha d t o tak e ou t  th e garbage " 
vs .  "Th e garbag e ha d t o b e take n out." )  Th e passiv e create s a  non-paralle l 
anteceden t  becaus e th e V P i n th e activ e (th e onl y reasonabl e anteceden t  i n th e 
context )  i s  n o longe r  a  constituen t  i n th e passive .  We reasone d tha t  i f  dee p 
anaphor s fin d thei r  antecedent s i n conceptua l  representations ,  the y shoul d b e 
equall y comprehensibl e wit h bot h paralle l  an d non-paralle l  antecedent s a s th e 
contex t  sentence s shoul d giv e ris e t o th e sam e o r  nearl y th e sam e conceptua l 
representation s (thoug h se e th e genera l  discussio n below) . 

Sample materials for this experiment are illustrated in (4). The parallel 
anteceden t  i s represente d i n contex t  sentenc e (4a) ,  th e non-paralle l  anteceden t 
i n contex t  sentenc e (4b) .  Th e surfac e an d dee p anaphor s (wit h a  definit e 
pronoun )  wer e presente d a s exemplifie d i n targe t  sentence s (4c )  an d (4d) , 
respectively . 

4.  a .  Someon e ha d t o tak e ou t  th e garbage . 
b .  Th e garbag e ha d t o b e take n out . 
c.  Bu t  Bil l  refuse d t o . 
d.  Bu t  Bil l  refuse d t o d o ^ . 
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Twenty sets of materials, similar to (4), with fillers, were counterbalanced 
acros s fou r  presentatio n lists .  Th e result s fo r  3 2 subject s ar e presente d 
i n Tabl e 1 .  A n interactio n wa s obtaine d betwee n parallelis m an d typ e o f  anapho r 
i n th e judgmen t  data ,  wit h parallelis m affectin g judgment s t o surfac e bu t  no t 
dee p anaphors ,  an d i n th e reactio n tim e data .  However ,  contrar y t o ou r  expec -
tations ,  parallelis m di d significantl y affec t  comprehensio n time s t o dee p anaphor s 
as wel l  a s surfac e anaphors . 

In the second experiment, we created non-parallel antecedents in a different 
way ,  b y presentin g antecedent s i n a  nominaUze d form .  Thi s present s th e 
non-parallel  anteceden t  a s a  constituen t  (unlik e i n experimen t  1 ) ,  bu t  a  constitu -
en t  o f  th e wron g categor y fo r  th e surfac e anaphor—a n N  instea d o f  a  V P . 
Sampl e material s ar e presente d i n (5) .  Th e paralle l  an d non-paralle l  antecedent s 
ar e presente d i n th e contex t  sentence s (5a )  an d (5b) ,  respectively ,  an d th e 
surfac e an d dee p anaphor s i n targe t  example s (5c )  an d (5d) ,  respectively . 

5. a. It always annoys Sally when anyone mentions her sister's name. 
b .  Th e mentio n o f  he r  sister' s nam e alway s annoy s Sally . 
c.  However ,  T o m di d anywa y ou t  o f  spite . 
d.  However ,  T o m di d i t  anywa y ou t  o f  spite . 

The results for 28 subjects are presented in Table 2. Again, parallelism 
interacte d wit h typ e o f  anapho r  i n th e judgmen t  task ,  wit h parallelis m havin g 
no effect s o n th e proportio n o f  dee p anaphor s judge d t o mak e sense ,  bu t  stron g 
effect s o n th e surfac e anaphors .  Ther e wa s a  mai n effec t  o f  parallelis m i n 
th e reactio n tim e dat a an d n o interactio n wit h typ e o f  anaphor . 

Summarizing the results of the first two experiments, we find that parallel-
is m di d no t  affec t  judgment s t o dee p anaphors ,  wherea s i t  ha d robus t  effect s 
on judgment s t o surfac e anaphors .  I n contrast ,  reactio n tim e (whe n th e anapho r 
was judge d t o mak e sense )  wa s affecte d b y parallelis m fo r  bot h type s o f  anaphors . 
W hy shoul d non-parallelis m increas e reactio n time s t o comprehen d dee p anaphors , 
bu t  hav e n o effec t  o n judgments ? On e explanation ,  propose d b y M u r p h y (1982) , 
i s  tha t  dee p anaphor s i n som e wa y contai n mor e clue s t o th e natur e o f  th e 
antecedent ,  an d ar e thu s les s dependen t  o n surfac e for m tha n surfac e anaphors . 
T h e partia l  dependenc e o n surfac e form s account s fo r  th e increase d reactio n 
times ,  whil e th e additiona l  "clues "  facilitat e judgment . 

In order to test this hypothesis, as well as to test the more general obser-
vatio n tha t  th e critica l  facto r  i n ou r  experiment s coul d b e th e contras t  betwee n 
nul l  anaphor s an d phonologically-realize d anaphor s (e.g .  "it") ,  w e conducte d 
an experimen t  tha t  contraste d Nul l  Complemen t  anaphor s (e.g .  "Bil l  refuse d 

"  a s i n (3d) )  wit h Ver b Phras e Ellipsi s (e.g .  "Bil l  refuse d t o "  a s i n 
(3c)) .  Bot h anaphor s ar e nuU .  O n Murphy' s analysis ,  though .  Nul l  Complemen t 
anaphor s contai n fewe r  cue s tha n VP-Ellipsi s anaphors ,  althoug h Nul l  Complemen t 
anaphor s fal l  int o th e categor y o f  deep ,  rathe r  tha n surface ,  anaphors . 

Twelve sets of materials were constructed in which parallel and non-parallel 
antecedent s precede d eithe r  a  Nul l  Complemen t  anapho r  o r  a  VP-Ellipsi s anaphor , 
as exemplifie d abov e i n (3) .  Th e material s wer e counterbalance d acros s fou r 
presentatio n lists ,  an d 4 0 subject s wer e teste d usin g th e judgmen t  task .  Onl y 
twelv e set s o f  material s wer e use d becaus e th e numbe r  o f  Englis h verb s tha t 
allo w th e constructio n o f  a  Nul l  Complement/VP-Ellipsi s contras t  i s  limited . 
T h e result s ar e presente d i n Tabl e 3 .  Agai n w e se e a  robus t  interactio n betwee n 
typ e o f  anapho r  an d parallelis m o f  th e anteceden t  i n th e percentag e o f  sentence s 
judge d t o mak e sense ,  an d a  mai n effec t  o f  parallelis m i n th e comprehensio n 
tim e data . 
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Genera l  Discussio n 

Summarizin g th e result s o f  th e thre e experiments ,  w e fin d tha t  th e 
parallelis m di d no t  affec t  judgment s t o dee p anaphors ,  whil e i t  ha d a  robus t 
effec t  o n judgment s t o surfac e anaphors .  I n contrast ,  reactio n tim e (whe n 
th e anaphor s wer e judge d t o mak e sense )  wa s affecte d b y parallelis m fo r 
bot h type s o f  anaphors .  Ou r  hypothese s accoun t  fo r  th e differenc e i n judgments , 
bu t  d o no t  explai n w h y paralleUsr a shoul d no t  differentiall y  affec t  reactio n 
times .  I n particular ,  w h y shoul d lac k o f  parallelis m increas e reactio n tim e 
t o dee p anaphors ? Ther e woul d appea r  t o b e tw o possibl e account s consisten t 
wit h ou r  hypotheses .  On e i s tha t  subject s wer e makin g grammaticalit y judgments . 
I n checkin g fo r  grammaticality ,  attentio n i s pai d t o th e linguisti c for m antecedent s 
ar e expresse d in .  Th e non-consistenc y o f  th e antecedent s o f  th e passive s 
require s extr a step s i n checkin g plausibility ,  an d th e nominalize d form s 
represen t  th e les s usua l  sor t  o f  anteceden t  fo r  pronoun s standin g fo r  activities , 
verba l  phrase s bein g th e mor e expecte d typ e o f  antecedent .  Bu t  thi s hypothesi s 
seems implausibl e give n tha t  al l  th e sentence s give n subject s wer e i n fac t 
grammatical ,  an d tha t  subject s wer e basin g judgment s o n understandin g 
th e sentence s i n contex t  instea d o f  attendin g t o thei r  forma l  properties . 
A mor e likel y possibility ,  whic h w e pla n t o pursu e i n furthe r  research ,  i s 
tha t  th e manipulation s w e use d t o creat e non-paralle l  antecedent s a t  th e 
leve l  o f  linguisti c representatio n als o ha d effect s a t  th e conceptua l  o r  discours e 
model  level .  Mor e specifically ,  passivizin g a  sentenc e shift s focu s t o th e 
underlyin g direc t  objec t  (th e surfac e subject) ,  no w i n contras t  t o th e back -
grounde d ver b an d possibl y othe r  remainin g V P materia l  emphasizin g disunity , 
unUk e th e activ e counterpart .  Similarly ,  th e nominalize d form s use d i n th e 
secon d experimen t  presen t  th e action s a s i f  presuppose d o r  otherwis e back -
grounded ,  i n contras t  t o th e verba l  form s (Kiparsk y an d Kiparsk y (1971)) . 
I n bot h cases ,  usin g a  (deep )  V P anapho r  require s a  searc h whic h require s 
a shif t  o f  focus .  Thes e focu s shift s shoul d tak e time ,  bu t  resul t  i n antecedent s 
tha t  ar e completel y comprehensible .  Thus ,  th e focu s hypothesi s promise s 
an accoun t  o f  th e complet e dissociatio n betwee n th e effect s o f  non-parallelis m 
on reactio n time ,  an d th e effect s o n comprehensibilit y  a s indexe d b y th e 
proportio n o f  sentence s judge d t o mak e sense . 

I n summary ,  ou r  experiment s suppor t  a  processin g differenc e betwee n 
dee p an d surfac e anaphors .  The y furthe r  sugges t  tha t  surfac e anaphor s 
tak e linguisti c antecedents .  Thes e result s d o not ,  however ,  addres s th e 
questio n o f  wha t  leve l  o r  aspect s o f  linguisti c representatio n ar e importan t 
fo r  th e onlin e interpretatio n o f  surfac e anaphors .  I n wor k i n progres s w e 
ar e addressin g thi s issu e b y manipulatin g parallelis m i n differen t  way s i n 
orde r  t o se e whic h aspect s o f  representatio n ar e importan t  fo r  th e comprehensio n 
of  surfac e anaphors . 
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Table 1 

Results of the Passive Experiment 

Anteceden t  T y p e 

Activ e (Parallel ) Passiv e Non-Parallel ) 

Anapho r 

Deep 

Surfac e 

% judge d t o (RT ) 
make sens e 

94 % 218 1 mse c 

89 % 216 5 mse c 

% judge d t o (RT ) 
make sens e 

91 % 238 1 mse c 

70 % 284 8 mse c 

Note :  Judgment s ar e t o th e sentenc e wit h th e anapho r  an d 
reactio n time s ar e t o thos e sentence s judge d t o mak e sense . 

Tabl e 2 

Results of the NominaUzation Study 

Anapho r 

Deep 

Surface 

Anteceden t  T y p e 

Activ e (Parallel ) 

% judged to (RT) 
make sens e 

87 % 

89% 

268 6 mse c 

2557 msec 

Passiv e (Non-Parallel ) 

(RT) % judge d t o 
make sens e 

87% 

71% 

295 2 mse c 

2923 msec 

Note :  Judgment s ar e t o th e sentenc e wit h th e anapho r  an d 
reactio n time s ar e t o thos e sentence s judge d t o mak e sense . 
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Table 3 

Results of Null Complement Verb Phrase Ellipsis Experiment 

Anapho r 

Paralle l 

Anteceden t  Typ e 

Non-Parallel 

% judge d t o RT(msec )  % judge d t o RT(msec ) 
make sens e mak e sens e 

Nul l  C o m p . 
(Deep ) 

VPE 

93 % 

95 % 

1825 0 

2015 3 

89 % 

77 % 

2152 5 

2120 8 

Note :  Judgment s ar e t o th e sentenc e wit h th e anaphor . 
Reactio n tim e dat a ar e t o sentence s judge d t o mak e sense . 
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The effec t  o f  th e discours e cente r  o n th e loca l  coherenc e 
of  a  discours e 

Susan B. Hudson, Michael K. Tanenhaus, and Gary S. Dell 
Universit y o f  Rocheste r 

This paper presents two experiments that test the notion of a 
discours e cente r  introduce d b y Grosz ,  Joshi ,  an d Weinstei n (1983) . 
The discours e cente r  i s a  centra l  componen t  o f  a  large r  theor y o f 
discours e structur e bein g develope d b y Gros z an d Sidne r  (1985) . 

Grosz et al. (1983) have defined two levels of discourse 
coherence .  Larg e segment s o f  a  discours e ar e relate d t o on e 
anothe r  b y a  process ,  namel y focusing ,  whic h maintain s th e globa l 
coherence .  Centerin g i s a n additiona l  proces s whic h aid s i n th e 
loca l  coherenc e o f  a  discourse .  Loca l  coherenc e i s define d a s th e 
coherenc e betwee n adjacen t  utterances .  A  forward-lookin g cente r 
provide s entitie s t o whic h th e remainin g discours e ma y b e tied .  A 
backward-lookin g cente r  (hereafte r  th e center )  connect s th e 
curren t  sentenc e wit h th e immediatel y precedin g discourse .  Th e 
cente r  i s tha t  elemen t  fro m al l  th e focuse d element s tha t  th e 
utteranc e i s about . 

Grosz et al. suggest different roles played by pronouns and 
noun s i n discours e coherence .  Pronoun s mos t  ofte n serv e i n 
identifyin g th e singl e entit y th e discours e i s about .  Nou n 
phrases ,  o n th e othe r  hand ,  ar e mos t  ofte n use d t o shif t  th e focu s 
of  th e discours e an d a s suc h the y ar e relate d t o th e globa l 
coherenc e o f  th e discourse .  Thu s th e us e o f  a  nou n phras e rathe r 
tha n a  pronou n t o refe r  t o th e cente r  i s somewha t  unnatura l  a s 
see n i n th e fac t  tha t  sentenc e (lb )  mor e naturall y follow s (la ) 
tha n ( I c ) . 

(1) a. Who did Max see yesterday? 
b .  H e sa w Rosa . 
c .  Ma x sa w Rosa . 

We tested two predictions generated from the discourse center 
hypothesis .  First ,  a n ambiguou s pronoun ,  e.g. ,  th e pronou n "she " 
when ther e ar e tw o femal e antecedent s i n th e discours e wil l  b e 
interprete d immediatel y wit h th e anteceden t  o f  th e pronou n assume d 
t o b e th e discours e center .  I f  th e correc t  anteceden t  late r  turn s 
ou t  no t  t o b e th e center ,  th e pronou n wil l  hav e t o b e 
reinterprete d resultin g i n increase d processin g time .  Th e secon d 
predictio n i s tha t  a  pronou n wil l  b e mor e rapidl y understoo d tha n 
a nou n phras e whe n bot h refe r  t o th e cente r  o f  th e precedin g 
sentence . 

The materials were two-sentence discourses in which the first 
sentence ,  hereafte r  th e contex t  sentence ,  introduce d tw o possibl e 
antecedent s an d th e secon d sentence ,  hereafte r  th e targe t 
sentence ,  bega n wit h eithe r  a  pronou n o r  a  prope r  nou n whic h 
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referre d t o eithe r  th e centere d o r  noncentere d entit y i n th e 
contex t  sentence .  Th e subjec t  o f  th e contex t  sentenc e wa s 
establishe d a s th e discours e cente r  b y usin g verb s i n whic h th e 
subjec t  wa s likel y t o b e th e perceive d caus e o f  th e even t 
describe d b y th e ver b (Brow n an d Fish ,  1983 ;  Newman,  1984) . 
Implici t  causalit y o f  verb s ha s bee n show n t o contro l  anteceden t 
assignmen t  i n sentence s wit h ambiguou s pronuoun s i n studie s b y 
Caramazz a an d colleague s (Garve y &  Caramazza ,  1974 ;  Garvey , 
Caramazza ,  &  Yates ,  1975 ;  Caramazza ,  Grober ,  Garvey ,  &  Yates , 
1977 )  an d mor e recentl y b y Newman (1984) . 

Example materials are presented in (2). The context sentence 
i s give n i n (2a) .  Targe t  sentence s beginnin g wit h a  pronou n an d 
nou n tha t  refe r  t o th e centere d entit y ar e give n i n (2b )  an d (2c ) , 
respectively ,  an d targe t  sentence s beginnin g wit h a  pronou n an d 
nou n tha t  refe r  t o th e noncentere d entit y ar e give n i n (2d )  an d 
(2e) ,  respectively . 

(2) a. Jack apologized profusely to Josh. 
b .  H e ha d bee n rud e t o Jos h yesterday . 
c .  Jac k ha d bee n rud e t o Jos h yesterday . 
d.  H e ha d bee n offende d b y Jack' s comment . 
e.  Jos h ha d bee n offende d b y Jack' s comment . 

Twenty sets of materials similar to those given in (2) were 
use d i n Experimen t  1 .  Th e fou r  targe t  sentence s fo r  eac h contex t 
sentenc e wer e counterbalance d acros s fou r  presentatio n l ists .  Th e 
tes t  sentence s wer e intermixe d wit h sensibl e an d nonsensibl e 
fillers .  A n exampl e o f  a  nonsensibl e fille r  contex t  an d 
continuatio n sentenc e i s presente d i n (3a )  an d (3b) ,  respectively . 

(3) a. John couldn't mail Tim a check. 
b .  H e wa s prou d tha t  Ti m wa s abl e to . 

Twenty University of Rochester volunteers served as subjects. 
Thei r  tas k wa s t o rea d eac h sentenc e carefull y and ,  whe n cued ,  t o 
indicat e whethe r  o r  no t  th e two-sentenc e text s wer e 
comprehensible .  Th e sentence s wer e presente d visuall y o n a  CRT . 
On eac h tria l  th e contex t  sentenc e wa s displayed .  Upo n readin g 
th e contex t  sentenc e th e subjec t  presse d a  button .  Th e contex t 
sentenc e wa s remove d fro m th e scree n an d th e targe t  sentenc e wa s 
immediatel y presented .  Upo n readin g th e targe t  sentenc e th e 
subjec t  agai n presse d th e button .  Th e targe t  sentenc e the n 
disappeare d fro m th e screen ,  an d a  questio n mar k appeared .  Th e 
subjec t  the n judge d whethe r  o r  no t  th e tex t  mad e sens e b y pressin g 
one o f  th e tw o respons e buttons . 

The results are presented in Table 1. The conditions are 
labele d accordin g t o whethe r  a  pronou n o r  nou n wa s use d a s a n 
anapho r  an d whethe r  th e pronou n o r  nou n referre d t o th e cejitere d 
or  noncentere d discours e entity .  Th e percentag e o f  sentence s 
judge d t o mak e sens e ar e i n parentheses .  Readin g time s ar e fo r 
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targe t  sentence s judge d t o mak e sense . 

A 2X2 ANOVA with Type of Antecedent and Type of Anaphor as 
factor s wa s conducte d o n bot h th e readin g time s fo r  th e targe t 
sentence s an d th e percentag e o f  case s i n whic h th e text s wer e 
judge d "sensible. "  Fo r  th e judgmen t  data ,  ther e wa s a  significan t 
interactio n bot h b y subject s (F(l,15)=17 ,  p<.001 )  an d b y item s 
(Fl,18)=8.69 ,  p< .008 ) ,  an d fo r  th e reactio n data ,  ther e wa s a 
significan t  interactio n b y subject s (F(l,15)-5.643 ,  p<.03 )  an d a 
nearl y significan t  interactio n b y item s (Fl,18)=3.69 ,  p < . 0 8 ) . 

There were two primary hypotheses. The first was that the 
initia l  phas e o f  th e targe t  sentenc e woul d b e rea d mor e rapidl y 
when i t  bega n wit h a  pronou n tha n whe n i t  bega n wit h a  noun , 
becaus e th e pronoun' s anteceden t  woul d b e immediatel y interprete d 
as th e discours e center .  Second ,  i f  th e pronoun' s anteceden t 
turn s ou t  no t  t o b e th e center ,  reader s wil l  hav e bee n le d dow n 
th e "garde n path "  an d the y wil l  b e force d t o reproces s th e 
sentence .  Thu s w e expec t  tha t  i n thes e case s subject s wil l  eithe r 
judg e thes e sentence s t o b e nonsensica l  o r  wil l  tak e a  relativel y 
longe r  tim e t o determin e tha t  th e sentence s d o mak e sense . 

The main predictions were confirmed. Target sentences that 
bega n wit h a  pronou n wer e rea d mor e rapidl y an d judge d t o b e 
sensibl e mor e ofte n whe n th e anteceden t  wa s no t  th e center . 
Sentence s i n whic h th e subjec t  o f  th e targe t  sentenc e referre d t o 
th e centere d entit y wer e rea d mor e rapidl y whe n th e sentenc e bega n 
wit h a  pronou n tha n whe n th e sentenc e bega n wit h a  noun . 

The second experiment was conducted to replicate the first 
experimen t  an d t o provid e mor e loca l  informatio n abou t  th e pronou n 
assignmment .  We use d material s simila r  t o thos e i n th e firs t 
experimen t  bu t  divide d th e targe t  sentenc e int o tw o phrase s s o 
tha t  th e disambiguatin g informatio n alway s cam e i n th e secon d 
phrase .  Exampl e material s ar e presente d i n (4 ) .  Th e contex t 
sentenc e i s presente d i n (4a) .  Targe t  sentence s wer e eithe r 
consisten t  o r  inconsisten t  wit h th e centere d agen t  i n (4b-c )  an d 
(4d -e ) ,  respectively .  Targe t  sentence s beginnin g wit h a  pronou n 
ar e presente d i n (4b )  an d (4d )  an d targe t  sentence s beginnin g wit h 
a prope r  nam e ar e presente d i n (4c )  an d (4e) .  Th e slas h mar k 
indicate s wher e th e sentence s wer e broke n int o phrases . 

(4) a. Jack apologized to Josh. 
b .  H e hadn' t  even /  notice d Josh . 
c.  Jac k hadn' t  even /  notice d Josh . 
d.  H e hadn' t  even /  notice d Jack . 
e.  Jos h hadn' t  even /  notice d Jack . 

The experimental materials were counterbalanced over four 
presentatio n l ists .  Th e tes t  sentence s wer e intermixe d wit h 
sensibl e an d nonsensibl e fi l lers .  Twenty-fou r  Universit y o f 
Rocheste r  volunteer s serve d a s subjects .  Th e contex t  sentenc e wa s 
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displaye d o n a  CR T followe d b y a  targe t  sentence .  Whe n th e firs t 
phras e o f  th e targe t  sentenc e wa s displaye d subject s presse d a 
butto n whic h resulte d i n th e presentatio n o f  th e secon d phrase . 
The subjec t  the n decide d whethe r  o r  no t  th e entir e targe t  sentenc e 
was comprehensibl e wit h respec t  t o th e contex t  sentence .  Thi s 
judgmen t  wa s indicate d b y a  YE S o r  N O response . 

Table 2 presents the proportion of sentences judged to make 
sens e an d th e readin g time s t o thos e sentences .  A  2x 2 ANOVA wit h 
Typ e o f  Anapho r  an d Typ e o f  Anteceden t  a s factor s wa s conducte d o n 
th e readin g tim e dat a fo r  th e firs t  phras e an d bot h th e judgmen t 
and readin g tim e dat a fo r  th e secon d phrases . 

The reading time data for the first phrase support the first 
predictio n fro m th e cente r  hypothesis .  Sentence s wit h pronoun s 
wer e rea d faste r  tha n sentence s beginnin g wit h nouns .  Thi s wa s 
reflecte d i n a  significan t  effec t  o f  Typ e o f  Anapho r 
(F(l,19)=7.615 ,  p<.0 1 b y subject s an d F(1,19)=5.738 ,  p<.0 3 b y 
i tems) .  Somewha t  surprisingly ,  th e readin g time s t o th e 
noncentere d nou n wer e faste r  tha n th e centere d noun ,  suggestin g 
tha t  beginnin g th e targe t  sentenc e wit h th e noncentere d nou n 
violate d reader' s expectations .  Th e compariso n betwee n centere d 
pronoun s an d noun s wa s i n th e righ t  direction ,  wit h phrase s 
beginin g wit h centere d noun s takin g longe r  t o read ,  bu t  th e 
differenc e di d no t  reac h significanc e (F(1,19)=2.573 ,  p<.1 2 b y 
subject s an d F(1,19)=2.79 ,  p<.l l  b y i tems) . 

The second phrase judgment data strongly support the second 
prediction .  Ther e wa s a  robus t  interactio n betwee n Typ e o f 
Anapho r  an d Typ e o f  Anteceden t  i n th e subjec t  an d ite m analyse s 
(F(l,19)=19.54 ,  p<.000 4 b y subject s an d F(1,19)=38.94 ,  p<.0000 3 b y 
i tems) .  A s i n th e firs t  experiment ,  subject s frequentl y rejecte d 
sentence s wit h pronoun s tha t  referre d t o th e noncentere d entity . 
The readin g tim e dat a ar e les s clear .  A s expected ,  readin g time s 
wer e longes t  whe n th e secon d phras e indicate d tha t  th e pronou n i n 
th e firs t  phras e referre d t o th e noncentere d entity .  However , 
contrar y t o ou r  expectations ,  th e fastes t  secon d phras e readin g 
time s obtaine d whe n th e firs t  phras e containe d a  centere d noun . 
Overall ,  ther e wa s a  significan t  effec t  o f  centeredness , 
(F(l,19)=7.77 ,  p<-0 1 b y subject s on ly ) ,  indicatin g tha t  havin g a 
noncentere d entit y a s th e subjec t  o f  th e sentenc e interfere d wit h 
processing ,  eve n whe n th e noncente r  wa s unambiguousl y introduce d 
as a  noun . 

Conclusion 

The results of both experiments lend strong support to the 
discours e cente r  hypothesi s propose d b y Gros z e t  a l  (1981) .  Whe n 
reader s encounte r  a n ambiguou s pronoun ,  the y immediatel y assum e 
tha t  it s anteceden t  wil l  b e th e discours e cente r  o f  th e previou s 
sentence .  Moreover ,  sentence s whic h continu e wit h th e sam e cente r 
as th e precedin g sentenc e ar e rea d mor e rapidl y an d judge d t o b e 
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mor e comprehensibl e whe n th e cente r  i s mentione d a s a  pronou n tha n 
when th e cente r  i s mentione d a s a  noun .  However ,  th e mechanic s o f 
cente r  shiftin g remai n unclear ,  an d ou r  futur e researc h wil l  focu s 
on thes e issues . 

TABLE 1 

Typ e o f  Anapho r 

Pronoun 

Noun 

Typ e o f  Anteceden t 

Center Noncenter 

215 8 (97% ) 

2475 (94%) 

264 4 (78% ) 

2422 (95%) 

Readin g time s fo r  th e targe t  sentence s i n Experimen t  1  wit h th e 
percentag e o f  sentence s judge d t o b e sensibl e i n parentheses . 

TABLE 2 

Typ e o f  Anapho r 

Pronoun 

Noun 

Pronou n 

Noun 

Typ e o f  Anteceden t 
Cente r 

Phras e 1 

He hadn' t  eve n 
961 

Jack hadn't even 
107 5 

Noncente r 
Phras e 1 

He hadn' t  eve n 
970 

Josh hadn't even 
118 7 

Phras e 2 

noticed Josh 
202 6 (85% ) 

noticed Josh, 
168 7 (75% ) 

Phras e 2 

noticed Jack 
236 8 (60% ) 

noticed Jack 
201 9 (80% ) 

Readin g time s fo r  th e firs t  an d secon d phrase s o f  th e targe t 
sentence s i n Experimen t  2 .  Th e percentag e o f  sentence s judge d t o 
make sens e i s i n parenthese s afte r  th e secon d phras e readin g 
t imes . 
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ABSTRACT 

Two experiments investigated the time course of pronoun comprehension, 
and addresse d th e followin g questions .  Ho w soon ,  o n readin g a  pronoun ,  i s th e 
retrieva l  o f  potentia l  antecedent s initiated ? An d a t  wha t  poin t  i n th e 
sentenc e i s selectio n o f  a n appropriat e anteceden t  completed ,  reflectin g 
successfu l  comprehension ? 

Subjects were presented with sentences one phrase at a time on a 
compute r  screen .  A t  certai n point s durin g th e presentatio n o f  th e phrases ,  a 
singl e tes t  wor d appeared .  Subject s wer e require d t o indicate ,  b y pressin g 
one o f  tw o keys ,  whethe r  th e tes t  wor d ha d alread y appeare d i n th e sentenc e 
bein g read .  Th e tes t  wor d appeare d eithe r  befor e a  phras e containin g a 
pronou n o r  afte r  a  phras e containin g a  pronoun .  I n addition ,  th e tes t  wor d 
named eithe r  th e anteceden t  o f  th e pronou n o r  th e non-antecedent .  Respons e 
time s t o th e tes t  word s indicate d tha t  unambiguou s pronouns ,  whic h hav e a 
uniqu e antecedent ,  ar e interprete d ver y quickl y -  a t  leas t  b y th e tim e th e 
ver b followin g th e pronou n ha s bee n read .  Conversely ,  ambiguou s pronouns , 
whic h requir e inference s fro m genera l  knowledge ,  ar e stil l  unresolve d a t  th e 
end o f  th e phras e containin g th e pronoun .  Th e result s sugges t  tha t  th e searc h 
fo r  antecedent s i s initiate d ver y quickly ,  bu t  tha t  selectio n o f  a  uniqu e 
anteceden t  ma y continu e durin g th e readin g o f  subsequen t  words . 

INTRODUCTION 

The assignment of pronouns to appropriate antecedents is essential for 
successfu l  comprehension .  Suc h assignment s typicall y requir e inference s base d 
on genera l  knowledg e (e.g .  Ehrlich ,  1980 ;  Hirs t  &  Brill ,  1980) .  Henc e i n th e 
followin g sentence : 

The mother punished her daughter because 
sh e staye d ver y lat e a t  th e party . 

The pronoun she is linguistically ambiguous. Linguistic rules can only 
stat e that ,  i n thi s sentence ,  neithe r  th e mothe r  no r  th e daughte r  ca n b e rule d 
out  a s potentia l  antecedent s fo r  th e pronoun .  T o interpre t  th e sentenc e 
appropriately ,  th e reade r  ha s t o mak e inference s fro m genera l  knowledg e abou t 
some possibl e reason s fo r  punishment ,  t o infe r  tha t  sh e refer s t o th e 
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daughter .  Thus ,  despit e th e linguisti c ambiguit y o f  th e sentence ,  th e reade r 
may us e pragmati c inference s t o deriv e a  plausibl e an d unambiguou s 
interpretatio n o f  it .  O f  course ,  i f  th e mothe r  wer e replace d b y th e 
fathe r  (an d he r  b y him )  i n th e sentenc e above ,  the n th e pronou n coul d b e 
interprete d o n linguisti c grounds ,  withou t  th e nee d fo r  pragmati c inferences . 
Indeed ,  i t  ha s bee n show n tha t  linguisticall y ambiguou s pronoun s d o tak e 
longe r  t o comprehen d tha n unambiguou s pronoun s (Ehrlich ,  1980) . 

Despite the interest in the use of such inferences (e.g. Hirst & 
Brill ,  1980) ,  ther e ha s bee n littl e direc t  investigatio n o f  th e tim e cours e 
fo r  th e retrieva l  an d selectio n o f  a n appropriat e antecedent .  Th e presen t 
experiment s addres s thi s issue .  I n particular ,  the y addres s th e followin g 
questions :  When a  reade r  encounter s a  pronoun ,  ho w soo n i s retrieva l  o f  th e 
anteceden t  initiated ? An d a t  wha t  poin t  i n th e sentenc e i s a  pronou n assigne d 
t o th e antecedent ,  thu s reflectin g successfu l  retrieva l  an d interpretation ? 

These considerations raise the general question of the extent and kind 
of  processin g tha t  ma y b e carrie d ou t  b y a  reade r  whil e a  particula r  wor d i s 
bein g read .  Curren t  researc h indicate s tha t  lexica l  retrieva l  o f  a  wor d an d 
some syntacti c parsin g occu r  whil e a  wor d i s bein g rea d (Frazie r  &  Rayner , 
1982 ;  Swinney ,  1979) .  However ,  i n th e cas e o f  pronouns ,  al l  tha t  ca n b e 
retrieve d b y readin g th e wor d itsel f  i s  informatio n abou t  numbe r  an d gender . 
To interpre t  a  pronou n appropriately ,  a  reade r  mus t  acces s an d integrat e 
informatio n fro m anothe r  portio n o f  th e tex t  i n orde r  t o selec t  a n anteceden t 
tha t  matche s th e pronou n i n numbe r  an d gender .  I f  th e pronou n i s 
linguisticall y unambiguous ,  thi s wil l  yiel d a  uniqu e antecedent .  Bu t  i f  th e 
pronou n i s linguisticall y ambiguous ,  th e selectio n o f  a  single ,  appropriat e 
anteceden t  ca n onl y b e mad e b y th e us e o f  inference s base d o n genera l 
knowledge .  Thus ,  althoug h th e searc h fo r  a n anteceden t  ma y b e initiate d ver y 
quickl y whe n a  pronou n i s encountered ,  th e selectio n o f  a  single ,  appropriat e 
anteceden t  ma y no t  b e complete d unti l  som e poin t  afte r  th e pronou n ha s bee n 
read .  Further ,  w e migh t  expec t  tha t  completio n o f  assignmen t  wil l  tak e longe r 
wit h ambiguou s pronoun s tha n wit h unambiguou s pronouns . 

Ehrlich & Rayner (1983) measured eye movements while sentences 
containin g pronoun s wer e bein g read .  The y foun d tha t  wit h increasin g distanc e 
betwee n th e pronou n an d it s anteceden t  ther e wa s a n increasin g dela y i n th e 
tim e take n fo r  pronou n comprehensio n t o b e completed .  However ,  Ehrlic h & 
Rayner  onl y considere d unambiguou s pronouns ,  whic h ma y b e interprete d withou t 
th e nee d fo r  pragmati c inferences .  B y contrast ,  Corbet t  &  Chan g (1983 ) 
investigate d sentence s containin g ambiguou s pronouns .  The y aske d subject s t o 
identif y tes t  word s presente d a t  th e en d o f  sentence s containin g 
linguisticall y ambiguou s pronouns .  Thei r  result s sugges t  tha t  bot h th e 
anteceden t  an d th e non-anteceden t  ar e activate d a t  th e en d o f  th e sentence . 
However ,  thi s resul t  ma y b e du e t o end-of-sentenc e integratio n effects ,  an d 
not  t o a  failur e o f  successfu l  interpretatio n o f  th e pronoun . 

The present experiments investigated the activation of antecedent 
informatio n durin g th e readin g o f  th e sentence s containin g eithe r 
linguisticall y ambiguou s pronoun s o r  unambiguou s pronouns .  Th e basi c 

procedur e wa s a s follows :  Subject s wer e presente d wit h a  serie s o f  sentences . 
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Each sentenc e appeare d o n a  compute r  scree n on e phras e a t  a  time .  I n th e 
followin g exampl e eac h phras e i s o n a  ne w line : 

John apologised to Anne 
at  th e en d o f  th e clas s (1 ) 
becaus e h e regrette d (2 ) 
havin g cause d s o muc h trouble . 

There were 56 experimental sentences. In 28 of them the first noun 
phras e wa s th e anteceden t  o f  th e pronoun .  Thes e wer e calle d NP1 sentences . 
(Se e th e exampl e above. )  I n th e remainin g 2 8 sentences ,  th e secon d nou n 
phras e wa s th e anteceden t  o f  th e pronoun .  Thes e wer e calle d NP 2 sentences , 
fo r  example : 

Anne scolded John 
thre e time s durin g th e clas s (1 ) 
becaus e h e droppe d (2 ) 
severa l  book s o n th e floor . 

The presentation of the phrases was self-paced: Subjects pressed the 
spac e ba r  o f  th e compute r  keyboar d whe n the y ha d rea d an d understoo d th e 
curren t  phrase .  Depressio n o f  th e spac e ba r  remove d th e curren t  phras e an d 
replace d i t  wit h th e nex t  phras e o f  th e sentence .  A t  som e poin t  durin g th e 
presentatio n o f  th e phrases ,  whe n th e subjec t  presse d th e spac e bar ,  instea d 
of  th e nex t  phras e comin g u p immediately ,  th e subjec t  sa w a  singl e 
capitalise d wor d surrounde d b y asterisk s (e.g .  ***JOHN***) .  When presente d 
wit h thi s word ,  th e subjec t  ha d t o pres s on e o f  tw o key s t o indicat e whethe r 
or  no t  th e wor d ha d alread y occurre d i n th e sentenc e currentl y bein g read . 
Thi s tes t  wor d wa s eithe r  th e anteceden t  (Joh n i n th e sentence s above )  o r 
th e non-anteceden t  (Anne) .  Th e tim e take n t o respon d t o i t  wa s th e 
dependen t  variable .  I n th e experimenta l  sentences ,  th e tes t  wor d appeare d 
eithe r  afte r  th e secon d phras e (positio n numbe r  (1 )  i n th e example s above )  o r 
afte r  th e thir d phras e (positio n numbe r  (2 )  i n th e example s above) .  Thes e 
position s correspon d t o th e EARLY an d LAT E condition s respectively .  Thus , 
ther e wer e fou r  experimenta l  conditions :  Th e tes t  wor d wa s eithe r  th e 
anteceden t  o r  th e non-antecedent ;  an d th e tes t  wor d positio n wa s eithe r  earl y 
or  late .  Ther e wer e 7 6 fille r  sentences ,  6 6 o f  whic h require d "no "  response s 
t o th e tes t  word ,  an d al l  o f  whic h varie d th e positio n o f  th e tes t  word .  T o 
encourag e comprehensio n o f  th e sentences ,  kO % o f  the m wer e followe d b y a 
yes/n o question . 

The test words in the late position occurred after the phrase 
containin g th e pronoun ;  henc e th e spee d o f  recognitio n shoul d indicat e whethe r 
or  no t  th e pronoun' s anteceden t  ha s bee n activated .  Th e tes t  word s i n th e 
earl y positio n occurre d befor e th e pronoun ,  an d henc e serve d a s control s 
agains t  whic h t o measur e th e effect s o f  readin g th e pronoun . 

One assumption underlying the use of this task is that the time taken 
t o recognis e th e tes t  word s reflect s thei r  presenc e o r  absenc e i n th e reader' s 
currentl y activ e workin g memory .  (See ,  fo r  example ,  Ratcliffe ,  Hockle y & 
McKoon,  1985) .  A  secon d assumptio n underlyin g th e measuremen t  o f  recognitio n 
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time s i s tha t  th e primar y tas k fo r  th e reade r  i s th e interpretatio n o f  th e 
pronou n (an d henc e th e sentence) .  Thus ,  th e effect s o f  thi s primar y tas k wil l 
als o b e reflecte d i n th e tim e take n t o recognis e th e tes t  words . 

EXPERIMENT ONE:  UNAMBIGUOUS PRONOUNS 

I n experimen t  one ,  unambiguou s pronoun s wer e used .  Wit h thes e 
sentences ,  w e woul d expec t  tha t  th e anteceden t  woul d b e retrieve d relativel y 
quickl y afte r  th e pronou n ha s bee n read ,  an d certainl y b y th e en d o f  th e 
phras e containin g th e pronoun .  Thus ,  whe n th e tes t  wor d i s th e antecedent , 
recognitio n time s shoul d b e faste r  tha n whe n th e tes t  wor d i s th e 
non-antecedent ,  bu t  onl y i n th e lat e condition .  Th e result s ar e show n i n 
Tabl e 1 .  Tabl e 1  als o show s th e percentag e o f  recognitio n error s i n 
parentheses . 

Analyses of variance on the recognition times indicated that, overall, 
tes t  word s i n NP 2 sentence s wer e recognise d faste r  tha n tes t  word s i n NP1 
sentences .  F1=4.45 ,  df=1,31 ,  p<.05 ;  F2=3.39 ,  df=1,54 ,  p<.07 .  Th e onl y 
othe r  significan t  resul t  wa s a n interactio n betwee n typ e o f  tes t  wor d 
(anteceden t  vs .  non-antecedent )  an d positio n o f  tes t  wor d (earl y vs .  late) . 
F1=4.5 ,  df=1,31 ,  p<.05 ;  F2=3.12 ,  df=1,54 ,  p<.08 .  Observatio n o f  Tabl e 1 

TABLE 1 :  MEAN RECOGNITION TIME S (I N MSECS)  AND RECOGNITION ACCURACY FOR 
ANTECEDENT AND NON-ANTECEDENT PROBE WORDS FOR TH E TWO TYPES O F SENTENCE I N TH E 

TWO PROBE POSITION S (Unambiguou s Pronouns ) 

Earl y Lat e 

Antecedent Non-Antecedent Antecedent Non-Antecedent 

RT P C R T P C R T P C R T P C 

NP1 1014 (6.7) 1020 (2.7) 1011 (8.5) 1052 (4.5) 
Sentence s 

NP2 1000 (2.7) 982 (6.3) 978 (1.3) 1035 (8.0) 
Sentence s 

Means 100 7 (4.7 )  100 1 (4.5 )  99 4 (4.9 )  104 3 (6.2 ) 
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indicate s that ,  wit h bot h type s o f  sentence ,  recognitio n time s t o th e 
anteceden t  tes t  word s ar e faste r  tha n recognitio n time s t o th e non-anteceden t 
tes t  words ,  bu t  onl y i n th e lat e position .  Thu s th e result s suppor t  th e 
initia l  prediction .  Unambiguou s pronouns ,  whic h ca n b e interprete d withou t 
th e us e o f  inferences ,  appea r  t o b e full y interprete d b y th e tim e th e ver b 
followin g th e pronou n ha s bee n read .  Thi s seem s t o rende r  th e non-anteceden t 
les s accessible .  Hence ,  th e basi c findin g support s th e vie w tha t  th e searc h 
fo r  a n anteceden t  i s initiate d ver y quickly .  Th e selectio n o f  a  uniqu e 
anteceden t  i s complete d b y th e tim e on e wor d afte r  th e pronou n ha s bee n read . 

However, this observation was only made on unambiguous pronouns. 
Sinc e ambiguou s pronoun s invariabl y requir e th e us e o f  inference s fro m genera l 
knowledg e fo r  th e selectio n o f  a  uniqu e antecedent ,  w e migh t  expec t  tha t  thi s 
proces s woul d b e complete d les s quickl y tha n wit h unambiguou s pronouns . 
Experimen t  tw o investigate d thi s issue . 

Observation of the errors in Table 1 presents a slightly different 
picture .  Mos t  error s see m t o occu r  wit h th e anteceden t  tes t  wor d i n NP1 
sentence s an d wit h th e non-anteceden t  tes t  wor d i n NP 2 sentences .  (Th e firs t 
nou n phras e i n bot h cases) .  Analyse s o f  varianc e indicate d tha t  thi s was , 
indeed ,  th e case .  Th e onl y significan t  effec t  wa s a n interactio n betwee n typ e 
of  sentenc e (NP 1 vs .  NP2 )  an d typ e o f  tes t  wor d (anteceden t  vs . 
non-antecedent) .  F1=21.6 ,  df=1,28 ,  p<.01 ;  F2=10.76 ,  df=1,48 ,  p<.01 .  (Thre e 
subject s wer e exclude d fro m th e F 1 analysi s becaus e the y mad e n o errors . 
Thre e sentence s wer e exclude d fro m th e F 2 analysi s becaus e the y elicite d n o 
errors) .  Thu s i t  appear s tha t  ther e ar e mor e error s whe n th e firs t  nou n phras e 
i s th e tes t  word .  On e interpretatio n o f  thi s findin g i s tha t  ther e i s a 
greate r  likelihoo d tha t  th e firs t  nou n phras e wil l  hav e bee n forgotte n b y th e 
tim e th e tes t  wor d appears . 

EXPERIMENT TWO:  LINGUISTICALL Y AMBIGUOUS PRONOUNS 

Experimen t  tw o use d linguisticall y ambiguou s pronouns .  Thus ,  i n th e 
exampl e sentence s above ,  Joh n wa s replace d b y Joan ,  an d th e pronou n wa s 
change d t o she .  I n prio r  pilo t  work ,  th e firs t  thre e phrase s o f  eac h 
sentenc e wer e presente d t o fiv e independen t  judges .  I n al l  th e experimenta l 
sentences ,  th e intende d antecedent s wer e unanimousl y selecte d a s th e referent s 
of  th e pronoun s b y thes e judges .  Thus ,  despit e th e linguisti c ambiguity , 
ther e wa s complet e concensu s o n th e interpretatio n o f  eac h pronou n b y th e en d 
of  th e phras e containin g th e pronoun .  Th e pronoun s were ,  therefore , 
"pragmatically "  unambiguous .  Nevertheless ,  wit h thes e -antences ,  th e pronoun s 
canno t  b e interprete d withou t  th e us e o f  pragmati c inferences . 

If the use of these inferences involves the retrieval of both potential 
antecedent s whic h ar e checke d fo r  pragmati c plausibility ,  the n w e migh t  expec t 
tha t  th e activatio n o f  thes e tw o alternative s woul d interfer e wit h th e 
recognitio n o f  th e tes t  word s (see ,  e.g .  Corbett ,  1984) .  Th e inferencin g 

require d t o determin e th e interpretatio n o f  th e pronou n i s likel y t o interfer e 
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TABLE 2 :  MEAN RECOGNITION TIME S AND RECOGNITION ERRORS FOR ANTECEDENT AN D 
NON-ANTECEDENT PROBE WORDS FOR TH E TWO TYPES O F SENTENCE I N TH E TWO PROBE 

POSITIONS (Ambiguou s Pronouns ) 

Earl y Lat e 

Antecedent Non-Antecedent Antecedent Non-Antecedent 

RT P C R T P C R T P C R T P C 

NP1 1001 (2.6) 988 (4.6) 1009 (9.2) 994 (5.1) 
Sentence s 

NP2 926 (4.1) 973 (4.1) 990 (5.6) 1043 (6.1) 
Sentence s 

Means 96 3 (3.4 )  98 0 (4.3 )  99 9 (7.4 )  101 8 (5.6 ) 

wit h th e secondar y tas k o f  identifyin g th e tes t  word .  Henc e recognitio n time s 
shoul d b e slo w i n th e lat e positio n (afte r  th e pronoun )  relativ e t o th e earl y 
positio n (befor e th e pronoun) .  Tabl e 2  show s th e results .  Again ,  th e 
percentag e o f  recognitio n error s ar e presente d i n parentheses . 

Analyses of variance on the data in Table 2 indicated that, as 
predicted ,  tes t  word s i n th e lat e positio n too k longe r  t o recognis e tha n tes t 
word s i n th e earl y position .  FU16.84 ,  df=1,27 ,  p<.01 ;  F2=5.56 ,  df=1,54 , 
p<.05 .  Analyse s o f  th e erro r  dat a als o suppor t  th e prediction .  Fo r  bot h 
type s o f  sentences ,  i t  wa s mor e difficul t  t o identif y th e tes t  wor d whe n i t 
occurre d i n th e lat e positio n a s oppose d t o th e earl y position :  Mor e error s 
of  recognitio n occurre d whe n th e tes t  wor d occurre d lat e rathe r  tha n early . 
F1rl4.1 ,  df=1,22 ,  p<.01 ;  F2=7.5 ,  df=1,52 ,  p<.G1 .  (Fiv e subject s wer e 
discarde d fro m th e F 1 analysi s becaus e the y mad e n o errors .  On e sentenc e wa s 
exclude d fro m th e F 2 analysi s becaus e i t  elicite d n o errors) .  A n analysi s o n 
th e numbe r  correc t  rathe r  tha n th e numbe r  o f  error s yielde d th e sam e 
significan t  finding .  Th e effec t  o f  tes t  wor d positio n o n th e recognitio n 
time s appear s large r  i n th e NP 2 sentence s tha n i n th e NP1 sentences .  However , 
th e interactio n betwee n tes t  wor d positio n an d typ e o f  sentenc e i s onl y 
significan t  i n th e subject s analysi s (F1=4.73 ,  df=1,27 ,  p<.05) ,  an d no t  i n th e 
sentence s analysi s (F 2 <  1 ) . 

The data in Table 2 also suggest an overall benefit in recognition 

time s fo r  anteceden t  tes t  word s relativ e t o non-anteceden t  tes t  words . 
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However ,  thi s differenc e wa s no t  reliable .  F1=2.07 ,  df=1,27 ;  F2=1.11 , 
df=1,54 .  I t  i s  possible ,  though ,  tha t  suc h a  benefi t  fo r  anteceden t  tes t 
word s i s confine d t o th e NP 2 sentences .  However ,  th e interactio n betwee n typ e 
of  sentenc e an d typ e o f  tes t  wor d wa s onl y marginall y significant .  F1=3.09 , 
df=1,27 ,  p<.09 .  F2=2.90 ,  df=1,54 ,  p<.09 . 

Thus the pattern of results supports the view that ambiguous pronouns 
ar e no t  comprehende d a s readil y a s unambiguou s pronouns .  Thi s i s th e cas e 
eve n thoug h th e prio r  pilo t  studie s indicate d tha t  th e sentence s wer e alway s 
give n th e intende d interpretation .  I t  thu s appear s tha t  th e inferencin g 
require d t o selec t  a  uniqu e anteceden t  continue s whil e subsequen t  word s i n th e 
sentenc e ar e bein g read . 

DISCUSSION 

Overall, the results of Experiment 1 suggest that the interpretation of 
unambiguou s pronoun s i s complete d quit e rapidly ,  an d thi s reflect s th e eas e 
wit h whic h th e anteceden t  ca n b e retrieved .  Thus ,  initiatio n o f  th e searc h 
proces s mus t  begi n ver y quickl y since ,  wit h thes e unambiguou s pronouns , 
comprehensio n appear s t o b e complet e b y th e tim e th e ver b followin g th e 
pronou n ha s bee n read .  Conversely,th e result s o f  Experimen t  2  sugges t  tha t 
th e interpretatio n o f  ambiguou s pronoun s i s stil l  unresolve d whe n th e ver b 
followin g th e pronou n ha s bee n read .  I n thi s instance ,  therefore ,  i t  appear s 
tha t  interpretatio n o f  th e pronou n continue s whil e subsequen t  word s ar e bein g 
read .  However ,  ther e ar e tw o point s tha t  remai n unresolve d b y thes e 
experiments .  Th e firs t  concern s th e precis e poin t  i n th e tex t  whe n th e 
assignmen t  o f  a n unambiguou s pronou n i s completed .  Th e presen t  Experimen t  1 
onl y teste d fo r  th e activatio n o f  anteceden t  informatio n afte r  th e verb .  I t 
may wel l  b e th e case ,  though ,  tha t  assignmen t  i s complete d a s soo n a s a n 
unambiguou s pronou n (whic h require s a  minima l  searc h fo r  a n antecedent )  i s 
encountered .  However ,  i t  i s  als o possibl e tha t  thes e unambiguou s pronoun s ar e 
comprehende d b y mean s o f  inference s fro m genera l  knowledge ,  eve n thoug h suc h 
inference s ar e logicall y unnecessar y fo r  th e selectio n o f  a  uniqu e antecedent . 
(See ,  fo r  example .  Hirs t  &  Brill ,  1980 ;  Stevenso n &  Vitkovitch ,  t o appear) . 
Hence ,  ther e ma y als o b e som e dela y i n th e completio n o f  assignmen t  fo r  thes e 
unambiguou s pronouns .  Th e secon d poin t  i s  tha t  i t  remain s unclea r  exactl y 
how lon g i t  take s fo r  ambiguou s pronoun s t o b e full y comprehended .  Al l  w e 
ca n sa y fro m Experimen t  2  i s tha t  th e proces s i s no t  complete d whe n th e ver b 
followin g th e pronou n ha s bee n read .  Investigatio n o f  thes e tw o issue s i s 
currentl y i n progress . 

In general, these results support the proposition that processing is 
not  complete d immediatel y wheneve r  th e retrieva l  o f  relevan t  informatio n i s 
sufficientl y comple x (fo r  example ,  whe n ther e i s a  nee d fo r  inference s a s i n 
Experimen t  2 ,  o r  whe n a  length y searc h proces s i s require d a s i n Ehrlic h an d 
Rayner ,  1983) .  I n thes e circumstances ,  w e ar e likel y t o fin d case s wher e th e 
processin g continue s whil e subsequen t  word s ar e bein g read .  Mor e generally , 
i t  ma y wel l  b e th e cas e tha t  processin g tim e increase s wheneve r  highe r  orde r 

integrativ e processe s ar e involved ;  processes ,  fo r  example ,  whic h ar e 
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necessar y t o construc t  a  discours e model .  Ther e i s n o reaso n t o suppos e tha t 
suc h highe r  orde r  processes ,  whic h ar e necessar y fo r  th e ful l  comprehensio n o f 
a particula r  word ,  wil l  b e complete d whil e tha t  wor d itsel f  i s  stil l  bein g 
read . 
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THE COHPREHENSEON O F CONCEPTUAL ANAPHORA I N DISCOURSE 

Morton Ann Gernsbacher 
Universit y o f  Orego n 

Abstract 
A primar y constrain t  o n usin g a  pronomina l  anapho r  i s tha t  i t  mus t  agre e 
wit h it s anteceden t  i n number .  However ,  ther e ar e situation s i n whic h 
pronoun s ac t  a s conceptua l  anaphors .  Fo r  example ,  i n th e discourse ,  " I 
thin k I'l l  orde r  a  froze n margarita .  I  jus t  lov e them." ,  th e pronou n 
"them "  doe s no t  refe r  t o a  singl e margarita ,  bu t  perhap s al l  th e 
margarlta s th e speake r  ha s eve r  tasted .  When anaphor s operat e i n thi s 
way,  the y ar e ofte n mismatche d wit h thei r  ILtera l  anteceden t  i n number . 
Thre e situtation s whe n conceptua l  anaphor a occur s ar e identified :  whe n 
referrin g t o th e member s o f  a  Collectiv e Se t  (a s oppose d t o th e se t  pe r 
se ) ,  a  Multipl y occurrin g Ite m o r  Even t  (v/ersu s a  Uniqu e Item/Event) ,  o r 
a Generi c Typ e (versu s a  Specifi c  Token) .  Tw o experiment s ar e reported . 
The firs t  demonstrate d tha t  subject s conside r  a  mismatched ,  plura l 
pronou n mor e natura l  tha n a  matched ,  singula r  pronou n whe n i t  follow s a 
Collectiv e Set ,  Multipl e Item/Event ,  o r  Generi c Typ e noun .  Conversely , 
subject s conside r  a  matched ,  singula r  pronou n mor e natura l  whe n i t 
follow s a n Individua l  Member  o f  a  set ,  Uniqu e Item/Event ,  o r  Specifi c 
Toke n noun .  Th e secon d experimen t  demonstrate d tha t  subject s comprehen d 
a mismatched ,  plura l  pronou n faste r  tha n a  matched ,  singula r  pronou n 
when i t  follow s a  Collectiv e Set ,  Multipl e Item/Event ,  o r  Generi c Typ e 
noun ,  bu t  the y comprehen d a  matched ,  singula r  pronou n faste r  whe n i t 
follow s a n Individua l  Member ,  Uniqu e Item/Event ,  o r  Specifi c  Toke n noun . 
Thi s suggest s tha t  whe n comprehender s encounte r  conceptual—thoug h 
mismatche d anaphors—the y d o no t  hav e t o reinstat e th e multipl e entitie s 
int o thei r  menta l  representations . 

A convenient feature of language is that it provides mechanisms for 
referrin g bac k t o peopl e o r  thing s previousl y mentioned .  On e suc h mechanis m i s 
anaphora .  Ove r  th e pas t  fe w years ,  man y cognitiv e psychologist s hav e bee n 
intereste d i n understandin g ho w comprehender s resolv e discours e anaphora .  Tha t 

is ,  ho w d o comprehender s acces s fro m thei r  menta l  representation s th e correc t 
referen t  fo r  a n anaphori c expression ? Thi s questio n i s als o o f  interes t  t o 
Artificia l  Intelligenc e specialists ,  particularl y thos e workin g o n Natura l 
Languag e Processin g (NLP )  systems . 

Anaphora resolution in many NLP systems is accomplished via certain 
heuristics ,  presumabl y th e sam e heuristic s employe d b y huma n comprehenders . 
Tyle r  an d Marslen-Wilso n (1981 )  hav e identifie d fou r  possibl e constraint s tha t 
guid e thi s heuristi c process .  The y ar e (a )  Lexica l  Constraints ,  cue d b y lexica l 
marking s suc h a s number ,  gender ,  an d case ,  (b )  Syntacti c Constraints ,  (c ) 
Themati c Constraints ,  cue d b y discours e marking s suc h a s topic ,  focus ,  o r 
foregrounding ,  an d (d )  Pragmati c Constraints ,  provide d b y th e comprehender' s 
knowledg e an d inferentia l  reasonin g abou t  th e rea l  world . 

Heuristics which follow lexical constraints—number, gender, and case—are 
most  easil y incorporate d int o NL P systems .  The y ar e als o th e heuristic s whic h 
human coinpcehender s acquir e earlies t  (Palerm o &  Molfese ,  1972 )  an d whic h novic e 
writer s ar e mos t  successfu l  a t  applyin g (Bartlett ,  1984) . 

This paper focuses on a particular use of pronominal anaphora, a use that 
one migh t  assum e woul d caus e difficult y fo r  comprehenders .  A t  least ,  i t  i s  know n 
tha t  thi s typ e o f  anaphori c expressio n create s problem s fo r  virtuall y al l  extan t 
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NLP systems (cf. Webber, 1984). The reason is that this type of construction 
clearl y violate s on e o f  th e mos t  elementary ,  lexica l  constraints .  A n example , 
give n b y Sidne r  (1984) ,  i s  th e following : 

(la) My neighbor rides a monster Harley 1200. 
(lb )  The y ar e reall y hug e bu t  gas-efficien t  bikes . 

In this discourse, there is a blatant mismatch between the number of the pronoun 
and it s suppose d antecedent .  Th e anapho r  i n (lb )  clearl y require s a  plura l 
antecedent ;  ye t  ther e ar e onl y singula r  noun s availabl e i n ( la) .  However ,  suc h 
mismatche s occu r  rathe r  frequently .  Conside r  th e followin g utterance s overhear d 
i n a  bar : 

(2a) I think I'll order a frozen margarita. 
(2b )  I  jus t  lov e them . 

Or the following comments overhead on a university campus: 

(3a) My roommate was so excited. She actually made an A. 
(3b )  Sh e doesn' t  mak e the m ver y often . 

Or the following exchange between the author (A) and a friend (F): 

(4a) F: I can't believe you have a Fiat. 
(4b )  A :  Why i s that ? 
(4c )  F :  They'r e s o temperamental . 

Or the following statements the author made a few days after the exchange in 
(4a-c) . 

(5a) I need to call the garage [where her car was being serviced]. 
(5b )  The y sai d they' d hav e i t  read y b y fiv e o'clock ,  bu t  I' m sur e the y 

won't . 

In each of these instances, the mismatch occurs because the pronominal anaphor 
i s ao t  Intende d t o map literall y ont o a  precedin g noun ;  rathe r  thes e anaphor s 
ar e Intende d t o refe r  i n a  mor e conceptua l  manner .  Th e speake r  i n (2 )  wa s no t 
proclaimin g he r  affectio n fo r  on e specifi c  froze n margarita ;  rathe r  sh e appeare d 
t o b e proclaimin g affectio n fo r  al l  froze n margarita s i n th e univers e (o r  a t 
leas t  thos e th e speake r  ha d tasted) .  Similarly ,  th e author' s frien d i n (4 )  wa s 
not  diagnosin g th e personalit y o f  th e specifi c  toke n o f  Fiat s tha t  th e autho r 
owns,  bu t  th e generi c typ e o f  automobile .  An d whe n th e autho r  state d tha t  sh e 
neede d t o cal l  th e garage ,  sh e wa s no t  literall y referrin g t o a  physica l 
structur e o r  plac e o f  business ,  bu t  th e mechanic s wh o wor k there . 

Such cases of conceptual anaphora can be simply classified—albeit 
roughly—a s occurrin g i n a t  leas t  thre e situations .  I n exampl e (5) ,  th e litera l 
anteceden t  i s a  collectiv e noun ,  a  nou n tha t  refer s t o a  collectio n o r  se t  o f 
individuals .  Th e mismatche d plura l  pronou n i s intende d t o refe r  t o th e 
individua l  member s o f  th e collectio n rathe r  tha n th e se t  pe r  se .  Conceptua l 
anaphor s ar e use d frequentl y t o refe r  t o th e individua l  member s o f  wha t  ar e 
traditionall y considere d Collectiv e Set s (e.g. ,  team ,  group ,  musica l  band )  a s i n 
th e example s below : 

(6a) The substitute teacher begged the class to stop misbehaving. 
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(6b )  Bu t  the y didn' t  pa y an y attentio n t o her . 

Conceptual anaphors are also used to refer to the members of less traditional 
Collectiv e Sets ,  fo r  example : 

(7a) After college, ray sister went to work for IBM. 
(7b )  The y mad e he r  a  ver y goo d offer . 

(8a) You wouldn't believe how bad it is to work for the city of Eugene. 
(8b )  The; ^  ca n neve r  tel l  yo u whethe r  you r  jo b wil l  b e covere d i n th e nex t 

month' s budget . 

(9a) I need to call Sears. 
(9b )  The y mad e a  mistak e o n my las t  credi t  car d bill . 

A. second situation when conceptual anaphora is used is when referring to 
thing s on e i s likel y t o hav e multiple s of ,  o r  event s on e i s likel y t o experienc e 
repeatedly ,  fo r  example : 

(10a) I need a plate. 
(10b )  Wher e d o yo u kee p them ? 

(11a) Yesterday was my birthday. 
(lib )  I  use d t o reall y drea d them ,  bu t  yesterda y I  didn' t  care . 

(I2a) I just spilled something. Would you go get me a paper towel? 
(12b )  They'r e i n th e kitchen . 

In the above examples, the literal antecedent is a sole item or event; howe\^er, 
becaus e mos t  household s posse s mor e tha n on e plat e (an d presumabl y kee p thos e 
plate s together) ,  raost  peopl e hav e mor e tha n on e birthday ,  an d pape r  towel s ar e 
usuall y dispense d i n a  rol l  o f  many ,  th e intende d referenc e i s t o thes e Multipl e 
Item s o r  Events .  Thus ,  a  conceptua l  anaphor ,  resultin g i n a  mismatche d pronoun , 
i s used . 

A third situation arises when conceptual anaphors are used to refer to 
Generi c Type s a s i n th e following : 

(I3a) My mother's always bugging me to wear a dress. 
(13b )  Sh e think s I  loo k goo d i n them ,  bu t  I  don't . 

(14a) Carla is downstairs watching a soap opera. 
(14b )  I f  sh e ha d he r  way ,  she' d watc h the m al l  afternoon . 

(15a) I enjoy having a pet. 
(15b )  The y ar e suc h goo d companions . 

In this situation, the mismatched plural pronoun is intended to refer to a 
concep t  i n general .  Fo r  instance ,  i t  i s  soa p opera s i n general ,  rathe r  tha n th e 
specifi c  on e Carl a i s currentl y watching ,  tha t  th e speake r  i n (16 )  believe s 
Carl a coul d watc h al l  afternoon. ^ 

The present classification scheme is not presented as a formal distinction. 
I t  i s  possibl e tha t  th e boundarie s betwee n thes e thre e situation s ar e actuall y 
fuzzie r  o r  tha t  stricte r  boundarie s ar e needed .  However ,  wha t  i s common amon g 
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thes e sentenc e pair s i s tha t  th e pronou n I n th e secon d sentenc e refer s t o 
somethin g mor e tha n wha t  i s explicitl y  mentione d i n th e firs t  sentence .  I n othe r 
words ,  thes e pronoun s ar e operatin g a s conceptua l  (o r  Implicit )  anaphor s a s 
oppose d t o litera l  (o r  explicit )  anaphors . 

On the other hand, there are situations when a literal mapping between an 
anteceden t  an d it s anapho r  i s intended .  Fo r  example ,  thi s occur s whe n a n 
Individua l  Member  o f  a  collectiv e se t  i s  single d out .  I n thi s situation ,  a 
matched ,  singula r  pronou n i s used ,  a s i n th e example s below : 

(6c) The substitute teacher begged the student to stop misbehaving. 
(6d )  Bu t  h e didn' t  pa y an y attentio n t o her . 

(7c) After college, ray sister went to work for the vice president of IBM. 
(7d )  H e mad e he r  a  ver y goo d offer . 

(3c) You wouldn't believe how bad it is to work for the mayor of Eugene. 
(8d )  H £ ca n neve r  tel l  yo u whethe r  you r  jo b wil l  b e covere d i n th e nex t 

month' s budget . 

Similarly, there are situations in which a literal mapping between an 
anapho r  an d It s anteceden t  i s Intende d becaus e th e ite m o r  even t  bein g referre d 
t o i s Uniqu e (i.e. ,  on e i s likel y t o hav e onl y on e o f  suc h a n item ,  o r 
experienc e suc h a n even t  onl y once) .  I n thi s situation ,  a  matched ,  singula r 
pronou n i s used .  Compare ,  fo r  example ,  th e followin g thre e sentenc e pair s wit h 
(lOa&b) ,  (Ila&b) ,  an d (12a&b) .  respectively : 

(10c) I need an iron. 
(lOd )  Wher e d o yo u Icee p it ? 

(lie) Yesterday was my fortieth birthday. 
(lid )  I  use d t o reall y drea d ^t ,  bu t  yesterda y I  didn' t  care . 

(I2c) I just spilled something. Would you go get me a mop? 
(12d )  It' s  i n th e kitchen . 

Finally, there are situations when a literal mapping between an antecedent 
and It s anapho r  i s intende d becaus e th e preceding ,  coreferentia l  nou n ha s bee n 
identifie d s o distinctl y tha t  i t  represent s a  Specifi c  Toke n o f  a  clas s o f 
items ,  fo r  example : 

(13c) My mother's always bugging me to wear a dress that she bought me last 
yea r  fo r  Christmas . 

(13d )  Sh e think s I  loo k goo d i n it ^  bu t  I  don't . 

(14c) Carla is downstairs watching a soap opera that stars Michael Lewis. 
(14d )  I f  sh e ha d he r  way ,  she' d watc h ĵt ^  al l  afternoon . 

(15c) I enjoy having a pet canary named "Chatty". 
(15d )  Sh e i s suc h a  goo d companion . 

The present research was undertaken to answer two major questions about the 
comprehensio n o f  conceptua l  anaphora .  Th e firs t  questio n wa s this :  Ho w natura l 
do comprehender s fin d reference s t o conceptua l  antecedent s vi a mismatche d 
pronouns ? Tha t  is ,  ar e comprehender s disturbe d b y thes e mismatches ? O r  d o the y 
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fin d the m comprehensibl e becaus e th e anteceden t  nou n represent s a  Collectiv e 
Set ,  Multipl e Itera/Event ,  o r  Generi c Type ? I f  so ,  the n presumabl y comprehender s 
woul d fin d mismatche d pronoun s les s natura l  whe n th e anteceden t  nou n represent s 
an Individua l  Member ,  Uniqu e Item/Event ,  o r  a  Specifi c  Type .  T o empiricall y 
investigat e thi s question ,  a n experimenta l  approac h wa s take n i n whic h th e sam e 
sentenc e wa s presente d i n on e o f  fou r  differen t  conditions . 

Method 

Sixteen sets of four sentence pairs were constructed for each of the three 
discours e situation s whe n conceptua l  v s litera l  anaphor a i s use d (i.e. , 
referenc e t o Collectiv e Set s v s Individua l  Members ,  Multipl e Events/Item s v s 
Uniqu e Events/Items ,  an d Generi c Type s v s Specifi c  Tokens) .  Tw o o f  th e fou r 
sentenc e pair s wer e forme d b y precedin g a  sentenc e containin g eithe r  a  Plura l  o r 
a Singula r  pronou n b y a  sentenc e wit h a  Collectiv e Set ,  Multipl e Event/Item ,  o r 
Generi c Typ e noun .  Th e othe r  tw o sentenc e pair s wer e forme d b y precedin g eithe r 
a Plura l  o r  a  Singula r  pronou n b y a  sentenc e containin g a n Individua l  Member  o f 
a Collectiv e Set ,  a  Uniqu e Event/Item ,  o r  a  Specifi c  Toke n noun .  A n exampl e se t 
of  fou r  sentenc e pair s o f  eac h situatio n i s show n i n Tabl e 1 . 

Table I 

The substitut e teache r  begge d th e clas s 
t o sto p misbehaving . 

But  the y didn' t  pa y an y attentio n t o her . 

The substitute teacher begged the class 
t o sto p misbehaving . 

But  i t  didn' t  pa y an y attentio n t o "ner . 

The substLtuta t-^ncher begged the student 
t o sto p misbehaving . 

But  the y didn' t  pa y an y attentio n t o her . 

The substitute teacher begged the student 
t o sto p misbehaving . 

But  h e didn' t  pa y an y attentio n t o her . 

Collectiv e Nou n 

Plural Pronoun 

Collective Noun 

Singular Pronoan 

Indl\?ldual Noun 

Plural Pronoun 

Individual Noun 

Singular Pronoun 

I  nee d a  plate . 
Where d o yo u kee p them ? 

I need a plate. 
Where d o yo u kee p it ? 

Multipl e Nou n 
Plura l  Pronou n 

Multiple Noun 
Singula r  Pronou n 

I  nee d a  Iron . 
Where d o yo u kee p them ? 

Uniqu e Nou n 
Plura l  Pronou n 

I  nee d a n Iron . 
Where d o yo u kee p it ? 

Uniqu e Nou n 
Singula r  Pronou n 

My mother' s alway s buggin g me t o wea r  a  dress . 
She think s I  loo k goo d i n the m bu t  I  don't . 

Generi c Typ e 
Plura l  Pronou n 
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My mother' s alway s buggin g me t o wea r  a  dress . 
She think s I  loo k goo d i n I t  ba t  I  don't . 

My mother's always bugging me to wear a dress 
tha t  sh e bough t  me las t  yea r  fo r  Christmas . 

She think s I  loo k goo d i n the m bu t  I  don't . 

My mother's always bugging me to wear a dress 
tha t  sh e bough t  me las t  yea r  fo r  Christmas . 

She think s I  loo k goo d i n i t  bu t  I  don't . 

Generi c Typ e 
Singula r  Pronou n 

Specific Token 

Plural Pronoun 

Specific Token 

Singular Pronoun 

Thes e sentence s wer e presente d t o 6 5 college-age d subjects .  T o minimiz e th e 
subjects '  exposur e t o simila r  sentences ,  eac h subjec t  wa s presente d wit h onl y 
two member s o f  eac h se t  o f  fou r  sentenc e pairs :  on e o f  th e 2  sentenc e pair s wit h 
a Collectiv e Set ,  Generi c Type ,  o r  Multipl e Nou n an d on e o f  th e 2  sentenc e pair s 
wit h a n Individua l  Member ,  Specifi c  Token ,  o r  Uniqu e Noun .  Thus ,  eac h subjec t 
was presente d wit h 9 6 o f  th e 19 2 sentenc e pairs .  Th e subjects '  tas k wa s t o rea d 
eac h sentenc e pai r  an d t o rat e "ho w natural "  th e secon d sentenc e seeme d i n 
referenc e t o th e first .  Th e meanin g o f  "natural, "  th e subject s wer e told ,  wa s 
"ho w likel y i t  i s  tha t  yo u migh t  hea r  suc h a  sentenc e o r  produc e suc h a 
sentence. "  T o indicat e thei r  eatings ,  subject s use d a  5-poin t  scal e wher e 5 
meant  "Ver y natural "  an d 1  mean t  "No t  ver y natural. " 

Results 

Collective Sets vs IndivLdaal Members. The mean ratings for the sentences 
followin g sentence s wit h Collectiv e Se t  v s Individua l  Member  noun s ar e show n i n 
Figur e 1 .  Th e tw o bar s o n th e lef t  represen t  th e mea n rating s o f  th e sentence s 
when the y containe d eithe r  Plura l  o r  Singula r  pronouns ,  respectively ,  an d the y 
followe d sentence s wit h Collectiv e Se t  nouns .  Th e tw o bar s o n th e righ t 
represen t  th e mea n rating s o f  th e sentence s whe n the y containe d eithe r  Plura l  o r 
Singula r  pronouns ,  respectively ,  an d the y followe d sentence s wit h Individua l 
Member  nouns .  A n analysi s o f  varianc e (ANOVA)  reveale d neithe r  a  mai n effec t  o f 
pronou n numbe r  (Plura l  v s Singular )  no r  on e o f  precedin g nou n (Collectiv e v s 
Individual )  [bot h 2. S >  'A ] .  Ther e was ,  however ,  a  significan t  interactio n 
betwee n thes e tw o variable s [rainF'(1,24 )  =  52.77].- ^ 
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Additiona l  planne d comparison s reveale d th e following :  When th e sentence s 
followe d sentence s wit h Collectiv e nouns ,  the y wer e rate d significantl y mor e 
natura l  whe n the y containe d Plura l  tha n Singula r  pronoun s [minF*(1,22 )  =  37.46] . 
I n contrast ,  whe n th e sentence s followe d sentence s wit h Individua l  nouns ,  the y 
wer e rate d significantl y mor e natura l  whe n the y containe d Singula r  tha n Plura l 
pronoun s [minF'(1,26 )  =  21.63] .  I n addition ,  whe n th e sentence s containe d Plura l 
pronouns ,  the y wer e rate d considerabl y mor e natura l  whe n the y followe d sentence s 
wit h Collectiv e tha n Individua l  noun s [minF'(1,24 )  «  28.55] .  I n contrast ,  whe n 
th e sentence s containe d Singula r  pronouns ,  the y wer e rate d considerabl y mor e 
natura l  whe n the y followe d sentence s wit h Individua l  tha n Collectiv e noun s 
[minF'(l,21 )  =  27.20] . 

Multiple Items/Events vs Unique Ite(ts/Events. The mean ratings for the 
sentence s containin g Plura l  v s Singula r  pronoun s followin g sentence s wit h 
Multipl e v s Uniqu e noun s ar e show n i n Figur e 2 .  Th e tw o bar s o n th e lef t 
represen t  th e mea n rating s o f  th e sentence s whe n the y containe d eithe r  Plura l  o r 
Singula r  pronouns ,  respectively ,  an d the y followe d sentence s wit h Multipl e 
Items/Event s nouns .  Th e tw o bar s o n th e righ t  represen t  th e mea n rating s o f  th e 
sentence s whe n the y containe d eithe r  Plura l  o r  Singula r  pronouns ,  respectively , 
and the y followe d sentence s wit h Uniqu e Items/Event s nouns .  A n ANOVA agai n 
reveale d n o mai n effec t  o f  pronou n numbe r  [minF *  <1.0] ,  althoug h ther e wa s a 
marginall y significan t  effec t  o f  precedin g noun :  Sentence s followin g Multipl e 
noun s wer e rate d slightl y mor e natura l  ( M =  3.45 )  tha n sentence s followin g 
Uniqu e noun s ( M =  3.23 )  [minF'(1,24 )  =  3.97 ;  £ < .07] .  Mor e Interestingly ,  ther e 
was a  significan t  interactio n betwee n thes e tw o variable s [minF'(1,23 )  =  44.51] . 

Figure 2 
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Again ,  planne d comparison s reveale d th e followin g pattern :  ITae d th e 
sentence s followe d sentence s wit h th. ^  Multipl e nouns ,  the y wer e rate d 
significantl y mor e natura l  whe n the y containe d Plura l  pronoun s [minF*(1,20 )  = 
24.33] .  I n contrast ,  whe n th e sentence s followe d Uniqu e nouns ,  the y wer e rate d 
significantl y mor e natura l  whe n the y containe d Singula r  pronoun s [minF*(1,36 )  = 
48.50] .  I n addition ,  whe n th e sentence s containe d Plura l  pronouns ,  the y wer e 
rate d mor e natura l  whe n the y followe d sentence s wit h Multipl e noun s [minF*(1,32 ) 
= 60.16] .  I n contrast ,  whe n th e sentence s containe d Singula r  pronouns ,  the y wer e 
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rate d considerabl y mor e natura l  whe n the y followe d Uniqu e noun s [mlnF'(1,20 )  -

15.23] . 

Generic Types vs Specific Tokens. The mean ratings for the sentences 
containin g Plura l  v s Singula r  pronoun s followin g sentence s wit h Generi c Typ e v s 
Specifi c  Toke n noun s ar e show n i n Figur e 3 .  A n ANOVA agai n reveale d n o mai n 
effec t  o f  pronou n numbe r  (Plura l  v s Singular )  o r  precedin g nou n (Generi c Typ e v s 
Specifi c  Token )  [bot h 2. S >  .A ]  ,  onl y a  significan t  intereactio n betwee n thes e 

tw o variable s [rainF'(1,20 )  =  16.80] . 
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Additiona l  planne d comparison s reveale d a  familia r  pattern :  When th e 
sentence s followe d sentence s wit h Generi c Typ e nouns ,  the y wer e rate d 
significantl y mor e natura l  whe n the y containe d Plura l  pronoun s [rainF'(1,20 )  = 
9.318] .  I n contrast ,  whe n th e sentence s followe d sentence s wit h Specifi c  Toke n 
nouns ,  the y wer e rate d significantl y mor e natura l  whe n the y containe d Singula r 
pronoun s [mlnF'(1,24 )  =  13.87] .  I n addition ,  whe n th e sentence s containe d Plura l 
pronouns ,  the y wer e rate d considerabl y mor e natura l  whe n the y followe d Generi c 
Type noun s [mlnF'(1,19 )  =  13.07] .  I n contrast ,  whe n th e sentence s containe d 
Singula r  pronouns ,  the y wer e rate d considerabl y mor e natura l  whe n the y followe d 
Specifi c  Typ e noun s [rainF*(1,19 )  =  5.410] . 

In suraraary, these results suggest strongly that comprehenders find 
reference s t o conceptua l  antecedent s vi a raisraatched  pronoun s ver y natural .  I n 
fact ,  the y fin d th e us e o f  a  raisraatched  pronou n mor e natura l  tha n a  matche d 
pronoun .  Ye t  I t  i s  becaus e th e precedin g nou n represent s a  Collectiv e Set , 
Multipl e Item/Event ,  o r  Generi c Typ e tha t  subject s fin d thes e mismatche s 
acceptable .  Tha t  is ,  the y fin d mismatche d pronoun s considerabl y les s natura l 
when th e precedin g nou n represent s a n Individua l  Member ,  Uniqu e Item/Event ,  o r  a 
Specifi c  Type . 

The second question motivating this research was how difficult is It to map 
conceptua l  v s litera l  anaphor s ont o thei r  Intende d antecedents ? On e predictio n 
I s tha t  I t  I s  alway s difficul t  t o map a  plura l  pronou n ont o a  singula r  nou n 
becaus e o n encounterin g a  singula r  noun ,  onl y a  singl e entit y i s establishe d i n 
th e comprehender' s menta l  representatio n o f  th e discours e (e.g. ,  th e "discours e 
model "  o f  Webbe r  1984 ,  "discours e file "  o f  Givon ,  1979 ,  o r  "menta l  model "  o f 
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Johnson-Laird ,  1983) .  Accordin g t o thi s prediction ,  whe n on e subsequentl y 
encounter s a  mismatche d pronoun ,  additiona l  entitie s hav e t o b e reinstated .  A n 
opposit e predictio n i s tha t  i t  i s  onl y difficul t  t o ma p a  mismatche d pronou n 
irfhe n i t  i s  use d a s a  litera l  anapho r  (i.e. ,  i t  refer s t o a n Individua l  Member , 
Uniqu e Item/Event ,  o r  a  Specifi c  Toke n noun) .  Bu t  whe n a  mismatche d pronou n i s 
use d a s a  conceptua l  anapho r  (i.e. ,  i t  refer s t o a  Collectiv e Set ,  Multipl e 
Item/Event ,  o r  Generi c Typ e noun) ,  i t  i s  n o mor e difficul t  t o ma p tha n mappin g a 
matche d pronou n t o a  litera l  anaphor .  Thi s woul d b e th e cas e I f  o n encounterin g 
Collectiv e Set ,  Multipl e Item/Even t  o r  Generi c Typ e nouns ,  comprehender s 
automaticall y Incorporat e multipl e entitie s int o thei r  menta l  representations , 
thoug h whe n encounterln^ j  Individua l  Member ,  Uniqu e Tcem/E/ent ,  o r  Specifi c  Toke n 
nouns ,  onl y a  singl e entit y I s Instantiated . 

An experimental paradigm frequently used to Investigate anaphoric mapping 
I s t o measur e th e amoun t  o f  tim e require d fo r  a  comprehende r  t o rea d a  sentenc e 
containin g th e anaphori c referenc e (Clar k &  Sengul ,  1979 ;  Garro d &  Sanford , 
1977 ;  Garro d &  Sanford ,  1983 ;  Garnhara ,  1980 ,  Garnham ,  1984 ;  Havilan d &  Clark , 
1974 ;  Malt ,  1985 ;  Sanfor d &  Garrod ,  1981 ;  Yekovitc h &  Walker ,  1978 ;  Yekovitch , 
Walker ,  &  Blackma n 1979) .  Presumably ,  th e mor e tim e require d t o rea d th e 
sentence ,  th e mor e difficul t  th e mappin g process .  I f  o n encounterin g a  plura l 
pronou n tha t  refer s t o a  Collectiv e Set ,  Multipl e Item/Event ,  o r  Generi c type , 
comprehender s hav e t o reinstat e thes e multipl e entities ,  the n thei r  readin g tim e 
fo r  thes e sentence s shoul d b e longe r  tha n whe n a  singula r  pronou n i s used .  O n 
th e othe r  hand ,  i f  comprehender s automaticall y incorporat e multipl e entitie s 
int o thei r  menta l  representations ,  the n thei r  readin g time s shoul d b e shorte r 
when a  plura l  a s oppose d t o singula r  pronou n i s used .  An d th e opposit e woul d b e 
tru e o f  situtation s employin g litera l  anaphor a (i.e. ,  reference s t o a n 
Individua l  Member ,  Uniqu e Item/Event ,  o r  Specifi c  Token) . 

Method 

The same materials were used as in the first experiment. Each of 72 
subject s wa s teste d individually .  Th e subjec t  wa s seate d i n fron t  o f  a  vide o 
dl-̂ nla y noiltor .  Fo r  eac h pai r  o f  sentences ,  th e firs t  sentenc e appeare d towar d 
th e to p o f  th e vide o displa y scree n an d remaine d ther e fo r  a  perio d o f  tim e 
proportionat e t o th e numbe r  o f  character s i t  contained .  Afte r  thi s firs t 
sentenc e disappeared ,  th e secon d sentenc e appeare d towar d th e botto m o f  th e 
screen .  Thi s secon d sentenc e remaine d visibl e unti l  th e subjec t  presse d a  ke y t o 
indicat e tha t  he/sh e wa s finishe d readin g th e sentence .  Immediatel y afte r  th e 
secon d sentenc e o f  th e pai r  disappeared ,  th e wor d "Paraphrase "  appeare d o n th e 
screen .  A t  thi s poin t  th e subjec t  "retol d [aloud ]  th e sentenc e i n his/he r  ow n 
words. "  Th e paraphras e tas k wa s include d t o ensur e tha t  subject s woul d rea d th e 
sentenc e pair s fo r  comprehension ,  rathe r  tha n simpl y pressin g th e ke y a s rapidl y 
as possible .  Eac h subject' s paraphrase s wer e recorde d o n audi o tape . 

Results 

Collective Sets vs Individual Members. The mean reading times for the 
sentence s containin g Plura l  v s Singula r  pronoun s followin g sentence s wit h 
Collectiv e v s Individua l  noun s ar e show n i n Figur e 4 .  Not e tha t  th e 
interpretatio n o f  th e directio n o f  th e readin g tim e figure s shoul d b e opposit e 
tha t  o f  th e naturalnes s ratin g figures :  A  shorte r  ba r  o n th e grap h represent s a 
faste r  readin g time ,  whic h i s interprete d a s greate r  eas e I n comprehendin g th e 
sentence. ^  A n ANOVA reveale d n o mai n effec t  o f  pronou n numbe r  (Plura l  v s 
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Singular )  o r  o f  precedin g nou n (Collectiv e v s Individual )  [bot h minF' s <  1.0 ] 
onl y a  significan t  interactio n betwee n th e tw o [minF*(1,33 )  =  8.76] . 

Figure 4 
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Additiona l  planne d comparison s reveale d th e following :  When th e sentence s 
followe d sentence s wit h Collectiv e nouns ,  the y wer e rea d faste r  whe n the y 
containe d Plura l  pronoun s [minF'(1,28 )  =  4.008] .  I n contrast ,  whe n th e sentence s 
followe d sentence s wit h Iridividua l  nouns ,  the y wer e rea d significantl y faste r 
when the y containe d Singula r  pronoun s [minF'(1,33 )  =  4.277] .  I n addition ,  whe n 
th e sentence s containe d Plura l  pronouns ,  the y wer e rea d considerabl y faste r  whe n 
the y followe d Collectiv e noun s [minF'(1,29 )  =  4.961] .  I n contrast ,  whe n th e 
sentence s containe d Singula r  pronouns ,  the y wer e rea d faste r  whe n the y followe d 

Individua l  noun s [ F (i,68 )  =  10.38 ;  F ,̂(l,15 )  =  5.99 ;  minF'(l,33 )  =  3.637 ,  £  < 
.07] .  ^ 

Multiple vs Oniqae Iteflis/Events. The mean reading times for the sentences 
coatainin g Plura l  v s Singula r  pronoun s followin g sentence s wit h Multipl e v s 
Uniqu e noun s ar e show n i n Figur e 5 .  A n ANOVA agai n reveale d n o mai n effec t  o f 
pronou n numbe r  (Plura l  v s Singular )  o r  precedin g nou n (Multipl e v s Unique )  [bot h 
minF' s <  1.0] ,  onl y a  significan t  Interactio n betwee n th e tw o [minF'(1,59 )  = 
7.203] . 

R 

R 
|333 D 

,j3iq n 

^  315 1 

E 
3105 

Figur e 

^mu l t ip le " 
item/even t 

-

-

-

-

-

r  I 
PLU 5NG 

PRCNi 

5 

]U N 

UNIQUE 
ITEM/EVENT 

PLU 

1 
i 
i 

^NO 

119 



GERNSIi/VCHSa 

\gain ,  planne d comparison s reveale d th e followin g pattern :  When th e sentence s 
followe d sentence s wit h th e Multipl e nouns ,  the y wer e rea d significantl y faste r 
when the y containe d Plura l  pronoun s [ F (  j  ,5<̂ )  . .  ',.903 ;  ̂ 2 ( ^ 1 5 )  =  6.578] .  I n 
contrast ,  whe n th e sentence s followe d Uniqu e nouns ,  the y wer e rea d significantl y 
faste r  whe n the y containe d Singula r  pronoun s [Ĵ ,  (1,68 )  =  4.559 ;  F^(l,15 )  = 
7.689] .  I n addition ,  whe n th e sentence s containe d Plura l  pronouns ,  the y wer e 
rea d faste r  whe n the y followe d sentence s wit h Multipl e noun s [F̂ ,  (1,63 )  =  5.114 ; 

^,(1,15 )  =  7..?7'>] .  I n contrast ,  whe n th e sentence s containe d Singula r  pronouns , 
the y wer e rea d considerabl y faste r  whe n the y followe d Uniqu e noun s [_F ,  (1,68 )  = 

6.098 ;  l_2^lyl5 )  =  4.106] . 

Generic Types vs Specific Tokens. The mean reading times for the sentences 
containin g Plura l  v s Singula r  pronoun s followin g sentence s wit h Generi c Typ e v s 
Specifi c  Toke n noun s ar e show n i n Figur e 6 .  Agai n th e mai n effect s o f  pronou n 
number  (Plura l  v s Singular )  an d precedin g nou n (Generi c Typ e v s Specifi c  Token ) 
[bot h 2. S >  .40 ]  wer e no t  significant ,  bu t  th e interactio n betwee n th e tw o wa s 
[ninF'(l,35 )  =  4.223 ]  . 

Figur e 6 
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Additiona l  planne d comparison s reveale d tha t  th e interactio n differe d fro m 
th e patter n observe d i n th e readin g tim e dat a fo r  th e othe r  tw o 
conceptual-vs-litera l  anaphor a situations ,  a s wel l  a s th e naturalnes s rating s 
fo r  thi s situation :  When th e sentence s followe d sentence s wit h Generi c Typ e 
nouns ,  the y wer e rea d jus t  a s fas t  ^he n the y containe d Plura l  a s Singula r 
pronouns ;  tha t  is ,  ther e wa s n o significan t  differenc e betwee n thei r  mea n 
readin g time s [minF '  <  1.0] .  I n contrast ,  whe n th e sentence s followe d sentence s 
wit h Specifi c  Toke n nouns ,  the y wer e rea d significantl y faste r  whe n the y 

containe d Singula r  pronoun s [F ,  (i,,-S8 )  =  8.776 ;  £2(1>1^ )  =  5.864] .  I n addition , 
when th e sentence s containe d Plura l  pronouns ,  the y wer e rea d significantl y 
faste r  whe n the y followe d Generi c Typ e noun s [jnlnF'(1,26 )  =  4.819] .  However , 
when th e sentence s containe d Singula r  pronouns ,  the y wer e rea d jus t  a s fas t  whe n 
the y followe d Specifi c  Toke n a s Generi c Typ e noun s [rainF '  <  1.0] .  I n othe r 
words ,  subject s comprehende d th e Generi c Type-Singula r  sentence s a t  th e sam e 
rat e a s the y comprehende d th e Generi c Type-Plura l  o r  th e Specifi c  Token-Singula r 
sentences . 
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I t  i s  curiou s wh y subject s ha d littl e difficult y whe n th e singula r  pronoun s 
referre d t o Geaeri c Typ e nouas .  Becaus e thi s wa s th e onl y effec t  i n th e readin g 
tim e dat a tha t  faile d t o mirro r  wha t  wa s observe d i n th e naturalnes s ratings ,  i t 
was examine d further .  A n additiona l  sourc e o f  dat a whic h coul d illuminat e ho w 
subject s interprete d thes e Generi c Type-Singula r  pronou n sentence s wa s thei r 
paraphrases .  Thes e paraphrase s indicate d tha t  fo r  severa l  o f  th e sentence s i n 
thi s condition ,  instea d o f  interpretin g th e singula r  pronou n a s a n awkwar d 
coreferen t  subject s Interprete d _it ^  a s a  dummy subject .  Thei r  resultin g 
paraphrase s wer e forme d vi a extrapositio n o f  a  participia l  claus e an d 
It-Insertion .  Fo r  example ,  a  majorit y o f  th e subject s paraphrase d th e followin g 
Generi c Type-Singula r  pronou n sentenc e pai r 

(16a) My neighbor rides a moped. 
(16b )  I  thin k it' s  dangerous . 

as 
(16c )  I  thin k it' s  dangerou s t o rid e mopeds . 

This was in contrast to the same sentence pair presented with a plural pronoun 

(16d) My neighbor rides a moped. 
(16e )  I  thin k they'r e dangerous . 

for which the modal paraphrase was 

(16f) Mopeds are dangerous. 

It was also in contrast to the same sentence pair presented with a singular 
pronoun ,  an d precede d b y th e Specifi c  Toke n nou n 

(16g) My neighbor rides a moped that doesn't even have a light. 
(16h )  I  thin k it' s  dangerous . 

for which the modal paraphrase was 

(16i) My neighbor's moped is dangerous because it doesn't have a light. 

This, subjects had little difficulty mapping a singular pronoun onto a Generic 
Type becaus e the y simpl y di d no t  attemp t  to .  Rather ,  the y handle d thi s awkwar d 
coreferenc e b y interpretin g i t  a s a  differen t  construction . 

In summary, it does not appear that on encountering a conceptual anaphor 
corapcehender s hav e t o reinstat e multipl e entitlte s int o thei r  menta l 
representation .  However ,  i t  i s  possibl e tha t  suc h mismatche d pronoun s d o caus e 
momentar y processin g difficultie s bu t  thes e momentar y difflcaltie s ar e quickl y 
resolve d whe n integratin g th e tw o sentences .  Perhap s th e readin g tim e paradig m 
use d I n thi s experimen t  onl y demonstrate s Integratio n processes ,  an d othe r 
on-lin e measure s (e.g. ,  Gernsbacher ,  1986 )  woul d bette r  demonstrat e immediat e 
mappin g processe s an d an y incurre d mappin g difficulties . 

Conclusions 

These data suggest that not only are conceptual anaphors considered natural 
but  the y ar e relativel y easil y comprehended .  Althoug h currentl y problemati c fo r 
most  NL P systems ,  th e us e o f  conceptua l  anaphor a fo r  huma n comprehender s I s a 
couv^dlence .  Unlik e othe r  type s o f  anahors ,  the y provid e mor e tha n verba l 
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shorthand .  Tha t  is ,  the y operat e beyon d simpl y savin g a  speaker' s breat h o f  a 
writer' s  pens :  The y allo w extension .  Althoug h th e functio n o f  coreferenc e ha s 
bee n suggeste d throughou t  thi s paper ,  thes e anaphor s mor e closel y resembl e th e 
functio n o f  cospeci f  Lcatio n sugî esto d b y Sidne r  (1984) .  (Indeed ,  ther e ar e som e 
who mLgh t  sugges t  tha t  thes e situation s ar e no t  case s o f  anaphor a a t  all ;  yet ,  I 
am i n agreemen t  wit h Stennin g (1978) ,  tha t  thes e situtation s ar e a  bonafid e us e 
of  anaphora. ) 

This research provides only a demonstration, not an explication. Several 
question s remai n abou t  th e us e o f  conceptua l  anaphora .  Fo r  example ,  wha t  ar e th e 
boundar y condition s fo r  interpretin g noun s a s Multipl e Ite m o r  Events ? What 
feature s o f  th e followin g sentenc e 

(17a) I just washed a plate. 

identifies uniqueness so that (17b) is an appropriate sequiter? 

(17b) Where should I put it? 

How does the knowledge that the speaker is in a store convert the following 
referenc e t o a  Ilalqu e Item/Even t  int o a  referenc e t o a  Multipl e Item/Event ? 

(18a) I need an iron. 
(18b )  Wher e aisl e ar e the y on ? 

These and other questions deserve further investigation. 
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1. See, for e<aBple, Anderson, Garrod, S Sanford (1983); Caramazza, Grober, 
Garvey ,  &  Yate s (1977) ;  Clar k &  Sengu l  (1978) ;  Corbet t  (1984) ;  Corbet t  &  Chan g 
(1983) ;  Dell ,  McKoon ,  &  Ratclif f  (1933) ;  va n Dij k &  Kintsc h (1983 ,  Ch .  5 ) ; 
Erhlic h (1980) ;  Garro d &  Sanfor d (1977 ,  1983) ;  Garnhar a (1981 ,  1984) ;  Hirs t  & 
Bril l  (1980) ;  Mal t  (1985) ;  McKoo n &  Ratclif f  (1980) ;  Sanfor d &  Garro d (1981) ; 
Yekovich ,  &  Walke r  (1978) ;  Yekovich ,  Walker ,  &  Blackma n (1979) . 

2. It has been suggested that the Generic Type vs Specific Token distinction is 
simila r  t o th e traditiona l  distinctio n betwee n "nonspecific "  an d "specific " 
noun s (Chafe ,  persona l  communication) .  Ye t  th e mor e traditiona l  distinctio n i s 
to o broa d (se e Prince ,  1981 ,  fo r  a  simila r  view) .  I n particular ,  th e traditiona l 
distinctio n fail s  t o captur e th e presen t  distinctio n betwee n noun s representin g 
Generi c Type s an d Multipl e Events/Items . 

3. Two parallel sets of analyses were conducted on each effect; In one set of 
analyses ,  "subjects "  wer e considere d a  rando m factor ,  an d i n th e other ,  "items " 
wer e considere d a  rando m factor .  Th e result s reporte d ar e base d o n th e minF ' 
statistic s (Clark ,  1973 )  whe n significan t  a t  th e .0 5 leve l  o r  lower .  When th e 
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minF' statistic is only marginally significant (.05 > 2. < -OS), the separate 

"subjects "  F ^  statisti c an d "items "  f; ^  statisti c ar e reported . 

4. The figures for the reading time data have been scaled individually for each 
conceptiial-vs-llt.jra l  anaphor a sitaatLoa .  Th e reaso n fo r  thi s i s tha t  th e 
averag e numbe r  o f  character s i n th e sentence s differe d acros s th e thre e 
situations .  Th e sentence s followin g sentence s wit h Collectiv e Se t  v s Individua l 
Member  nonci s Jur e a n aveca^ i  44.3 1 character s long ;  thos e followin g Multipl e v s 
Uniqu e Ttems/Tilvent s noun s wer e a n averag e 45.0 9 characters ,  wherea s thos e 
followin g Generi c Typ e v s Specifi c  Toke n noun s wer e 35.8 1 characters .  Becaus e 
number  o f  character s i s on e o f  th e factor s affectin g readin g tim e (Haberland t  & 
Grasser ,  1985) ,  th e readin g tim e fo r  th e sentence s followin g Generi c Typ e v s 
Specifi c  Toke n noun s were ,  o n th e average ,  faste r  tha n thos e followin g th e othe r 
tî o siuatlons .  Of  course ,  th e sentence s fo r  th e fou r  condition s withi n eac h o f 
th e thre e situation s di d no t  diffe r  i n numbe r  o f  character s becaus e th e sam e 
sentence s wer e cycle d throug h eac h o f  th e fou r  conditions . 
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Condit ionin g a n d categorizatio n 

S o me c o m m o n effect s o f  informationa l  variable s i n an ima l  a n d h u m a n learnin g 

Mark A. Gluck & Gordon H. Bower 

Stanfor d Univertit y 

To wha t  exten t  d o th e processe s o f  huma n learnin g emerg e fro m comple x 

configuration s an d elaboration s o f  th e "elementary "  learnin g processe s observe d i n 

animals ? Researc h i n th e tw o area s o f  huma n an d infra-huma n learnin g shar e a  lon g his -
tor y whic h focusse d o n elementar y associativ e learnin g (Ebbinghaus ,  1885 ;  Pavlov ,  1927) . 

About  twent y year s ago ,  however ,  anima l  an d huma n learnin g researc h becam e divorce d 

fro m eac h other .  Anima l  researc h continue d t o b e primaril y concerne d wit h elementar y 

associativ e processe s (Mackintosh ,  1983 ;  Mackintos h &  Honig ,  1969 ;  Rescori a &  Holland , 

1982) ;  whil e huma n learnin g (o r  "memory" )  tende d t o b e characterize d i n term s o f 

information-processin g an d rule-based ,  symbol-manipulation ,  a n approac h borrowe d fro m 

artificia l  intelligence .  Pe w curren t  theorie s o f  learnin g attemp t  t o bridg e th e ga p betwee n 

human an d infra-huma n learnin g (som e exception s includ e Allo y &  Tabachnick ,  1984 ; 

Bstes ,  1985 ;  Dickinso n &  Shanks ,  1985 ;  Medin ,  1984 ;  Holland ,  Holyoak ,  Nisbett ,  &  Tha -

gard ,  i n press) .  Recently ,  however ,  interes t  i n relatin g huma n cognitio n t o configuration s 

of  elementar y associativ e connection s ha s revived .  Amon g theorist s usin g parallel -

distribute d processin g models ,  th e work s o f  McClelland ,  Rumelhart ,  Hinton ,  Sejnowski , 

and Jame s Anderso n ar e notabl e fo r  demonstratin g th e computationa l  powe r  an d psycho -

logica l  verisimilitud e o f  thes e "connectionist "  network s (se e e.g. ,  Hinto n &  Anderson , 

1981 ;  McClellan d &  Rumelhart ,  1981 ;  Ackley ,  Hinton ,  &  Sejnowski ,  1985 ,  Rumelhar t  & 

McClelland ,  1986) . 

Given the voluminous studies of learning in animals alongside current attempts to 

model  cognitio n wit h elementar y associativ e processes ,  i t  woul d see m particularl y timel y 
t o searc h fo r  an d exploi t  an y correspondence s whic h migh t  exis t  betwee n anima l  an d 

human associativ e learning .  Thi s wa s ou r  goa l  i n thes e experiments . 

Informational Variables in Claatical Conditioning 

A simple but powerful theory describing animals' learning in classical Pavlovian 

conditionin g wa s presente d b y Rescori a an d Wagne r  i n th e earl y 1970' s (Rescori a & 

Wagner ,  1972 ;  Wagne r  &  Rescoria ,  1972) .  I n classica l  conditioning ,  a  previousl y neutra l 

stimiilus ,  th e conditione d stimulu t  (CS) ,  suc h a s a  bell ,  come s t o b e associate d wit h a  bio -

logicall y significan t  stimulus ,  th e unconditione d stimulu t  (US) ,  suc h a s foo d o r  a n electri c 

shock .  Earl y learnin g theorie s assume d tha t  th e simpl e tempora l  contiguit y o r  join t 

occurrenc e o f  a  C S an d U S wa s sufficien t  fo r  associativ e learnin g (e.g .  Hull ,  1943 ;  Spence , 

1956) .  Late r  experiment s mad e clear ,  however ,  tha t  simpl e contiguit y wa s no t  sufficient . 

The abilit y  o f  a  C S t o becom e conditione d t o a  U S depende d o n it s impartin g reliabl e an d 

non-redundan t  informatio n abou t  th e occurrenc e o f  th e U S (Kamin ,  1969 ;  Rescoria ,  1968 ; 

Wagner ,  1969) . 
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To illustrate ,  suppos e tha t  a  light ,  th e CS ,  ha s alread y bee n conditione d t o predic t 

a shock ,  th e US .  I f  a  compoun d stimulu s consistin g o f  a  ligh t  an d a  ton e i s the n paire d 

wit h th e shock ,  learnin g o f  th e tone-*thoe k associatio n hardl y occur s a t  al l  compare d t o 

contro l  subject s wh o receive d n o pretrainin g t o th e ligh t  (Kamin ,  1969) .  Thi s result ,  simi -

la r  t o Pavloy' s wor k o n th e overshadowin g o f  on e cu e b y another ,  i s calle d "blocking " 

becaus e prio r  trainin g o f  th e light-*$koc k associatio n block s late r  learnin g o f  th e 

tone-*$hoc k associatio n durin g th e second ,  (ligk t  +  tone}-*$koc k stag e o f  training . 

Tke Rescorla-Wagner Model 

The blocking effect suggested that the effectiveness of a US for producing associa-

tiv e learnin g depend s o n th e relationshi p betwee n th e C S an d th e expecte d outcom e 
(Rescorla ,  1068 ;  Wagner ,  1969 ;  Kamin ,  1969) .  Rescorl a an d Wagne r  provide d a  precis e 

formulatio n o f  thi s proposa l  (Rescorl a &  Wagner ,  1972 ;  Wagne r  &  Rescorla ,  1972) .  Thei r 

formulatio n assume s tha t  th e associatio n whic h accrue s betwee n a  stimulu s an d it s out -
come o n a  tria l  i s proportiona l  t o th e degre e t o whic h th e outcom e i s unexpecte d (o r 

unpredicted )  give n al l  th e stimulu s element s tha t  ar e presen t  o n tha t  trial .  W e le t  V, -

denot e th e strengt h o f  associatio n betwee n stimulu s elemen t  CS ^  an d th e US .  I f  CS ;  i s fol -

lowe d b y a  reinforcin g unconditione d stimulus ,  US ,  the n th e chang e i n th e associatio n 

strengt h betwee n CS j  an d th e US ,  AK,- ,  ca n b e describe d b y Equatio n (1) : 

us 

wher e o ,  reflect s th e intensit y o r  salienc e o f  CS^ ,  P^  reflect s th e rat e o f  learnin g o n trial s 

wit h U S presentations ,  X j  i s th e maximu m possibl e leve l  o f  associatio n strengt h condition -

abl e wit h tha t  U S intensity ,  an d J ]  V ^  i s th e su m o f  th e associativ e strength s betwee n al l 
kt S 

th e C S stimulu s element s occurin g o n tha t  tria l  an d th e US .  I f  CS ,  i s  presente d o n a  tria l 

withou t  th e US ,  the n th e associatio n betwee n CSi  an d th e U S decrease s analogously ,  viz. , 

A V.  =  a^2(X2-i;n) _ (2 ) 
kt S 

wher e X 2 i s th e leve l  o f  associativ e strengt h supporte d b y non-presentatio n o f  th e U S (usu -

all y take n t o b e zero) ,  an d ̂ 2 reflect s th e rat e o f  chang e o f  th e associatio n du e t o nonrein -

forcement .  Generall y  ̂ j  i s  assume d t o b e large r  tha n p2 > ̂^ ^  ̂ î ^  >3 °° ^  critica l  fo r  mos t 

prediction s (se e Rescorl a &  Wagner ,  1972) . 

The Rescorla-Wagner model is the most widely accepted description of associative 
change s durin g classica l  conditioning .  Th e wealt h o f  confirme d implication s arisin g fro m 
thi s deceptivel y simpl e mode l  ha s bee n substantial .  Thi s mode l  account s fo r  th e blockin g 

effec t  a s follows :  Whe n i n Phas e 1 ,  CS ^  ha s bee n initiall y  conditione d t o th e US ,  V ^ 

approache s Xj .  I f  th e associativ e strengt h o f  th e nove l  stimulus ,  V 2 i s assume d t o b e zero , 
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the n th e compoun d atimulu t  ttrength ,  ̂ i  +  V j  * » Xj .  B y Equatio n 1 ,  th e incrementa l 

learnin g accruin g t o th e nove l  stimulus ,  A V j ,  whe n th e compoun d i s paire d wit h th e U S i s 

thu s predicte d t o b e iero~a s observed . 

Learning in Atsociative Networks 

A learning rule used in many of the "connectionist" network models of cognition is 

th e delt a rule ,  a  varian t  o f  th e perceptro n convergenc e procedur e (Rosenblatt ,  1961 )  first 

propose d a s a  learnin g mechanis m fo r  adaptiv e network s b y Widro w an d Hof f  (1960) . 

Such network s connec t  a  se t  o f  inpu t  node s t o som e outpu t  node s wit h "connectio n 

weights "  Wj j  fro m nod e i  t o nod e ; .  Give n a  trainin g tria l  relatin g a n inpu t  vecto r  t o a n 

outpu t  vector ,  th e weight s ar e change d accordin g t o (3) : 

n 
AWij  =  0{Z j  -  S  W4y0t)0j , 

4=1 

wher e i  i s  a n inpu t  node ,  /  i s  a n outpu t  node ,  a ,  i s  th e activatio n o n inpu t  nod e t ,  th e 

sunimatio n i s ove r  al l  th e inpu t  node s t o nod e / ,  an d Zy i s a  specia l  "teaching "  inpu t  signa l 

t o putpu t  nod e j  indicatin g wha t  th e activatio n o f  tha t  nod e shoul d b e t o ge t  th e correc t 

response .  Th e delt a rul e provide s a n iterativ e solutio n t o a  se t  a  linea r  equation s whic h 

wil l  converg e o n discriminatin g weight s i f  the y exist .  Otherwise ,  th e algorith m wil l  con -

verg e o n weight s whic h minimiz e th e "least-squares "  erro r  betwee n th e resultin g an d 
desire d outpu t  pattern s (Kohonen ,  1977) . 

Recently, Rumelhart, Hinton, and Williams (1986) have generalized the delta rule 

so i t  ma y b e applie d t o perfor m learnin g i n a  multi-layere d ne t  o f  feed-forwar d element s 

wit h som e "hidden "  unit s betwee n th e inpu t  an d outpu t  layers .  The y sho w ho w th e delt a 

rule ,  combine d wit h back-propagatio n o f  weigh t  adjustments ,  ca n lear n man y difficul t 

discrimination s suc h a s parity ,  exclusive-or ,  an d symmetr y relationships . 

As Sutton and Barto (1981) noted, the delta rule is essentially identical to the 

Rescorla-Wagne r  equation s (wit h $ i  =  $2) -  f̂>' °  Equatio n 3 ,  w e le t  V ,  =  iTy ,  se t  th e 

trainin g signa l  i n th e delt a rule ,  Zy ,  equa l  t o X ^  whe n th e U S i s presen t  an d t o zer o other -

wise ,  an d le t  a-= l  whe n CS ^  i s presen t  an d 0  otherwise ,  the n th e delt a rul e reduce s t o 

Equation s 1  an d 2  o f  th e Rescorla-Wagne r  model .  Curiously ,  associativ e networ k theorist s 

hav e adopte d th e delt a rul e becaus e o f  it s  computationa l  power ,  convergenc e properties , 
and generalizabilit y  t o multi-layere d networks .  Nonetheless ,  associativ e network s whic h 

implemen t  th e delt a rul e ca n b e viewe d a s a  framewor k fo r  modelin g th e emergen t  proper -

tie s o f  comple x configuration s o f  elementar y associativ e processe s observe d i n animals . 

However ,  fe w studie s hav e aske d whethe r  th e delt a rul e i s a n appropriat e characterizatio n 

of  th e algorith m underlyin g huma n associativ e learning . 

Some earlier investigators have noted the need for bridging experiments. Rudy 

(1974 )  note d a  paralle l  betwee n huma n paired-associat e learnin g an d anima l  associativ e 

learnin g an d pointe d t o a  for m o f  blockin g i n huma n learning .  Specifically ,  whe n 
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redundantl y relevan t  cue s ar e compounde d wit h stimul i  tha t  ar e alread y sufficien t  t o cu e 

th e associate d response ,  th e adde d cue s ar e unlikel y t o becom e associate d wit h th e 

respons e (Trabass o &  Bower ,  1908) .  Dickinso n an d Shank s (1985 )  demonstrate d som e 

conditionin g phenomen a i n huma n learning :  The y showe d tha t  huma n judgment s o f  even t 

correlatio n wer e influence d b y th e conditiona l  statu s o f  othe r  event s tha t  ar e present ,  i n a 

manner  reminiscen t  o f  blockin g o r  overshadowin g phenomen a i n anima l  conditioning . 

Schan k (1982 )  ha s recentl y postulate d a  simila r  "expectatio n failure "  a s th e drivin g forc e 

behin d learning ;  E P A M use d a  simila r  rul e lon g ag o (Feigenbaum ,  1959 ;  Feigenbau m & 

Simon ,  1961) . 

Experiment 1 

Because category learning is a currently active area in cognitive research, we 
decide d t o tes t  ou t  th e delt a rul e a s i t  applie d t o subjects '  learnin g t o classif y stimulu s 

pattern s int o categories .  I n ou r  experiment ,  universit y student s serve d a s hypothetica l 

medica l  diagnosticians .  The y sa w a  serie s o f  25 0 "patients, "  eac h describe d b y th e pres -

ence o r  absenc e o f  eac h o f  fou r  symptoms .  Th e studen t  diagnosticia n classiBe d eac h 

patien t  a s havin g on e o r  th e othe r  o f  tw o fictitious  diseases ,  receive d feedbac k abou t  tha t 

patient' s correc t  diagnosis .  Ove r  training ,  subject s learne d whic h symptom s ar e mor e o r 
les s diagnosti c o f  whic h diseases . 

Figure 1 illustrates a simple associative network to represent this category learn-

ing .  Eac h o f  th e fou r  symptom s i s represente d b y a n inpu t  nod e a t  th e left ,  an d th e tw o 

diseas e categorie s b y node s a t  th e right .  Th e connection s fro m sympto m i  t o categor y j 
has weight ,  tp,y ,  reflectin g th e strengt h o f  evidenc e tha t  presenc e o f  sympto m •  provide s 

toward s diseas e / .  Th e tr, y wil l  b e adjuste d tria l  b y tria l  accordin g t o th e delt a rule . 

The pattern of features presented on a trial causes a pattern of activation of the 

features .  I f  th e presenc e o r  absenc e o f  eac h featur e i s represente d b y activation s o f  1  an d 

0,  respectively ,  th e activatio n a t  a  give n categor y nod e wil l  equa l  th e su m o f  th e weight s 
fro m presente d feature s t o tha t  categor y node .  Thi s reflect s th e model' s expectatio n fo r 

tha t  categor y give n th e sympto m pattern .  Onc e activatio n value s ar e compute d fo r  th e 

categor y nodes ,  th e nex t  ste p i s fo r  th e mode l  t o selec t  a  response .  Severa l  measure s o f 

associativ e strengt h ar e possible .  On e w e hav e use d i s t o as k subject s t o judg e directl y th e 

probabilit y  tha t  a  give n patien t  ha s on e diseas e o r  th e other .  W e wil l  suppos e tha t  th e 

greate r  th e differenc e i n ne t  strengt h o f  evidenc e fo r  categor y 1  vs .  2 ,  th e highe r  wil l  b e 

subject' s estimat e tha t  th e patien t  ha s diseas e 1  rathe r  tha n diseas e 2 .  A  secon d measur e 
ask s subject s t o choos e diseas e 1  o r  2  fo r  a  particula r  patient .  Fo r  thi s case ,  w e us e th e 
rati o respons e rul e o f  Luc e (1963 )  whic h say s tha t  th e probabilit y  o f  choosin g Categor y 1 

i s th e rati o — ——.  Qualitativ e aspect s o f  th e prediction s d o no t  depen d o n th e 

details of the response rule. 

The "training signal" provided to each category node (Figure 1) is the 

experimenter' s feedbac k (afte r  th e subject' s response )  regardin g th e correc t  response .  W e 
assume tha t  i f  categor y ;  i s th e correc t  classification ,  the n Z j  wil l  b e se t  equa l  t o on e o n 

tha t  trial ;  i f  a n alternativ e categor y i s correc t  o n a  give n trial ,  the n Z j  wil l  b e 0  fo r  tha t 
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S y m p t o m 1 

S y m p t o m 2 

S y m p t o m 3 

S y m p t o m 4 

C a t e g o r y 1 

C a t e g o r y 2 

Figur e 1 .  A  simpl e "connectionist "  networ k whic h learn s t o diagnos e pattern s 

of  u p t o fou r  symptom s a s havin g on e o f  tw o disease s usin g th e Rescorla-Wagner/delt a 

rule . 
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trial .  W e assum e a  singl e learnin g rat e parameter ,  fi,  fo r  adjustin g th e weights .  However , 

i f  a  fixed  se t  o f  trainin g pattern s i s presente d m a n y time s i n rando m orde r  t o th e learnin g 

model ,  th e convergenc e propertie s o f  th e delt a rul e lea d t o paramete r  fre e prediction s 

abou t  th e expecte d asymptoti c level s o f  th e ir,y's ,  feature-to-categor y association s (Rescorl a 

& Wagner ,  1972 ;  Stone ,  1986) . 

We will compare the predictions of the delta rule in our category learning task 

^it h th e prediction s o f  thre e competin g model s o f  categor y learnin g (Estes ,  1986) :  1 ) 

exempla r  model s whic h presum e tha t  th e learne r  store s al l  th e exemplar s o f  eac h category , 

and the n classifie s a  ne w instanc e accordin g t o it s similarit y t o th e store d exemplar s o f 

eac h categor y (e.g .  Medi n &  Schaffer ,  1978 ;  Nosofsky ,  1984) ,  2 )  feature-frequenc y whic h 

presum e tha t  th e learne r  store s relativ e frequencie s o f  occurrenc e o f  cue s withi n th e 

categories ,  an d the n classifie s a n instanc e accordin g t o th e relativ e likelihoo d o f  it s  partic -

ula r  patter n o f  feature s arisin g fro m eac h o f  th e categorie s (Reed ,  1972 ;  Frank s &  Brans -

ford ,  1971) ,  an d 3 )  prototyp e model s whic h presum e th e learne r  abstract s th e centra l  ten -

denc y (moda l  description )  o f  eac h categor y an d the n classifie s instance s accordin g t o thei r 

similarit y t o thi s centra l  prototyp e (Frie d & .  Holyoak ,  1984) . 

Applying models to our task where subjects estimate the probability of each 

categor y give n eac h feature ,  th e model s m a k e on e o f  tw o predictions .  Exempla r  model s 

and feature-frequenc y model s predic t  tha t  subjects '  estimate s wil l  simpl y reflec t  th e 

observe d conditiona l  feature-to-categor y probabilitie s o f  th e trainin g sequence ,  a  for m o f 

"probabilit y  matching. "  O n th e othe r  hand ,  prototyp e model s an d feature-frequenc y 

model s whic h ignor e variation s i n categor y base-rat e frequencie s woul d predic t  tha t  sub -

jects '  estimate s o f  th e probabilit y  o f  th e categor y give n th e featur e wil l  reflec t  simpl y th e 

relativ e likelihoo d o f  th e featur e give n th e alternat e categories ,  viz. , 

p{Ac,HnAc2) • 

In our experiment, we arranged to have the ordinal relationships among the condi-

tiona l  probabilitie s fo r  differen t  cue s diffe r  fro m th e ordina l  relationship s amon g th e 

expecte d asymptoti c associatio n strength s predicte d b y th e Rescorla-Wagner/delt a rule . 

Thi s wa s achieve d b y unbalancin g th e relativ e frequenc y o f  th e tw o diseases ,  makin g th e 

c o m m on diseas e fa r  mor e likel y tha n th e rar e disease .  Th e questio n wa s whethe r  people' s 

probabilit y  estimate s woul d b e mor e closel y predicte d b y th e Rescorla-Wagner/delt a rul e 

tha n b y th e alternativ e models . 

Procedure 

Nineteen subjects were trained to classify medical charts of hypothetical patients 

int o on e o f  tw o mutuall y exclusiv e diseas e categories .  Diseas e name s wer e fictitious  bu t  w e 

wil l  refe r  t o the m a s th e rar e (R )  diseas e an d th e c o m m o n (C )  disease .  A m o n g th e train -

in g exemplars ,  patient s wit h th e c o m m o n diseas e wer e thre e time s a s frequen t  a s patient s 

wit h th e rar e disease .  A  patien t  char t  consiste d o f  on e t o fou r  symptom s draw n fro m a 

set  o f  fou r  possibl e symptoms :  blood y nose ,  stomac h cramps ,  pufiF y eyes ,  an d discolore d 

gums.  I n th e trainin g phas e subject s wer e show n a  se t  o f  symptom s correspondin g t o a 

patient ,  aske d t o m a k e a  diagnosis ,  an d the n give n feedbac k a s t o th e correc t  diagnosis . 

Figur e 2 a show s th e probabilit y  o f  eac h o f  th e fou r  symptom s occurrin g i n patient s 
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Figur e 2 .  Experimen t  1  design :  (a )  Th e probabilitie s o f  eac h o f  th e fou r  symp * 

tom s occurrin g i n patient s sufferin g fro m eac h o f  th e tw o diseases .  Th e lowe r  numbere d 

symptom s wer e mor e typica l  fo r  th e rar e diseas e whil e th e highe r  numbere d symptom s 
wer e mor e typica l  o f  th e commo n disease ,  (b )  Th e conditiona l  probabilitie s o f  eac h o f  th e 

tw o disease s give n th e presenc e o f  eac h o f  th e symptom s compute d fro m (a )  usin g Baye s 

Theorem . 
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sufferin g fro m eac h o f  th e tw o diseases .  Th e lowe r  numbere d sjrmptom s wer e mor e typica l 

fo r  th e rar e diseas e whil e th e highe r  numbere d symptom s wer e mor e typica l  o f  th e com -

mon disease .  Al l  symptoms ,  however ,  occurre d i n som e patient s wit h bot h diseases . 

Symptoms 1 ,  2 ,  3 ,  an d 4  wer e assigne d actua l  sympto m name s randoml y fo r  eac h subject . 

Each subjec t  receive d a  nove l  se t  o f  trainin g patient s whic h wer e generate d durin g th e 

experimen t  accordin g t o a  probabilisti c  procedure .  First ,  eac h patien t  wa s randoml y 

designate d a s sufferin g fro m eithe r  th e rar e diseas e (wit h probabilit y .25 )  o r  th e commo n 

diseas e (wit h probabilit y  .75) .  Second ,  give n hi s disease ,  a  patient' s sympto m char t  wa s 

generate d b y choosin g symptom s accordin g t o th e independen t  probabilitie s show n i n Fig -

ur e 2a .  Thus ,  i f  th e patien t  suffere d fro m th e rar e disease ,  the n wit h probabilit y  .6 ,  th e 

char t  woul d includ e sympto m 1 ;  wit h probabilit y  .4 ,  sympto m 2 ;  wit h probabilit y  .3 , 

sympto m 3 ;  an d wit h probabilit y  .2 ,  sympto m 4  (an d analogously ,  bu t  inversely ,  fo r 

patient s sufferin g fro m th e common disease) .  Fro m on e t o fou r  symptom s wer e presente d 

OP a  singl e char t  (patient s wit h n o symptom s wer e eliminate d fro m th e trainin g sequence) . 
For  th e subjects ,  th e disease s wer e identifie d b y fictitious  name s whic h wer e counterbal -

ance d acros s subject s i n bein g assigne d t o th e rar e o r  commo n disease .  Subject s wer e 

instructe d tha t  ther e wa s n o simpl e rul e fo r  makin g th e diagnosi s an d tha t  th e orde r  o f 

presentatio n o f  th e symptom s withi n a  patient' s char t  wa s irrelevant . 

Using the base rates of P{R) = .25 and P{C) = .75 and the probabilities in Figure 

2a,  Baye s Theore m provide s th e conditiona l  probabilit y  o f  th e tw o disease s give n th e fou r 
symptom s considere d seperatel y (se e Figur e 2b) .  Fo r  an y singl e sympto m th e normativ e 
probabilit y  o f  th e rar e disezis e wa s alway s les s tha n o r  equa l  t o th e probabilit y  o f  th e mor e 
common disease . 

Following 250 training trials of predicting diseases and receiving feedback, subjects 

wer e finally  aske d t o estimat e directl y th e probabilit y  tha t  a  patien t  exhibitin g a  particu -

la r  sympto m wa s sufferin g fro m on e o r  th e othe r  disease .  The y gav e a  numerica l  esti -

mate s o f  P{R\», )  an d PiC\», )  o n a  0  t o 10 0 scal e fo r  eac h o f  th e fou r  symptoms .  Thes e 

estimate s ar e th e dat a o f  primar y interes t  i n thi s report . 

Retultt and Predictiom 

Because the conditional probabilities of the two diseases sum to 1 for any particu-
la r  symptom ,  w e wil l  combin e thes e conditiona l  probabilitie s int o a  singl e probabilit y 

differenc e measure ,  PiR\»i )  -  /̂ Cl«,) ,  fo r  eac h o f  th e fou r  symptoms .  Thi s measure ,  show n 

i n Figur e 3 ,  reflect s bot h th e actua l  (normative )  probabilitie s i n th e trainin g pattern s a s 
wel l  th e probabilit y  matchin g behavio r  predicte d b y exemplar-storag e an d feature -
frequenc y models .  But ,  th e Rescorla-Wagner/delt a rul e predict s tha t  followin g training , 

subjects '  estimate s o f  th e probabilit y  difference s wil l  follo w a  differen t  pattern ,  reflectin g 
th e underlyin g strength s o f  th e feature-to-categor y associativ e connections .  Thes e asymp -

toti c connectio n weight s ca n b e calculate d b y derivin g equation s fo r  th e expecte d trial-by -

tria l  weigh t  chang e i n eac h o f  th e feature-to-categor y connections ,  settin g thes e expecte d 
change s t o zero ,  an d solvin g th e resultin g fou r  simultaneou s equation s i n fou r  variable s fo r 
each o f  th e tw o categories .  Th e resultin g asymptoti c associatio n strength s t o th e rar e 

diseas e ar e .45 ,  .18 ,  .06 ,  an d -.0 9 fo r  symptom s 1  throug h 4 ,  respectively ,  an d fo r  th e asso -
ciation s t o th e common disease ,  .02 ,  .22 ,  .37 ,  an d .68 .  Th e difference s betwee n thes e 
asymptoti c strength s ar e plotte d i n Figur e 3b ;  thi s i s  th e theoretica l  inde x t o b e compare d 
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Figur e 3 .  Result s an d prediction s fo r  Experimen t  1 .  (a )  Normativ e probabilit y 

difference s fo r  eac h symptom .  Thes e correspon d t o th e prediction s o f  exempla r  an d 

feature-frequenc y learnin g models ,  (b )  Prediction s o f  th e Rescorla-Wagner/delt a rul e base d 

on asympoti c level s o f  associations ,  (c )  Subject' s estimate s o f  th e probabilit y  differences . 
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t o th e observe d probabilit y  differenc e measures . 

The most striking difference between the normative probability measures in Figure 

3a an d th e predicte d associativ e weight s i n Figur e 3 b i s eviden t  i n sympto m 1 ,  »i :  Thi s 

sympto m wa s paire d equall y ofte n wit h th e rar e disease ,  R ,  a s wit h th e c o m m o n disease , 

C,  an d henc e th e differenc e betwee n th e conditiona l  probabilitie s o f  R  versu s C  t o thi s cu e 

i s tero .  However ,  th e delta-rul e predict s tha t  th e th e «|-»/ ? associatio n wil l  b e consider -

abl y stronge r  tha n th e $i-* C association . 

This prediction of the delta rule is understandable when one appreciates the eorti' 

petitiv e natur e o f  th e learnin g algorithm .  T h e overal l  magnitud e o f  th e $ymptom—^diseas e 

weigh t  reflect s th e degre e t o whic h a  sympto m ha s bee n a n informativ e an d reliabl e pred -

icto r  o f  a  disease ,  relativ e t o th e predictiv e valu e o f  othe r  co-presen t  symptom s fo r  tha t 

same disease .  Althoug h sympto m 1  ha s th e sam e predictiv e valu e fo r  th e tw o diseases , 

relativ e t o th e predictiv e valu e o f  th e othe r  symptom s fo r  th e c o m m o n disease ,  i t  i s  no t  a 

ver y informativ e predictor .  However ,  fo r  th e rar e diseas e sympto m 1  i s a  relativel y bette r 

predicto r  tha n th e othe r  symptoms .  I t  i s  thi s relativ e validit y o f  a  sympto m fo r  th e tw o 

categorie s tha t  determine s it s relativ e degree s o f  associatio n t o them . 

Having described the model's predictions, we turn now to the data. Comparing 

th e actua l  wit h th e estimate d conditiona l  probabilitie s indicate d tha t  whil e subject s 

correctl y learne d th e relativ e strength s o f  th e conditiona l  probabilitie s withi n a  particula r 

diteat e category ,  the y considerabl y overestimate d th e conditiona l  probabilit y  o f  th e rar e 

diseas e give n eac h o f  th e symptoms .  Subjects '  estimate s o f  th e probabilit y  o f  diseas e R 

versu s C  wer e converte d int o difference s an d graphe d i n Figur e 3c .  Ou r  precedin g analyse s 

suggeste d tha t  th e dat a fo r  sympto m 1  ar e woul d b e mos t  critica l  fo r  distinguishin g 

betwee n th e models .  A s predicte d b y th e delt a rule ,  th e dat a indicat e tha t  subject s 

believe d tha t  patient s wit h sympto m 1  wer e significantl y mor e likel y t o b e sufferin g fro m 

th e rar e diseas e tha n fro m th e c o m m o n diseas e ( p <  .01 ,  1  tailed ,  t=2.76 ,  df«sl8) .  Thi s 

simpl e resul t  disconfirm s th e alternativ e models .  B y th e sam e token ,  th e delt a rul e expect s 

th e probabilit y  differenc e fo r  symptom s 2 ,  3 ,  an d 4  t o b e m u c h les s tha n predicte d b y th e 

probabilit y  matchin g theories ,  an d thi s dat a patter n wa s als o observed . 

It would appear that our learners fell prey to a common form of '' base rate 

neglect "  i n makin g predictiv e judgments :  The y erroneousl y judge d tha t  th e presenc e o f  a 

symptom ,  *i ,  highl y representativ e o f  th e rar e diseas e wa s stron g evidenc e fo r  diagnosin g 

th e rar e a s oppose d t o th e c o m m o n disease .  Thi s result ,  predicte d b y th e delt a rule ,  i s 

consisten t  wit h m a n y result s i n researc h o n judgment :  Peopl e consistentl y overestimat e 

th e degre e t o whic h evidenc e tha t  i s representativ e o r  typica l  o f  a  rar e even t  i s actuall y 

predictiv e o f  i t  (Tversk y &  Kahneman ,  1972) .  W h e n answerin g question s suc h as :  " W h a t 

i s th e probabilit y  tha t  objec t  A  belong s t o clas s B" ,  peopl e ofte n resor t  t o a  repreaenta -

tivenei $ heuristi c i n whic h thei r  judgmen t  reflect s th e degre e t o whic h A  resemble s a  pro -

totyp e o f  B  (Tversk y &  Kahneman ,  1082b) .  Fo r  example ,  i n estimatin g th e probabilit y 

tha t  a  particula r  studen t  i s a n Englis h majo r  i n a  classroo m know n t o consis t  o f  8 0 % 

compute r  scienc e majors ,  peopl e bas e thei r  prediction s largel y o n th e degre e t o whic h th e 

personalit y characteristic s o f  th e studen t  ar e representativ e o f  thei r  stereotype s o f  com -

pute r  wizards ,  thu s neglectin g th e influenc e tha t  bas e rat e shoul d have .  (Kahnema n & 

Tversky ,  1972) .  Mos t  studie s demonstratin g neglec t  o f  bas e rat e i n classificatio n 
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judgment s hav e use d natura l  categorie s wit h familia r  prototype s (e.g .  feminist s o r 

engineers) ;  bas e rat e informatio n i s generall y presente d t o subject s a s additiona l  numerica l 

informatio n (Tversk y &  Kahneman ,  1082a) .  Our s i s on e o f  th e first  studie s t o demon -

strat e bas e rat e neglec t  i n a  categor y learnin g experimen t  i n whic h informatio n abou t 

categorie s an d bas e rate s wa s induce d b y subject s fro m examples . 

One might try explaining our results by supposing that subjects ignore base rates 

of  th e tw o categorie s i n makin g thei r  judgments .  Earlie r  w e indicate d ho w a  prototyp e 

model  o r  a  feature-frequenc y mode l  coul d b e interprete d a s insensitiv e t o bas e rate s o f  th e 

tw o categories .  Bu t  thi s explanatio n fail s becaus e i f  subject s ha d bee n ignorin g bas e rates , 

the n the y shoul d hav e judge d symptom s 1  an d 2  t o b e a s diagnosti c o f  th e rar e diseas e a s 

symptom s 3  an d 4  wer e fo r  th e commo n disease ,  respectivel y (se e Figur e 2a) .  Bu t  a s Fig -

ur e 3 c shows ,  thi s patter n wa s no t  obtained .  Onl y sympto m 1  wa s judge d t o b e a 

significantl y stronge r  predicto r  o f  th e rar e diseas e tha n th e commo n disease .  Thoug h sub -

jects *  probabilit y  estimate s reflecte d les s attentio n t o bas e rate s tha n normativel y 

required ,  th e estimate s sho w sensitivit y t o th e diflferin g bas e rates .  Thes e result s ar e con -

sisten t  wit h curren t  decisio n makin g studie s whic h sugges t  tha t  i n mos t  situation s base -

rat e informatio n i s no t  ignored ,  onl y underutilize d (Borgid a &  Brekke ,  1981 ;  Kassin , 

1979) .  Alternativ e categor y learnin g models ,  whic h predic t  eithe r  tota l  neglec t  o f  bas e 

rate s o r  ful l  us e o f  bas e rat e information ,  d o no t  provid e a  satisfactor y accoun t  fo r  thes e 

data .  Th e Rescorla-Wagner/delt a rule ,  however ,  correctl y predict s tha t  i n ou r  situatio n 

onl y sympto m 1  wil l  b e perceive d a s stronge r  evidenc e fo r  th e rar e versu s th e commo n 

disease ;  th e othe r  symptom s ar e predicte d t o b e stronge r  evidenc e fo r  th e commo n disease . 

Di»cu$»ion 

We believe that our results provide discriminating evidence in favor of the 

Rescorla-Wagner/delt a rul e a s applie d t o a  simpl e cue-to-categor y learnin g tas k fo r  huma n 
adults .  Th e uniqu e natur e o f  th e prediction s depend s o n th e competitiv e natur e o f  th e 

learnin g algorithm .  A  cu e tha t  i s paire d wit h categor y 1  wil l  acquir e relativel y littl e asso -

ciativ e strengt h toward s tha t  categor y i f  th e cu e occur s i n th e compan y o f  other s tha t 

alread y strongl y predic t  tha t  category .  A s indicated ,  thi s echoe s th e man y result s i n 

anima l  conditionin g o n overshadowing ,  blocking ,  an d CS-U S correlation s (se e Prokasy , 

1965 ;  Rescorla ,  1968) .  W e ar e currentl y conductin g furthe r  test s o f  implication s o f  th e 
delt a rul e i n th e symptom-diseas e learnin g paradigm ,  an d thos e test s provid e eve n furthe r 

confirmatio n o f  th e rule .  W e ar e encourage d tha t  th e delt a rul e o f  connectionis t  theorie s 

not  onl y link s u p t o th e Rescorla-Wagne r  mode l  o f  conditioning ,  bu t  tha t  the y als o impl y 

th e phenomeno n o f  base-rat e neglec t  whic h ha s prove n t o b e a  robus t  effec t  i n th e litera -

tur e o f  judgmen t  an d decision .  Suc h theoretica l  connection s acros s disparat e researc h 

area s ar e especiall y encouragin g t o th e goal s o f  cognitiv e science . 

136 



G L U CK &  B O W ER 

Reference s 

Ackley ,  D .  H. ,  Hinton ,  G .  B. ,  &  Sejnowski ,  T .  J .  (1985) .  Boltzma n machines :  Constrain t 
satisfactio n network s tha t  learn .  Cognitiv e Science ,  9 ,  147-160 . 

Alloy, L. B. & Tabachnik, N. (1984). Assessment of covariation by humans and animals: 

The join t  influenc e o f  prio r  expectation s an d curren t  situationa l  information . 

Psychologica l  Review ,  91 ,  112-149 . 

Borgida, E. & Brekke, N. (1981). The base-rate fallacy in attribution and prediction. In 
J.  H .  Harvey ,  W .  J .  Ickes ,  &  R .  F .  Kid d (Eds.) ,  Ne w direction i  i n attributio n 

researc h (Vol .  S) .  Hillsdale ,  N.J. :  Eribaum . 

Dickinson, A. & Shanks, D. (1985). Animal conditioning and human causality judgment. 

I n L .  Nilsso n &  T .  Arche r  (Eds.) ,  Perspective s o n learnin g an d memory .  Hillsdale , 

N.J. :  Lawrenc e Eribaum . 

Estes, W. K. (1985). Some common aspects of models for learning and memory in lower 

animal s an d man .  I n L .  Nilsso n &  T .  Arche r  (Eds.) ,  Perspective s o n learnin g an d 

memory.  Hillsdale ,  N.J. :  Lawrenc e Eribaum . 

Estes, W. K. (1986). Array models for category learning. Cognitive Psychology, in press. 

Feigenbaum, E. A. (1959). An information processing theory of verbal behavior. Santa 

Monica ,  CA :  R A N D Corporation . 

Feigenbaum, E. A. &, Simon, H. A. (1961). Forgetting in an associative memory. 
Proceeding s o f  th e A C M Nationa l  Conference ,  16 ,  202-205 . 

Franks, J. J. & Bransford, J. D. (1971). Abstraction of visual patterns. Journal of 

Experiment s Psychology ,  90 ,  65-74 . 

Fried, L. S. & Holyoak, K. J. (1984). Induction of category distributions: A framework 

fo r  classificatio n learning .  Journa l  o f  Experimenta l  Psychology :  Learning ,  Memor y 
and Cognition ,  10 ,  234-257 . 

Hinton, G. E. & Anderson, J. A. (1981). Parallel models of associative memory. New 
Jersey :  LEA . 

Holland, J., Holyoak, K. J., Nisbett, R. E., & Thagard, P. (in press). Induction: 
Processe s o f  Inference ,  Learnin g an d Discovery . 

Hull, C. L. (1943). Principles of behavior. New York: Appleton-Century-Crofts. 

137 



G L U CK &  B O W ER 

Kahneman,  D .  &  Tversky ,  A .  (1972) .  Subjectiv e probability :  A  judgmen t  o f  representa -

tiveness .  Cognitiv e Psychology ,  S ,  430-454 . 

Kamin, L. J. (1969). Predictability, surprise, attention and conditioning. In B. A. Camp-

bel l  &  R .  M .  Churc h (Eds.) ,  Punithmen t  an d avertiv e behavio r  (pp .  270-296) .  Ne w 
York :  Appleton-Century-Crofts . 

Kassin, S. M. (1979). Base rates and prediction: The role of sample sire. Pertonality and 

Socia l  Psycholog y Bulletin ,  5 ,  210-213 . 

Kohonen, T. (1977). Associative memory: A system-theoretic approach. 

Luce, R. D. (1963). Detection and recognition. In R. D. Luce, R. R. Bush, & E. Galanter 

(Eds.) ,  Handboo k o f  mathematica l  psychology .  Ne w York :  Wiley . 

Mackintosh, N. J. (1983). Conditioning and Associative Learning. Oxford: Oxford Univ. 
Press . 

Mackintosh, N. J. & Honig, W. K. (1969). Fundamental Issues in Associative Learning. 

Halifax :  Dalhousi e Univ .  Press . 

McClelland, J. L. & Rumelhart, D. E. (1981). An interactive activation model of context 

effect s i n lette r  perception :  Par t  1 .  A n accoun t  o f  basi c findings.  Psychologica l 

Review ,  88 . 

Medin, D. L. & Dewey, G. I. (1984). Learning of ill-defined categories by monkeys. 

Canadia n Journa l  o f  Psychology ,  38 ,  285-303 . 

Medin, D. L. & Schaffer, M. M. (1978). Context theory of classification learning. Psycho-

logica l  Review ,  85 ,  207-238 . 

Nosofsky, R. M. (1984). Choice, Similarity, and the Context Theory of Classification. 
Journa l  o f  Experimenta l  Psychology :  Learning ,  Memor y an d Cognition ,  10 ,  104-114 . 

Pavlov, I. (1927). Conditioned Reflexes. London: Oxford University Press. 

Prokasy, W. F. (1965). Classical eyelid conditioning: Experimental operations, task 

demands,  an d respons e shaping .  I n W .  F .  Prokas y (Ed.) ,  Classica l  conditionin g 

(pp .  208-225) .  Ne w York :  Appleton-Century-Crofts . 

Reed, S. K. (1972). Pattern recognition and categorization. Cognitive Psychology, S, 

382-407 . 

Rescorla, R. A. (1968). Probability of shock in the presence and absence of CS in fear 

conditioning .  Journa l  o f  Comparativ e an d Physiologica l  Psychology ,  66 ,  1-5 . 

138 



G L U CK &  B O W ER 

Rescoria ,  R .  A .  &  Holland ,  P .  C .  (1082) .  Behaviora l  studie s o f  associativ e learnin g i n 

animals .  Annua l  Revie w o f  Ptychology ,  39 ,  265-308 . 

Rescoria, R. A. & Wagner, A. R. (1972). A theory of Pavlovian conditioning: Variations 

i n th e effectivenes s o f  reinforcemen t  an d non-reinforcement .  I n A .  H .  Blac k &  W . 

F.  Prokas y (Eds.) ,  Classica l  conditionin g 11 :  Curren t  researc h an d theor y .  Ne w 

York :  Appleton-Century-Crofts . 

Rosenblatt, F. (1961). Principles of new adynamics: Pereeptrons and the theory of the 

brai n mechanisms .  Washington ,  D.C. :  Spartan . 

Rumelhart ,  D .  E. ,  Hinton ,  G .  E. ,  &  Williams ,  R .  J .  (1986) .  Learnin g interna l  representa -

tion s b y erro r  propogation .  I n D .  Rumelhar t  &  J .  McClellan d (Eds.) ,  Paralle l  dis -

tribute d processing :  Exploration s i n th e microstructur e o f  cognition .  Cambridge , 
M.A. :  M I T Press . 

Rumelhart, D. E. & McClelland, J. L. (1986). Parallel distributed processing: Explora-
tion s i n th e microstructur e o f  cognition ,  Vol .  1 :  Foundations .  Cambridge ,  M A : 

Bradfor d Books/MI T Press . 

Schank, R. C. (1982). Dynamic memory. Cambridge: Cambridge University Press. 

Spence, K. W. (1956). Behavior theory and conditioning. New Haven, Conn.: Yale 
Universit y Press . 

Stone, G. O. (1986). An analysis of the delta rule and the learning of statistical associa-
tions .  I n D .  E .  Rumelhar t  &  J .  L .  McClellan d (Eds.) ,  ParaUe l  distribute d process -

ing :  Exploration s i n th e microstructur e o f  cognition ,  Vol .  1 :  Foundations .  Cam-
bridge ,  M A :  Bradfor d Books/MI T Press . 

Sutton, R. S. & Barto, A. G. (1981). Toward a modern theory of adaptive networks: 
Expectatio n an d prediction .  Psychologica l  Review ,  88 ,  135-170 . 

Trabasso, T. & Bower, G. H. (1968). Attention in learning: Theory and research. New 

York :  Joh n Wiley . 

Tversky, A. & Kahneman, D. (1982a). Evidential impact of base rates. In D. Kahneman, 
P.  Slovic ,  &  A .  Tversk y (Eds.) ,  Judgment s unde r  uncertainty :  Heuristic s an d biases . 
Cambridge ,  UK :  Cambridg e Universit y Press . 

Tversky, A. & Kahneman, D. (1982b). Judgments of and by representativeness. In D. 
Kahneman,  P .  Slovic ,  &  A .  Tversk y (Eds.) ,  Judgment s unde r  uncertainty :  Heuris -

tic s an d biases .  Cambridge ,  UK :  Cambridg e Universit y Press . 

139 



G L U CK &  B O W ER 

Wagner ,  A .  R .  (1909) .  Simulu s selectio n an d a  modifie d continuit y theory .  I n G .  Bowe r 

& J .  Spenc e (Eds.) ,  Th e psycholog y o f  learnin g an d motivation ,  Volum e S .  Ne w 

York :  Academi c Press . 

Wagner, A. R. & Rescoria, R. A. (1972). Inhibition in Pavlovian conditioning: applica-

tion s o f  a  theory .  I n R .  A .  Boake s &  S .  Hallida y (Eds.) ,  Inhibitio n an d Learnin g 

(pp .  301-3 6 ) .  Ne w York :  Academi c Press . 

Wldrow, G. & Hoff, M. E. (1960). Adaptive switching circuits. Institute of Radio 

Engineers ,  Weste r  Electroni c Sho w an d Convention ,  Conventio n Record ,  4 t  96-19 4 

140 



S I M U L T A N E O U S C O N F I G U R A L 

C L A S S I C A L C O N D I T I O N I N G 

Jeffrey C. Schlimmer and Richard H. Granger, Jr. 

D e p a r t m e n t  o f  Informatio n a n d C o m p u t e r  Scienc e 

Universit y o f  California ,  Irvin e 

ABSTRACT 

Humans and animals have the ability to learn complicated configurations of environ-
menta l  cue s tha t  ar e predictiv e o f  importan t  events .  I n cljissica l  conditioning ,  thi s tas k 

i s calle d configura l  conditioning .  Psychologist s hav e studie d thi s phenomeno n sinc e 

Pavlov' s time ,  ye t  severa l  o f  th e contemporar y learnin g model s provid e onl y partiall y 

satisfactor y explanations .  Mos t  model s provid e mechanism s whic h selec t  amon g pos -

sibl e predictiv e stimuli ,  bu t  the y fai l  t o explicitl y  identif y predictiv e combination s o f 

stimul i  an d ar e thu s restricte d t o learnin g onl y a  relativel y simpl e se t  o f  possibl e associ -

ations .  I n thi s pape r  w e discus s a  learnin g metho d whic h account s fo r  som e configura l 

conditionin g results .  Usin g a n implemente d system ,  w e demonstrat e th e effectivenes s 

of  thi s metho d b y modelin g configura l  conditionin g dat a fro m a  pai r  o f  representativ e 

experimenta l  studies . 

I N T R O D U C T I ON 

Consider the problem of trying to learn the precise configuration of weather cues that 

indicat e rain .  Th e appropriat e descriptio n m a y includ e fallin g baromete r  reading s an d 

hig h humidit y o r  a  hig h degre e o f  atmospheri c ionization .  Th e stud y o f  th e abilit y  o f  hu -

mans an d animal s t o associat e set s o f  stimul i  wit h a n importan t  even t  i s calle d configura l 

conditioning .  Fo r  example ,  i n on e cas e dog s wer e traine d t o associat e a  simultaneou s pre -

sentatio n o f  si x specifi c  cue s wit h deliver y o f  mea t  powde r  (Razran ,  1965) .  Th e anima l 

the n expectantl y salivate d onl y whe n al l  o f  th e si x cue s wer e presen t  an d no t  whe n an y 

subse t  o f  the m were .  Remarkabl y enough ,  a  do g ca n als o b e traine d t o expec t  foo d onl y 

when on e o f  tw o feature s occur s separatel y an d no t  whe n the y occu r  togethe r  (Woodbury , 

1943) .  Th e abilit y  t o for m association s wit h a  numbe r  o f  Boolea n combination s o f  feature s 

(conjunction ,  disjunction ,  exclusive-disjunction )  i s a  wel l  studie d phenomeno n i n experi -

ment s o n h u m a n abilit y  (Grings ,  1972 ;  Bruner ,  Goodnow ,  &  Austin ,  1965 )  an d i n anima l 

classica l  conditionin g (Whitlo w &  Wagner ,  1972 ;  Saavedra ,  1975) . 
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Several contemporary animal learning theories, however, have difficulty explaining these 

results .  T h e Rescorla-Wagne r  (1972 )  model ,  fo r  instance ,  expresse s th e strengt h o f  a  con -

figural  associatio n a s th e s u m o f  th e association s fo r  eac h cue .  B y adjustin g th e individua l 

strengths ,  i t  select s th e mos t  predictiv e stimulus .  A  configuratio n consistin g o f  an y o f  a 

number  o f  cue s i s easil y accommodated .  Conjunctio n an d exclusive-disjunction ,  however , 

requir e tha t  th e individua l  cue s hav e a  qualitativel y differen t  associativ e strengt h tha n 

thei r  combination .  Withi n a  sensor y dimension ,  thi s difficult y i s usuall y finessed  b y as -

sumin g tha t  th e co-occurrenc e o f  tw o stimul i  (sa y a  blu e ligh t  an d a  re d light )  result s i n 

some ne w resonan t  propert y o f  th e stimul i  (sa y a  purpl e light) .  Featur e selectio n model s 

lik e thi s on e rel y o n resonan t  feature s i n orde r  t o lear n association s involvin g conjunctiv e 

an d exclusive-disjunctiv e configurations .  However ,  tw o stimul i  m a y b e configure d fro m 

differen t  modalities ,  a s i n th e cas e wher e a  ton e an d a  ligh t  ar e reinforce d alon e bu t  no t 

together .  I t  i s  unclea r  tha t  an y additiona l  propert y o f  th e stimul i  i s  presen t  (thoug h per -

hap s on e migh t  wis h t o argu e tha t  som e propert y o f  "two-ness "  exists) .  Ye t  withou t  it , 

traditiona l  model s canno t  explai n th e effectua l  acquisitio n o f  thes e comple x CSs ;  the y as -

sume tha t  th e associatio n fo r  a  se t  o f  cue s i s simpl y th e su m o f  association s wit h eac h part . 

A exclusive-disjunctiv e configuratio n require s wea k learnin g o f  th e compoun d t o aris e ou t 

of  stron g learnin g o f  eac h component .  A n additiona l  difficult y o f  assumin g th e presenc e o f 

resonan t  propertie s i s tha t  th e numbe r  o f  thes e feature s mus t  increas e exponentiall y  wit h 

th e numbe r  o f  cue s i n th e environment . 

A numbe r  o f  artificia l  intelligenc e learnin g method s als o hav e difficultie s explainin g 

thes e experimenta l  data .  A  c o m m o n assumptio n i n concep t  attainmen t  work ,  fo r  instance , 

i s tha t  th e identit y o f  a n instanc e ca n b e determine d vi a a  conjunctiv e descriptio n o f  it s 

feature s (Mitchell ,  1982) .  A  simpl e disjunctiv e descriptio n canno t  b e learne d o r  represente d 

i n m a n y cases ,  m u c h les s th e exclusive-disjunctio n relationship .  I n thi s pape r  w e presen t 

a model ,  S T A G G E R,  whic h ha s th e functiona l  flavor  o f  a  featur e selectio n model ,  bu t 

goes beyon d thi s t o for m new ,  compoun d features .  W e furthe r  demonstrat e it s abilit y  t o 

correctl y mode l  th e result s fro m tw o representativ e experimenta l  studies . 

A LEARNING MODEL: STAGGER 

The foundation of STAGGER is a distributed representation of association, composed of 

a se t  o f  duall y weighte d predictiv e features .  Durin g eac h trial ,  a  cumulativ e expectatio n o f 

th e U S i s forme d b y utilizin g th e pai r  o f  weight s associate d wit h eac h feature .  Thes e weight s 

ar e easil y adjuste d a s learnin g progresses ,  an d thei r  mathematica l  interpretatio n mirror s 

basi c result s i n learning .  A  secondar y for m o f  learnin g come s int o pla y afte r  expectatio n o f 

th e U S fails ;  ne w feature s ar e introduce d int o th e representatio n whic h ar e mor e general , 

mor e specific ,  o r  inverte d Boolea n function s o f  existin g features . 

At  a  highe r  level ,  association s i n S T A G G ER ar e initiall y  forme d betwee n primary ,  per -

ceptua l  feature s i n a  simila r  manne r  t o th e processe s i n featur e selectio n models .  A s 

conditionin g progresses ,  compoun d feature s ar e forme d internall y whic h d o no t  hav e a n 
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immediate correlate to individual perceptions. These new features are then part of the 

selectio n process ,  enablin g S T A G G ER t o lear n comple x configuration s withou t  relyin g o n 

potentiall y  nonexisten t  resonan t  features .  Th e formatio n o f  effectiv e featur e compounds , 

then ,  i s a  centra l  par t  o f  th e proces s o f  configura l  conditionin g i n ou r  model .  I n th e fol -

lowin g sections ,  w e first  describ e STAGGER's associationa l  representatio n an d it s featur e 

selectio n processes .  W e the n explicat e it s configura l  learnin g mechanisms . 

Representation and Expectation 

Association s ar e represente d i n STAGGER a s a  se t  o f  duall y weighte d features .  Th e tw o 

weight s fo r  eac h featur e captur e positiv e an d negativ e implication :  on e weigh t  represent s 

th e sufficienc y o f  th e featur e fo r  th e U S ,  o r  [ C S = > U S ) ,  an d th e othe r  represent s it s 

necessity ,  o r  {-iC S => •  -lUS) .  Th e mathematica l  measure s chose n fo r  thes e weight s mirro r 

th e result s o f  contingenc y experiment s o n learnin g i n human s (Wasserman ,  Chatlosh ,  & 

Neunaber ,  1983 )  an d animal s (Rescorla ,  1968 ;  Colwil l  &  Rescorla ,  i n press) .  Specifically , 

a nove l  cu e come s t o b e excitatoril y  associate d wit h a n unpleasan t  stimulu s onl y i f  th e 

probabilit y  o f  th e U S i n th e presenc e o f  th e C S i s greate r  tha n it s probabilit y  i n th e absenc e 

of  th e CS :  p {US\CS )  >  p{US\-iCS) .  I n behaviora l  terms ,  thi s mean s tha t  i f  eithe r  th e 

CS o r  th e U S frequentl y occur s alone ,  th e subjec t  stil l  learn s a n associatio n betwee n th e 

tw o stimuli .  However ,  i f  the y bot h occu r  alon e eve n a  fe w numbe r  o f  times ,  learnin g abou t 

thei r  associatio n i s severel y impaired . 

Wit h thi s i n mind ,  S T A G G ER use s logica l  sufficienc y [LS) ,  o r  positiv e likelihoo d ratio , 

as a  measur e o f  sufficienc y (Duda ,  Gaschnig ,  &  Hart ,  1979) .  Similarly ,  logica l  necessit y 

{LN) ,  o r  negativ e likelihoo d ratio ,  serve s t o measur e necessity .  The y ar e define d as : 

^^^ p{CS\US) ^^^ p{^CS\US) 

p{CS\-^US )  p{-^CS\^US ) 

LS ranges from zero to positive infinity and is interpreted in terms of odds. (Odds may 

be easil y converte d t o probabilit y  p  =  odds/{ I  +  odds). )  A n L S valu e les s tha n unit y 

indicate s a  negativ e correlation ,  unit y indicate s independence ,  an d a  valu e greate r  tha n 

unit y indicate s a  positiv e relationship .  L N als o represent s odds .  However ,  a n L N valu e 

near  zer o indicate s a  positiv e correlation ,  whil e a  valu e greate r  tha n unit y indicate s negativ e 

correlation .  Fo r  bot h L S an d L N ,  unit y indicate s irrelevance .  Th e L S an d L N measure s 

adher e t o th e contingenc y law ,  fo r  i t  ca n b e show n vi a algebrai c manipulation s tha t  L S >  I 

and Li V <  1  i f  an d onl y  i f  p { U S \ N C )  >  p { U S \ ^ N C )  (Schlimmer ,  1986) . 

I n a  give n trial ,  al l  o f  th e individua l  featur e associatio n weight s infiuenc e U S expecta -

tion .  Followin g th e mechanis m use d b y Duda ,  Gaschnig ,  an d Har t  (1979) ,  expectatio n o f 

th e U S i s th e produc t  o f  th e prio r  odd s o f  th e U S ,  th e L S value s o f  al l  presen t  features , 

and th e L N value s o f  al l  absen t  ones . 

Odd5(US|CSs)=Odd5(US) X n ^^x n ^^ 
/̂presen t  >/abten t 
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Tabl e 1 :  Possibl e C S - U S tria l  types . 

US Presen t 

Reinforce d 

US Absen t 

Nonreinforce d 

CS Presen t 

Confirmin g Positiv e 

(Cp ) 
Infirmin g Negativ e 

(In ) 

CS Absen t 

Infirmin g Positiv e 

(Ip ) 
Confirmin g Negativ e 

(Cn ) 

Th e resultin g numbe r  represent s th e odd s i n favo r  o f  th e U S occurring .  T h e effec t  o f  thi s 

multiplicativ e calculatio n i s tha t  learne d associativ e strength s hav e a  cumulativ e influenc e 

on U S prediction .  T w o feature s whic h ar e highl y predictiv e o f  th e U S caus e a  greate r 

expectatio n whe n bot h ar e presen t  tha n whe n onl y on e o f  the m is .  However ,  a s w e wil l  se e 

i n followin g sections ,  S T A G G ER i s no t  confine d t o implici t  representin g configuration s (vi a 

a summationa l  effec t  o f  components )  sinc e i t  formulate s new ,  explici t  compoun d feature s 

whic h develo p independen t  ajssociativ e strengths . 

Learnin g M e c h a n i s m s 

I n additio n t o computin g a  holisti c expectatio n fro m th e dua l  associationa l  weights . 

S t a g g e r  incrementall y modifie s th e featur e weight s an d generate s ne w features .  Thes e 

tw o latte r  abilitie s allo w S T A G G ER t o adap t  it s associationa l  descriptio n t o bette r  reflec t 

th e conditionin g environment . 

Feature selection 

Th e sufficienc y an d necessit y weight s associate d wit h eac h o f  th e feature s m a y b e easil y 

adjusted .  Conside r  th e possibl e situation s tha t  aris e durin g a  conditionin g trial .  Followin g 

th e terminolog y use d b y Bruner ,  Goodnow ,  an d Austi n (1956) ,  a  reinforce d tria l  i s  positiv e 

evidenc e whic h m a y eithe r  confir m th e predictivenes s o f  a  featur e (i f  i t  i s  presen t  i n thi s 

trial )  o r  infir m th e feature' s predictivenes s (i f  i t  i s  absent) .  Similarly ,  a  nonreinforce d 

tria l  i s  negativ e evidenc e whic h eithe r  confirm s a n absen t  featur e o r  infirm s a  presen t  one . 

Tabl e 1  summarize s thes e possibilities .  I n term s o f  thes e matchin g events ,  th e contingenc y 

la w implie s tha t  learnin g occur s i n case s involvin g a t  mos t  on e typ e o f  infirmin g evidence . 

I n situation s wit h eve n smal l  amount s o f  bot h positiv e an d negativ e infirmin g evidence , 

subject s fai l  t o lear n a n association . 

L S an d L N m a y b e calculate d b y keepin g count s fo r  eac h featur e o f  th e possibl e situ -

ation s liste d i n Tabl e 1 . 

L S = 
Cp(I n +  C n ) 

In(C p +  Ip ) 

r ^ _ Ip(I n +  Cn ) 

Cn(C p +  Ip ) 

Th e prio r  odd s fo r  th e U S ar e estimate d a s (C p +  Ip)/(I n +  C n ) .  Not e tha t  th e L N 

measur e wil l  ran k feature s wit h negativ e infirmin g evidenc e highly ,  bu t  feature s wit h bot h 
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Tabl e 2 :  Featur e formatio n heuristic . 

Expectatio n Reinforce d Erro r  typ e 

US -lU S Commissio n 

-.U S U S Omissio n 

— — Eithe r 

Featur e forme d 

AND [11.12 ] 

OR [11.12 ] 

NOT[11] 

type s o f  infirmin g evidenc e poorly .  Thi s reflect s learnin g i n partia l  reinforcemen t  situation s 

(Fitzgerald ,  1963 )  an d i s consisten t  wit h contingenc y experiment s (Rescorla ,  1968) . 

I f  S t a g g e r  limite d it s learnin g t o adjustmen t  o f  th e featur e weights ,  th e distribute d 

associatio n woul d b e sufficien t  t o accuratel y describ e th e clas s o f  "linearl y separable "  con -

cept s (Hampso n &  Kibler ,  1983) .  I n thi s respec t  S T A G G ER i s simila r  t o connectionis t 

model s o f  learnin g whe n thos e model s d o no t  hav e an y "hidden "  units .  Th e purpos e o f 

th e hidden ,  interna l  unit s i s t o allo w th e encodin g o f  mor e complicate d associations .  Fea -

tur e formatio n processe s i n S T A G G ER serv e a n analogou s purpose :  individua l  feature s ar e 

combine d int o mor e comple x Boolea n functions . 

Feature formation 

S t a g g e r  i s no t  limite d t o acquirin g summationa l  association s betwee n immediate , 

perceptua l  features .  New ,  interna l  compoun d feature s ar e introduce d b y th e model ,  allow -

in g i t  t o encod e th e potentiall y  comple x association s involve d i n configura l  conditioning . 

Becaus e i t  i s  abl e t o identif y effectiv e featura l  combination s internally ,  n o assumptio n re -

gardin g additiona l  resonan t  feature s i s required .  STAGGER follow s thre e level s o f  heuristic s 

i n it s formatio n o f  compound ,  interna l  features ,  an d i t  construct s the m usin g conjunction , 

disjunctio n an d negation . 

The first  heuristi c suggest s a  ne w compoun d featur e whe n S T A G G ER make s a n expec -

tatio n error :  eithe r  expectin g th e U S i n a  nonreinforce d tria l  o r  failin g t o predic t  th e U S 

i n a  reinforce d trial .  I n th e first  case ,  th e commissio n ha s admitte d on e to o m a n y possibl e 

situation s a s predictiv e o f  th e US .  A  compoun d featur e wit h a  restricte d applicatio n i s 

forme d usin g conjunction .  Thi s featur e wil l  b e tru e les s ofte n tha n it s component s an d ca n 

act  t o dampe n th e expectatio n process .  I n th e secon d case ,  S T A G G ER i s failin g t o includ e 

stimul i  whic h d o lea d t o th e U S ,  o r  makin g a n erro r  o f  omission .  A  mor e admitting ,  o r 

more general ,  featur e compoun d i s forme d usin g disjunction ;  i t  wil l  b e tru e mor e ofte n 

tha n it s component s an d thu s loosen s th e clas s o f  possibl e predictor s o f  th e U S .  I n eithe r 

case .  S t a g g e r  form s a  negate d featur e compound .  Tabl e 2  summarize s thi s heuristic . 

Choosin g appropriat e feature s fo r  ne w formation s i s accomplishe d vi a tw o additiona l 

heuristics .  On e heuristi c nominate s eithe r  presen t  o r  absen t  feature s fo r  combination ,  an d 

th e othe r  narrow s th e possibl e feature s dow n b y electin g on e o r  tw o o f  th e mos t  predic -

tive .  Stagger' s nominatio n heuristi c specifie s whethe r  presen t  o r  absen t  feature s ar e t o 

be use d i n formin g compoun d features ,  dependin g o n th e typ e o f  featur e combinatio n an d 

predictio n error .  Afte r  STAGGER ha s mad e a n erro r  o f  commission ,  feature s presen t  o n 
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Tabl e 3 :  Nominatio n heuristic . 

Erro r  typ e 

Commissio n 

Omissio n 

Functio n formatio n 

AND CI1.12 ] 

ORCll.12 ] 

NOTCH] 

ANDCl1.12 ] 

ORCll.12 ] 

NOTCH] 

Featur e nominatio n 

Present ,  Absen t 

Absent ,  Absen t 

Presen t 

Present ,  Presen t 

Present ,  Absen t 

Absen t 

thi s nonreinforce d tria l  m a y b e partiall y  necessary ,  bu t  ar e clearl y no t  sufficien t  fo r  rein -

forcement .  Conjunctio n nominate s tw o necessar y features ,  an d thu s a  presen t  featur e i s 

combine d wit h a n absen t  one .  Nominatin g a  presen t  featur e i s motivate d b y noticin g tha t 

some featur e wa ^  presen t  an d suggeste d tha t  thi s tria l  wa s likel y t o b e reinforced .  Disjunc -

tio n nominate s tw o sufficien t  features ,  s o tw o feature s absen t  i n thi s nonreinforce d tria l 

ar e chosen ;  n o sufficien t  feature s wer e present .  Negatio n i s use d t o identif y safety-signa l 

feature s (thos e which ,  whe n present ,  indicat e safet y fro m th e US )  an d thu s nominate s it s 

componen t  fro m th e collectio n o f  feature s whic h wer e present .  Th e appropriat e nomina -

tion s followin g a n erro r  o f  omissio n (a n unpredicted ,  reinforce d trial )  ar e derive d b y simila r 

reasoning .  Tabl e 3  summarize s th e nominatio n heuristic . 

T h e electio n heuristi c furthe r  narrow s th e possibl e feature s fo r  combination .  Conside r 

a situatio n leadin g S T A G G ER t o appropriatel y for m a  ne w conjunction .  Fo r  example ,  th e 

familia r  concep t  father :  a  paren t  an d a  male .  Th e tw o feature s (paren t  an d male )  ar e 

alway s reinforce d (father )  thoug h eac h i s separatel y nonreinforce d ( a brothe r  i s  male) . 

Thi s i s negativ e infirmin g evidenc e (Tabl e 1) ,  an d therefor e L N whic h tolerate s negativ e 

infirmin g evidenc e i s use d t o elec t  feature s fo r  a  conjunctiv e configuration .  B y a  simila x 

argumen t  L S elect s feature s t o b e use d i n formin g a  disjunction .  Feature s ar e electe d 

equall y b y bot h measure s fo r  negate d formations .  Tabl e 4  summarize s thi s thir d heuristic . 

Table 4: Election heuristic. 

Functio n 

ANDCll,12 ] 

OR Cl  1.12 ] 

NOTCl] 

Electio n measur e 

LN{f{ )  <  1 

LS{ii )  »  1 

LN{i )  »  1  o r  LS{t )  <  1 

Thes e thre e heuristic s m a y b e use d i n concert ,  eac h on e drivin g th e others .  Fo r  example , 

i n th e cas e o f  a n unexpected ,  reinforce d tria l  (a n erro r  o f  omission) ,  a  disjunctio n m a y b e 

forme d (se e Tabl e 2 )  t o combin e th e presen t  featur e (Tabl e 3 )  whic h ha s th e lowes t  L N 

valu e (Tabl e 4 )  wit h th e absen t  featur e wit h th e lowes t  L N value .  I n m a n y cases ,  thes e 

thre e heuristic s cooperat e i n jus t  thi s manner .  However ,  ther e ar e som e situation s (a s i n 

146 



C O N F I G U R AL CONDIT IONIN G 

Tabl e 5 :  Configura l  training . 

H L +,  H - ,  L -

H L - ,  H + ,  L + 

Positiv e patternin g o r  AND[H,L ] 

Negativ e patternin g o r  XOR[H,L ] 

Woodbury' s (1943 )  negativ e patternin g discusse d below )  i n whic h th e electio n heuristi c 

canno t  offe r  an y guidance .  Th e proces s o f  formin g effectiv e internal ,  compoun d feature s 

the n proceed s usin g th e remainin g tw o heuristics . 

The featur e formatio n proces s i s limite d b y prunin g ineffectiv e compoun d features . 

Specifically ,  L N i s use d t o asses s th e validit y o f  a  ne w conjunction .  Thi s mor e restrictiv e 

featur e i s tru e les s ofte n tha t  it s component s ar e (i t  i s  guarantee d t o hav e th e sam e o r  les s 

negativ e infirmin g evidence) ,  s o i f  i t  als o ha s les s positiv e infirmin g evidenc e (an d ha s a 

bette r  L N weight) ,  i t  i s  deeme d a n effectiv e feature .  L S i s use d t o tes t  a  mor e inclusiv e 

compoun d feature .  Inverte d feature s ar e teste d b y comparin g the m t o th e invers e o f  thei r 

Bayesia n measur e (e.g. ,  1/LS) .  Th e rol e o f  thes e prunin g measure s i s simila r  t o tha t  o f 

th e tes t  componen t  o f  a  generate-and-tes t  algorithm .  Th e thre e formatio n heuristic s serv e 

t o guid e th e generatio n o f  ne w featur e compound s whil e th e Bayesia n measure s ar e use d 

t o prun e ineffectiv e ones . 

STIMULUS PATTERNS 

Woodbury (1943) was one of the first American researchers to investigate learning 

of  configura l  cues .  I n classica l  conditionin g experiment s wit h dogs ,  h e studie d differen t 

configuration s o f  a  lo w an d a  hig h buzzin g soun d whic h serve d a s CS s fo r  th e deliver y 

of  a  foo d pellet .  H e investigate d tw o simultaneou s configurations :  positiv e patternin g (i n 

whic h onl y th e presenc e o f  bot h buzzin g sound s wa s reinforced) ,  an d negativ e patternin g 

(wher e onl y th e presenc e o f  eithe r  o f  th e buzzin g sound s wa s reinforced) .  I n th e first 

situation ,  a  Boolea n conjunctio n o f  th e tw o buzzin g sound s Wci s reinforced ;  i n th e second , 

a exclusive-disjunctio n wa s reinforced .  Tabl e 5  summarize s thes e tw o trainin g conditions . 

Figur e 1  depict s STAGGER's acquisitio n o f  th e positiv e patter n (conjunctive )  config -

uration .  Th e uppe r  heav y lin e represent s conditione d response s (CRs )  i n trial s whic h 

containe d bot h o f  th e buzzin g sounds .  Th e lower ,  light ,  soli d lin e represent s C R s t o trial s 

whic h containe d onl y th e lowe r  o f  th e tw o buzzin g sound s an d th e lower ,  dotte d lin e rep -

resent s response s t o th e highe r  o f  th e tw o buzzers .  Eac h poin t  represent s th e percentag e 

of  C R s i n th e las t  te n trial s an d i s a n averag e ove r  te n separat e progra m executions . 

A stric t  featur e selectio n mode l  coul d lear n t o correctl y predic t  reinforcemen t  i f  ther e 

wer e a  resonan t  featur e resultin g alway s an d onl y fro m th e co-occurrenc e o f  th e lo w an d 

hig h buzzer s (Rescorl a &  Wagner ,  1972 ,  p .  86 ,  fn .  2) .  Suc h a  resonan t  featur e i s plausibl e 

give n tha t  bot h o f  th e stimul i  ar e withi n th e sam e sensor y modality .  However ,  fo r  th e 

purpos e o f  demonstratin g th e capabilitie s o f  th e featur e formatio n processe s i n STAGGER, 
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Figur e 1 :  Conditionin g t o H L + ,  H —,  L —. 

thi s assumptio n abou t  resonan t  feature s wa s omitte d fro m th e tria l  specificatio n inpu t  t o 

th e program .  Distinctio n betwee n th e combinatio n o f  th e tw o buzzer s an d eithe r  separatel y 

i s facilitate d b y th e introductio n o f  th e compoun d featur e AN D [low-buzz ,  high-buzz ]  vi a 

th e heuristic s describe d i n sectio n :  th e L N measur e ranke d low-buz z an d high-buz z a s th e 

most  effectiv e individua l  predictor s i n a n expected ,  bu t  nonreinforce d trial .  A  conjunctiv e 

featur e wa s constructe d usin g th e low-buz z featur e whic h wa s presen t  an d th e high-buz z 

featur e whic h wa s absent . 

Figur e 2  depict s StagGER' s acquisitio n o f  th e negativ e patter n ( X O R )  configuration . 

Agai n th e heav y lin e represent s C R s t o a  co-occurrenc e o f  th e tw o buzzin g sounds ;  th e ligh t 

line ,  C R s t o trial s wit h onl y th e lo w buzzin g sound ;  th e dotte d line ,  C R s t o th e highe r 

buzzin g sound .  Afte r  approximatel y 20 0 trials ,  S T A G G ER i s effectivel y distinguishin g be -

twee n reinforce d an d nonreinforce d trials . 

I f  th e presenc e o f  a  resonan t  buzzin g featur e wa s assumed ,  a  stric t  featur e selectio n 

model  coul d mode l  thi s learning ,  fo r  th e resonan t  lo w an d hig h buzzin g featur e coul d 

hav e a  stron g negativ e associativ e strengt h whic h woul d overpowe r  eithe r  o f  th e positiv e 

strength s o f  eac h o f  th e individua l  buzzin g cues . 

S t a g g e r  forme d tw o compoun d feature s i n orde r  t o accuratel y predic t  reinforcement : 

AND [low-buzz ,  NOT [high-buzz] ]  an d AN D [NO T [low-buzz ]  .high-buzz] .  A  simpl e dis -

junctio n o f  thes e compound s capture s negativ e patterning .  However ,  th e formatio n o f 

thes e configuration s wa s no t  a s straightforwar d a s wa s th e cas e i n Figur e 1 .  A s w e inti -
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Figur e 2 :  Conditionin g t o H L - ,  H + ,  L + . 

mated previously, the LS and LN measures were unable to elect any effective features, for 

ther e wa s a n equa l  amoun t  o f  positiv e an d negativ e infirmin g evidenc e fo r  eac h o f  th e cues . 

Therefore ,  exploratio n fo r  predictiv e feature s occurre d withou t  Bayesia n guidance .  O n a n 

unexpectedl y reinforce d trial ,  fo r  instance ,  STAGGER adde d thre e ne w compoun d features : 

a ne w disjunctiv e featur e compose d o f  a  randoml y elected ,  presen t  featur e an d a  randoml y 

elected ,  absen t  feature ;  a  ne w conjunctiv e featur e mad e o f  a  pai r  o f  randoml y elected , 

presen t  features ;  an d a  negatio n o f  a  randoml y elected ,  absen t  feature .  Thi s potentia l 

explosio n o f  explorator y feature s wa s stil l  subjec t  t o prunin g vi a th e Bayesia n measures , 

though ,  an d i f  eac h di d no t  outperfor m th e component s fro m whic h i t  wa s composed ,  i t 

was pruned . 

BICONDITIONAL DISCRIMINATION 

Saavedr a (1975 )  ha s als o studie d simultaneou s configura l  conditioning .  However ,  unlik e 

Woodbury ,  i n eac h configuratio n al l  stimul i  wer e fro m differen t  sensor y modalities .  Assum -

in g th e presenc e o f  resonan t  feature s arisin g fro m th e co-occurrenc e o f  feature s i s therefor e 

les s recisonable .  Instea d o f  onl y tw o features ,  sh e utilize d four ,  i n pairwis e configuration s 

suc h tha t  eac h featur e wa s presen t  i n reinforce d a s wel l  a s unreinforce d trials .  N o propert y 

of  th e feature s suc h a s "two-ness "  woul d ai d i n predictin g reinforcement .  On e experimenta l 

grou p wa s give n reinforce d presentation s o f  a  ton e (auditor y cu e Ai )  an d flickering  ligh t  (Li ) 
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Tabl e 6 :  Biconditiona l  an d componen t  discriminatio n training . 

AiL i  + ,  A2L 2 + ,  A1L 2 - ,  A2L 1 -

AiL i  + ,  A1L 2 + ,  A2L 2 - ,  A2L 1 -

Biconditiona l 

Component 

% CONDITIONE D 
RESPONSES 

100 

50 

C O M P O N E NT + 

BICONDITIONAL + 

REINFORCED C O M P O U N DS 

NONREINFORCED C O M P O U N DS 

BICONDITIONAL -

C O M P O N E NT -

50 100 

TRIAL S 

150 

Figur e 3 :  Biconditiona l  versu s componen t  discrimination . 

or  a  clicke r  (A2 )  an d a  stead y ligh t  (L2) .  Th e alternat e combination s wer e nonreinforced . 

Thi s trainin g i s terme d biconditiona l  discriminatio n sinc e reinforcemen t  i s conditiona l  o n 

tw o cues .  Fo r  comparison ,  sh e als o teste d a  simpl e componen t  discriminatio n cas e wher e 

th e ton e wa s alway s reinforced .  Thes e trainin g schedule s ar e summarize d i n Tabl e 6 . 

Thi s experimenta l  manipulatio n taxe s th e feasibilit y  o f  a  stric t  featur e selectio n mode l 

sinc e i t  i s  unlikel y tha t  th e necessar y resonan t  feature s ar e available ;  thi s clas s o f  model s 

woul d predic t  tha t  suc h a n associatio n woul d b e unlearnable .  Anima l  subjects ,  however ,  d o 

lear n th e biconditiona l  discrimination .  Figur e 3  overlay s STAGGER's performanc e o n bot h 

th e biconditiona l  an d componen t  discriminatio n cases .  Eac h lin e represent s th e averag e 

percentag e o f  C R s ove r  te n separat e progra m executions .  Th e uppe r  line s represen t  re -

spondin g t o th e reinforce d configurations ;  th e lowe r  lines ,  th e unreinforce d configurations . 

Th e soli d line s represen t  conditione d respondin g i n th e biconditiona l  discriminatio n case ; 

th e dashe d line s correspon d t o componen t  discriminatio n training . 

Th e componen t  discriminatio n trainin g proceed s m u c h mor e rapidl y tha n th e bicondi -
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tional discrimination because the appropriate stimuli need only be selected in the former 

case ,  rathe r  tha n formed ,  a s i n th e latte r  cajse .  I n th e biconditiona l  discriminatio n task , 

S tagge r  first  form s th e compoun d feature s AND[Ai,Li ]  an d AND[A2.L2 ]  whic h ar e the n 

use d i n th e selectio n process .  Withou t  resonan t  feature s arisin g fro m th e co-occurrenc e 

of  A i  an d Li ,  an d A 2 an d L2 ,  a  stric t  featur e selectio n mode l  woul d b e unabl e t o acquir e 

th e biconditiona l  discrimination .  Associativ e strength s woul d hav e t o b e hig h enoug h fo r 

Ai  an d L i  t o su m fo r  a  positiv e predictio n whe n the y occurre d together ,  bu t  lo w enoug h 

so tha t  whe n A i  an d L 2 co-occurred ,  nonreinforcemen t  woul d b e expected .  Thi s i s clearl y 

impossible . 

DISCUSSION 

The two representative configural conditioning experiments of Woodbury (1943) and 

Saavedr a (1975 )  indicat e tha t  animal s ar e abl e t o for m Eissociation s betwee n comple x CS s 

and a  US .  T w o categorie s o f  model s hav e bee n propose d t o accoun t  fo r  thi s typ e o f  learning : 

featur e selectio n only ,  an d featur e selectio n plu s featur e formation . 

Featur e selectio n model s assum e tha t  th e associatio n accrue d t o a  stimul i  ar e s u m m e d 

when the y co-occu r  (Rescorl a &  Wagner ,  1972) .  Th e associativ e strengt h o f  a  configuratio n 

of  stimul i  i s simpl y th e su m o f  th e associativ e strength s o f  it s components .  A  secondar y as -

sumptio n i s tha t  whe n tw o stimul i  (sa y A  an d B )  ar e presen t  tha t  a  thir d resonan t  stimulu s 

i s presen t  whic h ha s som e o f  th e propertie s o f  bot h (represente d b y A B ) ;  thi s A B stimulu s i s 

presen t  alway s an d onl y whe n bot h A  an d B  are .  A  exclusive-disjunctiv e configuratio n lik e 

Woodbury' s negativ e patternin g i s represente d b y a  stron g negativ e associativ e strengt h 

fo r  th e resonan t  featur e an d weake r  positiv e association s fo r  eac h o f  th e components .  Thi s 

assumptio n extend s th e representationa l  abilit y  o f  featur e selectio n model s t o includ e al l 

possibl e Boolea n functions . 

Ther e ar e tw o unsatisfactor y consequence s o f  assumin g th e presenc e o f  resonan t  fea -

tures .  First ,  whil e i t  seem s plausibl e t o assum e tha t  th e simultaneou s presenc e o f  a  re d 

ligh t  an d a  blu e ligh t  add s a  featur e no t  presen t  whe n eithe r  ar e presente d separatel y (a -

purpl e light) ,  thi s assumptio n seem s tenuou s whe n th e stimul i  ar e fro m differen t  sensor y 

modalities .  Secondly ,  th e numbe r  o f  stimul i  fro m whic h th e mode l  mus t  selec t  grow s expo -

nentiall y  wit h th e numbe r  o f  stimul i  tha t  m a y b e configurall y associated .  Fo r  example ,  i f 

ther e ar e thre e stimul i  (A ,  B ,  C ) ,  ther e mus t  b e fou r  supplementar y stimul i  (AB ,  A C ,  B C , 

A B C)  i n orde r  t o selec t  an y configuration .  Razra n (1965 )  report s o n experiment s wher e si x 

simultaneou s feature s wer e conjunctivel y configured ;  5 7 additiona l  resonan t  feature s woul d 

be require d i f  a  featur e selectio n mode l  wer e applied .  I n genera l  th e numbe r  o f  resonan t 

stimul i  require d b y thes e model s i s 2 "  — 1  — n ,  wher e n  i s th e numbe r  o f  perceptual ,  stimuli . 

Requirin g th e mode l  t o choos e betwee n 0(2" )  stimul i  m a y b e computationall y infeasible . 

The alternativ e w e presen t  her e i s a  secondar y proces s whic h formulate s plausibl y pre -

dictiv e compoun d feature s a s the y eir e needed .  Th e numbe r  t o b e examine d i s therefor e 

limite d t o thos e necessar y an d ther e i s a  correspondin g reductio n i n computationa l  loa d o n 
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the feature selection process. The fact that both approaches rely on the ability to form an 

associatio n t o a  combinatio n o f  cue s i s no t  new .  However ,  unlik e th e stric t  featur e selectio n 

model ,  S t a g g e r  employ s a  featur e formatio n componen t  whic h ca n b e use d t o configur e 

individuall y perceptibl e cue s int o a n explici t  compoun d featur e usabl e fo r  learning .  Instea d 

of  assumin g tha t  thi s proces s i s alread y performe d b y th e perceptio n syste m vi a resonanc e 

(an d it s entailin g assumption s o f  cross-modalit y resonanc e an d exponentia l  requirements) , 

we prefe r  th e propert y o f  necessity-drive n featur e formation .  I n thi s w e concu r  wit h Razra n 

when h e notes : 

What  seem s mor e warrante d i s th e vie w that ,  inasmuc h a s configure s ar e forme d an d 
deforme d throug h learning ,  thei r  rol e i s muc h mor e a  functio n o f  th e organism' s condi -
tione d pas t  tha n o f  it s  sensor y present ,  and ,  moreover ,  tha t  thei r  learnin g reveal s th e 
dynami c essenc e o f  thei r  "becoming "  i f  no t  als o o f  thei r  bein g (Razran ,  1965 ,  p .  244 , 
fn .  3) . 

FUTURE WORK 

One phenomenon unexplained by previous work on feature selection is that of sequential 

configura l  conditioning .  I n thes e type s o f  experiments ,  effectivel y predictin g th e U S require s 

discernin g a  sequentia l  configuratio n o f  th e cue s i n th e environment .  Woodbur y (1943 )  als o 

traine d dog s t o expec t  a  foo d pelle t  onl y whe n th e lo w buzzin g soun d followe d th e hig h 

buzzin g sound .  Whil e w e hav e provide d som e explanatio n o f  mechanism s whic h coul d 

giv e ris e t o simultaneou s configura l  conditioning ,  w e hav e ye t  t o addres s th e large r  issu e 

of  associatin g sequence s wit h outcomes .  W e believ e tha t  a  featura l  formatio n approach , 

wher e sequence s ar e constructe d an d thei r  eflFectivenes s evaluated ,  wil l  prov e useful . 
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A Layere d Networ k Mode l  fo r  Learning-to-Lear n an d Configuratio n 

i n 

Classica l  Condit ioning * 
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Schoo l  o f  Psychology ,  Universit y o f  Ne w Sout h Wale s 

ABSTRACT 

Networks composed of layers of adaptive elements provide a 
rigorou s explanatio n fo r  comple x associativ e learnin g 
phenomena .  I n part icular ,  a  networ k compose d o f  thre e 
adaptiv e element s ca n explai n previousl y intractabl e 
phenomena ,  namel y th e rapi d rat e o f  reacquisit ions , 
learning-to-learn ,  spontaneou s configuration ,  an d negativ e 
patternin g (th e exclusive-O R prob lem) .  Thi s pape r  wil l 
compar e th e result s o f  compute r  simulation s t o th e 
behaviora l  result s o f  classica l  conditionin g experiment s 
usin g th e rabbit' s  nictitatin g membran e response . 

INTRODUCTION 

Layered networks of adaptive elements have featured 

prominentl y i n contemporar y theorie s o f  biologica l  an d machin e 

cognit ion ,  particularl y wit h regard s t o patter n recognitio n 

(Bart o &  Anderson ,  1985 ;  Feldman ,  1985) .  Mos t  notably ,  layere d 

network s provid e a n elegan t  mean s fo r  solvin g problem s o f 

nonlinea r  representation ,  fo r  example ,  th e exclusive-O R proble m 

i n whic h th e syste m mus t  lear n t o respon d t o eac h o f  tw o input s 

bu t  no t  thei r  conjunctio n (Rumelhart ,  Hinton ,  &  Wil l iams ,  1985) . 

Rathe r  tha n bein g "prewired "  t o represen t  particula r  combination s 

of  inputs ,  layere d adaptiv e network s o f  th e appropriat e typ e 

posses s th e abilit y  t o "tune "  themselve s t o significan t 

combination s o f  input s (e.g. ,  Barto ,  1984 ;  Barto ,  Anderson ,  & 

Sutton ,  1982 ;  Rumelhar t  e t  a l . ,  1985 ) .  A  les s widel y note d 

featur e o f  layere d network s i s thei r  abilit y  t o explai n 

"learning-to-learn, "  tha t  i s  a  gai n i n th e flexiblit y o f  th e 

system' s outpu t  a s a  consequenc e o f  prio r  training .  A t  a  mor e 

genera l  level ,  a  capacit y fo r  learning-to-lear n ma y provid e th e 

•Thi s researc h wa s supporte d b y Gran t  A2831523 6 fro m th e 
Australia n Researc h Grant s Committee . 
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foundation for "insight" and other forms of "understanding" 

(Harlow ,  1949) .  Accordingly ,  a  majo r  purpos e o f  thi s pape r  i s t o 

demonstrat e tha t  som e o f  th e sam e feature s o f  layere d network s 

tha t  permi t  th e recognitio n o f  arbitrar y pattern s als o permi t 

learning-to-learn . 

Thi s pape r  wil l  presen t  compute r  simulation s o f  layere d 

network s tha t  ar e intende d t o duplicat e th e cours e o f  associativ e 

learnin g i n a  biologica l  system ,  namel y classica l  conditionin g o f 

th e rabbit' s  nictitatin g membran e (NM )  respons e (Gormezano ,  1966 ; 

Gormezano ,  Kehoe ,  &  Marshall ,  1983) .  I n th e N M respons e 

preparation ,  th e measure d respons e i s a n extensio n o f  th e thir d 

eyelid ,  whic h i s innatel y elicite d a s a n unconditione d respons e 

(UR)  b y a  brie f  (5 0 ms )  electrical-puls e unconditione d stimulu s 

(US)  administere d t o th e surfac e o f  th e ski n posterio r  t o th e 

eye .  Learnin g i s produce d b y sequentia l  presentation s o f  a 

conditione d stimulu s (CS )  an d th e US ,  and ,  afte r  a  numbe r  o f 

CS-US pairings ,  learnin g i s evidence d b y th e acquisitio n o f  a n N M 

conditione d respons e (CR )  t o th e C S i n advanc e o f  th e US . 

As a  biologica l  testbe d fo r  layere d networ k models , 

classica l  conditionin g procedure s hav e severa l  usefu l  features : 

(1) Animals can be brought to the learning situation in 

a relativel y naiv e state ,  thu s approximatin g th e 

initia l  stat e o f  a n untutore d network . 

(2 )  Animal s d o no t  requir e an y prio r  verba l 

instructions ,  thu s learnin g proceed s a s a  functio n 

of  th e stimulu s input s an d respons e output s tha t 

occu r  durin g th e trainin g task . 

(3 )  I n classica l  conditionin g procedures ,  i t  i s 

possibl e t o pos e learnin g problem s i n a  simplifie d 

way tha t  ca n b e duplicate d i n simpl e layere d 

networks .  Fo r  example ,  th e exclusive-O R proble m 

has it s behaviora l  counterpar t  i n Pavlov' s (1927 ) 

negativ e patternin g task .  I n tha t  task ,  th e anima l 

i s presente d a  mixtur e o f  thre e type s o f  learnin g 

trials :  (a )  a  ton e C S tha t  signal s th e US ,  (b )  a 

ligh t  C S tha t  als o signal s th e US ,  an d (c )  a 
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compound tone + light stimulus that never signals 

th e US .  Th e anima l  ca n b e sai d t o hav e solve d th e 

negativ e patternin g tas k whe n i t  generate s CR s t o 

th e ton e an d th e ligh t  bu t  no t  th e compound . 

(4 )  I n man y classica l  conditionin g procedures ,  th e C R 

appear s t o th e C S i n advanc e o f  th e arriva l  o f  th e 

US.  B y observin g thes e anticipator y CRs ,  i t  i s 

possibl e t o trac e th e cours e o f  learnin g o n a 

trial-by-tria l  basis .  Fo r  purpose s o f  testin g a 

networ k model ,  th e eventua l  achievemen t  o f  a 

solutio n i s perhap s les s interestin g tha n observin g 

th e intermediat e state s o f  th e syste m prio r  t o th e 

solutio n state .  Fo r  example ,  i n solvin g th e 

negativ e patternin g problem ,  animal s initiall y  sho w 

considerabl e C R acquisitio n t o th e compoun d a s wel l 

a s th e separat e ton e an d ligh t  st imuli ,  afte r  whic h 

respondin g t o th e compoun d graduall y decline s 

(e.g. ,  Bell ingham ,  Gil lette-Bell ingham ,  &  Kehoe , 

1985 ;  Whitlo w &  Wagner ,  1972 ;  Woodbury ,  1943 ) . 

In the remainder of this presentation, I shall describe in 

thre e stage s a  mode l  o f  classica l  conditionin g base d o n a  layere d 

networ k scheme .  Th e mode l  originate s i n thos e o f  Barto ,  Sutton , 

and thei r  associates ,  whic h i n tur n ar e base d o n Hebb' s (1949 , 

1972 )  theor y o f  synapti c facilitatio n (e.g. ,  Barto ,  1984 ;  Bart o 

et  a l . ,  1982 ;  Sutto n &  Barto ,  1981 ) .  I n brief ,  eac h stag e o f  th e 

model  wil l  encompas s a n increasin g numbe r  o f  conditionin g 

phenomena .  Th e first-stag e mode l  wil l  explai n simpl e C R 

acquisit io n t o on e C S an d a  primitiv e for m o f  learning-to-lear n 

evidence d b y progressiv e increase s i n th e rat e o f  successiv e 

acquisit ion s an d extinction s conducte d wit h th e sam e C S (Hoehler , 

Kirschenbaum ,  &  Leonard ,  1973 ;  Scavi o &  Thompson ,  1979 ;  Schmalt z 

& Theios ,  1972 ;  Smit h &  Gormezano ,  1965 ) .  Th e second-stag e mode l 

wil l  encompas s a  mor e advance d for m o f  learning-to-learn ,  namel y 

a facil itatio n o f  C R acquisitio n t o a  ne w C S (e.g. ,  l ight )  afte r 

prio r  trainin g wit h another ,  highl y distinctiv e C S (e.g. ,  tone ) 

(Hol t  &  Kehoe ,  1985 ;  Keho e &  Holt ,  1984) .  Finally ,  th e 
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third-stage model will explain a variety of simple pattern 

recognitio n phenomena ,  includin g negativ e patterning . 

STAGE I: SUCCESSIVE ACQUISITIONS AND EXTINCTIONS 

Figure 1 shows a schematic diagram of the network. The 

networ k contain s tw o "sensory "  elements ,  on e fo r  th e ton e C S (T ) 

and on e fo r  th e unconditione d stimulu s (US) .  Th e outpu t  fro m T 

project s t o a n intermediat e elemen t  ( X ) ,  an d th e outpu t  fro m X 

project s t o anothe r  elemen t  (R ) ,  whic h i n tur n give s ris e t o th e 

observabl e behavio r  (CR/UR) .  Bot h nonsensor y elements ,  namel y X 

and R ,  receiv e a n outpu t  fro m th e U S element . 

Initial CR Acquisition 

At  th e beginnin g o f  trainin g wit h a  naiv e animal ,  onl y th e 

output s fro m th e U S t o X  an d R  ar e effective .  Tha t  i s t o say , 

onl y th e U S elemen t  ca n trigge r  a n all-or-non e firin g o f  X  an d R . 

Initially ,  th e T  inpu t  i s unabl e t o trigge r  th e intermediat e 

element ,  bu t  th e T  inpu t  doe s rende r  it s connectio n wit h X 

eligibl e fo r  modificatio n b y th e U S inpu t  shoul d i t  occu r  durin g 

a brie f  eligibilit y  perio d tha t  follow s C S onse t  (Sutto n &  Barto , 

1981) .  Thus ,  a s th e T- X connectio n strengthen s ove r  successiv e 

CS-US pairings ,  T  wil l  begi n t o trigge r  X .  Then ,  th e X- R 

connectio n wil l  becom e eligibl e fo r  chang e b y th e US' s inpu t  t o 

R.  Observabl e CR s t o th e ton e wil l  onl y begi n t o appea r  whe n th e 

intervenin g connection s becom e stron g enoug h s o tha t  T  trigger s X 

and the n X  trigger s R .  Th e change s i n eac h o f  th e interio r 

connections ,  namel y T- X an d X-R ,  ar e governe d b y th e linea r 

operato r  proces s commonl y ure d i n curren t  model s o f  conditionin g 

(Sutto n &  Barto ,  1981) .  (Se e Appendi x 1  fo r  a  ful l  descriptio n o f 

th e implementatio n o f  th e mode l ) .  Th e firin g o f  bot h X  an d R  i s 

all-or-non e an d i s determine d b y a  normally-distribute d rando m 

threshol d variable .  Thus ,  o n a  give n tr ial ,  X  fire s i n respons e 

t o a n inpu t  fro m T  onl y i f  th e T- X connectio n weightin g exceed s 

th e threshol d valu e o n tha t  trial .  Likewise ,  R  fire s onl y i f  th e 

X- R connectio n weigh t  exceed s th e curren t  threshold . 
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C R / UR 

Figur e 1 .  A  minima l  networ k o f  tw o sensor y element s (T , 
US)  an d tw o adaptiv e element s (X ,  R )  fo r  successiv e 
acquisit ion s an d extinction s i n classica l  conditioning . 

Figur e 2' s  left-han d colum n o f  panel s show s th e change s 

acros s block s o f  CS-U S trial s i n (a )  th e T- X connection ,  (b )  th e 

X- R connection ,  an d (c )  th e percen t  C R measur e produce d b y a 

compute r  simulatio n o f  th e network' s activit ies .  A s ca n b e see n 

i n th e botto m panel ,  i t  i s  possibl e t o reproduc e a  typica l 

acquisit io n curve .  Th e threshold s an d growt h rat e parameter s fo r 

bot h connection s wer e selecte d s o tha t  th e simulate d curv e woul d 

approximat e th e acquisitio n curv e typicall y obtaine d i n th e 

rabbi t  N M respons e preparatio n unde r  a n 800-m s CS-U S interva l 

(se e Appendi x 1 ) .  A s ca n b e see n i n th e uppe r  tw o panels ,  th e 

T- X connectio n rise s t o a  hig h leve l  befor e th e X- R connectio n 

show s an y substantia l  change .  Fo r  example ,  i n th e secon d bloc k 

of  training ,  th e T- X connectio n wa s .6 9 whil e th e X- R connectio n 

was onl y .10 . 

Subsequent Acquisitions 

I n it s remainin g panels .  Figur e 2  show s th e simulate d 

change s fo r  th e interio r  connection s an d percen t  C R acros s a n 

initia l  ext inct ion ,  a  reacquisit ion ,  an d a  re-extinction .  Durin g 
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Figure 2. Simulation results for successive acquisitions 
and extinctions . 

th e initia l  extinction ,  th e T- X connectio n decline s a t  a  stead y 

rate ,  whil e th e X- R connectio n decline s t o a n asymptoti c leve l  o f 

.70 .  A s th e T- X connectio n weaken s an d X' s frequenc y o f  firin g 

declines ,  th e X- R connectio n i s eligibl e fo r  modificatio n les s 

and les s often .  I n thi s way ,  th e X- R connectio n i s largel y 

protecte d fro m extinctio n an d thu s remain s intact .  Wit h respec t 

t o th e simulate d percen t  CR ,  i t  ca n b e see n tha t  th e C R frequenc y 

reache s negligibl e level s whil e bot h th e T- X an d X- R connection s 

ar e stil l  appreciable .  Consequently ,  durin g reacquisitio n i n th e 

thir d stage ,  bot h th e T- X an d X- R connection s nee d relativel y fe w 

reinforcement s t o ris e t o thei r  asymptoti c levels ,  yieldin g a 

relativel y rapi d ris e i n C R likelihood . 

The secon d extinctio n doe s no t  appea r  particularl y mor e 

rapi d tha n th e firs t  extinction .  T o som e extent ,  thi s simulate d 

outcom e i s accurate ;  th e availabl e dat a sugges t  tha t  th e chang e 

i n extinctio n rat e i s considerabl y slowe r  tha n th e chang e i n 

acquisitio n rat e acros s alternation s o f  th e trainin g conditions . 
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T h u s ,  t h i s ve rs i o n o f  th e mode l  a p p e a r s t o b e a c c u r a t e t o a t 

leas t  a  f i r s t  a p p r o x i m a t i o n . 

STAGE II: LEARNING-TO-LEARN 

Figure 3 shows an example of a learning-to-learn effect that 

h a s bee n repea ted l y obse rve d i n cond i t i on i n g o f  th e rabb i t  N M 

r e s p o n s e (Hol t  &  K e h o e ,  1 9 8 5 ;  Keho e &  H o l t .  1 9 8 4 ;  K e h o e ,  M o r r o w , 

& H o l t ,  1 9 8 4 ) .  I n P h a s e I  o f  t h i s p a r t i c u l a r  e x p e r i m e n t ,  on e 

g r o u p o f  r abb i t s rece ive d CS-U S p a i r i n g s i n wh i c h th e in i t ia l  C S 

w as a n 8 0 0 - m s tone -  Ano the r  g rou p serve d a s a  res t  c o n t r o l .  A s 
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F i g u r e 3 .  Examp l e o f  in i t ia l  C R acqu i s i t i o n t o a  ton e C S 
(T+ )  an d subsequen t  t rans fe r  t o a  l igh t  C S ( L + ) .  Th e 
p o i n t  marke d X  i nd i ca te s th e in i t ia l  r espons e leve l s t o 
th e l igh t  C S . 
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expected, the former group showed CR acquisition to the tone, 

whil e th e res t  contro l  grou p showe d negligibl e responding .  A t 

th e star t  o f  Phas e I I ,  bot h group s receive d fou r  unreinforce d 

presentation s o f  a n 800-m s ligh t  t o determin e th e leve l  o f 

immediat e cross-moda l  generalization .  I n th e presen t  experimen t 

as i n al l  ou r  othe r  studies ,  immediat e transfe r  wa s no t 

detectable -  I n Figur e 3 ,  th e mea n respons e likelihoo d o n th e 

test s ar e show n abov e th e "X "  marke r  o n th e abscissa .  Onl y on e 

animal ,  whic h happene d t o b e i n th e pretraine d group ,  responde d 

twic e t o th e light .  However ,  onc e CS-U S trainin g wit h ligh t  wa s 

begun ,  th e pretraine d grou p showe d extremel y rapi d C R acquisitio n 

t o th e ne w CS .  Fo r  example ,  th e animal s i n th e pretraine d grou p 

achieve d a  mea n C R likelihoo d o f  36 % withi n th e firs t  bloc k o f 

reinforce d ligh t  trials .  B y wa y o f  comparison ,  th e naiv e animal s 

i n th e contro l  grou p achieve d a  mea n C R likelihoo d o f  onl y 2 % 

withi n th e firs t  bloc k o f  reinforce d ligh t  trials .  I n th e 

presen t  case ,  th e pretraine d grou p showe d a  highe r  leve l  o f 

respondin g t o th e ligh t  tha n th e contro l  grou p throughou t  Phas e 

II .  However ,  th e asymptoti c leve l  o f  respondin g i n th e contro l 

grou p usuall y converge s wit h tha t  o f  th e pretraine d group .  I n 

othe r  studies ,  w e hav e show n tha t  th e positiv e transfe r  betwee n 

ton e an d ligh t  i s  symmetric . 

I n orde r  t o explai n th e cross-moda l  learning-to-lear n 

effect ,  i t  i s  onl y necessar y t o ad d a n additiona l  sensor y elemen t 

fo r  th e ligh t  t o th e network ,  a s ca n b e see n Figur e 4 .  Th e inpu t 

fro m ligh t  (L )  project s t o th e intermediat e elemen t  X  jus t  a s th e 

inpu t  fro m ton e (T )  does .  Nothin g els e abou t  th e mode l  i s 

change d i n an y way . 

Figur e 5  show s th e result s o f  compute r  simulation s fo r  th e 

learning-to-lear n effect .  Th e simulatio n o f  initia l  C R 

acquisitio n wit h th e ton e proceed s i n th e norma l  wa y fo r  th e 

model .  I n particular ,  observabl e CR s t o th e initia l  C S (tone ) 

wai t  upo n th e successiv e strengthenin g o f  th e T- X an d X- R 

connections .  However ,  i n subsequen t  reinforce d trainin g wit h th e 

new C S ( l ight) ,  th e appearanc e o f  CR s require s onl y th e 

establishmen t  o f  th e L- X connection ,  becaus e th e X- R connectio n 

has bee n alread y full y strengthened .  Thus ,  a s soo n a s th e L- X 
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connection becomes strong enough to trigger X, any firings of X 

triggere d b y L  ar e immediatel y translate d int o observabl e CR s vi a 

th e previously-establishe d X- R connection .  Th e rapi d C R 

acquisitio n t o th e ligh t  i s  displaye d i n th e learnin g curv e fo r 

Phas e I I  labelle d a s PRE ,  whic h denote s pretraining .  I n th e wa y 

of  contrast ,  a  learnin g curv e fo r  a  naiv e contro l  conditio n i s 

als o displayed ,  labelle d a s REST .  Thus ,  b y relyin g o n a  common 

connectio n an d th e combinatio n o f  convergen t  C S inputs ,  a  layere d 

networ k ca n explai n th e learning-to-lear n effect . 

I n additio n t o demonstratin g th e learning-to-lear n effect , 

my associate s an d I  hav e foun d tha t  i t  survive s extinctio n o f  th e 

origina l  conditione d refle x (Keho e e t  a l . ,  1984) .  Figur e 6  show s 

th e result s o f  on e o f  ou r  experiments .  Th e ke y experimenta l 

grou p (4-E )  receive d initia l  trainin g a t  a  400-m s CS-U S interva l 

wit h on e C S (CSl-US) .  Betwee n CSl-U S trainin g an d transfe r 

trainin g wit h a  secon d C S (CS2-US) ,  th e animal s i n Grou p 4- E 

receive d a  CSl-alon e extinctio n procedure .  Anothe r  experimenta l 

grou p (4-H )  remaine d i n thei r  home-cage s durin g th e extinctio n 

procedure .  I n addition ,  tw o correspondin g contro l  group s (28- E 

and 28-H )  initiall y  receive d exposur e t o CS l  an d th e U S bu t  a t  a 

lon g 2,800-m s CS-U S interval .  Examinatio n o f  th e left-han d pane l 

of  Figur e 6  reveal s tha t  Group s 4- E an d 4- H showe d conventiona l 

CR acquisition ,  whil e Group s 28- E an d 28- H showe d negligibl e 

level s o f  responding .  Th e middle-pane l  show s tha t  th e Grou p 4- E 

displaye d considerabl e extinctio n o f  th e C R t o CSl ,  wherea s Grou p 

28- E continue d t o displa y littl e responding .  Finally ,  th e 

right-han d pane l  reveal s that ,  despit e th e nea r  eliminatio n o f 

th e initia l  conditione d refle x (CSl-CR )  i n Grou p 4-E ,  thos e 

animal s acquire d th e ne w conditione d refle x (CS2-CR )  a s rapidl y 

as thei r  counterpart s i n Grou p 4-H ,  bot h o f  whic h showe d positiv e 

transfe r  relativ e t o thei r  respectiv e contro l  groups . 

On th e theoretica l  side ,  th e compute r  simulation s 

successfull y reproduce d th e abilit y  o f  th e learning-to-lear n 

effec t  t o surviv e disruptio n o f  th e initia l  conditione d reflex . 

Accordin g t o th e compute r  simulations ,  th e learning-to-lear n 

effec t  survive s fo r  th e sam e reason s tha t  reacquisitio n afte r 

extinctio n i s mor e rapi d tha n initia l  acquisition .  Figur e 7 
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shows the results of computer simulations for the case in which 

ther e i s a n intervenin g extinctio n o f  th e origina l  conditione d 

reflex .  A s show n i n Figur e 7 ,  th e X- R connectio n i s largel y 

intac t  a t  th e en d o f  ton e extinction .  Wit h th e X- R connectio n 

stil l  i n place ,  pairing s o f  th e alternat e C S (L )  wit h th e U S ca n 

tak e advantag e o f  th e X- R connectio n an d rapidl y produc e CR s a s 

th e L- X connectio n begin s t o strengthen .  Th e lowe r  right-han d 

pane l  o f  Figur e 7  show s tw o simulate d percen t  C R curves .  Th e 

soli d lin e represent s acquisitio n t o th e ligh t  i n th e grou p tha t 

receive d ton e pretrainin g followe d b y ton e extinctio n (i.e. , 

Grou p 4 -E) .  Th e dotte d lin e represent s th e simulate d acquisitio n 

curv e fro m a  pretraine d grou p tha t  di d no t  underg o extinctio n o f 

th e origina l  conditione d refle x (i.e. ,  Grou p 4 -H ) .  I n agreemen t 

wit h th e behaviora l  data ,  th e tw o curve s overla p perfectly . 

STAGE III: CONFIGDRAL LEARNING 

The rabbit NM response preparation has expressed its 

sensitivit y t o pattern s o f  multipl e sensor y input s i n a  variet y 

of  ways .  Figur e 8  show s th e cours e o f  differentiatio n betwee n a 

compound an d it s component s unde r  thre e differen t  trainin g 

regimes .  Th e lowe r  pane l  show s th e learnin g curve s obtaine d 

unde r  a  negativ e patternin g schedule ,  whic h correspond s t o th e 

exclusive-O R problem .  A s ca n b e seen ,  differentiatio n proceede d 

slowly ;  respondin g t o th e compound ,  whic h wa s neve r  followe d b y 

th e US ,  decline d onl y afte r  extensiv e trainin g (Bellingha m e t 

al. ,  1985) .  Th e uppe r  right-han d pane l  reveal s tha t 

differentiatio n proceede d muc h mor e rapidl y i n a  positiv e 

patternin g procedure ,  i n whic h reinforce d presentation s o f  a  ton e 

+ ligh t  compoun d (TL+ )  wer e intermixe d wit h unreinforce d 

presentation s o f  th e separat e component s (T- ,  L- )  (Bellingha m e t 

al. ,  1985 ;  Keho e &  Schreurs ,  i n press) .  I n logica l  terms ,  th e 

positiv e patternin g schedul e correspond s t o a n AN D problem . 

Differentiatio n o f  a  compoun d fro m it s component s i s no t  confine d 

t o procedure s entailin g explici t  discriminatio n training .  A s 

shown i n th e uppe r  left-han d panel ,  pairing s o f  a  compoun d wit h 

th e U S ca n produc e spontaneou s differentiatio n o f  th e compoun d 
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from its components (Kehoe, 1986; Kehoe & Schreurs, in press). 

On th e b a s i s o f  bo t h exp l i c i t  an d imp l i c i t  d i f f e r e n t i a t i o n 

b e t w e e n a  compoun d an d i t s c o m p o n e n t s ,  n u m e r o u s theo r i s t s hav e 

p r o p o s e d tha t  th e ne rvou s sys te m e s t a b l i s h e s d i s t i n c t i v e 

e n c o d i n g s fo r  th e compoun d an d i t s c o m p o n e n t s ,  eac h w i t h i t s ow n 
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excitator y o r  inhibitor y associativ e strengt h (e.g. ,  Bell ingha m 

et  a l . ,  1985 ;  Hul l ,  1943 ,  1945 ;  Keho e &  Gormezano ,  1980 ;  Razran , 

1965 ,  1971 ;  Rescorla ,  1972 ,  1973 ;  Whitlo w &  Wagner ,  1972 ) .  Whil e 

negativ e patternin g clearl y represent s a  nonlinea r  combinatio n o f 

th e components ,  positiv e patternin g an d spontaneou s 

differentiatio n ma y represen t  case s i n whic h th e CR-evokin g 

capacit y o f  th e compoun d result s fro m a  linea r  combinatio n o f  th e 

CR-evokin g capacitie s o f  th e separat e components ,  ton e an d light . 

Nevertheless ,  a  histor y o f  reinforce d exposur e t o a  compoun d 

stimulu s engage s a  combinatio n process ,  linea r  o r  otherwise ,  tha t 

permit s th e subjec t  t o respon d t o th e compoun d a s a  functiona l 

uni t  distinc t  fro m it s components . 

Figur e 9  show s a  schemati c diagra m o f  a  networ k tha t  ca n 

explai n th e configura l  learnin g phenomena .  Th e networ k i s 

essentiall y  tw o paralle l  instance s o f  th e networ k use d i n th e 

Stag e I I  model .  Tha t  i s t o say ,  th e sensor y input s fo r  tone , 

light ,  an d th e U S projec t  t o a  secon d intermediat e elemen t  ( Y ) , 

whic h i n tur n project s t o th e R  element .  Fo r  purpose s o f 

triggerin g a n elemen t  b y a  join t  input ,  i t  wa s assume d tha t  th e 

su m o f  currentl y eligibl e connectio n weight s i s compare d t o th e 

element' s threshol d value .  Fo r  changin g th e inpu t  weights ,  th e 

presen t  mode l  followe d th e lea d o f  Sutto n an d Bart o (1981) .  I n 

\ 

CR/UR 

Figur e 9 .  A  networ k o f  thre e sensor y element s (T ,  L ,  US )  an d 
thre e adaptiv e element s (X ,  Y ,  R )  fo r  configura l  learning . 
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brief, when two inputs to either the X, Y, or R elements were 

simultaneousl y eligibl e fo r  modif icat ion ,  the n th e input s 

compete d fo r  th e availabl e connectio n weight s supporte d b y th e U S 

input .  Thus ,  i n trainin g wit h a  singl e CS ,  sa y th e tone ,  th e 

input s fro m X  an d Y  t o th e R  elemen t  woul d compet e wit h eac h 

other .  I n compoun d trainin g wit h th e ton e an d light ,  th e input s 

fro m T  an d L  t o th e X  elemen t  woul d compet e wit h eac h other . 

L ikewise ,  th e T  an d L  input s t o th e Y  elemen t  woul d compet e wit h 

eac h other . 

Thi s competit iv e proces s wa s originall y formulate d t o 

accoun t  fo r  stimulu s selectio n phenomena ,  i n whic h increase s i n 

th e weigh t  o f  on e stimulu s inpu t  woul d b e eithe r  blocke d b y prio r 

increase s i n th e weigh t  o f  anothe r  concurren t  inpu t  o r 

overshadowe d b y mor e rapi d increase s i n th e weigh t  o f  anothe r 

concurren t  inpu t  (e.g. ,  Rescorl a &  Wagner ,  1972 ;  Sutto n &  Barto , 

1 9 8 1 ) .  However ,  thi s competitiv e proces s ca n als o caus e element s 

t o becom e tune d t o th e combine d T  an d L  inputs .  Specifically , 

competit io n betwee n th e T  an d L  input s woul d ensur e tha t  neithe r 

inpu t  b y itsel f  woul d gai n sufficien t  connectiv e weigh t  t o b e 

abl e t o reliabl y trigge r  th e nex t  element . 

I n orde r  t o discove r  a  se t  o f  parameter s tha t  woul d 

accuratel y simulat e configura l  learning ,  I  manipulate d tw o group s 

of  parameters ,  namel y th e mea n threshol d valu e o f  eac h elemen t 

(TJ )  an d th e learnin g rat e paramete r  fo r  eac h elemen t  (a j ) . 

Figur e 1 0 show s th e result s o f  usin g th e Stag e II I  networ k t o 

simulat e th e result s o f  th e compoun d stimulu s experiments .  Th e 

curve s wer e obtaine d whe n (1 )  th e X  elemen t  ha d a  highe r  learnin g 

rat e tha n tha t  o f  th e Y  elemen t  (a x =  .100 ,  a y =  .001 )  an d (2 ) 

th e X  elemen t  ha d a  highe r  mea n threshol d tha n th e Y  elemen t  (T x 

= .65 ,  T y =  . 2 5 ) . 

Inspectio n o f  Figur e 1 0 reveal s tha t  th e propose d mode l  wa s 

abl e t o simulat e (a )  th e virtuall y complet e differentiatio n 

betwee n th e compoun d an d it s component s i n compoun d conditioning , 

and (b )  th e relativel y slo w acquisitio n o f  negativ e patternin g 

characterize d b y a n initia l  ris e i n respondin g t o th e 

unreinforce d compoun d stimulu s followe d b y a  gradua l  decline . 

The onl y detai l  missin g i n th e simulation s wa s th e initia l  ris e 
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Figur e 10 .  Simulation s o f  comp)Oun d conditioning ,  positiv e 
patterning ,  an d negativ e patterning . 

i n respondin g t o th e unreinforce d component s i n th e positiv e 

patternin g schedule .  However ,  i n th e rabbi t  N M respons e 

preparation ,  suc h a  ris e doe s no t  appea r  t o b e a  universa l 

featur e o f  positiv e patternin g (Bellingha m e t  a l . ,  1985) .  Whil e 

th e Stag e II I  networ k wa s constructe d t o simulat e th e 

quantitativ e outcome s o f  th e compoun d conditionin g an d patternin g 

schedules ,  furthe r  simulatio n run s usin g th e sam e paramete r 

value s hav e indicate d tha t  th e Stag e II I  networ k retain s th e 

basi c characteristic s an d limitation s o f  th e competitiv e model s 
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(Rescorla & Wagner, 1972; Sutton & Barto, 1981). In particular, 

th e Stag e II I  networ k reproduce s blockin g an d conditione d 

inhibi t ion ,  whil e bein g unabl e t o generat e laten t  inhibit ion . 

DISCUSSION 

The present simulations reveal that layered network models 

hav e considerabl e scop e fo r  explainin g a  variet y o f  distinctiv e 

learnin g phenomen a tha t  hav e previousl y prove d intractabl e t o 

r igorous ,  elegan t  explanation .  I n part icular ,  th e networ k mode l 

no t  onl y reache d th e sam e endpoint s a s th e behaviora l  phenomen a 

bu t  followe d muc h th e sam e cours e o f  acquisit ion .  Althoug h th e 

particula r  networ k mode l  use d i n thi s presentatio n wa s intende d 

t o b e a s a  nonspecialize d a s possible ,  i t  i s  nevertheles s onl y a n 

exampl e o f  a  large r  clas s o f  models .  Fo r  purpose s o f  explainin g 

rapi d reacquisit io n an d learning-to-lear n phenomena ,  a  larg e 

variet y o f  layere d networ k structure s woul d b e suitable .  I n a n 

earlie r  versio n o f  th e Stag e I I  model ,  ther e wer e direc t 

connection s fro m eac h sensor y inpu t  t o th e R  elemen t  a s wel l  a s 

t o th e intermediat e elemen t  X .  Simulation s o f  tha t  mode l 

reveale d tha t  i t  to o coul d generat e rapi d reacquisitio n an d 

learning-to-learn .  Thes e sam e phenomen a shoul d als o appea r  unde r 

a hug e rang e o f  rule s fo r  th e adaptiv e elements ,  provide d tha t 

th e interio r  connection s (e.g. ,  X-R )  d o no t  chang e considerabl y 

faste r  tha n th e connection s fro m th e sensor y element s t o th e 

interio r  element s (e.g. ,  T - X ) .  However ,  successfu l  simulatio n o f 

th e configura l  learnin g phenomen a ma y occu r  onl y unde r  a  narro w 

rang e o f  networ k structure s an d adaptiv e rules ,  becaus e thes e 

phenomen a requir e a  mor e delicat e balancin g o f  acquisitio n rate s 

and threshol d value s t o yiel d th e appropriat e connectio n weights . 
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APPENDIX 1 

SIMULATION O F TH E LAYERED NETWORK MODELS 

The computer simulation of the Stage I, II, and III 

network s wa s implemente d i n th e followin g fashion : 

1.  Th e outpu t  o f  eac h elemen t  (FIREj )  wa s eithe r  1  o r  0 .  Th e 

output s o f  sensor y element s T ,  L ,  an d U S wer e specifie d i n th e 

progra m o n a  tria l  b y tria l  basis ,  whil e th e output s o f  X ,  Y ,  an d 

R wer e determine d b y learnin g an d outpu t  rules . 
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2. Each point of connection between successive elements had a 

connectio n weigh t  designate d a s V i j .  Th e connectio n weight s wer e 

designate d a s Vtx ,  Vty ,  V lx ,  Vly ,  Vxr ,  an d Vyr ,  wher e th e firs t 

lette r  i n th e subscrip t  refer s t o th e origi n o f  th e outpu t  an d 

th e secon d lette r  refer s t o th e elemen t  receivin g th e output . 

Thes e connectio n weight s starte d a t  zer o an d wer e unbounde d i n 

bot h th e posit iv e an d negativ e directions .  Th e connectio n 

weight s fro m th e U S outpu t  t o th e X ,  Y ,  an d R  element s wer e fixe d 

at  1.00 . 

3.  Eac h tria l  wa s divide d int o tw o tim e steps ,  th e C S perio d 

and th e U S period . 

4.  Durin g th e C S period ,  th e followin g event s occurred : 

a.  Th e outpu t  o f  th e T  an d L  element s wa s determine d b y 

th e programme d tria l  sequence ,  an d th e appropriat e connection s 

wit h X  an d Y  becam e eligibl e fo r  change .  Fo r  example ,  o n a 

compoun d tr ia l ,  ther e wer e output s fro m T  an d L .  Accordingly , 

th e T-X ,  T-Y ,  L-X ,  an d L- Y connection s al l  becam e eligibl e fo r 

chang e -

b .  A  separat e threshol d (Tj )  wa s independentl y determine d 

fo r  X ,  Y ,  an d R  b y generatin g a  rando m numbe r  betwee n 0.0 0 an d 

0.99 .  Acros s tr ials ,  th e distributio n o f  threshold s wa s 

approximatel y normal .  T o alte r  th e threshold ,  a  constan t  wa s 

adde d o r  subtracte d fro m th e rando m number . 

c .  Th e outpu t  o f  X ,  Y ,  an d R  was : 

FIRE j  =  1  i f  su m o f  eligibl e inpu t  weight s >  T j 

FIRE j  =  0  otherwise . 

For  example ,  o n a  compoun d tr ial ,  th e outpu t  o f  X  wa s determine d 

by comparin g Vt x +  Vl x agains t  Tx .  A t  th e sam e time ,  th e outpu t 

of  Y  wa s determine d b y comparin g Vt y +  Vl y agains t  Ty -

d.  Afte r  th e output s o f  X  an d Y  wer e determined ,  the n th e 

outpu t  o f  R  wa s determine d b y sam e process .  Fo r  example ,  i f  onl y 

X fire d o n a  particula r  compoun d tr ial ,  the n th e outpu t  o f  R 

(FIREr )  wa s determine d b y comparin g Vx r  agains t  Tr . 

5.  Durin g th e U S period ,  th e eligibl e connectio n weight s 

throughou t  th e networ k wer e modifie d accordin g t o th e 
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Rescorla-Wagner model, where the change in a connection weight 

(dVij )  followe d th e formula : 

dVi J =  a j  (L j  -  I V i j ) , 

wher e 

a j  wa s th e rat e o f  chang e paramete r  fo r  th e targe t 
elemen t  o f  th e connection .  ( 0 <  a j  <  1 ) .  O n 
non-reinforce d trials ,  a j  wa s modifie d b y paramete r  B O 
( 0 <  B O <  1 )  (Se e Poin t  7  be low) . 

Lj  wa s th e tota l  connectio n strengt h o f  eligibl e 
connection s o n a  targe t  elemen t  tha t  coul d b e supporte d 
by th e U S inpu t  o n an y give n tria l  (L j  =  1. 0 o n 
reinforce d trials .  L j  =  0. 0 o n nonreinforce d trials. ) 

i  Vi j  wa s th e ne t  su m o f  th e associativ e strength s o f 
al l  concurren t  eligibl e input s t o th e jt h element . 

6. In order to compute the CR likelihood for the tone CS, 

ligh t  CS ,  an d compoun d C S fo r  eac h bloc k o f  trainin g trials ,  a 

serie s o f  3 0 "phanto m C S periods "  wa s conducte d a t  th e en d o f 

eac h block .  Thus ,  th e C S perio d fo r  eac h typ e o f  tria l  wa s 

repeatedl y conducte d an d th e likelihoo d o f  a  C R wa s determined . 

However ,  th e chang e formul a applicabl e durin g th e U S perio d o f 

trainin g trial s wa s no t  used .  Effectively ,  thes e phanto m C S 

period s serve d a s repeate d tes t  trial s bu t  withou t  th e extinctiv e 

effec t  tha t  a  prolonge d serie s o f  tes t  trial s woul d hav e ha d i n a 

behaviora l  experiment . 

7.  Th e simulation s o f  successiv e acquisitions ,  extinctions , 

and learning-to-lear n (Figure s 2 ,  5 ,  7 )  use d th e followin g 

paramete r  values :  a x =  a r  =  0.02 ,  mea n T x =  0.75 ,  mea n T r  =  0.50 , 

BO =  0.15 .  Th e simulation s fo r  compoun d conditioning ,  positiv e 

patterning ,  an d negativ e patternin g (Figur e 10 )  use d th e 

followin g paramete r  values :  a x =  0.100 ,  a y =  0.001 ,  a r  =  0.004 , 

mean T x =  0.65 ,  mea n T y =  0.25 ,  mea n T r  =  0.50 ,  B O =  0.33 . 
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A B S T R A CT 

The Sutton-Barto (SB) model of learning is based on a neuron-like adaptive element. The 
model  ha s computationa l  feature s suitabl e fo r  describin s a  variet y o f  classica l  conditionin g phe * 

nomena,  includin g blocking ,  conditione d inhibition ,  an d higher-orde r  conditioning .  However , 

i t  presentl y doe s no t  describ e within-tria l  phenomen a relate d t o conditione d respons e (CR ) 

topography .  W e her e describ e i n detai l  a n extensio n o f  th e S B element ,  referre d t o a s th e 

Sutton-Barto-Desmon d (SBD )  model ,  whic h i s capabl e o f  simulatin g topograph y o f  th e con -

ditione d nictitatin g membran e respons e ( N M R )  o f  th e rabbit .  Th e S B D mode l  place s certai n 

constraint s o n th e S B modeP s parameter s an d make s som e additona l  assumption s abou t  th e 

for m o f  input s t o th e element .  Th e mode l  describe s (1 )  th e graduall y increasin g amplitud e o f 

th e C R withi n a  tria l  wit h th e pea k amplitud e a t  th e tempora l  locu s o f  th e US ,  (2 )  th e decreas e 

i n C R onse t  latenc y ove r  training ,  an d (3 )  appropriat e interstimulu s interva l  (ISI )  functions , 

wit h optima l  learnin g occurrin g wit h a n IS I  o f  .2 5 seconds .  I n addition ,  th e mode l  lend s it -

sel f  t o description s o f  neurona l  firing  relate d t o th e CR .  W e believ e th e S B D mode l  ma y hav e 

implication s fo r  neurobiologica l  studie s o f  learnin g an d memory . 

INTRODUCTION 

Several extensions of the original Sutton and Barto (SB) model of connectionistic learning (Sut-

to n k  Barto,1981 ;  Bart o k  Sutton ,  1982 )  hav e bee n introduce d i n recen t  years .  Thes e connectionisti c 

model s hav e prove n capabl e o f  supportin g a  wid e variet y o f  complicate d learnin g contro l  problems , 

providin g plausibl e architecture s fo r  distribute d processin g i n adaptiv e networks . 

Th e succes s o f  th e S B mode l  an d it s extension s i s apparen t  no t  onl y i n th e operatio n o f  adaptiv e 

networks ,  bu t  als o a t  th e leve l  o f  singl e elements .  Th e origina l  S B mode l  wa s describe d i n term s 

of  single-neuron-lik e adaptiv e elemen t  operatin g unde r  a  learnin g rul e similia r  t o tha t  propose d 

by Rescorl a an d Wagne r  (1972) ,  an d wa s show n t o b e capabl e o f  simulatin g man y feature s o f 

classica l  conditioning ,  particularl y o f  th e rabbi t  nictitatin g membran e respons e ( N M R ) .  A m o n g 

thes e feature s wer e th e anticipator y natur e o f  th e conditione d respons e ( C R ) ,  acqtiisitio n an d 

extinction ,  blocking,higher-orde r  conditioning ,  an d interstimulu s interva l  (ISI )  effect s upo n trac e 

conditionin g o f  th e rabbi t  N M R. 

Fig. l  illustrate s th e origina l  S B neuron-lik e adaptiv e element .  Not e tha t  th e U S i n th e origina l 

model  i s signalle d b y a  pathwa y o f  a  fixed  efficacy ,  denote d A .  Input s fo r  eac h conditione d stimulu s 

(OS)  var y i n transmissio n efficac y accordin g t o th e strengt h o f  a  learne d connectio n fo r  eac h O S ,  th e 

synapti c weigh t  Vcs -  T w o memor y processe s contribut e t o change s i n synapti c weight :  * ,  whic h 
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x i = C S i 

X2=CS2 

^ n - C S n 

Xo= U C S 

¥ U C R an d C R 

Figur *  1 :  Th e origina l  Sutto n an d Bart o neuron-lik e adaptiv e element .  Inpu t  pathwa y z, -  ha s 

traiumiMio n efficac y Vc s correspondin g t o th e associativ e strengt h o f  CS,- .  Th e U S (labele d 

UCS)  i s signalle d vi a a  pathwa y o f  fixed  efficac y A .  Elemen t  outpu t  contribute s t o th e U R 

(labele d U C R)  prio r  t o conditionin g an d t o bot h th e G R an d th e U R afte r  conditioning . 

(fro m Bart o an d Sutton ,  1982) . 

determine s th e exten t  t o whic h a  give n synaps e i s eligibl e fo r  modification ,  an d I ,  a  trac e whic h 

represent s th e memor y o f  th e element' s outpu t  i n th e precedin g timestep .  Th e singl e outpu t  o f 

th e elemen t  i s compute d a s th e weighte d su m o f  al l  inputs .  I n th e sens e tha t  th e elemen t  receive s 

severa l  inputs ,  bu t  transmit s onl y on e output ,  th e S B elemen t  ca n b e conceptualize d a s a  'classic * 

neuron . 

One o f  th e researc h objective s o f  thi s laborator y i s t o examin e th e validit y o f  sbgle-neuro n 

Bchemas o f  classica l  conditionin g o f  th e rabbi t  N M R.  T o tha t  en d w e hav e take n a  varie y o f  ap -

proaches :  electrophysiological ,  anatomica l  an d behaviora l  amon g them .  Ou r  interes t  i n th e S B 

neuron-lik e adaptiv e elemen t  i s th e generatio n an d developmen t  o f  a  varian t  whic h simulate s th e 

topograph y o f  th e N M C R a s i t  appear s i n rea l  rabbit s i n rea l  time .  Th e N M R i s th e sweepin g 

of  th e nictitatin g membran e ove r  th e surfac e o f  th e eyeball ;  i t  i s  a  protectiv e respons e tha t  i s 

a passiv e consequenc e o f  th e retractio n o f  th e eyebal l  int o th e orbi t  b y th e retracto r  bulb i  an d 

extraocula r  muscles .  Thi s respons e ha s bee n studie d within-trial s an d ove r  trial s i n bot h singl e 

and multiplexe s protocols ,  thu s offerin g a n extensiv e databas e fo r  th e assessmen t  o f  an y mode l 

(Gormeiano ,  Keho e k  Marshall ,  1983) .  Recently ,  w e demonstrate d tha t  th e algorith m subserv -

in g th e origina l  S B element ,  thoug h silen t  wit h respec t  t o th e generatio n o f  C R topographies , 

can b e extende d t o th e simulatio n o f  th e neurophysiologica l  an d behaviora l  feature s o f  th e rabbi t 

NMR,  predictin g th e ontogen y o f  th e conditione d respons e (CR )  ove r  trial s a s wel l  a s withi n trial s 

(Moore,Desmond,Berthier,Blazis,Sutto n k  Barto,1985 ;  Moore ,  Desmond ,  Berthier ,  Blazis,Sutto n k 

Barto,i n press) . 

The C R topograph y characteristic s tha t  w e sough t  t o mode l  include d (1 )  gradually-increasin g 

neurona l  firing  withi n a  tria l  wic h attainmen t  o f  pea k C R amplitud e a t  th e tempora l  locu s o f  th e 

US;  (2 )  a  decreas e i n C R onse t  latenc y ove r  training ;  an d (3 )  a n appropriat e IS I  function ,  wit h 

optima l  conditione d strengt h accruin g a t  a n IS I  o f  25 0 millisecond s (ms) .  I n orde r  t o produc e thes e 

real-tim e phenomena ,  additiona l  assiimption s an d constraint s upo n th e variable s o f  th e origina l 
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SB model became necessary. We modified the SB element to yield appropriate topography in a 

8ingle>C S forward>dela y trainin g paradig m i n real-time .  Th e questio n the n becam e whethe r  th e 

model  coul d retai n th e succes s o f  th e origina l  model' s prediction s i n th e domai n o f  multiple-C S 

conditionin g withou t  furthe r  modificatio n o f  th e parameters . 

Thi s repor t  wil l  presen t  th e equation s an d assumption s o f  th e constraine d S B element ,  referre d 

t o a s th e Sutton-Barto-Desmon d (SBD )  model .  W e wil l  sho w tha t  th e S B D elemen t  extend s th e 

SB mode l  int o rea l  tim e whil e retainin g th e prediction s o f  th e S B elemen t  i n multiple-C S domains . 

THE MODEL: ASSUMPTIONS, EQUATIONS AND CONSTRAINTS 

We begin our discussion of the SBD model by addressing the assumptions we have made about 

conditioning ,  statin g th e equation s whic h mak e u p th e model ,  an d justifyin g th e constraint s w e 

place d upo n th e rule s o f  th e origina l  S B model . 

An assumptio n fundamenta l  t o th e S B D mode l  i s  tha t  computation s affectin g synapti c weight s 

occu r  before ,  during ,  an d afte r  th e US .  Th e origina l  S B elemen t  assume d a  30 0 m s US ,  a  diiratio n 

sufficien t  t o complet e al l  computation s withi n a  tria l  befor e U S offset .  I n rabbi t  N M conditioning , 

a mor e realisti c U S duratio n i s 5 0 ms ;  unde r  th e condition s o f  th e origina l  model ,  a  5 0 m s U S 

does no t  allo w sufficien t  tim e fo r  2 ,  th e eligibilit y  trace ,  t o retur n t o zero .  Implementin g post-U S 

computation s int o th e S B mode l  require d constrainin g th e deca y o f  variou s trace s an d includin g a 

mechanis m whereb y th e effectivenes s o f  th e U S change s ove r  trials .  Thes e change s i n th e mode l 

ar e discusse d mor e full y below . 

Anothe r  assumptio n o f  th e mode l  concerne d th e for m o f  th e C S inpu t  t o th e adaptiv e element . 

Extendin g th e S B elemen t  t o mode l  C R topograph y wa s accomplishe d i n par t  b y treatin g th e C S 

input ,  designate d a s x  i n th e model ,  a s a  continuou s function .  I n th e origina l  mode l  x  wa s a  ste p 

functio n equa l  t o 1  a t  C S onse t  an d 0  a t  C S offset .  Althoug h a  ste p functio n define s th e onse t  an d 

offse t  o f  th e externa l  stimulus ,  i t  doe s no t  allo w th e S B mode l  t o predic t  rabbi t  N M R topography . 

For  th e purpose s o f  th e adaptiv e element ,  w e assume d tha t  th e fimction s describin g x  mimi c th e 

behaviora l  CR .  Thus ,  whil e th e C S i s on ,  x  i s  shape d b y a  functio n whic h begin s t o rise  graduall y 

i n a n S-shape d fashio n soo n afte r  C S onset ,  eventuall y maximizin g a t  th e tempora l  locu s o f  th e 

unconditione d stimulu s (US) .  Assumin g tha t  (i s  a  timeste p representin g 1 0 m s o f  rea l  time : 

x,(0 s [aretan{mt + b)+ 90]/(180 * h)) (1) 

for time ( s 1 to CS offset. We selected the arctangent function because it is sigmoidal in shape and 

becaus e i t  i s  a  convenien t  on e t o implemen t  i n F O R T R AN programming .  Th e x-shapin g parameter s 

m,  6 ,  an d h  ar e specifie d a s inpu t  variable s wit h curren t  defaul t  value s equa l  t o 0.35,-12. 5 an d 1.0 , 

respectively .  Simulatio n experiment s involvin g systemati c variation s o f  th e x-shapin g parameter s 

reveale d tha t  th e mode l  i s ver y sensitiv e t o thei r  values ;  th e defaul t  value s represen t  thos e whic h 

yiel d th e bes t  topograph y fo r  th e 25 0 m s CS . 

The secon d functio n mimic s th e deca y o f  th e C R i n post-U S timebins .  I t  i s  implemente d a t  C S 

offset ,  decay s geometricall y an d i s compute d b y multiplyin g successiv e value s o f  x  b y a  scalar : 

x.(« + l) = k{xi{t)) (2) 

*  =  0.85 . 
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Equations 1 and 2 specify, then, that the value of the input trace to the adaptive element begins to 

rise  7 0 m s afte r  C S onse t  a t  th e periphery. a latenc y justifie d b y report s indicatin g tha t  th e minima l 

conditionabl e IS I  fo r  rabbit s  i s 7 0 m s (Salafia ,  Lambert ,  Host ,  Chiai a k  Ramirez ,  1980) .  Th e inpu t 

trac e asymptoticall y reache s th e valu e o f  on e an d decay s t o zer o followin g C S offset . 

The outpu t  o f  th e S B D elemen t  s(f) ,  i s define d as : 

-(0 = t,nt)xi{t)+m (3) 

0.0 < »< 1.0 

wher e X'{t )  s  0  prio r  t o th e occurrenc e o f  th e US .  Durin g U S presentation ,  A'(t )  i s  calculate d a s 

follows : 
rA-Vi(t) ,  i fO<V- (0<A ; 

V ( t ) = { 0 ,  ifV;(0>A ;  (4 ) 

U ,  ifv;(0<o . 

wher e Vm»m =  th e larges t  startin g weigh t  fo r  al l  CS s presen t  o n a  give n trial ,  an d A  =  a  constan t 

tha t  reflect s U S intensity . 

Following the US, A' is decremented : 

A'(t + 1) = 0.9 • A'(t) (5) 

The computation of A'(() in equation (4) assumes that the contribution of the US to the element's 

outpu t  decrease s a s C S synapti c strengt h increases .  I n addition ,  A '  allow s th e elemen t  t o predic t 

diminutio n o f  th e U R a s conditionin g progresses ,  a  phenomeno n previousl y observe d i n rabbit s b y 

Donegan (1981) .  Equatio n (5 )  reflect s th e assumptio n tha t  th e U S inpu t  t o th e elemen t  i s no t  equa l 

t o zer o a t  U S offse t  bu t  instead ,  decay s progressively ,  thereb y influencin g post-U S decrement s i n 

V. 

I n th e presen t  implementation ,  C R topograph y i s define d b y th e slidin g arithmeti c mea n o f  th e 

value s o f  th e curren t  outpu t  s  an d tha t  o f  th e tw o precedin g timesteps .  Thi s wa s don e t o smoot h th e 

transitio n fro m C R t o UR .  W e furthe r  assum e tha t  th e outpu t  o f  th e elemen t  i s bounde d betwee n 

0. 1 an d 1.0 .  A  negativ e »  wa s deeme d inappropriat e fo r  modellin g N M R topograph y sinc e a  negativ e 

outpu t  implie s N M retractio n an d exopthalmus ,  CR-opposin g response s whic h ar e generall y no t 

observe d i n th e rabbi t  N M R.  Th e valu e o f  0. 1 reflect s a  threshol d betwee n th e S B D element' s 

outpu t  an d th e motoneuron s whic h generat e th e peripherall y observe d response .  Th e uppe r  limi t 

of  1. 0 i s derive d fro m evidenc e indicatin g a n uppe r  limi t  fo r  th e amplitud e o f  th e behaviora l  N M R. 

Boundin g »  i n thi s wa y als o facilitate s th e computation s relatm g «  t o neurona l  firing  rate s o f  1 0 t o 

100 Hert z neede d fo r  peristimulus -  tim e histogram s whic h cumulat e neurona l  firing  ove r  trial s i n 

th e simulations . 

Thus ,  equatio n (3 )  indicate s tha t  th e outpu t  o f  th e elemen t  a t  an y give n tim e t  i s equa l  t o th e 

weighte d su m o f  it s inputs .  I n a  single-C S forward-dela y paradigm ,  th e outpu t  prio r  t o th e U S i s 

identica l  i n for m t o th e input ,  x ,  an d th e magnitud e o f  th e outpu t  i s proportiona l  t o th e synapti c 

weight . 

The equatio n whic h dictate s change s i n synapti c weigh t  (associativ e strength )  i s retaine d fro m 

th e origina l  S B model .  Synapti c weight s ca n b e positive ,  negativ e o r  zero ,  whic h w e interpre t  a s 
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corresponding to excitatory, inhibitory or neutral inputs, respectively. V{((),the synaptic weight of 

th e it h conditione d stimulus ,  i s  modifie d a s follows : 

Vi{t + l) = Vi(t) + c[s(t)-i{t)]li(t) (6) 

where e is a learning rate parameter equal to 0.15, « b the element's output, and i is the element's 

predictio n o f  it s  outpu t  base d o n it s prio r  activity : 

*(« + !) = )JW0 + (l-m01 (7) 

^  =  0. 6 

Note that the values of the learning rate parameter e, and of )9 in Equation 5 exert important 

influence s upo n th e abilit y  o f  th e S B D mode l  t o accuratel y portra y rabbi t  N M conditioning .  Fo r 

example ,  e  ca n decreas e o r  haste n th e rat e o f  learnin g an d affec t  C R topography ,  althoug h asymp -

toti c synapti c weight s ar e no t  affected . 

Variabl e 2  i s a  C S duration-dependen t  stimulu s trac e whic h define s th e exten t  t o whic h a  give n 

synaps e o r  connectio n i s eligibl e fo r  modification .  I n SBD ,  unlik e SB ,  th e eligibilit y  trac e mirror s 

and lag s 3 0 m s behin d th e inpu t  trace . 

«(«+l) = :r.(«-2) (8) 

during the time that the CS is on. When the CS is off, 

«.(<-l-l) = «**.(0 (9) 

where S»e~*^^,d » CS duration in timesteps; d > 25. These computations define a period of 

eligibilit y  whic h begin s som e tim e afte r  C S onse t  an d persist s beyon d C S offset . 

The goa l  o f  simulatin g appropriat e IS !  function s wa s accomplishe d i n par t  throug h ou r  spec -

ificatio n o f  th e deca y o f  2 .  Not e tha t  6  become s large r  fo r  relativel y longe r  CSs ,  thu s slowb g 

th e deca y o f  S  an d allowin g greate r  opportunit y fo r  decrement s i n V  followin g C S offset .  Thu s 

asymptoti c synapti c weight s ar e lowe r  fo r  CS s o f  relativel y lon g duration . 

As mentione d above ,  on e goa l  i n th e developmen t  o f  th e S B D mode l  wa s t o exten d th e S B 

model  t o encompas s th e simulatio n o f  neurona l  firing.  Th e curren t  implementatio n o f  th e SB D 

model  lend s itsel f  readil y t o th e computatio n o f  neurona l  firing  o n singl e trial s an d accumulatio n 

of  spike s ove r  trial s t o for m peristimulus-tim e histogram s (PSTHs) .  Spac e limitation s preclud e 

a complet e descriptio n o f  thi s portio n o f  th e model ;  se e Moor e e t  a l  (i n press )  fo r  details .  A n 

exampl e o f  neurona l  firing  i s show n i n Fig .  2 ,  whic h show s a  P S T H o f  neurona l  firing  t o a  25 0 m s 

CS followe d immediatel y b y 3 0 m s U S afte r  5 0 trials . 

PREDICTIONS OF THE SBD MODEL 

We have examined the behavior of the model at many levels: within- trials and over trials in 

singl e an d multiple-C S conditioning .  Wha t  follow s i s a  biie f  accoun t  o f  ou r  findings,  beginnin g 

wit h topograph y fo r  single-C S conditionin g an d interstimulus -  interva l  functions ,  an d progressin g 

t o multiple-C S procedures . 
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sit l 

—I  h -
cs u s cs u s 

Figur e 2 :  Simulate d C R / U R comple x an d a  P S T H fo r  single-C S forward -  dela y trainin g 

wit h a  250-m 8 C S terminatin g simultaneousl y wit h th e onse t  o f  a  30-m 8 U S afte r  5 0 trials . 

A -  0.9 ,  e  a  0.15 . 

N MR Topograph y 

The default values for the parameters shaping the input trace x (m= 0.35, 6= -12.5 and h =1.0) 

allo w th e mode l  t o appropriatel y simulat e man y topographica l  feature s characteristi c o f  th e rabbi t 

N M R.  One ,  mentione d earlier ,  i s  a  decreas e i n th e latenc y o f  th e onse t  o f  th e C R a s conditionin g 

proceeds .  Th e amplitud e o f  th e G R increase s ove r  training ,  wit h maxima l  amplitud e occurrin g a t 

or  nea r  th e tempora l  locu s o f  th e US .  I n addition ,  th e amplitud e o f  th e U R decrease s ove r  training , 

a phenomeno n show n i n rea l  rabbit s b y Donega n (1981) .  Durin g simulate d extinctio n trials ,  th e 

model  produce s th e increas e i n th e latenc y o f  C R onse t  an d th e dimmutio n o f  th e C R amplitud e 

seen i n th e laboratory . 

Thoug h th e curren t  versio n o f  th e S B D credibl y simulate s man y aspect s o f  N M R topograph y 

at  optima l  ISIs ,  ther e ar e othe r  feature s o f  rabbi t  nicitatin g membran e conditionin g whic h th e 

model  doe s no t  portra y successfully .  Fo r  example ,  i n protocol s involvin g ver y lon g C S durations , 

rabbi t  N M CR s begi n t o rise  abou t  halfwa y throug h th e IS !  (Smith ,  1968) .  However ,  th e curren t 

specificatio n o f  th e inpu t  trac e allow s th e N M R t o begi n fa r  earlie r  tha n that .  Wha t  th e mode l 

needs ,  then ,  i s a  mechanis m specifyin g wha t  Pavlo v referre d t o a s 'inhibitio n o f  delay' . 

Preliminar y simulatio n experiment s involvin g systemati c variatio n o f  parameter s whic h shap e 

X mdicat e inhibitio n o f  dela y ca n b e buil t  int o th e mode l  b y allowin g m ,  th e paramete r  whic h 

determine s th e rise  tim e o f  z ,  t o increas e ove r  conditionin g i n a n s-shape d fimctio n whic h i s  de -

termine d partl y b y th e IS I  an d partl y b y th e numbe r  o f  trials ,  m i s allowe d t o maximiz e a t  .35 , 

th e defaul t  valu e o f  th e curren t  implementation ,  an d a  prerequisit e fo r  prope r  asymptoti c behavio r 

and topography .  Sinc e m i s recompute d a t  ever y trial ,  z  i s als o compute d a t  ever y trial .  Not e 

tha t  X  i n th e curren t  versio n o f  th e S B D mode l  i s compute d onl y once .  Th e ide a i s tha t  th e inpu t 

t o th e elemen t  i s no t  a  stati c entity ,  bu t  rathe r  on e whic h varie s i n it s efficienc y zurcordin g t o th e 

optimalit y o f  th e IS I  an d th e amoun t  o f  exposur e t o th e C S tha t  th e elemen t  ha s received . 

Changin g th e qualit y o f  th e inpu t  trac e ove r  th e cours e o f  trainin g provide s a  theoretica l  frame -

work fo r  generatin g appropriat e topograph y durin g trac e conditioning .  Lik e it s paren t  model ,  th e 
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SBD model predicts trace conditioning. The model extends SB by predicting that trace condition* 

in g yield s les s conditionin g tha n forward*dela y fo r  th e sam e ISI .  Thes e prediction s ar e born e ou t 

i n rea l  N M R conditioning .  However ,  th e CR s o f  rea l  rabbit s occu r  i n th e trac e interva l  precedin g 

th e US ,  whil e th e S B D mode l  predict s tha t  CR s occu r  durin g th e CS . 

Producin g CR s i n th e trac e interva l  rathe r  tha n durin g th e C S migh t  b e achieve d b y alterin g 

assumption s regardin g th e onse t  an d timecours e o f  x .  First ,  w e ca n assum e tha t  th e offse t  o f  x 

i s simpl y extende d beyon d th e offse t  o f  th e nomina l  CS ,  an d tha t  th e deca y rate s o f  x  an d 2  ar e 

prolonge d fo r  trac e conditioning .  However ,  simpl y extendin g x  i s insufficien t  becaus e CR s woul d 

stil l  rise  rathe r  earl y durin g th e nomina l  CS ,  an d shor t  CS s woul d probabl y no t  yiel d conditionin g 

eve n whe n th e IS I  i s optima l  b y empirica l  standsuxls .  Anothe r  approac h i s t o bas e th e computatio n 

of  X  no t  upo n th e nomina l  C S duration ,  bu t  upo n th e ISI ,  a  tacti c no t  take n i n th e presen t 

F O R T R AN implementatio n o f  th e S B D model .  Suc h a n approac h i s supporte d b y a n earl y stud y 

i n rabbi t  N M R trac e conditioning ,  wherei n a  5 0 m s C S wa s presente d a t  ISI s rangin g fro m 0  t o 4 

second s (Smith ,  1968) ;  th e presen t  versio n o f  S B D woul d no t  eve n begi n t o sho w conditionin g unti l 

th e nomina l  C S duratio n exceed s 7 0 ms . 

Testin g o f  a n experimenta l  progra m basin g th e computatio n o f  a  dynami c x  upo n th e tru e 

IS I  (C S onse t  t o U S onset )  i s  no w underway .  Preliminar y resdt s mdicat e tha t  i t  ma y indee d b e 

possibl e t o simulat e CR s whic h occu r  durin g th e trac e interval .  However ,  definin g x  base d upo n IS I 

naturall y yield s th e sam e topographie s an d asymptoti c weight s fo r  bot h forward-dela y an d trac e 

protocols ,  contrar y t o th e laborator y evidence .  Furthermore ,  thi s implementatio n doe s no t  accoim t 

fo r  evidenc e mdicatin g tha t  th e offse t  o f  th e nomina l  C S an d th e onse t  o f  th e U S se t  u p a  tempora l 

CS fo r  th e anima l  (Li u an d Moore ,  1969) .  Thi s finding  suggest s tha t  x  ough t  t o b e generate d 

durin g th e trac e interval .  Wha t  kin d o f  x  woiil d a  trac e interva l  produce ? Ca n w e assum e tha t 

th e trac e interva l  x  i s o f  a  differen t  characte r  fro m tha t  generate d b y a  "real *  CS ? Lastly ,  ho w 

and whe n durin g conditionin g woul d th e elemen t  com e t o regar d th e trac e interva l  a s th e tru e CS ? 

Futur e simulatio n experiment s wil l  addres s thes e questions . 

As th e precedin g comment s indicate ,  ther e ar e area s wher e th e abilit y  o f  th e mode l  t o provid e 

an accurat e descriptio n o f  C R topograph y i s incomplete .  However ,  w e ar e encourage d no t  onl y b y 

ho w easil y change s i n x  ca n accoun t  fo r  thes e proble m areas ,  bu t  als o b y ho w thes e change s i n x 

sugges t  t o u s wha t  th e actua l  "CS "  ca n becom e fo r  a n animal . 

Interttimulus Interval (ISI) Function* 

As we have shown, the present implementation of the SBD model can, with a few exceptions, 

generat e reasonabl e description s o f  within-tria l  events .  Give n thi s ability ,  ho w doe s th e mode l 

far e i n it s descriptio n o f  event s whic h occu r  ove r  trial s i n a  numbe r  o f  paradigms ? Th e simples t 

startin g plac e i s th e examinatio n o f  th e relativ e synapti c weight s a t  asymptot e fo r  CS s o f  a  variet y 

of  durations ,  th e IS I  function .  Th e rabbi t  N M R literatur e describe s th e IS I  functio n a s a n inverte d 

U-shape d functio n wit h pea k conditionin g occurin g t o CS s o f  25 0 m s duratio n (Gormezano ,  Keho e 

and Marshall,1983) .  A s Fig .  3  shows ,  th e defaul t  value s o f  th e S B D mode l  produc e IS I  function s 

fo r  acquisitio n o f  forward-dela y an d trac e conditionin g whic h ar e generall y consisten t  wit h th e 

literature ,  wit h th e exceptio n o f  th e predictio n o f  negativ e weight s fo r  CS s o f  10 0 m s duration . 

Extinctio n (no t  shown )  als o proceed s i n appropriat e fashion ,  wit h mor e optima l  CS s extinguishin g 

more slowly . 
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Figur e S :  Synapti c weight s afte r  5 0 trial s fo r  C S - U S interval s rangin g fro m 10 0 t o 200 0 m s 

fo r  forward-dela y conditionin g an d trace-conditionin g protocols . 

Conditioned Inhibition 

The SBD model satisfactorily simulates Pavlovian conditioned inhibition (CI), a fairly difficult 

multiple-O S discriminatio n paradigm .  A  simulatio n o f  th e C I  paradig m i s presente d i n Fig .  4 .  I n 

CI ,  tw o tria l  type s ar e presente d i n a  pseudorando m sequence :  th e first  tria l  typ e consist s o f  CS i 

presente d wit h a  US ;  an d th e secon d consist s o f  a  compoxin d o f  CSian d CS 2 presente d withou t 

th e US .  Fig .  4  show s tha t  th e synapti c weigh t  fo r  CS i  become s positive ,  whil e tha t  fo r  CS 2 

becomes negative .  Negativ e weight s ar e interprete d a s a n indicatio n o f  conditione d inhibition .  T h e 

S BD mode l  no t  onl y predict s CI ,  i t  als o generate s salien t  feature s o f  th e paradig m includin g th e 

extende d numbe r  o f  trial s require d fo r  asymptoti c performanc e an d th e initia l  slightl y excitator y 

characte r  o f  th e unreinforce d compound .  A n unusua l  an d unteste d predictio n o f  th e S B mode l  i s 

tha t  th e conditione d inhibito r  wil l  becom e excitator y i f  i t  precede s th e conditione d excito r  i n th e 

non-reinforce d compoun d presentations . 

As w e mentione d earlier ,  th e origina l  Sutton-Bart o learnin g rul e i s similia r  t o th e Rescorla -

Wagner  mode l  o f  associativ e leammg .  O n e o f  th e weaknesse s o f  bot h th e S B an d R W model s i s 

th e predictio n tha t  a  conditione d inhibito r  wil l  extingub h i f  presente d alone ,  a  predictio n tha t  ha s 

not  bee n verifie d empirically .  T h e S B D mode l  predict s tha t  a  conditione d inhibito r  presente d alon e 

wil l  retai n it s inhibitor y characte r  an d i n thi s respec t  *th e mode l  emulate s th e empirica l  evidence . 

Inhibitio n doe s no t  extinguis h i n th e S B D mode l  becaus e th e outpu t  o f  th e element ,  « ,  i s  neve r  les s 

tha n zero .  Consequently ,  th e ter m ( « -  i )  i n Equatio n 1  b  als o equa l  t o zer o an d n o change s i n V 

fo r  tha t  inhibitor y C S ca n occu r  i n th e absenc e o f  a  US . 
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Figur e 4 :  Synapti c weight s (V i  an d Vz )  fo r  CS i  an d CS j  fo r  a  simulate d conditione d inhi * 

bitio n paradig m a s a  functio n o f  trials.Se e tex t  fo r  discussion . 

Kamln Blocking 

The model successfully predicts blocking of conditioning by a fully pre-trained CS to a novel 

adde d CS .  Blockin g i s predicte d b y bot h th e R W mode l  an d th e origina l  S B model .  I n Stag e 1 

of  a  blockin g paradigm ,  CSB ,  th e C S whic h wil l  becom e th e blocker ,  i s  presente d wit h a  U S unti l 

an asymptoti c leve l  o f  respondin g i s produced .  I n Stag e 2 ,  C S B i s paire d wit h a n added ,  nove l 

CS,  denote d her e a s CSA .  Th e compoun d o f  CS s A  an d B  i s reinforced .  Th e adde d C S wil l  fai l 

t o conditio n normally ,  a  phenomeno n demonstrate d i n th e N M R preparatio n b y Marchan t  an d 

Moor e (1973) .  Th e S B D mode l  predict s tha t  maxima l  blockin g t o C S A occur s whe n C S B i s full y 

traine d an d whe n bot h CS s ar e presente d simultaneousl y i n Stag e 2 .  Simulation s o f  blockin g wit h 

incompletely-traine d blocker s o r  wit h seria l  presentation s o f  CS s A  an d B  yiel d a  variet y o f  effect s 

to o numerou s t o describ e here .  However ,  on e particularl y interestin g an d nove l  predictio n o f  bot h 

SB an d S B D i s tha t  th e blocke r  wil l  becom e inhibitor y i n Stag e 2  o f  a  blockin g paradig m i f  th e 

adde d C S precede s an d overlap s th e blockin g stimulus . 

Hlgh«r-ord«r conditioning 

The SBD model recapitulates the success of the original model in its treatment of higher-order 

conditioning .  I n Stag e 1  o f  a  higher*orde r  conditionin g task ,  CS i  i s  paire d wit h a  U S an d traine d 

t o a n asymptoti c leve l  o f  responding .  I n th e secon d stage ,  anothe r  CS ,  CS2,i s presented ,  followe d 

by th e fully-traine d CSi .  Eve n thoug h th e usua l  U S i s no t  presented ,  th e purin g o f  CS s 1  an d 

2 result s i n increase d respondin g t o CSj .  I f  refreshe r  presentation s o f  CS i+U S ar e no t  included , 

respondin g t o CS 2 an d eventuall y CS i  fall s  off . 

Othe r  midtiple-C S phenomen a whic h ar e encompasse d b y th e mode l  includ e severa l  imteste d 

prediction s regardin g within-tria l  timin g o f  seria l  compounds .  Discussio n o f  thes e topic s wil l  b e 

th e focu s o f  a  futur e report . 
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CLOSING COMMENTS 

Sutton and Buto (1981) recognized that their model places a heavy computational burden 

on a  tingl e neuron .  However ,  the y identifie d severa l  possibl e cell-physiologica l  mechanism s fo r 

component s o f  th e model ,  includin g th e eligibilit y  trac e an d th e predictio n o f  reinforcement .  Th e 

SBD mode l  place s a n additiona l  burde n o n th e neuron ,  i n particula r  th e computatio n o f  A'(t) , 

whic h reduce s th e effectivenes s o f  th e U S a s associativ e strengt h increases .  Th e justificatio n fo r 

X'{t )  aros e fro m th e assumption s tha t  computation s affectin g synapti c weigh t  occu r  no t  onl y durin g 

th e CS ,  bu t  afte r  th e U S a s well .  Withou t  th e A'(t )  rule ,  synapti c weight s afte r  extensiv e trainin g 

ar e unreasonabl y low .  Furthermore ,  th e A'(( )  rul e enhance s th e model' s performanc e regardin g IS I 

function s an d respons e topography . 

Ther e ar e feature s o f  classica l  conditionin g o f  th e rabbi t  N M R whic h th e curren t  implementatio n 

does no t  address .  Amon g thes e ar e intertria l  interva l  phenomena ,  stimulu s salienc e effects ,  an d 

attentiona l  effects .  Some o f  thes e phenomen a ca n b e easil y encompasse d withi n th e framewor k 

of  th e S B an d S B D models .  Others ,  fo r  instance ,  attentiona l  phenomena ,  coul d b e included ,  bu t 

perhap s a t  som e cos t  i n term s o f  ou r  intuition s abou t  th e shee r  numbe r  o f  computation s tha t  a 

singl e cel l  coul d perform . 

Detaile d description s o f  th e behavio r  o f  th e component s o f  th e S B D mode l  an d o f  th e model' s 

performanc e i n a  variet y o f  simulation s involvin g within-tria l  timin g o f  stimulu s event s ar e no w 

underway .  Indeed ,  th e strengt h o f  th e mode l  lie s i n it s abilit y  t o generat e prediction s regardin g 

within-tria l  event s i n rabbi t  N M R conditioning .  T o th e neurophysiologist ,  suc h prediction s provid e 

hypothese s abou t  th e timin g function s o f  th e nervou s syste m component s involve d i n N M condition -

ing .  Fo r  thos e workin g i n adaptiv e architectures ,  th e model' s successe s an d failure s i n multiple-C S 

domain s lik e compoun d conditionin g ca n sugges t  th e type s o f  computatio n a  singl e elemen t  ca n 

sustai n whe n it s input s ar e assume d t o mode l  desire d output .  Fo r  anima l  learnin g theorists ,  em -

pirica l  verificatio n o f  th e prediction s o f  th e S B D mode l  ca n exten d th e spars e literatur e pertainin g 

t o within-tria l  event s i n rabbi t  N M R conditioning .  Fo r  now ,  w e ar e encourage d b y th e preliminar y 

succes s o f  th e mode l  an d sugges t  tha t  it s  structiire s an d constraint s ma y hav e implication s fo r  th e 

understandin g o f  th e physiolog y o f  learnin g an d memory . 
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ABSTRACT 

A cognitive agent uses representations to reason about the world. An 

"introspective "  cognitiv e agen t  ha s th e abilit y t o manipulat e representation s 

(met a representations )  o f  it s  o w n representations .  I f  suc h a n agen t  wer e t o 

embody it s  belief s i n it s  representations ,  the n th e agen t  coul d reaso n abou t  it s 

o wn belief s b y manipulatin g it s met a representations . 

A "belie f  reasoner "  ca n reaso n abou t  th e belief s o f  othe r  agents .  Ther e ha s 

bee n considerabl e researc h i n th e constructio n o f  belie f  reasoners .  Thi s pape r 

observe s tha t  th e constructio n o f  suc h system s can ,  i n larg e part ,  b e reduce d t o 

th e tas k o f  constructin g introspectiv e systems . 

We illustrat e h o w a n introspectiv e agen t  ca n us e analogy-base d reasonin g t o 

construc t  a n architectur e fo r  belie f  reasonin g o n th e basi s o f  examinin g it s o w n 

architecture . 

1.  Introduction . 

Thi s pape r  view s th e tas k o f  reasonin g abou t  th e belief s o f  othe r  agent s i n term s o f  mor e 
basi c processe s o f  introspectio n i n whic h a n agen t  reason s abou t  it s o w n beliefs .  W e begi n wit h 
th e assumptio n tha t  agent s thin k i n a  proposition-lik e "mentalese. "  T h e intuitio n underlyin g ou r 

lin e o f  argumen t  i s  a s follows :  I f  agent s thin k i n a  proposition-lik e mentalese ,  the n t o describ e 

thei r  belie f  states ,  w e ca n us e a  metalanguag e capabl e o f  describin g arrangement s o f  propositions . 

I f  th e languag e is -  capabl e o f  describin g an y possibl e arrangemen t  o f  propositions ,  the n th e 

languag e i s  capabl e o f  describin g an y possibl e belie f  stat e o f  th e agent .  I f  a n agen t  alread y use s 

suc h a  languag e t o introspectivel y describ e an d reaso n abou t  it s o w n beliefs ,  i t  shoul d b e possibl e 

fo r  thi s agen t  t o adap t  thi s language ,  b y som e analogy-base d process ,  t o describ e th e belief s o f 

othe r  agents . 

2. Cognitive Science: The Representational Theory of Mind 

Th e notio n tha t  a n agent' s belief s determin e it s behavio r  i s compatibl e wit h th e metapho r  o f 
a "knowledge-base d system "  a s use d i n artificia l  intelligenc e o r  th e "representationa l  theor y an d 

computationa l  theor y o f  m ind "  a s use d b y philosopher s o f  cognitiv e scienc e (e.g. ,  Fodor ,  1981) . 

I n thi s view ,  a  cognitiv e agen t  represent s th e worl d b y th e us e o f  som e interna l  language ,  a  "men -

talese, "  suc h a s a  propositiona l  language .  Thi s vie w ha s le d t o th e "knowledg e representatio n 

'  Thi s researc h wa s supporte d b y O N R contrac t  N00014-8S-K-0521 .  Thank s t o Ros s Canfleld ,  Minqu i  Deng , 
Minko o Kim ,  Dre w McDermott ,  Jo e Niederberger ,  an d Bonni e Webbe r  fo r  hel p wit h variou s incarnation s o f  thi s 
manuscript . 
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hypothesis," upon which much of artificial intelligence and cognitive science is based (cf, Fodor, 

1980 ;  Pylyshyn ,  1984 ;  Smith ,  1982) .  Thus ,  th e primar y assumptio n o f  thi s pape r  i s compatibl e 

wit h m u c h o f  mainstrea m cognitiv e science . 

2.1. The Semantics of Belief Sentences. 

T o sa y tha t  a n agen t  ha s a  belie f  i s  t o sa y tha t  th e agen t  ha s constructe d a  representatio n 

i n it s menta l  languag e an d tha t  th e agen t  take s thi s representatio n a s accuratel y describin g some -

thing .  Fo r  instance ,  sa y tha t  a n agen t  name d "Pa t "  believe s tha t  a  do g name d "Fido "  i s fero -

cious .  Thi s mean s tha t  i n th e menta l  languag e whic h Pa t  use s t o represen t  th e world ,  ther e i s a n 

expressio n tha t  reside s i n hi s dat a base ,  whic h represent s th e propositio n Fid o i a ferocious .  I t  als o 

means tha t  Pa t  bear s som e relatio n t o thi s expressio n indicatin g tha t  i t  i s  believe d b y Pat . 

I f  w e assum e tha t  Pa t  think s wit h propositions ,  the n th e sentenc e "Pa t  believe s Fid o i s fero -

cious "  ca n b e take n t o b e tru e exactl y i f  th e propositio n (1) : 

(l) (is-ferocious Fido) 

resides in Pat's data base and the proposition is somehow marked as true (possibly implicitly, by 
virtu e o f  i t  simpl y residin g i n th e knowledg e base) .  W e hav e sketche d fo r  th e abov e belie f  sen -
tenc e a  semantic s i n term s o f  th e prepositiona l  conten t  o f  a  knowledg e bas e an d w e wil l  ca U thi s a 

knovuledg e baae d aemantiea. ^ 

2.2. Belief Spaces as Nested Mental Models. 

A perspicuou s notatio n fo r  depictin g th e belief s o f  cognitiv e agent s i s b y th e us e o f  belie f 
space s (cf. ,  Fauconnier ,  1985) .  A  belie f  spac e ca n b e construe d a s a  menta l  mode l  o f  anothe r 

agent' s representatio n o f  th e world. ^  Thi s naturall y lead s t o a n architectur e whic h i s a  tre e o f 

neste d menta l  model s o r  belie f  space s (cf. ,  Fauconnier ,  1985 ;  Maida ,  1984) .  Figur e 1  depict s suc h 

a tree . 

A-agent 

B-sel f 

O 
I>-Milc e 

Q 

Figur e 1 .  A  tre e o f  belie f  spaces .  Neste d ellipse s indicat e subtrees . 

Each ellipse in this figure is a belief space; the nestings indicate nestings of the belief spaces. The 

ellips e labele d " A "  indicate s th e agent' s knowledg e (beliefs) .  Th e ellips e labele d " B "  indicate s 

th e agent' s knowledg e abou t  it s o w n knowledge ;  tha t  is ,  object s i n thi s spac e represen t  object s i n 

th e paren t  space .  Ellips e " C "  indicate s th e agent' s knowledg e abou t  Pat' s knowledge ;  tha t  is , 

object s i n thi s spac e represen t  object s i n Pat' s dat a bas e (no t  shown) .  Finally ,  th e syste m ha s 

knowledg e tha t  Pa t  ha s knowledg e o f  Mike' s knowledg e (indicate d wit h ellips e D ) ;  tha t  is ,  object s 

i n thi s spac e represen t  object s i n Pat' s spac e tha t  represen t  object s i n Mike' s space . 

'  Thi s contraat « wit h th e pouible-worl d semantic s o f  Hintikk » (1962) .  Se e Halper n &  Mose s (198S )  fo r  & 
guid e t o moda l  logic s o f  knowledg e an d belief .  Th e poesible-world s approac h attempt s t o defin e knowledg e 
withou t  referenc e t o th e interna l  structur e o f  th e agen t  wh o ha s th e knowledge .  Th e approac h describe d i n sec -
tio n 2. 1 i s sometime s calle d th e "syntacti c approach. " 

*  Belie f  space s o r  analog s hav e bee n use d b y Moor e (1973) ,  Cohe n (1978) ,  Martin s &  Shapiro ,  1983 ;  Rapapor t 
& Shapiro ,  1984 ;  an d Kobs a (1985) .  I n linguistics ,  Fauconnie r  (1985 )  ha s mad e heav y us e o f  belie f  spaces . 
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Simulative Reasoning. Simulative reaaoning* is the process of one agent reasoning about 

th e belief s o f  a  secon d agen t  a s i f  th e secon d agen t  wer e reasonin g wit h hi s o w n beliefs .  T h e 

belief-spac e architectur e i s highl y suggestiv e o f  simulativ e reasoning .  I n principle ,  on e coul d hav e 

inferenc e processe s i n eac h belie f  space .  I n thi s paper ,  w e wil l  assum e ther e i s on e actua l  inferenc e 

engin e i n th e roo t  space .  T o conduc t  simulativ e reasonin g i n a  chil d space ,  th e inferenc e engin e 

wil l  simulat e a  virtua l  inferenc e engin e i n th e chil d space . 

2.3. Intro8p4»ction as Representations of Representations. 

Suppos e w e hav e a  cognitiv e agen t  w h o no t  onl y maintain s representation s whic h describ e 

thing s externa l  t o itself ,  bu t  als o maintain s representation s o f  it s  representations .  T h e agen t 

coul d the n hav e belief s abou t  it s representation s an d w e coul d sa y tha t  th e agen t  i s introspective . 

3. Reducing Belief Reasoning to Introspection. 

T o some ,  th e belief-spac e architectur e m a y see m unparsimonious .  W o u l d i t  b e plausibl e t o 

assume tha t  a  cognitiv e agen t  woul d jus t  happe n t o hav e a n architectur e consistin g o f  a  tre e o f 

dat a bases ,  simpl y t o reaso n abou t  others '  beliefs ? Fortunately ,  w e ca n reduc e th e belief-spac e 

architectur e t o mor e basi c principles .  T h e belief-spac e architectur e seem s t o b e a  consequenc e o f 
any knowledge-base d syste m tha t  ha s a  sufficientl y rich  self-mode l  an d capacit y t o reaso n b y anal -

ogy . 

T h e basi c ide a i s t o hav e th e syste m replicat e a  theor y o f  it s  o w n inferenc e abilit y  i n a 
model  o f  anothe r  agent ,  s o tha t  th e cop y i s suitabl y modifie d t o appropriatel y describ e tha t  othe r 

agent .  W e wil l  cal l  suc h a n operatio n projtetiv e analogy. ^ 

3.1. Replication of One's Self-Model and Inference Machinery. 

Suppos e a n agen t  ha s a  partia l  descriptio n o f  it s  o w n structure ,  includin g a  descriptiv e 

sketc h o f  th e operation s o f  it s  o w n analogy-base d reasonin g ability .  Thi s i s illustrate d i n Figur e 

2a below .  T h e larg e circl e indicate s th e se t  o f  proposition s tha t  th e agen t  believes .  T h e inne r  cir -

cle ,  labele d "self-model, "  consist s o f  th e se t  o f  proposition s tha t  describ e th e agent' s beliefs .  Not e 

tha t  thi s "self-model "  i s  th e agent' s sel f  image .  Fo r  reasonin g abou t  it s beliefs ,  th e agen t  ha s 

acces s onl y t o th e informatio n delimite d b y th e inne r  circl e (i.e. ,  it s  self-model) ,  an d no t  th e oute r 
circle .  I f  th e agen t  wer e t o m a k e a n analog y betwee n it s o w n structur e an d th e structur e o f  som e 
othe r  entity ,  th e analog y woul d hav e t o b e base d o n it s self-model . 

I f  th e syste m learne d tha t  anothe r  agent ,  sa y Pat ,  ha s structur e simila r  t o it ,  the n th e sys -

te m coul d creat e a  descriptio n o f  Pat ,  show n i n Figur e 2b ,  b y makin g a  cop y o f  it s  o w n self-mode l 

and modifyin g i t  appropriatel y t o appl y t o Pat .  (Fo r  instance ,  thi s migh t  b e don e b y replacin g al l 

occurrence s o f  th e symbo l  "self "  i n th e descriptio n wit h th e symbo l  "Pat." ) 

Ther e i s on e mor e ste p neede d i n orde r  t o construc t  a  tre e o f  belie f  spaces .  Suppos e th e agent' s 

self-mode l  contain s a  descriptio n o f  th e analog y process .  I f  so ,  the n a  cop y o f  thi s descriptio n wil l 

hav e bee n duplicate d i n th e descriptio n fo r  Pat .  I f  th e agen t  the n reason s abou t  wha t  woul d hap -

pen t o Pat' s dat a bas e i f  h e (reciprocally )  though t  abou t  th e system ,  i t  wil l  conclud e tha t  Pa t  wil l 

construct ,  withi n hi s o w n dat a base ,  a  mode l  o f  th e system .  W e wil l  cal l  thi s reciproca l  projectiv e 

analogy .  Tha t  is ,  th e origina l  agen t  ca n apprehen d tha t  Pa t  ca n us e hi a ow n reaaonin g t o reaao n 

abou t  it .  Hence ,  w e hav e sketche d h o w th e constructio n o f  a  tre e o f  neste d belie f  space s migh t  b e 

automated .  T h e nex t  sectio n wil l  describ e a n example . 

*  Cre&r y (1979 )  seem s t o hav e bee n th e first  t o us e th e term .  Dinsmor e (1985 )  discusse s simulativ e reasonin g 
Tro m a  linguisti c perspective . 

'  We cal l  thi s "projectiv e analogy "  because ,  first,  i t  i s  a  kin d o f  analogy ,  an d second ,  th e proces s o t  attribut -
in g one' s ow n characteristic s t o anothe r  i s calle d "projection "  b y som e psychologists . 
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Sytta * Syst M 

Self-aode l 
Se1f-aodt 1 

f-d*$cr1ptio n \ 

O O 
I  hiv e •  se i 
1 rctso n b y analog y I 

P a r t  A Part B 

Figur e 2 .  I f  a  syste m wit h a  self-mode l  (A )  learn s o f  a n entity ,  sa y Pat ,  wh o ha s simila r 

structur e t o itself ,  the n th e syste m ca n creat e a  mode l  o f  Pa t  b y projectiv e analog y (B) . 

4. A Detailed Example. 

I n thi s section ,  w e giv e a  detaile d exampl e o f  th e projectiv e analog y process .  I t  i s  th e sim -

ples t  exampl e w e ca n thin k of .  W e ar e goin g t o ge t  a n agen t  t o realiz e tha t  anothe r  agen t  (Pat ) 

can reaso n b y modu s ponena .  However ,  w e wil l  fai l  t o ge t  th e agen t  t o realiz e tha t  Pa t  realize s 

tha t  i t  (th e origina l  agent )  reason s b y modu t  ponena .  Th e reaso n fo r  th e failur e wil l  b e tha t  th e 

origina l  agen t  doe s no t  hav e a n explici t  mode l  o f  th e analog y process ;  th e agen t  doe s no t  realiz e 
tha t  i t  reason s b y analog y an d thu s canno t  attribut e thi s characteristi c t o anothe r  Pat . 

For  ou r  exampl e w e wil l  brea k dow n th e proces s o f  evolvin g fro m a n introspectiv e agen t 

int o a  belie f  reasone r  int o tw o steps .  The y are : 

We mus t  giv e th e agen t  a  theor y o f  it s  ow n inferenc e ability .  W e wil l  cal l  thi s a n auto -

rationa l  theory. ^ 

We als o nee d a  capacit y t o replicat e thi s theor y an d modif y th e cop y t o describ e th e infer -

enc e abilit y o f  anothe r  agent ;  tha t  is ,  a  capacit y fo r  projectiv e analogy . 

Th e auto-rationa l  theor y m a y onl y partiall y  describ e th e agent' s inferenc e ability .  I n ou r  case , 

th e auto-rationa l  theor y wil l  no t  describ e th e capacit y fo r  projectiv e analogy .  Wi t h a  partia l 

theory ,  th e replicated-and-modifie d theor y constitute s a  partia l  theor y o f  th e othe r  agent . 

4.1. A Partial Auto-Rational Theory. 

We wil l  postulat e a n agen t  tha t  ha s thre e rule s o f  inferenc e wire d int o it s menta l  structure . 

Thes e are :  1 )  a  procedura l  versio n o f  modu t  ponena ;  2 )  a n abilit y t o d o propoaitiona l  introtpeetion ; 

and ,  3 )  a n abilit y fo r  projectiv e analogy .  Thes e thre e abilitie s characteriz e ou r  agent' s capacit y t o 

do inference .  I f  th e agen t  ca n represen t  explicitl y  tha t  i t  ha s thes e abilities ,  the n i t  ha s a  theor y 

of  it s o w n rationality—a n auto-rationa l  theory . 

M o d us ponen s an d propositiona l  introspectio n ar e define d below .  Th e letter s p  an d q  rang e 

ove r  propositiona l  formula s an d th e symbo l  h t  stand s fo r  "believe s that. " 

M o d u s P o n e n s .  I f  th e proposition s p  an d p -> q resid e i n th e agent' s dat a base ,  the n th e 

propositio n q  wil l  resid e i n th e agent' s dat a base . 

Propositiona l  Introspection .  I f  th e propositio n p  reside s i n th e agent' s dat a base ,  the n 

th e propositio n (h t  sel f  "p" )  reside s i n th e agent' s dat a base. ^ 

*  Moor e (1985 )  use d th e ter m auto-tpi$ttmi c t o refe r  t o a  theor y o f  one' s ow n knowledge .  We ar e concerne d 
wit h a  particula r  aspec t  o f  one' s ow n Icnowledge ,  namel y one' s knowledg e o f  hi s rationality .  A n auto-rationa l 
theor y i s a  kin d o f  auto-epistemi c theory . 

^  W e wil l  assum e tha t  a  propositio n i s marke d a s tru e i f  i t  reside s i n th e dat a base . 
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Suppose further that the axiom schemas (a)-(d) below reside in the agent's data base. 

(»)(bt8elf"(p&P->q)->qr) 
(b )  (b t  sel f  "(b t  sel f  "p" )  - > (b t  sel f  "(b t  sel f  "p")")" ) 

(c )  ((b t  sel f  "p" )  &  (b t  sel f  •'p->q") )  - > (b t  sel f  "q" ) 

(d )  (b t  sel f  "p" )  - > (b t  sel f  "(b t  sel f  "p")" ) 

Axioms (a)-(d) present a partial auto-rational theory of the agent's reasoning. Expressions (a) and 

(b )  ar e deaeriptiv e bu t  the y ar e no t  eauaal .  Axio m (a )  i s tru e exactl y i f  th e agen t  reason s b y 

modut  ponen a a s th e axio m describes .  However ,  th e agent' s believin g th e axio m doe s no t  caus e 

th e agen t  t o reaso n b y modu a ponena .  Axio m (b )  i s  tru e exactl y  i f  th e agen t  ca n d o propoaitiona l 

introapeetion . 

Ebcpression s (c )  an d (d )  ar e causa l  becaus e the y ca n b e interprete d directl y b y th e inferenc e 

engine .  The y enabl e th e syste m t o d o simulativ e reasonin g abou t  it s belief s i n it s self-model .  W e 

wil l  cal l  expressio n (a )  th e assumptio n o f  awarenea a o f  rationality ;  (b )  th e assumptio n o f  awarenea a 

of  propoaitiona l  introapeetion ;  (c )  th e assumptio n o f  auto-ayllogiati e interpretation ;  an d (d )  th e 

assumptio n o f  introapeetiv e interpretation . 

Auto-ayllogiati e interpretatio n allow s th e agen t  t o simulat e reasonin g b y modu a ponen a i n it s 

self-model .  Introapeetiv e interpretatio n allow s a n agen t  t o simulat e propoaitiona l  introapeetio n i n 

it s self-model . 

4.2. Genesia of Attributiona of Rationality in Othera. 

Figur e 3a ,  usin g th e belief-spac e notation ,  depict s a n agen t  wit h th e abov e auto-rationa l 

theory .  Expression s (a )  an d (b )  ar e i n th e agent' s self-model .  Elxpression s (c )  an d (d )  ar e i n th e 

roo t  space .  Figur e 3 b depict s th e agen t  afte r  th e theor y ha s bee n replicate d an d modifie d b y pro -

jectiv e analog y t o describ e anothe r  agent ,  Pat .  T h e replicate d expression s ar e indicate d b y apos -

trophes . 

Agen t 

A B 

Figure 3. Replication of a partial auto-rational theory. 

We will now describe the projective analogy process. It involves two components: 1) universal 
generalization; *  an d 2 )  universa l  quantifie r  elimination .  Univeraa l  generalizatio n transform s a 

cop y o f  expressio n (a )  int o (q )  b y replacin g a  constan t  (whic h mus t  b e o f  typ e "agent" )  wit h a 

universall y quantifie d (actuaU y quantifie d ove r  agents )  variabl e a s show n below : 

(a )  (b t  sel f  "(( p &  p ->q )  - > q)" ) 

\ y 
Universa l  Generalizatio n i  o n Agent s 

(q) (forall (x) (bt x "((p & i^>q) -> q))") 

•  Universa l  generalizatio n i s a  for m o f  inductiv e reasoning .  I n thi s pape r  i t  wil l  b e th e mean s b y whic h w e 
make a  generalizatio n abou t  agents . 
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Univtrsal quantifier elimination transforms an expression such as (q) into (a') below by instantiat-

in g th e variabl e wit h a  constant . 

(a')(btPat"((p&p.>q).>qn 

Upon applying the composition of universal quantifier elimination and universal generalization to 

eac h o f  th e expression s (a) ,  (b) ,  (c) ,  an d (d )  w e ge t  expression s (a') i  (b') ,  (c') ,  an d (d' )  below . 

(a')(btPat"((p&p->q).>q)") 

(b' )  (b t  Pa t  "(b t  Pa t  "p" )  - > (b t  Pa t  "(b t  Pa t  "p")")" ) 

(c' )  ((b t  Pa t  "p" )  &  (b t  Pa t  "p->q") )  - > (b t  Pa t  "q" ) 

(d' )  (b t  Pa t  "p" )  - > (b t  Pa t  "(b t  Pa t  "p")" ) 

The expressions (a')-(d') describe the replicated and modified structure of Figure 3b. We started 

wit h a n agen t  wh o ha d th e menta l  representatio n o f  Figur e 3a ,  an d b y projectiv e analogy ,  th e 

agen t  arrive d a t  th e structur e o f  Figur e 3b .  Expression s (a' )  an d (b* )  compris e th e agent' s mode l 

of  Pat .  Expression s (c' )  an d (d' )  allo w th e agen t  t o d o simulativ e reasonin g i n Pat' s belie f  space . 

The agen t  ca n attribut e t o Pa t  onl y wha t  i t  realize s abou t  itself .  Notic e tha t  th e agen t  doe s 

not  attribut e a n abilit y  t o d o projectiv e analog y t o Pat .  Thi s i s becaus e th e agen t  doe s no t  expli -

citl y  tha t  i t  itsel f  ha s thi s ability .  Notic e als o tha t  th e agen t  ha s a  mode l  o f  itself ,  bu t  doe s no t 

vie w Pa t  ha s havin g a  mode l  o f  himself . 

4.3. A-wareneu that One hma a Self-Model. 

Withou t  a  self-model ,  th e agen t  woul d no t  realiz e tha t  i t  thinks .  However ,  t o realiz e tha t  i t 

has a  self-model ,  th e agen t  mus t  hav e a  mode l  o f  it s  self-model .  I t  i s  fo r  thi s reaso n tha t  th e pro -

jectiv e analog y proces s di d no t  attribut e a  self-mode l  t o Pat .  Base d o n analog y wit h itself ,  th e 

syste m di d no t  realiz e tha t  i t  ha d a  self-model .  However ,  th e syste m ha s th e abilit y  t o infe r  a 

model  o f  it s  initia l  model .  I t  ca n d o simulativ e reasonin g o f  itsel f  i n it s  self-model . 

Self-Replicatio n o f  One' s Self-Model .  A s th e agen t  think s wit h it s self-model ,  thi s ca n 

caus e i t  t o realiz e tha t  i t  ha s a  self-model .  Th e agen t  ca n actuall y construc t  a  cop y o f  it s  self -

model  i n it s self-model .  Thi s i s don e a s follows . 

Sinc e th e agen t  ca n reaso n b y modu s ponen$ ,  i t  ca n manipulat e expression s (a )  an d (d )  t o 
get  expressio n (aa )  below .  Similarly ,  th e agen t  ca n manipulat e expression s (b )  an d (d )  t o ge t  (bb ) 

below .  Sinc e th e agen t  ca n reaso n b y propoaitiona l  introspection ,  i t  ca n appl y thi s t o expressio n 
(c )  t o ge t  expressio n (cc )  below .  Th e agen t  ca n als o appl y propotitiona l  introspectio n t o ge t 

expressio n (dd )  below . 

(aa) (bt self "(bt self "(p & p->q) -> q)")") 

(bb )  (b t  sel f  "(b t  sel f  "(b t  sel f  "p" )  - > (b t  sel f  "(b t  sel f  "p")")")" ) 

(cc )  (b t  sel f  "((b t  sel f  "p" )  &  (b t  sel f  "p->q") )  - > (b t  sel f  "q")" ) 

(dd )  (b t  sel f  "(b t  sel f  "p" )  - > (b t  sel f  "(b t  sel f  "p")")" ) 

Agent 

Figur e 4 .  Usin g simulativ e reasonin g t o creat e a  mode l  o f  one' s self-model . 
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4.4. Simulative Reasoning. 

Wit h wha t  w e hav e s o far ,  th e agen t  ca n d o simulativ e reasonin g i n Pat' s subspac e b y vir -

tu e o f  expressio n (d') .  Sinc e th e agen t  ca n reaso n b y modu s ponena ,  i t  ca n manipulat e expression s 

(a' )  an d (d' )  t o ge t  expressio n (aa' )  below .  Similarly ,  th e agen t  ca n manipulat e expression s (b' ) 

and (d' )  t o ge t  (bb' )  below . 

(aa') (bt Pat "(bt Pat "(p & p->q) -> q")") 

(bb') (bt Pat "(bt Pat "(bt Pat "p") -> (bt Pat "(bt Pat "p")")")") 

Expressions (aa') and (bb') can be construed as Pat's self-model within the system's model of Pat, 

as show n i n Figur e 5 . 

Agent 

c d  c *  d ' 
sel f 

(̂|a a •  b b ^ 

Figur e 5 .  Usin g simulativ e reasonin g t o creat e a  mode l  o f  another' s self-model . 

4.5. Reciprocal Projective Analogy. 

I n sectio n 4. 4 w e sa w a  replicated-and-modifie d mode l  o f  Pa t  (i.e. ,  expression s (a' )  an d (b') ) 
partiall y  underg o anothe r  replicate-modif y cycl e producin g expression s (aa' )  an d (bb') .  However , 

thi s ne w mode l  i s no t  ver y functional .  Fo r  instance ,  ther e ar e n o formula s analogou s t o (dd' ) 

whic h woul d enabl e simulativ e reasonin g i n tha t  space .  Additionally ,  thi s second-generatio n 
model  canno t  eve n partiall y  replicate . 

Realiiin g tha t  Other s Believ e tha t  Y o u ar e Rational .  Fo r  th e agen t  t o believ e tha t 
Pat  coul d reaUz e tha t  th e agen t  itsel f  i s  rational ,  w e woul d nee d t o creat e a  mode l  o f  th e agen t 

withi n Pat' s subspace .  W e hav e calle d thi s reciproca l  projectiv e analogy .  Thi s woul d requir e 
simulativ e reasonin g i n Pat' s subspace ,  usin g th e rul e o f  projectiv e analogy .  Thi s canno t  b e don e 
becaus e th e agen t  doe s no t  mode l  Pa t  a s havin g th e abilit y  t o d o projectiv e analogy . 

5. Sununary and Conclusions. 

So fa r  w e hav e achieve d th e following .  W e hav e show n ho w i t  migh t  b e possibl e fo r  on e 

agent  t o infe r  tha t  a  secon d agen t  ha s belief s an d tha t  thi s sc v m d agen t  realize s i t  itsel f  ha s 

beliefs .  W e hav e argue d theoreticall y tha t  i t  shoul d als o b e possibl e t o infe r  tha t  thi s secon d 

agent  ca n infe r  tha t  othe r  agent s hav e beliefs ,  an d tha t  thos e othe r  agent s ca n mak e simila r  infer -

ences .  I n essenc e thi s amount s t o a n architectur e o f  belie f  spaces .  Th e importanc e o f  thi s i s tha t 

th e intuitiv e notatio n o f  belie f  space s ca n b e interprete d a s a  kin d o f  cognitiv e architectur e wit h 

possibl e psychologica l  reality .  Th e architectur e woul d hav e a  natura l  explanation . 

Limitation s an d Furthe r  W o r k .  Th e languag e w e hav e bee n usin g t o expres s auto -

rationa l  theorie s ha s been ,  fo r  th e mos t  part ,  propotitiona l  a s oppose d t o predicat e based .  Tha t 

is ,  i t  view s proposition s a s atomi c an d canno t  describ e thei r  subparts .  Thi s mean s tha t  th e 

languag e i s inherentl y unabl e t o describ e variou s interestin g phenomena .  I n particular ,  projectiv e 

analog y canno t  b e describe d i n th e languag e becaus e tha t  woul d involv e th e referenc e t o subpart s 

of  propositions .  Consequently ,  w e canno t  hav e a  full y  introspectiv e agen t  wh o reason s b y analog y 

i f  hi s declarativ e menta l  languag e i s onl y propositional .  I t  woul d neve r  b e abl e t o represen t  t o 

itsel f  th e proces s o f  projectiv e analogy .  Th e reaso n w e coul d no t  ge t  ou r  agen t  t o realiz e tha t  Pa t 

realize d i t  wa s rationa l  wa s trace d bac k t o th e fac t  tha t  ou r  origina l  agen t  di d no t  hav e a n expli -

ci t  mode l  o f  th e projectiv e analog y process .  I t  appear s tha t  thi s canno t  b e remedie d i n a  proposi -

tiona l  framework .  .|g 3 
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The robustness of the projective analogy process we described should also be scrutinized. 

Our  characterizatio n i s reall y a  kludg e t o demonstrat e th e feasabilit y  o f  th e idea .  I t  i s  unlikel y t o 

be robust .  Th e domai n o f  projectin g propertie s fro m onesel f  t o other s shoul d simpl y b e anothe r 

domai n t o stud y analogica l  reasoning . 

I n summary ,  topic s fo r  futur e researc h includ e th e following :  1 )  w e nee d mor e detaile d 

introspectiv e models ,  particularl y beyon d th e propositiona l  level ;  and ,  2 )  w e nee d t o loo k a t  mor e 

case s o f  a n agen t  reasonin g b y analog y fro m hi s ow n structur e t o mak e inference s abou t  anothe r 

agent . 
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Abstract 

Causalit y play s a n importan t  rol e i n h u m a n thinking .  Ye t  w e ar e fa r  fro m havin g a 

complet e accoun t  o f  causa l  reasoning .  Thi s pape r  present s a n analysi s o f  causa l  reasonin g abou t 

change s i n quantities .  W e abstrac t  fro m A I  theorie s o f  qualitativ e physic s thre e dimension s alon g 

whic h causa l  reasonin g abou t  quantitie s m a y b e decomposed .  W e the n us e thi s framewor k t o 

m a ke som e psychologica l  predictions . 

1.  Introductio n 

Peopl e hav e a  dee p intuitio n tha t  causalit y i s a  centra l  an d cohesiv e aspec t  o f  huma n 

menta l  life .  Consequently ,  th e proble m o f  causalit y ha s lon g occupie d philosopher s an d 

scientists .  Bu t  th e searc h fo r  a  unifie d theor y tha t  ca n explai n h u m a n causa l  reasoning ,  muc h a s 

theorie s o f  g ramma r  explai n syntacti c processing ,  ha s s o fa r  bee n unsuccessful .  Thes e failure s 

hav e le d Haye s (1985 )  an d other s t o conclud e ther e i s n o dee p theor y o f  causality .  Instead ,  causa l 

reasonin g m a y b e simpl y a  famil y o f  inference s whos e propertie s wil l  var y accordin g t o th e 

conten t  o f  th e argument .  Thi s pape r  analyze s on e kin d o f  causa l  argument ,  causa l  resisonin g 

abou t  change s i n quantities ,  t o provid e a n accoun t  o f  th e relevan t  issue s an d dra w som e 

implication s fo r  psychology . 

I n thi s pape r  w e abstrac t  fro m th e A I  qualitativ e physic s literatur e thre e factor s involve d i n 

causa l  reasoning :  (1 )  whethe r  ther e i s a n explici t  mechanis m o r  not ;  (2 )  whethe r  th e connectiv e 

relation s betwee n quantitie s hav e a  directio n o f  causatio n buil t  in ,  an d (3 )  whic h typ e o f 

measuremen t  scenari o i s involved .  W e begi n b y layin g ou t  thes e factor s a s the y appl y i n curren t 

wor k i n qualitativ e physics .  W e analyz e th e relationship s amon g thes e factor s an d discus s th e 

curren t  literatur e i n ligh t  o f  thes e distinctions .  The n w e discus s thei r  implication s fo r 

psychology .  W e advanc e som e conjecture s an d conside r  suggestiv e evidenc e fro m protocols . 

2. Models of causality in changing quantities 

O ne o f  th e centra l  concern s o f  qualitativ e physic s (e.g. ,  Bobrow ,  1985 )  i s describin g ho w 

continuou s physica l  propertie s chang e ove r  time .  Informally ,  i t  seem s tha t  peopl e trea t  man y o f 

thes e deduction s a s causal : 

"Pourin g mor e mil k int o th e glas s wil l  caus e th e leve l  t o g o up. " 

"Turning on the stove increases the temperature of the burner, which causes heat to flow, which 

eventuall y cause s th e wate r  o n th e stov e t o boil. " 
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Workers in qualitative physics have made a number of proposals about how to model these 

conclusions .  I n orde r  t o compar e thes e proposals ,  w e isolat e thre e importan t  factors .  A n y theor y 

of  causatio n involvin g quantitie s mus t  mak e som e choic e withi n eac h o f  thes e dimensions .  Thu s 

we hav e a  basi s fo r  comparin g theorie s an d organizin g psychologica l  predictions .  Thes e thre e 

factor s are : 

1.  Explicit/Implici t  Mechanisms :  Doe s th e theor y includ e a n explici t  notio n o f  mechanism ,  i n 

additio n t o objects ,  tha t  i s  th e roo t  caus e o f  al l  changes ? 

2.  Directed/Nondirecte d Connectives :  Ar e th e relationship s betwee n quantitie s expresse d b y 

functiona l  dependencie s whos e directionalit y i s take n t o expres s th e directio n o f  causation ,  o r 

by nondirecte d constrain t  equations ? 

3.  Measuremen t  Scenarios :  W h a t  sens e o f  chang e i s bein g discussed ? I s i t  on e chang e i n a 

sequence ,  th e differenc e betwee n initia l  an d final  states ,  th e differenc e betwee n alternat e 

possibl e worlds ,  o r  somethin g whic h i s occurrin g continuously ? 

We examin e eac h aspec t  i n turn ,  notin g th e issue s involve d an d ho w th e curren t  system s o f 

qualitativ e physic s dea l  wit h them . 

2.1. Mechanism: Explicit versus Implicit 

The issu e o f  mechanis m i n physic s arise s i n a  subtl e way .  Traditiona l  physic s expresse s 

many idea s informall y sinc e i t  ca n dra w o n ou r  commonsens e vie w o f  th e world .  Qualitativ e 

physic s provide s way s t o formaliz e som e o f  thes e ideas .  On e suc h aspec t  i s expressin g whe n 

differen t  equation s ar e valid .  Fo r  example ,  th e equation s tha t  describ e th e relationshi p betwee n 

volum e an d temperatur e ar e differen t  fo r  a  piec e o f  ice ,  som e wate r  i n a  glass ,  an d stea m i n a 

pressur e cooker ,  eve n thoug h th e substanc e i s th e sam e i n eac h case .  Ther e ar e severa l  way s t o 

formaliz e thi s knowledge ,  eac h involvin g differen t  level s o f  ontologica l  commitment . 

Bar e logica l  implicatio n i s on e extrem e alternative .  Give n th e righ t  predicate s on e ca n 

correctl y specif y whe n equation s ar e applicable ,  bu t  thi s alternativ e provide s n o organizationa l 

structur e fo r  physica l  knowledge .  Thu s mos t  system s o f  qualitativ e physic s provid e som e 

organizin g mechanism ,  an d w e shal l  no t  conside r  thi s alternativ e further. ^ 

The othe r  extrem e i s t o ad d mechanism ,  i.e .  a  specia l  ontologica l  clas s (o r  classes )  fo r 

thing s tha t  ar e t o b e th e "agencie s o f  causation" .  Al l  change s ar e the n stipulate d t o b e directl y 

or  indirectl y cause d b y som e member  o f  thi s clas s o f  mechanisms .  W e cal l  thes e explici t 

mechanis m accounts .  Th e curren t  explici t  mechanis m theorie s i n qualitativ e physic s us e 

continuou s o r  discret e processe s a s th e clas s o f  mechanism s (Forbus ,  1981 ,  1984 ;  S immon s 1983 ; 

Wel d 1984) .  Example s o f  processe s includ e liqui d flow,  hea t  flow,  an d boiling .  Thes e processe s 

operat e o n object s i n variou s ways ,  causin g change s t o occu r  i n them . 

A middl e positio n i s tha t  ther e i s som e mechanisti c connectio n betwee n parameter s bu t 

ther e i s n o separat e agenc y apar t  fro m th e object s themselves .  W e cal l  thes e implici t  mechanis m 

accounts .  Curren t  implici t  mechanis m account s organiz e thei r  law s aroun d device s (d e Klee r  & 

Brown ,  1984 ;  Williams ,  1984) .  Example s o f  device s includ e resistors ,  capacitors ,  an d transistors . 

An apparen t  exceptio n i s th e syste m o f  Kuiper s (1984) ,  bu t  hi s goa l  i s t o produc e a  ne w qualitativ e mathematic s 
compatibl e wit h an y schem e fo r  structurin g th e equations .  Base d o n persona l  communication ,  w e attribut e t o hi m 
th e explici t  mechanis m position . 
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A syste m i n th e worl d i s modele d b y connectin g togeUic i  '  'llection s o f  devic e model s int o a 

network ,  an d change s aris e a s a  consequenc e o f  component s inioractin g wit h othe r  part s o f  th e 

network . 

At  firs t  glanc e explicit-mechanis m theorie s migh t  see m mor e comple x sinc e the y posi t  extr a 

entities .  However ,  the y ca n i n fac t  simplif y reasoning .  Explicit-mechanis m account s facilitat e 

makin g an d usin g close d worl d assumption s (Collin s et .  al .  1975) ,  whic h ar e necessar y fo r  being s 

wit h finit e knowledg e an d computationa l  resources .  A n exampl e o f  a  closed-worl d assumptio n i n 

causa l  reasonin g i s "I f  nothin g i n th e clas s o f  mechanism s I  kno w abou t  i s causin g a  change ,  the n 

th e chang e canno t  occur. "  I f  thi s assumptio n i s violated ,  a n explicit-mechanis m accoun t  provide s 

a possibl e wa y out ,  namel y t o postulat e a  ne w member  o f  th e clas s o f  mechanisms .  Havin g a 

theor y o f  mechanism s limit s th e searc h spac e whe n face d wit h contradictions . 

2.2. Connectives: Directed or nondirected 

T h e secon d aspec t  o f  causa l  reasonin g abou t  quantitie s concern s th e relationshi p betwee n 

th e for m o f  qualitativ e law s an d thei r  rol e i n causa l  reasoning .  Th e forma l  languag e o f 

traditiona l  physic s i s mathematics ,  typicall y differentia l  equations .  Clearl y a  qualitativ e physic s 

must  includ e som e qualitativ e renderin g o f  differentia l  equations ,  an d al l  o f  the m do .  Bu t  ther e 

ar e tw o choice s fo r  h o w equation s ar e use d t o expres s causality : 

1.  Directe d connectives :  Th e qualitativ e equation s ar e writte n a s functiona l  dependencies ,  wher e 

th e directio n o f  dependenc e i s identifie d wit h th e directio n o f  causality ,  i.e . 

will sanction the inference that a change in one of Qj, . . . , Q^^ can cause a change in Qq, but not 

vice-versa .  Fo r  example ,  w e migh t  writ e Newton' s secon d la w a s 

a =  F  /  m 

t o expres s tha t  w e ca n caus e th e acceleratio n t o chang e b y changin g th e forc e w e appl y o r  th e 

object' s  mass ,  bu t  no t  th e othe r  wa y around . 

2.  Nondirecte d connectives :  Qualitativ e equation s ar e writte n a s constrain t  equations ,  an d i f  ther e 

ar e n  term s an d n- 1 o f  the m ar e known ,  the n th e nt h ter m ca n b e calculated .  Furthermore , 

no matte r  whic h quantitie s ar e involved ,  logica l  dependenc e ca n b e interprete d a s causation . 

For  example ,  i n electricit y Ohm' s law , 

V = I  * R 

state s tha t  th e voltag e acros s a  resisto r  equal s th e produc t  o f  th e curren t  an d th e resistance . 

We ca n chang e th e curren t  t o caus e th e voltag e t o change ,  an d chang e th e voltag e t o caus e th e 

curren t  t o change . 

T h e differenc e betwee n th e tw o position s m a y b e difficul t  t o se e a t  first,  sinc e functiona l 

dependenc y implie s logica l  dependenc y an d an y constrain t  equatio n m a y b e writte n a s a  function . 

T h e critica l  fac t  i s  tha t  an y constrain t  equatio n ca n b e writte n a s n  differen t  functions ,  wher e n  i s 

th e numbe r  o f  variable s i n th e equation .  Th e directe d connectiv e positio n i s that ,  whil e eac h o f 

thes e differen t  function s m a y b e use d i n reasoning ,  onl y on e o f  the m wil l  b e distinguishe d a s 

causal .  Wit h directe d connective s th e rol e o f  a  qualitativ e la w i n causa l  reasonin g i s determine d 

by it s form ,  wit h nondirecte d connective s th e rol e i s determine d b y ho w i t  i s  used . 

Thi s choic e i s no t  identica l  t o th e classica l  functiona l  vie w o f  causatio n introduce d b y M a c h (a s describe d i n Bung e 
(1979)) ,  becaus e no t  al l  function s ar e identifie d a s causal . 
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I n th e curren t  system s o f  qualitativ e physics ,  th e choic e o f  connective s ha s bee n mor e o r  les s 

identifie d wit h th e choic e o f  explici t  versu s implici t  mechanism .  Explici t  mechanis m theorie s 

ten d t o us e directe d connectives ,  an d implici t  mechanis m theorie s ten d t o us e nondirecte d 

connectives .  Th e exception s ar e Kuiper s (1984 )  an d William s (1984) ,  wh o us e both .  Tabl e 1 

shows th e 2  X  2  se t  o f  possibilitie s generate d b y crossin g th e Mechanis m an d Connective s 

dimensions . 

We thin k th e reaso n fo r  thi s correlatio n i s tha t  explici t  mechanis m theorie s provid e a  notio n 

of  "independent "  parameters ,  thos e directl y affecte d b y som e mechanism .  Effect s the n propagat e 

outwar d fro m thes e distinguishe d parameters ,  lik e th e leve l  o f  wate r  i n a  cu p changin g i n 

respons e t o pourin g mor e wate r  int o it .  Th e mechanis m thu s impose s th e directio n o f  causalit y 

on th e system .  Implici t  mechanis m theorie s d o no t  identif y independen t  parameter s i n advanc e 

(bu t  se e below) ,  s o i t  i s  har d t o pre-judg e th e wa y a  la w wil l  b e use d causally .  Clearl y ther e i s n o 

logica l  barrie r  t o theorie s whic h inhabi t  an y an d al l  cell s o f  thi s table ,  an d late r  w e describ e 

combination s w e believ e m a y pla y signfican t  role s i n h u m a n causa l  reasoning . 

Eac h choic e ha s problems .  Wit h nondirecte d connectives ,  causa l  reasonin g require s a n 

initia l  perturbatio n (suc h a s increasin g a n inpu t  voltag e t o a  circuit) .  However ,  peopl e als o hav e 

causa l  intuition s abou t  situation s eve n whe n the y d o no t  se e th e initia l  perturbatio n o f  th e 

object s involved .  Fo r  example ,  peopl e ar e willin g t o sa y tha t  th e stea m the y se e comin g ou t  o f  a 

kettl e i s cause d b y th e boilin g occurrin g insid e it ,  eve n whe n the y di d no t  se e th e stov e bein g 

turne d on . 

Furthermore ,  eve n i f  a n initia l  perturbatio n i s provided ,  i t  seem s tha t  som e annotation s 

abou t  a n equation' s causa l  rol e ar e stil l  necessar y t o avoi d inappropriat e causa l  inferences . 

Tabl e 1  -  Possibilitie s fo r  M e c h a n i s m s a n d Connective s 

Th e choice s alon g th e mechanis m an d connective s dimension s hav e no t  bee n independen t  i n sys -

tem s o f  qualitativ e physics .  Th e "* "  indicate s a  syste m whic h predominatel y lie s i n tha t  cell ,  bu t 

allow s th e othe r  kin d o f  connectiv e a s well . 

Connective s M e c h a n i s m 

Directe d 

Nondirecte d 

Explici t 

Forbus , 

Kuipers* , 

Simmons , 

Wel d 

Implici t 

de Klee r 

& Brown , 

Williams * 

199 



Forbu a &  Gentne r 

Certain ways of using equations do not correspond to our intuitions about causation. Returning 

t o Ohm ' s law ,  w e d o no t  assum e tha t  increasin g th e curren t  cause s th e resistanc e t o change . 

Eve n theorie s whic h us e nondirecte d connective s must ,  i t  seems ,  rel y o n som e sor t  o f  annotatio n 

abou t  direction .  Fo r  example ,  i n d e Klee r  an d Brown' s ENVISIO N program ,  w e fin d i n th e 

descriptio n o f  thei r  confluenc e heuristi c (ibid ,  pag e 73) , 

"I n th e specifi c  cas e o f  th e valve ,  th e convers e (wher e th e are a i s changed )  i s impossibl e a s th e 

are a i s a n input-onl y variabl e o f  th e valve. " 

Thi s concep t  o f  a n "input-only "  variabl e constitute s a n annotatio n tha t  violate s th e 

nondirectednes s o f  thei r  equations .  Unfortunately ,  ther e i s n o theoretica l  guidanc e i n thei r 

accoun t  a s t o whic h parameter s shoul d b e s o marked . 

Directe d connective s als o hav e problems .  The y requir e th e mode l  builde r  t o explicitl y  stat e 

whic h wa y causalit y work s i n al l  circumstances .  Unfortunately ,  certai n law s ca n b e use d causall y 

i n mor e tha n on e direction .  Ohm' s law ,  onc e again ,  i s  a  goo d example .  I f  w e ar e reasonin g abou t 

a voltag e sourc e w e wan t  t o mak e V  b e th e independen t  variable ,  i.e. ,  a  chang e i n voltag e cause s 

a chang e i n current .  I f  w e ar e rensoniii g abou t  a  curren t  sourc e w e wan t  t o mak e I  b e th e 

independen t  variable ,  i.e. ,  a  chang e i n curren t  cause s a  chang e i n voltage .  I t  appear s tha t  i n 

principl e on e ca n creat e model s tha t  us e multipl e directe d connective s t o captur e thes e differen t 

causa l  interpretations ,  b y explicitl y  specifyin g a  contex t  fo r  eac h direction .  However ,  writin g 

nondirecte d constrain t  equation s appear s muc h simple r  fo r  thes e cases . 

S o me systems ,  notabl y thos e o f  William s an d Kuipers ,  attemp t  t o circumven t  thes e 

difficultie s b y allowin g a  mixtur e o f  directe d an d nondirecte d connectives .  Th e obviou s 

advantag e i s tha t  th e modele r  i s the n fre e t o choos e whateve r  connectiv e seem s appropriate . 

Suc h freedom ,  however ,  ca n b e dangerous .  S o fa r  n o mixe d syste m ha s provide d theoretica l 

constraint s o n th e choic e o f  connectiv e type ,  whic h mean s th e choic e mus t  b e m a d e o n a n a d ho c 

basis .  W e believ e suc h theoretica l  constraint s probabl y exist ,  an d coul d b e generate d b y 

extendin g a n explici t  mechanis m account . 

2.3. Measurement Scenarios 

Th e thir d aspec t  o f  qualitativ e causa l  reasonin g concern s th e sens e i n whic h a  quantit y i s 

sai d t o b e changing .  Conside r  agai n a  kettl e half-fille d wit h wate r  sittin g o n a  stove .  Suppos e a t 

some tim e T ^  w e tur n th e stov e on .  A t  som e late r  tim e T ^  th e wate r  begin s t o boil ,  an d a t  tim e 

T th e wate r  ha s completel y boile d away .  Mos t  peopl e woul d agre e tha t  fro m T  t o T  ther e i s a 

hea t  flow  tha t  cause s th e hea t  o f  th e wate r  an d it s temperatur e t o rise ,  an d tha t  fro m T ^  t o T ^ 

th e boilin g i s causin g th e amoun t  o f  wate r  t o decreas e an d th e amoun t  o f  stea m i n th e roo m t o 

increase .  However ,  ther e ar e fou r  differen t  way s tha t  on e migh t  discus s change s i n quantities , 

eve n withi n thi s simpl e scenario : 

1.  Incrementa l  measurements .  W e ca n thin k abou t  wha t  happen s a t  T .  whe n th e flow  begins . 

We coul d say , 

"Th e temperatur e differenc e betwee n th e wate r  an d th e burne r  cause s hea t  t o flow  betwee n 

them .  Thi s wil l  the n caus e th e hea t  o f  th e wate r  t o rise ,  whic h wil l  the n caus e th e temperatur e 

of  th e wate r  t o rise " 

See Forbu s (1984 )  fo r  a  detaile d discussion . 
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The incremental scenario takes a sequential view of the property changes, demanding that one 

chang e occur s befor e another .  I n essence ,  thi s scenari o extend s th e kin d o f  causalit y w e us e fo r 

macroscopi c discret e event s (suc h a s a  ro w o f  domino s fallin g i n successio n afte r  on e i s pushe d 

over )  int o th e real m o f  continuou s changes .  A  prototypica l  exampl e i n th e continuou s real m i s 

followin g a  "piec e o f  liquid "  throug h a  hydrauli c system . 

2.  Discret e measurements :  W e ca n thin k abou t  th e differenc e betwee n th e worl d a t  T ^  an d a t  T. , 

withou t  considerin g wha t  happene d i n between .  Fo r  example ,  w e migh t  not e tha t  ther e i s n o w 

no wate r  i n th e kettle ,  an d th e roo m w e ar e i n i s mor e humi d tha n whe n w e started . 

3.  Differentia l  measurements :  W e ca n thin k abou t  wha t  woul d happe n i f  som e propert y o f  th e 

situatio n wer e different .  Fo r  example ,  w e migh t  conclud e tha t  increasin g th e temperatur e o f 

th e stov e woul d caus e th e stea m generatio n rat e t o increase ,  an d thu s th e wate r  woul d boi l 

away sooner .  Essentially ,  w e ar e comparin g tw o possibl e worlds ,  relate d t o eac h othe r  b y som e 

chang e i n propert y o r  occurrence . 

4.  Continuou s measurements :  W e ca n thin k abou t  wha t  i s happenin g durin g som e particula r  kin d 

of  activity .  Fo r  example ,  w e ca n sa y durin g th e interva l  betwee n T ^  an d T ^  tha t  th e increas e 

i n th e hea t  o f  th e wate r  i s causin g it s temperatur e t o increase ,  eve n thoug h bot h change s ar e 

occurrin g a t  th e sam e time . 

Each o f  thes e measuremen t  scenario s ha s bee n use d i n qualitativ e physics .  Th e incrementa l 

scenari o wa s firs t  introduce d b y d e Klee r  (1979) ,  an d i s als o use d b y William s (1984) .  Th e 

discret e scenari o ha s bee n use d b y Simmon s (1983 )  an d Wel d (1984) .  Th e onl y specifi c  proposa l 

involvin g th e differentia l  scenari o i s differentia l  qualitativ e analysi s (se e Forbus ,  1984) ,  bu t  i t  i s 

stil l  relativel y unexplored .  Th e continuou s scenari o i s use d b y mos t  curren t  system s o f  qualitativ e 

physics ,  includin g (d e Klee r  &  Brown ,  1984 ;  Forbus ,  1984 ;  Kuipers ,  1984 ;  Williams ,  1984) . 

The discrete ,  continuous ,  an d differentia l  view s eac h hav e thei r  distinctiv e rol e t o pla y i n 

reasonin g abou t  quantities .  A s argue d i n (Simmons ,  1983 ;  Weld ,  1984) ,  ofte n th e detail s o f  ho w 

some chang e occur s ar e unclea r  o r  irrelevant .  A  lower-precisio n discret e mode l  whic h represent s 

onl y end-state s m a y bes t  matc h th e availabl e information* .  Conversely ,  th e continuou s vie w 

becomes essentia l  whe n w e ar e concerne d wit h wha t  i s happenin g durin g a  particula r  acli .  ii> . 

The differentia l  vie w provide s informatio n abou t  ho w thing s woul d tur n ou t  differentl y i f  som e 

chang e wer e made ,  an d thu s i s usefu l  i n debugging . 

The incrementa l  scenari o ha s considerabl e intuitiv e appeal .  Unfortunately ,  s o fa r  thi s 

scenari o ha s bee n problemati c a s a  forma l  model .  I t  require s a  distinc t  notio n o f  time ,  calle d 

mythica l  time .  Unlik e standar d theorie s o f  time ,  mythica l  tim e i s onl y partiall y  ordered ,  an d n o 

rea l  tim e passe s betwee n instant s o f  mythica l  time .  Whil e som e attempt s t o clarif y th e natur e o f 

mythica l  tim e an d it s relationshi p t o norma l  tim e hav e bee n mad e (d e Klee r  &  Brown ,  1984 ; 

Williams ,  1984 )  ther e i s stil l  n o ful l  forma l  account .  Nevertheless ,  th e incrementa l  scenari o i s 

ver y importan t  fo r  psychologica l  account s o f  causality . 

3. Psychological Implications 

Tabl e 2  summarize s th e se t  o f  distinction s w e hav e made .  I t  ca n b e see n tha t  ther e ar e 1 6 

theoreticall y possibl e cells ,  o f  whic h 5  contai n A I  qualitativ e physic s theories .  Th e "unifie d causa l 

Domains fo r  whic h th e bes t  model s ar e discret e ar e outsid e th e scop e o f  thi s paper . 
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Tabl e 2  — T h e spac e o f  causa l  theorie s abou t  quantitie s 

Mechanis m 

Explic t 

Measuremen t 

Scenari o 

Incrementa l 

Discret e 

Differentia l 

Continuou s 

Implic t 

Connectives Connectives 

Directed Nondirected Directed Nondirected 

Simmons, 

Weld 

Forbu s 

Forbus , 

Kuipers * 

de Klee r 

& Brown , 

Williams * 

de Klee r 

& Brown , 

Williams * 

theory "  approac h t o huma n causa l  reasonin g woul d b e t o as k whic h cel l  i s  th e on e human s use . 

The question s raise d b y th e "inferenc e family "  vie w o f  causatio n ar e mor e complex .  Th e 

question s become : 

1.  Whic h cell s d o peopl e typicall y use ? 

2.  Ar e ther e characteristi c pattern s o f  use ,  suc h a s novice-exper t  differences ? 

The remark s whic h follo w ar e speculative ,  becaus e thes e factor s hav e no t  previousl y bee n 

full y isolate d an d subjecte d t o systemati c psychologica l  investigation .  Therefor e wha t  follow s i s 

a se t  o f  conjecture s mad e i n th e hop e o f  gettin g th e empirica l  bal l  rolling .  W e begi n wit h th e 

firs t  tw o factors ,  explici t  vs .  implici t  mechanism s an d directe d vs .  nondirecte d connectives . 

Thes e dimension s ar e highl y correlate d i n theorie s o f  qualitativ e reasoning .  Tabl e 2  show s 

th e concentratio n o f  A I  theorie s i n th e tw o oute r  columns :  explici t  mechanism s wit h directe d 

connectives ,  o r  implici t  mechanism s wit h nondirecte d connectives .  Her e w e as k ho w eac h o f  th e 

fou r  possibl e combination s o f  explict/implici t  mechanism s an d directed/non-directe d connective s 

(i.e. ,  th e column s o f  Tabl e 2 )  migh t  b e manifeste d i n huma n reasonin g abou t  quantities .  We 

suspec t  tha t  (a )  example s o f  al l  fou r  combination s ca n b e foun d i n huma n reasoning ;  (b )  th e oute r 

tw o columns ,  heavil y explore d i n qualitativ e physics ,  d o i n fac t  represen t  commo n huma n causa l 

arguments ;  bu t  (c )  th e implici t  mechanism/directe d connectiv e combination ,  unexplore d b y 

qualitativ e physics ,  als o represent s a n importan t  clas s o f  huma n causa l  reasoning . 

202 



Forbu a &  Centne r 

We will illustrate the four classes with the familiar domain of car engines. 

1.  Explici t  mechanism s wit h directe d connectives :  e.g . 

"Openin g th e throttl e increase s th e flow  rat e o f  ga a t o th e engine ,  whic h cause s th e engin e t o 

wor k faster. " 

Her e th e reasone r  use s a  se t  o f  processe s t o mak e causa l  inferences .  Thi s i s th e kin d o f 

reasonin g modele d b y Qualitativ e Proces s theory . 

2.  Implici t  mechanism s wit h directe d connectives :  e.g. , 

"Drivin g faste r  cause s fue l  consumptio n t o increase. " 

Instance s o f  thi s clas s ar e sometime s instance s o f  diSessa' s phenomena l  primitive s o r  o f  wha t 

we cal l  th e Causa l  Corpu s (diSessa ,  1983 ;  Forbu s &  Centner ,  1986) . 

3.  Explici t  mechanism s wit h non-directe d connectives :  e.g. , 

"Insid e th e engine ,  durin g th e compressio n strok e th e decreas e i n volum e insid e th e cylinde r 

cause s th e pressur e t o increase .  Durin g th e expansio n stroke ,  th e increase d pressur e du e t o 

combustio n pushe s th e cylinde r  down ,  causin g th e volum e t o increase. " 

4. Implicit mechanisms with non-directed connectives: e.g., 

"Th e increase d voltag e a t  th e inpu t  cause s th e curren t  throug h resisto r  R .  t o rise .  Sinc e resis -

to r  R g i s connecte d t o resisto r  R^ ,  thi s increase d curren t  wil l  caus e th e voltag e acros s R g t o ris e 

as well. " 

Since the surface structure of causal arguments is almost always directed, it can be hard to 

distinguis h betwee n directe d versu s non-directe d connectives .  W e tak e a s evidenc e fo r  non -

directe d connective s statement s o f  th e for m " A cause s B "  an d " B cause s A "  b y a  subjec t  abou t 

th e sam e situatio n wher e n o signfican t  stat e chang e ha s occurred . 

Conjectur e 1 :  O f  thes e four ,  th e clas s mos t  prototypica l  i n huma n causa l  reasonin g i s explici t 

mechanism s wit h directe d connectives . 

For  instance ,  subjec t  O B wa s aske d "I f  ai r  temperatur e goe s down ,  wha t  happen s t o th e ai r 

pressur e (assumin g a  close d room)? "  H e replied : 

"A s th e ai r  temperatur e goe s down ,  th e particle s mov e les s quickly ,  s o i t  lower s ai r  pressure. " 

Here he reasons that the drop in air temperature means a decrease in the speed of the air 

molecules ,  whic h cause s a  dro p i n pressure^ . 

Conjectur e 2 :  Tw o exception s t o Conjectur e 1  ma y b e expert s an d youn g children .  Whil e w e 

suspec t  explici t  mechanim s an d directe d primitive s ar e typica l  fo r  h u m a n causa l  reasoning ,  w e 

thin k ther e ar e tw o clea r  exceptions : 

Experts :  Exper t  model s i n certai n domains ,  suc h a s electronics ,  appea r  t o b e non-directed . 

Further ,  expert s kno w ho w t o us e constrain t  equation s an d conservatio n laws ,  an d therefor e ca n 

reaso n non-mechanistically .  W e believ e expert s stil l  us e directe d connective s whe n appropriat e 

(suc h a s argument s abou t  forc e transmission) ,  bu t  als o hav e othe r  options . 

Young Children :  Accordin g t o Piage t  (1960) .  ver y youn g childre n lac k notion s o f  directe d 

mechanisms ;  no t  unti l  abou t  8  year s ol d d o chilrlr.- n sho w full y mechanisti c reasoning .  Piaget' s 

See Collin s &  Centne r  (1983 ,  1986 )  fo r  a  mor e detaile d treatmen t  o f  menta l  model s o f  evaporation . 
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interview s wit h 4- 5 year-ol d childre n le d hi m t o conclud e tha t  the y hav e synthetic ,  holisti c 

understanding s o f  causality .  Fo r  example ,  whe n aske d wh y a  rive r  flows,  a n adul t  o r  olde r  chil d 

woul d answe r  i n term s o f  th e slope ,  o r  differenc e i n heigh t  betwee n th e sourc e an d th e 

destination .  Bu t  five -  an d six-year-ol d childre n giv e ver y differen t  answers :  "Becaus e peopl e 

m a ke oars .  The y push. "  o r  "Becaus e ther e ar e bi g fish  tha t  swim. "  o r  "T o mak e th e fountain s 

flow. " 

Piaget' s interview s clearl y sho w a  differenc e betwee n th e wa y youn g childre n an d olde r 

subject s tal k abou t  causality ,  However ,  recen t  researc h ha s cas t  doub t  o n hi s stron g clai m tha t 

youn g childre n lac k mechanisti c causality .  W h e n childre n ar e give n task s i n familiar ,  concret e 

domains ,  an d ar e aske d t o mak e prediction s base d o n causa l  relation s rathe r  tha n verball y 

explainin g them ,  eve n preschooler s sho w evidenc e o f  directe d causa l  mechanism s (Baillargeo n & 

Gelman ,  1980 ;  Bulloc k &  Gelman ,  1979 ;  Bullock ,  Gelma n &  Baillargeon ,  1̂ )  2) .  Thus ,  youn g 

childre n ar e capabl e o f  directe d mechanisti c causalit y i n famila r  domains .  However ,  i n 

unfamilia r  domain s suc h a s evaporatio n o r  heat-flow ,  youn g childre n m a y reaso n non -

mechanisticall y simpl y becaus e the y don' t  hav e enoug h domai n knowledg e t o postulat e 

mechanisms . 

Thus ,  fo r  bot h explici t  mechanis m an d directe d causality ,  ther e m a y b e a  U-shape d curve . 

We m a y find  tha t  bot h extrem e novice s an d advance d expert s sho w non-mechanisti c reasonin g 

abou t  quantities ,  fo r  opposit e reasons .  Bu t  asid e fro m thes e tw o extrem e groups ,  w e believ e 

commonsens e causa l  reasonin g i s buil t  aroun d mechanisms .  Indeed ,  w e conjectur e tha t  eve n 

w h en peopl e don' t  kno w th e mechanis m behin d a  chang e the y postulat e one ,  a s i n th e Causa l 

Corpu s (Forbu s an d Gentner ,  1986) . 

N o w w e tur n t o th e choic e o f  measuremen t  scenarios . 

Conjectur e S :  Th e incrementa l  scenari o i s th e mos t  basi c o f  th e measuremen t  scenarios .  I n 

th e mos t  natura l  for m o f  a n incrementa l  scenario ,  event s occu r  i n a  causa l  chain ,  eac h even t 

causin g th e next .  Alon g wit h explici t  mechanism s an d directe d connectives ,  thi s kin d o f 

sequentia l  causalit y ha s considerabl e introspectiv e appea l  a s a  causa l  argument .  Th e popularit y 

of  R u b e Goldberg' s elaboratel y tortuou s causa l  chain s i s on e indicatio n o f  thi s idea' s appeal .  I t  i s 

a robus t  wa y o f  reasonin g abou t  mechanisti c causality .  Ther e i s evidenc e tha t  i t  i s  learne d ver y 

early ,  a t  leas t  fo r  familia r  device s (Bullock ,  Gelma n &  Baillargeon ,  1982) . 

Example s o f  th e us e o f  incrementa l  scenari o occu r  i n people' s reasonin g abou t  flow  system s 

suc h a s electricit y (Gentne r  &  Gentner ,  1983) .  Her e subjec t  D D D i s answerin g th e question : 

" W h y d o electrica l  plug s hav e tw o prongs? " 

"...littl e negativ e electron s ge t  force d int o tha t  on e pron g — lik e suddenl y ther e i s thi s ne w spac e 

fo r  the m t o g o int o an d the y hav e bee n lyin g i n wai t  i n m y wall ,  waitin g fo r  thi s pron g t o com e 

in ,  an d the y g o int o tha t  on e prong ,  an d throug h m y ligh t  bulb...An d the n i t  make s th e light...i t 

zip s righ t  dow n th e othe r  sid e o f  th e bi g loo p an d yo u hav e a  curren t  going ,  an d i t  make s tha t  lit -

tl e ligh t  whic h i s wh y w e tricke d i t  int o m y plugs .  Tha t  mus t  b e wh y ther e ar e tw o plug s 

[prongs] .  It' s  a  dififerentia l  an d yo u nee d tw o thing s fo r  ther e t o b e a  difference. " 

Notice that the subject followed the electrons on their path from the wall to the light and 

back .  A  simple r  answe r  i s tha t  curren t  flows  becaus e o f  a  voltag e differenc e acros s th e tw o 

prongs .  Bu t  althoug h th e subjec t  allude s t o thes e quantitie s a t  th e en d o f  th e passage ,  he r 

natura l  approac h t o th e questio n i s t o reaso n incrementally . 
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As anothe r  example ,  Subjec t  O B i s tol d abou t  a  po t  o f  wate r  sittin g i n a  close d roo m an d i s 

aske d "A s th e wate r  temperatur e goe s up ,  wha t  d o yo u thin k woul d b e th e effec t  o n evaporatio n 

rate? "  H e states : 

"Th e wate r  temperatur e goin g u p -  tha t  mean s tha t  th e particle s ar e movin g faster ,  s o they'r e 
more likel y t o escape ,  an d s o therefor e w e ge t  a  highe r  evaporatio n rate. " 

Conjecture 4 (Corollary to Conjecture 3): Incremental causality is so psychologically natural 

tha t  peopl e ofte n rel y o n i t  eve n inapplicable .  I n som e situation s th e incrementa l  scenari o wil l 

lea d t o incorrec t  conclusions .  I n thi s protocol ,  fo r  example ,  subjec t  C L i s aske d t o describ e wha t 

happen s i n th e simpl e syste m show n i n Figur e 1 . 

"Al l  right ,  a s th e wate r  emerge s fro m th e pum p i t  flows  a t  constan t  velocit y throug h pipe s o f 
equivalen t  volume.. .  A a th e pip e constricts ,  th e flow  o f  th e wate r  become s slower.. .  A s i t  emerge s 
fro m tha t  constriction.. .  there' s a  surg e a s th e pip e expands ;  there' s a  surg e i n th e velocit y o f  th e 
water ,  an d velocit y become s slightl y greate r  tha n th e initia l  velocit y 

This response illustrates the difficulty novice reasoners typically have with steady-state 

systems .  Lik e mos t  novices ,  C L doe s no t  understan d Bernoulli' s  principle :  hi s expectatio n i s 

tha t  th e wate r  wil l  slo w dow n i n th e narro w pipes ,  wherea s i n fac t  th e opposit e wil l  occur .  I n hi s 

reasoning ,  th e wate r  start s a t  th e pum p an d head s int o th e system ,  encounterin g obstacle s alon g 

th e way .  I t  i s  lik e i  urnin g a  piec e o f  stuf f  loos e a t  th e star t  o f  a  tobogga n ru n an d watchin g it s 

progress .  Thi s incrementa l  argumen t  lead s t o problem s becaus e i t  lead s on e t o believ e tha t  th e 

piece s o f  stuf f  "pil e up "  agains t  eac h othe r  whe n the y reac h a  constriction ,  an d thu s slo w down . 

PUMP 

Figur e 1  -  A  simpl e flui d syste m 
The flui d syste m show n belo w consist s o f  a  pum p an d a  constriction .  Subject s ar e aske d t o rea -

son abou t  wha t  happen s t o variou s quantitie s a t  differen t  part s o f  th e circuit . 
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Abandonin g th e incremeuLa l  mode l  fo r  a  stead y stat e mode l  reduce s th e chanc e o f  thi s plausibl e 

error . 

T h e "naiv e incrementalism "  illustrate d i n thi s protoco l  seem s t o appl y t o othe r  domain s a s 

well .  I n electricity ,  fo r  example ,  novice s typicall y maintai n tha t  an y o f  severa l  quantitie s -

voltage ,  current ,  power ,  force ,  energy ,  o r  velocit y o f  electron s -  i s  larg e a t  th e star t  o f  th e circuit , 

jus t  afte r  th e battery ,  an d smal l  a t  th e en d o f  th e circuit ,  jus t  befor e th e batter y (Gentne r  & 

Gentner ,  1983) . 

Conjectur e 5 :  Differentia l  Scenario s ar e als o c o m m o n i n reasonin g abou t  quantities .  A s a n 

example .  Subjec t  O B ,  aske d whethe r  a n increas e i n wate r  temperatur e wil l  affec t  ai r  pressure , 

says : 

"OK.  I f  th e wate r  temperatur e goe s up ,  we'r e goin g t o increas e th e evaporatio n rate .  I f  w e in -

creas e th e evaporatio n rate...we'r e increasin g th e amoun t  o f  wate r  i n th e ai r  an d therefor e th e ai r 

pressur e wil l  g o u p a t  a n increasin g rate .  Again ,  i t  wa s increasin g anyway ,  s o no w it' s  increasin g 

a littl e faster. " 

4. Conclusions 

We sugges t  tha t  ther e ar e severa l  distinc t  notion s o f  causalit y tha t  hav e psychologica l  force . 

Thi s multiplicit y doe s not ,  however ,  rende r  causa l  reasonin g a n inappropriat e subjec t  o f  study . 

Instead ,  i t  mean s tha t  th e for m o f  ou r  analysi s mus t  change .  Studie s o f  causa l  reasonin g mus t 

focu s o n particula r  classe s o f  arguments ,  no t  causa l  reasonin g i n general .  Whil e th e principle s 

obtaine d i n thi s wa y wil l  probabl y no t  b e a s genera l  a s thos e whic h ar e th e goa l  o f  a  mor e genera l 

analysis ,  w e ca n hop e tha t  i n fac t  w e wil l  hav e bette r  success .  Thi s pape r  present s a n exampl e o f 

suc h a n analysis ,  examinin g causa l  argument s involvin g change s i n physica l  quantities . 

We hav e abstracte d fro m A I  researc h o n qualitativ e physic s thre e aspect s o f  causa l 

reasonin g abou t  quantities ,  explici t  versu s implici t  mechanisms ,  directe d versu s nondirecte d 

connectives ,  an d typ e o f  measuremen t  scenario .  W e hav e show n wher e th e curren t  system s o P 

qualitativ e physic s lie ,  an d show n som e ne w direction s suc h researc h ca n take .  W e hav e use d th i 

analysi s t o dra w som e implication s fo r  psychology ,  presentin g five  conjecture s fo r  empirica l  test . 
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NEITHER PICTURE S NOR PROPOSITIONS: 

THE INTENSIONALITY OF MENTAL IMAGERY 

DANIEL REISBERG 

REED COLLEGE 

DEBORAH CHAMBERS 
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We explor e severa l  implication s o f  th e clai m tha t  menta l 
Image s ar e menta l  representations ,  i.e .  tha t  imagin g create s a n 
intensiona l  context .  Th e experiment s show ,  first ,  tha t  image s 
ar e entirel y unambiguou s i n wha t  the y represent ,  and ,  second , 
tha t  ho w a n imag e i s understoo d place s limitation s o n wha t  th e 
imag e i s likel y t o cal l  t o mind .  We argu e tha t  image s hav e 
tw o differen t  kind s o f  properties :  som e b y virtu e o f  bein g 
menta l  representations ,  an d som e b y virtu e o f  bein g a  particula r 
kin d o f  representation ,  i.e .  embodyin g meaning s i n a  certai n 
(quasi-perceptual )  way .  We discus s bot h th e relationshi p 
betwee n image s an d pictures ,  an d betwee n image s an d othe r  form s 
of  representation . 

We begi n wit h a  sinq)l e claim :  Menta l  image s ar e consciou s menta l 
representations ,  an d thi s ha s importan t  consequence s fo r  ho w image s function . 
I n thi s paper ,  w e spel l  ou t  jus t  par t  o f  wha t  thi s innocent-soundin g clai m 
implies .  Whil e ou r  primar y agend a i s t o sho w tha t  thi s vie w i s correct ,  w e 
als o inten d t o sho w tha t  thi s vie w i s genuinel y differen t  fro m ho w other s i n 
th e fiel d conceiv e o f  images ,  and ,  mos t  important ,  t o sho w ho w muc h i s a t 

We wis h t o than k E d Case y an d Friderik e Heue r  fo r  thei r  comments .  I n addition , 
bot h thi s wor k an d ou r  thinkin g i n genera l  hav e bee n deepl y influence d b y 
Julia n Hochber g an d Irvi n Rock ,  an d we-gratefull y  acknowledg e tha t  debt . 
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stake In the argument. 

One way to think about mental Images is to think of them as being just 
lik e pictures ,  s o tha t  imager y i s i n man y way s jus t  lik e perception .  Ther e i s 

much t o recommen d thi s view ,  includin g bot h common sens e introspectio n an d th e 
vas t  amoun t  o f  dat a fro m imager y research .  Thos e data ,  fo r  example ,  indicat e 
tha t  ho w w e Inspec t  a n imag e (ho w w e sca n acros s it ,  o r  ho w w e zoo m i n t o se e 
detail )  seem s t o matc h ho w w e inspec t  pictures .  Likewise ,  w e see m t o b e 
Influence d i n comparabl e way s b y image d an d actua l  stimuli .  Th e imager y 
mediu m itsel f  reveal s man y picture-lik e qualities :  Images ,  lik e pictures , 
respec t  spatia l  relation s i n a  certai n way .  Aspect s tha t  ar e salien t  i n a 
pictur e ar e als o prominen t  i n a n image ,  etc . 

However, there is one regard in which images are not like pictures. A 
pictur e i s a  physica l  thing ,  wit h a n existenc e independen t  o f  th e perceiver . 
I f  w e wan t  t o kno w wha t  a  pictur e represents ,  w e mus t  inspec t  i t  i n orde r  t o 
for m som e interpretation .  An d tha t  i s th e critica l  part :  Picture s mus t 
somehow b e interpreted .  Among othe r  consequences ,  thi s create s th e possibilit y 
fo r  misinterpretation ,  and ,  sinc e man y interpretation s migh t  b e possible ,  a 
pictur e ca n b e ambiguous ,  a s fo r  exfunpl e th e Necke r  cub e is . 

One might claim that all of this is true for images. On this conception, 
imager y begin s wit h som e ra w material ,  a n arra y o f  line s o r  points .  T o 
figur e ou t  wha t  th e imag e i s a n imag e £f ,  w e interpre t  it ,  throug h a  proces s 
relate d t o perceiving .  Kossly n (1980 ,  1983 )  offer s on e versio n o f  thi s view ; 
simila r  argument s ca n b e foun d i n Fink e (1980) . 

There is, however, an alternate account of how mental images are compre-
hended .  (Cf .  Casey ,  1976 ;  Chamber s an d Reisberg ,  1985 ;  Fodor ,  1981 ;  Koler s 
and Smythe ,  1984 .  Reed ,  1974 ,  an d Hinton ,  1979 ,  hav e als o offere d simila r 
conceptions. )  A t  th e cor e o f  thi s argumen t  i s th e clai m tha t  images ,  a s 
menta l  representations ,  onl y exis t  throug h ou r  understandin g o f  them ;  henc e 
th e imag e an d th e understandin g ar e inseparable .  Ther e i s n o free-standin g 
ico n i n imager y i n nee d o f  interpretation ,  an d ther e i s n o interpretiv e 
process . 

To put this differently, images are embodiments of thoughts. Consider 
fo r  a  moment  wha t  i t  mean s t o hav e a  thought ,  fo r  example ,  a  though t  abou t 
tigers .  I t  woul d b e absur d t o say ,  "Righ t  now ,  I  believ e I' m thinkin g abou t 
tigers ,  bu t  thi s belie f  migh t  b e false. "  I t  migh t  b e tru e tha t  I  d o no t 
kno w muc h abou t  tigers ,  makin g th e though t  impoverished .  I t  ma y tur n ou t 
tha t  som e o f  th e thing s I  kno w abou t  tiger s ar e false ,  s o tha t  my though t 
wil l  b e counterfactual .  Nonetheless ,  i f  I  understan d th e though t  a s bein g 
abou t  tigers ,  the n i t  i s  abou t  tigers ,  becaus e i t  i s  onl y throug h my under -
standin g o f  i t  tha t  th e though t  ha s an y definitio n a t  all .  Ther e i s 
certainl y n o nee d t o interpre t  th e though t  t o lear n wha t  i t  i s  about ;  ther e 

i s n o wa y t o b e mistake n abou t  wha t  a  though t  refer s to ,  an d n o possibilit y 
fo r  ambiguit y i n wha t  a  though t  i s about . 

Images are one of the forms thoughts can take. Thus, images are 
thoughts ,  or ,  i n th e customar y terms ,  ar e menta l  representations .  When a n 
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imag e come s int o being ,  i t  come s int o bein g understoo d i n a  particula r  way ,  a s 
an imag e o f  som e particula r  thing .  Jus t  a s wit h thought s i n an y othe r  form , 
ther e i s n o interpretiv e proces s neede d t o lear n wha t  th e imag e depicts ,  an d 
ther e i s n o wa y t o b e confuse d o r  mistake n abou t  a n image' s contents . 

Our research began with an examination of an assertion central to this 
view :  th e clai m tha t  images ,  lik e thought s I n general ,  canno t  b e ambiguous . 
To tes t  thi s claim ,  however ,  w e mus t  dea l  wit h a  complication :  Whethe r  o r  no t 
one ca n reinterpre t  a n image ,  on e ca n certainl y replac e a n image .  Therefore , 
one coul d imag e th e Necke r  cub e (Figur e 1 ) ,  fo r  example ,  b y firs t  imagin g 
Cube A ,  the n B ,  the n A  again ,  an d s o b y a  successio n o f  replacement s see m t o 
be reinterpretin g a  singl e image .  Thi s possibilit y  i s  easil y removed :  T o 
replac e a n image ,  on e need s t o kno w wit h wha t  t o replac e it .  Thu s th e critica l 
questio n i s no t  simpl y whethe r  on e ca n repars e a n imag e b y imposin g a n alread y 
familia r  scheme ;  th e questio n instea d i s whethe r  on e ca n discove r  a n unantici -
pated ,  uncue d shap e i n a n image . 

Subjects in our first experiment were shown pictures of several ambiguous 
figures ,  t o mak e certai n the y understoo d figura l  reversal .  Subject s wer e nex t 
shown th e tes t  stimulu s (th e duck/rabbit .  Figur e 2A )  an d wer e aske d t o for m a 
"menta l  picture "  o f  thi s figure ,  s o tha t  the y woul d b e abl e t o dra w i t  late r 
on .  We too k a  variet y o f  step s t o ensur e tha t  subject s wer e unfamilia r  wit h 
thi s figure ,  amon g the m excludin g psycholog y student s fro m th e experiment . 

The test stimulus was shown only for five seconds. Pilot data indicated 
thi s wa s sufficien t  fo r  encodin g th e figure ,  bu t  no t  enoug h tim e fo r  naiv e 
subject s t o fin d bot h construals .  Thi s i s critical ,  give n ou r  concer n abou t 
excludin g imag e replacement .  Henc e w e wan t  t o ensur e tha t  th e firs t  reversa l 
doe s no t  happe n whil e viewin g th e picture ,  s o tha t  an y reversal s fro m th e 
imag e (i f  the y occur )  wil l  reflec t  bonafid e discoveries . 

/ p i  f I 7 

A & 

FIGURE 1 :  TH E TWO ALTERNATE VIEW S O F TH E NECKER CUBE. 
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^ V ^ 

^ / 

FIGURE 2 :  TH E AMBIGUOUS FORMS USED I N TH E STUDIE S (SE E TEX T FO R DETAILS ) 

Next ,  subject s wer e show n th e chef/do g (Figur e 2B) .  We hope d thi s 
woul d mak e i t  totall y clea r  t o subject s wha t  thei r  tas k was .  Lik e th e duck / 
rabbit ,  thi s for m i s a  simpl e lin e drawing ;  bot h figure s revers e i n a  simila r 
fashion .  Subject s wer e tol d tha t  shiftin g thei r  gaz e fro m th e lowe r  lef t 
corne r  o f  th e chef/do g t o th e lowe r  righ t  migh t  hel p i n findin g th e alternat e 
construal . 

Subjects were then asked to recall their image of the duck/rabbit. All 
had eithe r  see n th e duc k o r  th e rabbi t  initially ;  the y wer e no w aske d t o 
identif y th e alternat e view .  We gav e th e subject s a  standardize d serie s o f 
prompt s an d hints ,  askin g i f  the y ha d a  "clea r  menta l  picture "  an d whethe r 
the y coul d fin d a n alternativ e "i n th e sam e wa y tha t  (they )  di d fo r  th e chef / 
dog. "  Subject s wer e urge d t o loo k a t  th e "eas t  corner "  o f  th e image d figure , 
the n th e "west, "  an d s o forth .  (Thes e cue s ar e effectiv e i n elicitin g 
reinterpretation s i f  ther e i s a n actua l  stimulu s available ,  rathe r  tha n a n 
image. ) 

Finally ,  subject s wer e give n a  piec e o f  pape r  an d aske d t o dra w a 
pictur e o f  th e image d stimulus ,  the n t o inspec t  thei r  ow n drawin g unti l  the y 
foun d th e alternat e construal .  I f  needed ,  subject s wer e give n th e sam e cue s 
tha t  ha d bee n use d wit h th e image . 

Exactly 100% of the subjects failed in the imagery task. That is, 
subject s neve r  discovere d th e duc k i n a  rabbi t  imag e o r  th e rabbi t  i n a  duc k 
image .  I n complet e contrast ,  100 % o f  th e subject s succeeded ,  a  moment  later , 
i n reinterpretin g thei r  ow n drawing .  Thus ,  th e subject s di d hav e a n adequat e 
memory o f  th e figure ,  an d di d xmderstan d ou r  task . 

We have reproduced this result several times, with minor procedural 
changes .  We hav e trie d changin g th e instructions ,  emphasizin g t o subject s 
tha t  the y shoul d encod e a  literal ,  unbiase d cop y o f  th e figure .  (T o thi s 
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end ,  w e giv e subject s a  brie f  lesso n abou t  distortio n effect s i n memory ,  an d 
urg e the m no t  t o fal l  pre y t o these. )  We hav e als o trie d givin g mor e initia l 
practic e wit h figura l  reversal ,  an d w e hav e examine d tes t  figure s othe r  tha n 
th e duck/rabbi t  (i.e .  th e Schrode r  staircas e an d th e Necke r  cube .  Figure s 2 C 
and 2D) .  Th e result s ar e unchange d b y an y o f  thes e (Tabl e 1 ) . 

These are obviously strong results, and warrant caution in their inter-
pretation .  I n a n earl y repor t  o f  thes e dat a (Chamber s an d Reisberg ,  1985) , 
we conside r  man y o f  th e way s on e migh t  tr y t o explai n awa y thes e findings ,  an d 
th e result s surviv e al l  o f  th e attacks .  On e o f  thos e considerations ,  however , 
i s  wort h a  brie f  mention .  Subjects '  succes s i n reinterpretin g thei r  ow n 
drawing s provide s a n importan t  suppor t  fo r  ou r  claims ,  indicatin g tha t  subject s 
di d encod e a n accurat e cop y o f  th e stimulus .  T o as k whethe r  thes e drawing s 
reall y wer e ambiguous ,  w e showe d th e drawing s t o a  ne w grou p o f  subjects , 
subject s wh o ha d neve r  see n th e origina l  figure .  I n a  procedur e simila r  t o 
tha t  alread y described ,  thes e ne w subject s wer e abl e t o discove r  bot h 
interpretation s o f  th e drawings ,  strengthenin g th e clai m tha t  th e earlie r 
subject s wer e i n fac t  creatin g a n ambiguou s drawin g fro m a n unambiguou s image . 

We have also obtained parallel results with auditory imagery (Reisberg, 
Smit h an d Sonenshine ,  1986) .  A s ou r  ambiguou s stimulus ,  w e emplo y rapi d 
repetition s o f  th e wor d "stress. "  When thes e repetition s ar e aloud ,  th e 
resultin g soundstrea m i s ambiguou s abou t  th e location s o f  th e wor d boundaries , 
creatin g a  stimulu s whic h coul d b e stress ,  dress ,  res t  o r  tress .  Ou r  procedur e 
wit h thi s stimulu s i s modele d afte r  th e on e alread y described :  w e acquain t 
subject s wit h ambiguou s auditor y stimul i  (usin g repetition s o f  life ,  wit h th e 
soundstrea m ambiguou s betwee n lif e an d f ly) .  We the n as k subject s t o imagin e 
th e repetition s o f  stress ,  an d as k the m t o fin d mor e tha n on e interpretatio n 
of  it ,  jus t  a s the y di d wit h life .  I n analyzin g thes e results ,  w e nee d t o 
tak e step s t o rul e ou t  bot h guessin g strategie s an d subvocalization ,  bu t  onc e 
thi s i s done ,  th e result s ech o thos e w e hav e bee n discussing :  Jus t  a s wit h 
visua l  imagery ,  subject s reliabl y fai l  t o reinterpre t  th e auditor y image . 

TABLE 1 :  SUMMARY 

Experimen t  an d 
tes t  stimulu s 

1 Duck/rabbi t 

2 Duck/rabbi t 

4 Duck/rabbi t 

Necke r  cub e 

OF 

Schrode r  staircas e 

RESULTS WIT H VISUA L AMBIGUOUS 

N 

15 

10 

10 

10 

10 

Number 
Fro m 
imag e 

0 

0 

0 

0 

0 

of 

FIGURES 

reversal s 
Fro m ow n 
drawin g 

15 

10 

10 

10 

6 

(Afte r  Chamber s an d Reisberg ,  1985 ) 
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Unfortunately ,  though ,  ther e ar e man y observation s v/hlo h d o no t  see m t o 
fi t  wit h thi s conceptio n o f  imagery .  I n man y menta l  rotatio n studies ,  fo r 
example ,  subject s mus t  decid e i f  a  stimulu s i s a  lette r  o r  a  mirror-reversa l  o f 
one .  Th e dat a strongl y indicat e that ,  i n makin g thi s decision ,  subject s firs t 
rotat e th e image ;  onl y the n ca n the y decid e wha t  th e imag e depicts .  Thu s th e 
understandin g o f  thi s imag e seem s t o b e arrivin g rathe r  late :  Unti l  th e 
rotatio n i s complete ,  th e subjec t  doe s no t  kno w wha t  th e imag e i s a n imag e of , 
i n seemin g contradictio n t o ou r  view . 

Our account of this (and related cases) appeals to a notion already 
mentioned ,  namely ,  imag e replacement .  I t  i s  clea r  tha t  image s ca n serv e a s 
memory cues ,  evokin g othe r  image s o r  othe r  thoughts .  I n th e menta l  rotatio n 
case ,  on e firs t  ha s i n min d a n imag e o f  a  particula r  form .  Tha t  imag e ma y o r 
may no t  evok e th e though t  o f  som e letter .  I f  i t  does ,  on e replace s th e shap e 
imag e wit h a  lette r  image ,  wit h th e replacement ,  a s i t  turn s out ,  isomorphi c 
wit h it s predecessor . 

While images can call forward other ideas in this way, it is critical 
t o kee p i n min d tha t  thi s evokatio n begin s wit h a n unambiguou s representation . 
The imag e i s understoo d i n a  certai n way ,  an d thi s give s th e imag e a  specifi c 
phenomena l  appearance .  I t  i s  thi s phenomena l  appearanc e whic h govern s wha t 
th e imag e resembles ,  and ,  finally ,  i t  i s  th e resemblanc e patter n whic h guide s 
what  a n imag e wil l  cal l  t o mind .  We stres s tha t  thi s cascad e o f  implication s 
begin s wit h ho w th e imag e i s understood ,  an d so ,  i n thi s way ,  th e under -
standin g place s limit s o n wha t  th e imag e wil l  evoke ,  an d o n wha t  w e ca n 
lear n fro m o r  abou t  th e image .  T o pu t  al l  thi s differently ,  th e notio n o f 
imag e replacemen t  seem s initiall y  troublesom e fo r  ou r  view ,  sinc e i t  appear s 
t o rende r  th e vie w immun e t o falsification .  A s w e wil l  see ,  though ,  thi s 
notio n i s no t  a t  al l  a  sourc e o f  trouble ;  fa r  fro m it ,  imag e replacemen t 
provide s a  mean s o f  showin g th e importanc e o f  ho w a n imag e i s understood . 

What exactly does it mean to understand an image in a certain way? This 
i s i n severa l  regard s a n empirica l  issue ;  ou r  experiment s explor e th e obviou s 
suggestio n tha t  th e understandin g whic h characterize s imager y i s th e sam e 
as tha t  whic h characterize s perception ;  th e result s clearl y favo r  thi s view . 

In unpacking this argument, it may be simplest to begin with the data. 
We tel l  subject s i n th e nex t  experimen t  tha t  w e ar e studyin g memor y fo r 
abstrac t  forms .  Subject s ar e show n a  successio n o f  shapes ,  eac h fo r  5 
seconds .  Afte r  th e shap e i s removed ,  subject s ar e aske d t o for m a n imag e 
of  it ,  an d the n t o rotat e th e imag e b y a  certai n amount ,  sometime s 9 0 degree s 
and sometime s 18 0 degrees ,  an d s o on .  Finally ,  subject s dra w a  pictur e o f 
th e for m i n it s rotate d position . 

This sequence is designed to set the subject for seeing abstract, 
unidentifiabl e forms ,  s o tha t  w e ca n no w smuggl e i n ou r  tes t  figure :  Th e 
tent h shap e i n th e series ,  presente d wit h n o specia l  notice ,  wa s a n outlin e 
drawin g o f  Texas ,  rotate d s o tha t  it s easter n edg e wa s a t  th e to p o f  th e 
pictur e (Figur e 3 ) .  Subject s encode d thi s shape ,  the n image d it ,  an d 
finall y rotate d th e imag e 9 0 degrees ,  s o tha t  the y wer e no w contemplatin g 
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FIGURE 3 :  TES T STIMULU S FO R TH E ORIENTATIO N STUDIES . 

an image of a correctly righted map of the Lone Star State. Then, instead of 
askin g th e subjec t  t o dra w a  picture ,  a s the y ha d bee n doing ,  w e tel l  the m 
tha t  thi s shap e "resemble s a  familia r  geographi c form, "  an d w e as k the m t o 
identif y tha t  form . 

This experiment rests on two premises, both extrapolations from the data 
of  perception .  First ,  phenomena l  shap e depend s heavil y o n a n assignmen t  o f 
orientation .  Tha t  i s why ,  fo r  example ,  diamond s loo k differentl y fro m 
squares ,  a s ca n b e demonstrate d i n a  variet y o f  ways .  (Thes e includ e 
resemblanc e patterns ,  subjects '  abilit y  t o judg e whethe r  th e figure' s comer s 
ar e righ t  angles ,  wit h muc h les s sensitivit y t o thi s i n diamonds ,  an d s o on. ) 
Second ,  onc e th e perceptua l  syste m ha s assigne d a n orientation ,  ther e seem s t o 
be resistanc e t o changin g thi s assignment .  A s Mac h note d man y year s ago ,  i f 
one rotate s a  square ,  i t  doe s no t  becom e a  diamond ;  i t  become s a  tilte d 
square .  (Thi s presumabl y play s a  rol e i n ho w w e recogniz e object s despit e 
change s i n retina l  orientation. ) 

Subjects will presumably understand our test stimulus as being oriented 
suc h tha t  th e perceive d to p i s th e sid e topmos t  i n th e drawing .  Thi s 
specificatio n abou t  ho w th e for m i s t o b e understoo d wil l  b e par t  o f  th e 
image ,  an d wil l  influenc e th e subjectiv e appearanc e o f  th e image .  Rotatin g 
th e imag e wil l  no t  chang e thi s specification ,  i f  imager y i s lik e perceptio n 
i n thi s regard .  Give n al l  this ,  w e clai m that ,  b y virtu e o f  havin g a n 
orientatio n differen t  fro m tha t  o f  Texas ,  th e imag e i s a  differen t  shape . 
Geometrically ,  th e imag e an d Texa s ar e isomorphic ,  but ,  psychologically , 
the y represen t  differen t  forms .  Hence ,  th e imag e doe s no t  resembl e Texas , 
and wil l  no t  cal l  Texa s t o mind . 

The dat a ar e quit e clear-cut .  O f  th e 1 5 subjects ,  100 % faile d t o 
identif y Texa s i n th e image ,  eve n thoug h th e imag e ha s bee n rotate d into ,  s o 
t o speak ,  th e Texa s position ,  an d despit e th e cu e tha t  th e imag e resemble s 
a geographi c form .  We kno w i n additio n tha t  th e subject s di d adequatel y 
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encod e th e shape :  Afte r  th e subject s ha d trie d xinsuccessfull y fo r  6 0 second s 
t o identif y th e shape ,  w e aske d the m t o dra w a  pictur e o f  thei r  image .  Eigh t 
of  th e 1 5 subject s identifie d Texa s i n thei r  drawings . 

Is orientation really critical in the failure to recognize Texas? If so, 
we shoul d b e abl e t o chang e th e outcom e o f  thi s procedur e i f  w e chang e ho w 
subject s understan d th e image' s orientation .  We kno w fro m man y perceptua l 
studie s tha t  rotatio n b y itsel f  doe s no t  chang e ho w a  for m i s understood ;  w e 
relie d o n thi s i n th e stud y jus t  described .  Bu t  w e als o kno w tha t  deliberat e 
intentio n ca n ste p i n an d tak e ove r  i n reassignin g orientation ,  e.g .  i f 
subject s ar e tol d directl y t o thin k abou t  a  for m a s havin g a  differen t  to p 
(cf .  Roc k an d Leaman ,  1963 ;  Attneav e an d Reid ,  1968) .  Ou r  nex t  stud y exploit s 
thi s fact ,  usin g th e sam e procedur e a s th e previou s study ,  bu t  wit h a  sligh t 
chang e i n instructions :  Instea d o f  askin g subject s t o rotat e th e imag e o f 
eac h figure ,  w e simpl y tol d the m t o thin k abou t  eac h a s havin g a  ne w top , 
makin g th e lef t  sid e th e figure' s top ,  o r  th e righ t  side ,  an d s o on . 

As before, subjects were shown a series of shapes, each for 5 seconds. 
Subject s image d each ,  the n wer e aske d t o reassig n th e form' s top .  Sometime s 
we tol d the m t o thin k o f  th e lef t  edg e a s th e top ,  sometime s th e right ,  al l 
matche d t o th e previou s experiment .  Subject s the n dre w eac h form ,  wit h it s 
new to p a t  th e to p o f  th e drawing .  Fo r  th e tes t  figure ,  agai n Texas ,  subject s 
wer e aske d t o reassig n th e lef t  sid e a s th e top ,  settin g th e ma p upright . 
Once again ,  w e tol d the m tha t  th e shap e resemble d a  familia r  geographi c form , 
and aske d the m wha t  th e for m was . 

In sharp contrast to the first study, 7- of the 15 subjects, almost half, 
identifie d Texa s i n thei r  imag e (se e Tabl e 2 ) .  Thus ,  orientatio n doe s see m 
t o b e th e key .  I f  w e chang e ho w th e subjec t  understand s th e image' s orienta -
tion ,  w e chang e th e results . 

We have some other data which corroborate the Texas results: We show 
subject s th e shap e i n Figur e 4 ,  wit h th e sam e kin d o f  cove r  story ,  s o tha t 
the y encod e i t  a s merel y a n abstrac t  form .  I f  w e tel l  the m t o rotat e th e 
image ,  the y neve r  discove r  anything .  I f  w e tel l  the m t o thin k o f  th e botto m 
edge a s bein g th e top ,  the y discove r  th e ol d man ,  bu t  no t  th e ma p o f  th e 
U.S .  I f  w e instea d tel l  the m t o thin k o f  th e lef t  edg e a s bein g th e top , 

TABLE 2: SUMMARY OF RESULTS FOR THE ORIENTATION STUDIES 

Instructio n 

"Rotate " 

"Reassig n top " 

N 

15 

15 

Number of subject s 
who recogniz e Texa s 

Fro m 
imag e 

0 

7 

Fro m ow n 
drawin g 

8 

11 
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FIGURE 4 :  TH E "OL D MAN /  UNITE D STATES"  FIGUR E 

the y discove r  th e U.S. ,  bu t  no t  th e ol d man .  Al l  o f  thi s obviousl y mimic s 
th e Texa s result s alread y described . 

What is going on in these data? We have already mentioned the core of 
th e argument :  Whethe r  a n imag e wil l  b e recognize d a s familiar ,  o r  wha t  th e 
imag e wil l  evok e fro m memory ,  depend s o n ho w th e imag e i s understood .  I f 
th e for m i s isomorphi c wit h som e previousl y viewe d shape ,  bu t  understoo d 
differently ,  the n i t  wil l  fai l  t o remin d th e subjec t  o f  th e previousl y viewe d 
shape .  Bu t  w e nee d t o connec t  thi s t o ou r  earlie r  comment s abou t  menta l 
representation ,  an d w e als o nee d t o clarif y wha t  i t  mean s t o understan d a 
for m i n a  particula r  way .  Le t  u s retur n t o th e exampl e w e use d earlier : 
Imagin e thinkin g abou t  a  tiger .  We argue d befor e tha t  thi s necessaril y 
means tha t  yo u kno w tha t  yo u ar e thinkin g abou t  a  tiger .  Bu t  thi s doe s no t 
mean merel y tha t  yo u ar e associatin g th e labe l  "tiger "  wit h you r  thought . 
Instead ,  b y knowin g tha t  you r  though t  i s a  tige r  thought ,  yo u kno w tha t  thi s 
i s a  rea l  beast ,  tha t  "tiger "  i s  th e nam e other s cal l  it ,  tha t  thi s i s a 
concep t  wit h whic h yo u ar e familiar ,  abou t  whic h yo u hav e furthe r  knowledge , 
etc. ,  etc .  I n short ,  yo u ar e attachin g meanin g t o th e notion ,  tiger . 

For contrast, we could find someone who has never heard of tigers, and 
we coul d tel l  tha t  person :  Imagin e a  fictiona l  beas t  wit h a  cat-lik e shape , 
stripes ,  etc .  The n w e coul d tel l  thi s perso n t o cal l  thi s beas t  ''tiger, "  a 
labe l  which ,  fo r  thi s person ,  i s a  made-u p word .  Woul d tha t  perso n hav e a 
"though t  withou t  meaning, "  withou t  knowin g wha t  a  tige r  is ? Clearl y not . 
That  perso n woul d kno w tha t  a  tige r  wa s a  fictiona l  beast ,  create d b y th e 
imaginatio n wit h thes e instructions ,  an d tha t  woul d b e th e meanin g o f  tige r 
fo r  thi s person .  Moreover ,  thi s perso n woul d b e havin g a  differen t  though t 
tha n yo u o r  I  do ,  whe n w e thin k abou t  tigers . 

It is this background of associations and knowledge which is involved 
i n sayin g tha t  menta l  representation s ar e meaningful ,  tha t  the y ar e trans -
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paren t  t o th e understanding .  We ca n describ e thi s a s a  phenomenolegis t  might : 
Thought s ar e embedde d i n a  contex t  o f  understanding ,  against ,  s o t o speak , 
a particula r  menta l  landscape ,  wha t  Husser l  calle d a  se t  o f  horizons ,  o r  wit h 
what  Willia m Jame s calle d a  particula r  "fring e o f  consciousness, "  definin g tha t 
consciousness .  O r  w e ca n describ e thi s b y notin g tha t  menta l  representation s ar e 
referentiall y  opaque .  Henc e w e canno t  describ e th e representatio n merel y b y 
pointin g t o th e thin g i n th e worl d whic h i s represented ;  w e instea d nee d t o as k 
how th e represente d thin g i s though t  about ,  wha t  th e represente r  know s abou t  it . 
To tak e th e tige r  example ,  th e perso n thinkin g abou t  th e fictiona l  tiger ,  o n th e 
one side ,  an d yo u o r  I ,  o n th e othe r  side ,  ar e representin g wha t  turn s ou t  t o b e 
th e sam e beast ;  nonetheless ,  w e understan d i t  i n differen t  ways ,  an d w e ar e 
havin g differen t  thoughts . 

How to apply this to Images? When one thinks about a form, one thinks about 
i t  i n way s tha t  differentiat e tha t  for m fro m othe r  forms .  A s i n th e tige r  case , 
thi s doe s no t  amoun t  merel y t o placin g a  labe l  o n th e form ;  instead ,  th e for m 
i s embedde d i n a  contex t  o f  understandin g tha t  define s wha t  th e thin g bein g 
represente d is .  I f  th e for m i s though t  abou t  i n a  ne w way ,  the n i t  i s  a  ne w 
form .  A s a  minima l  implication ,  a  for m understoo d differentl y shoul d loo k 
different ,  shoul d hav e a  differen t  phenomena l  shape .  Loo k agai n a t  th e Texa s 
figure ,  show n i n Figur e 5 .  Th e lef t  shap e does ,  fo r  mos t  viewers ,  loo k lik e 
a differen t  for m fro m th e righ t  one ,  jus t  a s a  diamon d look s differen t  fro m a 
square .  T o b e sure ,  on e ca n forc e onesel f  t o thin k abou t  th e righ t  shap e a s 
bein g sideway s — i.e .  impos e a  differen t  understanding .  I n thi s case ,  on e 
see s immediatel y tha t  th e shape s ar e isomorphic .  Bu t  i f  on e doe s no t  resis t 
th e orientatio n give n i n th e figure ,  th e tw o outline s loo k lik e tw o differen t 
shapes .  We d o no t  nee d t o rely ,  though ,  o n phenomena l  impressions ,  sinc e thes e 
change s i n perceive d for m ca n hav e stron g impac t  o n similarit y relations . 
Figur e 6 ,  borrowin g a  demonstratio n fro m Goldmeier ,  make s th e poin t  clearly . 

While we have focused here on the specification of orientation, the data 
of  perceptio n indicat e tha t  othe r  aspect s als o contribut e t o th e perceptio n o f 
form .  An d i t  i s  indee d th e dat a o f  perceptio n whic h ar e relevant ,  a s a  quic k 
exampl e wil l  illustrate :  On e migh t  expec t  tha t  symmetr y wil l  b e a n importan t 
propert y o f  percepts ,  immediatel y noticed ,  playin g a  ke y rol e i n resemblanc e 
and s o on .  But ,  a s Figur e 7  shows ,  symmetr y i n genera l  doe s no t  hav e thes e 

FIGURE 5 :  A  CHANGE I N ORIENTATIO N ALS O CHANGES PHENOMENAL SHAPE. 
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FIGURE 6 :  A  AN D C  AR E IDENTICA L EXCEPT FO R ORIENTATION;  LIKEWIS E FO R B  AN D D . 
THE CHANGE I N ORIENTATIO N CAUSES A  CHANGE I N PHENOMENAL SHAPE, 
AND A  CONCOMITANT CHANGE I N SIMILARIT Y PATTERNS. 

properties; It is only symmetry about the vertical axis which seems to 
characteriz e a  form .  Sjrmmetr y aroun d othe r  axe s i s considerabl y mor e difficul t 
t o detect ,  an d doe s no t  see m t o influenc e resemblanc e patterns . 

Happily, we do not need to go out and collect the relevant data, since 
much o f  i t  i s  alread y available ,  thank s largel y t o Gestal t  psycholog y an d it s 
descendants .  Th e ful l  se t  o f  appearanc e specification s (an d w e coun t  a  half -
doze n o r  so )  include s uni t  formation ,  figure/groun d assignment ,  orientation , 
assignmen t  o f  relativ e depth ,  an d s o on .  I n al l  thes e ways ,  perceptio n goe s 
beyon d th e informatio n given ,  imposin g meanin g o n a  form .  Thes e specification s 
literall y shap e ho w th e for m looks ,  an d changin g thes e wil l  chang e appearance . 
Thi s i n tur n wil l  chang e resemblanc e patterns ,  an d s o wil l  chang e wha t  a  for m 
i s likel y t o cal l  t o mind . 

Just as the specifications shape percepts, they also shape images. Hence 
changin g ho w a n imag e i s understoo d wil l  creat e a  ne w phenomena l  form .  A s 
Casey (1976 )  put s it ,  "t o imagin e somethin g differentl y i s t o imagin e somethin g 
different. "  A s a  consequence ,  whil e th e presen t  experiment s exploi t  orienta -
tion ,  simila r  imager y demonstration s shoul d b e possibl e wit h othe r  specifica -
tions .  On e o f  ou r  curren t  studie s i s explorin g thi s point ,  bu t  ther e ar e 

FIGURE 7 :  I T I S SYMMETRY AROUND TH E VERTICA L AXI S WHICH INFLUENCES FORM. 
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already some relevant data in the literature (e.g. Hinton, 1979; Reed, 1974; 
Slee ,  1980) .  I n Slee' s task ,  fo r  example ,  subject s ar e firs t  show n a  serie s 
of  shapes ,  includin g a  Roman numera l  twent y (Figur e 8 ) .  Later ,  subject s ar e 
shown prob e figure s (suc h a s th e parallelogram )  an d aske d whethe r  thes e wer e 
containe d i n an y o f  th e earlie r  forms .  Subject s ar e explicitl y  urge d t o imagin e 
variou s construction s arovin d th e prob e shapes ,  i n orde r  t o discove r  i f  the y ca n 
"build "  thei r  wa y bac k t o an y o f  th e shape s i n th e memor y set . 

When the probes and memory figures differ in their organization, this task 
i s ver y difficult ,  an d failur e rate s ar e high .  Thi s obviousl y parallel s ou r  ow n 
findings :  B y virtu e o f  th e differen t  organization ,  th e prob e doe s no t  resembl e 
th e memor y figure ,  an d s o wil l  no t  cal l  i t  t o mind .  (Interestingly ,  th e Ree d 
and Sle e dat a diffe r  fro m our s i n on e respect :  Ou r  dat a yiel d 0 % succes s rates ; 
the y repor t  occasiona l  successes .  Neithe r  Ree d no r  Slee ,  however ,  hav e an y 
chec k i n thei r  procedure s o n ho w subject s initiall y  encode d th e figure .  I t 
seems entirel y possibl e tha t  th e successe s com e fro m subject s wh o encode d 
th e for m i n a  manne r  consisten t  wit h th e probe. ) 

I n thes e variou s ways ,  then ,  menta l  image s behav e a s menta l  representation s 
must  behave ,  wit h thei r  functio n bounde d b y thei r  particula r  meaning .  I n fact , 
by bein g a  propert y o f  menta l  representation s i n general ,  rathe r  tha n jus t  o f 
images ,  w e shoul d b e abl e t o fin d paralle l  demonstration s i n othe r  domains .  We 
hav e bee n discussin g th e parallel s betwee n imager y an d perception ,  bu t  w e ca n 
als o fin d comparabl e effect s i n mor e distan t  regions .  Fo r  example ,  conside r 
Tulving' s encodin g specificit y demonstrations .  I n thes e studies ,  subject s ar e 
le d t o understan d a  verba l  stimulu s on e wa y durin g th e learnin g proces s an d a 
differen t  wa y durin g th e test .  Becaus e o f  this ,  subject s fai l  t o recogniz e a 
wor d see n jus t  minute s before ,  jus t  a s ou r  subject s faile d t o recogniz e th e 
familia r  shap e o f  Texas .  An d thi s paralle l  shoul d exist ,  inasmuc h a s certai n 
propertie s ar e entaile d b y bein g a  menta l  representation ,  whethe r  th e repre -
sentatio n i s a n imag e o r  i n som e othe r  form ,  whethe r  th e thin g represente d i s 
a shap e o r  a  word . 

Subject s ar e show n \  A  /  Subject s ar e late r 
a serie s o f  figures ,  V  V  asked ,  "Wa s thi s 

includin g thi s / \ / \  P^^ t  o f  on e o f  th e 
"Roman-numera l  20" .  /  Y  \  previou s figures? " 

FIGURE 8 :  SUMMARY O F SLE E PROCEDURE. 

219 



REISBERG AN D CHAMBERS 

We d o not ,  however ,  wis h t o sugges t  tha t  thes e variou s form s o f  menta l 
representatio n ar e interchangable .  Images ,  a s on e mod e o f  representation ,  ar e 
a particula r  mean s o f  representing ,  o f  embodyin g a n idea ,  an d the y emplo y a 
particula r  medium .  Th e natur e o f  imager y demand s tha t  som e aspect s o f  th e ide a 
be spelle d out ,  whil e othe r  aspect s ca n b e omitted .  Fo r  example ,  t o abus e th e 
tige r  exampl e on e las t  time ,  i f  on e think s abou t  th e tige r  withou t  imagery ,  on e 
may o r  ma y no t  includ e i n th e though t  whethe r  th e tige r  i s standin g o r  sitting , 
whethe r  i t  i s  facin g t o th e lef t  o r  t o th e right ,  an d s o on .  If ,  however ,  on e 
image s a  tiger ,  on e mus t  commi t  onesel f  o n thes e aspects ,  bu t  giv e n o though t 
t o whethe r  th e tige r  i s hungry ,  fo r  example . 

In other words, there are properties that images must have because they 
ar e menta l  representation s — the y canno t  b e ambiguous ,  the y canno t  b e 
indeterminat e i n certai n regards .  A t  th e sam e time ,  ther e ar e propertie s tha t 
image s hav e becaus e the y ar e image s — the y mus t  spel l  ou t  positio n i n a  wa y 
tha t  othe r  representation s ma y not ,  the y spel l  ou t  a  viewin g perspective ,  etc . 
I t  i s  thi s secon d se t  o f  properties ,  th e one s tha t  mak e image s images ,  whic h 
i s tappe d b y curren t  imager y paradigms .  An d thes e ar e importan t  properties : 
Sinc e th e imag e represent s th e tige r  i n a  certai n shape ,  on e migh t  b e reminde d 
of  thing s sharin g tha t  shape .  Sinc e th e imag e migh t  leav e ou t  th e fac t  tha t 
tiger s ar e predators ,  on e migh t  no t  b e reminde d o f  othe r  predators ,  an d s o on . 
Thus ,  i f  th e sam e ide a wer e embodie d i n a  differen t  representationa l  guise , 
one i s likel y t o fil l  i n a  somewha t  differen t  se t  o f  aspects ,  creatin g a 
differen t  patter n o f  resemblances ,  an d s o a  differen t  patter n o f  evokations . 

This obviously invites a flood of questions: What are these modes of 
representing ? Ho w man y o f  the m ar e there ? Ho w ar e the y differen t  o r  ho w ar e 
the y alike ? Yo u wil l  recogniz e thes e a s jus t  th e issue s a t  stak e i n th e 
Kossly n /  Pylyshy n exchanges ,  an d w e believ e the y ar e precisel y th e righ t 
issue s t o b e pursuing .  Ou r  vie w o f  imager y draw s element s fro m bot h o f  th e 
participant s i n thes e exchanges :  Wit h Pylyshyn ,  w e ar e arguin g tha t  image s 
ar e no t  onl y cognitivel y penetrable ,  the y ar e cognitivel y penetrated .  Wit h 
Kosslyn ,  w e ar e arguin g tha t  ther e ar e specia l  propertie s whic h identif y 
imagery .  More ,  w e shar e Kosslyn* s vie w tha t  th e representationa l  mediu m under -
liein g imager y i s als o th e mediu m \inderliein g perception .  Tha t  obviousl y fit s 
bot h wit h ou r  dat a an d th e man y commonalitie s betwee n image s an d percepts . 

We have been focusing on the parallels between images and percepts with 
regar d t o resemblanc e an d evokation ,  s o i t  i s  wort h circlin g bac k t o th e 
earlie r  discussio n o f  ambiguity .  We argue d a t  lengt h tha t  image s ar e totall y 
unambiguous ;  w e wan t  t o stres s tha t  th e sam e i s tru e fo r  percepts .  Th e 
percept s associate d wit h th e Necke r  cub e ar e no t  indeterminat e abou t  depth , 
the y specif y on e configuratio n o r  another .  Likewis e fo r  th e Rubi n vase/face : 
I f  on e perceive s th e vase ,  th e perceive d stimulu s ha s a  particula r  dept h 
arrangement ,  th e groun d i s "completed "  s o tha t  i t  continue s behin d th e 
figure ,  an d s o on .  Henc e th e perceive d vas e ha s differen t  propertie s fro m th e 
face ;  i t  als o evoke s differen t  memorie s (includin g a  differen t  label) .  Mos t 
important ,  subject s wil l  den y eve r  havin g see n th e fac e befor e if ,  o n som e 
prio r  occasion ,  th e figur e wa s organize d a s th e vase .  B y an y o f  thes e 
indices ,  th e vas e an d fac e ar e simpl y tw o differen t  percepts ,  eac h b y itsel f 
unambiguous . 
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Ther e clearl y i s ambiguit y i n th e vase/face ,  bu t  i t  i s  i n th e stimulus , 
not  i n th e percept s derive d fro m it .  Thi s i n fac t  allow s u s t o dea l  wit h a n 
earlie r  loos e end :  When subject s i n ou r  earl y experiment s image d th e duck / 
rabbit ,  the y reliabl y faile d t o discove r  bot h interpretation s o f  th e form .  Bu t 
when subject s ar e perceivin g th e duck/rabbit ,  the y routinel y reinterpre t  th e 
shape .  Thi s contrast ,  w e believe ,  come s directl y fro m th e presenc e o f  a 
stimulu s i n perception ,  i.e .  a n inpu t  whic h i s independen t  o f  ou r  understandin g 
of  it .  Henc e i t  i s  possibl e t o se t  ou r  understandin g asid e an d retur n t o thi s 
"ra w material, "  potentiall y  allowin g u s t o arriv e a t  a  differen t  percept . 
Imager y lack s thi s equipotentia l  stimulus ,  makin g image s (i n thi s regard )  mor e 
rigid ,  mor e inflexibl e tha n percepts . 

This draws us to an important concluding point. While we have emphasized 
th e commonalitie s betwee n image s an d percepts ,  w e als o nee d t o not e th e 
importan t  difference s betwee n imager y an d perception .  Perceptio n begin s wit h 
a stimulus ,  an d i s largel y occupie d wit h th e understandin g o r  identificatio n 
of  tha t  stimulus .  A t  th e en d o f  thi s proces s i s th e percept ,  a  menta l 
representation ,  an d henc e al l  tha t  i s  entaile d b y bein g a  menta l  representation . 
I t  i s  thu s th e product s o f  imager y an d perceptio n whic h ar e similar ,  bu t  th e 
processe s leadin g t o eac h ar e clearl y different .  Th e image ,  quit e unlik e th e 
percept ,  i s  no t  th e resul t  o f  som e interpretiv e process ,  because ,  a s w e hav e 
argue d throughout ,  ther e I s nothin g t o b e interpreted .  Thus ,  image s an d 
percept s ar e paralle l  representation s with ,  w e believe ,  virtuall y non-over -
lappin g histories . 
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ABSTRACT 

Evidence is presented indicating that spontaneously 
generate d analogie s ca n pla y a  significan t  rol e i n exper t  proble m 
solving .  Sinc e no t  al l  analogie s ar e valid ,  i t  i s  importan t  fo r 
th e subjec t  t o hav e a  wa y t o evaluat e thei r  validity .  Thre e 
method s fo r  evaluatin g analogica l  validit y ar e identifie d usin g 
observation s fro m thinkin g alou d proble m solvin g protocol s a s wel l 
as example s fro m Newto n an d Galileo .  I n particular ,  thi s pape r 
focuse s o n a n evaluatio n strateg y calle d bridgin g tha t  ha s bee n 
observe d i n solution s t o bot h scienc e an d mathematic s problems . 
I n constructin g a  bridge ,  th e subjec t  find s a n intermediat e cas e 
tha t  i s see n a s "i n between "  th e analogou s cas e an d th e proble m 
situatio n becaus e i t  share s importan t  feature s o f  both .  Man y o f 
th e bridge s observe d appeare d t o b e nove l  invention s create d b y 
th e subject .  Thes e empirica l  studie s hav e le d t o th e constructio n 
of  a  mor e detaile d theor y fo r  ho w analogie s ca n b e use d 
effectivel y i n instruction .  Some o f  th e strategie s observe d i n 
expert s appea r  t o hav e hig h potentia l  fo r  helpin g scienc e student s 
overcom e persisten t  misconception s i n th e classroom . 

A number of authors have emphasized the important role of analogies in 
proble m solvin g an d learning ,  includin g Gentne r  an d Gentne r  (1983) ,  Rummelhar t 
and Norma n (1980) ,  an d Gic k an d Holyoa k (1980) .  Exper t  subject s hav e bee n 
observe d t o generat e an d us e analogie s spontaneousl y durin g proble m solvin g 
(Clement ,  1981) .  However ,  sinc e no t  al l  analogie s ar e valid ,  i t  i s  importan t 
fo r  th e subjec t  t o hav e a  wa y t o evaluat e thei r  validity .  Thi s pape r 
identifie s method s use d t o evaluat e an d establis h confidenc e i n th e validit y 
of  a  hypothesize d analogy .  "Validity "  i s  use d her e i n a  wea k sens e outsid e 
th e contex t  o f  deductiv e certainty .  Sinc e conclusion s reache d b y analog y ar e 
viewe d a s alway s havin g a  certaint y leve l  o f  les s tha n 100% ,  establishin g 
validit y her e mean s "raisin g confidenc e i n th e appropriatenes s o f  th e analog y 
t o a  hig h level. " 

The focu s i n th e stud y o f  expert s i s o n qualitativ e observation s fro m 
cas e studie s an d coars e graine d modelin g o f  underlyin g processes .  Th e primar y 
purpos e i s t o identif y importan t  reasonin g strategie s tha t  occurre d acros s 
differen t  subject s an d problem s an d t o propos e a n initia l  descriptio n o f  thei r 
for m an d function .  Thi s stud y contrast s wit h othe r  studie s wher e th e subjec t 
i s  presente d wit h al l  o r  par t  o f  a n analog y an d i s give n th e opportunit y t o 
use i t  o r  complet e i t  sinc e th e analogie s studie d her e wer e no t  suggeste d b y 
th e experimenter ,  bu t  wer e generate d spontaneousl y b y th e subjects .  Th e pape r 
als o attempt s t o for m a  direc t  lin k betwee n thre e ordinaril y  distinc t  domains : 
exper t  proble m solving ,  argument s i n th e histor y o f  science ,  an d strategie s 
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fo r  instruct ion .  Method s use d t o evaluat e analogie s i n eac h o f  thes e domain s 

wil l  b e discussed .  Th e method s hav e importan t  implication s fo r  educat ion , 

becaus e whe n student s ar e presente d wit h a  "c lar i fy ing "  analogou s case ,  the y 

may ver y wel l  no t  understan d wh y i t  i s  analogou s t o th e target ,  unles s the y 

ca n convinc e themselve s intuit ivel y tha t  th e analog y i s valid . 

USE OF ANALOGIES IN EXPERT PROBLEM SOLVING 

I first give two brief examples of the role of analogies in problem 

solvin g fro m thinkin g alou d studie s involvin g experience d professional s i n 

technica l  f ie lds .  Th e "Whee l  Problem "  il lustrate d i n Fig .  1 ,  i s  a  questio n 
abou t  whethe r  on e ca n exer t  a  mor e ef fect iv e uphil l  forc e paralle l  t o th e 

slop e a t  th e to p o f  a  whee l  o r  a t  th e leve l  o f  th e axl e (a s i n pushin g o n th e 

wheel  o f  a  covere d wagon ,  fo r  examp le ) .  A  spontaneou s analog y occur s whe n th e 

subjec t  spontaneousl y shift s hi s attentio n t o a  di f feren t  situatio n B  tha t  h e 
bel ieve s ma y b e structural l y simila r  t o th e origina l  proble m situatio n A ,  wit h 

th e inten t  o f  possibl y applyin g f inding s fro m B  t o A .  Subjec t  S I  compare d th e 

wheel  t o th e analogou s cas e o f  pushin g o n a  heav y leve r  hinge d t o th e hil l 

(Fig .  2 b ) .  H e reasone d tha t  pushin g a t  th e poin t  highe r  u p o n th e leve r  woul d 

requir e les s force .  H e the n mad e a n inferenc e b y analog y tha t  th e whee l  woul d 

be easie r  t o pus h a t  th e to p (th e correc t  answer ) .  Apparent l y h e use d th e 

leve r  t o thin k abou t  wha t  wa s happenin g i n th e wheel . 

WHEEL PUSH OR "SYSIPHUS "  PROBLEM 

YOU ARE GIVEN THE TASK OF ROLLING A HEAVY WHEEL UP A HILL. DOES IT TAKE MORE. 
LESS.  OR THE SAME AMOUNT OF FORCE T O ROLL THE WHEEL WHEN YOU PUSH AT X,  RATHER 
THAN AT Y? 
ASSUME THAT YOU APPLY A FORCE PARALLEL TO THE SLOPE AT ONE OF THE TWO POINTS 
SHOWN.  AND THAT THERE ARE NO PROBLEMS WIT H POSITIONIN G OR GRIPPIN G THE WHEEL. 
ASSUME THAT THE WHEEL CAN BE ROLLED WITHOUT SLIPPIN G BY PUSHING I T AT EITHE R 
POINT. 

Figur e 1 

Figur e 2 
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A secon d exampl e concern s th e "Sprin g Problem "  show n i n Fig .  3 .  Severa l 

subject s conjecture d tha t  thi s proble m wa s analogou s t o th e simple r  cas e (Fig . 

4b )  o f  comparin g lon g an d shor t  horizonta l  rod s ben t  b y equa l  weight s hun g a t 
thei r  ends .  I n mos t  cases ,  a  stron g intuitio n tha t  th e longe r  ro d bend s mor e 

was use d t o predic t  th e correc t  resul t  tha t  th e wide r  sprin g stretche s more . 

Thu s th e bendin g ro d wa s use d a s a n analogou s cas e fo r  thinkin g abou t  th e 

spring .  Tha t  th e wid e sprin g wil l  stretc h farthe r  seem s t o correspon d t o mos t 

people' s initia l  intuitio n abou t  th e problem .  However ,  careful l y answerin g 

th e questio n abou t  wh y th e wid e sprin g stretche s mor e (an d explainin g exact l y 

wher e th e restorin g forc e o f  th e sprin g come s f rom )  i s a  muc h mor e di f f icul t 
task . 

Ten professor s an d advance d graduat e student s i n technica l  f ield s wer e 

recorde d whil e solvin g th e sprin g proble m i n orde r  t o stud y th e analog y 

generatio n process .  The y wer e tol d tha t  th e purpos e o f  th e intervie w wa s t o 

stud y proble m solvin g method s an d wer e give n instruction s t o solv e th e proble m 

"i n an y wa y yo u can" .  Afte r  the y reache d a n answer ,  subject s wer e aske d t o 

giv e a n estimat e o f  thei r  confidenc e i n thei r  answer .  The y wer e the n aske d i f 

ther e wa s an y wa y the y coul d increas e thei r  confidence ,  an d thi s ofte n le d t o 

furthe r  wor k o n th e problem .  Probin g b y th e interviewe r  wa s kep t  t o a 

minimum ,  usuall y consistin g o f  a  reminde r  t o kee p talking .  Occasional l y th e 

interviewe r  woul d as k fo r  clarif icatio n o f  a n ambiguou s statement . 

Some o f  th e solution s wer e quit e comple x an d too k u p t o 9 0 minute s t o 
complete .  Al l  subject s favore d th e (correct )  answe r  tha t  th e wid e sprin g 

woul d stretc h farther .  Bu t  th e subject s varie d considerabl y i n th e type s o f 

explanation s the y gav e fo r  thei r  prediction .  A  considerabl e numbe r  o f 

spontaneou s analogie s wer e observed ,  a s describe d below . 

SPRING PROBLEM 

A WEIGHT IS HUNG ON A SPRING. THE ORIGINAL SPRING IS REPLACED WITH A SPRING 

- MADE OF THE SAME KIND OF WIRE. 
-  WITH THE SAME NUMBER OF COILS . 
-  BUT WITH COIL S THAT ARE TWICE AS WIDE I N DIAMETER. 

WILL THE SPRING STRETCH FROM ITS NATURAL LENGTH. MORE. LESS. OR THE SAME 
AMOUNT UNDER THE SAME WEIGHT? (ASSUME THE MASS OF THE SPRING I S NEGLIGIBL E 
COMPARED T O THE MASS OF THE WEIGHT).  WHY 0 0 YOU THIN K SO? 

(I ) 

g . 

(2 ) 

i  STRETCH 

Figur e 3 
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Figur e 4 
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Number of Subjects 10 
Tota l  Number  o f  Spontaneou s Analogie s Generate d 3 8 
Tota l  Number  o f  Significan t  Analogie s Generate d 3 1 
Number  o f  Subject s Generatin g a t  Leas t  On e Analog y 8 
Number  o f  Subject s Generatin g a  Significan t  Analog y 7 

An analogy was classified as significant if it appeared to be part of a 
attemp t  t o generat e o r  evaluat e a  solution ,  an d a s non-significan t  i f  i t  wa s 
simpl y mentione d a s a n asid e o r  commentary .  Thu s ther e i s evidenc e tha t 
scientificall y traine d individual s ar e capabl e o f  generatin g analogie s durin g 
proble m solving . 

Subject s indicate d varyin g degree s o f  certaint y abou t  th e 
appropriatenes s o f  eac h propose d analogy .  Sometime s the y woul d decid e tha t 
th e ne w cas e wa s no t  analogou s t o th e origina l  proble m i n a  usefu l  way .  I n 
othe r  instance s furthe r  wor k woul d lea d the m t o establis h confidenc e i n th e 
validit y o f  a n analogy .  Thes e observation s sugges t  tha t  th e followin g 
processe s ar e involve d i n makin g a  confiden t  inferenc e fro m a  spontaneou s 
analog y (Clement ,  1981) .  (I n thi s descriptio n w e mak e a  distinctio n betwee n 
th e analogou s case ,  show n a s "B "  i n Fig .  4 ,  an d th e analog y relation ,  show n a s 
th e smal l  lett iF^a". ) 

a) Generating the analogy. A representation of a situation B that is 
potentiall y  analogou s t o A  i s accesse d i n memor y o r  constructed . 
A tentativ e analog y relatio n "a "  i s se t  u p betwee n A  an d B  (e.g . 
betwee n th e whee l  an d th e lever) . 

b) Evaluating validity: Establishing confidence in the analogy 
relation .  Th e validit y o f  th e analog y relatio n betwee n A  an d B  i s 
examine d criticall y an d i s establishe d a t  a  hig h leve l  o f 
confidenc e (confidenc e tha t  th e whee l  work s lik e th e lever) . 

c) Understanding the analogous case. The subject examines and, if 
necessary ,  develop s hi s o r  he r  understandin g o f  th e analogou s cas e 
B,  s o tha t  th e behavio r  o f  th e analogou s cas e i s well-understood , 
or  a t  leas t  predictabl e (th e leve r  i s  well-understood) . 

d) Transferring findings. The subject transfers conclusions or 
method s fro m B  bac k t o A . 

Steps b, c and d above were observed to occur in different orders in different 
solutions . 

METHODS FOR EVALUATING THE ANALOGY RELATION 

Methods for generating analogies (step (a) above), are discussed in 
Clemen t  (1981) .  Th e remainde r  o f  thi s pape r  focuse s o n ste p (b )  above .  Thre e 
method s o f  evaluatin g validit y wil l  b e discussed :  matchin g ke y features ; 
generatin g a  bridgin g case ;  an d usin g a  conservin g transformation .  A  fourt h 
possibl e method ,  analyzin g th e tw o case s i n term s o f  a  highe r  leve l  principle , 
i s  no t  treate d here .  Thi s pape r  concentrate s mos t  o n th e secon d method : 
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generatin g a  bridgin g case .  Example s o f  evaluatio n method s wil l  b e draw n fro m 

a large r  sampl e o f  2 0 exper t  subject s wh o solve d a  variet y o f  problems . 

Evaluatin g th e leve r  analog y fo r  th e wheel .  A  fair l y  obviou s strateg y 

fo r  evaluatin g th e validit y o f  a n analog y relatio n i s t o asses s whethe r  ther e 

i s a  structura l  matc h betwee n case s A  an d B  i n term s o f  ke y feature s tha t  ar e 

importan t  fo r  th e behavio r  o f  th e systems .  Thi s involve s isolatin g th e ke y 

feature s (especiall y highe r  orde r  relationship s a s define d i n Gentne r  an d 

Gentner ,  1983 )  i n eac h o f  th e case s A  an d B  an d comparin g the m expl ici t ly .  I n 

th e "Whee l  Problem "  discusse d earl ie r  subjec t  S I  wa s confiden t  tha t  i t  woul d 

be easies t  t o mov e th e heav y leve r  i n Fig .  2 b b y pushin g a t  poin t  X ,  bu t  h e 

questione d whethe r  ther e wa s a  vali d analog y relatio n betwee n th e whee l  an d 

th e lever .  Ca n on e reall y vie w th e whee l  a s a  lever ,  give n tha t  th e "fulcrum " 

at  th e botto m o f  th e whee l  i s alway s movin g an d neve r  fixed ? I n matchin g ke y 

features ,  h e foun d a  potentia l  mismatc h betwee n th e stationar y fulcru m a t  th e 

botto m o f  th e leve r  an d th e movin g fulcru m a t  th e poin t  o f  contac t  o f  th e 

wheel  tha t  le d hi m t o doub t  th e analogy .  Thus ,  matchin g ke y feature s i s on e 

metho d fo r  evaluatin g th e validit y o f  analogies . 

However ,  h e als o use d a  second ,  mor e creativ e metho d fo r  evaluatin g 

validity .  H e considere d a  bridgin g cas e i n th e for m o f  th e spoke d whee l 

withou t  a  ri m show n i n Fig .  5C .  Th e spoke d whee l  allow s on e t o vie w th e 

origina l  whee l  a s a  collectio n o f  man y levers .  I t  i s  a  bridg e i n th e sens e o f 
bein g a n intermediat e cas e whic h share s feature s wit h bot h th e whee l  an d th e 

lever .  Th e bridgin g cas e reduce d th e subject' s concer n abou t  th e movin g 

fulcru m issu e an d raise d th e subject' s confidenc e i n th e appropriatenes s o f 

th e leve r  model . 

Presumably ,  thi s metho d work s becaus e i t  i s  easie r  t o comprehen d a 

"close "  analog y tha n a  "distant "  one .  Th e bridg e divide s th e analog y int o tw o 

smal l  step s whic h ar e easie r  t o comprehen d tha n on e larg e step .  I t  i s  easie r 

t o se e tha t  th e rea l  whee l  shoul d behav e lik e a  rimles s spoke d wheel ,  an d tha t 

th e rimles s spoke d whee l  shoul d behav e lik e a  lever ,  tha n t o mak e thi s 

inferenc e i n on e step .  Th e spoke d wheel ,  then ,  i s a n exampl e o f  a  bridgin g 

cas e constructe d b y th e subjec t  i n orde r  t o establis h confidenc e i n th e 

DOUGHNUT PROBLEM 

COMPUTE THE VOLUME OE THE TOKUS (DOUGHNUT) BtLOU WITHOUT TAKING AN INTEGRAL. 
GIVE A N APPROXIMATE ANSWER I F YOU CANNOT UETEKMINE A N EXACT ONE. 

A 

j t - - i 

Figur e 5 
Figur e 6 
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validit y o f  th e analog y relatio n betwee n th e leve r  an d th e wheel . 
Bridgin g fro m doughnut s t o cylinders .  Anothe r  exampl e o f  a  bridg e 

occurre d i n a  solutio n t o th e mathematic s proble m (show n i n Fig .  6 )  o f  findin g 
th e volum e o f  a  doughnut .  Subjec t  S 3 firs t  conjecture d tha t  th e volum e migh t 
be th e sam e a s th e answe r  t o th e analogou s proble m o f  findin g th e volum e o f  a 

cylinde r  (th e "staightene d out "  doughnut) .  H e though t  th e appropriat e lengt h 
fo r  th e cylinde r  woul d b e equa l  t o th e centra l  o r  "average "  circumferenc e o f 
th e toru s (2i r  (r^-rn) )  bu t  wa s onl y "70 % sure "  o f  this .  However ,  h e the n 
evaluate d th e plausibilit y  o f  thi s choic e b y considerin g th e bridgin g cas e o f 
a square-shape d doughnu t  show n i n Fig .  7 .  H e the n showe d tha t  th e fou r  side s 
of  th e squar e doughnu t  coul d b e joine d en d t o en d t o for m a  singl e lon g 
cylinde r  wit h slante d ends .  H e reasone d tha t  th e volum e o f  thi s lon g cylinde r 
woul d b e exactl y equa l  t o it s circula r  cros s sectio n time s it s centra l  lengt h 
and tha t  therefor e th e appropriat e lengt h t o us e i n th e squar e doughnu t  wa s 
th e averag e o f  it s  inne r  an d oute r  perimeters .  Thi s raise d hi s confidenc e i n 
hi s origina l  solutio n t o "85Z" .  H e the n reache d th e sam e conclusio n fo r  th e 
cas e o f  a  hexagona l  doughnut ,  an d thi s raise d hi s confidenc e t o "lOOZ "  fo r  th e 
problem .  Thi s i s a n exampl e o f  a  multipl e bridge .  Thu s th e bridgin g case s o f 
a squar e an d hexagona l  doughnu t  helpe d th e subjec t  chang e hi s origina l 
conjectur e abou t  th e cylinde r  int o a  fir m conviction . 

Bridgin g betwee n rod s an d springs .  I n th e sprin g proble m subjec t  S I  ha d 
generate d th e analog y o f  a  horizonta l  bendin g rod .  However ,  h e wa s concerne d 
abou t  th e apparen t  lac k o f  a  matc h betwee n th e Increasin g slop e i n a  bendin g 
ro d an d th e constan t  slop e i n a  stretche d sprin g (tha t  a  bu g woul d experienc e 
i n walkin g dow n th e spring) .  Thi s le d hi m t o questio n whethe r  th e analog y 
relatio n betwee n th e ro d an d th e sprin g wa s valid . 

An extremel y successfu l  attemp t  a t  a  bridg e betwee n th e cas e o f  a  singl e 
coi l  o f  th e sprin g an d th e bendin g ro d analog y occurre d whe n thi s subjec t 
generate d th e ide a o f  a  square-shape d coi l  i n Figur e 8 .  Visualizin g th e 
stretchin g o f  a  squar e coi l  allowe d hi m t o recogniz e tha t  som e o f  th e 
restorin g force s i n th e sprin g com e fro m twistin g i n th e wir e instea d o f 
bendin g — correspondin g t o th e wa y i n whic h engineerin g specialist s vie w 
springs .  Thi s discover y o f  a  ne w causa l  variabl e i n th e syste m appear s t o b e 
an exampl e o f  a  significan t  scientifi c  insight .  I n thi s cas e th e squar e 
sprin g no t  onl y helpe d hi m evaluat e th e bendin g ro d model ,  i t  eventuall y 

Figur e 7 

^ 

^ 

Figur e 8 
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acquired the role of a preferred mental model which changed his conception of 
how spring s work .  Thi s significantl y increase d th e subject' s confidenc e 
concernin g th e questio n o f  whethe r  h e ha d a  goo d understandin g o f  th e spring . 

Discussio n o f  finding s o n bridging .  Bridgin g i s indicativ e o f  th e 
recursiv e possibilitie s inheren t  i n reasonin g processe s lik e th e us e o f 
analogies .  Sinc e a  bridgin g cas e i s itsel f  a n analogou s case ,  i t  ca n b e 
describe d a s a n analog y use d t o evaluat e a  previou s analog y (or ,  mor e 
precisely ,  a s a  secon d analogou s cas e use d t o evaluat e th e analog y relatio n 
betwee n a  firs t  analogou s cas e an d th e origina l  problem) .  We ca n summariz e 
our  vie w o f  bridgin g a s on e metho d fo r  evaluatin g th e analog y relatio n betwee n 
a proble m situation .  A ,  an d a n analogou s case ,  B ,  a s follows : 

1) The subject constructs a representation for an intermediate 
bridgin g situatio n C  whic h share s importan t  feature s wit h bot h A 
and B . 

2) The subject asks whether the analogy relation between A and C is 
valid . 

3) The subject also asks whether the analogy relation between C and B 
i s vali d wit h respec t  t o th e sam e relationship s a s i n ste p 2 . 

4) If the subject can answer yes to both questions with high 
confidence ,  thi s constitute s evidenc e fo r  th e validit y o f  th e 
origina l  analogy. ' 

Here A being analogous to C and C being analogous to B means that A is 
analogou s t o B .  We ca n refe r  t o thi s typ e o f  inferenc e a s analogica l 
transitivity .  However ,  i t  shoul d b e note d tha t  analogica l  transitivit y i s 
considere d a  for m o f  plausibl e reasonin g whic h doe s no t  carr y th e forc e o f  a 
logica l  implication . 

I t  i s  clea r  tha t  man y o f  th e bridge s discusse d her e ar e nove l 
construction s i n th e sens e tha t  the y ar e situation s whic h th e subjec t  i s 
unlikel y t o hav e studie d o r  worke d wit h before .  Thi s indicate s tha t  the y ar e 

invente d representation s i n th e for m o f  creativ e Gedanke n experiment s tha t 
hav e bee n constructed ,  no t  simpl y retrieve d fro m memory .  I n theorie s o f 
scientifi c  discovery ,  hypothesi s generatio n i s ordinaril y  see n a s a  mor e 
creativ e proces s tha n hypothesi s evaluation .  However ,  i n th e cas e o f  bridgin g 
we ar e face d wit h a  creative ,  non-empirica l  evaluatio n metho d whic h generate s 
nove l  constructions .  Thu s w e see m t o hav e evidenc e fo r  a  typ e o f  "creativ e 
hypothesi s evaluation "  process . 

ANALOGIES AND BRIDGES IN THE HISTORY OF SCIENCE 

Legend has it that Galileo investigated the question of whether light 
bodie s accelerat e a s rapidl y a s heav y bodie s i n a n empirica l  manne r  b y 
droppin g object s fro m th e towe r  o f  Pisa ,  bu t  thi s legen d ha s com e unde r 
seriou s doubt .  Howeve r  i t  i s  know n tha t  Galile o an d hi s predecessor , 
Benedetti ,  di d us e though t  experiment s lik e th e followin g on e t o argu e thei r 
sid e i n thi s issue .  Figur e 9 a show s tw o equa l  object s o f  on e uni t  eac h bein g 
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droppe d whil e Figur e 9 b show s a  heavie r  objec t  bein g droppe d tha t  i s equa l  t o 
th e tw o smalle r  object s combined .  Accordin g t o Aristotl e th e on e uni t  object s 
wil l  fal l  muc h mor e slowl y tha n th e large r  object .  Galile o claime d tha t  the y 
wil l  reac h th e groun d a t  nearl y th e sam e time .  I n sayin g thi s h e wa s 
effectivel y proposin g a n analog y betwee n case s A  an d B  i n Figur e 9  t o th e 
effec t  tha t  eac h bod y fall s accordin g t o th e sam e rul e irrespectiv e o f  it s 
weight . 

Figur e 9 

A marvelou s bridgin g cas e use d t o suppor t  thi s analog y i s th e cas e show n 
i n Figur e 9c .  Th e argumen t  wa s firs t  publishe d b y Benedett i  (1969 )  an d a 
simila r  argumen t  wa s give n b y Galile o (1954) .  Imagin e th e tw o uni t  object s i n 
A t o b e connecte d b y a  thi n lin e o r  thread .  Doe s th e mer e additio n o f  thi s 
tin y thread ,  whic h make s th e tw o object s becom e one ,  caus e thei r  rat e o f  fal l 
t o increas e b y a  larg e amount ? Becaus e thi s i s implausible ,  th e bridg e argue s 
tha t  A  an d B  ar e Indee d equivalen t  wit h respec t  t o rate s o f  fall .  I n a n 
insightfu l  Gedanke n experiment ,  th e lightes t  threa d ca n apparentl y mak e al l 
th e difference . 

A bridg e use d b y Newton :  On e o f  th e mos t  extraordinar y scientifi c 
analogie s o f  al l  tim e wa s propounde d b y Rober t  Hook e an d Isaa c Newto n i n th e 
seventeent h century .  The y claime d tha t  th e moo n fall s towar d th e eart h jus t 

as a n everyda y objec t  (suc h a s a n apple )  does .  T o a  moder n physicist ,  thi s 
may see m mor e lik e a n obviou s fac t  tha n a  creativ e analogy ,  bu t  t o advocat e 
suc h a n ide a i n Newton' s tim e wa s no t  a n obviou s ste p a t  all .  On e ha s onl y t o 
imagin e th e consternatio n tha t  woul d b e produce d b y tellin g someon e ignoran t 
of  scienc e tha t  th e moo n i s falling . 

The propose d analog y relatio n i s represente d b y th e dotte d lin e i n 
Figur e 10 .  Essentiall y  thi s conjectur e say s tha t  th e sam e causa l  mechanis m i s 
Involve d i n makin g th e moo n revolv e aroun d th e eart h an d makin g a n appl e fall . 
A multipl e bridg e use d b y Newto n t o suppor t  thi s analog y i n hi s Principi a I s 
shown i n Figur e 10c .  Thi s i s th e ide a o f  a  cannonbal l  fire d faste r  an d faste r 
unti l  i t  enter s int o orbi t  aroun d th e eart h — a  premonitio n o f  moder n 
rocketry . 
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Figur e 1 0 

Thes e bridgin g case s stan d betwee n th e cas e o f  a  cannonba1 1 droppe d 
straigh t  dow n an d th e cas e o f  th e moo n circulatin g i n orbit .  The y hel p on e 
see ho w th e motio n o f  a  droppe d objec t  an d th e motio n o f  th e moo n ca n hav e th e 
same caus e i n th e gravitationa l  pul l  o f  th e earth .  Thu s bridgin g case s ar e t o 
be foun d i n th e histor y o f  scienc e a s wel l  a s i n th e protocol s o f  exper t 
proble m solvers . 

I n fac t  th e presenc e o f  a  serie s o f  man y bridgin g case s her e suggest s 
th e possibilit y  o f  smoot h transitio n fro m th e vertica l  dro p t o th e orbitin g 
object .  I n th e cas e o f  multipl e bridge s w e ar e approachin g wha t  ca n b e 
considere d a  thir d metho d o f  analog y evaluation ,  namely ,  findin g a  conservin g 
transformation .  Suc h a  transformatio n change s cas e A  int o cas e B  whil e 
conservin g importan t  relationship s tha t  mak e A  analogou s t o B .  Thinkin g abou t 
continuousl y increasin g th e horizonta l  spee d o f  launc h i n thi s cas e woul d 
constitut e a  conservin g transformatio n sinc e th e majo r  relationshi p o f  gravit y 
causin g th e acceleratio n o f  th e objec t  remain s unchanged . 

APPLICATIONS T O SCIENC E TEACHIN G 

Analogies and bridges may also have particular value in science teaching 
as a n ai d t o helpin g student s overcom e persisten t  misconceptions .  Recently ,  a 
fairl y  larg e literatur e ha s appeare d o n th e proble m o f  deep-seate d 
preconception s i n student s whic h ca n mak e th e accepte d scientifi c  mode l  see m 
counter-intuitiv e t o the m a t  a  qualitativ e leve l  (e.g. ,  Hel m an d Novak ,  1983 ; 
Clement ,  1983) .  Fo r  example ,  i n a  surve y o f  11 2 hig h schoo l  chemistr y 
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students who had not taken physics, we found that 75% of the students did not 
believ e tha t  a  tabl e pushe s u p o n a  book .  Th e physicis t  believe s tha t  sinc e 
al l  material s ar e deformable ,  th e tabl e wil l  deform ,  actin g lik e a  spring ,  an d 
provid e a n upwar d forc e jus t  larg e enoug h t o balanc e th e weigh t  o f  th e books . 
The difficult y her e i s no t  jus t  on e o f  student s lackin g a  particula r  fact . 
Pilo t  tutorin g interview s an d clas s discussion s indicat e tha t  man y student s 
expres s disbelie f  i n th e physicist' s  vie w an d hav e a  deepl y hel d belie f  tha t 
stationar y object s ar e rigi d barrier s whic h canno t  exer t  a  forc e o n thei r  own . 

On th e othe r  hand ,  96 % o f  th e student s di d believ e tha t  a  sprin g pushe s u p 
when i t  i s  compresse d wit h one' s hand .  Th e contras t  betwee n thes e result s i s 
interestin g sinc e th e physicis t  view s thes e tw o situation s a s essentiall y 
identical .  diSess a (1983 )  refer s t o th e concep t  o f  springines s a s a 
"phenomenologica l  primitive "  an d discusse s th e evolutio n o f  th e individual' s 
intuition s tha t  i s neede d t o becom e skille d i n physics . 

An interestin g conjectur e i s tha t  th e righ t  bridg e ma y hel p a  studen t 
believ e i n th e validit y o f  a n analog y propose d i n instruction .  Th e followin g 
instructiona l  strategy ,  suggeste d b y ou r  analysi s o f  experts ,  attempt s t o 
buil d basi c conceptua l  model s tha t  ar e grounde d i n intuition s th e studen t 
alread y has . 

Teaching Strategy: 
(1 )  Dra w ou t  th e conceptua l  difficult y i n a  concret e targe t 

situatio n A  wher e th e studen t  make s a  statemen t  tha t  i s  i n 
conflic t  wit h accepte d theory . 

(2 )  Searc h fo r  a  simpl e analogou s situatio n B  wher e th e studen t  ha s a 
reliabl e intuitio n tha t  i s i n agreemen t  wit h physica l  theor y an d 
tha t  i s a  relevan t  startin g poin t  fo r  th e are a o f  difficulty , 

(3 )  Stimulat e discussio n an d encourag e student s t o loo k fo r  an d matc h 
ke y feature s b y askin g the m t o describ e ho w A  an d B  ar e alik e an d 
different . 

(4 )  Student s ofte n wil l  stil l  no t  believ e tha t  A  i s analogou s t o B . 
Findin g a n ap t  bridg e tha t  appeal s t o th e students '  intuition s i s 
an importan t  techniqu e fo r  remedyin g this . 

The hand on the spring situation is a potential starting point for 
instructio n sinc e i t  draw s ou t  a  correc t  intuitio n fro m students .  Fo r  thi s 
reaso n w e cal l  i t  a n "anchor" .  Figur e 1 1 show s multipl e bridgin g case s use d 
t o hel p convinc e student s tha t  th e analog y betwee n th e "han d o n th e spring " 
ancho r  an d th e targete d "boo k o n th e table "  cas e i s valid .  We hav e attempte d 
t o us e thi s strateg y i n tutorin g studie s an d clas s session s wit h hig h schoo l 
student s an d fin d that :  1 )  Student s readil y understan d th e anchorin g case ;  2 ) 
many student s indee d d o no t  initiall y  believ e tha t  th e ancho r  an d th e targe t 
case s ar e analogous ;  3 )  th e bridgin g case s sparke d a n unusua l  amoun t  o f 
argumen t  an d constructiv e thinkin g i n clas s discussions ;  an d 4 )  th e bridgin g 
case s helpe d man y student s t o believ e i n th e analogy .  We ar e i n th e proces s 
of  collectin g dat a t o confir m thes e preliminar y results .  Minstrel l  (1982 )  ha s 
had som e succes s wit h a  relate d approach . 

I n thi s metho d then ,  w e ar e tryin g t o groun d th e student' s understandin g 
on a  physica l  intuitio n abou t  a  familia r  case .  Th e strateg y i s t o buil d o n 
and exten d th e intuitio n b y usin g analogica l  reasoning .  Th e proble m i s tha t 
student s wil l  no t  b e abl e t o understan d ho w othe r  case s ca n possibl y b e 
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analogou s t o th e familia r  case .  Presentin g th e righ t  analog y i s no t  enoug h — 
th e studen t  mus t  als o com e t o believ e i n th e validit y o f  th e analogy .  Th e 
techniqu e o f  bridgin g b y usin g chain s o f  analogie s combine d wit h discussio n t o 
encourag e activ e thinking ,  appear s t o b e helpfu l  fo r  thi s purpose . 

ANCHOR 
TRIGGERING 

CORRECT 
INTUITIO N 

BRIDGING CASES CONNECTING 
ANCHOR T O TARGET SITUATIO N TARGET 

SITUATION 
TRIGGERING 

MISCONCEPTION 

Figur e 1 1 

CONCLUSION 

The ability to evaluate the validity of analogies appears to play as 
importan t  a  rol e i n insightfu l  proble m solution s a s th e abilit y  t o generat e 
analogies .  Thre e method s fo r  evaluatin g validit y wer e discussed :  matchin g 
key features ,  bridging ,  an d findin g a  conservin g transformation .  Thes e 
pattern s o f  reasonin g wer e observe d t o occu r  i n differen t  proble m context s i n 
bot h scienc e an d mathematics .  Thes e empirica l  studie s hav e allowe d u s t o 
construc t  a  mor e detaile d theor y o f  ho w analogie s ca n b e use d effectivel y i n 
instruction .  A  metho d fo r  evaluatin g analogie s use d b y exper t  scientist s a s 
wel l  a s b y Newto n an d b y Galile o an d hi s predecessor s appear s t o b e a 
promisin g strateg y fo r  helpin g student s overcom e misconception s i n science . 

Not e 1 .  Th e subjec t  ma y als o us e bridgin g recursivel y b y bridgin g agai n 
betwee n C  an d B  o r  C  an d A  a s i n th e cas e o f  th e squar e an d hexagona l 
doughnuts . 

•Preparation of this paper was supported by a grant from the National Science 
Foundatio n #MDR8470579 . 
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INTRODUCTION 

The thesis that spatial frequency analysis of the retinal image plays a fundamental role in 
th e earl y stage s o f  visua l  processin g ha s receive d considerabl e evidentia l  suppor t  recently ,  bot h 
fro m psychophysic s (e.g. ,  (Campbel l  &  Robso n 1968) ,  (Sachs ,  Nachmia s &  Robso n 1971) , 
(DeValoi s &  DeValoi s 1980) ,  (Daugma n 1984a) )  an d neurophysiolog y (e.g. ,  (Campbel l  e t  al .  1969) , 
(Maffe i  &  Fiorentin i  1973) ,  (Schiller ,  Finla y &  Volma n 1976) ,  (DeValois ,  Yun d &  Heple r  1982)) . 
What  rol e th e spatia l  frequenc y informatio n s o extracte d play s i n late r  stage s o f  processin g 
remain s a n ope n question ,  thoug h on e tha t  ha s increasingl y receive d th e attentio n o f  theoretician s 
and modeller s (e.g. ,  (Ginsbur g 1978) ,  (Watso n 1983) ,  (Jane z 1983) ,  (Daugma n 1984b)) .  Her e w e 
presen t  result s whic h sho w ho w thi s informatio n coul d b e use d i n th e determinatio n o f  th e orien -
tatio n o f  environmenta l  surfaces ,  an d discus s th e limit s o f  suc h a  mode l  a s a n accoun t  o f  huma n 
perceptua l  capacities . 

ANISOTROPY,  SLANT ,  A N D S P E C T R UM 

Suppose a planar environmental surface is oriented perpendicular to the line of sight and 
produce s a n irradianc e patter n I(x,y )  o n th e retina ,  relativ e t o som e suitabl y chose n retina l  coor -
dinat e frame .  Rotatin g th e environmenta l  surfac e abou t  a  lin e paralle l  t o th e retina l  y  axi s b y a n 
angl e a  no w foreshorten s th e retina l  image :  i f  th e distanc e t o th e surfac e i s larg e enoug h wit h 
respec t  t o th e siz e o f  th e surfac e fo r  orthographi c projectio n t o b e a  goo d approximation ,  th e reti -
nal  irradianc e patter n become s r (x ,y )  =  I(x,y/cos(T). ^ 

^  Ignorin g effect s du e t o an y chang e i n angl e betwee n th e surfac e norma l  an d th e illuminan t 
vector . 
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If appropriate assumptions can be made about what the unforeshortened retinal image is 

like ,  th e slan t  angl e a  ca n b e recovere d fro m th e foreshortene d imag e /' .  I t  ha s bee n suggeste d 

(e.g. ,  b y Witki n (Witki n 1981) )  tha t  i f  th e retina l  imag e i s a  foreshortene d isotropi c image ,  i t 

shoul d b e s o interpreted .  Tha t  is ,  i f  I'(x,y )  i s suc h that ,  fo r  som e a ,  /'(z.ycosa )  i s isotropic ,  the n 

th e image d surfac e shoul d b e suppose d t o b e slante d a t  angl e a . 

Witki n count s a n imag e isotropi c i f  th e distributio n o f  tangen t  direction s alon g contour s i n 

th e imag e (o r  a n edge-enhance d versio n o f  th e image )  ar e approximatel y unifor m o n [0,7r] .  Here , 

we sugges t  tha t  a n imag e b e considere d isotropi c i f  it s  Fourie r  powe r  spectru m i s approximatel y 

circularl y symmetric .  Thi s i s a n acceptabl e conditio n fo r  isotrop y fo r  th e followin g reason .  Con -

side r  th e definitio n o f  th e two-dimensiona l  Fourie r  transfor m o f  th e retina l  imag e I{x,y) : 

X » 

This expresses the spectrum / in polar coordinates of frequency o) and orientation 6. Fix 6 = 0. 

Now 
X X 

/(u),o )  =  /  J e •''" -  /(i.y )  '̂ y  <̂ ^ 
X X 
X 

r  g  i2irr<. .  J  I[x,y )  d y d x 

X * 

But  thi s i s jus t  a  one-dimensiona l  Fourie r  transfor m o f  th e functio n I{x )  suc h tha t 

X 

I(x )  =  Jl{x,y)d y 

I(x) represents what I{x,y) is like, 'on average', in the direction parallel to the x axis, and /(w.O) 

jus t  encode s thi s informatio n a s a  functio n o f  frequency .  N o w sinc e th e orientatio n o f  th e retina l 

coordinat e fram e wa s arbitrary ,  it' s  clea r  tha t  a  'slice '  throug h th e two-dimensiona l  spectru m 

/(a>,9 )  fo r  an y fixed 9  represent s wha t  th e imag e i s lik e 'o n average '  i n th e directio n makin g angl e 

6 wit h th e z  axis ;  an d thu s i f  th e spectru m i s circularl y symmetric ,  s o wil l  th e imag e be .  An d a 

circularl y symmetri c imag e i s intuitivel y isotropic . 

But  circula r  symmetr y o f  image s i s to o stron g a  necessar y conditio n o f  isotropy .  Requirin g 

onl y tha t  th e Fourie r  powe r  spectru m F(a),9 )  =  |/(w,9)| 2 b e circularl y symmetri c relaxe s th e con -

ditio n i n a  satisfyin g way .  N o w isotrop y i s insensitiv e t o translation s o f  th e retina l  coordinat e 

fram e (sinc e translatio n onl y affect s th e phas e o f  th e spectrum ,  no t  it s magnitude )  an d t o othe r 

perturbation s o f  phas e o f  component s o f  th e spectrum .  Moreover ,  th e powe r  spectru m represent s 

th e foreshortenin g effect s o f  slan t  i n a  systemati c way .  B y th e similarit y theore m o f  Fourie r 

analysi s (cf .  (Bracewel l  1978 )  ,  p .  244) ,  i f  F(uj,9 )  i s  th e powe r  spectru m o f  th e imag e I(x,y) ,  the n 

F'(a),e )  =  cos V F 
cos G 

(1 ) 

i s  th e powe r  spectru m o f  /(z,y/coso-) . 

The powe r  spectru m characterizatio n o f  isotrop y an d Witkin' s tangen t  distributio n charac -

terizatio n agre e fo r  man y images .  W e hav e adopte d th e spectru m characterizatio n becaus e i t 

establishe s a  relationshi p betwee n th e presenc e o r  absenc e o f  isotrop y i n th e retina l  imag e an d th e 

activatio n o f  biologicall y plausibl e tune d channel s i n a  wa y tha t  permit s th e extractio n o f  slan t 

informatio n fro m som e kind s o f  images .  Thi s relationshi p wil l  b e develope d i n th e remainde r  o f 
th e paper . 

236 



K L ^ E 

T HE T U N E D C H A N N EL M O D EL 

T o sa y tha t  ther e ar e spatia l  frequency -  an d oriention-tune d channel s i n th e visua l  syste m i s 

jus t  t o sa y tha t  ther e ar e neuron s i n visua l  corte x whos e firing  rate s ar e elevate d onl y whe n th e 

power  spectru m o f  th e retina l  imag e show s energ y i n certai n region s o f  th e Fourie r  plane .  Th e 

power  spectru m o f  th e retina l  imag e ca n b e wel l  represente d b y th e activatio n leve l  i n m a n y suc h 

channels . 

The poin t  sprea d function s ('receptiv e fields')  an d spectra l  respons e o f  tw o channel s ar e 

shown i n Figur e 1 .  Channel s var y i n thei r  nomina l  orientatio n an d frequenc y bu t  ar e assume d t o 

be identica l  i n orientatio n an d relativ e frequenc y bandwidt h a t  3 0 degree s an d on e octav e respec -

tively .  Thes e bandwidt h parameter s ar e thos e use d b y Jane z (Jane z 1983 )  an d ar e clos e t o th e 

averag e observe d i n corte x (DeValois ,  Yun d &  Heple r  1982) ;  Watso n (Watso n 1983 )  an d Daug -

man (Daugma n 1984a )  propos e slightl y differen t  parameters .  I n th e presen t  application ,  what' s 

importan t  i s  tha t  th e channel s b e fairl y narrowl y tune d i n frequenc y an d orientation ,  an d tha t 

ther e b e enoug h o f  the m a t  enoug h differen t  nomina l  frequencie s an d orientation s t o cove r  th e 

Fourie r  plan e ove r  th e frequenc y rang e o f  interest . 

(a ) (b ) 

Figur e 1 

Poin t  sprea d (above )  an d frequenc y respons e (below )  function s fo r  tw o tune d channels : 

(a )  frequenc y Wq,  orientatio n 0° ;  (b )  frequenc y 2u)o ,  orientatio n 30" .  Eac h channe l  ha s 

half-amplitud e bandwidt h o f  on e octav e i n frequenc y an d 3 0 degree s i n orientation . 
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The activation in a single tuned channel responding to a retinal image is calculated as fol-

lows .  Le t  th e powe r  spectru m o f  th e Imag e / ,  b e describe d b y th e functio n o f  frequenc y an d 

orientatio n Fi{a),6) ,  an d tha t  o f  th e respons e o f  channe l  centere d a t  frequenc y (o q an d orientatio n 

9o b e F̂ _̂9̂ (u),0) ;  the n w e sa y tha t  th e activatio n produce d b y th e imag e i n th e channe l  a t  /o.̂ o i s 

^-..e.U.) = -^^^-ir^; (2) 

That is, channel power is the sum of image frequency power weighted by the response of the 

channel ,  an d normalize d b y th e tota l  frequency-plan e are a o f  th e channel . 

DETERMIN ING T H E S L A N T O F SCALIN G NOIS E S U R F A C ES 

The distribution of markings on surfaces in the natural environment is typically random In 

some sense ;  highl y regular ,  structure d pattern s ar e rare .  Her e w e conside r  th e clas s o f  surface s 

marke d wit h isotropi c scalin g noise ,  a  clas s o f  marking s tha t  see m t o mode l  som e naturall y 

occurin g textures. ^  W e defin e suc h surface s a s thos e whic h hav e spatia l  radianc e function s whos e 

power  spectr a ar e o f  th e for m 

Fp{i3i,Q )  =  k  o}- ^ 

with P^O, and with random phase. Here 3 is a parameter that determines how rapidly changing 

th e radianc e acros s th e surfac e is ;  a s ( 3 increases ,  th e powe r  a t  hig h spatia l  frequencie s o n th e sur -

fac e decreases ,  an d s o th e surfac e ha s a  mor e slowl y varyin g patter n marke d o n i t  { k  i s a  propor -

tionalit y constan t  tha t  ca n b e take n a s unit y i f  th e marking s ar e suitabl y normalized) .  Not e tha t 

th e spectru m i s  independen t  o f  orientatio n 0 ,  s o w e shoul d expec t  suc h a  surfac e t o loo k statisti -

call y th e sam e i n ever y directio n (thu s isotropi c scalin g noise) . 

Image s o f  isotropi c scalin g nois e surface s wit h varyin g 3  ar e show n i n Figur e 2(a-d )  viewe d 

wit h zer o slant ,  i.e. ,  'straight-on' ,  wit h lin e o f  sigh t  norma l  t o th e surface .  A n extrem e cas e i s 

3 = 0 whic h produce s two-dimensiona l  whit e noise ,  perhap s resemblin g th e surfac e o f  a  fracture d 

granit e rock .  ( 3 =  1. 0 give s a  surfac e whic h look s lik e a  gravelle d walk ;  3  =  2. 0 ha s a  mor e graduall y 

varyin g texture ,  a  fai r  renderin g o f  a  kin d o f  tre e bark ;  3  =  3. 0 look s lik e a  gentl y sun-dapple d 

patc h o f  lawn .  A s noted ,  eac h ha s a  powe r  spectru m proportiona l  t o l/o)̂ ,  independen t  o f  9 .  W e 

nex t  conside r  ho w th e powe r  spectru m o f  th e imag e change s whe n thes e surface s ar e viewe d a t  a 

nonzer o slant . 

Give n Cartesia n coordinat e axe s x',y '  i n th e surfac e paralle l  t o th e imag e plane ,  th e distri -

butio n o f  surfac e marking s i s som e two-dimensiona l  isotropi c scalin g nois e functio n Î {x',y') .  Th e 

orthographicall y projecte d imag e o f  thi s surfac e i s th e sam e functio n Ifi(x,y )  relativ e t o axe s x, y 

i n th e imag e whic h ar e projection s o f  x',y' .  N o w rotat e th e surfac e abou t  it s  x '  axi s b y a  slan t 

angl e ct:  thi s cause s foreshortenin g alon g th e y  directio n i n th e imag e proportiona l  t o 1/cosa ,  an d 

no foreshortenin g alon g th e x  direction ;  tha t  is ,  th e imag e i s no w describe d b y 

Ifi.a{̂ >y )  =  /(3(z,y/cosa) ,  whic h i s n o longe r  a h isotropi c scalin g noise .  (Example s o f  image s o f 

2 Thi s clas s i s a  superse t  o f  th e surface s marke d wit h isotropi c fractiona l  Brownia n plane-to -
intensit y function s ((Mandelbro t  1983 )  ,  ch .  25-27) ,  whic h restric t  | 3 t o th e rang e 2  t o 4 .  Th e 
imagin g o f  unmarke d nonplana r  surface s whos e shap e i s  describe d b y a n isotropi c fractiona l 
Brownia n piane-to-e/eua<io n fimctio n i s  anothe r  matter ,  an d i t  doesn' t  see m t o hav e bee n ye t 
adequatel y treate d (Pentland' s fracta l  Brownia n surface s (Pentlan d 1984 )  ar e no t  fracta l  i n 
elevation) . 
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{» ) 

(b ) 

(c ) 

(d ) 

(b' ] 

(d' ] 

Figur e 2 

{a)-(d): Images of scaling noise surfaces, (3= 0, 1, 2, and 3 respectively; slant ct=0. 

(a')-(d') :  Image s o f  scalin g nois e surfaces ,  P = 0 ,  1 ,  2 ,  an d 3  respectively ;  slan t  ct=70 

degrees . 
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scaling noise surfaces slanted at 70 degrees are shown in Figure 2(a'-d'); their anisotropy should 

be eviden t  a t  leas t  whe n 3  i s large. )  B y th e similarit y theore m (cf .  (1 )  above )  th e powe r  spectru m 

of  th e imag e /p,̂ , ,  whic h i n th e unslante d cas e tj== 0 wa s 

becomes, for 9 = tt/2 (i.e., parallel to the foreshortened y-axis): 

F̂ ,r{*ji,TT/2 )  =  coŝ ' a A;  (ojcosa )  ̂  , 

and ,  fo r  0 = 0 (i.e. ,  norma l  t o th e foreshortene d direction) : 

/̂ 3.„(oj,0 )  =  cos V )f c 0 )  P  . 

T h e rati o o f  th e powe r  i n thes e tw o orientations ,  a s a  functio n o f  spatia l  frequency ,  i s  then ^ 

R,..M  -  ^i^  -  M.)  » .  (3) 

and we can write 

log^,},„((o) 
a =  arcco s ex p 

- P 
(4 ) 

Thus ,  w e ca n determin e th e slan t  o f  th e image d surfac e i f  w e ca n measur e bot h 3  an d /Jp,,, .  Bu t 

thi s i s eas y t o do ,  give n th e availabilit y  o f  frequenc y an d orientatio n tune d channel s o f  th e sor t 

introduce d above .  Sa y w e hav e fou r  channel s wit h orientation s a t  0  an d 17/ 2 centere d a t  eac h o f 

tw o an y distinc t  frequencie s m an d aw .  Then ,  sinc e a  i s known ,  a  goo d estimat e o f  p  ca n b e 

obtaine d fro m eithe r  th e fac t  tha t 

P̂ .o(h.cr )  ^  P̂,a('̂ >0 )  ^  COSV if e h )  P 

Pau..o{h.<r) " ^P,a(aw,0) COsV /fc (aw) P 
= a P 

= « p 

or 

•Pm,ir/2(^P,j) __ ^P.ir(<^>'T/2) _ COsV k (cOsVto)) P 

âo,,:7'2(/p,a )  FfiJau},Tt/2 )  cos V k  (acosVoj )  P 

an d then ,  wit h p  known ,  an d R^, ,  estimate d directl y fro m 

^oj,o(^P,(r) Faio.oUlfi.a) 

th e slan t  o -  ca n b e determine d b y (4).* * 

Sinc e th e channel s i n th e mode l  hav e appreciabl e orientatio n bandwidth ,  the y respon d t o 

imag e powe r  i n a  rang e o f  orientations .  Thi s mean s tha t  P̂ ,-̂ 2{̂ fi.a )  wil l  ten d t o b e somewha t  les s 

tha n F̂ {̂(i},Tt/2) ,  an d P̂ ôî .̂a )  wil l  ten d t o b e somewha t  large r  tha n F p (j(a),0) ,  whic h i n tur n 

means tha t  th e estimat e o f  R^^ „  obtaine d i n thi s wa y wil l  b e smalle r  tha n i t  shoul d be ,  an d s o wil l 

lea d t o a n underestimat e o f  slan t  cr .  Bu t  a s ca n b e see n b y inspectin g th e result s o f  simulatin g 

th e mode l  o n image s o f  isotropi c scalin g nois e surface s a t  variou s slant s show n i n Figur e 3 ,  th e 

error s ar e no t  substantial, ^ 

'  Th e fac t  tha t  /?p, a depend s no t  o n u )  i s th e reaso n fo r  callin g thes e markin g function s scal -
in g noises . 

*  I n practice ,  P<i,_ e ca n b e observe d a t  a  larg e assortmen t  o f  frequencies ,  an d th e resultin g es -
timate s o f  3  an d <t  ca n b e subjecte d t o averagin g o r  a  mor e sophisticate d typ e o f  evidenc e com -
position . 

^  Th e cas e o f  th e whit e nois e surfac e i s excluded ;  p  =  0  leave s (4 )  undefined .  Fo r  suc h a  sur -
face ,  slantin g doe s no t  brea k th e isotrop y o f  it s  image' s powe r  spectrum ,  an d onl y change s it s 
contrast :  i t  i s  theoreticall y impossibl e t o determin e th e slan t  o f  suc h a  surfac e fro m a  normal -
ize d image .  Perhap s thi s i s wha t  Pentlan d ((Pentlan d 1984) ,  p .  673 )  ha s i n min d whe n h e say s 
"Characterizatio n o f  a n imag e i n term s o f  radia l  slice s o f  th e Fourie r  domai n .. .  constrain s th e 
shap e o f  th e 3- D surfac e hardl y a t  al l  .. .  Illuminatio n effect s ca n accoun t  fo r  mos t  variatio n i n 
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Figur e 3 

Estimates of slant generated by the 'adaptive P' model for (a) scaling noise surfaces, and 

(b )  circle s an d disks . 
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Figur e 4 

Estimate s o f  slan t  generate d b y 'nonadaptiv e 3 '  mode l  base d o n Equatio n 5 ,  P o ~ 4 ;  fo r 

(a )  scalin g nois e surfaces ,  an d (b )  circle s an d disks . 
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DETERMIN ING T H E S L A N T O F CIRCLE S A N D DISK S 

The results of the previous section are not applicable only to stochastically textured sur-

faces ;  an y surfac e marke d wit h a  functio n whos e powe r  spectru m i s approximatel y proportiona l 

t o o )  P  ca n hav e it s slan t  estimate d i n th e sam e wa y fro m a  powe r  spectru m o f  it s image .  I n thi s 

section ,  w e demonstrat e ho w thi s work s fo r  isolate d circle s an d disks . 

Let  a  plana r  environmenta l  surfac e b e marke d wit h a  circl e o f  radiu s r , 

c/r(a:',y' )  =  8({z' *  +  y'*)''-r) ,  wher e 8  i s th e uni t  impuls e function .  Th e orthographicall y  pro -

jecte d imag e o f  thi s surfac e a t  zer o slan t  i s ĉ r(x,y )  whic h ha s powe r  spectru m 

F,(a),e )  =  (2TTryo(2'rrcor)) 2 . 

Here Jo is the Bessel function of the first kind of order zero, which can be closely approximated 

when i>i T b y (cf .  (Kreyszi g 1972) ,  p .  129 ) 

so, if u) is not too small, we have 

FJio,Q) ~ — sin2(27rcjr + —). 
(o 4 

Thus ,  a n unslante d circle' s powe r  spectru m ha s a n envelop e lik e ko i ^  wit h ( 3 =  1 ;  an d thoug h th e 

phas e o f  th e spectru m i s no t  rando m a s i t  i s  fo r  scalin g nois e surfaces ,  th e sam e tuned-channe l 

technique s wil l  wor k fo r  slante d circles .  Th e projectio n o f  a  circl e slante d a t  angl e ct  i s th e ellips e 

cIr{x,y/cosa) ,  whic h ha s powe r  spectru m i n th e relevan t  direction s 6  =  0,tt/ 2 

F, ^(a),TT/2) = cos^CT sin^(2iTcorcosa-l ) 
U)COS(T 4 

F, „((o,0) = cosV — sin2(2';ra)r + —). 
oj  4 

N o w th e rati o F ,  „(a),TT/2)/F ,  „((j,0 )  wil l  b e undefine d fo r  som e w  sinc e th e denominato r  wil l  vanish , 

but  th e averagin g effec t  o f  th e tune d channel s (du e t o thei r  havin g appreciabl e frequenc y 

bandwidth )  wil l  preven t  th e observatio n o f  zero s i n F ,  „  an d wil l  extrac t  th e envelop e o f  th e spec -

tru m wel l  enoug h t o determin e 3  =  1  an d the n ct  i n th e sam e wa y a s fo r  scalin g nois e surfaces . 

A dis k 

Dtr(x,y )  = 
1 whe n x' ^  +  y^<r , 

0 otherwis e 

has a  u )  P  powe r  spectru m envelop e a s doe s a  circl e o f  th e sam e radiu s c^r{x,y) ,  bu t  th e scalin g 

exponen t  p  is ,  somewha t  surprisingly ,  ver y differen t  i n th e tw o cases .  Th e dis k ha s powe r  spec -

tru m 

n(a>,e) = (-Ji(27ru)r))2 , 

where J^ is the Bessel function of the first kind of order one, approximated when i >Tr by 

Ji{x)= —)— V^sin(a:-7T/4) . 

Thus the power spectrum can be approximated by 

F,(a),e) ^ ^— sin2(27r<or-^) 
77̂0) 3 4 

suc h a  description. "  Bu t  thi s i s no t  tru e fo r  value s o f  3  othe r  tha n 0 . 
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which has an envelope like km ^ with P = 3, compared to the circle's 3 = 1. Again, the same tuned 

channe l  technique s permi t  a n accurat e estimatio n o f  th e disk' s slant .  Th e result s o f  a  simulatio n 

of  th e mode l  o n thes e figure s ar e displaye d i n Figur e 3 . 

D ISCUSSION O F T H E M O D EL 

How suitable is this slant detection model as a model of human visual perception? One 

strikin g featur e i s it s unrealisticall y accurat e performanc e o n image s o f  scalin g nois e surface s wit h 

smal l  (3 :  th e mode l  perform s virtuall y flawlessly  (cf .  Figur e 3 )  ove r  nearl y th e entir e rang e o f 

slant s whe n 3 ^ 1 ,  bu t  suc h image s see m t o produc e ver y wea k slan t  illusio n fo r  h u m a n 

observer s and ,  eve n a t  a  slan t  o f  7 0 degree s d o no t  hav e ver y salien t  anisotropies .  A s p  increases , 

however ,  th e salienc e o f  anisotrop y seem s t o increas e until ,  a t  3  =  3 .  Figur e 2(d' )  look s fairl y  con -

vincingl y lik e a  slante d patc h o f  sun-dapple d lawn . 

Thi s suggest s tha t  ou r  model' s 'adaptive '  determinatio n o f  th e scalin g facto r  3  tailore d fo r 

eac h imag e i s unrealistic .  Perhap s instea d o f  (3) ,  th e visua l  syste m ha s 

or 

Fp,„(o),Tr/2 )  ̂  3 o 

Fp_„(w,0 )  cosc r 

or 

— 
2 

1- - = ( J 
l  +  3o(̂ p,c(w,TT/2)-F3,„(u>,0) ) 

or some other monotonic mapping between a measure of anisotropy in the frequency plane and 

th e possibl e rang e o f  slan t  angle s wit h fixed  paramete r  3o -  Give n dat a fro m th e psychophysica l 

experiment ,  i t  woul d b e possibl e t o fit  on e o r  anothe r  suc h function ;  a s a n example ,  th e result s o f 

a simulatio n o f  (5 )  wit h 3 o =  4  ar e show n i n Figur e 4 ,  an d the y ar e close r  tha n th e adaptiv e mode l 

t o wha t  on e migh t  expec t  fro m h u m a n performance . 

A proble m wit h an y suc h modification ,  however ,  i s  tha t  t o distinguis h betwee n th e slant -

detectabilit y  o f  scalin g nois e surface s wit h 3  =  1  an d 3  =  3  t o fit  huma n performanc e i s ips o fact o t o 

distinguis h t o th e sam e exten t  betwee n th e slant-detectabilit y  o f  circle s an d disks. *  A n d whil e th e 

experiment s hav e no t  bee n done ,  i t  seem s likel y tha t  circle s an d disk s ar e ver y simila r  i n respec t 

of  slant-detectability ,  an d 3  =  1  an d 3  =  3  nois e surface s ar e ver y different . 

I  sugges t  tha t  th e conclusio n t o dra w i s tha t  th e powe r  i n area s o f  a n image' s globa l  fre -

quenc y spectru m doe s no t  exhaus t  th e informatio n availabl e t o th e perceptua l  system ;  spatia l 

informatio n als o exists .  I n fact ,  a s ha s bee n note d elsewhere, ^  i f  spatia l  frequenc y analysi s i s per -

forme d o n th e retina l  image ,  i t  i s  performe d locally ,  no t  globally ;  an d th e orientation -  an d 

'  Thi s i s tru e i f  th e lowes t  spatia l  frequencie s ar e ignored .  A t  frequencie s lo w enoug h t o 
make th e Besse i  functio n approximation s use d her e innacurate ,  o r  lo w enoug h t o mak e th e un -
dulation s i n th e circl e an d dis k spectr a observabl e b y octave-bandwidt h channels ,  a  spatia l  fre -
quenc y mode l  coul d distinguis h betwee n nois e o n th e on e han d an d circle s an d disk s o n th e oth -
er .  Bu t  lo w spatia l  frequencie s ar e no t  th e issue ;  lo w pas s filtering  th e surface s t o remov e thes e 
frequencie s appear s t o chang e th e slant-detectabilit y  o f  a  larg e circl e hardl y a t  all ,  whil e practi -
call y eliminatin g th e alread y scarcel y detectabl e anisotropie s I n a n imag e o f  a  slante d 3~ 1 
nois e surface .  Anisotropie s i n image s o f  a  3~ 3 surfac e remai n salient . 

^  Fo r  example ,  i n (Daugma n 1984a) . 
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KUBE 

frequency-tuned channels that exist are almost optimally designed, from an information-theoretic 
poin t  o f  view ,  t o carr y bot h spatia l  an d frequenc y information .  N o w a  scalin g nois e surfac e ha s a 
ver y uninterestin g spatia l  organization ;  practicall y al l  it s  distinctivenes s come s fro m th e statistic s 
of  it s  radianc e distribution ,  whic h i s capture d wel l  i n it s powe r  spectrum .  Circle s an d disk s an d 
thei r  projections ,  however ,  hav e a  determinat e shape ,  an d i t  shoul d pla y a  rol e i n th e judgin g o f 
slant .  A  parameterize d tune d channe l  mode l  o f  th e sor t  sketche d her e ma y tel l  th e stor y o f  slan t 
detectio n fo r  stochasti c surfaces ,  bu t  i t  wil l  no t  b e th e whol e stor y o f  slan t  detection . 
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CORRELATION WITH PHOTORECEPTOR RESPONSES 
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ABSTRACT 

I n p s y c h o p h y s i c s ,  th e e f f e c t s o f  l i gh t  b a c k g r o u n d s an d 
pho top igmen t  b leach in g ca n b e equate d i n a  va r ie t y o f  s i t ua t i on s 
involvin g sens i t i v i t y ,  f l i c ke r ,  an d th e sub jec t i v e pe rcep t i o n o f 
br igh tness .  We hav e inves t iga te d suc h poss ib l e equ i va lence s a t 
th e s i n g l e u n i t  l e ve l  t h r o u g h i n t r a c e l l u l a r  r e c o r d i n g s f r o m 
v e r t e b r a t e r o d s .  A t  a  g i v e n l e v e l  o f  b a c k g r o u n d o r  b l e a c h i n g 
adapta t ion ,  ve r tebra t e rod s respon d w i t h cha rac te r i s t i c  w a v e f o r m s 
t o b r i e f  f l a s h e s o f  l i gh t  o f  i n c r e a s i n g i n t e n s i t y .  Th e p e a k 
r e s p o n s e s ca n b e p l o t t e d v s .  f l a s h i n t e n s i t y t o g i v e a  r e s p o n s e 
curv e i n e a c h s t a t e o f  a d a p t a t i o n .  T w o c o n s e q u e n c e s o f  l i g h t 
a d a p t a t i o n a r e a  s h i f t  t o h i g h e r  l i g h t  i n t e n s i t i e s a n d a 
c o m p r e s s i o n o f  t h e r e s p o n s e c u r v e .  W e h a v e b e e n a b l e t o 
e s t a b l i s h e q u i v a l e n c e s i n s i n g l e u n i t s b e t w e e n b l e a c h i n g an d 
b a c k g r o u n d s i n t e r m s o f  t h r e s h o l d e l e v a t i o n a n d r e s p o n s e 
c o m p r e s s i o n .  M o r e o v e r ,  w e h a v e f o u n d tha t  s u c h e q u i v a l e n t 
(background ,  b leach ing )  pa i r s hav e s im i la r  respons e cu rves .  Bu t 
thes e r e s p o n s e c u r v e s a r e d i r e c t  m e a s u r e s o f  s t i m u l u s f l a s h 
i n t e n s i t y .  B a s e d o n t h e c l o s e p a r a l l e l s b e t w e e n t h e 
p s y c h o p h y s i c a l  a n d t h e n e u r o p h y s i o 1  o g i c a 1  e q u i v a l e n c e s o f 
b leachin g an d backg rounds ,  w e there fo r e propos e tha t  b r i gh tnes s 
percept io n i s med ia te d b y th e pea k response s o f  p h o t o r e c e p t o r s . 
I t  i s  no t  o f t e n tha t  b e h a v i o r a l  o b s e r v a t i o n s ca n b e t r a c e d b a c k 
t o th e neurona l  mach ine r y an d th e latte r  sugges t  psychophys i ca l 
test s wh ic h ca n fur the r  c lar i f y b r igh tnes s equ iva lenc e re la t i ons . 
Thi s approac h i s d iscusse d i n th e l igh t  o f  ou r  r e s u l t s . 

Introduct ion ; 

A major aspiration of neuroscience is to relate 

psychophysical and behavioral observations to the underlying 

neuronal machinery. Correlations with complex functions, such as 

memory, are difficult to come by- We are better off with 

adaptation and brightness perception which are considered in this 

paper . 

Light adaptation is a fascinating phenomenon. We can see 

the light from a faint star in the night sky and we can see 
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o b j e c t s s o m e 1 0 ^ 2 t i m e s a s b r i g h t  i n f u l l  s u n l i g h t .  W h e n th e 

ambient light level changes it takes time to adapt to it and the 

bigger the change, the longer it takes. At any given level of 

background light our visual system only operates over some three 

orders of magnitude of light intensity. This is the operating 

range of the photoreceptors, as well as of the neurons at the 

various stages of the visual pathway. The neuronal input-output 

ranges can be modulated somewhat through biochemical changes and 

through the interplay of excitation and inhibition. But they 

cannot be shifted over the enormous intensity- range over which 

light adaptation operates. Moreover, as a general principle, 

there cannot be responses at any one stage of a serial 

information system to responses outside the range of a preceding 

stage. We must therefore conclude, as the signal is transmitted 

from photoreceptors to ganglion cells, LGN and cortex, that the 

capability for shifting the operating range over the adaptive 

range must reside in the photoreceptors (Leibovic, 1971, Dowling 

& Ripps, 1972). 

Hecht (1937) had proposed a chemical basis for visual 

transduction and adaptation. In agreement with his ideas, the 

state of photopigment bleaching does affect adaptation, but not 

in the way he had envisaged. Nor is adaptation determined solely 

by the bleached pigment. It also depends on a biochemical cycle 

mediating transduction and affecting membrane conductance in a 

series of steps involving Ca"*"*" and cGMP which have yet to be 

fully elucidated. 

Crawford (1947) showed how background light and pigment 

bleaching both affect the state of adaptation, and he introduced 
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th e not io n o f  a n equ i va lenc e be twee n backg round s an d b leach in g i n 

terms of threshold elevation. This equivalence has been amply 

confirmed in a variety of different experimental situations 

(Rushton 1962). In particular, it has been extended to the 

perception of brightness: Barlow and Sparrock (1964) have shown 

that the apparent brightness of a bleached retinal area is the 

same as that of the background which elevates the visual 

threshold by the same amount. 

If light adaptation is indeed mediated by photoreceptors, 

how do their responses correlate with the psychophysical findings 

and what measure of these responses can be assigned to brightness 

perception? We have addressed these questions by recording the 

intracellular responses of the rods in the isolated retina of 

Bufo marinus. In particular we have investigated the effects of 

backgrounds and bleaching on thresholds and response amplitude. 
* 

The s t i m u l u s w a s a  10 0 m s e c f l a s h .  A  b a c k g r o u n d o f  a  g i v e n 

intensity could be projected onto the retina, and bleaching of 

the photopigment could be accomplished by exposing the retina to 

a timed, intense background light. The materials and methods 

have been described fully elsewhere (Leibovic, Dowling, Kim: in 

preparation) . 

Clearly there are species differences and we know that, for 

example, the rods of rats adapt differently from those of frogs. 

Nevertheless, there are similarities among all vertebrate rods 

and, as we shall see, the results on Bufo bear quite a 

resemblance to psychophysical data. 
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Buf o Ro d R e s p o n s e s ; 

A typical series of intracellularly recorded rod responses 

to flashes of increasing intensity is shown in Figure 1. At high 

7 7 5 >/~6. 5 y -5 . 5 - 4 5 - 2 . 5 

Peak 

Respons e 

-7. 5 -6. 5 -5. 5 -4. 5 -3. 5 -2. 5 

I i 

F igu r e i :  Response s o f  a  dar k adapte d ro d t o lOOmse c f lashe s o f 
i nc reas in g i n t e n s i t y . 
I n s e t :  Th e p e a k r e s p o n s e s ( m V )  a r e p l o t t e d v s .  r e l a t i v e 
f l a s h i n t e n s i t y (I p =  n e u t r a l  d e n s i t y o f  f l a s h i n lo g 
u n i t s ) .  A t  h i g h i n t e n s i t i e s th e p e a k an d p l a t e a u o f  th e 
r e s p o n s e g i v e r i s e t o t w o b r a n c h e s o f  th e c u r v e .  Th i s i s 
th e "opera t in g curve" . 

intensities the response waveform develops a spike and a plateau 

before relaxing back to baseline. The response amplitude cannot 

increase indefinitely, but saturates at some level. The flash 

intensity producing the smallest detectable response (in 

practice, a criterion response of 1/2 mV or 1 mV) is the 

threshold intensity. 

Both threshold and saturated response amplitude depend on 

the state of adaptation. Two consequences of either bleaching or 

background adaptation are a shift of the threshold to higher 
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DA Threshol d 

25 0 

S e c o n d s 

Figure 2: Threshold Recovery when a Background is turned ON and 
OFF: 

at  N.D .  -5. 5 th e l i gh t  w a s t u r n e d o f f  a f t e r  d i f f e r e n t 

response . 
The o r i g i na l ,  dar k adapte d thresho l d o f  th e cel l s w a s Lo g I p 
= - 7 . 5 .  Th e e s t i m a t e d f r a c t i o n o f  p i g m e n t  b l e a c h e d a t  th e 
te rmina t io n o f  l igh t  exposur e wa s les s tha n 0.0 2 u p t o I g = 
-4. 5 an d a b o u t  .0 7 a t  I g -  - 3 . 5 ,  w h e r e I g i s th e N.D .  o f  t h e 
background . 

N.D .  i s s h o r t  fo r  th e l o g o r i t h m o f  n e u t r a l  d e n s i t y 
at tenua t  io n . 

N O T E: 
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l igh t  i n t ens i t i e s an d a  r e d u c t i o n o f  th e sa tura te d a m p l i t u d e .  I n 

fact, all response amplitudes are reduced. This can be displayed 

in the "operating curve", a graph of peak amplitude versus flash 

intensity for stimuli from threshold to saturation at each level 

of adaptation, illustrated in the inset to Figure 1. 

Effects of Backgrounds on Thresholds; 

When a background is projected onto the retina the 

intracellular threshold response falls rapidly from an initially 

high level to a lower value. When the background is turned off 

the threshold again falls rapidly to the dark adapted value, 

unless some measurable fraction of the pigment has been bleached, 

in which case the final threshold is elevated, depending on the 

amount bleached. This is quite analogous to the psychophysical 

observations. Our data are shown on Figure 2 for three different 

backgrounds. The complete range of threshold elevations is about 

five orders of magnitude (5 log units) of light intensity. This 

is comparable to the range of some 6 orders of magnitude for the 

scotopic range of human vision. 

The steady state threshold elevation of Bufo rods in the 

presence of a background is shown in Figure 3. Again there is a 

close parallel with psychophysical results. At low background 

intensities the threshold is close to the dark adapted value. As 

the intensity rises the threshold becomes proportional to the 

square root of the background. This is precisely what one would 

expect for the detection of a signal in the presence of noise 

(see e.g. Leibovic 1972 p. 114). At still higher intensities, 

threshold is proportional to background (Weber-Fechner rule in 

psychophysics). 
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l V " 

F i g u r e 3. :  T h e o r d i n a t e 
i s t h e t h r e s h o l d 
e l e v a t i o n a b o v e th e d a r k 
a d a p t e d t h r e s h o l d i n 

u n i t s o f  N . D .  T h e 
a b s c i s s a i s th e r e l a t i v e 
b a c k g r o u n d i n t e n s i t y i n 
u n i t s o f  N.D , 

We ca n se e tha t  t h e r e a r e c l o s e s i m i l a r i t i e s b e t w e e n 

psychophysics and these single photoreceptor responses with 

regard to threshold elevation due to backgrounds. 

Effects of Bleaching on Thresholds: 

There is essentially no pigment regeneration in the isolated 

retina. Therefore it is an ideal preparation for studying 

bleaching. Our data for threshold elevation as a function of 

bleaching are shown in Figure 4. Up to almost 20% bleaching. 
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/ 
F i g u r e 4 :  T h e o r d i n a t e 
i s th e s a m e a s i n F i g u r e 
3 .  T h e a b s c i s s a i s th e 
b leache d p e r c e n t a g e .  Th e 
l o w e r  c u r v e i s t h e 
t h r e s h o l d e l e v a t i o n du e 
t o t h e r e d u c e d p h o t o n 
a b s o r p t i o n s i n t h e 

p r e s e n c e o f  b l e a c h e d 
p i g m e n t .  I n f a c t ,  th e 
t h r e s h o l d e l e v a t i o n i s 
m u c h g r e a t e r ,  s h o v i n g 
t ha t  i t  i s  no t  s i m p l y du e 
t o t h e p r e s e n c e o f 
b leache d p i g m e n t . 

I n s e t :  T h r e s h o l d 
equ iva len t  I g an d B .  Fo r 
e a c h p o i n t  o n th e c u r v e , 
I n an d B  h a v e th e s a m e 
t h resho ld . 

B % —-

t h e t h r e s h o l d r i s e s l i n e a r l y a n d t h e r e a f t e r  i t  r i s e s 

exponentially. The linear region has not been reported 

previously, perhaps due to the difficulties of accurate 

measurement and the scatter of the data points. If there were 

fewer data points in that region on our graph, one might have 

been tempted to simply draw a straight line through the points, 

which would have implied an exponential relationship over the 

whole range. The value of the exponent depends on the range of 

thresholds covered. Thus, Rushton (1962) used an exponent of 20 

(see his Figure 3) on a graph that has a maximum threshold 

elevation of log 20. But this is an extrapolation. The actual 
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t h r e s h o l d s h e m e a s u r e d o n l y w e n t  u p t o a b o u t  lo g 7 .  T h u s ,  th e 

differences between our data and psychophysics may be more 

apparent than real. In any event, the qualitative similarities 

are close. 

Effects of Background and Bleaching on Saturated Amplitude: 

When we measure the saturated amplitudes, firstly in the 

dark adapted cell, secondly in the presence of a known background 

and thirdly after bleaching a given fraction of pigment, we can 

find the reduction of the saturated response in the last two 

conditions. Our data are shown in Figures 5 and 6. The points 

on these Figures are mean values obtained from the raw data. 

These Figures establish a relation between bleaching and 

backgrounds at the upper end of the operating curve, just as 

Figures 3 and 4 establish a relation at the lower end. 

Is there any connection between these relations? 

Equivalences between Backgrounds and Bleaching; 

We can establish an equivalence between backgrounds and 

bleaching with respect to either thresholds or amplitues: Given 

a threshold elevation Al-f we can find a background Ig and a 

bleached fraction B which produce this threshold elevation. We 

write this equivalence as: 

A I 
I g ^  B (1 ) 

We ca n s imi lar l y es tab l i s h a n equ iva lenc e 

A 
Ig^s ^  B (2 ) 

w h e r e A  i s th e r a t i o o f  th e s a t u r a t e d a m p l i t u d e i n th e p r e s e n c e 
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o f  th e b a c k g r o u n d I g o r  d u e t o t h e b l e a c h e d f r a c t i o n B  t o th e 

saturated amplitude of the dark adapted cell. 

1.0 

. 8 

. 6 

4 

- 8 - 6 

Log l e 

- 4 - 2 20 4 0 6 0 

%B • 

80 m 

F igu r e 5. :  A m p l i t u d e 

r e d u c t i o n v s .  backg round . 
See tex t  fo r  de ta i l s . 

F igur e 6 :  A m p l i t u d e 

reduc t i o n v s .  b leach ing . 
See tex t  fo r  de ta i l s . 

I n th e s imp les t  cas e th e tw o equ i va lence s ar e th e same .  I n 

other words, if Igj and Bj produce the same threshold elevation 

All then they also give rise to the same amplitude reduction Aj. 

The inset on Figure 4 plots the (ig.B) equivalence with 

respect to threshold elevation derived from the curves of Figures 

2 and 3. These points are replotted as the open circles on 

Figures 5 and 6 as follows: From the (Ib.B) equivalence, log l^= 

-4 corresponds to B = 54%. The open circles on Figures 3 and 4 

with abscissae -4 and 54 respectively are then positioned as 

closely as possible to the experimental data to yield the same 
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v a l u e o f  A  i n th e t w o F i g u r e s ,  w h i c h i s 0.2 5 i n t h i s c a s e .  T h e 

other open circles are obtained similarly. The curves on Figures 

4 and 5 are drawn by hand and it can be seen that they are close 

to the open circles as well as to the experimental points. Thus, 

the (Ig,B) pair with the same value of Al also has the same 

value of A. This implies a close agreement between the 

equivalences (1) and (2). 

The agreement between the equivalence relations can also be 

demonstrated by a statistical procedure (Leibovic et al., in 

preparation). The result is the same. We therefore accept the 

proposition that the two equivalences coincide. But, if this is 

the case, then do the equivalences at the beginning and end of 

the operating curves extend also to the complete curve? More 

precisely, suppose the thresholds and saturated amplitudes 

coincide on the operating curves for a given background Ig and a 

given bleached percentage B. Do the curves then coincide 

everywhere? 

Figure 7 shows this to be the case. In view of the 

statistical variability of the data evident in Figures 2 to 5, 

the (lg,B) pair with coincident operating curves will not 

necessarily correspond to the exact pair on the inset of Figure 

4. The significant point is that if a particular (Ib,B) pair 

have the same threshold, they have the same saturated amplitude 

and the same operating curves. 

Some Implications for Psychophysics: 

Equivalent effects of bleaching and backgrounds were first 

established in psychophysics. It is now evident that there are 

equivalences operating at the cellular level as well. We have 
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mV 

LLBlHI . ^  L '  O p e r a t i n g 
c u r v e s f o r  a  c e l l  i n th e 
dar k adapte d stat e (  A  ) , 
i n th e p r e s e n c e of a bac k 

- g r o u n d o f  N.D .  - 5 ( •  ) 
an d a f t e r  b l e a c h i n g 
a p p r o x i m a t e l y 1 5 % ( o ) . 
N o t e th e c o i n c i d e n c e o f 
th e c u r v e s f o r  N.D.- 5 an d 
1 5 % b l e a c h i n g .  S i m i l a r 
resu l t s we r e obta ine d fo r 
o t h e r  ( I g .B )  p a i r s u p t o 
b a c k g r o u n d N.D .  -3. 5 an d 
7 0 % b leach ing . 

d e m o n s t r a t e d tha t  th e ro d th resho l d i n Buf o ca n b e e levate d som e 

5 or 6 log units before rising to saturation. This is the same 

as the psychophysica 1 ly measured range in scotopic vision. At 

low background intensities the rod threshold obeys the Rose-de 

Vries rule and at higher intensities the Weber-Fechner rule, just 

like psychophysical threshold. In bleaching adaptation the rod 

threshold varies exponentially with the bleached fraction just as 

the psychophysical threshold, although the value of the exponent 

is different, in part at least due to the treatment of the data: 

in psychophysics too the value of the exponent differs in 

different experimental situations. 

The compression of the rod responses due to adaptation is 

analogous to the fading of rod vision under photopic conditions. 

Finally the equivalence between bleaching and backgrounds 

extends to the complete rod operating curve at any level of 
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a d a p t a t i o n .  T h i s r e s u l t  i s  e s p e c i a l l y i n t e r e s t i n g .  F o r ,  t h e 

o p e r a t i n g c u r v e p l o t s th e p e a k r e s p o n s e s t o f l a s h e s o f  l i g h t . 

Eac h f las h in tens i t y i s assoc ia te d w i t h a  g i ve n pea k respons e a t 

an y leve l  o f  adap ta t i on .  Ther e i s the re fo r e a  1- 1 c o r r e s p o n d e n c e 

b e t w e e n l i gh t  i n t e n s i t y an d pea k r e s p o n s e .  A  g i v e n ( I g , B )  p a i r 

w h i c h i s e q u i v a l e n t  w i t h r e s p e c t  t o t h r e s h o l d a l s o r e s u l t s i n 

equa l  p e a k r e s p o n s e s t o a  f l a s h o f  l i g h t .  T h i s i s th e c e l l u l a r 

c o u n t e r p a r t  o f  th e e q u a l  a p p a r e n t  b r i g h t n e s s o f  a  t h r e s h o l d 

equivalen t  ( ig.B )  pa i r . 

Can t h e r e b e a n o t h e r  f e a t u r e o f  th e r e s p o n s e w h i c h c o u l d 

s i gna l  e q u i v a l e n t  b r i g h t n e s s ? I f  s o ,  i t  w o u l d no t  b e th e t i m e 

i n t e g r a l  o f  th e r e s p o n s e w a v e f o r m o r  an y o t h e r  t i m e d e p e n d e n t 

f e a t u r e .  A  l oo k a t  t h e d i f f e r e n t  r e s p o n s e w a v e f o r m s du e t o 

bleachin g an d background s suf f ice s t o con f i r m th is :  Th e respons e 

k inet ic s ar e s ign i f i can t l y fas te r  w i t h a  backgroun d tha n fo r  th e 

equivalen t  leve l  o f  b leach ing .  Bu t  ther e coul d b e anothe r  po in t 

on th e w a v e f o r m s i n 1- 1 c o r r e s p o n d e n c e w i t h th e p e a k r e s p o n s e 

whic h woul d serv e equal l y w e l l .  Tha t  i s poss ib le .  H o w e v e r ,  f ro m 

th e po in t  o f  v i e w o f  s i g n a l  d e t e c t i o n ,  th e p e a k r e s p o n s e i s th e 

eas ies t  t o d e t e c t  an d t r a n s m i t .  We t h e r e f o r e p r o p o s e t h a t 

b r i g h t n e s s p e r c e p t i o n i s m e d i a t e d b y th e p e a k p h o t o r e c e p t o r 

respons e . 

Our  proposa l  wou l d rece iv e add i t iona l  suppor t  i f  i t  coul d b e 

show n psychophys ica l l y tha t  no t  onl y i s th e sub jec t i v e b r i gh tnes s 

th e sam e fo r  equ iva len t  b leachin g an d background ,  bu t  a ls o tha t 

th e p e r c e i v e d b r i g h t n e s s o f  f l a s h e s o f  i n c r e a s i n g i n t e n s i t y i s 

th e s a m e ,  w h e n s u p e r i m p o s e d o n r e t i n a l  a r e a s o f  e q u i v a l e n t 

bleachin g an d background . 
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I f  t h e p e a k p h o t o r e c e p t o r  r e s p o n s e c o n v e y s b r i g h t n e s s 

information, we may ask what information is contained in the rest 

of the complex response waveform? It is a long lasting response 

which generates a visual persistence, a form of short term 

memory, which may be responsible for the perceived temporal 

continuity of the visual world. 

A final point concerns the significance of 

electrophysiological signals: The neural response waveform 

reflects underlying biophysical and biochemical mechanisms. Thus 

the various phases of the action potential are shaped by sodium 

and potassium conductance activation and sodium inactivation. 

Similarly photoreceptor responses reflect changes in the 

electrical parameters caused by light absorption and the 

transduction biochemistry of phosphodiesterase, transducin, 

cyclic GMP, calcium and other products. As we have seen here, 

certain features of the response waveform can also be correlated 

with psychophysical phenomena. Electrophysiology, therefore, 

occupies the interface between sensory and molecular events. 
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ABSTRACT 

The role of midbrain visual centers for orienting attention 
was studie d i n chronometri c experiment s measurin g th e effec t 
of  pre-cue s o n simpl e reactio n tim e t o detec t  a  periphera l 
luminanc e change .  Tw o type s o f  cue s wer e tested :  Exogenou s 
c u e s —a periphera l  luminanc e chang e v\̂ ic h di d no t  predic t 
targe t  location ;  an d Endogenou s cues— a centra l  arro w vrfiic h 
predicte d th e likel y targe t  location .  Patient s wit h 
peri-tecta l  midbrai n degeneratio n fro m progressiv e 
supranuclea r  pals y showe d deficit s i n orientin g t o bot h 
type s o f  cues .  I n norma l  huma n subject s teste d monocularly , 
we compare d orientin g int o th e tenpora l  hemifiel d (v*iic h ha s 
more direc t  acces s t o th e midbrai n superio r  colliculus )  wit h 
orientin g int o th e nasa l  hemifield .  Exogenou s cue s produce d 
equivalen t  speedin g o f  detectio n a t  cue d location s i n bot h 
hemifields ;  bu t  nasa l  cue s produce d mor e slowin g o f 
detectio n a t  uncue d locations .  Endogenou s nasa l  cue s 
produce d earlie r  speedin g o f  detectio n a t  cue d location s 
tha n tempora l  cues ;  an d a t  late r  intervals ,  the y produce d 
more slowin g o f  detectio n a t  uncue d locations .  Bot h 
cortica l  an d subcortica l  visua l  system s appea r  t o b e 
integrate d i n orientin g t o bot h exogenou s an d endogenou s 
information .  Wherea s th e subcortica l  pathwa y receive s inpu t 
mainl y fro m th e tempora l  hemifield ,  th e cortica l  syste m i s 
biase d i n orientin g t o th e nasa l  hemifield ;  an d it s 
committmen t  produce s moreslowin g o f  detectio n a t  unattende d 
locations . 

The selectivity of visual perception is guided by brain mechanisms vMch 
orien t  attentio n i n th e visua l  field .  On e manifestatio n o f  visua l  orientin g i s 
overt ,  consistin g o f  movement s o f  th e hea d and/o r  eye s t o achiev e foveatio n o f 
th e attende d spatia l  position .  Cover t  orientin g o f  attentio n ca n occu r 
independen t  o f  moto r  activity ,  an d serve s t o alig n interna l  attentio n system s 
wit h a  spatia l  location .  Neurophysiologi c studie s i n behavin g primate s hav e 
indexe d thi s cover t  orientin g i n term s o f  selectiv e enhancemen t  i n neuro n firin g 
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rate in response to a visual cue vdiich prepares the animal, while maintaining 
fixation ,  t o detec t  a  forthcomin g target ,  o r  t o prepar e a  saccad e towar d i t 
(Wurtz ,  Goldber g &  Robinson ,  1980) .  Similarly ,  cover t  orientin g ca n b e studie d 
i n human s b y measurin g facilitation s an d inhibition s i n simpl e reactio n tim e 
(RT)  performanc e resultin g fro n preliminar y visua l  cue s v^ic h eithe r  correctl y 
prepar e th e subjec t  t o detec t  th e targe t  a t  th e cue d location ,  o r  whic h summon 
attentio n elsev^er e i n th e visua l  fiel d (Posner,1980) . 

In one study using this approach, normal humans maintained fixation at the 
cente r  o f  a  vide o display ,  an d mad e simpl e R T keypres s response s o n detectin g a 
targe t  vdiic h appeared ,  wit h equa l  probability ,  i n eithe r  o f  tw o flankin g boxe s 
locate d equidistan t  t o lef t  o r  right .  O n eac h tria l  th e tage t  wa s precede d b y a 
precu e v*iic h wa s th e brie f  brightenin g o f  on e o f  th e flankin g boxes .  Thi s cu e 
predicted ,  wit h 80 % probability ,  tha t  th e targe t  woul d appea r  a t  th e 
contralatera l  location .  Th e result s wer e quicke r  detectio n RT s a t  th e locatio n 
of  th e cu e a t  earl y cue-targe t  intervals ;  v^erea s fo r  target s appearin g mor e 
tha n 20 0 msec ,  followin g cu e onset ,  RT s wer e quicke r  fo r  target s contralatera l 
t o th e cue ,  i.e .  v^er e th e subject s ha d expecte d th e target .  Thi s resul t 
suggest s tha t  attentio n ma y b e sunmone d autanaticall y b y exogenou s sensor y 
signals ,  o r  i t  ma y b e deploye d endogenousl y base d o n a  strategi c se t  (Posner , 
Cohen &  Rafal ,  1982 ) 

In the same communication we reported that covert orienting of visual 
attentio n wa s slowe d i n patient s wit h progressiv e supranuclea r  pals y (PSP) ,  an d 
attribute d thi s defici t  t o lesion s o f  th e phylogeneticall y olde r  visua l  syste m 
of  th e midbrai n superio r  colliculu s an d peri-tecta l  region .  PSP ,  an d th e mor e 
frequentl y occurrin g Parkinson' s disease ,  shar e th e clinica l  an d pathologica l 
feature s o f  degeneratio n o f  th e substanti a nigr a an d othe r  basa l  gangli a 
structures .  However ,  PS P i s distinguishe d fro m Parkinson' s diseas e 
pathologicall y b y a  conspiciou s degeneratio n o f  th e superio r  collicul i  an d 
peri-tecta l  regions ;  an d clinicall y b y a  distinctiv e impairmen t  i n makin g 
voluntar y ey e movement s v*iic h affect s vertica l  mor e tha n horizonta l  ey e 
movements .  Ou r  experimen t  demonstrate d tha t  attentio n movement s wer e als o 
slowe r  i n th e vertica l  plane .  Th e cu e use d i n tha t  experiment ,  however ,  wa s th e 
brightenin g o f  a  periphera l  bo x vrfiic h predicted ,  wit h 80 % probability ,  tha t  th e 
targe t  woul d appea r  a t  th e cue d location .  Sinc e th e exogenou s an d th e 
endogenou s contribution s o f  th e cu e wer e redundant ,  w e coul d no t  specif y v^ethe r 
midbrai n visua l  center s wer e involve d i n exogenou s orienting ,  endogenou s 
orienting ,  o r  both . 

The main goal of the present experiments was to determine the role of 
midbrai n visua l  center s i n exogenou s an d endogenou s orienting .  Th e firs t 
experimen t  examine d cover t  attentio n orientin g i n PS P patient s and ,  a s i n th e 
previou s stud y o f  Posne r  Cohe n &  Rafa l  (1982) ,  attentio n movement s i n th e 
vertica l  plan e wer e compare d wit h thos e i n th e horizonta l  plane .  However ,  tw o 
differen t  type s o f  precu e condition s wer e als o compared .  I n on e condition ,  th e 
exogenou s cu e condition ,  th e precu e consiste d o f  th e brightenin g o f  a  periphera l 
box v^ic h di d no t  predic t  (50 % probability )  th e positio n o f  th e target .  An y 
effec t  o f  th e cu e o n detectio n R T could ,  therefore ,  b e attribute d t o automatic , 
stimulu s drive n orienting .  I n anothe r  condition ,  th e endogenou s cu e conditon ,  a 
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central arrow was used v*iich predicted, with 80% probability, the positon at 
v ^ c h th e targe t  woul d appear .  Sinc e th e arro w appeare d a t  fixatio n an d cue d a 
periphera l  locu s onl y b y it s syntoli c meaning ,  thi s conditio n wa s assume d t o 
reflec t  endogenou s contro l  mechanisms . 

Experiments 2 and 3 examined the effects of these two types of cues on 
cover t  orientin g i n norma l  huma n subject s teste d unde r  monocula r  conditions . 
Thes e experiment s too k advantag e o f  th e differen t  neuroanatomica l  connections -
of  th e subcortica l  retino-tecta l  pathwa y an d th e cortica l  geniculo-striat e 
system .  Th e geniculo-striat e syste m i s binoccular ,  an d th e tempora l  an d nasa l 
hemiretina s o f  bot h eye s ar e equall y represente d i n th e occipita l  lob e cortex . 
I n contrast ,  th e extrageniculat e visua l  syste m i s essentiall y  monocular ;  thi s 
subcortica l  retino-tecta l  pathwa y i s dcsninantl y crossed ,  an d eac h superio r 
colliculu s receive s inpu t  mainl y fro m th e contralatera l  eye .  Moreover ,  i n eac h 
superio r  colliculus ,  th e visua l  fiel d o f  th e contralatera l  ey e i s asymmetricall y 
represente d suc h tha t  th e receptiv e field s o f  th e tempora l  hemifiel d dcaninate , 
v^erea s littl e inpu t  fro m th e nasa l  hemifiel d i s mappe d o n th e colliculus . 
Therefore ,  unde r  monopti c viewin g conditions ,  a  differenc e i n cover t  orientin g 
int o th e nasa l  an d tempora l  hemifield s shoul d provid e insigh t  int o th e 
contribution s o f  subcortica l  visua l  centers ,  v*iic h ar e relativel y blin d t o 
signal s occiorin g i n th e nasa l  honifield . 

EXPERIMEirr 1 

Subjects: 

Six patients with progressive supranuclear palsy volunteered to 
participat e i n th e study .  Eac h patien t  ha d a  moderat e t o sever e impairmen t  i n 
th e abilit y  t o mov e th e eye s vertically ,  bu t  littl e o r  n o difficult y movin g th e 
eye s i n th e horizona l  direction . 

^paratus and Procedure: 

In a quiet, darkened room subjects faced a black and v^ite TV monitor 
place d 3 7 c m i n fron t  o f  th e patien t  a t  ey e level .  Th e inde x finge r  o f  th e 
preferre d han d reste d o n a  singl e respons e ke y place d o n a  tabl e betwee n th e 
subjec t  an d th e T V monitor .  Th e T V monito r  an d respons e boar d wer e interface d 
wit h a  microcompute r  v^ic h controlle d th e stimulu s displa y an d th e recordin g o f 
RT. 

Subjects fixated a central plus sign vAiich was flanked by four unfilled, 
squar e boxes ,  on e degre e across ,  v*iic h wer e plotte d 1 0 degree s o f  visua l  angl e 
above ,  below ,  t o th e righ t  an d t o th e lef t  o f  fixation .  Subject s wer e 
instructe d t o maintai n fixatio n a t  th e centra l  plu s sign ,  an d t o respon d wit h a 
quic k manua l  keypres s resons e v^eneve r  a  targe t  appeare d i n an y o f  th e boxes . 
The targe t  wa s a  larg e brigh t  asteris k fillin g th e box ,  an d eac h o f  th e fou r 
boxe s wa s equall y likle y t o contai n th e targe t  o n eac h trial .  However ,  50 ,  150 , 
350 ,  o r  55 0 mse c prio r  t o th e onse t  o f  th e target ,  a  cu e wa s presente d t o 
prepar e th e patien t  fo r  targe t  detection .  I n on e precu e condition ,  th e 
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exogenous cue condition/ the precue consisted of the brightening of one of the 
periphera l  boxe s fo r  30 0 msecs .  Thi s cu e di d no t  predic t  th e locatio n o f  th e 
forthcomin g target ;  th e targe t  wa s equall y likel y t o occu r  a t  th e locatio n o f 
th e cue ,  o r  opposit e t o thi s position .  Cue s an d target s wer e alway s i n th e sam e 
plane /  i.e .  horizonta l  o r  vertical .  Trial s i n yiic h th e cu e correctl y indicate d 
th e targe t  positio n ar e referre d t o a s vali d trials ,  an d trial s i n v*iic h th e cu e 
incorrectl y predicte d th e targe t  positio n ar e referre d t o a s invali d trials . 
Two block s o f  16 0 trial s wer e run .  I n anothe r  precu e condition ,  th e endogenou s 
cu e condition ,  a  centra l  arrow ,  on e degre e o f  visua l  angl e i n length ,  wa s use d 
t o signa l  th e positio n o f  targe t  occurrence ;  e.g .  a  righ t  directe d arro w woul d 
indicat e tha t  th e targe t  woul d b e likel y t o occu r  t o th e righ t  o f  fixation . 
Eight y percen t  o f  trial s wer e vali d an d 20 % wer e invalid .  Fou r  block s o f  16 0 
trial s wer e ru n fo r  eac h subject .  Th e orde r  o f  block s wit h exogenou s an d 
endogenou s cue s wa s randomize d withi n patients . 

Results and Discussion: 

Trials in vAiich target detection responses were less than 150 msec or 
longe r  tha n 350 0 msec ,  wer e exclude d fro m analysis .  Media n RT s frc m th e 
remainin g trial s fo r  eac h subjec t  i n eac h conditio n wer e calculate d an d 
subjecte d t o a  repeate d measure s anlyaisi s o f  varianc e (ANOVA) .  Th e withi n 
subjects *  factor s wer e typ e o f  precu e (periphera l  brightenin g vs .  centra l 
arrow) ,  validit y (correc t  vs .  incorrec t  signalin g o f  th e targe t  position) , 
directio n (horizonta l  vs .  vertical) ,  an d interva l  (50 ,  150 ,  350 ,  an d 55 0 msec) . 

Two of the main effects, validity and interval, were significant; 
F(l,5)=14.21,p<.02 5 an d F(3,15)=26.29,p<.001 ;  respectively .  Detectio n RT s wer e 
shorte r  o n vali d trial s tha n invali d trials ,  an d decrease d a s th e cue-targe t 
interva l  increased .  Specifically ,  RT s wer e 95 2 msec ,  91 0 msec ,  88 2 msec ,  an d 
849 msec ,  fo r  th e 5 0 msec. ,  15 0 msec ,  35 0 msec ,  an d 35 0 msec ,  cue-targe t 
interva l  conditions ,  respectively .  Th e mai n resul t  wa s a  significan t 
interactio n betwee n validit y an d direction ;  F(l,5)=6.71 ,  p<.05 .  Vali d trial s 
wer e responde d t o faste r  v*ie n cu e an d targe t  appeare d i n th e horizonta l 
directio n tha n whe n the y appeare d i n th e vertica l  directio n (Tabl e 1 ) .  Ther e 
was,  hon^^ver ,  n o differenc e betwee n vertica l  an d horizonta l  targe t  detectio n RT s 
on invali d trials .  Thi s interactio n wa s no t  qualifie d b y th e typ e o f  precue , 
and wa s presen t  unde r  exogenou s an d endogenou s precu e conditons . 

These results reveal a direction specific impairment of covert attention 
orientin g i n ou r  PS P patients .  Cover t  orientin g t o th e cue d locatio n occurre d 
more effectivel y v*ie n th e targe t  occurre d i n th e horizonta l  plan e tha n whe n i t 
occurre d i n th e vertica l  plane ,  an d thi s wa s tru e fo r  bot h exogenou s an d 
endogenou s cue s Thes e finding s sugges t  tha t  th e subcortica l  visua l  syste m o f 
th e midbrai n contribute s t o cover t  shift s o f  attentio n activate d b y eithe r 
exogenou s o r  endogenou s information . 
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1:  ORIENTIN G I N PS P 
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30 

81 

112 
56 

56 

111 
44 

67 * 

horizo r 
Ions .  ' ' 

EXPERIMENT 2 

In Experiment 1, we found that intact collicular function is necessary for 
norma l  orientin g t o bot h exogenou s an d endogenou s cues .  I n a  secon d experiment , 
endogenou s orientin g wa s examine d unde r  monocula r  condition s i n norma l  subjects . 
A centra l  arro w cu e wa s use d t o indicat e th e periphera l  positio n a t  whic h a 
targe t  wa s likel y t o occur .  Sinc e thi s cu e require d endogenou s processing ,  an d 
sinc e th e centra l  positio n o f  th e cu e provide d informatio n equall y availabl e t o 
bot h superio r  colliculi ,  difference s i n orientin g betwee n tempora l  an d nasa l 
hemifield s shoul d reflec t  biase s o f  cortica l  system s fo r  orientin g attention . 

Subjects: 

Fourteen neurologically unimpaired adults were payed to participate. 

Apparatus and Procedure: 

The apparatus and procedure of Experiment 2 were the same as the endogenous 
(arrow )  cu e o f  Experimen t  1  excep t  tha t  onl y horizonta l  cue s an d target s wer e 

used .  Cu e duratio n wa s 20 0 msec ,  an d cue-targe t  stimulu s onse t  asynchronie s 
(SOA)  wer e interval s o f  50 ,  150 ,  30 0 an d 50 0 msec .  Subject s wer e teste d 
monopticall y b y patchin g o f  on e ey e befor e eac h experimenta l  block .  Th e orde r  o f 
lef t  versu s righ t  ey e patchin g wa s counter-balance d acros s successivel y teste d 
subject s v^ o participate d i n fou r  block s o f  16 0 trial s each . 
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Result s an d Discussion : 

After excluding RTs of less than 100 msec, and greater than 2500 msec, mean 
RTs fo r  eac h subjec t  i n eac h conditio n wer e analyze d i n a n ANOVA.  Withi n 
factor s were :  hemifiel d towar d v^ic h th e cu e summone d attentio n (tempora l  versu s 
nasal) ;  cu e (vali d o r  invalid) ;  an d interva l  (50 ,  150 ,  300 ,  50 0 m s e c ) .  Th e mea n 
RT fo r  al l  fourtee n subject s i n eac h conditio n ar e show n i n Fig .  1 .  A s i n 
Experimen t  1 ,  ther e wer e mai n effect s o f  interva l  an d o f  cu e validity .  R T 
decrease d a s th e cue-targe t  interva l  increase d (F(3,39) = 56.6 ,  p < .001. )  RT s 
wer e faste r  a t  th e validl y cue d location s a t  al l  interval s (F(l,13) = 23.8 ,  p < 
.001. )  Th e hemifiel d cue d (nasa l  versu s temporal )  interacte d wit h interva l  suc h 
tha t  response s t o target s vdiic h follov«^ d nasa l  cue s wer e quicke r  a t  th e tw o 
shor t  intervals ;  vrtierea s response s t o target s v îic h followe d tempora l  cue s wer e 
faste r  a t  th e lon g tw o interval s (F(3,39) = 3.3 ,  p < .05) .  Th e dat a frc m th e tw o 
shor t  interval s wer e cas t  int o a  separat e ANOVA.  Thi s confirme d tha t  R T t o 
target s tha t  followe d nasa l  cue s (v^ethe r  th e cue s wer e vali d o r  invalid )  wer e 
significantl y faste r  tha n thos e v^ic h followe d tempora l  cue s (F(l,13) = 7.45 ,  p < 
.05) .  Thi s advantag e fo r  target s viAiic h followe d nasa l  cue s wa s du e t o faste r 
RTs o n vali d trial s i n v*iic h a  cu e summonin g attentio n t o th e nasa l  hemifiel d 
was followe d b y a  nasa l  targe t  (F(l,13) = 5.03 ,  p < .05) .  Reactio n time s t o 
target s appearin g i n th e tenpora l  hemifiel d followin g nasa l  hemifiel d cue s wer e 
als o faste r  tha n thos e t o uncue d target s appearin g i n th e nasa l  hemifield ,  bu t 
thi s differenc e wa s no t  significan t  (F(l,13) = 1.29 ,  p = n .s . ) .  Th e dat a fro m th e 
tw o lon g interval s (30 0 mse c an d 50 0 msec )  wer e als o cas t  int o a  separat e ANOVA 
v*iic h confirme d that ,  a t  thes e intervals ,  RT s followin g nasa l  cue s wer e slowe r 
tha n thos e v*iic h followe d tempora l  cue s (F(l,13) = 5.25 ,  p < .05) .  Fig .  3  show s 
tha t  th e faste r  RT s fo r  target s followin g tempora l  cue s wer e primaril y a  resul t 
of  th e invali d cu e condition :  nasa l  cue s followe d b y target s i n th e tempora l 
hemifiel d resulte d i n slowe r  RT s tha n target s whic h appeare d i n th e nasa l 
hemifiel d followin g tempora l  cues . 

The results of this experiment seem to indicate that endogenous control 
mechanism s fo r  orientin g attentio n ar e biase d fo r  orientin g towar d th e nasa l 
hemifield .  Thi s bia s i s reflecte d b y th e quicke r  response s t o nasa l  target s 
followin g nasa l  cue s a t  earl y cue-target s intervals ;  an d b y slowe r  disengagemen t 
fro m th e nasa l  hemifiel d t o respon d t o terrpora l  target s followin g invali d cue s 
at  th e late r  intervals .  Sinc e th e subcortica l  visua l  syste m o f  th e midbrai n ca n 
maintai n surveilanc e o f  th e visiaa l  periphery ,  bu t  ha s littl e inpu t  fro m th e 
nasa l  hemifield s o f  eithe r  eye ,  suc h a  bia s b y th e cortica l  syste m towar d th e 
nasa l  hemifiel d seem s t o b e t o b e a  reasonabl e arrangemen t  fo r  efficien t 
functionin g o f  th e visua l  syste m a s a  v\*iole . 

In Experiment 3, we examined orienting to exogenous signals in the temporal 
and nasa l  hemifield s i n norma l  subject s unde r  monocula r  conditions .  Sinc e th e 
nasa l  hemifiel d i s relativel y blin d t o th e superio r  colliculus ,  w e wante d t o 
determin e vAiethe r  th e cortica l  attentio n syste m wa s conpeten t  i n respondin g t o 
exogenou s signal s presente d i n th e nasa l  hemifield . 
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FIG .  1 :  ENDOGEM)US ORIENTIN G I N EXPERIMENT 2 . 
Mean R T a s a  functio n o f  inteirva l  fo r  targe t 
detectio n followin g arro w cue s pointin g towar d 
tempora l  (soli d circles )  an d nasa l  (ope n squares ) 
hemifields .  Soli d line s indicat e target s appear -
in g a t  th e cue d locatio n (vali d trials) ;  dashe d 
line s indicat e target s appearin g contralatera l  t o 
th e cue d locatio n (invali d trials) . 

Subjects : 

EXPERIMENT 3 

Twenty-fiv e neurologicall y unimpaire d subject s wer e pai d t o participate , 
and wer e teste d unde r  monocula r  condition s a s i n Experimen t  2 . 

Apparatus and Procedure: 
The apparatu s an d procedur e o f  Experimen t  3  wer e th e sam e a s i n Experimen t 

2 ,  excep t  tha t  th e cu e wa s brightenin g o f  on e periphera l  bo x v\Aiic h di d no t 
predic t  (50 % probability )  targe t  location . 
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Result s an d Discussion : 

RTs shojTter than 100 msec, and longer than 2500 msec were excluded from 
analysis .  Thi s le d t o a n exclusio n o f  approximatel y 2 % o f  th e data .  Th e 
result s fro m th e remainin g trial s ar e show n i n Fig .  2 .  Rsponse s wer e faste r  o n 
vali d trial s tha n o n invali d trial s (  F(l,24) = 6.05 ,  p  <.025) ;  an d RT s decrease d 
as th e cue-targe t  interva l  increase d (F(3,72) = 19.9 ,  p  <.001) .  Th e tw o 
variables ,  validit y an d interval ,  interacte d (F(3,72) = 3.90 ,  p < .025) ,  suc h tha t 
vali d cue s produce d faste r  response s tha n invali d cue s a t  th e shor t  intervals . 
Thi s cu e effec t  wa s reduce d a t  th e tw o longe r  intervals .  Furthermore ,  validit y 
interacte d wit h hemifiel d (F(l,24) = 4.37 ,  p < .05) :  Invali d trial s resulte d i n 
slowe r  response s v\die n th e cu e appeare d i n th e nasa l  hemifiel d an d th e targe t 
appeare d i n th e tempora l  hemifield ,  tha n vî ie n th e opposit e sequenc e occurred . 
Inspectio n o f  Fig .  2  reveal s tha t  thi s interactio n wa s presen t  onl y a t  th e tw o 
shor t  cue-targe t  interval s (5 0 mse c an d 15 0 msec) .  Th e interactio n o f  validit y 
and hemifiel d thu s ccxnplement s th e findin g o f  Experimen t  2  v^ic h showe d a 
defici t  i n th e reorientin g o f  attentio n i n a  tenpora l  direction .  I n Experimen t 
2,  thi s interactio n wa s presen t  a t  th e longe r  cue-targe t  intervals ,  presumabl y 
becaus e th e us e o f  a n endogenou s cu e require d mor e tim e t o full y  commi t 
attention ,  an d encourage d subject s t o maintai n attentio n a t  th e cue d position . 
I n Experimen t  3 ,  th e interactio n wa s presen t  a t  th e shorte r  cue-targe t 
intervals ,  presumabl y becaus e th e stimulu s drive n orientin g o f  attentio n 
occurre d relativel y quickl y an d laste d briefly . 

The major finding of this experiment is that exogenous signals vAiich have 
no direc t  acces s t o th e superio r  colliculu s d o suitmo n attention .  Thi s findin g 
implie s tha t  cortica l  system s ar e involve d i n exogenou s orienting .  Thei r 
commitinent ,  however ,  result s i n greate r  slowin g t o reorien t  t o unattende d 
locations . 

GENERAL DISCUSSION 

Attention may be oriented to facilitate the processing of information 
eithe r  internall y i n memory ,  o r  o f  event s occurrin g a t  th e sensor y surface .  When 
orientin g t o facilitat e th e processin g o f  visua l  information ,  attentio n ma y b e 
summoned eithe r  b y a n exogenou s sensor y signal ,  a s v*ie n w e tur n towar d a  sudde n 
movement  see n ou t  o f  th e c o m e r  o f  th e eye ;  o r  ma y b e allocate d endogenously , 
unde r  interna l  control ,  i n orde r  t o prepar e t o detec t  a n expecte d stimulus ,  a s 
v*ie n w e decid e t o loo k bot h way s befor e crossin g th e street .  I n th e studie s 
reporte d here ,  w e hav e atternpte d t o relat e bot h exogenou s an d endogenou s 
mechanism s fo r  orientin g attentio n t o neura l  systems ;  an d specificall y t o 
determin e v^a t  rol e th e retino-tecta l  pathwa y o f  th e phylogeneticall y olde r 
extrageniculate ,  midbrai n visua l  systa n play s i n visua l  orienting . 

The results of the first experiment in patients with progressive 
supranuclea r  pals y wer e clea r  cut .  Midbrai n degeneration ,  includin g th e 
superio r  colliculu s an d peri-tecta l  region ,  produce d a  defici t  i n orientin g t o 
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FIG .  2 :  EXOGENOUS ORIENTIN G I N EXPERIMENT 3 . 
Mean R T a s a  functio n o f  interva l  fo r  target s 
followin g a  bo x brightenin g cu e i n th e tempor -
al  (soli d circles )  an d nasa l  (ope n squares ) 
hemifields .  Soli d line s indicat e target s ap -
pearin g a t  th e cue d locatio n (vali d trials) ; 
dashe d line s indicat e target s appearin g con -
tralatera l  t o th e cu e (invali d trials) . 

bot h exogenou s an d endogenou s cues .  Cover t  orientin g o f  attentio n wa s foun d t o 
be inpaire d i n th e directio n i n whic h ey e movement s wer e mor e limite d i n thes e 
patients .  Moreover ,  th e defici t  i n cover t  orientin g wa s clearl y relate d t o th e 
fac t  tha t  cue s sunmonin g attentio n i n th e clinicall y affecte d directio n produce d 
les s advantag e fo r  target s appearin g a t  th e cue d locations ;  wherea s ther e wa s n o 
differenc e i n reactio n tim e t o detec t  target s a t  th e uncue d locations .  Thi s 
resul t  i s  consisten t  wit h th e concep t  tha t  th e superio r  colliculu s i s involve d 
i n th e operatio n o f  movin g cover t  attention .  I t  contrast s striJcingl y wit h 
observation s i n patient s wit h cortica l  lesion s o f  th e parieta l  lob e i n v*io m th e 
opposit e patter n wa s found :  vi z RT s t o detec t  target s a t  cue d location s wer e no t 
greatl y differen t  i n th e visua l  field s ipsilatera l  an d contralatera l  t o th e 
lesion ;  rathe r  th e difference s foun d wer e a t  th e uncue d locations ,  implicatin g a 
disorde r  i n disengagin g attentio n t o reorien t  towar d th e fiel d contralatera l 
t o th e lesio n (Posner ,  e t  a l ,  1984) . 
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I n th e PS P patient s teste d i n Experimen t  1 ,  w e foun d tha t  collicula r 
lesion s affec t  bot h exogenou s an d endogenou s orienting .  I n th e hemifiel d 
experiment s i n norma l  subjects ,  w e sough t  t o determin e ho w th e retino-tecta l 
syste m migh t  contribut e t o exogenou s an d endogenou s orienting ,  an d wha t  kind s o f 
orientin g behavio r  coul d occu r  independen t  o f  thi s system .  We hav e recentl y 
foun d thi s hemifiel d metho d t o b e a  usefu l  approac h v M c h ca n provid e convergin g 
evidenc e wit h patien t  studies .  Posne r  an d Cohe n (1984 )  showe d tha t  a n exogenou s 
sensor y signa l  v^ic h firs t  summons attention ,  result s i n a  subsequen t  inhibitio n 
of  retur n vAiic h slow s detectio n o f  target s a t  th e recentl y cue d location .  Vi e 
hav e show n tha t  thi s inhibitio n o f  retur n i s deficien t  i n patient s wit h 
progressiv e supranuclea r  pals y (Posner ,  e t  a l  ,  1985) .  Recentl y w e hav e als o 
foun d tha t  thi s inhibitio n o f  retur n effec t  i s  greate r  i n th e tempora l  tha n i n 
th e nasa l  hemifiel d o f  noirma l  huma n subject s unde r  monocula r  condition s (Rafa l 
and Calabresi ,  unpublished) .  Thi s sam e resul t  is ,  i n fact ,  reflecte d i n ou r 
curren t  result s i n Experimen t  3 ,  a s ma y b e see n fro m a  clos e inspectio n o f  Fig . 
2.  A t  th e 50 0 mse c interva l  RT s a t  th e validl y cue d locatio n ar e slowe r  tha n a t 
th e uncue d locatio n i n th e tenpora l  hemifield ,  vAierea s thi s i s no t  tru e fo r  cue s 
summonin g attentio n int o th e nasa l  hemifield .  We hav e reaso n t o feel , 
therefore ,  tha t  thi s hemifiel d metho d ca n b e usefu l  i n examinin g th e rol e o f  th e 
retino-tecta l  pathway ,  an d ca n converg e wit h studie s o f  patient s wit h lesion s o f 
th e superio r  colliculus . 

We began these investigations with the hypothesis that exogenous orienting 
i s specificall y linke d t o th e colliculus ,  vdierea s endogenou s orientin g i s a 
cortica l  function .  Ou r  result s canno t  b e interprete d t o suppor t  suc h a  simpl e 
divisio n o f  labor .  Collicula r  lesion s affecte d bot h exogenou s an d endogenou s 
orienting .  I n normals ,  hemifiel d difference s wer e foun d fo r  orientin g t o bot h 
exogenou s an d endogenou s information .  Th e patter n tha t  emerge s fro m thes e 
result s i s tha t  cortica l  an d subcortica l  mechanism s interac t  wit h on e anothe r  i n 
orientin g i n respons e t o bot h exogenou s an d endogenou s information . 

Because of its neuroanotomic connections, the collicular system is 
competen t  t o orien t  onl y t o signal s i n th e tempora l  hwmifield .  I n animal s th e 
nasa l  hemifiel d ha s littl e representatio n i n th e colliculu s (Hube l  e t  a l ,  1975 ; 
Pollac k &  Hickey ,  1979 )  .  Nevitoo m huma n infants ,  i n vdio m th e retino -  tecta l 
pathwa y i s wel l  established ,  bu t  v*i o lac k a  full y  develope d geniculo-striat e 
pathway ,  seeme d t o orien t  wit h saccadi c ey e movement s onl y t o stimul i  i n thei r 
tempora l  hemifiel d (Lewi s e t  al ,  1979) .  I n considerin g a  syste m i n v îic h 
cortica l  an d subcortica l  center s interact ,  i t  woul d see m t o b e appropriatel y 
adaptiv e tha t  cortica l  system s migh t  ccannpensat e fo r  th e lac k o f  nasa l  hemifiel d 
competenc e o f  th e collicula r  syste m b y bein g biase d towar d th e nasa l  hemifield . 
The result s o f  Experimen t  2 ,  usin g a  centra l  arro w (endogenous )  cue ,  ar e 
consisten t  wit h suc h a n arrangement .  Orientin g towar d th e nasa l  hemifiel d 
occurre d mor e quickl y an d require d mor e committmen t  o f  limite d capacit y 
attentio n resources . 

In Experiment 3, we sought to determine vAiether the cortical system, 
operatin g o n informatio n fro m geniculo-striat e input ,  playe d a  rol e i n 
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orienting to exogenous sensory signals v*iich had no predictive value. Since 
nasa l  hemifiel d cue s summone d attentio n (a s indexe d b y speedin g o f  R T t o target s 
followin g vali d cues )  a s efficientl y a s tempora l  hemifiel d cues ,  w e conclude d 
tha t  cortica l  system s ar e involve d i n exogenou s orienting .  Th e cOTinittitien t  o f 
th e cortica l  syste m t o exogenou s orientin g wa s found ,  again ,  t o requir e 
relativel y greate r  limite d capacit y attentio n resource s resultin g i n greate r 
slowin g t o reorien t  t o unattende d locations . 

In summary, the results of these experiments in neurological patients and 
norma l  huma n subject s suppor t  a  mode l  i n v^ic h cortica l  an d subcortica l  visua l 
center s interac t  i n orientin g t o bot h exogenou s an d endogenou s information . 
Sinc e subcortica l  center s hav e mor e direc t  acces s t o inpu t  fro m th e tempora l 
hemifield ,  cortica l  center s ar e biase d t o orien t  towar d th e nasa l  hemifield . 
Furthermore ,  cannittmen t  o f  th e cortica l  syste m appear s t o requir e limite d 
capacit y attentio n resource s t o a  greate r  degre e tha n doe s th e subcortica l 
midbrai n system ,  an d it s commitmen t  result s i n slowe r  reorientin g t o detec t 
target s elsewhere . 

This model must be considered to be tentative. In our hemifield 
experiments ,  n o neutra l  cu e wa s used ,  s o tha t  w e di d no t  measur e cost s an d 
benefit s directly .  We di d conduc t  a  contro l  experimen t  i n si x norma l  subject s 
teste d monocularl y i n v ^ c h n o cu e wa s given .  N o differenc e wa s foun d i n R T t o 
detec t  target s i n th e nasa l  an d tempora l  hemifields .  Nevertheless ,  i n ou r  cu e 
experiments ,  w e coul d no t  b e sur e v îethe r  th e effect s o f  cuein g o n detectio n i n 
th e tw o hemifield s v^r e du e t o th e directio n towar d whic h attentio n wa s summoned 
by th e cue ,  o r  wer e relate d t o th e hemifiel d towar d v*iic h attentio n ha d t o b e 
reoriente d afte r  th e appearanc e o f  th e target .  I t  wil l  b e necessar y t o measur e 
th e effect s o f  nasa l  an d tempora l  orientin g o n th e reorientin g t o detec t  centra l 
target s t o resolv e thi s question .  Finally ,  ou r  us e o f  th e ter m "cortical "  an d 
"subcortical "  ar e somewha t  arbitrary .  Th e colliculu s an d striat e corte x ar e 
connecte d wit h on e anothe r  bot h directly ,  an d throug h relay s throug h pulvina r 
nucleu s o f  th e thalamus .  Whil e ou r  result s sugges t  a n interactio n betwee n 
cortica l  an d subcortica l  centers ,  specificatio n o f  th e neura l  basi s fo r  thi s 
intereactio n wil l  requir e furthe r  investigation .  Th e approac h o f  seekin g 
convergin g evidenc e fro m chronometri c studie s o f  neurologica l  patient s an d 
norma l  subject s offer s a  prcwiisin g avenu e o f  investigatio n i n attackin g thi s 
kin d o f  fundamenta l  issu e i n cognitiv e neuroscience . 
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ABSTRACT 

Neuropsychological studies indicate that hippocampal formation in 
th e huma n media l  tempora l  lob e (MTL )  play s a  crucia l  rol e i n th e 
formatio n an d retrieva l  o f  memorie s fo r  recen t  events .  We hav e foun d 
tha t  component s o f  neura l  activit y recorde d fro m th e MTL durin g 
recognitio n memor y testin g discriminat e betwee n repeate d an d 
nonrepeate d words .  Suc h recording s ar e mad e possibl e vi a intracrania l 
electrode s implante d fo r  th e isolatio n o f  seizur e foc i  i n epilepti c 
patients .  Simila r  activit y ca n b e elicite d durin g lexica l  decisio n 
tasks ,  wher e i t  i s  als o sensitiv e t o stimulu s repetition .  I t  ha s bee n 
suggeste d tha t  repetitio n effect s o n lexica l  decisio n performanc e 
measure s ar e a  reflectio n o f  procedura l  learning ,  unlik e th e typ e o f 
learnin g tha t  underlie s recognitio n memor y performance ,  doe s no t 
involv e th e MTL .  Howeve r  simila r  change s i n th e MTL respons e durin g 
bot h lexica l  decisio n an d recognitio n memor y suggest s tha t  a  common 
mechanis m contribute s t o repetitio n effect s acros s tasks .  Thes e 
potential s provid e a  junctur e fo r  studie s a t  bot h th e psychologica l 
and synapti c level s o f  analysis . 

INTRODUCTION 

Many current biologically inspired models of memory and cognition 
represen t  menta l  state s a s pattern s o f  activatio n occurin g acros s a 
networ k o f  processin g unit s (e.g .  Hinto n &  Anderson ,  1981) .  Th e unit s 
ar e mor e o r  les s explicitl y  analogou s t o neura l  element s o r  integrate d 
collection s o f  neura l  elements .  Man y o f  thes e model s shar e a n 
assumptio n tha t  th e occurenc e o f  a  patter n o f  activatio n ca n lea d t o 
an event-specifi c  modificatio n o f  th e system .  Thi s modificatio n i s 
usuall y characterize d a s change s i n th e weightin g o f  connection s 
betwee n units .  Multipl e source s o f  evidenc e indicat e tha t  i n th e huma n 
brai n media l  tempora l  lob e (MTL )  structures — i n particula r  th e 
hippocampu s —mediat e th e initia l  enhancemen t  o f  connectio n strength , 
at  leas t  durin g th e acquisitio n o f  comple x declarativ e knowledge .  I n 
orde r  t o explor e thi s learnin g proces s w e hav e mad e intracrania l 
recording s fro m th e hippocampus ,  parahippocampa l  gyrus ,  an d emphasi s 
on memor y judgment s fo r  recognitio n o f  recen t  previou s occurrence .  I n 
thi s pape r  som e o f  ou r  curren t  finding s fro m thes e studie s wil l  b e 
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described. 

NEUROBIOLOGICAL AND CLINICAL CONTEXT OF RECORDING STUDIES 

The MTL is important for the formation and retrieval of memories 
fo r  recen t  pattern s o f  activation .  Bilatera l  lesion s t o thi s are a 
yiel d a  dens e an d specifi c  amnesi a fo r  recen t  event s (Scovill e & 
Milner ,  1957) .  Unilatera l  lesion s reflec t  hemispheri c specializatio n 
fo r  memor y functions ,  thus ,  lesion s t o th e MI L o f  th e language -
dominan t  hemispher e creat e a  large r  defici t  o n test s fo r  memor y fo r 
verba l  material s tha n d o lesion s o f  th e nondominan t  hemisphere . 
Stimulatio n studie s indicat e tha t  som e importan t  MTL contributio n t o 
memory i s mad e durin g th e firs t  50 0 millisecond s followin g 
presentatio n o f  a  stimulu s (Halgren ,  Wilson ,  &  Stapleton ,  1985) ,  bot h 
when tha t  ite m i s firs t  presente d fo r  learning ,  an d als o whe n i t  late r 
re-occur s a s a  recognitio n probe .  Anatomicall y th e MTL i s 
characterize d b y convergin g excitator y input s fro m bot h modalit y 
specifi c  an d transmoda l  associatio n cortice s (codin g th e result s o f 
perceptua l  an d cognitiv e analyses) ,  an d divergin g output s t o thes e 
same areas ,  creatin g a  circui t  fo r  th e cyclin g o f  activatio n betwee n 
limbi c an d cortica l  area s (Va n Hoesen ,  1982) .  I t  i s  thu s wel l  situate d 
t o affec t  change s i n th e neura l  activatio n tha t  presumabl y underlie s 
experience .  Hippocampa l  synapse s ar e characterize d b y a  plasticit y 
potentiall y  critica l  fo r  trac e formation .  Tha t  is ,  activatio n o f 
hippocampa l  neuron s ca n resul t  i n morphologica l  change s i n thei r 
connectivit y (Lync h &  Baudry ,  1984 )  an d physiologica l  change s i n thei r 
conductivit y tha t  ar e specifi c  t o th e patter n o f  activate d synapti c 
input s (McNaughton ,  1983 ;  Teyle r  &  Piscenna ,  1984) . 

Formal models of the neural basis of human cognitive memory (e.g. 
Gardner-Medwin ,  1976 ;  Halgren ,  1984 ;  Marr ,  1971 )  sugges t  tha t  th e MTL 
help s retai n informatio n abou t  nove l  juxtaposition s o f  pas t  inputs , 
functionin g i n concer t  wit h th e associatio n cortice s an d othe r  area s 
t o modif y th e connectivit y o f  neura l  element s suc h tha t  subsequen t 
partia l  input s wil l  b e sufficien t  t o progessivel y reconstruc t  a 
patter n o f  activatio n simila r  t o tha t  o f  th e origina l  experience .  I n 
effect ,  th e hippocampu s migh t  b e viewe d a s a  sourc e o f  wea k randoml y 
wire d connection s betwee n disparat e cortica l  units .  Selectiv e 
enhancemen t  o f  thes e connection s migh t  yiel d dynami c link s t o suppor t 
memory unti l  mor e permanen t  structura l  change s i n synapti c 
connectivit y ar e forme d (cf .  Feldman ,  1982) .  Grossber g (1976 )  ha s 
emphasize d th e nee d fo r  a  mechanis m t o stabiliz e ne w pattern s o f 
activatio n i f  subsequen t  simila r  inpu t  pattern s ar e t o b e code d int o 
th e sam e recognitio n category .  Halgre n (1984 )  ha s propose d tha t  ne w 
ensemble s o f  cortica l  element s ar e stabilize d a s a  resul t  o f  th e 
emergenc e o f  excitator y associatio n cortex-MTL-associatio n corte x 
feedbac k loop s fro m thes e rando m connections ,  leadin g t o potentiatio n 
of  th e hippocampa l  synapse s i n thi s circuit . 

Unilateral surgical excision of the MTL is a technique often 
employe d i n a n effor t  t o contro l  medicall y intractabl e comple x partia l 
epilepsy .  I n man y case s th e surgica l  prognosi s ca n b e greatl y improve d 
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if the epileptic focus has been previously unambiguously localized to 
one MTL b y monitorin g th e activit y o f  th e MTL s durin g th e onse t  an d 
sprea d o f  seizure s (Delgado-Escuet a &  Walsh ,  1983) .  Suc h monitorin g i s 
made possibl e b y recordin g fro m chronicall y implante d intracrania l 
electrodes .  Whil e awaitin g th e spontaneou s occurenc e o f  seizures ,  th e 
opportunit y sometime s exist s t o recor d th e electrica l  activit y o f  th e 
MTL whil e th e patien t  i s  engage d i n controlle d cognitiv e tasks .  Suc h 
recording s provid e a  uniqu e windo w fo r  monitorin g neura l  activit y 
possibl y centra l  t o memor y processes . 

A common technique in human electrophysiological studies is to 
repeatedl y sampl e activit y elicite d i n conjunctio n wit h som e shar p 
onse t  stimulu s event ,  suc h a s th e presentatio n o f  word s i n relativel y 
simpl e judgmen t  tasks .  Stimulus-locke d recording s ca n b e subjecte d t o 
signa l  averagin g technique s t o produc e a  representatio n o f  th e 
prototypica l  sequenc e o f  neura l  activit y specifi c  t o th e processin g o f 
stimul i  o f  tha t  class .  Suc h representation s ar e referre d t o a s event -
relate d potential s (ERPs) .  ER P component s ar e typicall y identifie d a s 
characteristi c task-relate d peak s o n th e average d wavefor m an d 
referre d t o b y thei r  typica l  polarit y an d latenc y t o pea k amplitude . 
Isomorphism s ar e ofte n mad e betwee n suc h component s o f  ERPs ,  an d 
inferre d concommitan t  cognitiv e processes .  I n contras t  t o recording s 
of  th e action-potential s fro m individua l  neurons ,  thes e fiel d 
potential s reflec t  th e summatio n o f  relativel y co-tempora l  synapti c 
potential s acros s a  populatio n o f  neurons .  The y mus t  the n mor e closel y 
represen t  gros s envelope s o f  activatio n tha t  pars e o r  modulat e menta l 
event s rathe r  tha n closel y reflectin g specifi c  informatio n 
transactions .  Howeve r  eve n thi s gros s measur e i s highl y sensitiv e t o 
ite m specifi c  feature s suc h a s th e intrinsi c meanin g o f  a  stimulus , 
it s  relationshi p t o loca l  context ,  an d whethe r  i t  ha s als o occurre d i n 
th e recen t  past . 

INTRACRANIAL ERPs DURING RECOGNITION MEMORY TESTING 

Scalp-recorded ERPs, inasmuch as they are one of the few measures 
by whic h neura l  activit y ca n b e noninvasivel y monitore d i n norma l 
humans,  hav e bee n intensivel y studied .  Among man y othe r  things ,  suc h 
recording s hav e indicate d tha t  th e waveform s elicite d i n norma l 
subject s durin g testin g fo r  recognitio n o f  previou s occurrenc e 
discriminat e betwee n repeate d word s an d foil s (foil s  i n thi s tas k ar e 
word s tha t  ar e wel l  know n i n th e lexicon ,  bu t  hav e no t  occurre d befor e 
i n th e tes t  context ,  i.e .  'nonrepeated '  words) .  Thi s discriminatio n i s 
eliminate d i n subject s wh o hav e receive d surgica l  lesion s tha t  includ e 
media l  structure s i n th e tempora l  lob e o f  th e languag e dominan t 
hemispher e (Smit h &  Halgren ,  i n preparation) .  Suc h a n effec t 
underscore s a  globa l  contributio n o f  th e MTL t o pattern s o f  neura l 
activation .  Howeve r  scalp-recorde d ERPs represen t  th e smearin g o f 
activit y fro m multipl e intracrania l  curren t  sources ,  an d thu s ar e 
seldo m informativ e wit h respec t  t o th e specifi c  activit y o f  an y 
particula r  brai n system .  Recordin g directl y fro m th e MTL allow s th e 
monitorin g o f  th e activit y o f  loca l  neurona l  populations .  Th e 
hippocampu s i s a  laminate d structure ,  wit h th e apica l  dendrite s o f  it s 

274 



SMITH,  HALGREN,  HEI T 

pyramidal cells arranged in a highly regular parallel fashion. This 
architectur e i s appropriat e fo r  th e summatio n o f  synchronou s synapti c 
potentials ,  an d thu s potentiall y  fo r  th e generatio n o f  ERPs .  MTL -
generate d ERPs hav e bee n know n fo r  som e tim e t o b e elicite d i n simpl e 
perceptua l  discriminatio n task s (e.g .  Halgren ,  Squires ,  Wilson , 
Rohrbaugh ,  Babb ,  &  Crandall ,  1980) . 

In recent years we have been recording MTL activity during more 
demandin g cognitiv e tasks ,  suc h a s th e recognitio n memor y (RM )  tas k 
mentione d above .  I n thi s tas k subject s ar e presente d wit h a  serie s o f 
180 common word s organize d int o nin e randoml y ordere d blocks .  Te n 
word s ar e common t o al l  block s an d serv e a s th e targe t  set .  Th e othe r 
90 ar e presente d onl y once .  Followin g th e firs t  block ,  subject s 
indicat e b y a  keypres s whethe r  eac h wor d ha s als o occurre d earlie r  i n 
th e test .  Word s ar e expose d fo r  30 0 mse c ever y 250 0 msec ,  an d a 
feedbac k ton e occur s 120 0 mse c afte r  wor d onset .  Althoug h thi s tes t  i s 
ver y eas y fo r  norma l  subjects ,  wh o consistentl y perfor m i t  wit h a  hi t 
rat e o f  wel l  ove r  90 % acros s block s an d ver y fe w fals e recognitions , 
i t  i s  highl y sensitiv e t o MTL dysfunction .  Subject s wh o hav e receive d 
unilatera l  left-side d MTL lesion s scor e substantiall y  belo w th e norma l 
rang e i n RM,  an d hi t  rat e approache d th e chanc e leve l  i n on e amnesi c 
patien t  wh o wa s tested . 

Intracranial recordings are typically made simultaneously from 
multipl e electrode s an d recordin g contacts ,  samplin g activit y fro m 
bot h MTL s acros s multipl e anatomica l  structures .  Suc h recording s 
durin g R M ar e characterize d b y long-latenc y (300-80 0 mse c t o pea k 
amplitude )  an d larg e amplitud e (ofte n 5 0 t o 25 0 microvolts )  ER P 
components ,  tha t  ofte n discriminat e betwee n repeate d an d nonrepeate d 
words .  Th e voltag e an d polarit y o f  thes e ER P component s ca n var y 
greatl y bot h withi n an d acros s MTL structures ,  wit h larg e difference s 
ofte n see n betwee n eve n closel y space d electrod e contact s (fo r  a  mor e 
detaile d explanatio n o f  recordin g metho d an d results ,  se e Smith , 
Stapleton ,  &  Halgren ,  1986) .  Potential s recorde d fro m th e lef t 
amygdal a o f  seve n patient s durin g R M ar e illustrate d i n figur e 1 .  A s 
can b e see n i n th e figur e a  robus t  negativ e componen t  wa s observe d 
betwee n 300-50 0 mse c afte r  stimulu s onse t  (N460 )  i n respons e t o word s 
on thei r  firs t  presentation .  Althoug h th e synapti c basi s o f  thi s 
componen t  i s speculative ,  i t  possibl y represent s th e summatio n o f 
synchronize d synapti c activatio n o f  hippocampa l  pyramida l  cell s i n 
respons e t o diffus e cortica l  input .  Th e N46 0 i s muc h attenuate d whe n 
i t  i s  elicite d i n respons e t o repeate d words ,  suggestin g tha t  th e MTL 
(o r  it s input )  wa s modifie d i n som e wa y b y th e recen t  experienc e wit h 
th e initia l  pattern s o f  activatio n elicite d b y th e se t  o f  repeate d 
words .  Thi s differenc e i s no t  simpl y du e t o a  stat e chang e o r 
nonspecifi c  habituation ,  i n tha t  repeate d an d nonrepeate d word s ar e 
intermixe d i n a  rando m sequence .  Followin g th e N46 0 t o correctl y 
recognize d repeate d words ,  a  broad ,  typicall y positiv e potentia l 
(P620 )  wa s ofte n observe d a t  man y MTL sites .  A  componen t  wit h a 
simila r  MTL voltag e distributio n i s als o elicite d b y attende d 
infrequen t  stimul i  i n simpl e perceptua l  discriminatio n task s (e.g . 
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Halgren et al, 1980). Current evidence suggests that it is associated 

vit h a  decreas e i n loca l  neurona l  firin g (Altafullah ,  Halgren , 

Stapleton ,  &  Crandall ,  1986) ,  possibl y a s a  resul t  o f  recurren t 

inhibitio n o f  hippocampa l  pyramida l  cell s (cf .  Andersen ,  Eccles ,  & 
Loyning ,  196A) . 

Let t  Amygdal t 
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Large amplitude, steep voltage gradients, and polarity reversals 
ove r  shor t  distances ,  strongl y sugges t  tha t  th e N46 0 an d P62 0 ar e 
generate d withi n th e MTL .  Furthe r  evidenc e fo r  loca l  generatio n i s 
provide d b y recording s fro m raulticontact  electrode s tha t  allo w neura l 
activit y t o b e sample d a t  regula r  spatia l  interval s fro m th e media l 
tempora l  lob e site s ou t  t o th e ipsilatera l  tempora l  cortex .  Suc h 
recording s indicat e th e thes e potential s ar e consistentl y o f  larges t 
amplitud e a t  MTL contacts .  I n addition ,  i n patient s wit h sever e MTL 
pathology ,  thes e component s ar e ofte n absen t  o r  extremel y corrupted ,  a 
resul t  tha t  woul d no t  b e expecte d i f  the y originate d fro m extra-MT L 
sources . 

Thus, these potentials appear to be generated in a brain 
structur e critica l  fo r  cognitiv e memory ,  a t  a  tim e whe n tha t  structur e 
migh t  reasonabl y b e assume d t o b e makin g som e importan t  contributio n 
t o performance .  That ,  an d thei r  consisten t  sensitivit y t o recen t 
occurence s o f  simila r  pas t  inputs ,  provid e stron g circumstantia l 
evidenc e tha t  thes e potential s directl y reflec t  th e neura l  activit y 
inheren t  i n th e earl y stage s o f  memor y formation/retrieval .  Th e N46 0 
migh t  wel l  represen t  a  patter n o f  activatio n tha t  result s i n th e 
enhancemen t  o f  wea k laten t  connection s betwee n cortica l  element s tha t 
i s  probabl y centra l  t o memor y fo r  th e nove l  aspect s o f  recen t 
experience .  Th e P62 0 migh t  represen t  a  complementar y proces s o f 
dampenin g tha t  help s preven t  th e recedin g o f  recentl y repeate d item s 
and promote s contex t  reconstruction .  Gardner-Medwi n (1976 )  foun d tha t 
optima l  reconstructio n o f  a  patter n fro m memor y wa s obtaine d whe n th e 
threshol d fo r  neura l  firin g i s initiall y  lo w an d the n graduall y 
increase s ove r  successiv e iteration s i n a  progressiv e recall .  Wit h a 
lo w threshold ,  a  cu e suc h a s a  recognitio n prob e i s abl e t o activat e 
more o f  it s  origina l  contextua l  associates .  A s th e emergin g patter n 
stabilizes ,  a n increas e i n threshol d inhibit s th e activatio n o f 
tangentia l  elements .  Th e temporall y progressiv e enhancemen t  o f  th e 
P620 fo r  repeate d word s migh t  thu s reflec t  thi s typ e o f  threshol d 
incrementatio n i n th e recognitio n process . 

INTRACRANIAL ERFs RECORDED DURING LEXICAL DECISION 

We have attempted to extend our findings by contrasting the 
component s elicite d durin g R M wit h thos e obtaine d fro m recording s i n 
comparabl e tasks .  Intracrania l  recording s fro m th e MTL yiel d wavefor m 
record s wit h a  distinc t  voltag e distributio n acros s recordin g site s 
fo r  eac h componen t  i n eac h subject .  Thus ,  withi n individua l  subject' s 
record s i t  i s  possibl e t o mak e systemati c comparison s o f  th e dept h 
voltag e topograph y o f  a  componen t  i n orde r  t o ascertai n it s identit y 
acros s differen t  elicitin g tasks .  B y utilizin g thi s strateg y w e hav e 
foun d tha t  N46 0 componen t  i s als o elicite d durin g lexica l  decisio n 
(LD )  tasks ,  wher e subject s ar e require d t o discriminat e word s fro m 
nonsens e lette r  string s (Smit h e t  al ,  1986) . 

Reaction time studies have indicated that repetition of items 
facilitate s performanc e spee d an d accurac y i n LD .  I n thi s tas k n o 
over t  judgmen t  o f  recen t  previou s experienc e i s required ,  an d learnin g 
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of the stimulus set is incidental rather then intentional. To test 

whethe r  th e repet i t io n relate d decreas e i n MT L N46 0 ampl i tud e coul d b e 

general ize d t o thes e cond i t ions ,  intracrania l  recording s wer e obtaine d 

dur in g bot h R M an d L D i n th e sam e sub jec ts .  Individua l  tr ia l  t imin g 

an d v isua l  s t imulu s quali t y wa s th e sam e i n bot h tasks .  I n thi s 

vers io n o f  L D st imul i  wer e structure d i n a n init ia l  bloc k o f  3 2 an d 

thre e subsequen t  b lock s o f  6 A t r ia ls .  Orde r  wa s randomize d withi n 

b locks .  Hal f  o f  th e t r ia l s i n eac h bloc k wer e lette r  str ing s tha t  di d 

no t  for m w o r d s .  Th e 3 2 i tem s i n th e firs t  b loc k wer e subsequentl y 
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tasks .  Scal e i s 5 0 microvol ts .  Negativi t y i s up .  PS=presubiculura , 

MP= middl e pe s h ippocampus ,  PG = posterio r  parahippocampa l  gyrus , 
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repeated in each of the other three blocks. All other items were 
presente d onl y once . 

We have found that in normal subjects scalp-recorded ERPs 
elicite d durin g L D discriminat e betwee n repeate d item s an d thos e 
presente d a  firs t  time .  Thes e difference s ar e ver y simila r  t o thos e 
observe d betwee n nonrepeate d word s an d target s i n RI- l  (Smit h &  Halgren , 
1986) .  Intracrania l  ERPs recorde d durin g R M an d L D i n thre e patient s 
ar e compare d i n Figur e 2 .  I n thes e thre e subject s seizur e onse t  wa s 
localize d t o th e nondominan t  MTL .  The y performe d i n th e norma l  rang e 
on R M an d LD ,  an d displaye d a  substantia l  enhancemen t  o f  respons e 
spee d an d accurac y followin g wor d repetitio n i n LD .  A s ca n b e see n i n 
th e figur e a  negativit y extendin g fro m abou t  300-50 0 mse c wa s elicite d 
by word s presente d fo r  a  firs t  tim e i n RM.  Thi s potentia l  wa s followe d 
by a  typicall y positiv e componen t  tha t  extendin g betwee n 500-70 0 mse c 
post-stimulu s onset .  Th e firs t  componen t  i s analogou s t o th e N46 0 
potentia l  observe d i n th e earlie r  serie s o f  patients ,  agai n bein g 
smalle r  i n amplitud e whe n elicite d b y repeate d words .  A  negativit y 
simila r  i n amplitude ,  MTL voltag e distribution ,  an d latency ,  ca n als o 
be see n i n respons e t o item s presente d fo r  a  firs t  tim e fo r  lexica l 
judgment .  A n effec t  o f  repretitio n o f  simila r  magnitud e t o tha t 
observe d i n R M wa s als o observe d i n th e lat e negativ e componen t 
recorde d i n LD .  Similarly ,  th e secon d componen t  i s analogou s t o th e 
P620 potentia l  describe d above ,  an d ca n als o b e see n i n LD .  I n bot h 
tasks ,  i t  i s  relativel y large r  i n respons e t o repeate d items .  I t  i s  o f 
interes t  t o not e tha t  thi s effec t  wa s obtaine d eve n thoug h th e se t  o f 
repeate d item s i n L D wa s muc h large r  tha n i n R M (3 2 v s 10) ,  the y wer e 
repeate d fewe r  time s ( 4 v s 9 ) .  repetition s wer e separate d b y a  muc h 
longe r  averag e la g (ove r  2  mi n v s 5 0 sec ,  wit h man y mor e intervenin g 
items) ,  subject s wer e no t  instructe d t o remembe r  th e items ,  an d n o 
over t  judgmen t  o f  recen t  occurenc e wa s required . 

Parallel voltage distributions and task correlates strongly 
suppor t  th e ide a tha t  identica l  population s o f  neuron s ar e bein g 
activate d i n a  simila r  manne r  i n bot h tasks .  Comparabl e effect s o f 
repetitio n o n ER P component s i n bot h R M an d L D indicat e tha t  thes e 
effect s ar e robus t  an d tha t  th e MTL make s a  genera l  contributio n t o 
cognitiv e processin g i n bot h tasks .  Moscovitc h (1982 )  foun d tha t  a 
grou p o f  subject s wit h memor y disorders ,  includin g institutionalize d 
elderl y subject s an d patient s i n th e earl y stage s o f  Alzheimer' s 
disease ,  stil l  sho w repetitio n relate d facilitatio n i n LD .  H e thu s 
propose d tha t  facilitatio n i n L D reflect s change s i n th e 'procedural ' 
system ,  an d wer e independen t  o f  intac t  MTL functio n (cf .  Cohen ,  1984) . 
However  th e exten t  o f  MTL patholog y i n thos e subject s wa s unknown .  I n 
contrast ,  th e famou s amnesi c patien t  H.M. ,  wh o suffer s fro m wel l 
documente d bilatera l  surgica l  remova l  o f  th e MTL ,  ha s bee n reporte d t o 
sho w n o facilitatio n i n L D whe n judgin g repeate d word s (Gabrielli , 
Cohen,  Huff ,  Hodgeson ,  &  Corkin ,  1984) .  Further ,  recen t  psychologica l 
studie s hav e foun d tha t  'episodic '  source s o f  primin g ca n hav e effect s 
on L D performanc e parallelin g primin g fro m othe r  source s (McKoo n & 
Ratcliff ,  1986) .  Thus ,  i n additio n t o extendin g th e condition s unde r 
whic h repetitio n effect s o n th e MTL N46 0 migh t  b e obtained ,  thes e 
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results are consistent with the idea that repetition priming effects 
i n lexica l  decisio n d o no t  solel y reflec t  procedura l  learning ,  bu t 
instea d shar e tas k relate d component s o f  neura l  activatio n wit h 
overtl y MTL-dependen t  task s suc h a s recognitio n memor y (fo r  a  simila r 
conclusio n derive d fro m a n insightfu l  serie s o f  behaviora l  studies , 
se e Ratcliff ,  Hockley ,  &  McKoon ,  1985) . 

SUMMARY 

We have recorded field potentials from the human hippocampus and 
associate d structure s i n orde r  t o bette r  understan d ho w thes e brai n 
area s contribut e t o memory .  Thes e recording s hav e reveale d repetition -
sensitiv e component s o f  MTL activation .  On e componen t  i s larges t  whe n 
a stimulu s occur s fo r  a  firs t  tim e withi n a  context ,  an d i s smalle r  o n 
subsequen t  presentations .  Thi s componen t  migh t  represen t  a  patter n o f 
activatio n tha t  result s i n th e enhancemen t  o f  wea k laten t  connection s 
betwee n cortica l  processin g elements .  A  secon d componen t  i s instea d 
enhance d t o repeate d items ,  possibl y reflectin g a  dampenin g proces s 
tha t  decrease s th e nois e leve l  i n th e network ,  o r  alternatively ,  tha t 
provide s a  mechanis m t o rese t  th e syste m afte r  i t  reache s a  stabl e 
poin t  (cf .  Anderso n &  Silverstein ,  1978 ;  Grossberg ,  1978) .  Thes e 
component s ca n b e identifie d i n bot h recognitio n memor y an d lexica l 
decision ,  suggestin g tha t  th e media l  tempora l  lob e make s a  wide -
rangin g contributio n t o repetitio n effects .  Analyse s o f  thes e 
component s a t  bot h th e synapti c an d th e psychologica l  level s migh t 
provid e a  junctur e fo r  linkin g thes e domain s o f  memory . 

Supported by USPHS grant number NS18741 to E.H., and the Veterans' 
Arainistration . 
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The purpose of this paper is to illustrate an approach to the theory of reasoning 

tha t  take s al l  reasonin g t o b e "explanation-based" .  I n particular ,  w e conside r  ho w t o 

trea t  "defaul t  reasoning "  a s a  specia l  cas e o f  explanation-base d reasonin g an d w e indi -

cat e wha t  implication s thi s treatmen t  o f  defaul t  reasonin g ha s fo r  handlin g case s wher e 

th e legitimac y o f  defaul t  reasonin g i s defeate d b y specia l  considerations . 

We ar e particularl y intereste d i n th e followin g questio n abou t  defaul t  reasoning . 

Give n a  defaul t  principl e o f  th e form ,  "Normall y A' s ar e B's, "  on e ca n normall y infe r 

tha t  a  give n A  i s a  B .  Bu t  sometime s furthe r  informatio n abou t  a n A  ca n bloc k thi s 

inference .  Th e questio n is :  H o w shoul d th e rule s o f  inferenc e accommodat e thes e 

exceptiona l  cases ? 

One metho d tha t  i s use d i n certai n productio n system s i s t o hav e severa l  rules , 

one fo r  th e defaul t  rul e an d on e fo r  eac h o f  th e exceptiona l  cases :  "Fro m x  i s a n A , 

infe r  x  i s a  B. "  "Fro m x  i s a n A  an d x  i s a  C ,  infe r  x  i s no t  a  B. "  Etc .  Furthermore , 

a restrictio n i s place d o n th e rule s o f  inferenc e sayin g that ,  i f  th e lef t  han d sid e o f  a 

rul e R  i s satisfied ,  on e ca n us e R  onl y i f  ther e i s n o satisfie d rul e whos e lef t  han d sid e 

include s al l  th e condition s o f  R' s lef t  han d sid e plu s som e furthe r  conditions .  Give n A 

only ,  on e ca n the n us e th e firs t  rul e t o infe r  B .  Bu t  give n A  an d C  on e canno t  us e th e 

first  rule ,  sinc e th e secon d rule' s lef t  han d sid e i s no w satisfied . 

Thi s metho d suppose s tha t  on e ha s alread y discovere d whethe r  th e cas e i s excep -

tiona l  befor e decidin g whethe r  t o infe r  fro m " x i s a n A "  t o " x i s a  B "  usin g th e defaul t 

rule .  Thi s doe s no t  accoun t  fo r  th e cas e i n whic h th e curren t  evidenc e woul d allo w 

th e inferenc e tha t  x  i s a n exceptio n bu t  thi s ha s no t  ye t  bee n inferred .  McDermot t  an d 

Doyl e (1980 )  handl e thi s cas e b y usin g rule s o f  th e followin g form :  "Give n tha t  x  i s 

an A  an d tha t  x  canno t  b e inferre d t o b e a  C ,  infe r  tha t  i t  i s  a  B. "  Bu t  eve n thi s 

approac h doe s no t  handl e a  cas e i n whic h th e evidenc e indicate s tha t  ther e i s a 

significan t  chanc e tha t  x  i s a  C ,  withou t  bein g s o stron g a s t o allo w th e inferenc e tha t 

X i s a  C . 

The researc h reporte d her e wa s supporte d i n par t  b y a  researc h gran t  fro m th e Jame s S .  McDonnel l  Foundation ,  b y a 

researc h gran t  (487906 )  fro m IBM ,  b y th e Defens e Advance d Researc h Project s Agenc y o f  th e Departmen t  o f  Defens e 

and b y th e Offic e o f  Nava l  Researc h unde r  Contrac U Nos .  N00014-85-C-045 6 an d N00014-85-K-0465 ,  an d b y th e Na -

tiona l  Scienc e Foundatio n unde r  Cooperativ e Agreemen t  No .  DCR-842094 8 an d unde r  N S F gran t  numbe r  IST8503968 . 

The view s an d conclusion s containe d i n thi s documen t  ar e thos e o f  th e author s an d shoul d no t  b e interprete d a s neces -

saril y representing  th e officia l  policies ,  eithe r  expresse d o r  implied ,  o f  th e McDonnel l  Foundation ,  IBM ,  th e Defens e 

Advance d Researc h Project s Agenc y o r  th e U.S .  Government . 
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I n som e case s o f  thi s sort ,  th e possibilit y  o f  x' s bein g a  C  i s relevan t  becaus e th e 

reaso n wh y A' s ar e normall y B' s i s tha t  A' s ar e normall y C's ,  an d C' s ar e alway s B's . 

We sugges t  tha t  i n orde r  t o infe r  fro m x' s bein g a n A  t o x' s bein g a  B  on e mus t  b e 

abl e simultaneousl y t o infe r  tha t  x  i s a  C .  I f  th e evidenc e indicate s tha t  ther e i s a 

significan t  chanc e tha t  x  i s no t  C ,  the n i t  wil l  no t  b e possibl e t o conclud e tha t  x  i s C , 

and tha t  wil l  preven t  th e inferenc e tha t  x  i s B .  A s w e wil l  no w indicate ,  thi s wa y o f 

handlin g certai n defaul t  defeater s fits  i n wit h a  genera l  framewor k o f  explanation-base d 

reasoning . 

REASONING 

A preliminar y accoun t  o f  explanation-base d reasonin g occur s i n Harma n (1986) . 

Reasonin g i s identifie d wit h a  nonmonotoni c proces s o f  "chang e i n view" .  Suc h a 

chang e occur s cml y i n th e presenc e o f  a n interes t  o r  goa l  o f  th e agent ,  fo r  example ,  a n 

interes t  i n th e answe r  t o a  particula r  question .  Tli e proces s o f  reasonin g trie s t o 

respon d t o thi s interes t  o r  goa l  b y makin g a  minima l  chang e i n th e agent' s belief s tha t 

improve s th e explanator y coherenc e o f  th e whol e se t  o f  belief s b y additio n t o an d sub -

tractio n fro m tha t  set .  Th e proces s i s subjec t  t o a  numbe r  o f  constraint s discusse d i n 

Harman (1986 )  tha t  wil l  no t  b e discusse d here . 

We envisio n a  compute r  program ,  A R (fo r  Artificia l  Reasoner) ,  tha t  modifie s 

representation s o f  belief s i n accor d wit h th e principle s o f  explanation-base d reasonin g 

(CuUingford ,  e t  al. ,  1985). .  W h e n A R draw s a  ne w conclusion ,  thi s conclusio n wil l 

normall y tak e th e for m o f  a  comple x explanator y structure ,  i n whic h belief s ar e linke d 

togethe r  b y relation s o f  intelligibility .  Sometimes ,  explanation-base d reasonin g wil l 

involv e ne w belief s tha t  ar e inferre d a s th e bes t  explanatio n o f  th e trut h o f  certai n ol d 

beliefs .  Fo r  example ,  whe n docto r  A R infer s tha t  a  patien t  ha s a  particula r  disease , 

AR' s conclusio n i s tha t  th e patient' s havin g thi s diseas e explain s wh y th e patien t  ha s 

suc h an d suc h symptoms .  Sometime s explanation-base d reasonin g wil l  introduc e ne w 

belief s whos e trut h i s inferre d t o b e explaine d b y certai n ol d beliefs .  Fo r  example , 

when predicto r  A R predict s tha t  a n agen t  wil l  d o a  particula r  action ,  AR' s conclusio n 

i s tha t  suc h an d suc h motive s wil l  lea d th e agen t  t o d o tha t  actio n an d s o wil l  explai n 

th e agent' s action .  Othe r  mor e comple x case s ar e discusse d i n Harma n (1986) . 

The uni t  o f  inferenc e i s a n explanator y structure .  W h e n A R i s considerin g 

whethe r  o r  no t  t o accep t  a  give n conclusio n C ,  A R mus t  conside r  whethe r  ther e i s 

some explanator y structur e A R ca n accep t  o f  whic h C  i s a  part .  So ,  A R wil l  hav e 

some principle s fo r  determinin g wha t  possibl y acceptabl e explanator y structure s ther e 

are .  A R wil l  als o hav e principle s fo r  decidin g amon g competin g explanator y struc -

ture s (e.g .  fo r  choosin g th e bes t  explanation) .  (Thes e principle s nee d no t  b e wholl y 

separate ,  becaus e th e possibl y acceptabl e explanator y structure s migh t  b e produce d i n 

an orde r  tha t  indicate s ho w goo d the y are .  Fo r  example ,  ther e migh t  b e a  preferenc e 

fo r  explanator y structure s tha t  involv e fewe r  rathe r  tha n mor e ne w beliefs .  Ther e 

migh t  als o b e a  preferenc e fo r  explanator y structure s tha t  accoun t  fo r  mor e rathe r  tha n 

less. ) 
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S P  i s i n a  positio n t o kno w whethe r  S . 

P know s tha t  S  P  i s sincer e 

P say s tha t  S 

HGURE 1: A (SLIGHTLY) COMPLEX EXPLANATION 

STRUCTURES 

I n thi s view ,  belief s ar e organize d int o comple x explanator y structures .  Th e basi c 

link s i n suc h structure s ar e immediat e explanations .  Immediatel y intelligibl e link s 

represen t  connection s tha t  A R grasp s withou t  havin g t o not e intermediat e links .  A n 

immediat e explanatio n o r  e-nod e ha s tw o components ,  a n explanan s o r  lis t  o f  (pointer s 

to )  immediatel y explainin g belief s an d a n explanandu m o r  (pointe r  to )  somethin g 

immediatel y explained .  Ever y belie f  i s  associate d wit h explaine r  link s t o e-node s o f 

whic h th e belie f  i s  th e explanandu m an d explaine d link s t o e-node s o f  whic h th e belie f 

i s  on e o f  th e explanans . 

A comple x explanatio n i s a  structur e o f  immediat e explanations ,  perhap s a  tree , 

wit h th e ultimat e explanandu m (thin g explained )  a t  th e root ,  wher e i t  an d othe r  propo -

sition s i n th e tre e hav e a s immediat e descendent s e-node s o f  whic h the y ar e th e 

explananda ,  wher e thes e e-node s hav e a s thei r  descendent s th e proposition s tha t  ar e th e 

explanan s o f  th e e-nodes .  (Figur e 1 ) 

Some e-structure s ar e mor e comple x tha n this ,  sinc e a  ne w hypothesi s migh t 

allo w th e explanatio n o f  mor e tha n on e thing .  Fo r  example ,  docto r  A R shoul d prefe r  a 

diagnosi s tha t  account s fo r  severa l  o f  a  patient' s symptom s ove r  a  diagnosi s tha t 

account s fo r  onl y on e symptom .  Tha t  involve s a n explanator y structur e wit h mor e 

tha n on e root .  S o w e hav e t o allo w fo r  case s i n whic h ther e i s mor e tha n on e e-nod e 

belo w a  proposition .  I t  i s  no t  clea r  wha t  t o cal l  thi s structure ,  bu t  i t  consist s basicall y 

i n link s amon g proposition s an d e-nodes . 

So,  w e assum e tha t  A R ha s \  ocedure s tha t  produc e possibl e explanator y struc -

ture s o f  thi s sor t  containin g th e propositio n i t  i s  "considering "  an d minimizin g th e 

number  o f  ne w belief s i t  add s an d ol d belief s i t  get s ri d of . 

INFERRING STRUCTURES 

Suppos e A R know s tha t  A  i s F  an d A R als o know s that ,  normally ,  x  i s F  onl y i f 

X i s G .  Bu t  A R doe s no t  kno w wh y thi s i s so .  I n particula r  A R doe s no t  kno w 

whethe r  something' s bein g F  i s responsibl e fo r  it s  bein g G ,  whethe r  something' s bein g 

G i s responsibl e fo r  it s  bein g F ,  o r  whethe r  som e othe r  thin g i s responsibl e fo r  thi s 

correlation .  Still ,  A R ca n infe r  tha t  A  i s G .  Bu t  ho w i s tha t  t o b e represente d a s a n 

explanator y inference ? 
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Normally, x is F only if x is G. 

I 
A i s F  onl y i f  A  i s G  A  i s F 

A i s G 

HGURE 2: EXPLANATION USING A DEFAULT PRINCIPLE 

We sugges t  th e followin g answer :  A R infer s tha t  th e existenc e o f  th e genera l 

correlatio n betwee n something' s bein g F  an d something' s bein g G  wil l  accoun t  fo r  th e 

correlatio n i n thi s particula r  case .  Tha t  is ,  A R wil l  ad d a n e-nod e whos e singl e 

explaine r  i s ( a lin k to )  "Normally ,  x  i s F  onl y i f  x  i s G "  an d whos e explanandu m i s ( a 

lin k to )  " A i s F  onl y i f  A  i s G" .  A R wil l  als o ad d a n e-nod e whos e explainer s ar e 

link s t o " A i s F  onl y i f  A  i s G "  an d " A i s F "  an d whos e explanandu m i s " A i s G. " 

Thes e tw o e-node s an d th e proposition s the y ar e linke d t o mak e u p th e explanator y 

structur e tha t  A R infer s o n thi s occasion .  (Figur e 2 )  (Thi s i s no t  t o sa y tha t  A R ha s t o 

retai n thi s structur e i n memor y a s tim e goe s on .  Rather :  thi s i s wha t  A R accept s fo r 

th e moment  i n comin g t o accep t  " A i s G". ) 

H o w doe s A R infe r  fro m " S say s tha t  P "  t o "P" ? Perhap s vi a th e generalization , 

"Usually ,  x  say s tha t  m onl y i f  m. "  The n thi s i s a n instanc e o f  th e sor t  o f  inferenc e 

jus t  discussed . 

However ,  A R migh t  als o hav e a  vie w a s t o wh y th e generalizatio n holds .  A R 

migh t  believ e tha t  th e generalizatio n hold s because ,  usually ,  whe n x  say s tha t  m ,  tha t 

i s  becaus e x  believe s tha t  m an d x  want s t o sa y whethe r  m ,  and ,  furthermore ,  x 

believe s tha t  m becaus e m an d x  i s i n a  positio n t o kno w whethe r  m .  I t  i s  onl y 

becaus e A R accept s suc h a n explanatio n tha t  A R ca n avoi d inferrin g "P "  fro m " S say s 

tha t  P "  o n thos e occasion s o n whic h A R believe s S  doe s no t  wan t  t o sa y whethe r  P  o r 

on thos e occasion s o n whic h A R think s S  i s no t  i n a  positio n t o kno w whethe r  P . 

(EventuaUy ,  w e conside r  ho w AR' s acceptanc e o f  thi s sor t  o f  explanatio n allow s A R 

t o avoi d thes e ba d inferences. ) 

T o represen t  thi s w e nee d t o allo w fo r  explanator y structure s tha t  lin k proposi -

tion s wit h variable s i n them .  Th e relevan t  structur e her e contain s a n e-nod e whos e 

explanandu m i s ( a lin k to )  " x say s tha t  m "  an d whos e explainer s ar e (link s to )  " x 

believe s tha t  m "  an d " x want s t o sa y whethe r  m" .  I t  als o contain s a n e-nod e whos e 

explanandu m i s ( a lin k to )  " x believe s tha t  m "  an d whos e explainer s ar e (link s to )  "m " 

and " x i s i n a  positio n t o kno w whethe r  m. "  (Figur e 3 ) 
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m X  i s i n a  positio n t o kno w whethe r  m 

I  I 

I 
X believe s tha t  m x  want s t o sa y whethe r  m 

I  I 

I 
x say s tha t  m 

HGURE 3: EXPLANATORY STRUCTURE WITH VARL\BLES 

Cal l  thi s structur e ST ,  the n th e relevan t  belie f  i s  that ,  usually ,  whe n x  say s tha t  m ,  the n 

ST.  Notic e tha t  thi s involve s quantifier s whos e scop e i s th e whol e explanator y struc -

ture .  (Als o th e phrase ,  "usuall y whe n x  say s tha t  m, "  i s a  kin d o f  quantifie r  here .  It s 

scop e i s als o th e whol e structure. ) 

LIMITED REASONING 

The amoun t  o f  processin g require d t o tel l  whetiie r  a  conclusio n i s currenti y infer -

abl e i n N  step s i s a n exponentia l  functio n o f  N .  Furthermore ,  anyon e wh o ha s taugh t 

a logi c cours e know s tiiat  student s ofte n hav e troubl e wit h mor e tha n on e o r  tw o step s 

of  inferenc e a t  a  time.  Proof s hav e t o b e broke n dow n int o manageabl e stages ,  eac h o f 

whic h mus t  b e absorbe d befor e goin g o n t o th e next .  I n general ,  peopl e ar e capabl e o f 

onl y a  fe w step s o f  inferenc e a t  an y give n time.  S o w e wante d A R t o b e subjec t  t o 

th e sam e limitations . 

Our  first  implementatio n o f  thi s ide a wa s t o limi t  A R t o N  step s o f  immediat e 

implicatio n o r  inmiediat e inductiv e projection ,  wher e N  i s 1  or ,  anyway ,  small .  Bu t 

th e reasonin g involve d i n man y elementar y activities ,  e.g .  stor y understanding ,  ofte n 

involve s rathe r  comple x chain s o f  inference . 

Reflectio n o n variou s example s seeme d t o u s t o indicat e tha t  ho w man y step s o f 

immediat e inferenc e ar e possibl e depend s o n ho w familia r  th e are a is .  So ,  ou r  secon d 

implementatio n o f  A R replace d th e limitatio n t o N  step s o f  inferenc e wit h a  se t  o f 

rule s specificall y spellin g ou t  wha t  deduction s o r  projection s A R wa s capabl e o f  a t  an y 

give n time ,  wher e tiiese  rule s migh t  allo w (i n principle )  fo r  unlimite d chain s o f  impli -

catio n an d projection ,  i f  th e chain s wer e o f  a  "familiar "  sort .  (Wha t  chain s o f  reason -

in g wer e t o coun t  a s familia r  dictate d th e choic e o f  rules .  Th e notio n o f  familiarit y 

di d no t  pla y a n explici t  rol e i n th e rules. ) 

Now,  i n orde r  t o mak e furthe r  progres s here ,  w e sa w w e ha d clearl y t o distin -

guis h betwee n a  ste p o f  inferenc e (i.e .  a  ste p o f  belie f  revision )  an d a  ste p o f  implica -

tio n o r  inductiv e projection .  Thi s distinctio n i s eas y t o appreciat e fo r  th e cas e i n 

whic h belie f  revisio n include s th e eliminatio n o f  som e prio r  belief ,  becaus e eliminatin g 

a belie f  i s  clearl y differen t  fro m inferrin g a n implicatio n o r  projectio n fro m prio r 

beliefs .  Bu t  th e distinctio n i s als o importan t  fo r  reasonin g tha t  doe s no t  eliminat e an y 

ol d beliefs ,  i n othe r  words ,  fo r  reasonin g tha t  add s ne w belief s tha t  ar e implication s 

287 



H A R M A N,  C U L L I N G F O R D,  B I E N K O W S K I ,  S A L E M,  P R A T T 

and/o r  projection s o f  ol d beliefs .  Wha t  get s adde d i n suc h a  cas e i s (w e claim )  a n 

implicational-explanator y structure .  Ther e wil l  ofte n b e a  comple x chai n o f  implica -

tion  an d projectio n i n th e structure .  I n a  sens e thi s represent s a  comple x chai n o f  rea -

soning .  Bu t  i n anothe r  sens e (w e wan t  t o say )  thi s migh t  b e onl y on e ste p o f  reason -

ing . 

For  example ,  a  perso n ma y accep t  a s a  backgroun d "belie f  a  comple x genera l 

explanator y structure .  A  singl e ste p o f  inferenc e migh t  involv e th e acceptanc e o f  a 

particula r  instanc e o f  tha t  genera l  structure ,  accepte d a s a n instanc e o f  tha t  structure . 

The n th e conclusio n accepte d ca n involv e a  numbe r  o f  step s o f  implicatio n an d projec -

tion  eve n tiiough  ther e i s onl y on e ste p o f  inferenc e betwee n th e genera l  explanator y 

belie f  an d tha t  conclusion . 

So,  w e ca n combin e th e origina l  ide a tha t  ther e i s a  limi t  t o th e numbe r  o f  step s 

of  reasonin g a  perso n ca n d o a t  an y on e time  wit h th e observatio n tha t  som e reasonin g 

involve s a  comple x chai n o f  considerations ,  onc e w e distinguis h betwee n a  ste p o f  rea -

sonin g an d a  lin k i n a n implicational-explanator y chain . 

DEFAULT REASONING 

Suppos e A R believe s -

Normally, if x is an F, x is a 0. 

Normally ,  i f  x  i s  a n F  an d x  i s a n H ,  x  i s a  Q . 

G an d Q  ar e contraries . 

al  i s  a n F . 

Then AR can accept the conclusion "al is a G." More specifically AR can accept the 

explanator y structur e i n Figur e 4 .  Thi s involve s addin g on e ne w belief ,  namel y "a l  i s 

a G" ,  whic h i s linke d t o belief s previousl y accepted . 

The competin g explanator y structur e involve s addin g tw o ne w belief s (Figur e 5) . 

The tw o ne w belief s adde d her e ar e "a l  i s  a n H "  an d "a l  i s  a  Q" .  Th e explanator y 

power  o f  thi s structur e i s th e sam e a s tha t  o f  th e previou s structure ,  s o th e previou s 

structur e i s preferre d t o thi s one . 

Normally, if x is an F, x is a G. al is an F. 

I  I 

I 
al  i s  a  G . 

HGURE 4: DEFAULT STRUCTURE 
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Normally ,  i f  x  i s  a n F  an d x  i s a n H ,  x  i s a  Q .  a l  i s  a n F .  a l  i s  a  G 

I  I  I 

I 
al  i s  a  Q . 

nOURE 5: COMPETING STRUCTURE 

If AR's evidence included both "al is an F' and "al is an H", then the second 

structur e woul d b e preferre d becaus e i t  link s "a l  i s  a n H "  t o th e newl y inferre d belief , 

wherea s th e first  structur e woul d onl y lin k "a l  i s  F '  t o th e newl y inferre d belief . 

McDermot t  an d Doyl e (1980 )  woul d allo w th e first  inferenc e onl y give n th e 

furthe r  premises ,  " I  hav e n o reaso n t o infe r  'a l  i s  H'" .  Bu t  thi s premis e i s no t  neede d 

on th e explanation-base d reasonin g approach . 

DEFEATERS 

Suppos e A R believe s 

(1) Normally, if x is F, then x is G. 

(2 )  a  i s F . 

Then AR ought to be able to infer a is G. But not if AR also believes: 

(3) (1) holds because, normally, if x is F, then x is H, and any H is G. 

together with other things that prevent AR from using (3) to infer that a is H, either 

becaus e A R believe s thing s tha t  impl y a  i s no t  H ,  o r  becaus e A R believe s thing s tha t 

impl y tha t  ther e i s a  significan t  chanc e tha t  a  i s no t  H  despit e (2 )  an d (3) . 

Notic e tha t  w e canno t  captur e thi s withi n a  "nonmonotoni c logic "  b y assertin g 

that ,  whe n somethin g lik e (3 )  i s believed ,  (1 )  mus t  b e replace d wit h 

(4) Normally, if x is F and it is not inferable that x is not H, then x is G. 

This is not enough of a modification in (1), because it would not prevent the inference 

i n certai n case s i n whic h th e inferenc e shoul d b e prevented ,  namely ,  thos e i n whic h i t 

i s  no t  inferabl e tha t  x  i s no t  H  bu t  i t  i s  als o no t  inferabl e fro m (3 )  tha t  x  i s H  (e.g . 

becaus e w e hav e othe r  evidenc e tha t  indicate s a  significan t  likelihoo d tha t  x  i s no t  H 

(fo r  exampl e th e evidenc e migh t  indicat e tha t  ther e i s a  50-5 0 probabilit y  tha t  x  i s no t 

H) . 

ALGORITHM 

Her e i s a  quasi-algorith m tha t  A R uses ,  give n a n interes t  i n answerin g a  question . 

I t  first  form s a  lis t  o f  possibl e e-structure s i t  migh t  infe r  tha t  contai n a n answer .  I t 

order s thi s lis t  i n term s o f  ho w goo d thes e explanation s ar e a s measure d b y th e exten t 
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of  chang e require d (th e mor e chang e th e wors e th e explanation )  an d effec t  o n explana -

tor y connection s (th e mor e th e better) .  Thi s i s discusse d i n Harma n (1986 )  withou t 

settlin g o n a  precis e measure .  W e d o no t  hav e spac e her e t o discus s possibl e meas -

ures .  I n an y event ,  cal l  th e ordere d lis t  L .  A R take s th e first  ite m fro m L.  Cal l  thi s 

ite m I .  A R form s a  lis t  o f  competin g e-structure s tha t  migh t  b e inferred .  I t  consider s 

whethe r  I  i s  bette r  tha n an y e-structur e i n thi s las t  list .  I f  so ,  i t  infer s I .  I f  not ,  i t  con -

sider s th e nex t  ite m i n L  an d goe s bac k thre e steps .  I f  L  i s empty ,  n o answe r  t o th e 

questio n ca n b e inferred . 

INTERSECTION EXAMPLE 

We conclud e wit h a  differen t  sor t  o f  exampl e whic h w e hav e bee n examining . 

Suppos e A R start s wit h a n interes t  i n answerin g th e question ,  "D o th e tw o street s 

Harriso n an d Aike n intersect? "  I t  collect s a  lis t  o f  e-structure s i t  migh t  infe r  tha t  con -

tai n a n answer ,  usin g backwar d chaining .  I n thi s cas e th e possibl e answer s ar e ye s an d 

no,  i.e .  "Harriso n an d Aike n d o intersect "  an d "Harriso n an d Aike n d o no t  intersect" . 

A R discover s th e followin g possibl e e-structur e tha t  i t  migh t  infer :  Harriso n an d 

Aike n d o intersect ,  becaus e Harriso n an d Aike n ar e nea r  eac h othe r  an d perpendicula r 

t o eac h other ,  and ,  normally ,  whe n road s ar e nea r  eac h othe r  an d perpendicular ,  the y 

intersect .  Thi s e-structur e i s inferabl e onl y becaus e A R akead y believe s (1 )  tha t 

Harriso n an d Aike n ar e nea r  eac h othe r  an d perpendicula r  t o eac h othe r  an d (2 )  nor -

mally ,  whe n road s ar e nea r  eac h othe r  an d perpendicular ,  the y intersect . 

A R discover s n o othe r  inferabl e e-structure . 

A R nex t  consider s whethe r  ther e ar e competin g e-structure s tha t  migh t  b e inferre d 

and discover s none .  S o A R infer s tha t  Harriso n an d Aike n intersect . 

The rule s o f  backward s chainin g applicabl e i n a  cas e lik e thi s ar e quit e simila r  t o 

ordinar y backwar d chainin g inferenc e rule s E X C E PT tha t  the y lea d t o a n e-structur e 

containin g al l  th e "premises" . 

I t  migh t  b e goo d t o sa y a  bi t  mor e abou t  "near "  an d "perpendicular" .  I n sayin g 

tha t  Harriso n an d Aike n ar e nea r  an d perpendicula r  wha t  i s mean t  i s tha t  ther e i s a 

poin t  X  o n Harriso n an d a  poin t  Y  o n Aike n suc h tha t  X  i s nea r  Y  an d th e orientatio n 

of  Harriso n a t  X  i s perpendicula r  t o th e orientatio n o f  Aike n a t  Y .  A R migh t  kno w 

abou t  suc h points ,  e.g .  th e intersectio n o f  Aike n an d Princeto n an d th e intersectio n o f 

Harriso n an d Nassau . 

N o w suppos e tha t  A R start s b y believin g this : 

(*) Normally, if 

X i s a  poin t  o n SI , 

Y i s a  poin t  o n S2 , 

X an d Y  ar e nea r  eac h other ,  an d 

th e orientatio n o f  S I  a t  X  i s perpendicula r  t o th e orientatio n o f  S 2 a t  Y , 

then :  S I  intersect s S2 . 
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Then A R come s t o believ e tha t  (* )  hold s becaus e 

(a) the lines going through X and Y with the orientations of S1 at X and S2 at Y inter-

sec t  i n a  poin t  Z  tha t  i s  nea r  o r  a t  bot h X  an d Y  an d 

(b )  normally ,  give n a  poin t  P  o n a  roa d R ,  th e roa d continue s a t  leas t  a  shor t  distanc e 

alon g i n th e sam e directio n fro m tha t  point ,  s o that ,  i f  P '  i s  nea r  o r  a t  P  an d P '  i s  o n 

th e lin e throug h P  tha t  ha s th e sam e orientatio n tha t  R  ha s a t  P ,  the n R  continue s fro m 

P t o R  - -  s o 

(c )  S I  continue s t o Z  an d S 2 continue s t o Z ,  s o 

(d )  S I  an d S 2 ar e bot h a t  Z ,  s o 

(e )  S I  an d S 2 intersec t  a t  Z . 

Now, if AR is considering whether Harrison and Aiken intersect, backchaining leads to 

a muc h mor e complicate d e-structure ,  whic h migh t  b e expresse d i n word s a s follows : 

Harriso n an d Aike n d o intersec t  becaus e ther e i s a  poin t  X  o n Harriso n an d a  poin t  Y 

on Aike n suc h tha t  X  i s nea r  Y  an d th e orientatio n o f  Harriso n a t  X  i s perpendicula r  t o 

th e orientatio n o f  Aike n a t  Y  an d tha t  mean s ther e i s a  poin t  Z  tha t  i s  nea r  X  an d nea r 

Y an d Harriso n continue s beyon d X  t o Z  an d Aike n continue s beyon d Y  t o Z ,  wher e Z 

i s th e intersectio n o f  th e line s goin g throug h X  an d Y  tha t  ar e oriente d a s Harriso n an d 

Aike n ar e a t  X  an d Y ,  an d wher e al l  thi s i s s o becaus e o f  th e generalization s allude d 

t o above . 

Thi s modificatio n o f  backchainin g require s tha t  som e chang e b e mad e t o th e ori -

gina l  generalizatio n linkin g i t  t o it s explanation .  Th e backchainin g rul e ha s t o b e sen -

sitiv e t o thi s lin k i n suc h a  wa y tha t  i t  yield s th e e-structur e jus t  given . 

Thi s mean s tha t  A R wil l  b e unabl e t o infe r  tha t  Harriso n an d Aike n intersec t  i f  i t 

canno t  infe r  th e mor e comple x e-structure ,  perhap s becaus e A R believe s tha t  Aike n 

does no t  continu e o n i n th e indicate d wa y bu t  instea d dea d end s int o a  park . 
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We are all too aware of limitations on human cognitive capacities. All of us 

routinel y ru n u p agains t  th e boundarie s o f  ou r  abilitie s t o calculat e swiftly , 

t o tak e severa l  factor s int o accoun t  a t  once ,  t o recal l  information .  Man y o f 

th e experimenta l  technique s o f  cognitiv e psycholog y involv e th e measuremen t  o f 

thes e limits .  Latel y i t  ha s bee n suggeste d tha t  w e may expec t  th e huma n min d t o 

hav e limitation s o f  a  differen t  order ,  qualitativ e rathe r  tha n quantitativ e i n 

character .  Thes e ar e no t  merel y uppe r  bound s o n th e size ,  speed ,  reliability , 

etc .  o f  calculation ,  bu t  limitation s o n th e scop e o f  huma n understanding .  I 

hav e i n min d her e Fodor' s clai m tha t  ou r  mind s ar e likel y epistemicall y bounde d 

and th e Dennett-Hofstadte r  thesi s tha t  the y ar e sphexish . 

These claims are not without precedent. Fodor cites Aquinas, who borrows 

fro m Aristotle ,  wh o attribute s t o Anaxagora s th e argumen t  that ,  sinc e th e 

intellec t  ca n thin k al l  things ,  i t  mus t  b e "unmixe d wit h body "  (D e Anim a 111.4) . 

Dennet t  cite s Descarte s (Dennet t  1978 ,  p .  245) .  Traditionall y th e clai m tha t 

materialis m implie s limitation s o n th e understandin g ha s bee n use d t o argu e fo r 

immaterialism .  Thi s immaterialis t  modu s tollen s ha s becom e th e materialist' s 

modus ponens .  I n thi s pape r  I  conside r  th e justificatio n fo r  th e implicatio n 

itself ,  howeve r  i t  may b e used ,  an d als o tr y t o clarif y th e conten t  o f  th e clai m 

bein g made . 
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Sphexishnes s ha s a s it s paradig m cas e th e behavio r  o f  th e sphe x was p a s 

described in an oft-quoted passage from Wooldridge (Wooldridge 1963, p. 82). 

The wasp's behavior of leaving her prey at the entrance of the burrow, entering 

unencumbered at first, and then retrieving her burden, smacks of prudent 

foresight. One can't be too careful! But if, while she is checking things out 

inside, a meddlesome finger nudges her prey a few inches from the doorway, she 

will repeat the procedure, even though presumably she can see that no enemy has 

snuck into her burrow in the meantime. Further, she will repeat this routine 

endlessly, or at least to the end of an experimenter's patience. So one can 

be too careful. After a few dozen repetitions, however, it becomes obvious that 

the wasp is not being careful. At first she seems prudent, then stupidly 

over-cautious. Eventually, though, we abandon the whole framework of rational 

appraisal and realize that the poor wasp is just stuck like a broken record 

(Hofstadter 1985, p. 530). Sphexishness is apparently rational behavior 

revealed to be really merely reflexive through its rigid persistence where it 

is no longer appropriate. Hofstadter calls the sphex's performance "a rather 

shocking revelation of the mechanical underpinning ... of \ihat looks like quite 

reflective behavior" (Hofstadter, p. 529). 

Note that sphexish behavior is not merely sub-optimal or even irrational, 

but non-rational. Admittedly the line between behavior which is irrational and 

that which falls outside the pale of rational criticism is not sharp. To claim 

that some human behavior is sphexish, however, is to say that it is only 

apparently done for reasons, not that it is done for poor reasons. 

Wooldridge's original analysis is that the rigidity of the sphex's 

apparently thoughtful behavior reveals it to be pre-packaged and triggered, 
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rathe r  tha n deliberatel y chosen .  H e compare s i t  t o a n interrupt-drive n 

subroutine (Wooldridge, pp. 83 - 85). Sphexishness would arise in such a 

system when undiscriminating interrupts are in charge of extended behavioral 

routines. 

At the end of Part V of the Discourse on the Method Descartes proposes two 

features which separate people from both animals and machines. The first and 

more famous is the ability to use language. The second has not been well 

understood, but I believe that it amounts to a claim that people are 

antisphexish. 

About the abilities of animals Descartes says: 

...although many animals show more skill than we do in some of 
thei r  actions ,  ye t  th e sam e animal s sho w non e a t  al l  i n man y others ; 
so wha t  the y d o bette r  doe s no t  prov e tha t  the y hav e an y intelligence , 
fo r  i f  i t  di d the n the y woul d hav e mor e intelligenc e tha n an y o f  u s 
and woul d exce l  u s i n everything .  I t  prove s rathe r  tha t  the y hav e n o 
intelligenc e a t  all ,  an d tha t  i t  i s  natur e whic h act s i n the m 
accordin g t o th e dispositio n o f  thei r  organs .  (Cottingha m e t  al . 
1985 ,  p .  141 ) 

Clearly Descartes must be referring to apparently rational abilities on the part 

of animals, and not just, say, the cheetah's speed or the monkey's agility, for 

his denial that these skills prove intelligence to be apposite. Descartes is 

claiming that animal cunning is in fact just sphexishness. 

Why Descartes thinks that the singularity of the spider's skill at 

construction or the bird's navigational prowess shows these to be merely 

mechanical rather than truly intelligent behaviors comes across more clearly 

when Descartes distinguishes between the abilities of people and machines. 

...even though such machines might do some things as well as we do 
them ,  o r  perhap s eve n better ,  the y woul d inevitabl y fai l  i n others , 
whic h woul d revea l  tha t  the y wer e actin g no t  throug h understandin g bu t 
onl y fro m th e dispositio n o f  thei r  organs .  Fo r  wherea s reaso n i s a 
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universa l  instrumen t  whic h ca n b e use d i n al l  kind s o f  situations , 
thes e organ s nee d som e particula r  dispositio n fo r  eac h particula r 
action ;  henc e i t  i s  fo r  al l  practica l  purpose s impossibl e fo r  a 
machin e t o hav e enoug h differen t  organ s t o mak e i t  ac t  i n al l  th e 
contingencie s o f  lif e i n th e wa y i n whic h ou r  reaso n make s u s act . 
(Cottingha m e t  alo ,  p .  140 ) 

Before the term 'sphexishness' was coined by Hofstadter, Daniel Dennett, 

citing Descartes, claimed that the lesson of the sphex was that "any behavior 

controlled by a finite mechanism must be tropistic" (Dennett 1978, p. 245). 

Apparently Dennett meant by a "finite mechanism" an elaboration of the sphexian 

architecture as imagined by Wooldridge: a system of hard-wired patterns of 

response set off by pre-arranged signals. The Dennett-Descartes claim then 

would be that no finite system of routines and interrupts could act with the 

resourcefulness of a being endowed with universal reason. 

This thesis is indefensible, however, simply because a finite system can 

still be very large. The number of situations a human being can expect to meet, 

with however small a delta factor of probability one chooses, is still finite. 

(I say this while cheerfully admitting I have no idea how to count possible 

situations, much less estimate their probability. But the product of the number 

of nanoseconds in the maximum human life span times the number of cubic 

angstroms within, say, thirty parsecs of earth, times the number of distinct 

physical states each of these space-time parcels can be in, is still comfortably 

finite.) Finitude is no constraint at all when there are only finitely many 

opportunities. Dennett should have followed Descartes' lead and talked about 

the limitations of biologically or physically feasible mechanisms, rather than 

merely finite oneso 

A system with a finite number of primitive responses is still capable of an 

infinite number of responses anyway, provided that we allow combinations of 

296 



response s o f  an y length .  Th e advantag e o f  universa l  reaso n ove r  finit e 

mechanis m i s no t  t o b e determine d b y th e cardinalit y o f  behaviora l  repertoires . 

I f  th e allege d huma n sphexishnes s amount s t o mor e tha n th e admissio n o f  uppe r 

bound s o n th e size ,  speed ,  an d accurac y o f  th e informatio n processin g tha t  goe s 

on withi n them ,  the n i t  mus t  b e base d o n mor e tha n huma n finitude . 

II 

It is tempting to read Descartes' argument for the sphexishness of animals 

as anticipatin g Fodo r  o n th e consequence s o f  modularity .  I f  intelligenc e 

consist s i n computationall y discrete ,  informationall y encapsulated , 

special-purpos e organs ,  "the n i t  i s  surel y i n th e card s tha t  ther e shoul d b e 

some problem s whos e structur e th e min d ha s n o computationa l  resource s fo r  copin g 

with "  (Fodo r  1983 ,  p .  120) .  I n particular ,  Fodo r  propose s tha t  a  likel y 

consequenc e o f  th e mind' s modularit y i s tha t  i t  i s  epistemlcall y bounded ;  "ou r 

cognitiv e organizatio n Impose s epistemlcall y significan t  constraint s o n th e 

belief s tha t  w e ca n entertain "  (ibid.) .  I f  ther e ar e belief s tha t  w e canno t 

entertain ,  the n ther e ar e reason s fo r  actin g tha t  w e canno t  have .  I n situation s 

wher e thos e reason s woul d b e significan t  w e shoul d ac t  sphexishly .  Anticipatin g 

objection s o n thi s point ,  however ,  Fodo r  goe s o n t o argu e tha t  epistemi c 

boundednes s i s no t  uniqu e t o modularism ,  bu t  i n fac t  shoul d b e a  consequenc e o f 

any psychologica l  theory .  I f  Fodo r  i s right ,  w e ca n kno w a  prior i  tha t  w e o r 

any cognitiv e being s woul d b e sphexish . 

Fodor offers two sorts of reasons apart from modularity to expect the mind 

t o b e epistemlcall y bounded .  Th e firs t  sor t  involve s bound s o n executiona l 

parameters :  certai n belief s migh t  b e s o comple x tha t  thei r  menta l  token s ar e 

unparseable ,  to o larg e fo r  short-ter m memory ,  o r  th e lik e (p .  121) .  Th e mor e 

297 



interestin g possibilit y  i s  tha t  th e mind' s basi c conceptua l  repertoir e migh t  b e 

limited. Empiricism — nothing in the mind unless first in the senses — poses 

such a restriction on the concepts available to the mind, and Fodor points out 

that empiricists like Hume are saved from epistemic boundedness only by 

verificationism, "a semantic thesis that has the convenient property of 

entailing that psychologically inaccessible beliefs are ipso facto nontruth-

valuable [sic]" (p. 124). 

Without some form of verificationist semantics or other retreats from 

realism, Fodor points out, significant conceptual constraints will imply 

epistemic boundedness. "All cognitive psychologies thus far proposed," Fodor 

declares, impose such constraints (p. 125). Nor is this likely to change, "The 

point," according to Fodor, 

is that any psychology must attribute some endogenous structure to 
th e min d (reall y unstructure d object s — bricks ,  sa y — don' t  hav e 
belief s an d desire s an d the y don' t  lear n things) .  An d it' s  har d t o 
se e how ,  i n th e cours e o f  makin g suc h attribution s o f  endogenou s 
structure ,  th e theor y coul d fai l  t o impl y som e constraint s o n th e 
clas s o f  belief s tha t  th e min d ca n entertain .  (ibid. ) 

Part of the implication seems plausible enough. Fodor's claim a little 

later on that "as long as the class of accessible concepts is endogenously 

constrained, there will be thoughts that we are unequipped to think," is surely 

defensible, at any rate. (ibid.) But why must the attribution of an endogenous 

structure to the mind constrain the concepts available to it? Aside from a 

footnote to Aquinas' version of the Aristotelian argument (as paraphrased by 

Geach), Fodor gives us no further explanation. Perhaps it would help to look at 

the original. 
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Il l 

The Aristotelian account seems unpromising at first. It depends on the 

communication of forms theory of sensory perception. On this theory, perception 

involves the transmission of a sensible form from the object to the sense organ 

(usually) via a medium. When George sees the red ball, both the ball and George's 

eye share a form; both the ball and the eye are literally, occurrently red. On 

a Lockean account, by contrast, George's sensation is the end of a causal chain 

beginning with the ball, and it is the only component of the chain that is 

occurrently red. 

It is crucial for the Aristotelian account that the sense organ be 

potentially whatever quality it is to be sensitive to (De Anima 418a3). This 

requires that, prior to sensing, the organ actually possess none of those 

sensible qualities it is supposed to respond to. The eye must be in itself 

2 
uncolored ,  th e tongu e neithe r  mois t  no r  dry ,  th e fles h neithe r  ho t  no r  cold , 

and so on. 

Understanding is like perceiving for Aristotle, in that the communication of 

forms explains it as well. So, he infers, "as that which is capable of 

perceiving is to the objects of perception, so must be the intellect similarly 

to its objects" (429al3 - al7). Here Anaxagoras' point applies: the intellect, 

which can think all things, must be potentially all things (c£. 431b21), and so 

actually none of them. The intellect must potentially have all forms, and 

actually have none. The intellect, Aristotle proclaims, "must have no other 

nature than this, that it is potential " (429a20). ^ 

Aristotle concludes that the intellect cannot be a material thing, a 

composite of matter and form, not because it cannot be material per se, but 
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becaus e i t  ca n hav e n o form .  Thu s th e argumen t  woul d tel l  equall y agains t  a 

dualism which differed from the view that the intellect is a material substance 

only in having it made of different stuff, Aristotle turns next to other 

related arguments that the intellect cannot be material, and there is a tendency 

in the medieval Aristotelians to focus on this aspect of Anaxagoras' insistence 

that the mind be "unmixed"; but it is clear that if Aristotle's argument shows 

anything, it shows that the intellect is no sort of substance, or at least no 

sort of intelligible substance, either material or immaterial. 

So far, Fodor's argument is simply Aristotle's turned on its head. Fodor's 

claim that no psychology can escape epistemic boundedness, since any psychology 

must impose an endogenous structure on the mind, is not limited to materialist 

psychologies or structures, either. Also the possibility that the mind may 

possess an unintelligible form recalls Fodor's claim that, to the extent that 

cognition is not modular, it is probably inexplicable (Fodor, pp. 126 -129). 

There seems no great leap in equating 'forms' and 'structures', so that both 

Aristotle and Fodor wind up accepting the claim that if the intellect has an 

endogenous structure, then it is incapable of certain thoughts. They differ 

only in that Aristotle's modus tollens has become Fodor's modus ponens. 

The difficulty in attributing Aristotle's argument for the Anaxagorean 

point to Fodor, of course, is that it is based on an archaic theory of perception, 

involving as it does the communication of forms, which neither Fodor nor any 

psychologist today would accept. Or would they? 

On the standard reading, communication of forms theories of perception were 

displaced by representative theories sometime in the seventeenth century. The 

crucial difference was that representative theories do not require, as do 

communication theories, that the objects of sensation share the intrinsic 
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qualitie s o f  thei r  sensations .  Instead ,  th e object s i n themselve s ar e suppose d 

to be bereft of sensible forms such as colors, sounds, odors, tastes, and 

feels. Our perceptions represent their objects by modeling them through their 

internal relations, not by qualitiatively resembling the objects in their 

sensory contents. Perceptions capture the structural relations of their 

objects, not their intrinsic character. 

Another way of putting all this, however, would be to say that it is the 

form and not the content that is communicated in perception. This would be 

misleadingly anachronistic, admittedly, since sensible forms just were the forms 

of sensory contents such as red. But it would be neither misleading nor 

anachronistic, I would argue, to view modern representative theories as 

differing from their predecessors in their reduction of qualitative to 

quantitative forms, and not in a rejection of the communication of forms. 

However this works out as history, there seems nothing in the claim that 

perception or understanding involves a transmission of forms, where 'form' is 

used in its current sense as a synonym for 'structure', to which Fodor or most 

psychologists could object. 

Unfortunately, this version of the communication theory won't work in 

Aristotle's argument for the formlessness of the intellect. If the intellect's 

taking on the form of a tiger means only that it represents one, and not that it 

becomes one (albeit intentionally), then the formlessness of the understanding 

demanded by the communication theory means only that the intellect in itself 

represents nothing, and not that in itself it is nothing, i.e., that it is not 

a substance. It might even be a material substance, provided that a material 

substance can be a universal representer. Digital computers, as instantiations 

of Turing machines, seem to be such substances. 
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The poin t  ca n b e mad e b y referenc e t o Aristotle' s famou s compariso n o f 

the potential intellect to a blank tablet which potentially contains all 

inscriptions (429b29). Aristotle understood the analogy quite differently from 

Locke. Aristotle introduces the analogy only to explain what he means by the 

potential of the potential intellect. For Aristotle, the activation of this 

potential involves more than the inscription of the name of something on the 

blackboard of the intellect: the intellect must become another instance of the 

species understood, in the sense that it actually takes on its form. The 

possession of any form at all by the intellect would mean that it does not have 

the potential to take on that form, or forms Incompatible with it, and so would 

limit the scope of understanding. 

But on the modem view the potential intellect is just like the blank slate, 

a representational medium. The communication of forms now means the 

modification of the structure of the intellect to match that of the object of 

cognition. On Fodor's view this would involve tokenings in the language of 

thought. Ify point is that the ascription of an endogenous structure to a 

representational medium need not limit what it can represent. There of course 

will be what Fodor calls "boring parametric considerations" (p. 121): the 

size of the slate places an upper bound on the length of possible inscriptions, 

for example. But there is no reason to expect these parametric limitations to 

translate into categorical limitations in the content of what can be 

represented. For instance, the materiality of the mind need pose no barrier to 

its taking on either material or immaterial forms, if this means only that it 

adopts a certain representational structure, rather than that it actually 

becomes an immaterial thing. 
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The upsho t  the n i s tha t  th e Aristotelia n argumen t  fo r  Fodor' s clai m tha t 

the ascription of any endogenous structure to the intellect would necessarily 

circumscribe the scope of its understanding does not work under a representative 

theory of mind. There may be other a priori arguments against the possibility 

4 
of  a  universa l  representativ e medium ,  perhap s involvin g Godelia n self-reference . 

We might also inquire whether specific theses on the structure of minds — 

materialism, computationalism, and the like — entail conceptual constraints. 

IV 

In Elbow Room, Dennett proposes an argument for human sphexishness based on 

a computational view of mind that proceeds through something like epistemic 

boundedness. It goes like this (Dennett 1984, pp. 28 - 29): 

1. Avoiding sphexishness requires responding to semantic features. 

2, Physical systems can respond only to syntactical features. 

3. Semantics is not determined by syntax. 

4. Human minds are physical systems. 

5. Therefore, human minds cannot avoid sphexishness. 

None of the premises is uncontroversial, naturally, hut I doubt whether there 

is a single understanding of 'syntax' and 'semantics' throughout the first three 

premises. 

In the first premise, 'semantic' is used in the same broad sense as when 

Dennett says that "brains are meaning manipulators, information processors, or, 

as I shall say, semantic engines" (Dennett 1984, p. 28). Here it has no 

intrinsic connection to language, but could perhaps be replaced by 'evidentiary' 

or 'inferential'. The second premise is stated by Dennett thus: "physical 

mechanisms [are] intactic engines, responding only to structural or formal 
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properties "  (ibId.) .  Clearl y agai n th e sens e o f  'syntactic '  i s  no t  connecte d t o 

language, but how it is to be understood is unclear to me. The third premise, 

however, although a truism when both 'syntax' and 'semantics' are understood in 

the usual way as aspects of language, is not obvious when the terms are used in 

the extended senses of the first two premises One reason that syntax doesn't 

determine semantics, for example, is that context is important. But this 

distinction uses 'syntax' in a narrower sense than would be plausible in the 

second premise. If 'syntactic' means just physical, and 'semantic' evidentiary, 

on the other hand, it is not obvious that syntax doesn't determine semantics. 

Isn't the fact that 'smoke' means fire determined by physical features? 

One reason a syntactic emulator would lag behind a semantic engine is 

quantitative. A finitely axiomatizable grammar will have only countably many 

expressions. But there are uncountably many truths, not to say meanings. 

(Consider real number theory.) So if my mind is a syntactic engine in this 

sense — a finitely axiomatizable automatic formal system — then there will be 

uncountably many meanings it cannot capture, meanings which presumably would be 

directly apprehended by a semantic engineo But this is just epistemic 

boundedness, quod erat demonstrandum. 

Not quite. A condition of epistemic boundedness was that the unthinkable 

thoughts be "epistemically significant" (Fodor, p. 120). Only if the 

inaccessible meanings were significant would their inaccessibility imply 

sphexlshness, too. So both the epistemic boundedness and the sphexishness 

claims await some reason to think that the inaccessible meanings are not so due 

to their outrageous complexity or other "boring parametric considerations." So 

this is just another cardinality argument, which assumes that perfect 
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Intelligenc e mus t  b e infinite ,  whe n surel y finit e intelligenc e i s al l  finit e 

creatures require. 

it * * * * 

There are undoubtedly an infinity of truths which lack expressions in 

Mentalese because they are too long or complex, Episteaic boundedness and 

cognitive sphexishness seem to be claiming more than this, however. It may well 

be that the endogenous structure of our minds makes us all Mentalese aphasics as 

dramatic, say, as the man who mistook his wife for his hat, and that only the 

universality of the phenomenon and the tendency of the mind to paper over its 

blind spots keeps the dread secret hidden. There seems little reason to think 

so a priori, however. At least it is hard for me to see how it is hard for 

Fodor to see how it could be otherwise. 
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NOTES: 

1.  Fodo r  doesn' t  realiz e ho w clos e h e i s t o Aquinas ,  becaus e h e reverse s 
th e directio n o f  th e Angeli c Doctor' s reasoning :  h e take s hi m t o b e arguin g 
fro m th e immaterialit y  o f  th e intellec t  t o it s universality ,  instea d o f  th e 
converse . 

2. Or whatever is the proper organ of touch: see 422b34ff. 

3. This actually describes only what came to be known as the potential 
intellect ;  i n th e followin g chapter ,  Aristotl e notoriousl y propose s a s wel l 
an intellec t  whos e essenc e i s pur e activity . 

4. Cf. Hofstadter pp. 534 - 36 on the relevance of the halting problem to the 
sphexishnes s issue . 

5. Cf. Haugeland 1986 Chapter 2. 

6. Read to the North Carolina Philosophical Society and to the Faculty 
Researc h Grou p a t  Davidso n College .  Thank s t o Christophe r  Bell ,  Irwi n Goldstein , 
Richar d E .  Grandy ,  Michae l  Resnik ,  an d Richar d Smyt h fo r  helpfu l  comments . 
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INTRODUCTION 

A counterfactua l  conditiona l  i s  a  statemen t  o f  th e form : 

(1 )  I f  X  wer e th e case ,  the n Y  woul d b e th e case . 

wher e X  i s a  propositio n tha t  i s no t  tru e i n th e curren t  situation .  Th e fol -

lowin g ar e example s o f  counterfactua l  conditionals : 

(2) If John F, Kennedy had not been assassinated, he would have run for the 
presidenc y i n 1964 . 

(3 )  I f  Joh n F .  Kenned y ha d no t  bee n assassinated ,  U.S .  involvemen t  i n Vietna m 
woul d hav e ende d b y 1968 . 

For  brevity ,  w e wil l  refe r  t o suc h statement s a s counterfactuals . 

We ar e concerne d her e wit h th e menta l  processe s underlyin g judgment s o f 

whethe r  a  counterfactua l  i s  tru e o r  false .  We wil l  argu e tha t  intuitiv e veri -

ficatio n o f  counterfactual s i s base d o n judgment s o f  representativenes s lik e 

thos e describe d b y Kahnema n an d Tversk y (1972 ,  1973) .  I n way s t o b e mad e pre -

cise ,  w e propos e tha t  a  counterfactua l  i s  judge d t o b e tru e t o th e exten t  tha t 

th e hypothetica l  situatio n describe d i n th e counterfactua l  i s  though t  t o b e 

simila r  t o th e actua l  worl d a s w e kno w it .  Th e ide a tha t  th e trut h o f  a  coun -

terfactua l  depend s o n th e similarit y o f  alternative ,  hypothetica l  situation s 

t o th e actua l  worl d i s no t  new .  Thi s notio n i s capture d i n a  possibl e world s 

semanti c analysi s o f  counterfactual s (Lewis ,  1973 ;  Stalnaker ,  1968) , 

What  i s new ,  however ,  i s  tha t  w e hav e foun d systemati c fallacie s i n th e 

intuitiv e verificatio n o f  counterfactual s tha t  ar e analogou s t o representa -

tivenes s error s i n probabilisti c  reasoning .  Experimenta l  evidenc e wil l  b e 

presented ,  showin g tha t  intuitiv e judgment s o f  th e trut h o f  counterfactual s 

systematicall y violat e implication s o f  th e possibl e world s semantic s fo r  coun -

terfactuals .  T o explai n ou r  results ,  w e firs t  discus s possibl e world s seman -

tic s fo r  counterfactuals .  Nex t  w e describ e conjunctio n fallacie s i n probabil -

isti c  reasonin g discovere d b y Tversk y an d Kahnema n (1983) ,  an d sugges t  ho w 

analogou s fallacie s migh t  b e foun d i n counterfactua l  reasoning .  We the n pre -

sen t  experimenta l  evidenc e demonstratin g conjunctio n fallacie s i n counterfac -

tua l  reasoning .  Ou r  result s als o establis h th e existenc e o f  disjunctio n fal -

lacie s i n counterfactua l  reasoning . 
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STALNAKER'S POSSIBLE WORLDS SEMANTICS FOR COUNTERFACTUALS 

Philosopher s hav e lon g recognize d tha t  counterfactua l  inferenc e i s fun -

damenta l  t o scientifi c  epistemolog y (Chisholm ,  1946 ;  Goodman ,  1955) .  Here ,  w e 

canno t  discus s th e genera l  rol e o f  counterfactua l  inferenc e i n epistemology , 

but  wil l  restric t  ou r  discussio n t o a  semanti c analysi s o f  counterfactual s 

develope d b y Stalnake r  an d Thomaso n (Stalnaker ,  1968 ;  Stalnake r  &  Thomason , 

1970 ;  Thomason ,  1970) .  Ou r  purpos e i s t o deriv e certai n semanti c relation s 

among counterfactual s tha t  ar e subjec t  t o experimenta l  test .  Thes e relation s 

can als o b e derive d i n Lewis' s (1973 )  semantic s fo r  counterfactuals ,  bu t  hi s 

analysi s contain s complexitie s whos e discussio n mus t  b e omitte d fo r  th e sak e 

of  brevity . 

Stalnake r  (1968 )  propose d a  logica l  analysi s o f  counterfactual s usin g 

possibl e world s semantic s a s develope d b y Kripk e (1963) ,  I n Kripke' s seman -

tics ,  proposition s ar e no t  simpl y tru e o r  false ;  rathe r  the y ar e tru e o r  fals e 

relativ e t o a  possibl e world .  A  propositio n migh t  b e tru e i n som e worlds ,  an d 

fals e i n others .  Stalnaker' s analysi s assume s tha t  possibl e world s ar e 

relate d b y degree s o f  similarity .  Furthermore ,  h e make s th e stron g assumptio n 

tha t  fo r  an y worl d i  an d propositio n X ,  i f  ther e exist s an y worl d i n whic h X 

i s true ,  the n ther e exist s a  uniqu e worl d tha t  i s  mos t  simila r  t o i  i n whic h X 

i s tru e ( X i s fals e i n ever y worl d i f  i t  i s  self-contradictory) . 

Let  X  == > Y  symboliz e a  counterfactua l  o f  th e for m (1) .  Stalnake r  pro -

pose d tha t  X  == > Y  i s tru e a t  th e worl d i  i f  an d onl y i f  eithe r  (a )  ther e i s 

no worl d a t  whic h X  i s true ,  o r  (b )  Y  i s tru e i n th e worl d k ,  wher e k  i s th e 

uniqu e worl d suc h tha t  X  i s tru e i n k  an d k  i s mos t  simila r  t o i .  Claus e (a ) 

of  thi s trut h conditio n merel y exclude s trivia l  cases ,  e.g. ,  "I f  2 + 2 = 3 , 

the n th e nationa l  deb t  woul d b e eliminated "  i s tru e becaus e ther e ar e n o 

world s i n whic h 2 + 2 = 3 .  Claus e (b )  o f  th e trut h conditio n i s th e hear t  o f 

Stalnaker' s analysis .  T o evaluat e th e trut h o f  X  == > Y  a t  th e worl d i ,  w e 

fin d th e mos t  simila r  worl d k  wher e X  i s true .  I f  Y  i s tru e i n k ,  the n 

X == > Y  i s true ;  i f  Y  i s fals e i n k ,  the n X  == > Y  i s false .  Fo r  example ,  t o 

decid e whethe r  statemen t  (2 )  i s tru e relativ e t o th e actua l  world ,  w e mus t 

chec k whethe r  Joh n F .  Kenned y ra n fo r  presiden t  i n 196 4 i n th e mos t  simila r 

worl d wher e h e wa s no t  assassinated .  I f  h e ran ,  the n (2 )  i s true ;  otherwis e 

(2 )  i s false . 

Let  Y  AN D Z  an d Y  O R Z  denote ,  respectively ,  th e trut h functiona l  con -

junctio n an d disjunctio n o f  Y  an d Z .  I n Stalnaker' s analysis ,  trut h func -

tiona l  implication s ar e logicall y valid .  Thu s i f  Y  AN D Z  i s tru e i n worl d i , 

the n Y  mus t  b e tru e i n i  an d Z  mus t  b e tru e i n i .  Similarly ,  i f  Y  O R Z  i s 

tru e i n i ,  the n Y  mus t  b e tru e i n i ,  o r  Z  mus t  b e tru e i n i ,  o r  both .  Thi s 

lead s t o tw o critica l  implication s o f  Stalnaker' s theory .  First ,  i f 

X == > Y  AN D Z  i s tru e a t  worl d i ,  the n X  == > Y  an d X  == > Z  mus t  als o b e tru e 

at  worl d i .  Second ,  i f  X  == > Y  O R Z  i s tru e a t  worl d i ,  the n eithe r  X  == > Y 
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or X =«> Z must be true at world i. For example, consider the following 

statements : 

(4 )  I f  Joh n F .  Kenned y ha d no t  bee n assassinated ,  h e woul d hav e ru n fo r  th e 
presidenc y i n 1964 ,  an d U.S .  involvemen t  i n Vietna m woul d hav e ende d b y 
1968 . 

(5 )  I f  Joh n F .  Kenned y ha d no t  bee n assassinated ,  h e woul d hav e ru n fo r  th e 
presidenc y i n 1964 ,  o r  U.S .  involvemen t  i n Vietna m woul d hav e ende d b y 
1968 . 

Statement s (2)-(5 )  hav e th e respectiv e forms ,  X  -= > Y ,  X  == > Z ,  X  == > Y  AND Z , 

and X  == > Y  O R Z .  Le t  k  denot e th e mos t  simila r  worl d wher e Joh n F .  Kenned y 

was no t  assassinated ,  Stalnaker' s analysi s claim s tha t  (4 )  i s tru e i f  an d 

onl y i f  i n th e worl d k ,  Joh n F .  Kenned y ra n fo r  th e presidenc y i n 196 4 an d 

U.S .  involvemen t  i n Vietna m ende d b y 1968 .  Thus ,  i f  (4 )  i s  true ,  (2 )  i s tru e 

becaus e Joh n F .  Kenned y ra n fo r  th e presidenc y i n k ,  an d (3 )  i s tru e becaus e 

U.S .  involvemen t  i n Vietna m ende d b y 196 8 i n k .  Similarly ,  i f  (5 )  i s  true , 

the n i n th e worl d k ,  eithe r  Kenned y ra n fo r  presiden t  i n 1964 ,  o r  U.S . 

involvemen t  i n Vietna m ende d b y 1968 ,  o r  both .  Therefore ,  i f  (5 )  i s  true , 

eithe r  (2 )  i s tru e o r  (3 )  i s true ,  o r  both .  Thes e example s sugges t  th e fol -

lowin g : 

(6 )  I f  a  counterfactua l  wit h a  conjunctiv e consequen t  i s true ,  the n th e coun -
terfactual s wit h eithe r  claus e o f  th e conjunctio n a s consequen t  ar e als o 
true . 

(7 )  I f  a  counterfactua l  wit h a  disjunctiv e consequen t  i s true ,  the n th e coun -
terfactual s wit h eithe r  claus e o f  th e disjunctio n a s consequent s canno t 
bot h b e false . 

I t  i s  eas y t o sho w tha t  (6 )  an d (7 )  ar e implie d b y Stalnaker' s theory ,  an d 

als o b y Lewis' s (1973 )  generalizatio n o f  Stalnaker' s theory .  Ou r  experimenta l 

result s sugges t  tha t  (6 )  an d (7 )  ar e bot h violate d i n intuitiv e reasoning . 

CONJUNCTION FALLACIES IN PROBABILISTIC REASONING 

Tversk y an d Kahnema n (1983 )  hav e show n tha t  intuitiv e judgment s o f  prob -

abilit y  systematicall y violat e th e principl e tha t  th e probabilit y  o f  a  con -

junctio n o f  event s ca n neve r  excee d th e probabilitie s o f  it s  constituen t 

events .  Le t  P( Y AN D Z ) ,  P(Y )  an d P(Z )  denot e th e probabilitie s o f  Y  AN D Z ,  Y , 

and Z ,  respectively .  When P( Y AN D Z )  i s judge d t o b e greate r  tha n eithe r  P(Y ) 

or  P(Z) ,  th e judgmen t  i s sai d t o constitut e a  conjunctio n fallacy .  Tversk y 

and Kahnema n foun d tha t  i f  Y  i s a  highl y representativ e outcome ,  an d Z  i s 

mildl y unrepresentative ,  the n P( Y AN D Z )  wil l  ofte n b e judge d greate r  tha n 

P(Z) . 

For  example ,  suppos e tha t  Lind a i s describe d t o b e 3 1 year s old ,  single , 

and deepl y concerne d abou t  socia l  issues .  A  representativ e outcom e woul d b e 

th e outcom e Y  tha t  Lind a i s activ e i n th e feminis t  movement ,  an d a n unrepre -

sentativ e outcom e woul d b e th e outcom e Z  tha t  Lind a i s a  ban k teller .  B y th e 
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laws of probability, it is more likely that Linda is a bank teller than that 

sh e i s bot h a  ban k telle r  an d activ e i n th e feminis t  movement .  Tversk y an d 

Kahneman (1983 )  foun d tha t  85 % o f  14 2 subject s judge d Y  AN D Z  t o b e mor e prob -

abl e tha n Z  alone .  Simila r  example s o f  conjunctio n fallacie s hav e bee n eli -

cite d i n man y contexts ,  usin g a  variet y o f  stimulu s material s an d mode s o f 

respons e (Tversk y &  Kahneman ,  1983 ;  Ledd o e t  al. ,  1984) . 

Why d o conjunctio n fallacie s occur ? Kahnema n an d Tversk y hav e argue d 

tha t  th e judge d probabilit y  o f  event s i s ofte n determine d b y th e representa -

tivenes s o f  th e event s (Kahnema n &  Tversky ,  1972 ,  1973 ;  Tversk y &  Kahneman , 

1971 ,  1982) .  Althoug h th e concep t  o f  representativenes s itsel f  ha s severa l 

aspect s t o i t  (se e Tversk y &  Kahneman ,  1982) ,  fo r  presen t  purpose s representa -

tivenes s ca n b e construe d a s th e degre e o f  similarit y o f  a n instanc e t o typi -

ca l  member s o f  a  clas s o r  category .  Fo r  example ,  th e descriptio n o f  Lind a i s 

simila r  t o tha t  o f  a  prototypica l  feminist ,  henc e bein g activ e i n th e feminis t 

movement  i s representativ e o f  Linda .  Linda' s descriptio n i s no t  particularl y 

simila r  t o tha t  o f  a  ban k teller ,  thu s workin g a s a  ban k telle r  i s  mildl y 

unrepresentativ e o f  Linda .  A n independen t  sampl e o f  subject s judge d Lind a t o 

be mos t  simila r  t o a n activ e feminist ,  leas t  simila r  t o a  ban k teller ,  an d o f 

intermediat e similarit y t o a  ban k telle r  wh o i s activ e i n th e feminis t  move -

ment  (Tversk y &  Kahneman ,  1983) .  Not e tha t  th e rankin g o f  outcome s b y judge d 

similarit y coincide s wit h th e ranking s o f  th e outcome s b y judge d probability , 

as predicte d b y th e hypothesi s tha t  probabilit y  judgment s ar e base d o n th e 

representativenes s o f  outcomes . 

As demonstrate d b y th e Lind a example ,  a n instanc e (Linda )  ca n b e mor e 

simila r  t o a  conjunctio n o f  categorie s (ban k telle r  an d activ e feminist) ,  tha n 

t o on e o f  th e categorie s alone .  Tversk y (1977 )  ha s propose d a  theor y o f  simi -

larit y accordin g t o whic h th e similarit y o f  object s i s a n increasin g functio n 

of  th e feature s share d b y th e objects ,  an d a  decreasin g functio n o f  th e fea -

ture s tha t  distinguis h th e objects .  I f  th e categor y Y  i s representativ e o f  a n 

instanc e an d Z  i s not ,  th e conjunctio n Y  AN D Z  wil l  shar e mor e feature s wit h 

th e instanc e tha n Z  alone .  Thus ,  a n instanc e wil l  b e mor e simila r  t o a 

conjunctio n o f  representativ e an d unrepresentativ e categories ,  tha n t o th e 

unrepresentativ e categor y alone .  Tversk y an d Kahnema n explai n th e occurrenc e 

of  conjunctio n fallacie s b y combinin g th e representativenes s hypothesi s wit h 

Tversky' s theor y o f  similarity .  Event s wil l  b e regarde d a s mor e probabl e i f 

the y ar e mor e representative .  A  conjunctio n o f  event s wil l  appea r  mor e repre -

sentativ e o f  a n instanc e tha n on e o f  th e event s i n th e conjunctio n i f  th e con -

junctio n share s mor e feature s wit h th e instanc e tha n doe s th e singl e event . 

When thi s occurs ,  th e conjunctio n o f  event s wil l  appea r  mor e probabl e tha n th e 

singl e event . 
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CONJUNCTION FALLACIES IN COUNTERFACTUAL REASONING 

We propos e tha t  representativenes s als o play s a  fundamenta l  rol e I n 

counterfactua l  reasoning .  I n judgin g whethe r  X  == > Y  i s true ,  w e postulat e 

tha t  th e individua l  evaluate s whethe r  X  AN D Y  o r  X  AN D NOT Y  i s mor e repre -

sentativ e o f  th e actua l  situation .  I f  X  AN D Y  i s muc h mor e representative , 

X = > Y  wil l  b e judge d t o b e true .  I f  X  AN D NOT Y  i s muc h mor e repre -

sentative ,  X  == > NOT Y  wil l  b e judge d t o b e true .  Finally ,  i f  neithe r  X  AND Y 

nor  X  AN D NOT Y  i s clearl y mor e representative ,  the n neithe r  counterfactua l 

wil l  b e judge d t o b e true ,  bu t  th e counterpossibl e ("I f  X  wer e th e case ,  the n 

Y migh t  b e th e case" )  wil l  b e judge d t o b e true . 

I f  intuitiv e verificatio n o f  counterfactual s i s base d o n representative -

ness ,  conjunctio n fallacie s i n counterfactua l  reasonin g shoul d b e eas y t o con -

struct .  Conside r  statement s (2)-(5 )  above .  I f  Joh n F .  Kenned y ha d no t  bee n 

assassinate d (X) ,  the n hi s runnin g fo r  presiden t  i n 196 4 (Y )  i s a  representa -

tiv e outcome ,  bu t  th e endin g o f  U.S .  involvemen t  i n Vietna m b y 196 8 (Z )  i s 

rathe r  unrepresentative .  We conjectur e tha t  th e combinatio n X  AN D Y  i s mor e 

representativ e tha n X  AN D Y  AN D Z ,  whic h i s mor e representativ e tha n X  AN D Z . 

Hence th e counterfactua l  (2 )  shoul d b e mor e plausibl e tha n (4) ,  whic h shoul d 

be mor e plausibl e tha n (3 ) .  Symbolically ,  X  == > Y  shoul d b e mor e plausibl e 

tha n X  = > Y  AN D Z ,  whic h shoul d b e mor e plausibl e tha n X  == > Z . 

The Stalnaker/Lewi s semantic s implie s tha t  i n n o instanc e ca n X  == > Y 

AND Z  b e tru e i f  X  == > Z  i s false .  Her e w e wil l  presen t  evidenc e tha t 

violation s o f  thi s principl e ca n b e foun d i n th e judge d degre e o f  trut h o f 

counterfactuals .  I n ou r  experiment ,  subject s wer e presente d wit h a  stor y 

whic h the y wer e tol d t o regar d a s reliabl e information ,  an d the n wer e aske d t o 

rat e th e degre e o f  trut h o f  counterfactual s pertainin g t o th e story .  Th e 

counterfactual s wer e chose n a s matche d set s o f  th e form : 

X ==> Y (Representative statement) 

X ==> Z (Neutral statement) 

X ==> Y AND Z (Conjunction statement) 

X ==> Y OR Z (Disjunction statement) 

We chos e proposition s X ,  Y  an d Z  suc h tha t  i n th e contex t  o f  th e story ,  Y 

woul d hav e bee n a  representativ e outcome ,  an d Z  woul d hav e bee n neithe r 

clearl y representativ e no r  unrepresentativ e i f  X  ha d bee n th e case .  Fo r  an y 

matche d set ,  Y  wil l  b e calle d th e representativ e statemen t  an d Z  th e neutra l 

statemen t  o f  tha t  set .  Ou r  hypothesi s i s tha t  a  subjec t  wil l  rat e X  == > Y  AND 

Z a s mor e tru e tha n X  == > Z ,  I f  thi s patter n o f  rating s i s observed ,  w e wil l 

sa y tha t  th e subjec t  ha s committe d a  conjunctio n fallacy . 
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METHOD 

Subjects. Subjects were 280 undergraduates at the University of Wash-

ingto n wh o participate d i n th e experimen t  fo r  credi t  i n a  psycholog y course . 

Subject s wer e ru n i n smal l  group s i n session s lastin g abou t  1 5 minutes .  Eigh t 

subject s wer e droppe d fro m th e experimen t  becaus e the y faile d t o follo w 

instructions . 

Materials. Two stories, "Donald" and "Harper City," were written for 

th e experiment .  Fo r  eac h story ,  tw o matche d set s o f  fou r  relate d counterfac -

tual s wer e prepared ,  alon g wit h tw o anchorin g statements .  On e anchorin g 

statemen t  wa s obviousl y tru e an d th e othe r  wa s obviousl y false .  When subject s 

wer e aske d t o rat e th e trut h o f  counterfactuals ,  th e anchorin g statement s wer e 

presente d firs t  i n orde r  t o elici t  extrem e judgment s tha t  woul d mitigat e en d 

effect s i n th e ratin g respons e (cf .  Anderson ,  1982) .  A n abbreviate d versio n 

of  on e stor y an d a  matche d se t  o f  relate d counterfactual s i s presente d below . 

Harper City is a port town on the Gulf Coast that has enjoyed a 
boomin g econom y becaus e o f  productiv e oi l  well s an d prosperou s 
fishin g industry .  Loca l  ta x revenue s create d a  larg e surplu s i n 
th e cit y treasur y tha t  th e citizen s targete d fo r  cit y improvement . 
Becaus e interes t  i n sport s wa s intens e an d widespread ,  a  coalitio n 
of  citizen s an d busines s interest s lobbie d fo r  th e constructio n o f 
a footbal l  stadium ,  wit h th e intentio n o f  attractin g a  profes -
siona l  footbal l  franchis e t o th e city .  Ther e wa s als o som e sup -
por t  fo r  replacin g th e publi c librar y wit h a  ne w facility .  Unfor -
tunately ,  Harpe r  Cit y wa s struc k b y a  hurrican e las t  year .  Th e 
damage wa s severe .  Th e cos t  o f  cleanin g u p th e cit y an d replacin g 
building s tha t  ha d bee n destroyed ,  includin g th e library ,  wa s s o 
grea t  tha t  th e peopl e o f  Harpe r  Cit y wer e force d t o dro p al l  plan s 
fo r  civi c improvement . 

Rl, If the hurricane had not struck, the people of Harper City would have 
decide d t o buil d a  professiona l  footbal l  stadium .  (Representative ) 

Nl .  I f  th e hurrican e ha d no t  struck ,  th e peopl e o f  Harpe r  Cit y woul d hav e 
decide d t o buil d a  ne w publi c library .  (Neutral ) 

CI .  I f  th e hurrican e ha d no t  struck ,  th e peopl e o f  Harpe r  Cit y woul d hav e 
decide d t o buil d a  professiona l  footbal l  stadiu m an d a  ne w publi c 
library .  (Conjunction ) 

Dl .  I f  th e hurrican e ha d no t  struck ,  th e peopl e o f  Harpe r  Cit y woul d hav e 
decide d t o buil d a  professiona l  footbal l  stadiu m o r  a  ne w publi c library . 
(Disjunction ) 

Each subject received one story and rated the truth of the statements 

associate d wit h th e story .  Al l  subject s rate d th e anchorin g statements ,  tw o 

representative  statements ,  tw o neutra l  statements ,  an d tw o conjunctio n state -

ments .  A  subse t  o f  subject s als o rate d th e tw o disjunctio n statements .  Th e 

orde r  o f  th e statement s wa s varie d twelv e way s fo r  eac h story ,  wit h anchorin g 
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statements preceding all other statements. Each statement was rated by mark-

in g a  slas h throug h a  horizonta l  respons e line ,  labele d "virtuall y impossi -

ble, "  "somewha t  unlikely, "  "somewha t  likely, "  an d "virtuall y certain, "  fro m 

lef t  t o right .  Response s wer e code d b y dividin g th e respons e lin e int o 2 0 

equa l  intervals ,  wit h 1  denotin g th e greates t  certaint y tha t  th e statemen t  wa s 

false ,  an d 2 0 th e greates t  certaint y tha t  th e statemen t  wa s true . 

We shoul d mentio n a  typographica l  erro r  i n on e disjunctio n statemen t  o f 

th e "Donald "  story .  Donal d i s a  hig h schoo l  footbal l  playe r  wh o brok e hi s le g 

befor e th e seaso n an d thu s coul d no t  play .  Th e counterfactua l  anteceden t  X 

ask s wha t  woul d hav e happene d i f  h e ha d bee n abl e t o pla y football .  Th e 

representativ e outcom e Y  i s tha t  h e woul d hav e bee n captai n o f  th e footbal l 

team .  Th e neutra l  outcom e Z  i s tha t  hi s grad e poin t  averag e woul d hav e bee n 

3.4 .  Th e representative ,  neutra l  an d conjunctio n statement s hav e th e respec -

tiv e form s X  = > Y ,  X  = > Z ,  an d X  « > Y  AN D Z .  Unfortunately ,  th e disjunc -

tio n statemen t  ha d th e for m X  == > Y  O R Q ,  wher e Q  assert s tha t  Donald' s grad e 

poin t  averag e woul d hav e bee n 3.5 .  Thi s typographica l  erro r  doe s no t  affec t 

th e comparison s o f  conjunctio n statemen t  t o neutra l  statement ,  o r  o f  th e dis -

junctio n statemen t  t o representativ e statement .  Th e Stalnaker/Lewi s semantic s 

predict s tha t  X  == > Y  AN D Z  shoul d receiv e a  lowe r  ratin g tha n X  == > Z ,  an d 

tha t  X  == > Y  O R Q  shoul d receiv e a  highe r  ratin g tha n X  = > Y .  We predic t 

tha t  th e opposit e wil l  occur ,  base d o n consideration s o f  representativeness . 

Desig n an d Procedure .  Subject s wer e informe d tha t  th e stud y concerne d 

reasonin g abou t  hypothetica l  events .  Subject s rea d a  stor y whic h the y wer e 

instructe d t o regar d a s reliabl e informatio n fro m a  new s magazine ,  an d wer e 

aske d t o rat e th e trut h o f  th e counterfactual s associate d wit h th e story .  Th e 

us e o f  th e respons e lin e wa s explained ,  th e anchorin g statement s wer e identi -

fied ,  an d subject s wer e instructe d t o giv e th e tru e ancho r  th e highes t  rating , 

and th e fals e ancho r  th e lowes t  ratin g amon g al l  statements .  A  tota l  o f  13 3 

subject s rate d representative ,  neutral ,  an d conjunctio n statement s base d o n 

"Donald" ,  wit h 5 7 o f  thes e subject s als o ratin g disjunctio n statements . 

Representative ,  neutral ,  an d conjunctio n statement s base d o n "Harpe r  City " 

wer e rate d b y 13 9 subjects ,  wit h 5 6 subject s als o ratin g disjunctio n state -

ments .  Al l  dependen t  variable s wer e withi n subjec t  variables . 

RESULTS AND DISCUSSION 

I n th e followin g analysis ,  th e ter m conjunctio n fallac y wil l  b e reserve d 

fo r  case s wher e th e ratin g o f  a  conjunctio n statemen t  i s greate r  tha n th e 

ratin g o f  a  correspondin g neutra l  statement .  Thi s operationa l  definitio n o f  a 

conjunctio n fallac y i s conservative ,  fo r  i t  underestimate s th e tru e prevalenc e 

of  conjunctio n fallacie s (i t  omit s case s wher e th e conjunctio n statemen t  i s 

rate d highe r  tha n th e representativ e statement ,  bu t  no t  th e neutra l  state -
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TABLE 1 

Media n Rating s o f  Statements :  Al l  Subject s 

Harpe r  Cit y Donal d 

Representativ e 

Neutra l 

Conjunctio n 

Set  1 

Set  2 

Set  3 

Set  4 

HH 

t 

N = 

Set  1 

15. 4 

10. 6 

12. 5 

139 

Set  2 

15. 9 

10. 3 

13. 2 

TABLE 2 
Conjunctio n Statement s versu s 1 

Al l  Subject s 

N 

139 

139 

133 

133 

Tie s 

16 

20 

20 

21 

% Conjunctio n 
Fallacie s 

67 % 

71 % 

56 % 

64 % 

N =  13 3 

Set  3 

16. 1 

9. 4 

11. 4 

Set  4 

14. 1 

7. 0 

7. 9 

!̂ eutra l  Statements : 

Signe d F 
z scor e 

-4.14 8 

-6.16 8 

-1.14 5 

-2.23 6 

iank s Tes t 
p valu e 

.00 0 

.00 0 

.25 2 

.02 5 

raent).  Th e adoptio n o f  thi s conservativ e polic y i s suggeste d b y statistica l 

issue s whic h canno t  b e discusse d here* . 

Tabl e 1  present s media n rating s o f  conjunction ,  representativ e an d neu -

tra l  statements .  Not e tha t  i n ever y case ,  th e conjunctio n statemen t  receive s 

a highe r  media n ratin g tha n th e correspondin g neutra l  statement .  Thre e o f  th e 

fou r  media n rating s wer e significantl y highe r  fo r  th e conjunctio n statemen t  ( p 

< .05 ,  two-taile d Wilcoxo n signe d rank s test) .  Tabl e 2  list s z  score s fo r  th e 

signe d rank s tests ,  an d th e percentag e o f  subject s wh o rate d conjunctio n 

statement s ove r  correspondin g neutra l  statements .  I n ever y case ,  th e majorit y 

of  th e subject s produce d conjunctio n fallacies .  Th e thre e larges t  percentage s 

ar e significantl y greate r  tha n . 5 ( p <  .01 ,  two-taile d sig n test) . 

Thes e finding s conclusivel y demonstrat e th e existenc e o f  conjunctio n 

fallacies ,  fo r  eve n i f  som e conjunctio n fallacie s wer e du e t o rando m variatio n 

i n ratings ,  on e woul d no t  expec t  th e media n ratin g o f  conjunction s t o excee d 

th e media n ratin g o f  neutra l  statements ,  no r  woul d on e expec t  th e probabilit y 

of  conjunctio n fallacie s t o excee d .5 .  I t  migh t  b e argue d tha t  subject s hav e 

misinterprete d "and "  a s "or, "  i.e. ,  interprete d th e conjunctio n statement s a s 

We wis h t o than k Bo b Fric k fo r  usefu l  criticis m o f  ou r  statistica l 
analysis ,  an d Elizabet h Moor e fo r  advic e o n computation . 
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Representativ e 

Neutra l 

Conjunctio n 

Disjunctio n 

TABLE 3 

Media n Rating s o f  Statements : 
Subject s Who Rate d Disjunctio n Statement s 

Harpe r  Cit y 
N »  5 6 

Set  1 

16. 2 

10. 0 

13. 5 

15. 5 

Set  2 

15. 5 

8. 5 

13. 5 

15. 5 

TABLE 4 

Donal d 
N =  5 7 

Set  3  Se t  4 

16. 9 16. 0 

8. 3 6. 7 

12. 8 8. 2 

14. 6 8. 0 

Conjunctio n Statement s versu s Disjunctio n Statements^ : 
Subject s Who Rate d Disjunctio n Statement s 

Signe d Rank s Tes t 

Set  1 

Set  2 

Set  3 

N 

56 

56 

57 

Tie s 

14 

7 

5 

z scor e 

-2.88 2 

-3.29 3 

-4.10 7 

p valu e 

.00 4 

.00 1 

.00 0 

The conjunctio n an d disjunctio n statement s o f  se t  4  ar e no t  directl y 
comparabl e du e t o a  typographica l  error .  (Se e method s section. ) 

disjunctio n statements .  Table s 3  an d 4  sho w tha t  thre e o f  fou r  disjunctio n 

statement s receive d significantl y highe r  media n rating s tha n correspondin g 

conjunctio n statement s ( p <  .005 ,  signe d rank s test) . 

The Stalnaker/Lewi s semantic s als o predict s tha t  a  disjunctio n statemen t 

wil l  receiv e a n equa l  o r  highe r  ratin g tha n th e correspondin g representativ e 

statement .  Contrar y t o thi s prediction ,  thre e o f  fou r  disjunctio n statement s 

receive d lowe r  media n rating s tha n th e correspondin g representativ e statement s 

(Table s 3  an d 5 ) .  Tw o o f  th e fou r  difference s i n media n ratin g wer e highl y 

significan t  ( p <  .005 ,  two-taile d signe d rank s test) .  I t  shoul d b e note d tha t 

th e statistica l  tes t  i s  conservativ e i n tha t  i t  test s th e nul l  hypothesi s o f 

no differenc e i n media n ratings .  Thi s hypothesi s essentiall y  claim s tha t  sub -

ject s d o no t  distinguis h disjunctio n statement s fro m representativ e state -

ments .  Unde r  th e mor e plausibl e assumptio n tha t  subject s d o distinguis h thes e 

statements ,  th e Stalnaker/Lewi s semantic s woul d predic t  tha t  disjunctio n 

statement s woul d receiv e highe r  media n rating s tha n representativ e statements . 

Thus ,  eve n i n th e tw o case s wher e th e differenc e i n media n rating s wer e no t 

significantl y different ,  th e percentag e o f  disjunctio n fallacie s wa s clos e t o 
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TABLE 5 
Disjunctio n Statement s versu s Representativ e Statements : 

Subject s Who Rate d Disjunctio n Statement s 

Set  1 

Set  2 

Set  3 

Set  A 

N 

56 

56 

57 

57 

Tie s 

10 

9 

8 

2 

% Disjunctio n 
Fallacie s 

52 % 

49 % 

69 % 

98 % 

Signe d 1 
z scor e 

-1.90 3 

-0.82 5 

-2.86 0 

-6.42 2 

Ranks Tes t 
p valu e 

.27 5 

.40 9 

.00 4 

.00 0 

50%,  a  muc h highe r  percentag e tha n on e woul d expec t  i f  th e fallacie s wer e du e 

onl y t o rando m variatio n i n ratin g responses . 

To develo p a  representativenes s analysi s o f  disjunctio n fallacies ,  on e 

need s a n accoun t  o f  th e representativenes s o f  disjunctions .  Tversk y (1977 ) 

propose d tha t  tha t  th e similarit y o f  object s A  an d B  increase s wit h th e numbe r 

of  feature s coimno n t o A  an d B ,  an d decrease s wit h th e numbe r  o f  feature s tha t 

distinguis h A  fro m B ,  an d B  fro m A .  Althoug h th e situatio n describe d b y a 

disjunctio n statemen t  woul d see m t o hav e mor e feature s i n common wit h th e 

actua l  world ,  i t  als o ha s mor e distinguishin g features .  Hence ,  whethe r  dis -

junctio n fallacie s occu r  ma y depen d o n th e balanc e o f  th e common an d distin -

guishin g features .  Althoug h disjunctio n fallacie s hav e no t  bee n demonstrate d 

i n probabilisti c  reasoning ,  ou r  result s fo r  counterfactual s sugges t  tha t  simi -

la r  result s ca n als o b e obtaine d fo r  probabilit y  judgment .  I f  thi s i s so ,  a 

representativenes s analysi s o f  disjunctiv e event s wil l  b e require d whethe r  o r 

not  on e accept s th e extensio n o f  representativenes s t o th e analysi s o f  coun -

ter f  actuals . 

CONCLUSION 

The Stalneiker/Lewi s semantic s fail s  t o describ e th e intuitiv e verifica -

tio n o f  counterfactual s becaus e trut h functiona l  consequence s ar e vali d i n an y 

possibl e world ,  an d conjunctio n an d disjunctio n fallacie s violat e trut h func -

tiona l  implications .  We propos e tha t  intuitiv e verificatio n o f  counterfac -

tual s i s base d o n a  judgmen t  o f  relativ e representativeness .  Th e individua l 

compare s th e representativenes s o f  a  situatio n o r  scenari o wher e th e antece -

dent  an d consequen t  o f  th e counterfactua l  ar e true ,  t o th e representativenes s 

of  a  situatio n wher e th e anteceden t  i s tru e an d th e consequen t  i s false . 

Conjunctio n fallacie s occu r  whe n th e anteceden t  an d conjunctiv e consequen t  ar e 

more representativ e tha n th e anteceden t  an d on e claus e o f  th e conjunction . 

Disjunctio n fallacie s occu r  whe n th e anteceden t  an d disjunctiv e consequen t  ar e 

les s representativ e tha n th e anteceden t  an d on e claus e o f  th e disjunction . 
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One way to contrast the two analyses is to consider what entities are 

claime d t o ente r  int o similarit y relations .  Th e Stalnaker/Lewi s semantic s 

propose s tha t  degre e o f  similarit y applie s t o possibl e worlds ,  i.e. ,  entitie s 

tha t  completel y determin e th e trut h o r  falsit y o f  ever y proposition .  Ou r 

analysi s propose s tha t  degre e o f  similarit y applie s t o set s o f  feature s tha t 

characteriz e situation s o r  scenarios .  Tversky' s (1977 )  similarit y mode l  sug -

gest s ho w a  situatio n wher e a  conjunctio n i s tru e migh t  b e mor e simila r  t o th e 

actua l  worl d tha n a  situatio n wher e a  singl e claus e o f  th e conjunctio n i s 

true .  Thi s i s paradoxica l  fro m th e possibl e world s standpoint ,  fo r  th e mos t 

simila r  worl d wher e a  conjunctio n i s tru e coul d neve r  b e mor e simila r  tha n 

ever y worl d wher e on e claus e o f  th e conjunctio n i s true .  Ou r  result s thu s 

sugges t  tha t  th e menta l  representatio n o f  similarity ,  an d th e entitie s t o 

whic h similarit y applie s ar e rathe r  differen t  fro m structure s assume d i n th e 

possibl e world s semantics . 

A common objectio n t o studie s attemptin g t o demonstrat e logica l  error s 

i n huma n reasonin g i s th e clai m tha t  th e subject s ma y hav e faile d t o interpre t 

th e question s i n th e manne r  intende d b y th e experimente r  (Henle ,  1962) .  Th e 

stud y reporte d abov e contain s n o contro l  fo r  th e possibilit y  tha t  X  = > Z  wa s 

interprete d a s X  == > Z  A^^ )  NOT Y ,  a  circumstanc e whic h coul d yiel d apparen t 

conjunctio n fallacie s withou t  logica l  error .  Tversk y an d Kahnema n (1983 )  an d 

Penningto n (1984 )  hav e conducte d studie s o f  probabilisti c  reasonin g whic h at -

temp t  t o exclud e thi s interpretation .  I n on e study ,  rating s o f  conjunction s 

wer e elicite d fro m on e group ,  an d rating s o f  neutra l  statement s fro m anothe r 

group .  Th e betwee n subject s desig n als o yield s conjunctio n fallacies .  Anoth -

er  stud y explicitl y  aske d subject s t o evaluat e th e probabilit y  o f  Z  whethe r  o r 

no t  Y  wa s true .  Again ,  conjunctio n fallacie s wer e prevalent . 

Counterfactua l  conjunctio n an d disjunctio n fallacie s ar e symptomati c o f 

th e differenc e betwee n trut h i n a  possibl e worl d a s th e logicia n understand s 

it ,  an d realizatio n i n th e menta l  constructio n o f  a  situatio n o r  scenario . 

Menta l  construction s ar e affecte d b y representationa l  an d processin g con -

straint s tha t  ar e usuall y ignore d i n mode l  theoreti c semantics .  When w e bet -

te r  understan d th e factor s influencin g judgment s o f  th e trut h o f  counterfac -

tuals ,  i t  ma y b e possibl e t o us e th e cognitiv e theor y o f  counterfactua l  judg -

ment  t o elucidat e causa l  an d dispositiona l  conception s tha t  appea r  t o depen d 

on counterfactua l  inference . 
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Abstrac t 

Criticisms of probability as being epistenxjlogically inadequate as a basis for 
reasonin g unde r  uncertaint y i n A l  an d rule-base d exper t  system s ar e largel y 
misplaced .  Probabilisti c  scheme s appea r  t o b e th e bes t  wa y t o dea l  wit h 
dependen t  evidence ,  an d t o properl y combin e diagnosti c an d predictiv e inference . 
Suggestion s tha t  exper t  system s shoul d duplicat e huma n inferenc e strategies ,  wit h 
thei r  documente d biases ,  see m ill-advised .  Ther e i s evidenc e tha t  popula r 
schemes perfor m quit e poorl y unde r  som e circumstance s an d ther e i s a n urgen t 
need fo r  carefu l  stud y o f  whe n the y ca n b e relie d upon .  Som e promisin g 
probabilisti c  alternative s ar e available ,  bu t  the y nee d t o b e demonstrate d i n 
realisti c  applications . 

Introductio n 

Historically, probability has been by far the 
most  widel y use d fonnalis m fo r  quantifyin g 
uncertaint y an d makin g inference s abou t  it . 
However ,  fo r  variou s conceptua l  an d pragmati c 
reason s th e majorit y  o f  A l  researcher s hav e not , 
hitherto ,  foun d standar d probabilisti c  technique s 
ver y appealin g fo r  us e I n rule-based ,  exper t 
systems .  Amon g th e man y alternative s the y 
hav e use d ar e th e Certaint y Factor s use d i n 
Myci n (Shortliff e &  Buchanan ,  1975 )  an d it s 
descendants .  Fuzz y Se t  Theor y (Zadeh ,  1984) , 
th e quasi-probabilisti c  schem e o f  Prospecto r 
(Dud a e t  al ,  1976) ,  th e Belie f  function s o f 
Dempster-Shafe r  theor y (Shafer ,  1976) ,  Pau l 
Cohen' s theor y o f  endorsement s (Cohen ,  1985) , 
Doyle' s theor y o f  reasone d assumption s (Doyle , 
1983) ,  an d non-numerical ,  linguisti c 
representation s o f  uncertaint y (Fox ,  1986) .  W e 
shal l  refe r  t o bot h probabilisti c  an d alternativ e 
methods ,  generically ,  a s uncertai n inferenc e 
scliemes ,  o r  UlSs . 

Each o f  thes e technique s ha s it s partisan s 
and it s detractors ,  an d discussio n abou t  thei r 
variou s merit s an d flaw s seem s t o b e heatin g u p 
of  lat e (Kana l  &  Lemmer ,  1986 ,  Gale ,  1986) . 
Much o f  th e discussio n hithert o ha s focusse d o n 
th e theoretica l  issue s o f  epistemologica l 

adequac y -  ho w wel l  ca n eac h UI S represen t 
th e differen t  aspect s o f  reasonin g wit h 
uncertainty ? Syste m developer s hav e 
understandabl y bee n mor e concerne d wit h th e 
pragmati c issue s o f  heuristi c adequac y -  ho w 
easy i s i t  t o us e an d wha t  ar e it s computationa l 
demands? 

The purpose of this paper is to give a 
persona l  vie w o f  som e o f  th e basi c issue s i n 
evaluatin g an d comparin g UlSs .  Followin g a 
ver y brie f  accoun t  o f  th e subjectiv e o r 
personalis t  vie w o f  probabilit y  an d it s 
application s i n Al ,  I  shal l  summariz e th e mos t 
common objection s t o probabilisti c  schemes , 
and attempt s t o rebu t  the m tha t  hav e appeare d 
i n th e literature .  Th e mai n focu s wil l  b e o n fou r 
issue s tha t  see m t o hav e attracte d les s 
attention .  Th e firs t  concern s th e treatmen t  o f 
correlate d source s o f  evidence ,  an d 
assumption s abou t  dependence .  Th e secon d i s 
th e issu e o f  combinin g diagnosti c an d predictiv e 
reasoning ,  an d th e separatio n o f  inferenc e aile s 
fro m domai n knowlege .  Th e thir d i s th e vexe d 
questio n o f  whethe r  o r  no t  UlS s fo r  exper t 
system s shoul d tr y t o t o approximat e huma n 
reasoning .  Th e las t  i s  th e questio n o f  whethe r  i t 
matter s muc h whic h approac h yo u use ,  an d I 
shal l  argu e th e importanc e o f  mor e systemati c 
compariso n o f  alternativ e UlS s t o fin d out .  Th e 
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issu e i s no t  simpl y wha t  ca n eac h UI S d o o r  no t 

do,  bu t  ho w muc h practica l  differenc e t o th e 

conclusion s ca n i t  mak e whic h yo u use ? 

Ther e ha s bee n considerabl e controvers y o n 

severa l  o f  thes e topics .  Researcher s ar e 

operatin g unde r  differen t  paradigm s wit h 

differen t  programmati c goals ,  s o I  canno t  expec t 

agreemen t  wit h al l  m y arguments .  Wha t  I  hop e 

i s tha t  i t  wil l  b e a  contributio n toward s creatin g a 

more focusse d debate ,  a s a  prerequisit e fo r 

more cumulativ e scienc e i n thi s importan t  area . 

T h e a p p e a l  o f  probabil i t y 

The probability of a proposition or a future 

event ,  accordin g t o th e Bayesia n o r  personalis t 

view ,  i s a  measur e o f  a  person' s degre e o f  belie f 

I n it ,  give n th e informatio n cun-entl y know n t o 

tha t  person .  Th e notio n o f  probabilit y  ma y b e 

derive d fro m a  se t  o f  simpl e axiom s o f  rationa l 

decision-makin g unde r  uncertainty ,  whic h for m 

th e basi s o f  decisio n theor y (Savage ,  1954) .  Th e 

forc e o f  thes e axioms ,  an d henc e o f  th e law s o f 

probabilit y  derive d fro m them ,  arise s fro m th e 

fac t  tha t  a  peopl e wh o violat e the m an d ar e 

willin g t o ac t  o n "incoherent "  probabilitie s (fo r 

example ,  whic h d o no t  satisf y Bayes '  rule )  ar e 

liabl e t o demonstrabl e loss .  Notably ,  a n 

opponen t  coul d alway s desig n a  "Dutc h tx>ok" , 

tha t  i s  a  combinatio n o f  bet s tha t  the y wouk i  b e 

willin g t o accept ,  accordin g t o thei r  professe d 

beliefs ,  bu t  whk;h .  I n sum ,  woul d resul t  i n a 

guarantee d los s (d e Finetti .  1974) . 

One advantag e o f  bein g embedde d i n a 

theor y o f  decisio n makin g i s tha t  i t  provide s a n 

operationa l  definitio n fo r  th e probabilit y  o f  a n 

event ,  i n term s o f  th e person' s willingnes s t o 

tak e bet s base d o n th e outcom e o f  th e event . 

Secondly ,  i n combinatio n wit h a  utilit y  mode l  o f 

preferences ,  i t  provkJe s a  clear ,  axiomatk:ally -

base d approac h fo r  nnakin g deciston s unde r 

uncertaint y (Holtzma n &  Breese ,  1985) .  Thirdly , 

it  provide s well-define d way s o f  usin g empirica l 

dat a (Spiegelhalter ,  1986) ,  an d evaluatin g th e 

accuracy ,  resolutto n an d calibratio n o f  UIS s 

(Ltohtenstein ,  Fischhof f  &  Phillips ,  1982) .  N o 

non-probabilistk ;  measur e o f  uncertaint y offer s 

thes e advantages .  I t  ha s als o bee n show n tha t 

fo r  an y reasonabl e scorin g rul e (whic h reward s a 

decisto n make r  base d o n hi s o r  he r  probabilit y 

assessment s an d th e actua l  outcome s o r  tmt h o f 

th e propositions) ,  an y scala r  measur e o f 

uncertaint y i s eithe r  wors e tha n probabilit y 

(produce s a  expecte d lowe r  score )  o r  i s 

equivalen t  t o i t  (Lindley ,  1982) . 

Probabi l ist i c  U I S s 

A set of m propositions, {Ap A2,... A^j), each 

of  whic h ma y b e tru e o r  false ,  give s ris e t o 2f " 

differen t  possibl e elementar y events ,  eac h bein g 

a particula r  combinatio n o f  propositio n values . 

e.g .  (A ^  &  ~A 2 &  .. .  A ^ .  A  complet e join t 

probabilit y  distributio n ove r  thes e proposition s 

specifie s a  probabilit y  fo r  eac h event ,  an d s o 

require s specificatio n o f  2^- 1 parameters .  Th e 

exponentia l  complexit y o f  thi s complet e 

representatio n clearl y njle s i t  ou t  a s a  viabl e 

approac h fo r  practica l  system s an d s o 

simplifyin g assumption s ar e essential .  I n al l 

practrca l  UISs ,  th e evidentia l  relationship s ar e 

modelle d a s a n inferenc e network ,  i n whic h eac h 

propositio n (o r  variable )  i s directl y relate d t o onl y 

a fe w others .  Eac h suc h lin k i s represente d b y a 

rule ,  whic h provide s evidenc e abou t  a 

consequen t  proposition ,  C ,  base d o n th e degre e 

of  belie f  i n som e togical  combinatio n o f  it s 

antecedents .  A, ,  fo r  example ,  (A ^  &  ~ A ^  — > Cg . 

A "strength "  (on e o r  rvsr e numbers )  i s 

associate d wit h eac h rule ,  whos e probabilisti c 

interpretatio n varie s accordin g t o th e scheme . 

Each suc h UI S need s t o provid e function s fo r 

propagatin g th e uncertaint y measure s throug h 

k>gk:a l  conjunction ,  disjunction ,  negation ,  an d 

generalize d modu s ponens ,  a s wel l  a s a  functio n 

fo r  combinin g th e evidenc e fro m multipl e mle s 

tha t  bea r  o n on e consequent .  Th e bes t  know n 

scheme s ar e Certaint y Factor s (CFs )  develope d 

fo r  Myci n (Shortliff e &  Buchanan .  1975 )  an d th e 

scheme use d i n Prospecto r  (Dud a e t  al ,  1976) , 

fro m whic h man y variant s hav e bee n derived . 

Bot h o f  thes e wer e originall y intende d a s 

approximation s t o Bayesia n inference . 

Neither system is completely consistent with a 

complet e probabilisti c  scheme ,  an d th e implie d 

probabilit y  distribution s ar e incoherent .  Ki m an d 

Pear l  hav e devise d a n ingeniou s schem e fo r 

representin g an d propagatin g probabilisti c 

informatio n ove r  a  kin d o f  inferenc e ne t  the y 

ter m Bayes '  network s (Ki m &  Pearl ,  1983) .  Thi s 

ca n maintai n globa l  coherenc e ove r  th e network . 
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usin g onl y a n efficien t  bca l  updatin g 

mechanism .  Thes e ar e simila r  i n spiri t  t o th e 

influenc e diagram s develope d fo r  decisio n 

analysi s (Shachter .  1985) . 

An alternativ e approac h t o dealin g wit h a 

partiall y  specifie d probabilit y  distributio n i s t o 

estimat e th e ful l  distributio n usin g th e Max imu m 

Entrop y Principle .  Thi s minimize s th e additiona l 

informatio n assume d i n fillin g ou t  th e 

distribution ,  consisten t  wit h th e specifie d 

constraint s (usuall y margina l  an d conditiona l 

probabilities) .  Whil e thi s approac h ha s severa l 

desirabl e propertie s (Shor e an d Johnson ,  1980) , 

computatio n o f  max imu m entrop y distribution s 

is ,  i n general ,  prohibitivel y expensiv e wit h nK)r e 

tha n a  fe w prop)OSitions ,  despit e attempt s t o 

improv e algorithm s (Cheeseman ,  1983) . 

However ,  man y popula r  probabilisti c  updatin g 

schemes ,  includin g ,  conditiona l  independenc e 

assumption ,  Jeffrey' s mle ,  an d odds-rati o 

updating ,  ar e actuall y specia l  case s o f  Maximu m 

Entropy ,  an d th e relate d Minimu m Cros s 

Entrop y updat e (Wise ,  1986) . 

Objections to probability 

Despite its attractions, probability has been 

unde r  sustaine d attac k a s a  viabl e schem e fo r 

representin g uncertaint y i n Al ,  eve r  sinc e 

McCarth y an d Haye s dismisse d i t  a s 

"epistemologicall y inadequate" .  Amon g th e 

criticism s hav e bee n th e following : 

1.  Probabilit y  require s vas t  anwunt s o f 
dat a o r  unreasonabl e number s o f 

exper t  judgments . 

2.  I t  can' t  expres s ignorance ,  vaguenes s 
or  "second-orde r  uncertainty* . 

3.  I t  doesn' t  distinguis h reason s fo r  an d 

against ,  o r  identif y source s o f 

uncertainty . 

4.  Th e inferenc e proces s i s har d t o 
explain . 

5.  I t  can' t  expres s linguisti c imprecision . 

6.  I t  require s unrealisti c independenc e 

assumptions . 

7.  I t  i s computationall y intractable . 

8.  I t  i s no t  ho w human s reason . 

9.  I t  doesn' t  mak e muc h differenc e wha t 

metho d yo u us e anyway . 

Severa l  recen t  article s hav e assemble d simila r 

list s o f  objections ,  overlappin g wit h th e firs t  fiv e 

or  si x liste d here ;  the y hav e provide d eloquen t 

rebuttal s (Spiegelhalter ,  1986 ,  Peart ,  1985a , 

Cheeseman,  1985) .  Belo w i s a n extremel y brie f 

summary o f  thei r  conclusions ,  withou t  attemp t  a t 

explanation .  Th e intereste d reade r  i s referre d t o 

th e origina l  articles .  Th e mai n focu s o f  thi s 

articl e wil l  b e objection s si x t o nin e an d som e 

relate d issue s o f  th e heuristi c adequac y o f 

probabilisti c  schemes . 

Summary of rebuttals 

In evaluating the criticisms and rebuttals, it is 

importan t  t o distinguis h claim s abou t 

probabilisti c  inferenc e i n genera l  fro m claim s 

abou t  specifi c  quasi-probabilisti c UIS s 

incorporatin g variou s heuristi c assumptions . 

Thes e rebuttal s hav e bee n primaril y i n defens e 

of  th e theoretica l  possibilitie s o f  probabilit y 

rathe r  tha n particula r  UISs .  Failur e t o kee p i n 

min d thi s distinctio n ha s sometime s resulte d i n 

misunderstandin g an d fruitles s argument . 

The belie f  tha t  probabilisti c  representation s 

requir e vas t  amount s o f  dat a seem s t o deriv e 

fro m frequentis t  interpretation s o f  probability , 

and doe s no t  appl y t o th e Bayesia n o r 

subjectivis t  interpretation s usuall y advocated . 

Inordinat e quantitie s o f  subjectiv e judgment s 

shoul d no t  b e necessar y either ,  sinc e human s 

ar e subjec t  t o analagous  limitation s t o othe r 

UISs ,  an d ou r  intuitiv e knowledg e o f  probabilisti c 

dependencie s i s represente d b y relativel y 

spars e networi< s (Baye s networi<s) ,  wher e mos t 

variable s ar e no t  directl y dependent .  Th e 

questio n o f  whethe r  o r  no t  tw o variable s ar e 

directl y probabilisticall y dependen t  i s a 

qualitativ e judgmen t  whic h i s relativel y eas y t o 

make(Peari ,  1985a) . 

Ignorance ,  vaguenes s o r  secon d orde r 

uncertaint y ma y b e represente d b y a  rang e o f 

probabilities ,  o r  b y a  predictiv e distributio n ove r 

a probability ,  expressin g ho w th e prio r 

probabilit y  migh t  chang e afte r  consultin g a 

specifie d informatio n sourc e (Cheeseman ,  1985 , 

Spiegelhalter ,  1986) .  Althoug h i t  i s  ofte n 

sufficien t  t o represen t  eac h probabilit y  b y it s 
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mean value ,  unles s decision s abou t  gatherin g 
new infomnatio n ar e bein g contemplated . 

It is true that a single probability by itself 

doesn' t  distinguis h th e sources ,  typ e an d effec t 

of  th e piece s o f  evidenc e o n whic h i t  i s  based , 

but  i t  i s  certainl y possibl e t o retriev e an d clearl y 

expres s thi s infomnatio n i n probabilisti c  scheme s 

(Pearl ,  1985a) .  Fo r  example ,  th e evidenc e 

weigh t  (lo g likelihoo d ratio )  provide s a 

convenien t  additiv e measur e o f  th e relativ e 

importanc e o f  eac h piec e o f  evidenc e fo r  a 

conclusion .  Th e weight s o f  supportin g evidenc e 

can b e adde d t o th e prio r  weight ,  an d weight s o f 

disconfirmin g evidenc e subtracte d i n a  sor t  o f 

"ledge r  sheet "  t o amv e a t  th e tota l  fina l  weigh t 

(Spiegelhalter ,  1986) .  Evidenc e weight s ar e 

als o usefu l  i n explainin g probabilisti c  reasoning . 

As lon g a s th e underlyin g inferenc e networ k i s 

sparse ,  a s Pear l  argue s I t  wil l  be ,  th e inferenc e 

proces s shoul d b e explainabl e i n simple , 

comprehensibl e step s (Pearl ,  1985a) . 

The advantage often claimed for Fuzzy Set 

Theor y ove r  probabilit y  i s  tha t  th e forme r  ca n 

model  linguisti c impreciston ,  wherea s 

probabilitie s ar e onl y define d fo r  unambiguousl y 

specifie d ("crisp" )  event s o r  proposition s 

(Bonissone ,  1982) .  Indee d probabilist s hav e 

generall y no t  addresse d th e issu e o f  linguisti c 

imprecision ,  asid e fro m studie s o f  th e 

correspondenc e betwee n probabilit y  phrase s 

and number s (Beyth-Marom ,  1982) .  Ther e i s 

plent y o f  experimenta l  evidenc e tha t  probabilisti c 

inferenc e i s no t  a  ver y goo d mode l  fo r  huma n 

linguisti c reasonin g (Kahneman ,  Slovi c & 

Tversky ,  1982) .  Bu t  ther e ha s bee n littl e 

experimenta l  investigatio n o f  claim s tha t 

alternativ e UIS s offe r  bette r  models .  A  stud y 

comparin g huma n judgmen t  t o Fuzz y Se t 

Theor y foun d tha t  subjects '  judgmen t  o f  th e 

"plausibility "  o f  th e intersectio n o f  tw o fuzz y set s 

was bette r  modelle d b y th e multiplicatio n o f 

"plausibilities" ,  analogou s t o th e probabilisti c  rul e 

fo r  th e intersectio n o f  tw o independen t  events , 

rathe r  tha n b y th e minimu m plausibilit y  rul e o f 

Fuzz y Se t  Theor y (Oden ,  1977) .  A  proble m i n 

suc h studie s o f  non-probabilisti c  scheme s i s 

settin g u p a  convincin g compariso n whe n th e 

measur e o f  uncertaint y ha s n o operationa l 

definition . 

Assumpt ion s abou t  dependenc e 

While probability can in theory cope perfectly 

wit h non-independen t  source s o f  evidence ,  mos t 

actua l  UIS s cannot .  Conside r  th e following : 

Chernoby l  example :  Th e firs t  radi o new s 
bulletir )  yo u hea r  o n th e acciden t  a t  th e 
Chernoby l  nuclea r  powe r  plan t  report s tha t  th e 
releas e o f  radioactiv e material s ma y hav e 
alread y kille d severa l  thousan d people .  Initiall y 
yo u plac e smal l  credenc e i n this ,  bu t  a s yo u star t 
t o hea r  simila r  report s fro m othe r  radi o an d T V 
stations ,  an d i n th e newspapers ,  yo u believ e i t 
more strongly .  A  coupl e o f  day s later ,  yo u 
realiz e tha t  th e new s report s wer e al l  base d o n 
th e sam e wire-sen/ic e repor t  base d o n a  singl e 
unconfirme d telephon e intervie w fro m l\Aoscow . 
Consequently ,  yo u greatl y reduc e you r  degre e 
of  belie f  again . 

Thousands 
dea d ̂ ^ 

t \ 
Radi o ̂  T V Newspape r 
report ^  repor t  ^^articl e 

phon e 
intervie w 

Figure 1: Inference network for 
Chernoby l  exampl e 

This illustrates how multiple, independent 
supportin g source s o f  evidenc e increas e th e 
confirmatio n o f  a  hypothesis ,  bu t  th e 
confirmatio n i s reduce d i f  the y ar e correlated . 

Most  o f  u s see m quit e capabl e o f  handlin g thi s 

kin d o f  intuitiv e reasonin g i n practice ,  eve n i f  w e 

don' t  hav e th e terminolog y t o describ e it . 

However  non e o f  th e bette r  know n UIS s ar e 

actuall y capabl e o f  distinguishin g betwee n 

independen t  an d correlate d source s o f 

evidence .  The y eac h mak e variou s arbitrar y 

fixe d assumption s abou t  th e presenc e o r 

absenc e o f  dependence .  S o al l  ar e inherentl y 

incapabl e o f  performin g thi s norma l 

commonsense reasoning .  Fo r  example ,  th e 

Fuzz y Se t  operator s fo r  an d an d or ,  ar e 

equivalen t  i n effec t  t o probabilisti c aile s 

assumin g subsumptio n amon g antecedents ,  i.e . 

wher e th e leas t  likel y propositio n logicall y 

implie s th e mor e likel y one(s) .  Thi s i s equivalen t 

t o assumin g th e max imu m possibl e correlatio n 

betwee n inpu t  propositions .  Prospecto r  an d 
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Myci n CF s us e simila r  rule s fo r  an d an d or .  O n 

th e othe r  hand ,  Prospector ,  an d Baye s network s 
assume conditiona l  independenc e whe n 
combinin g evidenc e fro m differen t  rules ,  a s i n 

th e Chernoby l  example .  Figur e 2  show s 

Pr(A&B )  a s a  functio n o f  Pr(A )  give n Pr(B)=0.6 , 

assumin g minimu m overla p betwee n A  an d B 

(Mine) ,  independenc e (Ind) ,  o r  max imu m overla p 

(MaxC) ,  whic h i s th e Fuzz y Se t  assumption .  I t 

illustrate s th e rang e o f  result s possibl e fro m 

alternativ e assumption s abou t  correlation . 

P(A&B> vs .  p(A> ,  fo p p(B>=e. 6 
1 - i  1  1  •  •  • -

0.75 0 

9.50 0 

8.25 0 

O 
Key 
Ui s 

0.25 0 0.50 0 
a =  p<A ) 

Ynd Min C 

0.75 0 

MaxC 

Figur e 2 :  Th e effec t  o f  assumption s abou t 
correlation ,  (Wis e &  Henrion ,  1986 ) 

It  ha s sometime s bee n claime d a s a n 

advantag e o f  som e non-probabilisti c  UlSs . 

includin g Fuzz y Se t  Theor y (Bonissone ,  1986) , 

tha t  the y avoi d havin g t o mak e an y assumption s 

abou t  dependencies .  Bu t  i n fact ,  a s w e hav e 

seen ,  th e Fuzz y Se t  combinatio n function s ar e 

equivalent ,  a t  leas t  i n effect ,  t o specifi c 

probabilisti c  assumptions .  I t  i s  tru e tha t  non -

probabilisti c  language s fo r  uncertaint y d o no t 

provid e a  genera l  framewor k fo r  modellin g 

correlate d evidence ,  sinc e the y d o no t  provid e a 

well-define d languag e fo r  expressin g th e ideas . 

But  t o clai m tha t  the y ca n therefor e avoi d 

makin g unsupporte d assumption s abou t 

correlation s i s aki n t o claimin g tha t  a  ne w settle r 

i n Alask a ca n dea l  wit h th e winte r  precipitatio n 

by adoptin g th e languag e o f  a n equatoria l  trib e 

wit h n o wor d fo r  snow . 

Unfortunatel y t o dea l  completel y wit h 

probabilisti c  dependence s i s  inherentl y comple x 

(exponentia l  i n th e numbe r  o f  evidenc e 

sources) ,  an d n o inferenc e networi < syste m 

whic h represent s uncertaint y i n eac h propositio n 

by on e o r  a  fe w parameter s ca n dea l  wit h it s ful l 

complexity .  A n altemativ e approac h t o i s t o 

represen t  uncertaint y b y a  rang e o f  tw o 

probabilitie s an d t o comput e bot h th e larges t 

and smalles t  probabilitie s compatibl e wit h th e 

range s o f  th e antecedents .  Thi s doe s avoi d 

makin g an y specific ,  unsupporte d assumption s , 

althoug h ther e i s a  dange r  o f  endin g u p wit h 

vacuou s result s (probabilit y  limit s o f  0  an d 1) . 

The original Bayes' Network scheme of Kim 

and Pear l  i s  restricte d t o C h o w Tree s i.e .  singl y 

connecte d graphs ,  s o tha t  conditiona l 

independenc e betwee n convergen t  source s o f 

evidenc e ca n b e presente d (Ki m &  Pearl ,  1983) . 

However  Pear l  ha s suggeste d a  metho d o f 

removin g th e cycles ,  eithe r  b y conditionin g o n 

variable s i n th e cycle ,  o r  b y addin g extr a node s 

(hidde n variables )  tha t  allow s restmcturin g th e 

probabilisti c  dependencie s t o avoi d cycle s 

(Pearl .  1985b) . 

Anothe r  approac h i s t o represen t  th e 

uncertaint y i n eac h propositio n b y a  sampl e o f 

tmt h value s representin g a  rando m sampl e o f 

possibl e worlds .  Thes e ca n b e combine d an d 

propagatin g usin g th e usua l  mechanism s o f 

deterministi c logic .  Correlation s du e t o multipl e 

path s i n th e inferenc e networ k o r  dependencie s 

specifie d betwee n input s ar e handle d correctl y 

withou t  specia l  mechanisms .  Thi s incidenc e 

calculu s (Bundy ,  1986 )  o r  logi c samplin g 

(Henrion ,  1986 )  involve s a  for m o f  Mont e Carl o 

simulation .  It s accurac y depend s o n th e sampl e 

siz e chosen .  Thi s approac h ca n b e reasonabl y 

efficien t  (  i t  i s  linea r  i n th e networi ^  size )  an d 

seems promising ,  bu t  it s ful l  potentia l  remain s t o 

be explored . 

D i a g n o s t i c a n d predict iv e 

i n f e r e n c e 

Diagnostic inference involves reasoning from 

observabl e manifestation s t o hypothese s abou t 

what  ma y b e causin g them ,  fo r  exampl e 

reasonin g fro m symptom s t o diseases . 

Predictiv e o r  causa l  inferenc e involve s 

reasonin g fro m cause s (o r  causa l  influences . 

suc h a s geneti c o r  environmenta l  factor s tha t 

migh t  increas e susceptibilit y t o a  disease )  t o 

possibl e manifestation s (Tversk y &  Kahneman , 
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1982) .  Conside r  th e following : 

The sneez e txampla :  Suppos e yo u fin d 
yoursel f  sneezin g unexpectedl y i n th e hous e o f 
an acquaintance .  I t  migh t  eithe r  b e du e t o a n 
incipien t  col d o r  you r  allerg y t o cats .  Yo u the n 
observ e anima l  pa w marks ,  whic h increase s 
you r  judge d probabilit y  o f  a  ca t  i n th e vicinit y 
(diagnosti c inference) ,  which ,  i n turn ,  increase s 
th e probabilit y  tha t  yo u ar e havin g a n allergi c 
reactio n (predictiv e inference) .  Thi s als o 
explain s awa y th e sneezing ,  an d s o decrease s 
th e probabilit y  yo u ar e gettin g a  cold . 

Notic e tha t  thi s reasonin g Involve s a  mixtur e o f 

bot h diagnosti c an d predictiv e inference .  Havin g 

rule s tha t  allo w reasonin g backward s an d 

fonward s lik e thi s create s a  dange r  o f  viciou s 

circles ,  where ,  say ,  th e probabilit y  o f  a  ca t  woul d 

increas e th e probabilit y  o f  th e allergi c reaction , 

and vic e versa .  T o avoi d this ,  i t  seem s 

necessar y t o kee p a  recor d o f  th e source s o f 

differen t  uncertai n evidenc e fo r  eac h variable ,  s o 

tha t  yo u ca n avok l  possibl e doubl e counting . 

Pearl' s  schem e fo r  Bayes '  Network s keep s th e 

flow s o f  diagnosti c an d predictiv e evidenc e 

separat e t o avoi d suc h cycling ,  an d onl y 

combine s the m t o calculat e th e aggregat e 

degre e o f  belie f  i n eac h nod e (Pearl ,  1985b) . 

Figur e 3  show s a  Baye s Networ k representatio n 

of  proposition s mentioned . 

Cat 

Incipient Allergic Al 
col d \  react io n 

Sneezing 

Paw 

mark s 

Figur e 3 :  Bayes '  networ k fo r  sneez e exampl e 

Independent evidence for the allergy helps to 

explai n th e sneezin g an d s o reduce s th e 

probabilit y  o f  a  cold .  Alternatively ,  th e 

observatio n o f  a  mil d feve r  migh t  increas e th e 

probabilit y  tha t  i t  wa s a  col d an d s o decreas e 

th e probabilit y  o f  th e allergy .  Thu s th e presenc e 

of  sneezin g induce s a  negativ e correlatio n 

betwee n th e col d an d th e allergy ,  whic h woul d 

otherwis e b e independent .  Thi s kin d o f 

reasoning ,  whic h w e ma y ter m intercausal ,  i s  a 

natura l  consequenc e o f  th e simpl e logica l 

relatio n tha t  sneezin g ca n b e cause d eithe r  b y a 

col d o r  a n allergy .  Pearl' s  propagatio n schem e 

fo r  Baye s Network s model s thi s correctly ,  bu t 

othe r  rule-base d scheme s hav e a  ver y har d tim e 

wit h it . 

Conside r  th e followin g njl e fo r  medica l 

diagnosti c inferenc e whic h perform s intercausa l 

reasonin g (Clancey ,  1983) : 

/ /  th e patien t  ha s a  petechia l  ras h an d doe s no t 
hav e leukemia ,  the n neisseri a ma y b e present . 

Thi s reflect s th e medica l  fac t  tha t  a  petechia l 

ras h ca n b e cause d eithe r  b y neisseri a o r  b y 

leukemia ,  an d s o th e ras h i s evidenc e fo r 

neisseri a unles s i t  ha s bee n explaine d b y 

leukemia . 

Leukemi a Neisser i a 

\ 
petechia l 

ras h 

Figure 4: Bayes' network for rash example 

If the system was also intended to help 

diagnos e leukemia ,  i t  woul d nee d a n additiona l 

njle : 

If  th e patien t  ha s a  petechia l  ras h an d doe s no t 
hav e neisseria ,  the n leukemi a ma y b e present . 

Wit h bot h rule s th e inferenc e networ k woul d 

contai n a  cycl e (fro m leukemi a t o neisseri a an d 

bac k again) ,  whic h i s liabl e t o caus e updatin g 

difficulties ,  a t  leas t  sensitivit y t o th e sequenc e i n 

whic h evidenc e an-ives .  Th e underlyin g proble m 

i s tha t  thes e mie s embod y genera l  knowledg e 

abou t  inferenc e unde r  uncertaint y a s wel l  a s 

specifi c  medica l  knowledge . 

It would be far better to be able to specify the 

essentia l  medica l  knowledg e i n causa l  form ,  tha t 

" a petechia l  ras h ca n b e cause d eithe r  b y 

neisseri a o r  b y leukemia "  (wit h specifie d 

conditiona l  probabilitie s i f  th e relationship s ar e 

uncertain) .  Th e UI S shoul d the n b e abl e us e 

thi s t o mak e th e uncertai n diagnosti c inference s 

implie d b y eithe r  rule ,  o r  eve n reaso n 

predictivel y fro m th e disease s t o th e symptom , 

accordin g t o th e demand s o f  th e situation . 

Pearl' s  schem e ca n d o thi s effectivel y an d 

consistently ,  whil e maintainin g a  clea r 

separatio n betwee n th e inferenc e method s an d 

domai n knowledge .  Clance y i n a  critiqu e o f 

Myci n ha s emphasize d th e desirabilit y  o f 

separatin g th e representatio n o f  inferenc e 

strateg y fro m domai n knowledg e (Clancey , 

1983) .  Bu t  i t  doe s no t  appea r  tha t  schemes ,  lik e 

Mycin ,  o r  Prospecto r  representin g knowledg e 

primaril y a s diagnosti c rules ,  rathe r  tha n 

probabilisti c  causa l  relations ,  ar e capabl e o f  this . 
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HENRION 

S h o u l d U I S s emu la t e h u m a n s ? 

This objection to probability has been 

forcefull y state d b y Pau l  Cohen : 

"[i t  is ]  puzzlin g tha t  A l  retain s model s o f 
masonin g unde r  uncertaint y tha t  ar e derive d 
fro m normativ e theories... ,  becaus e th e 
assumption s o f  th e normativ e approache s ar e 
frequentl y violated ,  an d becaus e th e 
probabilisti c  interpretatio n -  an d numerica l 
representatio n -  o f  uncertaint y summarize s an d 
fail s  t o discriminat e amon g reason s fo r  believin g 
and disbelieving .  .. .  model s o f  human s a s 
perfec t  processor s o f  informatio n ar e no t  onl y 
inaccurate ,  bu t  als o unlikel y t o lea d t o efficien t 
and intelligen t  reasoning. "  (Cohen ,  1985) ,  p. 9 

Cohen her e advocates  th e strategy ,  whic h 

appear s t o hav e bee n successfu l  elsewher e i n 

Al  research ,  o f  adoptin g heuristi c approache s 

base d o n huma n intuitiv e reasoning ,  rathe r  tha n 

theoreticall y optimal ,  bu t  computationall y 

intractabl e schemes .  Cognitiv e psychologist s 

hav e indee d provide d u s wit h ampl e evidenc e 

tha t  huma n inferenc e unde r  uncertaint y i s no t 

accuratel y modelle d b y Bayesia n decisio n 

theor y (Kahneman ,  Slovi c &  Tversky ,  1982) . 

But  ther e i s littl e experimenta l  evidenc e tha t 

propose d non-probabilisti c  UIS s ar e bette r 

models .  Ver y likel y ther e i s considerabl e 

variatio n betwee n task s an d betwee n 

individuals .  I t  i s  a n importan t  an d challengin g 

tas k fo r  cognitiv e psychologist s t o buil d bette r 

model s o f  judgmen t  unde r  uncertainty ,  bu t  i t 

seems quixoti c fo r  thos e primaril y intereste d i n 

developin g bette r  exper t  system s t o seriousl y 

attemp t  t o emulat e huma n judgment .  Tha t  i s no t 

t o sa y tha t  evidenc e abou t  huma n reasonin g 

includin g introspectio n ma y no t  giv e u s excellen t 

idea s fo r  devisin g ne w an d bette r  UISs ,  bu t  th e 

criterio n fo r  judgin g thei r  usefulnes s shoul d b e 

th e qualit y o f  thei r  performance ,  rathe r  tha n ho w 

wel l  the y simulat e huma n though t  processes . 

O ne featur e o f  huma n judgmen t  observe d b y 

psychologist s ha s bee n temrie d th e 

representativenes s heuristic :  W h e n aske d th e 

probabilit y  tha t  objec t  A  belong s t o clas s B , 

peopl e typicall y evaluat e i t  b y th e degre e t o 

whic h A  i s representativ e o f  B ,  tha t  i s  b y th e 

degre e t o whic h A  resembles  B  (Kahneman , 

Slovi c &  Tversky ,  1982) .  Thi s lead s t o 

judgment s whic h ar e insensitiv e t o th e prio r 

probabilit y  o f  A ,  an d contrar y t o Bayes '  rule . 

Cohen an d colleague s explicitl y  adop t  th e 

representativenes s heuristi c fo r  representin g 

uncertaint y i n th e classificatio n system ,  G R A N T. 

(Cohe n e t  al ,  1985) ,  whic h deliberatel y ignore s 

prio r  information .  Othe r  UIS s als o explicitl y 

exclud e prio r  probabilities ,  includin g Myci n 

(Buchana n &  Shortliffe ,  1984) .  Th e rational e 

has bee n tha t  prio r  probabilitie s ar e to o har d t o 

estimate ,  an d i t  i s  bette r  t o avoi d them . 

However ,  fo r  bot h G R A NT an d Myci n (an d it s 

derivatives) ,  ignorin g prior s I s functionall y 

equivalen t  t o assumin g equa l  prior s (fo r  th e 

probabilitie s o f  agencie s fundin g a  proposal ,  o r 

th e probabilitie s o f  diseas e organisms) . 

Occasionall y suc h fla t  prior s ma y b e 

appropriate ,  bu t  mor e ofte n i t  mean s ignorin g 

importan t  informatio n abou t  differin g 

frequencies . 

The followin g exampl e point s u p th e danger s 

of  thi s approach : 

Bloo d tes t  example :  Jame s i s engage d t o b e 
married ,  an d take s th e routin e pre-marita l  bloo d 
tes t  require d b y th e state .  T o hi s horror ,  th e tes t 
comes bac k positiv e fo r  syphilis .  Hi s physicia n 
explain s t o hi m tha t  th e tes t  i s  ver y reliable , 
havin g a n fals e positiv e rat e o f  1%,  an d s o th e 
chanc e h e ha s th e diseas e i s 99% .  Aghast , 
James wonder s wha t  t o tel l  hi s fiancee . 

Most  physician s wil l  giv e th e sam e advic e a s 

James '  on e does .  Lik e othe r  people ,  the y ar e 

poor  intuitiv e Bayesian s (Kahneman ,  Slovi c & 

Tversky ,  1982 )  an d ten d t o ignor e prio r  o r  base -

rat e infonnation .  Usin g th e representativenes s 

heuristic ,  th e chanc e tha t  Jame s ha s V D i s 

judge d b y th e degre e t o whic h h e (havin g a 

positiv e bloo d test )  i s  representativ e o f  peopl e 

wit h VD .  I n this ,  an d man y simila r  cases ,  th e 

heuristi c lead s t o a  conclusio n tha t  i s badl y 

wrong : 

Fortunately ,  James '  fiancee ,  Alice ,  i s  no t  onl y 
understanding ,  bu t  a  Bayesia n statistician .  Sh e 
find s ou t  fro m th e physicia n tha t  th e prevalenc e 
of  syphili s  amon g me n fro m James '  backgroun d 
i s abou t  1  i n 10,000 .  Base d o n this ,  sh e 
conclude s tha t  th e probabilit y  h e actuall y  ha s th e 
diseas e i s abou t  1%,  an d deckle s t o g o ahea d 
wit h th e wedding . 

For  thos e o f  u s no t  s o luck y a s t o b e marryin g a 

Bayesian ,  woul d w e rathe r  consul t  a  physicia n 

or  a n exper t  syste m modelle d o n norma l  huma n 

judgment ,  o r  woul d w e prefe r  on e base d o n 

normativ e Bayesia n principles ? 
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D o e s i t  matte r  w h i c h y o u u s e ? 

Even if one accepts the arguments that 
probabilit y  i s  epistemologicall y adequat e t o 

represen t  uncertainty ,  i t  i s  clea r  tha t  onl y 

approximation s t o i t  ar e connputationall y 

tractabl e fo r  rea l  systems .  DespK e th e 

theoretica l  difference s betwee n systems ,  doe s i t 

reall y mak e muc h differenc e t o th e conclusion s 

of  a  rule-base d exper t  syste m whic h schem e 

you use ? Ther e ha s bee n a  commo n perceptio n 

i n th e A l  communit y tha t  th e performanc e o f 

system s i s relativel y insensitiv e t o th e choic e o f 

UIS;  tha t  th e importan t  difference s ar e t o d o wit h 

qualitativ e knowledg e rathe r  tha n quantitativ e 

uncertai n inference .  Thi s ma y b e true ,  a t  leas t 

fo r  som e domains .  Bu t  s o far ,  belie f  i n thi s 

insensitivit y seem s t o hav e bee n base d primaril y 

on ideology ,  sinc e ther e ha s bee n littl e 

systemati c analysi s o r  experimenta l  evidenc e 

published . 

One earl y piec e o f  evidenc e wa s a 

compariso n o f  Mycin' s metho d fo r  combinin g 

evidenc e fro m differen t  mle s wit h a  probabilisti c 

model  (Shortliff e &  Buchanan ,  1975) .  Thi s 

showed a  pronounce d tendenc y t o under -

respond .  O n average ,  stron g aggregat e 

evidenc e fo r  o r  agains t  a  conclusio n wa s 

compute d t o b e a s abou t  hal f  a s stron g (hal f  th e 

CF)  a s i t  shoul d be .  Thi s i n itself ,  ma y no t  hav e 

mattere d much ,  sinc e Myci n use d relativ e CF s 

fo r  makin g decisions .  Bu t  i n 2 5 % o f  th e case s 

th e syste m responde d i n th e wron g direction . 

Confirmin g evidenc e actuall y reduce d th e C F o r 

vic e versa .  Th e developer s o f  Myci n sugges t 

tha t  Certaint y Factor s ar e satisfactor y fo r  th e 

initia l  applicatio n domai n (selectin g antibioti c 

therapy) ,  bu t  tha t  "W e woul d nee d t o perfor m 

additiona l  experiment s t o determin e th e breadt h 

of  th e nx)der s applicability" ,  (Buchana n & 

Shortliffe .  1984 )  p .  700 .  Howeve r  CF s an d 

relate d UIS s ar e no w bein g use d fo r  man y othe r 

applications ,  apparentl y withou t  th e benefi t  o f 

suc h experiments . 

Recentl y ther e hav e bee n a  fe w comparativ e 

studie s o f  UISs .  Ton g an d colleague s hav e 

compare d 1 2 variant s o f  th e Fuzz y Se t  Rule s fo r 

and,  or ,  an d modu s ponen s combination s i n 

term s o f  thei r  performanc e i n a  fixe d rul e bas e 

(Tong ,  1985) .  The y foun d tha t  th e performanc e 

of  al l  rule s wit h smoot h respons e (i.e .  no t 

discontinuous )  di d reasonabl y wel l  i n thei r 

example .  Vaugha n an d colleague s hav e don e a 

compariso n o f  th e Prospecto r  schem e wit h 

odds-rati o updatin g (Vaughan ,  1986 )  fo r  a 

systemati c rang e o f  singl e rules .  The y foun d 

tha t  Prospecto r  di d wel l  i n man y cases ,  bu t  tha t 

ther e ar e som e situation s i n whic h i t  perform s 

poorly .  Wis e ha s argue d tha t  th e appropriat e 

standar d fo r  compariso n i s a  syste m usin g 

Maximu m Entrop y t o fi t  a  complet e prio r  t o 

specifie d inpu t  probabilitie s an d rul e strengths , 

and Minimu m Cros s Entrop y fo r  updatin g i t 

(Wis e &  Henrion .  1986 ,  Wise ,  1986) .  Thi s 

M E / M XE approac h i s actuall y a  generalizatio n o f 

th e odds-rati o approac h use d b y Vaugha n e t  al . 

Wis e ha s performe d comparison s o f  si x UISs , 

includin g CFs ,  Fuzz y Se t  Theory ,  an d a 

probabilisti c  schem e wit h Conditiona l 

Independence ,  agains t  th e M E / M X E scheme ,  fo r 

individua l  rules ,  an d smal l  assemblie s o f  2  o r  3 

rules ,  3 0 case s i n all ,  eac h wit h al l  inpu t 

probabilitie s systematicall y varie d (Wise ,  1986) . 

For  purpose s o f  comparison ,  th e degre e o f 

membershi p o f  a  Fuzz y Se t  wa s equate d t o 

probability .  Th e perfomnanc e o f  th e UIS s varie d 

considerabl y ove r  th e differen t  situations .  Al l 

worke d wel l  i n a t  leas t  som e cases ,  an d non e 

worke d wel l  i n al l  cases.  Ther e wer e som e 

situation s i n whic h som e UIS s wer e wors e tha n 

rando m guessing . 

It is not hard to constmct examples in which 

CFs (an d othe r  widely-use d UISs )  produc e 

result s tha t  disagre e badl y wit h a  complet e 

probabilisti c  analysis ,  eve n havin g th e wron g 

qualitativ e sensitivities .  Experience d knowledg e 

engineer s ma y b e awar e o f  a t  leas t  som e o f  th e 

problem s inheren t  i n th e UI S the y use ,  an d ma y 

kno w ho w t o nnodif y mle-set s t o mitigat e th e 

undesirabl e behavior ,  a t  leas t  fo r  som e 

anticipate d situations .  However ,  som e o f  th e 

problem s ar e quit e subtle ,  eve n thoug h thei r 

effect s ca n b e severe .  I n an y cas e i t  seem s 

dangerou s t o rel y o n th e abilit y  o f  th e knowledg e 

enginee r  t o "progra m around "  suc h problems , 

particularl y give n ou r  sketch y understandin g o f 

what  al l  th e problem s are . 
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C o n c l u s i o n s 

Probability has often been criticized as 
epistemologicall y inadequat e fo r  representin g 
uncertaint y i n Al ,  bu t  man y o f  thes e criticism s 

hav e stemme d fro m incomplet e understandin g 
of  probabilisti c  inference .  I n thi s paper ,  I  hav e 
focusse d o n a  numbe r  o f  importan t  advantage s 
tha t  probabilisti c  representation s hav e ove r 
othe r  propose d measure s o f  uncertainty ,  whic h 
hav e no t  loome d s o larg e i n th e debat e hitherto . 
Persona l  probabilit y  ha s a n unambiguou s 
operationa l  definition ,  an d i t  i s  embedde d i n a 
rationa l  theor y o f  decision-makin g unde r 
uncertaint y - -  w e kno w wha t  i t  means ,  an d w e 
kno w ho w t o mak e decision s usin g it . 
Probabilisti c  inferenc e i s epistemologicall y 
adequat e t o perfor m thre e importan t  kind s o f 
reasonin g tha t  human s ar e capabl e of :  (a ) 
takin g int o accoun t  non-independenc e betwee n 
source s o f  evidence ,  (b )  engagin g i n mixe d 
diagnosti c an d predictiv e inference ,  an d (c ) 
inter-causa l  inference ,  betwee n alternativ e 
cause s o f  a n event ,  a s i n "explainin g away" . 

Non-probabilisti c  rule-base d UIS s ma y b e abl e 
t o simulat e thes e i n particula r  cases ,  a t  leas t 
qualitatively ,  bu t  onl y b y confoundin g genera l 
knowledg e abou t  uncertai n inferenc e wit h th e 
domai n specifi c  knowledg e i n th e rules . 

Thes e type s o f  inferenc e ar e important ,  an d 
we ca n lear n a  grea t  dea l  fro m studyin g huma n 
reasoning .  Bu t  i t  i s  no t  necessaril y  desirabl e 
tha t  a  UI S shoul d duplicat e a//feature s o f  huma n 
judgmen t  unde r  uncertainty ,  includin g suc h 
strategie s a s th e representativenes s heuristi c 
tha t  ca n lea d t o sever e biases ,  a s i n th e bloo d 
tes t  example .  Wher e cognitiv e limitation s caus e 
human judgment s t o diverg e fro m th e result s o f 
normativ e theory ,  surel y i t  i s  bette r  t o us e th e 
latte r  whe n exper t  system s ar e advisin g o n 
importan t  decisions ,  a s i n medica l  o r  defens e 

applications . 

If  on e accept s th e argument s fo r  th e 
epistemologica l  adequacy ,  o r  eve n superiority , 
of  probability ,  seriou s question s ma y stil l  b e 
raise d abou t  it s heuristi c adequac y ~  ca n 
practical ,  computationall y efficien t 

implementation s b e built ? Th e Bayes '  Networi < 
approac h seem s ver y promising ,  bu t  wori < stil l 
remain s t o b e don e t o dea l  convenientl y an d 
generall y wit h multipl y connecte d network s (i.e . 

dependen t  source s o f  evidence) .  Mont e Carl o 
logi c samplin g seem s t o offe r  possibilitie s here , 
bot h a s a  practica l  implementatio n an d a s a n 

intellectua l  lin k t o deterministi c logic .  Althoug h 
severa l  probabilisti c  method s fo r  dealin g wit h 
second-orde r  uncertainty ,  distinguishin g th e 

effec t  o f  differen t  source s o f  evidence ,  an d 
explainin g probabilisti c  reasonin g hav e bee n 

suggested ,  ther e remain s considerabl e wori < t o 
be don e t o develo p implementation s an d 

experimenta l  stud y o f  thei r  acceptanc e an d 
usefulnes s t o syste m builder s an d users . 
Whateve r  th e theoretica l  merit s o f  probabilisti c 
representations ,  th e A l  communit y ha s a 
venerabl e traditio n o f  pragmatism ,  an d man y wil l 
understandabl y remai n unconvince d unti l  thes e 
more sophisticate d probabilisti c  scheme s hav e 
demonstrate d succes s i n larg e scal e 
applications .  O n th e othe r  hand ,  disturbin g 
evidenc e i s emergin g abou t  th e performanc e o f 
th e mos t  popula r  UISs ,  an d complacenc y woul d 
be inappropriat e a s the y ar e applie d t o ne w 
task s wit h majo r  potentia l  consequences .  Ther e 
i s a n urgen t  nee d fo r  mor e rigorous 
experimenta l  evaluation s o f  UIS s fo r  a  rang e o f 
realisti c mie-base s t o fin d ou t  unde r  wha t 
circumstance s the y ca n b e relie d on ,  an d whe n 
the y ma y b e seriousl y wrong . 
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S p e c i f i c i t y o f  E x p e r t i s e i n C l i n i ca l  R e a s o n i n g 

Guy-Marie Joseph & Vimla L. Patel 

McGil l  Universit y 

An important development in recent research in problem solving has been the development 

of  ne w theorie s an d mor e rigorou s method s wit h whic h t o formulat e detaile d hypothese s abou t  th e 

processe s tha t  constitut e exper t  performanc e i n variou s domains .  Domain s i n whic h suc h researc h 

can b e foun d includ e ches s (Chas e &  Simon ,  1973) ,  physic s (Larki n e t  al ,  1980) ,  an d medicin e 

(Elstei n e t  al. ,  1978 ;  Pate l  &  Groen ,  1986) . 

Studie s o f  expertis e hav e le d t o th e hypothesi s tha t  th e dominan t  componen t  o f  exper t 

performanc e i s relate d t o th e expert' s  abilit y  t o represen t  problem s successfully ,  an d tha t  thi s 

result s fro m th e expert' s  havin g a  ric h an d wel l  organize d knowledg e bas e i n whic h pattern s o f 

feature s i n th e proble m ar e associate d wit h concept s a t  varyin g level s o f  generality .  Thi s enable s 

expert s t o recogniz e th e salien t  feature s o f  th e problem ,  t o interpre t  informatio n relevan t  t o it s 

solutio n (Johnso n e t  al. ,  1981) ,  an d searc h fo r  th e method s an d operation s t o b e use d i n solvin g 

th e proble m (Green o &  Simon ,  1984 )  al l  wit h greate r  efficienc y tha n novices .  Moreover ,  exper t 

proble m solver s ten d t o us e forwar d chainin g strateg y whe n solvin g a  simpl e o r  familia r  proble m 

(Simo n &  Simon ,  1978 ;  Ch i  e t  al. ,  1981 ;  Glaser ,  1985 ;  Larki n e t  al. ,  1980) .  Thi s forward -

chainin g strateg y changes ,  however ,  t o a  ver y sophisticate d means -  end s analysi s (Green o & 

Simon ,  1985 ;  Ch i  e t  al. ,  1981 )  o r  backwar d chainin g (Bhaska r  &  Simon ,  1977 )  whe n solvin g a 

difficul t  o r  unfamilia r  problem .  Thes e studie s hav e provide d evidenc e suggestin g hypothese s abou t 

th e kind s o f  processe s an d knowledg e structure s expert s us e whil e workin g o n familia r  problem s 

or  problem s withi n thei r  domai n o f  expertise . 

Thes e researc h suggest s tha t  expertis e i s determine d b y subjects '  (i )  prio r  knowledg e o f  a 

particula r  domain ,  (ii )  thei r  knowledg e o f  genera l  proble m solvin g methods ,  an d (iii )  thei r 

knowledg e o f  an y domain-specifi c  heuristics .  Testin g expert s i n proble m solvin g outsid e thei r 
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domai n o f  expertis e shoul d thu s mak e i t  possibl e t o contras t  thei r  performanc e i n th e tw o domain s 

and thereb y begi n t o asses s th e relativ e contribution s o f  domain-specifi c  knowledg e vs .  genera l 

proble m solvin g ability .  Th e nee d fo r  makin g thi s contrast ,  an d th e difficult y o f  doin g so ,  ha s 

bee n pointe d ou t  mos t  recentl y b y Green o &  Simo n (1984) . 

Studie s o f  expert s workin g o n problem s outsid e thei r  specialt y are a hav e foun d tha t 

experts '  problem-solvin g skill s  diminis h notabl y i n suc h unfamilia r  domain s (Kassire r  e t  al. , 

1982) .  Mille r  (1975 )  foun d tha t  expert s approac h non-specialt y problem s "mor e parsimoniously" , 

and tha t  the y resor t  t o strategie s commonl y associate d wit h novic e performance .  Means-end s 

analysi s wa s foun d t o b e th e primar y strateg y use d whe n th e proble m solve r  ha s littl e domain -

specifi c  knowledg e (Green o an d Simon ,  1984) .  Erns t  an d Newel l  (1969 )  hav e show n tha t  wit h 

unfamilia r  problems ,  expert s rel y mor e o n problem-solvin g strategie s rathe r  tha n o n domain -

specifi c  knowledge .  Boshuize n an d Claesse n (1977 )  identifie d som e o f  th e problem s involve d i n 

suc h studies .  Anothe r  importan t  characteristic s o f  exper t  performanc e i s th e differenc e betwee n th e 

solutio n strategie s use d b y expert s an d novices .  Th e distinctio n i s tha t  expert s us e a  "forwar -

chaining "  strategy ,  wherea s novice s us e a  "backward-chainin g strategy" . 

Subjects '  proble m space s ar e determined ,  i n general ,  b y th e searc h method s tha t  th e 

subject s use ,  th e feature s o f  th e problem' s solution ,  an d thei r  knowledg e o f  th e proble m domain . 

I n situation s wher e exper t  proble m solver s d o no t  hav e specia l  trainin g i n a  proble m domain ,  the y 

must  construc t  a  proble m spac e tha t  include s representation s o f  th e strategie s an d constraint s 

necessar y t o solv e th e problem .  I f  subject s hav e specia l  trainin g o r  experienc e i n th e proble m 

domain ,  thei r  prio r  knowledg e include s genera l  characteristic s o f  th e proble m space ,  an d thei r 

representation s o f  th e individua l  problem s ar e base d o n thi s knowledg e (Green o an d Simon , 

1984) .  Thes e result s an d observation s lea d u s t o believ e tha t  expert s workin g withi n an d outsid e 

of  thei r  specialitie s wil l  us e ver y differen t  strategie s and/o r  whateve r  domai n knowledg e the y hav e 

available . 

Attempt s t o asses s th e relativ e contribution s o f  domai n knowledg e vs .  proble m solvin g 

strategie s requir e specifi c  informatio n abou t  bot h ho w th e subject' s representatio n o f  th e proble m 
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change s ove r  tim e an d th e domai n knowledg e necessar y t o construc t  an d modif y thes e 

representations .  Neithe r  o f  th e tw o mos t  widel y use d methods ,  however ,  see m t o b e abl e t o 

provid e thi s kin d o f  informatio n (Pate l  e t  al. ,  1986) .  "Think-aloud "  protocol s (e.g .  Green o & 

Simon ,  1984 ;  Kassire r  e t  al. ,  1982 )  provid e rich,  comple x dat a tha t  ar e approximatel y concurren t 

wit h th e subject' s reasonin g an d therefor e provid e informatio n abou t  th e subject' s changin g 

representatio n o f  th e problem .  However ,  protoco l  analysi s method s (e.g. ,  Ericsso n &  Simon , 

1984 )  hav e bee n limite d i n thei r  succes s a t  providin g mor e tha n globa l  informatio n abou t  subjects ' 

processing .  On e o f  th e majo r  concern s raise d b y protoco l  analysi s i s th e lac k o f  formal ,  objectiv e 

method s fo r  analyzin g comple x verba l  material .  Method s o f  propositiona l  analysi s hav e bee n 

propose d t o mee t  thi s conce m (e.g. ,  Kintsch ,  1974 ;  Frederiksen ,  1975 )  an d hav e mos t  ofte n bee n 

applie d t o stimulu s text s an d recal l  protocols .  Althoug h recal l  protocol s provid e quit e detaile d dat a 

about  representatio n i n memor y an d inference s base d o n domai n knowledge ,  the y ar e ver y limite d 

i n th e amoun t  o f  informatio n the y ca n provid e abou t  ho w representation s o f  a  proble m chang e ove r 

time . 

Recently ,  a  numbe r  o f  researcher s hav e addresse d thes e problem s b y combinin g th e tw o 

methods ,  i.e. ,  performin g propositiona l  analyse s o f  think-alou d o r  on-lin e protocol s (e.g .  Kintsc h 

& Greeno ,  1985) .  Thi s strateg y ha s prove n usefu l  fo r  studyin g strategie s o f  readin g 

comprehensio n (Scardamali a &  Bereiter ,  1984 )  an d writin g (Breuleu x &  Bracewell ,  1986) .  A s a 

furthe r  refinement ,  thi s stud y prompt s subject s t o thin k alou d a t  regula r  intervals .  Thi s on-lin e 

procedur e allow s fine r  contro l  o f  th e stimul i  th e subjec t  i s t o respon d to ,  an d ma y provid e mor e 

detaile d informatio n abou t  th e subject' s changin g representatio n o f  th e proble m a s a  functio n o f 

specifi c  portion s o f  th e inpu t  tex t 

I n th e presen t  stud y w e ar e primaril y intereste d i n testin g th e exten t  t o whic h expertis e i s 

dependen t  o n domai n knowledge ,  rathe r  tha n th e interactio n o f  domai n knowledg e an d proble m 

solvin g processes .  I f  expertis e i s primaril y dependen t  o n domai n knowledge ,  the n whe n workin g 

on problem s outsid e thei r  domai n o f  expertise ,  expert s shoul d resor t  t o strategie s (e.g .  backwar d 

chaining )  tha t  ar e commonl y associate d wit h novices .  However ,  i f  expertis e i s mor e a  functio n o f 
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genera l  proble m solvin g methods ,  the n ther e shoul d b e fe w difference s i n exper t  performanc e 

acros s th e boundarie s o f  thei r  domai n o f  expertise . 

METHOD 

Subjects. 

Nin e senio r  physician s associate d wit h th e Facult y o f  Medicin e a t  McGil l  Universit y 

volunteere d a s subject s fo r  th e study .  Althoug h al l  subject s ha d a  genera l  knowledg e o f  medicine , 

th e tw o group s differe d i n thei r  specifi c  knowledg e o f  endocrinology :  ther e wa s a  hig h domain -

knowledg e ( H D K )  grou p consistin g o f  fou r  endocrinologist s an d a  lo w domain-knowledg e (LDK ) 

grou p consistin g o f  fiv e cardiologists . 

Materials . 

A descriptio n o f  a  clinica l  cas e i n endocrinolog y base d o n a  rea l  patien t  wa s selecte d a s 

stimulu s materia l  (Appendi x  1) .  Th e cas e wa s describe d i n th e followin g order ;  th e patient' s 

histor y (Segment s 1  t o 4) ,  findings  obtaine d fro m examinatio n o f  bodil y system s (Segment s 4  t o 

22) ,  an d result s from  laborator y test s (Segment s 2 3 an d 24) . 

The diagnosi s o f  th e cas e ha s thre e subcomponent s varyin g i n specificity .  Th e firs t 

subcomponen t  i s a  slo w progressiv e decreas e i n thyroi d function :  chroni c hypothyroidism .  Th e 

secon d subcomponen t  i s a  chang e from a  chroni c t o a n acut e for m o f  hypothyroidism ,  precipitate d 

by a  prescribe d coug h medicin e an d leadin g t o a  stat e o f  myxedem a pre-coma .  Th e thir d 

subcomponen t  i s a n autoimmun e conditio n calle d Hashimoto' s thyroiditi s  a s th e caus e o f  th e 

hypothyroidism .  Th e complet e diagnosis ,  then ,  is :  Hashimoto' s thyroiditi s  leadin g t o 

hypotiiyroidism ,  precipitate d t o myxedem a pre-com a b y previou s medication . 

Procedure . 

Subject s wer e teste d individuall y a t  thei r  hospita l  offices .  The y wer e first  give n a  shor t 

practic e sessio n t o familiariz e themselve s wit h th e procedure .  Th e clinica l  cas e wa s presente d o n 

th e scree n o f  a n Appl e Macintos h on e sentenc e a t  a  time,  usin g softwar e develope d fo r  thi s purpos e 

by th e firs t  author .  Subject s initiate d th e presentatio n o f  eac h sentenc e b y pressin g th e mous e 
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button .  Fo r  eac h sentenc e presented ,  subject s wer e aske d t o verbaliz e thei r  thought s abou t  th e 

contributio n o f  th e sentenc e toward s th e generatio n o f  a  diagnosis .  A s soo n a s th e subjec t  presse d 

th e mous e butto n again ,  th e nex t  sentenc e wa s presented ,  replacin g th e previou s one .  Subject s 

wer e no t  allowe d t o loo k bac k t o an y prio r  par t  o f  th e text .  Afte r  presentatio n o f  th e entir e case , 

subject s wer e aske d t o summariz e th e cas e an d t o provid e thei r  diagnosis(es) .  Subjects ' 

verbalization s wer e recorde d an d late r  transcribe d verbatim . 

ANALYSES 

Protocol Analysis. 

The informatio n i n eac h tex t  segmen t  o f  th e origina l  stimulu s tex t  wa s initiall y  categorize d 

as eithe r  critical ,  relevant ,  o r  nonrelevant ,  base d o n th e judgement s o f  tw o exper t  endocrinologists . 

Cues wer e rate d a s "critical "  i f  the y wer e deeme d necessar y an d sufficien t  fo r  th e generatio n o f  th e 

accurat e diagnosis .  Relevan t  cue s wer e considere d necessar y bu t  no t  sufficien t  fo r  th e generatio n 

of  th e accurat e diagnosis .  Nonrelevan t  cue s include d th e remainde r  o f  th e information ,  th e 

omissio n o f  whic h shoul d no t  hav e affecte d th e generatio n o f  a n accurat e diagnosis .  Th e inter-rate r 

reliabilit y  wa s .9 2 fo r  th e critica l  cue s an d .8 5 fo r  th e relevan t  cues . 

Each subject' s protoco l  wa s transcribe d s o tha t  eac h segmen t  fro m th e origina l  tex t  wa s 

followe d b y th e physician' s comment s o n tha t  segment .  Subjects '  comment s o n eac h segmen t 

wer e the n code d fo r  th e presenc e o f  th e differen t  type s o f  cues ,  an d link s generate d fro m th e cue s 

t o hypothetica l  causes .  I f  th e cu e wa s onl y repeate d an d n o lin k wa s suggested ,  the n i t  wa s code d 

as absen t  (se e exampl e 1) .  I f  th e cu e wa s repeate d an d a  lin k wa s suggested ,  the n th e cu e wa s 

code d a s accesse d an d a  lin k wa s code d a s hypothesize d (se e exampl e 2) . 

(1 )  Segmen t  #9 :  He r  bod y temperatur e wa s 3 6 deg .  C . 
Subject :  He r  bod y temperatur e wa s 3 6 deg .  C ,  tha t  doe s no t  tel l  m e ver y much . 

I n th e precedin g segmen t  (se e Appendi x 2 ,  Subjec t  2) ,  ther e ar e n o cue s code d a s accesse d an d n o 

link s generate d fro m it . 

(2 )  Segmen t  #3 :  Sh e complaine d o f  feelin g tire d al l  th e time ,  ha d a  los s appetite ,  a 
30 lb .  weigh t  gai n an d constipation . 
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Subjec t  Sh e ha d a  los s o f  appetite ,  a  3 0 lb .  weigh t  gain ,  an d constipation .  OK.. . 
Righ t  no w w e ar e wonderin g whethe r  sh e ha s go t  hypothyroidis m whe n yo u ar e 
lookin g a t  this . 

I n thi s situatio n ther e ar e thre e cue s accesse d (underlined) ,  an d thre e link s generate d from 

thes e cue s (linkin g statemen t  i n italic s )  t o on e o f  th e subcomponent s o f  th e diagnosi s 

(hypothyroidism) .  Thi s metho d i s describe d i n mor e detai l  i n Josep h &  Pate l  (1986) . 

Accurac y o f  diagnoses . 

The diagnose s o f  al l  th e subject s wer e analyze d fo r  th e presenc e o r  absenc e o f  th e thre e 

subcomponent s wit h th e assistanc e o f  a n exper t  endocrinologis t  wh o di d no t  kno w whic h subject s 

belonge d t o whic h group . 

Fram e analyses . 

One representativ e subjec t  from  eac h grou p wa s analyse d i n mor e detai l  (Subject s 2  an d 3) . 

Frame analyse s (cf .  Pate l  &  Groen ,  1986 )  base d o n method s o f  propositiona l  analysi s wer e 

performe d o n th e relation s tha t  th e subject s generate d betwee n cue s an d thei r  hypothetica l  causes , 

and generate d semanti c network s correspondin g t o eac h hypothesize d relation .  Subjects '  frame s 

wer e the n compare d t o determin e thei r  strategie s fo r  usin g th e cue s provide d t o generat e diagnosti c 

hypotheses ,  a s wel l  a s difference s i n th e proble m representation s the y generate d a s th e informatio n 

was presented . 

R E S U L TS A N D D ISCUSSIO N 

Protocol analysis: Cues selected and links generated. 

The result s o f  th e analysi s o f  cue s selecte d an d link s generate d indicat e tha t  th e mai n 

differenc e betwee n th e tw o group s i s th e numbe r  o f  link s generate d from  th e critica l  cue s (Figur e 

1) .  Hig h domai n knowledg e H D K subject s generate d mor e link s from  th e critica l  cue s selecte d 

wherea s lo w domai n knowledg e L D K subject s generate d fewe r  link s from  th e critica l  cue s 

selected .  Bot h group s generate d fewe r  link s fro m relevan t  cues .  However ,  th e H D K grou p 

selecte d mor e relevan t  cue s an d generate d mor e link s fro m thes e cue s tha n di d th e L D K group . 
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There was also greater variability between groups in the relationship between critical cues selected 

and links generated, than for the links generated from relevant cues. 

\ 

— -  Hig h domai n knowledg e grou p 

^^ -  L o w domai n knowledg e grou p 
J 

100- 1 

-  8 0 -

60 -

40 -

'•* , 

{ - 1 1  1 

Critica l  Cue s Critica l  Relevan t 
selecte d Cue s linke d cue s selecte d 

Types of cues selected and linked 

1 

Relevan t 
cue s linke d 

Figur e 1 .  Mea n percen t  o f  cue s selecte d an d linke d b y hig h an d lo w domai n 
knowledg e subjects . 

Accurac y o f  diagnoses : 

All the subjects in this group generated the general subcomponent of hypothyrodism in 

their diagnostic statement (Figure 2). Sixty percent generated the myxedema subcomponent, but 

they all omitted the pre-comatose aspect of the myxedema. Finally, only twenty percent of the 

subjects generated the Hashimoto subcomponent as part of their diagnostic statement. In addition, 

subjects generated differential diagnoses, an ordered list of the most likely diagnostic possibilities 

of the causes of the patient's disorder. The most frequent differentials listed were: Adrenal failure, 

pituitary tumor. Hypophyseal disorder, and pericardial effusions. 
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Thus far, the use of surface measures to evaluate the performances of experts working on 

problems within and outside their domain of expertise has not yielded meaningful information 

about the role of domain knowledge and problem solving strategies in the process of clinical 

reasoning. The main difference in the analysis of accuracy of the diagnosis that LDK experts are 

more general in determining their diagnostic statement. Their uncertainty thus explains why they 

generate a very general list of differentials for the causes of the patient's disorder. 

1 0 0 ^ 

80 _ 

60 

,5 ^ 

I  4 0 - J 

20 J 

0 

L o w domai n knowledg e 

expert s 

Hig h doma i n knowledg e 

expert s 

Hypothyroidis m Myxedem a 
T 

1 

Hashimoto' s ' 
thyroiditi s 

Subcomponent s o f  accurat e diagnosi s 

Figur e 2 .  M e a n percen t  o f  subcomponen t s o f  th e acurat e 

diagnosi s b y hig h an d lo w domai n knowledg e subjects . 

The latte r  finding  i s consisten t  wit h studie s o f  comprehensio n o f  clinica l  case s i n whic h n o 

differences were found for experts' recall of relevant and non-relevant information in "atypical" 

cases (Coughlin & Patel, 1986). Therefore, more detailed and structural analysis of, the heuristic 
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strategie s an d prio r  knowledg e tha t  ar e neede d t o generat e a  representatio n o f  th e proble m i s 

expecte d t o yiel d proces s difference s betwee n th e tw o groups .  Th e result s o f  thi s analysi s i s 

provide d i n th e nex t  section . 

Analysi s o f  th e onlin e protoco l  o f  a  H D K suhfect :  Th e analysi s o f  th e structura l 

representation s o f  th e onlin e protoco l  o f  a n H D K subjec t  i s  presente d segmen t  b y segmen t  i n 

Figur e 3 .  Segment s i n whic h ther e wer e n o response s wer e omitted .  Th e firs t  importan t  finding 

of  thi s analysi s wa s tha t  althoug h thi s subjec t  identifie d th e thre e subcomponent s o f  th e diagnosis , 

he di d no t  repor t  the m whe n aske d t o provid e hi s diagnosis .  Hi s diagnosti c hypothesi s starte d 

wit h a  "forwar d chaining "  strategy ,  followe d b y a  "backwar d chaining "  strateg y use d t o elaborat e 

on th e underlyin g causa l  mechanism s o f  th e relationshi p betwee n th e cue s an d th e hypothesi s 

(Figur e 3 ,  Segment s 3  an d 4) .  Afte r  th e generatio n o f  th e thre e diagnosti c subcomponent s 

(Segment  7) ,  th e processin g o f  th e cue s followe d a  mode l  o f  "patte m recognition "  i n orde r  t o eithe r 

confir m th e diagnosti c hypothesi s o r  t o rul e ou t  th e tw o hypothese s tha t  wer e generate d a t  th e 

beginnin g o f  th e case . 

Analysi s o f  th e onlin e protoco l  o f  a  L D K subject :  Th e analysi s o f  th e structura l 

representatio n o f  th e onlin e protoco l  o f  a  L D K subjec t  i s  provide d i n Figur e 4 .  Contrar y t o th e 

representation s o f  th e H D K subject ,  thi s subjec t  provide d onl y th e genera l  subcomponen t  o f  th e 

diagnosis ,  hypothyrodis m a t  Segmen t  4 .  Th e othe r  tw o component s wer e no t  mentione d wit h th e 

exceptio n o f  Segmen t  9 ,  wher e th e subjec t  mention s th e "advance d hypothyrodism" .  Th e subjec t 

generate d man y diagnosti c hypothese s (e.g .  psychiatri c disorder ,  chroni c rena l  disease ,  anemia ) 

withou t  rulin g the m ou t  a s possibilities ,  an d seeme d t o generat e th e hypothese s usin g a  for m o f 

"backwar d chaining "  (Segment s 4  an d 5) .  Finally ,  thi s subjec t  generate d ver y fe w causa l 

explanation s (e.g .  causa l  links )  an d instea d use d a  proces s tha t  wa s mor e cu e driven .  Tha t  is , 

evaluate d individua l  cue s a s the y wer e presented .  I n som e instance s h e rule d ou t  a  possibl e 

hypothesi s bu t  reinstate d th e hypothesi s a t  th e presentatio n o f  th e nex t  cu e (Segment s 1 0 an d 11) . 

The result s o f  th e followin g stud y woul d ten d t o suppor t  th e hypothesi s tha t  whe n workin g 

on problem s i n whic h expert s lac k specifi c  domai n knowledge ,  the y rel y o n genera l  knowledg e i n 
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th e proble m domai n t o solv e th e problem .  However ,  th e us e o f  genera l  knowledg e directl y affect s 

th e overal l  representatio n o f  th e proble m a s wel l  a s th e type s o f  strategie s tha t  ar e use d t o generat e 

th e solution . 

The analysi s o f  th e tw o representation s an d strategie s generate d b y th e tw o subject s 

reveale d informatio n abou t  proces s difference s betwee n H D K an d L D K experts .  Th e H D K subjec t 

use d forwar d chainin g t o generat e hypothese s an d use d backwar d chainin g strateg y t o explai n th e 

relationshi p betwee n th e cue s an d th e hypotheses ,  i n providin g th e underlyin g pathophysiologica l 

mechanism s o f  th e patient' s disease .  Thi s findin g i s consisten t  wit h th e earlie r  findin g tha t  H D K 

expert s generate d mor e link s fro m critica l  cue s tha n th e L D K expert .  Th e H D K subject' s 

representatio n o f  th e proble m wa s als o mor e elaborate d wit h mor e causa l  links .  H e als o provide d 

fewe r  diagnosti c hypothese s an d rule d ou t  mor e alternativ e hypotheses .  Thes e finding  le d t o th e 

use o f  th e ter m "mechanismic "  t o describ e th e proces s o f  th e H D K expert . 

The L D K exper t  use d mor e backwar d chainin g strategies .  H e generate d mor e diagnosti c 

hypothese s an d hi s proble m representatio n wa s muc h les s elaborate d an d detaile d tha n th e H D K 

expert .  Th e hypothese s generate d b y th e L D K exper t  wer e ver y genera l  an d wer e relate d t o th e 

genera l  subcomponen t  o f  hypothyroidism .  H e evaluate d an d classifie d th e cue s i n term s o f  thei r 

relationshi p t o th e conditio n o f  hypothyroidism .  W e therefor e us e th e ter m "classificatory "  t o 

describ e th e proces s o f  th e L D K exper t 

The method s an d analysi s technique s use d i n thi s stud y reflec t  th e comple x natur e o f  th e 

relationshi p betwee n domai n knowledg e an d proble m solvin g strategies ,  a s wel l  a s th e proble m 

tha t  researcher s mus t  fac e i n th e assessmen t  o f  suc h comple x phenomena .  Th e us e o f  th e onlin e 

method s seem s ver y promisin g i n th e stud y o f  cognitiv e processes ,  especiall y t o stud y th e type s o f 

heuristi c strategie s tha t  use d t o solv e problems ,  strategi y shifts ,  an d th e type s o f  knowledg e 

require d t o d o so . 
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ABSTRACT 

What are the factors that cause a problem solver to become blocked? 
And wha t  ar e th e factor s tha t  allo w a  perso n t o becom e unblocked ? 
Thes e ar e th e motivatin g question s fo r  a  se t  o f  studie s w e conducte d 
of  individua l  an d join t  proble m solving .  B y constructin g a n isomorp h 
of  th e classi c "wate r  jar "  problem s (Luchins ,  1942 )  a s a  dynami c 
graphi c microworld ,  w e wer e abl e t o identif y severa l  factor s involve d 
i n producin g blocke d states .  B y comparin g th e behavio r  o f 
individual s tacklin g th e "missionarie s an d cannibals "  proble m t o 
pair s o f  peopl e solvin g thi s problem ,  w e hav e bee n abl e t o identif y 
ways i n whic h proble m solver s operatin g i n a  socia l  contex t  ar e abl e 
t o overcom e proble m solvin g block s tha t  ar e difficul t  fo r 
individuals .  Thes e studie s poin t  t o th e importanc e o f  "reflection " 
(evaluatio n o f  proble m solvin g results )  fo r  flexibl e proble m 
solving .  Thes e result s may als o accoun t  fo r  th e difficult y i n showin g 
learnin g i n "discover y learning "  use s o f  computers ,  suc h a s th e us e 
of  Logo ,  sinc e suc h use s als o ofte n d o no t  encourag e student s t o 
reflec t  o n th e outcom e o f  thei r  proble m solving . 

When cognitiv e theorist s an d educator s examin e proble m solving , 
th e focu s i s generall y o n th e initia l  step s i n th e proble m solvin g process : 
proble m definition ,  alternativ e path s possibl e t o th e solution ,  an d 
th e possibl e problem s tha t  aris e whe n peopl e "fail "  t o discove r  th e 
relativel y eas y solutio n becaus e o f  negativ e transfe r  fro m othe r 
problem s o r  domains . 

There is, however, an important part of the problem solving 
proces s tha t  i s les s ofte n describe d i n cognitiv e researc h an d ofte n 
i s missin g fro m instructio n i n proble m solving .  Thi s i s th e 
reflectio n o r  evaluatio n o f  th e solutio n tha t  wa s found .  Was i t  th e 
bes t  possibl e solution ? Th e onl y solution ? Ho w wa s i t  discovered ? 
Coul d i t  b e repeated ? What  justificatio n ca n th e proble m solve r  offe r 

346 



LEVIN ,  RIEL ,  COHEN,  GOELLER,  BORUTA,  &  MIYAK E 

fo r  hi s o r  he r  move ? 

We often solve problems by looking for the most immediate 
solutio n wit h littl e concer n fo r  othe r  way s tha t  w e coul d hav e solve d 
th e problem .  I f  th e proble m i s neve r  likel y t o reoccu r  thi s metho d 
may b e appropriate .  However ,  fo r  problem s tha t  reoccur ,  skille d 
proble m solver s wil l  b e thos e wh o hav e a  deepe r  understandin g o f  th e 
fi t  betwee n th e proble m an d th e proble m solution .  We wil l  discus s 
her e severa l  experiment s i n tw o differen t  proble m solvin g situation s 
whic h poin t  t o th e vita l  rol e tha t  reflectio n pla y i n proble m 
solving . 

The Missionarie s an d Cannibal s Proble m 

One way to get problem solvers to reflect on their problem 
solvin g strategie s i s t o pu t  the m i n a  socia l  situatio n i n whic h the y 
must  convinc e on e anothe r  tha t  a  give n mov e o r  strateg y i s th e bes t 
one . 

"There are three missionaries and three cannibals on one side of 
th e rive r  an d you r  tas k i s t o ge t  the m acros s th e rive r  usin g a  tw o 
perso n boa t  withou t  eve r  lettin g th e cannibal s outnumbe r  th e 
missionarie s o n a  sid e o f  th e river. "  Thi s i s a  commonl y use d 
proble m tha t  involve s a  sequenc e o f  eleve n step s fro m Initia l  stat e 
t o conclusio n (Erns t  &  Newell ,  1969 ;  Reed ,  Ernst ,  &  Banerji ,  1974 ; 
Jeffries ,  Poison ,  Razran ,  &  Atwood ,  1977 ;  Levi n &  Hutchins ,  1981) . 
The sequenc e i s difficul t  t o se e immediatel y an d findin g th e solutio n 
ofte n involve s illega l  move s an d repetitio n o f  move s tha t  d o no t  mov e 
th e proble m solve r  an y close r  t o th e solution . 

We had subjects solve this problem in two different conditions. 
The firs t  i s  th e mor e standar d situatio n i n whic h a  singl e perso n 
manipulate s object s tha t  represen t  th e proble m whil e "talkin g aloud " 
abou t  th e step s o f  proble m solving .  Th e verba l  protocol s ofte n 
relate d wha t  th e proble m solve r  wa s doing ,  bu t  no t  why -  Th e plan s an d 
strategie s remaine d difficul t  t o infe r  fro m th e verba l  reports . 

The second condition was to ask two people to work together to 
solv e th e problem .  When peopl e solv e problem s i n socia l  settings , 
the y ofte n discus s thei r  plan s o r  reflec t  o n th e succes s o f  previou s 
action s (Miyak e 1986 ;  Suchman ,  1985 ;  Martin ,  1983) .  Th e nee d fo r 
coordinate d actio n an d divisio n o f  labo r  ofte n lead s t o shiftin g 
responsibilit y  fo r  monitorin g an d evaluatin g eac h actio n take n b y th e 
group . 

We had 10 individuals and 10 pairs of subjects solve the 
problem .  Al l  session s wer e audiotape d wit h a n experimente r  takin g 
note s abou t  thing s tha t  wil l  no t  b e availabl e fro m th e tape .  Th e 
note s an d th e audiotap e ar e use d t o construc t  a  transcrip t  o f  th e 
verba l  interactio n an d a  proble m solvin g transcript .  Th e proble m 
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solvin g transcript s lis t  al l  move s eithe r  mad e o r  considere d fro m th e 

initia l  stat e throug h th e eleve n step s necessar y fo r  th e solutio n o f 
th e problem .  We use d thi s informatio n t o compar e th e individua l 
session s wit h tha t  o f  th e pairs . 

Comparison of individual and joint problem solving. There is a 
ver y differen t  patter n whe n a  pai r  o f  subject s solv e th e missionarie s 
and cannibal s proble m tha n whe n individua l  subject s wor k alone .  Th e 
singl e subject s o n th e averag e too k twic e a s long ,  (13.3 0 minute s fo r 
singl e subject s an d 7.0 9 fo r  pairs) ,  an d mad e mor e move s (2 7 t o 17 ) 
wit h a  highe r  percen t  o f  bot h illega l  (1.2 % t o .08% )  an d o f  repea t 
(40.2 % t o 22.4% )  moves .  Th e pair s wer e als o bette r  a t  detectin g thei r 
own illega l  move s o r  error s whil e wit h singl e subject s i t  wa s ofte n 
necessar y fo r  th e experimente r  t o indicat e tha t  a n illega l  mov e wa s 
made. 

The single subject's approach to solving the problem was to 
begi n b y movin g th e piece s directl y wit h n o evaluatio n o f  possibl e 
moves.  Thei r  verba l  report s mos t  ofte n describe d wha t  the y wer e doin g 
wit h les s descriptio n o f  thei r  plan s fo r  solvin g th e problem .  Singl e 
subject s rarel y propose d a  move ,  considere d i t  an d the n carrie d i t  out . 
Instea d th e plannin g wa s don e "o n th e fly" ,  ofte n wit h th e subject s 
expressin g a  sens e o f  frustratio n abou t  solvin g th e problem .  When 
the y ra n int o problems ,  the y wer e les s likel y t o begi n th e proble m 
over .  Consequently ,  whe n the y di d solv e th e proble m the y ha d n o clea r 
memory o f  th e solutio n path ,  becaus e o f  al l  th e incorrec t  o r  backwar d 
moves alon g th e way . 

Pairs of subjects, on the other hand, were able to solve the 
proble m muc h faste r  tha n the y wer e likel y t o d o i t  alone .  Th e pair s 
talke d abou t  thei r  move s a s di d th e singl e subjects ,  bu t  th e natur e 
of  th e tal k wa s different .  Th e pair' s  tal k wa s concerne d wit h whic h 
of  a  numbe r  o f  contemplate d move s shoul d b e made .  Thi s typ e o f  tal k 
(negotiatio n an d planning )  seeme d t o b e productiv e i n findin g 
solution s t o problems .  Th e nee d t o justif y a  mov e ofte n le d t o 
reflectio n o n a  give n mov e an d a n analysi s o n ho w i t  wa s likel y t o 
brin g th e proble m solver s close r  t o th e goa l  state .  Th e secon d perso n 
als o serve d a s a  monito r  (Miyake ,  1986) ,  notin g illega l  move s an d 
th e lac k o f  progres s o f  a  give n approach .  I n th e case s wher e pair s o f 
subject s foun d themselve s havin g difficult y a t  a  particula r  ste p i n 
th e problem ,  the y wer e mor e likel y t o star t  ove r  fro m th e beginnin g 
th e whol e sequenc e o f  steps .  Thi s contraste d t o th e behavio r  o f  th e 
singl e subject s wh o woul d continu e t o loo k fo r  a  mov e tha t  woul d lea d 
the m t o th e end .  Thu s whe n th e pair s foun d a  solution ,  the y execute d 
i t  fro m star t  t o finis h wit h fe w irrelevan t  moves .  Th e relativ e 
eas e a t  whic h tw o subject s solve d th e proble m compare d t o tha t  o f  th e 
singl e subject s suggeste d tha t  th e interactio n betwee n th e subject s 
was a n importan t  resourc e fo r  proble m solving . 
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Water  Jar s t o Charge d Particle s i n Zapworl d 

The second set of experiments reported here Is based on the 
Luchin s Wate r  Ja r  Experimen t  (Luchlns ,  1942) .  I n thi s experimen t 
subject s solv e a  se t  o f  problem s usin g on e particula r  procedure ,  the n 
fin d i t  difficul t  t o giv e u p usin g tha t  procedur e o n othe r  problems , 
eve n whe n i t  i s  les s efficien t  o r  eve n ineffective .  What  rol e doe s 
reflectio n pla y i n helpin g subject s flexibl y mov e beyon d a 
conventiona l  solutio n t o fin d a  bette r  solution ? 

We implemented an isomorph of the water jar experiments in 
InterLIS P o n a  Xero x 110 8 computer .  I n thi s version ,  whic h w e calle d 
"Zapworld" ,  th e subjec t  i s  show n a  numbe r  o f  movin g object s eac h wit h 
a certai n amoun t  o f  "charge. "  Th e goa l  i s  t o accumulat e a  specifie d 
amount  o f  charg e b y gainin g charg e fro m charge d object s (b y touchin g 
the m wit h a  mouse-drive n pointe r  an d pushin g a  button )  an d b y losin g 
charg e t o uncharge d objects . 

The problem set contains a sequence of 12 problems. The first 2 
ar e exampl e problem s an d th e nex t  fiv e problem s ca n al l  b e solve d b y 
usin g a  particula r  length y procedure .  Th e nex t  tw o problem s (calle d 
critica l  1  an d 2 )  ca n b e solve d b y th e sam e length y procedur e o r  b y a 
shorte r  "direct-method "  procedure .  Th e 10t h o r  "direct-metho d 
problem "  ca n onl y b e solve d b y th e shorte r  procedure .  The n tw o mor e 
problem s (critica l  3  an d 4 )  wer e give n i n whic h eithe r  th e long  o r 
direc t  metho d procedur e coul d b e used . 

In the classic experiments by Luchins, only 19% of the subjects 
sa w an d utilize d th e direc t  metho d fo r  solvin g th e firs t  se t  o f 
critica l  problems .  Hi s subject s too k muc h longe r  t o solv e th e direc t 
metho d proble m an d onl y 39 % mad e th e shif t  t o th e direc t  metho d o f 
solutio n fo r  th e las t  tw o critica l  problems . 

When subjects worked these same problems in Zapworld we found a 
surprising  result .  Th e subject s di d no t  ge t  blocke d o n th e "critica l 
problems "  i n th e sam e wa y a s th e finding s o f  Luchin s woul d predict . 
When face d wit h th e firs t  se t  o f  critica l  problems ,  63 % shifte d t o 
th e direc t  metho d immediately .  Afte r  th e "direct-method "  proble m 85 % 
shifte d t o th e direc t  metho d fo r  th e las t  tw o critica l  problems . 

We began to use alternate problem isomorphs to understand this 
result .  We use d compute r  printout s o f  th e proble m t o creat e a 
penci l  an d pape r  versio n o f  th e task .  Subject s wer e blocke d i n thi s 
forma t  i n a  wa y tha t  wa s simila r  t o tha t  foun d b y Luchin s althoug h 
th e findin g wa s no t  quit e a s stron g a s h e reported .  When the y 
reache d th e firs t  se t  o f  critica l  problem s 41 % shifte d t o th e direc t 
metho d an d 55 % shifte d t o th e direc t  metho d fo r  th e las t  tw o 
problems . 

We also compared the strategies that were used by the subjects 
on pape r  an d o n th e compute r  a s the y worke d th e firs t  7  problems . 
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Solvin g th e proble m o n pape r  require s th e subjec t  t o carr y ou t  th e 
arithmeti c Involve d I n th e proble m (whic h i s don e automaticall y i n 
th e compute r  version) .  S o subject s develope d an d applie d a  length y 
proble m solvin g procedur e tha t  worke d fo r  th e initia l  problems .  Onc e 
thi s procedur e wa s developed ,  the y continue d t o us e i t  unti l  the y 
foun d tha t  i t  di d no t  work .  The y wer e mor e likel y t o us e th e longe r 
procedur e ove r  th e direc t  metho d eve n afte r  a  proble m tha t  indicate d 

tha t  th e procedur e migh t  no t  wor k i n al l  cases .  Th e pape r  an d penci l 
subject s seeme d t o approac h th e proble m i n exactl y th e wa y on e woul d 
predic t  fro m th e origina l  Luchin s data . 

The computer implementation of the problems weakened the 
learnin g an d th e automati c applicatio n o f  previousl y successfu l 
strategies .  Th e implementatio n o f  th e proble m o n th e compute r  wit h 
th e mous e pointe r  enable d th e student s t o pla y wit h th e proble m an d 
not  necessaril y  atten d t o th e computation s tha t  ar e th e onl y strateg y 
availabl e t o th e perso n workin g wit h paper .  Th e behavio r  o f  th e 
subject s wa s simila r  t o tha t  w e ha d see n i n th e singl e subjects ' 
approac h t o th e missionarie s an d cannibal s problem .  The y coul d tr y 
thing s ou t  b y interactin g wit h th e problem ,  usin g visua l  cue s t o 
sugges t  th e nex t  action .  I t  wa s mor e lik e wha t  i s frequentl y calle d 
th e "discover y learning "  approac h t o proble m solving .  Th e student s 
trie d a  numbe r  o f  differen t  strategie s wit h eac h proble m an d on e 
subjec t  eve n discovere d a  ne w an d origina l  solutio n t o th e "direct -
method "  proble m whe n workin g o n th e computer .  Anothe r  subjec t  wa s 
abou t  t o us e th e strateg y tha t  ha d bee n successfu l  i n th e pas t  bu t  h e 
made a n erro r  i n dischargin g t o th e wron g particle .  Th e ne w stat e 
create d o n th e compute r  b y thi s erro r  suggeste d th e direc t  metho d o f 
solvin g th e problem . 

Since the work with missionaries and cannibals had pointed to 
th e rol e o f  evaluatio n o r  reflectio n i n proble m solving ,  w e decide d 
t o tr y a  chang e i n th e procedur e tha t  woul d encourag e th e subject s t o 
reflec t  o n thei r  proble m solvin g approach .  Th e Zapworl d procedure s 
wer e modifie d s o tha t  afte r  eac h solve d problem ,  th e subjec t  ha d t o 
recor d ho w the y ha d solve d th e problem .  Onc e subject s wer e aske d t o 
recor d ho w the y ha d solve d th e problems ,  the y di d appea r  t o develo p 
th e sam e procedur e a s th e subject s wh o worke d o n pape r  an d thi s wa s 
confirme d b y thei r  performanc e o n th e th e firs t  2  critica l  problems . 
On thi s problems ,  70 % o f  th e subject s continue d t o us e th e lon g 
procedure .  Afte r  th e "direct-method "  problem ,  w e foun d anothe r 
surprise .  Almos t  al l  th e subjects ,  (90% )  shifte d t o th e shor t  metho d 
fo r  th e "direct-method "  proble m an d th e critica l  problem s tha t 
followe d it . 

This finding suggests that reflection on the problem solving 
strategie s resulte d i n a  cleare r  developmen t  o f  a  proble m solvin g 
procedur e tha t  i s applie d fo r  efficiency .  Bu t  onc e tha t  strateg y 
becomes les s effective ,  th e subject s wer e abl e t o shif t  t o th e direc t 
metho d wit h n o difficulty . 
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We wer e abl e t o constrai n th e compute r  environmen t  somewha t  b y 

makin g i t  a  requiremen t  tha t  th e subjec t  recor d th e step s tha t  h e o r 
she too k t o fin d th e solutio n afte r  solvin g th e problem .  When force d 
t o recor d th e step s t o solution ,  th e proble m solver s bega n t o searc h 
fo r  th e mathematica l  procedur e tha t  coul d b e use d t o describ e th e 
solution .  Th e performanc e o n th e firs t  tw o critica l  problem s 
indicate s tha t  th e subject s wer e mor e likel y t o experienc e th e 
initia l  proble m o f  bein g blocke d bu t  a s soo n a s a  proble m require d a 
direc t  approach ,  the y wer e th e mos t  likel y t o tr y thi s ne w direc t 
approac h o n th e nex t  se t  o f  critica l  problems . 

Implication s fo r  Computer-Base d Proble m Solvin g Instructio n 

In both these problem domains we found that reflection on 
th e move s tha t  wer e necessar y fo r  findin g th e solutio n le d t o bette r 
proble m solving .  I n th e Missionarie s an d Cannibals ,  th e subject s wh o 
worke d cooperativel y wer e place d i n a  situatio n i n whic h the y ha d t o 
negotiat e thei r  moves .  Th e cooperativ e conditio n mad e i s necessar y 
fo r  th e subject s t o explai n wh y a  give n mov e wa s likel y t o brin g the m 
close r  t o th e solutio n o f  th e problem . 

In the Water Jars isomorph, Zapworld, we made it a condition of 
th e tas k tha t  th e subject s sto p an d explai n ho w the y ha d arrive d a t 
th e solutio n o f  a  problem .  Thi s reflectio n o n th e solutio n helpe d 
focu s th e attentio n o f  th e subject s o n a  productiv e strategy .  Unlik e 
th e subject s i n th e classi c Luchin s experiment s o r  th e subject s tha t 
di d th e sam e tas k o n paper ,  th e subject s wh o reflecte d o n th e 
proble m solutio n wer e abl e t o shif t  t o a  ne w "direct-method " 
solutio n procedur e wit h n o difficulties . 

These findings suggest why problem solving environments on the 
compute r  ofte n allo w student s t o d o wha t  look s lik e sophisticate d 
proble m solving ,  bu t  thes e sam e student s the n fai l  t o transfe r  thes e 
proble m solvin g skill s  t o problem s i n othe r  domains .  Researc h o n th e 
effec t  o f  Log o o n students '  proble m solvin g skill s  ha s show n littl e 
transfe r  (Papert ,  Watt ,  diSess a &  Weir ,  1979 ;  Pe a &  Kurland ,  1984) . 
I f  w e coul d arrang e fo r  student s t o reflec t  o n wha t  the y hav e 
accomplishe d i n thes e domains ,  the n w e migh t  se e mor e flexibilit y  i n 
thei r  applicatio n o f  thes e skill s  t o othe r  proble m domains .  Ou r 
result s sugges t  tha t  interactio n wit h th e compute r  i n suc h setting s 
migh t  b e mor e effectiv e i f  ther e i s a  reflectiv e stag e i n whic h 
student s revie w wha t  the y hav e don e o n th e compute r  an d why .  I t  ma y 
be tha t  som e o f  thi s take s plac e naturall y whe n subject s wor k 
togethe r  o n a  problem . 

Thi s researc h ha s focusse d o n th e importan t  ste p o f  reflectio n 
on proble m solving .  I t  suggest s tha t  teachin g student s t o analyz e 
what  the y hav e don e wil l  hel p the m develo p flexibilit y  i n usin g a  ne w 
approac h whe n blocked . 
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Abs t rac t 

We describe the initial prototypes of several Intelligent tutoring systems 

designe d t o buil d students '  scientifi c  Inquir y skills .  Thes e Inquir y skill s  ar e 

taugh t  I n th e contex t  o f  acquirin g knowledg e o f  principle s fro m a  mlcroworl d 

tha t  model s a  specifi c  domain .  W e hav e Implemente d microworld s fo r 

microeconomics ,  electricity ,  an d ligh t  refraction .  Al l  o f  th e system s ar e highl y 

interactive ;  student s ca n pos e questions ,  conduc t  experiment s b y manipulatin g 

domai n specifi c  factors ,  an d recor d results .  Usin g protoco l  studie s o f  exper t 

and non-exper t  learner s usin g thes e microworld s w e identif y importan t  inquir y 

strategies .  W e hav e represente d thes e strategie s formally ,  allowin g th e 

mlcroworl d t o detec t  effectiv e an d ineffectiv e Inquir y strategies .  W e conclud e 

wit h a  descriptio n o f  a  partiall y  implemente d 'inquir y coach* .  Thi s coac h wil l 

be incorporate d int o th e microworld s an d teac h th e Inquir y strategie s i n th e 

contex t  o f  th e specifi c  mlcroworl d domai n knowledge . 

1. Introduction 

H ow ca n w e hel p student s develo p bette r  scientifi c  Investigativ e behaviors ? I n thi s 

pape r  w e describ e th e ke y feature s o f  severa l  intelligent ,  interrogatabl e microworld s 

unde r  development .  Thes e microworld s ar e designe d t o suppor t  student s I n learnin g 

scientifi c  Inquir y skills ,  a s wel l  a s i n learnin g th e particula r  domai n modele d i n th e 

mlcroworld .  Ou r  system s mak e onlin e Inquir y tool s availabl e t o student s an d generall y 

foste r  studen t  interrogation .  I n particular ,  ou r  system s coac h th e studen t  I n th e skill s  o f 

Thi s wor k wa s supporte d b y th e Learnin g Researc h an d Developmen t  Center ,  supporte d I n par t  a s a 
researc h cente r  b y fund s fro m th e Nationa l  Institut e o f  Educatio n (NIE) ,  Departmen t  o f  Education .  Th e 

opinion s expresse d d o no t  necessaril y reHec t  th e positio n o r  polic y o f  N I E an d n o ofHcla l  endorsemen t 

shoul d b e Inferred . 
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conducting systematic Investigations. 

We and others In our lab have developed laboratory mlcroworlds for the scientific 

domain s o f  microeconomics ,  ligh t  refraction ,  an d electrica l  circuits. ^  I n eac h mlcroworl d 

th e studen t  I s give n th e goa l  o f  learnin g th e regularitie s an d rule s o f  th e domai n fro m 

observatio n an d discovery .  Initially ,  th e studen t  manipulate s th e environmen t  an d 

observe s th e results .  A s ne w knowledg e I s acquired ,  student s ca n for m hypothese s an d 

conduc t  experiment s t o tes t  thos e hypotheses .  A s w e describ e I n detai l  later ,  student s 

use th e microworld s eithe r  t o explore ,  experiment ,  o r  d o exercises . 

Work In our mlcroworld environments Is safe and immediate, without the typical 

complication s o f  laborator y activitie s I n th e rea l  world .  Fo r  example ,  th e microworld s 

ar e designe d t o eliminat e muc h o f  th e extraneou s Informatio n an d phenomen a whic h 

hinde r  th e discover y o f  regularities .  Th e microworld s an d thei r  underlyin g simulation s 

allo w fo r  instan t  feedbac k abou t  th e effect s o f  varyin g relevan t  variables . 

In the process of doing or learning science an Individual makes observations, 

generate s hypotheses ,  test s principle s an d laws ,  an d predict s fro m theories .  W e ar e 

concerne d wit h takin g widel y differin g individua l  exploratio n strategies ,  an d coachin g 

our  student s t o b e mor e systemati c an d effective .  Student s diffe r  o n man y dimension s 

and microworld s mus t  b e flexibl e enoug h t o accommodat e thes e differences .  Fo r 

example ,  prio r  relate d knowledg e an d systematlclt y o f  Interrogativ e skill s  represen t  tw o 

importan t  characteristic s underlyin g successfu l  learnin g I n a  mlcroworl d environment . 

Below ,  w e describ e wor k I n progres s o n a  exploratio n skill s  Intelligen t  tutor . 

Our paper is organized as follows. First, we describe a prototype Intelligent 

interrogatabl e discover y environment :  th e economic s mlcroworl d calle d Smithtown . 

Second ,  w e describ e th e inquir y tool s provide d I n ou r  microworlds .  Student s us e a n 

Interactiv e notebook ,  tabula r  displays ,  an d graphica l  displays .  Student s als o ca n propos e 

hypothese s an d examin e a  histor y o f  thei r  explorations .  Third ,  w e describ e th e specifi c 

inquir y behavior s (skillfu l  an d otherwise )  foun d I n ou r  protocol s o f  novic e an d exper t 

learner s usin g Smithtown .  Fourth ,  w e describ e a  partiall y  Implemente d Intelligen t  tuto r 

fo r  th e inquir y skill s  described ,  focussin g ou r  discussio n o n th e diagnosticia n an d th e 

coachin g component .  Finally ,  a  pla n fo r  evaluatin g th e effectivenes s o f  thi s researc h 

approac h I s discussed . 

The microeconomic s mlcroworl d wa a develope d b y Valeri e Shut e an d Jami e Schultz .  Th e refractio n 
mlcroworl d wa s develope d b y Pete r  Relman n (Relmann ,  1088| .  Th e electrica l  circuit s mlcroworl d wa s 
develope d b y Jef f  Bonar ,  Joyc e Ivlll ,  Cind y Cosic ,  Lesli e Wheeler ,  Gar y Strohm ,  an d Pau l  Resntck .  Al l 
thes e system s hav e bee n develope d usin g LOOPS o n Xero x Interllsp- D workstations . 
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2. Overview of the System 

Our  mlcroworl d fo r  microeconomic s I s a  hypothetica l  tow n calle d Smithtown . 

W h en th e studen t  sit s dow n a t  th e computer ,  s/h e I s Introduce d t o thi s simulate d town. ^ 

A serie s o f  menu s po p u p fo r  th e studen t  t o selec t  fro m (se e Figur e 2.1) ,  Th e firs t  m e n u 

contain s th e market s currentl y availabl e I n Smithtown .  Th e studen t  use s thi s men u t o 

selec t  a  goo d o r  servic e t o Investigate .  Th e secon d men u I s th e 'plannin g menu' , 

containin g al l  possibl e variable s tha t  eithe r  ma y b e change d b y th e student ,  o r  tha t 

chang e a s a  functio n o f  somethin g else .  Th e studen t  mus t  stat e th e variable s the y ar e 

Intereste d I n Investigating .  Thi s assist s th e syste m I n understandin g an d classifyin g 

studen t  activities .  Third ,  a  men u wit h relevan t  economi c Indicator s fo r  Smithtow n 

appears .  Thes e Indicator s Includ e averag e Income ,  population ,  weather ,  consume r 

preferenc e Index ,  an d numbe r  o f  suppliers .  Eac h o f  thes e Indicator s ha s a  syste m 

supplie d defaul t  valu e (e.g. ,  populatio n =  10,000) .  Th e curren t  valu e fo r  eac h o f  thes e 

Indicator s I s show n o n th e screen . 

After the student examines and/or modifies the Indicators, s/he sees the 'prediction 

menu" .  I f  desired ,  th e studen t  ma y us e thi s men u t o stat e th e variable s an d relationship s 

when predictin g th e outcom e o f  a n event .  Finally ,  th e studen t  I s presente d wit h a 

'Thing s t o Do '  men u wher e s/h e ca n se e th e effec t  o f  marke t  manipulation s o n price , 

quantit y demanded ,  quantit y supplied ,  surplus ,  o r  shortage .  Usin g thi s Informatio n th e 

studen t  may : 

1. Adjust the market price or have the computer make a price adjustment, 

2. Use the Inquiry tools to assist In the Investigation (e.g., make a notebook 

entr y o f  th e marke t  data) ,  o r 

3. Select an experimental framework. 

The experimental frameworks let the student manipulate the market In various 

systemati c way s an d observ e th e effects .  Fo r  example ,  a  studen t  migh t  wan t  t o 

generaliz e a  concep t  acros s goods .  Thi s woul d allo w him/he r  t o se e ho w widel y a 

concep t  applies .  Th e framewor k t o accomplis h thi s generalizatio n Is :  Chang e th e good , 

keep th e sam e independen t  variables . 

As students Interact with new subject-matter situations, they compare their 

observation s wit h thei r  curren t  belief s an d theories .  Consequently ,  thes e belief s m a y b e 

rejected ,  accepted ,  modified ,  o r  replaced .  I n th e cours e o f  thi s developin g knowledg e 

student s as k questions ,  mak e predictions ,  mak e Inferences ,  an d generat e hypothese s 

abou t  wh y certai n event s occu r  wit h systemati c regularity .  I n Smithtown ,  th e result s o f 

thi s studen t  Interactio n wit h th e environmen t  ar e Immediate ,  dynamic ,  an d recordable . 

We d o thi s wit h a  se t  o f  Inquir y tools ,  describe d I n detai l  I n th e followin g section . 

Befor e actuall y Interactin g wit h th e system ,  th e studen t  receive s a  shor t  guideboo k t o Smithtown , 
outlinin g th e purpose ,  se t  up .  an d terminolog y o f  th e system . 
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3. Tools for Systematic Investigations 

We hav e severa l  onlin e tool s fo r  scientifi c  Investigation s I n th e mlcroworl d 

environments .  Thes e Include :  a  Noteboo k fo r  collectin g dat a an d observations ,  a  Tabl e t o 

organiz e dat a fro m th e notebook ,  a  Grap h utilit y  t o plo t  data ,  a  Hypothesi s m e n u t o 

compose relationship s amon g variables ,  an d thre e Histor y window s tha t  allo w th e 

student s t o se e a  chronologica l  listin g o f  behaviors ,  data ,  an d concept s learne d s o far . 

Each o f  thes e wil l  b e discusse d I n turn . 

An example of the Notebook Is shown In Figure 3.1. The students select variables 

t o record ,  an d curren t  value s ar e automaticall y pu t  Int o th e Notebook .  Onc e the y hav e 

collecte d dat a I n th e Notebook ,  the y ca n elec t  t o Isolat e som e o f  th e variable s an d pu t 

the m togethe r  Int o a  Table .  Table s provid e sortin g tool s fo r  reorderin g th e entrie s (se e 

Figur e 3.2 )  Thi s I s a n Importan t  too l  fo r  simplifyin g an d makin g sens e o f  ra w dat a I n th e 

Notebook .  Th e Grap h utilit y  allow s a  studen t  t o plo t  dat a collecte d fro m thei r 

explorations/experiments .  Thi s provide s a n alternativ e wa y o f  viewin g relation s betwee n 

variables .  A n exampl e o f  a  Grap h I s show n I n Figur e 3.3 . 

The Hypothesis menu (Figure 3.4) allows students to make Inductions or 

generalization s o f  relationship s fro m th e dat a the y hav e collecte d an d organized .  Ther e 

ar e actuall y thre e Interconnecte d menu s comprisin g th e Hypothesi s menu .  First ,  th e 

connecto r  m e n u Include s th e items :  if ,  then ,  as ,  when ,  resultin g In ,  and ,  the .  Next ,  th e 

variabl e m e n u contain s th e economi c indicato r  variable s use d b y th e system :  income , 

population ,  quantit y demanded ,  demand ,  quantit y supplied ,  supply ,  marke t  price , 

surplus ,  shortage ,  an d s o on .  Finally ,  th e descripto r  m e n u describe s th e type s o f  change : 

decreases ,  Increases ,  equals .  Intersects ,  i s  par t  of ,  ha s n o relatio n to .  I s greate r  than ,  an d 

Is les s than .  A s student s choos e word s fro m thes e menus ,  th e emergin g statemen t 

appear s I n th e Hypothesi s Statemen t  Window . 

A pattern matcher analyzes key words from the Input and checks whether this 

matche s store d relationship s fo r  eac h targete d concept .  I f  so ,  th e syste m flag s tha t 

concep t  a s havin g bee n conditionall y learned .  Otherwise ,  th e studen t  i s informe d tha t 

th e statemen t  i s no t  understood . 

Three history windows are included in the system. As students continue to interact 

wit h th e microworld ,  historie s accumulat e summarizin g th e variou s action s resultin g 

fro m differen t  exploration s an d experiments .  Thi s summar y I s maintaine d i n th e Studen t 

Histor y Window .  Th e Marke t  Dat a Windo w keep s a  recor d o f  al l  variable s an d 

associate d value s tha t  th e studen t  ha s manipulated .  Finally ,  ther e I s th e Goa l  Histor y 

Window.  Thi s provide s a  chronologica l  representatio n o f  wha t  th e studen t  ha s 

successfull y learne d i n term s o f  concept s targete d b y th e system . 
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4. Investigative Behaviors 

Th e scientifi c  Inquir y tool s provid e student s wit h mean s fo r  collecting ,  organizing , 

and understandin g dat a fro m thei r  investigations .  Moreover ,  ther e ar e severa l  type s o f 

systemati c Investigation s recognize d b y th e system .  Thes e Includ e explorations : 

obtainin g informatio n fro m th e mlcroworl d i n orde r  t o refin e an d complet e developin g 

hypothese s abou t  th e microeconoml c concepts ;  experiments :  a  serie s o f  studen t  action s 

conducte d t o confir m o r  differentiat e hypotheses ;  an d exercises :  test s o n a  previousl y 

confirme d hypothesis ,  perhap s t o se e th e exten t  o r  limitation s o f  It s application . 

Experiment s carr y a  specifi c  predictio n whil e exploration s d o not . 

The distinction into the type of investigation being conducted allows the system to 

determin e whethe r  tutoria l  Interventio n wil l  occur .  Tha t  is ,  a  studen t  i s considere d I n 

exploratio n mod e i f  s/h e ha s n o predictio n o f  outcome s fro m a n investigation .  Ignorin g 

th e 'predictio n menu '  woul d resul t  i n thi s classification .  Ther e i s n o assistanc e fro m th e 

Inquir y coac h whil e i n thi s mode ,  unles s th e studen t  remain s to o lon g i n i t  (e.g. ,  2 0 

consecutiv e action s withou t  makin g a  prediction) .  I f  a  studen t  predict s a n experimenta l 

outcome ,  w e conside r  her/hi m i n experimenta l  mod e an d allo w th e syste m t o interven e 

wit h th e student .  Finally ,  I f  th e studen t  I s replicatin g th e result s fro m a  previou s 

experiment ,  s/h e I s classifie d a s bein g i n exercis e mod e an d n o interventio n wil l  occur . 

Using the tools provided, there are various dimensions on which student 

investigativ e performanc e ca n b e evaluated .  Th e followin g i s a  listin g o f  scientifi c 

behavior s w e loo k for : 

• Baseline Data Collection: For an initial exploration, Is data collected from 

th e marke t  i n equilibrium ,  befor e an y variable s hav e bee n altered ? 

• Baseline Data Entry: For an initial exploration, Is data entered into the 

noteboo k fro m th e marke t  i n equilibrium ,  befor e an y variable s hav e bee n 

altered ? 

• Thorough Data Entry: Does the student make a notebook entry every time a 

variabl e ha s bee n changed ? 

• Relevant Data Collection and Entry: Does the student enter only those 

variable s tha t  ar e bein g activel y manipulate d o r  chang e a s a  resul t  o f  a 

manipulatio n (i.e. ,  n o superfluou s informatio n o r  Incomplet e recordings) ? 

• Generalize a Concept Across All Goods: Did the student try to generalize 

an economic s principl e a s i t  hold s fo r  al l  goods ? Fo r  example ,  havin g learne d 

th e la w o f  deman d operatin g i n th e donu t  market ,  doe s th e studeu t  attemp t 

t o generaliz e t o othe r  goods ? 

• Generalize a Concept Across Related Goods: Did the student try to 

generaliz e a n economic s principl e acros s specificall y relate d goods ,  i.e. , 
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Investigating substitute/complementary relationships or component-of 

relations ? 

• Sufficiently Large Change to Variables: Are the changes made to the 

variable{s )  larg e enoug h t o detec t  marke t  effect s i f  ther e ar e any ? 

• Sufficiently Small Change to Variables: Are the changes made to the 

variable(s )  smal l  enoug h t o discriminat e an d refin e subtl e pattern s i n th e 

data ? 

• Number of Variables Changed: Did the student change only one variable at 

a tim e fo r  compariso n and/o r  recording ? Thi s I s relate d t o wha t  a  studen t 

alread y knows ;  ove r  time ,  a  studen t  ca n progressivel y handl e mor e variables . 

• Isolating Variables in the Table: Did the student put only a few variables 

Int o th e tabl e t o reduc e an d mak e sens e o f  th e data ? 

• Sorting on Relevant Variables: Was the sorting option used on relevant 

variable s I n th e tabl e (e.g. ,  I f  pric e wa s systematicall y varied ,  the n I t  shoul d 

be th e sor t  key. ) 

• Plotting Variables: Did the student use the graph utility to plot potentially 

meaningfu l  relationship s betwee n variables ? 

• Saving Graphs: Was the graph of a significant relationship saved for later 

comparisons ? 

• Superimposing Graphs: Was there an attempt made to superimpose two 

graph s t o se e relationship s betwee n functions ,  lik e suppl y an d demand ,  o r  tw o 

demand curve s I n parallel ? 

• Hypothesis Specification: Were any hypotheses stated as a result of the 

observe d systematlcltle s I n th e data ,  eithe r  abstracte d fro m th e Tabl e o r  fro m 

th e Graph ? 

• Complexity of Hypotheses: Is there an increase over time In the chaining of 

variable s whe n th e studen t  generate s hypothese s fro m th e menu ? A s 

knowledg e Increases ,  th e numbe r  o f  variable s strun g togethe r  shoul d g o fro m 

tw o t o more ,  i n progressivel y mor e comple x relationships . 

• Passively Monitoring the Market— Computer Price Change: Did the 

studen t  allo w th e compute r  t o mak e adjustment s t o th e marke t  pric e o f  a 

good an d se e th e ensuin g repercussions ? Fo r  explorations ,  monitorin g i s 

probabl y th e bes t  strateg y t o follow . 

363 



S H U T E,  B O N AR 

• Actively Manipulating the Market- User Price Change: Did the student 

mor e activel y mak e adjustment s t o th e marke t  pric e o f  a  goo d an d se e th e 

marke t  changes ? Fo r  experiments ,  manipulatin g th e pric e onesel f  I s probabl y 

mor e effective . 

• Failure Driven Behaviors: If a student conducts an experiment testing some 

specifie d belief/prediction ,  th e result s ca n lea d t o a  numbe r  o f  differen t 

actions .  I f  th e experimen t  I s confirmed ,  ther e m a y follo w a  generalizatio n 

attempt ,  o r  a n exercise ,  bot h o f  whic h tes t  th e limitation s o f  th e Idea ,  I f  th e 

experimen t  I s dlsconflrmed ,  th e studen t  m a y d o on e o f  th e following : 

o Re-do the experiment with parameter changes. 

o Ignore the results and go on to something new, or 

o Try a new hypothesis that fits the observed data. 

5. An Intelligent Tutor for Inquiry Skills 

We ar e currentl y Implementin g a n intelligen t  tuto r  fo r  th e Inquir y skill s  discusse d 

above .  Ou r  tuto r  fo r  Smithtow n I s organize d t o provid e a  rang e o f  guidanc e tha t  ca n b e 

graduall y Increase d o r  decreased ,  dependin g o n th e characteristic s o f  th e learner' s 

performance .  A t  on e en d o f  th e rang e I s a  purel y discover y environment .  A s lon g a s th e 

studen t  i s progressing ,  th e mlcroworl d wil l  remai n a  discover y environment .  "Progress " 

I s define d a s (a )  demonstratin g appropriat e investigativ e behaviors ,  an d (b )  learnin g th e 

domai n concept s a t  a  regula r  rate .  A t  th e othe r  en d o f  th e rang e I s a  directiv e 

environmen t  tha t  explicitl y  assist s th e studen t  I n usin g a n Interrogativ e skil l  tha t  i s 

deemed problemati c fo r  him/her .  Fo r  example ,  th e syste m migh t  instruc t  a  studen t  t o 

ente r  dat a i n th e noteboo k fro m th e marke t  befor e alterin g an y variables . 

The system Is composed of four main components: the knowledge base, the 

diagnostician ,  th e studen t  model ,  an d th e coach .  Th e knowledg e bas e Include s th e 

targete d element s t o b e learned ,  suc h a s th e "la w o f  demand" ,  fro m economic s domai n 

knowledge ,  an d "generalizatio n o f  a  concept" ,  fro m scientifi c  skil l  knowledge .  Th e 

diagnosticia n i s a  se t  o f  softwar e critic s tha t  monito r  th e student' s succes s i n applyin g 

th e Inquir y behavior s an d learnin g th e domai n concepts .  Th e studen t  mode l  i s th e 

update d representatio n o f  th e student' s evolvin g knowledg e base ,  an d th e coac h instruct s 

th e studen t  base d o n informatio n provide d t o I t  b y th e diagnosticia n regardin g denclen t 

skills . 

Tutor knowledge about the domain concepts Is kept In the knowledge base. Using 

th e knowledg e base ,  th e tuto r  model s whethe r  a  studen t  I s progressin g I n th e acqulsltiO D 

of  domai n knowledge .  Althoug h a  studen t  m a y b e quit e efficien t  i n Interrogatin g th e 

environmen t  an d performin g experiments ,  s/h e m a y extrac t  onl y a  subse t  o f  th e relevan t 

concept s fo r  instructio n i n th e particula r  domain .  T o accomplis h thi s assessment ,  th e 
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Instructional domains for each mlcroworld have been broken down Into key concepts 

tha t  ar e loosel y organize d I n a  bottom-u p manner ,  fro m simple r  t o mor e comple x Idea s 

(se e Figur e 5.1 )  (se e (Bonar ,  Cunningham ,  Schultz ,  1986 ]  fo r  a  descriptio n o f  thi s 

approach) . 

AJthough the mlcroworld need not constrain the student to learn the concepts In 

any prescribe d order ,  th e conceptua l  hierarch y provide s th e basi s fo r  a  mode l  o f  studen t 

knowledge .  Eac h concep t  I s associate d wit h a  rul e o r  relationshi p amon g economi c 

variables .  Fo r  example ,  th e la w o f  deman d relate s pric e an d quantit y demande d i n a n 

invers e relationship .  W h e n a  studen t  use s th e hypothesi s men u an d generate s a  vali d 

statemen t  abou t  th e underlyin g variabl e relationship s fo r  a  particula r  concept ,  the n th e 

syste m flag s th e concep t  a s havin g bee n learned .  Thi s i s calle d a n overla y studen t  mode l 

(  [Car r  an d Goldstein ,  1977]) .  Th e studen t  I s the n provide d wit h a  congratulator y 

statemen t  b y th e system ,  Includin g th e prope r  nam e o f  th e concept .  Fo r  Instance ,  th e 

syste m ma y respon d t o a  studen t  havin g jus t  specifie d th e la w o f  deman d (i.e. ,  a s pric e 

increases ,  quantit y demande d decreases) ,  wit h 'Congratulations ,  yo u hav e jus t 

discovere d wha t  economist s refe r  t o a s th e L a w o f  Demand .  Pleas e not e tha t  th e 

convers e i s als o true .  Tha t  is ,  a s pric e decreases ,  quantit y demande d increases .  N o w 

pleas e conduc t  a n experimen t  tha t  illustrate s thi s phenomenon. '  Thi s reques t  fo r  a n 

experimen t  guarantee s tha t  th e studen t  possesse s no t  onl y declarativ e knowledg e abou t 

th e concep t  i n question ,  bu t  als o procedura l  knowledg e abou t  ho w t o construc t  a n 

experimen t  t o demonstrat e it . 

The diagnostician evaluates a student's interrogation of the system. It determines 

whethe r  a  studen t  i s proceedin g I n a  systematic ,  efficien t  manner .  T o d o so ,  a 

compariso n i s mad e betwee n th e student' s actua l  behavio r  an d optima l  behavio r  (muc h 

as wa s don e wit h th e W E S T tuto r  [Burto n an d Brown ,  1982]) .  Fo r  example ,  a  studen t 

migh t  consistentl y alte r  multipl e variable s a t  th e beginnin g o f  eac h experiment .  Thi s 

obscure s an y conclusion s tha t  migh t  b e draw n fro m th e resultin g marke t  conditions . 

Thi s proble m are a woul d the n b e note d b y comparin g th e student' s behavio r  t o th e idea l 

behavio r  wher e onl y on e variabl e I s changed . 

Each scientific behavior is translated Into a critic consisting of specific student 

action s o r  condition s t o b e met .  A  matc h i s attempte d an d th e studen t  mode l  i s update d 

accordingly .  Fo r  example ,  th e behavior :  'Sufficientl y Larg e Chang e t o Variables ' 

addresse s th e questions :  Ar e th e change s mad e t o th e variable s sufficientl y larg e enoug h 

t o detec t  an y marke t  effect s i f  ther e ar e any ? 

The critic, translated Into English, Is shown In Figure 5-2. 

In conjunction with each critic are actions where the student might go astray. 

Thes e defin e th e bugg y versions .  I n Criti c  6 ,  th e asteris k show s th e lin e wher e student s 
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Nev Equilibr i 

SurplusjT<Shortag e 

Qeaand Shif O 

Law o f  Demand Law o f  Suppl y 

Qhange i n Quantit y Demanded )  (Chang e i n Quantit y Supplied ) 

Qeraan d Curve* ^ Suppl y Curv e 

Demand Schedul e Suppl y Schedul e 

Graph Understandin g 

Figur e 5-1 :  H I E R A R C H Y O F S U P P L Y A N D D E M A ND C O N C E P TS 
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Critic 6 

IF: For any experiment, AND 

fo r  an y tim e number ,  A N D 

fo r  an y goo d selected ,  A N D 

fro m variable-men u ther e I s a  lis t  o f  variable s changed ,  A N D 

*  th e degre e o f  chang e I s a t  leas t  1 0 % o f  th e tota l  rang e 

(maximu m minu s th e min imu m values ) 

THEN: The behavior for 'sufficiently large change to variables' has 

been demonstrated . 

ELSE: Alert the coach for helping the student, depending on the 

valu e o f  th e Critlc6-counter ,  whic h provide s informatio n o n th e 

number  o f  time s th e studen t  ha s erre d o n thi s skill . 

Figure 5-2: A Critic For -SUFFICIENTLY LARGE CHANGE TO VARLa^BLES' 

Explanatio n 1  (vague) : 

/ /  yo u mak e a  change ,  yo u shoul d tr y t o stac k th e deck .  I n othe r 

words ,  d o somethin g regardin g th e siz e o f  th e chang e s o tha t  yo u 7 /  b e 

abl e t o actuall y se e an y effect s i n th e marke t  plac e i f  ther e reall y ar e 

any . 

Explanation 2 (analog mapping): 

I f  yo u entertaine d th e notio n tha t  havin g a  lo t  o f  hat s mad e a  perso n 

mor e self-confident ,  yo u woul d probabl y compar e th e self-confidenc e 

of  a  grou p o f  peopl e wit h n o hat s (o r  a  smal l  numbe r  o f  them )  t o 

thos e havin g m a n y hats ,  wher e 'many '  wa s som e larg e enoug h 

number  t o se e i f  you r  hypothesi s wa s correct .  Appl y th e sam e logi c 

here . 

Explanation 3 (explicit): 

You increase d th e "Cvariabl e n a m e > b y onl y < a m o u n t > .  Doubl e i t 

no w an d chec k ou t  ho w th e marke t  change s fo r  th e value s o f  quantit y 

demanded an d quantit y supplied . 

Figure 5-3: LEVELS OF EXPLICITNESS FOR REMEDL\TING CRITIC 6 
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might err.^ 

The results of the diagnosis are passed to the coach. If there Is sufficient evidence of 

Inappropriat e studen t  strategie s o r  floundering ,  th e coac h wil l  interrup t  th e student . 

Thi s coac h doe s no t  discus s th e genera l  inquir y slci U directly .  Instead ,  i t  addresse s th e 

issu e i n th e contex t  o f  th e student' s curren t  Investigatio n i n th e mlcroworld . 

Interventio n wil l  occu r  afte r  th e coac h receive s severa l  corroboration s o f  deficien t 

performanc e an d i f  th e studen t  i s i n experimen t  mode .  "Deficiency "  I s define d a s eithe r 

not  usin g a  behavio r  whe n i t  wa s appropriate ,  o r  usin g a  bugg y versio n o f  tha t  behavior . 

A "battin g average "  i s compute d fo r  eac h behavio r  consistin g o f  th e numbe r  o f  time s th e 

skil l  wa s use d divide d b y th e numbe r  o f  time s i t  shoul d hav e bee n used .  I f  tha t  numbe r 

i s les s tha n som e threshol d (suc h a s <  5 0 % ) ,  thi s wil l  promp t  a  respons e b y th e coach . 

Also ,  i f  ther e ar e severa l  deficien t  studen t  behaviors ,  th e tuto r  ca n addres s each ,  on e a t  a 

time .  Thi s involve s a  hierarch y o f  coachin g where ,  fo r  example ,  th e behavio r  fo r 

Baselin e Dat a Collectio n take s precedenc e ove r  Sav e a  Graph ,  an d s o on . 

To encourage an Independence of thinking, the tutorial assistance will progress in 

term s o f  expllcltnes s i n a  3-par t  range :  (1 )  Vagu e initially ,  wit h abstrac t  direction s an d 

example s fo r  th e student ,  (2 )  Clearer ,  wit h analogie s provide d t o th e student ,  an d (3 ) 

Ver y clear ,  wit h explici t  instruction s fo r  conductin g a  particula r  experiment .  Fo r  th e 

exampl e give n above ,  th e bugg y versio n o f  thi s criti c  woul d addres s th e siz e o f  th e 

chang e t o th e variable .  Figur e 5- 3 show s th e thre e responses . 

The preliminary principles calling for interrupting a student's activity are: 

• Student weakness must be apparent. What Is an "apparent" level will 

Initiall y  b e a n arbitrar y threshhol d ratio ,  t o b e refine d afte r  experimentation . 

• Feedback should not be always critical, but also appreciative of any good 

aspec t  o f  a  student' s behavior . 

• Any instruction or guidance should be spaced. That is, at least a gap of two 

or  thre e event s betwee n interruptions . 

6. Evaluation of the System 

T o evaluat e whethe r  th e syste m i s effectiv e i n enhancin g students '  learnin g scientifi c 

inquir y skills ,  w e wil l  nee d t o loo k a t  transfe r  effects .  Tha t  is ,  a  studen t  goin g throug h 

on e mlcroworl d environmen t  learnin g microeconoml c principle s shoul d consequentl y 

transfe r  thei r  interrogativ e skill s  i n th e investigatio n o f  a  ne w domain ,  say ,  geometri c 

optics . 

Performanc e dat a i s kep t  a s a  proportio n o f  actua l  us e o f  behavio r  versu s whe n th e behavio r  shoul d 

have bee n used . 
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Studies are planned to assess the degree to which students apply Inductive reasoning 

skill s  withi n an d acros s subject-matte r  domains .  I n th e contex t  o f  th e variou s 

mlcroworlds ,  a  serie s o f  nea r  an d fa r  transfe r  situation s ar e bein g designed ,  drawin g o n 

recen t  literatur e o n analogica l  reasoning ,  cognitiv e mapping ,  an d rul e assessmen t 

procedure s (e.g. ,  [Chen g &  Holyoak ,  1986 ,  Centner ,  D. ,  1983 ,  GIc k an d Holyoak , 

1983 ,  Slegle r  an d Klahr ,  1982)) .  I n addition ,  recen t  informatio n wil l  b e considere d fro m 

artificia l  Intelligenc e researc h o n learnin g system s tha t  attemp t  t o Improv e thei r  o w n 

performanc e I n Inferentia l  reasonin g an d proble m solvin g (  [Mlchalskl ,  Carbonel l  an d 

Mitchell ,  1983)) . 

We are In the process of running subjects (college freshmen) on the system. None of 

th e subject s wil l  hav e an y forma l  economic s training .  Th e majo r  focu s wil l  b e o n ho w 

thi s grou p Interact s wit h th e system ,  analyze d o n tw o levels :  (1 )  Whethe r  student s 

become mor e facil e acros s experimenta l  sessions ^  I n usin g th e scientifi c  tools/behavior s I n 

th e microworld ,  an d (2 )  I f  th e student s actuall y learne d an y o f  th e targete d 

mlcroeconoml c concepts .  Th e firs t  questio n wil l  b e answere d b y protoco l  analyse s o f 

subjects '  Justification s o f  actions ,  a s wel l  a s detaile d historie s o f  studen t  action s kep t  b y 

th e microworld .  Th e secon d questio n wil l  b e answere d fro m a n analysi s o f  th e differenc e 

score s betwee n pre -  an d post-tests. ^  Performanc e wit h regar d t o th e solutio n o f  th e 

comple x scenario s wil l  allo w u s t o se e Individua l  difference s I n knowledg e representatio n 

fo r  economi c phenomena .  Thi s wil l  compar e economi c syste m understandin g befor e an d 

afte r  Interactio n wit h th e microworld . 

7. Concluding Remarks 

Researc h o n scientifi c  Inquir y learnin g wil l  contribut e t o th e teachin g o f  subject -

matte r  conten t  wit h Interrogatio n an d Inferentia l  skills .  Ou r  mlcroworld s provid e 

simulate d experimenta l  environment s an d allo w fo r  studen t  Interrogatio n o f  scientifi c 

phenomena b y makin g observations ,  organizin g th e dat a obtained ,  formulatin g 

explanator y hypotheses ,  an d testin g experimenta l  predictions .  Th e mlcroworld s 

Incorporat e a  se t  o f  tool s whic h suppor t  a  student' s Inquir y proces s b y makin g thes e 

scientifi c  processe s visibl e an d manlpulatable .  Ou r  mlcroworld s allo w studen t  pattern s o f 

scientifi c  reasonin g t o b e monitored ,  assessed ,  an d coached .  Thi s researc h shoul d giv e u s 

Informatio n fo r  ne w method s I n scienc e Instructio n an d contribut e t o knowledg e o f  ho w 

t o teac h higher-orde r  problem-solvin g skills . 

Note :  th e desig n Involve s fou r  experimenta l  session s wit h th e tutor ,  tw o hour s eac h session .  Thes e 

occu r  ever y othe r  day . 

Two types of objective tests have been developed for this purpose: a) multiple choice and short answer 

tes t  o f  economi c concepts ,  an d b )  comple x scenario s requirin g solutio n o f  'wha t  woul d happe n If... ' 

questions . 
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ABSTRACT 

The construction and retrieval of plan schemas was studied using a programming task. Novice 
programmer s wer e aske d t o writ e program s an d thei r  proble m solvin g strategie s analyse d fro m 
th e manne r  i n whic h the y expande d a  progra m goal .  Fou r  program s wer e use d i n th e study , 
comprisin g tw o set s o f  proble m isomorphs .  Thes e isomorph s require d th e sam e programmin g plan s 
fo r  solution ,  bu t  differe d i n thei r  cove r  stories .  Pla n developmen t  with m a  pro b e m solvin g episod e 
and acros s episode s wa s thu s easil y tracked . 

Development of a plan to achieve a problem goal showed a focus of attention on the current goal 
t o th e exclusio n o f  concern s abou t  othe r  part s o f  th e program .  A  solutio n wa s no t  foun d b y a 
proces s o f  reasonin g an d top-dow n design .  Rather ,  on e goa l  wa s selecte d fo r  expansio n an d i n th e 
proces s o f  thi s expansio n ne w goal s wer e discovere d an d solve d t o th e exten t  require d b y th e 
curren t  context .  Th e progra m wa s buil t  u p fro m solvin g individua l  goals ,  no t  dow n fro m th e 
proble m specification .  Th e developmen t  o f  plan s t o achiev e thre e o f  thes e goals ,  th e selection , 
simpl e (non-looping )  su m an d rea d loo p goals ,  i s  discusse d i n som e detai l  t o sho w th e relatio n 
betwee n proble m solvin g an d schem a formation .  Evidenc e o f  top-dow n desig n usin g schema s 
appeare d onl y lat e i n th e study ,  suggestin g tha t  it s  us e i n teachin g shoul d b e delaye d unti l  th e 
novic e ca n 'spea k th e language '  o f  schem a retrieval . 

INTRODUCTION 

A generative model of program construction is presented that tracks the development of 

progra m plan s i n novic e programmers .  Th e outstandin g featur e i s a  focu s o n th e curren t  proble m 

unde r  consideration ,  th e curren t  goal .  Thi s force s a  loca l  vie w o f  th e program ,  bu t  create s th e 

piece s tha t  ar e require d t o implemen t  th e goal .  I t  als o create s m a n y bug s (Spohrer ,  Solowa y an d 

Pope,  1985 )  whe n thes e piece s nee d t o b e late r  combined .  Novic e behavio r  i s bes t  describe d a t 

thi s loca l  leve l  t o captur e th e relativ e isolatio n o f  knowledg e tha t  exclude s consideratio n o f  fact s 

outsid e th e curren t  context .  Systematic ,  top-dow n developmen t  i s no t  usefu l  fo r  initia l  proble m 

solving ,  sinc e th e piece s o f  mentione d knowledg e d o no t  ye t  exist .  I t  i s  achieve d b y novic e 

programmer s onl y afte r  prolonge d an d laboriou s effort . 

The focus during initial problem solving is on how to create plans to achieve the program 

goals .  On e goa l  a t  a  tim e i s selecte d an d a  pla n constructe d withi n th e contex t  o f  thi s curren t 

goal .  A  foca l  ide a i s expande d an d teste d t o se e i f  i t  satisfie s th e goa l  (Kant ,  1985 ;  Sussman , 

1975) .  I n th e proces s o f  expansion ,  ne w goal s ar e discovere d an d implemente d t o th e exten t 

require d b y th e curren t  context ;  th e progra m i s grow n fro m thes e seed s rathe r  tha n designed . 

Once a  pla n ha s bee n formed ,  i t  ca n b e modifie d o r  move d t o satisf y othe r  constraints ,  suc h a s 

dat a flow ,  contro l  flo w o r  efficiency .  Onc e m a n y suc h plan s hav e bee n constructed ,  th e focu s o f 

attentio n ca n shif t  fro m loca l  detail s t o comparin g plan s an d pla n segments .  Planning ,  whic h use s 

plan s a s stabl e conceptua l  chunks ,  replace s loca l  proble m solving .  Schem a retrieva l  an d tailorin g 

replace s schem a construction . 

The development of three plans is described in detail to show a local focus that is gradually 

expanded .  Th e simpl e (non-looping )  s u m pla n add s a  se t  o f  value s t o find  thei r  total ;  it s 

developmen t  illustrate s th e selectio n o f  object s an d thei r  combination .  Th e selectio n pla n show s 

th e chang e fro m focu s o n a  singl e goa l  a t  a  tim e t o a  combinatio n o f  relate d goals .  Thi s pla n 
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divide s th e inpu t  int o a  se t  o f  categorie s s o tha t  th e correc t  calculation s ca n b e mad e fo r  eac h 

category .  T h e rea d pla n shoiv s th e creatio n o f  a  sequenc e o f  goal s fro m th e foca l  goal .  Th e nee d 

t o rea d a  se t  o f  dat a item s create s th e ne w goa l  o f  looping ;  th e us e o f  a  W H I L E statemen t  fo r 

loopin g create s th e nee d t o dea l  wit h loo p termination .  Effect s o f  focu s apar t  fro m an y particula r 

pla n schem a wer e see n i n genera l  proble m solvin g methods ,  wher e ne w informatio n wa s 

integrate d (incorrectly )  i n term s o f  th e foca l  goal . 

DESCRIPTION OF THE STUDY 

Design. 

A protocol study was used to analyze the program construction strategies of novice 

programmers .  Subject s wer e student s beginnin g a n introductor y cours e i n Pasca l  a t  Yal e 

University .  T h e stud y bega n i n wee k thre e o f  th e cours e an d subject s wer e teste d a s soo n a s 

possibl e afte r  learnin g a  programmin g construct ,  suc h a s I F - T H E N - E L S E o r  W H I L E ,  befor e the y 

ha d th e opportunit y t o us e th e construc t  i n assignments .  Eigh t  novice s bega n th e study ,  bu t  on e 

droppe d ou t  afte r  th e secon d week .  Eac h remainin g subjec t  wrot e fou r  programs ,  tw o set s o f 

progra m isomorph s tha t  require d th e sam e plan s bu t  use d differen t  cove r  stories . 

The first isomorph required selection and sum plans (Soloway and Ehrlich, 1984); it was 

presente d i n week s thre e an d five  o f  th e course ,  wit h a  rea d loo p adde d fo r  selectio n i n wee k five . 

T h e secon d isomorp h wzi s presente d i n week s fou r  an d six .  I t  require d looping ,  runnin g total , 

runnin g coun t  an d m a x i m u m plans ;  th e selectio n pla n wa s use d t o coun t  th e inpu t  value s i n a  se t 

of  categories .  T h e sam e plan s (read ,  sum ,  select )  wer e use d fo r  al l  program s i n th e study ,  allowin g 

an y shif t  fro m pla n constructio n t o retrieva l  t o b e easil y seen .  Th e dat a bas e consist s o f  3 0 

program s usin g th e sam e plan s i n differen t  contexts ,  abou t  5 0 hour s o f  protoco l  data . 

Analysis. 

The basic structure of plan generation was shown by the changes a plan underwent in 

development .  Th e plan s wer e identifie d usin g th e Bu g Catalogu e develope d a t  Yal e (Spohrer , 

Pope ,  Lipman ,  Sack ,  Freiman ,  Littman ,  Johnso n an d Soloway ,  1985) .  Th e catalogu e list s severa l 

hundre d bug s take n fro m ove r  20 0 programs ,  groupe d accordin g t o th e goal s an d plan s i u whic h 

th e bug s occurred .  Withi n thi s goal/pla n context ,  i t  classifie s a  bu g i n term s o f  wha t  i s wron g 

wit h th e pla n (malformed ,  missing ,  spurious ,  etc.) ,  a  descriptiv e taxonomy .  Th e bug s hav e bee n 

describe d her e i n term s o f  a  proces s mode l  o f  thei r  conceptual ,  developmenta l  structure ,  t o sho w 

ho w the y aris e durin g proble m solving . 

The different stages through which a plan evolved was seen within a single program. They 

wer e als o see n acros s programs ,  wher e th e pla n wa s re-create d o r  retrieve d whe n needed .  Th e 

same developmen t  strategie s wer e see n i n al l  subjects ,  bu t  th e firs t  for m o f  th e emergin g pla n 

differe d markedl y acros s subjects .  Thu s al l  form s o f  th e pla n wer e no t  see n i n al l  subjects .  Th e 

analysi s presente d i s a  composit e o f  stage s base d o n partia l  overla p betwee n subjects . 

PLAN DEVELOPMENT 

When a new problem is first encountered, there is no existing schema to guide solution or 

attention .  Th e proble m solvin g i s guide d b y th e proble m informatio n give n (object s an d values ) 

an d th e simpl e operator s (verbal ,  logica l  o r  mathematical )  tha t  ca n b e use d t o combin e thi s 

information .  Th e initia l  focu s i s o n identificatio n o f  thes e object s an d operators ,  the n o n thei r 

combinatio n an d finally  o n factor s outsid e th e locu s o f  attention .  Th e solutio n i s drive n fro m th e 

most  basi c piece s outward .  Th e curren t  pla n i s teste d t o se e i f  i t  achieve s th e goa l  an d a  solutio n 

accrete d aroun d it ,  wit h multipl e cycle s o f  identification ,  expansio n an d testin g i f  necessary . 

The problem fragment that required these pieces is shown below, in the form of the first 
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isomorph ,  th e firs t  proble m i n th e study .  Th e secon d isomorp h presente d i t  a s a  proble m o f 

calculatin g Welfar e benefit s fo r  unwe d mothers ,  wher e th e amoun t  o f  additiona l  benefit s 

decrease d a s th e numbe r  o f  childre n increased : 

An electric company charges its customers by the kilowatt hour (kwh) for electricity used. The 
cos t  pe r  kilowat t  hou r  decrease s a s a  custome r  use s mor e electricit y accordin g t o th e followin g 
rat e schedule : 

9 cents per kwh for the first 350 kwh 

5 cent s pe r  kw h fo r  th e nex t  27 5 kw h 

4 cent s pe r  kw h fo r  th e nex t  22 5 kw h 

3 cent s pe r  kw h fo r  al l  kw h ove r  85 0 kw h 

The sum plan. 

Two main variants of the sum plan were seen, based on development of the schema from a 

focu s an d the n o n th e retrieva l  o f  thi s schem a an d th e expansio n o f  it s  slots .  Th e initia l  proble m 

solvin g effor t  i s  centere d o n th e rat e tha t  mus t  b e calculate d fo r  thi s category ,  o n th e rat e fo r 

th e selecte d range .  Subsequen t  expansio n o f  th e schem a treat s th e ne w rat e a s a  formul a t o b e 

adde d t o th e existin g framework .  Si x stage s wer e see n i n th e developmen t  o f  th e su m plan .  Th e 

firs t  fou r  o f  thes e m a y b e terme d pla n construction ,  sinc e the y involv e a  larg e amoun t  o f  proble m 

solvin g b y th e novice .  Eac h stag e reflect s th e proble m solvin g tha t  ha s occurred ,  fro m a  ver y 

simpl e analysi s t o on e tha t  integrate s al l  o f  th e informatio n require d fo r  a  correc t  solution .  Th e 

fift h m a y b e viewe d a s a  retrieve d solutio n tha t  stil l  retain s th e for m o f  it s construction .  Th e 

fina l  (expert )  for m i s th e complet e schema ,  divorce d fro m it s ontogeny . 

1. Straight rate: the surface form of the description creates the final code. The focus is 
on calculatin g th e charg e fo r  thi s category .  A t  thi s stage ,  th e objec t  ha s bee n 
identifie d (kwh) ,  th e existenc e o f  separat e rate s an d categorie s notice d an d th e rat e 
has bee n attache d t o th e object .  Th e rat e i s the n directl y calculate d a s 

costl := kwh * .09 

cos t  2  : ^ k w h *  .0 5 

2. New + old simple: the surface form of the sum is calculated. In this stage, the term 
'next '  ha s bee n parse d an d i t  i s  realise d tha t  th e differen t  rate s mus t  b e adde d t o ge t 
th e fina l  charge .  Th e focu s i s o n th e rat e fo r  th e categor y an d s o th e ne w rat e i s 
code d first ,  the n th e othe r  piece s withou t  furthe r  analysi s a s 

costl := kwh * .09 

cost e : = kw h *  .0 5 +  kw h *  .0 9 

3. New + old local: the correct form for the new rate is calculated. In this stage, the 
subjec t  ha s realise d tha t  th e rat e change s ove r  boundarie s an d onl y th e amoun t  o f 
kwh ove r  th e boundar y shoul d b e include d i n th e ne w rat e calculation .  Th e focu s i s 
stil l  o n th e ne w charg e an d s o th e insigh t  i s no t  extende d t o bot h charges : 

costl .= kwh * .09 

cost 2 . = (kw h -  350 )  *  .0 5 +  kw h *  .0 9 

4. New + old constructed: the correct form of the schema is constructed. In this stage, 
th e boundar y insigh t  i s applie d t o al l  th e individua l  rates ,  bu t  th e subjec t  ha s 
explicitl y  code d on e o f  th e previou s stage s o r  ha s t o devot e considerabl e energ y an d 
tim e t o constructin g th e solution .  A  particularl y stron g bloc k t o th e discover y o f  th e 
correc t  solutio n i s tha t  th e ol d calculatio n doe s no t  involv e th e progra m object ,  kwh . 
Th e objec t  ha s t o b e remove d an d a  constan t  inserte d i n it s place : 
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cost !  : = kw h *  .0 9 

co8t 2 : = (kw h -  350 )  *  .0 5 +  35 0 *  .0 9 

5. Ntw + old retrieved: the schema is retrieved, but still shows the new part focus. In 
thi s stage ,  th e part s appea r  withou t  apparen t  effor t  an d th e correc t  solutio n i s 
mentione d a s i t  i s  coded : 

coatl ;= kwh * .09 

C08t 2 : = (kw h -  350 )  *  .0 5 +  35 0 *  .0 9 

6. Old -h new retrieved: the sum schema is retrieved and expanded in the 'logical' 
order .  Thi s final  stag e show s th e proble m solvin g automate d an d attache d t o th e 
component s withi n th e overal l  schema .  Th e schem a i s retrieve d an d contro l  give n t o 
th e component s i n th e orde r  ol d plu s new ,  wher e th e ol d par t  repeat s throug h th e 
number  o f  step s required : 

eostl := kwh * .09 

cost 2 : 
Kwn '  .ui f 
350 *  .0 9 +  (kw h '  350 )  *  .0 5 

fro m 

focu s 

2,6, 7 , 

6 

fro m 

schema 

/^ingle V 

V^rate^* " 

$ 

nl n 1 
ipi e J 

/  ^ 

£ = = = ^ ^ - ^ ^ 

\ . 

Tsii n 
/ \ 

pi e ) 

4 

/ 

^ ^ 

- - ^ ^ ^ ^ 3 -

6 

4 \ 

loca l  \ 

" - " ^ 

loca l  V 

1 

2 

.____ ^ 

4, 7 

/ T o 
--^«<ru < ̂ tejj / 

— Y co 
~v<ru < 

4,5, 8 

L ^ 

3 

Retrieved ) 

^trieved ) 

1 1,3,5, 8 

Figur e 1 :  Developmen t  o f  th e su m pla n b y subjec t 

The expertise of the subjects in the study differed greatly. One subject retrieved the final 

s u m pla n withou t  effor t  t o solv e th e proble m i n th e first  isomorph .  Anothe r  starte d a t  stag e on e 

bot h times .  Th e transition s see n i n th e dat a ar e show n i n Figur e 1 .  Here ,  th e developmen t  fo r  th e 

firs t  presentatio n o f  th e proble m i s show n abov e o r  t o th e lef t  o f  th e links .  Th e behavio r  o f  th e 

subjec t  o n th e secon d isomorp h i s show n belo w o r  t o th e righ t  o f  th e link .  Subjec t  solution s 

withi n a  proble m solvin g episod e develope d accordin g t o th e taxonom y described .  Solution s acros s 

th e episode s reflec t  th e chang e fro m schem a formatio n t o schem a retrieva l  an d expansio n o f  th e 

slots . 

The selection plan. 

The selection plan provided the context for sum calculation by selecting when each of the 

ne w rate s wa s applicable .  Th e tw o plan s m a y b e treate d i n relativ e isolation ,  however ,  sinc e al l 

si x stage s o f  th e su m pla n occurre d i n th e contex t  o f  a  successfu l  selection .  Th e declarativ e 

informatio n use d fo r  th e tw o plan s ha s considerabl e overlap ,  bu t  th e us e o f  boundarie s i n 

selectio n wa s no t  extende d t o th e su m calculation .  Generally ,  loca l  focu s mitigate s agains t  suc h 
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systemati c comparisons ,  sinc e th e relevanc e o f  a  particula r  ite m o f  dat a i s determine d b y searc h 

fro m th e foca l  goal .  Schem a application ,  wit h it s descriptio n o f  require d slot s an d slo t  fillers ,  i s 

not  ye t  availabl e fo r  use . 

The select plan shows a development from separate goals each using IF to test the defined, 

exclusiv e ranges ,  t o th e complet e ELSEi-I F for m wher e th e structur e o f  th e ELSE-I F replace s th e 

test s use d i n separat e IFs .  Th e chang e m a y b e viewe d a s th e progressiv e replacemen t  o f  explici t 

boundar y test s b y th e implici t  testin g o f  th e ELSE-I F construct .  Initially ,  eac h cas e i s treate d 

locally ,  i n isolatio n fro m th e othe r  ranges .  Ove r  th e cours e o f  development ,  th e concep t  o f 

exclusive ,  abuttin g boundar y condition s an d thei r  us e i n th e ELSE-I F statemen t  emerges .  Thi s 

create s a  differen t  organisatio n o f  th e proble m information ,  fro m on e base d o n separat e goal s t o 

one base d o n fillin g th e newly-define d slot s o f  th e ELSE-IF ,  embeddin g th e boundar y informatio n 

and testin g withi n th e languag e construct .  Severa l  subsidiar y plan s ar e involve d wit h th e selec t 

pla n an d als o sho w a  developmenta l  shift .  Thes e ar e th e choic e o f  wha t  t o us e a s a  selecto r  (on e 

or  tw o ranges) ,  th e for m o f  th e tes t  withi n th e selecto r  an d th e combine r  ( O R o r  A N D )  whe n tw o 

test s ar e used .  Thes e wil l  b e discusse d afte r  th e selec t  plan . 

Else-if development 

Five stages of the select plan were seen for the problem described here, that of continuous, 

abuttin g ranges .  Th e genera l  for m o f  th e developmen t  m a y b e see n a s a n optimizatio n tha t 

require s les s cod e fo r  eac h stage .  Mor e informatively ,  i t  m a y b e see n a s th e us e o f  th e structur e o f 

th e E L S E statemen t  t o replac e th e explici t  selectio n test s require d b y a  loca l  formulation ,  th e 

embeddin g o f  th e explici t  goal s int o a  structur e wher e the y ar e achieve d implicitly . 

1.  I F tests :  th e selectio n i s don e usin g separat e I F test s fo r  eac h case .  Th e cas e i s the n 
expande d withi n th e contex t  o f  th e I F an d treate d i n isolatio n fro m th e othe r  pieces . 
The conditio n i n th e test ,  th e selector ,  m a y b e on e o r  bot h boundar y tests . 

2.  I F t o ELSE- I F test :  th e subjec t  begin s b y usin g separat e tests ,  bu t  a t  som e point , 
usuall y th e secon d IF ,  link s th e separat e test s usin g E L S E statements .  Th e E L S E 
function s purel y a s a  connecto r  betwee n IF s an d ha s n o othe r  functionality . 

3.  ELSE- I F wit h separat e tests :  a n ELSE-I F structur e i s use d fro m th e outset ,  bu t 
bot h boundar y test s ar e stil l  include d a s th e selector .  Th e decisio n t o us e th e ELSE -
I F a s th e operato r  wa s loca l  an d ha d n o impac t  o n subsequen t  (local )  goa l  expansion . 

4.  ELSE- I F wit h las t  test :  a n E L S & I F structur e i s used ,  bu t  th e subjec t  realise s tha t 
th e structur e ca n b e use d t o tes t  on e o f  th e condition s an d onl y on e boundar y nee d 
be specifie d i n eac h i f  statement .  Thi s insigh t  i s applie d t o al l  th e tests ,  s o th e las t 
tes t  als o ha s a n explici t  (unnecessary )  boundary . 

5.  ELSE-IF :  th e final ,  exper t  form ,  wit h on e boundar y teste d i n al l  case s excep t  th e 
last ,  wher e i t  i s  implicitl y  true . 

The initial goal of the subject is to select out the different ranges so that the charge can be 

compute d fo r  eac h category .  A  selectio n operato r  i s retrieve d (I F o r  ELSE-IF )  an d eac h o f  th e 

categorie s i s analyze d withi n th e contex t  o f  thi s operator .  Th e definitio n o f  th e categor y i s 

inserte d i n th e conditio n slo t  o f  th e operator .  Thi s definitio n usuall y i s conceive d a s a  rang e wit h 

tw o boundaries ,  whic h i s mos t  directl y code d a s a  tes t  fo r  mor e tha n th e lowe r  boun d an d les s 

tha n th e uppe r  bound ,  creatin g th e repeate d I F structur e o f  th e firs t  stage . 

In the second stage, the IF schema has been formed and its use now becomes an issue. The 

set  o f  exclusiv e alternative s cue s th e E L S E structure ,  whic h i s no w see n simpl y a s a n I ? 

connector ,  an d th e separat e I F statement s ar e linke d b y thi s (syntactic )  connector .  I n th e thir d 

stage ,  th e analysi s i s mad e befor e th e cod e i s writte n an d th e structur e lai d ou t  fo r  al l  th e cases ; 

eac h cas e i s the n expande d separately .  I n th e fourt h stage ,  th e subjec t  realise s tha t  onl y on e tes t 

i s  require d insid e a n IF ,  an d s o eac h I F test ,  includin g th e last ,  i s  code d wit h a  singl e test .  I n th e 

las t  stage ,  th e realizatio n i s full y  applie d an d th e optimize d ELSEi-I F structur e created . 
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Selecto r  developmen t 

In solving the selection problem, the first step is to discover the different categories. The 

simples t  for m o f  analysi s focuse s o n th e condition s tha t  separat e on e categor y fro m another ,  suc h 

as 'unde r  350' ,  'ove r  350' ,  'ove r  625 '  an d s o on .  Thes e ca n the n b e directl y code d usin g th e 

know n compariso n operators .  I n th e secon d stage ,  th e subjec t  realize s tha t  bot h condition s ar e 

require d an d code s the m bot h a s th e tes t  condition . 

Combiner development 

When two selector tests are defined, they need to be connected with a boolean operator, 

A N D o r  O R .  Th e correc t  operato r  i s A N D ,  ye t  ver y ofte n subject s chos e t o us e O R an d correcte d 

themselve s later .  Th e O R operato r  i s use d correctl y i n th e contex t  o f  independen t  goals ,  suc h a s 

enumeratio n (it' s  on e o r  th e other) .  Th e localit y heuristi c assume s tha t  everythin g i s independen t 

unti l  prove n otherwise ,  whe n A N D i s substitute d a s th e correc t  connector . 

Test development 

The initial concern in defining the boundaries for selection is to state which values enclose 

th e category .  A  loca l  focu s o n eac h o f  th e categorie s create d a  definitio n i n term s o f  equality ,  b y 

specifyin g th e lowes t  an d highes t  possibl e values .  I n th e electri c  bill ,  th e equalit y focu s identifie d 

th e valu e pair s (0 ,  350) ,  (351 ,  625) ,  (626 ,  850 )  an d ove r  850 .  Thes e wer e the n code d usin g >  = 

an d < ^  tests .  Th e secon d stag e sa w th e replacemen t  o f  thes e 'add-one '  value s an d > = test s 

wit h test s fo r  > .  Thi s returne d th e boundar y value s t o thei r  for m i n th e proble m descriptio n an d 

m ay indee d hav e create d th e initia l  insigh t  tha t  eventuall y le d t o th e ELSE-I F optimization ,  tha t 

on e plan' s ceilin g i s anothe r  plan' s floor . 

The read plan. 

The focal flavor of development is particularly noticeable in this plan. The goal of reading 

th e dat a spawne d th e goa l  o f  looping ,  whic h wa s coded .  Th e loo p wa s the n ignored ,  sinc e th e 

goal  seeme d t o b e achieve d b y writin g th e loo p code .  Th e res t  o f  th e goal s wer e implemente d an d 

attentio n onl y returne d t o th e loo p cod e whe n th e progra m wa s executed .  Th e implication s o f 

usin g a n input-controlle d loo p (Solowa y an d Ehrlich ,  1984) ,  wit h a n en d valu e o f  99999 ,  wer e 

discovere d a t  thi s point .  Th e remova l  o f  thi s valu e starte d a  ne w roun d o f  proble m solving .  Th e 

differenc e betwee n a  bu g an d a n extensio n o f  th e desig n i s th e tim e a t  whic h th e bu g i s found , 

not  th e proces s o f  discover y o r  solution .  I f  th e goa l  i s  currentl y focal ,  the n a n additio n i s par t  o f 

th e new ,  improve d design .  I f  th e goa l  i s  past ,  an d i n th e norma l  cas e i f  al l  th e goal s ar e pas t  an d 

th e progra m considere d complete ,  the n th e additio n i s a  patc h t o solv e a  bug .  Th e proble m 

solvin g strateg y an d loca l  focu s i s th e sam e i n eithe r  case . 

Two patterns in the read plan development are especially interesting. The first is that 

novice s woul d ofte n com e t o th e en d o f  th e W H I L E loo p an d reconstruc t  th e goa l  o f  terminatin g 

th e loo p a t  tha t  point .  Th e loca l  focu s mean s tha t  attentio n i s directe d towar d achievin g th e 

curren t  goa l  an d whe n i t  i s  achieved ,  o r  i n thi s cas e whe n a  sequenc e o f  goal s wa s achieved ,  th e 

contex t  i s  reconstructe d fro m th e externa l  memor y provide d b y th e progra m code .  Th e 

reconstructe d goa l  i s  the n implemente d i n isolatio n fro m th e progra m an d indee d th e problem , 

sinc e substitut e solution s suc h a s keepin g a  coun t  wer e generate d a s solutions .  Thes e contradicte d 

th e proble m specification ,  whic h state d tha t  'en d o f  inpu t  i s signalle d b y a  valu e o f  99999' . 

The second pattern emerged in debugging the WHILE loop. Two types of solutions were 

seen ,  arisin g fro m differen t  conceptualization s o f  th e bug .  Th e firs t  conceptualizatio n wa s tha t 

th e valu e i n th e calculatio n wa s wron g an d th e valu e ha d t o b e fixed ,  leadin g t o a  backou t 

strategy .  Th e secon d conceptualizatio n wa s tha t  th e bu g wa s cause d b y th e read .  Thi s produce d 
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tw o type s o f  fixes .  Th e first  wa s t o protec t  th e calculatio n fro m th e rea d valu e b y addin g code , 

suc h a s a  guard .  Th e secon d wa s t o protec t  th e calculatio n fro m th e las t  rea d b y movin g th e 

rea d t o th e botto m o f  th e loo p an d usin g th e W H I L E tes t  a s a n implici t  guard .  Thes e plan s 

sho w increasin g distanc e fro m th e bu g sympto m t o th e fina l  solution . 

The stages in development seen to achieve the read goal were 

1, single read: this is the simple prompt (WRITELN/READ) plan. 

2.  rea d the n loop :  th e subjec t  code d th e inpu t  promp t  an d rea d an d the n mentione d 
th e loo p goal ,  insertin g cod e befor e th e rea d statement . 

3.  loo p the n read :  th e loo p statemen t  precede d th e read .  Th e nee d fo r  a  loo p wa s 
notice d whe n readin g th e progra m an d th e rea d schem a wa s coded . 

4.  differen t  plan :  loca l  plan s wer e spawne d t o solv e th e reconstructe d terminatio n goal . 
T wo inappropriat e plan s wer e see n i n th e data .  Th e first  use d a n inpu t  valu e a s a 
counte r  t o contro l  th e loop .  Th e secon d aske d th e operato r  t o inpu t  a  characte r 
variable ,  'Y '  o r  'N' ,  t o contro l  th e loop .  Thi s pla n ha d bee n taugh t  i n th e cours e an d 
W2US retrieve d whe n a  loo p terminato r  wa s required . 

5.  th e backou t  plan :  subtrac t  9999 9 fro m th e su m an d 1  fro m th e counters .  Th e bu g i s 
tha t  th e variable s contai n th e wron ^  value ,  s o th e simples t  solutio n i s t o fix  th e 
values .  Th e backou t  coul d b e don e directl y wher e needed ,  afte r  th e loo p an d befor e 
th e output ,  o r  b e slightl y improve d an d don e whe n initializin g th e variables . 

6.  selectiv e backout :  i f  th e valu e i s 99999 ,  mak e i t  zero .  Th e bu g i s tha t  th e wron g 
valu e ha s bee n adde d in ,  s o th e solutio n i s t o mak e th e valu e innocuou s an d conver t 
i t  t o zero .  Thi s fix  save s th e sum ,  bu t  al l  th e counter s stil l  nee d t o b e backe d out . 

7.  guard :  onl y ad d i f  th e valu e i s no t  99999 .  Th e bu g conceptualizatio n i s tha t  th e 
wron g valu e ha s bee n adde d an d th e patc h i s t o preven t  th e en d valu e fro m bein g 
include d i n th e calculations .  Thi s save s al l  th e runnin g totals ,  bu t  create s tw o test s 
fo r  th e en d value ,  onc e i n th e W H I L E an d onc e i n th e guardin g IF . 

8.  rea d a t  end :  rea d th e dat a a t  th e en d o f  th e loop .  Th e conceptualizatio n o f  th e bu g 
i s tha t  on e to o man y dat a hav e bee n rea d in ,  s o th e rea d a t  th e en d stop s th e extr a 
rea d b y usin g th e contro l  machiner y t o guar d th e calculations .  I t  i s  a n u n c o m m o n 
solution ,  becaus e i t  require s a  syste m viewpoin t  an d the n a  selectiv e backout . 

9.  doubl e read :  rea d befor e th e loo p an d a t  th e botto m o f  th e loop .  I t  i s  a n extremel y 
difficul t  solutio n becaus e i t  require s a  syste m vie w o f  th e loo p an d tw o separat e 
read s t o achiev e th e singl e goal .  Th e us e o f  tw o piece s o f  cod e violate s th e implici t 
localit y heuristic ,  tha t  a  goa l  i s  achieve d b y on e piec e o f  code .  Subject s adde d cod e 
wit h abandon ,  bu t  seldo m change d existin g cod e t o achiev e a  ne w goal .  Thi s pla n 
was commonl y use d fo r  validation ,  t o loo p unti l  a  goo d valu e wa s read ,  bu t  th e 
differen t  proble m solvin g contex t  seem s t o hav e prevente d transfer . 

The solutions tried by each subject are shown in Figure 2; links are labelled with the 

number  o f  th e subjec t  wh o showe d tha t  particula r  transition .  Th e pla n wa s necessar y i n thre e o f 

th e problems ;  th e first  proble m di d no t  involv e looping .  Th e dat a fro m thes e thre e problem s m a y 

be rea d fro m to p t o botto m o f  th e subjec t  numbers .  Th e plac e marke r  '- '  i s  use d t o indicat e tha t 

no subjec t  mad e a  transitio n o n a  particula r  problem .  Som e subject s ra n ou t  o f  tim e o n initia l 

attempt s an d di d no t  encounte r  th e 9999 9 problem ,  s o som e earl y path s ar e no t  complete .  Thu s 

on th e firs t  occasion ,  subject s 3  throug h 7  code d locall y fro m th e rea d t o th e loo p goal .  Subject s 

3 an d 4  the n use d a  guard ,  subjec t  5  ra n ou t  o f  time ,  subjec t  6  use d a  retrieved ,  inappropriat e 

solutio n an d subjec t  7  use d backou t  the n guard .  I t  i s  interestin g t o not e tha t  non e o f  th e pla n 

patche s wer e schematised ,  bein g abandone d o r  redevelope d fro m th e focu s eac h time . 

Program development. 

The effect of focus has been demonstrated within individual plan segments. Two more 

genera l  example s o f  loca l  developmen t  wil l  b e presente d here ,  showin g th e us e o f  a  loca l 
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Figur e 2 :  Developmen t  o f  th e rea d pla n b y subjec t 

expansion strategy divorced from any simple, identifiable schema. The first reflects the 

developmen t  o f  knowledg e abou t  th e structur e o f  plan s i n a  program .  Th e secon d reflect s th e 

integratio n o f  informatio n b y a  foca l  goa l  a s a  genera l  proble m solvin g heuristic . 

A plan may be viewed as consisting of several segments, each of which fulfills a required 

role .  Thes e role s ar e genera l  pla n pre -  an d p>ost -  requisit e descriptions ,  suc h a s input ,  proces s an d 

outpu t  (IPO )  o r  initialise ,  calculat e an d use .  Th e theoretica l  valu e o f  suc h a  descriptio n i s 

demonstrate d i n Rich' s (1981 )  pla n calculus ;  evidenc e fo r  thei r  us e b y novice s an d expert s i s 

presente d i n Ris t  (1986) .  Th e developmen t  o f  a  modula r  progra m structur e m a y b e viewe d a s th e 

hierarchica l  organisatio n o f  plan s an d pla n segment s tha t  implemen t  th e 'correct '  orderin g a t  th e 

appropriat e level .  A  simpl e loo p program ,  fo r  example ,  show s a  goa l  centere d structur e (IPO )  a t 

th e mos t  abstrac t  level .  Pla n segment s ar e the n organise d b y eac h o f  thes e role s (III ,  P P P ,  0 0 0 ) , 

spreadin g element s o f  a  pla n acros s th e progra m i n a  rol e centere d structure . 

In understanding the problem, novices identified the goals and then the input objects for 

thes e goals .  Th e goal s an d thei r  associate d input s creat e th e se t  o f  transform s (IPO )  tha t  i s use d 

t o buil d th e program .  I n th e electricit y progra m ther e wer e tw o goals ,  t o find  th e cos t  (C )  fro m 

th e numbe r  o f  kilowat t  hour s use d an d th e billin g are a (A )  fro m th e custome r  number .  Thes e 

goal s ar e independen t  an d thei r  rol e organisation s thu s sho w th e reasonin g proces s unconstraine d 

by issue s o f  dat a flow .  T h e correct ,  systemati c placemen t  o f  role s an d object s mus t  b e learne d 

throug h experience .  Th e type s o f  rol e pattern s fo r  th e tw o isomorph s ar e show n i n Tabl e 1 . 

The initial problem solving organisation comes from the role structure. As was seen for the 

loop ,  th e first  heuristi c i s t o rea d i n th e data ,  the n proces s it .  Th e inpu t  rol e i s especiall y usefu l  i n 

proble m solvin g i n programming ,  sinc e th e inpu t  define s th e object s required ,  i s simple ,  alway s 

independen t  an d present s fe w problems .  A t  eac h rol e transitio n ( I  - > P ,  P  - > O ) ,  a n objec t 

must  b e selecte d fo r  th e ne w role .  Th e simples t  selectio n i s t o us e th e goa l  tha t  wa s las t  used , 

producin g th e objec t  orde r  A C C A A C show n o n th e firs t  line .  Th e firs t  stag e o f  learnin g an d 

plannin g i s t o lin k th e proces s an d outpu t  role s fo r  th e sam e object ,  creatin g a n implici t  goa l  lin k 

378 



RIS T 

sub j 

ele c 

3 

6 

2.4.5.7. 8 

1 

Tabl e 

occurrenc e 

ect s 

welfar e 

4 

3 

1.5.6.7, 8 

1:  Dcvci c 
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ele c 

1 

1 

5 

1 
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1 

1 

5 

»pracn t  o f  rol e organisatio n 

patter n 

i  ndependen t 

I I  P  P  0  0 , 
a e  e  a  a  c 

K K P A ° A ~ > K^ n 
a e  c  a  c  a  e  a 

I  I P O P  0 
a e  e  e  a  a 

I P O ,  I  P  0 ^ 
c c  e  a  a  a 

loo p 

c a  e  a 

(CACA) .  Thi s lin k i s mad e explici t  i n th e th e nex t  stage ,  wher e proces s an d outpu t  ar e organise d 
underneat h th e object s (CCAA) .  Th e goa l  organisatio n i s the n extende d t o al l  th e role s an d th e 
goal s ar e treate d independently ,  producin g th e orde r  C C C A AA use d i n th e secon d isomorph .  A 
simila r  developmen t  wa s see n fo r  th e validat e (V )  role .  I t  wa s initiall y  considere d a t  th e en d o f 
th e progra m fo r  al l  inpu t  object s (rol e centered ,  I I P P O O W )  an d code d i n th e progra m a t 
variou s positions .  I t  wa s the n considere d a t  th e en d o f  eac h independen t  goa l  (IPOV ,  IPOV )  an d 
finall y th e rol e wa s embedde d i n th e norma l  pla n structur e (IVPO ,  IVPO) . 

The first role reorganisation (line 2) creates the concept of systematic nesting, here nesting 
under  roles .  Complet e rol e nestin g i s derive d fro m thi s patter n b y extendin g i t  t o th e inpu t  role , 
wit h th e transitio n A C C A CA - > C A C A C A.  Thi s organisatio n i s correc t  fo r  plan s insid e loops , 
wher e th e mai n processin g i s delimite d b y th e loo p boundaries .  Th e exper t  select s whic h patter n 
i s neede d fro m th e typ e o f  plan ;  th e novic e begin s b y usin g loca l  expansio n an d develop s thes e 
pattern s an d selectio n rule s throug h debugging . 

The incorrect placement of plan roles inside the loop is shown in Table 2. Programs two 
and fou r  use d severa l  plans ,  suc h a s ma x an d averag e tha t  ar e no t  discusse d i n thi s paper ;  th e 
tabl e indicate s th e tota l  numbe r  o f  incorrec t  placement s fo r  al l  fou r  plans .  Onl y thos e role s tha t 
provide d a  choic e fo r  placemen t  ar e include d i n th e table ,  suc h a s final  calculation s fo r  averag e 
and percentag e an d progra m output ;  thes e coul d b e place d insid e o r  afte r  th e loop .  Thei r  locatio n 
i s a  sensitiv e indicato r  tha t  demonstrate s th e Ijic k o f  develope d discours e rules . 

Tabl e 2 :  Loca l  pla n expansio n 

Progra m 

2 

3 
4 

1 
IP O 

3 
IP O 

14 

1 
24 

Subjec t  numbe r 

4 5  6 
IP O IP O IP O 

1 

7 
IP O 
22 

1 
34 

8 
IP O 

1 

The Welfar e proble m (proble m 3 )  demonstrate s loca l  proble m solvin g i n th e interpretatio n 
and organisatio n o f  proble m data .  I t  wa s th e isomorp h o f  th e electri c bil l  problem ,  requirin g 
subject s t o calculat e th e benefit s a n unwe d mothe r  woul d receiv e i n a  year ,  give n th e numbe r  o f 
childre n i n th e family .  A t  thi s point ,  thre e week s int o th e study ,  i t  wa s expecte d tha t  th e 
selectio n an d su m plan s woul d hav e bee n schematise d an d coul d b e retrieve d an d used .  Thi s wa s 
support<>d ;  subject s applie d th e plan s an d inserte d value s i n th e pla n schem a slot s witlioii t 
apparen t  effort .  Th e interestin g poin t  wa s tha t  ove r  hal f  (fou r  ou t  o f  seven )  o f  th e subject s 
retrieve d th e plan ,  expande d i t  an d code d benefit s fo r  eac h o f  th e categorie s iuclutliii g th e 
categor y o f  n o children .  A  valu e o f  childre n les s tha n zer o wa s a n error ,  a  valu e o f  on e o r  greate r 
receive d benefit s accordin g t o th e rat e schedul e give n an d a  valu e o f  zer o receive d zer o benefits . 
Fro m a  globa l  perspectiv e i t  i s difficul t  t o se e ho w a n unwe d mothe r  coul d hav e zer o children . 
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IMPLICATION S 

The shift from a local and concrete to a system-oriented and abstract view in design marks 
and define s expertis e i n a  domain .  Tha t  shif t  ha s bee n explaine d her e a s arisin g fro m th e 
problem s encountere d b y a  novice ,  th e proble m solvin g technique s use d t o overcom e the m an d 
th e us e o f  th e products ,  pla n schemas ,  i n solvin g furthe r  problems .  Th e chang e fro m goa l 
expansio n t o modula r  plannin g ha s bee n trace d t o th e interactio n betwee n pla n flo w an d contro l 
and dat a flo w vi a th e creatio n an d automatio n o f  plan s an d pla n segments . 

It is interesting to compare the results of this study to the theoretical models of skill 
acquisitio n discusse d b y Sussma n (1975) ,  Brow n an d VanLeh n (1980 )  an d Hayes-Rot h (1983) .  Th e 
genera l  metho d o f  Sussman ,  tha t  o f  attemptin g a  solutio n an d creatin g ne w goal s an d patche s a s 
required ,  wa s th e desig n strateg y use d b y novic e subjects .  Th e solutio n o f  impasse s ha s bee n 
explaine d b y a  metho d o f  adoptin g a  foca l  object ,  operato r  o r  schem a an d developin g a  solutio n 
aroun d it .  Th e proble m solvin g heuristic s use d b y Hayes-Rot h ca n no w b e place d i n a 
developmenta l  sequence ,  fro m th e metho d o f  noticin g a  bu g an d applyin g a  loca l  patc h t o 
examinin g th e underlyin g causalit y o f  th e bu g an d fixin g th e caus e instea d o f  th e symptom . 

The detailed analysis of the information involved in coding a computer program offers the 
hope o f  a  realisti c simulatio n o f  huma n proble m solvin g behavior .  Th e us e o f  schem a a s 
knowledg e organiser s echoe s Schank' s (1982 )  M O P organisatio n an d extend s i t  b y demonstratin g 
th e ontogen y o f  suc h theoretica l  construct s i n a n experimenta l  task .  Th e us e o f  thes e M O Ps i n 
understandin g involve s man y o f  th e sam e issue s a s th e us e o f  pla n schem a i n progra m design . 
Stud y o f  thei r  developmen t  provide s a  stron g answe r  t o th e questio n o f  wha t  i s  insid e a  schema . 

I  wis h t o expres s m y appreciatio n t o Ji m Spohre r  an d Dan a Ka y fo r  thei r  trenchan t  criticism s o f 
earl y version s o f  th e paper .  Th e stud y wa s funde d b y gran t  numbe r  6643 0 fro m IBM . 
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A B S T R A CT 

Our gocj is the complete integration of natural language understanding with the rest of cogni-

tion .  Tw o mechanism s tha t  w e hav e develope d an d implemente d t o achiev e thi s goa l  are :  (l )  th e 

Direc t  Memor y Acces s Parsin g ( D M A P )  algorithm ,  base d o n th e notio n o f  lexically-guide d mem-

or y searc h an d concep t  refinement ,  an d (2 )  a n inference-triggerin g proces s base d o n th e notio n o f 

concep t  refinemen t  failures .  Together ,  thes e tw o mechanism s for m a  tightly-integrate d syste m o f 

parsin g an d inferencing ,  wit h n o artificia l  boundarie s betwee n them . 

In t roduct io n 

Our goal is the complete integration of natural lan-

guage understandin g wit h th e res t  o f  th e cognitiv e 

system .  Th e benefit s o f  ful l  integratio n ar e ob -

vious :  suc h a  parse r  coul d tak e ful l  advantag e o f 

whateve r  knowledg e wa s presen t  i n memor y (or ,  a t 

least ,  coul d tak e a s muc h advantag e a s an y othe r 

memory proces s could) ,  an d othe r  memor y pro -

cesse s coul d mak e ful l  an d immediat e us e o f  lin -

guisti c input ,  withou t  waitin g fo r  a  final  interpre -

tatio n t o b e formed . 

Thi s pape r  describe s tw o mechanism s tha t  w e 

have develope d an d implemente d t o achiev e thi s 

goal .  First ,  ou r  parsin g algorith m i s a  proces s 

of  lexically-guide d memor y search .  Tha t  is ,  pat -

tern s o f  word s an d concept s guid e a  genera l  mem-

or y searc h proces s toward s relevan t  memor y struc -

tures ,  lik e lighthouse s guidin g a  shi p int o har -

bor .  W e cal l  thi s direc t  memor y acces s parsin g 

(DMAP) .  Second ,  ou r  inferenc e processe s ar e trig -

gere d b y specializatio n failur e structures ,  gener -

ate d b y th e parser ,  t o recor d problem s i n build -

in g ne w instance s o f  memor y structures .  Together , 

thes e tw o mechanism s for m a  tightly-integrate d 

syste m o f  parsin g an d inferencing ,  wit h n o arti -

ficial  boundarie s betwee n them . 

Our  memor y structure s ar e frame-lik e object s 
calle d Memor y Organizatio n Packet s (MOPs) ,  or -

ganize d int o th e standar d part-whol e {packag -

'Thi s wor k wa s funde d i n par t  b y th e Ai r  Forc e Offic e 
of  Scientifi c  Researc h unde r  contrac t  F49620-82-K-0010 . 

ing )  an d class-subclas s (abstraction )  hierarchie s 

[Schan k 1982] .  W e integrat e parsin g knowl -

edge int o memor y b y attachin g linguisti c tem -

plate s t o thes e memor y structures ,  i n a  manne r 

reminscen t  o f  th e Teachabl e Languag e Compre -

hende r  [Quillia n 1969] .  Thes e templates ,  calle d 

concep t  sequences ,  ar e pattern s o f  word s an d con -

cepts .  Attache d t o Milto n Friedman ,  fo r  exam -

ple ,  i s  th e lexica l  phras e "Milto n Friedman" .  At -

tache d t o th e genera l  concep t  o f  a  communicatio n 

even t  i s th e concep t  sequenc e "[acto r  o f  commu-

nication ]  say s [objec t  o f  communication]. "  An y 

memory structur e ca n hav e on e o r  mor e concep t 

sequences ,  plu s ever y structur e implicitl y  inher -

it s th e sequence s attache d t o abstraction s o f  tha t 

structure . 

The dictionar y i n D M A P,  whic h w e cal l  th e con -
cept  lexicon ,  i s  simpl y a  se t  o f  pointer s fro m word s 

and concept s t o th e concep t  sequence s the y ap -

pear  in .  Fo r  example ,  "Milton "  ha s a  pointe r  t o 

th e sequenc e "Milto n Friedman "  whic h i s attache d 

t o th e perso n concep t  MILTON-FRIEDMAN,  an d 

th e concep t  H U M AN ha s a  pointe r  t o th e sequenc e 

"[acto r  o f  communication ]  say s [objec t  o f  commu-

nication]. "  Obviously ,  "Milton "  migh t  poin t  t o ev -

er y perso n th e syste m know s name d Milton ,  an d 

H U M AN migh t  poin t  t o ever y actio n describe d 

wit h a  sequenc e involvin g a  human .  Ou r  curren t 

concep t  lexico n onl y ha s a  pointe r  fro m a  wor d 

or  concep t  t o a  concep t  sequenc e i f  th e wor d o r 

concep t  appear s a t  th e beginnin g o f  th e sequence . 

Even so ,  th e D M A P mode l  depend s o n th e us e o f 
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MONEY-SUPPLY-UP INTEREST-RATES-U P 
|mon*l*r y «ploalon |  (inMrci t  ni M rlM ) 

paralle l  activatio n a n d intersectio n t o resolv e th e 

basi c combinatoria l  explosion ,  a s i s p r e s u m e d i n a 

n u m b e r  o f  othe r  recen t  m o d e l s [Smal l  e t  al .  1982 ] 

(Hah n an d Reime r  1983 ]  [Grange r  e t  al .  1984 ] 

(Walt z an d Pollac k 1984][Charnia k unpb] . 

W h en D M A P read s a  sentence ,  suc h a s "Mil -

to n Friedma n say s tha t  hig h interes t  rate s ar e th e 

consequenc e o f  th e monetar y explosion, "  th e con -

cep t  lexico n lead s i t  t o concep t  sequence s attache d 

t o memor y structures ,  suc h a s "economis t  claim s 

economi c causa l  connection, "  (ECON:MTRANS-

E V E NT ^  i n Figur e 1) ,  an d "ris e i n mone y sup -

pl y cause s ris e i n interes t  rates "  (MS:IR:CAUSAL) . 

Fillin g ou t  thes e sequence s activate s th e dissociate d 

memory structures . 

Becaus e th e parsin g process ,  a s describe d i n 

th e nex t  section ,  pushe s activatio n dow n t o th e 

most  specifi c  memor y structure s available ,  exactl y 

whic h memor y structure s th e parse r  settle s o n de -

pend s o n whic h one s ar e alread y i n memory .  I f  thi s 

clai m o f  Friedman' s ha s bee n see n before ,  the n see -

in g i t  again ,  a s originall y stated ,  o r  paraphrased , 

wil l  guid e th e parse r  t o th e previousl y buil t  mem-

or y structur e M F : M T R A N S - E V E N T. 

I f  M F : M T R A N S - E V E NT i s no t  alread y i n mem-

ory ,  the n th e parse r  i s stop s a t  a  mor e genera l 

level ,  suc h a s E C O N : M T R A N S - E V E N T.  Whe n th e 

parse r  canno t  finding  a  mor e specifi c  structure ,  ei -

the r  becaus e ther e ar e none ,  o r  becaus e th e one s 

tha t  exis t  d o no t  matc h th e input ,  i t  activate s a 

specializatio n failur e structure .  On e suc h struc -

tur e i s "acto r  exception" ,  whic h mean s tha t  th e 

inpu t  even t  partiall y  matche s som e existin g mem-

or y structure ,  bu t  th e actor s ar e different .  Fo r 

example ,  i f  th e syste m ha s alread y see n th e Mil -

Figur e 1 :  A  portio n o f  th e D M A P memory . 

to n Friedma n sentence ,  an d no w read s "Joh n Do e 

blame s th e larg e increas e i n mone y suppl y fo r  th e 

ris e i n interes t  rates, "  i t  wil l  find  th e Milto n Fried -

m an structure ,  bu t  b e unabl e t o specializ e t o i t 

becaus e o f  th e mismatc h i n actors . 

Specializatio n failur e structures ,  lik e othe r  mem-

or y structures ,  ar e organize d b y part-whol e an d 

class-subclas s relationships .  Th e response s at -

tache d t o thes e failur e structure s ar e reconcilia -

tio n processe s tha t  propos e resolution s t o th e fadl -

ure .  Resolution s ar e propose d b y activatin g po -

tentia l  explanatio n pattern s (XPs )  [Schan k 1986]. ^ 

A routin e domain-specifi c  X P fo r  explainin g wh y 

tw o economist s sa y th e sam e thin g i s "the y be -

lon g t o th e sam e economi c camp. "  Th e X P ma y o r 

may no t  b e applicable ,  dependin g o n wha t  th e sys -

te m alread y knows ,  i.e. ,  wha t  othe r  memor y struc -

ture s i t  ha s tha t  packag e an d abstrac t  Thuro w an d 

Friedman . 

I n th e res t  o f  thi s paper ,  w e first  discus s th e 

detail s o f  direc t  memor y acces s parsing .  W e wil l 

the n describ e tw o classe s o f  specializatio n failur e 

structures ,  an d ho w they'r e axitivate d durin g th e 

parsin g process . 

Di rec t  M e m o r y A c c e s s 

P a r s i n g 

This section describes the current implementation 

of  th e D M A P interpreter .  T h e interprete r  use s 

a marker-passin g architectur e t o identif y relevan t 

m e m o r y structure s f ro m th e inpu t  tex t  a n d th e ex -

pectation s i n m e m o r y .  T w o kind s o f  marker s ar e 

use d i n th e system :  activatio n markers ,  whic h cap -

' M T R A N S i s ou r  primitiv e marke r  fo r  communicatio n 
event s [Schan k 1975] . 

-Specializatio n failur e structure s ar e simila r  i n spiri t  t o 
th e Exceptio n M O Ps propose d i n [Riesbec k 1981] . 
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tur e informatio n abou t  th e inpu t  tex t  an d th e cur -

ren t  selectio n o f  relevan t  memor y structures ,  an d 

predictio n markers ,  whic h indicat e whic h memor y 

structure s ma y b e expecte d t o becom e relevant. ^ 

The structure of memory 

Figure 1 is a simplified portion of the DMAP inter-

preter' s memor y t o represen t  th e communicativ e 

act  o f  th e followin g text . 

Milton Friedman: Interest rates will rise 

as a n inevitabl e consequenc e o f  th e mone -

tar y explosio n we'v e experience d ove r  th e 

past  year. * 

The central structure to this portion of memory is 

th e M O P M F : M T R A N S - E V E N T,  whic h package s 

MILTON-FRIEDMAN an d MS:IR:CAUSA L vi a th e 

acto r  an d mobjec t  roles .  Th e concep t  sequenc e 

{acto r  say s tha t  mobject }  i s  associate d wit h th e 

more genera l  M T R A N S - E V E NT M O P.  Thi s con -

cept  sequenc e i s th e linguisti c templat e use d t o rec -

ogniz e th e memor y structur e M T R A N S - E V E N T.  I t 

i s  a  patter n o f  word s (e.g. ,  "says" )  an d concept s 

i n th e for m o f  packagin g relationship s fro m whic h 

concept s ar e reference d (e.g. ,  acto r  reference s 

H U M AN fro m MTRANS-EVENT7~but  MILTON -

FRIEDMAN fro m MF:MTRANS-EVENT) . ^ 

Concept activation 

Memory structures are activated by placing acti-

vatio n marker s o n them .  Activatio n marker s ar e 

create d i n tw o situations . 

• System input: when an input word is read by 

th e interpreter ,  a n activatio n marke r  i s  cre -

ate d an d place d o n th e associate d lexica l  ite m 

i n memory . 

• Concept sequence recognition: when every el-

ement  o f  a  concep t  sequenc e ha s bee n acti -

vated ,  a n Jictivatio n marke r  i s create d an d 

place d o n th e associate d memor y structure . 

•Th e marker s o f  th e syste m ar e structure d object s whic h 
woul d b e unacceptabl e i n curren t  connectionis t  theorie s 
(Feldma n an d Ballar d 198 ^  [Walt z an d Pollac k 198-̂ . 

*  Th e Ne w Yor k Times ,  Augus t  4 ,  1983 . 
«The E V E N T an d E C O N:  E V E N T MOPs ar e show n 

twic e i n th e diagra m t o mak e th e packagin g relationship s 
clear .  Ther e i s onl y on e structur e fo r  eac h i n memory . 

Activatio n marker s ar e passe d u p th e class -

subclas s abstractio n hierarch y fro m thei r  associ -

ate d structures .  Thi s i s a  recursiv e process ;  al l 

structure s whic h receiv e a n activatio n marke r  con -

tinu e t o pas s i t  o n t o thei r  ow n abstractions .  W h e n 

a memor y structur e receive s a n activatio n marker , 

tha t  memor y structur e i s sai d t o hav e bee n acti -

vated ]  th e activatio n marke r  contain s a  pointe r  t o 

th e originall y activate d memor y structure . 

For  example ,  a n activatio n marke r  associate d 

wit h th e memor y structur e M O N E Y - S U P P L Y - UP 

wil l  b e passe d t o E C O N - E V E N T,  whic h i n tur n 

passe s th e marke r  t o EVENT.  Al l  o f  thes e struc -

ture s ar e activated ,  whil e th e activatio n marke r 

keep s a  pointe r  t o MONEY-SUPPLY-UP. 

Concept prediction 

The concept lexicon indexes concept sequences 

unde r  th e memor y structure s reference d b y th e 

first  element s o f  th e sequences .  Fo r  example , 

th e MILTON-FRIEDMA N structure' s concep t  se -

quenc e {Milto n Friedman }  i s indexe d unde r  th e 

lexica l  ite m "Milton" ,  an d th e M T R A N S - E V E NT 

MOP's concep t  sequenc e {zicto r  say s tha t  mobject } 

i s indexe d unde r  th e structur e H U M A N,  sinc e HU -

M AN i s reference d b y th e acto r  rol e o f  M T R A N S-

EVENT.  Thes e indicie s ar e no t  show n o n th e dia -

gram. 

Predictio n marker s represen t  concep t  sequence s 

whic h ar e i n th e proces s o f  bein g recognized . 

Whenever  a  memor y structur e i s activated ,  pre -

dictio n marker s ar e create d fo r  al l  th e con -

cept  sequence s indexe d b y tha t  memor y structur e 

throug h th e concep t  lexicon .  A  predictio n marke r 

i s a  structure d objec t  whic h record s it s associate d 

concep t  sequence ;  th e curren t  elemen t  o f  th e con -

cept  sequenc e (eithe r  a  packagin g rol e o r  a  lex -

ica l  item) ;  th e referenc e structur e whic h wil l  b e 

activate d i f  th e concep t  sequenc e i s recognized — 

initiall y  thi s i s th e structur e associate d wit h th e 

concep t  sequence ;  an d th e targe t  o f  th e predictio n 

(eithe r  a  memor y structur e o r  a  lexica l  item) . 
A predictio n marke r  i s alway s locate d a t  th e tar -

get  memor y structure ,  whic h i s derive d fro m th e 

referenc e structur e an d th e curren t  element .  A  pre -

dictio n marke r  i s passe d throug h memor y when -

ever  it s referenc e structur e o r  curren t  elemen t  i s 

changed ;  thi s take s plac e throug h tw o concurren t 

processes . 
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CAUSAL 
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ECON:CAUSAL 

Oi l 

•.EVENT 
MS:IR: :ausa l 

:EVENT 

MONEY-SUPPLY-UP INTEREST-RATES-U P 
{monetar y axploalon )  (Interea t  rate s rise ) 

INTEREST-RATES-UP activate d 
referenc e 3  CAUSAL 
curren t  <  cons e 
targe t  «  EVENT 

M A R T IN 
(eonBa|a a a  conaequenc a o f  inU). ) 

CAUSAL 

EV 

ECO 

ECON:CAUSA, 

OlnEVENT Ecoirf i 
MSHRjCAUSAL [ 

EVENT 

:EVENT 

MONEY-SUPPLY-UP INTEREST-RATES-U P 
(monetar y explosion )  (Interea t  rate s rise ) 

CONCEPT REFINEMENT: 
referenc e >  MS:IR:CAUSA L 
curran t  a  CAnUL 
targe t  •  INTEREST-RATES-U P 

{C2lUia|a g a  consequenc e o f  anil ) 
CAUSAL 

EVENT EVENT 

EC0i4:CAUSA . 

ECOBIeVENT I  ECOlhEVENT 

MS:IR:CAUSAL 

MONEY-SUPPLY-UP INTEREST-RATES-U P 
{monetar y exploalon )  (Interea t  rate s riae ) 

SEQUENCE ADVANCEMENT: 
referenc e =  MS:IR:CAUSA L 
curren t  =  "as " 
(targe t  s  (aa) ,  no t  shown ) 

(CAnuas a consequenc e of|aQi£] ) 
CAUSAL 

EVENT 

ECON:CAUSAt 

:EVENT 
MS:I R 

anl 

ECOV:EVENT ECOlH I ECO 
»^AUSAL 

:EVENT 

MONEY-SUPPLY-UP INTEREST-RATES-U P 
(monetar y exploalon )  (Interes t  rate s rise ) 

... after parsing "as a consequence of", 
referenc e s  MS:IR:CAUSA L 
curren t  s  anl A 
targe t  s  MONEY-SUPPLY-UP 

Figur e 2 :  H o w predictio n marker s ar e passed . 

Concep t  refinement :  Thi s occur s w h e n th e 

targe t  o f  a  predictio n marke r  whos e curren t 

elemen t  i s a  packagin g rol e i s activated .  Sinc e 

th e referenc e structur e wil l  generall y pack -

age a n abstractio n o f  th e originall y activate d 

structure ,  th e referenc e structur e ca n b e re -

place d b y a  specializatio n whic h explicitl y 

pzickage s th e origina l  activation . 

Prediction satisfaction: when the target of a 

predictio n marke r  i s activated ,  th e curren t  el -

ement  o f  th e concep t  sequenc e i s satisfie d b y 

tha t  activation .  Th e curren t  elemen t  i s re -

place d b y th e nex t  elemen t  i n th e concep t  se -

quence .  (I f  ther e ar e n o furthe r  elements ,  the n 

th e concep t  sequenc e ha s bee n recognized ,  an d 

th e referenc e structur e i s activated. ) 

For  example ,  th e concep t  sequenc e {cons e a s a 

consequenc e o f  ante }  i s associate d wit h th e struc -

tur e CAUSAL;  I f ^ T E R E S T - R A T E S - U P i s acti -

vated ,  th e subsequen t  activatio n o f  E V E N T wil l 

inde x thi s concep t  sequenc e throug h th e concep t 

lexicon ,  an d a  ne w predictio n marke r  wil l  b e pro -

duced .  Concep t  refinemen t  wil l  chang e th e refer -

ence structur e fro m C A U S AL t o MS:IR:CAUSA L 

(th e mos t  specifi c  memor y structur e whic h pack -

ages th e activate d memor y structures) ,  an d pre -

dictio n satisfactio n wil l  chang e th e curren t  ele -

ment  t o th e "as "  lexica l  item .  Th e ne w targe t 

i s thi s lexica l  item ,  an d th e predictio n marke r  i s 

passe d t o thi s memor y structure .  Afte r  readin g 

th e phras e 'a s a  consequenc e o f ,  th e curren t  el -

ement  wil l  becom e th e mobjec t  role ,  whic h ref -
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erence s MONEY-SUPPLY-UP fro m th e referenc e 
structur e MS:IR:CAUSAL .  MONEY-SUPPLY-UP 
becomes th e ne w tcirget .  Thi s "trace "  o f  th e pars e 

i s depicte d i n Figur e 2 . 

Specialization Failure 

Structures 

We've now seen how the parsing process works 
when th e ne t  resul t  i s  simpl e recognition .  A 

key even t  tha t  th e D M A P interprete r  watche s fo r 

i s whe n a n 2M;tivatio n marke r  meet s a  predictio n 

marker .  Thi s cause s a  specializatio n proces s t o oc -

cur ,  whic h spread s th e predictio n marker s dow n 

th e abstractio n hierarchy .  I f  th e predictio n mark -

er s ca n b e pushe d al l  th e wa y dow n t o th e leve l 

of  th e inpu t  activatio n markers ,  the n th e parsin g 

proces s ha s reconcile d th e inpu t  completel y wit h 

some existin g memor y structure .  Thus ,  give n th e 

memory i n Figur e 1 ,  "Milto n Friedma n say s tha t 

hig h interes t  rate s ar e a  consequenc e o f  th e mon -

etar y explosion "  activate s M F : M T R A N S - E V E NT 

and tha t  nod e package s node s wit h inpu t  activa -
tio n markers . 

I f  M F : M T R A N S - E V E NT di d no t  alread y ex -

is t  i n memory ,  the n th e parse r  woul d acti -

vat e th e specializatio n failur e structur e MISSING -

SPECIALIZATION ,  whic h represent s th e situatio n 

wher e th e parse r  can' t  specializ e a  memor y struc -

tur e becaus e n o specializatio n o f  tha t  structur e 

exists .  I n thi s case ,  th e parse r  can' t  special -

iz e ECON:MTRANS-EVENT,  eve n thoug h Milto n 

Friedma n an d hi s argumen t  ar e mor e specialize d 

tha n ECONOMIST an d ECON:CAUSAL. 

The MISSING-SPECIALIZATIO N structur e pack -

ages th e genera l  structur e an d th e special -

ize d fillers,  e.g. ,  E C O N : M T R A N S - E V E NT an d 
th e specialize d fillers  MILTON-FRIEDMA N an d 

MS:IR:CAUSAL .  Th e reconciliatio n strateg y at -

tache d t o MISSING-SPECIALIZATIO N i s simple : 

instantiat e a  ne w specializatio n o f  th e existin g 

memory structur e t o packag e th e specifi c  items . 

We cal l  thi s reconciliatio n R O T E - M E M O RY be -
caus e i t  simpl y add s th e item s see n t o memory .  I f 

M F : M T R A N S - E V E NT wa s no t  alread y i n memory , 

the n R O T E - M E M O RY woul d creat e it . 

R O T E - M E M O RY i s invoke d onl y i n th e sim -

pl e situatio n wher e yo u kno w thing s o f  a  certai n 

typ e ca n occur ,  an d on e o f  the m does .  Th e inpu t 

matche s completel y a  genera l  patter n an d ther e i s 

no mor e specifi c  versio n o f  th e patter n t o compar e 

th e inpu t  with . 

Of  mor e interes t  i s th e cas e wher e th e inpu t  par -

tiall y  matche s som e existin g structure .  Fo r  ex -

ample ,  suppos e tha t  M F : M T R A N S - E V E NT i s i n 

memory an d th e parse r  read s "Joh n Do e blame s 

th e larg e increas e i n th e mone y suppl y fo r  th e ris e 

i n interes t  rates. "  Whe n thi s i s parsed ,  th e parse r 

i s unabl e t o specializ e fro m E C O N r M T R A N S-

E V E NT t o M F : M T R A N S - E V E NT becaus e o f  th e 

mismatc h betwee n th e acto r  o f  th e input ,  i.e. ,  Joh n 

Doe,  an d th e acto r  o f  M F : M T R A N S - E V E N T, 

i.e. ,  Milto n Friedman . 

Thi s specializatio n failur e i s calle d E C O N O M I C-

MTRANS:ACTOR-EXCEPTION.  I t  package s to -

gether :  a  referenc e structur e tha t  couldn' t  b e spe -

cialized ,  a  potentia l  referenc e structur e ( a special -

izatio n o f  th e referenc e structure )  tha t  th e parse r 

coul d no t  reac h becaus e th e activate d structur e 

whic h satisfie d th e acto r  rol e o f  th e predictio n 

marke r  i s no t  a n abstractio n o f  th e anomalou s 

featur e structur e package d b y th e acto r  rol e o f 

th e potentia l  referenc e structure .  I n th e Joh n 

Doe exampl e thes e woul d b e E C O N : M T R A N S-

EVENT,  M F r M T R A N S - E V E N T,  JOHN-DOE,  an d 

MILTON-FRIEDMAN,  respectively . 

The genera l  situatio n o f  tw o peopl e say -

in g th e sam e thin g ca n b e explaine d i n man y 

ways ,  bu t  w e ar e intereste d her e i n explana -

tion s specifi c  t o economist s an d thei r  publi c 

pronouncement s abou t  th e economy .  Tha t  i s 

why w e focu s o n E C O N O M I C - M T R A N S : A C T O R-

EXCEPTION,  rathe r  tha n th e mor e genera l 

MTRANS:ACTOR-EXCEPTION.̂  On e reconcilia -

tio n strateg y fo r  E C O N O M I C - M T R A N S : A C T O R-

EXCEPTION i s C R E A T E - E C O N O M I S T - C A M P. 

Thi s strateg y take s th e followin g actions . 

• Create a new economist camp memory struc-

tur e whic h i s a  specializatio n o f  th e leas t 

abstrac t  generalizatio n o f  th e activate d an d 

anomalous  featur e structures ,  an d mak e thes e 
feature s specialization s o f  it . 

• Create a new camp mtrans event MOP which 

i s a  specializatio n o f  th e referenc e structure ; 

th e ne w m o p package s th e economis t  c a m p 

^Sinc e thes e failur e structure s ar e organize d i n th e reg -
ula r  hierarchica l  memoi- y format ,  strategie s a t  th e leve l  o f 
M T R A N S:  A C T O R - E X C E P T I ON ar e accessibl e i f  mor e 
specifi c  strategie s ar e ineffectiv e i n resolvin g th e anomaly . 
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ECON:MTRANS-EVENT 
{tconomltl }  Afilfi l 

ECONOMIST 

CAMP-1;  MTRANS-EVENT 

LESTER-THUROW 
(Leste r  Thurow ) ECON:CAMP 

omUflf i 
JOHN-DOE MILTON-FRIEOMAN 
(Joh n Doe )  (Milto n Friedinan ) 

Figur e 3 :  Buildin g ne w structures . 

S:IR:CAUSA L 

Structur e an d th e othe r  activation s o f  th e in -

put . 

• Add the potential reference structure and the 

structur e create d b y th e R O T E - M E M O RY 

strateg y a s specialization s o f  th e ne w c a m p 

mtran s even t  M O P. 

In this example, the strategy creates as a special-

izatio n o f  E C O N O M I ST a n economis t  c a m p M O P 

(cal l  i t  E C 0 N : C A M P - 1 )  an d make s J O H N - D OE 

and M I L T O N - F R I E D M A N specialization s o f  it .  I t 

package s thi s ne w M O P b y a  ne w cam p mtran s 

M O P,  C A M P-  1  :MTRANS-EVENT,  whic h i s a  spe -

cializatio n o f  E C O N : M T R A N S - E V E N T,  an d pack -

ages M F : M T R A N S - E V E NT an d th e ne w Joh n Do e 

mtran s even t  create d b y R O T E > M E M O RY a s spe -

cialization s o f  it .  C A M P-  1  :MTRANS-EVENT ha s 

th e interpretatio n tha t  th e ne w economi c cam p 

claim s tha t  tha t  increase d mone y suppl y i s causin g 

hig h interes t  rates .  Figur e 3  show s th e ne t  result . 

A topi c fo r  futur e researc h i s ho w th e syste m 

migh t  lear n a  nam e fo r  E C O N : C A M P - 1 ,  suc h a s 

"monetarist, "  whil e readin g text . 

C R E A T E - E C O N O M I S T - C A MP woul d appl y i f 

we kne w nothin g els e abou t  Friedma n an d Do e 

excep t  thes e tw o statements .  Suppos e how -

ever  tha t  th e concep t  o f  "monetarist "  i s  al -

read y i n memory ,  FViedma n an d Do e ar e in -

stance s o f  it ,  Leste r  Thuro w i s  know n t o b e 

i n anothe r  camp ,  an d th e parse r  read s "Leste r 

Thuro w blame s th e ris e i n interes t  rate s o n 

th e increase d mone y supply. "  Th e appropri -

at e failur e structur e i n thi s cas e i s  E C O N O M I C-

M T R A N S : C A M P - E X C E P T I O N,  whic h i s a  special -

izatio n o f  E C O N O M I C - M T R A N S:  ACTOR-EXCEPT ION 

tha t  represent s a  failur e t o specializ e becaus e o f  a 

camp mismatch ,  rathe r  tha n a n acto r  mismatch . 

ECONOMIC-MTRANS:CAMP-EXCEPT ION,  i s 

an anomal y requirin g mor e creativit y i n explana -

tio n tha n ou r  simpl e routin e X P strategie s ar e in -

tende d t o accoun t  for .  Possibl e explanation s ar e 

tha t  Thuro w i s changin g camps ,  o r  he' s lying ,  o r 

th e monetaris t  positio n i s becomin g mor e accept -

abl e t o non-monetarists .  Comin g u p wit h explana -

tion s a t  thi s leve l  o f  complexit y  i s unde r  investiga -

tio n [Schan k 1986] ,  bu t  no t  i n th e D M A P frame -

work . 

C a u s a l  C h a i n s 

Although we focussed above on specialization fail-

ur e structure s an d relate d strategie s fo r  addin g 

economi c communicatio n event s t o memory ,  th e 

same approac h i s  bein g use d t o direc t  inferencin g 

t o buil d causa l  chain s a s well . 

Buildin g causa l  chain s i s a  ke y par t  o f  economi c 

reasoning .  Fo r  example ,  on e tex t  tha t  D M A P 

parse s an d reason s abou t  i s 

With high growth choked off by high in-

teres t  rates ,  th e defici t  wil l  b e bigger ,  no t 

smaller .  ̂  

To understand this text, a causal chain has to 

be foun d connectin g interes t  rate s t o growth ,  an d 

growt h t o th e deficit . 

W h en th e parse r  read s "hig h growt h choke d of f 

by hig h interes t  rates, "  i t  trie s t o specializ e th e 

economi c causa l  "hig h interes t  rate s caus e reduce d 

growth. "  I f  ther e i s  alread y i s  suc h a  causa l  i n 

memory,  ther e i s n o problem ,  bu t  i f  ther e isn't , 

the n th e specializatio n failure s fo r  economi c causa l 

structure s ar e activated . 

L̂este r  Thurow ,  Newsweek ,  Septembe r  21 ,  1983 . 
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If  ther e i s n o causa l  argumen t  i n memor y men -
tionin g interes t  rate s o r  growt h a t  all ,  th e strateg y 

R O T E - M E M O RY wil l  jus t  ad d th e inpu t  causa l 

t o memory .  I f  ther e i s instea d a  causa l  argu -

ment  tha t  say s interes t  rate s caus e inflation ,  the n 

th e strateg y attache d t o th e specializatio n failur e 

structur e ECONOMIC-CAUSAL:CONSEQUENT-

EXCEPTION wil l  tr y t o reconcil e th e inpu t  wit h 

memory b y finding  a  secon d causa l  connectin g in -

crease d inflatio n t o reduce d growth ,  henc e buildin g 

a causa l  chain . 

Conclusions 

We've discussed two techniques for integrating 

parsin g an d inferencin g wit h a  hierarchica l  mem-

ory .  First ,  th e direc t  memor y acces s parsin g algo -

rith m attache s concep t  sequence s t o structure s i n 

memory an d use s thes e sequence s t o guid e memor y 

searc h t o th e mos t  specialize d applicabl e packagin g 

structure s available .  Second ,  specializatio n failure s 

durin g parsin g activat e specializatio n failur e struc -

tures ,  t o whic h ar e attache d reconciliatio n strate -

gie s tha t  creat e ne w memor y structure s tha t  wil l 

allo w th e inpu t  t o b e instantiate d an d installe d int o 

memory.  Th e example s o f  reconciliatio n strategie s 

give n dea l  wit h on e economis t  agreein g wit h an -

other ,  an d wit h causa l  chains .  Ou r  belie f  i s  tha t 

th e reconciliatio n strategie s ar e a  significan t  par t 

of  th e tota l  inferenc e processin g tha t  goe s o n dur -

in g tex t  understandin g an d evaluation . 
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SPEAK O F T H E DEVIL : 

R E P R E S E N T I NG DEICTI C A N D S P E E CH A C T K N O W L E D GE 

I N A N I N T E G R A T E D LEXICA L M E M O R Y> 

Michael Gasser 
Michae l  G .  Dye r 

Artificia l  Intelligenc e Laboratory ,  U C L A 

INTRODUCTION 

Conside r  th e followin g dialogue : 

1)  X :  I  hear d Sall y go t  tenure .  [Sall y approaches. ] 
Y:  Well ,  spea k o f  th e devil . 

The expressio n spea k o f  th e devi l  says ,  i n effect :  "Wha t  a  coincidence !  Th e perso n tha t  w e wer e jus t  talk -

in g abou t  ha s arrive d o n di e scene. "  H o w woul d thi s notio n an d th e lexica l  entr y fo r  thi s expressio n nee d 

t o b e represente d i n memor y i n orde r  fo r  Y  t o b e abl e t o generat e it ? Th e proble m i s tha t  th e concep t 

involve s a  perso n wh o i s definabl e onl y i n term s o f  th e ongoin g discourse .  A  speake r  shoul d fai l  t o selec t 

th e expressio n spea k o f  th e devil ,  fo r  example ,  whe n a  coincidenc e referre d t o involve s a  perso n no t  unde r 

discussion . 

We ar e developin g a  progra m calle d C H I E whic h simulate s th e Englis h an d Japanes e speec h pro -

ductio n o f  a  Japanes e learne r  o f  Englis h i n conversationa l  an d narrativ e context s (Gasser ,  1985) .  Fo r 

conversatio n issue s lik e tha t  associate d wit h spea k o f  th e devi l  assum e importance .  Th e proble m i s on e o f 

lexica l  representation.  W e wan t  lexica l  entrie s tha t  ca n mak e declarativ e reference  t o element s o f  th e 

utteranc e an d th e discours e contex t  i n whic h th e lexica l  item s occur .  Whil e ou r  mai n concer n i s genera -

tion,  w e hav e bee n guide d b y th e nee d t o hav e lexica l  entrie s usabl e i n parsin g a s well .  I n addition ,  sinc e 

we ar e modellin g a  huma n languag e learner ,  a  majo r  consideratio n i n th e desig n o f  th e lexico n ha s bee n 

leamability . 

DEIXIS AND SPEECH ACTS IN CONVERSATION 

Deixi s 
I n al l  languag e use ,  bu t  i n conversationa l  context s i n particular ,  certai n expression s mak e reference 

t o entitie s tha t  ar e par t  o f  th e discours e itself ,  i.e. ,  th e speaker ,  th e listener ,  th e time  an d plac e o f  th e 

conversation ,  an d th e topi c o f  discussion .  Suc h expression s ar e calle d deictic s (Anderso n &  Keenan , 

1985) .  Spea k o f  th e devi l  i s  a n exampl e o f  a  discours e deictic ,  a n expressio n tha t  point s t o somethin g tha t 

i s  bein g discussed .  Othe r  categorie s includ e person ,  time,  place ,  an d socia l  deictics . 

Perso n deictic s ar e expression s tha t  refer  t o th e speake r  o r  listene r  o f  th e utteranc e i n whic h the y 

occur .  Sentenc e 2 )  ha s tw o perso n deictics ,  /  an d you r  Honor . 

2)  You r  Honor ,  ma y I  questio n th e witness ? 

Your  Hono r  i s a n exampl e o f  a  vocative ,  a n expressio n use d t o ge t  th e attentio n o f  a  potentia l  listene r  o r  t o 

emphasiz e th e contac t  betwee n th e speake r  an d listener .  Vocative s ar e ofte n highl y context-dependent , 

and you r  honor ,  whic h occur s i n th e contex t  o f  a  trial ,  i s  a  cas e i n poin t  Thi s context-dep)endenc e furthe r 

complicate s th e lexica l  representation.  No t  onl y mus t  th e perso n referred  t o b y you r  Hono r  b e specifie d a s 

th e listene r  o f  th e curren t  utteranc e bu t  als o a s th e judg e o f  th e tria l  i n whic h th e utteranc e occurs .  Contex t 

specificit y i s no t  confine d t o vocatives .  I n som e case s particula r  expression s constitut e basi c event s i n 

'Th e researc h reporte d o n her e wa s supporte d i n par t  b y a  gran t  fro m th e IT A Foundation . 
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script s (Schan k &  Abelson ,  1977 )  o r  othe r  knowledg e structures .  A n exampl e i s /  no w pronounc e yo u 
man an d wif e fro m th e weddin g script . 

Tim e deictic s ar e expression s tha t  ar e definabl e i n term s o f  th e time  o f  th e utterance .  Example s 

includ e ag o an d yesterday .  Plac e deictic s poin t  t o th e locatio n o f  th e speake r  o r  listener .  Example s ar e 

her e an d come .  Come ,  fo r  instance ,  refers  t o a  movemen t  i n th e directio n o f  th e speake r  o r  listener . 

Socia l  deictic s mak e reference  t o a  socia l  relationshi p betwee n th e speake r  an d someon e else .  Con -

side r  th e followin g Japanes e sentences . 

3a)  Abe-sa n w a Imoot o n l  yubiw a o  kure-maslta . 

Mr.-Ab e TOPI C my-siste r  t o rin g DIROB J give-PAS T 

*Mr .  Ab e gav e m y siste r  a  ring. ' 

b) Imooto wa Abe-san ni yubiwa o age-masita. 
my-siste r  TOPI C Mr.-Ab e t o rin g DIROB J give-PAS T 
'My siste r  gav e Mr .  Ab e a  ring. ' 

Not e tha t  ther e ar e tw o separat e verb s correspondin g t o Englis h gv/e .  Th e notio n o f  relative  "socia l  dis -

tance "  i s neede d t o defin e th e distinction .  Kure -  i s  appropriat e onl y whe n th e speake r  i s sociall y "closer " 

t o tiie  recipient  tha n t o di e donor .  Kure -  i s  selecte d i n 3a )  becaus e th e recipient  i s th e speaker' s sister ,  wh o 

i s close r  t o th e speake r  tha n i s Abe ,  th e donor .  Wit h th e dono r  an d recipient reversed,  a s i n 3b) ,  kure -  i s 

not  possible ,  an d th e defaul t  age -  i s selected .  Kure -  i s no t  a n isolate d case ;  socia l  deixi s i n variou s form s 

mns rampan t  throug h th e Japanes e lexicon . 

Speec h Act s 

Ever y utteranc e realizes  a  speec h ac t  o f  som e kind ;  tha t  is ,  i t  i s a n attemp t  t o achiev e som e goa l  o f 

th e speake r  o r  write r  (Searle ,  1969) .  I n conversationa l  contexts ,  however ,  w e dea l  wit h a  greate r  variet y o f 

speec h act s tha t  w e find  in ,  say ,  narrative ,  an d man y ar e achieve d throug h th e us e o f  lexica l  patterns . 

Speec h act s resemble  deictic s i n tiiat  thei r  definitio n requires  reference  t o th e curren t  speake r  an d listener . 

A directive ,  fo r  example ,  ha s th e goa l  o n th e par t  o f  di e speake r  o f  gettin g th e listene r  t o perfor m som e 
action .  Th e speec h act s tha t  w e ar e intereste d i n her e ar e indirec t  one s suc h a s 4) . 

4)  I  wa s wonderin g i f  yo u coul d tak e ou t  th e garbage . 

What  w e not e abou t  suc h utterance s i s tha t  the y hav e bot h a  "hteral "  an d a n "indirect "  sense .  Fo r  exam -

ple ,  i n it s "literal "  sens e 4 )  simpl y constitute s a n assertio n abou t  th e speaker' s wantin g t o kno w some -

thing ,  whil e i n it s "indirect "  sens e i t  function s a s a  directive .  Th e lexico n shoul d b e organize d i n suc h a 

way tha t  boti i  meaning s ar e availabl e t o listener s wh o ar e interpretin g th e sentence s (Gibbs ,  1980) . 

THE LEXICAL MEMORY APPROACH 

The las t  te n year s hav e see n a  mov e i n theoretica l  linguistic s towar d th e inclusio n o f  increasin g 

amount s o f  linguisti c knowledg e i n di e lexico n (e.g. ,  Bresna n &  Kaplan ,  1983 ;  Hudson ,  1984) .  A t  tiie 

same time,  becaus e lexica l  item s ca n b e associate d directi y wit h concept s an d als o provid e muc h o f  th e 

structur e o f  a  phras e directiy ,  languag e processin g model s hav e com e t o b e mosU y lexically -  rathe r  tiian 

syntactically-drive n (e.g. ,  fo r  parsing .  Dyer ,  1983 ;  fo r  generation ,  McKeown ,  1985) .  Finally ,  ther e i s a 

new emphasi s o n idiomaticit y i n language ,  wit h provisio n fo r  a  larg e numbe r  o f  lexica l  entrie s specifyin g 

morpho-syntacti c pattern s o f  varyin g degree s o f  specificity .  Thi s vie w stem s fro m wor k i n linguistic s 

(Fillmore ,  1979) ,  i n psycholinguistic s (Pawle y &  Syder ,  1983 ;  Peters ,  1983) ,  an d witiii n tiie  phrasa l  lexi -

con framewor k an d related  approache s i n A I  (Becker ,  1975 ;  Jacobs ,  1985 ;  Wilensk y &  Arens ,  1980 ;  Zer -

ni k 8 l  Dyer ,  1985) .  Th e argimient s cente r  o n th e shee r  numbe r  o f  lexica l  pattern s whic h canno t  b e 

accounte d fo r  i n term s o f  compositiona l  semantics ,  th e productiv e natur e o f  man y o f  tiiese  phrases ,  an d 

th e computationa l  saving s tha t  result  fro m th e inclusio n o f  frequen t  phrase s i n th e lexicon . 
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At  th e sam e time ,  th e nee d t o integrat e thes e notion s int o th e res t  o f  th e linguisti c syste m ha s le d t o 

th e us e o f  hierarchica l  networ k o r  frame-lik e representatio n system s fo r  linguisti c knowledg e (Hudson , 

1984 ;  Jacobs ,  1985 ;  Langacker ,  1986) .  Thi s approac h result s i n greate r  modularit y an d permit s th e 

efficien t  sharin g o f  feature s throug h th e creatio n o f  categorie s a t  variou s levels .  I n addition ,  th e linguisti c 

knowledg e bas e o f  a  syste m ca n b e represente d usin g th e sam e genera l  framewor k a s fo r  othe r  knowledg e 

i n th e system ,  promotin g uniformity . 

We assum e tha t  linguisti c knowledg e i s acquire d b y associatin g relativel y fixed  pattern s wit h rela -

tivel y specifi c  concept s o r  contextua l  element s (Peters ,  1983) .  W h e n generalization s ar e mad e o n th e basi s 

of  instance s o f  simila r  patterns ,  higher-leve l  node s ar e adde d t o th e hierarchy .  Eac h ne w generalizatio n i s 

eithe r  knowledg e abou t  ho w a  typ e o f  patter n convey s a  semanti c notio n o r  abou t  h o w a  typ e o f  utteranc e 

ca n achiev e a  typ e o f  communicativ e goal . 

Many use s o f  languag e ar e inseparabl e fro m th e context s i n whic h the y occur .  You r  Hono r  i n 2 ) 

abov e provide s on e strikin g example .  Th e implicatio n i s no t  onl y tha t  lexica l  item s nee d t o b e acquire d i n 

contex t  (Zemi k &  Dyer ,  1985 )  bu t  als o tha t  lexica l  item s comprisin g part s o f  knowledg e structure s suc h 

as script s (Schan k & .  Abelson ,  1977 )  ar e learne d alon g wit h th e knowledg e structure s themselves .  Thi s 

positio n agree s wit h researc h emphasizin g th e contextualize d natur e o f  languag e acquisitio n (Hatch , 

Flashner ,  &  Hunt ,  1986) . 

I n C H I E ther e i s a  language-independen t  hierarch y o f  concepts ,  includin g generalize d states ,  events , 

actions ,  physica l  objects ,  an d goals .  Knowledg e abou t  morpholog y i s organize d i n a  separat e hierarch y o f 

word s an d wor d classe s (Hudson ,  1984) .  A n utteranc e associate s a  concep t  wit h a  sequenc e o f  on e o r 

mor e words ,  an d a  speec h ac t  associate s a  goa l  wit h a n utterance .  Th e basi c unit s o f  linguisti c knowledg e 

(abov e th e phonologica l  an d morphologica l  level )  ar e utteranc e an d speec h ac t  generalizations .  W e cal l 

our  schem e th e Lexica l  M e m o r y approac h becaus e o f  th e importanc e o f  lexica l  informatio n an d becaus e 

of  th e way s i n whic h linguisti c knowledg e i s integrate d int o th e res t  o f  memory . 

INTEGRATING LEXICAL, CONCEPTUAL, AND PRAGMATIC INFORMATION 

Generalize d utterance s (GUs )  correspon d closel y t o th e pattern-concep t  pair s o f  phrasa l  lexicons . 

They tak e th e for m o f  frame-lik e structure s an d ar e organize d i n a  hierarchy .  I n additio n t o role s (slots ) 

fo r  a  patter n an d a  conten t  (th e concep t  referre d to) ,  eac h G U ha s "deictic "  role s fo r  speaker ,  listener , 

time ,  an d focu s set ,  th e se t  o f  element s currentl y unde r  discussion ,  plu s a  languag e rol e t o distinguis h pat -

tern s i n CHIE' s tw o languages. ^  G U s correspon d bot h t o lexica l  entrie s an d t o higher-leve l  syntacti c pat -

terns .  Figur e 1  show s ho w th e G U fo r  th e Japanes e ver b age -  (sentenc e 3b )  join s a  nod e i n th e conceptua l 

hierarch y t o th e hierarch y o f  words .  Th e " G "  link s connec t  concept s t o thei r  generalization s (types) ;  th e 

" = "  link s joi n equivalen t  concepts .  Rol e name s appea r  i n lower-case .  Th e portio n o f  th e conceptua l 

hierarch y show n i n th e figure  include s ATRANS,  a  transfe r  o f  somethin g fro m on e perso n t o anothe r 

(Schan k & .  Abelson ,  1977 )  an d a  specializatio n o f  thi s concept ,  ATRANS-FROM-ACTOR,  a n ATRANS i n 

whic h th e perso n fro m w h o m th e objec t  i s  transferre d i s viewe d a s th e acto r  (Jacobs ,  1985) .  U.AGE -

represent s a  clas s o f  utterance s whic h refe r  t o a n instanc e o f  ATRANS-FROM-ACTOR an d hav e a  wor d o f 

typ e "AGE_ "  a s th e hea d o f  thei r  patterns .  "AGE "  represent s verb s wit h ste m age- .  T w o subtype s o f  "AGE_ " 

ar e show n i n th e figure,  includin g "AGEMASITA" ,  th e for m use d i n 3b) . 

Generalize d speec h act s (GSAs )  ar e prototypica l  association s o f  goal s wit h G U s whic h constitut e 

plan s t o achiev e thes e goals .  The y functio n lik e th e goal-pla n association s i n Wilensk y (1983) .  Eac h 

G SA ha s role s fo r  a n objectiv e o f  th e speake r  (th e goal )  an d a  G U plan .  Th e goa l  i n a  G S A intend s di e 

plan ;  tha t  is ,  th e executio n o f  th e pla n i s a  consequenc e o f  th e planner' s desir e t o achiev e th e goa l  (Dyer , 

1983) .  Lik e G U s ,  G S A s ar e arrange d i n a  hierarchy . 

^For  simplicit y th e languag e rol e i s ignore d i n th e remainde r  o f  thi s paper .  Se e Gasse r  (1985) . 
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C O N C E P TS 
GENERALIZED 

U T T E R A N C ES 
W O R DS 

ACT 

T 

UTTER 

5 

VERB 

U.CLAUSE 

ATRANS 

— J — I 

U.TRANSmVE 

"AGE 

ATRANS-FROM-ACTOR 

from from'̂ —- I 

actor '^-^ 

I 

U.AGE-

— conten t AGETA 

patter n y 

head ^ 

"AGEMASITA" 

Figur e 1 :  Organizatio n o f  Memor y i n CHI E 

I n additio n t o th e familia r  illocutionar y act s (Searie ,  1969) ,  O S A s includ e act s suc h a s thos e real -

ize d b y vocatives .  On e us e o f  vocative s i s embodie d i n th e G S A SA.ADDRESS,  show n i n Figur e 2 .  I n thi s 

and subsequen t  figure s restriction s o n role s appea r  i n parenthese s followin g di e rol e names .  Thu s th e pla n 

fo r  SA.ADDRESS mus t  b e a  kin d o f  U.REFER.  Wha t  SAj\DDRES S represent s i s roughl y th e following :  fo r  A 

t o ge t  B  t o ATTEND (Schan k &  Abelson ,  1977 )  t o a n utteranc e o f  A's ,  A  produce s a n utteranc e whic h 

refer s t o B  ( a U.REFER) . 

G Us an d GSAs ,  lik e othe r  node s i n th e network ,  implicitl y  inheri t  al l  o f  th e rol e informatio n con -

taine d i n thei r  generalization s (Fahlman ,  1979) .  Fo r  thi s reaso n a  fram e onl y make s referenc e t o thos e 

role s whic h ar e restricte d i n tha t  frame .  Fo r  example ,  a  genera l  relationshi p whic h i s tru e fo r  al l  G S A s i s 

tha t  th e perso n havin g th e objectiv e i s als o th e speake r  o f  th e plan-utterance .  Thi s fac t  i s  no t  show n i n 

Figur e 2  becaus e i t  i s  inheritabl e fro m th e genera l  G S A ,  SPEECH-ACT. 

SAADDRESS i s to o genera l  t o provid e specifi c  informatio n abou t  th e patter n fo r  it s  plan-utterance , 

and i t  ha s sp)ecialization s fo r  particula r  categorie s o f  addressee s an d particula r  contexts .  On e o f  thes e i s 

th e G S A fo r  addressin g a  judg e durin g a  trial ,  show n i n Figur e 3 .  SA.ADDRESS-TO-JUDGE i s on e o f  a  se t  o f 

speec h act s whic h for m element s o f  th e tria l  script .  Your  Hono r  i s appropriat e onl y i n th e contex t  o f  a  tria l 

and onl y fo r  addressin g th e particula r  judg e wh o i s presidin g a t  th e trial .  Embeddin g thi s G S A i n th e tria l 

scrip t  allow s u s t o represent  thes e fact s i n a  straightforwar d way . 
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SA.ADDRESS 

[generalization :  SPEECH-ACT] 

objectiv e (GOA L ob j  (ATTEN D actor-# • 

pla n (U.REFE R speake r  "4 -

listene r  - ^ 

t o (UTTE R speake r 

— gm ^ 

)) ) 

conten t  ^ ? 

Figur e 2 :  GS A fo r  Addres s 

$TRIA L 

characters :  judg e < 

lawyer s 

speech-acts :  sa.question-witnes s 

sa.address-judg e (SA.ADDRES S 

pla n listene r 

patter n de t  ("YOUR" ) 

head ("HONOR") ) 

•  M M M W < » M « M M « W B » M M « M M » W W aW — »>«*• •  — a  — >» M 

Figur e 3 :  GS A fo r  Addressin g Judg e 

PROCESS O F GENERATION 

Generatio n involve s selectin g GSAs an d GUs i n memor y whic h matc h inpu t  goal s o f  th e speake r 

and conceptua l  conten t  t o b e referre d to .  Th e G S A s an d G U s yiel d pattern s whic h ar e usuall y onl y par -

tiall y  specified .  Thes e ar e combine d i n a  proces s analogou s t o unificatio n (Kay ,  1979 )  t o produc e com -

plet e patterns . 

For  th e purpose s o f  generation ,  G S A s ar e indexe d b y thei r  objectiv e role s an d G U s b y thei r  conten t 

roles .  Bot h ma y b e indexe d furthe r  i n term s o f  th e context s i n whic h the y occur .  Selectio n o f  a n appropri -

at e G S A o r  G U ofte n involve s classifyin g th e goa l  o r  conten t  instanc e o n th e basi s o f  successiv e discrimi -

nation .  I n thi s sens e th e node s i n th e G S A an d G U hierarchie s correspon d t o th e node s i n a  discriminatio n 

networ k (Goldman ,  1975) . 

Conside r  th e generatio n o f  you r  Hono r  i n sentenc e 2) .  Thi s occur s i n th e contex t  o f  a  trial ,  an d w e 

assume tha t  th e tria l  scrip t  ha s alread y bee n instantiate d alon g wit h it s variou s roles .  Th e speaker' s goa l  i s 

tha t  th e judg e atten d t o his/he r  question .  Thi s matche s th e goa l  i n SA.ADDRESS.  SA.ADDRESS ha s 
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specializations ,  distinguishe d o n th e basi s o f  thei r  contexts ,  s o furthe r  classificatio n i s possible .  On e spec -

ializatio n i s  SAADDRESS-TO-JUDGE,  whic h matche s th e speec h ac t  bein g formulate d becaus e i t  exist s 

withi n th e tria l  scrip t  an d becaus e th e intende d addresse e i s th e curren t  presidin g judge .  SA.ADDRESS-TO-

JUDGE provide s th e ful l  patter n fo r  th e utterance ,  you r  Honor .  I n mos t  cases ,  on e o r  mor e G U s woul d als o 

need t o b e selecte d t o complet e th e pattern . 

DISCOURSE AND SOCIAL DEDQS 

Lik e othe r  discours e deictics ,  spea k o f  th e devi l  make s reference  t o a n elemen t  tha t  i s  unde r  discus -

sion ,  i.e. ,  a  member  o f  th e curren t  focu s se t  (Grosz ,  1984 ;  McKeown ,  1985) .  Spea k o f  th e devi l  i s use d t o 

make th e listene r  awar e o f  a  coincidence ,  namely ,  tha t  a  perso n wh o i s a  member  o f  th e focu s se t  ha s jus t 

arrive d o n th e scene .  Sinc e coincidence s ar e usuall y worth y o f  mention ,  i t  i s no t  surprisin g tha t  language s 

hav e conventiona l  way s o f  referring  t o particula r  kind s o f  coincidences .  Thu s correspondin g t o Englis h 

spea k o f  th e devi l  i s Japanes e uwas a o  sureb a kage ,  literally ,  'i f  (you )  mak e a  rumo r  (abou t  a  person) ,  (his ) 

shado w (appears)' .  Th e G U fo r  spea k o f  th e devi l  i s show n i n Figur e 4 .  W e represen t  a  coincidenc e a s a 

fac t  wit h thre e arguments ,  on e fo r  th e commo n elemen t  an d th e other s fo r  tw o fact s whic h ar e tru e o f  th e 

common element .  I n th e cas e o f  spea k o f  th e devi l  th e c o m m o n elemen t  i s th e perso n i n question ,  on e fac t 

i s th e membershi p o f  thi s perso n i n th e curren t  focus-set ,  an d th e othe r  fac t  i s th e physica l  transfe r  o f  th e 

perso n t o th e locatio n o f  th e speaker . 

Conside r  no w sentence s 3a )  an d 3b) .  Th e verb s kure -  an d age- ,  lik e Englis h give ,  bot h refe r  t o th e 

concep t  ATRANS-FROM-ACTOR,  whic h i s show n i n Figur e 1 .  Wha t  distinguishe s th e G U s fo r  thes e tw o 

verb s i s th e provisio n regarding  relative  socia l  distanc e fo r  kure- .  Fo r  suc h G U s w e nee d t o ad d th e possi -

bilit y  o f  a  constraint .  A  constrain t  is' a rol e filled  b y a  fac t  whic h associate s otiie r  role s i n th e frame .  Fig -

ur e 5  show s th e G U fo r  thi s word .  Th e constrain t  fo r  U.KURE -  i s  tha t  th e recipient  o f  th e ATRANS i s 

sociall y neare r  t o th e speake r  tha n i s th e dono r  o f  th e ATRANS.  I n generatin g 3a )  di e inpu t  concep t 

matche s th e conten t  role s o f  bot h U.KURE -  an d U.AGE- .  Th e rul e w e appl y i n suc h case s i s th e principl e o f 

specificit y (Anderson ,  1983) :  whe n mor e tha n on e ite m matche s a n input ,  selec t  th e on e whic h bette r 

U.SPEAK-OF-THE-DEVI L 

(generalization :  U.DECLARATIVE ] 

speake r  locatio n - ^ 

focus-se t  - ^ 

conten t  (COINCIDENC E common-elemen t  (HUMAN)  m 

fact 1 (MEMBER-OF member 

s e t ' ^ — 

fact 2 (PTRANSob j  ' < 

t o ̂  

patter n u.subjec t  (NONE ) 

hea d ("SPEAK" ) 

u.com p patter n pre p ("OF" ) 

det  ("THE" ) 

hea d ("DEVIL" ) 

Figur e 4 :  G U fo r  spea k o f  th e devi l 
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U.KURE-

[generalization :  U.TRANSITIVE ] 

speake r  ^ 

conten t  (ATRANS-FROM-ACTOR to- < 

•fro m 

constrain t  (RELATIVE-SOCIAL-DISTANC E reference-poin t 

neare r  - ^ 

•  farther ) 

i 

i 

patter n hea d ("KUREJ' ; 

Figures :  GDiorkure -

characterize s th e inpu t  I n thi s cas e thi s i s  U.KURE- ,  whic h matche s o n on e mor e rol e tha n doe s U.AGE- . 

INDIRECT SPEECH ACTS AND LITERAL MEANING 

Now conside r  th e directiv e i n 4) .  Fo r  ever y directiv e ther e i s a  goa l  whic h th e speake r  hope s t o 

achiev e b y havin g th e listene r  perfor m som e ac t  I n othe r  words ,  th e pla n t o satisf y th e top-leve l  goa l 
involve s a n agenc y subgoa l  (Schan k &  Abelson ,  1977) .  Th e immediat e goa l  behin d a  directive ,  then ,  i s  t o 
have th e listene r  wan t  t o perfor m th e desire d ac t  Th e G S A fo r  directive s i s show n i n Figur e 6 . 

The specialization s o f  SA.DIRECTIV E provid e alternativ e way s o f  achievin g th e agenc y goal .  Thes e 

ar e distinguishe d o n th e basi s o f  th e speaker' s expectatio n tha t  th e listene r  wil l  perfor m th e requeste d act . 

For  command s th e speake r  i s relativel y certai n o f  success .  Thi s expectatio n ca n deriv e eithe r  fro m th e 
authorit y tha t  th e speake r  ha s ove r  th e listene r  o r  th e eas e o f  th e task .  Whe n th e expectatio n o f  succes s i s 

SA.DIRECTIV E 

[generalization :  SPEECH-ACT] 

objectiv e (GOA L ob j  (GOA L planne r 

pla n (UTTE R listener-4 -
obj  (ACT)) ) ^) )  ^ , 

I 

S A R E Q U E ST 

expectations :  goal-statu s (UNCERTAIN ) 

Figur e 6 :  GSAs fo r  Directive s an d Request s 
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not  high ,  o n th e othe r  hand ,  mor e polit e directives ,  requests ,  ar e calle d fo r  (Figur e 6) .  Specialfzation s o f 

th e request  G S A specif y particula r  request  patterns .  Figur e 7  give s on e o f  these ,  th e O S A  whic h i s use d i n 

generatin g sentenc e 4) .  SA.WONDER associate s it s patter n wit h bot h it s "indirect "  an d "literal "  mean -

ings .  Th e indirec t  meanin g i s availabl e becaus e th e objectiv e o f  thi s G S A i s tha t  fo r  requests.  Th e litera l 

meanin g i s accessibl e becaus e th e plan-utteranc e inherit s fro m U.WONDER,  th e genera l  G U fo r  sentence s 

wid i  th e ver b wonder .  Th e conten t  o f  SA.WONDER's plan-utteranc e i s inherite d fro m U.WONDER.  Thi s 

concept ,  show n i n th e figure  fo r  convenience ,  i s th e litera l  meanin g o f  wonder ,  i.e. ,  a  goa l  o f  th e speake r  t o 

kno w som e fact . 

Not e tha t  th e patter n provide d b y SA.WONDER i s mor e genera l  tha n /  wa s wonderin g if .  Rathe r  i t 

specifie s tha t  th e subjec t  refer  t o th e speaker ,  tha t  th e hea d b e a  for m o f  th e ver b wonder ,  an d tha t  th e com -

plemen t  b e a  nominalize d yes/n o question .  Thu s th e patter n als o accommodate s variant s suc h a s w e 

wonder  whether . 

COMPARISON WITH OTHER APPROACHES 

Existin g natura l  languag e processin g system s hav e bee n abl e t o avoi d som e o f  th e problem s 

describe d i n sectio n 2  becaus e the y d o no t  generall y dea l  wit h unedite d dialogue .  T w o area s tha t  hav e 

received  a  goo d dea l  o f  attention ,  particularl y i n th e languag e generatio n literature ,  ar e speec h ac t  plannin g 

(Appelt ,  1985 ;  Cohe n &  Perrault ,  1979 )  an d focu s (Grosz ,  1981 ;  McKeown ,  1985) .  Whil e thes e research -

er s hav e mad e importan t  progres s i n handlin g th e pragmati c aspect s o f  generation ,  al l  ar e limite d b y thei r 

failur e t o integrat e th e lexico n int o th e rest  o f  memory .  The y maintai n a  functiona l  separatio n o f  th e 

grammar  fro m th e lexicon ,  an d the y mak e n o attemp t  t o incorporat e lexica l  knowledg e int o othe r  memor y 

structures .  Thi s create s problem s fo r  representing  lexica l  item s tha t  realize  deicti c o r  speec h ac t  function s 

or  tha t  ar e closel y tie d t o particula r  socia l  contexts .  Wor k i n th e phrasa l  lexico n framework ,  o n th e othe r 

SA.  W O N D ER 

[generalization :  SA.REQUESTl 

objectiv e (GOA L planne r  M — 

obj  (GOA L planne r 

•ob j 

pla n (U.DECLARATIV E +  U.WONDER 

speake r  - ^ 

listene r  M 

conten t  (GOA L planne r 

obj  (KNO W knower -

• o b j 

patter n u.subjec t  (U.REFE R content- ^ 

head ("WONDERJ" ) 

u.com p (U.NOM-Y/N-QUESTIO N 

•  content) ) 

) ) 

) 

Figur e 7 :  G S A fo r  Request s Usin g wonde r 
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hand ,  ha s t o a  certai n exten t  eliminate d th e lexicon/phrase-structur e distinctio n bu t  ha s no t  generall y 

addresse d pragmati c issues . 

I n th e Lexica l  M e m o r y approac h mos t  pattern s ar e amalgam s o f  syntacti c an d lexica l  information . 

Thos e pattern s whic h ar e purel y syntactic ,  suc h a s thos e specifyin g th e structur e fo r  questions ,  ar e par t  o f 

th e sam e hierarch y a s th e lower-leve l  "lexical "  patterns .  Becaus e G U s hav e thei r  deicti c role s buil t  in , 

any patter n ma y b e assigne d a  deicti c function .  A t  th e sam e time ,  becaus e G U s fill  th e pla n role s i n GSAs , 

any patter n ma y als o dinecti y satisf y th e goa l  behin d a  speec h ac t  type .  Th e representatio n o f  context -

oriente d expression s lik e you r  Hono r  i s als o facilitate d b y th e possibilit y  o f  includin g G U s an d G S A s a s 

component s o f  othe r  memor y structures ,  suc h a s scripts . 

The integrate d natur e o f  ou r  approac h distinguishe s i t  i n othe r  way s fro m mos t  mainstrea m linguis -

ti c  theories .  First ,  pattern s i n C H I E d o no t  hav e a  lif e o f  thei r  own ;  the y ar e define d onl y insofa r  a s the y 

fill  a  slo t  i n a  G U ,  whic h ma y i n tur n fill  th e pla n slo t  i n a  G S A .  I n othe r  words ,  the y ar e alway s intimatel y 

associate d wit h eithe r  semanti c conten t  o r  pragmati c inten t  Thi s contrast s wit h th e autonom y o f  synta x 

positio n bu t  i s i n agreemen t  wit h "functional "  view s o f  synta x (e.g. .  Bate s &  MacWhinney ,  1982 ;  Lan -

gacker ,  1986) .  Second ,  th e fac t  tha t  linguisti c knowledg e i s represented  i n th e sam e genera l  framewor k a s 

othe r  knowledg e an d tha t  lexica l  entrie s ar e integrate d int o conceptua l  memor y i s mor e tha n a  computa -

tiona l  convenience .  Thi s reflects  a n attemp t  t o discove r  th e exten t  t o whic h linguisti c knowledg e share s 

propertie s wit h othe r  kind s o f  knowledge .  Thi s approac h stand s i n oppositio n t o tha t  o f  Chomskya n 

linguisric s bu t  i s favore d b y a n increasin g numbe r  o f  linguist s an d psychologist s (e.g. ,  Anderson ,  1983 ; 

Hudson ,  1984 ;  Langacker ,  1986) . 

CURRENT STATUS AND FUTURE WORK 
CHI E i s implemente d i n AMI ,  a  semanti c networ k formalis m base d loosel y o n Fahlman' s (1979 ) 

N E T L.  Th e progra m currentl y generate s sentence s fo r  a  smal l  numbe r  o f  expression s o f  th e typ e dis -

cusse d i n thi s paper .  Th e wor k i s stil l  limite d i n severa l  ways : 

1.  Ther e i s n o accoun t  o f  wher e discours e goal s com e from;  i.e. ,  th e progra m i s no t  really  ready  t o parti -

cipat e i n conversations .  A  futur e goa l  o f  th e projec t  i s t o integrat e th e progra m int o a  mode l  o f  th e 

generatio n o f  conversation ,  suc h a s tha t  o f  Reichma n (1985) . 

2.  Ther e i s n o facilit y  fo r  representing  aspect s o f  th e listener' s curren t  knowledg e state .  Listene r 

knowledg e enter s int o th e definitio n a  numbe r  o f  lexica l  items ,  i n particular ,  thos e o f  a  "presupposi -

tional"  natur e suc h a s again .  S o tha t  th e progra m ca n mak e us e o f  thi s sor t  o f  informatio n i n lexica l 

entries ,  w e ar e developin g a  procedur e fo r  "proving "  whethe r  th e listene r  know s a  certai n fac t  o r 

know s o f  a  certai n entity . 

3.  G U s an d G S A s zx ^  prototypica l  associations ,  an d C H I E canno t  currentl y us e the m i n atypica l  ways . 

A speake r  ma y mak e creativ e us e o f  a n associatio n i n settin g u p a n analog y betwee n tw o contexts . 

The expressio n you r  honor ,  fo r  example ,  migh t  b e use d b y a  speake r  addressin g someon e othe r  tha n a 

presidin g judg e whe n a  goa l  i s t o brin g ou t  th e addressee' s attemp t  t o exercis e judge-lik e authorit y i n 

some context .  W e ar e currenti y workin g o n a  schem e fo r  buildin g analogie s t o satisf y generatio n 

goals . 

CONCLUSIONS 

I n thi s pape r  w e hav e presente d a n approac h i n whic h linguisti c knowledg e i s integrate d i n variou s 

ways int o th e rest  o f  memory : 

1.  G U s associat e morpho-syntacti c pattern s directl y wit h concep t  types . 

2.  G S A s associat e goal s wit h discours e plan s tha t  ar e realized  a s utterances .  The y ar e use d i n th e sam e 

way a s goal-pla n association s tha t  d o no t  involv e language . 

3.  Bot h G U s an d G S A s ar e ofte n embedde d i n an d indexe d t o particula r  socia l  situations . 
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CHI E extend s th e phrasa l  lexico n approac h t o allo w lexica l  entrie s t o mak e declarativ e referenc e t o 

th e element s o f  a n utteranc e itsel f  an d t o role s i n th e socia l  contex t  i n whic h a n utteranc e occurs .  I n addi -

tion ,  ou r  approac h ha s importan t  implication s fo r  a  mode l  o f  languag e acquisition .  G U s an d G S A s consis t 

of  declarativel y expresse d generalization s abou t  languag e behavio r  an d thu s presen t  goo d candidate s fo r 

di e basi c incrementa l  unit s o f  languag e acquisition .  Moreover ,  sinc e G U s an d G S A s ma y b e component s 

of  non-linguisti c memor y structures ,  th e acquisitio n o f  th e linguisti c unit s ca n b e see n a s par t  o f  th e 

acquisitio n o f  th e large r  conceptua l  an d situationa l  structures .  I n thi s sens e languag e acquisitio n become s 

one aspec t  o f  learnin g abou t  socia l  interaction . 
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Most theories about how people perform everyday tasks and skills assume that knowledge is 

organize d i n memor y s o tha t  relate d informatio n ca n b e activate d o r  selectivel y retrieve d a s larg e 

stmctures .  Entir e constellation s o f  knowledg e (e.g. ,  script s o r  frames )  ar e though t  t o b e prime d o r 

activate d i n nxjc h th e sam e wa y tha t  word s ar e prime d b y semanti c associates .  Th e ide a tha t  ou r 

memorie s ar e organize d int o larg e structure s seem s i n agreemen t  wit h ou r  everyda y experience .  W e 

hav e al l  experience d ho w memorie s suddenl y rus h int o consciousnes s afte r  brie f  encounter s wit h onc e 

familia r  material ,  lik e ol d lectur e notes .  Althoug h ther e i s n o complet e agreemen t  o n ho w memor y i s 

organized ,  i t  i s  generall y agree d tha t  man y skill s  (e.g. ,  chess .  Chas e &  Simon ,  1973 )  an d languag e 

comprehensio n (e.g. ,  Schank ,  1982 )  requir e rapi d acces s t o ver y larg e anrx5unt s o f  infomnatio n tha t  ha s 

bee n previousl y acquire d ove r  period s o f  month s o r  eve n years .  K/los t  laborator y studie s o f  memory , 

however ,  took  a t  memor y fo r  smal l  amount s o f  materia l  followin g brie f  learnin g episodes . 

Afte r  speakin g t o severa l  actors ,  i t  occurre d t o u s tha t  actors '  memor y fo r  thei r  part s provide s a n 

opportunit y t o stud y retrieva l  fro m larg e memor y structures ,  f̂ uc h o f  th e informatio n learne d fo r  part s i s 

exactl y specifie d b y th e script s th e actor s studied .  An d i t  wa s eviden t  fro m th e periormance s tha t  th e 

actor s gav e o n stag e tha t  the y ha d learne d thei r  script s ver y well .  B y knowin g th e conten t  o f  a  part ,  w e 

coul d tes t  th e accessibilit y  o f  informatio n w e kne w th e actors '  ha d i n memory . 

Actor s i n repertor y companies ,  mus t  ofte n remembe r  part s fro m differen t  play s an d perfor m the m 

durin g th e sam e perio d o f  time .  I t  i s  temptin g t o thin k tha t  a n actor' s memor y fo r  differen t  part s for m 

distinc t  an d ver y larg e memor y structures .  Whe n a n acto r  perfomri s differen t  roles ,  i t  i s  vita l  tha t  th e part s 

ar e remembere d s o tha t  ther e ar e n o confusion s amon g them .  Actor s repor t  t o u s tha t  whe n the y 

perfomr i  a  particula r  rol e othe r  role s i n thei r  repertor y ar e completel y blocke d out ,  or ,  a t  least ,  no t 

consciousl y accessed .  I n thi s sense ,  severa l  part s i n memor y ma y b e though t  o f  a s disassociate d fro m 

one another . 

The siz e o f  a  memor y structur e correspondin g t o a  par t  wou W hav e t o b e ver y large .  T o perfor m a 

majo r  role ,  a n acto r  mus t  remembe r  hundreds ,  eve n thousand s o f  word s spoke n b y hi s o r  he r  character . 

Afte r  studyin g an d rehearsin g a  part ,  th e acto r  mus t  kno w wha t  movements ,  gestures ,  an d intonation s o f 

voic e ar e t o accompan y almos t  ever y wor d spoke n o n stage .  Thes e detail s abou t  th e meanin g an d 

subtl e nuance s o f  performanc e ar e enacte d i n a  ver y stereotype d wa y fro m on e performanc e t o th e 

next ,  implyin g tha t  thes e detail s ar e ver y wel l  learned .  Figur e 1  represent s schematicall y som e o f  th e 

informatio n fro m a n actor' s part .  Notic e tha t  th e acto r  ma y represen t  informatio n abou t  hi s o r  he r 

characte r  o r  a  scen e somewha t  apar t  fro m th e actua l  wordin g o f  th e part .  Othe r  infomriatio n abou t  specifi c 

gesture s o r  emotton s ma y b e mor e directl y encode d wit h th e actua l  word s spoke n o n stage . 

It  i s  no t  clea r  wha t  informatio n i n memor y actor s mus t  rel y o n t o recal l  thei r  parts .  A n acto r  ma y firs t 

hav e t o recal l  wha t  a  speec h i s about ,  an d the n th e meanin g o f  th e individua l  sentence s i n orde r  t o recal l 

th e exac t  word s spoke n o n stage .  I n a n extrem e case ,  memor y fo r  a  par t  migh t  b e contex t  dependen t 

(Godde n &  Baddeley ,  1975 )  s o tha t  t o recal l  th e par t  efficientl y th e acto r  woul d hav e t o b e o n stag e 

interactin g wit h othe r  characters .  Alternatively ,  actor s migh t  depen d o n a  proces s o f  successiv e 

scannin g (Rubin ,  1977 )  wher e word s o r  phrase s woul d b e cue d b y th e word s o r  phrase s jus t  uttered .  I n 

thi s case ,  th e word s woul d simpl y follo w on e anothe r  i n muc h th e sam e wa y tha t  letter s see m t o 

automaticall y follo w on e anothe r  whe n w e recit e th e alphabet .  Notic e tha t  thes e differen t  retrieva l 

processe s requir e tha t  th e acto r  b e awar e o f  differin g amount s o f  infonnatio n represente d i n 
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esture, voice intonation, emotion 

W o rd W ( W o rd Wor d 

F IGURE 1 .  HYPOTHETICAL R E P R E S E N T A T I ON O F A  P A R T 

Figur e 1  whe n h e o r  sh e i s recallin g th e verbati m wordin g o f  a  part . 

The subject s w h o participate d i n th e presen t  experiment s wer e recruite d fro m a  loca l 

Shakespear e Festiva l  hel d eac h summe r  I n Boulder ,  C O .  Al l  o f  th e subject s hav e receive d academi c 

trainin g an d hav e considerabl e actin g experience .  W e specificall y recruite d actor s wh o eithe r  ha d ver y 

larg e part s (300 0 o r  mor e words )  o r  severa l  reasonabl y larg e role s (100 0 o r  mor e words) .  Befor e th e 

experiments ,  w e checke d ho w accuratel y th e actor s coul d recit e thei r  part s fro m memory .  W e hav e 

foun d tha t  th e actors '  memor y o f  thei r  part s i s ver y exact ,  wit h onl y a  ver y fe w word s emende d o r 

substituted . 

EXPERIMENT 1-DIRECT ACCESSIBILITY 

The experiments we report in this paper used cued recall tasks to find out what information actors 

rel y o n t o acces s th e wordin g o f  thei r  parts .  W e wer e surprise d t o fin d i n ou r  earl y studie s tha t  actor s 

coul d respon d correctl y t o probe s consistin g o f  onl y a  fe w word s take n a t  rando m fro m thei r  part s (Olive r 

& Ericsson ,  1984) .  Thes e probe s wer e s o brie f  tha t  the y coul d provid e littl e contex t  o r  meaningfu l 

informatio n fo r  th e subject s a s retrieva l  cues .  W e wil l  briefl y describ e a  representativ e experimen t  i n 

whic h th e numbe r  o f  word s i n th e memor y probe s wa s systematicall y manipulated . 

Thre e actor s participate d i n th e experiment ,  eac h cuaentl y performin g a  larg e role .  Equa l 

number s o f  one- ,  two -  an d four-wor d probe s tha t  occurre d onl y onc e i n th e actors '  part s wer e selected . 

The sam e lin e o f  tex t  wa s neve r  sample d nrx)r e tha n once .  A n additiona l  constrain t  require d tha t  n o 

intervenin g punctuatio n appeare d betwee n an y o f  th e prob e word s o r  betwee n th e fina l  wor d o f  th e 

prob e an d th e nex t  wor d i n th e text ,  whic h serve d a s th e targe t  word .  Example s o f  som e o f  thes e probe s 

tha t  wer e responde d t o correctl y ar e show n i n Tabl e 1 . 

Probe s wer e presente d t o subject s o n a  vide o displa y connecte d t o a  computer .  Th e subject s 

wer e t o respon d ou t  k)u d wit h th e appropriat e word s fro m thei r  part s a s quickl y a s possibl e whe n th e 

probe s appeare d o n th e screen .  Th e elapse d time s betwee n th e appearanc e o f  th e probe s an d th e 

voic e responses  wer e time d wit h a  voice-actuate d switch .  O n hal f  o f  th e trial s th e subject s wer e aske d t o 

repor t  wha t  the y remembere d thinkin g prio r  t o respondin g t o th e probe .  Unfortunately ,  w e wil l  no t  b e 

abl e t o discus s th e analyse s o f  thes e verija l  report s i n thi s brie f  paper .  Th e subject s wer e give n a 

maximu m o f  1 5 second s t o respon d a t  whic h tim e th e displa y wen t  awa y and ,  dependin g o n th e 

condition ,  th e subject s eithe r  gav e verba l  report s o r  quietl y waite d fo r  th e followin g probes . 
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TABLE 1. EXAMPLES OF PROBES FROM EXPERIMENT 1 

bom 

fo r  scale d 

par t  o f  thi s anatom y 

We found that longer probes were retrieved more successfully within 15 seconds than shorter 

probes ,  £(2,360)»16.85 ,  c<.001 .  Th e one- ,  two- ,  an d four-wor d probe s wer e accuratel y retrieve d .77 , 

.91 ,  an d .9 9 pe r  cen t  o f  th e tim e respectively .  Ther e wa s als o a n effec t  o f  prob e lengt h o n 

log-transfomne d reactio n time ,  £(2,276)«9.60 ,  b<.001 ,  wit h th e one- ,  two -  an d four-wor d probe s bein g 

retrieve d i n 2.18,1.9 3 an d 1.6 7 second s respectively . 

Thes e result s indicat e tha t  ver y minima l  cue s ca n b e use d b y actor s t o directl y acces s thei r  line s 

fo r  man y o f  th e probes .  Becaus e th e response s ar e extremel y rapid ,  i t  i s  unlikel y tha t  larg e amount s o f 

th e part s ar e scanned ,  unles s on e assume s scannin g time s muc h faste r  tha n th e usua l  scannin g rate s o f 

approximatel y 3 8 millisecond s pe r  Ite m obsen/e d i n Shor t  Ter m Memor y experiment s (Sternberg ,  1966) . 

Thi s direc t  accessibilit y  cam e a s somethin g o f  a  surpris e t o th e actor s themselves ,  a s man y o f  the m 

claime d befor e th e experiment s tha t  the y woul d b e unabl e t o d o th e task .  Th e additiona l  word s i n th e 

probe s facilate d performanc e b y eithe r  providin g additiona l  surfac e structur e o r  additiona l  meanin g t o 

th e subjects .  I t  i s  importan t  t o reiterate ,  however ,  tha t  th e amoun t  o f  informatio n provide d b y a  fou r  wor d 

prob e i s minima l  an d tha t  th e prob e coul d conve y t o th e subjec t  onl y fragmentar y Informatio n abou t  th e 

speec h i t  cam e from .  Thus ,  th e actor s clearl y nee d no t  depen d o n a  context-dependen t  retrieva l 

process . 

EXPERIMENT 2-.HIERARCHICAL ORGANIZATION 

An actor's part is organized in way that would be expected to influence how it is represented in 

memory.  A  par t  itsel f  i s  a  uni t  distinc t  fro m othe r  part s an d i s subsume d b y th e rol e th e acto r  plays .  Th e 

par t  i s  divide d int o act s an d scenes ,  th e scene s int o speeches ,  th e speeche s int o sentences ,  th e 

sentence s int o phrases ,  an d th e phrase s int o words .  Thi s organizatio n i s show n schematicall y i n Figur e 

1.  Usin g th e prob e latenc y task ,  w e hav e obtaine d evidenc e fo r  th e hJerarch/ca /  organizatio n o f  a  par t  i n 

memory.  W e wil l  describ e a n experimen t  tha t  extend s som e o f  ou r  previou s finding s (Olive r  &  Ericsson . 

1984) . 

Al l  probe s use d i n th e experimen t  wer e fou r  word s i n lengt h an d wer e draw n fro m th e larges t 

role s performe d b y th e subjects .  Fo r  hal f  o f  th e probe s th e subject s wer e t o retriev e th e word s fro m thei r 

part s tha t  immediatel y precede d th e probe s an d fo r  th e othe r  hal f  the y wer e t o retriev e word s tha t 

immediatel y followe d th e probes .  Underiine d blan k space s precedin g o r  followin g th e probe s indicate d 

t o th e subject s whic h word s fro m thei r  part s wer e t o b e retrieved .  Th e firs t  groupin g o f  probe s wer e al l 

adjacen t  t o sentenc e boundarie s (demarcate d b y periods ,  questio n marks ,  an d exclamatio n points )  i n 

th e actors '  parts .  Sentenc e boundarie s wer e selecte d randoml y withou t  replacemen t  s o tha t  n o mor e 

tha n on e prob e wa s eve r  associate d wit h th e sam e sentenc e boundary .  Equa l  number s o f  probe s wer e 

selecte d suc h tha t  the y eithe r  immediatel y precede d o r  followe d sentenc e boundarie s o r  the y wer e 

shifte d on e wor d t o th e lef t  o r  right  o f  th e sentenc e boundary .  Fo r  th e secon d groupin g o f  probes . 

equal  number s o f  four-wor d string s wer e sample d fro m th e beginnin g an d end s o f  speeches .  W h e n 

th e probe s bega n speeches ,  th e subject s wer e t o retriev e th e las t  wor d o f  thei r  immediatel y precedin g 

speech ;  and ,  likewise ,  whe n th e probe s ende d speeches ,  th e subject s wer e t o retriev e th e firs t  wor d o f 

th e speec h tha t  immediatel y followed .  Figur e 2  illustrate s th e variou s prob e types .  Th e probe s wer e 

presente d i n a  rando m orde r  an d th e subject s wer e aske d o n hal f  o f  th e trial s t o giv e retrospectiv e verisa i 

reports . 

It  i s  clea r  fro m th e example s give n i n Figur e 2  tha t  well-formednes s o f  th e probe s differ s 

systematicall y amon g th e conditions .  W e expecte d tha t  respondin g t o well-forme d probe s i n th e fonwar d 

directio n (FonA/ard-Withi n 1 )  woul d b e th e fastes t  conditio n an d tha t  retrievin g backward s acros s 
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Forward-Across: 

the n h e wa s whe n vo u sough t  him .  I  a m 

Fonward-Withi n 1 : 

p o tho u bu t  clos e ou r  hand s wit h holy.. . 

Forward-Within 2: 

My dream s presag e som e joyfu l  new s a t  hand . 

Backward-Across: 

thin k i t  wer e no t  night .  Se e ho w sh e lean s her . 

Backward-Within 1: 

S h o w m e a  mistres s tha t  i s  passin g fai r 

Backward-Withi n 2 : 

and i n tha t  sparin g make s hug e waste -

Fonward-Across Speeches: 

t o rejoic e i n splendou r  o f  min e own ,  [speeche s b y others ]  Giv e m e a . 

Backward-Across Speeches: 

...groun d I  canno t  move ,  [speeche s b y others ]  I  a m to o sor e enpierced.. . 

F IGURE 2 :  E X A M P L ES O F P R O B ES I N E X P E R I M E NT 2 .  T H E P R O B ES A R E UNDERLINED;  T H E 

T A R G ET W O R DS A R E I N B O L D LETTERIN G . 

sentence boundaries (Backward-Across) would take much tonger. Retrieval of the less well-fonned units 

withi n sentence s woul d fal l  somewher e i n between ,  dependin g t o som e exten t  o n whethe r  retrieva l  wa s 

i n th e forwar d o r  th e backwar d direction .  Finally ,  w e expecte d tha t  subject s woul d b e relativel y slo w a t 

retrievin g acros s speec h boundaries .  Th e experimenta l  procedur e wa s th e sam e a s i n th e earlie r 

experiment . 

The actor s retrieve d th e correc t  response s 9 1 percen t  o f  th e time .  Du e t o a  ceilin g effect ,  analysi s 

of  accurac y i s no t  partioilari y revealing .  Analyse s o f  reactio n times ,  o n th e othe r  hand ,  sho w clea r 

difference s betwee n th e boundar y conditions,_E(7,206)=39.93 ,  p<.001 .  Th e mea n reactio n time s fo r 

th e differen t  condition s ar e show n i n Figur e 3 .  Retrievin g acros s sentenc e boundarie s (Fonward-Acros s 

and Backward-Across )  wa s slowe r  tha n an y o f  th e Withi n conditions .  Th e reactio n time s fo r  th e differen t 

Withi n condition s di d no t  greatl y diffe r  fro m on e another .  Crossin g speec h boundaries ,  particularl y 

backwards ,  require d a  fai r  anx)un t  o f  time .  I t  i s  interestin g t o note ,  however ,  tha t  jumpin g t o th e firs t  wor d 

of  th e followin g speeche s too k approximatel y th e sam e amoun t  o f  tim e a s t o g o backward s acros s 

sentenc e boundarie s t o immediatel y adjacen t  words . 

The relativel y lon g time s require d b y th e subject s t o cros s speec h an d sentenc e boundarie s 

indicate s tha t  processes  beyon d direc t  retrieva l  processe s ar e sometime s require d t o retriev e word s 

adjacen t  t o th e probes .  Word s withi n th e sam e sentence s ca n b e retrieve d quickl y suggestin g tha t  the y 

ar e encode d a s par t  o f  th e sam e uni t  tha t  ca n b e directl y retrieved .  Thes e finding s ca n b e accounte d fo r 

by assumin g tha t  th e verbati m memor y representatio n o f  a  par t  i s  segmente d int o sentence s an d 

speeches .  Sentence s ma y i n tur n b e segmente d int o phras e unit s o r  chunks ,  thoug h additiona l 

finding s o r  our s indicate s tha t  boundarie s withi n sentence s ar e no t  eas y t o identify .  W h e n th e subjec t 

must  retriev e a  wor d fro m a  chun k tha t  i s  adjacen t  t o th e on e th e prob e fall s  in ,  h e o r  sh e mus t  firs t 

retriev e th e adjacen t  chun k an d the n unpac k it .  W h e n nomnall y recitin g a  part ,  association s betwee n 

chunks ,  presumabl y i n par t  mediate d b y meaning ,  permi t  orderl y retrieva l  o f  th e lines .  Retrieva l  o f  th e 
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Effect s o f  Boundarie s 

Rt  (sec )  3  • 

Forwar d Forwar d Forwar d Backwar d Backwar d Backwar d Forwar d Backwar d 
Acros s Withi n 1  Withi n 2  Acros s Withi n 1  Withi n 2  Acros s Acros s 

Speeche s Speeche s 

Boundar y Conditio n 

FIGURE 3 .  M E A N RETRIEVA L TIÎ E A S A  FUNCTIO N O F B O U N D A RY CONDITIO N 

beginnings of speeches, however, sometimes requires accessing organizing information in memory, 

suc h a s cu e line s spoke n b y othe r  actors ,  actio n an d positionin g o n stage ,  an d s o on .  Thus ,  th e 

hierarchica l  organizatio n o f  th e par t  show n i n Figur e 1  ha s clea r  consequence s o n retrieval ,  provide d 

tha t  th e tas k require s tha t  th e subjec t  mak e us e o f  thi s organization ,  as ,  fo r  Instance ,  whe n jumpin g t o 

th e nex t  sentenc e o r  speech .  However ,  I t  appear s tha t  severa l  word s ca n cu e recal l  o f  Individua l  phras e 

unit s withou t  mediatio n o f  othe r  informatio n i n th e hierarchy .  Th e result s fro m th e presen t  experimen t 

als o sugges t  tha t  sequentia l  scannin g fo r  informatio n I n part s mus t  b e a  slo w an d effortfu l  proces s 

becaus e time-consumin g retrieva l  processe s ar e require d t o cros s sentenc e an d speec h boundaries . 

EXPERIMENT 3--INTERFERENCE BETWEEN PARTS 

Thus fa r  w e hav e show n tha t  actor s ca n directl y acces s ver y local ,  verbati m representations .  I.e. , 

phrase s o r  sentences ,  o f  a  singl e par t  o n th e basi s o f  minima l  cues .  A  natura l  extensio n t o thi s lin e o f 

researc h woul d b e t o loo k a t  retrieva l  o f  verbati m wordin g fro m mor e tha n on e par t  i n memory .  I n th e firs t 

tw o experiments ,  subject s alway s kne w wha t  par t  th e probe s wer e draw n from ,  an d thu s coul d focu s 

thei r  search .  B y repeatedl y retrievin g fro m th e sam e part ,  th e memor y fo r  th e par t  ma y hav e bee n 

activate d o r  primed .  Th e nex t  thre e experiment s tha t  w e wil l  describ e sough t  chronometri c dat a t o 

suppor t  ou r  expectatio n tha t  thematicall y organize d information--i n thi s case ,  part s an d scenes -  migh t 

for m memor y structure s tha t  coul d b e selectivel y searche d o r  activated . 

If  a  par t  fornr ^  a  stmctur e tha t  ca n b e strongl y focuse d upo n whe n i t  i s  searche d I n memory ,  ther e 

shoul d b e littl e interferenc e fro m othe r  part s i n memory .  Thus ,  whe n subject s kno w whic h par t  a  prob e 

comes fro m othe r  instance s o f  th e sam e prob e i n a  differen t  memorize d par t  shoul d rK> t  interfer e wit h 

retrieval .  Lac k o f  Interferenc e o f  thi s kin d ha s bee n take n a s evidenc e fo r  separat e memor y stmcture s 

consistin g o f  thematicall y relate d concept s (e.g. ,  Myers ,  O'Brien ,  Balot a &  Toyofuku ,  1984 )  an d entir e 

lexicon s o f  bilingual s (e.g. ,  ScartxDrough ,  Gerar d &  Cortese .  1984) . 

Thre e actor s wer e recruite d fo r  th e presen t  experimen t  wh o wer e performin g tw o role s o f 

comparabl e siz e i n tw o differen t  plays .  Uniqu e word s wer e identifie d amon g th e combine d tex t  o f  th e 

tw o parts .  I n addition ,  word s wer e identifie d tha t  occurre d exactl y onc e i n eac h o f  th e tw o part s 
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(Overlapped probes). Probes were constructed by presenting the name of the part, e.g., 

D E S D E M O N A,  followe d eithe r  b y th e selecte d wor d (One-Wor d probe )  o r  th e selecte d wor d alon g wit h 

th e previou s wor d i n th e par t  (Two-Wor d probe )  i n equa l  proportions .  Th e probe s wer e presente d i n a 

rando m order ,  an d th e n a m e o f  th e par t  wa s presente d t o th e subject s fo r  thre e second s befor e th e 

memory probe s appeared .  Th e subject s wer e instmcte d t o sa y ou t  lou d th e word s i n thei r  part s tha t 

immediatel y followe d th e probes .  W e chos e t o includ e two-wor d probe s I n th e desig n becaus e w e wer e 

intereste d i n whethe r  two-wor d cue s woul d for m holisti c cue s tha t  coul d b e easil y retrieve d despit e 

othe r  occurrence s o f  It s constituen t  word s elsewher e i n th e actors '  parts . 

The subject s wer e fa r  les s successfu l  a t  retrievin g th e Overlappe d probe s (41% )  tha n the y wer e 

at  retrievin g Uniqu e probe s (74%) ,  £(1,82)=9.95 ,  q .  <  .005 .  Ther e wer e n o mai n effect s o r  interaction s 

involvin g th e numbe r  o f  word s i n th e probes .  Analyse s o f  th e respons e time s yielde d n o reliabl e effects , 

perhap s becaus e s o fe w o f  th e probe s wer e retrieve d resultin g i n reduce d statistica l  power .  Th e poo r 

accessibilit y  o f  th e Overlappe d probe s strongl y suggest s tha t  th e part-informatio n i s no t  usefu l  fo r 

retrieva l  i n thi s tas k an d tha t  th e principa l  cue s fo r  retrieva l  ar e th e words . 

EXPERIMENT 4~PART PRECUING 

While it appears that actors may not always be able to restrict their search to a single part if 

instnjcte d to ,  i t  i s  stil l  unclea r  wha t  rol e globa l  informatio n play s i n th e retrieva l  process .  I t  wa s possibl e 

tha t  tellin g th e subjec t  whic h par t  wa s t o b e retrieve d fro m reduced ,  thoug h di d no t  eliminate , 

interferenc e an d tha t  respondin g wa s generall y facilitated .  Globa l  informatio n wa s manipulate d i n th e 

presen t  experimen t  b y precuin g subject s wit h th e nam e o f  th e par t  the y wer e t o retriev e fro m o n som e 

trials ,  an d tellin g the m t o retriev e fro m eithe r  o f  tw o part s o n othe r  trials . 

The thre e subject s wh o participate d i n th e previou s experimen t  an d a n additiona l  subjec t 

participate d i n th e presen t  experiment .  Fro m eac h actor' s script s equa l  number s o f  uniqu e word s wer e 

selecte d fro m eac h part .  Two-wor d probe s wer e constmcte d b y addin g th e subsequen t  word s fro m 

thei r  part s fo r  hal f  o f  thes e selecte d words .  Subject s wer e show n th e nam e o f  th e part ,  e.g. ,  VIOLA ,  o r 

th e wor d EITHER ,  followe d b y a  one-wor d o r  two-wor d probe .  O n on e hal f  o f  th e trial s th e par t  nam e 

precede d th e probes ,  an d o n th e othe r  hal f  o f  th e trial s th e wor d EITHE R precede d th e probes .  Th e 

subjects '  tas k wa s t o respon d ou t  lou d wit h th e word s fro m thei r  part s tha t  followe d th e probes . 

Probabilit y  o f  recal l  withi n fiftee n second s differe d onl y a s a  functio n o f  numbe r  o f  word s i n th e 

probe ,  E(1,272)=18.41 ,  b<.00 1 .  Th e percentag e o f  correctl y recalle d word s wer e 6 2 % an d 8 6 % fo r  th e 

one -  an d two -  wor d probe s respectively .  Th e analysi s o f  th e log-transforme d reactio n time s fo r  correc t 

retrieval s showe d a  reliabl e differenc e fo r  prob e length ,  £(1,202)=15.56 ,  c<.001 ,  an d th e availabilit y  o f 

par t  infonnation ,  £(1,202)=6.23 ,  c<.05 ,  bu t  n o interactio n betwee n prob e lengt h an d availabilit y  o f  par t 

information .  Th e averag e respons e tim e fo r  th e experimen t  wa s 2.3 7 seconds .  Providin g th e par t  nam e 

facilitate d respons e spee d b y .4 0 seconds ;  an d providin g a n additiona l  wor d t o th e one-wor d probe s 

facilitate d respons e spee d b y .3 5 seconds .  I n sum ,  addin g a n extr a wor d t o th e one-wor d probe s bot h 

reduce d retrieva l  tim e an d increase d th e probabilit y  o f  retrieval ,  wherea s providin g informatio n abou t 

whic h o f  th e tw o part s i s t o b e probe d onl y facilitate d respons e speed . 

EXPERIMENT 5-SCENE PRECUING 

Because the precuing effect found in the previous experiment was relatively small, it is difficult to 

argu e tha t  part-informatio n i s importan t  t o th e retrieva l  process .  Par t  name s ma y no t  b e ver y effectiv e 

cue s becaus e a  part' s  representatio n i n memor y I s to o infomiationall y dens e (Hayes-Roth ,  1977 )  o r 

complex .  Entir e part s ma y simpl y encompas s to o man y othe r  units ,  suc h a s speeche s an d scenes ,  t o b e 

activate d a s wholes .  Scenes ,  however ,  ma y provid e unit s tha t  ar e bette r  integrated .  Referenc e t o a 

scen e migh t  cu e memor y fo r  constellation s o f  event s an d enwtion s tha t  coul d b e hel d i n min d an d use d 

as retrieva l  cue s i n a  wa y tha t  referenc e t o a n entir e par t  coul d not . 

I n th e presen t  experimen t  thre e subject s wer e tol d o n on e quarte r  o f  th e trial s whic h o f  tw o 

scene s o f  a  par t  th e prob e cam e fro m (Precue-Uniqu e probes) ,  an d o n a  quarte r  o f  th e trial s the y wer e 
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only told that it could come from either of two scenes (Either-Unique probes). Each probe appeared only 

onc e i n th e entir e part .  O n th e remainin g on e hal f  o f  th e trials ,  probe s wer e presente d tha t  appeare d 

onc e i n a  specifie d scen e an d onc e elsewher e i n th e par t  (Overlappe d probes) .  Unlik e previou s 

experiments ,  onl y singl e word s wer e use d a s probes .  Th e subject s wer e alway s tol d whic h scen e the y 

wer e t o focu s o n fo r  thes e probes .  VertDa l  protocols ,  a s i n th e firs t  tw o experiments ,  wer e collecte d o n 

hal f  o f  th e trials .  B y havin g thre e type s o f  probe s w e sough t  withi n th e sam e experimen t  t o se e whethe r 

scen e precuin g coul d bot h facilitat e retrieva l  an d preven t  interference . 

The probabilit y  o f  successfu l  recal l  withi n fiftee n second s di d no t  greatl y diffe r  betwee n th e 

Precue-Uniqu e probe s (80% )  an d th e Either-Uniqu e probe s (78%) ;  however ,  th e Precue-Overlappe d 

probe s (56% )  wer e retrieve d significantl y les s often ,  £(2,177)=587 ,  j2<.005 .  A n analysi s o f  th e 

log-transforme d reactio n time s showe d a  simila r  patter n o f  results .  Th e averag e respons e time s fo r 

correc t  retrieval s wer e 3.10,2.9 7 an d 3.8 5 second s fo r  th e Precue-Unique ,  Either-Uniqu e an d 

Precue-Overla p condition s respectively ,  £(2,121)=4.38 ,  c<.05 .  Thes e result s indicat e tha t  providin g 

scen e informatio n di d no t  significantl y facilitat e retrieva l  o r  preven t  Interferenc e durin g th e retrieva l 

process . 

CONCLUSION 

The results from the last three experiments we have described taken together suggest that 

searc h canno t  b e focuse d a t  wil l  upo n a  par t  o r  scene .  Th e subject s wer e unabl e t o searc h thei r  memor y 

fo r  word s fro m a  par t  o r  scen e withou t  associativ e interferenc e fro m anothe r  par t  o r  scen e the y ha d 

memorized.  And ,  infomnatio n specifyin g whic h par t  o r  scen e wa s t o b e probe d di d no t  greatl y facilitat e 

retrieval .  Th e smal l  facilitatio n o f  par t  precuin g o n spee d o f  retrieva l  stand s a s th e singl e piec e o f 

evidenc e tha t  part s ca n b e separatel y activated .  Furthe r  researc h i s calle d fo r  t o bette r  understan d th e 

condition s unde r  whic h th e effect s o f  precuin g ar e obtained . 

Perhap s th e mos t  strikin g findin g fro m th e presen t  stud y i s tha t  i n relativel y brie f  period s o f  tim e 

actor s lear n thei r  part s s o tha t  the y ar e directl y accessibl e t o minima l  cues .  A  larg e bod y o f  informatio n i s 

simultaneousl y accessibl e an d attentio n ca n b e rathe r  diffusel y focuse d o n severa l  part s a t  onc e withou t 

seriousl y affectin g retrieval .  Thi s findin g i s al l  th e mor e surprisin g considerin g tha t  th e actor s di d no t  lear n 

thei r  part s wit h th e ai m o f  havin g direc t  acces s t o individua l  phras e units . 

The presen t  stud y ha s focuse d o n th e accessibilit y  o f  th e vertjati m wordin g o f  parts .  A s w e 

pointe d out ,  informatio n abou t  th e plays '  events ,  th e characters '  emotions ,  th e meanin g o f  al l  th e lines , 

and s o on .  ar e als o represente d i n th e actors '  memories .  I n othe r  domains ,  th e representatio n o f 

knowledg e i s similarl y complex ,  particulari y  i n thos e domain s wher e th e exper t  mus t  lear n bot h rot e 

knowledg e fo r  procedure s an d fact s a s wel l  a s knowledg e tha t  i s use d t o understan d problems .  Thus , 

ther e ma y b e interestin g similaritie s betwee n actor s an d experts ,  suc h a s scientists ,  i n ho w knowledg e 

of  a  domai n i s represente d an d accesse d i n memory .  W e suspec t  tha t  learnin g a  hug e bod y o f  directl y 

accessibl e knowledg e play s a n importan t  rol e i n acquirin g man y skills .  W e shoul d poin t  ou t  tha t  leamin g 

thi s knowledg e bas e ma y b e muc h mor e difficul t  i n man y domain s tha n i t  i s  fo r  actor s t o lear n thei r  script s 

fo r  severa l  reasons .  First ,  expert s mus t  b e concerne d wit h wha t  I s wort h learnin g an d mus t  inves t  muc h 

of  thei r  energie s siftin g throug h Irelevan t  facts .  Second ,  th e script s actor s lear n d o no t  diffe r  fro m on e 

stud y episod e t o th e next ,  wherea s th e knowledg e a n exper t  mus t  lear n i s les s easil y specifie d an d mus t 

be learne d i n bit s an d piece s ove r  a  lon g perio d o f  time . 

Ther e ar e man y obviou s question s ou r  stud y raise s tha t  w e ar e no t  no w i n a  positio n t o answer .  I t 

i s interestin g t o ask ,  fo r  instance ,  whethe r  nrodel s o f  memor y ca n accoun t  fo r  ou r  findings .  A  numbe r  o f 

curren t  memor y model s ar e abl e t o accoun t  fo r  direc t  accessibilit y  t o larg e amount s o f  knowledg e (e.g. , 

Anderson ,  1983 ;  Eich ,  1985 ;  Raaijmake r  &  Shiffrin ,  1980) .  I t  wil l  b e particularl y interestin g t o loo k a t 

issue s o f  acquisitio n withi n th e framework s o f  thes e models .  Othe r  question s als o concer n acquisition : 

What  amoun t  o f  effor t  i s require d t o lear n a  par t  s o tha t  i t  i s  directl y accessible ? H o w man y part s ca n b e 

simultaneousl y accessible ? Ye t  othe r  question s concer n forgettin g o r  maintenanc e o f  knowledge :  Doe s 

memory fo r  part s fad e awa y lik e memor y fo r  isolate d fact s ten d t o fad e away ,  o r  d o part s fad e fro m 

memory nror e o r  les s a s a  wholes ? A t  wha t  poin t  doe s a n acto r  forge t  enoug h abou t  a  par t  s o tha t  i t  i s n o 
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longer directly accessible? What amount of practice is required to maintain a part In an accessible state? 

And finally ,  ther e ar e man y question s abou t  ho w meanin g an d affec t  ar e represente d I n actors '  memory . 

Note. This work was supported by the Office of Naval Research Grant N0014-84-K-0250. K. Anders 

Ericsson ,  Principa l  Investigator . 
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A COMPUTATIONAL MODEL WHICH ADDRESSES ERRORS O F 
OVER-GENERALIZATION AN D THEI R SUBSEQUENT DISAPPEARANCE 

I N EARLY CHIL D LANGUAGE ACQUISITIO N 
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ABSTRACT 

The model discussed here is offered as a prototype of the use 
of  a  computationa l  mode l  t o explor e alternat e hypothese s an d t o 
sugges t  possibl e answer s t o som e o f  th e question s whic h hav e bee n 
addresse d i n th e stud y o f  languag e acquisition .  Why doe s no t  th e 
chil d en d u p wit h a n overl y generalize d gramma r  o r  lexicon ? Ther e 
i s muc h evidenc e concernin g th e kind s o f  generalization s an d 
over-generalization s tha t  childre n make .  Howeve r  i f  w e permi t  n o 
over t  an d specifi c  correctio n o f  th e child' s errors ,  the n ho w i s i t 
tha t  error s o f  over-generalizatio n d o no t  persis t  int o adul t  speech ? 
One answe r  t o thi s questio n i s proffere d b y attachin g a  syste m o f 
weight s t o hypotheses .  Ther e ar e tw o relate d problem s t o b e solved . 
Some mechanis m i n th e mode l  mus t  allo w erroneou s hypothese s t o b e 
corrected ;  i n additio n ther e mus t  b e a  wa y tha t  mor e matur e 
construct s ca n replac e earlie r  ones .  Th e mode l  accomplishe s thes e 
tw o task s b y mean s o f  a  syste m o f  weight s whic h represen t  confidenc e 
value s an d recenc y values .  B y thi s syste m mor e frequentl y matche d 
construct s ar e preferre d ove r  les s frequentl y matche d constructs , 
and mor e recen t  hypothese s ar e favore d fo r  testing .  Thi s learnin g 
paradig m i s illustrate d b y a  se t  o f  procedure s fo r  learnin g th e pas t 
tens e o f  verb s i n English .  Th e schem e ha s th e advantag e tha t  fo r  a 
perio d o f  tim e whe n confidenc e factor s ar e approximatel y i n balanc e 
tw o o r  mor e construct s ca n co-exist .  Thu s w e nee d no t  tal k o f  rule s 
or  individua l  case s whic h hav e bee n learne d o r  hav e no t  ye t  bee n 
learne d bu t  rathe r  o f  a  continuu m i n whic h rul e schema s ar e eithe r 
stron g o r  weak . 

WHY MODEL? 

The development of computational models of language aquisition is a 
scienc e whic h i s i n it s infancy .  Th e mode l  discusse d her e i s offere d a s a 
prototyp e o f  th e us e o f  a  computationa l  mode l  t o explor e alternat e hypothese s 
and t o sugges t  possibl e answer s t o som e o f  th e question s whic h hav e bee n 
addresse d i n th e stud y o f  languag e acquisition .  Computationa l  model s suc h a s 
our s may b e use d a s a  too l  fo r  linguist s an d psychologist s i n th e tas k o f 
explorin g an d contrastin g alternativ e theorie s abou t  th e wa y i n whic h childre n 
lear n thei r  nativ e language .  We woul d clai m tha t  suc h model s enabl e th e 
theoris t  t o achiev e a  degre e o f  explicitnes s whic h i s virtuall y impossibl e t o 
attai n whe n workin g onl y wit h penci l  an d paper .  Equall y importan t  ar e th e 
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question s whic h suc h model s rais e whic h migh t  i n theor y b e overlooke d bu t 
whic h mus t  b e addresse d i n th e implementatio n o f  a  computationa l  model .  Suc h 
model s encourag e a  compariso n o f  th e result s o f  a  theor y t o actua l  dat a whic h 
i n tur n aid s i n refinin g an d evaluatin g th e theory . 

Tliere are of course many different approaches which a computational model 
of  languag e acquisitio n ma y take .  On e approac h i s t o procee d fro m a 
characterizatio n o f  adul t  gramma r  an d wor k backward s t o se e ho w th e chil d 
migh t  arriv e a t  thi s characterization .  A n alternativ e approach ,  an d th e on e 
embodie d i n ou r  model ,  i s  t o wor k forwar d fro m th e evidenc e tha t  th e chil d 
provide s towar d som e characterizatio n o f  th e adul t  language .  Ou r  mode l  mus t 
as k no t  onl y unde r  wha t  condition s a  languag e ca n b e learne d b y a 
computationa l  model ,  bu t  als o doe s th e mode l  lear n th e languag e i n th e sam e 
way tha t  th e chil d does ? Particula r  attentio n mus t  b e pai d t o th e error s tha t 
childre n mak e sinc e chil d speec h tha t  differ s fro m adul t  speec h yield s clue s 
concernin g th e processe s tha t  th e chil d i s usin g t o understan d an d produc e 
speech .  A n equall y importan t  clu e t o th e child' s processe s ar e thos e error s 
whic h th e chil d typicall y doe s no t  make .  On e frequentl y note d phenomeno n i s 
th e over-generalizatio n o f  th e plura l  o f  noun s an d o f  th e pas t  tens e o f  verb s 
i n English .  Suc h phenomen a nee d explanation .  Ou r  computationa l  mode l  o f 
languag e acquisitio n therefor e mus t  no t  onl y lear n t o understan d an d generat e 
sentence s o f  eve r  greate r  complexit y a s doe s th e child ,  bu t  t o provid e a 
satisfyin g explanatio n o f  th e cours e o f  languag e acquisitio n th e mode l  mus t 
make th e sam e kind s o f  error s tha t  th e chil d make s an d eventuall y correc t  th e 
error s afte r  furthe r  learnin g ha s occurred .  We hav e recentl y extende d ou r 
model  t o atten d t o an d lear n pas t  tens e form s o f  verbs .  I t  i s  gratifyin g t o 
observ e tha t  th e sam e processe s whic h enable d th e acquisitio n o f  a  simpl e 
grammar  exten d ver y naturall y t o th e learnin g o f  pas t  tens e ver b forms . 

In this paper we emphasize the somewhat different sorts of answers which 
computationa l  model s ma y sugges t  t o traditiona l  questions ,  principall y becaus e 
of  a n approac h t o languag e acquisitio n a s acquirin g a  se t  o f  dynami c processe s 
as oppose d t o acquirin g a  se t  o f  rules . 

OVERVIEW O F MODEL 

We will now describe our model of the acquisition of English in the 
two-year-old .  Ou r  mode l  i s a n on-goin g researc h project ,  bu t  th e mechanism s 
discusse d her e hav e bee n full y implemented .  We ca n giv e onl y a  brie f  overvie w 
of  th e mode l  an d it s assumption s i n thi s paper .  Reader s intereste d i n detail s 
of  th e mode l  shoul d consul t  Hil l  (1982 .  2983 )  fo r  ful l  particular s o f  th e 
model  includin g example s o f  compute r  outpu t  togethe r  wit h correspondin g 
linguisti c dat a collecte d fro m a  two-year-ol d child .  Th e psychologica l 
validit y o f  th e mode l  i s defende d i n Hil l  an d Arbi b (1984 )  an d i n Hil l  (1984) . 
The mode l  i s describe d a s a  member  o f  th e clas s o f  schei'.a-theoreti c model s i n 
Arbib .  Conklin ,  an d Hil l  (1986) .  A  discussio n o f  th e us e o f  th e mode l  i n 
investigatin g th e child' s understandin g an d formatio n o f  coordinat e structur e 
i s t o b e foun d i n Hil l  (1985) .  I t  i s  characteristi c o f  ou r  mode l  tha t  th e 
interna l  representatio n o f  th e learnin g whic h take s plac e i s mor e importan t 
tha n th e outpu t  o f  th e system ,  s o th e mode l  mus t  b e describe d i n term s o f  th e 
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inou l 

Adul t  Sentence s 

PriL'sica l  Contex t 
of  Utteranc e 

Invorion t  Function s 

Hypothesiz e wor d endings , 
wor d classe s an d gramma r 

Generaliz e wor d endings , 
wor d classe s an d gramma r 

Assimilat e ne w word s en d ne w 
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Accommodat e structur e throug h 
successiv e reorganizatio n 
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Outpu t 
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Grammar 

Concepts end world Knowledge 

Present  Physics! Context 

^ 
Child-lik e 
Repetitio n 
or  Respons e 

Figur e 1 

Component s o f  Ou r  node l  o f  Languag e Acquisitio n 
i n th e Two-Year-Ol d 

knowledg e structure s whic h ar e buil t  a s th e mode l  acquire s languag e a s wel l  a s 
i n term s o f  th e output . 

Figure 1 provides a diagram of the components of the model. The model 
take s a s it s inpu t  adul t  sentence s togethe r  wit h indication s provide d b y th e 
user ,  wher e relevant ,  o f  th e physica l  contex t  i n whic h th e sentence s ar e 
uttered .  Outpu t  fro m th e mode l  i s a  representatio n o f  child-lik e sentence s 
repeatin g o r  respondin g t o th e adul t  inpu t  i n accordanc e wit h th e curren t 
stat e o f  th e Model' s linguisti c capacity .  Th e child' s knowledg e i s 
represente d b y dynami c dat a structure s encodin g th e child' s lexicon ,  th e 
child' s grammar ,  th e conceptua l  knowledg e o f  th e child ,  an d th e physica l 
contex t  o f  th e dialogue .  Th e mode l  i s give n a  basi c lexico n an d a  se t  o f 
concept s wit h a  mappin g betwee n th e two .  N o assumption s hav e bee n mad e abou t 
th e ultimat e for m o f  th e adul t  gramma r  no r  abou t  wha t  mus t  b e built-i n t o th e 
model ,  bu t  a  precis e accoun t  i s kep t  o f  th e knowledg e an d processe s whic h ar e 
foun d t o b e necessar y t o b e built-i n t o th e mode l  eve n fo r  thi s elementar y 
leve l  o f  languag e understandin g an d production .  Processe s atten d t o th e adul t 
inpu t  an d us e rule s o f  salienc e t o focu s o n example s withi n th e adul t  dat a 
whic h ar e use d a s th e basi s fo r  languag e growth .  Th e mode l  i s writte n i n LIS P 
usin g th e semanti c ne t  languag e GRASPER (Lowranc e 1978) .  Th e worl d knowledg e 
i s encode d i n a  semanti c ne t  a s ar e th e gramma r  template s an d th e lexicon . 
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The mode l  use s it s languag e experienc e t o buil d a  gramma r  whic h i s a t  firs t  a 
fla t  templat e gramma r  bu t  whic h eventuall y evolve s int o a  gramma r  whic h i s 
actuall y a  procedura l  gramma r  bu t  whic h ca n b e describe d b y a  se t  o f  recursiv e 
context-fre e phras e structur e rules .  Th e mode l  notice s an d employ s relation s 
and wor d order ,  employ s rule s fo r  concatenatin g relation s an d deletin g words , 
and a s th e mode l  grow s wor d classe s ar e formed ,  an d ne w wor d form s ar e 
learned . 

Let us explore the use of specific examples drawn from the input data. 
We wil l  assum e tha t  gav e ha s bee n identifie d a s a  relation-wor d an d place d o n 
th e gleanin g list .  Fro m a n adul t  sentenc e suc h a s "Dadd y gav e th e to y t o th e 
boy "  th e mode l  migh t  initiall y  respon d wit h a  singl e wor d suc h a s toy .  A 
subsequen t  presentatio n o f  th e sam e sentenc e migh t  caus e th e mode l  t o acquir e 
a templat e fo r  gav e to y wher e gav e woul d b e classifie d a s a  relation-wor d an d 
to y a s a  slot-filler .  Ye t  anothe r  presentatio n o f  th e sentenc e migh t  caus e 
th e mode l  t o lear n th e templat e Dadd y gav e wher e Dadd y wa s a  slot-filler ,  an d 
eventuall y th e templat e (slot l  gav e slot2 )  woul d b e learne d fo r  Dadd y gav e 
toy .  Th e learnin g i s highl y dynami c i n tha t  eac h tim e th e sam e bod y o f  inpu t 
i s presente d t o th e mode l  a  differen t  se t  o f  gramma r  rule s an d additiona l 
lexica l  clas s informatio n ma y b e learned .  What  i s learne d i n eac h 
presentatio n o f  th e inpu t  depend s upo n th e languag e experienc e o f  th e mode l 
and wha t  ha s bee n learne d s o far .  N o informatio n i s give n th e mode l  abou t 
wor d classes ,  bu t  hearin g sentence s suc h a s "Mommy gav e th e toy, "  "Joh n gav e 
th e book, "  "Su e gav e th e puzzle, "  woul d eventuall y caus e th e mode l  t o pu t  toy , 
book ,  an d puzzl e al l  togethe r  i n a  wor d clas s meanin g word s whic h stan d fo r 
possibl e object s o f  th e relation-wor d gave .  Not e tha t  i t  woul d no t  matte r  i f 
th e inpu t  sentence s wer e fa r  mor e comple x tha n thos e use d her e fo r 
illustration .  Ther e i s n o requiremen t  fo r  correc t  an d ordere d exemplars . 
Typicall y w e us e a s inpu t  adul t  sentence s take n fro m a  transcribe d sessio n o f 
adult/chil d conversation .  I n th e compute r  ru n fro m whic h illustration s hav e 
bee n chose n fo r  thi s pape r  th e adul t  sentence s wer e take n fro m th e Ada m corpu s 
whic h wa s collecte d b y Roge r  Brown ,  Ursul a Belugl ,  Coli n Fraser ,  an d Courtne y 
Cazde n prio r  t o 197 3 (Brow n 1973 )  an d whic h ha s bee n mad e availabl e t o u s 
throug h th e Chil d Languag e Dat a Exchang e System .  (Fo r  detail s se e MacWhinne y 
& Sno w 1985) .  B y th e processe s describe d abov e wor d classe s ar e derive d fro m 
th e child' s ow n abilit y  t o produc e language .  I f  th e mode l  i s focussin g o n th e 
wor d gave ,  the n a  sentenc e suc h a s "Mommy gav e th e to y t o Su e whil e sh e wen t 
int o th e stor e t o bu y groceries "  woul d hav e jus t  th e sam e effec t  a s th e shor t 
sentence s use d abov e fo r  a n illustration .  Thes e processe s resul t  i n a 
multiplicit y o f  overlappin g an d intersectin g wor d classes .  Th e mode l  require s 
schemas fo r  wor d classificatio n an d templat e classificatio n i n orde r  t o grow , 
but  th e actua l  classe s remai n flexible .  Processe s o f  generalizatio n 
eventuall y als o permi t  th e classifyin g o f  relation-word s whic h migh t  permit , 
fo r  example ,  givin g an d bringin g t o b e relation-word s tha t  coul d b e classe d 
togethe r  a s word s whic h hav e simila r  syntacti c properties . 

Successive reorganizations of the grammar and the lexicon occur as 
learnin g take s place .  Thi s proces s o f  gradua l  broadenin g o f  wor d classe s an d 
grammatica l  rule s fro m applyin g t o specifi c  exemplar s t o set s o f  specifi c 
exemplar s t o mor e genera l  categorie s ha s bee n defende d i n Kucza j  (1982) .  an d 
Maratso s an d Chalkle y (1980) .  I n thi s fashio n th e mode l  suggest s on e wa y i n 
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whic h languag e base d initiall y  o n cognitiv e knowledg e ca n gro w int o a 
syntacti c syste m whic h wil l  b e increasingl y independen t  o f  it s  semanti c an d 
cognitiv e foundations .  I t  i s  importan t  t o not e tha t  althoug h th e rule s 
embodie d i n th e mode l  ar e simple ,  thei r  interactio n i s comple x enoug h t o 
necessitat e th e us e o f  a  compute r  model . 

The model to date has attained only the level of a two-year-old producing 
sentence s o f  u p t o si x word s i n length .  Initiall y  th e gramma r  acquire d i s 
entirel y fla t  an d i s mad e u p o f  rule s fo r  formin g two-wor d utterance s 
expressin g relation s an d fo r  combinin g thos e two-wor d relation s int o 
utterance s whic h may b e tw o t o si x word s i n length .  I t  ca n understan d an d 
produc e coordinat e structur e suc h a s tha t  foun d i n th e Ada m corpus ,  age s tw o 
year s thre e month s u p t o tw o year s eleve n months ,  an d wit h th e enhancement s t o 
be describe d belo w i t  ca n no w acquir e a  subse t  o f  Englis h suffixe s an d 
prefixes . 

DYNAMIC RULE SCHEMAS 
AND TH E US E O F CONFIDENCE FACTORS I N TH E MODEL 

Why does not the child end up with an overly generalized grammar or 
lexicon ? Ther e i s muc h discussio n i n th e literatur e concernin g th e kind s o f 
generalization s an d over-generalization s tha t  childre n make .  (Se e fo r  exampl e 
Brown.1973 ,  an d deVillier s an d deVilliers ,  1978) .  We believ e tha t  i t  i s 
importan t  t o focu s o n th e error s tha t  childre n mak e becaus e o f  th e insight s 
whic h the y yiel d concernin g th e processe s tha t  th e chil d employ s i n languag e 
acquisition .  Bowerma n (1974 )  state s thi s positio n ver y clearly .  A  stua v b y 
Bybee an d Slobi n (1982 )  present s a  carefu l  examinatio n o f  th e acquisitio n o f 
irregula r  past-tens e form s o f  verb s i n English .  If ,  however ,  w e permi t  n o 
over t  an d specifi c  correctio n o f  th e child' s errors ,  the n ho w shal l  w e explai n 
th e fac t  tha t  error s o f  over-generalizatio n d o no t  persis t  int o adul t  speech ? 
Conside r  th e verb ,  break .  I t  i s  a n empirica l  fac t  tha t  childre n a t  th e 
earlies t  stag e o f  languag e acquisitio n typicall y lear n th e wor d brok e an d see m 
t o us e i t  correctly .  On e may assum e tha t  suc h form s hav e bee n learne d b y 
rote .  The n a t  a  subsequen t  stag e o f  developmen t  th e chil d wil l  star t  t o us e 
th e wor d breaked .  Presumabl y thi s i s becaus e th e chil d ha s forme d a  genera l 
schema fo r  formin g th e pas t  tens e o f  verbs .  Eventuall y o f  cours e childre n 
lear n tha t  brea k i s a n irregula r  ver b an d aoe s no t  obe y th e genera l  rul e i n 
th e for m o f  it s pas t  tense .  Bu t  th e puzzl e i s tha t  fo r  a  perio d o f  time , 
sometime s fo r  years ,  bot h form s exis t  i n th e child' s vocabulary .  Ho w ca n thi s 
perio d o f  imbalanc e betwee n th e erroneou s an d th e correc t  form s b e explained ? 
Thi s behavio r  canno t  b e explaine d i f  th e languag e mechanis m i s expresse d i n 
term s o f  explici t  rule s whic h th e chil d eithe r  know s o r  doe s no t  know . 

One answer to this question is proffered by our computational model which 
attache s a  syste m o f  weight s t o hypothese s abou t  wor d form s an d gramma r  rules . 
Thes e weight s ar e mean t  t o represen t  th e relativ e strengt h o f  th e variou s 
hypotheses .  (A n alternativ e mode l  o f  thi s phenomeno n i s offere d i n th e 
connectionis t  mode l  o f  Rumelhar t  &  McClelland ,  1987 ,  t o appear. )  Ther e ar e tw o 
relate d problem s t o b e solved .  Some mechanis m i n th e mode l  mus t  allo w 
erroneou s hypothese s t o b e corrected ;  i n additio n ther e mus t  b e a  wa y tha t 
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more matur e construct s ca n replac e earlie r  ones .  Ou r  mode l  accomplishe s thes e 
tw o task s b y mean s o f  a  syste m o f  confidenc e value s an d recenc y values .  A 
confidenc e valu e i s associate d wit h eac h hypothesi s an d thi s confidenc e valu e 
i s increase d eac h tim e th e hypothesi s i s instantiate d i n th e adul t  speec h 
input :  th e confidenc e valu e i s increase d t o a  lesse r  degre e eac h tim e th e 
hypothesi s i s instantiate d i n th e chil d speec h output .  I n thi s wa y mor e 
frequentl y matche d construct s com e t o b e preferre d ove r  (give n a  highe r 
confidenc e facto r  than )  les s frequentl y matche d constructs .  Hypothese s mus t 
be reinforce d t o survive .  I f  ne w hypotheses ,  however ,  ar e t o star t  wit h ver y 
lo w confidenc e value s the y wil l  hav e troubl e "catchin g up "  wit h earlie r 
hypotheses .  Fo r  thi s reaso n separat e recenc y value s ar e employe d whos e 
functio n i t  i s  t o caus e mor e recen t  hypothese s t o b e favore d fo r  testing .  We 
wil l  refe r  t o Th e combinatio n o f  confidenc e value s an d recenc y value s a s 
confidenc e factors .  Th e us e o f  weight s t o direc t  learnin g i n computationa l 
model s i s b y n o mean s unique .  Simila r  weightin g scheme s hav e bee n employe d i n 
many computationa l  models .  (See ,  fo r  example .  Kelley ,  1967. )  B y mean s o f  th e 
us e o f  confidenc e factor s ou r  mode l  attain s th e desire d effects . 

To illustrate, if the model were given a lexical pair such as tie and 
unti e an d th e knowledg e tha t  unti e i s th e revers e proces s o f  tie ,  the n th e 
model  migh t  hypothesiz e a  se t  o f  simila r  proces s pair s suc n a s cover/uncover . 
drop/undrop ,  hang/unhang .  I t  migh t  b e tha t  onl y afte r  a  grea t  dea l  o f 
languag e experienc e wil l  th e hypothesize d lexica l  entrie s unhan g an d undro p b e 
forgotten .  Thi s genera l  schem e ha s th e advantag e tha t  fo r  a  perio d o f  tim e 
when confidenc e factor s ar e approximatel y i n balanc e tw o o r  mor e construct s 
ca n co-exist ,  as ,  fo r  example ,  i n th e cas e o f  th e past-tens e ver b brok e an d 
th e over-generalize d for m breake d fo r  th e ver b break .  Thu s w e nee d no t  tal k 
of  rule s o r  individua l  case s whic h ha ^  e  bee n learne d o r  hav e no t  ye t  bee n 
learne d bu t  rathe r  o f  a  continuu m i n whic h rul e procedure s ar e eithe r  stron g 
or  weak . 

LEARNING PAST-TENS E VERB FORMS I N ENGLIS H 

It is especially interesting to explore the use of verbs in English in 
th e developin g languag e o f  th e chil d sinc e learnin g Englis h i s intimatel y tie d 
t o th e learnin g o f  verbs .  DeVillier s (1985 )  ha s foun d evidenc e tha t  inpu t 
languag e ha s a  significan t  impac t  o n th e child' s developin g languag e wit h 
respec t  t o verbs .  Th e mother' s us e o f  verb s i s a  hig h predicto r  o f  th e 
child' s us e o f  verbs .  Not e tha t  i t  i s  no t  th e frequenc y o f  th e mother' s use , 
but  rathe r  th e variet y o f  ver b form s i n th e mother' s us e o f  a  particula r  ver b 
whic h i s a  significan t  predicto r  o f  th e variet y o f  form s th e chil d wil l  us e 
fo r  tha t  sam e verb .  Thi s i s interprete d t o mea n tha t  th e chil d i s monitorin g 
th e inpu t  fo r  clue s abou t  th e grammatica l  prototypicalit y o f  form s o f 
individua l  verbs .  Wid e difference s i n th e us e o f  verb s betwee n subject s wer e 
foun d i n th e sample s considere d i n he r  study .  Verb s wit h a  variet y o f  hear d 
use s wer e use d wit h greate r  confidenc e b y th e chil d eve n i n unhear d contexts . 
Our  mode l  simulate s thi s monitorin g process .  DeVilliers '  analysi s di d no t 
addres s th e issu e o f  over-generalizatio n bu t  i t  doe s len d credenc e t o ou r 
processe s whic h rel y o n th e informatio n gleane d fro m th e inpu t  b y focussin g o n 
differen t  construct s a t  differen t  time s fo r  th e learnin g o f  th e forms . 
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The learning paradigm Is as follows: 

1 Observe a c:rT9latlon between past-tense verbs and -cd endings 

2 Place -ed at the end of all action-verbs and give a modest 
confidenc e facto r  t o al l  thes e past-tens e form s 

3. Proceed to modify the confidence factors deoending on the 
experienc e o f  th e mode l  a s follow s 

- add a small increment to the confidence factor of a given form 
eac h tim e th e mode l  produce s tha t  past-tens e for m 

- add a larger increment to the conftoence factor of a given form 
eac n tim e th e moae l  notice s tha t  for m i n th e aaul t  inpu t 

.-igur e . 
Leamin a Past-Tens e Form s o f  Vere s i n EncHs n Throug h Us e o f 

Dvnami c Rul e Scnema s an d Con f  Icenc e Factor s 

Figur e 2  summarize s ou r  model' s paradig m fo r  learnin g past-tens e form s o f 

Englis h verbs .  I n orde r  t o observ e th e correlat io n betwee n past-tens e an d -e d 

endings ,  th e mode l  mus t  b e give n a  representatio n o f  t ime-pas t  i n it s 

cognitiv e knowledge ,  an d th e abil i t y  t o identif y act io n verb s i n it s lexicon . 

The mode l  simulatio n begin s b y formin g past-tens e entrie s i n it s lexico n fo r 

al l  actio n verb s simpl y b y addin g -e d endings .  Eac h o f  thes e form s i s 

initiall y  give n a  modes t  confidenc e factor .  Th e mode l  the n proceed s t o modif y 

th e confidenc e factor s o f  th e past-tens e form s dependin g upo n it s languag e 

experience .  A  smal l  incremen t  i s adde d t o th e confidenc e facto r  o f  a  for m 

eac h tim e tha t  th e mode l  produce s a  past-tens e form ;  a  large r  incremen t  i s 

adde d eac h tim e tha t  th e mode l  find s a  past-tens e for m i n th e adul t  input . 

The choic e o f  past-tens e for m t s entirel y deoenden t  upo n th e Inpu t 
sentence s used ,  s o n o concVjsion s ca n b e draw n abou t  th e specifi c 
past-tens e form s whic h a r  learned ,  bu t  dependin g upo n th e inpu t 
dat a 

-  Th e model  may kee p a n erroneou s -e d endin g 

- The model may proceed through a period of instability in which 
It  wil l  vacillat e betwee n -e d an d irregula r  form s 

- The model may discard the erroneous -ed form and replace It by 
th e Irregula r  for m 

Figur e } 

Observe d Behavio r  o f  th e Model  wit h respec t  t o past-tens e wer t  form s 
i n Englis h 
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The resultin g behavio r  o f  th e mode l  i s summarize d i n Figur e 3 .  Sinc e th e 
choic e o f  past-tens e for m i s entirel y dependen t  upo n th e inpu t  t o th e model , 
no conclusion s ca n b e draw n abou t  th e th e specifi c  past-tens e form s whic h ar e 
learned ,  bu t  dependin g upo n th e inpu t  data ,  th e mode l  may (1 )  kee p a n 
erroneou s -e d ending ,  ma y (2 )  procee d throug h a  perio d o f  instabilit y  i n whic h 
th e outpu t  vacillate s betwee n a n erroneou s -e d endin g an d th e correc t 
irregula r  fora ,  o r  (3 )  th e mode l  may discar d th e erroneou s for m an d replac e i t 
by th e irregula r  form .  Al l  thes e form s o f  behavio r  ar e exhibite d i n th e 
sampl e outpu t  fro m a  serie s o f  compute r  run s whic h i s presente d fo r 
illustratio n i n Figur e 4 .  T o mak e apparen t  th e changin g preference s o f  th e 
model ,  onl y past-tens e form s ar e show n i n th e outpu t  exhibite d here .  A 
portio n o f  th e interna l  representatio n o f  th e mode l  i s graphicall y represente d 
i n Figur e 5 ,  th e informatio n give n th e mode l  fo r  thi s illustratio n i s 
presente d i n Figur e 6 ,  an d a  summar y o f  th e confidenc e factor s attache d t o th e 
differen t  past-tens e form s i s summarize d i n Figur e 7 . 

Lexico n 

—T — ^ - j ^  meanin g 

onen 

opened Dreake d 

DJUed 
oroKe oroke d 

Concedl-Soac e 

,  ŷ'̂ rtinn-rnnrpnt" ^ 

cl  r  Clas s 
pt  =  post-tens e for m 

Figur e 5 
A Scnemoti c RepreseniBtio n o r  a  Portio n o r  tn e 

internal Representation of Our nodel 
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Sinc e developin g th e capacit y t o lear n th e pas t  tens e form s o f  verbs ,  w e 

hav e successfull y applie d th e sam e strategie s t o th e learnin g o f  plura l  form s 

of  noun s whic h nam e physica l  objects .  We believ e tha t  thi s abilit y  t o 

generaliz e th e processe s employe d b y th e mode l  lend s suppor t  t o th e validit y 

of  th e processes . 

Lexico n 
away ,  bank ,  basket ,  bat ,  book ,  break ,  broKe ,  chair ,  coat ,  come ,  Daddy , 
Dale ,  do ,  door ,  down ,  fall ,  fell ,  game ,  glove ,  go ,  hang ,  here ,  horn .  In , 
M o m m y,  on ,  one ,  open ,  oUier ,  out ,  outsioe ,  over ,  paoer ,  pick , 
pocketbook ,  put ,  racket ,  see ,  sit ,  take ,  that ,  time ,  together ,  took ,  try , 
up,  use ,  Ursula ,  want ,  watch ,  what ,  when ,  whistle ,  yo u 

Relation list 
(oossn-rel n Jowner) ,  (breaking-re! n bre3k),(broklng-rel n broke) , 
(coming-rei n come) ,  (doing-rel n do; ,  (oown-rel n down) , 
{'alling-rei n fall) ,  (fellmg-rel n fell) ,  (coing-rei n go; , 
(hanging-rel n hang) ,  (here-rei n here) ,  (in-rei n in) ,  (on-rel n on) , 
(opening-rcl n open) ,  (out-rel n out) ,  (outside-rei n outsioe) , 
(over-rei n over) ,  (picking-rel n pick) ,  (puttlng-rel n put) , 
(seeing-rel n see) ,  (slttmg-rel n sit) ,  (that-rei n that) , 
(taking-rei n take) ,  (tooking-rei n took) ,  (trying-rel n try) ,  (up-rel n up) , 
(using-rel n use) ,  (wantlng-rei n want) ,  (watcning-rei n watch) , 
(wnat-rei n wnat) ,  (wnen-rel n wnen ) 

Feature list 
person:Dale .  Daddy ,  M o m m y,  Ursul a 
place :  here ,  outsid e 

Slot-filling features 
possn-rei n Jowne r  perso n 
nere-rei n Jslotl:pointing-ob j 

Closed class 
and 

"izure 6 

Informatio n Give n th e Mode l  fo r  thi s ru n 
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Dreake d 
brok e 
broke d 

faile d 
fel l 
felle d 

opene d 

picke d 

put 
pute d 

take d 
too k 
looke d 

Firs t  Ru n 

.8 
.95 5 
.95 7 • 

.90 9 * ? 
.7 5 
.90 9 • ? 

.67 5 

.95 5 

.94 4 
.96 7 » 

.9 6 * 
.67 5 
.94 1 

Second Ru n 

.8 
.9 9 » 
.95 7 

.90 9 
.95 8 * 
.95 7 

.94 1 

.98 3 

.98 4 
.9 9 • 

.98 6 * 

.95 8 
.97 6 

Fina l  Ru n 

.8 
.99 5 • 
.95 7 

.90 9 
.98 1 • 
.95 6 

.96 1 

.99 2 

99 5 • 
.99 3 

.98 7 

.97 9 
.99 3 * 

•win s 

Figure 7 

Confidenc e Factor s Attacne d t o Post-Tens e Form s 

CONCLUSION 

We would emphasize that the purpose of this illustration is not to make 
any specifi c  claim s abou t  th e learnin g o f  past-tens e form s i n English ,  bu t 
rathe r  t o illustrat e tha t  a  paradig m suc h a s our s may b e sensitiv e t o th e 
inpu t  dat a an d my exhibi t  varie d behavior .  Th e us e o f  dynami c rul e schema s 
and confidenc e factor s ha s bee n use d t o mode l  th e phenomen a o f  generalization , 
over-generalization ,  an d subsequen t  correctio n o f  over-generalize d forms . 

This discussion has been offered as an example of the kind of answers 
tha t  computationa l  model s ca n proffe r  fo r  consideratio n an d experimentation . 
Othe r  issue s whic h th e sam e mode l  explore s ar e (1 )  wha t  variatio n occur s i n 
th e mode l  a s specifi c  constraint s ar e built-i n o r  omitted ,  (2 )  ho w ca n th e us e 
of  inpu t  filter s focu s o n differen t  aspect s o f  th e inpu t  dat a ove r  time ,  (3 ) 
how doe s variatio n i n meanin g representatio n an d set s o f  semanti c feature s 
affec t  th e learnin g process .  We believ e tha t  th e developmen t  o f  model s suc h 
as our s wil l  hav e a  larg e impac t  o n futur e wor k i n languag e acquisition . 
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KEM7VRKS O N TH E PSYCH0IOGIC3U^  PEALIT Y O P TH E 
SUBSET principle :  IT S REIATIO N T O 

UNIVERSAL GRAMMAR A S A  MODEL O F TH E INITIA L STATE ^ 

Barbara Lust 
Departmen t  o f  Human Developomen t  an d Famil y Studie s 

Cornel l  IMiversit y 

Recent theory of language leamability has argued that the "Subset 
Principle" ,  a s define d i n 1 ,  significantl y constrain s th e languag e learner' s 
inductio n fro m primar y languag e dat a (PID )  t o th e knowledg e o f  language . 
Ihi s ysubse t  Principle "  wa s argue d formall y t o maximiz e leamabilit y 
probabilities ,  i n fac t  t o b e "necessar y an d sufficien t  fo r  identifiabilit y 
fro m positiv e evidence "  give n a n inductiv e an d deterministi c mechanica l  mode l 
o f  ^  languag e leamabil i t y  (Angluin ,  1980) .  Recently ,  ther e ha s bee n 
additiona l  argumentatio n tha t  th e Subse t  Principl e (SP )  eitpiricall y 
characterize s acquisitio n o f  natura l  languag e (Berwick ,  1982 ,  1985) .  I n 
fact ,  i t  ha s bee n argue d tha t  " a singl e characterizin g condition ,  th e Subse t 
Principle ,  subsume s al l  acquisitio n orderin g constraint s tha t  hav e bee n 
propose d i n th e linguisti c literature.. .  Thi s resul t  i s  no t  surprising , 
sinc e th e Subse t  Principl e i s a  necessar y conditio n fo r  acquisitio n fro m 
positive-onl y evidence "  (Berwick ,  1982 ,  240 ,  cf .  1985 ,  275) . 

(1) Condition 1. An indexed family of nonerrpty 
language s satisfie s Conditio n 1  i f  an d onl y i f 
ther e exist s a n effectiv e procedur e v*iic h o n 
any m p a t  i  >  1  enumerate s a  se t  o f  string s T^ , 
suc h tha t 

i )  T i  i s  finit e 
ii )  T i  C  Li ,  an d 

iii )  fo r  al l  j  >  1 ,  i f  Tj ^  C  L j  the n L j  i s  no t  a  prope r 
subse t  o f  L i  Angluin ,  1980,12 1 

Angluin (120) states that "informally, this condition requires that for every 
languag e L  o f  th e famil y ther e exist s a  'telltale '  finit e subse t  T  o f  L ,  suc h 
tha t  n o languag e o f  th e famil y tha t  als o contain s T  i s a  prope r  subse t  o f  L . 
Moreover ,  i t  mus t  b e possibl e t o enumerat e effectivel y som e suc h telltal e 
finit e se t  fro m an y inde x fo r  L .  Th e poin t  o f  th e telltal e subse t  i s tha t 
onc e th e string s o f  tha t  subse t  hav e appeare d amon g th e sairpl e strings ,  w e 
nee d no t  fea r  "overgeneralization "  i n guessin g L .  Thi s i s becaus e th e tru e 
answer ,  eve n i f  i t  i s  no t  L ,  canno t  b e a  prope r  subse t  o f  L .  I n thi s case , 
we wil l  eventuall y se e a  conflic t  betwee n th e dat a an d L ,  vdiic h wil l  forc e u s 
t o chang e ai r  guess. "  Intuitively ,  give n a  hierarch y o f  languag e classes , 
v îer e L i c L j c i n ,  an d a  procedur e fo r  'guessing '  possibl e languag e classe s o n 
th e basi s o f  inpu t  data ,  suc h 'guesses '  wil l  b e constraine d b y conditio n 1  t o 
choos e th e smalles t  possibl e languag e clas s v*iic h include s th e iipu t  data . 
The Subse t  Principl e (SP )  thu s guarantee s tha t  a n initia l  hypothesi s (H )  i n 
'guessin g a  language '  o n th e basi s o f  limite d dat a wil l  no t  b e "to o large, " 
thu s requirin g correctio n b y negativ e evidence . 

If the Subset Principle (SP) can be validated psychologically as well as 
formally ,  thi s wil l  provid e a  majo r  advanc e i n th e stucf y o f  acquisitio n o f 
natura l  languag e fo r  severa l  reasons .  (i )  I t  i s  know n tha t  th e se t  o f 
hypothese s availabl e t o th e languag e learne r  mus t  b e limite d i n orde r  t o 
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acxxtunt for the acxjiisition of language in finite time. The SP would provide 
restriction s o n bot h th e nurnbe r  an d th e natur e o f  possibl e hypothese s a t  an y 
one tine ,  (ii )  Sinc e th e S P ensure s inductiv e inferenc e fro m positive-onl y 
evidence ,  i t  prcpose s a  solutio n t o th e wel l  kncw n proble m o f  leamabi l i t y  i n 
finit e tim e base d o n inductio n fro m inpu t  v îic h doe s no t  includ e negativ e 
evidenc e (e.g. ,  Gold ,  1967) .  Gol d shew s tha t  mechanica l  leamabil i t y  i n 
finit e tim e o f  an y clas s o f  language s ove r  a n alphabe t  v M c h contain s ever y 
finit e L  togethe r  wit h a t  leas t  on e infinit e L  i s iirpossibl e i n thi s case . 
The eitpirica l  fact s o f  firs t  languag e acquisitio n documen t  littl e o r  n o 
significan t  negativ e evidenc e i n th e acquisitio n proces s (e.g. ,  Brow n & 
Hanlon ,  1970) .  (3 )  Sinc e th e S P principl e formalize s a  constrain t  o n 
induction ,  i t  woul d provid e a  significan t  ccnplemen t  t o U G vAiid h i s primaril y 
deductive .  I n fact ,  som e constrain t  o n inductio n i s a  necessar y conplemen t 
t o UG,  i f  U G i s t o b e "psychologicall y real" ,  i.e. ,  i f  U G i s t o b e consisten t 
wit h th e actua l  mappin g fro m PI D t o a  specifi c  languag e gramma r  i n firs t 
languag e acquisition .  Thi s mappin g occur s i n rea l  time ,  an d thu s necessaril y 
involve s successiv e hypothesi s formatio n o n th e basi s o f  successiv e irput . 
(iv )  Finedly ,  th e S P woul d provid e a  mechanistic ,  therefor e theory -
independent ,  definitio n o f  'markedness. '  N o othe r  theory-independen t 
definitio n o f  'markedness '  exists .  (Accordin g t o th e SP ,  th e initia l 
hypothesi s (H )  determine d b y th e S P i s 'unmarked' ;  tha t  alternativ e H 
requirin g experienc e fo r  it s confirmatio n i s 'marked.' )  'Markedness '  woul d 
therefor e mechanisticall y b e define d i n term s o f  amoun t  o f  es^jerienc e 
require d fo r  leamability . 

In this paper we first (1) show that many of the predictions for English 
firs t  languag e acquisitio n mad e b y certai n interpretation s o f  th e S P ar e 
disconfirme d b y eirpirica l  dat a fro m studie s o f  firs t  languag e acquisition . 
We concentrat e i n particula r  o n prediction s mad e fo r  acquisitio n o f  anaphora , 
give n th e centrcilit y  o f  anajdior a t o U G an d t o languag e knowledg e (e.g. , 
Chomsky,  1981 ,  1982 )  . 2 (2 )  We the n sugges t  tha t  thes e ostensibl e failure s t o 
confir m th e psychologica l  realit y o f  th e S P aris e a t  leas t  i n par t  fro m a n 
ambiguit y i n th e interpretatio n o f  thi s principle .  We clLs o sugges t  tha t  vAier e 
i t  appear s tha t  certai n acquisitio n dat a confir m a n extensiona l 
interpretatio n o f  th e SP ,  a n intensiona l  interpretatio n i n term s o f  U G i s 
als o possible .  (3 )  We als o sugges t  tha t  recen t  atteitpt s t o appl y th e S P t o 
cross-linguisti c prediction s fo r  acquisitio n o f  anaphora ,  a l t h o u ^  no t  ye t 
full y  teste d esqjerimentally ,  ca n b e problemati c wit h regar d t o th e linguisti c 
aneilyse s o f  anaphor a i n thes e language s an d wit h regar d t o th e consequen t 
leamabilit y  proble m the y pos e th e child .  Whethe r  o r  no t  thes e problem s 
exis t  als o depend s o n ho w th e S P i s interpreted . 

Specificedly, in many cases the SP is interpreted in terms of lanquacre 
(L )  (viz. ,  i n term s o f  th e siz e o r  'broadness '  o f  languag e domain s consisten t 
wit h a  certai n H ,  e.g. ,  numbe r  o f  sentence s o r  sentenc e type s v M c h th e H 
edlows) .  Thu s i f  th e learne r  ha s a  choic e betwee n H i  an d H j ,  an d H i  lead s t o 
more type s o f  sentence s tha n H j ,  an d th e se t  o f  sentenc e type s allowe d b y H j 
i s  include d i n th e se t  o f  sentenc e type s cillcwe d b y Hi ,  the n H j  wil l  b e 
predicte d t o b e th e learner' s initial -  'unmcirked '  H ,  accordin g t o thi s 
interpretatio n o f  th e SP .  O n th e othe r  hand ,  som e prediction s base d o n th e 
SP ar e frame d i n term s o f  restrictivenes s o f  th e gramma r  (G )  involve d i n eac h 
H,  rathe r  tha n i n term s o f  th e siz e o f  lancfuaa e domain s v M c h ar e th e 
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extensional results of this grainmar. In this case, if the learner has a 
choic e betwee n H i  an d H j ,  an d H i  i s a  mor e 'restrictive '  versio n o f  a  gramma r 
o r  a  grainmatica l  componen t  (e.g. ,  rul e o r  principle) ,  the n H i  i s sai d t o b e 
predicte d t o b e th e learner' s initia l  H .  Thi s predictio n i s independen t  o f 
siz e o f  th e languag e donnai n (set s o f  sentenc e types )  whic h follo w fro n eac h 
H.  I t  require s onl y tha t  th e G  o f  H ^  b e include d i n th e G  o f  H j . 

We will argue that the principled Grammar/Language (G/L) distinction is 
critica l  t o th e formulatio n o f  th e SP ;  an d tha t  thes e tw o forroulation s o f  th e 
SP ar e no t  necessaril y  equivalen t  a s the y hav e bee n assume d t o be .  We wil l 
argu e tha t  th e errpirica l  prediction s mad e b y applicatio n o f  th e S P t o 
languag e acquisitio n ar e confirme d t o a  greate r  degre e i f  th e S P i s 
interprete d i n term s o f  G ,  no t  L .  We wil l  sugges t  tha t  v*ier e dat a appea r  t o 
si^jpor t  interpretatio n o f  th e S P i n term s o f  L ,  a n alternativ e es^lanatio n i n 
term s o f  a  grammatice d constrain t  o n H  i s avadlable .  (4 )  We sugges t  tha t 
thi s restrictio n ca i  interpretatio n o f  th e S P i n term s o f  gramma r  i s i n accor d 
wit h it s forma l  natur e (Angluin ,  1980) ;  an d wit h forma l  relation s betwee n 
'language '  an d 'grammar' .  (5 )  Finally ,  w e sugges t  tha t  thi s interpretatio n 
o f  th e S P i n term s o f  G ,  no t  L  accord s mor e closel y wit h th e theor y o f  U G a s 
a loode l  o f  th e initia l  stat e (e.g. ,  Chomslqr ,  1981 ,  Lasnik ,  1981) .  I n thi s 
model  o f  UG,  i t  i s  grammar s vAiic h ar e propcee d t o b e mentall y represented , 
no t  languages .  I t  i s  "constraint s o n th e for m o f  grammar s vdiic h ar e o f 
"centra l  inportano e sinc e the y narrc w th e clas s o f  H  tha t  th e chil d mus t 
consider "  s o tha t  "...eve n viier e th e cardinalit y o f  th e clas s i s no t  reduce d 
(i.e. ,  whe n th e clas s remain s infinite) ,  th e densit y o f  grammar s coanpatibl e 

wit h fixe d dat a wil l  i n genera l  b e lowered ,  thu s facilitatin g acquisition " 
(Lasnik ,  1981 ,  10 ) . 

In conclusion, althou^ it has been claimed that the SP is "necessary 
and sufficient "  t o es^lainin g leamabil i t y  i n a  theor y o f  UG,  th e fact s 
reviewe d her e sugges t  tha t  a  specifi c  linguisti c theor y o f  U G i s necessar y t o 
th e definitio n o f  th e S P an d t o eac h instantiatio n o f  it .  Ihi s conclusio n 
raise s th e issu e o f  ho w th e S P relate s t o th e IM F (Principl e o f  Minima l 
Fcilsifiability )  propose d b y William s 1981 .  Ihi s EMF define s 'mos t 
restrictive '  an d 'mos t  unmarked '  H  a s tha t  vdiic h involve s principle s o f 
Grammar  "v*iic h requir e th e leas t  amoun t  o f  evidenc e t o acquire, "  bu t  doe s no t 
involv e inclusio n relation s betwee n alternativ e hypothese s an d thu s doe s no t 
necessitat e th e SP . 

THE GRAMM2^-IANC3U2^GE DISTINCTION 
We assum e her e th e forma l  distinctio n betwee n 'language '  an d 

'grammar' :  "Grammar s (G )  ar e forma l  systems" .  (Levelt ,  1974 ,  l)."Th e 
LANGUAGE L(G )  generate d b y G  i s th e se t  o f  sentence s generate d b y G "  (1974 , 
5 ) .  Chains)q '̂ s theor y o f  U G explicitl y  refer s t o thi s distinction : 

I have argued that the grammar represented in the mind is a "real 
object, "  indee d tha t  a  person' s languag e shoiil d b e define d i n term s 
of  thi s grammar ,  an d tha t  th e vagu e everyda y notio n o f  language ,  i f 
on e want s t o tr y t o reconstruc t  i t  fo r  som e purpose ,  shoul d b e 
ejq^laine d i n term s o f  th e rea l  system s represente d i n th e mind s o f 
individual s an d similaritie s amon g thes e (Chomsky ,  1980 ,  120 ) 
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We refer to statements that refer to languages, e.g. to sets of sentences or 
sentenc e type s (e.g. ,  b y th e siz e o f  thes e sets) ,  a s extensione d i n nature . 
Wfe refe r  t o statement s tha t  refe r  t o grainmars ,  o r  cottponent s o f  grammars , 
(e.g .  t o rule s o r  principle s o r  constraints) ,  a s intensional . 

In general, the formal distinction between G and L is clear. It is well 
kncwn fro m studie s o f  th e "Qiomsk y Hierarch y o f  Grammars "  fo r  example ,  (e.g. , 
Level t  1974) ,  tha t  a  particula r  se t  o f  sentence s ( a languag e i n th e forma l 
sense )  ma y no t  ma p unambiguousl y ont o a  particula r  typ e o f  grammar .  Fo r 
exanple ,  a  particula r  se t  o f  sentence s vdiic h ma y b e generate d b y a  hi^il y 
restricte d typ e 3  'regula r  grammar '  ma y als o b e generate d b y les s restricte d 
hi^ie r  type s o f  grammar s (e.g. ,  typ e 2  contex t  fre e (CF )  o r  t̂ 'p e 0 
unrestricte d rewrit e systems) .  Inclusio n relation s betwee n suc h individua d 
language s d o no t  necessaril y  correspon d t o significan t  constrast s betwee n 
grammar s o n thi s hierarchy .  Fo r  exanple ,  languag e 1  ma y includ e th e sentenc e 
type s 'bbbbbb '  an d 'ababab' ,  vAiil e languag e 2  include s onl y th e sentenc e 
t^pe s 'ababab' .  Bot h language s howeve r  ar e generabl e b y hi^il y  restrictiv e 
regula r  grammars .  Th e L-inclusio n relatio n nee d no t  correspon d t o a 
significan t  G-incli:isio n relation ,  an d therefor e ha s n o significanc e i n 
itself .  I t  coul d b e argue d i n thi s cas e tha t  som e grammatica l  distinctio n 
othe r  tha n tha t  describe d b y th e Qiamsk y hierarch y doe s characteriz e th e 
differenc e betwee n thes e languages ,  an d doe s establis h a  hierarch y betwee n 
them ,  bu t  suc h a  grammatica l  theor y woul d hav e t o b e develope d t o mak e th e 
L-inclusio n relatio n significant . 

language types on the Chomsky hierarchy (i.e., regular, context free, 
and contex t  sensitiv e languages )  d o "sho w th e sam e relation s o f  stric t 
inclusio n ei s th e gramma r  types "  (Levelt ,  1974,11) ;  bu t  onl y i n s o muc h a s 
eac h languag e typ e refer s t o a  'clas s o f  languages' .  Tina s ther e ar e contex t 
fre e (CF )  language s withi n th e clas s o f  possibl e C F language s v M c h ar e no t 
regular ,  etc .  Her e 'clas s o f  languages '  mus t  b e define d i n term s o f  'typ e o f 
grammar' . 

It follows thus that interpretations of the SP in terms of H's vMch 
bea r  a n inclusio n relatio n t o eac h othe r  nee d no t  b e equivalen t  vAie n formul -
ate d extensionall y i n term s o f  languag e domain ,  an d v*ie n interprete d 
intensionall y i n term s o f  restrictivenes s o f  Grammar . 

Althcu^ the SP (as stated in 1 above) involves a "telltale set of 
sentences, "  th e principl e itsel f  involve s i:jsin g thes e sentence s t o constrai n 
inductiv e 'guesses '  o f  possibl e 'classe s o f  language; '  wher e specificatio n o f 
'clas s o f  L '  require s determinatio n b y a  Grammar .  Thu s th e Hypothese s teste d 
involv e G ,  no t  L  withi n th e initia l  formulatio n o f  th e SP . 

Consequences of this G/L contrast for interpretation of the SP can be 
see n sinpl y b y th e follcwin g example .  Ih e se t  o f  sentence s wit h bar e verb s 
(V)  ma y b e viewe d a s include d i n th e se t  o f  sentence s wit h verb s includin g 
ver b phrase s (VP )  a s wel l  a s bar e verbs .  (W e wil l  assum e fo r  th e purpos e o f 
thi s argumen t  tha t  verb s ca n occu r  eithe r  transitivel y o r  intransitively ,  a s 
i n th e Englis h 'h e ate '  o r  'h e at e a  meal ' ) .  O n a n extensiona l 
interpretatio n o f  th e S P w e coul d reaso n tha t  th e th e S P woul d predic t  tha t 
th e child' s initia l  H  wa s tha t  sentence s hav e bar e verbs .  Sentence s wit h 
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bare V's therefore were more 'unmarked' than those with VP's. On an 
intensiona l  interpretatio n o f  th e SP ,  however ,  a  mor e restrictiv e H  gramm -
aticall y (give n certai n theoretica l  assunptions )  m i ^ t  reaso n tha t  sentence s 
wit h VP' s represen t  a  mor e restrictiv e H ,  becaus e sentence s wit h bar e V' s ma y 
involv e deletion s o r  ompt y categories .  Ihe y woul d thu s involv e a n esqande d 
(les s restricted )  se t  o f  graimtatica l  rule s relativ e t o ful l  VP's .  (Conside r 
fo r  exairple ,  th e bar e V' s i n "Wh o d o yo u lik e e? "  o r  i n "To m bough t  e  an d Sa m 
at e th e nougats". )  Thu s interpretation s o f  th e S P intensionall y o r 
extensionall y ma y lea d t o distinc t  prediction s relevan t  t o th e sam e dat a set . 

Belcw we consider several proposcils made in terms of either extensional 
o r  intensiona l  interpretation s o f  th e SP ,  an d evaluat e availabl e dat a fro m 
studie s o f  firs t  languag e acquisitio n vdiic h ar e relevan t  t o thes e predict -
ions .  Ihes e dat a lea d u s t o conclud e tha t  viiil e extensiona l  interpretation s 
o f  th e S P d o no t  far e well ,  intensiona l  interpretation s ar e mor e ofte n 
consisten t  wit h th e initia l  acquisitio n dat a available ,  ihi s conclusio n ha s 
consequence s fo r  th e natur e o f  th e S P aft d it s integratio n wit h UG. 

PREDICTIONS KM)E BY THE SP FOR ACQUISITION OF ENGLISH WHEN FRAMED 
EXTENSIONT^LLY I N TERMS O F LANGUAGE. 

Acquisitio n o f  Anaphor a Types .  I n th e curren t  theor y o f  Universa l 
Grammar  (UG )  (e.g. ,  Chomsk y 1981 ,  1982) ,  on e modul e o f  UG,  terme d "Bindin g 
Theory "  (BT )  i s specificcill y  concerne d wit h relation s betwee n nominci l 
antecedent s an d thei r  preforms ,  e.g .  pronoun s lik e 'he'/'hiin '  o r  reflexive s 
lik e 'himself '  i n English .  A  typolog y o f  suc h nomina l  categorie s 
distinguishe s 'anaphors '  a s thos e element s lik e 'reflexives '  v4iic h requir e a n 
anteceden t  i n th e sentence ,  an d hav e n o independen t  reference ,  fro m thos e 
non-reflexiv e 'pronouns '  whic h ma y b e use d deicticall y an d d o no t  reqviir e a 
grammatica l  antecedent .  I t  i s  no w know n tha t  'anaphors '  (e.g .  Englis h 
reflexive s suc h a s 'himsel f  i n th e example s 2 ,  4  an d 6 )  an d 'pronouns '  (e.g . 
th e lexica l  pronou n 'him '  i n exaitple s 3 ,  5  an d 7 )  mus t  b e differentiate d i n a 
theor y o f  UG.  Th e fac t  tha t  'anaphors '  an d 'pronouns '  occu r  i n differen t 
domains ,  a s example s 2- 7 show ,  suggest s tha t  the y obe y differen t  principles . 
Principle s o f  th e 'Bindin g Theory "  modul e o f  U G hav e bee n formulate d 
accordingl y t o appl y eithe r  t o anaphor s o r  t o pronouns .  B y Principl e A  o f 
BT,  fo r  exairple ,  "anaphor s mus t  b e boun d i n thei r  GC" .  B y Principl e B  o f  BT , 
"pronoun s mus t  b e fre e i n thei r  GC" .  ("GC "  her e refer s t o "Governin g 
Category, "  on e specificatio n o f  a  loca l  domain). ^ 

(2 )  John j  admire s himsel f  j_ . 
(3 )  Johnj _ admire s him*j _ j . 
(4 )  John-j ^  want s Tom j  to'admir e himself*£.j . 
(5 )  John-j ^  want s Tom j  t o admir e h imj ,  *  j . 
(6 )  John j  want s Tom j  t o maJc e Sanj ^  ador e himself* j  **j.v « 
(7 )  John-} ^  want s Tot u t o mak e Saan̂ ^  ador e himi/j/*k * 

Wit h regar d t o acquisitio n o f  anaphor a types ,  ,  Berwic k (1982 ,  300 ) 
consider s tha t  th e initia l  H  regardin g anaphor s an d pronoun s i n acquisitio n 
o f  Englis h ma y b e constraine d b y th e S P accordin g t o th e followin g reasoning : 
"On e ca n se e .  . .  tha t  th e se t  o f  surfac e structure s (no w interprete d i n a n 
extende d sens e t o includ e co-indexing) ,  vdier e pronominal s ca n appea r  i s 
large r  tha n th e se t  o f  surfac e structure s i n ̂ 4hid h som e anaphor s appear .  On e 
coul d therefor e invok e th e S P an d establis h a n orde r  i n v*iic h H  abou t  th e 
propertie s o f  a n imknow n N P elemen t  wil l  b e made. "  Th e initia l  H  wil l  b e 
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that they are anaphors, not p2X)nouns. BerwicGc notes that this interpretation 
of  th e S P "i s no t  forced. .  .sinc e i n fac t  pronominal s an d pur e anaphor s ar e i n 
nearl y ccaiplementar y distrilxition"(1982,301 )  an d therefor e th e domain s a t 
issu e ar e no t  i n a n incliosio n relatio n a s applicatio n o f  th e S P requires , 
accordin g t o 1 .  (cf .  Manzin i  an d Wexler ,  i n preparation ,  o n thi s issue) . 
Ihi s formulation ,  however ,  i s  base d o n a n extensionci l  interpretatio n o f  th e 
SP,  sinc e i t  refer s t o siz e o f  languag e domai n allowe d b y eac h H  bein g 
compared ,  (v*ier e '  se t  o f  surfac e structures '  define s sentenc e types) .  I t 
doe s no t  refe r  t o Grammar ,  sinc e th e grainmaticci l  principle s involve d fo r 
•anaphors '  an d 'pronouns '  (Principle s A  an d B )  ar e conplementary .  Thes e d o 
not  involv e a n inclusio n relatio n betwee n them ,  an d neithe r  o f  the m i s 'moir e 
restrictive '  tha n th e other . 

Ihe prediction, based on an extensional interpretation of the SP, that 
th e initia l  H  o f  childre n acquirin g languag e woul d b e tha t  nomina l  pro-form s 
ar e anaphors ,  no t  pronouns ,  ha s bee n disconfinne d errpiriccilly ,  an d theoret -
icadl y o n th e basi s o f  enpirica l  firs t  languag e acquisitio n studie s (Wexle r 
and Chien ,  1985 ,  Manzin i  an d Wexler ,  i n preparation ,  Padilla-Rivera ,  1985 ; 
se e Lus t  198 6 fo r  review) .  Whethe r  o r  no t  a  chil d initiall y  interpret s a n 
anapho r  mor e lik e a  pronou n o r  a  pronou n mor e lik e a n anapho r  appear s t o b e 
dependen t  o n th e contex t  i n whic h i t  appears . 

Optional and Obligatory Anaphora. Another prediction of the SP 
interprete d extensiorall y wa s tha t  th e initiei l  H  o f  childre n woul d b e tha t 
anaphor a woul d b e 'obligatory, '  no t  'optional. '  Thi s predictio n ca n b e 
interprete d i n term s o f  th e observatio n tha t  "cptionad "  languag e domain s ar e 
extensionall y large r  tha n "obligatory "  ones ,  an d th e sentenc e type s resultin g 
fro m th e obligator y rul e ar e include d i n th e se t  o f  sentenc e t^pe s resultin g 
fro m th e optiona l  rule .  Th e graramaticcL L principle s o f  'optionality '  o r 
'obigatoriness '  ar e no t  i n themselve s i n a n inclusica i  relation ,  bu t 
ccarplementary .  Therefore ,  th e S P ma y no t  appl y intensionadl y wit h regar d t o 
thi s domai n o f  languag e knowledge . 

This extensional prediction too has been disconfirmad ertpirically in 
certai n situations .  Fo r  example .  Lust ,  Solan ,  Flynn ,  Cros s an d Scheutz ,  198 6 
hav e foun d tha t  youn g childre n assig n a n optiona l  anaphor a interpretatio n t o 
sentence s lik e 8a .  The y ofte n conver t  th e nul l  site s i n 8 a (vdiict i  ar e 
obligatoril y  subject-controlle d i n Englis h adul t  grammar )  t o pronoun s wit h 
ver b tensin g (i n imitation )  a s i n 8b ;  an d the y determin e th e interpretatio n 
of  bot h 8 a an d b  wit h sensitivit y t o pragmati c context ,  i.e. ,  a s thoug h the y 
wer e optiona l  lik e th e pronoun ,  i n ccarprehension . 

8a)  John ^  sa w Tom j  v*ie n Oi^* j  runnin g dow n th e stree t 
b)  jQhnj _ sa w Tom j  v*ie n he ^  j  y ^  wa s runnin g dow n th e stree t 

Roeper  198 6 report s anothe r  se t  o r  Aat a vAiic h als o appear s t o disconfir m 
thi s prediction .  Roepe r  report s (fro m a  preliminar y ejqjerimenta l  study )  tha t 
children' s initia l  H  vAie n interpretin g th e nul l  subjec t  i n a  sentenc e lik e 9 a 
i s simila r  t o tha t  i n 9b .  Tha t  is ,  childre n interpre t  th e nul l  subjec t  i n 9 a 
as t h o u ^  i t  wer e a  fre e lexica l  pronou n (wit h optiona l  coreferenc e thus) , 
not  a s thoug h i t  wer e a  boun d variabl e a s i t  i s  i n adul t  grammar .  (Fo r 
exairple ,  childre n attribut e coreferenc e betwee n th e perso n wh o "thinks "  an d 
th e perso n v^ o "wear s a  hat "  i n 9a. ) 
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9a) VJho does he think e wears a hat? 
b )  Who think s h e wear s a  hat ? 

PREDICTIONS KKDE BY THE SP FOR ACQUISITION WHEN 
FRAMED INTENSIONALL Y I N TERMS O F GRAMMAR. 

Berwic k 198 2 als o propose s tha t  th e S P ma y b e interprete d t o predic t 
tha t  children' s initia l  H  regardin g enpt y categorie s i s tha t  the y mus t  b e 
'governed' .  Ihi s hypothesi s i s define d independentl y o f  siz e o f  languag e 
domain .  I n fact ,  siz e o f  languag e domai n resultin g fro m thi s hypothesi s i s 
irrelevant ,  sinc e i t  i s  eithe r  fals e o r  indeterminabl e tha t  ther e ar e mor e 
sentence s o r  sentenc e type s wit h ungoveme d tha n wit h governe d enpt y 
categories .  Thi s H  i s '  intensional '  i n tha t  i t  essplicitl y  reflect s a 
prc^jert y o f  grammar ,  viz. ,  th e EC P (Enpt y Categor y Principle ,  vAiic h state s 
tha t  'a n enpt ^  categor y mus t  b e governed '  i n Universa l  Grammar  (cf .  Oiomsky , 
1981. ) 

Ihis prediction, vdiich involves an intensional interpretation of the 
SP,  i s consisten t  wit h certai n enpirica l  acquisitio n data .  I n lust .  Solan , 
Flynn ,  Cros s an d Schuetz ,  (1986) ,  cite d abov e i n 8 a fo r  exaiiple ,  th e child' s 
mai n erro r  wa s t o tens e th e verb ,  thu s governin g th e enpt y categor y subject , 
and cillowin g i t  t o receiv e case .  Thu s i t  ca n an d doe s appea r  a s a  lexica l 
pronou n wit h cas e a s i n 8b .  I t  i s  no t  clea r  ho w th e S P actuall y applie s t o 
thi s H  intensionally ,  however ,  sinc e th e gramma r  v*iic h include s th e EC P i s 
no t  include d i n a  gramma r  v M c h doe s not . 

In cases, vdiere data appear to support an extensional interpretation of 
th e SP ,  a n eiltemativ e (intensional )  interpretatio n i s possible .  Fo r 
example ,  i n putativ e confirmatio n o f  th e predictio n o f  th e S P a s interprete d 
by Jakubowicz ,  an d describe d above ,  i t  wa s reporte d tha t  childre n mak e mor e 
error s o n sentence s lik e 10 b an d li b tha n o n 10 a an d 11 a (cf .  Deutsc h an d 
Foster ,  1982 ,  Wexle r  an d Chien ,  1985 ,  Padilla-Rivera ,  1985 ,  Jakubowicz ,  1984 , 
an d Lust ,  198 6 fo r  relevan t  dat a here) .  Childre n reportedl y ofte n tak e th e 
closes t  N P subjec t  a s anteceden t  fo r  th e pronou n i n lib ,  fo r  example . 

10a )  John j  washe d himself ^ 
b)  John j  washe d hijn* ^  j 

11a )  John ^  sai d tha t  Pe£er j  washe d himself* ^  j 
b )  John ^  sai d tha t  Peter j  washe d hlmj ^  * j 

An alternativ e es^lanatio n o f  thes e acquisitio n bata .  (vAiic h ar e themselve s 
no w bein g teste d fo r  replication )  mii^ t  b e th e following .  Children' s 
initia l  H  determine d la y U G regardin g a  nomina l  pro-for m i s tha t  suc h proform s 
ar e boun d i f  the y ar e c-coramanded .  Th e child' s initia l  H  i s tha t  th e minima l 
(possibl y cyclic )  constituen t  i s assume d t o b e th e relevan t  bindin g domain . 

Cross-linguistic work on acquisition of anaphora in Chinese and English 
by Lust ,  Mangion e an d Chie n (1984 ,  an d i n preparation )  i s consisten t  wit h 
thi s alternativ e intensiona l  hypothesis .  Her e childre n acquir-'n g Chines e 
appea r  t o us e plus/o r  minu s c-comman d t o determin e vAiethe r  a n enpt̂ ' '  categor y 
i s boun d o r  free .  Padilla-Rivera' s (1985 )  experimenta l  tes t  o f  acquisitio n 
o f  Spanis h anaphor a (v̂ iic h varie s constituen t  domain s o f  anaphor s an d 
pronouns )  i s als o consisten t  wit h suc h a n intensiona l  representatio n o f  th e 
knowledg e underlyin g th e acquisitio n facts .  Her e childre n acquirin g Spanis h 
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were found to assume that the miiumal domain (e.g. prepositional 0irase) in 
vJiic h a  profor m appears ,  i s  a  bindin g donvai n fo r  bot h anaphor s an d proncuns . 

CROSS-LDJGUISnC APPLICATION OF THE SP 
The abov e remark s concer n interpretation s o f  th e S P wit h regar d t o 

choic e betwee n H  vdiic h involv e languag e possibilitie s withi n a  singl e L .  I t 
i s  possibl e t o interpre t  th e S P i n term s o f  cross-languag e variation .  I n 
thi s case ,  th e H' s involve d woul d involv e grairanar s fo r  on e languag e v s 
another .  A-priori .  thi s interpretatio n o f  th e S P i s mor e closel y isomorphi c 
t o th e structur e o f  conditio n 1 .  However ,  i n cross-linguisti c application , 
interpretatio n o f  th e S P ca n als o b e eithe r  extensiona l  o r  intensional . 
Again ,  extensiona l  prediction s ar e problematic . 

•Hie concept 'parameter' (P) in UG specifies significant dimensions of 
possibl e cross-languag e variation ,  an d th e value s thes e variation s ma y take . 
Onl y a  fe w o f  thes e P' s involv e a  possibl e inclusio n relatio n acros s thei r 
values ,  however ,  an d thu s allo w applicatio n o f  th e SP . 

The Pro Drcp Parameter (e.g., Qiomsky, 1981, Hyams, 1983). Languages 
may tak e on e o f  th e binar y value s o n thi s paramete r  o r  another .  I f  the y ar e 
[ + pro-drop ]  the y wil l  allo w nul l  subject s i n tense d sentence s optioneilly ;  i f 
the y ar e [ -  pr o drcp ]  lik e English ,  the y wil l  not .  Ther e i s n o grammatica l 
basi s fo r  distinguishin g on e valu e o f  thi s paramete r  a s include d i n another , 
or  a s intrinsicall y mor e marke d tha n another .  (Se e Lasni k 198 3 fo r 
discussio n o f  thi s point. )  Eac h valu e o f  th e paramete r  ha s a  distinc t  se t  o f 
grammatica l  consequences .  Interprete d extensionally ,  however ,  i n term s o f  th e 
size s o f  donain s o f  language ,  o r  sentenc e l̂ 'pe s tha t  eac h valu e o f  th e 
paramete r  allows ,  the n th e [ + pr o drop ]  i s clearl y mor e incliasiv e tha n th e [ -
pr o drop ]  hypothesis .  Availabl e acquisitio n data ,  however ,  d o no t  sî jpor t 
th e predictio n tha t  children' s initici l  H  cross-linguisticsdl y i s tha t  th e 
languag e the y ar e acquirin g i s [ -  pr o drop] .  Se e Hyam s 198 3 an d Mazvik a e t  a l 
t o appea r  fo r  alternativ e treatment s o f  th e acquisitio n facts . 

Locality of binding domains for anaphors. Another aspect of language 
variatio n v*iic h ha s bee n predicte d t o b e accessibl e t o th e S P involve s 
'locality '  o f  anapho r  binding .  Japanese ,  lanlik e English ,  bu t  lik e mar y 
Dravidia n an d othe r  language s (e.g. ,  Malayalam ,  Tamil ,  Telagu ,  Kannada ,  fo r 
exanple )  allcw s 'lon g distanc e binding '  o f  reflexive s (cf .  N .  Akatsuk a 
McCawley 1972 ,  an d K.S .  Yaduraja n 198 6 fo r  exanple) .  Corrpar e Englis h 4  an d 
Japanes e 1 2 belo w fo r  example .  I t  ha s bee n propose d tha t  Japanes e an d 
Englis h anaphor a ma y b e describe d i n term s o f  a  subse t  relation ,  vdierei n 
Englis h i s a  subse t  o f  Japanese .  Jakubcwicz ,  1984 ,  162 ,  followin g Berwick' s 
extensiona l  proposal ,  interpret s th e S P a s predictin g tha t  language s wit h 
lon g distanc e contro l  o f  anaphor s ar e "marked "  b y th e S P relativ e t o thos e 
language s withou t  lon g distanc e binding ,  becaus e thos e withou t  i t  'contai n 
onl y on e typ e o f  outpu t  strin g (sentence s v*ier e anaphor s ar « locall y  bound)' , 
vAierea s thos e wit h lon g distanc e contro l  'contai n tw o type s o f  o u 1 ^ t 
sentences" .  Thi s predictio n i s base d o n a n extensiona l  interpretatio n o f  th e 
SP. 

(12 )  [[Zibun i  g a nusunda ]  t o Sarah j  n i  iwareta ]  t o John ^  g a omotta ] 
sel f  na m stol e tha t  da t  wa s sai d tha t  na m t h o u ^ t 

(Joh n though t  tha t  Sara h sai d tha t  he/sel f  stol e p ) 
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On the grounds of this observation, it has been suggested that the SP 
predict s (i f  interprete d extensionally )  tha t  cdiildren' s initia l  H  (i n 
Japanes e a s wel l  a s English )  i s tha t  anabhor s ar e locall y bound .  A l thou ^ 
thi s H  ha s no t  ye t  bee n extensivel y teste d experimentally ,  ther e ar e severa l 
problem s wit h thi s extensicaia l  instantiatio n o f  th e H .  Intensiona l  an d 
extensiona l  interpretation s agai n mak e differen t  prediction s fo r  applicatio n 
o f  th e SP . 

(i) On the basis of recent cross-linguistic analyses, it appears that 
•local '  anaphor s an d 'lon g distance '  anaphor s ma y b e grammaticall y distinct . 
I n som e languages ,  e.g .  Malayalam ,  differen t  form s distinguis h these ,  bu t  i n 
othe r  language s (e.g .  Chines e o r  Japanese )  differen t  grammatica l  fact s 
distinguis h thes e syntacticall y an d semantically .  (Se e Giorg i  1984 ,  Harber t 
t o appear .  Bower s i n preparation .  Tan g i n preparation ,  an d Yaduraja n 198 6 fo r 
independen t  proposal s o f  thi s typ e acros s severa l  differen t  language s viiic h 
allo w lon g distanc e 'anaphors' .  I f  thes e grammatica l  analyse s ar e correc t 
the n grammaticall y th e loca l  anapho r  i s no t  i n a n inclusio n relatio n wit h th e 
'lon g distance '  anaphor ,  sinc e thes e ar e qualitativel y distinct .  Ihu s onl y 
an extensional ,  bu t  no t  a n intensional ,  intepretatio n o f  th e S P woul d predic t 
tha t  'anaphors '  ar e locall y boun d i n children' s initici l  H . 

(ii) Wexler and Manzini(to appear) and Manzini and Wexler(in prep) 
observ e tha t  th e S P make s differen t  prediction s fo r  pronoun s tha n i t  doe s fo r 
anaphors .  O n a n extensiona l  interpretation ,  Icelandi c i s les s restrictiv e 
tha n Englis h wit h regar d t o anaphor s becaus e i t  allow s lon g distanc e binding . 
However ,  i t  i s  mor e restrictiv e wit h regar d t o pronouns .  Harber t  argue s fo r 
exaitple ,  tha t  Englis h an d Icelandi c shar e sentenc e type s wit h pronoun s lik e 
13 ,  bu t  Icelandi c doe s no t  allo w sentenc e t^^e s wit h pronoun s wit h a 
coreferentia l  readin g lit e th e Englis h 1 4 does . 

13)  Ihey i  hel p them j 
14)  Ihey i  expec t  m e t o hel p them^^ j 

On a n extensiona l  interpretatio n o f  the '  SP ,  then ,  children' s H  woul d b e 
predicte d t o b e mor e lik e Icelandi c tha n English ,  becaus e ther e ar e fewe r 
suc h sentenc e type s wit h pronoun s i n Icelandi c tha n i n English .  Harber t  (i n 
prep )  argues ,  hcwever ,  tha t  grammaticall y th e fact s i n 1 3 an d 1 4 resul t  fro m 
th e fac t  tha t  Englis h ha s a  mor e restrictiv e gramma r  tha n Icelandi c (i.e , 
ther e ar e mor e restriction s o n v*ia t  consistute s a  bindin g domain) .  Harber t 
support s th e suggestio n tha t  i t  i s  th e Icelandi c gramma r  vdiic h i s mor e marke d 
on th e basi s o f  it s le w frequenc y acros s language s an d o n th e basi s o f 
languag e chang e data .  I f  thi s analysi s i s correct ,  however ,  the n again ,  a n 
intensiona l  an d a n extensiona l  interpretatio n o f  th e S P wil l  mak e distinct , 
i n fact ,  opposit e predicticai s fo r  acquisition. , 

iii) Wexler and Manzini (to appear) and M&W(in prep) have argued that 
th e paramete r  o f  localit y mus t  b e multivalued ,  rangin g fro m Englis h an d othe r 
language s wit h 'very '  loca l  bindin g t o Icelandi c an d othe r  language s wit h 
les s restrictiv e binding ,  t o Japanes e an d othe r  language s wit h leas t 
restrictiv e binding .  Ih e scal e her e i s i n term s o f  extensiona l  siz e o f  domai n 
o f  anaphora .  W&M mak e th e interestin g an d hi^il y  significan t  argument , 
however ,  tha t  intensionally ,  i.e. ,  grammatically ,  th e substantiv e universal s 
whic h characteriz e Bindin g Domain s acros s language s ar e themselve s i n a n 
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inclusion relation vdiidi correlates with the extensional size of domain of 
anaphor s acros s languages . 

Hcwever, any interpretation of a non-binary dimension of language 
variatio n i n thi s wa y e.g. ,  'L ^  C  L j  c  x^ i  y ^ m alway s forrtall y  requir e a 
violatio n o f  th e SP .  Tha t  is ,  v^eneve r  a  child' s H  i s i n accor d wit h Lj ^  vdie n 
Lj ^  mus t  b e acquired ,  ther e wil l  b e a n 'intervenin g language '  L j ,  thu s 
offendin g conditio n 1  (SP) .  Ih e onl y wa y tha t  a  subse t  offens e ca n b e 
avoide d i s i f  th e chil d i s constraine d t o hypothesiz e tha t  L j  (an d ever y 
internvediar y languag e successsivel y o n th e inclusio n hierarchy )  i s th e 
correc t  language ,  befor e i t  hypothesize s tha t  I n is . 

Certain languages (e.g., Chinese, Huang, pc. Tang, 1985 and in prep-
aration )  allo w bindin g o f  th e reflexiv e dzn i  (a )  i n minima l  loca l  domain s a s 
i n 15 ;  (b )  i n lon g distanc e domain s a s i n 16 ;  an d (c )  critically ,  i n eithe r 
maximal  o r  minimal ,  bu t  iro t  intermediar y domain s i n case s lik e 17 .  (Example s 
ar e fro m Tang ,  1985) .  A  phenomeno n simila r  t o 1 7 reportedl y occur s i n 
severa l  othe r  language s a s wel l  (e.g. ,  Icelandic ,  Harbert ,  pc. ;  cf .  als o 
Giorgi ,  1984) .  I f  th e S P i s interprete d extensionally ,  an d th e chil d i s 
force d t o formulat e successiv e H  ii p th e hierarch y o f  locality ,  the n a  chil d 
acquirin g Chines e wil l  neve r  acquir e bot h 1 5 an d 1 6 withou t  makin g a n erro r 
on 17 .  (I f  th e inclusio n hierarch y i s formulate d graramaticcilly ,  the n th e 
grammar  fo r  a  languag e vdiic h eillcw s th e intermediat e claus e anteceden t  i n 1 7 
inus t  no t  b e include d i n th e gramma r  v M c h allow s th e farthes t  anteceden t  i n 
16,  i n orde r  fo r  ther e no t  t o b e a  require d S P offens e i n thi s 
interpretation. ) 

15)  Lisz i  dwe i  dzji ^  me i  syinsyi n 
no confidenc e 

(Lis z ha s n o confidenc e i n himself )  (=Tan g #1 ) 
16)  Jangsan i  jrda u [Lisz j  taiQ'a n dzji^ ^  j ] 

kno w dislik e 
(Jangsan i  kne w tha t  Lisz j  dislike d himself ^  j ) 

17)  Jangsan i  renwe i  [Lisz j  jrda u [Wangwuj ^  dwe i  ^3i i , * j , k 
thin k kne w 

mei  syinsyin] ] 
no confidenc e (=<ran g #83 ) 
(Jangsan i  thou<^ t  tha t  Lisz j  kne w tha t  Wangwu] ^  ha d n o confidenc e i n 

himselfi^ *  j ,  k ) 
Not e tha t  i f  th e grammatica l  paramete r  fo r  distinctio n o f  bindin g domain s 
acros s language s woul d b e a  binar y on e (a s i n Harbert ,  t o appear ,  fo r  exaitpl e 
or  a s i n a  conflatio n o f  th e W &  M hierarchy) ,  the n th e abov e issu e nee d no t 
arise . 

CONCLUSIONS 
Thes e argument s d o no t  motivat e th e conclusio n tha t  th e S P i s invalid . 

They d o motivat e th e conclusio n tha t  i n orde r  fo r  th e Subse t  Principl e t o 
appl y i t  i s  necessar y no t  onl y tha t  tw o language s (o r  tw o domain s o f  languag e 
data )  ar e i n a n inclusio n relation ,  bu t  cils o tha t  th e grcunmar s (o r  som e 
aspect s o f  thos e grammars )  vdiio h generat e th e languag e ar e i n a n inclusio n 
relation .  Thes e argument s als o motivat e th e conclusio n tha t  th e inter -
pretatio n o f  th e S P mus t  b e restricte d t o clos e integratio n wit h theor y o f 
UG,  i f  i t  i s  t o b e efficaciou s i n a  psychologicall y rea l  mode l  o f  th e Initia l 
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state. The current work of Wexler et al. (to appear) and Manzini and Wfexler 
(i n preparation )  an d Berwick ,  198 5 d o represen t  advance s i n thi s regard . 

Wexle r  e t  al .  an d Manziri i  an d Wexler ,  fo r  exairple ,  pursu e th e 
linguistic/grammatica l  natur e o f  vdia t  constitute s variatio n i n Bindin g 
Dcmiain s acros s languages ,  i.e. ,  o f  v4ia t  th e prope r  linguisti c fonnulatica i  o f 
th e Paramete r  o r  Paranveter s o f  languag e variatio n i n thi s are a are .  Th e 
result s abov e sugges t  tha t  thi s contributio n t o U G i s critica l  t o speci:fyin g 
th e dimension s o f  languag e Vcuriatio n vAiic h childr-e n ma y consul t  i n 
formulatin g hypotheses ,  an d th e value s thes e H  ma y take ,  Errpiricall y vali d 
an d successfu l  applicatio n o f  th e S P t o children' s tes t  o f  thes e H  i n firs t 
languag e acquisitio n depend s o n th e succes s o f  thi s linguisti c theor y o f  UG. 
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I  than k Reik o Mazuka ,  Shi n Oshim a ,  Kaziiy o Otan i  an d Wend y Sr̂ îe r  fo r 
Japanes e data ,  an d Ji m Huan g fo r  Chines e data .  I  a m thankfu l  t o Reik o 
Mazuka fo r  critica l  assistanc e i n pape r  preparation ,  wit h th e assistanc e 
o f  Nanc y Goss . 

2 We wil l  us e th e ter m "anaphora "  i n a  genera l  sens e t o refe r  t o th e 
relatio n betwee n ncanina l  antecedent s an d preform s (vftiethe r  jiioneticall y 
realize d o r  null )  a s i n exairple s 8 a an d b .  Thi s relatio n o f  anaphor a 
determine s th e interpretatio n o f  th e profor m (e.g. ,  eithe r  th e pronou n 
•he '  o r  th e nul l  subjec t  i n exairple s 8 )  b y referenc e t o th e antecedent . 
The relatio n o f  anaphor a i s ofte n represente d b y co-indexin g (a s i n th e 
subscript s i n 8 ) ,  signifyin g possibl e coreference .  (Se e variou s papei s 
collecte d i n lus t  198 6 fo r  stucf y o f  thi s issue. ) 

3 I n general ,  th e reflexiv e 'himsel f  i n sentenc e 2  reflect s th e fac t  tha t 
i t  i s  'bound '  i n tha t  i t  i s  'c-coramanded '  t y it s antecedent ,  an d 
obligatoril y  coreferentia l  wit h it .  ('C-command '  i s a  concep t  define d 
ove r  th e geonetr y o f  tre e structure ;  i t  involve s dominance. )  Th e 
pronou n 'him '  i n sentenc e 3  reflect s th e fac t  tha t  i t  i s  'free '  i n tha t 
i t  i s  no t  'c-coramanded '  b y it s antecedent ,  ma y no t  refe r  t o th e mai n 
claus e subjec t  vAiic h c-command s it ,  an d ma y refe r  t o a n anteceden t 
outsid e th e claiase . 
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A B S T R A CT 

1.  O v e r v i e w 

I n thi s tal k I  wil l  presen t  th e basi c element s o f  a  computationa l  theor y o f  discours e 

structure. ^  A  prope r  accoun t  o f  discours e structur e i s neede d bot h a s th e basi s o f  a n 

accoun t  o f  discours e meanin g ( a semanti c task )  an d t o underli e a  mode l  o f  discours e 

processing .  I t  provide s th e forme r  b y specifyin g th e basi c unit s a  discours e comprise s an d 

th e way s i n whic h the y ca n relate .  I t  play s a  ke y rol e i n discours e processin g b y 

stipulatin g constraint s o n thos e portion s o f  a  discours e t o whic h an y give n utteranc e i n 

th e discours e mus t  b e related . 

An account of discourse structure is closely related to two questions: What 

individuate s a  discourse ? W h a t  make s a  discours e coherent ? Tha t  is ,  face d wit h a 

sequenc e o f  utterances ,  ho w doe s on e kno w whethe r  the y constitut e a  singl e discourse , 

severa l  (perhap s interleaved )  discourses ,  o r  none ? Likewise ,  ho w doe s a  discours e 

participan t  kno w wher e an d ho w a n utteranc e belong s i n a  discourse . 

In the theory, discourse structure is intimately connected with two nonlinguistic 

notions :  intentio n an d attention .  Intention s pla y a  primar y rol e i n explainin g discours e 

structure ,  definin g discours e coherence ,  an d providin g a  coheren t  conceptualizatio n o f 

th e ter m "discourse "  itself .  Attentio n i s a n essentia l  facto r  i n explicatin g th e processin g 

of  utterance s i n discourse . 

A major claim of the theory that Sidner and I are developing [Grosz and Sidner 86] is 

Substantia l  portion s o f  thi s abstrac t  ar e take n fro m a  pape r  coauthore d b y C.L .  Sidne r  [Gros z an d 
Sidne r  86] .  Th e theor y I  describ e i s bein g develope d jointl y wit h her .  Mor e detail s ma y b e foun d i n th e 

paper . 
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tha t  th e structur e o f  an y discours e i s a  composit e o f  thre e distinc t  bu t  interactin g 

components :  (1 )  th e structur e o f  th e actua l  sequenc e o f  utterance s i n th e discourse ;  (2 )  a 

structur e o f  intentions ;  (3 )  a n attentiona l  state .  I n examinin g attentiona l  state ,  I  wil l 

sho w tha t  i t  ha s a t  leas t  tw o separat e constituents :  on e correspond s t o th e globa l  focu s o f 

attentio n o f  th e participant s i n a  discours e an d th e othe r  t o thei r  mor e loca l  centerin g o f 

attentio n a t  an y give n utteranc e i n th e discourse . 

The distinction among the three components is essential to an explanation of various 

linguisti c phenomena ,  includin g interruptions ,  th e differentia l  us e o f  certai n type s o f 

referrin g expressions ,  an d th e us e o f  certai n phrase s tha t  a t  time s functio n solel y t o affec t 

discours e segmentatio n an d structure .  Example s o f  eac h o f  thes e phenomen a an d th e rol e 

of  th e component s i n explainin g the m wil l  b e give n i n th e talk . 

By providing an overall framework within which to answer questions about the 

relevanc e o f  variou s segment s o f  discours e t o on e anothe r  an d t o th e overal l  purpose s o f 

th e discours e participants ,  th e theor y ha s implication s fo r  natural-languag e processin g 

wor k i n general .  I n particular ,  variou s propertie s o f  th e intentiona l  componen t  sugges t 

problem s wit h approache s t o discours e coherenc e base d o n selectin g discours e 

relationship s fro m a  fixe d se t  o f  alternativ e rhetorica l  pattern s (e.g. ,  [Hobb s 79] ,  (Man n 

83] ,  [Reichma n 81] )  a s wel l  a s indicatin g severa l  issue s tha t  mus t  b e confronte d i n 

expandin g speech-act-relate d theorie s (e.g. ,  [Alle n 80] ,  (Cohe n 80] ,  [Alle n 83] )  fro m 

coverag e o f  individua l  utterance s t o coverag e o f  extende d sequence s o f  utterance s i n 

discourse . 

Most of this presentation will be concerned with specifying an abstract model of 

discours e structure ;  i n particular ,  th e definition s o f  th e component s wil l  abstrac t  awa y 

fro m th e detail s o f  th e discours e participants .  Bot h th e constructio n o f  a  compute r 

syste m tha t  ca n participat e i n a  discours e (i.e. ,  on e tha t  i s a  languag e user )  an d th e 

specificatio n o f  a  psychologica l  mode l  o f  languag e us e requir e th e appropriat e projectio n 

of  thi s abstrac t  mode l  ont o propertie s o f  a  languag e use r  an d specificatio n o f  additiona l 

details ;  fo r  example ,  memor y fo r  linguisti c structur e mus t  b e specifie d an d mean s fo r 

encodin g attentiona l  state ,  an d appropriat e representation s o f  intentiona l  structur e mus t 
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be provided). Although I will not address such issues completely, I will examine certain 

ke y processin g questions . 

2. Linguistic Structure 

Utterances—th e actua l  sayin g o r  writin g o f  particula r  sequence s o f  phrase s an d clauses -

ar e th e basi c element s o f  th e linguisti c structure .  Jus t  a s th e word s i n a  singl e sentenc e 

for m constituen t  phrases ,  th e utterance s i n a  discours e ar e naturall y aggregate d int o 

discours e segments .  Th e linguisti c structur e consist s o f  thes e discours e segment s an d 

embeddin g relationship s amon g them . 

The utterances in a segment, like the words in a phrase, serve particular roles with 

respec t  t o tha t  segment .  I n addition ,  th e discours e segments ,  lik e th e phrases ,  fulfil l 

certai n function s wit h respec t  t o th e overal l  discourse .  Althoug h tw o consecutiv e 

utterance s m a y b e i n th e sam e discours e segment ,  i t  i s  als o c o m m o n fo r  tw o consecutiv e 

utterance s t o b e i n differen t  segments .  I t  i s  als o possibl e fo r  tw o utterance s tha t  ar e 

nonconsecutiv e t o b e i n th e sam e segment .  A n individua l  segmen t  ma y includ e a 

combinatio n o f  subsegment s an d utterance s onl y i n tha t  segmen t  (an d no t  member s o f 

any o f  it s  embedde d subsegments) . 

One claim of the theory is that the embedding relationships are a surface reflection of 

relationship s amon g element s o f  th e intentiona l  structure .  However ,  variou s element s o f 

th e linguisti c structur e ar e crucia l  i n conveyin g informatio n abou t  th e intentiona l 

structur e s o tha t  thes e tw o component s ar e mutuall y constraining .  Becaus e th e linguisti c 

structur e i s no t  strictl y decompositional ,  variou s propertie s o f  th e discours e (mos t 

notabl y th e intentiona l  structure )  ar e function s o f  propertie s o f  individua l  utterance s an d 

propertie s o f  segments .  I n additio n t o givin g example s tha t  illustrat e th e nonstric t 

decompositionalit y o f  discourse ,  I  wil l  discus s problem s tha t  aris e i n determinin g th e 

intentiona l  structur e becaus e o f  it . 

There is a two-way interaction between the discourse segment structure and the 

utterance s constitutin g th e discourse :  linguisti c expression s ca n b e use d t o conve y 

informatio n abou t  th e discours e structure ;  conversely ,  th e discours e structur e constrain s 
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the interpretation of expressions (and hence affects what a speaker says and how a 

heare r  wil l  interpre t  wha t  i s  said) .  No t  surprisingly ,  linguisti c expression s ar e amon g th e 

primar y indicator s o f  discours e segmen t  boundaries .  Th e explici t  us e o f  certai n word s 

and phrase s (e.g. ,  "i n th e firs t  place" )  an d mor e subtl e clues ,  suc h a s change s i n tens e 

and aspect ,  ar e include d i n th e repertoir e o f  linguisti c device s tha t  function ,  wholl y o r  i n 

part ,  t o indicat e thes e boundarie s (Reichman-Ada r  84 ,  Cohe n 83 ,  Polany i  83] .  I  wil l  giv e 

example s tha t  sho w thes e linguisti c boundar y marker s ca n b e divide d accordin g t o 

whethe r  the y explicitl y  indicat e change s i n th e intentiona l  structur e o r  i n th e attentiona l 

stat e o f  th e discourse .  Th e differentia l  us e o f  thes e linguisti c marker s provide s on e piec e 

of  evidenc e fo r  considerin g thes e tw o component s t o b e distinct . 

Because these linguistic devices function explicitly as indicators of discourse structure, 

i t  become s clea r  tha t  the y ar e bes t  see n a s providin g informatio n a t  th e discours e level , 

and no t  a t  tha t  o f  th e sentence ;  hence ,  certai n kind s o f  question s (e.g. ,  abou t  thei r 

contributio n t o th e trut h condition s o f  a n individua l  sentence )  d o no t  mak e sense .  Fo r 

example ,  i n th e utteranc e "Incidentally ,  Jan e swim s ever y day, "  th e "incidentally " 

indicate s a n interruptio n o f  th e mai n flo w o f  discours e rathe r  tha n affectin g i n anywa y 

th e meanin g o f  "Jan e swim s ever y day. "  Jane' s swimmin g ever y da y coul d hardl y b e 

fortuitous . 

Just as linguistic devices affect structure, so the discourse segmentation affects the 

interpretatio n o f  linguisti c expression s i n a  discourse .  Referrin g expression s provid e th e 

primar y exampl e o f  thi s effect .  Th e segmentatio n o f  discours e constrain s th e us e o f 

referrin g expression s b y delineatin g certai n point s a t  whic h ther e i s a  significan t  chang e 

i n wha t  entitie s (objects ,  properties ,  o r  relations )  ar e bein g discussed .  Fo r  example ,  ther e 

ar e differen t  constraint s o n th e us e o f  pronoun s an d reduce d definite-nou n pb ;  r̂se s withi n 

a segmen t  tha n acros s segmen t  boundaries .  Whil e discours e segmentatio n i s obviousl y 

not  th e onl y facto r  governin g th e us e o f  referrin g expressions ,  i t  i s  a n importan t  one . 
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3. Intentional Structure 

A rathe r  straightforwar d propert y o f  discourses ,  namely ,  tha t  the y (or ,  mor e 

accurately ,  thos e w h o participat e i n them )  hav e a n overal l  purpose ,  turn s ou t  t o pla y a 

fundamenta l  rol e i n th e theor y o f  discours e structure .  Thus ,  intention s o f  a  particula r 

sor t  an d a  smal l  numbe r  o f  relationship s betwee n the m provid e th e basi c element s o f  th e 

intentiona l  structure . 

Although typically the participants in a discourse may have more than one aim in 

participatin g i n th e discours e (e.g. ,  a  stor y m a y entertai n it s listener s a s wel l  a s describ e 

an event ;  a n argumen t  m a y establis h a  person' s brillianc e a s wel l  a s convinc e someon e 

tha t  a  clai m o r  allegatio n i s  true) ,  w e distinguis h on e o f  thes e purpose s a s foundationa l  t o 

th e discourse .  W e wil l  refe r  t o i t  a s th e discours e purpos e (DP) .  Fro m a n intuitiv e 

perspective ,  th e discours e purpos e i s th e intentio n tha t  underlie s engagin g i n th e 

particula r  discourse .  Thi s intentio n provide s bot h th e reaso n a  discours e ( a linguisti c 

act) ,  rathe r  tha n som e othe r  action ,  i s  bein g performe d an d th e reaso n th e particula r 

conten t  o f  thi s discours e i s bein g conveye d rathe r  tha n som e othe r  information .  Fo r  eac h 

of  th e discours e segments ,  w e ca n als o singl e ou t  on e intention~th e discours e segmen t 

purpos e (DSP) .  F ro m a n intuitiv e standpoint ,  th e D S P specifie s ho w thi s segmen t 

contribute s t o achievin g th e overal l  discours e purpose . 

Typically the initiator of a discourse (e.g., the writer of a text or the first speaker in a 

dialogue )  wil l  hav e a  numbe r  o f  differen t  kind s o f  intention s tha t  lea d t o initiatin g a 

discourse .  O n e kin d migh t  includ e intention s t o spea k i n a  certai n languag e o r  t o utte r 

certai n words .  Anothe r  migh t  includ e intention s t o amus e o r  t o impress .  Th e kind s o f 

intention s tha t  ca n serv e a s discours e purpose s o r  discours e segmen t  purpose s ar e 

distinguishe d fro m othe r  intention s b y th e fac t  tha t  the y ar e intende d t o b e recognize d 

(cf .  [Alle n 80] ,  [Sidne r  85]) ,  wherea s othe r  intention s ar e private ;  tha t  is ,  th e recognitio n 

of  th e D P o r  D S P i s essentia l  t o it s achievin g it s intende d effect .  Discours e purpose s 

and discours e segmen t  purpose s shar e thi s propert y wit h certai n utterance-leve l 

intention s tha t  Gric e [Gric e 69] . 

It is important to distinguish intentions that are intended to be recognized from other 
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kind s o f  intention s tha t  ar e associate d wit h discourse .  Intention s tha t  ar e intende d t o b e 

recognize d achiev e thei r  intende d effec t  onl y i f  th e intentio n i s recognized .  Fo r  example , 

a complimen t  achieve s it s intende d effec t  onl y i f  th e intentio n t o complimen t  i s 

recognized ;  i n contrast ,  a  screa m o f  "boo "  typicall y achieve s it s intende d effec t  (scarin g 

th e hearer )  withou t  th e heare r  havin g t o recogniz e th e speaker' s intention . 

We have identified two structural relations that play an important role in discourse 

structure :  dominanc e an d satisfaction-precedence .  A n actio n tha t  satisfie s on e 

intention ,  sa y DSP l ,  m a y b e intende d t o provid e par t  o f  th e satisfactio n o f  another ,  sa y 

DSP2.  W h e n thi s i s th e case ,  w e wil l  sa y tha t  D S P l  contribute s t o D S P 2 ;  conversely ,  w e 

wil l  sa y tha t  D S P 2 dominate s D S P l  (o r  D S P 2 D O M DSPl) .  Th e dominanc e relatio n 

invoke s a  partia l  orderin g o n DSP s tha t  w e wil l  refe r  t o a s th e dominanc e hierarchy . 

For  som e discourses ,  includin g task-oriente d ones ,  th e orde r  i n whic h th e DSP s ar e 

satisfie d ma y b e significant ,  a s wel l  a s bein g intende d t o b e recognized .  W e wil l  sa y tha t 

DSPl  satisfaction-precede s D S P 2 (or ,  D S P l  S P D S P 2 )  wheneve r  D S P l  mus t  b e satisfie d 

befor e DSP2. 2 

The range of intentions that can serve as discourse, or discourse segment, purposes is 

open-ende d (cf .  (Wittgenstei n 53] ,  paragrap h 23) ,  muc h lik e th e rang e o f  intention s tha t 

underli e mor e genera l  purposefu l  action .  Ther e i s n o finit e lis t  o f  discours e purposes ,  a s 

ther e is ,  say ,  o f  syntacti c categories .  I t  remain s a n unresolve d researc h questio n whethe r 

ther e i s a  finit e descriptio n o f  th e open-ende d se t  o f  suc h intentions .  However ,  eve n i f 

ther e wer e finit e descriptions ,  ther e woul d stil l  b e n o finit e lis t  o f  intention s fro m whic h 

t o choose .  Thus ,  a  theor y o f  discours e structur e canno t  depen d o n choosin g th e 

DP/DSPs fro m a  fixe d lis t  (cf .  [Reichman-Ada r  84] ,  (Schan k 82) ,  [Man n 83]) ,  no r  o n th e 

particular s o f  individua l  intentions .  Althoug h th e particular s o f  individua l  intentions , 

lik e a  wid e rang e o f  c o m m o n sens e knowledge ,  ar e crucia l  t o understandin g an y 

discourse ,  suc h particular s canno t  serv e a s th e basi s fo r  determinin g discours e structure . 

2 
These tw o relation s ar e simila r  t o one s tha t  pla y a  rol e i n parsin g a t  th e sentenc e level :  immediat e 

dominanc e an d linea r  precedence .  However ,  th e dominanc e relation ,  lik e th e on e i n Marcu s an d Hindle' s 
D-theor y [Marcu s e t  al .  83] ,  i s  partia l  (i.e. ,  nonimmediate) . 
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What is essential for discourse structure is that such intentions bear certain kinds of 

structura l  relationship s t o on e another .  Sinc e th e C P s ca n neve r  kno w th e whol e se t  o f 

intention s tha t  migh t  serv e a s D P / D S P s ,  wha t  the y mus t  recogniz e i s th e relevan t 

structura l  relationship s amon g intentions .  Althoug h ther e i s a n infinit e numbe r  o f 

intentions ,  ther e ar e onl y a  smal l  numbe r  o f  relation s relevan t  t o discours e structur e tha t 

ca n hol d betwee n them . 

4. Attentional State 

Th e thir d componen t  o f  discours e structure ,  th e attentiona l  state ,  i s  a n abstractio n o f 

th e participants '  focu s o f  attentio n a s thei r  discours e unfolds .  Attentiona l  stat e contain s 

informatio n abou t  th e objects ,  properties ,  relations ,  an d discours e intention s tha t  ar e 

most  salien t  a t  an y give n point .  I t  essentiall y  summarize s informatio n fro m previou s 

utterance s crucia l  fo r  processin g subsequen t  one s thu s obviatin g th e nee d fo r  keepin g a 

complet e histor y o f  th e discourse .  I t  i s  inherentl y dynamic ,  recordin g th e objects , 

properties ,  an d relation s tha t  ar e salien t  a t  eac h poin t  i n th e discourse .  Thu s attentiona l 

stat e serve s a n additiona l  purpose :  namely ,  i t  furnishe s th e mean s fo r  actuall y usin g th e 

informatio n i n th e othe r  tw o structure s i n generatin g an d interpretin g individua l 

utterances . 

In this theory, the global component of attentional state is modelled by a set of focus 

spaces ;  change s i n attentiona l  stat e ar e modelle d b y a  se t  o f  transitio n rule s tha t  specif y 

th e condition s fo r  addin g an d deletin g spaces .  W e cal l  th e collectio n o f  focu s space s 

availabl e a t  an y on e tim e th e focusin g structur e an d th e proces s o f  manipulatin g space s 

focusing . 

The global focusing process associates a focus space with each discourse segment; this 

spac e contain s thos e entitie s tha t  ar e salient-eithe r  becaus e the y hav e bee n mentione d 

explicitl y  i n th e segmen t  o r  becaus e the y becam e salien t  i n th e proces s o f  producin g o r 

comprehendin g th e utterance s i n th e segment .  Th e focu s spac e als o include s th e DSP ; 

th e inclusio n o f  th e purpos e reflect s th e fac t  tha t  th e C P s ar e focuse d no t  onl y o n wha t 

the y ar e talkin g about ,  bu t  als o o n wh y the y ar e talkin g abou t  it .  Not e however ,  tha t 

althoug h eac h focu s spac e contain s a  D S P ,  th e focu s structur e doe s no t  includ e th e 
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intentional structure as a whole. 

The local component of attentional state is modelled by assigning to each utterance a 

backward-lookin g cente r  an d a  se t  o f  forward-lookin g center s [Gros z e t  al .  83 ,  Gros z e t 

al .  86] .  Centerin g rule s provid e constraint s o n ho w variou s entitie s ca n b e realize d i n a n 

utteranc e (e.g. ,  wha t  surfac e form s ca n b e use d t o refe r  t o a  give n object) .  I  wil l  giv e 

example s tha t  illustrat e difference s i n acceptabilit y  accordin g t o whethe r  thes e rule s ar e 

followe d o r  not . 

It is important to note that attentional state component is not equivalent to cognitive 

state ,  bu t  i s  onl y on e o f  it s  components .  Cognitiv e stat e i s a  riche r  structure ,  on e tha t 

include s a t  leas t  th e knowledge ,  beliefs ,  desires ,  an d intention s o f  a n agent ,  a s wel l  a s th e 

cognitiv e correlate s o f  attentiona l  stat e a s modelle d i n thi s paper . 
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Abstrac t 

In recent years, much research has been aimed at the study of episodic reminding and 
it s relationshi p t o th e proces s o f  understandin g i n bot h ma n an d machines .  Becaus e o f  th e 
il l  define d natur e o f  th e functionalit y o f  episodi c reminding s i n th e understandin g process , 

however ,  littl e progres s ha s bee n mad e i n uncoverin g th e natur e o f  th e memor y organizatio n 

tha t  support s thes e reminding s o r  ho w the y ar e use d t o hel p i n understanding . 

Thi s pape r  wil l  presen t  a  functiona l  vie w o f  episodi c remindin g fro m th e perspectiv e o f 

plannin g rathe r  tha n understanding .  Becaus e o f  th e cleare r  functionalit y o f  planning ,  a  mor e 

straightforwar d vie w o f  th e us e o f  thes e reminding s an d th e memor y organizatio n tha t  support s 

the m i s possible .  Thi s pape r  wil l  discus s thre e situation s i n whic h episodi c memorie s ca n b e 

use d i n planning :  proble m anticipation ,  pla n constructio n an d pla n repair .  Th e memor y 

organizatio n tha t  eac h o f  thes e use s implie s wil l  als o b e discussed .  Thi s vie w o f  memor y wil l 

be presente d i n term s o f  a  case-base d planner ,  C H E F ,  whic h make s extensiv e us e o f  episodi c 

reminding s i n constructin g ne w plans . 

1 Episodic Remindings in Understanding and Planning 

Interest in the occurrence and use of episodic remindings abounds in both Artificial Intelligence 

an d psychology .  Studie s o f  analogica l  reasoning ,  learnin g fro m experienc e an d episodi c memor y 

organizatio n al l  cente r  o n th e notio n o f  usin g feature s i n on e situatio n t o acces s memorie s o f  a 

pas t  one .  I n AI ,  th e focu s o f  interes t  ha s bee n o n th e structure s tha t  ar e require d t o simulat e 

thes e reminding s i n machines .  I n psychology ,  th e approac h ha s bee n t o experimentall y clarif y th e 

feature s tha t  ar e use d t o acces s them .  Unfortunately ,  bot h o f  thes e approache s see m t o ignor e 

th e mos t  importan t  aspec t  o f  thes e remindings :  thei r  function . 

Withou t  a  clea r  ide a wha t  functio n episodi c reminding s serve ,  ther e ar e stron g limit s o n wha t 

ca n b e sai d abou t  th e m e m o r y organizatio n tha t  support s the m an d abou t  th e informatio n tha t 

i s availabl e t o an y proces s tha t  accesse s them .  Becaus e o f  this ,  mos t  o f  th e discussio n abou t 

reminding s ha s bee n reduce d t o examinin g list s o f  th e c o m m o n feature s betwee n a n episod e an d 

th e remindin g i t  elicits .  Ther e ha s bee n littl e discussio n abou t  ho w functiona l  need s determin e 

th e vocabular y tha t  m a y b e use d t o inde x episode s i n m e m o r y o r  abou t  th e processe s tha t  chos e 

th e feature s i n a n inpu t  episod e t o us e i n accessin g pas t  episode s i n memory .  Ther e i s a  grea t 

deal  o f  discussio n o f  reminding s tha t  ignore s th e constraint s tha t  woul d ris e ou t  o f  a  theor y o f 

what  purpos e the y serve . 

O ne reaso n tha t  m a n y o f  thes e theorie s lac k a  functiona l  vie w o f  reminding s i s tha t  mos t  o f 

the m com e ou t  o f  th e contex t  o f  natura l  languag e understandin g i n whic h th e us e o f  episodi c 

*Thi s repor t  describe s wor k don e i n th e Departmen t  o f  Compute r  Scienc e a t  Yal e University .  I t  wa s supporte d 
i n par t  b y O N R Gran t  #N00014-85-K-0108 . 
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remindings is somewhat ill-defined. One way around this problem is to shift the study of episodic 

remindin g int o a n are a wher e th e tas k i s cleare r  an d th e possibl e functionalit y o f  th e reminding s 

i s mor e straightforward :  planning .  T h e goal s an d requirement s o f  a  planne r  ar e somewha t  bette r 

define d tha n thos e o f  a n understander .  Likewis e th e situation s i n whic h episodi c reminding s woul d 

be o f  us e t o a  planne r  ar e als o bette r  defined .  I n plannin g ther e i s a  cleare r  notio n o f  whe n a 

remindin g woul d b e o f  use ,  wha t  i t  woul d b e use d fo r  an d wha t  informatio n th e planne r  migh t 

hav e a t  han d t o find  it .  Thi s clarit y provide s stron g constraint s o n th e vocabular y use d t o stor e 

episodi c memorie s i n th e first  plac e an d o n th e choic e o f  th e feature s i n a n situatio n tha t  ar e goin g 

t o b e use d t o searc h fo r  a  pas t  episode s fo r  us e i n tha t  situation . 

Th e discussio n i n thi s pape r  wil l  cente r  aroun d th e memor y structure s use d i n th e compute r 

progra m C H E F ,  a  case-base d planne r  i n th e domai n o f  Szechwa n cookin g tha t  make s heav y us e 

of  it s  pas t  plannin g experience s t o dea l  wit h curren t  goals .  T h e organizatio n use d b y thi s planne r 

provide s memorie s fo r  us e i n initia l  pla n construction ,  proble m anticipatio n an d pla n repair .  Thes e 

memory organization s provid e wha t  w e cal l  directe d remindings ,  becaus e the y ar e intentionall y 

sough t  b y processe s activel y seekin g solution s t o presen t  problem s usin g pas t  memories . 

2 Remindings in Understanding 

In 1980, Schank [Schank 82] proposed a view of remindings as the natural by-product of goal 

trackin g whil e understandin g stories .  H e suggeste d a  se t  o f  memor y structure s tha t  woul d accoun t 

fo r  th e associatio n o f  certai n episode s i n memor y an d allo w acces s o f  on e fro m th e other .  I n hi s 

initia l  work ,  however ,  h e di d no t  sugges t  a  mode l  o f  ho w thes e reminding s coul d b e use d i n th e 

understandin g process .  Followin g thi s proposal ,  Dye r  [Dye r  82 ]  designe d a n implementatio n o f 

many o f  th e organizationa l  idea s suggeste d b y Schank .  Hi s understander ,  B O R I S ,  wa s "reminded " 

of  memor y structure s simila r  t o Schank's ,  bu t  di d no t  mak e an y us e o f  the m i n actuall y under -

standin g stories .  Mor e recentl y Dye r  [Dye r  85 ]  ha s continue d t o loo k a t  compute r  simulation s o f 

understander' s tha t  hav e reminding s bu t  stil l  ha s don e n o mor e i n th e wa y o f  explainin g thei r 

use . 

I n Schank' s curren t  wor k [Schan k 86] ,  h e ha s suggeste d usin g reminding s fo r  verificatio n o f 

explanations .  H e als o ha s student s workin g o n reusin g pas t  explanation s t o fill  i n causa l  gap s 

i n storie s bein g rea d b y a n understandin g program .  Eve n i n thi s work ,  however ,  ther e i s som e 

difficult y i n definin g th e functio n o f  th e remindings ,  whic h undercut s th e effor t  t o demonstrat e 

ho w an d whe n the y arise . 

I n psychology ,  a  grea t  dea l  o f  wor k o n analogica l  remindin g ha s bee n don e b y Centne r 

Centne r  an d Lander s 85 ]  an d Holyoa k [Gic k an d Holyoa k 83 ]  i n tryin g t o pi n dow n th e feature s 

used t o acces s memory .  The y hav e bot h take n th e approac h o f  providin g subject s wit h under -

standin g an d plannin g task s tha t  elici t  reminding s an d notin g th e commonalitie s betwee n th e 

remindin g an d th e initia l  episode .  Th e objec t  o f  thi s wor k ha s bee n t o deriv e th e feature s tha t 

ar e use d t o organiz e memory . 

Unfortunately ,  bot h Centne r  an d Holyoa k see m t o ignor e th e fac t  tha t  a  remindin g o f  on e 

episod e fro m anothe r  i s a  remindin g ou t  o f  al l  o f  memory .  The y forge t  tha t  thei r  tas k i s no t  t o 

jus t  explai n wh y on e episod e wa s foun d bu t  als o explai n wh y other s weren't .  The y ar e satisfie d 

t o explai n a  remindin g fro m a n episod e t o on e i n th e pas t  b y simpl y listin g th e feature s tha t  the y 
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have in common. But the major problem with this work is that it avoids the fact that memory 

i s use d fo r  something .  Bot h Centne r  an d Holyoa k see m t o b e lookin g a t  memor y an d remindin g 

as thoug h i t  wer e a  phenomeno n i n a  vacuum ,  withou t  an y function .  Becaus e o f  this ,  the y hav e 

faile d t o as k th e question s abou t  th e purpos e t o whic h th e remindin g the y hav e studie d ar e bein g 

put ,  an d thu s hav e faile d t o as k wh y an d ho w the y wer e retrieve d i n th e first  place . 

A strikin g exceptio n t o th e non-functiona l  approac h t o th e stud y o f  reminding s i n understand -

in g i s th e wor k o f  Seifer t  [Seifer t  85] .  Whil e he r  experimenta l  paradig m i s simila r  t o Centner's , 

her  material s wer e aime d a t  discoverin g th e processin g situation s tha t  evoke d reminding s a s wel l 

as th e feature s use d t o inde x them .  He r  initia l  wor k seem s t o indicat e tha t  reminding s ar e sough t 

t o fill  i n explanator y gap s i n narrative s an d tha t  th e proces s tha t  retrieve s th e reminding s i s mor e 

directe d tha n i t  ha s previousl y bee n though t  t o be . 

The genera l  proble m o f  discussin g episodi c reminding s fro m th e perspectiv e o f  understandin g 

i s tha t  th e task s involve d i n understandin g ar e somewha t  ill-defined .  Becaus e o f  this ,  th e functio n 

of  reminding s i n thos e task s i s equall y ill-defined .  Withou t  a n ide a o f  th e functio n o f  remindings , 

th e theorie s tha t  hav e arise n t o explai n the m hav e lacke d an y notio n o f  whe n th e reminding s wil l 

occur ,  wha t  feature s ar e actuall y use d t o acces s the m an d wha t  for m th e memorie s themselve s 

wil l  hav e t o tak e i n orde r  t o b e useful .  Th e similaritie s betwee n episode s tha t  hav e bee n note d 

withi n reminding s hav e bee n interesting ,  bu t  the y onl y tel l  par t  o f  th e story . 

3 Remindings in Planning 

The task of planning is somewhat more straightforward than the task of understanding. As 

a result ,  th e specifi c  function s t o whic h a n episodi c memor y ca n b e pu t  ar e somewha t  mor e wel l 

define d tha n thos e i n understanding .  I n planning ,  reminding s o f  pas t  situation s ca n b e use d t o 

sugges t  plannin g strategies ,  repai r  fault y plans ,  provid e complet e plan s an d war n o f  potentia l 

failures .  Thes e function s ar e suc h tha t  the y actuall y defin e wha t  th e planne r  need s an d wha t  i t 

has o n han d t o searc h fo r  a  remindin g t o satisf y thos e needs .  I n planning ,  a  theor y o f  remindin g 

i s mor e tha n a  lis t  o f  th e similaritie s betwee n tw o situations .  I t  i s  a  theor y tha t  include s th e 

vocabular y require d t o ge t  th e reminding ,  th e proces s whic h choose s th e feature s i n on e situatio n 

tha t  ar e use d t o searc h fo r  on e an d a  descriptio n o f  th e kin d o f  informatio n a  planne r  i s tryin g t o 

get  fro m it . 

Carbonne l  [Carbonel l  83 ]  ha s suggeste d on e o f  th e th e mor e successfu l  approache s t o th e us e o f 

reminding s i n plannin g an d proble m solvin g i n hi s mode l  o f  proble m solvin g throug h analogy .  Hi s 

model  center s aroun d th e ide a tha t  pas t  solution s t o problem s ca n provid e strategi c informatio n 

whic h ca n b e applie d t o ne w proble m solvin g situations .  Th e vocabular y use d t o stor e pas t 

instance s i s base d o n a  partia l  processin g o f  problems .  I f  th e processin g step s i n on e proble m 

matc h thos e take n i n a  pas t  one ,  th e pas t  step s ar e accesse s fro m memor y an d applie d t o th e 

curren t  situation .  Th e proble m solve r  i s alway s tryin g t o find  pas t  solution s tha t  ca n b e applie d 

t o th e presen t  case .  Th e informatio n tha t  th e proble m solve r  transfer s fro m th e ol d situatio n t o 

th e ne w consist s o f  th e th e step s take n i n th e ol d case .  Whil e Carbonell' s  vie w o f  reminding s 

gain s a  grea t  dea l  fro m th e functio n serve d b y th e memorie s retrieved ,  h e suggest s onl y on e us e 

tha t  thes e memorie s serve . 

4 Remindings in CHEF 
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CHEF is a case-based planner that tries to use past memories in all aspects of its planning 

activity .  Ther e ar e thre e area s i n whic h thi s ha s bee n mos t  successful : 

• Plan Construction, which makes use of a memory organization of past plans indexed by the 

goal s tha t  the y satisf y an d th e problem s the y avoid . 

• Problem Anticipation, which makes use of a memory of the planner's own failures, indexed 

by th e goa l  feature s tha t  predic t  them . 

• Plan Repair, which makes use of a memory of past repairs, indexed by descriptions of the 

problem s tha t  the y solve . 

Before looking at how CHEF makes use of remindings in planning, it is important to get an 

ide a o f  ho w i t  plan s i n general . 

che f ' s inpu t  i s a  se t  o f  goal s fo r  differen t  tastes ,  textures ,  ingredient s an d type s o f  dishe s 

and it s outpu t  i s a  singl e recip e tha t  satisfie s al l  o f  it s  goals .  It s basi c algorith m i s t o find a  pas t 

pla n tha t  satisfie s a s m a n y o f  th e mos t  importan t  goal s a s possibl e an d the n modif y tha t  pla n t o 

satisf y th e othe r  goal s a s well . 

Befor e searchin g fo r  a  pla n t o modify ,  C H E F examine s th e goal s i n it s inpu t  an d predict s an y 

failure s tha t  migh t  ris e ou t  th e interaction s betwee n th e plan s fo r  satisfyin g them .  I f  a  failur e i s 

predicted ,  C H E F add s a  goa l  t o avoi d th e failur e i t  t o it s lis t  o f  goal s t o satisf y an d thi s ne w goa l 

i s  als o use d t o searc h fo r  a  plan .  Fo r  example ,  i f  i t  predict s tha t  sti r  fryin g chicke n wit h sno w 

peas wil l  lea d t o sogg y sno w pea s becaus e th e chicke n wil l  swea t  mea t  int o th e pan ,  i t  searche s 

fo r  a  sti r  fr y pla n tha t  avoid s th e proble m o f  vegetable s gettin g sogg y whe n cooke d wit h meats . 

I n doin g so ,  i t  finds a  pas t  pla n fo r  bee f  an d broccol i  tha t  solve s thi s proble m b y sti r  fryin g th e 

vegetabl e an d mea t  separately .  Th e importan t  similarit y betwee n th e curren t  situatio n an d th e 

one fo r  whic h th e pas t  pla n wa s buil t  i s  tha t  th e sam e proble m rise s ou t  o f  th e interactio n betwee n 

th e planner' s goals ,  althoug h th e goal s themselve s ar e different . 

4. 1 Pla n Constructio n -  M e m o r y o f  Pas t  Plan s 

CHEF' s approac h t o pla n constructio n i s somewha t  differen t  tha n mos t  planners' .  Rathe r 

tha n buil d plan s u p fro m primitiv e steps ,  i t  searche s fo r  a  pas t  pla n i n memor y tha t  satisfie s 

as man y o f  it s  goal s a s possibl e an d the n modifie s i t  t o satisf y al l  o f  th e planner' s othe r  goals . 

Becaus e C H E F als o ha s th e abilit y  t o anticipat e plannin g problem s (se e Sectio n 4.2 )  befor e the y 

arise ,  i t  trie s t o find  pas t  plan s tha t  avoi d th e problem s tha t  i t  anticipate s whil e als o satisfyin g 

it s activ e goals . 

Th e pla n memor y tha t  i s  define d b y thi s functio n i s straightforward :  pas t  plan s ar e indexe d 

by th e goal s tha t  the y satisf y an d th e problem s tha t  the y avoid .  A  C H E F pla n fo r  sti r  frie d bee f 

and broccoli ,  fo r  example ,  i s  store d b y th e fac t  tha t  i t  i s  a  sti r  fr y plan ,  tha t  i t  include s bee f 

and broccol i  an d b y th e fac t  tha t  i t  avoid s a  proble m endemi c t o sti r  fryin g i n whic h th e liqui d 

produce d b y th e sti r  frie d mea t  make s th e vegetabl e frie d wit h i t  soggy . 

C H EF begin s it s searc h o f  pla n memor y wit h tw o set s o f  feature s i n hand ,  th e goal s tha t  i t 

need s t o achiev e an d th e problem s i t  want s t o avoi d whil e doin g so .  Thes e goal s ar e ranke d s o 

tha t  C H E F i s abl e t o searc h fo r  plan s tha t  satisf y it s mos t  importan t  goal s first.  Thi s rankin g i s 

base d o n th e difficult y wit h whic h i t  ca n ad d th e step s fo r  a  goa l  t o a n existin g plan . 
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Because it is rare that a past plan will satisfy all of the goals that CHEF has in hand, it 

als o need s a  m e m o r y organizatio n tha t  reflect s similarit y betwee n differen t  goal s an d th e differen t 

plan s tha t  satisf y them .  A  pla n t o satisf y th e goa l  t o sti r  fr y beef ,  fo r  exampl e i s simila r  t o th e 

pla n t o sti r  fr y pork .  A s a  result ,  a  comple x pla n fo r  bee f  ca n easil y b e modifie d t o satisf y th e 

goa l  t o includ e pork .  Thi s notio n o f  similarit y i s implemente d i n a n abstractio n networ k o f  goals , 

i n whic h simila r  goal s ar e clos e togethe r  i n th e network . 

c h e f ' s pla n m e m o r y i s implemente d a s a  discriminatio n net ,  i n whic h plan s ar e indexe d b y th e 

goal s tha t  the y satisf y an d th e problem s tha t  the y avoid .  Acces s t o thi s m e m o r y i s controlle d b y 

c h e f ' s pla n retriever ,  a  modul e tha t  take s a  se t  o f  goals ,  includin g th e goal s t o avoi d problems , 

an d retrieve s th e pas t  pla n i n m e m o r y tha t  satisfie s a s m a n y o f  th e mos t  importan t  goal s a s 

possible .  T h e planne r  firs t  use s it s knowledg e o f  th e relativ e difficult y o f  modifyin g plan s t o 

prioritiz e th e goal s i t  i s  handed .  I t  the n use s th e highes t  priorit y goa l  t o driv e int o memor y an d 

abandon s th e searc h o n th e basi s o f  tha t  goa l  onl y afte r  i t  ha s faile d t o find a  pla n tha t  eve n 

partiall y  satisfie s it . 

W h en a  goa l  fail s  t o matc h an y o f  thos e satisfie d b y a n existin g plan ,  th e pla n retrieve r  back s 

of f  o n th e goa l  an d trie s t o find a  pla n tha t  a t  leas t  satisfie s a  mor e genera l  versio n o f  it .  I f 

ther e ar e multipl e plan s tha t  d o this ,  th e planne r  furthe r  discriminate s betwee n the m o n th e 

basi s o f  individua l  feature s o f  th e goal s tha t  th e plan s satisfy .  T h e feature s i t  choose s t o d o thi s 

discriminatio n ar e dynamicall y determine d b y pas t  failure s tha t  ar e associate d wit h the m an d b y 

a stati c orderin g o f  feature s tha t  i s  use d i f  non e o f  th e feature s i s problematic .  Afte r  a  goa l  ha s 

bee n use d t o discriminat e throug h th e pla n memory ,  th e nex t  highes t  priorit y goa l  i s  calle d o n t o 

do an y furthe r  discriminatio n tha t  ha s t o b e done . 

T h e reminding s tha t  C H E F get s fro m it s pla n retrieve r  reflec t  th e need s o f  th e planner .  The y 

ar e plan s tha t  satisf y m a n y o f  th e planner' s goal s becaus e it s pla n memor y i s organize d aroun d 

thos e goals .  Becaus e i t  als o want s t o avoi d problems ,  th e fac t  tha t  a  pla n doe s s o i s als o use d t o 

inde x plans .  Becaus e i t  ca n us e plan s tha t  partiall y  satisf y goal s i t  ha s a  notio n o f  similarit y tha t 

i s  als o use d t o organize s thi s memory .  A n d becaus e i t  want s t o minimiz e th e wor k i t  ha s t o d o 

t o modif y a  pas t  pla n t o satisf y it s curren t  goals ,  i t  searche s fo r  pas t  plan s indexin g o n th e mos t 

difficul t  t o achiev e goal s first. 

I n dealin g wit h a  plannin g proble m o f  makin g a  sti r  fr y dis h wit h chicke n an d sno w peas , 

C H EF anticipate s th e proble m o f  th e liqui d fro m th e chicke n ruinin g th e textur e o f  th e sno w pea s 

an d s o add s a  goa l  t o avoi d thi s proble m t o th e lis t  o f  goal s i t  ha s t o achieve .  Onc e thi s i s  done ,  i t 

searche s fo r  a  pla n tha t  satisfie s a s m a n y o f  th e goal s a s possible .  Becaus e th e mos t  difficul t  goa l 

t o achiev e i s th e on e t o avoi d th e proble m o f  th e liqui d ruinin g th e sno w peas ,  thi s on e become s 

th e highes t  priorit y goa l  fo r  thi s search .  A s a  result ,  a  pla n tha t  satisfie s thi s goa l  an d partiall y 

satisfie s th e other s i s use d rathe r  tha n anothe r  pla n tha t  i s a  sti r  fr y dis h fo r  chicke n bu t  doe s no t 

hav e th e change s tha t  woul d allo w th e planne r  t o easil y avoi d th e proble m i t  ha s anticipated . 

Searching for plan -

Placing goals in order of difficulty -

Make a  stir-fr y dish . 

Avoi d failur e o f  typ e SIDE-EFFECT:DISABLED-CONDITION:CONCURRENT 

exemplifie d b y th e failur e 'Th e broccol i  i s  no w soggy '  i n recip e 
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BEEF-AND-BROCCOLI. 
Includ e chicke n i n th e dish . 
Includ e sno w pe a i n th e dish . 

Drivin g dow n on :  Mak e a  stir-fr y dish . 
Succeede d -

Drivin g dow n on : 
Avoi d failur e o f  typ e SIDE-EFFECT:DISABLED-CONDITION:CONCURRENT 
exemplifie d b y th e failur e 'Th e broccol i  i s  no w soggy '  i n recip e 
BEEF-AND-BROCCOLI. 

Succeede d -
Drivin g dow n on :  Includ e chicke n i n th e dish . 
Faile d -  Tryin g mor e genera l  goal . 

Drivin g dow n on :  Includ e mea t  i n th e dish . 
Succeede d -

Drivin g dow n on :  Includ e sno w pe a i n th e dish . 
Faile d -  Tryin g mor e genera l  goal . 
Drivin g dow n on :  Includ e vegetabl e i n th e dish . 

Succeede d -

Found recipe -> REC9 BEEF-AND-BROCCOLI 

Recipe exactly satisfies goals -> 
Avoi d failur e o f  typ e SIDE-EFFECT:DISABLED-CONDITION:CONCURRENT 

exemplifie d b y th e failur e 'Th e broccol i  i s  no w soggy '  i n recip e 
BEEF-AND-BROCCOLI. 

Make a  stir-fr y dish . 

Recipe partially matches -> 
Includ e chicke n i n th e dish . 

i n tha t  th e recip e satisfies :  Includ e mea t  i n th e dish . 

Recipe partially matches -> 
Includ e sno w pe a i n th e dish . 

i n tha t  th e sno w pe a ca n b e substitute d fo r  th e broccoli . 

In CHEF, remindings of past plans serve a function and that function defines the memory 

organizatio n tha t  house s th e plan s an d th e acces s proces s tha t  retrieve s them .  A s a  result ,  th e 

planne r  ca n us e it s memor y t o find  th e plan s tha t  fit  it s  needs .  Thes e plan s bes t  achiev e th e 

goal s tha t  C H E F ha s bee n give n an d avoi d th e problem s tha t  i t  ha s anticipated .  The y partiall y 

satisf y goal s ca n b e foun d alon g wit h thos e tha t  completel y satisf y them .  CHEF' s pla n memor y 

i s designe d t o mee t  th e need s o f  th e planne r  a t  larg e an d th e feature s tha t  ar e use d t o acces s i t 

ar e thos e tha t  bes t  describ e th e problem s tha t  th e plan s searche d fo r  hav e t o solve . 

4. 2 Failur e avoidanc e -  memor y o f  pas t  failure s 

To avoid failures, CHEF has to be able to anticipate them, to notice that they are going to 

occu r  i n orde r  t o giv e th e pla n retrieve r  th e goa l  t o avoi d them .  Th e proces s tha t  predict s th e 

occurrenc e o f  failure s i s CHEF' s proble m anticipato r  whic h use s a  knowledg e bas e o f  CHEF' s 

memory o f  failures . 
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The function of a problem anticipator is to predict failures on the basis of the surface features 

of  a  situatio n tha t  hav e cause d simila r  failure s i n th e past .  I t  predicts ,  fo r  example ,  tha t  th e pla n 

fo r  th e goal s o f  includin g a  mea t  an d a  cris p vegetabl e i n a  sti r  fr y dis h wil l  lea d t o th e vegetabl e 

becomin g sogg y afte r  bein g sti r  frie d wit h th e meat .  A s th e las t  sectio n demonstrated ,  onc e thi s 

predictio n ha s bee n made ,  a  pla n tha t  avoid s thi s proble m ca n b e found .  Bu t  befor e th e proble m 

ca n b e solved ,  i t  mus t  b e anticipated .  A n d t o anticipat e thes e failures ,  C H E F ' s memor y o f  the m 

has t o b e organize d s o a s t o lin k it s m e m o r y o f  pas t  failure s t o th e feature s o f  th e goal s tha t 

predic t  them . 

T h e organizatio n o f  C H E F ' s m e m o r y o f  failure s i s les s comple x tha n it s organizatio n o f  plans . 

I t  i s  simple r  becaus e it s functio n an d th e requirement s o f  th e proces s tha t  use s i t  ar e simpler .  Th e 

tas k o f  th e anticipato r  i s t o infe r  th e possibilit y  o f  a  failur e fro m a  se t  o f  surfac e features .  Th e 

m e m o ry o f  failure s tha t  i t  uses ,  then ,  ha s t o b e organize d i n a  wa y tha t  connect s thos e feature s 

t o th e failure s the y predict . 

C H E F ' s m e m o r y o f  failure s i s a  simpl e networ k o f  nodes ,  i n whic h particula r  failure s ar e 

connecte d t o th e goa l  feature s tha t  predic t  them .  I n C H E F ,  th e surfac e feature s o f  a  situatio n 

al l  ste m fro m th e goal s tha t  i t  i s  aske d t o pla n for .  T h e goal s tha t  C H E F i s plannin g fo r  defin e 

it s situation ,  s o i t  make s n o sens e t o lin k memorie s o f  failure s t o anythin g bu t  thes e goals .  Th e 

failur e i n th e bee f  an d broccol i  situatio n i s linke d t o th e goa l  t o includ e meat ,  th e goa l  t o includ e 

an y cris p vegetabl e an d th e goa l  t o hav e a  sti r  fr y dish . 

W h en a  particula r  featur e o f  a  goa l  ca n b e identifie d a s participatin g i n a  failure ,  a  tes t  i s 

buil t  fo r  tha t  featur e an d i s associate d wit h th e mos t  specifi c  versio n o f  th e goa l  tha t  allow s th e 

most  genera l  use .  I f  al l  member s o f  a  clas s o f  item s i s associate d wit h th e failure ,  a  lin k i s mad e 

directl y fro m tha t  clas s t o th e m e m o r y o f  th e failur e itself . 

W h en a  ne w se t  o f  goal s i s hande d t o C H E F ,  it s first  ste p i s t o activat e th e feature s associate d 

wit h eac h o f  th e goal s whic h i n tur n spread s activation s t o an y memoriie s o f  pas t  failure s tha t  ar e 

associate d wit h thos e features .  I f  al l  o f  th e feature s tha t  ar e require d t o predic t  an y failur e sen d 

marker s t o it s node ,  i t  activate s itsel f  an d th e planne r  build s a  goa l  t o avoi d tha t  failur e an d add s 

i t  t o th e planner' s goa l  list .  I n lookin g a t  th e goal s t o hav e a  sti r  fr y dis h tha t  include s chicke n 

an d sno w peas ,  then ,  th e fac t  tha t  th e chicke n i s a  mea t  an d th e sno w pea s ar e a  cris p vegetabl e 

activate s th e m e m o r y o f  a  pas t  sti r  fr y failur e stemmin g fro m thes e features . 

Searching for plan that satisfies -

Includ e chicke n i n th e dish . 

Includ e sno w pe a i n th e dish . 

Make a  stir-fr y dish . 

Activating features: 

Activating :  Th e dis h STYLE-STIR-FRY . 

Activating: The item a MEAT. 

Activating: The item a VEGETABLE. 

The TEXTURE o f  ite m CRISP -

Chicken + Snow Pea + Stir frying = Failure 
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"Meat  sweat s whe n i t  i s  stir-fried. " 

"Stir-fryin g i n to o muc h liqui d make s vegetable s soggy " 

Reminde d o f  BEEF-AND-BROCCOLI. 

Fire d demon :  DEMONO 

Based on features found in items: snow pea, chicken and stir fry 

Addin g goal :  Avoi d failur e o f  typ e 

SIDE-EFFECT:DISABLED-CONDITION:CONCURRENT exemplifie d b y 

th e failur e 'Th e broccol i  i s  no w soggy '  i n recip e 

BEEF-AND-BROCCOLI. 

chef's memory of failures is organized around the features of the goals and states that predict 

them .  Thi s let s C H E F g o directl y fro m a  se t  o f  goal s t o b e planne d fo r  t o a  m e m o r y o f  thos e 

failure s tha t  i t  shoul d b e tryin g t o avoid .  B y als o associatin g th e failure s wit h th e actua l  feature s 

tha t  cause d them ,  feature s tha t  m a y no t  hav e bee n directl y attache d t o a  goa l  tha t  th e planne r 

was workin g o n whe n th e failur e occurred ,  i t  i s  als o abl e t o b e reminde d o f  failure s i n situation s 

tha t  hav e surfac e feature s differen t  fro m thos e o f  th e origina l  situation .  S o C H E F ' s memor y o f 

failure s ca n provid e appropriat e prediction s o f  problem s i n situation s tha t  ar e simila r  t o thos e 

i t  ha s see n befor e a t  th e leve l  o f  initia l  goal s an d a t  th e leve l  o f  th e actua l  cause s o f  particula r 

problems . 

4- 8 Pla n modificatio n -  m e m o r y o f  pas t  repair s 

Afte r  C H E F i s reminde d o f  a  pas t  plan ,  i t  ha s t o modif y i t  t o satisf y an y goal s tha t  i t  doe s no t 

alread y achieve .  T o d o thi s C H E F use s a  tabl e o f  standar d modification s tha t  tel l  i t  ho w t o ad d 

ne w goal s t o existin g plans .  I n som e case ,  however ,  C H E F need s t o mak e change s tha t  g o beyon d 

th e scop e o f  th e modification s suggested .  Thes e ar e case s wher e pas t  experienc e ha s show n tha t 

th e standar d modification s wil l  lea d t o a  failure . 

Becaus e C H E F i s abl e t o anticipat e problem s tha t  i t  ha s encountere d before ,  i t  i s  abl e t o 

predic t  whe n thes e case s wil l  arise .  I t  i s  als o abl e t o us e thi s predictio n t o find  th e pas t  repai r 

i t  use d t o solv e th e proble m i n th e earlie r  instance .  Thi s i s becaus e i t  store s th e memor y o f  th e 

repai r  i t  mad e i n memory ,  indexe d b y th e proble m tha t  i t  solves .  Lik e complet e plan s tha t  ar e 

indexe d b y th e problem s tha t  the y avoid ,  specifi c  pla n alteration s ar e indexe d b y th e problem s 

tha t  the y fix. 

One exampl e o f  thi s occur s whe n C H E F i s buildin g a  pla n fo r  Duc k Dumplings .  Afte r  runnin g 

a basi c pla n tha t  jus t  replace s duc k fo r  por k i n a n existin g recipe ,  i t  finds  tha t  th e fa t  fro m th e 

duc k make s th e recip e to o greasy .  I t  repair s thi s proble m i n it s ne w pla n b y removin g th e fa t 

fro m th e duc k befor e grindin g it .  I t  als o store s th e memor y o f  thi s repai r  unde r  th e predictio n 

of  th e failure .  Later ,  whe n i t  i s  plannin g fo r  a  past a dis h wit h duck ,  i t  predict s tha t  th e sam e 

proble m wil l  occu r  bu t  canno t  find a  past a dis h tha t  avoid s it .  T h e bes t  i t  ca n find  i s th e recip e 

fo r  Ant s Clim b a  Tree ,  a  past a dis h wit h pork ,  tha t  i t  put s th e duc k into .  Becaus e i t  ha s predicte d 

a proble m wit h grease ,  however ,  i t  ha s acces s t o th e pas t  repai r  tha t  deal s wit h i t  an d ca n appl y 

i t  befor e th e failur e occur s again . 

Modifyin g recipe :  DUCK-PASTA 
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to satisfy: Include duck in the dish. 

Role substitution of duck for pork in recipe DUCK-PASTA. 

Placing some duck in recipe DUCK-PASTA 

Considerin g reminding : 
Afte r  doin g step :  Bon e th e duc k 

do:  Clea n th e fa t  fro m th e duc k 
because :  Th e duc k i s no w fatt y 
avoiding :  SIDE-FEATURE:GOAL-VIOLATIO N 

-  Remindin g applied . 

By storing the memory of the past repair in terms of the problem that it solves, the planner 

can b e reminde d o f  i t  whe n th e proble m arise s agai n an d us e i t  t o solv e th e proble m befor e i t 

lead s t o a n actua l  plannin g failure . 

5 Expanding the Scope of Remindings 

While CHEF makes good use of directed remindings there are still many other ways in which 

reminding s o f  pas t  situation s coul d b e pu t  t o goo d use .  T w o o f  thes e ar e i n th e are a o f  pla n repair . 

Briefly ,  directe d reminding s coul d b e use d t o buil d explanation s a s t o wh y a  pla n ha s faile d ou t 

of  pas t  explanation s o f  simila r  failures .  I t  als o coul d us e memorie s o f  pas t  repair s t o fix  curren t 

failures . 

Jus t  a s C H E F reuse s pas t  plan s rathe r  tha n chainin g togethe r  ne w plan s ou t  o f  primitiv e 

actions ,  a n explaine r  coul d reus e pas t  explanation s fro m simila r  situation s rathe r  tha n chainin g 

togethe r  ne w one s t o explai n curren t  failures .  A  pla n repai r  mechanis m coul d als o us e memorie s 

of  pas t  experience s t o avoi d th e replannin g operation s normall y associate d wit h pla n repair . 

6 Conclusions 

The CHEF planner makes use past memories of its own experiences, in the form of directed 

remindings ,  i n orde r  t o d o muc h o f  it s  plannin g work .  Th e vie w o f  remindin g tha t  i t  present s i s 

an activ e on e i n whic h th e need s o f  th e planne r  defin e th e differen t  memor y organization s tha t 

i t  uses .  Ther e i s a  relationshi p betwee n th e functio n t o whic h a  memor y i s goin g t o b e pu t  an d 

th e feature s tha t  ar e use d t o find  it .  Th e feature s ar e no t  rando m feature s tha t  ar e take n fro m a 

situatio n an d use d t o searc h memory ,  the y ar e activel y chose n b y a  plannin g proces s an d reflec t 

th e need s o f  th e process .  A s a  resul t  th e reminding s tha t  occu r  als o reflec t  thos e needs . 
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A s k i n g Pert inen t  Ques t ion s 

U s i n g C a s e s a n d Hypothet ical s * 

Kevi n D .  Ashle y  ̂  

Departmen t  o f  Compute r  an d Informatio n Scienc e 

Universit y o f  Massachusett s 

Amherst ,  Massachusett s 0100 2 

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

In this paper, we outline a program, HYPO, that modeb reasoning with cases and 

hypotheticals .  H Y P O work s i n th e tas k domai n o f  th e law ,  i n particular ,  th e are a o f  trad e 

secre t  protectio n o f  software .  A s illustrate d belo w wit h actua l  examples ,  expert s i n th e 

la w us e case s an d hypothetical s a s primar y tool s fo r  analyzin g fac t  situation s an d makin g 

argument s abou t  them . 

HYPO uses a Case Knowledge Base ("CKB") of actual legal cases to perform its basic 

task s o f  Analyaia ,  Fact-gathering ,  Argument ,  Explanatio n an d Hypothetica l  Generation . 

Give n a  fac t  situation ,  th e C A S E - A N A L Y S I S modul e locate s case s i n th e C K B tha t  ar e 

relevant ,  o r  potentiall y  relevant ,  t o a  lega l  analysi s o f  th e fac t  situation .  H Y P O ' s othe r 

module s us e thi s informatio n a s follows : 

• FACT-GATHERING asks the user about significant additional facts; 

• ARGUMENT makes and responds to points from a legal argument about the fact 

situation ; 

• EXPLANATION explains with case examples the argument exchanges and factual 

queries ;  an d 

• HYPO-GEN generates hypothetical fact situations tailored to the needs of argument 

makin g an d explanation . 

*Thi a wor k wa s supporte d (i n part )  by :  Gran t  IST-821223 8 o f  th e Nationa l  Scienc e Foundation ,  th e 
Advance d Researc h Project s Agenc y o f  th e Departmen t  o f  Defense ,  monitore d b y th e Offic e o f  Nava l  Researc h 
under  contrac t  no .  N00O14-84-K-O017,an d a n IB M Graduat e Studen t  Fellowship . 

2 Copyrigh t  ©1986 .  Kevi n D .  Ashley .  Al l  right s reserved . 
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Thi s pape r  focusse s o n ho w H Y P O analyze s a  fac t  situation ,  it s  heuristi c metho d fo r 

decidin g wha t  factua l  question s ar e importan t  t o as k an d whic h questio n t o as k next ,  an d 

bo w i t  explain s question s wit h examples ,  rea l  an d hypothetical . 

2. Examples of How Experts Reason with Cases and Hypothet-

ical s 

People expect human experts to be able to explain by giving examples, to pose hypo-

thetical s t o demonstrat e th e consequence s o f  contemplate d actions ,  t o thin k u p counter -

example s o f  propose d rules ,  an d t o lear n fro m pas t  cases .  Peopl e asses s a n expert' s  under -

standin g o f  a  domai n i n par t  b y ho w effectivel y th e exper t  use s example s an d hypotheticals . 

Experts reason with cases and hypotheticals in many fields such as mathematics, 

medicine ,  an d busines s management ,  bu t  particularl y i n la w an d especiall y i n lega l  ar -

gument . 

Ora l  argument s befor e th e Unite d State s Suprem e Cour t  illustrat e th e use s tha t  at -

torney s mak e o f  case s an d hypothetica b a s tool s i n argument .  T o th e chagri n o f  counse l 

befor e th e ba r  o f  th e Suprem e Court ,  th e Justice s frequentl y interrup t  a n attorney' s pre -

sentatio n t o pos e hypotheticals .  Fo r  example ,  i n Lync h v .  Donnelly ,  a  cas e involvin g th e 

constitutionalit y o f  th e Christma s crech e displa y o f  th e Cit y o f  Pawtucket ,  Justice s pose d 

th e followin g hypotheticals : 

To the attorney for the City: 

Q:  D o yo u thin k .. .  tha t  a  cit y coul d displa y a  nativit y scen e alon e withou t 

othe r  display s suc h a s Sant a Clau s an d Christma s trees... ? 

Q:  [C]oul d th e cit y displa y a  cros s fo r  th e celebratio n o f  Easter ,  unde r  you r 

view ? 

To th e attorne y opposin g th e display : 

Q:  (SJupposin g th e crech e wer e jus t  on e ornamen t  o n th e Christma s tre e an d 

yo u coul d hardl y se e i t  unles s yo u looke d ver y closely ,  woul d tha t  b e illegal ? 

Q:  Wha t  i f  the y ha d thre e wiseme n an d a  sta r  i n on e exhibit ,  say ? Woul d tha t 

be enough ? .. .  W h a t  i f  yo u ha d a n exhibi t  tha t  ha d no t  th e crech e itself ,  bu t 

jus t  thre e camel s ou t  i n th e deser t  an d a  sta r  u p i n th e sky ? 

Q:  Well ,  th e cit y coul d no t  displa y religiou s painting s o r  artifact s i n it s  m u s e u m 

unde r  you r  theory . 

Q:  Ther e i s nothin g self-explanator y abou t  a  crech e t o somebod y .. .  w h o ha s 

neve r  bee n expose d t o th e Christia n religion . 
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Q:  Woul d th e displa y u p o n th e friez e i n thi s courtroo m o f  th e Te n C o m m a n d-

ment s b e unconstitutiona l  then ,  i n you r  view ? 

Q:  Severa l  year s ag o .. .  ther e wa s a  ceremon y hel d o n th e Mall ,  whic h i s 

federa l  propert y o f  course .  ...[Tjher e wer e 200,00 0 o r  300,00 0 peopl e .. .  an d 

th e ceremon y wa s preside d ove r  b y Pop e Joh n Pau l  II .  Woul d yo u sa y tha t  wa s 

a ste p towar d a n estabUshmen t  o f  religio n violativ e o f  th e religio n clauses ? .. . 

The n yo u thin k i t  woul d b e al l  righ t  t o pu t  a  crech e ove r  o n th e Mall ? .. .  H o w 

d o yo u distinguis h a  hig h mas s fro m a  creche ? .. .  [Tjher e wa s a  considerabl e 

involvemen t  o f  governmen t  i n tha t  ceremony ,  hundred s o f  extr a policeme n o n 

duty ,  street s close d fo r  traffi c  contro l  purposes ,  an d al l  tha t  sor t  o f  thing .  Tha t 

was a  considerabl e governmenta l  involvement ,  wa s i t  not ? [SUP ,  Lync h v . 

Donnelly ,  Cas e No .  82-1256 ,  Fich e No .  5 ,  page s 9,11,32,37-45] . 

In the above questions, one can see the Justices modifying the fact situation along 

variou s dimensions :  changin g th e location ,  focus ,  size ,  an d symboli c religiou s conten t  o f 

th e display ,  th e natur e o f  th e viewer ,  an d th e degre e o f  governmen t  involvement .  Sometime s 

th e purpos e o f  th e modification s i s t o compar e th e fac t  situatio n t o actua l  case s previousl y 

decide d b y th e cour t  t o tes t  whethe r  th e curren t  situatio n present s stronge r  o r  weake r 

facts .  '  O r  th e actua l  "case" ,  lik e th e Mal l  example ,  m a y b e significan t  becaus e i t  di d no t 

giv e ris e t o litigation . 

Frequently, the Justices use the hypothetical to apply pressure to the rule proposed by 

an attorne y fo r  decidin g th e case .  Tha t  ca n b e see n i n th e Mal l  exampl e abov e an d i n 

th e followin g exampl e fro m N e w Jerse y v .  T.L.O ,  a  cas e involvin g th e constitutionalit y o f 

a hig h schoo l  vic e principal' s  searc h o f  a  femal e student' s handba g fo r  cigarette s afte r  a 

teache r  reporte d tha t  sh e ha d bee n smokin g i n th e girl s room .  A  Justic e asked : 

Q: Do you think then that a male teacher could conduct a pat-down search of 

a youn g w o m a n a t  ag e sixtee n t o find  th e cigarettes ? 

In response, the attorney for the state took the position that the Fourth Amendment of 

th e Unite d State s Constitution ,  whic h ha s bee n interprete d a s prohibittin g unreasonabl e 

searche s b y la w enforcemen t  authorities ,  doe s no t  appl y t o hig h schoo l  administrators . 

T h e Justic e rejoined : 

'Se « e.g. ,  Ston t  v .  Graham ,  44 9 U.S .  3 9 (1980) :  Postin g copie s o f  Te n Commandments i n schoo b hel d 
unconstitutional ;  Gilfilla n v .  Cit y o f  Philadelphia ,  63 7 F .  2 d 92 4 (CA3 ,  1980) :  City-Gnance d platfor m an d 
cros s use d b y Pop e Joh n Pau l  I I  t o celebrat e publi c mas s hel d unconstitutional ;  MeCrear y v .  Stone ,  57 5 
F.Supp .  111 2 (SON Y 1983) :  No t  unconstitutiona l  fo r  villag e no t  t o refus e permi t  t o privat e grou p t o erec t 
crech e i n publi c park . 
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Q:  An d doe s tha t  mea n tha t  thei r  authorit y the n t o mak e searches ,  i f  th e 

Fourt h Amendmen t  i s completel y inapplicable ,  extend s t o an y kin d o f  search , 

stri p searc h o r  otherwise ? [SUP ,  N e w Jerse y v .  T.L.O. ,  198 4 Term ,  Fich e No . 

5,  page s l»-22] . 

In the last example, although the altered fact situation posed by the Justice is still 

covere d b y th e propose d rule ,  i t  i s increasingl y harde r  fo r  th e attorne y t o justif y applyin g 

th e rul e t o th e hypothetica l  becaus e th e latte r  present s progressivel y weake r  facts .  T h e 

Justic e "stacks "  th e hypothetica l  wit h mor e extrem e fact s tha t  weig h agains t  th e part y 

i n th e hypothetica l  w h o correspond s t o th e attorney' s client .  Th e attorne y i s force d t o 

distinguis h th e hypothetical ,  t o com e u p wit h som e alternativ e explanatio n fo r  wh y th e 

hypothetica l  an d th e curren t  fac t  situatio n nee d no t  b e decide d th e sam e way . 

To sununarize, the above examples show how cases and hypothetical are used as 

rhetorica l  tool s i n argument : 

• To present, support and attack positions in an argument (e.g. by testing conse-

quence s o f  a  tentativ e conclusion ,  pressin g a n assertio n t o it s limit s an d explorin g 

th e meanin g o f  a  concept. ) 

• To relate a fact situation to significant cases from past experience. 

• To factor a complex situation into component parts (e.g. by exaggerating strengths, 

weaknesse s o r  b y hypotheticall y eliminatin g features. ) 

• To control the course of an argument (e.g., by focusing attention of participants in 

a discussio n o n particula r  issues. ) 

3 .  T h e P r o b l e m -  A s k i n g t h e R i g h t  Q u e s t i o n s 

As suggested by the above examples, one way of making a legal argument is to cite 

prio r  case s a s precedents .  *  I n urgin g a  cour t  t o decid e fo r  he r  client ,  a  lawye r  frequentl y 

cite s a  favorabl e prio r  case ,  on e whos e holdin g i s i n favo r  o f  a  similar-part y o n the.sam e 

kin d o f  claim .  Th e lawye r  wil l  argu e tha t  th e fact s o f  th e preceden t  ar e simila r  i n a  relevan t 

^Fo r  purpose s o f  thi s research ,  lega l  ca$e t  ar e dispute s betwee n partie s trie d b y a  cour t  whos e decision s 

ar e reporte d i n publishe d opinions .  T h e opinio n set s fort h th e fact s o f  th e case ,  th e claim s m a d e b y on e part y 

agains t  th e other ,  an d th e court' s  holdings .  T h e faet $ o f  th e cas e ar e statement s abou t  event s associate d 

wit h th e disput e tha t  wer e prove d a t  tria l  o r  whic h th e cour t  assume d t o b e true .  A  clai m i s a  recognize d 
kin d o f  complain t  fo r  whic h court s wil l  gran t  relie L Example s o f  claim s ar e breac h o f  contract ,  negligence , 

trad e secret s misappropriation ,  o r  paten t  infringement .  T h e decbio n o f  th e cour t  a s t o th e lega l  effec t  o n 

eac h clai m o f  th e tact a o f  th e case ,  eithe r  i n favo r  o f  th e plaintif f  o r  th e defendant ,  i s  calle d a  holding . 
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sens e t o thos e involvin g he r  client .  He r  opponen t  naturall y wil l  tr y t o distinguis h th e cite d 

cas e b y pointin g ou t  som e significan t  differenc e betwee n th e tw o fac t  situations . 

HYPO needs to perform roughly the same tasks. It analyzes a fact situation describing 

a lega l  disput e betwee n a  plaintif f  an d defendant ,  determine s wha t  claim s th e plaintif f  ca n 

asser t  an d make s an d respond s t o lega l  point s o n behal f  o f  on e o r  othe r  o f  th e parties . 

T o mak e a  poin t  fo r  th e plaintiff ,  th e progra m select s th e mos t  relevan t  pro-plaintif f  cas e 

fro m th e C K B ,  an d cite s i t  wit h a  descriptio n o f  th e importan t  fact s tha t  th e cas e ha s i n 

c o m m on wit h th e curren t  fac t  situation .  T o respon d t o a  point ,  th e progra m may ,  amon g 

othe r  things ,  distinguis h th e cite d cas e b y pointin g ou t  fact s i n th e curren t  situatio n tha t 

favo r  th e defendant . 

At various stages, HYPO must decide when and what questions to ask the user about 

additiona l  fact s tha t  m a y b e tru e o f  th e fac t  situation .  I f  a  particula r  fac t  woul d allo w th e 

progra m t o cit e a  goo d preceden t  cas e fo r  a  party ,  th e progra m shoul d as k th e use r  abou t 

th e fact . 

Th e researc h problem s addresse d i n thi s pape r  ar e ho w th e program ,  give n a  fac t 

situation ,  ca n decid e wha t  ar e th e pertinen t  question s an d explai n wh y i t  ask s a  question . 

T h e problem s ar e importan t  becaus e th e user' s fait h i n th e progra m depends ,  i n part ,  o n 

ho w wel l  th e progra m ask s questions :  ho w man y question s i t  asks ,  whethe r  th e question s 

evidenc e a n understandin g o f  th e lega l  implication s o f  th e fac t  situation ,  an d whethe r  i t 

has a  goo d explanatio n o f  w h y i t  ask s a  question . 

4 .  H o w H Y P O A n a l y z e s a  F a c t  S i t u a t i o n 

HYPO employs hierarchical clusters of frames for representing the features of actual 

lega l  case s (plaintiff ,  defendant ,  claim ,  facts ,  etc. )  [Rissland ,  Valcarce ,  &  Ashley ,  1984] . 

T h e C K B contain s abou t  twelv e o f  th e leadin g case s involvin g protectio n o f  trad e secrets . 

Four  o f  th e case s ar e describe d briefl y i n Appendi x Tabl e 1 . 

I n additio n t o cases ,  H Y P O ha s domain-specifi c  knowledg e abou t  wha t  cluster s o f 

fact s ar e relevan t  t o th e lega l  merit s o f  a  clai m (i.e. ,  fo r  a  particula r  kin d o f  case ,  wha t 

collection s o f  fact s represen t  strength s o r  weaknesse s i n a  party' s position. )  Th e shor t 

answe r  i s tha t  fact s ar e relevan t  t o a  clai m i f  a  cour t  ha s decide d suc h a  clai m i n a 

rea l  cas e havin g expressl y note d i n it s opinio n th e presenc e o r  absenc e o f  suc h facts . 

D imens ion s represen t  tha t  knowledg e i n th e H Y P O program .  Example s o f  dimension s 

i n H Y P O ' S are a o f  trad e secre t  la w are :  Secreta-voluntarily-disdosed ,  Diseloaures-aubjed -

to-restriction ,  Competitive-advantage-gained ,  Vertical-knowledge .  Thes e dimension s ar e 

summarize d i n Appendi x Tabl e 2 . 

456 



A S H L EY 

Each dimensio n i s a  fram e wit h th e followin g slots : 

Prereqaisites 

Focal-slot s 

Range s 

Direction-to-strengthen-plaintif f 

Significanc e 

Cases-indexe d 

As an example, the prerequisites of the dimension called Secrets-voluntariiy-disclosed, 

set  fort h i n Appendi x Tabl e 2 ,  ar e tha t  tw o corporations ,  plaintif f  an d defendant ,  com -

pet e wit h respec t  t o a  product ,  plaintif f  ha s confidentia l  produc t  informatio n t o whic h 

defendan t  ha s gaine d acces s an d plaintif f  ha s mad e som e disclosure s o f  th e informatio n t o 

outsiders .  Th e prerequisite s ar e state d i n term s o f  factua l  predicates ,  whic h indicat e th e 

presenc e o r  absenc e o f  a  lega l  fac t  o r  attribut e (e.g. ,  existenc e o f  a  product ,  existenc e o f 

a non-disclosur e agreement) .  Th e foca l  slo t  o f  th e dimensio n i s th e numbe r  o f  disclosee s 

and it s rang e i s a  non-negativ e integer .  T o strengthe n th e plaintiff' s  positio n i n a  fac t 

situatio n t o whic h thi s dimensio n applies ,  decreas e th e numbe r  o f  disclosees .  Th e bes t 

cas e woul d b e 0  disclosees .  Th e significanc e o f  th e dimensio n i s tha t  court s hav e foun d th e 

prerequisite s an d certai n foca l  slo t  value s ar e a  reaso n fo r  decidin g a  clai m o f  trad e secret s 

misappropriatio n i n favo r  o f  th e defendant .  Th e dimensio n indexe s a t  leas t  tw o cases : 

Midland-Ro8 8 *  i n whic h th e cour t  hel d fo r  defendan t  wher e plaintif f  disclose d th e secre t 

t o 10 0 person s an d Data-Genera l  •  i n whic h th e cour t  hel d fo r  plaintif f  wher e plaintif f 

disclose d t o 600 0 persons .  W e hav e identifie d som e thirt y dimension s i n th e trad e secret s 

domai n (som e o f  th e other s ar e describe d i n [Rissland ,  Valcarc e &  Ashley ,  1984]) .  T h e 

dimension s wer e gleane d fro m la w journa l  article s describin g th e stat e o f  th e (case )  la w i n 

thi s are a [Gilburn e &  Johnston ,  1982] . 

I n orde r  t o perfor m a  lega l  analysi s o f  a  fac t  situation ,  H Y P O determine s whic h dimen -

sion s appl y t o th e fac t  situation .  Th e prerequisites ,  i n effect ,  defin e anteceden t  condition s 

and a  dimensio n (i.e. ,  a  possibl e reaso n fo r  decidin g a  clai m i n a  particula r  way )  i s th e 

consequent .  Thi s process ,  depicte d i n Figur e 1 ,  i s  performe d b y th e C A S E - A N A L Y S I S 

module .  Th e overal l  structur e o f  H Y P O an d it s interna l  working s ar e describe d i n [Ashle y 

and Rissland ,  1985 ;  Ashley ,  1986] . 

Th e outpu t  o f  th e C A S E - A N A L Y S I S modul e i s th e eaae-analyais-reeor d whic h con -

tain s applicabl e factua l  predicates ,  applicabl e dimensions ,  near-mis s dimensions ,  applica -

bl e claims ,  an d relevan t  C K B cases .  A s a  first  approximation ,  th e case s indexe d b y th e 

^Midland-Rot t  Corp .  v .  Sunbea m Equipmen t  Corp. ,  31 6 F.Snpp .  17 1 (W.D .  Pa. ,  1970) ,  Appendi x Tabl e 
1. 

*Dtit a Genera l  Corp .  v .  Digita l  Compute r  Controls ,  Inc. ,  35 7 A.2 d 10 5 (De l  Ch.  1975) ,  Appendi x Tabl e 

1. 
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Fac t 
Situatio n 

Dimensiona l 
Analysi s 

C a s e Retrieva l 

— Z 

C a s e 
K n o w l e d g e 

B a s e 

C a s e 
Analysi s 

Recor d 

•  Factua l 
Predicates : 

Applicabl e 

Dimensions : 

•  Near-mis s 
,  1 ^  Dimensions :  , 

Relevan t 
Cases : 

•  Point s -
Responses : 

•  Applicabl e 

Cla ims : 

Figur e 1 :  H Y P O ' s C A S E - A N A L Y S I S M o d u l e . 

applicable dimensions are relevant to the fact situation. Near-miss dimensions are those 

fo r  whic h th e particula r  prerequisit e associate d wit h th e focal-slo t  i s  th e onl y prerequisit e 

lef t  t o b e satisfie d b y th e fac t  situation .  I n secreta-voluntarily-diaclosed ,  fo r  example ,  th e 

prerequisit e associate d wit h th e focal-slot ,  numbe r  o f  disclosees ,  i s whethe r  th e plaintif f 

made som e disclosures . 

5 .  H o w H Y P O A s k s a  Q u e s t i o n 

Basically, what HYPO does is to start with a given fact situation and ask questions 

abou t  possibl e fact s tha t  woul d mak e preceden t  case s appl y i n favo r  o f  o r  agains t  variou s 

claim s o f  th e plaintiff .  Sinc e th e spac e o f  possibl e fact s know n t o th e syste m i s large , 

i t  need s t o b e searche d heuristicall y s o tha t  th e syste m ask s onl y thos e question s whic h 

directl y pertai n t o makin g a n argumen t  abou t  th e claim . 
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I n effect ,  H Y P O locate s th e fac t  situatio n i n th e C K B an d incrementall y move s ou t 

fro m i t  i n variou s direction s towar d case s tha t  woul d b e usefu l  fo r  arguin g i n favo r  o f  a 

party .  Dimension s provid e th e guidanc e fo r  directin g thi s search . 

The process takes place in the following steps: 

1. Analyze the fact situation to identify the near-miss dimensions. 

2. Select the near-misses that are most pertinent to the argument goal. 

3. Ask questions to see if the near-miss dimension applies and to determine where the 

fac t  situatio n lie s o n th e dimension . 

The first step is performed by the CASE-ANALYSIS module and results in the case-

analysis-recor d describe d i n th e las t  section . 

The second step is performed by the FACT-GATHERING module. In essence, the near-

mis s dimension s ar e ordere d accordin g t o thei r  utilit y  i n satisfyin g th e curren t  argumen t 

goal  o f  th e user/syste m interaction .  Ther e ar e tw o possibl e goals : 

1. To "build a case" in favor of a plaintiff's claim, by turning up facts upon which a 

stron g pro-plaintif T preceden t  cas e involvin g th e clai m ca n b e cited ; 

2. To advise the user of weaknesses, real or potential, by finding facts that the defendant 

coul d us e t o cit e a  stron g pro-defendan t  cas e o r  t o distinguis h a  pro-plaintif f  case .  I n 

othe r  words ,  t o pla y Devil' s  Advocate ; 

As illustrated below in an extended example, each goal guides the FACT-GATHERING 

modul e i n selectin g near-mis s dimension s t o as k about .  I f  th e progra m need s t o buil d a 

cas e i n favo r  o f  a  clai m o f  th e plaintiff ,  the n i t  screen s dimension s tha t  inde x pro-plaintif f 

case s involvin g tha t  claim .  I f  i t  i s  playin g Devil' s  Advocate ,  i t  (a )  screen s dimension s tha t 

inde x pro-defendan t  case s o r  (b )  screen s dimension s tha t  lea d t o fact s tha t  distinguis h th e 

plaintiff' s  cases . 

The thir d ste p i s performe d i n par t  b y th e F A C T - G A T H E R I N G module .  Th e modul e 

initiate s a  questio n abou t  th e missin g prerequisit e o f  th e selecte d near-mis s dimension . 

'  I f  th e dimensio n i s foun d t o apply ,  th e modul e inquire s abou t  th e dimension' s foca l 

slo t  valu e i n th e fac t  situation .  Th e progra m compare s th e foca l  slo t  valu e i n th e fac t 

situatio n wit h tha t  o f  a  rea l  cas e indexe d b y th e dimension .  Th e relativ e value s o f  th e 

^As par t  o f  th e COUNSELOR project ,  th e H Y P O prosra m ha s bee n designe d t o motivat e th e syste m t o 
generat e natura l  languag e question s an d explanation s b y exampl e an d t o understan d th e user' s answer s bu t 
i t  doe s no t  itsel f  expres s o r  understan d natura l  languag e output s o r  bputs . 
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foca l  slot s determin e whethe r  th e fac t  situatio n i s stronge r  o r  weake r  tha n th e rea l  cas e 

alon g tha t  dimensio n an d whethe r  th e cas e ca n b e cite d o n behal f  o f  a  party' s clai m i n th e 

fac t  situation . 

In order to illustrate this process, we will use the following hypothetical case, Widget-

Kin g V .  Cupcake ,  whos e fact s ar e a s follows : 

Plaintiff Widget-King and defendant Cupcake are corporations that make 

competin g products .  Widget-Kin g ha s confidentia l  informatio n concernin g it s 

o wn product .  Cupcak e gaine d acces s t o Widget-King' s confidentia l  informa -

tion .  • 

The parts of the initial case-analysis-record for Widget-King v. Cupcake that are rele-

van t  fo r  th e followin g discussio n are : 

applicable dimensions: nil 

near-mis s dimensions : 

competitive-advantage-gaine d 

secrets-voluntarily-discloaed ; 

vertical-knowledg e 

relevan t  C K B cases :  ni l 

T h e F A C T - G A T H E R I N G modul e use s th e goa l  an d th e kind s o f  case s indexe d b y 

th e near-mis s dimension s t o selec t  amon g them .  O f  th e thre e near-mis s dimensions , 

competitive-advantage-gaine d indexe s onl y a  pro-plaintif f  cas e (i.e. ,  a  cas e tha t  th e plaintif f 

won) ,  vertical-knowledg e indexe s onl y a  pro-defendan t  cas e an d secrets-voluntarily-diseloae d 

indexe s bot h a  pro-defendan t  an d pro-plaintif f  case .  Althoug h th e numbe r  o f  case s i n thi s 

exampl e i s ver y small ,  a s th e numbe r  o f  case s i n th e C K B increases ,  som e dimension s wil l 

continu e t o inde x onl y case s tha t  favo r  th e plaintif f  o r  th e defendant ,  bu t  no t  both .  Other s 

wil l  inde x case s o f  bot h types . 

'Anothe r  aspec t  o f  fac t  gatherin g i s gaidin g th e use r  throug h th e proces s o f  providin g a n initia l  descrii ^ 
tio n o f  th e fac t  situation .  I n th e COUNSELOR project ,  w e ar e experimentin g wit h usb g script s abou t 
stereotypica l  lega l  dispute s involvin g trad e secret s an d abou t  attorneys '  representin g client s t o guid e th e 
initia l  questionin g an d understanding . 
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I f  th e goa l  i s  t o buil d a  favorabl e argumen t  fo r  plaintif f  Widget-Klng ,  th e progra m 

wil l  selec t  competitive-advantage-gaine d a s th e first  dimensio n t o as k about .  Thi s i s th e 

first  choic e becaus e th e dimensio n indexe s onl y pro-plaintif f  cases .  Th e C K B contain s n o 

cas e i n whic h th e advantag e conferre d o n th e plaintif f  b y virtu e o f  th e defendant' s havin g 

save d developmen t  expens e wa s s o overshadowe d b y fact s favorin g th e defendan t  tha t  th e 

defendan t  won .  U  th e goa l  wer e t o buil d a n argumen t  fo r  defendant ,  aecreta-volutarily -

disdose d woul d b e th e near-mis s dimensio n o f  choice . 

If competitive-advantage-gained is selected, the program first asks about the missing 

prerequisite ,  whethe r  defendan t  Cupcak e save d an y tim e o r  expens e developin g it s com -

petin g product .  I f  so ,  th e progra m ask s ho w muc h tim e o r  expens e ha d bee n saved .  I f  th e 

relativ e amoun t  o f  th e saving s i s comparabl e t o o r  greate r  tha n tha t  i n Telex ,  tha t  cas e 

can b e cite d i n favo r  o f  plaintif f  Widget-King . 

The secrets-voluntarily-disclosed dimension is the program's second choice in trying to 

buil d a n argumen t  fo r  th e plaintiff .  Th e progra m need s t o find  ou t  i f  Widget-Kin g disclose d 

it s secret s t o anyon e an d whethe r  ther e wer e 600 0 o r  fewe r  disclosures .  I f  so ,  th e Data -

Genera l  case ,  wit h it s pro-plaintif f  holdin g despit e 600 0 disclosee s ca n b e cite d i n favo r  o f 

Widget-King .  Th e dimensio n i s th e secon d choic e becaus e i t  als o indexe s a  pro-defendan t 

case ,  Midland-Ross .  I n othe r  words ,  participatio n i n thi s dimensio n doe s no t  necessaril y 

hel p th e plaintiff .  Th e sam e dimensio n migh t  hav e bee n selecte d b y th e progra m actin g 

on a  goa l  t o buil d a n argumen t  fo r  th e defendant .  I n tha t  event ,  th e progra m need s t o 

determin e i f  ther e ar e 10 0 o r  mor e disclosures .  The n Midland-Ros s coul d b e cite d o n behal f 

of  defendan t  Cupcake . 

Assume tha t  i n respons e t o it s questions ,  th e progra m i s tol d tha t  Widget-Kin g mad e 

110 disclosures .  Th e ne w fac t  ha s a  numbe r  o f  effects .  Th e A N A L Y S I S modul e update s 

th e case-analysis-recor d t o reflec t  tha t  seereta-voluntarily-disclose d i s no w a n applicabl e 

dimension .  Data-General  an d Midland-Ros a ar e adde d a s relevan t  cases .  T h e forme r 

can b e cite d i n favo r  o f  th e plaintiff ;  th e latte r  ca n b e cite d i n favo r  o f  th e defendant . 

Significantly ,  wit h th e additio n o f  disclosure s t o th e fac t  situation ,  th e Disclosures-subject -

to-restrictio n dimensio n become s a  near-miss . 

Switching to Devil's Advocate mode, the program tries to poke holes in the plaintiff's 

argumen t  b y distinguishin g th e Data-Genera l  case .  Tha t  is ,  i t  trie s t o find  som e fac t  tha t 

makes th e Data-General  cas e stronge r  fo r  th e plaintif f  tha n th e fac t  situation .  Ther e i s 

suc h a  fact .  I n Data-Genera l  al l  o f  th e disclosee s wer e subjec t  t o th e restrictio n tha t  the y 

woul d no t  tel l  th e secre t  t o anyon e else .  Th e dimensio n Diselosures-subject-to-restrictio n 

capture s thi s informatio n an d indexe s th e Data-General  case .  I f  Widget-King' s disclosee s 

ar e no t  similarl y restricted ,  Data-Genera l  doe s no t  reall y hel p Widget-King' s argument ;  i t 

i s  distinguishable . 

461 



A S H L EY 

T h e possibilit y  o f  distinguishin g Data-Gtnera i  make s i t  importan t  fo r  H Y P O t o as k 

th e use r  whethe r  an y o f  Widget-King' s disclosure s wer e subjec t  t o restrictio n an d ho w 

many.  R e m e m b er  tha t  th e Discloaurea'Subjeet-to-reatrietio n dimensio n ha s jus t  becom e a 

near-mis s dimensio n an d als o applie s t o Data-Gencrai ,  th e cas e th e progra m i s tryin g t o 

distinguish .  O n tha t  basis ,  th e progra m ask s abou t  th e dimension' s missin g prerequisite , 

whethe r  an y o f  Widget-King' s disclosure s ar e subjec t  t o restrictio n an d i f  s o ho w many .  I f 

th e Widget-Kin g cas e i s weake r  alon g Diselosttrea-subjeet'to-restrietion f  o r  i f  tha t  dimensio n 

doe s no t  appl y a t  al l  becaus e non e o f  Widget-King' s disclosure s ar e subjec t  t o restriction , 

the n Data-Genera l  i s  distinguishable . 

6. Explaining a Question 

It is one thing to ask a question and another to explain why the question has been 

asked .  I n H Y P O ,  th e E X P L A N A T I O N modul e generate s explanation s of ,  amon g othe r 

things ,  request s fo r  additiona l  facts . 

HYPO explains a factual query to the user by posing a case example, real or hypothet-

ical ,  tha t  illustrate s th e reaso n fo r  th e request .  T h e example s ar e derive d fro m th e case s 

indexe d b y th e near-mis s dimensio n tha t  motivate s th e question . 

In the above example, if the user demands to know why the program asked whether 

Widget-Kin g ha d mad e an y disclosures ,  th e progra m responds ,  fo r  example ,  tha t  i t  i s  tryin g 

t o buil d a n argumen t  fo r  th e defendant ,  tha t  i n th e Midland-Ros s case ,  wher e plaintif f  ha d 

disclose d th e trad e secret s t o 10 0 people ,  defendan t  won .  I n givin g th e explanation ,  th e 

progra m summarize s onl y th e part s o f  th e exampl e cas e tha t  ar e relevan t  t o illustratin g 

th e significanc e o f  th e solicite d fac t  b y referrin g t o th e prerequisite s an d foca l  slot s o f  th e 

near-mis s dimensio n tha t  motivate d th e question . 

Since explanations of factual queries are made with examples, the query need not 

be expresse d a s a  question .  Instea d o f  askin g whethe r  th e trad e secre t  informatio n wa s 

disclose d t o anyon e an d the n waitin g fo r  th e use r  t o as k why ,  th e C O U N S E L OR syste m 

coul d pos e a  hypothetical :  " W h a t  i f  Widget-Kin g disclose d th e confidentia l  informatio n 

t o 10 0 people ? I n th e Midland-Ros s case ,  th e cour t  hel d fo r  th e defendan t  where.... "  I n s o 

posin g th e query ,  th e syste m take s th e initiative ,  retain s contro l  ove r  th e question-askin g 

proces s an d ask s a  mor e meaningful ,  pointe d questio n initially . 

In the above example, HYPO creates a hypothetical fact situation to use as part of 

it s  questio n an d explanation .  T h e H Y P O - G E N modul e construct s th e hypothetica l  b y 

modifyin g a  see d case ,  th e curren t  fac t  situation ,  t o includ e feature s o f  a  rea l  pro-defendan t 

targe t  case .  T h e heuristic s employe d b y th e H Y P O - G E N modul e t o creat e hypothetical , 

i n thi s cas e makin g a  hyp o t o whic h a  near-mis s dimensio n applies ,  ar e describe d i n detai l 

i n [Risslan d &  Ashley ,  1986] . 
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Wit h a  specificatio n provide d b y th e E X P L A N A T I O N an d F A C T - G A T H E R I N G mod -

ule s an d it s ow n heuristic s fo r  buildin g hypos ,  th e H Y P O - G E N modul e construct s a  hypo -

thetica l  tha t  i s  no t  onl y legall y sensibl e bu t  tailore d t o th e need s o f  explainin g a  particula r 

question .  I n th e abov e example ,  th e specificatio n tell s  H Y P O - G E N t o buil d a  hyp o base d 

on th e curren t  fac t  situatio n a s see d t o whic h th e near-mis s dimensio n stcrets-voluntarHy -

disclose d applie s an d t o mak e th e hyp o a s wea k fo r  th e plaintif f  alon g tha t  dimensio n a s 

th e targe t  case ,  Midland-Ross .  H Y P O - G E N make s th e near-mis s dimensio n appl y t o th e 

hyp o b y addin g fact s t o th e see d cas e correspondin g t o th e dimension' s missin g prerequisit e 

(i.e. ,  10 0 disclosures ,  a s i n Midland-Ross. )  Th e hyp o ca n b e mad e stronge r  o r  weake r  fo r 

th e plaintif f  b y modifyin g th e fact s o f  th e see d cas e correspondin g t o th e foca l  slo t  o f  th e 

dimensio n (e.g. ,  increasin g th e numbe r  o f  disclosees. )  Th e dimension' s focal-slot ,  rang e 

and direction-to-strengthen-plaintif f  slot s contai n th e informatio n necessar y fo r  makin g 

th e hyp o stronge r  o r  weake r  alon g th e dimension . 

HYPO'S facility for generating hypotheticaJs allows the program to guide the user 

throug h th e spac e o f  possibl y significan t  fact s an d preceden t  case s an d t o explai n thei r 

significance . 

7 .  C o n c l u s i o n 

In this paper, we have illustrated with examples of oral arguments before the Supreme 

Cour t  ho w cas e example s an d hypothetical s ar e primar y too b fo r  analyzin g an d makin g 

argument s abou t  fac t  situations .  W e hav e describe d H Y P O,  a  progra m tha t  model s rea -

sonin g wit h case s an d hypotheticals ,  an d show n ho w th e progra m analyze s a  fac t  situation , 

ho w i t  decide s wha t  ar e importan t  question s t o as k an d whic h questio n t o as k next ,  an d 

ho w i t  explain s question s wit h examples ,  rea l  an d hypothetical . 
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A P P E N D I X 

Tele x Corp .  v .  I B M Corp. ,  51 0 F.2 d 89 4 (5t h Cir. ,  1975) . 

Hel d fo r  plaintif f  I B M o n trad e secret s misappropriatio n clai m wher e Tele x gaine d 

acces s t o IBM' s confidentia l  produc t  developmen t  informatio n b y hirin g a n I B M em -

ployee ,  payin g hi m a  larg e bonu s t o develo p a  competin g product .  Th e employe e use d 

developmen t  note s h e brough t  fro m IBM .  Tele x save d tim e an d expens e developin g 

th e competin g product . 

Midland-Rosa Corp. v. Sunbeam Equipment Corp., 316 F.Supp. 171 (W.D. Pa., 1970). 

Hel d fo r  defendan t  Sunbea m o n trad e secret s misappropriatio n clai m wher e Midland -

Ross disclose d it' s  technica l  produc t  developmen t  inf o t o 10 0 persons . 

Data General Corp. v. Digital Computer Controls, Inc., 357 A.2d 105 (Del. Ch. 1975). 

Hel d fo r  plaintif f  Dat a Genera l  o n trad e secret s misappropriatio n clai m wher e Dat a 

Genera l  disclose d it s technica l  produc t  developmen t  inf o t o 600 0 persons ,  al l  o f  w h o m 

wer e subjec t  t o nondisclosur e agreements . 

Automated Systems, Inc. v. Service Bureau Corp., 401 F.2d 619 (10th Cir., 1968). 

Hel d fo r  defendan t  S B C o n trad e secret s misappropriatio n clai m wher e Automated -

Systems '  confidentia l  inf o wa s abou t  customer' s busines s operation s (i.e. ,  vertica l 

info) . 

Table 1: Sample Cases from Case Knowledge Base. 
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Secrets-voluntarily-disclosed : 

Significance :  Plaintiff' s  (P's )  positio n stronge r  th e fewe r  person s t o w h o m secret s 

disclosed . 

Prerequisites :  P  an d Defendan t  (D )  compete ;  D  ha d acces s t o P' s produc t  infor -

mation ;  P  mad e som e disclosures . 

Foca l  slot :  Numbe r  o f  disclosees .  T o Strengthe n P :  Decreas e numbe r  o f  dis -

closees .  R a n g e :  0  t o N .  Case s indexed :  Midland-Rosa ,  Data-Genera l 

Disclosures-subject-to-restriction: 

Significance :  P' s positio n stronge r  th e fewe r  disclosee s no t  subjec t  t o nondisclosur e 

agreements . 

Prerequisites :  Competition ;  acces s t o info ;  som e disclosure s an d nondisclosur e 

agreements . 

Foca l  slot :  Numbe r  o f  disclosee s subjec t  t o restriction .  T o Strengthe n P :  Increas e 

percentag e o f  disclosee s subjec t  t o restriction .  R a n g e :  0  •  10 0 % .  Case s indexed : 

Data-Genera l 

Competitive-advantage-gained: 

Significance :  P' s positio n stronge r  th e greate r  competitiv e advantag e gaine d b y D . 

Prerequisites :  Competition ;  acces s t o info ;  D  save d som e expense . 

Foca l  slot :  Developmen t  expens e saved .  T o Strengthe n P :  Increas e expens e save d 

by D .  R a n g e :  0  -  10 0 % .  Case s indexed :  Tele x v .  I B M 

Vertical-knowledge: 

Significance :  P' s positio n stronge r  i f  informatio n technical ,  no t  vertical . 

Prerequisites :  P  an d D  compete ;  D  ha d acces s t o P' s produc t  information ;  inf o 

abou t  something . 

Foca l  slot :  W h a t  informatio n i s about .  T o Strengthe n P :  M a k e informatio n abou t 

technica l  developmen t  o f  product .  R a n g e :  {technical ,  vertical }  Case s indexed : 

Automate d Systems ,  e t  al . 

Table 2: Sample Dimensions. 
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Abstract 

The phenomen a o f  remindin g ha s bee n receivin g quit e a  bi t  o f  attentio n i n th e pas t  fe w years . 

Researcher s hav e bee n lookin g a t  ho w previou s experienc e ca n hel p i n understandin g an d proble m solv -

ing .  A s muc h o f  thi s wor k ha s shown ,  remindin g i s a  complicate d process .  I n thi s paper ,  w e presen t 

requirement s o n a  cognitiv e architectur e tha t  ca n promot e an d suppor t  thes e observations .  Th e architec -

tura l  requirement s ar e thos e neede d b y a  machin e tha t  ca n us e experienc e t o reason .  T o motivat e thes e 

requirements ,  w e presen t  observation s o f  remindin g tha t  ar e base d o n analyse s o f  bot h actua l  reminding s 

and hypothetica l  cases . 

Why Worry About Reminding? 

The phenomeno n o f  remindin g ha s bee n receivin g quit e a  bi t  o f  attentio n i n th e pas t  fe w year s (e.g. , 

Kolodner ,  1983 ;  Lebowitz ,  1983 ;  Reiser ,  1983 ;  Schank ,  1982) .  Researcher s hav e bee n lookin g a t  ho w 

previou s experienc e ca n hel p i n understandin g (Riesbeck ,  1981 ;  Schank ,  1982 )  an d proble m solvin g 

(Bain ,  1985 ;  Carbonell ,  1983 ;  H a m m o n d,  1984 ;  Holyoak ,  1985 ;  Kolodne r  e t  al. ,  1985 ;  Ross ,  1982) .  A s 

much o f  thi s wor k ha s shown ,  remindin g i s a  complicate d process .  Ou r  ow n researc h o n proble m solvin g 

(Kolodner ,  1983b ,  1985 ;  Kolodne r  &  Kolodner ,  1985 ;  Kolodne r  e t  al. ,  1984 )  ha s le d u s t o analyz e man y 

instance s o f  reminding ,  an d thos e instance s alon g wit h th e one s alread y reporte d i n th e literatur e (in , 

e.g. ,  Reiser ,  1983 ;  Schank ,  1982) ,  lea d u s t o believ e tha t  ther e i s mor e regularit y t o remindin g tha n i s 

eviden t  o n th e surface . 

The question s w e as k i n thi s pape r  ar e th e following :  Wha t  ar e th e fundamenta l  memor y processe s 

and structure s tha t  suppor t  reminding ? Wha t  kin d o f  architectur e d o thes e processe s an d structure s 

require ? I n thi s paper ,  w e revie w an d ad d t o th e se t  o f  thing s know n abou t  reminding .  Wit h eac h obser -

vatio n abou t  remindin g tha t  w e present ,  w e als o presen t  th e architectura l  feature s necessar y t o suppor t  it . 

Thi s researc h i s motivate d b y ou r  researc h int o th e rol e o f  experienc e i n proble m solvin g an d 

understanding .  W e hav e buil t  memor y program s tha t  ca n b e reminde d (e.g. ,  C Y R US (Kolodner ,  1983a , 

1984) )  an d proble m solver s tha t  ca n us e th e result s o f  remindin g t o solv e problem s analogicall y (e.g. , 

M E D I A T OR (Kolodner ,  e t  al. ,  1985) ,  P E R S U A D ER (Sycara ,  1985) ,  Consume r  Adviso r  (Turner , 

1986)) .  Eac h o f  thes e proble m solver s i s abl e t o solv e problem s i n fewe r  step s tha n woul d b e require d i f 

the y wer e solvin g th e problem s fro m scratch .  Eac h get s bette r  ove r  tim e a s a  resul t  o f  experience .  Each , 
however ,  i s  ver y slow ,  primaril y becaus e o f  th e overhea d o f  maintainin g an d accessin g th e memor y fo r 

experience .  W e hav e therefor e bee n force d t o as k ourselve s th e questions :  Wher e doe s thi s slownes s 

originat e fro m an d i s ther e awa y t o ge t  aroun d it ? A t  first  blush ,  th e answe r  t o thi s seem s obvious :  Th e 

memory mode l  w e ar e usin g ha s slownes s inheren t  i n it s searc h procedure s becaus e the y ar e paralle l  pro -

cedure s implemente d o n a  seria l  machin e (Kolodner ,  1983a ,  1983b ,  1984) .  Certainly ,  i f  w e ha d a  paralle l 

machine ,  w e coul d spee d u p th e memor y search .  Bu t  thi s i s no t  th e whol e answer ,  an d parallelis m i s no t 

th e onl y propert y w e wan t  ou t  o f  a  cognitiv e architectur e tha t  ca n suppor t  reminding .  I t  shoul d als o sup -

por t  memory' s othe r  functions .  W e hav e therefor e spen t  som e tim e analyzin g severa l  case s o f  remindin g 

t o find  ou t  wha t  kin d o f  memor y architectur e woul d bes t  suppor t  i t  an d t o find  ou t  ho w th e proces s ca n 

be speede d up . 

An Example 

We begi n b y puttin g remindin g int o contex t  wit h respec t  t o othe r  reasonin g processes .  Th e dialo g 

belo w i s fro m a  conversatio n w e recorde d recentl y whil e attemptin g t o explor e th e proces s o f  advic e giv -

ing .  I t  illustrate s a n interestin g remindin g tha t  w e us e fo r  illustrativ e purpose s throughou t  thi s paper . 
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Advisee :  I  nee d t o bu y a  bookshel f  t o us e i n m y stud y a t  home .  Th e stud y i s carpeted .  Sinc e 
I' m i n schoo l  now ,  I  can' t  affor d anythin g expensive .  I' m plannin g t o us e th e bookshel f  fo r 

textbook s an d paperbacks .  Ca n yo u sugges t  wha t  kin d o f  bookshel f  I  nee d t o get ? 

Advisor: I don't know what bookshelves run for these days. Have you ever considered buidtng 

you r  own ? M y roommat e di d tha t  las t  year .  H e wa s runnin g ou t  o f  spac e fo r  hi s book s 

and wen t  ou t  an d bough t  som e lumbe r  on e weeken d an d buil t  som e bookshelve s .. . 

This reminding is striking. Although the advisee was asking for advice about "Tjujdng", the remind-

in g wa s o f  a  "building "  episode .  Ther e ar e tw o possibl e explanation s fo r  this .  Th e proble m solve r  insid e 

th e perso n coul d hav e bee n workin g o n solvin g th e origina l  proble m ~  buyin g bookshelves .  I n thi s case , 

i t  woul d hav e attempte d t o elaborat e it s buyin g pla n takin g th e advisee' s need s int o account .  Whe n i t 

came u p agains t  a  dea d en d (i n thi s case ,  th e fac t  tha t  th e advise e i s a  studen t  an d therefor e ma y no t 

hav e enoug h mone y t o bu y a  durabl e se t  o f  shelves) ,  i t  considere d th e goa l  th e advise e wa s tryin g t o 

achiev e (acquisitio n o f  bookshelves) ,  bega n t o generat e a  pla n mor e amenabl e t o th e situatio n (i n thi s 

case ,  building) ,  an d i n considerin g th e "building "  option ,  wa s reminde d o f  th e buildin g episod e above . 

We cal l  tha t  episod e th e "Pete' s bookshelves "  episode . 

Our  othe r  explanatio n i s th e following :  Perhj^ s th e proble m solve r  wa s no t  doin g muc h wor k a t  all . 

Rather ,  memor y ( a separat e processor )  cam e u p wit h th e previou s case ,  hande d i t  t o th e proble m solver , 

and th e proble m solve r  use d i t  t o deriv e a n answer .  I n othe r  words ,  th e remindin g o f  th e "building " 

episod e cam e throug h memory' s consideratio n o f  th e "buying "  reques t  itsel f  o r  som e par t  o f  th e buyin g 

request . 

Whil e th e first  explanatio n make s th e proble m solve r  bea r  th e brun t  o f  th e advisor' s reasoning ,  th e 

secon d divide s th e wor k betwee n severa l  differen t  processes :  th e memory ,  a  case-base d reasoner ,  an d 

th e proble m solver .  H o w ca n multipl e reasonin g processe s interac t  t o mak e reminding s happe n an d t o 

use the m appropriately ? Par t  o f  th e answe r  t o thi s questio n lie s i n memory' s representations .  Th e 

memory mus t  kno w tha t  "buying "  i s a  pla n tha t  i s usuall y instrumenta l  t o achievin g a n acquisitio n goal . 

I t  mus t  als o relat e th e acquisitio n goa l  t o th e kind s o f  plan s tha t  ca n achiev e it ,  e.g. ,  "buying "  an d "build -

ing" .  TTi e proble m solve r  an d memor y mus t  shar e thes e representations .  Th e genera l  problem s t o b e 

considere d her e ar e wha t  kind s o f  knowledg e structure s th e memor y ha s an d wha t  kind s o f  link s ther e 

ar e betwee n th e knowledg e structures .  Anothe r  par t  o f  th e answe r  ha s t o d o wit h understandin g processes . 

Her e w e refe r  t o th e hypothesi s tha t  understander s ar e alway s doin g goa l  tracking .  I n othe r  words ,  the y 

ar e alway s tryin g t o determin e wh y a n acto r  woul d d o th e action s reporte d i n a  tex t  o r  conversation . 

Thus ,  inferrin g a n acquisitio n goa l  i s  automati c whe n hearin g abou t  a  "buy "  plan .  Anothe r  par t  o f  th e 

answer  revolve s aroun d memory' s organization .  Ther e i s probabl y agreemen t  tha t  th e knowledg e structur e 

"build "  i s i n som e wa y reference d b y th e knowledg e structur e associate d wit h "acquisition" .  Bu t  wha t  ar e 

th e connection s betwee n th e buildin g episod e reporte d i n th e remindin g an d th e knowledg e structur e 

"build" ? H o w ar e th e knowledg e structure s an d th e individua l  experience s reporte d i n reminding s con -

nected ? Th e fourt h par t  o f  th e answe r  lie s i n definin g th e processin g a  memor y i s abl e an d allowe d t o d o 

on thi s representation .  Whic h link s ca n b e passivel y traversed ? Whic h requir e strategi c processing ? 

What  kind s o f  processin g mus t  b e eas y fo r  th e memor y t o do ? Finally ,  w e mus t  conside r  th e interaction s 

betwee n th e memor y an d th e reasoner .  Th e reasone r  migh t  b e a  languag e understande r  o r  a  proble m 

solver .  Eithe r  way ,  i t  need s memory' s knowledg e t o d o it s work .  B y th e sam e token ,  memory ,  whic h 

get s reminde d o f  previou s case s i n th e cours e o f  reasonin g mus t  alway s b e awar e o f  th e reasonin g don e 

by th e reasoner .  Ther e mus t  thu s b e mean s o f  communicatio n betwee n th e memor y an d reasonin g 

processes . 

Reminding 

We continu e b y goin g ove r  previou s hypothese s abou t  reminding .  Schan k (1982 )  postulate s tha t 

th e interestin g kind s o f  reminding s aris e fro m processin g considerations :  A s a  ne w even t  o r  tex t  i s  bein g 

understoo d o r  analyzed ,  th e knowledg e structure s tha t  ca n provid e th e mos t  specifi c  explanation s o f  th e 

ne w episod e ar e accessed .  Sometime s thos e knowledg e structure s ar e generalize d structures ,  whil e some -

time s the y ar e particula r  previou s episodes .  Th e particula r  previou s episode s tha t  ar e remembere d i n th e 
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cours e o f  understandin g o r  analysi s ar e wha t  w e cal l  remindings ,  an d the y aris e becaus e o f  th e nee d t o 

make inferences . 

Schan k (1982 )  an d other s (Kolodner ,  1983a ,  1984 ;  Reiser ,  1983 )  describ e a  memor y organizatio n 

tha t  support s suc h reminding .  A s ne w item s ar e bein g processe d b y memory' s structure s (calle d M O P s ) , 

Uie y ar e a t  th e sam e tim e bein g indexe d i n thos e structure s b y a  subse t  o f  thei r  feature s no t  predicte d b y 

th e generalize d knowledg e structures .  Tha t  subse t  include s feature s tha t  ar e predictiv e o f  othe r  domain -

relate d feature s (Kolodner ,  1983a) .  Thi s provide s fo r  severa l  late r  functions .  First ,  i t  allow s a  prob e tha t 

describe s a n ite m t o b e use d t o retriev e tha t  ite m fro m memory .  Second ,  i t  store s th e ite m suc h tha t  i f  a 

late r  even t  tha t  i s distinc t  i n way s simila r  t o th e firs t  on e i s encountered ,  th e first  ite m wil l  b e foun d an d 

availabl e t o inferenc e mechanisms .  Suc h a  schem e allow s a n inference r  t o recogniz e a  situatio n tha t  i s 

pron e t o failur e an d als o provide s prediction s o f  way s t o ge t  ou t  o f  failur e situation s (Hammond ,  1984 ; 

Kolodne r  e t  al. ,  1985 ;  Riesbeck ,  1981 ;  Schank ,  1982) .  I t  i s thu s usefu l  fo r  bot h understandin g an d prob -

le m solving . 

C Y R U S'  "Diplomati c Meetings "  M O P 

(1)  (MOP1) 

conten t  frame : 

differences : 

(4 )  Begi n 
I 

M 0 P2 
content frame; 

th e acto r  i s Cyru s Vanc e 
participant s ar e foreig n diplomat s 
topic s ar e internationa l  contract s 
participant s talke d t o eac h othe r 
goa l  wa s t o resolv e dispute d contrac t 

articipant s 

(2 ) 
Dayan Gromyk o 

EV2 

SALT 

EV2 

7 
.  (3 ) 

Jerusale m 

EV3 

(S )  C a m p Oavi d Accord s 
I 

M O P3 

participant s includ e Begi n 
topi c concern s Israe l  an d Arab s 
specializatio n o f  M O P1 

conten t  frame : 

differences : 

topi c i s th e C D A 
participant s ar e Israel i 
specializatio n o f  M O P! 

'topi c differences : 

(6 ) 
Jerusale m 

EV3 

C a mp Oavi d Accord s )? ' 
Begi n 

M O P4 IVI0P 4 

participant s 

Dayan 

EV4 

F i g u r e 1 

Figur e 1  show s on e o f  th e M O Ps use d i n C Y R US (Kolodner ,  1983a ,  1984) .  C Y R US kep t  trac k o f 

th e da y t o da y event s i n th e lif e o f  Cyru s Vanc e whe n h e wa s U.S .  Secretar y o f  State .  Thus ,  it s  memor y 

structure s correspon d t o th e type s o f  situation s a  secretar y o f  stat e i s involve d in .  Thi s particula r  M O P 

organize s generalize d knowledg e abou t  an d individua l  instance s o f  "diplomati c meetings. "  Sinc e partici -

pant s i n suc h meeting s ca n predic t  th e topi c unde r  discussion ,  an d topi c i n suc h situation s ca n predic t 

some othe r  things ,  eac h i s use d fo r  indexin g i n th e "diplomati c meeting "  context .  Thi s particula r  M O P 

hold s meeting s wit h Begin ,  Dayan ,  an d Gromyko ,  an d sinc e ther e wer e severa l  wit h Begi n an d al l  ha d 
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somethin g i n c o m m o n (thei r  topic s wer e simila r  (se e M 0 P 2 i n th e figure)),  a  sub-MO P o f  "diplomati c 

meetings "  representin g thos e wit h Begi n wa s created .  Fo r  a  simila r  reason ,  ther e i s a  sub-MO P (M0P3 ) 

representin g meeting s abou t  th e C a m p Davi d Accords .  Base d o n thes e generalizations ,  i f  a n under -

stande r  o r  proble m solve r  wit h thi s M O P i n it s memor y wer e t o encounte r  a  diplomati c meetin g abou t 

th e C a m p Davi d Accords ,  i t  woul d b e abl e t o predic t  som e o f  th e participant s base d o n th e knowledg e 

availabl e i n M O PS tha t  participant s ar e Israeli .  I f  i t  wer e t o encounte r  a  diplomati c meetin g abou t  SALT , 

i t  woul d b e abl e t o mak e prediction s base d o n th e specific s o f  tha t  meeting . 

Befor e goin g int o th e intracacie s o f  reminding ,  w e conside r  th e traversa l  proces s tha t  work s o n 

thes e structure s an d th e basi c architectura l  requirement s thi s proces s put s o n th e memory .  A s describe d 

by Kolodne r  (1983a ,  1984 )  an d implemente d i n th e C Y R US system ,  memor y traversa l  i s  a  paralle l  pro -

cess .  A  prob e i s receive d b y th e memory .  Th e first  thin g tha t  i s don e i s t o determin e whic h memor y 

structure s ar e t o b e traversed .  Th e prob e i s the n transforme d t o fit  th e representatio n o f  eac h o f  thos e 

memory structures .  Thes e tw o step s mak e u p a  proces s calle d contex t  instantiation .  I f  memor y wer e 

give n a  prob e suc h a s "Vanc e talke d t o Gromyko, "  fo r  example ,  i t  migh t  choos e "diplomati c meetings "  a s 

one o f  th e memor y structure s t o b e traverse d an d woul d transfor m th e origina l  prob e int o "Vanc e 

attende d a  diplomati c meetin g a t  whic h Gromyk o wa s als o a  participant. " 

The nex t  ste p i s traversa l  o f  th e chose n memor y structure .  Th e prob e i s compare d t o th e generalize d 

knowledg e associate d wit h th e chose n memor y structure .  Thos e o f  it s  feature s tha t  ar e no t  expecte d b y 

th e memor y structur e bu t  tha t  ar e salien t  t o th e knowledg e structure' s domai n ar e extracte d fro m th e 

memory probe .  Indexe s associate d wit h thos e feature s Jir e traversed .  I f  a n even t  i s reached ,  i t  i s 

recalled .  I f  anothe r  knowledg e structur e i s reached ,  eithe r  i t  i s  recalle d o r  th e proces s i s repeate d t o find 

mor e specifi c  events .  Fo r  th e Vanc e tal k wit h Gromyko ,  feature s tha t  ar e no t  expecte d b y "diplomati c 

meetings "  bu t  tha t  ar e salien t  t o diplomati c activitie s ar e th e fact s tha t  Gromyk o i s a  Russian ,  tha t  h e wa s 

an ambassador ,  an d tha t  h e i s Gromyko .  Link s associate d wit h eac h o f  thes e feature s woul d b e traverse d 

and i f  a n even t  wer e found ,  i t  woul d b e returned .  Additio n o f  a  ne w ite m t o memor y work s i n th e sam e 

way.  Instea d o f  merel y traversin g links ,  however ,  a  ne w Un k i s create d fo r  eac h o f  th e feature s tha t  doe s 

not  alread y hav e a  lin k associate d wit h it .  Fo r  thos e feature s tha t  d o hav e link s associate d wit h them , 

any collision s wit h othe r  item s alread y i n memor y leave s ope n th e potentia l  fo r  generalization ,  whil e col -

lision s wit h othe r  generalize d memor y structure s allo w consistenc y check s an d updatin g o f  generaliza -

tions . 

Becaus e memor y link s ca n onl y b e traverse d i f  thei r  label s ar e availabl e a s memor y cues ,  interestin g 

problem s aris e whe n a  memor y prob e i s to o genera l  (i.e. ,  i t  describe s man y events )  an d whe n th e 

memory prob e specifie s feature s tha t  ar e no t  associate d wit h memor y links .  I n thes e cases ,  memor y doe s 

guide d elaboratio n o f  th e memor y prob e i n a n attemp t  t o generat e additiona l  cues .  Elaboration s o f  th e 

diplomati c meetin g referre d t o abov e migh t  includ e it s possibl e plac e (Washington ,  N e w York ,  o r  th e U N 

Building) ,  it s  possibl e topi c (on e tha t  concern s th e U S an d USSR,  possibl y S A L T ) ,  othe r  participants ,  o r 

a particula r  situationa l  settin g (e.g. ,  a  summi t  conference) ,  amon g a  hos t  o f  othe r  possibilities .  Afte r  ela -

boration ,  memor y ca n b e probe d wit h th e generate d cues . 

Elaboratio n ca n b e eithe r  strategi c o r  automatic .  A n automati c elaboratio n i s on e tha t  i s mad e o n 

th e basi s o f  a  clos e association .  Gromyko ,  fo r  example ,  live d an d worke d i n N e w York ,  s o a n elabora -

tio n o f  N e w Yor k a s a  possibl e meetin g plac e ca n b e fairl y automatic .  Russi a ha s a  se t  o f  importan t  polit -

ica l  topic s associate d wit h it ,  o f  whic h S A L T wa s th e mos t  importan t  a t  th e tim e Vanc e wa s Secretar y o f 

State .  Tha t  too ,  then ,  woul d b e a n automati c elaboration .  Strategi c elaboratio n i s necessar y whe n 

hypothetica l  feature s ar e mor e remote .  Generatin g a  hypothetica l  topi c fo r  a  meetin g base d o n wha t  wa s 

goin g o n i n th e worl d a t  th e tim e o f  th e targette d meetin g woul d b e a  strategi c elaboration .  Strategi c ela -

boration s ca n b e arbitraril y  comple x an d ma y requir e a  fai r  amoun t  o f  proble m solving . 

What  doe s thi s requir e i n term s o f  a n architecture ? Firs t  an d foremost ,  i t  require s paralle l  traversa l 

of  memor y links .  Thi s seem s necessar y becaus e o f  th e larg e numbe r  o f  cue s tha t  ar e normall y availabl e 

fo r  an y memor y probe .  I f  memor y link s emanatin g fro m knowledg e structure s wer e t o b e traverse d seri -

ally ,  ther e woul d b e seriou s timin g problems .  Traversa l  i s  a n eas y process ,  an d thi s seem s lik e a  proces s 

fit  fo r  parallelism .  Th e memor y architectur e describe d i n C Y R US work s suc h tha t  traversa l  i s  don e con -

currentl y fo r  eac h availabl e cue .  Second ,  an d equall y important ,  i t  require s associativ e mechanism s tha t 

acknowledg e "locks "  o n eac h o f  memory' s links .  Rathe r  tha n allowin g indescriminat e traversa l  o f  memor y 
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link s a s i n a  traditiona l  spreadin g activatio n scheme ,  th e MOPs schem e allow s traversa l  onl y whe n a 
link' s labe l  i s  specified .  Thi s associativ e mechanis m woul d fill  th e rol e o f  a  quic k patter n matcher . 

Third ,  i t  require s a n architectur e tha t  ca n suppor t  bot h generalize d structure s an d individua l  even t 

description s a t  it s  nodes ,  an d whos e node s ca n hol d almos t  a n arbitrar y a m o u n t  o f  generalize d 

knowledge .  Thi s knowledg e include s descriptiv e knowledg e use d fo r  recognitio n an d predictio n a s wel l  a s 

knowledg e abou t  salienc e an d interestingnes s o f  features . 

Observaticxis about Reminding 

Th e schem e presente d abov e allow s fo r  remindin g eac h tim e ther e ar e similaritie s betwee n events . 

We continu e b y presentin g severa l  additiona l  observation s abou t  remindin g tha t  ad d t o th e lis t  o f  archi -

tectura l  requirements . 

1. Remindings usually come from concrete scenes rather than abstract events. 

O ur  analyse s o f  reminding s tel l  u s tha t  reminding s ten d t o b e o f  concret e situations .  Reminding s 

tha t  see m t o b e o f  abstrac t  event s (e.g. ,  a  tri p remindin g someon e o f  anothe r  trip )  ca n usuall y b e 

analyze d a s comin g fro m a  concret e scen e o f  th e abstrac t  episod e (e.g. ,  th e remindin g c a m e afte r  discus -

sio n o f  a  particula r  taxica b rid e tha t  happene d durin g on e o f  th e trips) .  T o m a k e thi s clearer ,  w e m u s t 

conside r  wha t  a n abstrac t  episod e i s an d wha t  a  concret e scen e is .  A n abstrac t  episod e i s  m a d e u p o f  a 

variet y o f  smalle r  event s o r  scenes .  I t  m a y b e describe d i n term s o f  a n overal l  goal .  Example s includ e 

trip s an d restauran t  visits .  A  concret e scene ,  o n th e othe r  hand ,  i s  usuall y relativel y shor t  i n duratio n 

and strongl y associate d wit h a  physica l  setting .  I t  i s a  componen t  o f  a  large r  episodi c contex t  an d usuall y 

achieve s a  subgoa l  o f  tha t  episode .  T h e subgoa l  m a y b e a  contributo r  t o th e mai n goa l  (i.e. ,  a  precondi -

tion) ,  th e mai n goa l  itself ,  o r  a  "clean-up "  goa l  (i.e. ,  a  post-condition) .  Example s includ e checkin g i n a t 

a hote l  an d th e payin g scen e i n a  restaurant . 

T o restat e th e premis e i n term s o f  knowledg e structures ,  a  remindin g tha t  seem s t o b e base d o n a n 

abstrac t  knowledg e structur e (representin g a n abstrac t  event )  ca n usuall y b e interprete d a s a  remindin g 

base d o n a  scen e o f  tha t  knowledg e structur e w h e n analyze d i n greate r  detail .  Whil e w e observ e peopl e 

bein g reminde d o f  whol e episode s o n th e basi s o f  simila r  episodes ,  furthe r  analysi s usuall y lead s u s t o 
conclud e tha t  th e remindin g derive d fro m scen e descriptions . 

Consider ,  fo r  example ,  on e o f  Schank' s (1982 )  restauran t  examples .  I n thi s particula r  example ,  h e 

goes fo r  a  visi t  t o a  c o m p a n y an d eat s i n th e c o m p a n y restaurant ,  wher e diner s d o thei r  orderin g b y filling 

ou t  a  form .  A t  a  late r  time ,  h e goe s t o anothe r  company ,  goe s t o ea t  i n thei r  restaurant ,  an d m u s t  writ e 

down hi s orde r  again .  A t  thi s point ,  h e wa s reminde d o f  th e previou s restauran t  experience .  Ther e ar e 

tw o differen t  analyse s o f  thi s event .  I n th e first,  on e restauran t  experienc e remind s h i m o f  anothe r  res -

tauran t  experience .  I n th e secon d analysis ,  a  particula r  scen e deviatio n i n on e restauran t  experienc e rem -

ind s h i m o f  th e sam e deviatio n i n anothe r  restauran t  experience ,  an d thi s scen e remindin g allow s h i m t o 

remember  th e res t  o f  th e previou s episode .  I t  i s  thi s secon d explanatio n tha t  w e clai m i s th e mor e 

correc t  one ,  an d Reiser' s (1983 )  experiment s bea r  thi s out. * 

Schank' s M O P s provid e a  structur e tha t  support s thi s kin d o f  reminding .  M O P s ca n hav e tw o pur -

poses :  the y ca n packag e scene s an d the y ca n organiz e memor ie s o f  events .  Abstrac t  knowledg e struc -

tures ,  calle d M O P s (e.g. ,  eatin g a t  a  restaurant ,  goin g t o th e doctor ,  buildin g bookshelves) ,  ar e th e one s 

tha t  organiz e scenes .  Scene s (e.g. ,  ordering ,  sittin g i n th e waitin g room ,  selectin g materials ,  installin g 

th e complete d object) ,  whic h ar e mor e specifi c an d ten d t o b e include d i n severa l  differen t  type s o f  mor e 

abstrac t  situations ,  organiz e memor ie s o f  events . 

Thi s give s u s on e wa y o f  explainin g th e "Pete' s bookshelves "  reminding .  Bot h "building "  an d "buy -

ing "  o f  a  larg e objec t  requir e goin g t o a  store ,  selectio n o f  th e object ,  installatio n o f  th e object ,  etc .  Eac h 

of  thes e scene s i s share d acros s bot h plans .  "Installation "  episodes ,  fo r  example ,  whethe r  the y c o m e fro m 

a "buying "  o r  a  "building "  experience ,  ar e store d i n th e sam e place .  I f  th e adviso r  ha d bee n reminde d o f 

•I n fact ,  Reise r  make s a  stronge r  poin t  i n hi s experimentation .  Accordin g t o hi s experiments ,  scene s them -
selve s ar e no t  enoug h fo r  reminding .  Th e situatio n i n whic h th e scen e i s embedde d (i.e. ,  th e M O P)  i s als o 
important .  Ther e i s a n implicatio n i n thi s fo r  scen e instantiation ;  scen e instantiatio n i s eas y onl y whe n th e 
abstrac t  situatio n i s avulable . 
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"Pet e installin g hi s bookshelves "  o r  o f  som e othe r  "Pete' s bookshelves "  scen e share d b y "buying *  an d 
"building" ,  the n h e woul d hav e bee n abl e t o recal l  additiona l  detail s o f  tha t  episode ,  includin g detail s o f 

doin g th e building .  Figur e 2  show s th e m e m o r y structur e tha t  woul d allo w this . 

BUIL D BUY 

material s 

assemblin g 
Pete' s 
bookshelve a 

installin g 
Pete' s 
bookshelve s 

Figur e 2 

N o w tha t  w e hav e th e m e m o r y structur e i n plac e tha t  ca n explai n thi s reminding ,  w e mus t  conside r 

th e processin g necessar y t o m a k e th e remindin g happe n a t  th e righ t  time .  W e hav e tw o competin g expla -

nation s fo r  this :  O n e w e wil l  cal l  th e elaborativ e hypotheaia ,  an d th e othe r  w e wil l  cal l  th e automati c traver -

sal  hypothesis . 

Accordin g t o th e elaborativ e hypothesis ,  s o m e elaborativ e proces s b  responsibl e fo r  selectin g a  scen e 

fro m th e abstrac t  situatio n ( M O P ) . *  Tha t  scen e i s  the n instantiate d an d traverse d usin g th e curren t  scen e 

description .  I n thi s case ,  th e elaborativ e hypothesi s migh t  b e appUe d severa l  way s t o resul t  i n th e "Pete' s 

bookshelves "  reminding .  T h e adviso r  migh t  conside r  th e sequenc e o f  buyin g a  bookshelf ,  goin g throug h 

eac h o f  th e majo r  scenes ,  instantiatin g a  hypothetica l  scen e fo r  thi s episod e an d reasonin g abou t  it .  Fo r 

eac h scene ,  h e woul d tak e hi s scen e descriptio n an d us e i t  t o travers e th e indexin g networ k associate d 

wit h th e scene .  I f  somethin g simila r  t o th e hypothetica l  scen e wer e i n m e m o r y ,  i t  woul d b e recalle d a t 

th e scen e level .  I n thi s case ,  ther e i s a  chanc e fo r  remindin g o f  "Pete' s bookshelves "  i n an y scen e tha t 

"building "  an d "buying "  hav e i n c o m m o n . 

Alternatively ,  th e adviso r  migh t  b e attemptin g t o construc t  a n imag e o f  a  bookshel f  wit h textbook s 

i n i t  i n a  study .  Thi s i n turn ,  migh t  m a k e h i m as k th e question :  H o w di d i t  ge t  there ? Thi s woul d lea d 

t o instantiatio n o f  th e "installation "  scen e wit h th e objec t  bein g installe d th e on e describe d b y th e advisee . 

A t  thi s poin t  "Pete' s bookshelves "  woul d b e remembered . 

WhaUi  doe s thi s requir e o f  a  m e m o r y ? I t  require s tha t  scen e instantiatio n b e fast .  Thi s woul d allo w 

an episod e descriptio n a t  a n abstrac t  leve l  t o b e describe d a s specifi c  scene s quickly .  I t  als o require s tha t 

th e knowledg e necessar y fo r  elaboratio n b e easil y available . 

T h e alternativ e hypothesis ,  automati c traversal ,  introduce s a  n e w kin d o f  paralle l  traversa l  o f 

m e m o ry int o th e model .  Whil e previously ,  th e onl y kin d o f  traversa l  tha t  wa s permitte d wa s traversa l  o f 

link s whos e label s wer e specifie d i n retrieva l  cues ,  th e n e w kin d o f  traversa l  allow s automati c traversa l 

fro m abstrac t  situation s ( M O P s )  t o well-know n scenes .  U n d e r  thi s hypothesis ,  w h e n a n abstrac t 

m e m o ry structur e ( M O P )  i s  accessed ,  m e m o r y automaticall y instantiate s eac h o f  th e well-know n scene s 

usin g th e give n specification s an d traverse s th e structure s o f  eac h i n parallel.* *  Thi s hypothesi s place s 

•Particula r  strategie s fo r  elaboratio n ar e discusse d an d presente d i n (Kolodner ,  1983a ,  1984) .  Discussion s o f 
elaboratio n i n genera ]  ca n b e foun d i n (Schank ,  1982 )  an d (William s &  HoUan ,  1981) . 
*»Whil e Schan k explain s al l  th e reminding s i n hi s boo k base d o n th e elaborativ e hypothesis ,  w e hav e bee n 
abl e t o find  explanation s fo r  eac h baae d o n th e automati c traversa l  hypothesi s also .  Th e advantag e o f  th e au -
tomati c traversa l  hypothesi s i n thes e case s i s tha t  a n explanatio n o f  a  proble m solvin g failur e doe s no t  hav e 
t o b e constructe d befor e remindin g happens .  Rather ,  th e explanatio n ca n b e derive d fro m th e remindin g o r 
can b e constructe d o n th e basi s o f  tw o episodes .  Whil e Schan k claim s tha t  explanatio n i s guidin g reminding , 
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anothe r  requiremen t  o n th e architecture :  I t  require s tha t  scen e instantiatio n shoul d b e automati c i n th e 

architectur e a s wel l  a s fast.** * 

2. Remindinga often seem very visual, but are only rarely of objects themselves. 

The y ar e usuall y o f  object s i n th e contex t  o f  som e situatio n (i.e. ,  a  scene) . 

People often report remindings that are very visual (e.g., the legs on a particular table I saw while 

hous e huntin g reminde d m e o f  th e leg s o n m y mother' s dinin g r o o m table) .  Ther e ar e tw o way s t o 

interpre t  suc h remindings :  a  vie w o f  a n objec t  m a y remin d a  perso n o f  a  vie w o f  anothe r  objec t  o r  a 

vie w o f  a n objec t  i n a  situatio n m a y remin d a  perso n o f  a n objec t  i n a n analogou s situation .  O u r  analyse s 

of  severa l  suc h visua l  reminding s lea d u s t o believ e tha t  thi s secon d explanatio n i s predominant .  Usuall y 

th e reminding s peopl e hav e o f  object s ar e no t  reminding s o f  jus t  th e objec t  itself ,  bu t  o f  th e objec t  i n a 

settin g o r  scene .  I n th e tabl e exampl e jus t  given ,  standin g i n th e positio n wher e th e leg s o f  th e tabl e 

coul d b e viewe d i n a  certai n wa y reminde d th e perso n involve d o f  a  situatio n w h e n sh e wa s standin g i n 

her  mother' s dinin g r o o m an d lookin g a t  th e tabl e leg s in t  h e sam e way . 

Consider ,  agsun ,  th e "Pete' s bookshelves "  example .  O n e w a y w e hav e trie d t o explai n tha t  remind -

in g i s b y sayin g tha t  th e bookshel f  descriptio n give n b y th e advise e i n th e initia l  proble m descriptio n rem -

inde d th e advisor  o f  a  bookshel f  h e ha d see n tha t  fit  tha t  description .  Bu t  i n tha t  case ,  woul d th e remind -

in g c o m e fro m a  descriptio n o f  th e bookshelve s themselves ,  o r  fro m placin g th e give n descriptio n o f 

bookshelve s i n severa l  situationa l  context s (e.g. ,  "buyin g materials "  "construction" ,  "installation" ,  "design -

ing" )  an d bein g reminde d throug h on e o f  thos e contexts . 

We ar e m o r e comfortabl e wit h th e secon d descriptio n sinc e visua l  remindin g i s the n anothe r  exam -

pl e o f  remindin g base d o n concret e scene s derive d throug h elaboration .  Ther e ar e severa l  hypothese s w e 

can m a k e base d o n thi s interpretation :  (1 )  Organizatio n o f  memor ie s i s rarel y aroun d object s themselves , 

bu t  rathe r  aroun d situation s th e object s migh t  b e e m b e d d e d in .  (2 )  Visua l  memor ie s migh t  no t  b e 

organize d ver y m u c h differentl y tha n othe r  memor ies . 

S. There may be many explanations of how a particular reminding happens. 

Reminding s ca n b e situation-specifi c  (scen e based )  o r  thematic . 

We again consider the reminding in the dialog above. Since it was not a reminding that one of us 

had ,  w e canno t  k n o w exactl y wher e i t  cam e from .  W e can ,  however ,  tr y t o explai n i t  reasonably ,  an d w e 

find  tha t  ther e ar e severa l  reasonabl e explanations .  Th e explanation s w e hav e give n u p t o n o w wer e 

base d o n situation-specifi c  knowledg e structure s (scenes )  an d in-contex t  remindings .  W e ca n als o 

explai n th e remindin g i n term s o f  themati c similaritie s betwee n th e advisee' s proble m an d "Pete' s 

bookshelves. "  Conside r  th e followin g sceneri o fo r  reminding : 

The advisor knew that Pete had hmited resources when he made his bookshelves, and addition-

all y tha t  h e wa s a  studen t  o r  tha t  hi s book s wer e abnormall y tal l  o r  heav y (lik e textbooks) . 

Our discussion so far has been about the usefulness of concrete situations represented by scenes for 

reminding .  T h e sceneri o abov e m a k e s n o reference s t o concret e situations .  Instead ,  i t  refer s t o a  se t  o f 

goal s an d condition s o n thos e goal s c o m m o n t o th e tw o cases .  W e propos e tha t  th e remindin g come s 

throug h a  c o m m o n constellatio n o f  goal s (acquisitio n o f  a n object ,  preserv e a  limite d resource )  couple s 

tha t  i s  no t  necessaril y  alway s th e case .  Rather ,  remindin g ca n hel p wit h explanation .  Thi s is ,  o f  course ,  on e 
of  th e role s experienc e shoul d pla y i n reasoning . 
** *  I t  may see m tha t  w e ar e inventin g thi s piec e o f  processin g i n a n a d ho c way .  Havin g invente d it ,  howev -
er ,  w e ca n explai n it s usefulness .  Especiall y i n planning ,  i t  i s  usefu l  t o b e abl e t o recal l  relevan t  plannin g 
failure s a s soo n a s possible .  Thi s i s on e wa y t o enabl e that .  Some ma y argu e tha t  doin g i t  thi s wa y ma y 
resul t  i n a  proliferatio n o f  reminding s tha t  w e don' t  se e i n people .  Thi s i s no t  necessaril y  th e case ,  however , 
sinc e instantiation s o f  scene s wil l  b e fairl y  plain ,  an d th e onl y reminding s w e woul d therefor e expec t  woul d 
be base d o n feature s o f  a  scen e i f  al l  ra n accordin g t o th e specification s s o far . 
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wit h a  se t  o f  common feature s nove l  t o tha t  goa l  set . 

We explai n thi s sceneri o an d other s relyin g o n pla n an d goa l  similaritie s b y referrin g t o themati c o r 

cross-contextua l  knowledg e structure s i n memory .  Th e themati c structur e tha t  w e cal l  "Acquir e Object ; 

Limite d Resources "  (AO;LR )  i s importan t  here .  Suc h a  knowledg e structur e represent s knowledg e 

abou t  th e interactio n o f  goals ,  th e interaction s o f  plan s an d goals ,  an d condition s o n goa l  achievement . 

Schan k (1982 )  call s thes e structure s TOPs .  Thi s particula r  T O P represent s knowledg e abou t  a  particula r 

kin d o f  goal-goa l  interactio n i n whic h th e norma l  pla n fo r  achievemen t  o f  a n acquisitio n goa l  violate s a 

resourc e preservatio n goal. *  I n thes e cases ,  ther e i s a  goa l  o f  acquirin g a n objec t  (usuall y don e b y "buy") , 

and ther e i s als o a  goa l  o f  conservin g a  hmite d resourc e tha t  woul d normall y b e use d fo r  acquisitio n 

(mone y o r  time) .  Th e kind s o f  situation s represente d b y TOP s cal l  fo r  plannin g suc h tha t  al l  condition s 

ar e take n car e of ,  an d ther e ar e ofte n know n way s o f  dealin g wit h suc h situations.* *  I n thi s case ,  buyin g 

secon d hand ,  buyin g a t  discoun t  stores ,  an d buildin g ar e way s t o conserv e money ,  whil e usin g a n agen t 

or  orderin g fro m a  catalo g ma y b e way s t o conserv e time . 

TOPs organiz e plan s tha t  tak e multipl e goal s an d condition s int o account ,  bu t  how ? Ther e ar e tw o 

ways .  On e relie s o n applicatio n o f  strategi c plannin g knowledge .  Th e othe r  i s mor e lik e th e organizatio n 

of  event s i n M O P s:  Event s ar e organize d b y predictiv e differentiatin g feature s an d foun d b y automati c 

traversa l  o f  link s whos e value s ar e specifie d i n a  memor y probe . 

H a m m o nd (1984 )  give s a  goo d explanatio n o f  th e strategi c organization .  H e claim s tha t  TOPs 

relat e goa l  constellation s t o plan s throug h comple x question s aske d o f  th e input .  Th e answer s t o th e 

question s direc t  plannin g i n appropriat e directions .  I n AO;LR ,  th e question s tha t  migh t  b e aske d ar e 

"wha t  i s th e resource, "  "ho w importan t  ar e th e look s o f  th e object, "  "i s  th e objec t  simpl e o r  comple x i n 

structure, "  "doe s th e objec t  hav e a  lo t  o f  interactin g components, "  "ar e cast-of f  object s o f  thi s typ e avail -

able, "  "ca n cast-of f  object s o f  thi s typ e b e mad e t o functio n appropriately, "  etc .  Thes e question s ar e th e 

most  importan t  precondition s o f  th e abstrac t  plan s tha t  ar e availabl e fo r  acquirin g object s wit h limite d 

resource s (e.g. ,  bu y secon d hand ,  bu y fro m a  catalog ,  build) .  Askin g suc h question s o f  th e advisee' s 

proble m descriptio n coul d resul t  i n eithe r  th e "build "  o r  th e "bu y secon d hand "  pla n bein g chosen . 

"Build "  an d "bu y secon d hand "  functio n her e a s abstrac t  plans ,  bu t  ar e example s o f  wha t  w e previousl y 

calle d abstrac t  situations .  The y ar e represente d b y M O P s,  an d eac h ha s a  se t  o f  mor e refine d pla n step s 

associate d wit h it ,  represente d b y M O Ps an d eventuall y scene s a t  th e mos t  concret e levels .  Afte r  choic e 

of  a n abstrac t  plan ,  th e proble m descriptio n woul d allo w "Pete' s bookshelves "  t o b e remembere d throug h 

one o f  thos e structure s b y traversin g thei r  scene s a s describe d above . 

Accordin g t o thi s formulatio n o f  themati c structures ,  a t  leas t  som e knowledg e structure s (themati c 

ones )  mus t  hav e strategi c knowledg e associate d wit h the m tha t  i s mad e availabl e t o reasonin g processe s a s 

soo n a s th e themati c structur e i s accessed .  Thi s als o give s a n explanatio n o f  ho w situation-specifi c 

knowledg e structure s (MOPs )  ca n b e triggered ,  an d provide s a n explanatio n o f  remindin g o f  "Pete' s 

bookshelves "  i n th e cours e o f  considerin g severa l  plannin g alternatives . 

The secon d wa y TOP s organiz e plan s i s throug h indexin g muc h Uk e tha t  don e i n M O P s.  Thi s 

organizatio n provide s a n explanatio n fo r  th e remindin g sceneri o above .  Her e w e assum e tha t  indexin g i n 

TOPs i s accordin g t o feature s o f  a  situatio n tha t  mak e plannin g predictions .  Thus ,  nove l  goal s i n tande m 

wit h thos e o f  th e T O P woul d b e use d fo r  indexing ,  a s woul d othe r  feature s (e.g. ,  occupation ,  hobbies ) 

tha t  predic t  plan s an d pla n step s appropriat e t o a  particula r  individual .  "Pete' s bookshelves "  i n th e scen -

eri o abov e woul d thu s b e indexe d i n A O ; L R b y it s nove l  condition s (e.g. ,  advise e i s a  student) .  Th e 

remindin g ca n b e explaine d a s comin g fro m th e T O P calle d "Acquir e Object ;  Limite d Resources " 

(AO;LR )  b y traversin g a n inde x associate d wit h th e othe r  condition .  "Pete' s bookshelves, "  als o indexe d 

by tha t  condition ,  woul d b e remembered .  I f  nove l  condition s o r  constraint s o f  a  ne w proble m an d a n ol d 

one coincide ,  w e expec t  reminding. *  Figure s 3  an d 4  sho w som e o f  th e memor y structure s w e hav e bee n 

discussing . 

*I t  i s  a  specialize d cas e o f  a  themati c situatio n i n whic h plan s fo r  a n achievemen t  goa l  violat e a  preservatio n 
goal .  Hammond (1984 )  call s thi s PVP. 
**Hammond (1984 )  give s a  goo d explanatio n o f  th e us e o f  thes e structure s i n planning . 
•We d o no t  conside r  her e ho w TOPs ar e recognize d o r  triggered . 
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Acquir e Object ;  Limite d Resource s 

Strategi c knowledge : 

What  I s th e resource ? 

If  time ,  "catalo g buy " 

H ow Importan t  ar e th e look s o f  th e object ? 

If  no t  ver y important ,  an d tim e i s available ,  the n "build "  o r  "bu y secon d hand " 

I s th e objec t  simpl e o r  comple x i n structure ? 

If  complex ,  rul e ou t  "build "  unles s acto r  ha s expertis e 

If  simple ,  tr y "build " 

Ar e cast-off s available ? 

If  not ,  rul e ou t  "bu y secon d hand " 

Can cast-off s functio n appropriately ? 

If  not ,  rul e ou t  "bu y secon d hand " 

acto r  i s 
a studen t 

Pete' s 
bookshelve s 

acto r  I s 
a carpente r 

I  beautifu l 
bookshelve s m y 
frien d Stev e mad e 

tim e w e 
couldn' t  ge t  th e 
pian o int o th e 

hous e 

Figur e 3 

T h e B U I L D pla n 

Preconditions ; 

Acto r  mus t  b e capabl e o f  buildin g 

Acto r  mus t  hav e buildin g instrument s availabl e 

Sequenc e o f  events : 

Selec t  styl e (apian ) 

Selec t  type s o f  material s ( a plan ) 

Buy a t  stor e ( a scene ) 

Assembl e ( a plan ) 

Instal l  ( a scene ) 

Figur e 4 

W h at  kind s o f  processin g ar e necessar y t o m a k e al l  o f  thi s happen ? T h e s a m e one s require d previ -

ously :  paralle l  traversa l  o f  M O P / T O P indices ,  fas t  elaboratio n an d scen e instantiation ,  an d th e capabilit y 

of  associatin g almos t  arbitrar y a m o u n t s o f  generalize d knowledg e wit h m e m o r y structures . 
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4.  Reminding a ca n b e immediat e o r  requir e a  lo t  o f  effort . 

Reminding s ca n happe n immediatel y whe n hearin g o f  o r  readin g abou t  something ,  o r  migh t  happe n 

afte r  a  lo t  o f  understandin g o r  proble m solvin g effor t  ha s bee n expended .  Reminding s ofte n requir e a 

fai r  amoun t  o f  inference .  Sometime s a n explanatio n 

fo r  a n anomolou s even t  mus t  b e derived ,  an d remindin g i s o n th e basi s o f  th e explanation .  Sometime s 

remindin g doesn' t  happe n unti l  afte r  somethin g goe s wrong ,  whe n th e reasone r  i s attemptin g t o figure 

out  wha t  wen t  wrong .  Sometime s i t  come s i n th e proces s o f  comin g u p wit h a  pla n i n th e first  place .  I n 

thi s case ,  remindin g ca n b e o f  pas t  successe s o r  failure s (Kolodner ,  1985) .  Rememberin g failure s allow s 

a proble m solve r  t o avoi d pas t  mistakes .  Rememberin g successe s ma y provid e shortcut s i n proble m solv -

ing .  Sometime s remindin g happen s i n th e cours e o f  determinin g whethe r  a  pla n t o b e propose d i s a  goo d 

one .  Suppose ,  fo r  example ,  tha t  Pet e wa s know n a s a  poo r  handima n (contrar y t o th e precondition s fo r 

usin g th e "build "  plan) ,  an d no t  muc h i s know n abou t  th e skill s  o f  th e advisee .  I n thi s case ,  remindin g 

of  Pete' s bookshelve s woul d confir m tha t  th e "building "  pla n ca n b e don e wit h onl y mino r  prerequisites . 

The poin t  t o b e mad e her e i s tha t  i f  remindin g ca n happe n almos t  an y tim e a n agen t  i s reasoning , 

the n memor y traversa l  an d reasonin g mus t  b e happenin g a t  th e sam e time .  Thi s require s a n architectur e 

i n whic h memor y i s alway s cognizan t  o f  an y reasonin g tha t  i s bein g done .  I f  memor y i s alway s attemptin g t o 

integrat e wha t  i t  see s th e reasone r  doin g int o it s structures ,  the n i t  ca n b e reminde d a t  an y tim e base d o n 

whateve r  knowledg e i s currentl y available .  A t  th e sam e time ,  memor y mus t  hav e a  wa y o f  interruptin g 

reasonin g processe s an d tellin g the m tha t  i t  ha s bee n reminde d o f  a  goo d case . 

Summary: A Cognitive Architecture 

We hav e presente d a  numbe r  o f  observation s abou t  an d explanation s o f  reminding ,  an d hav e 

presente d a  se t  o f  requirement s o n a  cognitiv e architecture .  W e summariz e b y listin g th e se t  o f  con -

straint s o n a  cognitiv e architectur e tha t  promote s an d support s reminding : 

1. It must allow for highly parallel traversal of memory links. 

2.  I t  mus t  hav e associativ e mechanism s tha t  acknowledg e "locks "  o n eac h o f  memory' s links . 

3.  Memory' s node s mus t  b e abl e t o hol d eithe r  generalize d structure s o r  individua l  even t  descriptions . 

4.  A t  leas t  som e memor y node s mus t  b e abl e t o hol d th e arbitrar y amount s o f  generalize d knowledg e 

associate d wit h generalize d structures .  Thi s include s knowledg e necessar y fo r  automati c elaboratio n 

and fo r  strategi c processing . 

5.  Instantiatio n o f  concret e scene s fro m memor y structure s representin g abstrac t  situation s mus t  b e 

fast .  Unde r  on e hypothesi s abou t  memor y traversal ,  instantiatio n mus t  als o b e automatic . 

6.  M e m o r y processin g mus t  b e concurren t  wit h othe r  reasonin g processe s an d memor y mus t  b e cog -

nizan t  o f  othe r  processin g bein g done . 

There is currently interest among both psychologists and AI researchers in reminding and the use 

of  reminding s i n reasoning .  A t  th e sam e time ,  ther e i s considerabl e interes t  amon g researcher s i n bot h 

area s i n massivel y paralle l  architectures .  I t  seem s tha t  th e tim e i s righ t  fo r  researcher s studyin g hig h 

leve l  memor y processin g an d thos e studyin g cognitiv e architecture s an d buildin g massivel y paralle l 

machine s t o star t  talkin g t o eac h other .  A  cognitiv e architectur e tha t  support s remindin g require s a t  leas t 

some o f  th e thing s bein g buil t  int o massivel y paralle l  hardware ,  i n particular ,  th e massiv e parallelism .  I t 

als o require s severa l  thing s tha t  th e architectur e peopl e hav e no t  considered :  fas t  instantiation ,  hig h 

storag e memor y nodes ,  an d suppor t  fo r  strategi c processin g withi n th e architecture .  Wit h hardwar e o f  thi s 

type ,  mor e massiv e episodi c memorie s coul d b e buil t  an d mor e sophisticate d wor k o n case-base d reason -

in g coul d b e done .  A t  th e sam e time ,  i n attemptin g implementation s o f  episodi c memorie s o n massivel y 

paralle l  architectures ,  w e ma y b e abl e t o mak e ou r  memor y model s mor e sophisticated .  W e hop e thi s 

pape r  wil l  b e th e beginnin g o f  a n attemp t  t o combin e th e need s an d aim s o f  th e tw o groups ,  s o tha t  addi -

tiona l  researc h wil l  b e don e b y bot h group s t o mak e sur e architectur e an d processin g need s match . 
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A B S T R A CT 

In this paper we present a case-study to demonstrate an application of concepts of 

knowledg e representatio n fro m cognitiv e scienc e an d A I  t o proble m solvin g i n 

psychotherapeuti c situations .  I n particular ,  a  specia l  typ e o f  frame ,  th e so-calle d "Themati c 

Organizatio n Point" ,  o r  T O P ,  i s use d t o characteriz e generi c conflictiv e pattern s o f 

interaction ,  an d t o elucidat e th e meanin g o f  a  "psychotherapeuti c interpretation" .  Th e 

concep t  o f  "failure-drive n memory "  i s relate d t o th e proces s o f  evokin g memorie s i n 

patients .  A  belie f  system s analysi s i s use d t o explai n wh y i n som e situation s peopl e ar e 

incapabl e o f  learnin g i n spit e o f  repetitiv e expectatio n failures .  Th e underlyin g theor y i s 

summarize d a s a  se t  o f  "Theorems" .  I t  i s  conclude d tha t  a  cognitiv e scienc e approac h t o 

therapeuti c proble m solvin g no t  onl y clarifie s theoretica l  concept s bu t  enable s th e derivatio n 

of  powerfu l  heuristic s t o b e use d b y therapist s i n thei r  practica l  work , 

INTRODUCTION 

Much of cognitive science research in one way or another has to deal with the notion of goals. 

One o f  th e reason s is ,  o f  course ,  tha t  behavio r  i s  controlle d b y th e goal s t o b e achieved .  Anothe r  ha s 

t o d o wit h th e fac t  tha t  goal s hav e a  hig h explanator y value .  Wheneve r  w e observ e som e kin d o f 

behavior ,  w e typicall y interpre t  i t  a s a  pla n t o achiev e som e goal .  Goal s ar e ubiquitou s i n interpretin g 

th e environment ,  a s wel l  a s i n generatin g behavior ,  an d therefor e i t  seem s natura l  t o organiz e a 

knowledg e bas e fo r  proble m solvin g (whic h i s a  kin d o f  goal-directe d behavior )  aroun d th e notio n o f 

goals ,  goal-configuration s an d relate d ideas ,  suc h a s plans ,  failures ,  etc .  t o b e discusse d below . 

Thes e idea s wil l  b e applie d t o a  specia l  kin d o f  exper t  behavior ,  namel y th e on e o f  psychotherapists . 

Psychotherapists are expert at interpreting unusual and unexpected behavior in their patients. For 

example ,  the y searc h fo r  "hidden "  goals ,  i.e .  goal s th e patien t  ma y no t  b e awar e o f  hi m o r  hersel f 

One metho d frequentl y use d t o elici t  a  patient' s knowledg e structure s i s tha t  o f  "fre e association " 

wher e memorie s relate d (b y assumption )  t o th e curren t  behavio r  o r  experienc e ar e t o b e evoked .  Thi s 

metho d i s use d mainl y i n so-calle d psychodynami c therapies ,  i.e .  therapeuti c technique s dealin g wit h 

th e explanatio n an d interpretatio n o f  behavio r  i n term s o f  cognitiv e an d emotiona l  processe s whic h 

may o r  ma y no t  b e conscious .  I t  i s  thi s kin d o f  therap y o n whic h ou r  pape r  i s focused .  Th e 

memorie s thu s activate d ca n guid e th e wa y t o a n interpretation ,  i.e .  the y ca n hel p findin g a n 

explanatio n o f  som e maladaptiv e o r  undesirabl e behavior .  I t  i s  a  basi c tene t  o f  man y form s o f 
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psychotherapy, that such an insight constitutes the basis of a learning process which can eventually 

lea d t o a n eliminatio n o f  certai n behaviora l  patterns . 

Psychotherapeutic theories are typically vague and at times even have a mythical touch. Cognitive 

scienc e provide s concept s an d formalism s whic h shoul d b e capabl e o f  capturin g a t  leas t  a  smal l 

portio n o f  th e phenomen a involved .  I t  i s  demonstrate d i n th e seque l  tha t  no t  onl y concept s fro m 

psychodynami c theorie s ca n indee d b e formalize d i n a  transparen t  manner ,  bu t  tha t  thi s approac h ca n 

directl y suppor t  th e practica l  wor k o f  th e clinica l  expert . 

After introducing the basic concepts, a case report from a psychotherapeutic treatment is 

presented .  Thi s cas e repor t  wil l  b e analyze d i n th e subsequen t  section s wit h a  particula r  focu s o n th e 

therapist' s  hypothese s (he r  beliefs )  abou t  th e menta l  representation s o f  th e patien t  (i.e .  th e patient' s 

beliefs) . 

BASIC CONCEPTS 

Much of the theory presented in the sequel is based on the work of the Yale Artificial Intelligence 

and Cognitiv e Scienc e Program s (e.g .  Schank ,  1982) .  Basi c familiarit y wit h th e concept s o f  fram e 

theor y i n general ,  an d Themati c Organizatio n Point s (TOPs )  i n particular ,  i s  assumed ,  an d onl y thos e 
principle s neede d late r  o n wil l  b e summarize d a s "Theorems "  ̂  Th e theorem s presente d i n thi s 
sectio n dea l  wit h memor y processes .  The y wil l  b e applie d t o elucidat e concept s fro m psychodynami c 

therapy . 

THEOREM 1: Reminding of episodes across contexts is enabled when the episodes are stored 

unde r  th e sam e TOP .  Th e ter m "context "  i s  use d i n it s  everyda y sense . 

Clearly, this is not the only way in which remindings can occur (they could e.g. also be visually 

based) ,  bu t  i t  i s  th e mos t  relevan t  on e fo r  goal-oriente d an d interactiv e behavior . 

DEFINITION: A TOP (=Thematic Organization Point) is an abstract memory structure, a frame 
type ,  containin g (a t  least )  th e followin g components :  goa l  configuration , 

expectation s abou t  plan s (o r  mor e generally :  behavior )  an d outcomes ,  actua l  plan s 
(behavior )  an d results ,  an d explanatio n o f  discrepancies . 

Theorem 2 deals with expectation violations. 

THEOREM 2: (principle of "failure-driven memory") If an expectation generated from a frame is 

violated ,  a  pointe r  i s establishe d fro m thi s fram e t o a  representatio n o f  th e 

situatio n i n whic h th e violatio n occurred .  Thi s enhance s memor y recall . 

From Theorem 2 Theorem 3 can be derived (e.g. Schank, 1982): 

T̂he ter m "Theorem "  i s no t  use d i n a  rigorous  mathematica l  sens e bu t  rathe r  t o designat e theoretica l 
concept s tha t  hav e prove d usefu l  i n man y A I  program s an d fo r  whic h ther e i s considerabl e empirica l 
suppor t  (e.g .  Seifer t  e t  al. ,  1984) ,  o r  heuristic s o n ho w t o procee d i n analyzin g people' s knowledg e 
structures . 
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THEOREM 3:The principle of "failure-driven memory" underlies a large class of learning 

processes . 

The heuristic stated in Theorem 4 is a corollary of Theorem 3: 

THEOREM 4: If learning processes are to be induced it is a good idea to violate existing 

expectation s o r  t o evok e expectation s whic h ca n the n b e violated . 

The theory presented so far can be used to elucidate the concept of a so-called "complete 

psychodynami c interpretation" ,  an d t o explai n wh y a  psychotherapis t  shoul d remai n neutra l  toward s 

a patient' s goal s an d wishe s i f  memorie s ar e t o b e evoke d fro m th e patien t  (se e Boxe s 1  an d 2) , 

Furthe r  "Theorems "  wil l  b e introduce d a s neede d i n th e cas e study . 

B OX 1 :  A  complet e psychodynami c interpretatio n an d TOP s 

A major goal in psychodynamic therapies is to make hidden knowledge structures (e.g. goals 
or  wishes )  underlyin g maladaptiv e an d undesirabl e behavio r  explici t  i n orde r  t o mak e the m 
inspectabl e an d potentiall y  modifiable .  Suc h hidde n knowledg e structure s ar e frequentl y relate d 
t o unresolve d conflict s whic h hav e thei r  origin s i n earl y childhood ,  an d whic h ca n b e observe d 
i n th e patient' s actua l  behavior .  A  centra l  therapeuti c mea n t o communicat e hypothese s abou t 
maladaptiv e behavio r  t o a  patien t  i s  th e on e o f  a  so-calle d interpretatio n whic h relate s 
unresolve d conflict s t o behavio r  i n differen t  kind s o f  situations .  Accordin g t o Menninge r 
(1958 )  a n interpretatio n i s onl y complet e whe n a  conflic t  ha s bee n understoo d wit h respec t  t o 
thre e domain s i n th e patient' s  life ,  namely :  curren t  therapeuti c interaction ,  earl y childhood ,  an d 
curren t  lif e situatio n (work ,  lovers ,  etc.) .  Thus ,  simila r  pattern s o f  behavio r  mus t  b e ferrete d 
out  an d describe d i n al l  thre e domains .  I t  i s  exactl y thi s similarit y w e ar e tryin g t o captur e wit h 
th e (contex t  independent )  concep t  o f  a  TOP .  Suc h similaritie s ar e normall y perceive d b y 
therapist s i n a  rathe r  intuitiv e an d globa l  fashion .  The y ca n b e mad e mor e precis e an d 
transparen t  i f  TOP s ar e use d fo r  thei r  description . 

B OX 2 :  Therapeuti c neutralit y an d "Failure-drive n memory " 

The practice of psychodynamic therapy has shown that in order to evoke memories which 
relat e t o hidde n conflict s o f  a  patient ,  i t  i s  appropriat e fo r  a  therapis t  t o tak e a n attitud e o f 
neutrality :  th e therapis t  refuse s t o fulfil l  inadequat e (i.e .  "infantile" )  wishe s o f  th e patient ,  an d 
thu s earlie r  experience s com e t o min d an d ca n b e reflecte d i n relatio n t o curren t  proble m 
situation s (se e als o Bo x 1) .  Wishe s o f  a  patien t  ar e considere d inadequat e i f  the y impl y an y 
for m o f  direc t  hel p o r  advic e b y th e therapist .  Therapeuti c neutrality ,  a s man y othe r  concept s i n 
th e psychodynami c literature ,  ar e base d o n intuition s an d clinica l  experienc e an d ar e no t 
sufficientl y grounde d i n theory .  Th e principl e o f  "failure-drive n memory "  (Theore m 2 ) 
explain s wh y earl y childhoo d memorie s concernin g infantil e wishe s ca n b e evoke d throug h a 
proces s o f  frustratio n i n th e therapeuti c interaction :  thos e memorie s relatin g t o conflictiv e 
conten t  typicall y hav e t o d o wit h expectatio n failure s (e.g .  unfulfille d wishe s fro m a  patient' s 
distan t  past) .  Since ,  throug h expectatio n failures ,  thos e memorie s wer e originall y tagged ,  thei r 
recal l  i s  enhance d i f  simila r  expectatio n failure s occu r  withi n th e therapeuti c situation . 
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CASE STUDY 

Episodes from a psychotherapy of a 38 year old depressive woman, reported by Marianne 

Leuzinger-Bohleber :  I n Jul y 197 9 Gertrud ,  a  Germa n socia l  worker ,  mothe r  o f  seve n children , 

marrie d t o a  self-employe d businessman ,  aske d fo r  a n appointmen t  a t  ou r  counselin g cente r  i n 

Zurich .  Sh e wa s i n a  dee p crisi s whic h wa s apparentl y triggere d b y he r  husband' s startin g hi s ow n 

busines s i n th e are a o f  therapeuti c instructio n materials .  I t  wa s he r  husband' s wis h tha t  sh e giv e u p 

her  part-tim e jo b i n a  hom e i n orde r  t o hel p hi m wit h hi s business .  H e wa s no t  a  goo d businessma n 

withou t  he r  hel p an d Gertru d wa s afrai d tha t  the y migh t  soo n hav e t o fil e bankruptcy . 

In her psychotherapy she frequently had the feeling of giving herself up, that she would "never be 

abl e t o fre e hersel f  o f  me "  an d tha t  sh e woul d com e ou t  o f  therap y a s a  "case" .  Th e session s ofte n 

had a  tormentin g qualit y an d I  couldn' t  reac h her .  Nevertheless ,  he r  marita l  situatio n ha d improved , 

among othe r  things ,  throug h th e fac t  tha t  sh e ha d take n u p workin g par t  tim e outsid e o f  he r 
husband' s fir m again . 

After some time she felt worse again. She complained about finding her life too taxing and that 

nothin g wa s movin g i n he r  therapy .  Casuall y sh e mentione d ho w nic e i t  woul d b e t o hav e a n 
additiona l  cuddl y sil k  cushio n o n th e couc h i n th e counselin g room .  I  fel t  hard-presse d an d ha d th e 
impuls e t o g o downtow n an d bu y he r  suc h a  cushio n immediately . 

In the following session I completely forgot about the cushion so that I couldn't even broach the 
subject .  Gertru d di d no t  sa y anythin g abou t  i t  eithe r  bu t  coul d hardl y b e reache d i n thi s an d th e 

followin g sessions .  Sh e fel t  distant ,  tacitl y  accusin g an d aggressive .  Bu t  I  ha d n o ide a tha t  i t  coul d b e 

relate d t o th e cushion . 

The "cushion theme" re-emerged as Gertrud's fears of committing herself to therapy and the 
subjec t  o f  terminatin g i t  wer e discussed .  Sh e explaine d ho w muc h sh e ha d bee n hur t  b y m y 

forgettin g th e cushio n an d tha t  he r  disappointmen t  an d he r  ange r  abou t  th e even t  wer e stil l  presen t 
and woul d weig h heavil y i n he r  decisio n o f  whethe r  t o continu e therap y o r  not .  T o he r  thi s ha d bee n 

proo f  tha t  I  wa s a  cold ,  unempatheti c perso n an d tha t  fo r  m e sh e wa s i n fac t  onl y a  "case, "  o r  a 
possibilit y  t o mak e money .  Thi s confirme d he r  experienc e onc e mor e tha t  sh e ha d n o bearin g i n th e 
world .  Sh e fel t  exploite d an d didn' t  trus t  m e an y more . 

This problem could be worked on therapeutically in the following weeks as she was beginning to 

fee l  tha t  crucia l  infantil e memorie s wer e bein g activated ,  thoug h the y wer e no t  consciou s a t  th e time . 

Thi s lea d t o he r  decisio n t o continu e therap y i n orde r  t o "g o after "  th e cor e conflict . 

After working on the cushion experience a host of memories emerge. We only render one example 

whic h wil l  b e use d i n ou r  subsequen t  analysis :  Whe n sh e wa s abou t  fou r  o r  fiv e (i n 1946 )  Gertru d 
had t o accompan y he r  mothe r  whe n a t  nigh t  sh e returne d t o th e occupie d zon e t o retriev e certai n 
object s the y ha d lef t  behind ,  e.g .  a  typewriter .  He r  mothe r  use d he r  a s a  sor t  o f  "protection "  agains t 

th e Russia n occupationa l  forces .  Durin g thes e "excursions "  sh e wa s scare d t o deat h bu t  wa s no t  eve n 

allowe d t o cry . 

Summary of report: In this paper the following key scenes are discussed: 

th e therapeuti c situation :  th e patien t  communicate s tha t  i t  woul d b e nic e t o hav e a  sil k  cushio n an d 

doesn' t  ge t  i t  ("cushio n scene") . 
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- the patient's current real-life situation: the patient should help her husband with his business 

("husband' s busines s scene") , 

an earl y childhoo d experience :  th e patien t  ha d t o accompan y he r  mothe r  int o th e occupie d zon e t o 

"protect "  he r  agains t  th e occupationa l  force s ("occupationa l  force s scene") . 

ANALYSIS OF KEY SCENES 

The goal of this analysis is to make explicit the patient's beliefs and memory representations, in 

particula r  th e one s controllin g he r  behavior .  W e begi n wit h th e "cushio n scene" .  Fro m th e patient' s 

utteranc e w e infe r  tha t  th e patien t  ha s th e goa l  t o hav e suc h a  cushion .  Thi s i s no t  b y logica l 

necessity ,  an d th e attributio n o f  goal s t o a n acto r  i s  indee d a  possibl e sourc e o f  error .  Moreover ,  w e 

interpre t  he r  utteranc e a s par t  o f  a  pla n t o achiev e he r  goal :  th e therapis t  i s t o b e he r  "agent "  (Schan k 

& Abelson ,  1977) .  T h e patien t  expect s th e therapis t  t o fulfil l  he r  wish .  However ,  thi s expectatio n i s 

violated .  A s w e fin d ou t  later ,  th e patien t  ha d a n explanatio n o f  w h y he r  wis h wa s no t  fulfilled , 

namel y tha t  th e therapis t  i s  col d an d non-empathetic .  Thi s preliminar y analysi s i s  summarize d i n 

Figur e 1 . 

Patient's structure 

GOAL: SELF has silk cushion. 

PLAN: SELF uses T as an "agent". SELF communicates goal to T. 

EXPECTED RESULT: SELF has silk cushion. 

ACTUAL RESULT: SELF does not have silk cushion. 

EXPLANATION OF DISCREPANCY BETWEEN EXPECTED AND ACTUAL RESULT: T does not 
respon d t o th e need s o f  SEL F sinc e T  i s col d an d unempathetic . 

FIGURE 1: Patient's representation of the "cushion scene": preliminary hypothesis. "SELF" 
refer s t o th e patient ,  "T "  t o th e therapist . 

For  th e purpose s o f  th e presen t  discussio n w e wil l  ignor e th e therapist' s o w n goal s an d plan s fo r 

th e therap y an d concentrat e o n th e idea s sh e ha s abou t  th e patient .  F r o m th e utteranc e o f  th e patien t 

sh e infer s tha t  th e patien t  ha s th e goa l  t o hav e a  cushion .  Bu t  th e patien t  doe s no t  explicitl y  tal k abou t 

thi s wis h an d repor t  he r  relate d thoughts ,  a s coul d b e expecte d i n therapeuti c settings .  Thi s implie s 

tha t  th e therapist' s  expectation s ar e violated :  th e patien t  wante d he r  t o actuall y bu y he r  a  cushio n 

rathe r  tha n wor k ou t  a n appropriat e interpretation .  Thi s discrepanc y i s als o reflecte d i n th e therapist' s 

emotiona l  reaction .  A  majo r  goa l  fo r  th e therapis t  n o w i s t o fm d appropriat e explanations . 

Frequently, when our expectations are violated and there is no adequate explanation of a person's 

behavio r  availabl e thi s m a y b e du e t o th e fac t  tha t  ou r  hypothese s abou t  tha t  person' s goal s ar e 

inappropriate .  I n ou r  example ,  th e patien t  m a y neve r  hav e ha d th e goa l  t o hav e a n additiona l  cushion . 

Theore m 5 ,  adapte d fro m Wilensk y (1983) ,  give s u s a  clu e a s t o wha t  s o m e alternativ e goal s migh t 

be. 
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THEOREM 5: The execution of a plan frequently activates "dormant" goals, i.e. goals that 

woul d otherwis e no t  hav e bee n activated .  O f  particula r  interes t  ar e th e so-calle d 

"preservatio n goals" . 

Patient's  structure 

T'S GOAL: To be a successful, financially independent therapist. 

T'S PLAN: Use SELF as an "agent". 

leads to 

PRESERVATION GOAL: SELF does not want to be merely a "case" (i.e. an "agent") for the benefit of T. 

PLAN FOR PRESERVATION GOAL: SELF wants from T some kind of behavior which does not 
confor m t o th e rule s o f  therapeuti c techniqu e (provid e SEL F wit h sil k  cushion) .  Mentio n goa l  i n 
conversation . 

EXPECTED RESULT FOR SELF: T gets her the cushion. 

ACTUAL RESULT FOR SELF: T does not get SELF the cushion. Su-ong negative emotions. SELF is 
onl y a  "case" . 

EXPLANATION OF DISCREPANCY BETWEEN EXPECTED AND ACTUAL RESULT: T deliberately 
ignore s preservatio n goa l  o f  SELF .  Thu s SEL F i s merel y a n "agent "  o f  T . 

ACTUAL RESULT FOR T: T achieves goal: T makes money and is successful. 

FIGURE 2: Patient's representation of the "cushion scene": more elaborate hypothesis. 
"SELF "  refer s t o th e patient ,  "T "  t o th e therapis t 

I f  w e loo k a t  th e intensit y o f  th e reaction s o f  bot h th e patien t  an d th e therapis t  t o th e "cushio n 

scene "  (th e patien t  hardl y talk s t o th e therapis t  fo r  a  lon g time ;  th e analys t  "forgets "  abou t  it )  w e infe r 

tha t  ther e mus t  b e somethin g majo r  a t  issue .  Th e majo r  activit y i s th e patient' s involvemen t  i n th e 

therapy .  He r  pla n i s t o us e th e therapis t  a s a n agen t  t o hel p he r  solvin g he r  problems .  I f  w e loo k 

throug h th e cas e repor t  fo r  possibl e preservatio n goal s whic h ar e activate d b y he r  involvement ,  w e 

find  a  statemen t  t o th e effec t  tha t  sh e doe s no t  wan t  t o b e simpl y a  "case" .  Applyin g thi s ide a t o th e 

"cushio n scene "  w e fin d a  differen t  interpretatio n o f  th e patient' s utteranc e tha t  i t  woul d b e nic e t o 

hav e a  cuddl y sil k  cushio n o n th e couch .  H a d th e therapis t  assente d t o th e implie d wis h o f  th e 

patient ,  thi s woul d hav e bee n a n actio n o n th e par t  o f  th e therapis t  whic h lie s outsid e o f  th e rang e o f 

therapeuti c (neutral )  behavior .  I n tha t  cas e -  i n th e patient' s belief s -  th e patien t  woul d no t  hav e bee n 

treate d merel y a s a  "case "  bu t  a s a  "rea l  person" ;  th e therapis t  woul d hav e fulfille d he r  wis h eve n 

thoug h thi s di d no t  confor m t o th e rule s o f  psychotherapeuti c technique .  Th e utteranc e concerning  th e 

cushio n ca n n o w b e interprete d a s a  (clever )  pla n t o achiev e th e preservatio n goa l  o f  remainin g a n 

independen t  "real "  individua l  an d no t  merel y bein g a  "case" .  O f  course ,  suc h a  pla n coul d onl y b e 

conceive d b y someon e wit h profoun d knowledg e o f  psychotherapeuti c technique ,  a  preconditio n th e 

patien t  clearl y fulfilled .  I t  i s interestin g t o not e tha t  th e patient ,  i n orde r  t o ge t  he r  preservatio n goal s 

met ,  trie s t o involv e th e sam e perso n a s a n agen t  w h o th e patien t  hold s responsibl e fo r  he r 

preservatio n goa l  i n th e firs t  plac e (sinc e th e therapis t  i s th e on e w h o use s he r  a s a n agent) .  Thi s mor e 

elaborat e analysi s i s summarize d i n Figur e 2 .  Again ,  i t  i s  a  hypothesi s o f  th e therapis t  abou t  th e 
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patient's mental representation. This structure is non-trivial and goes beyond a simple goal-subgoal 

analysis .  A s a  matte r  o f  fact ,  w e ar e dealin g wit h a  rathe r  trick y an d uncomfortabl e patter n o f 

interaction . 

If this interpretation of the patient's behavior is appropriate and if it is communicated to the 

patient ,  the n correspondin g memorie s shoul d b e activate d fro m th e patient' s distan t  pas t  (earl y 

childhood )  an d fro m he r  recen t  pas t  (he r  real-lif e situation) .  An d indeed ,  whe n thi s informatio n coul d 

be mad e explici t  th e patien t  starte d reportin g he r  earl y childhoo d memories .  Sinc e i n earl y childhood , 

fo r  example ,  ther e wer e n o therapists ,  an d n o sil k  cushions ,  a n abstractio n ha s t o b e mad e fro m th e 

curren t  context ,  wit h th e constrain t  tha t  th e relevan t  informatio n concernin g behavio r  an d interactio n 

i s preserved .  A s mentione d earlier ,  thes e commonalitie s ar e capture d b y TOPs ,  Th e T O P 

correspondin g t o Figur e 2  i s show n i n Figur e 3 .  W e wil l  cal l  i t  "GA-UP "  (Goa l  Pursui t  wit h Agenc y 

-  Unsatisfiabl e Preservatio n Goal) . 

Patient's TOP 

O'S GOAL: Important goal. 

O'S PLAN: Use SELF as an "agent". 

leads to 

PRESERVATION GOAL: SELF does not want to be an "agent" of O. O is an "agent" for SELF. 

EXPECTED RESULT FOR SELF: O understands and achieves goal of SELF. 

ACTUAL RESULT FOR SELF: SELF is an "agent". Strong negative emotions. 

EXPLANATION OF DISCREPANCY BETWEEN EXPECTED AND ACTUAL RESULT: O's goal has 
suc h hig h priorit y tha t  O  deliberatel y ignore s preservatio n goa l  o f  SELF . 

ACTUAL RESULT FOR O: O achieves goal. 

FIGURE 3: Patient's TOP, called "GA-UP" (Goal Pursuit with Agency - Unsatisfiable 
Preservatio n Goal) .  "SELF "  refer s t o th e patient ,  "O "  t o th e perso n th e patien t 
i s interactin g wit h (th e "other") . 

For a complete psychodynamic interpretation (see Box 1) we need also a representation of an early 

childhoo d experienc e an d o f  a n episod e concemin g th e patient' s curren t  life .  Wit h th e T O P " G A - U P " 

i t  i s  straightforwar d t o fin d th e representation s o f  th e "husband' s busines s scene "  an d th e 

"occupationa l  force s scene" .  T h e forme r  i s show n i n Figur e 4 ,  th e latte r  i s  lef t  a s a n exercis e t o th e 

reade r  (o r  se e Pfeife r  &  Leuzinger-Bohleber ,  1986) . 
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Patient's structure 

H'S GOAL: To be an independent, financially sound businessman. 

H'S PLAN: SELF must help out in H's store. 

leads to 

PRESERVATION GOAL: Maintain independent life style (keep job in home). SELF does not want to be 

merel y a n "agent "  t o ru n H' s business . 

PLAN FOR PRESERVATION GOAL: SELF wants H to support preservation goal. SELF communicates 

goal  t o H . 

EXPECTED RESULT FOR SELF: H helps SELF keep independent life style. 

ACTUAL RESULT FOR SELF: H interprets needs of SELF as exaggerated. H does not support wish for 

independenc e o f  SELF .  Stron g negativ e emotions . 

EXPLANATION OF DISCREPANCY BETWEEN EXPECTED AND ACTUAL RESULT: H does not 

understan d th e importanc e o f  independenc e fo r  SELF .  H  exploit s SEL F t o achiev e hi s ow n goals . 

ACTUAL RESULT FOR O: H achieves goal: Business of H improves. 

FIGURE 4: Patient's representation of the "husband's business scene". "SELF" refers to the 
patient ,  "H "  t o he r  husband . 

REPETrrrv E b e h a v i o r 

Frames can be used to interpret the environment as well as to generate behavior. From the 

patient' s report s  i t  i s obviou s tha t  th e T O P "GA-UP "  i s ofte n activate d an d controllin g he r  behavior , 

and eac h tim e i t  produce s undesirabl e negativ e results .  On e questio n tha t  immediatel y come s t o min d 

i s wh y th e patien t  i s apparentl y incapabl e o f  learnin g fro m he r  expectatio n failures ,  althoug h the y 

occu r  repetitively .  Thi s persisten t  repetitio n o f  som e undesirabl e behavio r  i n differen t  context s i s 

calle d "repetitio n compulsion" .  Theore m 6  state s on e frequen t  reason . 

THEOREM 6: If an individual is incapable of learning from her expectation failures, this may be 

due t o th e fac t  tha t  a  structur e ( a frame )  differen t  fro m th e believe d on e i s 

controllin g he r  behavior . 

Theorem 6 can be directly applied to our case study. The reason why the patient is not capable of 

changin g he r  behavior ,  althoug h sh e perceive s i t  a s undesirable ,  i s  tha t  i n he r  (conscious )  belief ,  sh e 

i s applyin g a  simpl e plannin g fram e (called ,  say ,  "us e agent" )  fo r  engagin g someon e a s a n agen t  t o 

achiev e he r  goal s (an d thi s plannin g fram e normall y work s -  i n situation s no t  describe d i n th e cas e 

report) ,  wherea s i n "reality "  sh e i s  activatin g th e mor e intricat e fram e " G A - U P " .  " G A - U P "  i s 

activate d wheneve r  th e followin g triggerin g condition s ar e fulfilled :  th e situatio n contain s a  perso n 

who i s importan t  t o th e patient ;  thi s perso n i s pursuin g a n importan t  goa l  (i n th e patient' s beliefs ,  no t 

i n "reality") ;  an d th e patien t  i s  use d a s a n "agent "  i n th e pla n o f  tha t  person .  Thes e condition s ar e 
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fulfilled for all three key scenes described. But the patient cannot discriminate between situations in 

whic h sh e i s applyin g th e pla n "us e agent "  an d situation s i n whic h sh e i s usin g "GA-UP" ,  fo r  th e 

simpl e reaso n tha t  sh e ha s n o awarenes s o f  "GA-UP" .  Sinc e he r  explanation s o f  expectatio n failure s 

ar e base d o n th e wron g assumptions ,  sh e canno t  chang e he r  behavio r  appropriately .  On e fac t  tha t 

adds t o th e severit y o f  th e proble m i s tha t  "GA-UP" ,  lik e "us e agent "  i s contex t  independen t  an d ca n 

be instantiate d i n man y situations . 

There are two main reasons for believing that our analysis is appropriate. First, the patient's 

emotiona l  reaction s t o he r  expectatio n violation s ar e muc h to o stron g i f  th e pla n ha d simpl y bee n "us e 

agent" .  Th e intensit y ca n onl y b e explaine d i n relatio n t o th e negativ e an d stron g earl y childhoo d 

experiences .  Thi s relatio n i s capture d b y "GA-UP "  whic h relate s th e memor y representation s o f  earl y 

childhoo d t o curren t  experiences .  Second ,  w e ha d th e opportunit y t o follo w he r  therapeuti c 

development .  Th e patien t  experience d th e recognitio n o f  "GA-UP "  a s a  profoun d insight ,  an d fro m 

tha t  poin t  i n time ,  he r  behavio r  starte d t o change :  th e precondition s fo r  a  learnin g proces s wer e met 

(fo r  mor e detail ,  se e Pfeife r  &  Leuzinger-Bohleber ,  1986) . 

DISCUSSION 

Knowledge representation: The combination of the idea of belief systems and the Yale concepts 

fo r  knowledg e representatio n enable d u s t o explai n wh y certai n type s o f  behavior s ca n b e transferre d 

t o a  variet y o f  differen t  domains ,  an d wh y som e o f  the m ar e s o persisten t  eve n i f  the y ar e perceive d 

as undesirable .  Moreover ,  i t  wa s possibl e t o devis e heuristic s whic h ma y b e use d i n therapeuti c 

proble m solving ,  an d t o mak e som e o f  th e rathe r  opaqu e concept s fro m psychodynami c therap y mor e 

transparent .  Th e powerfu l  concep t  o f  a  T O P wa s applie d t o th e representatio n o f  pattern s o f 

interactio n i n differen t  domain s (e.g .  Bo x 1) .  I t  i s  suggeste d tha t  i t  ma y b e a  goo d heuristi c fo r  a 

psychotherapis t  t o activel y tr y t o wor k ou t  T O P s sinc e the y no t  onl y characteriz e conflictiv e 

interactions ,  bu t  the y ma y als o hel p t o activat e pertinen t  memorie s (so-calle d "strategi c reminding" ; 

Schank ,  1982) . 

Evocation of memories: Using the concept of "failure-driven memory" it was demonstrated why 

th e therapis t  shoul d remai n neutra l  toward s a  patient' s goal s an d wishes :  memorie s ca n b e evoke d i n 

thi s way .  A n d memorie s ar e preciou s source s o f  informatio n fo r  therapeuti c proble m solving . 

Related work: There have been many frame approaches to knowledge representation in AI and 

cognitiv e scienc e researc h bu t  fo r  ou r  ow n purpose s w e foun d th e emphasi s o n expectation s an d 

explanation s o f  expectatio n failures ,  a s wel l  a s thei r  relationshi p t o memor y processe s (Schank , 

1982 )  mos t  convincing .  Simila r  concept s wer e used ,  fo r  example ,  b y Dye r  (1983) ,  Kolodne r  e t  al. , 

(1985) ,  an d Lehner t  (1981 )  mainl y fo r  th e representatio n o f  comple x pattern s o f  interaction .  A 

closel y relate d stud y i s th e on e o f  Telle r  &  Dah l  (1981) .  The y als o us e a  fram e concep t  t o describ e 

situation s i n psychotherap y transcripts .  I n thei r  paper ,  similarit y betwee n situation s i s define d i n 

term s o f  th e rathe r  technica l  notio n o f  "fram e overlap" .  I n contrast ,  th e concep t  o f  a  T O P a s a  specifi c 

fram e typ e provide s similarit y relation s o n th e basi s o f  a  genera l  theor y o f  cognitiv e processes . 
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Abstrac t 

This paper discusses a method for representing thematic level structures, i.e. abstract 

plan/goa l  combinations .  W e m a k e th e cas e tha t  th e processe s fo r  bot h recognitio n an d 

constructio n o f  plan s us e th e s a m e m e m o r y structures .  I n particular ,  w e ar e lookin g a t 

th e knowledg e structure s fo r  recognizin g an d avoidin g ba d planning .  Th e learnin g 

procedur e w e describ e start s b y observin g th e ba d plannin g behavio r  o f  narrativ e 

character s an d combine s ol d description s o f  plannin g error s t o creat e ne w abstrac t 

structures .  Th e learnin g metho d discusse d i s a  one-trial ,  s chem a acquisitio n method , 

whic h i s simila r  t o DeJong' s [DeJon g 1983] .  Th e metho d use d involve s takin g 

schema s fo r  plannin g situation s tha t  ar e foun d i n a n actua l  narrativ e situation ,  an d 

usin g causa l  reasonin g t o construc t  a  n e w schem a whic h bette r  characterize s th e 

situation .  Thi s wor k i s par t  o f  th e M O R R I S projec t  a t  U C L A [Dye r  1983a] .  Th e plannin g 

situation s ar e represente d usin g Themati c Abstractio n Unit s (TAUs )  [Dye r  1983b . 

1 Introduction 

In the real world, tasks cannot always be accomplished by using simple subgoal 

partitionin g an d recursiv e proble m analysis .  Bot h rea l  worl d agent s an d narrativ e 

character s ofte n mus t  appl y plan s tha t  requir e cooperatio n fro m othe r  agents ,  adjus t 

plan s tha t  conflic t  wit h a n agent' s concurren t  goals ,  an d m a n a g e plan s tha t  contribut e 

simultaneousl y t o mor e tha n on e goal .  A  classificatio n o f  rea l  worl d plan s i s foun d i n 

[Schan k an d Abelso n 1977] ,  an d a  taxonom y o f  goal/pla n interaction s ca n b e foun d i n 

Wilensk y 1978] . 

There are two reasons for looking at poor planning behavior. (1) Knowledge structures 

tha t  encod e poo r  plannin g ca n b e use d t o critiqu e plan s an d point-ou t  possibl e wea k 

*  Thi s wor k w a s supporte d i n par t  b y grant s fro m th e Hughe s Aircraf t  A l  Center , 

th e U C L A Cente r  fo r  Experimenta l  Compute r  Science ,  an d th e Kec k Foundation . 
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points. In this way they are sinnilar in function to planning critics and meta-plans 

[Sussma n 1973 ,  Sacerdot i  1977 ,  an d Wilensk y 1983] ;  however ,  the y ar e m u c h mor e 

varie d tha n th e fixe d numbe r  o f  ver y genera l  critic s o r  meta-plan s othe r  researcher s 

propose ,  an d a s thi s pape r  shows ,  the y ar e learnable .  (2 )  I t  i s  importan t  t o represen t 

plannin g errors ,  no t  onl y t o critiqu e plans ,  bu t  als o s o tha t  i n counter-plannin g 

situation s [Carbonell ,  1979] ,  a  planne r  ca n tr y t o tric k anothe r  agen t  int o makin g a 

plannin g error .  An y situatio n whic h i s ba d fo r  a  planne r  i s generall y a  goo d situatio n 

int o whic h t o forc e a n opponent . 

Dyer [1983,1981] showed how a class of planning errors could be represented by 

Themati c Abstractio n Unit s (TAUs) ,  an d ho w thes e plannin g error s migh t  b e 

recognize d i n stories .  Thi s pape r  wil l  presen t  a  representatio n fo r  plannin g error s tha t 

als o facilitate s th e combinatio n o f  plannin g description s an d us e o f  themati c stnjcture s 

i n planning . 

The combination method requires an example narrative situation that contains a new 

plannin g error .  Th e inpu t  exampl e i s conceptuall y analyze d t o discove r  whethe r  know n 

plannin g error s ar e presen t  i n th e example .  I n additio n t o th e representation s fo r 

TAUs,  goals ,  an d plan s mentione d above ,  th e example s her e als o rel y o n Schank' s 

Conceptua l  Dependenc y theor y [Schan k 1972 ]  fo r  th e outpu t  o f  th e conceptua l 

analysis .  Plannin g error s i n th e stor y ar e examine d t o fin d ou t  i f  the y ca n b e combine d 

int o ne w stnjctures ,  an d t o establis h th e link s betwee n th e componen t  structure s tha t 

make u p th e newl y discovere d plannin g error . 

TAUs are used in planning by treating an agent's plans as if they were a story, and 

usin g th e T A U recognitio n proces s t o poin t  ou t  potentia l  plannin g errors .  Specifi c 

TAUs ar e indexe d a t  memor y node s fo r  plans ,  goals ,  an d action s whic h ar e likel y t o b e 

containe d i n thos e TAU. s Th e memor y organizatio n tha t  support s thi s indexin g i s a 

dynami c memor y simila r  t o [Schan k 1982] ,  [Kolodne r  1980] ,  an d [Lebowit z 1980] . 

Dependin g o n th e plannin g erro r  detected ,  a  particula r  se t  o f  heuristic s i s applie d t o tr y 

and fi x th e plan . 

2 An Example Planning Situation 

Here we will see a planning situation that contains three planning errors whose 

abstrac t  description s ar e alread y know n t o th e system .  Fro m thi s situatio n w e wil l  se e 

ho w w e ca n generat e tw o specialization s o f  plannin g errors ,  an d on e nove l  plannin g 

erro r  construct . 

The Fox and the Crow 

The Crow was sitting in the tree with a piece of cheese in her mouth. The 

Fox walke d u p t o th e botto m o f  th e tre e an d sai d t o th e Crow ,  "Crow ,  wha t 

a beautifu l  voic e yo u have ;  pleas e sin g fo r  me. "  Th e Cro w w a s ver y 

flattere d an d bega n t o sing .  W h e n sh e did ,  th e chees e droppe d ou t  o f  he r 

mouth .  Th e Fo x grabbe d th e chees e an d ra n awa y laughing . 
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Not e tha t  thi s stor y ca n b e looke d a t  i n tw o ways :  (1 )  a s a n instanc e o f  ba d plannin g o n 

th e par t  o f  th e C r o w an d (2 )  a s a n instanc e o f  goo d plannin g o n th e par t  o f  th e Fox . 

Her e w e wil l  s h o w h o w t o recogniz e a  plannin g erro r  fro m it s representation ,  ho w t o 

lear n n e w plannin g errors ,  an d h o w t o appl y plannin g informatio n t o avoi d goa l 

failures .  T A U s ca n als o b e turne d aroun d an d use d t o fin d situation s wher e othe r 

agent s wil l  m a k e mistakes . 

The first of the three planning errors we will discuss is the most basic. When the Crow 

sings ,  sh e doe s no t  realiz e tha t  sh e i s alread y usin g he r  mout h t o hol d th e cheese . 

Thi s plannin g erro r  i s  characterize d a t  a n abstrac t  leve l  b y T A U - C O N F - E N A BL 

(confuse d enablement) .  Th e ful l  representatio n fo r  T A U - C O N F - E N A BL i s give n i n 

Figur e 1  below . 

Our representation of TAUs always defines them from the point of view of the poor 

planner .  Th e slot s 'mistake' ,  'consequence' ,  an d 'failed-goal '  o f  th e T A U memor y 

stnjctur e provid e pointer s int o a  larg e conceptua l  grap h o f  P L A N / G O A L interactions , 

whic h define s th e meanin g o f  th e T A U . 

Crow want s t o sin g 

G0AL.1 

T A U - C O N F - E N A BL 
V 

qoal  Cro w want s chees e Cro w ha s th e chees e 
G O A LS ^  S T A T E . 2 

^  achieve s 

intend s 

X ^  paren t 

I  mistak e \  G 6 A L . 2 
consequenc e ^  dis l̂e s 

t crow sings \thw^artS / 

end 

PLAN.1 >^Cf.f:Z_^TXTE.1^ P^^^"* 
realized-b y reSUltS-i n cro w doesn' t  hav e th e chees e 

Figur e 1 

Th e 'parent '  link s indicat e conceptua l  structure s whic h ar e derive d fro m othe r 

stmcture s ove r  time .  Hence ,  G 0 A L . 2 i s th e s a m e a s G 0 A L . 3 excep t  tha t  it s  statu s i s 

'FAILED' .  Th e res t  o f  th e link s ar e derive d fro m Dyer' s l-link s [1983a] . 

The abstract situation this structure characterizes is one where an agent has a goal, 

G O A L . 3 ,  whic h ha s failed ,  an d wher e th e goa l  w a s t o preserv e possessio n o f  som e 

object .  Th e caus e o f  th e goa l  failur e i s a n act ,  ACT.1 ,  whic h attempte d t o accomplis h 

anothe r  goal ,  G 0 A L . 1 . 

The processes of recognizing and indexing TAUs are covered more fully in [Dyer 1983; 

an d [Dola n 1984] .  Dola n [1984 ]  give s a  detaile d explanatio n o f  th e comprenensio n 

proces s an d m e m o r y mode l  tha t  allow s th e recognitio n o f  T A U s i n thi s format . 

Th e situatio n i s take n fro m Aesop' s fables ;  th e versio n belo w i s take n fro m Bewick' s 

collectio n [Bewic k 1973] . 
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As w e mentione d above ,  T h e Fo x an d th e C r o w instantiate s tw o othe r  T A U s :  (1 ) 

TAU-VANIT Y i s th e plannin g erro r  o f  allowin g persona l  vanit y t o dictat e pla n choice ;  (2 ) 

T A U - U L T E R I OR i s th e plannin g erro r  o f  no t  considerin g anothe r  agent' s possibl e 

motive s befor e acting . 

These TAUs can be combined to form new planning heuristics. There are two key 

problem s i n T A U acquisition : 

1. How does a program know which TAUs to select and examine for 

combinatio n attempts ? 

2. Once selected, how are TAUs actually combined to form new planning 

and indexin g structures ? 

Both 1. and 2. are non-trivial. A sophisticated planner will have numerous stories 

indexe d b y multipl e T A U s i n memory .  Attemptin g t o combin e T A U s arbitraril y  woul d 

lea d t o combinatori c problems .  Fortunately ,  memorabl e storie s (suc h a s Aesop' s 

fables )  ar e designe d t o giv e nove l  plannin g advic e throug h illustratin g plannin g errors . 

Thus ,  T A U selectio n ca n b e governe d b y th e followin g strategy : 

+ + 
I  WHENEVER tw o TAU s shar e concept s i n a n observe d | 
I  p lann in g s i tuat ion ,  I 
I  TR Y t o combin e the m t o for m a  nove l  p lann in g | 
I  const ruc t  I 
+ + 

This heuristic can only be applied after reading a story and thus the heuristic serves as 

a for m o f  learnin g b y example .  Th e comprehensio n o f  th e stor y thu s dirrect s th e 

learnin g algorith m t o th e plannin g error s t o combine s an d indicate s whic h concept s 

ar e shared . 

There are two ways to combine TAUs based on the way they share concepts: 

(1) specialization, 

(2 )  combinatio n (chunking) . 

Recent work in specialization learning includes [DeJong 1983], [Lebowitz 1980], and 

Kolodne r  1980] .  Al l  thre e researcher s formulat e method s fo r  creatin g ne w plannin g 

knowledg e throug h specialization ,  bu t  d o no t  hav e a  metho d extensibl e t o chunking . 

Most  researc h i n learnin g b y chunkin g ha s bee n i n domain s wher e ther e i s n o 

counterplannin g [Lair d 1984 ,  Rosenbloo m e t  a l  1986] . 

A detailed discussion of the learning process for TAUs can be found in [Dolan and 

Dyer  1985] .  Her e w e wil l  simpl y outlin e th e procedur e an d highligh t  th e feature s o f  th e 

representatio n tha t  facilitat e learning . 
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3 Creatin g N e w T A U s throug h Specializatio n 

TAU-ULTERIOR represents the situation in which ACT0R1 tells ACT0R2 information 

tha t  motivate s A C T 0 R 2 t o perfor m a n ac t  whic h result s i n th e disablemen t  o f  on e o f 

A C T 0 R 2 ' s goals ,  whil e a t  th e s a m e tim e achievin g a  goa l  o f  A C T O R I ' s whic h 

A C T 0 R2 di d no t  forsee .  I n th e representatio n fo r  T A U - U L T E R I O R i n Figur e 2  below , 

outline d concept s ar e thos e whic h hav e A C T 0 R 1 i n th e 'actor '  slot . 

Fox' s flatter y 

V 
resultSvi n 

Crow want s 
th e chees e T A U - U L T E R I O R „,,„.„„, ,  .. ^  che. . 

:S^ \ Fox want>S. JJT 
4^  \  th e chees e "̂̂ ĵsonflic t 

B E L I E F . 1 \  (g©/^L.4 l  ^ N ^ 

\  \  X  consquenc e 

achiev i 
Cro w want s t o * 

sin g G O A L S 

intends 
^  ^  Cro w sing s 

P L A N . 2 • A C T . 2 • S T A T E . 3 
realized-b y 

Figure 2 

reSUltS-i n cro w doesn' t 
have th e chees e 

Fro m th e descriptio n o f  T A U - U L T E R I O R w e ca n se e tha t  i n s o m e sens e i t  contain s 

T A U - C O N F - E N A BL becaus e al l  o f  th e distinc t  concepts ,  thos e no t  linke d b y 'parent ' 

link s fro m T A U - C O N F - E N A B L,  ar e presen t  i n T A U - U L T E R I O R .  Th e onl y concept s tha t 

T A U - U L T E R I OR ha s tha t  T A U - C O N F - E N A B LE doe s no t  ar e ITTlHl̂ lNlSol ,  BELIEF.1 , 

an d ( 1 @ ^ L 4 .  T A U - C O N F - E N A BL bring s tw o relationship s t o thi s specialization :  th e 

realationshi p betwee n G 0 A L . 2 an d G 0 A L . 3 i s tha t  a  goa l  whic h w a s achieve d i n th e 

pas t  ha s n o w failed ;  th e relationshi p betwee n S T A T E . 2 an d STATE. 1 i s tha t  a 

curren t  stat e disable s a  previou s state .  Thes e relationship s denot e tim e dependencie s 

not  presen t  i n T A U - U L T E R I O R . 

All of the distinct components from TAU-CONF-ENABL are shared with 

T A U - U L T E R I O R,  bu t  T A U - C O N F - E N A BL ha s additiona l  constraints .  W e sa y tha t 

T A U - U L T E R I OR contain s T A U - C O N F - E N A BL Th e containmen t  relatio n allow s u s t o 

creat e a  n e w T A U ,  a  specializatio n o f  T A U - U L T E R I O R .  Th e n e w T A U i s forme d b y 

takin g th e extr a constraint s fro m T A U - C O N F - E N A BL ("extra "  meanin g thos e no t 

alread y i n T A U - U L T E R I O R )  an d conjoinin g the m wit h thos e i n T A U - U L T E R I O R .  Thi s 

T A U,  whic h w e wil l  cal l  T A U - M I S D I R E C T E D - E N A B L i s use d t o characteriz e situation s 

wher e A C T O R1 say s somethin g t o A C T O R2 t o deflec t  A C T 0 R 2 ' s attentio n awa y fro m 

an enablemen t  conditio n o n a  curren t  goal .  T A U - M I S D I R E C T E D - E N A B L ,  show n i n 
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Figure 3 below, is planning advice specific to possession goals and ulterior motives. 

Fox' s flatter y 

»11 
T A U - M I S D I R E C T E D - E N A BL 

Crow want s 

results-i n 

'^ELIEF.I 

mistak e 

th e chees e achieve s 

\  G O A L S <  S T A T E . 4 

motivate s 

Crow wants^N/%Al -r 
t o sin g G 0 A L . 7 

Intend s 

T realized-b y " ^  results-i n 

P L A N . 3 ^ C T 

Fox want s yailed^oa l  ^ 
th e chees e \  ^ ^  paren t 

» A L . S \  G O A L . 1 0 

conflict \ 

consequenc ^  thwart s 

-#.STATE.5 

f 
disable s 

Cro w 
sing s 

Crow doesn' t 
have th e chees e 

Figur e 3 

Thi s T A U i s als o use d t o proces s storie s suc h a s th e followin g one , 

Joey's Waffle 

Joey was sitting at the breakfast table about to eat his waffle. His sister 

Mary said ,  "Loo k Joey ,  Halley' s comet!" .  W h e n Joe y looke d u p Mar y 

grabbe d th e waffl e an d starte d eatin g it . 

Here the goal that failed for Joey was to maintain possession of the waffle. The 

enablemen t  conditio n o n tha t  goa l  w a s t o atten d hi s eye s t o th e waffl e an d guar d it . 

The conditio n w a s remove d whe n h e looke d up . 

In some sense, when one TAU contains another as with TAU-ULTERIOR and 

T A U - C O N F - E N A B L,  th e containe d T A U mediate s th e applicatio n o f  th e containin g 

TAU.  A n exampl e o f  ho w anothe r  T A U ca n mediat e fo r  T A U - U L T E R I O R is , 

Bogus Job Advice 

Fred was a post-doc working at the college. He told his boss, Henry, that 

ther e wa s a  facult y positio n ope n a t  th e universit y acros s town .  Henr y 

decide d t o giv e hi s notic e a t  th e colleg e an d appl y  fo r  th e job .  W h e n 

Henr y left ,  Fre d too k hi s positio n a t  th e college .  A s i t  turne d out ,  Henr y 

was no t  quit e righ t  fo r  th e ne w positio n an d didn' t  ge t  th e job . 

In this case, TAU-ULTERIOR is mediated by the TAU that encodes the adage, "Look 

befor e yo u leap. "  Th e wa y th e tw o othe r  T A U s mediat e T A U - U L T E R I O R i s sho w i n 

Figur e 4  below .  W e se e tha t  thi s organizatio n o f  T A U s point s ou t  th e difference s an d 

similaritie s o f  th e tw o storie s o n a  themati c level . 
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4 Creatin g N e w T A U s throug h Combinat io n 

As we saw above, we can get a non-trivial specialization of a TAD by discovering 

containmen t  i n a  particula r  situation .  I n genera l  T A U combination ,  however ,  neithe r 

T A U contain s th e other .  I n thes e case s w e mus t  examin e th e relationship s o r 

constraint s a m o n g th e concept s no t  share d betwee n th e tw o T A U s .  Fo r  a n example , 

conside r  T A U - V A N I T Y .  Thi s T A U represent s a  situatio n i n whic h A C T 0 R 2 believe s h e 

ha s a  specia l  skil l  an d i s thu s motivate d t o hav e a  goa l  (o f  "showin g off "  i n th e Fo x an d 

C r o w story )  tha t  wil l  interfer e wit h pre-existin g goals . 

Crow wants 

th e chees e achieve s 
cro w wants-p^y.^y^ f jU Y G O A L . 1 2 ' ^  S T A T E . 6 

t o sin g V  "failed̂ goa l  4  ^ 

G 0 A L 1 1 \  x ^ ^ p a i r 

\  mistak e 

intend s \  ^ " ^ ^ ' 

G 6 A L . 1 3 

nee ^  T 
N^thwar l 

P L A N . 4 • A C T . 4 • S T A T E . 5 
A rea'ized-b y cro w results-i n cro w doesn' t 
f  sing s hav e th e chees e 

envie s 

G 0 A L . 1 4 ^ach ieves -BELIEF. 2 

cro w want s t o r̂o w believe s 

have a  nic e voic e ^̂ « ^̂ ^  ^ 
nic e voic e 

Figur e 4 

TAU-ULTERIOR and TAU-VANITY, as they are instantiated by The Fox and the 

C r o w ,  shar e a  numbe r  o f  concepts .  Th e concept s tha t  the y d o no t  shar e ar e 

MTI^^lMiai l  an d m © ^ L A fro m T A U - U L T E R I O R an d G 0 A L . 1 4 fro m TAU-VANITY . 

The key to combining TAUs is finding the relationship between concepts that are not 

c o m m on t o tw o T A U s bein g combined .  Althoug h BELIEF. 1 an d BELIEF. 2 ar e 

instantiate d b y th e s a m e concept ,  the y d o no t  belon g t o identica l  part s o f  th e grap h an d 

thi s fac t  provide s th e poin t  a t  whic h w e attac h th e tw o T A U s .  Th e T A U tha t  w e ge t  b y 

combinin g T A U - V A N I T Y an d T A U - U L T E R I O R i s T A U - S U C K E R E D.  A  detaile d exampl e 

of  thi s proces s i s give n i n [Dola n an d Dyer ,  1985] .  Thi s T A U embodie s th e plannin g 

failur e o f  allowin g s o m e o n e els e t o tak e advantag e o f  one' s dorman t  goal s b y 

providin g on e o f  th e missin g enablemen t  condition s o n tha t  goal .  I n th e cas e o f  Th e 

Fo x a n d th e C r o w th e dorman t  goa l  i s  th e Crow' s goa l  t o sho w off .  Th e missin g 

enablemen t  conditio n i s a  receptiv e audience .  Th e Fo x provide s tha t  audienc e an d s o 

trick s th e C ro w int o defeatin g he r  standin g goa l  o f  keepin g th e cheese . 

TAU-SUCKERED is a new counterplanning technique which can be used by a 

plannin g progra m i n situation s wher e th e appropriat e constraint s hav e bee n met .  Th e 
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representation forTAU-SUCKERED is shown in Figure 5. 

Crow want s 
th e chees e achieve s 

cro w want s T A U - S U C K E R ED G O A L . 1 2 - 4 S T A T E . 6 

G0AL.11 \ X^GdAMS,,,,,,,, 

PLAN.4 •ACT.4 •STATI 
.  v ^  conflic t 
levesv ^  \ achiev e 

Fox want s 
th e chees e 

A reallzed-b y cro w results-i n 
/  sing s 

enable s 

G 0 A L . 1 4 ^achieves-BELIEF. 1 

reSLUtS-in Fox-s flattery 

motivate s M K ^ ^ l N l S o S 

Figure 5 

It is intuitively obvious to people TAU-SUCKERED represents the proper lesson to be 

learne d b y a  reade r  w h o know s abou t  vanit y an d physica l  enablements ,  bu t  w h o ha s 

neve r  see n thi s kin d o f  tricker y before . 

5 Summary of TAU Learning 

In both cases of TAU learning we have examined here, the representation played a 

centra l  rol e i n guidin g th e learning .  I n specialization ,  th e presenc e o f  th e 'parent '  link s 

allowe d u s t o ad d extr a constraint s ont o TAU-ULTERIOR .  I n th e cas e o f  combination , 

th e mappin g betwee n abstrac t  concept s i n th e grap h an d concept s i n th e stor y showe d 

us wher e t o connec t  th e tw o T A U s together . 

The problem of learning a new TAU from two old ones, either by specialization or by 

combination ,  ca n b e though t  o f  a s a  grap h unio n problem .  Th e element s o f  th e 

'binding-spec '  ar e node s an d th e 'constraints '  ar e arcs .  Th e unio n o f  th e graph s 

represent s th e intersectio n o f  th e situation s tha t  confor m t o th e constraints .  I n matchin g 

abstrac t  graphs ,  however ,  w e hav e a  problem .  I f  w e wan t  t o tak e th e unio n o f  tw o 

graph s below : 

a 

o 

We hav e t o m a k e sur e tha t  th e constraint s 'a '  an d 'b '  don' t  conflic t  wit h eac h other , 

makin g thei r  unio n a n inconsisten t  graph .  Tha t  proble m i s solve d her e becaus e w e 
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have a situation, found in tiie story, which has all the constraints among the 

component s o f  th e story .  Therefor e w e kno w tha t  th e n e w structur e i s a  possibl e 

combination .  Thi s i s w h y learnin g fro m example s i s importan t  becaus e th e example s 

provid e a  mode l  o f  wha t  i s  actuall y possible . 

6 Using TAUs in Planning 

Using TAUs in planning requires two phases: (1) discovering a potential planning 

error ,  an d (2 )  takin g correctiv e action .  Th e firs t  phas e i s accomplishe d i n th e sam e 

manner  a s T A U recognitio n i n th e tas k o f  comprehendin g stories .  A s th e planne r 

examine s th e stat e o f  th e worl d an d formulate s variou s plans ,  th e concept s ar e "playe d 

back "  a s i f  the y wer e occurin g i n a  story .  W h e n a  T A U trigge r  o f  T A U - S U C K E R E D, 

suc h a s HTIMINlSaS ,  th e us e o f  flattery ,  i s  encountere d w e hav e a  potentia l  plannin g 

error .  Possibl e outcome s o f  th e situatio n ar e examine d t o se e i f  the y mee t  th e 

constraint s o f  th e T A U . 

In these cases, where some outcome of the current situation might result in a goal 

failure ,  correctiv e actio n need s t o b e determined .  I n informa l  protocol s take n fro m Th e 

Fo x an d th e C row ,  peopl e s e e m t o thin k tha t  th e Cro w coul d hav e don e thre e things : 

(1 )  pu t  th e chees e d o w n an d sang ,  (2 )  eate n th e chees e an d sang ,  o r  (3 )  refuse d t o 

sing .  Alon g wit h th e structur e presen t  i n T A U - C O N F - E N A B L,  thre e genera l  heuristic s 

yiel d thes e tw o solutions .  Th e firs t  is , 

+ + 
I  I F a  ne w goa l  m igh t  caus e a  s tand in g goa l  t o fai l  I 
I  TR Y remov in g a  poss ib l e resourc e con ten t io n | 
I  be twee n p lan s fo r  th e tw o goa l s I 
+ + 

The standing goal is to maintain control over the chees. The new goal is the goal to 

sing .  T h e c o m m o n resourc e i s th e Crow' s mouth .  Sinc e ther e i s n o wa y t o achiev e th e 

n e w goa l  withou t  usin g th e Crow' s mouth ,  th e syste m woul d choos e t o fin d anothe r 

w ay t o suppor t  th e cheese . 

The second solution, that of eating the cheese on the spot, is actually an instance of 

removin g th e nee d fo r  th e standin g goal .  I n tha t  cas e th e guidin g heuristi c is , 

+ + 
1 I F a  ne w goa l  m igh t  caus e a  s tand in g goa l  t o fai l  I 
I  TR Y re l iev in g th e nee d fo r  th e s tand in g goa l  | 
+ + 

Here the system would see that the support for having the goal of controlling the 

chees e w a s t o satisf y a  hunge r  goal .  I f  th e hunge r  goa l  i s satisfied ,  the n th e nee d t o 

contro l  th e chees e goe s away . 

The function of TAUs such as TAU-SUCKERED is to point out goals that need to be 
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dropped. The goal conflict shown in TAU-SUCKERED points to the goal we need to 

examine .  Th e heuristic , 

+ + 

I  I F a  po ten t ia l  goa l  conf l ic t  i s  foun d I 
I  LOOK fo r  a  curren t  p la n whic h woul d thwar t  th e I 
I  conf l i c t in g goa l  an d reconside r  th e nee d suppor t  I 
I  fo r  th e curren t  p la n I 
+ + 

directs the program to look at 'thwarting' constraints for the ACT that could defeat the 

goal .  O n th e othe r  hand ,  th e heuristic , 

+ + 
I  I F a  po ten t ia l  goa l  conf l ic t  i s  foun d I 
I  LOOK fo r  a  curren t  p la n tha t  woul d achiev e th e I 
I  conf l ic t in g goa l  fo r  th e othe r  actor ,  an d recons ide r  | 
I  th e suppor t  fo r  th e curren t  p la n I 

- + 

direct s th e progra m t o loo k a t  'achievement '  constraint s fo r  th e A C T whic h coul d defea t 

th e goal .  I n th e cas e o f  T A U - S U C K E R E D,  bot h thes e heuristic s giv e th e s a m e result . 

Our hypothesis is that the number of these heuristics is small, but that a program with a 

larg e numbe r  o f  T A U s coul d correc t  mos t  o f  it s  plannin g error s usin g a  fe w heuristics , 

th e knowledg e containe d i n T A U s ,  an d wel l  chose n storie s a s input . 

6 Progress and Future Work 

The CRAM is under development as part of this research. Currently, CRAM is able to 

understan d storie s tha t  ar e parse d b y a  phrasa l  parse r  usin g a  conceptua l  memor y 

implemente d i n a  fram e representatio n system .  C R A M find s th e plannin g error s i n 

eac h stor y an d characterize s the m i n term s o f  on e o r  mor e T A U s .  Thes e T A U s ar e 

the n use d t o inde x th e stor y i n memor y fo r  late r  retrieval .  C R A M i s als o abl e t o creat e 

ne w plannin g erro r  description s base d o n th e method s outline d i n thi s paper . 

The next step in the on-going development of the theory presented here is to give 

C R AM enoug h real-worl d knowledg e s o tha t  i t  ca n understan d a  larg e numbe r  o f 

stories ,  an d t o observ e it s performanc e a s i t  learn s mor e plannin g errors . 

In addition, CRAM will be able to give advice to correct the character's planning errors. 

7 Conclusions 

The approach presented here allows both specialization-based learning and 

chunking-base d learnin g o f  plannin g error s i n multipl e plannin g agen t  domains .  Th e 

structure s learne d ca n b e use d bot h fo r  critiquin g plan s an d als o fo r  generatin g 

counterplannin g advice . 
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ABSTRACT 

In this paper, we present three examples of the development of legal concepts and rules and an-
alyz e the m i n term s o f  A I  learnin g methods ,  i n particular ,  th e candidat e eliminatio n algorithm . 
The thre e area s o f  lega l  doctrin e ar e :  (1 )  th e doctrin e o f  th e liabilit y  o f  manufacturer s t o thir d 
part y buyers ;  (2 )  th e Fourt h Amendment  doctrin e relatin g t o stop-and-fris k searches ;  an d (3 ) 
th e doctrin e o f  attractiv e nuisance .  Fo r  eac h o f  th e lega l  areas ,  w e giv e a  synopsi s o f  th e lega l 
development s an d sho w ho w i t  ca n b e viewe d fro m a n A I  poin t  o f  view . 

BACKGROUND 

Work on machine learning (Carbonell et al., 1983] has typically concentrated on well-established, 

well-structure d proble m areas ,  lik e method s o f  integra l  calculus .  I n suc h domains ,  concept s an d 

thei r  interrelationship s ar e alread y know n ahea d o f  tim e t o th e learnin g program .  Thu s th e typica l 

concep t  o r  rul e refinemen t  learnin g progra m alread y know s a  concep t  descriptio n languag e ove r 

whic h i t  i s goin g t o for m it s generalization s an d specializations . 

There is nothing wrong with knowing the conceptual landscape before learning new material. 

However ,  ther e ar e othe r  mor e flui d situation s restin g upo n les s finalized  concep t  space s i n whic h 

a lo t  o f  interestin g learnin g take s place .  Thi s i s eve n tru e i n traditiona l  "̂ eat *  domain s lik e 

mathematic s [se e Lakatos ,  1976] .  Furthermore ,  eve n i n th e cas e o f  learnin g i n well-establishe d an d 

well-structure d domains ,  th e concep t  space s ar e almos t  neve r  trul y static ,  almos t  alway s hav e som e 

'Hbias" ,  an d ar e amenabl e t o re-definitio n an d re-structurin g (Mitchell ,  1983 ;  Utgoff ,  1983] . 

The law provides an example of a domain which is both fluid and "messy". Legal concepts and rules 

can change ,  an d th e concept s ar e "open-textured, "  tha t  is ,  hav e n o clearcu t  bovmdarie s o r  hard -

and-fas t  definitions .  Sometime s bot h th e doctrin e (rules )  an d th e underlyin g conceptua l  spsice s ar e 

i n flux  a t  th e sam e time . 

In the sense that the legal system as a whole responds to new training instances (i.e., cases) and 

change s th e performanc e o f  it s  a4iudicatio n task ,  w e wil l  thin k o f  th e la w a s a  learnin g system .  Th e 

most  obviou s repositor y o f  it s knowledg e i s it s  cas e base ,  whic h i s publishe d an d accessibl e t o all . 

I n thi s pape r  w e concentrat e o n ho w th e la w learn s ne w rule s an d concept s a s evidence d throug h 

discussio n i n publishe d opinions . 

'Thi s wor k wa a supporte d i n par t  b y th e Advance d Researc h Project s Agenc y o f  th e Departmen t  o f  Defense , 
monitore d b y th e Offic e o f  Nava l  Researc h unde r  contrac t  no .  N00014-84-K-0017 . 

Ĉopyrigh t  ©1986 .  Edwin a L .  Risslan d i c Rober t  T .  Collins .  Al l  rights  reserve d 
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The learning algorithm which we use to analyse the evolution of legal knowledge is Mitchell's candi-

dat e eliminatio n algorith m ( C E A )  [Mitchell ,  1983 ;  Th e Handboo k o f  Artificia l  Intelligence ,  Vo l  S] . 

I n essenc e th e algorith m work s t o narro w th e definitio n o f  a  concep t  o r  rang e o f  applicabilit y  o f  a 

rul e b y squeezin g i n fro m ver y genera l  an d ver y specifi c  instances .  Positiv e instance s caus e C E A 

t o generaliz e an d negativ e one s caxis e C E A t o specialize . 

The CEA algorithm works by maintaining a "version space' of all descriptions which are consistent 

wit h th e example s see n s o far .  Th e versio n spac e i s represente d b y maintainin g a  maximall y specifi c 

set  5  an d a  maximall y genera l  se t  Q  o f  concep t  descriptions .  Al l  othe r  description s i n th e versio n 

spac e ar e implicitl y  containe d withi n thes e tw o bounds .  T o refin e th e versio n space ,  C E A examine s 

positiv e an d negativ e "trainin g instances" .  Give n a  positiv e instanc e o f  th e concept ,  th e se t  S  i s 

made mor e genera l  t o includ e description s matchin g it ;  se t  S  i s als o mad e mor e specifi c  t o exclud e 

description s coverin g negativ e instances .  Thes e positiv e an d negativ e refiinement s pus h S  an d $ 

close r  togethe r  unti l  the y converg e o n th e correc t  description . 

The idea of describing the behavior of the legal system as a learning system using a CEA-like 

algorith m ca n b e see n i n a n analysi s b y th e lega l  schola r  M a x Radi n : 

"The single instance is capable of generalization, and the generalization will not 

sto p a t  an y particula r  place ,  unles s b y negativ e decision ,  b y a  statemen t  tha t  a  give n 

situatio n i s outsid e th e genus ,  a  subsequen t  cour t  ha s deliberatel y attempte d t o sto p it . 

The n th e proces s begin s al l  ove r  again ,  becaus e th e exclude d situatio n i s itsel f  capabl e 

of  successiv e generalization s an d w e mus t  kno w whethe r  a  larg e o r  smal l  genu s i s t o 

be exclude d fro m (A) .  A  Buic k ca r  i s no t  i n (A) .  I s a n automobil e truck ? A n electri c 

machine ? A  hypothetica l  ne w typ e o f  ca r  drive n b y mor e explosiv e mixture s tha n 

gasoline ,  an d s o on? " 

-  Radin ,  1933 ,  a t  p .  20 9 

One difference between application of CEA to the legal domain and the more usual ones is that 

i n th e law ,  th e hierarch y o f  concept s an d th e rang e o f  a  rul e usuall y evolv e a t  th e sam e time. ' 

Thi s i s s o becaus e o f  th e non-static ,  open-texture d natur e o f  th e law .  h i  particular ,  on e ca n 

chang e th e effec t  o f  a  rul e b y changin g eithe r  (1 )  th e rul e itsel f  suc h a s throug h th e additio n o f 

coojunct s t o th e pre-condition s o r  listin g o f  exception s t o th e rule ,  o r  (2 )  changin g th e meanin g o f 

th e ingredien t  concepts .  Thu s i n ou r  analysi s w e interleav e discussio n o f  th e evolutio n o f  a  lega l 

rul e an d it s grou p o f  ingredien t  concepts .  Fro m a n implementatio n standpoint ,  tha t  mean s w e hav e 

tw o C E A processe s runnin g cooperatively .  W e illustrat e th e developmen t  o f  rule s an d concept s i n 

thre e exampl e doctrines—product s liability ,  searc h an d seizure ,  an d attractiv e nuisance .  Ther e i s 

nothin g specia l  abou t  thes e three ;  the y ar e indicativ e o f  th e growt h o f  lega l  knowledg e i n general . 

THE INHERENTLY DANGEROUS EXAMPLE 
LEARNING A  LEGA L C O N C E PT 

Our first example is a famous one that has been written of several times by legal scholars [Levi, 1949; 

Radin ,  1933] .  I t  concern s th e developmen t  o f  th e ide a tha t  a  manufacture r  o f  good s i s liabl e (i n 

'Note :  Eve n thoug h w e concentrat e o n "rules, "  Anglo-America n la w i s base d o n case s an d no t  rules .  Thi s i s s o 
even i n statut e law ,  fo r  her e th e ingredien t  rule s an d concept s i n th e statut e mus t  b e interprete d i n ligh t  o f  specifi c 
cases (se e [Levi ,  1949 ]  fo r  a n example) . 
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cas e 

Thomas v .  Wincheste r 

Loo p V .  Litchfiel d 

Loae e v .  Clut e 

Devli n v .  Smit h 

Torgeau n v .  Schult z 

Statle r  v .  R a y Mfg .  Co . 

dat e 

185 2 

187 0 

187 3 

188 2 

190 8 

190 9 

i te m 

beiladoim a 

balanc e whee l 

stea m boile r 

painter' s scaffol d 

bottl e o f  aerate d wate r 

coffe e ur n 

finding 

liabl e 

not  liabl e 

not  liabl e 

liabl e 

liabl e 

liabl e 

Tabl e 1 :  S u m m a r y o f  "Inherentl y D a n g e r o u s *  Case s 

tort )  t o thir d partie s injure d b y a  defectiv e product .  Fo r  instance ,  i f  yo u bu y a  defectiv e Buic k an d 

a fron t  whee l  fall s  of f  an d yo u ar e hurt ,  th e manufacture r  o f  th e car ,  Buic k Moto r  Company ,  mus t 

compensat e yo u fo r  you r  injur y eve n thoug h yo u bough t  th e ca r  fro m a n intermediat e vendo r  lik e a 

ca r  dealershi p (hence ,  yo u ar e calle d a  "third "  party) ,  an d no t  directl y fro m Buic k Moto r  Company . 

A closel y relate d doctrine ,  whic h develope d late r  an d i n a  paralle l  wa y i s th e (contracts )  doctrin e 

of  'implie d warranty "  b y whic h i s mean t  tha t  ther e i s a n implici t  warrant y tha t  goe s alon g wit h a 

produc t  t o th e effec t  tha t  th e produc t  i s warrante d t o safel y d o wha t  i t  i s  suppose d t o d o a s lon g 

as i t  no t  abused .  Thes e doctrine s ar e a t  th e basi s o f  ou r  curren t  protectio n o f  consumers . 

This was not always the case. Originally, there was no relationship of liability between manufactur-

er s an d thir d partie s :  th e la w require d "privity "  o f  contract ,  tha t  is ,  a n immediat e seller-purchase r 

relationshi p betwee n manufacture r  an d injured .  Thi s coul d b e s u m m e d u p b y th e rul e o f  thum b : 

no privity ,  n o liability . 

Our learning episode begins in 1852 with the case Thomas and Wife v. Winchester decided in the 

N ew Yor k Cour t  o f  Appeals .  I n thi s case ,  Mr .  T h o m a s ha d hi s loca l  druggis t  fill  a  prescriptio n 

fo r  dandelio n extrac t  fo r  hi s ailin g wife .  Th e druggis t  filled  th e prescriptio n fro m a  ja r  whic h h e 

ha d bough t  fro m anothe r  druggis t  w h o ha d bough t  i t  fro m th e manufacturer ,  Winchester .  Unfor -

tunately ,  wha t  wa s actuall y i n th e ja r  wa s belladonna ,  a  substanc e lookin g somewha t  simila r  bu t 

caiisin g ver y differen t  effects .  A s a  result ,  Mrs .  Thoma s go t  quit e sic k an d suffere d "derangement s 

of  th e mind' ;  sh e eventuall y recovered .  Mr .  an d Mrs .  Thoma s sue d Winchester ,  th e manufacture r 

an d package r  o f  th e mislabelle d poison . 

The Thomases won. The court justified making an exception to the "privity" rule because it 

believe d tha t  misbrande d poison s lik e belladonn a wer e s o "imminently "  o r  "inherentl y dangerous " 

tha t  the y deserve d a n exception .  Th e cour t  likene d belladonn a t o a  loade d gu n i n th e hand s o f 

a child ,  a n ite m s o "inherently "  dangerou s tha t  i t  wa s sur e t o caus e injur y t o unsuspectin g an d 

innocen t  victims .  Thu s thi s landmar k cas e establishe d a n exceptio n t o th e privit y rule .  Subsequen t 

case s woul d establis h it s scope . 

For the period from 1852 until 1916, the New York Court of Appeals handed down decisions (see 

Tabl e 1 )  concernin g furthe r  exception s t o th e privit y rule .  Th e exceptio n starte d of f  wit h belladonn a 

an d ende d u p includin g painter' s scaffolds ,  bottle s o f  aerate d wate r  an d coffe e urns .  I t  wa s no t 

extende d t o cove r  item s suc h a s carriage s o r  stea m boiler s whic h becom e dangerou s onl y i f  defective . 
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In effect, the Court was defining the inherently dangerous category in a CEA-like manner by 

mcludin g o r  excludin g example s o n a  case-by-cas e basis .  Tha t  is ,  i f  a n ite m allowe d recover y fo r 

thir d perso n injur y unde r  th e rubri c o f  th e inherentl y dangerou s exception ,  i t  wa s i n th e class—i.e. , 

was a  positiv e irutance — an d i f  i t  didn't ,  i t  wasn't— a negativ e instance .  Positiv e instance s serve d 

bot h t o flesh  ou t  th e concep t  o f  inherentl y dangerou s an d adde d pressur e t o generaliz e it ;  negativ e 

instance s narrowe d it . 

In this middle period of about fifty years, the Court was also steadfastly refusing to generalize the 

inherentl y dangerou s exceptio n t o a  mor e genera l  clas s lik e dangerou s i f  defective .  However ,  i n thi s 

perio d i t  wa s simultaneousl y pushin g th e boundarie s o f  th e irtherentl y dangerou s clas s (an d thu s 

th e exception )  t o includ e som e item s lik e coffe e urn s an d hairwas h whic h see m t o b e mor e o f  th e 

clas s o f  ite m tha t  ar e dangerou s onl y i f  defective .  Nevertheless ,  th e Cour t  spok e a s i f  i t  wasn' t  an d 

summed u p it s positio n o n th e privit y rul e a s follow s : 

"One who manufactures articles inherently dangerous, e.g., poisons, dynamite, gun-

powder ,  torpedoes ,  bottle s o f  aerate d wate r  unde r  pressure ,  i s  liabl e i n tor t  t o thir d 

parties... .  O n th e othe r  hand ,  on e wh o manufacture s article s dangerou s onl y i f  defec -

tivel y made ,  o r  installed ,  e.g. ,  tables ,  chairs ,  picture s o r  mirror s hun g o n th e walls , 

carriages ,  automobiles ,  an d s o o n i s no t  liabl e t o thir d partie s fo r  injurie s cause d b y 

them ,  excep t  i n case s o f  willfu l  injur y o r  fraud. " 

-  Cadilla c v .  Johnson ,  22 1 F .  80 1 (1915) ,  a t  p .  80 3 

This case represents the last gasp of a court trying to hold onto its "old" interpretation of the 

concept s an d th e scop e o f  th e exception .  Not e i t  explicitl y  rule s ou t  carriage s an d automobiles .  I n 

th e ver y nex t  yea r  thes e ver y thing s wer e le t  in . 

In 1916, the New York Court of Appeals decided the landmark case of MacPherson v. Buick 217 

N.Y .  382 .  I n thi s case ,  MacPherson ,  a  thir d party ,  wa s allowe d t o recove r  fo r  injur y cause d b y a 

defectiv e Buick ,  a n ite m dangerou s onl y i f  defective .  Thi s i s exactl y th e cas e tha t  th e Cour t  ha d 

persistentl y (e.g. ,  i n Cadilla c cas e above )  sai d i t  wasn' t  goin g t o le t  th e exceptio n cover .  T h e cas e 

of  a  ca r  o r  carriag e ha d no w flip-flopped  fro m bein g a  negativ e t o bein g a  positiv e exempla r  fo r 

th e privit y exception .  A s a  positiv e exemplar ,  i t  greatl y expande d th e exception .  MacPherso n als o 

ended th e unreasonabl e stretchin g o f  th e inherentl y dangerou s clas s an d th e nee d t o tal k fictions 

abou t  bein g inherentl y dangerou s t o wi n recover y fo r  a n ite m dangerou s onl y i f  defective . 

As Judge (later to become Supreme Court Justice) Cardozo stated in this landmark opinion : 

"We hold then, that the principle of Thomas v. Winchester is not limited to poisons, 

explosives ,  an d thing s o f  lik e nature ,  t o thing s whic h i n thei r  norma l  operatio n ar e 

implement s o f  destruction .  I f  th e natur e o f  a  thin g i s suc h tha t  i t  i s  reasonabl y certai n 

t o plac e lif e an d lim b i n peri l  whe n negligentl y made ,  i t  i s  the n a  thin g o f  danger . 

It s natur e ^ve s warnin g o f  th e consequence s t o b e expected .  I f  t o th e elemen t  o f 

dange r  ther e i s adde d knowledg e tha t  th e thin g wil l  b e use d b y person s othe r  tha n th e 

purchaser ,  an d use d withou t  ne w tests ,  then ,  irrespectiv e o f  contract ,  th e manufacture r 

of  thi s thin g o f  dange r  i s unde r  dut y t o mak e i t  carefully .  Tha t  i s a s fa r  a s w e ar e 

require d t o g o i n thi s case .  Ther e mus t  b e knowledg e o f  a  danger ,  no t  merel y possible , 

but  probable .  I t  i s  possibl e t o us e almos t  anythin g i n a  wa y tha t  wil l  mak e i t  dangerou s 
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if defective ... where danger is to be foreseen, a liability will follow ... We have put 

asid e th e notio n tha t  th e dut y t o safeguar d lif e an d limb ,  whe n th e consequence s o f 

negligenc e ma y b e foreseen ,  grow s ou t  o f  contrac t  an d nothin g else .  W e hav e pu t  th e 

sourc e o f  th e obligatio n wer e i t  ough t  t o be .  W e hav e pu t  it s  sourc e i n law. " 

This opinion places automobiles within the class of dangerous only if defective and grants recovery 

fo r  injur y b y them .  Thu s th e exceptio n t o th e privit y rul e ha s bee n generalized .  MacPherso n als o 

create s a  somewha t  finer  concep t  hierarch y :  i t  speak s o f  th e clas s thin g o f  danger ,  whic h include s 

bot h thing s inherentl y dangerou s an d thing s foreseeabl y dangerou s i f  defective .  Se e Figur e 1 . 

Thus, after the episode beginning with Thomas v. Winchester decided in 1852 and ending with 

MacPherso n v .  Buic k decide d i n 1916 ,  th e Ne w Yor k Cour t  o f  Appeal s ha s learne d ne w concept s 

(e.g. ,  inherentl y dangerous ,  dangerou s onl y i f  defective) ,  place d the m int o a  hierarch y o f  concepts , 

articulate d a n exceptio n t o a  well-establishe d rule ,  an d re-classifie d a  trainin g instanc e fo r  th e rul e 

fro m negativ e t o positiv e (i.e. ,  th e ca r  i n Cadilla c an d tha t  i n MacPherson) .  Sai d anothe r  way ,  th e 

la w ha s learne d th e ne w liabilit y  t o thir d part y rul e an d it s underlyin g concepts . 

THE STOP AND FRISK RULE 

Another  example of the law elaborating an exception to a rule, and the concepts underlying it, is 

th e developmen t  o f  th e stop-and-fris k doctrine .  Thi s are a o f  th e la w involve s Constitutiona l  issue s 

surroundin g th e Fourt h Amendment  whic h state s : 

The right of the people to be secure in their persons, houses, papers, and effects, against 

xinreasonabl e searche s an d seizures ,  shal l  no t  b e violated ,  an d n o Warrant s shal l  issue , 

but  upo n probabl e cause ,  supporte d b y Oat h o r  affirmation ,  an d particularl y describin g 

th e plac e t o b e searched ,  an d th e person s o r  thing s t o b e seized . 

The Amendment states that in order to search and seize a person or property (NB an arrest is a 

seizur e o f  person) ,  th e polic e mus t  hav e "probabl e cause "  an d a  warrant . 

Prior to the first stop-and-frisk case which came before the Supreme Court in 1%8, there already 

wer e well-establishe d exception s t o th e necessit y o f  a  warran t  fo r  searc h an d seizur e bu t  non e t o th e 

necessit y o f  probabl e cause .  Example s o f  situation s wher e polic e ca n perfor m a  warrantles s searc h 

ar e :  (1 )  i f  a  perso n consents ,  (2 )  i f  th e searc h i s inciden t  t o a  person' s arrest ,  an d (3 )  i f  th e polic e 

fee l  tha t  evidenc e migh t  b e destroye d i f  th e searc h i s postponed .  A n exampl e o f  a  constitutionall y 

approve d warrantles s seizur e i s th e arres t  o f  a  suspec t  runnin g awa y fro m th e scen e o f  a  crime . 

Thus, until this case, the requirements for a search were (1) probable cause, and (2) a search warrant 

or  on e o f  th e recognize d exceptions .  Th e wa y tha t  polic e ar e encourage d t o behav e accordin g t o 

thes e Constitutiona l  standard s i s throug h th e "exclusionar y rule *  whic h exclude s illegall y obtaine d 

evidenc e fro m bein g include d a t  trial ,  o r  i f  admitte d a t  trial ,  i t  permit s a  guilt y verdic t  t o b e 

overturned . 

The constitutionality of stop-and-frisk episodes, which we have all grown accustomed to seeing in 

T V rendition s o f  polic e work ,  wa s lai d dow n i n th e cas e o f  Terr y v .  Ohi o 39 2 U S 1  (1968) .  I n thi s 

case ,  a  polic e office r  name d McFadde n observe d thre e men ,  on e o f  who m wa s Terry ,  appsu^ntl y 
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evolvin g conceptua l  hierarch y 

f  manufacture d item s j 

V / 1 \  \ 

A singl e concep t  clas s exists ,  th e 

clas s o f  manufacture d goods . 

evolvin g privit y 

exceptio n rul e 

no exception s 
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manufacture d item s 
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Figur e 1 :  T h e "Inherentl y D a n g e r o u s *  Ebcampl e 
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"casing" a store in broad daylight in downtown Cleveland. McFadden's suspicions were aroiised 

when Terr y an d hi s friend s studie d an d walke d pas t  a  stor e an d the n conferre d wit h eac h othe r  som e 

tw o doze n times .  McFadde n suspecte d the y wer e plannin g a  robber y an d sinc e i t  wa s daytime ,  h e 

feare d tha t  i t  woul d b e a n arme d robber y an d tha t  th e thre e m e n wer e armed .  McFadde n accoste d 

an d stoppe d them .  W h e n Terr y mumble d somethin g unintelligibl e t o McFadden' s inquiries ,  h e 

grabbe d Terr y an d patte d d o w n th e outsid e o f  hi s clothing ,  fel t  a  pistol ,  an d subsequentl y remove d 

it .  H e di d th e sam e t o th e secon d m a n ,  wit h th e sam e resul t  o f  finding  a  loade d weapon .  Th e thir d 

m an wa s "clean* .  Terr y an d hi s co-defendan t  wer e convicte d o f  carryin g a  conceale d weapon .  The y 

appealed ,  an d th e Suprem e Cour t  hel d i t  wa s a n unreasonabl e searc h an d seizure . 

In the Supreme Court opinion, Chief Justice Warren immediately dismisses the prosecution's ar-

gument  tha t  Office r  McFtulde n ha d probabl e caus e (an d thu s it s conclusio n tha t  th e searc h an d 

seizur e wa s constitutionall y correc t  accordin g t o th e doctrin e a s i t  no w stood) .  W h a t  h e ha d wa s 

somethin g less .  Thu s th e constitutiona l  questio n wa s whethe r  on e ca n perfor m a  stop-and-fris k ( a 

kin d o f  arres t  an d search )  withou t  probabl e caus e an d unde r  wha t  conditions . 

The Court said : 

"We merely hold today that where a police officer observes unusual conduct which 

lead s hi m reasonabl y t o conclud e i n th e ligh t  o f  hi s experienc e tha t  crimina l  activit y 

m ay b e afoo t  an d tha t  th e person s wit h w h o m h e i s dealin g m a y b e arme d an d presentl y 

dangerous ,  wher e i n th e cours e o f  investigatin g thi s behavio r  h e identifie s himsel f  a s a 

policema n an d make s reasonabl e inquiries ,  an d wher e nothin g i n th e initia l  stage s o f  th e 

encovinte r  serve s t o dispe l  hi s reasonabl e fea r  fo r  hi s o w n o r  others '  safety ,  h e i s entitle d 

fo r  th e protectio n o f  himsel f  an d other s i n th e are a t o conduc t  a  carefull y limite d searc h 

of  th e oute r  clothin g o f  suc h person s i n a n attemp t  t o discove r  weapon s whic h migh t  b e 

use d t o assaul t  him. " 

-  Terr y v .  Ohio ,  39 2 U.S .  1  (1968) ,  a t  p .  44 3 

In other words, to reach the conclusion that P can STOP and FRISK X, five preconditions must 

be satisfie d : 

1.  ther e exist s reasonabl e suspicio n o f  X' s crimina l  activity ; 

2.  ther e exist s reasonabl e belie f  tha t  X  i s arme d an d dangerous ; 

3.  P  identifie s himsel f  a s a  polic e officer ; 

4.  P  make s reasonabl e inquiries ;  an d 

5.  ther e doe s no t  exis t  dispellin g evidence . 

Thi s landmar k decisio n fo r  th e first  tim e recognize d a n exceptio n t o th e requiremen t  tha t  Fourt h 

A m e n d m e nt  searche s an d seizure s mus t  b e base d o n probabl e cause . 

What followed Terry were cases fleshing out the scope of the stop-and-frisk rule by discussing its 

ingredien t  concept s an d th e necessit y o f  it s  preconditions .  Fo r  instance ,  fou r  year s late r  i n A d a m s 

V.  William s (1972) ,  th e Cour t  allowe d th e stop-and-fris k exceptio n t o cove r  th e somewha t  dubiou s 

instanc e o f  a n office r  reachin g throug h th e driver' s windo w t o reac h int o th e waistban d o f  th e drive r 

an d seiz e a  gun—no t  exactl y a  classi c exampl e o f  stop-and-frisk .  I n A d a m s ,  th e Cour t  als o seem s 

t o b e tryin g t o stretc h th e concep t  o f  reasonabl e suspicio n i n orde r  t o invok e th e rul e o f  Terry .  I n 

Terr y th e suspicio n wa s base d o n th e officer' s o w n observation s an d hi s o w n experienc e fro m mor e 

tha n 3 0 year s o f  detectiv e work ;  I n A d a m s ,  i t  i s  no t  base d o n th e officer' s o w n observatio n bu t  o n 
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a tip from an informant who had previously furnished unreliable information. In any case, Adams 

makes quit e clea r  tha t  th e condition s necessar y fo r  a  Terr y sto p ar e indee d les s tha n probabl e 

cause . 

Stretching the reasonable suspicion concept raises the specter of the stop-and-frisk exception swal-

lowin g u p th e establishe d rule s (especiall y vis-a-vi s probabl e cause )  o f  th e Fourt h Amendment . 

Thi s i s addresse d b y Justic e Brenna n i n hi s dissen t  wher e h e quote s th e lowe r  Appeal s Cour t  : 

*Terry v. Ohio was intended to free a police officer from the rigidity of a rule that 

woul d preven t  hi s doin g anythin g t o a  m a n ê̂ l3onabl y suspecte d (ou r  emphasi s added ) 

of  bein g abou t  t o commi t  o r  havin g jus t  committe d a  crim e o f  violence ,  n o matte r 

ho w grav e th e proble m o r  impellin g th e nee d fo r  swif t  action ,  unles s th e office r  ha d 

what  a  cour t  woul d late r  determin e t o b e probabl e caus e fo r  arrest .  I t  wa s mean t  fo r 

th e imminen t  dange r  o r  o f  har m recentl y perpetrate d t o person s o r  property ,  no t  th e 

conventiona l  one s o f  possessor y offenses .  I f  i t  i s  t o b e extende d t o th e late r  a t  all ,  thi s 

shoul d b e onl y wher e observatio n b y th e office r  himsel f  o r  wel l  authenticate d informatio n 

shows "tha t  crimina l  activit y m a y b e afoot. "  .. .  I  greatl y fea r  tha t  i f  th e contrar y vie w 

shoul d b e followed ,  Terr y wil l  hav e opene d th e sluicegate s fo r  seriou s an d unintende d 

erosio n o f  th e Fourt h Amendment. " 

-  40 7 U.S .  14 3 (1968) ,  a t  p .  14 7 

Justice Brennan emphasizes that reasonable suspicion is not the only condition necessary for a 

Terr y sto p an d tha t  fo r  a  suspicio n t o b e reasonabl e i t  mus t  b e base d o n "good "  information .  H e 

i s als o emphasizin g tha t  th e secon d conditio n requirin g th e existenc e o f  dange r  i s als o necessary .  I t 

i s  wel l  t o not e tha t  muc h polic e wor k involve s crime s o f  violenc e o r  possession ,  especiall y o f  drugs , 

and tha t  th e Terr y exceptio n wa s mean t  t o handl e certai n situation s growin g ou t  o f  th e forme r  an d 

not  a s a n investigator y tool—tha t  i s exactl y wha t  warrant s ar e for . 

In a separate dissent. Justice Marshall, with whom Justice Douglas joined, makes some meta-level 

comments o n th e evolutio n o f  thi s bod y o f  la w a s wel l  a s layin g ou t  hi s exceptio n t o i t  : 

"Four years have passed since we decided Terry v. Ohio, 392 U.S. 1 (1968), and its 

companio n cases ,  Sibro n v .  Ne w Yor k an d Peter s v .  Ne w York ,  39 2 U.S .  4 0 (1968) .  The y 

wer e th e first  case s i n whic h thi s Cour t  explicitl y  recognize d th e concep t  o f  stop-and -

fris k an d squarel y hel d tha t  polic e officer s may ,  unde r  appropriat e circumstances ,  sto p 

and fris k person s suspecte d o f  crimina l  activit y eve n thoug h ther e i s les s tha n probabl e 

cause .  Thi s cas e mark s ou r  first  opportunit y t o giv e som e flesh  t o th e bone s o f  Terr y 

et  al .  Unfortunately ,  th e flesh  provide d b y today' s decisio n canno t  possibl y b e mad e t o 

fit  o n Terry^ s skeleta l  framework. " 

-  40 7 U.S .  14 3 (1968) ,  a t  p .  14 8 

To recap, what we have seen in Terry and Adams (and also of Sibron and Peters mentioned by 

Marshall) ,  i s  th e hewin g ou t  (i n Terry )  o f  a  sizabl e exceptio n t o th e Fourt h A m e n d m e n t  requiremen t 

of  probabl e cause ,  an d essentiall y  a  carvin g ou t  o f  a n exceptio n t o th e exceptio n o f  Terr y (i n 

Adams)  despit e th e dissenters '  complaints .  Tha t  is ,  afte r  allowin g stop>-and-fris k i n Terr y whe n 

five  precondition s ar e met ,  th e Cour t  the n weaken s an d elevate s th e first  reasonabl e suspicio n 

507 



Rissland ,  Collin a 

condition. So now the antecedent to the action stop-and-frisk rests primarily on the predicate of 

reasonabl e suspicio n whos e forc e ha s bee n weakene d b y stretchin g it s meaning . 

This second example of a learning episode is interesting to compare with our first. First of all, the 

stop-and-fris k episod e feel s lik e a  mor e compac t  learnin g episod e wher e th e first  di d not .  Wherea s 

th e court s too k fifty  o r  s o year s t o spel l  ou t  th e inherentl y dangerou s exception ,  th e stop-and-fris k 

exceptio n wa s well-articulate d i n on e case .  Th e emphasi s i n th e inherentl y dangerou s episod e wa s 

on progressivel y refinin g th e concep t  inherentl y dangerou s an d th e exceptio n t o th e privit y rule , 

an d th e situatio n onl y get s well-settle d i n th e final  case .  T h e emphasi s i n th e stop-and-fris k episod e 

i s o n arguin g th e importanc e o f  th e predicat e reasonabl e suspicio n an d spawnin g of f  a  discussio n 

m u ch lik e th e inherentl y dangerou s on e fo r  th e meanin g o f  th e concep t  o f  reasonabl e suspicion . 

Th e nex t  stag e o f  th e stop-and-fris k story ,  whic h w e don' t  hav e spac e t o recount ,  i s  t o wor k ou t 

what  i s mean t  b y a  "stop* ,  especiall y th e parameter s o f  it s duratio n an d plac e o f  occurrence .  Thu s 

bot h example s illustrat e h o w a  rul e an d th e concept s imderlyin g i t  evolv e jointly .  T h e tensio n i n 

interpretation—an d henc e learning—seesaw s betwee n formulatio n o f  th e rul e an d definitio n o f  it s 

ingredien t  concepts . 

THE ATTRACTIVE NUISANCE DOCTRINE 
LEARNING T H E R U L E O F T H E LEA D CAS E 

In our third and last example, we examine an episode from an area of trespass law : the doctrine 

of  attractiv e nuisance .  A  longe r  expositio n o f  thi s are a ca n b e foun d i n [Collins ,  1986] .  Thi s i s 

anothe r  exampl e o f  th e creatio n o f  a n exceptio n t o a  well-settle d rule .  However ,  instea d o f  focusin g 

on th e evolutio n o f  th e doctrina l  rule ,  w e focu s o n th e evolutio n o f  th e rul e o f  th e lea d case . 

Doctrinal rules are what we have examined in the first two examples. They are rules which sum-

mariz e th e stat e o f  th e cas e la w a s a  whole .  T h e rul e o f  a  <̂ ase .  o n th e othe r  hand ,  refer s t o wha t 

an individua l  cas e stand s fo r  i n th e law .  Th e differenc e i s mos t  apparen t  a t  th e en d o f  a  learnin g 

episode ;  initiall y  the y m a y b e identical .  A s exampl e o f  th e difference ,  th e final  doctrina l  rul e fo r 

liabilit y  o f  manufacturer s t o thir d partie s concern s item s whic h ar e dangerou s i f  defective .  Th e rul e 

of  th e lea d case ,  Thoma s v .  Winchester ,  say s tha t  onl y i n th e cas e o f  a n ite m inherentl y dangerou s 

i s ther e liability . 

Attractive nuisance doctrine deals with the liability of a landowner to young children who receive 

injurie s whil e trespassing .  Not e thi s i s a n exceptio n t o th e usua l  situatio n wher e a  landowne r 

owes n o dutie s t o trespassers ,  excep t  t o refrai n fro m intentionall y iî urin g the m eithe r  i n perso n 

or  throug h th e us e o f  traps .  Thi s doctrin e evolve d throug h a  lin e o f  case s i n th e manne r  w e hav e 

alread y see n i n ou r  first  tw o examples .  It s lea d cas e i s Siou z Cit y an d Pacifi c  Railroa d Compan y 

V.  Stou t  8 4 U.S .  65 7 (1873) . 

What we wamt to concentrate on in this section is describing how the legal system comes to learn 

what  Stou t  stand s for ,  tha t  is ,  wha t  th e rul e o f  Stou t  is .  I n it s mos t  specifi c  interpretation ,  th e 

rul e o f  Stou t  i s a  rul e wit h anteceden t  condition s identica l  t o th e lega l  fact s o f  th e case ,  an d wit h 

consequen t  identica l  t o it s lega l  conclusion .  I n discussin g th e rul e o f  a  cas e on e doe s no t  tisuall y 

want  t o stat e th e rul e i n thi s mos t  specifi c  for m fo r  the n i t  i s  sur e t o matc h almos t  n o othe r  cas e 

tha t  come s befor e a  cour t  an d thu s canno t  b e applie d t o thes e othe r  cases .  O n th e othe r  hand ,  i f 

one jump s t o generalities ,  especiall y i n th e antecedents ,  on e migh t  easil y over-generalize .  S o th e 
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problem becomes j\ist what range of possibilities is to be stood for by the case. This is another 

CEA-iik e task .  Again ,  subsequen t  case s wil l  b e th e sourc e o f  positiv e an d negativ e exemplars . 

This phenomenon of learning what a case stands for by examining successor cases was described 

by Kar l  Llewelly n : 

"Applying this two-faced doctrine of precedent to your work in a case class you get, 

i t  seem s t o me ,  som e resul t  a s thi s :  Yo u rea d eac h cas e fro m th e angl e o f  it s  m a x i m u m 

valu e a s preceden t  .. .  Contrariwise ,  yo u wil l  als o rea d eac h cas e fo r  it s m in imu m valu e 

as precedent ,  t o se t  agains t  th e m a x i m u m .. .  Th e first  questio n is ,  ho w muc h ca n thi s 

cas e b e fairl y mad e t o stan d fo r  b y a  late r  cour t  t o w h o m th e preceden t  i s welcome ? 

.. .  Th e secon d questio n is ,  ho w muc h i s ther e i n thi s cas e tha t  canno t  b e go t  around , 

eve n b y a  late r  cour t  tha t  wishe s t o avoi d it? " 

-  Llewellyn ,  1930 ,  a t  p .  6 9 

Llewellyn is clearly speaking of several things here such as the nature of precedent. He previously 

spok e o f  th e natur e o f  "loose "  versu s "strict "  precedent ;  th e forme r  i s readin g a  rul e broadl y t o 

cove r  a  larg e rang e o f  cases ,  th e limitin g maximall y genera l  situatio n bein g coverag e o f  al l  case s 

(i.e. ,  a  rul e wit h n o antecedents) ,  an d th e latte r  i s  readin g narrowl y t o cove r  a  smal l  rang e o f  cases , 

th e limitin g maximall y specifi c  situatio n bein g coverag e o f  onl y th e cas e wher e th e rul e originall y 

came from .  Tha t  is ,  th e rul e o f  preceden t  ca n allo w fo r  a  rang e o f  interpretation s jus t  a s w e se e i n 

versio n spaces . 

In order to see how this process of interpretation through subsequent cases leads to the rule of a 

case ,  w e loo k a t  ho w th e rul e o f  th e Stou t  cas e evolved .  A  summar y o f  th e fact s o f  Stou t  ar e : 

Henry Stout, who was a child of six years, was injured on a turntable belonging to the 

Siou x Cit y an d Pacifi c  Railroa d Company .  Th e turntabl e wa s i n a n ope n spac e nea r 

tw o travele d road s bu t  wit h fe w house s i n it s vicinity ;  i t  wa s abou t  a  quarte r  mil e fro m 

th e railroad' s statio n hous e an d wa s no t  enclose d o r  visibl y separate d fro m acUoinin g 

properties .  Stou t  wen t  t o pla y o n th e tiuntabl e o n th e suggestio n o f  tw o olde r  boys , 

aged nin e an d ten ,  on e o f  w h o m ha d previousl y playe d there .  A s th e boy s bega n t o tur n 

th e turntable ,  Henry' s foo t  wa s caugh t  betwee n th e en d o f  th e rai l  o n th e turntabl e a s 

i t  wa s revolving ,  an d th e en d o f  th e iro n rai l  o n th e mai n trac k o f  th e road ,  an d wa s 

crushed . 

Railroa d worker s ha d previousl y see n boy s playin g o n th e turntabl e an d ha d forbidde n 

the m fro m playin g there .  Thi s wa s Stout' s first  visi t  t o pla y there .  Th e turntabl e ha d 

a broke n latc h a t  th e tim e o f  th e accident ,  althoug h thi s latc h wa s easil y undon e an d 

whose mai n purpos e wa s no t  t o loc k o r  guar d th e turntabl e bu t  t o kee p i t  i n positio n 

whil e bein g used . 

The Supreme Court upheld the lower court's verdict for the plaintiff. It decided that the plaintiff was 

not  himsel f  negligent ,  eithe r  directl y o r  throug h hi s trespass ,  becaus e hi s tende r  ag e exempte d hi m 

fro m th e sam e degre e o f  car e require d o f  a n adult .  Thus ,  th e fac t  tha t  Henr y Stou t  wa s si x year s ol d 

i s mos t  relevan t  t o th e cas e an d th e languag e o f  th e opinio n suggest s tha t  thi s generalize s t o al l 

childre n o f  tende r  years .  Furthe r  lega l  conclusion s wer e :  (1 )  th e turntabl e wa s dangerou s an d likel y 

t o caus e iigur y t o childre n (evidence d b y Stout' s  injury) ;  (2 )  th e defendan t  shoul d hav e anticipate d 
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children would resort to it (evidenced by the fact that even though it was located in a remote place, 

childre n ha d previousl y playe d ther e an d ha d bee n observe d b y railroa d employees) ;  an d (3 )  th e 

defendan t  coul d hav e take n mino r  precaution s t o preven t  th e acciden t  (e.g. ,  fixed  th e broke n latch , 

erecte d a  fence) . 

To use CEA to learn the rule of Stout, we need to initialize our version space. See Figure 2. The 

most  specifi c  instanc e i s jus t  th e fact s an d conclusio n o f  Stou t  : 

A n t e c e d e n t :  Henr y Stou t 

w ho wa s si x year s ol d 

receive d a  crushe d foo t  fro m 

a dangerou s railroa d turntabl e 

on S C & P R R propert y 

on whic h h e trespasse d 

an d whic h S C & P R R coxil d hav e anticipate d 

an d whos e acciden t  wa s easil y preventabl e 

C o n s e q u e n t  :  S C & P R R i s negligen t  an d shoul d hav e anticipate d an d prevente d thi s incident . 

We als o nee d a  mos t  genera l  formulatio n o f  th e rul e o f  Stout .  T o d o thi s w e wil l  simpl y se t  al l  th e 

attribute s mentione d i n th e mos t  specifi c  rul e t o b e th e uppe r  o r  mos t  genera l  numeri c o r  symboli c 

value .  T h e valu e hierarchie s w e us e ar e somewha t  arbitrar y an d ar e fo r  illustrativ e purpose s 

only .  Thu s fro m subsequen t  cases ,  wha t  i s t o b e lezmie d i s no t  onl y th e ingredien t  conjunct s bu t 

als o thei r  range s o f  values .  Thi s sor t  o f  to p d o w n learnin g ha s recentl y bee n studie d b y F u an d 

Buchana n [1985 ]  i n thei r  R L program .  I n particular ,  al l  o f  ou r  subsequen t  case s wil l  b e negativ e 

trainin g instance s an d wil l  serv e t o specializ e th e rule . 

Training Instance 1: Smith v. Hopkins, 120 F 921 (1902): 

Facts: Plaintiff was an 18 year old high school student who was killed while on a picnic with his 

friend s whe n h e walke d u p o n a  pil e o f  railroa d tie s place d o n defendan t  railway' s righ t  o f  wa y an d 

whic h collapsed . 

Holding; Plaintiff lost. Court reasoned Stout did not apply here because pluntiff was 18 and of an 

understandin g mind . 

Rule Update: Specialize range of plaintiff's age from any age to young, the next most specific 

categor y excludin g a n 1 8 yea r  old. * 

Training Instance 2: Reidel et al. v. West Jersey RR Co., 177 F 374 (1910) 

Facts: Plaintiff, seven or eight years old, was playing with other children near a rulroad track and 

sa w som e flowers  o n th e othe r  sid e o f  th e track .  Acces s t o th e trac k wa s barre d wit h a  fenc e an d 

a bolte d gate .  T h e childre n unbolte d th e gat e an d starte d across .  Whil e crossing ,  pluntif f  fel l  o n 

th e "thir d rail "  an d wa s burne d b y th e current . 

Holding: For the defendant since, unlike Stout, the property was adequately guarded by a fence. 

'*W e coul d als o tr y t o specializ e Stou t  b y addin g a  coi\junc t  "no t  includin g railroa d ties* .  W e don' t  becaus e i n it s 

opinion ,  th e cour t  pointe d t o th e differenc e i n th e pluntiffs '  age s a s th e basi s t o distinguis h Stout . 
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Update: Specialize prevention predicate to exclude above average care. 

Training Instance 3: Heller «. N.Y., N.H. & H.R. Co., 265 F 192 (1920). 

Easis: Defendant owned and maintained an electrical wire passing close to a bridge abutment that 

was covere d wit h a  screen .  Th e plaintiff ,  a n eleve n yea r  ol d boy ,  climbe d th e abutmen t  som e twent y 

fee t  o r  more ,  climbe d throug h a  hol e i n th e screen ,  reache d ou t  wit h a  pain t  ca n som e 2 9 inches , 

touche d th e wire ,  an d wa s electrocuted . 

Holding: For the defendant since the plaintiff's extraordinary act was not foreseeable. 

Update: Specialize the range of anticipation predicate to exclude extraordinary unforeseeable situ* 

ations . 

Given these three training instances, the most general interpretation for the rule of Stout is now 

as show n i n Figur e 3  (th e mos t  specifi c  rul e i s unchanged) . 

In summary, what we have tried to illustrate with our third example is how the possible interpre-

tatio n o f  th e rul e o f  a  cas e i s refine d throug h subsequen t  cases .  I n particular ,  w e hav e show n ho w 

th e rul e o f  th e cas e i s specialize d throug h subsequent ,  negativ e trainin g instances . 

CONCLUSION 

What we have shown in this paper is how the law can be viewed as a system that learns from 

experienc e i n a  CEA-lik e manner .  W e presente d thre e episode s o f  suc h learning .  Th e first,  th e 

inherentl y dangerou s example ,  show s ho w th e la w learn s bot h a  rul e (actuall y a n exceptio n t o a 

rule )  an d th e underlyin g concep t  hierarch y simultaneously .  Th e second ,  stop-and-fris k example , 
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shows how the law refines a rule (again, an exception to a rule) through discussing ingredient 

precondition s a s wel l  a s (recursively )  learnin g th e concept s use d i n th e rule .  Th e thir d exampl e 

shows ho w futur e (negative )  exemplar s ar e use d t o lear n th e rul e o f  a  case . 
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ABSTRACT 

A connectionist network has been used to simulate the solution, using a hill-climbing heuristic, 

of  th e D O G -  >  C A T puzzl e (changin g 1  lette r  a t  a  time ,  generat e a  sequenc e o f  3-lette r  word s 

beginnin g wit h D O G an d endin g wit h C A T )  an d a  simple r  varian t  o f  th e 8-til e puzzle ,  th e 

dog-cat-mous e ( D C M )  ̂'uzzl e devise d b y Klah r  (1985) .  Distribute d representation s hav e bee n 

use d t o represen t  th e dilFcren t  possibl e state s o f  th e puzzles .  Thes e state s ar e learne d b y th e 

networ k an d becom e loca l  energ y min im a o f  th e system .  T o simulat e th e sequenc e o f  state s 

correspondin g t o a  solutio n o f  th e puzzle ,  th e initia l  stat e o f  th e networ k i s se t  t o th e star t 

state ,  an d th e goa l  stat e i s  presente d t o th e networ k a s a  continuou s input .  A  sequenc e oi " 

state s i s generate d b y habituation ,  a  short-ter m modificatio n o f  th e connectio n strength s when -

eve r  al l  th e element s i n th e networ k ar e maximall y o r  minimall y activated ,  an d b y exploitin g 

th e propert y tha t  successiv e state s comprisin g th e solutio n ar e similar . 

Puzzle s an d game s hav e bee n studie d 

extensivel y becaus e the y illustrat e th e importanc e 

of  searc h i n issue s o f  proble m solving .  I n th e 

classi c 8-puzzle ,  fo r  example ,  8  uniquel y n u m -

bere d tile s fit  int o a  3-by- 3 matri x wit h on e ope n 

space .  T o solv e th e puzzle ,  a  til e adjacen t  t o th e 

ope n spac e i s  sli d int o tha t  position ,  which ,  i n 

turn ,  create s a  n e w configuratio n wit h th e ope n 

spac e n o w i n a n adjacen t  position .  Thi s contin -

ues unti l  th e goa l  stat e ( a particula r 

configuratio n o f  th e tiles )  i s attained . 

Althoug h quit e a  larg e numbe r  o f  distinc t 

configuration s exis t  (9 !  =  362,880 ,  excludin g 

rotation s an d reflections) ,  a  fe w move s ar e 

sufficien t  t o ge t  t o th e goa l  stat e fro m an y start -

in g state .  F r o m an y give n configuration ,  ther e 

ar e 2 ,  3 ,  o r  4  possibl e successiv e state s dependin g 

o n whethe r  th e ope n spac e i s a t  a  comer ,  a n 

edge ,  o r  th e center ,  respectively .  I f  move s bac k 

t o th e previou s stat e ar e no t  allowed ,  eve n fewe r 

possibilitie s arise .  T h e se t  o f  configuration s tha t 

ar e possibl e comprise s th e proble m spac e o r  stal e 

space .  Th e differen t  way s o f  transfonrun g on e 

stat e t o anothe r  ar e k n o w n a s operators . 

O ne approac h t o solv e thi s puzzl e involve s 

th e us e o f  searc h tree s (o r  graphs) .  Eac h nod e 

i n th e tre e represent s a  particula r  configuratio n 

of  th e puzzle ,  an d arc s coimec t  possibl e succes -

siv e configurations .  Begirmin g a t  th e roo t  o f  th e 

tree ,  th e star t  state ,  th e tre e ca n b e systematicall y 

searche d i n a  breadth-firs t  (explorin g al l  th e 

node s a t  on e leve l  befor e goin g t o th e nex t  lowe r 

level )  o r  depth-firs t  (followin g a  pat h fo r  a  fixed 

number  o f  levels ,  the n retracin g tha t  pat h an d 

explorin g alternativ e path s i f  th e searc h fails ) 

manner . 

I n contras t  t o th e algorithmi c solutio n 

describe d above ,  a  simpl e heuristi c ca n b e use d 

instead .  O n e suc h heuristic ,  hill-climbing ,  con -

sist s o f  selectin g tha t  chil d o f  th e curren t  nod e 

tha t  i s closes t  t o th e goa l  state ,  the n selectin g th e 

bes t  chil d o f  tha t  nod e whil e ignorin g it s sibling s 

an d off"sprin g o f  thos e siblings .  N o m e m o r y o f 

previou s state s considered ,  no r  th e pat h tha t  le d 

t o th e curren t  stat e nee d b e stored .  Suc h 

method s ar e appealin g becaus e the y ar e usuall y 
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faste r  (whe n successful )  an d see m t o mirro r  a t 

leas t  som e o f  th e processe s o f  h u m a n proble m 

solvers . 

O ne importan t  charactensci c o f  possibl e 

successiv e state s tha t  wil l  b e exploite d i n thi s 

stud y i s tha t  change s fro m on e stat e t o anothe r 

ar e incremental ,  wit h successiv e state s bein g a s 

simila r  a i  the y coul d possibl y b e withou t  bein g 

identical .  Note ,  however ,  tha t  no t  al l  suc h 

minimall y distinc t  state s ar e possibl e successor s 

of  eac h other .  I n th e 8-puzzle ,  fo r  example ,  onl y 

thos e involvin g th e m o v e m e n t  o f  a  til e fro m it s 

curren t  positio n t o a n adjacen t  empt y positio n 

ar e possibl e successors ,  wherea s configuration s 

wit h tw o tUe s switche d ar e not . 

I n implementation s t o date ,  eac h stat e ha s 

bee n bee n represente d a s a  distinc t  node ,  wit h 

arc s representin g lega l  m o v e s betwee n tw o states . 

A distribute d representatio n (wher e eac h stat e i s 

represente d a s a  patter n o f  activit y ove r  a  se t  o f 

features )  can ,  however ,  m o r e naturall y exploi t 

th e hill-cUmbin g heuristic .  •  Ther e ha s bee n a  lo t 

of  discussio n o f  distribute d representation s 

(Anderson ,  Silverstein ,  Ritz ,  an d Jones ,  1977 ; 

Hinton ,  McClelland ,  an d Rumelhart ,  1986 ; 

K n a p p an d Anderson ,  1984 ;  .McClellan d an d 

Rumelhart ,  1985 )  b y investigator s usin g a n 

approac h k n o w n i n som e circle s a s paralle l  dis -

tribute d processing ,  o r  mo r e generally ,  connec -

tionism ,  tha t  explore s paralle l  computin g archi -

tectures .  Suc h distribute d representation s hav e 

bee n show n t o b e importan t  i n issue s o f  learnin g 

and generalization .  Thi s stud y show s tha t  thi s 

representatio n schem e ca n b e exploite d i n issue s 

of  proble m solvin g a s well . 

T o date ,  on e drawbac k wit h a  coimection -

is t  approac h arise s fro m th e fac t  tha t  onc e th e 

networ k o f  element s settl e int o a  state ,  th e net -

wor k remain s i n tha t  state .  Thus ,  criticism s exis t 

tha t  whil e a  solutio n boun d b y a  se t  o f  con -

•  Th e reade r  i s cautione d t o b e awar e tha t  tw o closel y 
relate d notion s o f  hill-climbin g ar e use d i n thi s paper . 
One I S fro m th e A I  literatur e o n searc h heursitics ,  an d 
th e othe r  one .  quit e simila r  i n spirit ,  anse s fro m th e 
connectionis i  literatur e i n term s o f  searchirv g fo r  a  par -
ticula r  stat e (energ y minimum) .  I n th e framewor k o f 
thi s paper ,  th e forme r  influence s th e selectio n o f  subse -
quent  states ,  an d th e latte r  allow s th e networ k t o find 
loca l  energ y minima .  T o minimiz e possibl e confusion , 
th e term s relaxin g o r  settlin g wil l  b e use d i n discussion s 
of  finding  loca l  energ y minima . 

slr.iint s ca n b e foun d m parallel ,  seria l  behavio r 

ri' ;  iirin g transition s t o successiv e state s carmo t 

be simulate d b v thes e networks . 

Rumelhart ,  Smolensky ,  McClelland ,  an d 

Hiitto n (1986 )  pointe d ou t  tha t  th e dilemn a 

regardin g sequence s o f  state s ca n b e resolve d b y 

notin g tha t  th e syste m ca n chang e wit h a  chang e 

i n th e externa l  environment ,  a  chang e tha t  ca n 

be effecte d i n s o m e case s b y th e experience r 

(e.g. ,  g a m e playing) .  T h e y als o note d tha t  thes e 

idea s ca n b e extende d i n a  w a y tha t  allow s theii e 

network s t o simulat e menta l  simulation . 

Ther e is ,  however ,  a  clas s o f  stimu U tha t 

ar e mul t  i s  tabl e (e.g. ,  th e Necke r  cube) .  I n thes e 

cases ,  a  fixed  stimulu s ca n b e perceive d i n tw o 

differen t  configurations '  tha t  alternat e wit h eac h 

other .  Thes e stimu U sugges t  a n alternativ e base d 

o n th e notio n o f  habituation ,  whereb y continue d 

activit y o f  a  pai r  o f  element s result s i n a  short -

ter m attenuatio n o f  tha t  cormectio n ( K a w a m o t o 

& Anderson ,  1985) .  Thi s propert y wU l  b e use d 

t o simulat e th e solution ,  usin g "weak "  methods , 

of  tw o simpl e puzzles ,  th e D O G -  >  C A T p v a z l e 

(i.e. ,  chang e D O G t o C A T b y replacin g on e 

lette r  suc h tha t  eac h lette r  triple t  i s a  lega l  wo rd ) 

as wel l  a s a  simple r  varian t  o f  th e 8-puzzl e dev -

ise d b y Klah r  (1985 )  knowT i  a s th e dog-cat -

mouse (DCM )  problem . 

T HK M O D EL 

The approac h use d her e i s base d o n th e 
wor k o f  Anderso n an d hi s colleague s (Anderson , 
Silverstein ,  Ritz ,  &  Jones ,  1977 ;  Anderson , 

1983) .  Sinc e thi s mode l  ha s bee n describe d i n 

detai l  elsewher e (Anderson ,  e t  al. ,  1977 ;  Ander -

son ,  1983 ;  Kawamot o &  Anderson ,  1985) ,  onl y 

th e majo r  point s an d mor e recen t  development s 

wil l  b e note d here .  Th e us e o f  a  networ k o f  sim -

pl e processin g element s operatin g i n p.u-alle l  t o 

simulat e cognitiv e phenomeno n i s ver y simila r  t o 

many other s (se e Feldman ,  1985 ;  McClellan d & 

Rumelhart ,  1986; .  Rumelhar t  &  McClelland , 

1986) . 

Network architecture 

Auto-associativ e network .  T h e principl e 

networ k consiste d o f  21 6 elements ,  wit h eac h 

elemen t  formin g cormection s t o ever y othe r  ele -

ment  i n th e networ k (henc e th e n a m e ,  auto -
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associative) .  Th e activit y o f  a n elemen t  i s 

represente d a s a  rea l  valu e rangin g betwee n -1. 0 

and +  1.0 .  Thes e limit s constrai n th e activit y o f 

th e networ k withi n a  liigh-dimensionalit y hyper -

cub e an d i s th e basi s fo r  referrin g t o thi s mode l 

as th e "brain-statc-in-a-box. "  Th e activit y o f  a n 

elemen t  change s wit h time ,  wher e tim e change s 

i n discret e steps ,  suc h tha t  subsequen t  activit y o f 

an element ,  x, ,  i s  simpl y th e su m o f  th e input , 

s, ,  som e fraction ,  5 ,  o f  it s  activit y a t  th e previou s 

iteration ,  an d th e activit y o f  al l  th e othe r  ele -

ments ,  Xj ,  weighte d b y th e cormectio n strength , 

CO,. .  Tha t  is . 

X, U + h = L/.V//r|s, + 5x, (0 +10),; x/01. (1) 

where Z,LV/Z7 -constrains the activity to the range 

fro m -1. 0 t o ^  l.O .  Th e strength s o f  thes e con -

nection s ar c determine d adaptivel y durin g th e 

learnin g phas e i n th e manne r  describe d i n a  late r 

section .  Sinc e eac h elemen t  i s cormecte d wit h 

ever y othe r  element ,  a  feedbac k loo p i s forme d 

and th e stat e o f  th e syste m continue s t o chang e 

unti l  al l  th e element s i n th e networ k ar e 

saturate d (i.e. ,  minimall y o r  maximall y 

activated) . 

Associativ e network .  Fo r  th e D C M puzzl e 

only ,  th e networ k wil l  b e supplemente d wit h a 

secon d se t  o f  21 6 element s whos e activit y 

represent s th e mos t  recen t  puzzl e configuration . 

Cormection s fro m /  t h elemen t  o f  thi s se t  o f  de -

ment s form s connection s v ^  t o th e j  t h elemen t 

of  th e firs t  se t  o f  elements .  Th e cormection s v, y 

captur e th e constrain t  o n lega l  moves . 

Representation 

I n thi s approach ,  eac h stat e i s represente d 

as a  patter n o f  feature s tha t  ar e eithe r  o n ( a 

valu e o f  +  1.0 )  o r  of f  ( a valu e o f  -1.0) .  Fo r  bot h 

th e D O G -  >  C A T puzzl e an d th e D C M puzzle , 

ther e ar e alway s a  fixed  numbe r  o f  component s 

tha t  compris e th e configuration .  I n th- j  first 

case ,  ther e ar e alway s onl y 3  letters ,  an d i n th e 

secon d case ,  ther e ar e alway s a  fixed  numbe r  o f 

position s an d 3  token s place d i n thos e positions . 

A wor d o r  configuratio n i s forme d simpl y b y 

concatenatin g pattern s correspondin g t o letters , 

or  token s an d thei r  positions .  A  mor e detaile d 

descriptio n o f  th e representation s wil l  b e post -

pone d unti l  th e puzzle s themselve s ar e discussed . 

Learning 

An importan t  aspec t  o f  modelin g effort s o f 

thi s typ e i s th e trainin g involve d i n producin g a 

networ k tha t  successfull y generate s th e desire d 

outpu t  fo r  a  give n input .  Thi s i s achieve d b y 

modifyin g th e connectio n strength s betwee n 

pair s o f  element s t o captur e th e correlation s i n 

thei r  activities .  On e approac h introduce d b y th e 

earl y investigator s o f  learnin g i n network s 

(Rosenblatt ,  1962 ;  Widro w &  Hoff ,  1960 )  i s t o 

use "error-correction "  schemes .  Modificatio n o f 

th e synapti c weight s proceed s b y minimizin g 

(i.e. ,  correcting )  th e erro r  betwee n th e desire d 

outpu t  an d th e actua l  output .  Fo r  example ,  i f 

th e patter n g  (representin g a  3-lette r  wor d o r  a 

particula r  puzzl e configuration )  i s t o b e learned , 

th e differenc e betwee n th e correc t  valu e o f  th e i 

t h elemen t  o f  g ,  g, ,  an d it s actua l  valu e afte r  a 

singl e iteratio n throug h th e network ,  g,' ,  i s  use d 

t o determin e th e exten t  o f  th e modification . 

Here ,  g ,  i s  simpl y 

g;=LIMIT[Z<o,jgj\ . 
j 

(2 ) 

Afte r  a  learnin g trial ,  eac h connectio n strengt h 

<B,y i s modifie d b y 

A%='n(g,-g')g; . (3 ) 

wher e r |  i s  a  scala r  learnin g constant . 

For  th e D C M puzzle ,  th e connection s v ^ 

captur e th e constrain t  o f  allowabl e moves .  I n 

thi s case ,  th e locatio n o f  th e ope n positio n o f  th e 

puzzl e alway s change s wit h eac h move .  Thi s ha s 

been implemente d b y associatin g th e patter n 

representin g th e ope n positio n i n eac h o f  th e 4 

differen t  slot s wit h possibl e successiv e ope n posi -

tions .  Thes e cormection s wer e modifie d accord -

in g t o a  Hebbia n learnin g schem e (Anderson ,  e t 

al. ,  1977) . 

Energy 

Althoug h learnin g i s generall y a n importan t 

consideratio n fo r  thi s modelin g approach ,  thi s 

particula r  aspec t  i s no t  o f  primar y importanc e i n 
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thi s study .  Rather ,  thi s simulatio n exploit s th e 

propert y tha t  learnin g algorithm s o f  th e typ e 

use d her e lea d t o th e inpu t  pattern s becomin g 

loca l  energ y minim a (i.e. ,  stabl e states )  o f  th e 

syste m (Golden ,  1986 ;  Hopfield ,  1982) .  I n thes e 

networks ,  eac h successiv e state ,  x ,  i s  mor e ener -

geticall y favorabl e tha n th e previou s state .  Fo r 

th e D O G - > C A T puzzle ,  a n energ y measur e 

analogou s t o on e use d b y Rumelhart ,  e t  al . 

(1986 )  i s used , 

£ (0 = - S 1% X, (Ox, (0 -1", {I )s,. (4) 

The hill-climbing search heuristic arises from the 

contributio n o f  th e stimulus ,  s ,  an d th e curren t 

activity ,  x .  Fo r  th e D C M puzzle ,  th e additiona l 

constrain t  impose d b y allowabl e transition s 

yield s 

£(0= -S1% x,(r)x/0-Sx, (/)s, (5) 

-Slv,>c,x,(0, 
-  J 

where c represents the most recent stable state. 

HabiCuation 

Sinc e th e element s a t  on e laye r  ar e inter -

connected ,  a  positiv e feedbac k loo p i s formed . 

Thus ,  onc e al l  th e element s i n th e networ k ar e 

saturated ,  the y ten d t o remai n saturated .  O n e 

solutio n t o ge t  th e syste m ou t  o f  thi s stabl e stat e 

i s t o habituat e th e syste m b y a  short-ter m 

modificatio n o f  th e connectio n strength s 

(Kawamot o &  Anderson ,  1985) .  Give n th e 

stabl e stat e c ,  a  "comer "  o f  th e hypercube ,  th e 

connection s ar e modifie d b y 

AcOy=yc,c, , (6 ) 

wher e y  i s negativ e value d scala r  constant .  Thi s 

modificatio n take s plac e o n eac h iteratio n th e 

syste m i s i n th e stabl e state .  However ,  thi s 

modificatio n i s onl y temporar y a s th e effec t 

decrease s exponentiall y  wit h time . 

Essentially ,  habituatio n result s i n a  chang e 

i n th e energ y landscape ;  i.e. ,  th e curren t  stabl e 

stat e become s les s energeticall y favorable .  A t 

some point ,  tha t  stat e n o longe r  correspond s t o 

a loca l  energ y m i n i m u m an d th e stat e o f  th e net -

wor k move s awa y fro m thi s poin t  towar d a  n e w 

loca l  energ y m i n i m u m . 

D O G-  >  C A T P U Z Z L E 

Puzzle Description 

Th e objectiv e o f  thi s puzzl e i s t o transfor m 

a give n 3-lette r  word ,  D O G.  t o a  differen t  3-lette r 

word ,  C A T ,  b y replacin g a  singl e lette r  o f  th e 

curren t  wor d o n eac h successiv e m o v e suc h tha t 

eac h n e w lette r  triple t  form s a  vali d word . 

Representation 

I n thi s simulation ,  th e 3 0 3-lette r  word s 

liste d i n Tabl e 1  wer e learne d b y th e network . 

Eac h lette r  i s  represente d b y a  72-dimensiona l 

rando m vector .  Thes e pattern s ar e simpl y con -

catenate d i n th e appropriat e orde r  t o produc e 

th e patter n fo r  eac h word . 

Simulation 

O ne aspec t  o f  thi s puzzl e tha t  make s i t 

somewhat  difficul t  i s  th e larg e numbe r  o f  possi -

bl e operator s (2 5 possibl e lette r  replacement s a t 

eac h o f  3  lette r  positions )  fo r  an y give n state , 

most  o f  whic h lea d t o non-lega l  state s (i.e. , 

non-words) .  Rathe r  tha n tryin g al l  possibilities , 

on e strateg y i s t o substitut e a  lette r  fro m th e 

curren t  wor d wit h th e lette r  i n th e correspondin g 

positio n fro m th e goal ,  e.g. ,  C  i n positio n 1 . 

(Thes e possibUtie s woul d al l  b e "uphill "  i n term s 

of  th e hill-climbin g heuristic. )  Thi s wil l  limi t  ini -

tia l  consideratio n t o jus t  3  ver y likel y possibili -

ties .  Onc e a  possibilit y  ha s bee n generated ,  i t 

ca n b e teste d t o se e whethe r  o r  no t  th e resultin g 

triple t  i s  a  wor d o r  not .  I n contras t  t o thi s 

sequentia l  metho d o f  considerin g differen t  possi -

bilities ,  th e approac h use d her e essentiall y  con -

sider s al l  choice s i n parallel .  Moreover ,  th e 

model ,  i n general ,  "considers "  onl y lega l  words . 

Afte r  th e 3 0 word s fro m Tabl e 1  wer e 

learned ,  th e networ k wa s teste d t o determin e 

whethe r  a  sequenc e o f  stabl e state s correspond -

in g t o a  solutio n coul d b e generated .  Th e initia l 

stat e o f  th e networ k wa s se t  t o D O G,  an d o n 

eac h iteration ,  th e patter n correspondin g t o th e 

goa l  stat e C A T ,  wa s provide d a s inpu t  t o th e 
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Tabl e I .  Lis t  o f  th e 3 0 3-lette r  word s learne d b y th e 

network . 

A I M 
A PE 
A RC 
B UN 
C AR 
C AT 
C OG 
C OT 
DI G 
D OG 

D OT 
D LB 
EEL 
E GO 
G NU 
G UM 
IL L 
IM P 
IR E 
L ED 

LI P 
M AD 
PI N 
O RE 
R OB 
SUB 
S UN 
TI P 
U RN 
USE 

Tabl e 2 .  A  simulatio n o f  th e solutio n D O G - > CO G 
- > COT- > CAT . 

0. DOG 

1. DOG 

20. 
23. 
36. 
47. 

48. 
59. 
78. 

87. 

88. 
95. 
98. 

111. 

114. 

OG 
O 
OG 

C OG 

C OG 
CO 

O 
C OT 

C OT 
C T 

T 
C T 
C AT 

Note :  Th e underscore s indicat e tha t  th e subse t  o f  ele -

ments ar e no t  al l  saturated . 

network. A selected sample of states during the 

iteratio n ar e displaye d i n Tabl e 2 .  Wheneve r  th e 

networ k reache s a  stabl e state ,  th e connection s 

ar e habituate d i n th e manne r  describe d earlier . 

The sequenc e o f  stabl e state s i s D O G •  > 

C OG - > C O T • > C A T .  Whil e ther e ar e n o 

character s coimno n t o bot h th e startin g state , 

D O G,  an d goa l  state ,  C A T .  eac h successiv e stat e 

i s alway s close r  t o th e solution :  i.e. ,  th e solution , 

i n term s o f  heuristi c search ,  i s strictl y uphill . 

Not e tha t  th e mode l  di d no t  generat e non-word s 

suc h a s D A G.  Thi s i s a  genera l  tendenc y tha t 

arise s becaus e th e lowes t  energ y state s o f  th e net -

wor k correspon d t o th e word s learne d durin g th e 

initia l  trainin g period. * 

Ther e ar e aĵ tuall y tw o solution s t o thi s 

puzzle .  I n additio n t o th e solutio n generate d 

here ,  a n alternativ e i s th e sequenc e D O G - > 

D OT - > C O T - > CAT .  Bot h D O T an d CO G 
represen t  equall y goo d state s wit h respec t  t o th e 

goal  state .  I n thi s particula r  solution ,  th e non -

determinis m ha s bcC n resolve d successfull y an d a 

lega l  stabl e stat e wa s generated . 

W h en a n impass e i n proble m solvin g i s 

reached ,  headwa y ca n ofte n b e mad e b y workin g 

backward s fro m th e goa l  stat e towar d th e star t 

state .  I n th e A I  literature ,  suc h a n approac h i s 

used i n searchin g simultaneousl y fro m th e star t 

stat e t o th e goa l  stat e an d fron t  th e goa l  stat e t o 

th e star t  state .  Her e too ,  suc h ar t  approac h ca n 

be used ,  an d th e networ k successfull y simulate s 

th e solutio n i n th e revers e direction ,  C A T - > 

C OT -  >  D O T -  >  D O G.  Not e tha t  here ,  th e 

solutio n take s D O T a s a n intermediat e stat e 

rathe r  tha n C O G. 

Althoug h ther e ar e fals e peak s i n thi s prob -

lem ,  a  proble m doe s no t  aris e becaus e th e initia l 

stat e i s at-th e bas e o f  th e talles t  peak .  Th e nex t 

puzzl o illustrate s a  cas e wher e th e networ k 

begin s a t  a  fals e pea k an d get s dow n from  it . 

D CM P U Z Z L E 

Puzzle Description 

I n thi s varian t  of.th e 8-puzzle ,  ther e ar e 3 

differen t  pieces ,  a  dog ,  a  cat ,  a n d a  m o u s e ,  tha t 

m u st  b e place d i n th e configuratio n s h o w n i n 

Figur e 1 .  A  piec e ca n b e m o v e d onl y t o th e 

o p e n position ,  an d onl y i f  ther e i s a  cormection , 

indicate d b y th e soli d lines ,  from  it s ctirren t  posi -

*  Ther e is .  however ,  n o guarante e tha t  th e networ k wil l 
not  generat e non-word s becaus e ther e ar e essentiall y 
onl y pair-wis e connection s betwee n element s compris -
in g a  pai r  o f  letters .  Th e probabilit y o f  settlin g int o 
state s correspondin g t o word s increase s i f  ther e ar e ad -
ditiona l  unit s uniqu e t o a  give n wor d a s propose d b y 
Hinton(1981) . 
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Tabl e 3 .  Representatio n o f  al l  possibl e configurations . 

Figur e I .  Configuratio n o f  th e D C M puzzle .  Ther e 
ar e 4  position s an d thre e tokens ,  wit h a  toke n allowe d 
t o mov e onl y t o th e ope n positio n (i f  ther e i s a 
connnectio n betwee n th e tw o locations) . 

g ^ ^  m S  , 

H /  /  S  S  0 

r 

13 m .1 4 d  /  \ e 

e\  m /  4  2 0 m 19 " 

J. 

a 

K 

Figur e 2 .  Stat e spac e representatio n o f  th e D C M 
puzzle .  (Fro m Klahr ,  1985 .  Copyrigh t  198 S b y Th e 
Societ y fo r  Researc h i n Chil d Development .  Reprinte d 

by permission. ) 

lion to the open position. 

Representation 

Disregardin g rotation s an d reflections ,  ther e 

ar e 2 4 possibl e configurations .  A  grap h showin g 

al l  possibl e state s an d lega l  transition s i s  show n 

i n Figur e 2 . 

Tabl e 3  show s th e representatio n o f  th e 2 4 

possibl e state s o f  th e puzzle .  Eac h configuratio n 

i s represented  i n th e followin g way :  T h e piec e a t 

eac h o f  th e 4  position s (D ,  C ,  M ,  an d O ) 

representing  Dog ,  Cat ,  M o u s e ,  an d th e O p e n 

position ,  respectively )  a s wel l  a s eac h piece' s 

1 
2 

3 

4 

5. 
6 

7 

8 

9 

10 

11 

12 
13 
14 

15 
16 
17 

18 
19 

20 

21 

2X 
23 
24 

D C MO 

O C MD 

C O MD 

C M OD 

C M DO 

O M DC 

M O DC 

M D OC 

M D CO 

O D CM 

D O CM 

D C OM 
O C DM 
.\ICD O 

M C OD 
M O CD 
O M CD 
D M CO 
D M OC 

D O MC 

O D MC 
C D MO 

C D OM 
C O DM 

d̂ c-̂ rri y 

dtC^m- ^ 

d^c^m- ^ 

dffi^m ^ 

d^c^m-j ^ 

d jC^m 2 

dyC^ni i 

d^^m^ 

d2C-^m^ 

d2C^ni ^ 

dyc-^m ^ 

dyCjin ^ 

^i^i'^ i 
d-iCjiri y 

d̂ ĉ tri y 

d̂ ĉ rri i 

d^c^m 2 

d^c^m 2 

diC4ni 2 

dyC^m- ^ 

^2^4/ "  3 

f/jCi^ j 

d2C^m^ 

d^c^m ^ 

Note :  Th e numbe r  fo r  eac h configuratio n correspond s 
t o tha t  depicte d i n Figur e 2 . 

position (d, c, and m) with a numerical sub-

scrip t  fro m 1  t o 4  coirespondin g t o it s  position) , 

ar e indicate d b y a  distinc t  slot . 

Simulation 

O n ce th e lega l  position s an d constraint s o n 

th e operator s hav e bee n learned ,  th e abilit y o f 

th e networ k t o simulat e th e solutio n o f  th e puz -

zl e wa s observed .  O n e exampl e ru n i s s h o w n i n 

Tabl e 4 .  T h e star t  stat e i s configuratio n 14 ,  an d 

th e networ k successivel y reache s configuration s 

13,  12 ,  an d 1 ,  th e goa l  state . 

Durin g th e cours e o f  runnin g a  n u m b e r  o f 

simulations ,  i t  wa s observe d tha t  no t  al l  state s 

th e networ k settle d int o corresponde d t o a 

configuration .  Fo r  example ,  tw o piece s wer e 

sometime s " m o v e d "  simultaneousl y t o th e ope n 

position ,  creatin g 2  n e w ope n position s an d 
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Tabl e 4 .  Simulatio n o f  solutio n o f  th e D C M puzzle . 

0 M C DO 

1 M C DO 

19 _ C D O 

42 _ C D _ 

51 _ C D _ 

56 O C D _ 

57 O C D _ 

58 O C D M 

59 O C D M 

66 _ C D M 

8Q _ C _ M 

95 _ C _ M 

100 _ C _ M 

105 _ C _ M 

107 _ C O M 

108 _ C O M 

109 D C O M 

110 D C O M 

117 D C _ M 
149 D C _ M 

150 D  M 

154 D C 

158 D C 
161 D C 

163 D C 
167 D C 

168 D C _ 0 

169 D C MO 
171 D C MO 

JjCj/TJ , 

C/3C2'" ! 

f/jĈ /TJ j 

^3<^2^ 1 
d^C^ 

^ J ^ 2 _ 
dyC^m^ 

d iC2m i 

d jC2m ^ 

dyfi^m ^ 

d-^cm ^ 

^2/^ 4 

Ĉ  

<̂ 1<̂ ? . 
d^C2 

d^Cjin ^ 

d\C2m ^ 

d^c^m ^ 

d^C2m^ 

d , C 2 _ 

d^c ^ 

d ^ C 2 _ 

^l<^2* * 
d^c ^ 

c? 

_<^2'" 3 
_ C 2 m3 

_C2'" 3 

l̂C2'" 3 

Note .  Th e underscore s indicat e tha t  th e correspond -
in g se t  o f  unit s ar e no t  saturated .  Th e asteris k indi -
cate s tha t  althoug h th e se t  o f  unit s ar e saturated ,  the y 

do no t  correspon d t o a  define d pattern . 

combination of the two pieces at the position 

tha t  wa s formerl y empty .  Tlii s  wa s a  manifesta -

tio n o f  th e non-determinis m involve d i n choos -

in g a  successiv e stat e an d ha s bee n observe d i n 

youn g childre n (Klahr ,  1985) .  I n othe r  cases , 

th e equivalen t  o f  2  move s wer e sometime s take n 

durin g on e settlin g period . 

I n solvin g puzzles ,  on e wa y t o minimiz e 

th e pat h lengt h fo r  a  solutio n i s t o avoi d backup , 

i.e. ,  no t  returnin g t o th e previou s state .  Here , 

thi s constrain t  i s  impose d a s a  resul t  o f  habitua -

tion .  Previou s state s ar e les s likel y t o b e 

returne d t o simpl y becaus e thes e state s ar e n o 

longe r  energeticall y favorable . 

D I S C I S S I O N 

I n thi s study ,  th e solutio n o f  tw o puzzle s 

usin g a  hill-climbin g searc h heuristi c ha s bee n 

simulate d withi n a  coimectionis t  framework. 

Thi s i s implemente d b y usin g a  distribute d 

representatio n t o captur e similarit y o f  th e state s 

i n th e proble m space .  W h e n th e goa l  stat e i s 

provide d a s a n input ,  th e mor e simila r  a  stat e l i 

t o th e goa l  state ,  th e mor e energeticall y fa\'orabl e 

tha t  stat e is .  Sinc e th e networ k settle s int o loca l 

energ y minima ,  th e state s th e netv\.or k settle s 

int o ar e simila r  t o th e goa l  state .  Onc e th e net -

wor k settle s int o a  stabl e state ,  th e cormection s 

ar e habituated .  Thi s change s th e energ y 

landscap e an d allow s th e networ k t o mov e fro m 

th e curren t  stat e t o a  ne w stabl e stat e tha t  i s 

close r  t o th e goa l  state . 

Network s o f  thi s typ e ca n als o g o fro m on e 

stabl e stat e t o anothe r  (wit h a  fixe d input )  i f  th e 

activit y o f  unit s ar e stochastic .  I n suc h cases , 

th e probabilit y  tha t  th e networ k i s i n a  particula r 

stat e i s determine d fro m th e Bohzman n distribu -

tio n (Ackley ,  Hinton ,  &  Sejnowski ,  1985 ;  Sel -

man,  1985) . 

Althoug h i t  ha s bee n demonstrate d her e 

tha t  cormectionis t  network s ca n simulat e solu -

tio n o f  puzzles ,  th e behavio r  simulate d i s tha t  o f 

a naiv e proble m solver .  I t  woul d b e nic e i f  th e 

networ k coul d als o lear n th e optima l  solutio n 

give n a  particula r  star t  stat e an d goa l  state .  A n 

eve n mor e ambitiou s goa l  i s  fo r  th e networ k t o 

generat e a  representatio n schem e tha t  woul d 

allo w i t  t o generaliz e t o configuration s tha t  wer e 

isomorphic .  Thi s woul d almos t  surel y requir e 

th e networ k t o b e abl e t o trai n hidde n unit s 

usin g method s studie d b y Ackley ,  e t  al .  (1985 ) 

and Rumelhart ,  Hinton ,  an d William s (1985) . 
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B o l t z C O N S :  R e c o n c i l i n g C o n n e c t i o n i s m w i t h 

t h e R e c u r s i v e N a t u r e o f  S t a c k s a n d T r e e s 

David S. Touretzky 
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Abstrac t 

Stack s an d tree s ar e implemente d a s distribute d activit y pattern s i n a  simulate d neura l  networ k 

calle d Bol tzCONS .  Th e Bol tzCON S architectur e employ s thre e idea s fro m connectionis t  symbo l 

processin g - -  coars e code d distribute d memories ,  pullou t  networks ,  an d variabl e bindin g spaces , 

tha t  first  appeare d togethe r  i n Touretzk y an d Hinton' s neura l  ne t  productio n syste m interpreter .  I n 

Bol tzCONS ,  a  distribute d memor y i s use d t o stor e triple s o f  symbol s tha t  encod e con s cells ,  th e 

buildin g block s o f  linke d lists .  Stack s an d tree s ca n the n b e represente d a s lis t  structures .  A 

pullou t  networ k an d severa l  variabl e bindin g space s provid e th e machiner y fo r  associativ e 

retrieva l  o f  con s cells ,  whic h i s centra l  t o BoltzCONS '  operation .  Retrieva l  i s  performe d vi a th e 

Boltzman n Machin e simulate d annealin g algorithm ,  wit h Hopfield' s energ y measur e servin g t o 

asses s th e results .  Th e network' s abilit y  t o recogniz e shallo w energy  minim a a s faile d retrieval s 

makes i t  possibl e t o travers e binar y tree s o f  unbounde d dept h withou t  maintainin g a  contro l  stack . 

Th e implication s o f  thi s wor k fo r  cognitiv e scienc e an d connectionis m ar e discussed . 

1. Introduction 

Thi s pape r  begin s wit h a n assumption :  tha t  recursiv e symbo l  structure s hav e a  plac e i n connectionis t  theorie s o f 

cognition .  A  recursiv e structur e i s on e whos e component s ma y b e structure s o f  th e sam e type .  Tree s ar e recursiv e 

becaus e thei r  branche s ar e trees ;  stack s ar e recursiv e becaus e thei r  tail s  (tha t  whic h remain s whe n th e firs t  elemen t  i s 

removed )  ar e stacks .  Th e recursivenes s o f  a  dat a structur e i s independen t  o f  an y algorithm ;  a  recursiv e dat a 

structur e m a y b e manipulate d b y a  nonrecursiv e algorithm ,  an d recursiv e algorithm s ma y operat e o n nonrecursiv e 

dat a structures ,  suc h a s integers .  Thi s pape r  i s no t  concerne d directl y wit h th e feasibilit y  o r  utilit y  o f  recursiv e 

algorithms .  Instea d i t  wil l  focu s o n th e tw o mos t  c o m m o n recursiv e dat a structures :  stack s an d trees . 

Ther e ar e man y potentia l  use s o f  stack s i n a n intelligen t  system .  A t  th e leve l  o f  consciou s proble m solvin g 

behavior ,  stack s coul d b e use d t o kee p trac k o f  goal s whil e focusin g temporaril y  o n subgoals .  I n dialo g o r  i n 

narrativ e reading ,  stack s migh t  b e use d t o trac k conversatio n topic s i n th e presenc e o f  digressions ,  parenthetica l 

remarks ,  o r  interruptions .  I n thes e tw o example s stac k manipulatio n occur s a t  a  consciou s o r  mentall y accessibl e 

level .  I f  ther e tur n ou t  t o b e recursiv e menta l  procedure s a t  a  5uk;onsciou s leve l  o f  processing ,  the n thei r 

implementatio n m a y rel y o n a n interna l  (i.e. ,  inaccessibl e t o introspection )  contro l  stack .  Bu t  eve n withou t 

recursion ,  a  contro l  stac k migh t  b e usefu l  fo r  savin g contextua l  informatio n whe n a  menta l  procedur e mus t  invok e 

severa l  level s o f  subprocedure . 

Menta l  tree s m a y b e harde r  t o justif y tha n stacks .  I n conventiona l  A I  program s tree s ar e use d t o represen t  man y 

sort s o f  things ,  suc h a s syntacti c structure s (pars e trees) ,  decisio n procedure s (discriminatio n nets) ,  an d goal/subgoa l 

hierarchie s ( A N D / O R graphs) .  Whethe r  tree s hav e an y realit y i n th e brain ,  o r  an y essentia l  rol e i n connectionis t 

theorie s o f  mind ,  i s anothe r  matter ,  an d fo r  n o w i t  i s  a n ope n question .  Bu t  i f  connectionis t  system s coul d no t 

represen t  tre e structures ,  tha t  woul d plac e a  seriou s a  prior i  constrain t  o n th e plausibilit y  o f  connectionis t  theories . 

T o demonstrat e tha t  connectionis m i s capabl e o f  accomodatin g recursiv e structures ,  thi s pape r  present s 

Bol tzCONS ,  a  Lisp-inspire d Boltzman n machin e (Fahlma n e t  al. ,  1983 ;  Ackle y e t  al. ,  1985) .  Th e abilit y  t o perfor m 
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associative retrievals in BoltzCONS and other connectionist architectures makes them unlike conventional von 

Neumann computers . 

2. Stacks and Trees in a Distributed Memory 

We begi n b y considerin g h o w stack s an d tree s migh t  b e represente d i n a  distribute d memory .  I n th e followin g 

sectio n w e g o o n conside r  h o w the y ca n b e manipulated .  Figur e 1  show s a  con s cel l  representatio n o f  th e stac k ( A B 

C D )  i n wha t  i s almos t  conventiona l  Lis p notation ;  th e differenc e i s tha t  eac h con s cel l  i n th e figur e ha s associate d 

wit h i t  a  uniqu e symbol ,  o r  tag. '  Th e figure  ca n thereb y b e encode d a s a  se t  o f  triple s o f  for m (ta g ca r  cdr) ,  a s 

shown below : 

•> NI L 

( P A  q ) 
( q B  r ) 
( r  C  s ) 
( 3 D  n i l ) 

p: 

1 » * ~ 

T 

1 

E 

f 

3 

*" ' 

r; 

• 

c 

* 

s; 

• 

D 

^ 

Figur e 1 :  Th e stac k ( A B  C  D )  represente d a s triple s an d a s con s cells . 

Tree s ca n b e encode d a s triple s i n th e sam e way .  Figur e 2 a show s a  binar y tree ,  an d figure  2 b show s it s con s cel l 

representation .  Th e translatio n fro m con s cell s t o triple s i s straightforward .  Bu t  h o w ca n a  connectionis t  networ k 

represen t  thes e triple s i n a  computationall y plausibl e way ? W e rejec t  o n efficienc y ground s th e extrem e localis t 

positio n tha t  ther e b e on e uni t  fo r  ever y possibl e triple ,  sinc e w e wil l  onl y wan t  t o stor e a  fe w triple s a t  a  time . 

(a ) (b ) 

Figur e 2 :  (a )  a  binar y tree ;  (b )  it s  con s cel l  representation . 

I n a n earlie r  paper ,  Geoffre y Hinto n an d 1  describe d a  coars e code d m e m o r y fo r  triple s o f  symbol s whic h serve d 

as th e workin g m e m o r y o f  a  productio n syste m interprete r  (Touretzk y &  Hinton ,  1985) .  T h e sam e m e m o r y desig n 

i s use d i n B o l t z C O N S fo r  encodin g con s cells .  Thi s schem e i s  calle d a  distribute d representatio n (Hinto n e t  al. , 

1986 )  becaus e eac h tripl e i s  represente d b y th e collectiv e activit y o f  m a n y units ,  whil e conversely ,  eac h uni t 

contribute s t o th e representatio n o f  m a n y possibl e triples . 

'Compute r  scientis U migh t  prefe r  th e ter m "address "  t o "tag, "  bu t  a  distribute d symbo l  memor y suc h a s th e on e use d i n BoltzCON S ha s 
neilhe r  sequentia l  addresse s no r  discret e memor y locations ,  s o "address' '  woul d b e misleading .  Tag s ar e unordere d symbols ,  no t  integers . 

523 



TOURETZKY 

Eac h m e m o f y uni t  i n thi s representatio n ha s a  randomly-generate d receptiv e fiel d tabl e suc h a s th e on e show n i n 

figur e 3 ,  wit h thre e column s o f  si x symbol s each .  Th e receptiv e fiel d o f  th e uni t  i s  defme d b y th e crossproduc t  o f 

th e thre e columns ,  e.g. ,  ( F A  P )  woul d b e recognize d b y th e uni t  describe d i n figur e 3  bu t  no t  ( F J  T ) ,  sinc e J  doesn' t 

appea r  i n th e secon d colum n an d T  doesn' t  appea r  i n th e third .  I f  th e memor y contain s 2,00 0 unit s an d ther e ar e 2 5 

possibl e symbols ,  a  tripl e wil l  fal l  i n th e receptiv e fiel d o f  6^/25^x200 0 o r  roughl y 2 8 units ,  o n average .  Thi s 

distribute d representatio n i s describe d a s "coars e coded "  becaus e eac h receptiv e fiel d i s a  6 x 6 x 6 slic e ou t  o f  th e 

2 5 x 2 5 x 2 5 spac e o f  possibl e triples ;  th e receptor s ca n thu s b e sai d t o b e "coarsel y tuned "  alon g eac h o f  th e thre e 

dimensions . 

c 

F 

H 

P 

S 

W 

A 

B 

H 

K 

S 

z 

A 

D 

J 

M 

P 

R 

Figur e 3 :  A  receptiv e fiel d tabl e 

Starting with a twenty-five symbol alphabet, there are 25^ or 15,625 possible triples one could potentially store in 

thi s memory .  Th e numbe r  tha t  ca n b e reliabl y hel d ther e a t  on e tim e depend s o n th e numbe r  o f  unit s available . 

Wit h 2,00 0 units ,  on e ca n stor e roughl y a  doze n triple s a t  once .  A s th e alphabe t  siz e increases ,  th e saving s o f  a 

distribute d representatio n ove r  a n extrem e localis t  on e grow s rapidly . 

T o manuall y stor e a  tripl e i n thi s memory ,  w e fin d it s 2 8 o r  s o receptor s an d tur n the m on .  T o delet e a  triple ,  w e 

tur n it s receptor s off .  T o tes t  whethe r  a  tripl e i s present ,  w e examin e di e stat e o f  it s  receptors .  I f  mos t  o f  tiiem  (say , 

at  leas t  7 0 percent )  ar e on ,  w e assum e tha t  th e tripl e i s present ;  i f  mos t  ar e of f  w e assum e i t  i s  absen t  Thes e 

function s ar e embedde d i n th e wirin g patter n o f  th e network ;  B o l u C O N S doe s no t  actuall y searc h throug h receptiv e 

fiel d table s w h e n storin g o r  retrievin g triples . 

Th e distribute d m e m o r y ha s som e interestin g properties .  I t  i s  i m m u n e t o smal l  amount s o f  noise ,  i.e. ,  i f  a  fe w 

unit s chang e stat e randoml y ther e i s n o observabl e effec t  o n th e memory' s contents .  Th e performanc e o f  th e 

m e m o ry degrade s graduall y a s th e memor y fill s  up .  Sinc e eac h recepto r  i s share d b y 6 ^  o r  21 6 potentia l  triples , 

ther e i s som e overla p i n th e representatio n o f  Qiples .  A s a  consequence ,  i f  w e stor e a  tripl e i n memor y an d the n 

stor e an d delet e m a n y othe r  triples ,  th e origina l  tripl e wil l  deca y an d eventuall y fad e awa y unles s i t  i s  refreshe d b y 

turnin g o n al l  it s  receptor s again .  Finally ,  th e m e m o r y exhibit s a  loca l  blurrin g phenomenon ,  whereb y i f  w e stor e 

m a ny closel y relate d triple s suc h a s ( F A  A ) ,  ( F A  B ) ,  ( F A  Q ,  etc. ,  i t  become s increasingl y difficul t  t o determin e 

whethe r  a  relate d tripl e suc h a s ( F A  L )  i s presen t  i n memor y o r  no t  However ,  i t  i s  stil l  possibl e t o tel l  whethe r  a n 

unrelate d tripl e suc h a s ( G V  Q )  i s presen t  Loca l  blurring ,  lik e th e gradua l  deca y o f  tiiples  du e t o deletion s o f  othe r 

triples ,  i s  a  consequenc e o f  th e sharin g o f  unit s i n distribute d representations . 
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3.  Th e BoItzCON S Architectur e 

The architectur e o f  BoI tzCON S i s show n i n figure  4 .  Con s cell s encode d a s triple s ar e store d i n th e spac e labele d 

Cons Memory ,  whic h contain s 2,00 0 units .  Ther e i s a  one-on e mappin g o f  excitator y connection s fro m Con s 

Memory unit s t o unit s i n th e spac e labele d Con s PuUout ;  eac h activ e Con s M e m o r y uni t  therefcM- e trie s t o tur n o n th e 

correspwidin g Con s Pullou t  uni L However ,  th e Con s Pullou t  unit s ar e sufficientl y mutuall y inhibitor y s o tha t  onl y 

abou t  2 8 a t  a  tim e ca n b e on ,  i.e. ,  jus t  enoug h t o represen t  on e triple .  Con s Pullou t  spac e i s use d t o "pul l  out "  on e 

tripl e fro m th e severa l  tha t  ar e store d i n Con s Memory .  Th e ter m "pullou t  netwOTk, "  first  use d b y Michae l  Moze r 

(1984) ,  i s  synonymou s wit h th e "claus e spaces "  describe d b y Touretzk y &  Hinto n (1985) . 

The thre e space s labele d T A G ,  C A R ,  an d C D R ar e winner-take-al l  network s (Feldma n &  Ballard ,  1982 )  whic h 

settl e int o stabl e state s representin g on e o f  th e 2 5 symbol s i n BoItzCONS '  alphabe t  The y ar e coars e code d version s 

of  th e bin d space s describe d i n (Touretzk y &  Hinton ,  1985) .  Sinc e th e space s ar e coars e coded ,  unit s vot e fo r  set s o f 

symbol s rathe r  tha n individua l  ones .  Th e unit s al l  hav e bidirectiona l  excitator y connection s t o appropriat e unit s i n 

Cons Pullou t  space .  Fo r  example ,  a  uni t  i n C D R spac e tha t  code s fo r  th e symbol s p  an d w  wil l  hav e connection s t o 

a rando m subse t  o f  al l  th e unit s i n Con s Pullou t  spac e wher e eithe r  p  o r  w  appear s i n th e thir d colum n o f  th e unit' s 

receptiv e field  table . 

Cons 

Pullou t 

Cons 
M e m o ry 

Figur e 4 :  Th e architectur e o f  BoItzCONS . 

4. Manipulating Distributed Stacks 

Let  u s assum e th e stac k o f  figure  1  ha s bee n loade d int o BoItzCONS '  Con s Memory .  Th e fou r  con s cell s i n thi s 

figur e ar e represente d b y a n activit y pattern .  Th e to p cel l  o f  th e stack ,  encode d a s th e tripl e ( p A  q) ,  i s  als o 

represente d b y a  patter n i n Con s Pullou t  space ,  an d it s thre e componen t  symbol s ar e represente d b y pattern s i n T A G , 

C A R,  an d C D R spaces ,  respectively .  N o w suppos e w e wis h t o po p th e stack .  First ,  vi a a  gate d connection ,  th e 

Cons Pullou t  unit s tur n of f  thei r  correspondin g Con s M e m o r y units ,  thereb y deletin g th e tripl e ( p A  q )  fro m Con s 

Memory.  Next ,  th e activit y patter n i n C D R spac e (denotin g th e symbo l  q )  i s transmitte d t o T A G space ,  whic h i s 

the n clamped .  Finally ,  whil e T A G spac e supplie s a n excitator y stimulu s t o Con s Pullou t  space ,  a  simulate d 

annealin g algorith m (Kirkpatric k e t  al. ,  1983 )  i s  ru n o n th e Con s Pullout ,  C A R an d C D R space s t o effec t  a n 

associativ e retrieval .  Th e annealin g algorithm ,  whic h i s  wha t  make s BoItzCON S a  Boltzman n Machine ,  cause s 

BoItzCON S t o searc h fo r  a  m in imu m energ y stat e subjec t  t o th e constraint s impose d b y unit s i n T A G spac e an d 
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Cons Memory .  W h e n i t  find s thi s stable ,  min imu m energ y state ,  th e Con s Pullou t  networ k wil l  hav e settle d int o a 

representatio n o f  th e tripl e i n Con s M e m o r y whos e ta g componen t  i s q ,  namel y ( q B  r) ,  an d th e C A R an d C D R 

space s wil l  hav e settle d int o state s B  an d r ,  respectively ,  representin g th e ca r  an d cd r  component s o f  th e ne w to p o f 

th e stack . 

Pushin g a n elemen t  ont o th e stac k i s simple r  tha n poppin g it ,  becaus e a  stac k pus h doe s no t  requir e annealing . 

The curren t  to p cel l  o f  th e stack ,  whic h afte r  th e th e first  po p woul d b e ( q B  r) ,  i s  alway s represente d i n bot h Con s 

Pullou t  spac e an d th e T A G ,  C A R ,  an d C D R spaces .  T o pus h th e symbo l  E  ont o th e stac k a t  thi s point ,  w e cop y th e 

content s o f  T A G spac e int o C D R space ,  loa d th e symbo l  E  int o C A R space ,  an d loa d a  ne w symbol ,  sa y t ,  int o T A G 

space .  The n w e allo w th e T A G ,  C A R ,  an d C D R space s t o independentl y appl y excitatio n t o unit s i n Con s Pullou t 

space .  Thei r  combine d influenc e cause s th e tripl e ( t  E  q )  t o appea r  there .  (Recal l  tha t  du e t o mutua l  inhibitio n onl y 

abou t  2 8 unit s a t  a  tim e ca n b e activ e i n th e pullou t  space ;  th e unit s mos t  likel y t o b e activ e ar e thos e tha t  receiv e 

suppor t  from  th e T A G ,  C A R ,  an d C D R space s simultaneously. )  Finally ,  b y openin g a  gate d connection .  Con s 

Pullou t  unit s ar e allowe d t o tur n o n thei r  correspondin g Con s M e m o r y units ,  thu s creatin g a  ne w con s cell . 

The us e o f  associativ e retrieva l  allow s BoltzCON S t o perfor m certai n additiona l  stac k operation s no t  possibl e o n 

a conveniona l  machine .  On e o f  thes e i s calle d "associativ e stac k pop. "  Th e ide a i s tha t  rathe r  tha n poppin g th e 

stac k a  fixed  numbe r  o f  times ,  w e ma y wan t  t o po p bac k t o a  particula r  state ,  e.g .  th e stat e wher e C  i s th e to p 

element .  Thi s ca n b e accomplishe d i n on e ste p b y clampin g C  int o C A R spac e an d runnin g a n associativ e retrieval . 

Not e tha t  i n thi s cas e th e element s "popped "  from  th e stac k i n orde r  t o reac h C  ar e stil l  presen t  i n Con s Memory ; 

al l  w e hav e don e i s mov e th e stac k pointer .  Becaus e thes e element s ar e no t  deleted ,  i t  i s possibl e t o restor e the m b y 

sequentiall y  "un-popping "  th e stack ,  agai n usin g associativ e retrieval .  T o perfor m on e un-po p operation ,  w e cop y 

th e symbo l  presentl y i n T A G spac e int o C D R spac e an d the n annea l  wit h C D R spac e clamped . 

5. Unbounded Depth Tree Traversal 

O ne ca n d o man y mor e interestin g thing s wit h tree s tha n wit h stacks .  C o m m on tre e problem s includ e traversal , 

structura l  compariso n (th e Lis p E Q U A L function) ,  an d termina l  nod e compariso n (th e "samefringe "  problem ,  ofte n 

use d t o motivat e coroutines. )  Her e w e conside r  th e proble m o f  traversal .  Th e goa l  i s  t o find  an d displa y i n correc t 

orde r  al l  th e termina l  node s o f  a  tre e suc h a s th e on e i n figure  2b .  Th e simples t  Lis p solutio n is : 

( de fu n t r a v e r s e ( t ree ) 
(con d ( (a to m t r e e )  (pr in t  t r e e ) ) 

( t  ( t r a v e r s e (ca r  t r e e ) ) 
( t r a v e r s e (cd r  t r e e ) ) ) ) ) 

Unfortunatel y th e abov e algorith m i s recursiv e bu t  no t  tail-recursive ,  s o i t  require s a  stack .  On e goa l  o f  thi s pape r 

i s t o sho w h o w recursiv e structure s ca n b e manipulate d withou t  resortin g t o a  contro l  stack .  ( W e canno t 

categoricall y den y th e existenc e o f  suc h a  stac k i n th e brain ,  bu t  ou r  defens e o f  th e plausibilit y  o f  connectionis t 

model s woul d b e weakene d i f  i t  depende d o n it s existence. )  Th e traversa l  proble m canno t  b e solve d o n a 

conventiona l  compute r  withou t  suc h a  stack. ^  Althoug h w e ca n replac e th e recursiv e algorith m wit h a n iterativ e 

one ,  show n below ,  thi s merel y force s u s t o buil d an d manag e th e stac k explicitl y  rathe r  tha n relyin g o n Lisp' s 

interna l  contro l  stack . 

^ i s clai m rests  o n tw o assumptions :  tha t  tree s ar e represented  a s one-wa y linke d list s a s i n Lisp ,  an d tha t  destiuctiv e operation s o n th e tre e 
ar e no t  pennitted . 
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(defu n iterative-travers e (tre e &au x stack ) 
(loo p 

(con d ((cons p tree ) 
(pus h (cd r  tree )  stack ) 
(set q tre e (ca r  tree)) ) 

( t  (prin t  tree ) 
(i f  (nul l  stack )  (retur n nil ) 

(set q tre e (po p stack)))))) ) 

The iterative algorithm below, which uses associative retrieval, does not require a stack to execute. For 

conciseness ,  i t  i s  expresse d usin g th e abstrac t  Lis p terminolog y o f  variables ,  pointers ,  an d con s cells ,  bu t  it s 

implementatio n i s actuall y i n term s o f  Bol tzCON S operations .  W e assum e tha t  th e inpu t  tre e contain s a t  leas t  on e 

con s cell ,  an d tha t  th e variabl e P T R ,  whic h point s t o di e curren t  positio n i n th e tre e a s w e travers e it ,  start s ou t  b y 

pointin g t o th e root . 

1.  I f  P T R point s t o a  con s cell ,  se t  O L D t o PTR ,  se t  P T R t o it s car ,  an d g o t o ste p 1 .  Otiierwis e P T R 
must  poin t  t o a  symbol ,  s o prin t  it ;  the n se t  P T R t o cd r  o f  O L D an d g o t o ste p 2 . 

2. If PTR now points to a cons cell, go to step 1. Otherwise PTR must point to a symbol, so print it 
The n se t  P T R t o O L D an d g o t o ste p 3 . 

3. If PTR points to the root, halt. Otherwise, use associative retrieval to search for a cell whose car is 
PTR.  I f  th e retrieva l  succeeds ,  mak e O L D poin t  t o tha t  cell ,  se t  P T R t o tiie  cd r  o f  O L D ,  an d g o t o ste p 
2. 

4. Use associative retrieval to locate the cell whose cdr is PTR. Make PTR point to that cell and go to 
ste p 3 . 

The most important feature of this algorithm is that associative retrieval is used to follow pointers "backward," 

an operatio n tha t  i s  no t  possibl e i n Lisp .  Sinc e a  cel l  ma y b e pointe d t o b y eithe r  th e ca r  o r  cd r  o f  it s  paren t  cel l  i n 

th e tree ,  tw o retrieva l  attempt s m a y b e necessar y i n orde r  t o fm d th e parent .  Step s 3  an d 4  accomplis h this .  Tabl e 1 

shows a  trac e o f  th e algorith m durin g a  traversa l  o f  th e tre e i n figur e 2b .  Th e value s show n fo r  P T R an d O L D ar e 

thos e immediatel y befor e th e give n ste p i s executed .  Th e place s wher e th e algorith m back s u p ove r  a  pointe r  ar e 

indicated . 

Step PTR OLD Action or Comment 

1 
1 
1 
2 
1 
1 
2 
3 
4 
3 
2 
1 
2 
3 
4 
3 

V 
w 
A 
X 
X 
B 
C 
X 
X 
w 
y 
D 
E 
y 
y 
V 

V 
w 
w 
w 
X 
X 
X 
X 
X 
V 
y 
y 
y 
y 
y 

p r i n t  " A " 

p r i n t  " B " 
p r i n t  " C " 

Associativ e retrieva l  o n C A R fails , 
but  retrieva l  o n C D R succeeds . 
Retrieva l  o n C A R succeeds . 

prin t  "D " 
prin t  "E " 

Associativ e retrieva l  o n C A R fails . 
but  retrieva l  o n C D R succeeds . 

h a l t 

Tabl e 1 :  Tre e traversa l  algoritii m applie d t o figure  2b . 
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Becaus e w e ca n follo w pointer s backward ,  ther e i s n o nee d t o us e a  contro l  stac k fo r  backtracking .  I n theory , 

then ,  th e abov e iterativ e algorith m ca n b e use d t o travers e an y binar y tre e n o matte r  ho w grea t  it s depth .  I n practic e 

th e onl y dept h limitatio n derive s fro m th e siz e o f  th e tree s Bol tzCON S ca n store ,  whic h i n tur n depend s o n th e 

number  o f  symbol s i n it s alphabe t  an d th e numbe r  o f  triple s tha t  ca n b e store d i n Con s Memory . 

6. Use of Hopfield's Energy Measure 

Becaus e Bol tzCON S behave s a s a  Boltzman n Machin e durin g simulate d annealing'* ,  i t  act s t o minimiz e a n energ y 

measur e a s i t  settle s int o a  stabl e state .  Thi s energ y measur e wa s firs t  propose d b y Hopfiel d i n a n analog y t o spi n 

glas s model s i n physic s (Hopfield ,  1982) .  I f  S ;  i s th e stat e o f  th e it h uni t  (eithe r  0  o r  1) ,  9 ;  i s  it s threshold ,  an d Wj j  i s 

th e weigh t  betwee n i t  an d th e jr/ i  unit ,  the n th e energ y o f  th e networ k i n a  give n stat e is : 

= Z s i e i -  X  S j S j W j j 

I  K J 

The energy measure can be used to detect whether an associative retrieval has succeeded. For example, suppose 

Bol tzCON S i s examinin g th e con s cel l  labele d x  i n figur e 2b ,  an d th e traversa l  algorith m n o w want s t o fin d th e 

paren t  con s cell .  Th e paren t  wil l  eithe r  hav e x  i n it s ca r  o r  i n it s cdr .  I f  w e clam p th e symbo l  x  int o C A R spac e an d 

ru n a n annealing ,  th e networ k wil l  o f  cours e settl e int o a n energ y minimum ,  bu t  i n thi s cas e th e energ y wil l  b e high . 

Thi s i s because  ther e i s n o con s cel l  i n Con s M e m o r y wit h x  i n it s car ,  s o ther e i s n o wa y fo r  th e networ k t o find  a 

goo d solutio n t o th e combinatio n o f  constraint s impose d b y C A R spac e an d Con s M e m o r y space .  I f  th e energ y o f 

th e stabl e stat e foun d b y th e annealin g algorith m i s abov e som e empiricall y determine d threshold ,  w e kno w tha t  th e 

associativ e retrieva l  ha s failed . 

W h en th e firs t  retrieva l  fails ,  Bol tzCON S ca n tr y a  retrieva l  wit h th e symbo l  x  clampe d int o C D R spac e instead . 

Thi s tim e th e retrieva l  wil l  succeed ,  wit h th e Con s Pullou t  unit s settlin g int o a  representatio n o f  th e tripl e ( w A  x) . 

The lo w energ y o f  thi s stat e confirm s tha t  a  vali d con s cel l  ha s bee n retrieved . 

Of  course ,  w e woul d prefe r  tha t  th e unit s i n a  connections t  mode l  no t  b e force d t o measur e globa l  propertie s suc h 

as energ y i n orde r  t o function .  I n BoltzCONS ,  the y don't .  Wha t  actuall y happen s i s this :  afte r  th e networ k ha s 

settle d int o a  stabl e state ,  th e threshold s o f  al l  th e unit s ar e raise d b y a  fixed  amount"* ,  thu s changin g th e energ y 

landscape .  I f  th e networ k i s i n a  dee p energ y minimum ,  representin g a  vali d retrieval ,  it s  stat e wil l  remai n stable . 

However ,  i f  th e networ k ha s settle d int o a  shallo w minimum ,  the n whe n th e threshold s chang e i t  wil l  n o longe r  b e i n 

a m i n m u m energ y state ,  bu t  i n a  stat e fro m whic h i t  ca n reac h a  ne w loca l  min imu m b y turnin g al l  it s unit s  off .  So , 

th e tes t  fo r  a  successfu l  associativ e retrieva l  consist s o f  raisin g th e thresholds ,  runnin g di e annealin g algorith m fo r  a 

fe w mor e step s a t  ver y lo w temperatur e (whic h make s th e networ k ac t  lik e a  Hopfiel d net) ,  an d die n checkin g t o se e 

whethe r  an y unit s remai n active . 

7. Controlling BoltzCONS 

One importan t  issu e tha t  ha s no t  bee n addresse d i n dii s  pape r  i s h o w BoltzCON S i s t o b e controlled .  Som e 

externa l  agen t  mus t  sen d i t  command s t o clam p a  space ,  cop y th e stat e o f  on e spac e int o another ,  o r  begi n a n 

annealing .  A  simpl e sequenc e o f  thes e command s result s i n a  stac k pus h o r  pop ;  a  mor e elaborat e sequenc e ca n 

resul t  i n a  tre e traversal .  Fo r  th e wor k describe d here ,  th e jo b o f  controllin g BoltzCON S wa s handle d b y a  piec e o f 

Lis p code .  I n additio n t o issuin g contro l  commands ,  th e Lis p cod e wa s responsibl e fo r  generatin g ne w tag s fo r  stac k 

'BoltzCON S i s no t  a  tiu e Boltzman n Machin e becaus e i t  contain s gate d an d asymmetri c connections .  However ,  durin g a n annealin g th e 
networ k i s  equivalen t  t o on e tha t  i s  a  tni e Boltzman n Machine . 

^This has the same effect as supplying all the units with some inhibitory bias. 
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pus h operations . 

Recen t  wor k ot \  transformin g pars e tree s i n a  neura l  ne t  le d t o th e developmen t  o f  a  connectionis t  contro l  uni t  fo r 

BoltzCON S (Touretzky ,  1986) .  Thi s contro l  uni t  i s  a  modifie d versio n o f  Touretzk y an d Hinton' s productio n 

syste m interpreter .  Productio n rule s describin g a  multi-ste p pars e tre e transformatio n contai n righ t  han d sid e action s 

tha t  sen d command s an d dat a t o Bo l tzCONS .  Executin g thes e productio n rule s i n th e prope r  sequenc e cause s th e 

pars e tre e (represente d i n Bol tzCONS '  Con s M e m o r y )  t o b e transforme d i n th e desire d way .  A  simila r  contro l  unit , 

programme d wit h a  differen t  se t  o f  productio n rules ,  coul d b e use d t o automat e th e step s involve d i n tre e traversal . 

S. Discussion 

Turin g machines ,  whic h a s fa r  a s anyon e know s ca n comput e al l  computabl e functions ,  consis t  o f  a n immutabl e 

finite  stat e machin e an d a  mutabl e externa l  tap e o f  unbounde d length .  Conventiona l  vo n N e u m a n n computers ,  bein g 

of  fixed  size ,  ar e merel y larg e finit e stat e machines ,  bu t  i t  i s  usuall y mor e helpfu l  t o thin k o f  the m a s imperfec t 

Turin g machines .  Doin g s o allow s u s t o divid e th e compute r  int o a  finite  stat e machin e whos e repertoir e o f  state s i s 

relativel y small ,  plu s a  tap e (embedde d i n th e computer' s memor y rathe r  tha n bein g external )  tha t  i s muc h large r  i n 

size ,  albei t  finite.  Th e linea r  addres s structur e o f  a  vo n N e u m a n n machine' s m e m o r y make s i t  natura l  t o equat e thi s 

memory wit h th e Turin g machine' s tape . 

Connectionist s muc h prefe r  distribute d memor y models ,  bot h becaus e the y ar e mor e physiologicall y plausibl e an d 

becaus e the y ar e mor e amenabl e t o paralle l  processing .  A  distribute d memor y suc h a s th e on e foun d i n Bo l t zCON S 

offer s neithe r  discret e location s no r  sequentia l  addresses .  Therefor e th e analog y betwee n connectionis t  hardwar e 

and imperfec t  Turin g machine s i s les s straightforwar d (Pylyshyn ,  1984) .  Whil e ther e i s n o evidenc e tha t 

connectionis t  model s ca n comput e thing s Turin g machine s can't ,  t o har p o n thi s misse s th e rea l  point ,  whic h i s tha t 

connectionis t  model s ca n comput e thing s i n way s i n whic h Turin g machine s an d vo n N e u m a n n computer s can't . 

The abilit y  t o rapidl y solv e comple x constrain t  satisfactio n problem s throug h massiv e parallelism ,  suc h a s whe n 

performin g associativ e retrievals ,  i s  a  crucia l  par t  o f  th e connectionis t  program . 

9. Conclusions 

Thi s wori c demonstrate s tha t  connectionis t  model s ca n indee d represen t  an d manipulat e recursiv e symboli c 

structures .  Furthermore ,  thank s t o associativ e retrieval ,  thes e recursiv e structure s ca n sometime s b e manipulate d 

iterativel y withou t  th e us e o f  stacks ,  whil e a  conventiona l  compute r  woul d requir e a  stack .  Th e associativ e retrieva l 

capabilit y als o make s certai n operation s suc h a s associativ e stac k po p possibl e tha t  canno t  b e don e (i n constan t  time ) 

on a  conventiona l  computer . 

Thre e technique s use d i n Bo l tzCON S -  coars e code d symbo l  memories ,  pullou t  networks ,  an d bin d spaces ,  wer e 

first  pu t  togethe r  i n a  neura l  networ k productio n syste m interpreter .  The y n o w appea r  t o b e generall y usefu l  device s 

fo r  connectionis t  symbo l  processing ,  an d ar e likel y t o tur n u p agai n i n othe r  connectionis t  applications .  Coars e 

coded ,  distribute d representation s ar e usefu l  fo r  buildin g comple x symbo l  structure s economically .  Withou t  pullou t 

network s an d bin d spaces ,  though ,  w e woul d hav e n o wa y t o manipulat e them . 
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A B S T R A CT 

Fluen t  huma n sequentia l  behavior ,  suc h a s tha t  observe d i n speec h production ,  i s 

characterize d b y a  hig h degre e o f  parallelbm ,  fiizz y boundaries ,  an d insensitivit y t o 

perturbations ,  h i  thi s paper ,  I  conside r  a  theoretica l  treatmen t  o f  sequentia l  behavio r 

whic h i s base d o n dat a fro m speec h production .  A  networi ^  i s discusse d whic h t s 

essentiall y  a  sequentia l  machin e buil t  ou t  o f  connectionis t  components .  Th e networ k 

relie s o n distribute d representation s an d a  hi( ^  degre e o f  parallelis m a t  th e leve l  o f  th e 

componen t  processin g units .  Thes e propertie s lea d t o parallelis m a t  th e leve l  a t  whic h 

whol e outpu t  vector s arise ,  an d constraint s mus t  b e impose d t o mak e th e performanc e 

of  th e networ k mor e sequential .  Th e sequentia l  tr^ectorie s tha t  ar e realize d b y th e 

networ k hav e dynami c propertie s tha t  ar e analogou s t o thos e observe d i n network s 

wit h poin t  attractor s (Hopfield ,  1982) :  learne d tn^ectorie s generalize ,  an d attractor s 

suc h a s limi t  cycle s ca n arise . 

I N T R O D U C T I ON 

One o f  th e argument s fo r  ''connectionist "  o r  "parallel ,  distribute d processing "  network s 

has bee n tha t  the y hav e propertie s tha t  see m t o reflec t  processe s a t  whic h human s ar e mos t 

naturall y proficien t  (Hinto n i c Anderson ,  1981 ;  Rumelhar t  &  McClelland ,  1986) .  Thes e 

propertie s includ e th e abilit y  t o generaliz e fro m instances ,  th e abilit y  t o dea l  wit h partia l 

information ,  an d insensitivit y t o noise .  I t  ha s bee n suggeste d tha t  i t  migh t  b e advisabl e t o 

base theorie s o n suc h primitive s rathe r  tha n o n thos e associate d wit h sequential ,  symboli c 

processing .  Thes e argument s hav e bee n mad e mostl y i n th e contex t  o f  model s dealin g wit h 

th e interpretatio n o f  incomin g data ,  o r  wit h mapping s fro m on e se t  o f  dat a t o another . 

However ,  on e nee d onl y conside r  th e fluency  o f  h u m a n speec h t o se e tha t  human s ar e 

als o ver y goo d a t  certai n kind s o f  sequentia l  behavior .  Furthermore ,  suc h behavio r  i s 

ofte n characterize d b y a  hig h degre e o f  parallelism ,  fuzz y boundaries ,  an d insensitivit y 

t o perturbation s — propertie s whic h ar e difficul t  t o captur e i n a  formalis m i n whic h th e 

531 



J O R D AN 

underlyin g primitiv e i s a  sequentia l  processor ,  bu t  whic h ar e mor e natura l  i n a  connectionis t 

system .  I n thi s paper ,  I  conside r  th e proble m o f  parallelis m i n speec h productio n an d 

sugges t  a  connectionis t  architectur e tha t  ca n exhibi t  behavio r  simila r  t o tha t  show n i n 

speech .  M y approac h i s base d o n th e recen t  wor k o n learnin g b y Rumelhart ,  Hinton ,  an d 

William s (1986 )  an d i s relate d t o previou s wor k b y Henk e (1966) ,  Kohonen ,  Lehtio ,  an d 

Oj a (1981) ,  an d Rumelhar t  an d N o r m a n (1982) . 

C O A R T I C U L A T I ON 

Much of the complexity of describing sequential processes in speech production comes 

fro m th e fac t  tha t  speec h gesture s associate d wit h nearb y phoneme s ca n overla p i n time . 

Such overlap ,  o r  eoarticnlation ,  b  ubiquitou s i n utterance s an d ca n b e quit e complex ,  give n 

th e m a n y degree s o f  freedo m o f  th e speec h apparatus .  I t  i s  possibl e t o se e gesture s tha t 

anticipat e futur e phonemes ,  referre d t o a s forwar d eoartieulation ,  a s wel l  a s perseverator y 

gestures ,  o r  backwar d coartieulation .  T h e overal l  effec t  o f  coarticulatio n i s t o mak e th e 

utteranc e mor e smoot h b y mergin g nearb y phoneme s an d t o allo w speec h t o procee d faste r 

tha n woul d otherwis e b e possibl e b y takin g advantag e o f  opportunitie s fo r  th e paralle l 

executio n o f  movements . 

Severa l  studie s hav e investigate d coarticulatio n b y recordin g articulato r  trajectorie s 

durin g utterances .  Mol l  an d Danilof f  (1971 )  showe d tha t  i n a n utteranc e suc h a s 'î reon" , 

th e vela r  openin g fo r  th e nasa l  / n /  ca n begi n a s earl y a s th e first  vowel ,  thereb y nasalizin g 

th e vowels .  ̂  Benguere l  an d Ck>wa n (1974 )  studie d phrase s suc h a s *un e sinistr e structure, " 

i n whic h ther e i s a  strin g o f  th e si x consonant s /strttr /  followe d b y th e rounde d vowe l  /y/ . 

*  The y showe d tha t  lip-roundin g fo r  th e /y /  ca n begi n a s earl y a s th e first  /«/ ,  a n exampl e 

of  forwar d coarticulatio n ove r  si x phonemes . 

O ne wa y t o characteriz e thes e example s i s t o sa y tha t  i f  certai n degree s o f  freedom 

ar e no t  bein g use d i n th e productio n o f  a  particula r  sound ,  the n the y m a y anticipat e o r 

perseverat e aspect s o f  othe r  phoneme s i n th e utteranc e s o tha t  performanc e become s mor e 

parallel .  However ,  suc h a  conceptio n o f  coarticulatio n ignore s th e constraint s whic h mus t 

be impose d o n th e parallelism .  Certai n anticipator y gestures ,  fo r  example ,  woul d inflic t 

to o m u c h chang e o n th e soun d currentl y bein g produced ,  an d ther e mus t  therefor e b e 

a wa y t o preven t  suc h coarticulation s whil e allowin g others .  I n th e cas e o f  "freon" ,  fo r 

example ,  th e velu m i s allowe d t o ope n durin g th e productio n o f  th e vowel s becaus e th e 

languag e bein g spoke n i s English .  I n a  languag e suc h a s FVench ,  i n whic h nasa l  vowel s 

*The velam b a mnacolar tissue that opens to allow air to pass between the pharynx and the nasal 
cavities . 

'Th e vowel/y /  b  th e *a "  i n '̂ a" ,  an d b  somewha t  lik e prononncing ^  th e Enf^ h soun d "ee "  wit h roonde d 
Ups. 
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ar e differen t  phonemicall y fro m non-nasa l  vowels ,  th e velu m woul d no t  b e allowe d t o 

coarticulate .  Thu s th e articulator y contro l  syste m canno t  blindl y anticipat e articulations , 

but  mus t  b e sensitiv e t o phonemi c distinction s i n th e languag e bein g spoken . 

Th e implementatio n o f  constraint s o n parallelis m i s complicate d b y th e fac t  tha t  th e 

constraint s canno t  b e encode d a s relation s betwee n whol e phonemes ,  bu t  mus t  b e specifi c 

t o particula r  phonemi c structure .  Fo r  example ,  i n th e cas e o f  /ttntry/ ,  th e roundin g o f 

th e /y /  ca n b e anticipate d durin g th e precedin g consonants ,  bu t  th e voicin g o f  th e /y / 

cannot ,  becaus e tha t  woul d chang e th e phonemi c identitie s o f  th e consonant s (fo r  example , 

th e /» /  woul d becom e a  /z/) .  Othe r  feature s o f  th e /y/ ,  suc h a s thos e specifyin g tongu e 

position ,  ma y b e mor e o r  les s constrained ,  dependin g o n th e particula r  allowabl e variation s 

of  th e consonants .  Again ,  suc h knowledg e canno t  com e fro m consideratio n o f  strategie s o f 

articulation ,  bu t  mus t  reflec t  higher-leve l  phonemi c constraints . 

Thus ,  speec h present s a n interestin g contro l  proble m i n whic h constraint s o f  variou s 

kind s ar e impose d o n th e particula r  patteming s o f  parallelis m an d sequentialit y  tha t  ca n 

be obtaine d i n a n utterance .  W h a t  I  w b h t o discus s i n th e remainde r  o f  thi s pape r  i s a n 

approac h t o thi s proble m base d o n connectionis t  mechanisms . 

C O N N E C T I O N I ST N E T W O R KS 

General discussions of connectionist networks can be found in Feldman and Ballard 

(1982 )  an d Rumelhar t  an d McClellan d (1986) .  Fo r  presen t  purposes ,  th e mai n feature s 

of  th e network s tha t  ar e relevan t  involv e distribute d representations ,  nonlinearities ,  an d 

learning . 

A on e laye r  networ k wit h n o recurren t  connection s compute s a  functio n from  th e vecto r 

of  activatio n o f  it s inpu t  unit s t o th e vecto r  o f  activatio n o f  it s outpu t  units .  I t  i s  possibl e 

fo r  suc h a  networ k t o lear n t o mak e association s betwee n inpu t  vector s an d outpu t  vectors . 

Thi s ca n b e don e b y a n error-correctin g learnin g rul e tha t  change s th e weight s comin g i n 

t o eac h outpu t  uni t  i n proportio n t o th e differenc e betwee n th e actua l  outpu t  o f  tha t  uni t 

and th e desire d outpu t  (Widro w &  Hoff ,  1960) . 

An importan t  propert y o f  suc h networks ,  whic h i s du e t o th e weighte d sum s tha t 

unit s for m i n determinin g thei r  activations ,  i s  tha t  simila r  inpu t  vector s ten d t o produc e 

simila r  outpu t  vectors .  M a n y connectionis t  approache s tak e advantag e o f  thi s propert y 

by representin g entitie s a s distribute d pattern s o f  activation ,  s o a s t o achiev e a  kin d o f 

automati c generalizatio n betwee n simila r  pattern s (Hinto n &  Anderson ,  1981) . 

A on e laye r  networ k ha s onl y a  singl e weigh t  matri x an d i s restricte d t o linea r  mappings . 

By allowin g mor e layers ,  wit h nonlinea r  activatio n function s o n intermediat e units ,  i t  i s 

possibl e t o implemen t  arbitrar y nonlinea r  mappings .  Unti l  recently ,  th e learnin g rule s i n 
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thes e network s wer e restricte d t o th e singl e laye r  case .  However ,  severa l  rule s hav e no w 

bee n develope d fo r  multilaye r  network s tha t  allo w essentiall y  arbitrar y association s t o b e 

forme d (Ackley ,  Hinton ,  k  Sejnowski ,  1985 ;  Bart o &  Anandan ,  1985 ;  Rumelhart ,  Hinton , 

k Williams ,  1986) .  Th e back-propagatio n rul e o f  Rumelhart ,  Hinton ,  an d William s ha s 

bee n use d i n simulation s o f  th e networ k discusse d i n thi s paper .  Th e back-propagatio n rul e 

i s a n error-correctio n procedur e tha t  generalize s th e Widrow-Hof f  rule .  A s before ,  error s 

ar e generate d a t  th e outpu t  unit s b y comparin g th e actua l  output s t o th e desire d outputs , 

and thes e error s ar e use d t o chang e th e weight s o f  th e outpu t  units .  T h e error s ar e the n 

propagate d bac k int o th e networ k t o provid e intermediat e unit s wit h erro r  signal s s o tha t 

the y ca n chang e thei r  weights . 

A N E T W O RK A R C H I T E C T U R E F O R S E Q U E N T I A L P E R F O R M A N CE 

Let there be some sequence of actions Xi, Xz,...,x., which are to be produced in order 

i n th e presenc e o f  a  pla n p .  Eac h actio n i s a  vecto r  i n a  featur e o r  paramete r  space ,  an d 

th e pla n ca n b e treate d a s a n actio n produce d b y a  highe r  leve l  o f  th e system .  Th e pla n i s 

assume d t o remai n constan t  durin g th e productio n o f  th e sequence ,  an d serve s primaril y 

t o designat e th e particula r  sequenc e whic h b  t o b e performed . 

We wis h t o construc t  a  networ k tha t  ca n perfor m arbitrar y sequence s b y takin g a 

pla n a s inpu t  an d producin g th e correspondin g sequence .  O n e approac h i s t o explicitl y 

represen t  th e stat e o f  a  sequentia l  machin e a s a n activatio n vecto r  an d t o produc e action s 

by evaluatin g a  functio n fro m state s t o actions .  A t  eac h moment  i n time ,  a n actio n i s 

chose n base d o n th e curren t  stat e 8 ,  an d th e stat e b  the n update d t o allo w th e nex t  actio n 

t o b e chosen .  Thus ,  ther e i s a  functio n /  whic h determine s th e outpu t  actio n x ^  a t  tim e 

X«=/(8n,p) 

and a  functio n g  whic h determine s th e stat e Bn+i , 

Bn+t = g{Bn,p), (l) 

where both functions depend on the constant plan vector as well as the current state vector. 

Followin g th e terminolog y o f  automat a theor y (Booth ,  1969) ,  /  wil l  b e referre d t o a s th e 

outpu t  function ,  an d g  wil l  b e referre d t o a s th e next-stat e function .  * 

T h e basi c networ k architectur e b  show n i n Figur e 1 .  T h e entitie s i n th e stat e equation s 

— plans ,  states ,  an d output s — ar e al l  assume d t o b e represente d a s dbtribute d pattern s 

^Fro m th e definitioB ,  i t  ca n b e see n tha t  th e pla n p  play s th e rol e o f  th e inpu t  symbo l  i n a  seqaentia l 

machbe .  Th e us e o f  th e ten n '̂ lan "  b  t o emphasiz e th e assumptio n tha t  p  remab s constan t  darin g th e 

prodactio n o f  th e sequence .  Tha t  is ,  w e ar e no t  allowe d t o assum e tempora l  orde r  b  th e bpu t  t o th e system . 
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Figur e 1 :  Basi c ne twor k architecture .  (No t  al l  connection s ar e s h o w n ) . 

of  activatio n o n separat e poo b o f  processin g units .  T h e pla n unit s an d th e stat e unit s 

togethe r  serv e a s th e inpu t  unit s fo r  a  multilaye r  network .  Thi s networ k implement s th e 

outpu t  functio n throug h weighte d connection s from  th e pla n an d stat e unit s t o th e outpu t 

units .  Th e outpu t  functio n i s generall y nonlinear ,  a s wil l  b e discusse d below ,  therefor e i t  i s 

als o necessar y t o hav e hidde n unit s i n th e pat h fro m th e pla n an d stat e unit s t o th e outpu t 

units .  Finally ,  th e next-stat e functio n i s implemente d wit h recurren t  connection s fro m th e 

stat e unit s t o themselves ,  an d fro m th e outpu t  unit s t o th e stat e units .  Thi s allow s th e 

curren t  stat e t o depen d o n th e previou s stat e an d o n th e previou s outpu t  (whic h i s itsel f 

a functio n o f  th e previou s stat e an d th e plan) . 

Th e networ k ca n lear n t o produc e sequence s o f  action s b y changin g th e weight s i n th e 

network .  Assum e tha t  th e recurren t  connection s implementin g th e next-stat e functio n 

ar e give n fixed  value s (particula r  choice s fo r  thes e value s ar e discusse d below) .  A t  eac h 

tim e step ,  a n activatio n vecto r  compose d o f  th e pla n an d th e stat e b  presen t  o n th e 

inpu t  units ,  an d a n associatio n ca n b e learne d from  thi s inpu t  vecto r  t 6 a  desire d outpu t 

vector .  Clearly ,  on e requiremen t  fo r  th e networ k t o b e abl e t o lear n arbitrar y sequence s 

i s tha t  th e next-stat e functio n produc e dbtingubhabl e stat e vector s a t  eac h tim e step .  I t 
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i s  no t  necessar y tha t  thes e vector s b e differen t  betwee n sequences ,  becaus e th e pla n serve s 

t o distinguis h th e sequences .  A  secon d requiremen t  i s tha t  ther e b e n o restriction s o n 

th e for m o f  th e association s tha t  ca n b e learne d (suc h a s a  linearit y restriction) .  Thi s 

requiremen t  i s me t  b y usin g th e back-propagatio n learnin g rule .  Not e tha t  th e abilit y 

t o lear n arbitrar y sequence s doe s no t  impl y tha t  al l  sequence s ar e equall y eas y t o learn ; 

indeed ,  th e networ k wil l  hav e mor e diflScult y i n learnin g an d performin g sequence s whe n 

distinction s mus t  b e mad e simila r  state s an d plans . 

A furthe r  requiremen t  mus t  b e impose d o n th e next-stat e functio n s o tha t  th e result s 

on parallelis m wil l  hold :  Stat e vector s a t  nearb p point s i n tim e mus t  b e simitar .  Ther e ar e 

m a ny way s t o choos e th e recurren t  connection s s o a s t o achiev e thi s continuit y property . 

O ne particula r  choice ,  whic h ha s bee n use d i n m a n y o f  th e simulation s o f  th e network ,  i s 

base d o n a  conceptio n o f  th e stat e a s representin g th e tempora l  contex t  o f  actions .  Conside r 

th e cas e o f  a  sequenc e wit h a  repeate d subsequenc e o r  a  pai r  o f  sequence s wit h a  c o m m o n 

subsequence .  I t  seem s appropriate ,  give n th e positiv e transfe r  whic h ca n occu r  i n suc h 

situation s a s wel l  a s th e phenomen a o f  captur e error s (Norman ,  1981) ,  tha t  th e stat e 

shoul d b e simila r  durin g th e performanc e o f  simila r  subsequences .  O n e wa y t o achiev e thi s 

i s t o defin e th e stat e i n term s o f  th e action s bein g produced .  However ,  th e representatio n 

must  provid e a n extensiv e enoug h tempora l  contex t  s o tha t  ther e ar e n o ambiguitie s i n 

case s involvin g repeate d subsequences .  I f  th e stat e wer e t o b e define d a s a  functio n o f 

th e las t  n  outputs ,  fo r  example ,  the n th e syste m woul d b e unabl e t o perfor m sequence s 

wit h repeate d subsequence s o f  lengt h n ,  o r  t o distinguis h betwee n pair s o f  sequence s wit h 

a c o m m o n subsequenc e o f  lengt h n .  T o avoi d suc h problems ,  th e stat e ca n b e define d a s 

an exponentiall y  weighte d averag e o f  pas t  outputs ,  s o tha t  th e arbitraril y  distan t  pas t  ha s 

some representatio n i n th e state ,  albei t  wit h ever-diminishin g strength .  Thi s representatio n 

of  th e stat e ca n b e obtaine d i f  eac h outpu t  uni t  feed s bac k t o a  stat e uni t  wit h a  weigh t  o f 

one ,  i f  eac h stat e uni t  feed s bac k t o itsel f  wit h a  weigh t  p ,  an d i f  th e stat e unit s ar e linear . 

*  I n thi s case ,  th e stat e a t  tim e n  i s give n b y 

Since this representation of the state is an average, it tends to have the desired property 

tha t  state s nearb y i n tim e ar e similar .  Th e similarit y depend s o n th e particula r  action s tha t 

ar e adde d i n a t  eac h tim e ste p an d o n th e valu e o f  /i .  I n general ,  however ,  wit h sufficientl y 

larg e value s o f  /i ,  th e similarit y extend s forwar d an d backwar d i n time ,  growin g weake r 

wit h increasin g distance . 

Othe r  possibl e representation s o f  th e stat e ar e discusse d i n Jorda n (1985) .  Th e majo r 

difference s betwee n differen t  representation s i s i n th e particula r  metric s the y induc e o n th e 

*Th e linearit y assamptio n give s th e stat e a  simpl e interpretatio n an d als o give s th e stat e anit s a  mor e 
extende d dynami c range ,  ba t  i s no t  essentia l  (o r  th e operatio n o f  th e network . 
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difficult y o f  learnin g an d performing  particula r  sequence s an d als o th e kind s o f  generaliza -

tion s tha t  ca n b e mad e betwee n sequences .  I t  i s  als o possibl e t o conside r  learnin g o f  th e 

next-stat e function .  Indeed ,  th e back-propagatio n algorith m applie s t o th e cas e o f  recur -

ren t  networks ,  althoug h i n a  mor e comple x form ,  requirin g unit s t o stor e historie s o f  thei r 

activation s (Rumelhart ,  Hinton ,  &  Williams ,  1986) .  However ,  i n th e curren t  framework , 

ther e b  littl e t o b e gaine d b y learnin g th e next-stat e function ;  al l  th e har d wor k ca n b e 

don e i n learnin g th e outpu t  function . 

L E A R N I N G A N D P A R A L L E L I S M 

The network as described thus far would appear to be strictly sequential: there is no 

overla p betwee n neighborin g actions .  T h b i s indee d th e cas e an d i t  i s  necessar y t o modif y 

th e for m i n whic h desire d outpu t  vector s ar e specifie d t o se e tha t  th e networ k i s i n fac t 

capabl e o f  highl y paralle l  performance . 

Th e for m tha t  desire d outpu t  vector s ar e assume d t o tak e i s a  generalizatio n o f  th e 

approac h use d i n traditiona l  error-correctio n scheme s (Dud a i i  Hart ,  1973 ;  Rosenblatt , 

1961 ;  Rumelhart ,  Hinton ,  &  Williams ,  1986 ;  Widro w k  Hoff ,  1960) .  Rathe r  tha n assumin g 

tha t  a  valu e i s specifie d fo r  eac h outpu t  unit ,  i t  i s  assume d tha t  i n genera l  ther e ar e 

eoMtraint s specifie d o n th e value s o f  th e outpu t  units .  Constraint s m a y specif y a  rang e o f 

value s whic h a n outpu t  uni t  m a y have ,  a  particula r  value ,  o r  n o valu e a t  all .  Thi s latte r 

cas e i s referre d t o a s a  "don't-car e condition. "  I t  i s  als o possibl e t o conside r  constraint s 

whic h ar e define d amon g outpu t  units .  Fo r  example ,  th e su m o f  th e activation s o f  a  se t  o f 

unit s ma y b e require d t o hav e a  particula r  value . 

Constraint s ente r  int o th e learnin g proces s i n th e followin g way :  I f  th e activatio n o f  a n 

outpu t  uni t  fits  th e constraint s o n tha t  unit ,  the n n o erro r  correction s ar e instigate d fro m 

tha t  unit .  If ,  however ,  a  constrain t  i s  no t  met ,  the n th e erro r  i s define d a s a  proportio n o f 

th e degre e t o whic h tha t  constrain t  i s  no t  met ,  an d thi s erro r  i s use d i n th e norma l  wa y 

t o chang e v/eight s toward s a  configuratio n i n whic h th e constrain t  i s  met .  A n exampl e o f 

thi s proces s i s show n i n Figur e 2  fo r  a  desire d outpu t  vecto r  wit h thre e specifie d value s 

and tw o don't-car e condition s (represente d b y stars) .  A s show n i n th e figure,  error s ar e 

propagate d fro m onl y thos e unit s wher e constraint s ar e imposed .  I n th e cas e o f  constraint s 

among units ,  i t  i s  possibl e t o impos e constraint s o n unit s havin g fixed  connection s fro m 

th e outpu t  units .  Error s generate d a t  thes e unit s ar e propagate d bac k t o th e outpu t  units . 

Thi s proces s i s sketche d i n Figur e 3 ,  wher e th e constraint s Z i  +  X 2 =  . 6 an d X i  +  X i  =  A 

ar e imposed .  Not e tha t  i f  man y constraint s ar e impose d o n th e sam e unit ,  th e error s ar e 

simpl y adde d together ,  an d th e networ k wil l  eventuall y find  a n activatio n valu e fo r  th e 

uni t  tha t  satisfie s al l  o f  th e constraint s (give n tha t  suc h a  valu e exists) . 

Conside r  no w th e cas e i n whic h desire d outpu t  vector s specif y value s fo r  onl y a  singl e 
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Figur e 2 :  Learnin g wit h don*t-car e conditions . 

output unit. This is essentially the case of local representations for actions, in which the 

networ k i s essentiall y  bein g instructe d t o activat e it s outpu t  unit s i n a  particula r  order . 

Suppose ,  fo r  example ,  tha t  a  networ k wit h thre e outpu t  unit s i s learnin g th e sequenc e 

1 

* 

* 
» 

"  *  ' 

1 

^  *  _ 
> 

*  * 

* 

.  1 , 

At  eac h tim e step ,  error s ar e propagate d fro m onl y a  singl e outpu t  unit ,  s o tha t  activatio n 

of  tha t  uni t  become s associate d t o th e curren t  state .  Association s ar e learne d from  S i  t o 

activatio n o f  th e first  outpu t  unit ,  fro m S j  t o activatio n o f  th e secon d outpu t  unit ,  an d 

fro m 8 s t o activatio n o f  th e thir d outpu t  unit .  * 

'wher e B i  denote s th e activatio n o f  th e stat e onit s a t  tim e i .  I  a m ifnorio s th e pla n vecto r  t o simplif y 

th e exposition . 
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Figur e S :  Learnin g wit h constraint s a m o n g units . 

After learning, the presence of Si on the state units will activate the first output unit. It 

wil l  als o partiall y  activat e th e secon d an d thir d outpu t  units ,  eve n thoug h n o association s 

fro m S i  t o thes e unit s hav e bee n learned .  Thi s occur s becaus e S i  b  simila r  t o S j  an d s * 

(give n th e requiremen t  mad e o f  th e next-stat e function )  an d simila r  input s ten d t o produc e 

simila r  output s i n thes e networks .  Th e association s mad e t o s j  an d S t  als o generalize ,  s o 

tha t  afte r  learning ,  th e networ k wil l  likel y produc e a  sequenc e suc h a s 

r  *  1 
. 8 

•6 , 

> 

. 8 

1 

.  -8 . 

> 

r.6 ' 

. 8 

.  1 

wher e a t  eac h tim e step ,  ther e ar e paralle l  activation s o f  al l  outpu t  units .  I f  th e networ k i s 

drivin g a  se t  o f  articulator s tha t  mus t  trave l  a  certai n distance ,  o r  hav e a  certai n inertia , 

the n i t  wil l  b e possibl e t o g o faste r  wit h thes e paralle l  contro l  signal s tha n wit h signa k 

wher e onl y on e outpu t  uni t  ca n b e activ e a t  a  time . 
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T h e foregoin g exampl e i s simpl y th e leas t  constraine d cas e an d furthe r  constraint s ca n 

be added .  Suppose ,  fo r  example ,  tha t  th e secon d outpu t  uni t  i s  no t  allowe d t o b e activ e 

durin g th e first  action .  Thi s ca n b e encode d i n th e constrain t  vecto r  fo r  th e first  actio n s o 

tha t  th e networ k i s instructe d t o lear n th e sequenc e 

r i ] 

0 

* 

f 

'  * " 

1 

* 
> « 

» 

"  *  * 

* 

.  1 . 

Afte r  learning ,  th e outpu t  sequenc e wil l  likel y b e a s follows : 

r  1  ] 

0 
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» 

r  .8 ] 

1 

•8 . 

» 

[.6 ] 

. 7 

1 

wher e th e adde d constrain t  i s  no w met .  I n thi s example ,  th e networ k mus t  bloc k th e 

generalizatio n tha t  i s m a d e fro m S j  t o Si .  I n general ,  th e abilit y  t o bloc k generalization s 

i n thi s manne r  implie s th e nee d fo r  a  nonlinea r  outpu t  function . 

As furthe r  constraint s ar e added ,  ther e ar e fewe r  generalization s acros s nearb y state s 

tha t  ar e allowed ,  an d performanc e become s les s parallel .  Minima l  parallelis m wil l  aris e 

when neighborin g action s specif y conflictin g value s o n al l  outpu t  units ,  i n whic h cas e th e 

performanc e wil l  b e strictl y sequential .  Maxima l  parallelis m shoul d b e expecte d whe n 

neighborin g action s specif y value s o n non-overlappin g set s o f  outpu t  units .  Not e tha t 

ther e i s n o nee d t o invok e a  specia l  proces s t o progra m i n th e parallelism .  Essentially , 

th e syste m generalize s naturall y acros s simila r  stat e vectors ,  an d give n tha t  stat e vector s 

nearb y i n tim e ar e similar ,  th e generalization s ac t  s o a s t o sprea d action s i n time .  I n mos t 

cases ,  i t  wil l  b e mor e di£Bcul t  fo r  th e syste m t o lear n i n th e mor e sequentia l  cas e whe n 

ther e ar e mor e constraint s impose d o n th e syste m whic h bloc k th e generalizations .  Thes e 

observation s ar e summarize d i n Figur e 4 ,  whic h show s th e relationship s betwee n constrain t 

vector s an d parallelism . 

A T T R A C T OR D Y N A M I C S 

T h e propertie s o f  th e syste m tha t  lea d t o paralle l  performanc e als o mak e th e syste m 

relativel y insensitiv e t o perturbations .  Suppos e tha t  th e syste m ha s learne d a  particula r 

sequenc e an d tha t  durin g performanc e o f  th e sequenc e th e stat e i s perturbe d somewhat . 

Give n tha t  simila r  state s ten d t o produc e simila r  outputs ,  th e outpu t  o f  th e syste m wil l 

not  b e greatl y differen t  fro m th e unperturbe d case .  Thi s woul d sugges t  tha t  th e networ k 

wil l  perfor m a  sequenc e whic h i s a  "shifted "  versio n o f  th e learne d sequence .  However ,  a 

stronge r  propert y appear s t o hold :  T h e learne d sequence s becom e attractor s fo r  nearb y 
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Figur e 4 :  Relationship s be twee n constrain t  a n d parallelism . 

regions of the state space and perturbed trajectories return to the learned trajectories. This 

propert y i s demonstrate d i n Figure s 5  an d 6 .  A  networl c wit h tw o outpu t  unit s learne d t o 

follo w a  squar e i n th e two-dimensiona l  spac e whic h correspond s t o th e activation s o f  th e 

outpu t  units .  A s show n i n th e figures,  whe n th e networ k wa s starte d a t  othe r  point s i n th e 

space ,  th e trajectorie s move d towar d th e square .  Thi s occurre d whethe r  th e trajectorie s 

bega n insid e o r  outsid e th e square ,  showin g tha t  th e squar e i s a  limi t  cycl e fo r  th e system . 

For  a  dynamica l  syste m t o hav e limi t  cycles ,  i t  i s  necessar y tha t  th e syste m b e nonlinea r 

(Hirsc h i i  Smale ,  1974) ,  whic h furthe r  demonstrate s th e nee d fo r  th e outpu t  functio n t o 

be nonlinear . 

Mor e globally ,  a  networ k whic h ha s learne d t o produc e severa l  differen t  cyclica l  se -

quence s m a y hav e severa l  region s o f  th e stat e spac e whic h ar e attracto r  basin s fo r  th e 

learne d cycles .  I f  th e networ k i s starte d i n on e o f  thes e basins ,  the n th e performe d tra -

jector y wil l  approac h th e learne d cycle ,  wit h th e par t  o f  th e cycl e whic h first  appear s 

dependin g o n wher e i n th e basi n th e networ k i s starte d relativ e t o th e configuratio n o f 

th e cycle .  Th e networ k ca n b e regarde d a s a  generalizatio n o f  a  content-addressabl e m e m-

or y (cf .  Hopfield ,  1982 )  i n whic h th e memorie s correspon d t o cycle s o r  othe r  dynami c 

trajectorie s rathe r  tha n stati c points . 

Constraint s o n th e outpu t  unit s i n genera l  defin e region s throug h whic h trajectorie s 

can pass .  Th e networ k b  fre e t o choos e a  particula r  trajector y withi n th e region ,  an d 

thi s tend s t o b e don e i n a  wa y s o a s t o avoi d shar p change s i n th e trajectory .  Whateve r 

trajector y i s chose n b y th e network ,  i t  wil l  ten d t o generaliz e s o a s t o becom e a n attracto r 
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Figur e 5 :  T h e activation s o f  th e t w o o n t p a t  unit s plotte d wi t h t im e 

as a  parameter .  T h e squar e b  th e tri^ector y tha t  th e 

ne two r k learned ,  a n d th e spira l  tr^ector y i s th e pat h 

tha t  th e ne two r k followe d w h e n starte d a t  th e poin t  (.4 , 

A ) . 

for the surrounding space. 

A P P L I C A T I O N S T O S P E E C H P R O D U C T I ON 

I n th e cas e o f  speech ,  th e constrain t  list s use d b y th e learnin g proces s ca n b e take n t o 

encod e knowledg e abou t  th e phoneti c structur e o f  th e language ,  an d i t  i s  natura l  t o identif y 

thes e constrain t  list s wit h phonemes .  Thus ,  i n th e curren t  framework ,  th e rol e o f  phoneme s 

i s t o constrai n th e dynamica l  proces s tha t  produce s utterance s b y changin g parameter s 

of  th e proces s unti l  th e constraint s ar e met .  T h e constraint s tha t  defin e phoneme s ar e 

themselve s independen t  o f  context :  The y specif y i n wha t  way s a  phonem e ca n b e altere d 

by it s context ,  withou t  specifyin g value s fo r  particula r  contexts .  Durin g th e learnin g 

process ,  paralle l  interaction s betwee n nearb y phoneme s ca n aris e a s lon g a s the y d o no t 
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Figur e 6 :  T h e activation s o f  th e t w o o u t p a t  unit s plotte d wi t h t im e 

as a  parameter .  T h e squar e b  th e tr^ectox y tha t  th e 

ne twor k learned ,  a n d th e spira l  tri^ector y I s th e pat h 

tha t  th e ne twor k followe d w h e n starte d a t  th e poin t  (.05 , 

.05) . 

violate the constraints. 

I  hav e elsewher e presente d simulation s tha t  sho w tha t  th e networ k ca n mimi c coar -

ticulatio n dat a suc h a s thos e presente d earlie r  (Jordan ,  1986) .  Severa l  prediction s wer e 

als o mad e o n th e bas b o f  thes e simulations .  T h e simulation s sho w tha t  ther e ca n b e 

non-adjacen t  interactions ,  s o that ,  fo r  example ,  th e degre e o f  anticipatio n o f  a  featur e ca n 

depen d o n wha t  follow s th e feature .  I t  i s  als o th e cas e tha t  ther e i s mor e coarticulatlo n i n 

th e simulatio n ove r  string s wit h homogeneou s phonemi c structur e tha n ove r  string s wit h 

heterogeneou s phonemi c structure . 

Finally ,  i t  shoul d b e note d tha t  i t  i s  consisten t  wit h th e curren t  approac h t o trea t  th e 

stat e equation s a s discret e version s o f  a  continuou s process .  I n thi s case ,  th e constrain t 

vector s ca n stil l  b e applie d a t  discret e epoch s durin g learning .  Thus ,  th e approac h woul d 

see m t o hav e som e promis e fo r  resolvin g som e o f  th e theoretica l  problem s tha t  aris e a t  th e 

interfac e betwee n discret e phonemi c representation s an d continuou s articulator y processe s 

543 



J O R D AN 

(Fowler ,  1980) . 

D I S C U S S I O N 

O ne o f  th e importan t  problem s tha t  arise s i n th e tempora l  domai n i s tha t  ther e ca n 

be interaction s bot h forwar d an d backwar d i n time .  O n e approac h t o thi s proble m i s 

t o represen t  action s explicitl y  i n a  spatia l  buffer ,  us e relaxatio n technique s t o allo w in -

teraction s betwee n buffe r  positions ,  an d the n m a p spac e int o tim e b y gatin g connection s 

betwee n action s (Feldma n &  Ballard ,  1982) .  T h e presen t  pape r  demonstrate s a  secon d 

approach .  I n th e propose d network ,  ther e i s n o explici t  representatio n o f  tempora l  orde r 

an d n o explici t  representatio n o f  actio n sequences .  Ther e i s onl y on e se t  o f  outpu t  unit s 

fo r  th e network ,  therefor e outpu t  vector s mus t  aris e a s a  dynami c process .  Representin g 

action s a s distribute d pattern s o n a  conuno n se t  o f  processin g unit s ha s th e virtu e tha t 

partia l  activation s ca n blen d togethe r  i n a  simpl e wa y t o produc e th e outpu t  o f  th e system . 

Likewise ,  th e representatio n o f  state s a s distribute d pattern s o n a  singl e se t  o f  unit s ha s th e 

advantag e tha t  similarit y betwee n state s ha s a  natura f  functiona l  representatio n i n term s 

of  th e overla p o f  patterns .  I t  b  th e similarit y betwee n nearb y state s tha t  b  responsibl e 

fo r  interaction s i n tim e an d thi s similarit y ha s n o tim e arro w associate d wit h it ,  s o tha t 

forwar d an d backwar d interaction s ar e bot h possible . 
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A B S T R A C T. 

As the human hand reaches out to grasp an object, it preshapes into a shape suitable for the 

anticipate d interaction .  A s i t  get s clos e t o th e object ,  i t  enclose s it .  Behaviora l  studie s hav e 

shown interaction s betwee n graspin g component s an d ar m transpor t  components .  Biomechanica l 

studie s loo k a t  huma n han d postures ,  whil e neurophysiologist s tr y t o sugges t  ho w thos e posture s 

ar e forme d an d controlled .  I n orde r  t o evaluat e suc h studies ,  model s ar e neede d whic h ca n b e 

used t o predic t  graspin g behavio r  characteristic s fro m a  fe w basi c objec t  properties .  B y lookin g 

at  th e action-perceptio n cycl e i n primat e han d movement ,  w e hop e t o gai n insigh t  int o neocortica l 

organization ,  thu s bein g abl e t o sugges t  algorithm s whic h coul d als o b e a t  wor k a t  al l  level s o f 

human intelligence . 

I N T R O D U C T I O N 

"Our hands become extenaions of the intelleet, for by hand movements the dumb 

converse ,  wit h th e specialize d fingertip s th e blin d read ;  an d throug h th e writte n 

wor d w e lear n fro m th e pas t  an d transmi t  t o th e future. "  -  Sterlin g Bunnel l 

Over the last 30 years, artificial intelligence research has been trying to capture key aspects 

of  highe r  cognitiv e though t  [e.g. .  Shan k k  Colb y 1973] .  I n th e huma n brain ,  comple x skill s 

suc h a s language ,  conceptua l  thinking ,  an d plannin g hav e evolve d du e t o th e informatio n 

processin g capabilit y  o f  th e neocorte x (see ,  fo r  example ,  Eccle s 1977 ,  Arbi b 1972] .  A t 

th e lo w en d o f  th e cerebra l  cortex ,  i n term s o f  it s distanc e fro m th e periphery ,  sit s moto r 

cortex .  I n th e neurophysiologica l  literature ,  i t  ha s bee n note d tha t  th e contro l  o f  fine, 

fractionate d finger  movement s (Kuyper s 1973 ]  i s permanentl y impaire d i n monkeys ,  apes , 

and ma n b y ablatio n o f  moto r  corte x [Denn y Brow n 1966] .  Also ,  Brinkma n an d Kuyper s 

1972]  hav e show n tha t  afte r  a  pyramidotom y (whic h cut s th e direc t  pathwa y fro m moto r 

corte x t o th e motoneurons) ,  a  monke y canno t  gras p smal l  object s betwee n it s fingers 

or  mak e isolate d movement s o f  it s  wrist .  A s a  wa y o f  gainin g insigh t  int o neocortica l 

organization ,  w e therefor e loo k a t  primat e han d movement ,  wit h th e goa l  o f  bein g abl e t o 
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suggest algorithms which could also be at work at all levels of human intelligence. 

We focu s ou r  studie s o n on e specifi c  typ e o f  han d movement ,  tha t  o f  prehension ,  o r 

th e graspin g o f  objects .  A s a  movement ,  w e not e it s complexity ,  whic h i s i n par t  du e 

t o i t  involvin g som e leve l  o f  objec t  recognition .  Whil e object s presen t  t o th e centra l 

nervou s syste m (CNS )  a n infinit e numbe r  o f  sensations ,  onl y a  fe w propertie s see m t o affec t 

prehensil e movements .  T h e efficac y o f  th e actio n perceptio n paradig m [Neisse r  1976 ,  Arbi b 

1972 ]  ha s bee n demonstrate d throug h artificia l  intelligenc e researc h int o attentio n focusin g 

mechanism s fo r  goa l  directe d behavio r  [see ,  fo r  example ,  Bar r  &  Feigenbau m 1981] .  W e 

therefor e direc t  ou r  researc h t o determinin g wha t  propertie s ar e bein g perceived ,  an d ho w 

th e C N S migh t  b e translatin g the m int o goal s fo r  prehensil e movements . 

I n term s o f  movement ,  joint s betwee n bone s provid e on e o r  mor e degree s o f  freedom , 

or  dofs .  Activ e movemen t  o f  th e han d i s cause d b y intrinsi c muscle s withi n th e palm ,  an d 

als o b y extrinsi c muscle s i n th e forearm ,  whic h sen d tendon s throug h th e wris t  int o th e 

digits .  W h e n th e huma n han d i s use d i n prehension ,  particula r  style s o f  posture s hav e bee n 

note d [Cutkosk y an d Wrigh t  1986 ,  Lyon s 1985 ,  Iberal l  &  Lyon s 1984 ,  1985 ,  Landsmee r 

1962 ,  Napie r  1956 ,  Schlesinge r  1919] .  T h e classification s o f  Schlesinge r  [1919 ]  an d Napie r 

[1956 ]  continu e t o b e frequentl y use d i n th e literature .  Schlesinge r  [1919 ]  note d 6  type s 

of  postures ,  includin g palma r  an d ti p prehension ,  cylindrica l  an d spherica l  prehension , 

hoo k prehension ,  an d latera l  pinch .  Napie r  define d precisio n gri p an d powe r  gri p a s basi c 

prehensil e postures ,  wit h th e hoo k gri p a s a  non-prehensil e postur e fo r  grasping .  I n ou r  ow n 

first  attemp t  a t  a  prehensil e classificatio n [Iberal l  &  Lyon s 1984 ,  1985] ,  w e suggeste d sb c 

postures ,  usin g suc h term s a s basi c precision ,  basi c power ,  basi c precision/power ,  modifie d 

power ,  modifie d precision/power ,  an d fortifie d precision/power .  I n tha t  attempt ,  w e wer e 

searchin g fo r  a  wa y t o captur e th e fac t  tha t  han d posture s ar e no t  a s discret e a s mos t 

classification s suggest .  Object s ar e no t  a s regula r  a s Schlesinge r  noted ,  an d ye t  th e han d 

ca n pic k u p a  vas t  rang e o f  objec t  shapes .  Force s ar e subtl y applie d a t  multipl e place s 

aroun d a n object ,  indicatin g tha t  mor e tha n on e typ e o f  gri p i s bein g use d a t  a  time , 

instea d o f  th e either/o r  natur e o f  thes e classifications .  Eve n Napie r  state d tha t  'althoug h 

i n mos t  prehensil e activitie s eithe r  precisio n o r  powe r  i s th e dominan t  characteristic ,  th e 

tw o concept s ar e no t  mutuall y exclusive '  [Napie r  1956 ,  p  906] . 

Stereotypica l  description s o f  thi s sor t  sugges t  tha t  ther e ar e anatomica l  an d physio -

logica l  constraint s i n th e hand-objec t  interaction ,  whic h th e C N S m a y i n tur n use .  Thes e 

coul d includ e stabilit y  constraints ,  suc h a s posture s involvin g stres s limitin g coadaptio n 

of  articula r  surface s [Kapandj i  1982 ,  Cha o e t  d  1976] ,  an d leverag e maximizin g wris t  po -

sition s [Hazelto n e t  a t  1975 ,  Pryc e 1980 ,  etc] .  Als o a t  issu e i s th e us e o f  th e frictiona l 

characteristic s o f  th e ski n [Thomin e 1982] ,  an d th e locatio n o f  tactil e receptor s [Johannso n 

& Vallb o 1983] ,  bot h o f  whic h ar e notabl y specialize d a t  th e finger  pad s [Glicenstei n & 
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Dardou r  198 1 . 

However ,  whil e thes e classification s ar e usefu l  a s broa d genera l  descriptions ,  the y d o no t 

provid e a  usefu l  mechanis m fo r  describin g th e complet e graspin g process ,  fro m perceivin g 

an object ,  t o capturin g an d manipulatin g th e object .  W e fee l  tha t  a  classificatio n i s neede d 

whic h describe s a  prehensil e postur e i n goal-directe d terms ;  i.e. ,  i n term s o f  th e numbe r  o f 

force s neede d i n th e task ,  i n wha t  directio n the y ar e t o b e applied ,  an d a t  wha t  strengt h 

must  the y b e applied .  W e defin e th e goa l  o f  prehensio n t o b e th e bringin g t o bea r  o f 

functionall y effectiv e force s aroun d a n objec t  fo r  a  give n tas k give n th e hand' s anatomica l 

constraints .  Th e styl e o f  postur e chose n b y th e C N S mus t  the n matc h th e tas k requirement s 

(th e force s an d dof s neede d i n th e task )  wit h th e hand' s capabilitie s (th e force s an d dof s 

availabl e a t  th e hand) . 

FUNCTIONAL ANALYSIS OF PREHENSION 

Prehension involves applying opposition to the forces arising during interaction with an 

object ,  an d stabl e prehensio n add s th e requiremen t  tha t  oppositio n i s applie d b y han d 

surface s agains t  othe r  han d surface s [Iberall ,  Bingha m &  Arbi b 1985] .  W e cal l  th e applica -

tion s o f  force s betwee n han d surface s oppositions .  I n orde r  t o appl y thos e forces ,  th e han d 

preshape s int o a  suitabl e postur e durin g th e reachin g phas e o f  th e movemen t  [Jeannero d 

1981] ,  thu s settin g u p th e require d opposition s fo r  th e task .  Th e fingers  an d thum b extend , 

creatin g a  spac e withi n th e hand ,  wit h characteristic s whic h ar e highl y tas k dependent .  A n 

obviou s exampl e o f  tas k dependenc y deal s wit h objec t  width :  th e large r  th e objec t  width , 

th e large r  th e m a x i m u m aperatur e betwee n th e thum b an d fingers  [Jeannero d 1981] .  En -

closin g th e han d aroun d a n objec t  work s withi n tha t  are a define d b y th e preshape d hand , 

by increasingl y flexing  th e fingers  an d thum b unti l  the y contac t  th e objec t  an d ca n the n 

appl y th e require d force . 

I n studyin g thes e data ,  w e as k ourselve s wha t  i s th e subjec t  perceivin g abou t  th e objec t 

tha t  determine s a  particula r  han d postur e a s bein g functionall y effectiv e fo r  th e state d task . 

We cal l  tha t  perceptio n th e tas k requirements ,  an d i t  i s  ou r  goa l  t o b e abl e t o describ e 

prehensil e movement s i n term s o f  thos e tas k requirements . 

To gai n som e intuitio n fo r  thi s analysis ,  w e initiall y  observe d (Arbib ,  Iberal l  &  Lyon s 

1985]  th e tas k o f  pickin g u p differen t  siz e mug s b y thei r  handles .  W e note d tha t  thre e 

basi c force s wer e bein g applied :  on e t o provid e a  downwar d forc e fro m abov e th e handle , 

one t o provid e a n upwar d forc e fro m withi n th e handl e and ,  i f  necessary ,  a  thir d forc e t o 

stabiliz e th e handl e fro m below .  W e hypothesize d tha t  eac h o f  thes e function s coul d b e 

represente d a s th e tas k o f  a  virtua l  finger .  Rea l  fingers  mov e i n conjunctio n withi n a  virtua l 
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Figur e 1 :  Grasp in g m u g task .  T h e n u m b e r  o f  rea l  fingers  wh ic h 

m ap int o th e secon d virtua l  finger  varies ,  dependin g o n 

th e siz e o f  th e handle . 

finger, which has the same characteristics as real fingers. This both limits the dofs to those 

neede d fo r  a  give n task ,  an d provide s a n organizin g principl e fo r  tas k representatio n a t 

highe r  level s i n th e C N S .  I t  i s  the n a  subtas k a t  a  lower-leve l  t o perfor m th e actua l  mappin g 

t o rea l  fingers,  makin g tas k implementatio n somewha t  "tool-free" . 

Figur e 1  show s a n exampl e o f  th e us e o f  virtua l  fingers.  I n th e fou r  examples ,  th e thumb , 

mapped int o th e first  virtua l  finger  o r  V F l ,  provide s a  forc e fro m abov e th e handle .  Fo r 

a teacu p wit h a  ver y smal l  handl e (Figur e la) ,  onl y on e finger  wil l  fit  insid e th e handle . 

Durin g th e preshaping ,  onl y th e inde x finger  i s mappe d int o th e secon d virtua l  finger 

V F 2 ,  whic h provide s a n upwar d forc e fro m withi n th e handle ,  an d whic h oppose s th e 

forc e applie d b y V F l .  Th e res t  o f  th e fingers  m a p int o V F 3 ,  whic h provide s suppor t  fo r 

cu p stabilization .  Fo r  a  coffe e m u g o f  th e kin d picture d i n Figur e lb ,  tw o fingers  wil l  fit 
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a)  Pa d Oppositio n b)  Pal m Opposltfo n c )  Sfd e Oppositio n 

Fignr e 2 :  Basi c opposition s (a )  P a d oppositio n alon g axi s generall y 

paralle l  t o p a l m (b )  P a l m oppositio n alon g axi s generall y 

n o r m a l  t o p a l m (c )  Sid e oppositio n alon g axi s generall y 

transvers e t o pa lm .  Soli d line s s h o w axi s o f  opposition , 

dashe d line s s h o w virtua l  finger  vector s V F l  a n d V F 2 . 

withi n th e handl e t o for m V F 2 ,  wit h th e othe r  tw o fingers  becomin g V F 3 .  Fo r  th e m u g 

of  Figur e Ic ,  V F 2 wil l  compris e thre e fingers,  whil e Figur e I d demonstrate s th e cas e i n 

whic h al l  fou r  fingers  ar e mappe d int o V F 2 ,  wit h a n empt y mappin g t o V F 3 . 

We suggeste d i n [Iberall ,  Bingha m k  Arbi b 1985 ]  tha t  prehensil e posture s ar e con -

straine d b y th e wa y th e han d ca n appl y opposin g force s aroun d a n objec t  fo r  a  give n task , 

and note d tha t  ther e ar e thre e basi c way s tha t  th e han d ca n appl y thes e oppositions .  Pa d 

oppotitio n (Figur e 2a )  betwee n th e finger  pad s (VF2 )  an d th e thum b pa d (VFl )  occur s 

alon g a n axi s roughl y paralle l  t o th e palm .  Oppositio n a t  th e digi t  pad s offer s greate r 

flexibility  i n finely  controlle d manipulation s o f  a n objec t  a t  th e expens e o f  stabiUt y an d 

maximu m force .  Thes e pad s ar e highl y specialize d fo r  prehension ,  i n tha t  the y provid e 

friction ,  du e t o th e epiderma l  ridges ,  stick y excretions ,  an d thei r  abilit y  t o compl y [Gll -

censtei n k  Dardou r  1981] .  The y als o hav e numerou s tactil e receptors ,  mor e s o tha n mos t 

othe r  part s o f  th e body ,  thu s givin g th e C N S m u c h informatio n abou t  th e objec t  wit h 

whic h the y com e int o contac t  (Johannso n &  Vallb o 1983] .  Pal m oppoeitio n (Figur e 2b ) 

betwee n th e digit s (VF2 )  an d th e pal m (VFl) ,  sacrifice s flexibility  i n favo r  o f  stability . 

Essentiall y  th e objec t  i s  fixed  i n han d coordinates ,  alon g a n axi s roughl y norma l  t o th e 

pahn o f  th e hand .  Greate r  stabilit y  i s  achieve d b y a  combinatio n o f  factor s [Thomin e 

1982] :  th e large r  pahna r  surfac e are a providin g mor e friction ,  greate r  force s availabl e fro m 

proxima l  finger  area s [Hazelto n e t  a l  1975 ,  Cha o e t  a i  1976] ,  th e abilit y  t o passivel y cance l 
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torques ,  an d th e us e o f  th e thum b agains t  th e fingers  fo r  addin g forc e an d changin g th e siz e 

of  th e palm .  A s jnor e fingers  ar e include d i n V F 2 ,  th e magnitud e o f  th e applicabl e forc e 

increases .  Finally ,  aid e opposition ,  eithe r  betwee n th e thum b pa d (VFl )  an d th e sid e o f 

th e inde x finger  (VF2 )  (Figur e 2c) ,  o r  els e betwee n th e side s o f  th e fingers,  i s  a  compromis e 

betwee n flexibility  an d stability .  It s oppositio n axi s occur s primaril y alon g a  transvers e 

axi s t o th e palm .  T h e thumb ,  du e t o th e orientatio n o f  it s  articula r  surfaces ,  ha s it s pa d 

oriente d towar d th e side s o f  th e othe r  digits ,  givin g sid e oppositio n usin g th e thum b th e 

extr a frictiona l  component .  Sid e oppositio n betwee n fingers  i s stronge r  (bu t  les s flexible) 

i f  th e objec t  i s  hel d proximall y i n th e fingers,  an d weake r  (bu t  mor e flexible)  i f  hel d mor e 

distally . 

Eac h oppositio n ha s particula r  feature s whic h ar e relate d t o th e hand' s anatomica l  an d 

physiologica l  structure ,  an d thu s defin e th e natur e o f  applicabl e force s an d usabl e dof» . 

We sugges t  tha t  th e shap e th e han d take s o n durin g th e gras p reflect s th e us e o f  on e o r 

mor e o f  thes e oppositions .  I n th e gras p m u g task ,  sid e oppositio n i s use d betwee n th e 

t h u m b an d inde x (se e Figur e 1) ,  an d pal m oppositio n occur s betwee n th e palma r  surface s 

of  th e fingers.  Sinc e th e m u g i s graspe d off-cente r  fro m it s cente r  o f  mass ,  V F 3 applie s 

an oppositio n t o th e torqu e whic h bring s th e m u g int o th e hand .  I n general ,  a  complet e 

functiona l  descriptio n o f  eac h oppositio n woul d discus s th e directio n o f  th e applie d force , 

th e magnitud e o f  th e applie d forc e a s relate d t o th e numbe r  o f  rea l  fingers  involve d (i n term s 

of  minimal ,  maximal ,  an d mea n forces) ,  th e directio n o f  availabl e movemen t  {do/a) ,  th e 

rang e o f  availabl e movement ,  an d th e amoun t  o f  contro l  ove r  thos e movements .  A  complet e 

functiona l  descriptio n o f  prehensil e movemen t  woul d sho w th e ho w thes e opposition s ar e 

see n an d use d i n th e emergen t  postures . 

OPPOSITION SPACE 

Using the concept of virtual fingers, and noting how the hand can apply forces through 

oppositions ,  w e define d oppositio n spac e [Iberall ,  Bingha m &  Arbi b 1985 ]  a s th e coordinate s 

withi n whic h oppositio n ca n tak e plac e betwee n virtua l  fingers;  specifically ,  oppositio n 

spac e define s th e functiona l  capabilitie s o f  th e han d fo r  executin g stabl e grasp s an d objec t 

manipulations .  T o completel y characteriz e oppositio n space ,  w e specif y here : 

1. a description of the task-relevant object features, or task requirements 

2. a coordinate frame with relevant grasping parameters, or opposition space 

3. a mapping between the task requirements and opposition space 
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T a s k R e q u i r e m e n t s 

While it is not our goal to model how the CNS might do it, we suggest that perception of 

th e objec t  involve s extractin g a  se t  o f  propertie s relevan t  t o th e person' s inten t  fo r  th e us e 

of  th e objec t  i n th e task .  Th e perceive d tas k requirements ,  whic h hel p determin e th e shap e 

of  th e hand ,  consis t  o f  bot h functiona l  constraint s an d physica l  constraints .  Functiona l 

constraints ,  comin g fro m wha t  mus t  b e accomplishe d i n th e tas k (th e intent) ,  includ e issue s 

suc h as :  don' t  dro p th e object ,  (stably )  manipulat e th e object ,  an d overcom e anticipate d 

forces .  Physica l  constraints ,  base d o n objec t  propertie s an d han d properties ,  includ e suc h 

issue s a s propertie s o f  opposin g surfaces ,  availabl e forces ,  an d availabl e dofs .  A s a  first 

approximatio n towar d quantifyin g these ,  a  workin g se t  o f  tas k requirement s i s a s follows : 

• a set of opposable surfaces 

- length of each opposable surface 

-  radiu s o f  curvatur e o f  eac h surfac e 

-  surfac e complianc e 

• an opposition vector between pairs of opposable surfaces 

- magnitude of opposition vector 

-  orientatio n o f  oppositio n vecto r  (relativ e t o a  vecto r  betwee n th e oppositio n 

spac e origi n an d th e cente r  o f  th e oppositio n vector ) 

• functional degrees of freedom about an opposition vector 

- direction of movement 

-  rang e o f  movemen t 

-  resolutio n o f  contro l 

• a set of anticipated forces 

- object weight vector 

-  inertia ]  forc e vecto r 

-  torque s a t  th e oppositio n vecto r 

Objects have infinitely many properties, but we suggest that for prehensile movements, an 

objec t  i s  perceive d b y it s opposabl e surfaces ,  an d onl y thos e relevan t  t o th e task .  Betwee n 

ever y tw o relevan t  opposabl e surface s exist s a n oppositio n vector .  Th e mug ,  fo r  example , 
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havin g a  cylindrica l  bod y an d a  curve d cylindrica l  handle ,  ha s a n infinit e numbe r  o f  possibl e 

oppositio n vector s betwee n th e infinit e numbe r  o f  point s alon g it s surfaces .  But ,  du e t o it s 

constructio n an d du e t o th e person' s inten t  o f  drinkin g fro m th e to p opening ,  i t  provide s 

at  leas t  thre e solution s i n term s o f  tas k requirements : 

1. an opposition vector, between body surfaces slightly above the center of mass, will 

allo w th e task-relate d rotatio n (i.e. ,  drinkin g fro m th e opening )  o f  tha t  oppositio n 

vecto r  whil e stabl y overcomin g th e object' s weigh t  vector .  B y choosin g th e particula r 

oppositio n vecto r  whic h ha s it s origi n nea r  th e proxima l  surfac e o f  th e m u g an d 

placin g th e thum b there ,  th e object' s (changing )  weigh t  vecto r  wil l  b e oppose d b y 

th e thum b a s th e m u g i s tilte d t o th e lips . 

2. an opposition vector, between the top and bottom body surfaces, will also allow the 

task-relate d rotation .  I t  is ,  however,of f  th e cente r  o f  mass ,  an d ha s smalle r  opposabl e 

surfaces ,  an d i s usuall y blocke d b y othe r  obstacles ,  suc h a s th e table .  (Thi s o f  cours e 

focuse s o n th e fac t  tha t  othe r  issues ,  missin g i n thi s first  approximation ,  ar e a t  work ; 

thes e includ e objec t  temperature ,  obstacles ,  etc) . 

3. two opposition vectors, one through the top of the handle and one through the side 

of  th e handle ,  wil l  als o allo w th e task-relate d rotation .  B y choosin g tw o particula r 

oppositio n vectors ,  on e wit h a n origi n o n th e to p o f  th e handl e an d on e o n th e 

dista l  surfac e o f  th e handle ,  th e object' s (changing )  weigh t  vecto r  ca n b e overcom e 

by accountin g fo r  th e torqu e cause d b y bein g of f  th e cente r  o f  mass .  Whil e thes e 

oppositio n vector s ar e of f  th e cente r  o f  mas s an d th e surface s smaller ,  the y provid e 

a solutio n t o th e temperatur e problem . 

In our example of Figure 1, when the subject was told to Tick up the mug to drink 

out  o f  it' ,  sh e chos e th e thir d solutio n i n eac h case . 

Coordinate Frames 

In order to now match the task requirements to the hand's capabilities, we define here 

a coordinat e syste m fo r  th e thre e oppositions ,  a s show n b y th e dashe d line s i n Figur e 2 . 

I n pa d oppositio n (Figur e 2a) ,  V F l  describe s wher e th e thu"i b pa d is ,  a s i t  extend s 

an d flexes  throug h it s 'workspace' ,  relativ e t o th e palm .  T h e virtua l  fing'T  vecto r  V F 2 

similarl y describe s wher e th e finger  pa d is ,  relativ e t o th e palm .  Thes e vecior s increas e 

and decreas e i n lengt h an d orientatio n a s th e thum b an d fingers  exten d an d flex.  Th e 

dar k lin e indicate s th e oppositio n vecto r  alon g whic h th e oppositio n i s occuring .  Fo r  pal m 

oppositio n (Figur e 2b) ,  th e virtua l  finger  vector s ar e initiall y  shorter ,  endin g o n th e palma r 
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Figur e 3 :  Compos i t e gras p involvin g p a l m a n d sid e opposition . 

Graspin g medium-size d w renc h involve s bot h p o w e r  a n d 

contro l  componen ts . 

surfaces where the opposition is taking place. In side opposition (Figure 2c), VF2 stops 

at  th e proxima l  interphalangea l  join t  o f  th e inde x finger. 

An exampl e o f  thes e coordinat e system s bein g use d i n a  composit e gri p i s see n i n 

Figur e 3 .  Th e objec t  i s  perceive d wit h tw o oppositio n vectors ,  on e matchin g t o th e thum b 

(VFl )  an d inde x finger  (VF2 )  i n sid e oppositio n alon g th e transvers e axis ,  an d th e othe r 

matchin g th e pal m (VFl )  an d th e fou r  fingers  (VF2 )  i n pal m opposition . 

M a p p i n g f r o m T a s k R e q u i r e m e n t s t o O p p o s i t i o n S p a c e 

The general problem that the CNS has in an action/perception paradigm (Neisser 1976, 

Arbi b 1972 ]  suc h a s graspin g a n object ,  i s  i n transformin g perceive d objec t  propertie s int o 

usefu l  moto r  spaces .  W e us e schem a theor y [Arbi b 1981 ,  Neisse r  1976 ]  t o describ e per -

ceptua l  structure s an d unit s o f  moto r  control .  T o focu s attention ,  perceptua l  schema s i n 

th e C N S mus t  someho w extrac t  relevan t  informatio n abou t  tha t  object ,  i n thi s case ,  a 

reasonabl e oppositio n vecto r  (o r  se t  o f  oppositio n vectors )  fo r  th e particula r  task ,  trans -

forme d fro m retinotopi c coordinate s int o a  thre e dimensiona l  space .  T h e Preshap e moto r 

schema wil l  m a p th e curren t  han d postur e (whic h als o mus t  b e perceived )  int o a  suitabl e 

oppositio n space ,  fro m wher e th e Enclos e schem a wil l  brin g th e han d actuall y aroun d th e 
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object . 

Thi s proble m ca n b e define d aj s a n invers e kinemati c problem ,  i n th e sens e tha t  th e 

Preshap e schem a mus t  determin e th e correc t  angle s fo r  V F l  an d V F 2 give n a  particula r 

oppositio n vector .  However ,  th e invers e kinematic s d o no t  necessaril y  giv e a  uniqu e so -

lution ,  an d therefore ,  a  furthe r  analysi s o f  th e goal s i s needed .  W e ca n als o as k wha t  i s 

th e intende d directio n fo r  th e applicatio n o f  th e force s (i.e. ,  wha t  i s a  solutio n o f  th e tas k 

requirement s whic h account s fo r  stabl y overcomin g th e anticipate d forces) ,  an d wha t  ar e 

th e force s availabl e fro m variou s han d postures . 

As a n exampl e towar d lookin g a t  th e first  question ,  w e ca n loo k a t  wha t  happen s i n a 

pad oppositio n involvin g th e thum b (VFl )  an d inde x finger  (VF2) .  T h e intende d directio n 

of  forc e applicatio n i s t o appl y force s throug h th e inde x finger  an d thum b pad s alon g th e 

oppositio n vector .  A s a  first  approximation ,  w e ca n jus t  loo k a t  th e directio n o f  a  norma l 

throug h th e inde x finger  an d on e throug h th e thum b pad ,  an d se e ho w the y var y a s th e 

finger  an d thum b mov e withi n thei r  anatomically-constraine d 'workspace' .  W e measure d 

th e workspac e o f  th e inde x finger  pa d an d tha t  o f  th e thum b pa d fo r  on e subject ,  an d fro m 

sampl e dat a points ,  w e di d a  linea r  interpolatio n t o produc e th e plo t  see n i n Figur e 4 . 

Eac h arro w show s th e directio n o f  a  norma l  wit h respec t  t o th e pad ,  whe n th e thum b 

vecto r  V F l  (o n th e lef t  sid e o f  th e figure)  o r  th e inde x finger  vecto r  V F 2 (o n th e righ t  sid e 

of  th e figure)  i s a t  a  give n angl e an d length .  T h e dot s ar e area s outsid e th e workspaces . 

T h e absciss a value s ar e i n opposit e direction ,  thu s graphicall y showin g ho w th e normal s 

become colinea r  bu t  opposit e a t  variou s location s i n th e workspaces . 

Such a  descriptio n o f  th e workspace s o f  V F l  an d V F 2 provide s a  first  attemp t  a t 

a functiona l  analysi s o f  han d capability .  If ,  somewher e i n th e C N S (i n cortica l  moto r 

and/o r  premoto r  areas) ,  suc h a  representatio n o f  th e han d existed ,  i t  woul d ac t  a s bot h 

a moto r  map ,  providin g a  goa l  fo r  lowe r  leve l  system s t o achiev e throug h proprioceptiv e 

feedback ,  an d als o a s a  cognitiv e map ,  providin g a  descriptio n o f  th e hand' s functionalit y 

i n tha t  par t  o f  oppositio n space .  Th e Preshap e Schem a coul d loo k int o thi s m a p fo r  a n 

orientatio n o f  th e pa d no rma b whic h woul d satisf y th e magnitud e an d orientatio n o f  th e 

oppositio n vector .  However ,  th e han d mus t  b e positione d a t  a  distanc e an d orientatio n 

fro m th e oppositio n vector ,  alon g a n approac h vector ,  wher e tha t  solutio n exists .  Ther e 

are ,  however ,  a n infinit e numbe r  o f  approac h vectors ,  i n term s o f  th e distanc e a t  whic h 

th e m a x i m u m aperatur e betwee n V F l  an d V F 2 occur s an d th e approac h angl e a t  whic h 

i t  happens .  H o w migh t  th e Preshap e Schem a decid e whic h solutio n i s best ,  o r  a t  leas t 

reasonable ? 

T h e selectio n o f  thi s solutio n ca n b e don e usin g a  competitio n mode l  involvin g com -

putation s i n a  neura l  networ k [Amar i  k ,  Arbi b 1977] .  O f  al l  th e give n input s t o suc h a 

network ,  th e nod e receivin g th e m a x i m u m inpu t  i s selected .  I n ou r  case ,  fo r  a  give n op -
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ma l a (lef t  figure)  a n d inde x finger  normal s (righ t  figure). 

T h e abscissas ,  opposit e i n direction ,  represent s th e angl e 

be twee n V F l  o r  V F 2 a n d th e pa lm .  O n th e ordinat e i s 

th e lengt h o f  th e virtua l  finger  vector . 

position vector magnitude, all possible distances and orientations of the opposition vector 

relativ e t o th e oppositio n spac e origi n woul d compet e i n a n excitation/inhibitio n network . 

Distance s an d orientation s outsid e th e rang e o f  oppositio n spac e woul d di e out .  V F l  an d 

V F2 configuration s whic h correspon d t o colinea r  pa d normal s woul d reinforc e eac h other' s 

excitatio n level ,  thu s allowin g peak s i n th e networ k mode l  t o grow .  A  competitio n mode l 

of  thi s typ e i s currentl y bein g developed ,  an d shoul d sho w ho w th e mappin g o f  tas k re -

quirement s int o oppositio n spac e constrain s variou s aspect s o f  prehensil e movements ,  suc h 

as th e approac h vecto r  th e ar m take s i n reaching . 

Th e actua l  postur e chose n b y th e Preshap e Schem a woul d als o incorporat e a  smal l 

buffe r  zone ,  th e siz e o f  whic h i s dependen t  o n man y tas k feature s suc h a s Pitt' s  L a w (fo r 

a revie w se e [Keel e 1981]) .  Thi s issue ,  however ,  i s  beyon d th e scop e o f  thi s paper . 

Th e secon d questio n look s a t  wha t  force s ar e availabl e fro m variou s han d postures .  I n 

thi s broade r  issu e o f  mappin g fro m tas k requirement s t o oppositio n space ,  w e hav e ye t 
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t o determin e ho w d o interaction s o f  tas k requirement s lea d t o interaction s o f  opposition s 

an d t o real-to-virtua l  finger  mappings ,  producin g observe d postures .  W e sugges t  tha t 

perceptua l  schema s extrac t  a n oppositio n vecto r  a t  eac h plac e wher e a n oppositio n i s 

neede d i n a  task ,  alon g wit h al l  th e necessar y tas k requirements .  A s wa s noted ,  th e gras p 

m ug tas k i s a n exampl e o f  multipl e oppositions . 

As a n exampl e towar d answerin g thi s secon d question ,  w e loo k a t  th e tas k tha t  wa s 

see n i n Figur e 3, '  wher e th e perso n i s reachin g fo r  a  medium-size d wrench .  T h e fac t  tha t 

ther e ar e tw o oppositio n vector s anticipate s th e nee d fo r  tw o type s o f  oppositions ,  thu s 

capturin g th e tw o characteristic s o f  th e tas k (i.e. ,  powe r  an d control) .  T h e length s o f 

opposabl e surface s fo r  eac h o f  th e oppositio n vector s ar e longe r  tha n th e han d i s wide ,  an d 

so d o no t  presen t  a  virtua l  finger  siz e constraint .  T h e widt h o f  th e oppositio n vector s ar e 

not  particularl y big ,  indicatin g tha t  th e objec t  i s  no t  particularl y heavy .  T h e anticipate d 

tas k torqu e (tightenin g th e nut )  indicate s th e nee d fo r  pal m opposition ,  usin g a s man y 

fingers  a s possibl e i n V F 2 .  However ,  durin g th e first  par t  o f  th e tas k (fittin g th e jaw s o f 

th e wrenc h aroun d th e nut) ,  som e contro l  i s  needed .  This ,  alon g wit h th e fac t  tha t  onl y 

coars e resolutio n o f  contro l  ove r  th e tas k do/ a (turnin g th e wrench )  i s needed ,  indicate s 

tha t  sid e oppositio n woul d b e mor e usefu l  tha n pa d oppositio n fo r  th e secon d opposition , 

wit h th e inde x finger  mappe d int o V F 2 an d th e thum b int o V F l .  Thi s aUow s al l  fou r 

fingers  t o m a p int o V F 2 an d th e pal m int o V F l  fo r  th e pal m opposition . 

C O N C L U S I O N 

Research in artificial intelligence has demonstrated the efficacy of attention focusing me-

chanism s fo r  goa l  directe d behavior .  I n term s o f  natura l  intelligence ,  th e C N S i s presente d 

wit h a n infinit e numbe r  o f  sensation s whe n dealin g wit h eve n on e object .  I n orde r  t o 

successfull y interac t  wit h suc h a n object ,  onl y informatio n specifi c  t o th e interactio n i s 

desireable .  Importan t  perception s fo r  prehensil e movement s involve :  wha t  surface s ca n b e 

graspe d give n a  particula r  intention ,  wha t  ar e th e characteristic s o f  thos e surfaces ,  an d 

what  wil l  happe n whe n the y ar e grasped .  I n attemptin g t o captur e thi s informatio n i n a 

computationa l  mode l  o f  prehensil e movements ,  w e cal l  thes e feature s th e tas k requirement s 

an d lis t  them ,  i n a  first  approximation ,  a s a  se t  o f  opposabl e surfaces ,  a n oppositio n vecto r 

betwee n pair s o f  opposabl e surfaces ,  th e functiona l  degree s o f  freedo m abou t  a n oppositio n 

vector ,  an d a  se t  o f  anticipate d force s arisin g relativ e t o a n oppositio n vector . 

T h e h u m a n hand ,  havin g anatomica l  an d physica l  constraints ,  applie s opposition s 

aroun d object s alon g thre e basi c axe s usin g th e fingers  i n grouping s calle d virtua l  fin-

gers .  Prehensil e posture s reflec t  th e combine d us e o f  on e o r  mor e o f  4;hes e oppositions . 

Eac h typ e o f  oppositio n ha s particula r  functiona l  capabilities ,  involvin g th e directio n an d 
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magnitud e o f  th e applie d force ,  th e directio n an d rang e o f  availabl e movement ,  an d th e 

amount  o f  contro l  possible .  W e cal l  th e collectiv e se t  o f  thes e opposition s th e oppositio n 

spac e o f  th e hand ,  an d us e th e coordinat e syste m describe d her e t o describ e th e prehensil e 

posture s o f  oppositio n space .  T h e goa l  o f  a  preshap e schem a i n th e C N S i s t o m a p tas k re -

quirement s int o oppositio n spac e s o tha t  functionall y effectiv e force s ca n b e brough t  t o bea r 

aroun d a  perceive d objec t  fo r  a  give n task .  I n orde r  t o appl y thos e forces ,  th e han d mus t 

be positione d a t  a  distanc e an d orientatio n fro m th e oppositio n vecto r  wher e a  solutio n 

i n oppositio n spac e exists .  A  competitio n mode l  o f  neura l  network s woul d allo w possibl e 

kinemati c solution s t o compete ,  wit h a  solutio n tha t  i s withi n oppositio n spac e bein g se -

lecte d whe n th e mode l  converges .  Suc h a  mode l  fo r  mappin g perceive d tas k requirement s 

int o han d functionalit y present s a  mechanis m fo r  explainin g goal-directe d movemen t  i n so -

matotopic ,  distribute d processin g terms ,  whil e als o allowin g fo r  th e eventua l  incorporatio n 

of  learnin g algorithms . 
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3 - D i m e n s i o n a l  M e n t a l  R o t a t i o n ,  Z o o m ,  a n d P a n 

Bartlet t  W .  Me l 

Artificia l  Intelligenc e Grou p 

Coordinate d Science s Laborator y 

Universit y o f  Illinoi s 

Abstrac t 

A connectionist architecture is applied to the problem of 3-D visual representa-

tion .  Th e Visua l  Perceptio n Syste m (VIPS )  i s organize d a s a  flat,  retinotopicall y 

mapped arra y o f  16 K simpl e processors ,  eac h o f  whic h i s  drive n b y a  coarsely -
tune d binocula r  featur e detector .  B y movin g throug h it s environmen t  an d observ -

in g ho w th e visua l  field  change s fro m stat e t o stat e fo r  variou s kind s o f  motion , 

V I P S learn s t o ru n interna l  simulation s o f  3- D visua l  experiences ,  e.g .  menta l 

rotation s o f  unfamilia r  objects .  Unlik e traditiona l  approache s t o visua l  representa -

tion ,  V I P S learn s t o perfor m 3- D visua l  transformation s purel y fro m visual -

moto r  experience ,  withou t  actuall y constructin g a n explici t  3- D mode l  o f  th e 

visua l  scene .  Instead ,  th e thir d dimensio n i s  represente d implicitl y i n th e 

knowledg e a s t o ho w th e patter n o f  activatio n o n it s fiat  shee t  o f  binocularly -

drive n processor s wil l  shif t  abou t  a s V IP S moves ,  o r  onl y imagine s moving , 

throug h space .  V I P S i s  argue d t o b e mor e compatibl e wit h a  variet y o f 

phenomen a fro m th e psycholog y o f  3- D perceptio n tha n previou s visio n systems , 

particularl y wit h respec t  t o development ,  plasticity ,  an d stabilit y o f  perception ,  a s 

wel l  a s th e analogical ,  linear-tim e menta l  rotatio n phenomena . 

1.  Introduct io n 

A fascinatin g puzzl e i n th e stud y o f  visua l  per -

ceptio n lie s i n th e mechanism s b y whic h a  compellin g 

impressio n o f  3-dimensionaIit y i s  achieve d vi a two ,  2 -

dimensiona l  sensor y ports .  Withi n th e field  o f  com -

pute r  vision ,  th e mos t  c o m m o n approac h t o th e prob -

le m o f  3- D visio n ha s bee n t o develo p sophisticate d 

algorithm s tha t  us e th e 2-dimensiona l  retina l  image s 

t o construc t  explicit ,  3-dimensiona l  model s o f  th e 

visua l  scen e [e.g .  Mar r  &  Nishihara ,  1978] . 

Th e Visua l  Perceptio n Syste m (VIPS )  describe d 

herei n i s a  connectionis t  architectur e tha t  embodie s a 

ne w an d ver y difi'eren t  approac h t o 3- D visua l 

representation .  Inspire d b y th e architectur e o f  th e 

brain ,  whic h consist s t o a  remarkabl e degre e o f  2 -

dimensional ,  topographi c map s o f  th e sensor y an d 

moto r  modalities ,  V IP S demonstrate s h o w a  flat, 

retinotopicall y mappe d shee t  o f  simpl e processors ,  eac h 

drive n b y a  coarsel y code d binocula r  featur e detector , 

ca n t o a  larg e degre e achiev e th e effec t  o f  a  3- D 

representatio n withou t  actuall y constructin g a n expli -

ci t  3- D mode l  o f  th e visua l  scene .  Furthermore ,  VIP S 

i s argue d t o b e mor e compatibl e wit h a  variet y o f 

phenomen a fro m th e psycholog y o f  3- D perceptio n 

tha n previou s visio n systems ,  particularl y wit h respec t 

Thi s wor k wa s originall y supporte d b y Thinkin g Machine s Corporation ,  Bosto n MA,  an d subsequentl y b y a  Hewlett -
Packard/AE A Fellowship . 
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t o development ,  plasticity ,  an d stabilit y  o f  perception , 

as wel l  a s th e analogical ,  linear-tim e menta l  rotatio n 

phenouiena . 

T wo tenet s illustrat e th e natur e o f  th e VIP S 

approac h t o 3- D vision .  Th e first  hold s tha t  th e 

facult y fo r  runnin g interna l  simulation s o f  visua l 

events ,  o r  envisionment ,  i s  o f  centra l  importanc e t o a n 

intelligen t  visio n system .  Mor e concretely ,  V I P S learn s 

t o driv e stat e sequence s o n it s internal ,  binocula r 

visua l  m a p tha t  approximat e th e stat e sequence s o n 

th e tam e m a p tha t  woul d b e drive n externally ,  b y th e 

retinae ,  wer e V IP S actuall y movin g throug h it s 

environmen t  an d observin g th e visua l  changes .  A  3 -

dimensiona l  visua l  experienc e i s therefor e represente d 

as a  sequenc e o f  state s o n a n interna l  binocula r  visua l 

map,  wher e eac h stat e code s fo r  th e instantaneou s 3- D 

surfac e layou t  i n th e visua l  field.  V IPS '  representa -

tiona l  repertoir e consist s o f  an y mostly-continuou s 

transformatio n o f  th e binocula r  visua l  array ,  tha t  is , 

any transformatio n i n whic h mos t  o f  th e low-leve l 

feature s i n th e visua l  field  follo w smoot h trajectorie s 

fro m stat e t o stat e i n a  motio n sequence .  Thi s i s t o 
say tha t  i n eac h state ,  onl y a  smal l  fractio n o f  th e 

feature s i n th e visua l  field  shoul d appea r  o r  disappea r 

abruptl y a t  a n occludin g contour .  Include d i n thi s 

clas s o f  transformation s ar e zoom ,  pan ,  an d rotatio n o f 

th e visua l  field  alon g o r  abou t  an y axi s i n 3  dimen -

sions ,  a s wel l  a s arbitrar y combination s o f  these ,  an d 

optionally ,  wit h differen t  sub-portion s o f  th e visua l 

field  undergoin g differen t  transformations .  Visua l 

change s brough t  abou t  b y autonomousl y movin g 

bodie s fal l  withi n th e representationa l  powe r  o f  VIPS , 

but  canno t  ye t  b e learne d o r  predicted .  Thi s limita -

tio n i s discusse d i n th e concludin g sectio n wit h respec t 

t o futur e stage s i n V IPS '  design . 

Th e secon d tene t  hold s tha t  n o a  prior i 

knowledg e o f  3- D visua l  transformation s nee d b e buil t 

in .  Rather ,  V IP S i s base d o n th e philosoph y tha t  a n 

extremel y ric h sourc e o f  knowledg e abou t  th e 3- D 

worl d i s availabl e t o a n intelligen t  visio n syste m tha t 

can ac t  o n th e environmen t  throug h it s "musculature" , 

and observ e an d recor d th e resultin g change s i n it s sen -

sor y stream .  I n jus t  thi s way ,  V IP S learn s th e rela -

tionshi p betwee n it s o w n stat e o f  motion ,  an d th e 

resulting ,  highl y predictabl e wa y i n whic h th e visua l 

scen e change s throug h time .  I n la y terms ,  V IP S embo -

die s a  "learn-by-doing "  approac h t o 3- D vision ,  a s 

dependen t  o n it s o w n stat e o f  activit y a s o n th e con -

ten t  o f  th e incomin g sensor y stream . 

Whil e V I P S an d it s constituen t  element s ar e 

bein g propose d elsewher e a s a n abstrac t  mode l  fo r  a 

visual/moto r  associatio n corte x i n th e brai n [Mel , 

1986a] ,  i t  wil l  b e describe d her e onl y i n it s capacit y a s 

a connectionis t  architectur e applie d t o th e proble m o f 

3- D visua l  representation ,  wit h particula r  attentio n t o 

it s compatibilit y  wit h a  variet y o f  phenomen a i n th e 

psycholog y o f  3- D visua l  perception . 

2. The Organization of VIPS 

2.1. Connectivity 

Structurally ,  V I P S consist s o f  16 K simpl e proces -

sors ,  o r  Contextrons ,  organize d i n a  flat,  retinotopi -

call y mappe d grid ,  wit h eac h processo r  receivin g it s 

dominan t  input ,  an d therefor e it s "meaning" ,  fro m a 

coarsel y tune d binocula r  featur e detecto r  tha t  respond s 

optimall y t o a  short ,  physica l  micro-featur e a t  on e o f  4 

orientation s an d 4  depth s i n th e visua l  field.  Thi s typ e 

of  visua l  featur e detecto r  i s purposel y analogou s i n 

desig n t o th e binocula r  cell s i n th e m a m m a l i a n visua l 
corte x [e.g .  Hube l  &  Wiesel ,  1979] ,  wher e th e dept h i s 

give n b y th e horizonta l  disparit y betwee n th e 

Contextron' s lef t  an d right-ey e receptiv e fields.  I n 

additio n t o thi s powerfu l  retinally-derive d input ,  a 

Contextro n receive s a  weighted ,  excitator y feedbac k 

connectio n fro m eac h o f  it s  neighbor s withi n som e fixed 

radius ,  allowin g th e curren t  stat e o f  activit y i n it s 

neighborhoo d t o influenc e it s o w n nex t  state .  Finally , 

eac h Contextro n receive s a  motion-contex t  inpu t  fro m 

VIPS '  controllin g "moto r  center" . 

2.2. The Contextron 

Th e Contextro n i s th e simpl e connectionis t  pro -

cesso r  ou t  o f  whic h V I P S i s built ,  essentiall y  perform -

in g th e functio n o f  a  multiplexe r  (fig .  l) .  I n eac h state , 

a contex t  field  select s som e subse t  o f  a  Contextron' s 

contex t  field 

I 

oat  pu t 

iehte d 
inpat 5 

Figur e 1 .  T h e Contextron . 
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weighte d input s t o b e gate d t o th e output' .  It s func -

tio n a s a  multiplexe r  i s mos t  easil y understoo d fo r  th e 

degenerat e cas e i n whic h th e contex t  field  enable s onl y 

a singl e weighte d input .  I n thi s case ,  th e Contextro n 

simpl y gate s th e singl e inpu t  directl y t o th e outpu t 

throug h a  weightin g factor .  I n general ,  however ,  a 

contex t  field  wil l  usuall y enabl e no t  one ,  bu t  som e 

smal l  numbe r  o f  weighte d inputs .  Crucially ,  eac h o f 

th e enable d input s i n a  give n contex t  stat e i s signallin g 

th e presenc e o f  th e sam e physica l  even t  E ,  wher e th e 

weigh t  fo r  eac h inpu t  i s a  measur e o f  it s  historica l  reli -

abilit y  i n reportin g E .  Th e Contextro n ca n therefor e 

be though t  o f  a s takin g a  weighte d "poll "  o f  it s selecte d 

input s i n orde r  t o determin e th e probabilit y  tha t  even t 

E occured .  I n VIPS ,  th e subse t  o f  weighte d input s tha t 

i s  enable d i n a  give n contex t  stat e wil l  ten d t o ori -

ginat e fro m a  localize d cluste r  o f  th e Contextron' s 

neighbors ,  an d wil l  b e see n t o signa l  th e imminen t 

incursio n o f  a  physica l  micro-featur e int o it s ow n 

receptiv e field. 

2.8. Theory of Operation 

Th e operatio n o f  V IP S depend s mos t  directl y o n 

th e assumptio n tha t  withi n a  give n motion-context , 

suc h a s "mov e forward" ,  mos t  o f  th e physica l  feature s 

i n th e visua l  field  wil l  follo w smooth ,  predictabl e tra -

jectorie s relativ e t o th e movin g observer .  Thi s i s 

identica l  t o th e continuit y o f  flow  assumptio n detaile d 

by Mar r  [1982] . 

Conside r  F ,  a  short ,  verticall y oriente d featur e i n 

th e near-righ t  visua l  field,  an d C^ ,  th e Contextro n 

tha t  i s  mos t  strongl y activate d b y F .  I f  VER S i s mov -

in g smoothl y forwar d i n space ,  the n th e sam e physica l 

featur e tha t  i s  excitin g C ^  i n stat e i  wil l  mov e deter -

ministicall y int o a  ne w positio n relativ e t o VIPS , 

dependin g onl y o n th e rat e o f  forwar d motio n (fig .  2a) . 

I n stat e i+ 1 therefore ,  th e sam e physica l  featur e wil l 

be somewha t  les s distan t  an d furthe r  t o th e righ t  i n 

th e visua l  field,  an d wil l  therefor e excit e a  differen t 

Contextron ,  C j  (fig .  2b) .  Assumin g th e featur e ha s no t 

ha d tim e t o trave l  fa r  acros s th e retin a i n a  singl e stat e 

i n th e motio n sequence ,  the n C j  wil l  b e a  relativel y 

clos e neighbo r  t o C^ ,  withi n th e radiu s o f  th e feedbac k 

paths .  Unde r  th e continuity-of-optic-flo w assumption , 

i t  i s  clea r  tha t  i n th e contex t  o f  forwar d motion ,  C ^  i s 

an excellen t  predicto r  o f  th e nex t  stat e o f  C j .  Thi s 

fac t  i s  reflecte d b y a  heavil y weighte d feedbac k connec -

tio n fro m C ^  t o C j ,  fo r  th e contex t  o f  forwar d motio n 

(fig .  2c) .  A s a  usefu l  abstraction ,  C ^  m a y b e give n th e 

specia l  titl e Probabilisti c  Physica l  Predecesso r  (PPP )  o f 

'  I n th e curren t  implementation ,  th e outpu t  i s compute d a s a 
simpl e weighte d s u m o f  th e selecte d inputs ,  bu t  th e particula r 
transfe r  functio n i s no t  o f  immediat e importanc e t o th e model . 

Visua l  Fiel d 

I 
I 
I 
» 
o Si+ 1 

••• •  / ^ ' 
V IP S 

(a )  Visua l  chang e wit h forwar d motion . 
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c. 
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(b )  Interna l  binocula r  state . 

forwar d motio n 
contex t 

near-dept h 
vertica l  cel l 

nearest-dept h 
vertica l  cel l 

(c )  Resultin g feedbac k connection . 

Figur e 2 .  (a )  A s V IP S move s forward ,  a  vertica l 
featur e i n it s near-righ t  visua l  field  move s close r  an d 
furthe r  t o th e right ,  (b )  Thi s sam e vertica l  featur e 
stimulate s a  verticall y oriente d near-cel l  i n stat e i , 
followe d b y >•  verticall y oriente d neores(-cel l  i n stat e 
t+1 .  (c )  Sinc e C^ ,  tend s t o predic t  th e activit y o f  C j 
i n th e contex t  o f  forwar d motion ,  a  stron g feedbac k 
connectio n wil l  develo p fo r  tha t  context . 
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Cj  fo r  thi s "forward "  motion-context ,  thoug h becaus e 

th e featur e detector s drivin g V I P S ar e coarsel y tuned , 

a smal l  populatio n o f  Contextron s d u icre d aroun d th e 

P PP wil l  als o develo p connectio n •. •  C j .  I n th e con -

tex t  o f  revers e motion ,  C ,  shoul d receiv e strongl y 

weighte d connection s fro m th e opposit e neighborhood , 

tha t  i s  on e tha t  code s fo r  a  physica l  featur e eve n 

furthe r  t o th e righ t  i n th e visua l  field  an d stil l  nearer . 

For  eac h motion-context ,  som e differen t  subse t 

of  Cj' s  neighbor s wil l  ten d t o predict ,  on e stat e i n 

advance ,  th e onse t  o f  it s o w n activation .  Thi s reflect s 

th e determinis m o f  th e trajectorie s o f  physica l  feature s 

movin g i n 3- D space ,  whe n th e motio n stat e o f  th e 

observe r  i s known . 

2.4. The Contextron Learning Rule 

We hav e see n th e desire d final  distributio n o f 

weight s fo r  a  Contextron ,  i n whic h eac h motion -

contex t  enable s onl y th e weighte d inpu t  connection s 

fro m thos e neighbor s tha t  ten d t o predic t  th e 

Contextron' s o w n activation ,  on e stat e i n advance .  I n 

orde r  t o justif y thi s final  distributio n o f  weights ,  w e 

describ e her e th e Contextro n learnin g rule ,  a  varian t  o f 
th e Perceptro n learnin g rul e [Rosenblatt ,  1958] ,  an d 

tracin g it s  root s t o a  learnin g rul e propose d b y Heb b 

[1949 ]  fo r  neurons : 

"I f  a  neuron ,  A ,  i s nea r  enoug h t o another ,  B , 
t o hav e an y possibilit y o f  firing  it ,  an d i t  doe s 
tak e par t  i n firing  i t  o n on e occasion...th e pro -
babilit y  i s  increase d tha t  whe n A  fires  nex t  B 
wil l  fire  a s a  result. " 

Within VIPS, the weight modification rule takes the 

followin g form :  wheneve r  th e feedbac k inpu t  fro m a 
neighbo r  i s repeatedl y i n tempora l  agreemen t  wit h th e 

retina l  inpu t  t o a  Contextron ,  whic h act s a s a 

"teacher" ,  the n th e weigh t  fo r  thi s neighbor' s feedbac k 

inpu t  i s  selectivel y increase d fo r  th e motion-contex t 

currentl y i n effect .  Feedbac k input s tha t  ar e uncorre -

late d i n thei r  activit y wit h th e retina l  inpu t  ar e pun -

ished ,  dow n t o a  m i n i m u m weigh t  o f  zero .  Th e detail s 

of  th e weigh t  modificatio n algorith m ar e ommitte d 

here ,  a s the y ar e essentiall y  identica l  t o iterativ e 

weigh t  modificatio n rule s describe d elsewher e [e.g . 

Rosenblatt ,  1958] . 

The physica l  significanc e o f  thi s rul e i s a s follows : 

i f  th e current-stat e activit y o f  som e neighbor ,  a s con -

veye d b y it s  radiall y projectin g feedbac k path ,  i s 

repeatedl y "felt "  t o arriv e a t  th e sam e tim e a s th e reti -

nal  stimulatio n t o a  Contextron ,  the n th e retina l  inpu t 

becomes ,  i n a  sense ,  informationall y redundant .  Ulti -

matel y therefore ,  a  Contextro n i s  abl e t o comput e it s 

nex t  stat e solel y o n th e basi s o f  th e curren t  stat e o f  it s 

neighbors ,  th e primitiv e capacit y tha t  enable s V I P S t o 

internall y simulat e visua l  event s withou t  benefi t  o f  th e 

retina .  N o negativ e weight s ar e neede d o n th e assump -

tio n tha t  visua l  micro-feature s wil l  no t  i n genera l  ac t 

consistentl y a s negativ e evidenc e fo r  othe r  visua l 

micro-features ,  fro m stat e t o stat e i n a  motio n 

sequence . 

T h e motivatio n behin d th e continuity-of-optic -

flow  assumptio n ca n n o w b e m a d e mor e clear .  V I P S 

ca n represen t  exactl y thos e globa l  visua l  transforma -

tion s tha t  ar e bot h smoot h enoug h an d slo w enoug h 

tha t  eac h Contextro n ca n k n o w (wit h hig h probability ) 

it s  nex t  stat e a s a  functio n o f  curren t  stat e o f  activit y 

i n it s fixed  loca l  neighborhood . 

8. Current Status of VIPS Implementation 

3.1. A Simple Visual/Motor Environment 

A standar d graphic s packag e i s use d t o generat e 

left -  an d right-ey e view s o f  simpl e 3- D object s o n th e 

32 b y 3 2 bi t  retina e (fig .  3) .  VIP S "moves "  b y issuin g a 

moto r  command ,  whic h ha s th e dua l  functio n o f  set -

tin g u p th e motion-contex t  inpu t  t o th e field  o f  Con -

textrons ,  a s wel l  a s stimulatin g it s virtua l  "muscula -

ture" ,  havin g th e desire d side-efi"ec t  o f  producin g 

motion-relate d change s t o th e binocula r  visua l  display . 

Thus i f  VIP S wer e t o issu e th e comman d "circl e objec t 

t o left" ,  i t  woul d "see "  th e binocularl y depicte d 3  - D 

objec t  rotatin g t o th e righ t  i n depth ,  i n 10 °  interval s 

abou t  a  vertica l  axi s i n th e cente r  o f  th e visua l  field. 

3.2. Visual—Motor Learning Phase 

Sinc e eac h VIP S motion-contex t  enable s a  logi -

call y distinc t  (thoug h perhap s physicall y overlapping ) 

set  o f  feedbac k connection s fo r  eac h Contextron ,  th e 

singl e typ e o f  circula r  motio n describe d abov e ha s bee n 

implemente d a s a  tes t  o f  syste m principleŝ . 

lef t  v i e w righ t  y/iev i lef t  v i e w righ t  v ie w 

Figur e 3 .  Example s o f  binocularl y displaye d VIP S objects . 

^  Pragmatically ,  th e numbe r  o f  possibl e motion-context s fo r 
each Contextro n i s limite d b y th e numbe r  o f  resolvabl e PPP' s fo r 
tha t  Contextron ,  a  poin t  tha t  i s  develope d furthe r  i n |Mel ,  1986b{ . 
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Durin g thi s phase ,  eac h Contextro n learn s t o 

anticipat e retina l  stimulatio n o n th e basi s o f  th e 

curren t  stat e o f  it s  relevan t  neighbors .  I n activel y cir -

clin g a  numbe r  o f  randoml y constructe d an d situate d 

parallelograms ,  th e patter n o f  weighte d inpu t  connec -

tion s t o eac h Contextro n i s  sharpene d i n th e followin g 

way:  inpu t  weight s fro m neighbor s tha t  onl y spuri -

ousl y concu r  wit h a  Contextron' s retina l  inpu t  wil l 

eventuall y deca y t o zero ,  whil e input s fro m neighbor s 

tha t  reflec t  real ,  physica l  predecessor s i n a  motio n 

sequenc e wil l  becom e strengthe d ove r  time .  I n thi s 

way ,  eac h Contextro n i n V I P S begin s t o preferentiall y 

develo p feedbac k connection s fro m it s P P P .  Figur e 4 

shows th e patter n o f  inpu t  weight s t o a  particula r  far -

depth/obliqu e cel l  tha t  develope d throug h trainin g 

wit h 6 0 tota l  view s (e.g .  5  object s throug h 1 2 rotatio n 

step s each) .  Th e figure  show s tha t  thi s particula r  Con -

textro n develope d heavil y weighte d inpu t  connection s 

exclusivel y fro m it s  neighbor s o f  simila r  orientation , 

lyin g slightl y t o th e righ t  an d slightl y les s distan t  o n 

th e average ,  an d line d u p i n a  curious ,  obliquely -

oriente d macro-patter n aroun d th e P P P .  Thi s 

miacro-patter n wa s unexpecte d bu t  ha s th e followin g 

explanation :  wheneve r  th e P P P i s  active ,  s o wil l  a 

continuou s lin e o f  othe r  Contextron s o f  simila r  orienta -

tio n an d dept h b e activ e i n general ,  sinc e th e object s 

see n b y V I P S ten d t o b e compose d o f  line s muc h longe r 

tha n th e receptiv e field  o f  singl e Contextrons .  Thes e 

m ay b e referre d t o a s th e physica l  correlate s o f  th e 

P P P.  A n interestin g consequenc e o f  thi s elongate d 

patter n o f  feedbac k connection s i s  tha t  a  Contextron' s 

P PP nee d no t  itsel f  b e presen t  i n th e curren t  stat e i n 

orde r  fo r  th e Contextro n t o fire  i n th e nex t  state — 

instead ,  V I P S ha s a  tendenc y t o "see "  a n absen t  featur e 

i f  it s  presenc e i s  strongl y implie d b y it s physica l  corre -

lates .  Th e possibl e relationshi p o f  thi s effec t  t o th e 

perceptio n o f  subjectiv e contour s ha s ye t  t o b e investi -

gated . 

3.2.1. Envisionment Phase 

Th e secon d phas e o f  V IPS '  operatio n i s th e phas e 

of  interna l  simulatio n o r  envisionment ,  an d run s con -

currentl y wit h phas e 1—bu t  onl y become s accurat e 

afte r  sufficien t  phas e 1  training .  I n phas e 2 ,  le t  u s 

assume th e arra y o f  Contextron' s i n VIP S i s  excite d 

int o som e initia l  stat e o f  activatio n b y th e retina ,  whe n 

confronte d b y a  nove l  3- D objec t  viewe d fro m a n arbi -

trar y perspective .  Thi s interna l  visua l  stat e o f  th e Con -

textro n arra y m a y b e though t  o f  a s a  "menta l  image" . 

(Graphi c representation s o f  severa l  menta l  image s ca n 

be see n i n figure  6 ,  eac h actuall y a  16 K elemen t  vecto r 

of  activatio n level s ove r  th e field  o f  Contextrons ,  wher e 

th e intensit y a t  eac h pixe l  represent s th e combine d 

activatio n level s fro m cell s o f  4  orientation s a t  4 
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Figur e 4 .  On e Contextron' s patter n o f 
weighte d input s fro m it s neighbors . 

depths with receptive fields centered on that pixel.) By 

issuin g a  motion-contex t  t o it s  Contextron' s an d tem -

poraril y  inhibitin g th e retina l  pathway ,  V IP S ca n 

transfor m (e.g .  rotate ,  zoom ,  o r  pan )  thi s menta l  imag e 

throug h tim e i n a n approximatio n t o th e interna l  stat e 

sequenc e tha t  woul d b e drive n b y th e retinae ,  wer e 

V IP S actuall y movin g throug h it s  environmen t  an d 

"seeing "  th e changes .  Thi s Interna l  simulatio n ca n b e 

successfu l  sinc e eac h Contextro n ha s learne d durin g 

phas e 1  t o comput e it s probabl e nex t  stat e o f  activatio n 

solel y o n th e basi s o f  th e curren t  stat e o f  it s 

neighbors— a leve l  o f  activatio n tha t  i s  normall y 

confirme d b y th e retina e durin g a  rea l  motio n 

sequence .  A n interna l  simulatio n wil l  continue ,  stat e 

by state ,  unti l  th e rando m erro r  introduce d a t  eac h 

stat e transitio n render s th e menta l  imag e unrecogniz -

able . 

I t  wa s first  desire d t o establis h VIPS '  capacit y t o 

represen t  3- D visua l  transformation s unde r  optima l 

conditions .  T o thi s end ,  V IP S wa s traine d fro m 

scratc h wit h a  singl e visual-moto r  sequence ,  i.e .  cir -

clin g a  wire-fram e rectangl e t o th e lef t  throug h 7 0 ° , 

and wa s simpl y aske d t o reproduc e th e sequenc e inter -

nally .  I n thi s configuration ,  V IP S simpl y acte d a s a 

sensor y "tape-recorder" ,  an d performe d wit h a  hig h 

degre e o f  accuracy .  Figur e 5  depict s bot h th e ideal , 

retinall y drive n sequenc e an d th e subsequent ,  inter -

nall y simulate d sequence ,  wit h a  correlatio n coefficien t 

reflectin g th e increasin g diS'erenc e betwee n th e tw o 

sequences .  Afte r  7  step s i n th e sequenc e (7 0 degrees) , 

V IP S maintaine d a  correlatio n o f  0.7 4 t o th e idea l  reti -

all y  produce d state .  Fo r  purpose s o f  comparison ,  tw o 

adjacen t  state s i n a  visua l  sequenc e ar e typicall y 



correlate d a t  onl y 0.25 ,  thi s bein g a  measur e o f  th e 

differenc e betwee n tw o view s o f  th e sam e objec t 

separate d b y 1 0 degrees .  Thi s first  tes t  therefor e indi -

cate s tha t  V I P S i s i n fac t  capabl e o f  accuratel y 

representin g 3- D transformations . 
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The result s o f  a  mor e comprehensiv e trainin g ru n 

i n th e sam e motion-contex t  appea r  i n Figur e 6 ,  whic h 

shows th e gradua l  improvemen t  i n VIPS '  abilit y  t o 

mentall y rotat e a  nove l  objec t  ( a wire-fram e pyramid ) 

throug h on e ste p (i.e .  1 0 °) .  T h e left-han d colum n 

represent s th e same ,  ideal ,  retinall y produce d codin g i n 

eac h case ,  whil e th e right-han d colum n represent s th e 

internall y transforme d codin g afte r  on e step .  T h e 

absolut e accurac y o f  th e simulation s i s stil l  unspectacu -

lar ,  bu t  improvin g a s th e implementatio n i s refined . 

4. VIPS: Psychological Issues 

Th e ide a tha t  visua l  perceptio n i s  fundamentall y 

an interactiv e visual-moto r  proces s extendin g throug h 

time ,  i s a  rathe r  ol d one .  Wherea s th e prevailin g philo -

soph y i n th e fields  o f  artificia l  intelligenc e an d com -

pute r  visio n hav e focuse d o n th e algorithmi c extractio n 

of  invarian t  feature s fo r  th e recognitio n o r 

classificatio n o f  stati c visua l  images ,  m a n y author s i n 

th e psycholog y o f  visua l  perceptio n hav e emphasize d 

th e dynami c characte r  o f  visio n [Miles ,  1931 ;  KofiTca , 

1935 ;  Gibso n e t  al. ,  1959 ;  Wallac h &  O'Connell ,  1953 ; 

Ullman ,  1979) .  Gibso n [1979 ]  argue s forcefull y tha t 

optica l  motio n i s th e tru e substanc e o f  visua l  percep -

tion ,  tha t  visio n fundamentall y involve s th e extractio n 

of  meanin g fro m a  continuousl y changin g retina l 

image ,  an d tha t  optica l  res t  i s  bu t  a  limite d specia l 

case . 

Other s hav e stresse d mor e explicitl y  tha t  visual -

moto r  interactton e ar e th e essentia l  ingredien t  i n th e 

perceptio n o f  spac e an d i n th e developmen t  o f  suc h 

perceptio n [Berkeley ,  1709 ;  Washburn ,  1916 ; 

Helmholtz ,  1925 ;  Piaget ,  1956 ;  Hel d &  Hein ,  1963 ;  Gy r 

et  al. ,  1979] .  Piage t  [1952 ]  give s a  detaile d accoun t  fo r 

th e developmen t  o f  a  child' s conceptio n o f  spac e i n 

term s o f  th e coordinatio n o f  earl y moto r  an d visua l 

schemas ,  a n accurat e i f  metaphorica l  descriptio n o f 

VIPS '  learnin g phase .  H e furthe r  describe s th e child' s 

transitio n fro m th e sensory-moto r  t o th e pre -

operationa l  perio d a s th e tim e w h e n th e chil d learn s t o 

tak e hi s  moto r  schema s "underground" ,  allowin g 

"abbreviated "  movemen t  t o driv e visua l  imagery . 

Again ,  a n ap t  metapho r  fo r  V IPS '  envisionmen t  phas e 

of  operation . 

Metapho r  aside ,  thre e genera l  area s fro m th e 

experimenta l  psycholog y o f  visua l  perceptio n see m t o 

suppor t  th e V I P S accoun t  fo r  3- D visua l  representa -

tion . 

Figur e 5 . 

4.1 .  Perceptua l  Stabilit y 

Th e intimat e lin k betwee n visua l  an d moto r 

processe s i n perceptio n i s  perhap s mos t  eviden t  i n th e 

lon g traditio n o f  wor k i n perceptua l  stabilit y  [e.g .  Held , 
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Figur e 6 .  Gradua l  improvemen t  i n 
10 °  menta l  rotatio n wit h training . 

1965; Epstein, 1977; Wallach, 1985). The question 

addresse d b y these  worker s i s a s follows :  Give n tha t 

th e retina l  image s chang e wit h grea t  rapidit y durin g 

no rma l  visua l  behavior ,  w h a t  account s fo r  th e subjec -

tiv e stabilit y o f  perception ? T h e cleares t  answe r  t o 

emerg e f ro m a  larg e bod y o f  experimenta l  w o r k hold s 

tha t  th e brai n allow s activ e m o v e m e n t s o f  th e eyes , 

head ,  an d bod y t o generat e precis e expectation s o f 

chang e i n th e visual  field.  T o th e exten t  tha t  th e inter -

na l  prediction s concu r  i n real-tim e wit h th e actua l 

change s i n th e visua l  field,  the  visua l  environmen t  i s 

subjectivel y perceive d a s stable ,  whil e a  lac k o f  con -

currenc e betwee n interna l  predictio n an d perceptio n i s 

a n indicatio n o f  m o v e m e n t  o r  chang e i n th e environ -

m e n t .  I n on e o f  it s  m o d e s o f  operation ,  V I P S ca n b e 

describe d a s jus t  suc h a n "on-line "  predictio n mechan -

ism ,  wher e it s  interna l  motion-contex t  field  indirectl y 

cause s V I P S t o "move" ,  whil e simultaneousl y maintain -

in g eac h Contextro n i n th e appropriat e contex t  i n 

wh ic h t o c o m p u t e it s o w n probabl e nex t  stat e o f 

activation .  V I P S ha s ye t  t o b e pu t  t o th e tas k o f 

identifyin g part s o f  it s  internal  visual  m a p fo r  whic h 

th e locall y predicte d next-stat e o f  eac h cel l  i s  no t  i n 

agreemen t  wit h th e incomin g retina l  signal ,  thoug h i t 

i s  ideall y suite d t o perfor m thi s kin d o f  computation . 

T h e identificatio n an d analysi s o f  autonomousl y m o v -

in g bodie s i n th e visual  field  i s a n are a o f  particula r 

interes t  fo r  futur e w o r k an d i s discusse d briefl y i n th e 

concludin g section . 

4.2. Development and Plasticity 

Interestingly ,  th e brain' s predictiv e mechanism s 

fo r  perceptua l  stabilit y  ar e plastic .  Tha t  is ,  i f  th e rela -

tionshi p betwee n movement s o f  th e sel f  an d th e associ -

ate d pattern s o f  visua l  chang e i s suddenl y altered , 

artificiall y  o r  otherwise ,  th e predictiv e mechanism s wil l 

at  first  m a k e incorrec t  predictions ,  generall y b y report -

in g a  stationar y environmen t  t o m o v e i n disconcertin g 

ways .  A s th e subjec t  o f  suc h a  sudde n alteratio n con -

tinue s t o m o v e abou t  however ,  h e graduall y learn s th e 

ne w visual-moto r  relationship ,  unti l  hi s interna l  pred -

iction s coincid e onc e agai n wit h th e strea m o f  retina l 

input ,  a t  whic h tim e th e visua l  environmen t  i s 

reporte d t o b e stabl e onc e again .  Thi s illustrate s th e 

fac t  tha t  th e stabilit y  o f  perceptio n i s m u c h les s a  func -

tio n o f  th e absolut e rate-of-chang e i n th e visua l  field, 

tha n i t  i s  o f  th e degre e o f  correspondenc e betwee n 

predicte d visua l  chang e an d tha t  whic h i s actuall y 

reporte d b y th e retinae .  Stratto n [1896 ]  wa s th e first 

t o experimen t  wit h thi s effect ,  demonstratin g tha t  per -

ceptua l  stabilit y  coul d b e reattaine d i n les s tha n a 

week ,  eve n whe n th e visua l  field  wa s turne d upsid e 

down wit h invertin g lenses . 

Entirel y i n keepin g wit h th e notio n tha t  th e 

developmen t  o f  3- D perceptio n involve s th e learnin g o f 

visual-moto r  relationships ,  neithe r  developmen t  i n th e 

youn g no r  suc h plasticit y effect s i n th e adul t  ar e 

observed ,  i n general ,  i n th e absenc e o f  activ e moto r 

participatio n o n th e par t  o f  th e perceiver .  A  startlin g 

exampl e o f  thi s fac t  i s  witnesse d i n a n experimen t  o f 

Hel d &  Hei n [1963] .  T w o cat s wer e yoke d togethe r  o n 

opposit e side s o f  a  circula r  treadmill ,  on e o f  th e cat s 

walkin g unde r  it s o w n power ,  th e othe r  bein g passivel y 

carrie d throug h th e sam e circula r  trajector y i n a 

baske t  (fig .  7) .  Thus ,  whil e bot h cat s share d essentiall y 

identica l  visua l  experience ,  onl y th e activ e ca t  ha d th e 

opportunit y t o lear n a  consisten t  relationshi p betwee n 

it s o w n activit y an d th e resultin g change s i n it s visua l 

array .  O n subsequen t  testing ,  th e activ e ca t  appeare d 

normal ,  whil e th e passiv e ca t  wa s determine d t o b e 

deficien t  i n a  variet y o f  3- D spatia l  tasks .  A  secon d 

developmenta l  stud y wit h relate d result s i s th e cele -

brate d visual-clif f  stud y o f  Gibso n &  W a l k [1960] ,  i n 

whic h th e initia l  hypothesi s an d ultimat e conclusio n 

bot h state d tha t  infant s o f  a  variet y o f  specie s begi n t o 
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elucidate s a  furthe r  qualit y o f  th e interna l  representa -

tion s o f  3- D object s i n h u m a n subject s wit h whic h 

V I P S i s  compatible .  T h e mos t  strikin g characteristi c 

c o m m on t o al l  o f  thes e menta l  transformation s ha s 

bee n tha t  th e tim e necessar y t o carr y ou t  th e menta l 

transformatio n grow s wit h it s  spatia l  extent ,  ofte n 

linearly .  Thus ,  fo r  example ,  i t  take s twic e a s lon g t o 

mentall y rotat e a n objec t  throug h 6 0 °  a s 3 0 ° .  Whi l e 

thi s resul t  m a y see m intuitive ,  i t  i s  ver y troublesom e 

fo r  thos e theorie s o f  visio n tha t  argu e fo r  a n internal , 

view-independen t  representatio n o f  a  3- D object,  fo r 

whic h n o menta l  rotatio n shoul d b e necessar y [e.g . 

Marr ,  1982] .  O n th e basi s o f  th e chronometr y an d 

othe r  data ,  Shepar d [1979 ]  draw s th e followin g conclu -

sio n o n th e natur e o f  th e interna l  visua l  representa -

tions : 

Figur e 7 .  Activ e vs .  passiv e visua l  chang e durin g 
development .  (Fro m "Movement-produce d stimula -
tio n i n th e developmen t  o f  visuall y guide d behavior" , 
by R .  Hel d &  A .  Hein .  I n Journa l  o f  Comparativ e 
and Phytiologica l  Piychoiogy ,  1963 ,  56 ,  872-876 . 
Copyrigh t  196 3 b y th e America n Psychologica l  Asso -
ciation . 

"Th e menta l  transformatio n i s carrie d ou t  ove r 
a pat h tha t  i s  th e interna !  analo g o f  th e 
correspondin g physica l  transformatio n o f  th e 
externa l  object...B y analogica l  o r  analo g pro -
ces s I  mea n jus t  this :  a  proces s i n whic h th e 
intermediat e interna l  state s hav e a  natura l 
one-to-on e correspondenc e t o appropriat e 
intermediat e state s i n th e externa l  world. " 

appreciat e th e behaviora l  significanc e o f  th e thir d 

dimensio n abou t  th e tim e the y begi n t o m o v e unde r 

thei r  o w n power . 

V I P S display s bot h o f  thes e effect s o f  develop -

ment  an d plasticity :  moto r  activit y mus t  b e correlate d 

wit h visua l  chang e fo r  successfu l  developmen t  o f  3- D 

appropriat e behavior ,  an d i f  th e visual-moto r  relation -

shi p i s eve r  altered ,  th e simpl e weigh t  modificatio n rul e 

wil l  adaptivel y maintai n V I P S '  predictiv e functio n i n 

as clos e agreemen t  wit h th e retina l  strea m a s possible . 

Fro m a  system s poin t  o f  view ,  thi s stat e o f  affair s i s 

extremel y advantageous ,  sinc e th e syste m designe r 
need no t  anticipat e a  particula r  se t  o f  visual-moto r 

transformation s b y buildin g i n th e appropriat e se t  o f 

special-purpos e algorithm s [e.g .  Hinton ,  1981 ;  Kossly n 

& Schwartz ,  1977 ;  Funt ,  1983] .  Instead ,  onl y th e 

continuity-of-optic-flo w conditio n o n th e visua l 

transformation s nee d b e assume d a  priori ,  an d t o th e 

exten t  tha t  th e visua l  worl d i s wel l  behave d i n thi s 

respect ,  VIP S ca n lear n (an d relearn )  t o reliabl y 

predic t  3-D ,  movement-induce d visua l  change . 

4.8. Mental Rotation 

A extensiv e an d elegan t  bod y o f  wor k o n th e 

chronometr y o f  menta l  rotation ,  zoom ,  pan ,  folding , 

and apparen t  motio n [Shepar d &  Metzler ,  1971 ; 

Robin s &  Shepard ,  1977 ;  Shepard ,  1978 ;  Kosslyn , 

VIP S ha s exactl y thes e analogica l  properties , 

wher e th e intermediat e state s durin g a n interna l  simu -

latio n correspon d t o intermediat e visua l  states ,  an d th e 

tim e necessar y t o carr y ou t  a  transformatio n i s indee d 

a linea r  functio n o f  it s  extent .  Kossly n &  Schwartz ' 

influentia l  mode l  [1977 ]  capture s thi s sam e propert y 

fo r  a  variet y o f  2- D imag e plan e transformations ,  bu t 

give s n o accoun t  fo r  th e developmen t  o r  plasticit y 

effects ,  an d mor e importantly ,  doe s no t  dea l  wit h 3- D 

visua l  transformations .  Fun t  [1983 ]  model s stepwis e 

3- D menta l  rotation s wit h a  built-i n spherica l  shel l  o f 

processors ,  bu t  point s ou t  tha t  th e mode l  canno t 

accoun t  fo r  stepwis e transformation s o f  an y othe r 

kind . 

5. Conclusions and Future Directions 

The VIP S architectur e ha s bee n propose d a s a 

more "natural "  approac h t o th e representatio n o f  th e 

3- D visua l  worl d an d it s transformations .  Startin g 

onl y wit h a  se t  o f  simple ,  built-i n binocula r  featur e 

detector s drivin g a  regula r  gri d o f  radiall y intercon -

necte d Contextrons ,  VIP S learn s t o envisio n th e visua l 

consequence s o f  a n arbitrar y motio n i n it s repertoire . 

VIPS '  knowledg e o f  th e thir d dimensio n i s no t  embo -

die d i n explici t  3- D model s o f  th e visua l  scene ,  a s i s th e 

common modu s operand i  i n compute r  visio n systems . 

Instead ,  th e knowledg e lie s i n th e patter n o f  modifiabl e 

weight s tha t  determin e ho w th e patter n o f  activatio n 

569 



ove r  it s interna l  binocula r  m a p o f  th e 3- D visua l  worl d 

shift s abou t  durin g eac h kin d o f  motion . 

B e y o n d simpl y improvin g th e performanc e o f  th e 

curren t  implementation ,  ther e ar e thre e direction s 

currentl y planne d fo r  V I P S tha t  reflec t  it s  significan t 

limitations . 

Firstly ,  V I P S ha s a  disturbin g "out-of-sight , 

out-of-mind "  quality ,  wit h n o representatio n o f  sur -

face s hidde n f ro m view .  Thi s limitatio n highlight s a n 

importan t  futur e directio n fo r  thi s project .  Currently , 

th e initia l  visua l  stat e tha t  begin s ever y V I P S simula -

tio n i s restricte d t o c o m e fro m th e retinae .  I f  instead , 

V I P S wer e configure d a s on e o f  severa l  distinc t  fields  o f 

Contextron s representin g a  variet y o f  modalities ,  the n 

a visua l  stat e coul d b e induce d i n V I P S vi a a  paralle l 

projectio n f ro m on e o f  th e othe r  interna l  fields,  sup -

plantin g th e functio n o f  th e retinae .  T h e induce d 

visua l  stat e could ,  a m o n g othe r  things ,  b e a  " remem -

bered "  v ie w o f  th e backsid e o f  a n object .  Clearly ,  how -

ever ,  th e comple x an d varie d processe s underlyin g ful l 

object-recognitio n remai n fa r  fro m specifie d withi n 

thi s mode l ,  an d ar e topic s fo r  futur e work . 

Secondly ,  V I P S canno t  currentl y "understand " 

autonomousl y produce d mot io n i n it s visua l  field.  O n 

th e othe r  hand ,  V I P S i s capabl e o f  representin g an y 

s m o o t h transformation s o f  th e binocula r  visua l  field, 

includin g thos e produce d b y autonomousl y mov in g 

bodies .  O n e possibl e solutio n t o thi s proble m i s a  pro -

ces s b y whic h V I P S ca n "fiddle "  wit h it s interna l 

mot io n context s unti l  it s  Contextron s ar e predicting ,  a s 

wel l  a s i s possible ,  th e autonomousl y produce d visua l 

changes . 

M o st  importantl y however ,  t o b e trul y useful , 

V T PS m u s t  b e e m b e d d e d i n a  large r  syste m tha t  ha s 

s o me for m o f  representatio n o f  plan s an d goals . 

Currently ,  V I P S i s capabl e o f  runnin g interna l  simula -

tion s o f  3- D visua l  transformations ,  bu t  embodie s n o 

knowledg e a s t o wh y a  particula r  simulatio n migh t  b e 

usefu l  fo r  s o m e particula r  goal ,  suc h a s bringin g a 

nove l  vie w o f  a  3- D objec t  int o registratio n wit h 

anothe r  fo r  comparison .  V I P S i s therefor e a  usefu l 

too l  t o a  syste m tha t  wishe s t o ru n particula r  interna l 

simulation s i n servic e o f  it s  goals .  Thi s remain s a  ric h 

an d unexplore d are a fo r  furthe r  research . 
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ABSTRACT 

Dynamic properties of a model post-retinal, short-terra visual 
stor e calle d a  retinoi d ar e presented .  Th e retinoi d mode l 
generate s specifi c  prediction s abou t  visua l  perceptio n i n sever -
al  variant s o f  th e seeing-more-than-is-ther e (SMTT )  paradigm . 
Thre e experiment s wer e conducte d t o tes t  fo r  th e predicte d 
effects .  Performanc e curve s ar e presente d an d discussed .  A 
new visua l  illusio n o f  motio n i s show n t o follo w fro m th e pro -
pertie s o f  th e retinoi d model . 

INTRODUCTION 

A fundamental question in the study of human vision concerns the 
integratio n o f  disparat e fovea l  stimul i  int o a  prope r  unifie d represen -
tatio n o f  a  large r  real-worl d scene .  Some kin d o f  post-retina l  mechanis m 
whic h ca n registe r  an d appropriatel y combin e input s fro m a  serie s o f 
visua l  saccade s o r  a  continuou s visua l  scan ,  seem s t o b e required .  T o 
accoun t  fo r  thi s centra l  process ,  a s wel l  a s fo r  a  variet y o f  othe r  high -
leve l  visua l  operations ,  a  theoretica l  neurona l  mechanism ,  calle d a  reti -
noid ,  ha s bee n propose d an d describe d i n detai l  (Trehub ,  1977 ,  i n press) . 

I f  a  targe t  figur e i s move d bac k an d fort h behin d a  narro w windo w 
i n a n otherwis e opaqu e surface ,  muc h mor e o f  th e figur e ca n b e see n a t  a 
give n instan t  tha n i s physicall y presen t  withi n th e window .  Thi s phenom -
eno n wa s reporte d a s lon g ag o a s 186 2 b y Zollner ,  an d b y Helmholt z i n 
1867 .  I t  ha s bee n calle d th e seeing-more-than-is-ther e effec t  (McCloske y 
and Watkins ,  1978) .  Th e phenomeno n seem s t o depen d upo n a  post-retina l 
integratin g mechanis m lik e a  retinoi d t o giv e th e subjec t  th e perceptio n 
of  a  visua l  patter n whic h i s muc h large r  tha n th e smal l  "slices "  o f  th e 
figur e actuall y stimulatin g th e retina .  I n th e laboratory ,  on e ca n exer -
cis e systemati c contro l  ove r  a  numbe r  o f  stimulu s an d contextua l  para -
meter s fo r  th e seeing-more-than-is-ther e (SMTT )  effect .  Thu s SMTT ma y 
be a  particularl y goo d paradig m fo r  probin g th e dynami c propertie s o f 
retinoi d networks .  I n thi s paper ,  w e revie w th e basi c structur e an d 
genera l  operatin g characteristic s o f  th e retinoi d model ,  an d tes t  som e 
implication s o f  th e theor y usin g th e SMTT procedure . 

Theoretical Model 

A retinoid is a postulated brain mechanism that can organize suc-
cessiv e retinocentri c visua l  pattern s int o a  unifie d egocentri c o r  allo -
centri c representatio n o f  objec t  space .  Th e networ k i s calle d a  retinoi d 
because ,  lik e th e retina ,  i t  represent s informatio n i n visua l  spac e an d 
project s afferent s t o highe r  visua l  centers .  Retinoid s serv e a s visua l 
"scratc h pads "  wit h spatiall y  organize d informatio n store d a s short-ter m 
memory.  Th e mechanis m o f  storag e i s assume d t o b e a  retinotopicall y 
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Figur e 1 .  Translatio n retinoid .  Larg e square s represen t  autapti c cell s 
seirvin g short-ter m memory .  Smal l  fille d triangle s represen t  interneurons . 
Shift-contro l  cell s ar e designate d b y directio n o f  effect . 

organized array of excitatory autaptic neurons. Neurons of this type 
hav e a t  leas t  on e o f  thei r  axo n collateral s i n recurren t  excitator y syn -
aps e wit h thei r  ow n cel l  bod y o r  dendrit e (Shepherd ,  1974) .  I n orde r 
fo r  a n activ e autapti c neuro n t o refir e itself ,  ther e mus t  b e othe r  con -
curren t  excitator y inpu t  t o it .  Thu s th e shee t  o f  autapti c neuron s i n th e 
retinoi d ca n represen t  i n it s sustaine d firin g patter n an y transitor y 
organize d inpu t  fo r  a s lon g a s diffus e primin g excitatio n (arousal )  i s 
sustained .  I f  th e primin g backgroun d inpu t  i s remove d o r  sufficientl y 
reduce d the n th e capture d patter n o n th e retinoi d i s "erased" . 

Figure 1 shows a retinoid of autaptic neurons connected by a grid 
structur e o f  excitator y an d inhibitor y interneurons .  Axo n collateral s 
of  shift-contro l  neuron s ar e i n excitator y synaps e wit h selecte d group s 
of  interneurons .  An y momentar y inpu t  fro m a n afferen t  visua l  arra y t o it s 
homologou s autapti c retinoi d cell s wil l  evok e sustaine d firin g o f  th e 
retinoi d target s i f  ther e i s a  sufficien t  leve l  o f  diffus e toni c excita -
tion .  Thu s an y retina l  stimulu s induce s a  comparabl e retinoi d patter n o f 
spatiall y  organize d discharge .  Eac h activ e autapti c neuro n induce s a 
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sub-threshold ,  primin g excitator y postsynapti c potentia l  (EPSP )  i n eac h 
of  th e eigh t  contiguou s interneuron s capabl e o f  elicitin g excitator y an d 
inhibitor y potential s (IPSP )  i n thei r  targete d autapti c cells .  I f  a 
prime d interneuro n receive s a n incremen t  o f  excitatio n fro m on e o f  th e 
shift-contro l  cells ,  tha t  interneuro n wil l  fir e an d sen d a  spik e inpu t 
t o it s targe t  cell .  Th e rule s are :  (a )  i f  a n autapti c cell s whic h i s no t 
dischargin g (i.e. ,  off )  receive s a n EPS P fro m a n interneuron ,  i t  wil l 
fir e (tur n on ) ;  (b )  i f  a n autapti c cel l  whic h i s o n receive s a n IPS P fro m 
an interneuron ,  i t  wil l  tur n of f  unles s i t  receive s simultaneousl y a n 
EPSP fro m anothe r  interneuron ,  i n whic h cas e i t  wil l  remai n on ;  (c )  i f 
diffus e toni c excitatio n t o th e retinoi d fall s  belo w a  critica l  level , 
al l  cell s i n th e retinoi d tur n off . 

I f  w e imagin e a  standin g patter n o f  excitatio n evoke d o n a  retinoid , 
thi s "captured "  patter n ca n b e spatiall y  translate d i n an y directio n b y 
appropriat e pulse s (discharg e spikes )  fro m th e shift-contro l  command 
cells .  Fo r  example ,  eac h puls e fro m th e shift-righ t  lin e wil l  transfe r 
standin g activit y fro m an y activ e autapti c cel l  t o a n adjacen t  autapti c 
cel l  o n it s righ t  and ,  a t  th e sam e time ,  eras e th e activit y o f  th e pre -
viousl y activ e dono r  (o n th e left )  unles s tha t  cel l  i s  als o receivin g 
transferre d excitatio n fro m a n activ e autapti c cel l  t o it s immediat e left . 
Thus successiv e command pulse s fro m th e shift-contro l  cel l  wil l  mov e th e 
entir e retinoi d patter n t o th e righ t  i n successiv e increment s o f  a  singl e 
autapti c cell .  Th e mor e rapi d th e pulses ,  th e mor e rapi d th e patter n 
wil l  move ;  th e longe r  th e shift-comman d puls e trai n i s sustained ,  th e 
greate r  wil l  b e th e distanc e throug h whic h th e patter n i s moved .  Approp -
riat e sequence s o f  shif t  right/left ,  shif t  up/dow n ca n mov e th e patter n 
of  cel l  activit y t o an y positio n o n th e retinoi d surface .  Th e mode l 
assumes tha t  automati c translatio n o f  retinoi d pattern s occur s whe n shift -
contro l  neuron s ar e drive n b y ey e and/o r  hea d deviation s fro m th e norma l 
fovea l  axi s (th e lin e o f  sigh t  o f  th e fove a whe n th e eye s ar e straigh t 
ahead ,  hea d unturned ,  shoulder s squar e wit h th e body) ,  an d b y th e dis -
charg e o f  motio n detectin g cell s i n th e lower-leve l  visua l  mechanisms . 

Explaining SMTT 

We theorize that the SMTT phenomenon occurs when the component pat-
ter n segments ,  whic h ar e directl y observe d throug h th e narro w aperture , 
ar e swep t  acros s th e retinoi d surfac e i n sjmchron y wit h signal s fro m th e 
motion-detecto r  cells .  Thi s explanatio n depend s on :  (a )  th e detectio n 
of  th e velocit y an d directio n o f  th e stimulu s patter n o n th e basi s o f 
informatio n availabl e i n th e scree n aperture ;  (b )  th e short-ter m memor y 
propertie s o f  th e retinoi d tha t  enabl e i t  t o assembl e a  unifie d 
representatio n o f  th e stimulu s fro m th e sequenc e o f  partia l  input s tha t 
ar e registere d i n it s apertur e regio n an d the n shifte d step-wis e acros s 
adjacen t  cells . 

Figur e 2  shows ,  i n schemati c form ,  th e significan t  factor s i n th e 
SMTT paradigm .  Th e stimulu s patter n whic h i s depicte d i s a  triangl e mov -
in g t o th e righ t  wit h it s leadin g edg e jus t  enterin g th e apertur e i n a n 
otherwis e occludin g screen .  Th e symbol s i n th e schemati c figur e ar e t o 
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Figur e 2 , 
paradigm . 

Schemati c showin g significan t  element s an d parameter s i n SMTT 

be interprete d a s follows . 

S - input from stimuli in aperture 

\i - autaptic cell in the aperture field excited by stimulus segments 

y = autaptic cell beyond aperture field 

i = excitatory interneuron 

p - retinoid shift-control cell (shift-right) 

Y = motion detector (senses velocity of motion to right) 

A = diffuse input from arousal 

X - diffuse input from ambient illumination 

Let us now consider how some of the factors described above affect 
th e rat e o f  spatia l  translatio n ove r  th e retinoi d network .  I t  shoul d b e 
note d tha t  th e subse t  o f  autapti c cell s ( y )  "lookin g at "  th e stimulu s 
segment s receiv e thei r  inpu t  from :  (1 )  stimulu s excitatio n (S) ; 
(2 )  arousa l  excitatio n (A) ;  (3 )  ambien t  illuminatio n ( ^ ) ;  (4 )  excitatio n 
fro m activ e interneuron s (i) .  Sinc e neuron s integrat e al l  EPSP inpu t 
ove r  time ,  th e slop e o f  integratio n and ,  thus ,  th e frequenc y ( F »  )  o f 
cel l  discharg e i n p  wil l  b e a  positiv e monotoni c functio n o f  th e dwell -
tim e o f  S  o n \ x ,  th e magnitude s o f  A  an d X  ,  an d th e discharg e fre -
quenc y o f  i  .  Fo r  th e subse t  o f  autapti c cell s (_ M )  outsid e o f  th e direc t 
stimulu s (aperture )  field ,  thei r  discharg e frequenc y ( F y )  wil l  b e a 
positiv e monotoni c functio n o f  inpu t  fro m thei r  associate d interneuron s 
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i  an d th e magnitude s o f  A  an d X  .  Thes e relationship s ma y b e expresse d 
as follows . 

F j- « (S, A, X ,i ) (1) 

F^ « (A, X , i ) (2) 

The discharge frequency (F -j^ ) for any interneuron ( _i ) is a posi-
tiv e monotoni c functio n o f  th e inpu t  puls e rat e fro m it s shift-contro l 
drivin g cel l  (  p  )  an d th e spik e frequenc y o f  it s  dono r  autapti c cel l  (  j j 
or  \i) .  Thu s 

* 
Fi  «  (  p  ,  y  )  o r  F i  <x (  p  ,  p  )  (3 ) 

Give n an y arbitrar y gatin g puls e rat e fro m a  shift-contro l  cel l  (sa y 
p ) ,  variatio n i n th e actua l  velocit y o f  translatio n o f  a n excitatio n 

patter n acros s th e surfac e o f  a  retinoi d wil l  b e a  positiv e functio n o f 
th e discharg e frequenc y ( F )  i n thos e retinoi d cell s carryin g th e pat -
tern .  Thi s follow s fro m th e fac t  tha t  th e latenc y o f  discharg e i n eac h 
successiv e cel l  o n th e translatio n rout e o f  th e imag e i s inversel y relate d 
t o th e F  o f  it s  dono r  cell .  I f  th e translatio n velocit y o f  th e retinoi d 
imag e i s equa l  t o th e velocit y o f  th e stimulu s pattern ,  the n i t  i s  assume d 
tha t  th e perceive d proportion s o f  th e patter n wil l  correspon d t o th e ver -
idica l  proportion s o f  th e stimulus .  If ,  however ,  translatio n velocit y 
on th e retinoi d i s les s tha n stimulu s velocity ,  the n th e stimulu s patter n 
wil l  b e perceive d a s shorte r  alon g it s axi s o f  motio n i n relatio n t o it s 
othe r  dimensions . 

GENERAL METHOD 

Implications that follow from the assumptions about the dynamics of 
retinoi d network s a s presente d above ,  wer e teste d i n thre e SMTT experi -
ments .  I n particular ,  w e probe d th e effect s o f  stimulu s velocity ,  aper -
tur e width ,  an d ambien t  illumination . 

Subjects 

Four subjects participated in each of three experiments. The sub-
jects ,  th e tw o author s o f  thi s pape r  an d tw o graduat e studen t  volunteers , 
wer e unpaid .  Th e studen t  subject s wer e unawar e o f  th e theoretica l  back -
groun d an d othe r  detail s o f  thi s stud y unti l  afte r  thei r  dat a wer e col -
lected . 

Apparatus 

Visual stimuli were presented on the screen of a CRT which was par-
tiall y  maske d b y a  shee t  o f  gra y poster-boar d wit h a  narrow ,  verticall y 
oriente d apertur e i n it s center .  Th e heigh t  o f  th e apertur e wa s fixe d 
and wa s greate r  tha n th e heigh t  o f  th e stimulu s pattern ;  th e widt h o f 
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th e apertur e wa s adjustabl e an d alway s muc h les s tha n th e widt h o f  th e 
stimulus ,  s o tha t  onl y a  smal l  segmen t  o f  th e stimulu s patter n coul d b e 
see n b y th e subjec t  a t  an y give n moment ,  A  hand-hel d controlle r  wa s pro -
vide d th e subjec t  tha t  ha d a  potentiomete r  kno b whic h allowe d hi m t o var y 
th e rat e o f  stimulu s motio n acros s th e fac e o f  th e CRT fro m 1. 0 
degrees/secon d t o a  maximu m velocit y o f  12. 5 degrees/secon d a t  th e viewin g 
distanc e use d i n thi s study .  Th e controlle r  als o ha d a  butto n which , 
when presse d b y th e subject ,  signalle d tha t  a  perceptua l  criterio n wa s 
met .  Afte r  instruction s wer e rea d t o th e subject ,  al l  experimenta l  trial s 
wer e controlle d b y a n Appl e 11 + computer .  Stimulu s presentation ,  record -
in g an d analysi s o f  th e subjects '  response s wer e performe d automaticall y 
accordin g t o a  pre-programme d protocol . 

EXPERIMENT 1 

Hypothesis I 

Given a horizontally oscillating figure in the SMTT paradigm, the 
perceive d widt h o f  th e figur e wil l  contrac t  a s stimulu s velocit y 
increases . 

This follows from the fact that dwell-time of S on y , hence Fy , 
wil l  decreas e wit h a n increas e o f  stimulu s velocity ,  causin g th e rat e o f 
translatio n ove r  th e retinoi d t o decreas e relativ e t o stimulu s velocity . 

Hypothesis II 

For any given stimulus velocity, the perceived width of the figure 
wil l  increas e a s th e apertur e widt h increases . 

This follows from the fact that the proportion y /y will increase 
as th e apertur e fo r  direc t  stimulatio n increases .  Sinc e F y >F y ,  th e 
velocit y o f  translatio n ove r  th e retinoi d wil l  b e greate r  fo r  th e large r 
aperture . 

Procedure 

The subject was seated at a distance of approximately 58 cm from 
th e CRT.  A  laterall y oscillatin g triangl e o n th e fac e o f  th e CRT wa s 
expose d t o th e subjec t  throug h th e narro w apertur e i n th e maskin g screen . 
The triangl e disappeare d behin d th e scree n o n bot h lef t  an d righ t  excur -
sions .  Th e heigh t  o f  th e triangl e wa s alway s 0. 7 degree s o f  visua l  angle , 
wherea s th e bas e o f  th e triangl e varie d randoml y o n eac h tria l  withi n a 
rang e o f  0. 8 degree s t o 1. 9 degree s i n visua l  angle .  Inciden t  illumina -
tio n o n th e CRT mas k wa s se t  a t  approximatel y 8. 0 foot-candles .  Th e sub -
jec t  wa s instructe d t o fixat e th e cente r  o f  th e apertur e o n eac h stimulu s 
presentation ,  an d t o adjus t  th e kno b o n th e controlle r  unti l  th e widt h 
of  th e perceive d triangl e wa s equa l  t o it s height .  A s soo n a s thi s oc -
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curred ,  th e subjec t  wa s t o pres s th e controlle r  butto n whic h recorde d 
th e rat e setting ,  cleare d th e screen ,  an d terminate d th e trial . 

Dat a wer e collecte d fro m eac h subjec t  unde r  th e tw o apertur e condi -
tion s i n fiv e 20-tria l  block s fo r  eac h condition .  Tw o subject s wer e 
teste d o n fiv e block s wit h th e 0. 1 degre e aperture ,  followe d b y fiv e 
block s wit h th e 0. 2 degre e aperture .  Th e othe r  tw o subject s viewe d th e 
stimulu s firs t  throug h th e 0. 2 degre e apertur e followe d b y th e 0. 1 degre e 
aperture .  Durin g eac h bloc k o f  trials ,  ther e wa s a n interstimulu s inter -
va l  o f  fiv e second s followin g eac h response .  A  res t  interva l  o f  9 0 sec -
ond s wa s give n afte r  eac h bloc k o f  trials . 

Results 

In this experiment, the independent variables were: (1) the 
height/widt h ratio s o f  th e stimulu s patterns ;  (2 )  th e widt h o f  th e aper -
ture .  Th e dependen t  variabl e wa s th e stimulu s velocit y se t  b y th e subjec t 
t o giv e th e perceptio n o f  height/widt h equivalence .  A t  eac h velocit y 
settin g require d t o mee t  th e criterio n o f  equivalence ,  th e rati o o f  per -
ceived-width/true-widt h i s expresse d a s a  contractio n ratio .  Figur e 3 
shows th e result s plotte d separatel y fo r  eac h o f  th e fou r  subjects . 
Hypothesi s I  i s  confirme d b y th e respons e curve s obtaine d fro m eac h sub -
jec t  unde r  th e tw o apertur e conditions .  Usin g a  binomia l  test ,  th e confi -
denc e level s fo r  eac h o f  th e fou r  subject s ar e a s follows :  (AP )  p<.025 ; 
(JH )  p<.025 ;  (JP )  p<.005 ;  (AT )  p<.005 .  Thu s i t  ca n b e conclude d tha t  i n 
th e SMTT paradigm ,  perceive d widt h contract s a s stimulu s velocit y increa -
ses . 

To tes t  Hypothesi s II ,  w e analyze d th e stimulu s velocit y setting s 
selecte d b y th e subjec t  t o achiev e th e contractio n ratio s require d fo r 
th e perceptio n o f  height/widt h equivalenc e fo r  th e 0. 1 degre e vs .  th e 
0. 2 degre e aperture .  I f  th e subjec t  see s a  wide r  triangl e give n a  wide r 
aperture ,  the n h e mus t  increas e th e velocit y o f  th e stimulu s t o perceiv e 
equivalence .  Examinatio n o f  th e difference s i n respons e unde r  th e tw o 
apertur e condition s fo r  eac h subjec t  reveal s tha t  Hypothesi s I I  i s  con -
firmed .  Usin g a  binomia l  test ,  th e confidenc e level s fo r  eac h o f  th e 
fou r  subject s ar e a s follows :  (AP )  p<.005 ;  (JH )  p<.005 ;  (JP )  p<.005 ; 
(AT )  p<.005 .  Thu s i t  ca n b e conclude d tha t  i n th e SMTT paradigm ,  per -
ceive d widt h increase s a s apertur e widt h increases . 

EXPERIMENT 2 

Hypothesis III 

For a given aperture, the perceived width of the figure will increase 
as ambien t  illuminatio n increases . 

This follows from the assumption that ambient illumination increases 
bot h F  y  an d F  y  .  Th e velocit y o f  translatio n ove r  th e retinoi d shoul d 
be greate r  wit h highe r  genera l  illumination . 
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Figur e 3 .  Experimen t  1 .  Plo t  o f  adjuste d stimulu s rate s agains t  contrac -
tio n ratio s neede d t o achiev e a  perceive d width-to-heigh t  matc h fo r  eac h 
of  fou r  subjects . 

Procedur e 

The apparatus, instructions, and procedure were the same as in Exper-
imen t  1 ,  excep t  fo r  th e followin g differences .  Th e widt h o f  th e apertur e 
i n th e mas k wa s fixe d a t  0. 2 degree s an d dat a wer e collecte d unde r  tw o 
differen t  intensitie s o f  inciden t  illumination .  Tw o subject s wer e teste d 
wit h 8. 0 foot-candle s o f  inciden t  illuminatio n followe d b y 2. 0 foot-can -
dles ,  an d fo r  th e othe r  tw o th e orde r  o f  th e illuminatio n condition s wer e 
reversed . 

Results 

In this experiment, the independent variables were: (1) the 
height/widt h ratio s o f  th e stimulu s patterns ;  (2 )  th e level s o f  ambien t 
illumination .  Th e dependen t  variabl e wa s th e stimulu s velocit y se t  b y 
th e subjec t  t o giv e th e perceptio n o f  height/widt h equivalence .  Figur e 4 
shows th e result s plotte d separatel y fo r  eac h o f  th e fou r  subjects .  Usin g 
a binomia l  test ,  thre e subject s showe d n o significan t  effec t  o f  illumina -
tio n level ,  whil e on e subjec t  (AT )  showe d a  highl y significan t  effec t 

579 



TREHUB AN D POLLATSEK 

Il -
i a -
11 -
Q -  -
3- -

5- -
4 — 
?- -

sriT l 

D II I 

B R I G HT 

I  I 
9 I 

13 
12 
1 1 
10 
9-
8-
7 -
6-5-
4-
1-
2 

0 

-
_ 
-

-
-
_ 
-
-
_ 
-

0 
1 
1 

S H TT C  J H > 
1 
V, 

B F I G HT 
1 
' ,  D  I  I I 

K . . . 
\  • 
V ^ 

1 •  1  »  1 
2 3  - 1 5 6 

1; 

vL 
X 

{ 
.  7 

I- -
8 

» 
9 1 

1 
0 

COHTRhCTIOII  RhTI O COMTRACTIOII  RftTI O 

1 3 -
1 2- t 
1 1- L 
io-[ -
s- V 
s- k 
7-  -
6'  \ -
5- U 
A - L 
3- L 
Z- y 
1-f -
e I 

•5IIT T V  J F ) 

B R I G HT 

D I  I I  '. ' 

\  I  •  I  I  I  )  I  I  \ 
1 2  3  4  5  6  7  8  9 1 0 
COMTPrtCTIOII RhTIO 

13 
12 
1 1 -
10-
9-8-
7-
6-
5-
4 
3-
2 
1 
e 

c 

_ 
-
-
-

_ 
-
-
_ 
-
-
-

) 
• 
1 

1 
2 

1 
3 

SIIT T <  h t  > 
-* 1 \ 

•' •  A 
\  \  brigh t 
'' .  V V,  X . 

D1M v*:;; ^ 
'*/ \ 

'> 

1 t  1  ( 
4 5  6  7 8 9  1 0 

COMTRACTIOII  PATI O 

Figur e 4 .  Experimen t  2 .  Plo t  o f  adjuste d stimulu s rate s agains t  contrac -
tio n ratio s neede d t o achiev e a  perceive d width-to-heigh t  matc h fo r  eac h 
of  fou r  subjects . 

i n accor d wit h Hypothesi s II I  (p<.005) .  O n th e basi s o f  thes e results , 
we ar e unabl e t o confir m Hypothesi s III . 

EXPERIMENT 3 

Hypothesi s I V 

I n th e SMTT paradig m wit h stimulu s parameter s hel d constant ,  th e 
absolut e numbe r  o f  stimulu s sweep s require d t o squelc h th e SMTT effec t 
wil l  increas e a s ambien t  illuminatio n increases . 

Thi s follow s fro m th e assumptio n tha t  th e smal l  interneuron s i  wil l 
fatigu e unde r  prolonge d driving .  Thu s F- t  wil l  decreas e t o th e poin t  tha t Thus F i 
i t  n o longe r  add s sufficien t  excitatio n t o th e targe t  autapti c cell s ( £ 
fo r  the m t o reac h discharg e threshold .  When thi s occurs ,  patter n trans -
latio n ove r  \ i  cease s an d SMTT wil l  b e squelched .  Sinc e th e theoretica l 
model  assume s tha t  ambien t  illuminatio n (  X  )  als o add s excitatio n t o 

y ,  i t  follow s tha t  SMTT squelchin g shoul d occu r  late r  (mor e stimulu s 
sweeps wil l  b e required )  unde r  highe r  genera l  illumination .  Not e tha t 

) 
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thi s predictio n i s opposit e wha t  migh t  b e expecte d give n difference s i n 
control ,  sinc e on e woul d expec t  th e lowe r  backgroun d illuminatio n (highe r 
contrast )  figur e t o surviv e longer . 

Procedure 

The apparatus in Experiment 3 was the same as used in Experiments 1 
and 2 .  Th e mas k apertur e wa s fixe d a t  0. 2 degree s i n visua l  angle .  Th e 
stimulu s presente d o n eac h tria l  wa s a  triangl e wit h a  heigh t  o f 
0. 7 degree s an d a  bas e o f  1. 7 degree s o f  visua l  angle .  Th e triangl e 
oscillate d horizontall y a t  a  constan t  rat e o f  10. 0 degrees/secon d i n visu -
al  angle ,  an d disappeare d behin d th e mas k o n bot h lef t  an d righ t  excur -
sions .  I n thi s experiment ,  th e subjec t  coul d no t  var y th e rat e o f  stimu -
lu s motion .  Instead ,  th e subjec t  wa s instructe d t o fixat e th e cente r  o f 
th e apertur e o n eac h stimulu s presentation ,  an d t o pres s th e controlle r 
butto n a s soo n a s th e perceive d patter n clearl y shifte d fro m a  horizon -
tall y oscillatin g triangl e t o a  short ,  verticall y oscillatin g lin e segmen t 
abov e a  short ,  stabl e lin e segmen t  (th e veridica l  retina l  input) .  When 
th e butto n wa s pressed ,  th e numbe r  o f  stimulu s sweep s require d fo r  th e 
perceptua l  shif t  wa s automaticall y recorded ;  th e scree n wa s cleared ,  an d 
afte r  a  5-secon d interval ,  a  warnin g buzze r  sounde d an d wa s followe d a 
secon d late r  b y anothe r  trial . 

Each subjec t  wa s give n te n consecutiv e trial s unde r  eac h o f  tw o in -
tensitie s o f  inciden t  illumination .  Tw o subject s wer e teste d firs t  wit h 
8. 0 foot-candles ,  followe d b y 2. 0 foot-candles ,  whil e th e orde r  o f  illumi -
natio n wa s reverse d fo r  th e othe r  tw o subjects .  A  res t  interva l  o f  fiv e 
minute s wa s allowe d betwee n th e illuminatio n conditions . 

Results 

In this experiment, the independent variable was the level of ambient 
illumination .  Th e height/widt h rati o o f  th e stimulu s patter n a s wel l  a s 
it s velocit y wer e hel d constant .  Th e dependen t  variabl e wa s th e nijimbe r 
of  successiv e stimulu s sweep s require d t o squelc h th e SMTT effect .  Fig -
ur e 5  show s th e result s plotte d separatel y fo r  eac h o f  th e fou r  subjects . 
Examinatio n o f  th e difference s i n respons e unde r  th e tw o illuminatio n 
condition s fo r  eac h subjec t  reveal s tha t  Hypothesi s I V i s confirmed . 
Usin g a  binomia l  test ,  th e confidenc e level s fo r  eac h o f  th e fou r  subject s 
ar e a s follows :  (AP )  p<.005 ;  (JH )  p<.025 ;  (JP )  p<.025 ;  (AT )  p<.005 .  Thu s 
i t  ca n b e conclude d tha t  i n th e SMTT paradig m wit h stimulu s parameter s 
hel d constant ,  th e numbe r  o f  stimulu s sweep s require d t o squelc h th e SMTT 
effec t  wil l  increas e a s ambien t  illuminatio n increases . 

GENERAL DISCUSSION 

The SMTT phenomenon provides a strong argument against a static "iconic" 
representatio n i n visua l  short-ter m memory ,  an d argue s fo r  a  mor e dynami c 
for m o f  storag e (McCloske y an d Watkins ,  1978) .  Th e retinoi d mechanis m 
offer s a  well-articulate d an d biologicall y plausibl e mode l  o f  wha t  suc h 
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Figur e 5 .  Experimen t  3 .  Plo t  o f  th e numbe r  o f  successiv e stimulu s sweep s 
require d t o squelc h th e SMTT effec t  ove r  te n successiv e tria l  block s fo r 
eac h o f  fou r  subjects . 

a dynami c storag e syste m woul d loo k like .  I t  explain s th e SMTT phenomeno n 
and make s severa l  confirme d prediction s abou t  th e effect s o f  changin g 
stimulu s parameters . 

A different explanation, depending upon a homunculus called the 
"executiv e agency" ,  ha s bee n propose d b y Roc k (1983) .  Th e perceive d 
shortenin g o f  th e movin g figur e i n th e SMTT paradig m ha s bee n commente d 
upo n b y severa l  investigator s (Parks ,  1965 ;  McCloske y an d Watkins ,  1978 ; 
Rock ,  1983) .  Roc k postulate s tha t  th e motio n detectio n syste m under -
estimate s th e velocit y o f  th e movin g object ,  an d th e "executiv e agency " 
the n use s th e erroneou s velocit y estimatio n t o calculat e wher e al l  th e 
point s o f  th e figur e shoul d b e i f  the y wer e al l  visible .  Presumably ,  i n 
Rock' s theory ,  sinc e missin g part s o f  th e figur e shoul d b e i n a  particula r 
location ,  the y ar e see n i n tha t  location .  I n ou r  view ,  thi s beg s th e 
centra l  question .  A  majo r  functiona l  differenc e betwee n th e tw o model s 
ca n b e frame d i n thes e terms :  computation s an d representationa l  processe s 
i n th e retinoi d mode l  ar e loca l  an d non-inferential ,  whil e i n th e Roc k 
model  the y ar e globa l  an d inferentia l  a t  th e leve l  o f  th e unexplicate d 
"executiv e agency" . 
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' i h 

( 1 ) 1 \ 

. 

Figur e 6 .  (Top )  Scree n wit h triangula r  apertur e throug h whic h a  par t 
of  th e stimulu s patter n (circl e wit h vertica l  line )  ca n b e seen .  (Bottom ) 
Appearanc e o f  pendulu m illusio n whe n stimulu s i s move d horizontall y bac k 
and fort h a t  approximatel y 2  cycles/sec . 

The following demonstration tests the adequacy of a local versus 
globa l  explanatio n o f  SMTT an d support s th e superiorit y o f  th e retinoi d 
model  ove r  Rock' s homunculus .  I f  a  figur e wer e t o oscillat e behin d a 
triangula r  apertur e instea d o f  a  rectangula r  slit ,  th e Roc k mode l  woul d 
predic t  onl y th e usua l  perceive d contractio n alon g th e axi s o f  motio n 
wit h n o othe r  perceptua l  distortio n relate d t o th e shap e o f  th e aperture . 
The dynamic s o f  th e retinoi d model ,  o n th e othe r  hand ,  take s accoun t  o f 
th e chang e i n th e numbe r  o f  autapti c cell s collinea r  wit h th e directio n 
of  stimulu s motio n whic h ar e directl y expose d t o retina l  stimulatio n a s 
a functio n o f  th e triangula r  shap e o f  th e aperture .  Thi s mode l  predict s 
tha t  horizonta l  translatio n rat e ove r  th e retinoi d surfac e shoul d increas e 
fro m th e ape x t o th e bas e o f  th e triangula r  aperture .  Thus ,  a  figur e 
whic h i s movin g bac k an d fort h shoul d b e see n t o b e swingin g i n pendula r 
fashio n a s thoug h pivotin g nea r  th e ape x o f  th e triangula r  opening .  I n 
fact ,  thi s pendulu m illusio n ca n b e clearl y see n wit h simpl e materials . 
Usin g a  heav y blac k line ,  dra w nea r  th e to p o f  a  stri p o f  whit e cardboar d 
a circl e approximatel y 2 5 mm i n diamete r  wit h a  vertica l  lin e throug h 
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it s center .  I n a  shee t  o f  gra y cardboard ,  cu t  ou t  a n isoscele s triangl e 
approximatel y 3 0 mm hig h an d 1 5 mm wide .  Holdin g th e gra y cardboar d 
scree n a t  norma l  readin g distance ,  positio n th e circl e o n th e whit e stri p 
behin d th e triangula r  apertur e an d slid e i t  laterall y bac k an d fort h a t 
a rat e o f  abou t  2  cycles/se c (takin g car e t o mov e th e circl e beyon d th e 
apertur e i n eac h direction .  I f  th e cente r  o f  th e cutou t  i s fixated ,  a n 
egg-shape d figur e wil l  b e perceive d swingin g lik e a  pendulu m withi n th e 
apertur e (se e Fig .  6 ) .  Th e apparen t  contractio n o f  th e figur e alon g th e 
axi s o f  motio n occur s becaus e th e rat e o f  translatio n o n th e retinoi d i s 
les s tha n th e veridica l  rat e o f  stimulu s motion .  Moreover ,  th e rat e la g 
i s greate r  a t  th e ape x o f  th e windo w tha n a t  th e base ,  whic h account s 
fo r  th e egg-shape d transformatio n o f  th e circle .  Thu s th e retinoi d mode l 
correctl y predict s a  comple x illusio n whic h shoul d no t  occu r  accordin g 
t o Rock' s theory . 
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A B S T R A CT 

This paper presents the architecture of the discovery system SHUNYATA which models studies and 

researc h i n highe r  mathematics .  S H U N Y A TA analyze s mathematica l  proof s an d product' s concrpi s 

and proo f  strategie s whic h for m th e basi s fo r  th e discover y o f  mor e difficul t  proof s i n othe r  mcichomat -

ica l  theories .  It s architectur e avoid s combinatoria l  explosion s an d doe s not ,  recijuir e searc h str;uegies . 

The proo f  strategie s contai n tw o categorie s o f  predicates .  A  predicat e o f  (h e firs t  caregoi y •̂v-iirt s 

a smal l  se t  o f  proo f  step s an d th e predicate s o f  th e secon d categor y evaluat e partia l  proof s .ui d de -

cid e whic h predicat e o f  th e first  categor y shoul d b e apphe d next .  Thus ,  th e proo f  strattgic s includ e 

feedbac k loops .  A  detaile d exampl e i s given .  I t  contain s a  simpl e proo f  i n grou p theory ,  tli e .m-ilysi s 

of  thi s proof ,  an d th e discover y o f  a  proo f  i n lattic e theor y whos e degre e o f  diBicult y repremi s r.h e 

state-of-the-ar t  i n automate d theore m proving .  Th e mos t  importan t  resul t  o f  thi s wor k i s  tli". '  discov -

er y o f  a  holisti c logi c base d o n th e concep t  tha t  cognitiv e structure s aris e fro m simpl e perceptions , 

evolv e b y reflectio n an d finally  contai n thei r  ow n evolutio n mechanisms . 

Keywords :  Learning ,  knowledg e acquisition ,  cognitiv e evolution ,  automate d theore m proving . 

1 INTRODUCTION 

Traditional research in machine learning assumes the existence of domain-independent and objectiviz-

abl e cognitiv e structure s an d discover y mechanism s (e.g. ,  [4]) .  Thi s approac h entail s th e followin g 

difficulties : 

• The learning system cannot change its representation language and its structure (e.g., (Uj)-

• After a period of time, the efficiency of the system decreases drastically (e.g., [8]). 

SHUNYATA automatically changes its language and its structure on the basis of experience which 

increase s it s efficiency .  A  crucia l  consequenc e i s tha t  i t  i s  impossibl e t o objectiviz e it s  architecture , 

i.e. ,  i t  canno t  b e analyze d completely . 

The organizatio n o f  thi s pape r  i s a s follows .  Sectio n 2  give s a n overvie w o f  S H U N Y A T A.  Sectio n 3 

describe s th e reflectio n syste m whic h form s th e cor e o f  S H U N Y A T A.  Sectio n 4  introduce s (h e concep t 

of  analytica l  space s an d Sectio n 5  present s holisti c logic .  Section s 6  an d 7  giv e a  simpl e jiroo f  i n 

grou p theor y an d th e analysi s o f  thi s proof .  Sectio n 9  describe s th e discover y o f  a  ditTicul t  proo f  i n 

lattic e theory . 

'Copyrigh t  ©  198 6 b y Kur t  Ammon.  Al l  right s reserved .  Further ,  storag e an d utilizatio n o f  th e describe d program s 
on dat a processin g installation s i s forbidde n withou t  prio r  writte n permissio n o f  th e author . 
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2 O V E R V I E W O F S H U N Y A TA 

SHUNYATA has the structure of a tree in functional representation, i.e., every object is either a 

symbo l  o r  els e ha s th e for m 

/(ai,...,o„) , 

wher e /  i s  a  functio n an d oi ,  ... ,  U n ar e arguments .  A t  th e mos t  genera l  leve l  S H U N Y A TA doe s no t 

consis t  o f  interactin g component s bu t  ha s onl y thi s functiona l  structur e whic h i s ver y suitabl e fo r 

representin g reasonin g processes .  S H U N Y A TA contain s thre e kind s o f  functions : 

• 

• 

Calculabl e functions .  Thes e ar e conventiona l  effectivel y calculabl e functions ,  i.e. ,  the y ar e 

objectivizabl e becaus e the y hav e a  precis e representatio n an d produc e precisel y describabl e 

values . 

Strange functions. The value of a strange function is composed of the name of the function and 

it s arguments .  Finit e sets ,  tuples ,  an d bag s ca n b e regarde d a s strang e functions .  Example : 

T h e se t  {ai,...,a„ }  i s  represente d b y 

fset{ai,...,an), 

where the value of fset{ai,...,an) is /sef(ai,..., a„). 

• Holistic functions. HoHstic functions evolve through experience and cannot be objectivized. 

Thei r  developmen t  i s accompanie d b y divisio n an d unificatio n processes .  Existentia l  quan -

tification ,  universa l  quantification ,  an d th e operato r  tha t  construct s set s fro m predicate s ar e 

holisti c functions .  Th e undecidabilit y  o f  predicat e logi c [5 j  indicate s tha t  th e decisio n procedur e 

i s a  holisti c function . 

SHUNYATA contains elementary knowledge for evaluating holistic functions. In particular, it 

use s a  basi c procedur e t o evaluat e predicate s tha t  defin e finite  sets .  Th e centra l  mechanis m o f  thi s 

procedur e i s th e replacemen t  o f  elemen t  relation s b y disjunction s o f  equalit y relations .  I n S H U N Y A TA 

holisti c function s presentl y produc e th e valu e not-evaluabl e i f  th e syste m doe s no t  contai n sufficien t 

knowledg e fo r  evaluatin g th e function . 

Th e mos t  importan t  function s o f  S H U N Y A TA ar e th e analyz e functio n an d th e proo f  functio n 

whic h perfor m th e proo f  analyse s an d generat e proofs .  Th e analyz e functio n ha s th e for m 

analyze{C,T,P), 

where C is a predicate calculus, T a theorem, and P a proof for the theorem. It produces a proof 

strategy .  Th e proo f  functio n ha s th e for m 

proof {C,T,S), 

where C is a predicate calculus, T a theorem, and S a proof strategy. It produces a proof for the 

theorem .  Th e analyz e an d proo f  function s illustrat e th e spira l  organizatio n o f  SHUN\'.\TA :  Th e 

analyz e functio n construct s powerfu l  proo f  strategie s fro m proof s an d th e proo f  functio n construct s 

comple x proof s fro m proo f  strategies . 
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3 THE REFLECTION SYSTEM 

The reflection system is the core of SHUNYATA. It contains over one hundred simple functions and 

thei r  relation s whic h ar e represente d i n a  languag e closel y relate d t o predicat e logic .  Th e univers e 

of  thi s languag e i s th e se t  o f  al l  symbol s an d al l  trees .  Th e function s ar e ineta-leve l  concept s suc h 

as th e subse t  relation ,  th e unio n o f  sets ,  an d th e additio n o f  natura l  numbers .  Thus ,  th e reflectio n 

syste m contain s precis e knowledg e abou t  finite  trees . 

An inferenc e ca n b e represente d b y 

m = j(ai,...,a„), 

where m is a meta-level theorem, i is an rule of inference, and oi, ...,a„ are the arguments. The system 

uses predicate s t o construc t  smal l  set s o f  inferences .  Thes e predicate s ar c modifie d dynamically . 

The activit y o f  th e reflectio n syste m change s rapidl y becaus e i t  i s  controlle d b y th e result s o f  th e 

inferences .  Th e se t  o f  meta-leve l  theorem s generate d b y th e reflectio n syste m i s calle d rellertio n 

space .  Th e architectur e describe d avoid s combinatoria l  explosion s becaus e th e reflexio n spac e ca n 

be prune d b y additiona l  predicates .  Thi s mechanis m produce s a  combinatoria l  reductio n o f  th e siz e 

of  th e reflectio n spac e wit h regar d t o th e numbe r  o f  predicates . 

4 ANALYTICAL SPACES 

Cognition permanently reduces huge amounts of information to a few concepts. Miller [10] argues 

tha t  onl y som e seve n concept s ar e containe d i n short-ter m memor y simultaneously .  Thi s reductio n 

force s cognitio n t o divid e th e worl d int o analytica l  spare s wliic h consis t  o f  a  fe w concept s an d th e 

environmen t  thes e concept s refe r  to .  A n analytica l  spac e represent s a  vie w o f  th e world .  Fyxaniple s 

ar e geometr y an d spac e i n mathematics ,  propertie s o f  program s an d i>rogram s i n compute r  science , 

and proo f  strategie s an d proof s i n SHUNYATA.  Th e principl e o f  coinjjleiiieritarit y [3 1 state s tha t 

quantu m theor y require s th e existenc e o f  differen t  analytica l  spaces .  Codel' s Theore m j(i ,  implie s 

tha t  ther e ar e differen t  analytica l  space s fo r  th e theor y o f  natura l  numbers .  IVaditiona l  epistemolog y 

regard s th e worl d an d cognitio n a s completel y separabl e entities .  Fro m a  holisti c poin t  o f  vie w th e 

worl d an d cognitio n ar e divide d int o differen t  analytica l  space s whic h contai n essentia l  bu t  incomplet e 

knowledge . 

5 HOLISTIC LOGIC 

The SHUNYATA system is the first step towards an implementation of holistic logic. The central 

hypothese s o f  thi s logi c are : 

•  Th e basi s o r  kerne l  o f  cognitio n i s formless . 

• Cognitive evolution creates new analytical spaces [division) and integrates existing analytical 

space s (unification) . 

New informatio n i n a  cognitiv e syste m generate s elementar y analytica l  space s whic h caus e per -

turbation s i n it s structures .  Thi s proces s ca n b e considere d a s low-leve l  perception .  I n integratin g 

th e ne w analytica l  spac e th e syste m mus t  preserv e it s previou s efficienc) .  I t  first  trie s t o .issimilat e 

th e ne w spac e int o existin g structures .  I f  thi s i s  impossible ,  th e ne w analytica l  spac e begin s it s ow n 

evolution ,  i.e. ,  th e syste m perform s a  divisio n process .  Th e evolutio n i s controlle d b y th e activit y o f 

th e reflectio n system .  Cognitio n achieve s th e mos t  importan t  advancement s i n it s developmen t  b y 
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integrating different analytical spaces, i.e., by unification processes. Even the high-level structures 

of  th e reflectio n syste m ar e permanentl y revise d an d improve d b y division s an d unification s o n th e 

basi s o f  it s  low-leve l  structures .  Becaus e cognitiv e structure s aris e fro m simpl e perception ,  thei r 

origi n ca n b e regarde d a s a n empt y o r  formles s kernel ,  i.e. ,  th e kerne l  lack s propertie s an d struciures . 

Thus ,  th e theor y o f  holisti c logi c implie s tha t  i t  i s  impossib e t o objectiviz e cognitio n an d discover y 

mechanism s completely .  Th e integratio n o f  ne w informatio n ca n b e regarde d a s a n inductio n proces s 

whic h create s ne w structures .  Thes e ar e modifie d b y futur e experience ,  i.e. ,  b y feedbac k processes . 

Therefore ,  cognitiv e structure s evolv e b y inductio n an d feedbac k |l) . 

6 A SIMPLE PROOF 

Thi s sectio n give s a  formalizatio n o f  th e elementar y theor y o f  groups ,  a  theorem ,  an d a  complet e 

formalizatio n o f  a  proo f  whic h include s th e reason s fo r  th e theorems .  Thi s approac h t o formalizatio n 

form s th e basi s fo r  th e analysi s o f  th e proof .  I t  ca n b e applie d t o predicat e logi c an d meta-leve l 

reasoning .  Th e symbol s an d function s use d i n thi s sectio n ar e define d i n th e appendix . 

1.  On e binar y predicat e letter :  p .  W e writ e x  =  y  fo r  p{x,y) . 

2. Three binary function letters: f, g, h. We write xy for f{x,y). 

3. Constant: c. 

4. Axioms: {xy)z = x{yz), g{x,y)x = y, xh{x,y) = y. 

5. Rules of inference: 

(a) Substitution Rule: r — u G E, s e subs{r = u) =^ sub{r = u,s) G E. Function: 

sub{ r  =  u,s) . 

(b )  Reflexivit y Rule :  r e R = ^ r  =  r e E .  Function :  ref{r) . 

(c )  Symmetr y Rule :  r  =  u  e ^  E  = ^  u  =  r  E  E .  Function :  sym{ r  — u) . 

(d )  Transitivit y Rule :  r  =  u  E  E ,  u  =  v  E  E  = > r  =  v  E  E .  Function :  tran{ r  =  u ,  u  — v) . 

(e )  Replacemen t  Rule :  r  E  R ,  d  E  D ,  u  =  v  E  E ,  d{r )  -  u  -- > rep{r,d, u -  v )  C  E . 

Function :  rep{r,d, u =  v) . 

(f )  Chai n Rule :  r E R ,  d E D , u =  v E E , s E subs{ u -  v),d{r )  =  6t(l,su6( u =  u,s) )  == > 

rep(r ,  (f ,  su6( u =  u,s) )  E  E .  Function :  chain{r,d, u =  v,s) . 

6. Theorem: g{c, c)x = x. 

7. Proof: 

Theorem s 

g{c,c) x =  g{c,c){ch{c,x) ) 

g{c,c){ch{c,x) )  =  {g{c,c)c)h{c,x ) 

{g{c,c)c)h{c,x )  =  ch{c,x ) 

ch(c,x )  =  X 

Reason s 

chain{g{c,c)x ,  2 ,  y  =  xh{x,y) ,  {{x,c),{y,x)} ) 

chain{g{c,c){ch{c,x)) ,  () ,  x{yz )  ̂ -  {xy)z , 

{{x,g{c,c)),{y,cl{z,h{c,x))} ) 

chain{{g{c,c)c)h{c,x) ,  1 ,  g{x,y) x  ̂ -y ,  {(j-,c) ,  (y,c)} ) 

chain{ch{c,x) ,  () ,  i/i(x-,y )  =  y ,  {(x,c) ,  (y,x)) ) 

Th e proo f  step s containin g th e Symmetr y Rul e o r  th e Transitivit y Rul e ar e omitted .  Th e proo f 

i n ordinar y scientifi c  notatio n i s 

g{c,c) x =  g{c,c){ch{c,x) )  =  {g{c,c)c)h{c,x )  =  c/i(c,x )  =  x . 
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7 T H E A N A L Y S I S O F T H E P R O OF 

Thi s sectio n describe s th e automati c analysi s o f  th e previou s proof .  Th e resul t  o f  thi s analysi s i s a 

proo f  strategy . 

The proo f  i n th e previou s sectio n contain s fou r  step s Yi ,  Y2 ,  V3 ,  an d V4 .  Thes e proo f  step s ar e 

tuple s 

(r  =  t,chain{r,d, u =  f,s)) , 

wher e r  e  R ,  d  e  D ,  u  =  v  e  E ,  ̂ n d d{r )  =  st{l,sub{ u ̂  v,s)) .  S H U N Y A TA analyze s th e fou r 

proo f  step s successively .  Th e analysi s produce s tw o categorie s o f  predicate s whic h represen t  th e proo f 

strategies .  Thes e predicate s ar e generate d fro m th e function s o f  th e reflectio n syste m lik e th e term s 

and well-forme d formula s o f  a  predicat e calculus .  Th e predicate s o f  th e first  categor y hav e th e for m 

p{C,T,X,Y), 

wher e C  i s a  predicat e calculus ,  T  th e theore m t o b e proved ,  X  a  tupl e o f  proo f  steps ,  an d Y  a 

proo f  step .  A t  th e beginnin g o f  th e analysi s th e tupl e X  i s empty .  S H U N Y A TA test s whethe r  thes e 

predicate s satisf y th e followin g requirements : 

•  Th e evaluatio n o{p{C,T,X,Yi )  yield s th e trut h valu e tru e wher e Y", ,  t  €  {1,2,3,4} ,  i s  th e proo f 

ste p t o b e analyzed . 

• The evaluation of {y I p{C,T,X,Y)} yields a small set of proof steps in a limited space of time. 

The predicate s o f  th e secon d categor y hav e th e for m 

q{C,T,X) . 

wher e C  i s a  predicat e calculus ,  T  th e theore m t o b e proved ,  an d X  a  ttipl e o f  proo f  steps .  The y 

decid e whic h predicat e o f  th e first  categor y shoul d b e applie d next .  Therefore ,  th e proo f  strategie s 

includ e feedbac k loops .  Th e proo f  step s generate d b y th e predicate s o f  th e firs t  categor y ar c app'̂ ndc d 

t o th e tupl e X  unti l  X  contain s th e complet e proof ,  i.e. ,  th e proo f  step s V̂ i .  Vi ,  V3 ,  an d \, ( 

1.  Th e analysi s o f  th e first  proo f  step .  S H U N Y A TA generate s predicate s an d test s whethe r  the y 

satisf y th e requirement s described .  I t  discover s th e proo f  strategy : 

r  =  st{l,T) A 

u =  V  E  axms{C )  U  {6 |  (3a)( a €  axms{C )  A  6  =  sym{a))}/ \ 

pr{2,s )  C  con{T)KJvar{T ) 

Thi s proo f  strateg y produce s twelv e proo f  steps . 

2. The analysis of the second proof step (division). The previous strategy does not generate the 

secon d proo f  step .  Thus ,  th e secon d proo f  ste p ca n b e considere d a s a  perturbatio n wit h regar d 

t o th e previou s strategy .  S H U N Y A TA test s furthe r  predicate s bu t  the y fai l  t o produc e th e Lw o 

proo f  steps .  Therefore ,  i t  ha s t o perfor m a  divisio n process ,  i.e. ,  i t  contract s a  secon d predicat e 

tha t  produce s th e secon d proo f  ste p an d a  criterio n tha t  decide s whe n th e first  an d th e secon d 

predicat e shoul d b e applied .  Th e divisio n yield s th e strategy : 

r€pr{{l,2),X)-pr{{l,l),X) A 

u =  v  e  axms{C )  U  {6 |  (3a)( o 6  axms{C )  A  6  =  sym(a))} A 

ne{lvs{u) )  =  ne{lvs{v) ) 
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The dots represent the first predicate. The criterion states that the first predicate is applied 

onl y i f  th e secon d predicat e generate s n o proo f  steps ,  i.e. , 

{y|p(c,T,A',r) }  =  0 , 

wher e p  denote s th e secon d predicate .  Thus ,  th e secon d predicat e ha s priority .  Thi s strateg y 

produce s fou r  additiona l  proo f  steps . 

3.  Th e analysi s o f  th e thir d proo f  ste p (unification) .  I t  i s  ver y difficul t  t o integrat e th e thir d 

proo f  step .  Th e divisio n proces s first  fail s  becaus e i t  yield s a  strateg y tha t  generates ;  a n infinit e 

number  o f  proo f  steps .  Then ,  i t  produce s a  comple x strateg y wit h thre e predicates : 

repr((l,2),A:)-pr((l,l),X) A 

u =  V  e  axms{C )  U  {6 |  (3a){ a e  axms{C )  A  6  =  sym{a))} A 

ne{lvs{u) )  >  ne(/vs(v)) A 

not{ t  e  pri{l,l),X)Upr{il,2),X) ) 

T h e dot s represen t  th e first  an d th e secon d predicate .  Th e thir d predicat e ha s priority .  Thus , 

th e thir d proo f  ste p cause s a  stron g perturbatio n i n th e previou s strategy .  Finally ,  S I IUNYAT A 

unifie s th e secon d an d th e thir d predicat e an d discover s a  simpl e an d efficien t  strategy : 

repr{{l,2),X)-pr{{l,l),X) A 

u =  V  e  axms{C )  U  {6 |  {3a){ a 6  axms{C )  A  6  =  sym{a))} A 

ne{lvs{u) )  >  ne{lvs{v)) A 

notj t  e  pri{l,l),X)Upr{{l,2),X) ) 

Th e dot s represen t  th e first  predicate .  Thi s strateg y produce s th e thir d proo f  step . 

4. The analysis of the fourth proof step. The previous strategy also produces the fourth proof 

step . 

Thus ,  th e proo f  strateg y produce s eightee n proo f  steps ,  i.e. ,  eightee n theorems : 

g{c,c) x =  g{g{c,c)c,c) x 

g{c,c) x =  g{ch{c,c),c) x 

g{c,c) x =  g{c,g{c,c)c) x 

g{c,c) x =  g{c,ch{c,c)) x 

g{c,c)x -  g{g{x,c)x,c) x 

g{c,c) x =  g{xh{x,c),c) x 

g{c,c) x =  g{c,g(x,c)x) x 

g{c,c) x =  g{c,xh{x,c)) x 

g{c,c) x =  g(c,c){g{c,x)c ) 

g{c,c) x =  g{c,c){ch{c,x) ) 

g{c,c) x =  g{c,c){g{x,x)x ) 

g{c,c) x =  g{c,c){xh{x,x) ) 

•• •  =  {9{c,c)g{c,x)) c 

.. .  =  {g{c,c)c)h{c,x ) 

.. .  =  {g{c,c)g{x,x)) x 

.. .  =  {g{c,c)x)h{x,x ) 

.. .  =  c/i(c,x ) .. .  =  X 

Th e dot s represen t  th e term s o n th e righ t  sid e o f  th e precedin g column .  Th e proo f  i s underlined . 

Th e first  colum n i s generate d b y th e first  predicat e o f  th e proo f  strateg y an d th e othe r  column s ar e 

generate d b y th e secon d predicate . 
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The proof steps can be considered as new information for the system which can cause perturbations 

i n it s structures .  Th e analysi s o f  th e proo f  step s produce s predicate s an d proo f  strategies ,  i.e. ,  ne w 

concepts .  Thes e predicate s ar e generate d lik e th e term s an d well-forme d formula s o f  a  predicat e 

calculu s an d the y ar e selecte d b y experimentation .  Th e predicate s an d proo f  strategie s tha i  wer e 

produce d b y analyzin g th e previou s proo f  step s for m th e basi s fo r  th e analysi s o f  th e nex t  proo f 

step .  Thus ,  S H U N Y A TA change s it s languag e an d it s structur e o n th e basi s o f  experience .  Th e nex t 

sectio n show s ho w th e strateg y fo r  thi s simpl e proo f  i n grou p theor y ca n b e use d fo r  discoverin g a 

difRcul t  proo f  i n lattic e theory . 

8 THE DISCOVERY OF A DIFFICULT PROOF 

Thi s sectio n describe s th e discover y o f  a  proo f  fo r  SAM' s Lemma whic h wa s a n ope n proble m unti l 

1969.  I t  wa s solve d b y Guar d e t  al .  [7 ]  an d subsequentl y b y McChare n e t  al .  [9] .  Th e degre e 

of  difficult y fo r  discoverin g a  proo f  fo r  SAM' s Lemma represent s th e state-of-the-ar t  i n automate d 

theore m provin g [2] .  Th e siz e o f  a  proo f  i n ordinar y scientifi c  notatio n i s approximatel y on e an d a 

hal f  page s [1 2 . 

1.  On e binar y predicat e letter :  p .  We writ e x  =  y  fo r  p{x,y) . 

2.  Tw o binar y functio n letters :  f ,  g .  We writ e x y fo r  f{x,y )  an d x  +  y  fo r  g{x,y) .  I n orde r  t o 

omi t  parentheses ,  w e assum e tha t  th e first  functio n ha s priority . 

3.  Constants :  0,1 ,  a,b,c,d . 

4.  Axioms : 
{xy) z =  x{yz ) 

XX =  x 

Oi  =  0 

( a +  b) c =  0 

{ x +  y )  +  z  =  x+ { y +  z ) 

x +  X  =  X 

Q +  x  =  x 

{ a +  b )  +  c = l 

x +  z  =  z  = > { x +  y) z =  x{ y +  z ) 

5. Theorem: (c + da){c -t- db) = c. 

xy =  y x 
x{ x +  y )  =  x 

I x =  X 

{ab) d =  0 

x + y - y + x 

X - H x y =  I 

l  +  x  =  1 

ab +  d = l 

6.  Proo f  Strategy :  Th e proo f  strateg y fo r  th e theore m i n grou p theor y i s applie d bu t  th e axio m tha t 

contain s th e implicatio n require s specia l  treatment :  Th e consequenc e i s treate d lik e th e othe r 

equation s i f  th e conditio n ca n b e prove d b y th e repeate d applicatio n o f  th e secon d predicat e 

of  th e strategy .  Thi s strateg y generate s seventy-fou r  theorems .  Th e applicatio n o f  th e first 

predicat e ma y b e regarde d a s a n extensio n ste p an d th e repeate d applicatio n o f  th e secon d 

predicat e a s a  simplificatio n step .  Th e extensio n ste p produce s seventy-tw o theorem s an d th e 

simplificatio n ste p tw o theorems . 

Extensio n 

(c -t -  da){ c +  db )  =  {c c +  da){ c +  db ) 

(c +  da){ c +  db )  -  [ c +  da{ a +  b)){ c +  db ) 

(c +  da){ c +  db )  =  ( c +  da){ c +  db{ b +  a) ) 

(c  -f -  da){ c -f -  db )  =  ( c +  da){ c +  dlb ) 

Simplificatio n 

[ c +  da{ a +  b)){ c +  db )  =  c 

{c +  da){ c +  db{ b +  a) )  =  c 
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Some parentheses are omitted because of the associativity of the first function. The first proof 

i s underlined . 

7. Proof-. The strategy produces the proof 

(c + da){c + db) = (c + da{a + 6))(c + db) = c. 

9 RELATED WORK 

The first project concerned with automated mathematics research was AM |8, p. 137]. AM focuses on 

researc h i n elementar y mathematics ,  S H U N Y A TA o n researc h i n highe r  mathematics .  A M discover s 

mathematica l  concepts ,  S H U N Y A TA additionall y develop s powerfu l  cognitiv e structures ,  e.g. ,  ne w 

ideas .  A M use s rule s t o represen t  heuristi c knowledg e wherea s S H U N Y A TA use s a  modifie d predicat e 

calculus ,  i n particula r  predicate s tha t  generat e finite  set s o f  trees .  A M contain s sopliisticate d heuristi c 

rule s fro m th e beginnin g an d doe s no t  lear n fro m experience .  I n contrast ,  S H U N Y A TA analyze s ne w 

informatio n o n th e basi s o f  a  simpl e languag e closel y relate d t o predicat e logi c an d develop s concept s 

and discover y mechanism s o n th e basi s o f  experience .  A M doe s no t  generat e proofs . 

10 CONCLUSIONS 

In this paper, I have described an idealized trace of cognitive evolution from the very beginning to a 

leve l  tha t  i s  suitabl e fo r  researc h i n highe r  mathematics .  Th e origi n o f  cognitiv e structure s i s a  form -

les s kernel .  Thi s formulatio n i s a  shor t  paraphras e o f  th e hypothesi s tha t  cognitiv e structure s aris e 

fro m simpl e perceptions ,  evolv e b y reflectio n an d finally  contai n thei r  ow n evolutio n mechanisms . 

Thei r  developmen t  i s accompanie d b y divisio n an d unificatio n processe s an d create s a n increasin g 

objectivizatio n o f  th e environment .  Th e discover y syste m S H U N Y A TA model s thes e high-leve l  cog -

nitiv e processe s an d construct s mor e advance d theorie s fro m weake r  ones .  I t  i s  a n evolvin g tre e i n 

functiona l  representation .  It s cor e i s a  reflectio n syste m whic h contain s a  languag e tha t  i s  poteniiall y 

universa l  becaus e thi s languag e i s permanentl y revise d an d improved .  Cognitiv e structure s ar e holis -

ti c  i n th e sens e tha t  the y canno t  b e reduce d t o simple r  structure s an d tha t  the y canno t  b e completel y 

separate d fro m th e object s the y refe r  to ,  i.e. ,  the y ar e domai n specifi c  becaus e the y chang e o n th e 

basi s o f  experience .  Th e experiment s sugges t  tha t  artificia l  cognitiv e system s mus t  hav e a t  leas t  th e 

computationa l  capeK;it y o f  huma n cognitio n an d tha t  the y mus t  us e th e sam e cognitiv e structure s 

and th e sam e organization . 

S H U N Y A TA i s writte n i n ZETALIS P an d i s presentl y runnin g o n a  Symbolic s 3600 .  Th e syste m 

has constructe d man y proof s fro m proo f  strategies ,  fo r  exampl e th e previou s proo f  fo r  SAM' s Lemma 

withou t  specia l  procedure s fo r  associativit y an d commutativity .  I f  a  representatio n simila r  t o th e 

representatio n human s us e fo r  associativit y an d commutativit y i s integrate d int o SHUNYATA,  it s 

efficien y increase s b y a  facto r  o f  ove r  tw o hundred .  I n generatin g finite  set s o f  proo f  step s fro m 

predicates ,  th e syste m produce s mor e tha n on e hundre d simpl e LIS P program s pe r  minut e an d 

evaluate s them .  S H U N Y A TA ha s analyze d severa l  proof s an d ha s acquire d concept s an d strategie s 

fo r  thes e proofs ,  fo r  exampl e th e strateg y describe d i n thi s paper .  Th e proo f  analysi s require s multi -

processing .  Th e strategie s ar e LIS P program s whic h contai n holisti c function s an d whic h ar e writte n 

and compile d b y SHUNYATA.  The y ca n b e regarde d a s heuristi c knowledg e whic h i s modifie d o n th e 

basi s o f  experience .  Thus ,  th e proo f  analysi s involve s th e automati c an d evolutionar y developmen t  o f 

program s b y divisio n an d unification .  Th e automati c revisio n an d extensio n o f  th e reflectio n syste m 

has no t  ye t  bee n implemented . 
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APPENDIX: NOTATIONS 

axms{C )  Th e axiom s o f  a  predicat e calculus . 

bag{ai,...an )  Th e ba g containin g th e element s ai,...,a„ .  A  ba g i s a n unordere d grou p o f 

elements . 

Example :  bag[x,y,x) . 

con{ u =  v )  Th e constant s o f  a n equatio n u  =  v . 

Example :  con{g{c,c) x =  i )  =  {c} . 

D Th e se t  o f  subtre e descriptors .  Subtre e descriptor s ar e tuple s o f  natura l 

number s tha t  denot e subtree s o f  trees . 

Examples :  Th e subtre e descripto r  ( )  denote s th e subtre e f{a,b )  o f  th e tre e 

f{a,b) ,  th e subtre e descripto r  (2 )  th e subtre e g{b,c )  o f  th e tre e f{a,g{b,c)) , 

and th e subtre e descripto r  (2,1 )  th e subtre e 6  o f  th e tre e f{a,g{b,c)) .  W e 

writ e 1  fo r  th e subtre e descripto r  (l )  an d 2  fo r  th e subtre e descripto r  (2) . 

E Th e theorem s o f  a  predicat e calculus . 

lvs{t )  Th e ba g o f  leave s o f  a  tre e t . 

Example :  lvs{f{g{x,y),x) )  =  bag{x,y,x) . 

ne{b )  Th e numbe r  o f  element s i n a  ba g b . 

Example :  ne{bag{x,y,x) )  =  3 . 

pr{d ,  t )  Th e projectio n o f  a  se t  o f  tree s t  describe d b y th e subtre e descripto r  d . 

Examples :  pr{l,{{a,b),{c,d)} )  =  {a,r.} , 

pr{{l,2),{{f{a,b),c),{f{d,e),c)})={b,e} . 

R Th e term s o f  a  predicat e calculus . 

rep{r,d, u =  v )  Th e replacemen t  o f  th e subter m o f  a  ter m r  tha t  i s  selecte d b y th e subtre e 

descripto r  d  b y th e ter m v  o f  th e equatio n u  =  v . 

Example :  rep{g{c,c)x,2, x =  ch{c,x) )  -  j(c,c)(c/i(c,x)) . 

st[d ,  i )  Th e subtre e o f  th e tre e t  tha t  i s  selecte d b y th e subtre e descripto r  d . 

Examples :  st((),/(a,6) )  =  /(a,6) ,  sf(2,/(a,6) )  =  6 , 

.f((l,2),/((,(a,6),c) )  =  6 . 

su6( u =  u ,  s )  Th e applicatio n o f  th e substitutio n s  fo r  th e variable s i n th e equatio n u  -  v 

t o th e equatio n u  =  v . 

Example :  sub{ y =  xh{x,y) ,  {(i,c) ,  (y,x)} )  ^  x  =  ch{c,x) . 

subs{ u — v )  Th e substitution s fo r  th e variable s o f  a n equatio n u  =  v . 

Example :  {(i ,  c) ,  (t/,x) }  i s  a  substitutio n fo r  th e variable s o f  th e equatio n 

y =  xh{x,y) . 

var{ u =  v )  Th e variable s o f  a n equatio n u  =  v . 

Example :  var{g{c,c) x =  x )  =  {x} . 
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C L U S T E R:  A n A p p r o a c h t o Model in g Con tex t * 

Yigal Arens 
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Universit y o f  Souther n Californi a 

1. Introduction: CLUSTER and the Context of an Utterance 

Thi s pape r  outline s a  theor y o f  modelin g th e contex t  o f  a n utterance .  I t  i s  par t  o f  th e C L U S T E R 

theor y o f  languag e understandin g i n contex t  (Arens ,  1986) .  I t  ha s bee n implemente d i n a  versio n o f  U C 

(th e U N I X Consultant )  (Wilensky ,  Arens ,  &  Chin ,  1984) . 

C L U S T ER build s o n th e followin g observation s concernin g th e proces s o f  languag e understanding : 

t  Languag e understandin g i s no t  sentence-based . 

•  N e w inpu t  i s understoo d i n referenc e t o th e context ,  no t  necessaril y th e previou s text . 

•  Th e contex t  i s  update d an d change d i n th e cours e o f  processin g input .  Insertio n o f  a  fac t  int o th e 

contex t  m a y caus e th e insertio n o f  a  grou p o f  associate d facts . 

•  Element s o f  th e contex t  hav e a  degre e o f  salienc e associate d wit h them . 

•  Thi s salienc e i s a  statu s tha t  decay s ove r  tim e an d m a y eventuall y b e lost . 

•  Informatio n i n th e contex t  shoul d b e recorde d periodicall y i n th e mor e permanen t  form . 

C L U S T ER theor y posit s severa l  level s o f  m e m o r y structures .  A t  th e lowes t  leve l  ar e entries ,  'atomic ' 

representation s o f  element s o f  th e context .  Entrie s ar e groupe d togethe r  i n clusters .  Suc h a  groupin g 

indicate s tha t  th e entrie s ten d t o co-occu r  i n th e world .  A  collectio n o f  cluster s i s  store d i n a n under -

standin g system' s Lon g Ter m Memory .  T h e mentio n o f  a n entr y i n a n inpu t  sentence ,  say ,  wil l  resul t  i n 

th e recal l  o f  cluster s containin g it .  T h e recalle d cluster s wil l  the n b e place d i n th e Contex t  Model ,  wher e 

the y wil l  b e availabl e t o an y processe s tha t  requir e knowledg e o f  th e context . 

1.1. Entries 

Ther e ar e thre e genera l  classe s o f  entries .  Eac h contain s representation s o f  differen t  aspect s o f  th e worl d 

withi n whic h th e understandin g syste m operates . 

Object s -  Entrie s i n thi s clas s stan d fo r  physica l  objects ,  events ,  an d actions .  A n entr y o f  thi s typ e 

must  b e presen t  i n th e Contex t  Mode l  befor e a  referenc e t o suc h a n objec t  m a y b e understood . 

Assertion s -  Entrie s i n thi s clas s describ e state s o f  th e world ,  state-changes ,  o r  action s tha t  hav e 

take n place .  A n entr y o f  thi s typ e mus t  b e presen t  befor e th e effect s o f  th e thin g i t  represent s m a y 

be accessed . 

Intention s -  Thes e entrie s describ e intention s th e understandin g syste m ha s o f  performin g certai n 

actions .  T h e action s th e syste m ca n perfor m includ e outpu t  t o th e use r  (i .  e. ,  sayin g something) , 

addin g o r  deletin g a n existin g entr y i n th e Contex t  Model ,  an d more . 

•  Some o f  th e wor k reporte d her e wa s performe d whe n th e autho r  wa s a t  th e Universit y o f  Californi a a t  Berkeley ,  wher e i t  wa s 
sponsore d b y th e Offic e o f  Nava l  Researc h unde r  contrac t  N000H-80-C-0732 ,  an d DARPA (DOD) ,  ARP A orde r  No .  3041 ,  monitore d 
by th e Nava l  Electroni c System s Command unde r  contrac t  N00039-82-C-023S .  Th e wor k performe d a t  th e Universit y o f  Souther n 
Californi a wa s supporte d b y th e US C Facult y Researc h an d Innovatio n Fund ,  an d b y T R W Defens e System s unde r  Subcontrac t  No . 
D71810ANSS. 
•  •  Contextua l  Languag e Understandin g wit h Salienc e Trackin g an d Environmen t  Recall . 
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T h e sam e real-worl d objec t  o r  even t  m a y b e represente d b y a n entr y o f  mor e tha n on e type .  Fo r  exam -

ple ,  th e system' s intentio n t o sa y somethin g t o th e use r  m a y als o b e represente d i n a n entr y o f  typ e 

object .  Thi s woul d permi t  th e syste m t o understan d reference s t o thi s intentio n i n th e user' s input ,  a 

situatio n tha t  woul d no t  b e possibl e otherwise . 

1.2. Clusters 

Entrie s d o not ,  a s a  rule ,  occu r  i n isolation .  A  collectio n o f  entrie s i s arrange d i n a  cluste r  i f  thos e entrie s 

ten d t o b e foun d together  i n th e rea l  world .  T h e choic e o f  associatednes s a s th e basi s fo r  cluste r  struc -

tur e i s supporte d b y psychologica l  evidenc e o f  it s  importance .  Ther e i s considerabl e psychologica l  evi -

denc e fo r  th e existenc e o f  a n automati c proces s tha t  make s informatio n availabl e o n th e basi s o f  associa -

tiv e relatednes s ( M c K o o n &  Ratcliff ,  1979 )  (Neely ,  1977 )  (Warren ,  1977 )  (an d se e Anderso n (1983 )  fo r  a 

eview) .  T h e cchoccurrenc e o f  entrie s signiDe d b y thei r  formin g a  cluste r  i s usuall y du e t o th e fac t  tha t 

the y represen t  on e o f  th e following : 

th e variou s parts  o f  a  comple x object ; 

th e severa l  step s o f  a  comple x action ; 

th e actor s an d instrument s o f  a  particula r  activity ; 

intende d o r  associate d use s o f  a  particula r  object ; 

standar d association s betwee n certai n stimul i  an d responses ,  cause s an d effects ;  o r 

action s relate d b y conventio n (e .  g. ,  a n inquir y int o whethe r  on e ca n pas s a  sal t  shake r  an d a  reques t 

tha t  th e sal t  shake r  actuall y b e passed) . 

For  example ,  a  cluste r  fro m th e U N I X domai n relatin g th e makin g o f  a  file  executabl e t o th e c o m m a n d 

tha t  mus t  be-issue d i n orde r  t o d o s o wil l  includ e th e followin g entries* : 

?F i s a  file 

? U issue s c o m m a n d 'chmod '  wit h argumen t  '755 ' 

?F change s it s 'executability '  stat e t o 'on ' 

The existence of this cluster in long term memory asserts, among other things, that the last two entries 

ar e related ,  i .  e. ,  issuin g th e c o m m a n d 'chmo d 75 5 < f i lename> '  i s associate d wit h makin g a  file  execut -

able ,  an d vic e versa .  Mentionin g an y on e o f  thes e tw o fact s i n a  conversatio n cause s th e secon d t o 

become presen t  i n th e Contex t  Model ,  henc e i n context . 

A mor e comple x cluster ,  containin g a  variet y o f  entrie s i s displaye d below : 

? A i s a n actio n 

? U ha s aske d h o w t o perfor m actio n ? A 

? U wishe s t o k n o w h o w t o perfor m ? A 

? U canno t  perfor m actio n ? A 

Syste m intend s t o find  pla n fo r  ? A 

? U expect s a  respons e 

Thi s cluste r  reflect s th e associatio n betwee n th e use r  askin g h o w t o perfor m som e action ,  th e user' s wis h 

t o k n o w h o w t o perfor m it ,  an d th e system' s intentio n o f  finding  suc h a  pla n an d informin g th e use r  o f  it . 

•  Eotrie s ar e preseote d i n &  simplifie d notation .  7 F an d 7 U ar e variables ,  allowin g thi s cluste r  t o b e use d regardles s o f  wh o th e par -
ticula r  use r  (?U )  is ,  an d whic h file  (?F )  i s involved . 
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1.3 .  Activatio n 

Entrie s i n th e Contex t  Mode l  ar e marke d wit h a  measur e o f  thei r  salienc e i n th e context ,  indicate d b y a 

leve l  o f  activation .  I n C L U S T E R,  th e leve l  o f  activatio n i s viewe d a s a  poin t  o n a  scale ,  thu s distinguish -

in g i t  bot h fro m Quillian' s (1969 )  an d Charniak' s (1983 )  marke r  passin g models .  Th e processin g o f  inpu t 

i s accompanie d b y th e activatio n o f  entrie s representin g concept s mentione d i n i t  an d a  flow  o f  activatio n 

fro m thos e entrie s t o other s i n thei r  cluster(s) ,  an d s o forth .  Throug h th e accumulatio n o f  activatio n flow 

fro m severa l  sources ,  th e Contex t  Modele r  ha s th e abilit y  t o identif y entrie s tha t  ar e salien t  i n th e curren t 

context ,  althoug h no t  closel y associate d wit h an y singl e entry . 

Activatio n flow  i s cluster-directed .  W h e n a n entry' s activatio n leve l  i s  increased ,  al l  cluster s t o whic h i t 

belong s ar e identified .  Th e entry' s increas e i s divide d b y th e numbe r  o f  cluster s an d tha t  amoun t  flows  o n 

t o eac h cluster .  Withi n eac h o f  th e clusters ,  however ,  ever y entr y receive s th e sam e increase ,  regardles s o f 

th e siz e o f  th e cluster .  I n thi s manner ,  C L U S T E R distinguishe s betwee n entrie s associate d wit h m a n y 

differen t  situation s (e .  g. ,  a  file  an d it s numerou s uses )  an d entrie s associate d wit h onl y a  fe w (e .  g. ,  th e 

notio n o f  execution) .  I n th e latte r  cas e w e woul d lik e t o infe r  tha t  th e curren t  contex t  i s  probabl y on e o f 

thos e fe w clusters/situations ,  regardles s o f  th e numbe r  o f  entrie s i n each .  Thus ,  whe n 'execution '  i s  men -

tione d w e ca n realiz e tha t  ther e i s som e progra m bein g discusse d regardles s o f  th e numbe r  o f  fact s w e 

kno w abou t  th e executio n o f  programs . 

The leve l  o f  activatio n o f  a n entr y i n th e Contex t  Mode l  influence s th e choice s mad e b y processe s tha t 

need t o kno w abou t  th e context .  A s a  rule ,  a  proces s i n searc h o f  a  particula r  typ e o f  entr y wil l  choos e 

th e on e o f  tha t  typ e wit h th e highes t  leve l  o f  activation .  Se e sectio n 2 .  fo r  examples . 

Unles s reinforced ,  a s describe d above ,  th e activatio n o f  al l  entrie s i n th e Contex t  Mode l  decay s graduall y 

wit h th e passag e o f  time .  W h e n th e activatio n o f  a n entr y decrease s belo w a  certai n threshol d i t  i s 

droppe d fro m th e Contex t  Model . 

Entrie s o f  th e clas s intentio n ar e triggere d whe n thei r  activatio n grow s hig h enough .  Thei r  intende d 

actio n i s the n carrie d out . 

1.4. Processing Outline 

N ew entrie s ar e passe d o n t o th e Contex t  Modele r  b y outsid e processes .  I n th e curren t  implementation , 

th e onl y suc h proces s i s th e languag e analyzer .  I t  occasionall y identifie s a  fragmen t  o f  th e inpu t  languag e 

tha t  i s meaningfu l  t o i t  an d passe s it s meanin g t o th e Contex t  Modeler .  T h e latte r  form s a n entr y 

representin g th e meanin g o f  th e languag e fragment .  Th e followin g proces s the n take s place : 

1.  Th e Contex t  Modele r  attempt s t o unif y th e ne w entr y wit h thos e alread y existin g i n th e Contex t 

Model .  Eithe r  a  matc h i s foun d o r  els e a  ne w entr y i s create d i n th e Contex t  Model . 

I f  a n existin g entr y i s found : 

2a.  Al l  cluster s o f  whic h th e existin g entr y i s a  m e m b er  ar e reinforced ,  wit h activatio n flow  continuin g 

on fro m those . 

Otherwise : 

2b.  Al l  cluster s associate d wit h th e ne w entr y ar e retrieve d fro m lon g ter m memor y an d thei r  member s 

ar e inserte d recursively . 

3.  Thi s proces s continue s unti l  stabilit y  i s  reached . 

4.  T h e Contex t  Mode l  i s inspecte d an d highl y activate d intention s ar e performed . 
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At  thi s poin t  th e Contex t  Modele r  await s ne w inpu t  fro m th e languag e analyzer . 

2. Usefulness of the Context Model to Language Analysis 

I n a  conversationa l  contex t  th e languag e analyze r  canno t  trea t  sentence s a s independen t  entities .  Rather , 

i t  mus t  relat e thei r  conten t  an d impor t  t o informatio n gathere d durin g th e processin g o f  previou s utter -

ances .  I n particular ,  objects ,  actions ,  an d an y othe r  concept s mentione d in ,  o r  whos e existenc e i s implie d 

by ,  a n utteranc e mus t  b e disambiguated .  Thei r  interpretation s mus t  b e identifie d fro m amon g thos e con -

cept s presen t  i n th e Contex t  Model .  Fo r  thi s t o tak e plac e th e languag e analyze r  mus t  b e capabl e o f  iden -

tifyin g meaningfu l  fragment s i n th e inpu t  an d passin g the m o n t o th e Contex t  Modele r  a s soo n a s possi -

ble . 

A languag e analyze r  wit h thes e characteristic s i s use d i n th e implementatio n o f  CLUSTER.  Thi s i s 

PHR.\N ,  th e PHRasa l  ANalyze r  (Wilensk y an d Arens ,  1980a ,  1980b) .  Upo n recognizin g a  phrasa l  con -

struc t  i n th e input ,  P H R A N construct s it s paire d concep t  an d passe s i t  t o th e Contex t  Modeler .  Th e con -

cep t  become s par t  o f  th e entr y representin g th e meanin g o f  th e recognize d languag e fragment . 

2.1. Ambiguity Resolution 

When P H R A N processe s inpu t  i t  ofte n encounter s ambiguous  languag e fragments .  I n suc h instance s 

entrie s representin g th e meanin g o f  al l  interpretation s ar e inserte d i n th e Contex t  Model .  I n th e absenc e 

of  an y selectiona l  restriction s o r  othe r  linguisti c clues ,  o r  i f  suc h restriction s ar e insufficien t  t o uniquel y 

determin e th e meaning,  P H R A N choose s th e mos t  highl y activate d entr y o f  th e appropriat e typ e a s 

representin g th e meanin g o f  th e ambiguou s fragment .  Naturally ,  th e presenc e o f  relate d cluster s i n th e 

Contex t  Mode l  wil l  caus e a n entry' s activatio n t o b e higher . 

2.2. Definite References 

By itself ,  a  languag e analyze r  i s incapabl e o f  determinin g precisel y whic h rea l  worl d entitie s definit e refer -

ence s refe r  to .  Thi s i s becaus e th e understandin g o f  mos t  definit e reference s inherentl y involve s th e us e o f 

informatio n no t  presen t  i n th e sentenc e bein g processed . 

The Contex t  Mode l  provide s a  poo l  o f  candidate s fo r  th e interpretatio n o f  referrin g expressions .  A s a  rule , 

th e languag e analyze r  wil l  choos e a s th e referen t  th e mos t  highl y activate d entr y consisten t  wit h th e res -

triction s provide d b y th e referrin g expression .  Whe n n o suc h entr y ca n b e found ,  th e Contex t  Modele r 

realize s tha t  a  ne w entit y i s bein g discussed .  I t  the n create s a n appropriat e ne w entr y an d insert s i t  i n th e 

Contex t  Model . 

2.3. Pronouns and Demonstratives 

As i s th e cas e wit h definit e references ,  th e languag e anlyze r  searche s th e Contex t  Mode l  fo r  a  highl y 

activate d entr y consisten t  wit h th e restriction s derivabl e fro m th e pronou n o r  demonstrativ e used .  Thes e 

wil l  ofte n includ e gende r  information . 

3. Processing Example 

Thi s sectio n contain s a n exampl e o f  th e operatio n o f  th e UNE X Consultan t  (UC) .  I  wil l  sketc h th e pro -

cessin g involve d i n engagin g i n th e dialogu e tha t  follows .  I  wil l  pa y specia l  attentio n t o th e determinatio n 

of  th e referen t  o f  th e wor d 'it '  i n lin e [5) . 
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1 User :  H o w d o I  prin t  th e file  fetch.l ? 

(2 1 U C :  T o prin t  th e file  fetch. l  typ e ip r  fetch.l' . 

(intervening commands and questions) 

3| User: Has the file fetch.l been printed yet? 

[4 ]  U C :  Th e file  fetch. l  i s  i n th e lin e printe r  queue . 

(5 )  User :  H o w ca n I  cance l  it ? 

[6 ]  U C :  T o remov e th e file  fetch. l  fro m th e lin e printe r  queu e 

typ e 'Ipr m arens' . 

The fragments recognized by PHRAN in the user's first question, (l), are, in the order in which they are 

identified : 

I 

th e file  fetch. l 

H o w d o I  prin t  th e file  fetch. l  ? 

The analysis of each fragment results in a structure representing its meaning. This structure is inserted in 

th e Contex t  Model .  Th e thir d fragmen t  recognize d i s a  reques t  concernin g printing .  It s processin g result s 

i n a  complet e cluste r  bein g retrieve d fro m lon g ter m memor y an d inserte d i n th e Contex t  Model .  T h e 

cluste r  contain s structure s describin g th e c o m m a n d t o print ,  it s  effect ,  th e objec t  printe d an d th e fac t  tha t 

a printe r  i s involved .  Thi s informatio n i s use d t o determin e th e answe r  provide d b y th e syste m i n [2] . 

Afte r  UC' s reply ,  th e Contex t  Mode l  contain s representation s o f  th e followin g object s an d actions : 

(1 )  Th e use r 

(2 )  Th e file  fetch. l 

(3 )  Th e lin e printe r 

(4 )  Th e reques t  t o prin t  fetch. l 

(5 )  Th e c o m m a n d t o prin t  th e file  ('Ip r  fetch.l' ) 

(6 )  A  printin g even t 

(7 )  Th e use r  ha s requeste d t o prin t  th e file 

(8 )  U C ha s tol d th e use r  ho w t o prin t  th e file 

The contents of the Context Model are now preserved in long term memory in the form of a new cluster. 

Thi s i s don e followin g a n explici t  reques t  b y th e user ,  a s thi s proces s i s no t  currentl y automatic .  T h e ne w 

cluste r  wil l  b e recalle d whe n th e representatio n o f  an y o f  th e entrie s (2) ,  (4) ,  (5) ,  o r  (7) ,  i s  encountere d 

again . 

The conversatio n no w shift s t o othe r  topic s an d th e structure s previousl y i n th e Contex t  Mode l  ar e gradu -

all y delete d du e t o deca y o f  thei r  activatio n levels .  B y th e tim e th e use r  ask s questio n [3] ,  ther e i s n o 

trac e lef t  i n th e curren t  contex t  o f  th e structure s use d i n th e earlie r  exchange .  Fo r  th e sak e o f  thi s exam -

ple ,  I  wil l  assum e tha t  whe n lin e [3 ]  i s  inpu t  b y th e use r  th e Contex t  Mode l  i s empty . 

W h en th e user' s secon d questio n i s processe d b y P H R A N,  th e followin g fragment s ar e recognized : 

th e file  fetch. l 

Has th e file  fetch. l  bee n printe d yet ? 

W h en a n entr y describin g th e first  on e i s create d i n th e Contex t  Model ,  i t  serve s a s a  ke y fo r  retrievin g 

th e ne w cluste r  describe d above .  Th e concep t  associate d wit h th e secon d fragmen t  recognize d cause s th e 
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retrieva l  o f  othe r  clusters .  Thes e cluster s enabl e th e syste m t o respon d wit h [4] ,  bu t  ar e otherwis e 

irrelevan t  t o thi s example . 

W h en questio n [6 ]  i s  aske d b y th e user ,  i t  i s  analyze d b y P H R A N an d th e followin g inpu t  fragment s ar e 

identified : 

I 

i t 

How ca n I  cance l  it ? 

The structur e create d t o describ e th e first  fragmen t  i s identifie d wit h th e structur e describin g th e user , 

whic h i s alread y presen t  i n th e Contex t  Model . 

W h en a  structur e i s create d t o represen t  th e meanin g o f  th e secon d fragment ,  it ,  n o determinatio n o f  it s 

precis e meanin g b y U C i s possible .  However ,  whe n th e las t  fragmen t  i s recognized ,  PIIRA N note s tha t 

th e referen t  o f  i t  mus t  b e a  command .  Th e onl y comman d foun d i n th e Contex t  Mode l  i s th e on e t o 

prin t  th e file  fetch.1 .  Thi s wa s entr y (5 )  i n th e cluste r  forme d afte r  processin g questio n [l] ,  whic h wa s 

store d i n lon g ter m m.emor y an d retrieve d durin g th e processin g o f  questio n [3 ]  above .  Th e identificatio n 

of  thi s entr y a s th e referen t  enable s U C t o correctl y interpre t  th e user' s questio n an d eventuall y t o pro -

vid e th e answe r  [6] . 
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ABSTRACT 

Previous research has shown that stimulus values on a sensory 
continuu m ar e perceive d i n a  categorica l  manne r  b y huma n subject s an d 
by rhesu s monkey s (Wilson ,  1972 ;  Streitfel d &  Wilson ,  i n press) .  Tha t 
is ,  stimul i  whic h ar e judge d t o belon g t o differen t  perceptua l 
categorie s ar e discriminate d mor e accuratel y tha n ar e stimul i  whic h 
ar e perceive d a s belongin g t o th e sam e perceptua l  category .  I n thes e 
experiments ,  th e categor y boundar y wa s define d a s th e adaptatio n leve l 
(AL )  establishe d b y th e stimulu s serie s presente d t o th e subject . 

Wilso n an d DeBauch e (1981 )  showe d tha t  resectio n o f  visua l 
"associatio n cortex "  i n monke y abolishe d categorica l  perceptio n o f 
visua l  feature s an d the y hypothesize d tha t  modality-specifi c  neura l 
substrate s tha t  preserv e th e effect s o f  stimulatio n provid e a n 
interna l  referen t  whic h determine s th e manne r  i n whic h give n stimulu s 
value s ar e identifie d an d discriminated .  I n th e stud y describe d here , 
th e effect s o f  foca l  brai n damag e o n categorica l  perceptio n o f  thre e 
stimulu s continu a wa s examine d i n neurologica l  patients .  Processin g 
of  visua l  feature s a s member s o f  perceptua l  categorie s wa s doubl y 
dissociate d fro m processin g o f  hapti c stimuli ;  posterio r  lesion s i n 
th e righ t  hemispher e selectivel y impaire d categorizatio n o f  visua l 
stimul i  differin g i n lengt h an d orientatio n whil e anterio r  lesion s i n 
th e lef t  hemispher e selectivel y impaire d categorica l  perceptio n o f 
weight .  Implication s fo r  th e neura l  dynamic s o f  categorizatio n ar e 
discusse d i n th e contex t  o f  A L theor y an d principle s o f  neura l 
organization . 

BACKGROUND 

Adaptation-level theory (Helson, 1948, 1964) postulates that 
perceptua l  judgment s i n a  give n sensor y domai n ar e base d o n a n 
interna l  standard ,  th e adaptatio n leve l  (AL) ,  th e valu e o f  whic h i s 
determine d b y a  weighted ,  logarithmi c mea n o f  focal ,  backgroun d an d 
residua l  stimulation .  Th e A L represent s a  neutra l  poin t  o f 
functioning ,  i.e. ,  th e leve l  o f  stimulatio n t o whic h th e organis m i s 
adapte d o r  habituated .  I t  follow s tha t  stimul i  whos e value s coincid e 
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wit h th e physica l  valu e representin g th e A L wil l  elici t  a  nul l 
respons e whil e stimulu s value s tha t  diffe r  fro m th e A L wil l  elici t 
perceptua l  response s whic h depen d upo n th e directio n an d magnitud e o f 
thei r  discrepanc y fro m th e AL .  I n thi s sense ,  th e A L ca n b e equate d 
wit h a  categor y boundary ,  structurin g a  stimulu s continuu m int o tw o 
complementar y perceptua l  classes .  Fo r  a  serie s o f  stimul i  differin g 
i n length ,  fo r  example ,  stimul i  whos e physica l  value s li e abov e th e A L 
woul d b e perceive d a s "long "  whil e stimul i  whos e value s li e belo w th e 
AL woul d b e perceive d a s "short" .  I n studie s wit h rhesu s monkeys , 
Wilso n (1972 )  showe d tha t  th e discriminabilit y  o f  stimuli ,  a s wel l  a s 
th e wa y i n whic h stimul i  ar e identifie d (i.e. ,  assigne d t o perceptua l 
classes) ,  i s  a  functio n o f  thei r  relationshi p t o th e AL .  Tw o stimul i 
tha t  la y o n differen t  side s o f  th e A L ( a "long "  vs .  a  "short " 

stimulus )  wer e discriminate d mor e accuratel y tha n tw o stimul i  tha t  la y 
on on e o r  th e othe r  sid e o f  th e A L (tw o "long "  o r  tw o "short "  stimuli ) 

eve n thoug h th e physica l  differenc e betwee n th e stimul i  i n th e pair s 
was th e same . 

Subsequently, Wilson & DeBauche (1981) showed that lesions of 

visua l  associatio n cortex ,  bu t  no t  primar y visua l  cortex ,  i n monkey s 
interfere d wit h categorica l  perceptio n o f  thre e visua l  continua .  I t 
was hypothesize d tha t  portion s o f  th e extrastriat e visua l  system , 
includin g inferoterapora l  corte x an d th e pulvina r  nucleu s o f  th e 
thalamus ,  serv e t o maintai n reverberator y circuit s whic h sustai n th e 
effect s o f  visua l  experienc e ove r  time .  Suc h a  syste m woul d yiel d a n 

experience-sensitiv e "set-point "  o r  fram e o f  referenc e agains t  whic h 
visua l  inpu t  i s compared . 

The experiments reported here were designed to further test the 
hypothesi s tha t  categorica l  perceptio n i n humans ,  a s i n monkeys ,  i s 
vulnerabl e t o forebrai n damag e whic h involve s cortica l  area s tha t  li e 
outsid e primar y sensor y corte x (Wilson ,  i n press) .  T o thi s end ,  w e 
examine d visua l  an d tactual-kinaestheti c discriminativ e abilitie s i n 
patient s wit h verifie d damag e t o restricte d brai n areas .  Whil e ou r 
dat a d o no t  allo w u s a t  thi s tim e t o contras t  th e effect s o f  damag e t o 
primar y sensor y corte x vs .  intrinsi c o r  "association "  cortex ,  w e ca n 
addres s th e issu e o f  whethe r  modality-specifi c  impairment s i n 
categorizatio n follo w fro m damag e t o specifi c  extrasensor y brai n 
areas . 

METHOD 

Subjects. 

Neurosurgical patients who had sustained focal forebrain damage 

due t o vascula r  accident ,  trauma ,  o r  remova l  o f  localize d tumor , 
serve d a s subject s o n a  voluntar y basis .  No t  al l  patient s 
participate d i n al l  tests .  Subject s wer e recruite d a t  on e o f  tw o 
centers ,  eithe r  Hartford ,  C T o r  Winnipeg ,  Manitob a an d wer e identifie d 
by medica l  staf f  a s havin g sustaine d damag e appropriat e t o th e 
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investigation .  Locatio n an d exten t  o f  brai n damag e wa s confirme d b y 

referenc e t o radiologica l  dat a and/o r  surgica l  reports . 

Procedure. 

Four sensory continua were investigated for evidence of presence 

or  absenc e o f  categorica l  perceptio n a s a  functio n o f  locu s o f  brai n 
damage.  Stimul i  o n tw o visua l  continua ,  lin e lengt h an d orientatio n 

(angula r  disparit y fro m th e horizontal) ,  an d tw o tactual-kinaestheti c 
continua ,  lin e lengt h an d weight ,  wer e presented .  Dat a fo r  tactua l 
judgment s o f  lin e lengt h ar e no t  presente d her e a s onl y a  smal l  numbe r 
of  patient s hav e bee n teste d o n thi s tas k t o date .  Fo r  judgment s o f 
visua l  length ,  blac k bar s 2  mm thic k whic h range d i n lengt h fro m 33-3 8 
ram i n 1  mm increment s wer e mounte d o n 1 0 cm ^  whit e cardboard .  Fo r 
th e orientatio n task ,  bar s o f  equa l  lengt h wer e varie d i n orientatio n 
fro m 38-4 8 de g i n 2  de g increments .  Th e stimul i  fo r  judgment s o f 
weigh t  wer e smal l  vial s o f  identica l  siz e an d appearanc e whic h wer e 
fille d wit h lea d sho t  an d cotto n packing ,  an d whic h range d fro m 10 0 t o 

150 g r  i n 1 0 g r  increments . 

For all tasks, the six stimuli on the continuum were presented in 

pair s representin g al l  possibl e combinations .  Th e subject s wer e 
instructe d t o indicat e b y pointin g t o on e o f  th e stimul i  i n a  give n 
pai r  whic h wa s judge d t o b e longer ,  mor e horizontal ,  o r  heavier . 
Visua l  stimul i  wer e expose d fo r  2  sec .  Fo r  weigh t  judgments ,  subject s 
lifte d eac h stimulu s onc e prio r  t o makin g a  response .  Th e left-righ t 
positio n o f  eac h stimulu s an d th e positio n o f  th e correc t  respons e 
wer e balance d ove r  trials .  N o informatio n wa s provide d abou t  th e 
correctnes s o f  response .  Th e 1 5 possibl e combination s o f  th e si x 
stimul i  o n eac h continuu m wer e eac h presente d fiv e times ,  makin g a 
tota l  o f  7 5 trial s fo r  eac h stimulu s condition . 

Data Analysis. 

The category boundary was calculated for each subject 
individually .  Fo r  th e visua l  lengt h continuum ,  fo r  excimple ,  th e 
percentag e o f  choice s o f  eac h stimulu s a s "longer "  wa s computed ,  an d 
th e stimulu s valu e tha t  wa s chose n 50 1 o f  th e tim e wa s identifie d a s 
th e A L (th e categor y boundar y betwee n stimulu s value s tha t  wer e 
perceive d a s "long "  an d thos e tha t  wer e perceive d a s "short") .  Thi s 
valu e fel l  betwee n th e tw o middl e stimulu s value s i n th e se t  fo r  mos t 
subjects ,  consisten t  wit h A L theor y whic h predict s tha t  th e poole d 
effec t  o f  th e physica l  value s i n th e serie s presente d determine s th e 
neutra l  poin t  i n th e absenc e o f  backgroun d o r  residua l  factors .  Afte r 
th e locatio n o f  th e boundar y wa s established ,  percentag e correc t 
respons e wa s calculate d fo r  pair s o f  stimul i  i n whic h bot h stimul i  la y 
on on e sid e o f  th e boundar y (Within-categor y discriminations )  ,  an d fo r 
pair s i n whic h th e stimul i  straddle d th e categor y boundar y (Between -
categor y discriminations) .  Thi s wa s don e fo r  one-ste p an d two-ste p 
difference s betwee n th e stimulu s value s o n eac h sensor y continuum . 
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RESULTS AN D DISCUSSIO N 

Mean percentage correct discrimination for Between-category pairs 
vs .  Within-categor y pair s i s show n i n Tabl e 1  fo r  th e tw o visua l 

discriminatio n task s an d fo r  weigh t  discrimination .  I t  ca n b e see n 
tha t  fo r  visua l  lengt h discrimination ,  neithe r  lef t  no r  right -

hemispher e fronta l  damag e affecte d categorica l  perceptio n whil e 
performanc e wa s severel y compromise d b y damag e t o righ t  tempora l 
cortex .  Similarly ,  damag e t o righ t  tempora l  an d righ t  parietal -
tempora l  corte x selectivel y affecte d categorica l  perceptio n o f  visua l 
orientation ,  i n contras t  t o lesion s i n othe r  area s whic h di d no t 
interfer e wit h categorization .  O n th e weigh t  discriminatio n task , 
bot h lef t  fronta l  an d lef t  parietal-tempora l  damag e appeare d t o 
abolis h categorica l  perceptio n bu t  th e result s fo r  judgment s base d o n 
us e o f  th e han d ipsilatera l  t o th e lesio n sugges t  tha t  lef t  fronta l 
corte x i s th e critica l  are a fo r  categorizatio n o f  thi s dimension . 
That  is ,  th e dat a fro m th e ipsilatera l  han d ar e mor e compellin g i n 

term s o f  localizin g th e neura l  substrat e fo r  categorizatio n o f  a 
weigh t  continuu m sinc e suc h judgment s ar e les s likel y t o b e degrade d 
by direc t  effect s o n th e sensor y projectio n system .  I t  shoul d b e 
note d tha t  Within-categor y discriminatio n accurac y i s no t  impaire d i n 
thos e group s whic h fai l  t o sho w th e category-boundar y effect . 

These data provide evidence on several points. First, Between-
categor y judgment s ar e mor e accurat e tha n Within-categor y judgment s 
fo r  mos t  patient s o n mos t  o f  th e tasks ,  indicatin g significan t 
categorica l  perceptio n o f  nonverba l  stimul i  i n spit e o f  forebrai n 
damage.  Th e effect s ar e simila r  i n degre e t o thos e exhibite d b y 
neurologically-intac t  subject s teste d b y Streitfel d &  Wilso n (i n 
press) .  Thus ,  categorica l  perceptio n appear s t o b e a  relativel y 
robus t  phenomeno n fro m a  neuropsycholgica l  perspectiv e i n th e sens e 
tha t  i t  i s  no t  vulnerabl e t o al l  brai n injury .  O n th e othe r  hand , 
deficit s i n categorizatio n i n specifi c  sensor y domain s resulte d fro m 
damage t o localize d area s o f  associatio n cortex .  Perceptio n wa s no t 

categorica l  fo r  eithe r  visua l  lengt h no r  visua l  orientatio n followin g 
damage t o th e righ t  tempora l  cortex ,  i n contras t  t o categorica l 
perceptio n o f  weigh t  whic h wa s affecte d b y damag e t o th e lef t  fronta l 
area s o f  th e brain .  Patient s wit h damag e t o parietal-tempora l  corte x 
i n th e righ t  hemispher e wer e impaire d i n categorica l  perceptio n o f 
visua l  orientatio n bu t  no t  visua l  length .  Thes e result s sugges t  tha t 
categorizatio n o f  stimulu s feature s i s a  modality-specifi c  proces s 
tha t  occur s independentl y withi n portion s o f  th e thalamocortica l 
syste m devote d t o eac h sensor y channel .  Moreover ,  th e result s ar e 
consisten t  wit h th e notio n tha t  categorica l  perceptio n depend s upo n 
store d representation s o f  experienc e i n a  particula r  sensor y domai n 
sinc e th e A L define d th e categor y boundar y fo r  eac h o f  th e sensor y 
continu a examined . 

Taking previous findings into account, the data suggest further 

tha t  damag e t o intrinsi c o r  "association "  area s i n th e frontal , 
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parietal ,  an d tempora l  lobe s i s sufficien t  t o produc e impairment s i n 
categorica l  perception ,  independen t  o f  primar y sensor y deficit . 
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TABLE 1 

MEAN PERCENTAGE CORRECT DISCRIMINATIO N FOR COMBINED ONE-STEP AN D 
TWO-STEP DIFFERENCES BETWEEN STIMUL I  ON THREE SENSORY CONTINUA. 

Lesio n Grou p 

LF 
LPT 
LT 
RF 
RPT 
RT 

LF 
LPT 
LT 
RF 
RPT 
RT 

N 

4 

3 
2 

8 
7 
5 

2 
2 
1 
3 
4 
4 

Between-categor y With i 

Visua l 

98 
85 
93 
95 
82 
75 

Visua l 

83 
85 

100 
83 
77 
76 

Lengt h 

Orientatio n 

n-categor y 

78 
77 
70 
72 
69 
73 

74 
70 
80 
64 
77 
77 

Between-Withi n 

differenc e 

20 

8 
23 
23 
13 

2 

9 
15 
20 
19 

0 
- 1 

Weigh t  (contralatera l  hand ) 

LF 
LPT 
LT 
RF 
RPT 
RT 

2 
3 
4 
7 
8 
4 

75 
62 
80 
80 
77 
75 

71 4 
76 -1 4 
69 1 1 
68 1 2 
66 1 1 
63 1 2 

Weigh t  (ipsilatera l  hand ) 

LF 
LPT 
LT 

RF 
RPT 
RT 

3 
2 

3 
6 
5 
4 

75 
89 
97 
84 
81 
88 

77 - 2 
77 1 2 
75 2 2 
68 1 6 
71 1 0 
73 1 5 

NOTE:  Lesio n group s ar e L F (Lef t  Frontal) ;  LP T (Lef t  Parietal-Temporal) ; 
LT (Lef t  Temporal) ;  R F (Righ t  Frontal) ;  RPT (Righ t  Parietal-Temporal) ; 
RT (Righ t  Temporal) . 
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ABSTRACT 

A framework for representing and reasoning with uncertain information is described. 
A networ k knowledg e structur e i s use d whic h make s th e reason s fo r  believin g o r  no t  be -
lievin g a  propositio n explicit .  Thes e reasons ,  o r  endorsements ,  ar e quantifie d b y a  measur e 
of  belie f  an d certainty .  Heuristic s ar e integrate d wit h th e knowledg e structur e t o collect ,  an d 
evaluat e th e endorsements . 

I. INTRODUCTION 

The research reported in this paper pursues the problem of developing representational and 
inferenc e mechanism s whic h ar e capabl e o f  dealin g wit h incomplete ,  inaccurate ,  an d uncertai n infor -
mation .  Th e directio n take n i s base d o n th e assumptio n tha t  method s whic h dea l  effectivel y wit h un -
certaint y mus t  pla y a n integra l  rol e i n bot h model s o f  huma n reasoning ,  an d flexibl e computationa l 
reasonin g systems . 

Most formal reasoning systems combine both the extent of belief and certainty of belief into a 
singl e trut h value ,  whethe r  binar y o r  multi-value d (McCarth y 19S0 ;  McDermot t  &  Doyl e 1980 :  Reite r 
l"78a ;  Zade h 1983) .  I n man y cases ,  thi s compressio n i s justified ,  bu t  conside r  th e propositio n ric k 
LIKES MATH.  Th e exten t  o f  belie f  i n thi s propositio n ma y b e hig h whethe r  i t  i s quit e certai n (Ric k ha s 
taken ,  an d enjoye d a  wid e rang e o f  mat h courses )  o r  quit e uncertai n (Ric k ha s onl y take n a  singl e mat h 
course) . 

Recently Cohen (1983) has formulated a model of reasoning which maintains that reasons for 
belie\in g o r  disbelievin g proposition s ca n b e collected ,  providin g a  mor e comprehensiv e descriptio n 
of  belief .  Ou r  approac h i s t o emplo y a  knowledg e structur e suc h tha t  thes e reasons ,  o r  endorsements , 
ar e mad e expUcit .  Th e endorsement s fo r  proposition s ca n b e quantifie d b y a  measur e o f  belie f  an d 
certainty .  I n addition ,  a  networ k o f  endorsement s amon g proposition s ma y b e use d to :  (1 )  determin e 
how supportiv e a  bod y o f  evidenc e fo r  a  particula r  hypothesi s i s an d (2 )  represen t  evidentia l  rela -
tionship s suc h a s conflict s betwee n decision s (Craddoc k 1986) . 

The algorithms which compute the belief and certainty of a proposition may be formulated to 
operat e uniforml y o n al l  supportin g knowledge ,  o r  th e algorithm s ma y b e subjec t  t o heuristic s whic h 
emphasiz e th e importanc e o f  selecte d portion s o f  th e supportin g knowledge .  I n th e developmen t  o f 
heuristi c method s w e hav e bee n guide d b y th e approac h take n b y Kahnema n an d Tversk y (1982a ,  b ) 
Thei r  mode l  indicate s tha t  human s emplo y a  se t  o f  basi c heuristic s whic h ai d i n makin g decision s i n 
condition s o f  uncertainty .  Thes e heuristic s enabl e human s t o constrai n proble m domain s suc h tha t  th e 
uncertaint y become s manageabl e bu t  stil l  useful .  I n additio n human s ca n als o emplo y heuristic s t o 
determin e comple x evidentia l  relationship s betwee n differen t  source s o f  evidence . 
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2. BELIEF AND CERTAINTY 

The development of our reasoning system requires the definition of a network containing nodes 
whic h ar e proposition s wit h associate d behe f  an d certainties .  Interconnection s i n th e networ k repre -
sent  th e suppor t  tha t  on e propositio n offer s another .  First ,  le t  P  b e a  se t  o f  cognitiv e unit s 
P =  {n ^  .. .  n„} .  Eac h o f  thes e cognitiv e unit s ma y represen t  a  propositio n suc h a s i  lik e mat h o r  rela -
tionship s amon g object s o r  concepts .  Eac h n ,  ha s associate d wit h i t  a  belie f  strengt h b, ,  whic h i s a 
measur e o f  th e exten t  t o whic h th e cognitiv e uni t  i s  believable .  Th e believabilit y  o f  « ;  i s  a  measur e o f 
th e strengt h o f  th e supportin g evidenc e fo r  h, ,  no t  a  measur e o f  it s  incidenc e o f  occurrenc e o r  it s 
possibiHt y o f  occurrence .  Th e belie f  strengt h b ,  ca n b e define d a s follows :  A  cognitiv e uni t  n ,  i s 
believabl e i f  ther e i s a n endorsemen t  fo r  n ,  o r  i f  th e endorsement s supportin g /; ,  ar e stronge r  tha n thos e 
agains t  it .  A s - 1 <  ft,  <  1 ,  w e ma y vie w th e cognitiv e unit s a s statement s i n fuzz y prepositiona l  logi c i n 
whic h a  belie f  o f  - 1 indicate s n ,  i s  fals e an d a  belie f  o f  ̂ 1 indicate s « ,  i s  true . 

In addition, each n, has associated with it a certainty, c, of the assignment of the value b,, where 
0 <  c ,  <  1 .  Th e certaint y o f  a  belie f  valu e i s define d a s a  measur e o f  th e rehabilit y  o r  trustworthines s 
of  th e evidenc e whic h wa s use d t o calculat e a  particula r  belie f  (Hamburger ,  I9S5) .  Thu s eac h cognitiv e 
uni t  represent s tw o distinc t  aspect s o f  th e Rationa l  R,  =  (b „  c, )  o f  n, . 

Any cognitive unit may endorse another. For example, a cognitive unit representing i like com-
putin g ma y b e endorse d b y i  lik e algebra ,  i  lik e physics ,  an d th e negativ e endorsemen t  i  hav e troubl e 
WITH TECHNICAL MANUALS.  Eac h endorsemen t  ha s associate d wit h i t  a  numeri c valu e correspondin g t o 
th e exten t  o f  th e suppor t  betwee n th e units .  I f  n ,  endorse s Hj  the n th e suppor t  nod e s, ^  i s th e suppor t  fo r 
th e endorsemen t  wher e - 1 <  i, ^  <  1 -  I f  - 1 <  5, ^  <  0  the n th e endorsemen t  n .  fo r  n ^  i s sai d t o b e inhibitor y 
and i f  0  <  s. j  <  1  the n i t  i s  sai d t o b e excitatory .  A  diagrammati c versio n i s supplie d i n figur e 1 .  Th e 
suppor t  node s fo r  th e endorsement ,  s, .  ma y b e endorse d b y othe r  cognitiv e units .  Fo r  example :  i  lik e 
PSYCHOLOGY ma y endors e i  lik e co.mpiting ,  bu t  th e suppor t  fo r  th e endorsemen t  ma y b e contingen t  o n 
COMPUTATION MAY MODEL COGNITION,  (se e figur e 2) .  I f  th e belie f  i n computatio n may mode l  cognitio n i s 
fals e the n th e suppor t  fo r  th e endorsemen t  wil l  decrease . 

If we consider P = {n^ ... n„} as the set of propositional nodes of the network, then we can define 
5'  =  {s,j \  n „  n ^  G  P ,  s, j  *  0 }  a s a  subse t  o f  suppor t  node s suc h tha t  n ,  endorse s n ^  wit h suppor t  s,j ,  an d 
T =  {ts ^  I  s, j  6  S' ,  Wfc G  P }  a s th e othe r  subse t  o f  suppor t  node s suc h tha t  n ^  endorse s s, j  wit h suppor t  r,̂ . 
We ca n the n defin e th e networ k N = <P ,  S > wher e S  =  S'\j T i s a  fini t  se t  o f  suppor t  node s repre -
sentin g th e arc s an d P  i s a  fini t  se t  o f  propositions . 

3. COMPUTING BELIEF AND CERTAINTY VALUES 

We wish to develop ways of computing the values of Rational Rj for a proposition «^ on the basis 
of  th e endorsement s availabl e fo r  tha t  node .  Th e firs t  importan t  observatio n i s tha t  th e strengt h o f 
endorsemen t  betwee n tw o node s n ,  an d n ^  i s no t  onl y dependen t  o n s,j .  Thi s strengt h mus t  b e compute d 
wit h consideratio n o f  b, .  W e ca n comput e thi s endorsemen t  strengt h a s e, j  =  ft,j,^.  Th e secon d obser -
vatio n i s tha t  th e belie f  strengt h o f  a  nod e ma y b e compute d fro m th e belief s an d certaintie s o f  it s 
endorsements .  Node s whic h d o no t  hav e endorsements ,  an d i n fac t  an y nod e i n th e system ,  ca n b e 
provide d wit h a n Intuitio n represente d a s [ ,  =  (b\c',) .  Thi s structur e appear s muc h th e sam e a s th e 
Rationa l  structur e excep t  tha t  it s  value s ar e neve r  computed ,  bu t  the y remai n availabl e t o tak e par t  i n 
th e computatio n o f  othe r  beliefs .  Intuitiv e value s correspon d t o th e usua l  direc t  assignmen t  o f  belie f 
and certaint y t o a  propositio n fro m whic h othe r  behef s an d certaintie s ar e t o b e determined . 
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n, 

R,  =  (b „  Ci )  R ,  =  (b̂ ,  c p 

Figur e 1 .  :  Node s o f  a  networ k representin g cognitiv e unit s wit h belief ,  certainty ,  an d 

endorsemen t  structure . 

The computation of a belief value for a node is largely dependent on the manner in which its 

endorsement s interact .  Fo r  example ,  th e fina l  beUe f  i n a  nod e i s a  functio n o f  th e summar y o f  th e 

evidenc e an d arguments .  I n suc h instances ,  belie f  depend s on :  (1 )  measurin g th e varyin g contribution s 

of  th e individua l  endorsement s an d (2 )  measurin g th e effect s o f  interactio n amon g th e differen t 

endorsements .  Thi s interactio n amon g a  se t  o f  endorsement s {ii i  .. .  n„, }  fo r  / /  depend s o n th e relativ e 

importanc e o f  eac h endorsemen t  define d a s 

and th e relativ e certaint y define d a s 

k=\ 

[2 ] 
c 

where c' is max {c, ... c„}. In this manner we can define a measure of belief using a formula such as 

m 

bj  =  S'-C/ c X  r/̂ j  X  b k [3 ] 
/r= l 

The endorsements with the greatest relative importance and greatest relative certainty have the most 

impac t  o n th e fina l  belief .  Th e interactio n o f  endorsement s i s analogou s t o a  tug-of-wa r  wher e th e 

differen t  endorsement s tu g an d pul l  agains t  on e anothe r  unti l  a n equilibriu m i s reached . 

Since the support of an endorsement can be endorsed we can also deal with situations in which 

onl y on e o f  severa l  endorsement s i s adequat e t o allo w a  cognitiv e uni t  t o b e believed .  Fo r  example ,  th e 

statemen t  i  ca n tak e a  graduat e cours e i n computin g i s endorse d b y i  a m a  computin g graduate ,  o r  i  a m a n 

ELECTRICAL ENGINEERING GRADUATE,  Or  1  A M A  COMPUTING UNDERGRADUATE WIT H GOOD MARKS Th e thre e 

endorsement s ar e mutuall y exclusive ;  onl y on e o f  the m nee d b e true .  I n thi s exampl e a  cognitiv e uni t 

n̂  endorse d b y {n ^  .. .  n„ }  wil l  b e give n a n endorsemen t  o f  b's;̂ ^  wher e b '  =  ma x {b ^  .. .  b„} .  Th e nod e 

n,^  wil l  inhibi t  al l  th e othe r  endorsement s b y givin g a n inhibitor y endorsemen t  t o thei r  respectiv e sup -

port s fo r  th e endorsement .  A  mor e complet e descriptio n i s availabl e i n Craddock .  (1986) . 

The certainty of a belief is calculated as a function of the agreement of the individual endorsement 

strength s wit h th e fina l  belie f  valu e calculate d fro m them .  Thus ,  belie f  mus t  b e calculate d befor e cer -

tainty .  Th e importanc e o f  th e agreemen t  i s onc e agai n measure d a s a  functio n o f  th e relativ e suppor t 

of  th e individua l  endorsement s an d thei r  relativ e certainties .  A s thes e value s increas e s o doe s th e un -

certaint y associate d wit h disagreement .  Wher e {rt i  .. .  ti„ }  ar e th e endorsin g node s fo r  n̂ ,  thi s effec t  ca n 

be modelle d i n formula s suc h as : 
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I  LIK E PSYCHOLOGY 

R,  =  {b „  c, ) 

I  LIK E COMPUTING 

Rj  =  ib, ,  c p 

C O M P U T A T I ON M A Y M O D EL 

COGNITION 

Rk =  (̂ .  ĉ ) 

Figure 2. : An example of an endorsement which influences the strength of endorsement be-

twee n tw o othe r  nodes . 

c,  =  l - [4 ] 

4.  CONTRADICTIONS 

Rational contradictions among endorsements are defined as follows: If A is compelling evidence 

agains t  n ,  bu t  B  i s equall y compellin g evidenc e fo r  n .  the n th e endorsement s fo r  n .  ar e inconsistent .  I n 

additio n t o a  rationa l  contractio n a n intuitiv e contradictio n ca n als o b e defined :  I f  th e intuitiv e belief , 

b' ,  i s no t  equa l  t o th e rationa l  belief ,  b .  the n th e tw o belief s ar e inconsistent .  I f  w e defin e a  threshol d 

of  intuitiv e contradiction ,  7 ^  the n (1 )  i f  \b',-b, \  >  T ,  the n assig n £» ,  t o f ,  an d recalculat e th e rationa l 

belief s o f  al l  th e node s endorse d b y n .  suc h tha t  j ^  =  0  o r  (2 )  i f  \I ,  -  R, \  < T j  the n assum e a  stat e o f 

equilibriu m ha s bee n reache d an d d o no t  recalculat e th e rationa l  belief s o f  an y o f  th e node s endorse d 

by«, . 

Intuitive contradictions are useful for recognizing changes in belief through a knowledge base 

when endorsement s ar e adde d an d removed .  I n additio n the y ca n b e use d t o contro l  cycle s whic h ma y 

forc e mor e globa l  interpretation s o n inpu t  propositions .  W h e n cycle s exis t  withi n a  networ k 

1 LIK E T E C H N I C A L W R I T I N G 
'̂ i 

W 
1 LIK E COMPUTER SCIENC E 

R,  =  (0.8 ,  c, ) R,  =  (ft ,  S ) 

Figur e 3 .  :  A n exampl e o f  a n endorsemen t  whic h ma y hav e ne t  positiv e o r  ne t  negativ e sup -

port . 
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N=<P,S>, belief and certainty values will only be calculated for nodes in a partial network 
AT =  F ,  5' ,  wher e F C P ,  an d S' C Sn(PXF) ,  wher e ther e exist s a  nod e /; ,  €  P  -  p -  suc h tha t  ther e i s 

an elementar y pat h betwee n n ,  t o F  an d \I ,  -  R, \  >T, . 

5. CONCLUSIONS 

The model discussed in this paper seeks to develop representational and inference mechanisms 

capabl e o f  dealin g wit h incomplete ,  inaccurate ,  an d uncertai n information .  T o thi s end ,  a  connectionis t 

model  i s propose d an d heuristic s ar e develope d t o collec t  an d evaluat e th e endorsement s fo r  prop -

osition s i n th e networ k o f  beliefs .  A t  th e sam e tim e i t  i s  intende d tha t  th e mode l  represen t  a t  leas t 

some o f  th e processe s use d i n huma n reasoning . 

As the model is intended to represent belief maintenance with uncertainty it differs from existing 

connectionis t  model s (Anderso n 1982 ;  Rumelhar t  an d McClellan d 1982 ;  McClellan d an d Rumelhar t 

1983)  i n severa l  importan t  respects .  First ,  th e uncertaint y o f  a  propositio n i s represente d numerically , 

as th e value s o f  R, ,  an d no n numerically ,  a s th e structur e o f  endorsements .  Second ,  onc e th e 

endorsement s hav e bee n collecte d the y ar e subjec t  t o reasonin g an d natura l  heuristic s t o comput e 

numeri c value s a s depicte d i n formula e [1 ]  t o [4] . 

Kahneman and Tversky (1982a, b) have shown that their heuristics; availability, 

representativeness ,  an d adjustmen t  an d anchoring ,  ca n hel p describ e huma n decisio n makin g unde r 

condition s o f  uncertainty .  Onc e thes e heuristic s ar e recognize d a s par t  o f  huma n reasonin g i t  n o longe r 

appear s illogica l  i n th e sens e o f  bein g erratic ,  bu t  rathe r  mor e pragmati c an d difficul t  t o specif y i n term s 

of  th e logi c inferenc e mechanism s o f  traditiona l  logic .  Kahnema n an d Tversk y (ibid. )  provid e numer -

ous example s i n whic h subject s reac h decision s whic h ru n counte r  t o thos e reache d b y mathematica l 

theories .  Whil e th e heuristic s propose d i n thi s pape r  ar e b y n o mean s a s exhaustiv e no r  th e formula e 

necessaril y  optimal ,  the y d o illustrat e ho w heuristic s migh t  b e incorporate d int o th e decisio n makin g 

model  i n a  straigh t  forwar d fashio n (Craddoc k 1986) . 

In contrast, most connectionist models ignore, or do not explicitly deal with the non-numeric 

representatio n o f  uncertainty ,  dependin g o n numeri c value s alon e whic h provid e n o evidenc e a s t o ho w 

the y wer e calculated ,  wha t  the y actuall y represent ,  o r  ho w reliabl e the y are .  O f  majo r  issu e i s th e belie f 

tha t  numerica l  values ,  blindl y tallied ,  ar e a n inadequat e representatio n o f  reasoning .  Symboli c struc -

ture s o f  suppor t  ar e necessar y t o specif y ho w an d wh y numeri c belief s ar e calculated .  Th e availabiUt y 

of  a n endorsemen t  structur e allow s th e mode l  t o no t  onl y provid e numerica l  informatio n bu t  als o a 

descriptio n o f  it s  ow n reasonin g process .  Th e advantage s o f  havin g a  mode l  whos e reasonin g ca n b e 

readil y understoo d ar e numerou s an d imperativ e i f  th e justification s fo r  a  decisio n ar e t o b e mad e clear . 

A further difference is that the proposed model can represent varying degrees of interaction be-

twee n source s o f  evidenc e whil e model s suc h a s M Y C I N (ShortcUffe ,  1975 )  mus t  mak e th e assumptio n 

tha t  al l  evidenc e i s conditionall y independen t  an d tha t  hypothese s ar e mutuall y exclusive .  Fo r  example , 

th e dynami c strength s o f  endorsemen t  (se e figur e 2 )  allo w u s t o represen t  evidenc e whic h i s disjunctive , 

tha t  is ,  stron g belie f  ma y b e propagate d o n th e basi s o f  onl y on e o f  man y supports . 
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SOME FACTORS INFLUENCIN G TH E COMPREHENSION 
OF PRONOUNS I N TEXT S 

Rosalin d A .  Crawle y 

Department of Psychology 
Universit y o f  Durha m 

Englan d 

The interpretatio n o f  pronoun s depend s o n a  numbe r  o f  factor s rangin g 
fro m th e purel y linguisti c throug h t o genera l  knowledg e o f  th e world .  Thus , 
th e stud y o f  pronou n comprehensio n ca n provid e importan t  insight s int o th e 
more genera l  questio n o f  comprehensio n durin g reading .  Some o f  th e factor s 
influencin g pronou n comprehensio n operat e a t  th e leve l  o f  th e singl e sentenc e 
(th e loca l  level )  an d other s operat e a t  th e leve l  o f  th e tex t  a s a  whol e (th e 
globa l  level) .  Althoug h ther e ha s bee n quit e a  lo t  o f  wor k o n th e factor s 
affectin g pronou n comprehensio n a t  thes e tw o level s separatel y (e.g . 
Ehrlich ,  I98O ;  Springston ,  1975) ,  the y ar e rarel y considere d together .  Thus , 
a majo r  ai m o f  thi s stud y wa s t o examin e th e relationshi p betwee n th e factor s 
affectin g pronou n comprehensio n a t  th e loca l  an d globa l  levels . 

Two local factors and one global factor were examined. The two local 
factor s wer e th e linguisti c constrain t  o f  lexica l  agreemen t  (specifically , 
gende r  agreement )  an d th e heuristi c strateg y o f  subjec t  assignment .  Th e 
globa l  facto r  examine d wa s topicalisatio n a t  th e tex t  level .  Ther e i s 
evidenc e t o sugges t  tha t  al l  thre e o f  thes e factor s migh t  b e importan t  fo r 
resolvin g pronomina l  reference .  Fo r  example ,  th e presenc e o f  a  gende r  cu e 
facilitate s th e comprehensio n o f  pronoun s i n isolate d sentence s (e.g . 
Ehrlich ,  I98O) .  Similarly ,  th e us e o f  a  subjec t  assignmen t  strateg y i s 
suggeste d b y th e observatio n tha t  i n writte n text s th e subjec t  o f  th e sentenc e 
i s frequentl y th e anteceden t  fo r  a  pronou n (e.g .  Grober ,  Beardsle y & 
Caramazza ,  1978 ;  Hobbs ,  1976) .  I n addition ,  a t  th e globa l  leve l  severa l 
peopl e hav e suggeste d tha t  th e globa l  topic ,  o r  mai n characte r  i n a  tex t  i s  a 
likel y anteceden t  fo r  a  pronou n (e.g .  Clancy ,  I98O ;  Sanfor d &  Garrod ,  198I) . 

It seems likely that surface features of a text may signal a 
characte r  a s th e globa l  topic .  Thes e feature s includ e th e titl e o f  a  tex t 
(Kieras ,  1979 ;  Kozminsky ,  1977) ,  initia l  mentio n i n a  tex t  (Kieras ,  1978 ; 
Sanfor d &  Garrod ,  198I )  an d frequenc y o f  mentio n (Perfett i  &  Goldman , 
1974) .  Thus ,  a  secon d ai m o f  thi s stud y wa s t o determin e whethe r  variatio n 
i n th e numbe r  o f  feature s signallin g th e topi c cause s an y variatio n i n it s 
influenc e o n pronou n comprehension . 

In the three experiments reported here, Subjects were asked to read 
shor t  passage s o f  text .  Eac h passag e containe d on e targe t  sentenc e i n whic h 
ther e wer e tw o pronoun s an d tw o potentia l  antecedents .  I n som e o f  th e targe t 
sentences ,  th e pronouns '  antecedent s coul d no t  b e determine d b y gende r  cue s 
(ambiguou s pronouns) ,  fo r  example ,  "Shau n le d Be n alon g th e pat h an d h e 

613 



CRAWLEY 

calle d t o hi m t o b e careful" .  I n others ,  th e pronouns '  antecedent s coul d 
be uniquel y identifie d usin g gende r  cue s (unambiguou s pronouns) ,  fo r  example , 
"Clar e le d Be n alon g th e pat h an d sh e calle d t o hi m t o b e careful" .  Thi s i s 
th e gende r  cu e manipulation .  I n addition ,  sinc e on e o f  th e potentia l 
antecedent s occurre d i n subjec t  position ,  th e influenc e o f  th e subjec t 
assignmen t  strateg y coul d b e determined .  Finally ,  on e o f  th e potentia l 
antecedent s wa s th e topi c o f  th e passag e s o th e effec t  o f  topicalit y coul d 
als o b e manipulated . 

EXPERIMENT 1 

Twelve experimental passages were presented one sentence at a time on 
th e scree n o f  a  microcomputer .  Subject s wer e aske d t o pres s a  ke y a s soo n a s 
the y ha d understoo d eac h sentence .  Th e ke y pres s cause d th e nex t  sentenc e t o 
appear ,  followin g o n fro m th e previou s on e a s i n norma l  text .  Onc e a  sentenc e 
had appeare d o n th e screen ,  i t  remaine d ther e unti l  th e Subjec t  ha d rea d th e 
whol e passage . 

Each passage mentioned two characters; the topic and the nontopic. 
The topi c wa s signalle d b y usin g th e topic' s nam e a s th e titl e o f  th e passage , 
by mentionin g th e topi c firs t  i n th e passag e an d b y mentionin g th e topi c mor e 
frequentl y tha n an y othe r  characte r  i n th e passage .  Th e passage s wer e si x 
sentence s lon g an d th e targe t  sentenc e appeare d a s th e fift h sentence .  Ther e 
wer e si x version s o f  eac h targe t  sentence ;  tw o containin g ambiguou s pronoun s 
and fou r  containin g unambiguou s pronouns .  Figur e 1  show s a n exampl e o f  th e 
materials . 

In the first clause of each target sentence, the topic and nontopic 
wer e mentione d b y nam e an d i n th e second ,  the y wer e referre d t o agai n usin g 
pronouns .  Ther e wer e tw o version s o f  th e ambiguou s targe t  sentences :  Eithe r 
th e topi c o r  th e nontopi c appeare d a s th e subjec t  o f  th e sentenc e (se e 
sentence s 1  an d 2 ,  Figur e 1 ) .  Th e second ,  pronomina l  claus e wa s th e sam e i n 
th e tw o conditions .  A  questio n a t  th e en d o f  eac h passag e enable d th e 
assignmen t  o f  thes e pronoun s t o b e determined .  An y preferenc e fo r  assignin g 
thes e linguisticall y ambiguou s pronoun s t o th e subjec t  o f  th e sentenc e o r  th e 
topi c o f  th e passag e woul d b e reveale d i n thes e assignments . 

The four unambiguous conditions can best be described in terms of 
who th e subjec t  pronou n referre d to .  I t  referre d t o th e topi c i n subjec t 
positio n (sentenc e 3 ) ,  th e topi c i n objec t  positio n (sentenc e 4 ) ,  th e nontopi c 
i n subjec t  positio n (sentenc e 5 )  an d th e nontopi c i n objec t  positio n 
(sentenc e 6 ) .  Readin g rate s fo r  thes e unambiguou s condition s wer e examined . 
I f  gende r  cue s alon e ar e use d fo r  understandin g pronouns ,  ther e shoul d b e n o 
differenc e i n readin g rate s fo r  th e fou r  conditions .  An y preferenc e fo r 
assignin g th e subjec t  pronou n t o th e subjec t  o f  th e sentenc e o r  th e topi c o f 
th e passag e shoul d b e accompanie d b y faste r  readin g rate s i n th e condition s 
wher e th e linguisticall y constraine d assignmen t  i s i n accordanc e wit h thes e 
preferences . 
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Topi c =  Shau n /  Clar e Nontopi c =  Be n 

a. First four sentences 
SHAUN 

Shaun started to get worried as it became darker and the mist grew thicker. 
He wa s th e leade r  o f  thi s walkin g expeditio n i n th e Lak e Distric t  an d h e fel t 
responsibl e fo r  th e other s followin g him .  H e hadn' t  realise d i t  woul d tak e 
the m s o lon g t o wal k back .  The y cam e t o a  plac e wher e th e pat h narrowe d ove r 
a stee p dro p an d Shau n decide d t o g o ahea d wit h hi s frien d Be n t o mak e sur e i t 
was saf e befor e th e other s followed . 

(Clare was substituted for Shaun in the unambiguous passages.) 

b. Six versions of the target sentence 

Ambiguous 

1. T=S Shaun led Ben along the path and he called to him to be careful. 
2.  NT= S Be n le d Shau n alon g th e pat h an d h e calle d t o hi m t o b e careful . 

Unambiguous 

Pronoun refers 
to : 

3.  T, S Clar e le d Be n alon g th e pat h an d sh e calle d t o hi m t o b e careful . 
4.  T, 0 Be n le d Clar e alon g th e pat h an d sh e calle d t o hi m t o b e careful . 
5.  NT, S Be n le d Clar e alon g th e pat h an d h e calle d t o he r  t o b e careful . 
6.  NT, 0 Clar e le d Be n alon g th e pat h an d h e calle d t o he r  t o b e careful . 

c. Final sentence 
They go t  safel y ove r  t o th e prope r  pat h an d shoute d t o th e other s tha t  i t  wa s 
al l  righ t  an d eventuall y the y al l  mad e thei r  wa y dow n t o thei r  minibu s a t  th e 
bottom . 

FIGURE 1  EXAMPLE PASSAGE FROM EXPERIMENT 1 
( T =  Topic ,  N T =  Nontopic ,  S  =  Subject ,  0  =  Object ) 

The ambiguous conditions will be considered first. Table 1 shows the 
number  o f  subjec t  an d objec t  assignment s i n thes e tw o conditions .  Ther e wer e 
fa r  mor e assignment s t o th e subjec t  tha n t o th e objec t  (Mi n F '  =  52.21 ,  d f  = 
1,  24 ,  p  <.01) .  Thus ,  ther e wa s a  stron g preferenc e fo r  makin g assignment s i n 
accordanc e wit h th e subjec t  assignmen t  strategy -  Ther e wa s als o a n interactio n 
betwee n conditio n an d assignmen t  t o th e subjec t  o r  objec t  (F 1 =  8.31 ,  d f  = 
1,  119 ,  P  <.01 ;  F 2 =  4.17 ,  d f  =  1 ,  11 ,  p  =.06) .  Thi s indicate s a  stronge r 
tendenc y t o assig n th e subjec t  pronou n t o th e subjec t  o f  th e sentenc e whe n i t 
was als o topi c o f  th e passage .  Thus ,  th e topi c o f  th e tex t  als o influence d 
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TABLE 1  ASSIGNMENTS -  EXPERIMENT 1 ,  AMBIGUOUS PASSAGES 

Assignment to 
SUBJECT OBJECT 

T =  S  19 4 i\ e 
NT =  S  16 7 7 3 

Means 18 1 6 0 

th e assignmen t  o f  th e linguisticall y ambiguou s pronouns . 

Reading rates for the two conditions also showed an effect of topic 
(se e Tabl e 2 ) .  Sentence s i n whic h th e topi c wa s subjec t  wer e rea d faste r  tha n 
sentence s i n whic h th e nontopi c wa s subjec t  (Mi n F '  =  4.86 ,  d f  =  1 ,  19 ,  p 
<.05) . 

The unambiguous conditions will now be considered. Table 3 shows the 
readin g rate s fo r  th e unambiguou s conditions .  (Here ,  th e discussio n wil l  b e 
confine d t o th e assignmen t  o f  th e subjec t  pronou n i n eac h targe t  sentence. ) 
The cleares t  effec t  i n thes e unambiguou s condition s i s a n effec t  o f  topic . 
Readin g rate s wer e faste r  whe n th e pronou n referre d t o th e topi c rathe r  tha n 
th e nontopi c (Mi n F '  =  5.39 ,  d f  =  1 ,  31 ,  p  <.05) .  Ther e wa s als o som e 
suggestio n o f  a n effec t  o f  th e subject .  Sentence s i n whic h th e pronou n 
referre d t o th e subjec t  wer e rea d faste r  tha n sentence s i n whic h th e pronou n 
referre d t o th e object .  However ,  thi s effec t  onl y hel d u p i n th e F 1 
analysi s (F 1 =  4.23 ,  d f  =  1 ,  119 ,  p  <.05 ;  F 2 =  1.46 ,  d f  =  1 ,  11 ,  p  =.25) . 
Ther e wa s n o interaction . 

The results of Experiment 1 show that both local and global factors 
ac t  togethe r  t o influenc e pronou n comprehension .  Whil e th e loca l  subjec t  o f 
th e sentenc e wa s clearl y preferre d a s th e anteceden t  fo r  linguisticall y 
ambiguou s pronouns ,  thi s effec t  wa s modifie d b y a n influenc e o f  th e global 
topic .  Th e globa l  topi c als o influence d th e eas e o f  readin g th e ambiguou s 
targe t  sentences .  Similarly ,  eve n whe n ther e wa s a  clea r  gende r  cu e presen t 
i n th e unambiguou s conditions ,  bot h th e loca l  subjec t  an d th e globa l  topi c 
influence d th e eas e o f  assignment ,  althoug h i n thes e sentences ,  th e effec t  o f 
th e topi c wa s stronge r  tha n th e effec t  o f  th e loca l  subject . 

TABLE 2 MEAN READING RATES (WORDS PER SECOND) - EXPERIMENT 1, AMBIGUOUS 
PASSAGES 

T = S NT = S 

4.2 5 3.6 5 
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TABLE 3  MEAN READIN G RATES (WORDS PE R SECOND)  -  EXPERIMENT 1 ,  UNAMBIGUOUS 
PASSAGES 

Pronoun referent TOPIC NONTOPIC Means 

SUBJECT 4.3 7 4.0 5 4.2 1 
OBJECT 4.1 4 3.8 7 4.0 1 

Means 4.2 6 3-9 6 

However ,  i t  i s  no t  clea r  exactl y whic h feature s o f  th e topi c 
produce d thes e effect s (title ,  initia l  mentio n o r  frequenc y o f  mention) .  I n 
th e nex t  tw o experiments ,  th e numbe r  o f  feature s signallin g th e topi c wa s 
reduce d t o tw o (titl e an d initia l  mention )  t o se e whethe r  o r  no t 
frequenc y o f  mentio n wa s critica l  fo r  th e topic' s influenc e o n pronou n 
comprehension .  I n th e nex t  tw o experiments ,  ambiguou s an d unambiguou s 
pronoun s wer e studie d separately ;  ambiguou s pronoun s i n Experimen t  2  an d 
unambiguou s pronoun s i n Experimen t  3 . 

EXPERIMENT 2 

The twelv e experimenta l  passage s use d i n thi s experimen t  wer e simila r 
t o th e ambiguou s passage s use d i n Experimen t  1  excep t  tha t  th e frequenc y wit h 
whic h th e topi c an d nontopi c wer e mentione d wa s equalised .  Thus ,  th e topi c 
was n o longe r  distinguishe d fro m th e nontopi c i n term s o f  ho w ofte n i t  wa s 
mentioned .  Ther e wer e als o a  fe w othe r  mino r  change s t o th e materials .  Fo r 
example ,  mos t  o f  th e targe t  sentence s wer e shortene d s o tha t  an y informatio n 
superfluou s t o th e assignmen t  o f  th e pronoun s wa s discarded ,  an d th e recenc y 
wit h whic h th e topi c an d nontopi c wer e mentione d befor e th e targe t  sentenc e 
was counterbalanced .  I n ever y othe r  way ,  th e material s wer e th e sam e a s th e 

TABLE 4 ASSIGNMENTS - EXPERIMENT 2 

T : 
NT : 

:  S 
:  S 

Assignmen t 
SUBJECT 

57 
55 

t o 
OBJECT 

14 

17 

Means 5 6 1 6 
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TABLE 5 MEAN READING RATES (WORDS PER SECOND) - EXPERIMENT 2 

T = S NT = S 

4.0 3 3.6 3 

ambiguou s passage s use d i n Experimen t  1 .  A s before ,  ther e wer e tw o version s 
of  eac h targe t  sentence :  Th e topi c o r  nontopi c wa s subjec t  o f  th e sentence . 
The tas k wa s th e sam e a s i n Experimen t  1 . 

Table 4 shows the number of assignments to the subject and object in 
eac h condition .  Ther e wer e mor e assignment s t o th e subjec t  tha n t o th e objec t 
(Mi n F '  =  32.05 ,  d f  =  1 ,  17 ,  p  <.01) .  Bu t  ther e wa s n o differenc e i n th e 
patter n o f  assignment s i n th e tw o condition s an d n o interaction .  Thus ,  whil e 
ther e wa s stil l  a  stron g effec t  o f  th e loca l  subject ,  ther e wa s n o effec t  o f 
topi c o n assignment s i n thi s experiment .  However ,  ther e wa s a n effec t  o f 
topi c o n readin g rates .  Tabl e 5  show s th e mea n readin g rate s i n eac h 
condition . 

Sentences in which the topic was subject were read faster than those 
i n whic h th e nontopi c wa s subjec t  (F 1 =  6.78 ,  d f  =  1 ,  23 ,  p  <.05 ;  F 2 =  3.06 , 
df  =  1 ,  11 ,  p  >.1) .  (Thi s effec t  wa s als o significan t  b y passage s (F2 )  whe n 
onl y sentence s i n whic h subjec t  assignment s ha d bee n mad e wer e considere d (Mi n 
F'  =  4.24 ,  d f  =  1 ,  29 ,  p  <.05 )  -  se e Crawley ,  1985. ) 

EXPERIMENT 3 

The passages used in this experiment were identical to those used in 
Experimen t  2  excep t  tha t  th e topi c an d nontopi c wer e differen t  gender s s o tha t 
th e pronoun s i n th e targe t  sentence s coul d b e disambiguate d b y gender .  A s 
i n Experimen t  1 ,  ther e wer e fou r  version s o f  th e unambiguou s targe t  sentence s 
(se e Figur e 1 ) . 

The mean reading rates in each condition are shown in Table 6. 

TABLE 6 MEAN READING RATES (WORDS PER SECOND) - EXPERIMENT 3 

Pronoun referent TOPIC NONTOPIC Means 

SUBJECT 3.8 6 3.6 3 3.7 5 
OBJECT 3.5 4 3.6 9 3.6 2 

Means 3.7 0 3.6 6 
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Analysi s o f  thes e readin g rate s showe d n o reliabl e differences .  A n 
examinatio n o f  th e effec t  o f  recenc y o f  mentio n o f  th e topi c an d th e nontopi c 
reveale d n o significan t  effect s eithe r  her e o r  i n Experimen t  2 . 

Thus, when unambiguous pronouns were presented in the modified 
passage s o f  Experimen t  3 ,  neithe r  th e loca l  subjec t  no r  th e globa l  topi c 
affecte d th e eas e o f  pronou n comprehension .  I t  seem s tha t  reader s relie d o n 
gende r  cue s alon e i n thi s experiment . 

Overall, the results of these three experiments suggest that both local 
and globa l  factor s ac t  togethe r  durin g pronou n comprehension .  A t  th e loca l 
level ,  bot h gende r  cue s an d th e loca l  subjec t  affecte d pronou n comprehension . 
(Strictl y speaking ,  th e subjec t  assignmen t  strateg y coul d i n fac t  b e a 
paralle l  functio n strategy ;  Sheldon ,  1974 .  Thes e tw o strategie s ar e no t 
distinguishe d here. )  Th e subjec t  appeare d t o hav e a  stronge r  influenc e o n th e 
comprehensio n o f  ambiguou s pronoun s tha n o n th e comprehensio n o f  unambiguou s 
pronouns .  I n th e absenc e o f  linguisti c constraints ,  th e subjec t  wa s th e 
preferre d anteceden t  i n bot h Experiment s 1  an d 2 .  When ther e wer e linguisti c 
cue s available ,  however ,  th e subjec t  ha d n o influenc e excep t  fo r  a  wea k 
effec t  i n th e unambiguou s passage s o f  Experimen t  1 .  Thus ,  heuristic s lik e 
thos e involvin g th e subjec t  may onl y operat e i n th e absenc e o f  othe r  stron g 
cue s t o assignment . 

The global topic also influenced pronoun comprehension (Experiments 1 
and 2 ) .  Th e topic' s influenc e appeare d t o depen d o n th e numbe r  o f  factor s 
signallin g it .  I n Experimen t  1 ,  wher e th e topi c wa s signalle d b y th e title , 
initia l  mentio n an d frequenc y o f  mention ,  i t  ha d a n effec t  o n bot h th e 
assignmen t  o f  ambiguou s pronoun s an d th e eas e o f  readin g bot h th e 
ambiguou s an d unambiguou s sentences .  I n Experimen t  2 ,  however ,  wher e 
frequenc y n o longe r  distinguishe d th e topi c fro m th e nontopic ,  th e topi c ha d 
no effec t  o n th e assignmen t  o f  ambiguou s pronouns ,  althoug h i t  stil l  ha d a n 
effec t  o n th e eas e o f  readin g th e targe t  sentences .  An d i n Experimen t  3 , 
wher e frequenc y di d no t  signa l  th e topi c an d wher e gende r  cue s determine d 
assignmen t  unambiguously ,  ther e wa s n o effec t  o f  topic .  Thi s contrast s wit h 
th e result s fro m th e unambiguou s sentence s o f  Experimen t  1 .  I n th e presenc e 
of  gende r  cues ,  th e topi c clearl y ha s t o b e ver y salien t  befor e i t  influence s 
th e eas e o f  pronou n comprehension .  A  tentativ e explanatio n fo r  thes e 
result s i s tha t  th e topi c effec t  i s  grade d an d tha t  topicalit y i s a  continuu m 
rathe r  tha n a n all-or-non e feature .  A  mor e systemati c investigatio n o f  thi s 
propositio n i s currentl y i n progress . 
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A PSYCHOLOGICAL INVESTIGATIO N INT O TH E DEICTI C CENTER 
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The Deicti c Center . 

When we read a narrative much of what we understand is 
not  explicitl y  state d i n th e text .  No t  onl y d o w e usuall y 
not  hav e a  detaile d descriptio n o f  th e environmen t  withi n 
th e narrative ,  bu t  th e informatio n tha t  w e nee d t o 
understan d movemen t  throug h narrativ e spac e an d tim e i s no t 
alway s explicitl y  provide d fo r  us .  Nevertheless , 
comprehender s o f  narrativ e see m effortlessl y t o understan d 
who character s are ,  wher e the y ar e a t  an y give n moment  i n 
narrativ e time ,  an d prope r  sequence s o f  tim e interval s fo r 
event s tha t  tak e place .  We kno w whe n a  characte r  leave s th e 
curren t  scene ,  an d w e kno w ho w muc h tim e ha s elapsed , 
accuratel y enoug h t o mak e prope r  tempora l  judgment s abou t 
th e flo w o f  th e narrative .  Sinc e w e als o hav e availabl e ou r 
genera l  knowledg e o f  ho w event s ar e usuall y structured , 
spac e i s generall y lai d out ,  an d tim e progresses ,  a 
combinatio n o f  linguisti c an d non-linguisti c informatio n ca n 
be use d t o construc t  a  menta l  mode l  o f  th e scene s an d event s 
i n a  narrative .  Thi s mode l  an d th e inpu t  fro m th e narrativ e 
enabl e u s t o construc t  ou r  comprehensio n o f  th e narrative . 

Members o f  th e Graduat e Grou p i n Cognitiv e Scienc e a t 
SUNY Buffal o hav e bee n examinin g th e method s b y whic h w e 
understan d th e flo w o f  tim e an d spac e i n narrativ e text .  We 
hypothesiz e tha t  informatio n abou t  time ,  space ,  an d th e 
focal-characte r  for m a  singl e dat a structure .  The y ar e par t 
of  wha t  w e cal l  th e deicti c center ,  referre d t o fro m no w o n 
as th e DC .  Th e D C i s compose d o f  a  WHO-point ,  a 
WHERE-point ,  an d a  WHEN-point ,  correspondin g t o th e 
character ,  space ,  an d tim e element s o f  th e curren t  plac e i n 
th e narrative .  Th e concept s o f  deicti c time ,  deicti c plac e 
and perso n deixi s ar e discusse d b y Fillmor e (1975) .  We 
propos e tha t  th e reader' s menta l  mode l  o f  th e curren t 
narrativ e contain s th e DC .  Th e D C track s th e movemen t  o f  th e 
narrativ e i n time ,  space ,  an d focal-character ,  cue d b y 
particula r  linguisti c device s i n th e text . 

Curren t  investigation s o f  th e D C ar e bein g carrie d ou t 
by member s o f  ou r  group .  A  compute r  mode l  o f  tempora l 
movement  wa s reporte d i n Almeid a an d Shapiro ,  (1983 )  an d i s 
bein g continue d i n Almeida ,  (i n progress) .  Rapapor t  an d 
Shapiro ,  (198A )  an d Rapapor t  an d Wiebe ,  (forthcoming ) 
examin e th e concep t  o f  th e WHO-poin t  i n relatio n t o th e DC . 
Bruder ,  Engl ,  an d Schultz ,  (1985) ,  hav e reporte d sentenc e 
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readin g tim e researc h o n th e psychologica l  validit y o f  th e 
rol e o f  th e DC .  Th e researc h reporte d her e concern s th e 
psychologica l  validit y o f  th e concep t  o f  th e deicti c center . 

Lexical Controllers of the Deictic Center. 

We have identified some of the specific lexical items 
tha t  ac t  a s controller s o f  deicti c movement .  Th e deicti c 
ver b 'go '  o r  th e presenc e o f  prepose d adverbials ,  suc h a s 
'outsid e th e house '  a t  th e beginnin g o f  a  sentence ,  ten d t o 
indicat e a  shif t  fro m on e D C t o another .  Th e natur e o f  th e 
linguisti c device s demand s th e movemen t  o f  th e comprehende r 
spatial ly ,  (i.e .  th e D C shift s t o a  ne w location )  s o tha t 
th e ne w WHERE-poin t  mus t  actuall y b e mentioned .  I n 
contrast ,  th e deicti c ver b 'come '  seem s t o indicat e tha t  th e 
curren t  WHERE-poin t  i s  no t  movin g an d th e reade r  shoul d 
assume tha t  th e followin g textua l  informatio n i s comin g int o 
th e curren t  deicti c center .  Th e absenc e o f  a  prepose d 
adverbial ,  o r  lac k o f  informatio n abou t  a  ne w WHERE-poin t 
indicate s tha t  th e reade r  shoul d assum e tha t  th e curren t  D C 
i s bein g maintained . 

Thus ,  th e comprehende r  learn s t o expec t  tha t  shift s o f 
th e scen e o f  actio n o r  event ,  th e WHERE-point ,  wil l  b e cue d 
by certai n marker s ('go '  o r  a  prepose d adverbial )  alon g wit h 
a namin g o r  brie f  descriptio n o f  th e ne w DC ,  an d th e 
comprehende r  expect s n o shif t  o f  th e D C du e t o thei r  absenc e 
(e.g. ,  lac k o f  a  prepose d adverbial )  o r  du e t o th e us e o f  a 
maintenanc e marke r  (e.g. , 'come') .  I f  th e reade r  find s a 
movement  marker ,  th e ne w D C wil l  b e establishe d a t  tha t 
point ,  wit h th e ne w informatio n describin g it .  Minima l 
descriptio n i s necessar y i f  th e reade r  i s movin g withi n th e 
model  alread y built ,  bu t  a  mor e detaile d descriptio n i s 
necessar y i f  th e ne w locatio n ha s no t  bee n previousl y 
mentioned .  Base d o n thi s information ,  th e ol d D C wil l  b e a t 
some greate r  menta l  distance ,  fro m wher e th e reade r 
currentl y i s i n th e narrative .  I f  th e reade r  doe s no t  fin d 
a movemen t  marker ,  o r  find s on e tha t  indicate s maintenance , 
the n h e wil l  remai n a t  th e curren t  DC .  I f  a  shif t  i n D C 
occurs ,  bu t  ther e i s n o movemen t  marke r  fo r  th e reade r 
indicatin g th e shift ,  the n th e reade r  shoul d becom e confuse d 
by a  descriptio n o f  a  WHERE-poin t  inconsisten t  wit h he r 
curren t  positio n establishe d wit h he r  menta l  model .  I n 
addit ion ,  th e reade r  shoul d assume ,  i n th e absenc e o f  thi s 
marker ,  tha t  h e i s i n th e sam e Deicti c Cente r  i f  n o ne w 
descriptio n i s provided . 

Preliminary Experimental Evidence for the Deictic Center. 

A preliminary examination of this hypothesis, an 
untime d readin g comprehensio n experimen t  wit h naturall y 
occurrin g tex t  wa s conducte d an d reporte d b y Segal ,  Bruder , 
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and Daniels ,  (198A) .  Th e result s wer e no t  significan t  i n 
al l  cases ,  but ,  generally ,  th e directio n o f  th e result s wer e 
i n lin e wit h thes e predictions :  (1 )  sentence s wit h a 
maintenanc e o f  th e D C shoul d b e answere d wit h greate r 
certaint y o f  validity ,  an d answere d mor e uniforml y amon g 
subjects .  (2 )  i f  a  movemen t  marke r  shoul d hav e bee n 
provide d an d wa s not ,  the n subject s shoul d hav e mor e 
difficult y answerin g statement s abou t  tha t  even t  tha n i f 
the y ha d bee n provide d wit h th e origina l  linguisti c input . 

The Experiment. 

The research currently being reported is a reaction 
tim e study .  Th e stimul i  ar e artificiall y  constructe d 
stimul i  an d reflec t  situation s i n th e rea l  world , 
acknowledgin g tha t  genera l  informatio n ha s a n influenc e o n 
responses .  Genera l  informatio n shoul d b e use d i n 
constructio n o f  th e menta l  mode l  b y th e reader ,  no t  i n 
constructio n o f  th e response . 

Thi s experimen t  specificall y examine s th e effec t  o f  th e 
deicti c verb s 'come '  an d 'go' ,  an d o f  prepose d adverbial s o n 
conceptua l  movemen t  o f  th e D C i n narrativ e text .  I t  i s 
assumed tha t  th e ver b 'come '  wil l  maintai n th e D C wher e i t 
i s  currentl y an d tha t  'go '  wil l  mov e th e cente r  t o a  ne w 
location .  I f  a  subjec t  mus t  respon d t o a  statemen t  abou t  a 
DC tha t  s/h e ha s move d awa y from ,  s/h e shoul d tak e longe r  t o 
do so ,  sinc e s/h e mus t  leav e wher e s/h e currentl y i s i n 
memory an d g o bac k t o a  previou s D C t o respond .  We assum e 
tha t  i f  a  prepose d adverbia l  i s  presen t  i n th e tex t  i t  wil l 
move th e subjec t  t o a  ne w D C causin g th e subjec t  t o tak e 
longe r  t o respon d tha n i f  th e adverbia l  i s  absent .  Thi s 
woul d b e du e t o th e subjec t  returnin g mentall y t o a  previou s 
DC t o fin d th e relevan t  informatio n t o determin e th e answe r 
t o th e statement .  However ,  th e absenc e o f  a  prepose d 
adverbia l  ma y caus e confusio n i f  th e comprehende r  canno t 
determin e wher e s/h e i s i n th e menta l  model ,  becaus e a n 
importan t  cu e i s missing .  Thi s wil l  leav e th e comprehende r 
i n th e previou s DC ,  tryin g t o incorporat e curren t  linguisti c 
inpu t  int o a n incomplet e model . 
METHOD.  Subjects .  Subject s wer e A 8 SUNY Buffal o 
undergraduat e students ,  wh o participate d t o fulfil l  a 
requiremen t  fo r  thei r  introductor y psycholog y course . 
Materials .  Eac h subjec t  wa s presente d wit h fift y  narrative s 
of  fou r  sentence s each .  Te n narrative s investigate d th e 
rol e o f  prepose d adverbials ;  fiv e compare d sentence s wit h 
'come '  versu s 'go' ;  an d fiv e compare d a  sentenc e wit h 'go ' 
versu s a  non-movemen t  marke r  suc h a s 'remain' ,  o r  'stay' ,  o r 
th e ver b 't o be' . 

I n eac h case ,  th e narrativ e wa s use d a s it s ow n 
compariso n set .  Fo r  example ,  th e starre d sentence s wer e th e 
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onl y differenc e i n eac h presentatio n set .  Eac h se t  ha d only -
on e o f  th e starre d sentences . 

Sampl e experimenta l  set : 

John and Mary were eating dinner when there was a knock at 
th e door . 
*Joh n go t  u p an d wen t  t o answe r  th e door . 
*Joh n looke d u p t o se e hi s partne r  com e in . 
Kevi n greete d Joh n wit h a  bottl e o f  champagn e an d a  bi g hug . 
They ha d jus t  wo n a  larg e advertisin g account . 

Mary is in the dining room. 

The target, or statement requiring a true-false 
was th e sam e i n al l  versions .  I t  alway s refer r 
th e origina l  DC .  Subject s als o sa w twenty-eig h 
eac h als o compose d o f  fou r  sentences .  Filler s 
describe d a  situation ,  o r  scene ,  withou t  an y 
Filler s wer e th e sam e fo r  al l  versions .  Th e 
presentatio n orde r  wa s randomized .  Afte r  th e 
sentence s ha d bee n presented ,  th e subjec t  sa w 
asterisk s flas h o n th e scree n t o signa l  tha t  s 
respon d 'TRUE '  o r  'FALSE '  t o th e statemen t 
immediatel y follow ,  base d o n th e informatio n pro v 
precedin g sentences . 
Procedure :  Narrative s wer e 
compute r  wit h a  Thunde r  Cloc k 
t o th e neares t  mill isecond . 
instruction s t o read .  The y we r 
wit h genera l  printe d direct i 
compute r  screen .  Thi s wa s 
narratives .  Afte r  th e practic e 

response , 
ed bac k t o 
t  fi l lers , 

generall y 
movement . 
narrativ e 

firs t  fou r 
a ro w o f 

/h e shoul d 
tha t  woul d 
ide d i n th e 

wer e agai n displayed .  Subject s 
th e presen t  sentenc e disappear , 
of  asterisk s appear .  Th e t r 
presente d automaticall y aft e 
disappeared .  Subject s pres s 
statemen t  wa s true ,  an d an y ot h 

presente d 
Card ,  con t 
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e the n gi v 
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The result s ar e significan t  fo r  bot h th e come/g o an d th e 
preposition/n o prepositio n distinction s usin g th e paire d 
sampl e t-test .  Th e come/g o distinctio n show s significanc e 
wit h t(8 )  =  k.l k  p  <  .01 .  Th e preposition/n o prepositio n 
distinctio n show s significanc e wit h t ( n )  =  3.1 1 p  <.05 . 
Ther e i s als o a  mai n effec t  o f  movemen t  versu s non-movemen t 
t(19 )  =  A.0 7 p  <.01 .  Tw o narrativ e set s examinin g th e 
come/g o distinctio n wer e delete d fro m analysi s du e t o 
excessiv e error s i n subjec t  response s t o th e fina l 
statement .  Du e t o ite m b y ite m examination ,  i t  wa s 
determine d tha t  thes e set s shoul d b e eliminate d sinc e th e 
overal l  erro r  rate ,  excludin g thes e tw o set s wa s les s tha n 
1%. 
Discussion .  Movemen t  throug h narrativ e i n term s o f  spac e 
and tim e ar e dependen t  no t  onl y upo n genera l  worl d knowledg e 
abou t  ho w event s an d spac e ar e lai d ou t  i n th e rea l  worl d 
and specifi c  type s o f  linguisti c markers ,  bu t  als o th e 
previou s DC .  Th e WHERE-,  WHEN-  an d WHO-point s tha t  ar e 
involve d a t  an y plac e i n a  narrativ e tex t  ar e al l  currentl y 
activate d i n a  focusin g mechanism ,  th e DC .  When th e D C 
shift s i n tim e o r  spac e t o a  ne w WHO-,  WHEN-,  o r 
WHERE-point ,  we ,  a s comprehenders ,  updat e ou r  curren t 
knowledg e accordingly .  Th e psychologica l  validit y o f  th e D C 
i s eviden t  fro m th e result s investigatin g th e movemen t  o f 
th e WHERE-poin t  i n thi s experiment .  I f  a  reade r  remain s i n 
a D C an d ne w informatio n doe s no t  updat e thi s D C t o a  ne w 
DC,  the n whe n aske d abou t  DC1 th e subjec t  i s  "there "  a t  DC1 
i n his/he r  menta l  mode l  an d s/h e ca n respon d quickly .  I f 
th e D C ha s shifte d t o DC 2 an d th e subjec t  i s  aske d abou t 
DC1,  the n s/h e take s longe r  t o respond ,  becaus e s/h e mus t 
leav e th e curren t  center ,  DC2 ,  an d interrogat e informatio n 
abou t  DC1 tha t  i s no w a t  a  menta l  distance . 

Future work. 

The next issues to be dealt with concern the 
determinatio n o f  othe r  specifi c  linguisti c marker s tha t 
updat e th e D C s WHERE-,  WHEN-,  an d WHO-points .  A  continuin g 
investigatio n o f  th e placemen t  o f  th e adverbia l  i s  als o 
warranted .  Brude r  et .  a l . ,  1985 ,  ha s investigate d sentenc e 
readin g time s an d foun d a  significan t  effec t  fo r  post-pose d 
adverbial s o n th e sentenc e followin g th e on e wit h th e 
adverbial ,  bu t  n o effec t  o n th e readin g time s fo r  th e 
sentenc e containin g th e adverbial .  Thi s suggest s tha t  th e 
curren t  experimenta l  paradig m migh t  b e extende d t o includ e 
an examinatio n o f  th e effec t  o f  post-pose d adverbials .  We 
als o migh t  as k i f  th e spatial ,  tempora l  an d focal-characte r 
focu s o f  th e D C i s onl y on e componen t  o f  a  large r  concep t  i n 
whic h al l  activate d part s o f  a  narrativ e ar e dependen t  upo n 
what  i s currentl y activ e i n th e DC . 
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Content :  Explorin g Tre e Preferenc e A s y m m e t r i e s 

I n H u m a n s ,  Pigeons ,  an d M o n k e y s 
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Universit y o f  Wes te r n Ontari o 
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A b s t r a c t 

Conceptua l  structur e i n humans ,  pigeons ,  an d monkey s wa s investigate d 

usin g a  multidimensiona l  scalin g procedure .  Pigeon s an d monkey s wer e 

initiall y  traine d t o discriminat e betwee n stimultaneousl y presente d tre e 

and nontre e pictoria l  stimuli .  Preferenc e dat a wa s collecte d b y insertin g 

prob e trial s I n whic h th e animal s wer e force d t o choos e betwee n tw o tre e 

stimuli .  Analogou s dat a fo r  huma n subject s wa s collecte d b y havin g 

subject s rat e thei r  preference s fo r  th e sam e stimuli .  Tre e preferenc e 

relationship s i n th e differen t  dataset s wer e obtaine d usin g th e D E D I C O M 

procedure .  Thes e analyse s reveale d strikin g interspecie s difference s i n 

conceptua l  structure .  Th e analysi s o f  huma n tre e preference s reveale d a 

'whol e vs .  part '  patter n i n whic h stimulu s preferenc e wa s a  functio n o f 

stimulu s completeness .  Pigeo n tre e preference s wer e qualitativel y differen t 

fro m huma n tre e preferences ,  an d als o appeare d t o b e les s elaborate .  I n 

general ,  'branchy '  stimul i  wer e preferre d ove r  'leafy '  stimuli ,  an d a  'whol e 

vs .  part '  patter n di d no t  emerge .  Th e dat a fo r  monkey s als o illustrate d a 

preferenc e fo r  'branchy '  structure s ove r  'leafy '  structures .  Individua l 

difference s betwee n monke y preference s wer e als o revealed ,  an d wer e foun d 

t o b e relate d t o performanc e o n th e initia l  discriminatio n task .  Monkey s 

tha t  ha d a  well-define d tre e preferenc e patter n learne d thi s tas k faste r 

tha n di d monkey s wit h a  les s define d structure .  Th e result s o f  al l  o f  th e 

analyse s demonstrate d interspecie s difference s i n tre e concepts ,  an d 
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suggested the possibility that these may be related to different functional 

experience s o r  requirements . 

A ke y hypothesi s I n cognitiv e scienc e I s tha t  Intelligenc e i s th e produc t  o f  symboli c 

processing .  Unde r  thi s hypothesis ,  Intelligen t  behaviou r  m a y bes t  b e explaine d b y 

providin g a n accoun t  o f  th e representationa l  syste m tha t  mediate s th e behaviou r  (e.g. , 

Pylyshyn ,  1984) .  Thi s "Cognltlvlst "  hypothesi s I s als o beginnin g t o b e applie d i n th e 

stud y o f  anima l  behaviou r  (e.g. .  Griffin ,  1978 ;  Roitblat ,  1982) .  Indeed ,  man y anima l 

behaviou r  researcher s no w assum e tha t  nonhuma n specie s us e som e for m o f  menta l 

representation ,  an d man y recen t  experiment s hav e bee n concerne d wit h determinin g th e 

functiona l  characteristic s o f  anima l  representationa l  system s (e.g. ,  Mazmanla n & 

Roberts ,  1982 ;  Premack ,  1983 ;  Roberts ,  Mazmanlan ,  &  Kraemer ,  1986 ;  Roitblat ,  Bever , 

& Terrace ,  1984 ;  Sands ,  Lincoln ,  &  Wright ,  1982) . 

Roitblat (1982) makes a distinction between the domain and the content of a 

representation .  Th e domai n i s th e clas s o f  situation s i n th e worl d t o whic h th e 

representatio n applies .  Th e conten t  i s th e se t  o f  feature s abou t  th e represente d worl d 

tha t  ca n b e derive d fro m th e representation .  I t  i s  quit e likel y tha t  differen t  specie s us e 

differen t  content s i n representin g identica l  domains .  Fo r  example ,  on e specie s o f  anima l 

m ay encod e a  tre e a s a  plac e o f  shelter ,  whil e anothe r  ma y encod e th e sam e tre e a s a 

sourc e o f  food .  Thus ,  a  majo r  issu e i n a  comparativ e psycholog y o f  conceptua l  structur e 

I s whethe r  th e content s o f  representation s o f  variou s specie s ar e different ,  an d i f  so ,  i n 

what  way . 

Some recent studies have shown that multidimensional scaling (MDS) procedures 

m ay b e ver y usefu l  i n examinin g th e content s o f  anima l  concept s (Blough ,  1985 ;  Sands , 

Lincoln ,  &  Wright ,  1982) .  Th e result s w e repor t  com e fro m a n experimen t  tha t  extend s 

thi s previou s methodolog y i n tw o ways .  First ,  a  paradig m wa s use d i n whic h th e 

preferenc e o f  on e stimulu s ove r  anothe r  i n term s o f  it s  bein g "tree-like "  wa s measured . 
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using a set of photographs of trees In natural settings. This preference data was 

obtaine d fo r  human ,  pigeon ,  an d monke y subjects .  Thu s w e wer e abl e t o compar e tree -

preferenc e relationship s amon g thre e differen t  animal  specie s fo r  th e sam e se t  o f  stimuli . 

Second ,  preferenc e dat a I s Intrinsicall y asymmetri c (wha n A  I s preferre d ove r  B ,  B  I s no t 

preferre d ove r  A ) ,  an d therefor e traditiona l  M D S analysi s procedure s ar e no t 

appropriate .  Instead ,  w e use d th e D E D I C O M M D S procedure ,  whic h represent s th e 

asymmetri c structur e o f  a  matri x I n term s o f  directiona l  geometri c pattern s tha t  ca n 

easil y b e Interprete d (e.g. ,  Harshman ,  Green ,  Win d &  Lundy ,  1982) .  W h e n use d t o 

analys e preferenc e data ,  D E D I C O M Indicate s whic h stimul i  wer e preferre d ove r  others , 

as wel l  a s th e exten t  o f  thi s preference .  I n Interpretin g suc h a  pattern ,  a n examinatio n 

of  stimulu s characteristic s I s undertake n I n a n attemp t  t o understan d wh y particula r 

preferenc e relationship s hold .  Ou r  ai m wa s t o examin e th e pattern s o f  tre e preference s 

obtaine d fro m th e thre e specie s I n orde r  t o se e I f  ther e wer e an y systemati c difference s I n 

th e conten t  o f  th e concep t  "tree" . 

D a t a C o l l e c t i o n 

sixtee n photographi c slide s o f  tree s I n natura l  setting s wer e use d I n a n Initia l  stud y 

I n whic h huma n tre e preference s wer e measured .  Thes e photograph s wer e o f  a  wid e 

variet y o f  trees ,  rangin g fro m tre e part s t o full ,  leaf y trees .  A  variet y o f  setting s wer e 

als o depicte d I n th e stimuli .  Tre e preferenc e rating s fo r  al l  possibl e permutation s o f 

pair s o f  thes e stimul i  wer e obtaine d fro m fou r  huma n subject s b y havin g the m Indicat e 

whic h member  o f  eac h pai r  wa s th e bette r  tree .  Subject s als o Indicate d th e exten t  o f 

thei r  preferenc e o n a  seve n poin t  scale ,  a s wel l  a s th e perceive d similarit y betwee n 

members o f  eac h stimulu s pair . 

An Initial MDS analysis of the (symmetric) similarity ratings data was used to 

selec t  a  nonredundan t  subse t  o f  twelv e stimul i  t o us e fo r  anima l  testing .  Fou r  ?  pigeon s 

and fou r  squirre l  monkey s wer e ru n I n th e experiment .  Th e animal s wer e Initiall y 

traine d usin g a  force d choic e discriminatio n procedur e t o choos e a  tre e fro m a  nontre e 

by pressin g th e scree n o n whic h th e tre e pictur e wa s projected .  Animal s remaine d i n 

thi s phas e o f  th e experimen t  unti l  8 5 % accurac y wa s achieve d ove r  a  bloc k o f  five 
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sessions. In the next phase, novel tree-nontree pairs were Inserted among the training 

slides ,  an d bot h pigeon s an d monkey s wer e highl y accurat e a t  choosin g th e nove l  tre e 

pictur e I n thes e pairs .  I n th e fina l  phas e o f  th e experiment ,  si x prob e trial s wer e 

Inserte d amon g th e trainin g trial s o n eac h session .  Thes e prob e trial s consiste d o f  pair s 

of  tre e stimul i  selecte d fro m th e twelv e stimul i  w e wishe d t o examine .  Thus ,  th e anima l 

was force d t o mak e a  tree-preferenc e choic e betwee n member s o f  pair s o f  thes e critica l 

stimuli .  Thi s procedur e continue d unti l  al l  possibl e permutation s o f  pair s o f  stimul i  ha d 

bee n presente d twice . 

A n a l y s i s o f  t h e H u m a n D a t a 

T h e h u m a n tre e preferenc e dat a wa s average d acros s th e fou r  subjects ,  an d 

D E D I C OM wa s applie d t o thi s averag e matrix .  T w o preferenc e pattern s tha t  accounte d 

fo r  6 9 % o f  th e varianc e I n th e dat a wer e recovered ,  an d ar e presente d I n Figur e 1 .  I n 

thi s figure ,  th e ope n circl e represent s th e origi n o f  th e preferenc e pattern ,  an d stimulu s 

object s fallin g nea r  thi s origi n ar e no t  strongl y involve d i n th e pattern .  Th e arrow s 

indicat e th e directio n o f  preferenc e i n th e pattern ;  a  stimulu s objec t  a t  th e tai l  o f  a n 

arro w i s preferre d ove r  stimul i  pointe d t o b y th e hea d o f  th e arrow . 

The first human tree preference pattern indicated that leafy tree wholes were seen 

as mor e tree-lik e tha n leaf y tre e parts .  Th e mos t  preferre d stimul i  I n th e patter n wer e 

tw o full ,  leaf y trees ,  whil e th e leas t  preferre d stimul i  wer e leafles s tre e parts .  Th e whol e 

vs .  par t  patter n I s apparen t  i f  on e follow s th e axi s o f  th e patter n (soli d line )  i n th e 

directio n o f  preference :  th e ful l  leaf y tree s ar e encountere d first ,  followe d b y flowerin g 

tree s an d a  coloure d fal l  tree ,  followe d b y picture s o f  tre e part s I n whic h som e leave s ar e 

present .  Th e secon d patter n indicate d a  simila r  structur e i n whic h th e presenc e o f 

leave s wa s no t  a s important .  I n thi s secon d pattern ,  ful l  tre e structure s wit h leaves , 

flower s o r  needle s wer e preferre d ove r  les s typica l  tre e structure s ( a lon e leafles s tre e an d 

a stunte d evergreen) ,  whic h i n tur n wer e preferre d ove r  th e stum p an d root . 
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Analysis of the Pigeon Data 

A D E D I C O M analysi s o f  th e average d pigeo n dat a reveale d tw o strikin g 

difference s fro m th e result s obtaine d I n analysin g th e huma n data .  First ,  onl y on e 

preferenc e patter n wa s recovered .  Thi s pattern ,  whic h accounte d fo r  ? ? % o f  th e dat a 

variance ,  I s presente d I n Figur e 2 .  Th e secon d differenc e I s note d I n th e Interpretatio n 

of  thi s pattern ,  a s I t  wa s qualitativel y differen t  fro m eithe r  patter n i n Figur e 1 .  Fo r 

Instance ,  th e fal l  deciduou s tree ,  on e o f  th e mor e preferre d stimul i  fo r  humans ,  wa s th e 

leas t  preferre d stimulu s fo r  pigeons .  Similarly ,  th e stum p tha t  wa s on e o f  th e leas t 

preferre d stimul i  fo r  human s wa s on e o f  th e mor e preferre d stimul i  fo r  pigeons .  I n 

general ,  th e entir e preferenc e patter n fo r  pigeon s suggeste d tha t  stimul i  tha t  ha d a  ver y 

well-define d "branchy "  structur e (I.e. ,  lon g narro w projection s no t  obstructe d b y dens e 

masses o f  leaves ,  an d distinc t  fro m th e background )  wer e selecte d b y th e pigeon s a s 

bein g mor e tree-lik e tha n stimul i  tha t  ha d a  poorl y define d branch y structure . 

A n a l y s i s o f  t h e M o n k e y D a t a 

The D E D I C O M analyse s o f  th e monke y dat a wer e performe d o n th e individua l 

subjects *  datasets ,  a s preliminar y Investigation s Indicate d a  variet y o f  Individua l 

differences .  On e o f  th e animal s demonstrate d a  singl e preferenc e patter n quit e simila r  t o 

th e structur e observe d i n th e pigeo n data .  T w o o f  th e monkey s demonstrate d tw o 

preferenc e pattern s apiece .  On e o f  thes e pattern s indicate d a  preferenc e o f  well-define d 

"branchy "  structure s ove r  poorly-define d "branchy "  structures .  Th e othe r  o f  thes e 

pattern s indicate d a  preferenc e o f  stimul i  representin g solitar y branche s ove r  stimul i  I n 

whic h severa l  branche s wer e evident .  Th e final  monke y demonstrate d thre e separat e 

preferenc e patterns ,  accountin g fo r  ? ? % o f  th e dat a variance ,  whic h ar e illustrate d i n 

Figur e 3 .  Th e first  o f  thes e pattern s reveale d th e preferenc e fo r  well-define d "branchy " 

structure s observe d i n th e othe r  animals .  Not e th e outlyin g positio n o f  th e evergree n I n 

thi s pattern ,  suggestin g tha t  th e anima l  wa s awar e o f  som e differenc e betwee n thi s 

stimulu s an d th e othe r  stimul i  tha t  wer e used ,  whic h wer e predominatel y deciduou s 

trees .  Th e secon d patter n Involve d preference s amon g th e subse t  o f  stimul i  tha t  wer e 

primaril y  leafiess ,  indicatin g tha t  th e anima l  wa s sensitiv e t o th e presenc e o r  absenc e o f 
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leaves in the photographs. In this pattern, full solitary branching structures were 

preferre d ove r  mor e complicate d branchin g structures .  Th e fina l  patter n reveale d 

preferenc e relation s amon g (roughly )  th e subse t  o f  stimul i  tha t  possesse d leaves .  I n thi s 

pattern ,  stimul i  tha t  ha d mor e leave s wer e preferre d ove r  stimul i  tha t  ha d fe w leaves . 

In performing a DEDICOM analysis, use is made of a fit-to-dimenslonality curve 

tha t  plot s th e goodnes s o f  fi t  o f  a  solutio n a s a  functio n o f  th e numbe r  o f  directiona l 

pattern s i n th e solution .  Thi s curv e i s use d t o choos e th e mos t  appropriat e solutio n fo r 

a dataset .  Thi s curv e ca n b e interprete d a s providin g a n inde x o f  ho w wel l  define d a 

directiona l  structur e i s (c.f. ,  Cattell ,  1978) .  I n general ,  i f  thi s curv e i s ver y stee p an d 

the n flatten s sharply ,  th e structur e i s wel l  define d (i.e. ,  fre e o f  noise) ,  whil e i f  th e curv e 

tend s t o hav e a  mor e gentl e Initia l  slope ,  an d doe s no t  sharpl y flatten ,  th e structur e i s 

not  wel l  defined .  Figur e 4  illusrate s th e fit-to-dimensionalit y curv e obtaine d fo r  eac h 

monkey alon g wit h a  curv e inidicatin g th e performanc e o f  th e anima l  whe n learnin g th e 

Initia l  tree/nontre e discriminatio n task .  I t  i s  eviden t  fro m thi s figur e tha t  th e mor e 

well-define d th e preferenc e structur e was ,  th e faste r  di d th e anima l  lear n th e initia l  task . 

Thi s suggest s tha t  performanc e o n th e Initia l  learnin g tas k wa s relate d t o th e animal' s 

abilit y  t o us e a  well-define d representationa l  structur e whe n makin g th e discrimination . 

D i s c u s s i o n 

Th e majo r  resul t  o f  thi s stud y wa s tha t  ther e wer e noticeabl e difference s betwee n 

specie s I n term s o f  th e preferenc e pattern s observe d fo r  th e se t  o f  tre e stimul i  tha t  wer e 

examined .  Whil e huma n subject s appeare d t o bas e thei r  judgemen t  o n ho w complet e 

stimul i  appeare d t o be ,  bot h monkey s an d pigeon s wer e mor e sensitiv e t o th e 

"branchlness "  o f  th e stimuli .  Individua l  difference s betwee n monke y tre e preferenc e 

pattern s wer e als o noted ,  suggestin g tha t  differen t  animal s use d representation s tha t 

wer e sensitiv e t o differen t  stimulu s attributes .  Th e monke y dat a als o indicate d tha t 

ho w wel l  define d a  preferenc e patter n wa s (a s indicate d b y fit-to-dlmenslonallty  curves ) 

was relate d t o performanc e o n th e discriminatio n task . 

Although clear differences between species were noted, the reason why these 
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differences were found Is not as evident. It could be that In the tree/nontree 

discriminatio n task ,  th e mos t  reliabl e o r  salien t  featur e o f  a  tre e i s th e presenc e o f  som e 

branchin g structure .  Thus ,  whe n confronte d wit h tw o differen t  tre e photographs ,  th e 

anima l  select s th e stimulu s tha t  ha s th e mos t  branches .  However ,  thi s i s apparentl y no t 

th e onl y proces s Involved .  Fo r  example ,  th e pattern s Illustrate d I n Figur e 3  sho w tha t 

one monke y wa s als o sensitiv e t o th e presenc e an d absenc e o f  leaves ,  a s wel l  a s th e 

number  o f  branchin g structure s I n a  stimulus . 

A more speculative account of the observed differences is in terms of the functional 

natur e o f  differen t  cognitiv e contents .  I t  i s  possibl e tha t  th e preferenc e fo r 

"branchiness "  I n th e stimul i  I s relate d t o th e fac t  tha t  pigeon s vie w tree s primaril y a s 

place s t o perch ,  an d tha t  monkey s vie w tree s I n term s o f  place s t o climb .  Structure s 

wit h well-define d branche s ar e presumabl y structure s tha t  ca n b e perche d upo n o r 

climbe d upo n quit e readily ,  an d ma y therefor e b e encode d a s "good "  trees . 

Unfortunately ,  th e complexit y o f  th e stimul i  tha t  w e use d prevent s fir m conclusion s o f 

thi s typ e t o b e drawn .  However ,  w e fee l  tha t  thes e result s Indicat e a  fruitfu l  approac h 

t o studyin g th e conceptua l  structur e I n animals .  Th e curren t  result s sho w tha t  a 

particula r  variabl e (I.e. ,  "branchiness" )  I s ver y Importan t  I n tree-preferenc e pattern s I n 

bot h pigeon s an d monkeys .  A  simila r  stud y usin g a  mor e controlle d se t  o f  stimuli ,  I n 

whic h "branchiness "  wa s systematicall y varied ,  migh t  begi n t o provid e a  mor e precis e 

characterizatio n o f  th e encodin g o f  th e concep t  "tree "  i n thes e animals . 
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Figur e 1 

D E D I C OM solution s fo r  huma n tre e preferenc e data . 
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Figur e 2 

Th e singl e blmenslo n remove d fro m th e pigeo n tre e preferenc e data . 
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Figur e 3 

Thre e bimenslon s recovere d fro m a  singl e monkey' s tre e preferenc e data . 
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Figur e 4 

T h e ni-to-dlmenslonallt y curve s an d th e learnin g curve s fo r  th e Individua l  monkeys . 
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t h e P h y s i c a l  S y m b o l  S y s t e m H y p o t h e s i s ? 

Mark Derthick and David C. Plaut 

Computer Science Department 
Carnegie-Mello n Universit y 

1.  Introductio n 

Al l  existin g intelligen t  system s shar e a 

simila r  biologica l  an d evolutionar y heritage . 

Based o n th e convictio n tha t  cognitio n i s com -

putation ,  artificia l  intelligenc e researcher s ar e in -

vestigatin g computationa l  model s a s a  mean s o f 

discoverin g propertie s share d b y al l  intelligen t 

systems . 

One propert y tha t  ha s bee n propose d a s 

centra l  t o intelligenc e i s th e abilit y  t o construc t 

and manipulat e symbo l  structures .  I f  intel -

ligenc e ma y b e describe d completel y i n term s o f 

symbol  processing ,  the n cognitiv e scienc e nee d 

not  b e concerne d wit h th e particula r  physica l  im -

plementatio n detail s o f  eithe r  artificia l  o r  biologi -

cal  examples ;  neuroscienc e woul d n o longe r  b e 

par t  o f  cognitiv e science .  O n th e othe r  hand ,  i f 

importan t  aspect s o f  intelligenc e evad e symboli c 

explanation ,  i t  ma y prov e necessar y t o conside r 

phenomena belo w th e symbo l  level .  Th e con -

nectionis t  approac h t o artificia l  intelligenc e i s 

founde d o n th e convictio n tha t  th e structur e o f 

th e brai n criticall y constrain s th e natur e o f  th e 

computation s i t  performs .  However ,  i f  th e sym -

boli c positio n i s correc t  an d neura l  network s onl y 

implemen t  symbo l  systems ,  the n connectionis m 

contribute s littl e t o cognitiv e science . 

The notio n o f  intelligenc e a s symbo l 

processin g wa s mad e explici t  b y Newel l  an d 

Simon wit h th e Physica l  Symbo l  Syste m 

Hypothesi s (PSSH )  (Newel l  &  Simon .  1976 , 

Newell ,  1980 )  an d th e Knowledg e Leve l 

Hypothesi s (KLH )  (Newell ,  1982) .  Take n 

together ,  thes e hypothese s hav e significan t  im -

plication s fo r  th e natur e o f  an y syste m capabl e 

of  genera l  intelligence .  W e examin e a  numbe r 

of  connectionis t  system s i n ligh t  o f  th e 

hypothese s an d distinguis h thre e kinds :  (1 ) 

rule-base d systems ,  whic h ar e symbo l  systems ; 

(2 )  rule-followin g systems ,  whic h ar e symbo l 

system s onl y unde r  a  weakene d versio n o f  th e 

PSSH;  an d (3 )  system s whic h ar e no t  rule -

following ,  an d thu s ar e no t  symbo l  system s eve n 

i n a  wea k sense . 

Accordin g t o th e PSSH,  non-symboli c con -

nectionis t  system s mus t  b e incapabl e o f  genera l 

intelligence .  Ther e ar e stron g argument s bot h 

fo r  an d agains t  thi s conclusion .  O n th e on e 

hand ,  suc h connectionis t  system s ma y provid e 

more parsimoniou s account s o f  certai n cognitiv e 

phenomen a tha n d o symboli c approaches .  O n 

th e othe r  hand ,  thes e connectionis t  system s 

hav e significan t  limitations ,  relatin g t o univer -

sality ,  no t  share d b y symbo l  systems .  W e con -

clud e tha t  a  comprehensiv e theor y o f  intel -

ligenc e ma y requir e a  hybri d mode l  tha t  com -

bine s th e strength s o f  bot h approaches. 

2. Physical Symbol Systems 
The PSS H state s tha t  a  physica l  symbo l  sys -

tem,  define d a s " a machin e tha t  produce s 
throug h tim e a n evolvin g collectio n o f  symbo l 
stojctures "  (Newel l  &  Simon ,  1976 ,  p .  116) ,  ha s 

th e necessar y an d sufficien t  mean s fo r  genera l 

intelligen t  action .  Newel l  an d Simo n explain . 

By "necessary "  w e mea n tha t  an y syste m 
tha t  exhibit s genera l  intelligenc e wil l  prov e 
upon analysi s t o b e a  physica l  symbo l  sys -
tem.  B y "sufficient "  w e mea n tha t  an y 
physica l  symbo l  syste m o f  sufficien t  siz e 
can b e organize d furthe r  t o exhibi t  genera l 
intelligence .  (Newel l  &  Simon ,  1976 ,  p .  116 ) 
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Of  course ,  sinc e symbo l  system s ar e univer -

sal  the y ar e sufficien t  fo r  carryin g ou t  an y be -

havior .  T o accep t  th e sufficienc y conditio n o n 

thi s basis ,  however ,  woul d b e t o fal l  pre y t o th e 

"Turin g tarpit "  (Newell ,  1980) ,  i n whic h sig -

nifican t  structura l  difference s ar e blurre d unde r 

th e notio n tha t  al l  universa l  system s ar e equiv -

alent .  I n orde r  fo r  th e sufficienc y clai m t o b e 

substantive ,  th e furthe r  organizatio n require d t o 

exhibi t  genera l  intelligenc e mus t  no t  resor t  t o 

simulatin g a  non-symboli c system . 

Physica l  symbo l  systems '  ar e compose d o f 

1.  a  collectio n o f  symbols ,  eac h a 
discrete ,  identifiabl e physica l  pat -
ter n i n a  machine ; 

2.  symbo l  structures ,  o r  expressions , 
compose d o f  symbol s relate d i n 
some physica l  way ; 

3.  processe s operatin g o n expres -
sion s t o produc e othe r  expres -
sions . 

A symbo l  structur e designate s anothe r  symbo l 

stmctur e o r  proces s i f  havin g th e firs t  structur e 

allow s behavio r  tha t  affect s o r  depend s o n th e 

second .  Th e syste m ca n interpre t  a n expressio n 

if  th e expressio n designate s a  proces s an d if , 

give n th e expression ,  th e syste m ca n carr y ou t 

th e process .  Thi s formulatio n ha s a  numbe r  o f 

consequence s fo r  th e natur e o f  an y physica l 

symbol  syste m (Newel l  &  Simon ,  1976) ,  th e 

most  importan t  fo r  ou r  purpose s being : 

1.  A  symbo l  ma y b e use d t o desig -
nat e an y expressio n whatsoever . 

2.  Ther e exis t  expression s tha t 
designat e ever y proces s o f  whic h 
th e machin e i s capable . 

3.  Th e numbe r  o f  expression s tha t 
th e syste m ca n hol d i s essentiall y 
unbounded . 

We wil l  argu e i n th e nex t  sectio n tha t  thes e 

characteristic s exclud e certai n connectionis t 

system s fro m th e clas s o f  physica l  symbo l  sys -

tems . 

The semantic s o f  a  physica l  symbo l  syste m 

i s develope d i n th e contex t  o f  th e relatio n be -

Ôur  analysi s i s base d solel y o n th e fomiulatio n o f  symbo l 
system s develope d b y Newel l  an d Simon ,  an d doe s no t 
exclud e th e possibilit y  o f  alternativ e fomiulation s whic h 
might  encompas s th e connectionis t  system s w e discuss . 

twee n th e symbo l  leve l  an d a  higher ,  knowledg e 

level ,  i n whic h th e behavio r  o f  th e syste m i s 

describe d i n term s o f  knowledge ,  goals ,  an d ac -

tion s (Newell ,  1982) .  Th e Knowledg e Leve l 

Hypothesi s state s tha t  th e knowledg e leve l  i s im -

plemente d directl y b y th e symbo l  level . 

Knowledg e leve l  entitie s ar e represente d b y par -

ticula r  symbo l  leve l  structures ,  an d eac h symbo l 

stnjctur e ha s a  coheren t  interpretatio n a t  th e 

knowledg e level .  I n othe r  words ,  symlx)l s an d 

symbol  structure s ar e th e forma l  entitie s o f  a 

physica l  symbo l  syste m tha t  ar e give n a  seman -

ti c interpretation . 

Wit h thes e characteristic s o f  physica l  symbo l 

system s i n mind ,  w e tur n t o a n analysi s o f  th e 

relationshi p betwee n symbo l  system s an d con -

nectionis t  systems . 

3. Connectionist Systems 

We tak e th e essentia l  characteristi c o f  a  con -

nectionis t  syste m t o b e th e existenc e o f  a  physi -

cal  leve l  descriptio n i n term s o f  th e operatio n o f 

a larg e numbe r  o f  ver y simpl e computin g 

device s (units )  locall y interactin g acros s ver y lo w 

bandwidt h channel s (connections) .  Suc h a n ar -

chitectur e i s quit e differen t  fro m tha t  underlyin g 

standar d physica l  symbo l  systems .  However , 

th e fac t  tha t  connectionis t  system s ar e buil t  ou t 

of  unit s an d connection s doe s no t  bea r  o n th e 

questio n o f  whethe r  the y ar e symbo l  systems . 

The critica l  issu e her e i s th e relatio n betwee n 

forma l  operation s o f  th e syste m an d wha t  the y 

represent .  I n thi s regard ,  certai n type s o f 

"localist "  connectionis t  system s (Feldma n &  Bal -

lard ,  1982 ,  Cottrell ,  1984 ,  Shastr i  &  Feldman , 

1984) ,  i n whic h th e activit y o f  individua l  unit s 

may b e give n a  coheren t  knowledg e leve l 

semantics ,  mee t  th e requiremen t  o f  physica l 

symbol  system s tha t  th e forma l  leve l  ma p 

directl y t o th e semanti c level . 

On th e othe r  hand ,  "distributed "  connec -

tionis t  system s (Hinto n &  Anderson ,  1981 , 

McClellan d &  Rumelhart ,  1986) ,  i n whic h a 

knowledg e leve l  semantic s i s ascribe d onl y t o 

pattern s o f  activit y o f  a  larg e numbe r  o f  units , 

presen t  difficultie s fo r  an y attemp t  t o assig n t o 

th e syste m th e typ e o f  forma l  semantic s require d 

of  physica l  symbo l  systems .  I n particular ,  th e 

forma l  leve l  o f  th e syste m (i.e .  th e interactio n o f 
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unit s vi a connections )  an d th e semanti c leve l 

(i.e .  th e interaction s o f  pattern s o f  activity )  d o no t 

correspond ,  no r  d o the y operat e accordin g t o 

th e sam e principles .  Whil e unit s obe y forma l 

input/outpu t  mie s (specifie d i n temn s o f  uni t  ac -

tivitie s an d connectio n strengths) ,  th e interactio n 

of  pattern s o f  activit y a s pattern s nee d no t  b e 

formal .  Ther e ar e variou s way s fo r  th e inter -

actio n o f  pattern s i n suc h system s t o generat e 

knowledg e leve l  behavior .  I n th e followin g sec -

tion s w e mak e thre e distinction s amon g dis -

tribute d connectionis t  systems :  rule-base d sys -

tems ,  wit h explicitl y  encode d njles ;  rule-followin g 

systems ,  wit h implicitl y  encode d mles ;  an d sys -

tems whos e behavio r  i s no t  strictl y rule -

following . 

3.1. Explicit Rules 

We firs t  examin e a  distribute d connectionis t 

syste m i n whic h th e interactio n o f  th e pattern s o f 

activit y i s  governe d b y explici t  mle s an d i s there -

for e formal .  Touretzk y an d Hinto n (1985 )  hav e 

develope d a  connectionis t  implementatio n o f  a 

productio n system .  Productio n memor y consist s 

of  set s o f  units ,  eac h dedicate d t o a  particula r 

production .  Th e unit s i n eac h se t  ar e wire d t o 

unit s whic h ar e activ e i n th e representatio n o f 

workin g memor y element s tha t  ar e matched , 

added ,  o r  delete d b y th e production .  Althoug h 

th e behavio r  o f  th e syste m ca n b e explaine d i n 

term s o f  interaction s betwee n individua l  units ,  a 

highe r  leve l  explanatio n makin g referenc e t o th e 

productio n rule s ca n b e used .  Furthermore ,  thi s 

explanatio n i s no t  jus t  a  wa y o f  speaking ;  i t  cor -

respond s directl y t o physica l  stnjcture .  Thi s i s 

jus t  wha t  Newel l  an d Simo n expec t  wil l  b e th e 

cas e fo r  an y intelligen t  system :  th e symt)o l  leve l 

may b e implemente d i n variou s technologies , 

but  i t  i s  a  real ,  necessar y syste m level .  Th e 

"Touretzk y tarpit "  (i n contras t  t o th e Turin g tarpit ) 

trap s thos e wh o gratuitousl y distinguis h thi s sys -

te m fro m symboli c one s b y attributin g 

psychologica l  importanc e t o it s underlyin g con -

nectionis t  basis .  I t  AS symbolic ,  an d an y theor y 

base d o n i t  coul d a s wel l  b e non-connectionist . 

3.2. implicit Rules 

I n contrast ,  a  connectionis t  syste m 

develope d b y Rumelhar t  an d McClellan d (1986 ) 

exhibit s rule-followin g behavio r  withou t  contain -

in g explici t  representation s o f  th e rules .  Th e 

tas k i s t o for m a  phonologica l  representatio n o f 

th e pas t  tens e o f  Englis h verb s fro m a 

phonologica l  representatio n o f  th e presen t  tens e 

form .  Linguist s typicall y mode l  thi s tas k wit h a 

larg e numbe r  o f  mles ,  whic h for m a  hierarch y o f 

exceptions ,  exception s t o exceptions ,  an d s o on . 

The mi e fo r  regula r  verb s consist s o f  addin g 

led/ .  Irregula r  verb s ma y b e groupe d accordin g 

t o othe r  mles ,  suc h a s changin g /ing /  t o /ang / 

{sing/sang) ,  changin g /d /  t o /t /  (buil d built) ,  etc . 

Instea d o f  usin g explici t  rules ,  Rumelhar t 

and McClelland' s syste m capture s th e mI e fol -

lowin g natur e o f  formin g pas t  tense s i n term s o f 

regularitie s betwee n th e substmcture s o f  th e 

phonologica l  code s o f  th e presen t  an d pas t 

tens e forms .  Thi s substmctur e i s represente d i n 

term s o f  th e activit y o f  a  se t  o f  units ,  eac h 

representin g a  context-sensitiv e tripl e o f 

phoneme feature s (calle d "Wickelfeatures "  i n th e 

spiri t  o f  Wickelphone s (Wickelgren ,  1969)) .  Th e 

importan t  characteristic s o f  thi s cod e ar e tha t  i t 

ca n sufficientl y discriminat e betwee n an y tw o 

Englis h verbs ,  an d tha t  i t  provide s a  natura l 

basi s fo r  generalization s t o emerg e abou t  wha t 

aspect s o f  a  presen t  tens e for m correspon d t o 

what  aspect s o f  th e pas t  tens e for m (Rumelhar t 

& McClelland ,  1986) . 

I n th e model ,  a  fixe d encodin g networ k con -

vert s th e actua l  phonologica l  representatio n o f 

th e presen t  tens e for m int o a  slightl y blurre d pat -

ter n o f  activit y ove r  a  larg e se t  o f  inpu t  units , 

eac h representin g a  particula r  Wickelfeature . 

Each inpu t  uni t  i s  connecte d t o eac h member  i n 

a simila r  se t  o f  outpu t  unit s fo r  representin g th e 

phonologica l  substmctur e o f  th e pas t  tens e 

form .  Th e activit y o f  th e outpu t  unit s i s the n 

decode d b y a  secon d fixe d networ k int o it s cor -

respondin g phonologica l  representation .  Th e 

goal  o f  th e networ k i s t o produc e i n th e outpu t 

unit s th e patter n o f  activit y representin g th e pas t 

tens e for m give n th e patter n o f  activit y ove r  th e 

inpu t  unit s fo r  th e presen t  tens e form .  Th e net -

wor k i s presente d wit h th e code s fo r  a  larg e 

number  o f  present/pas t  tens e pairs ,  an d a  learn -

in g algorith m modifie s th e strength s o f  th e con -

nection s betwee n th e inpu t  an d outpu t  unit s t o 

reduc e fo r  eac h pai r  th e differenc e betwee n th e 

correc t  phonologica l  representatio n an d th e on e 
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produce d b y th e network .  A s i t  learn s th e task , 

th e performanc e o f  th e networ k passe s throug h 

thre e importan t  stage s (whic h w e describ e 

below) ,  eventuall y producin g th e appropriat e 

rule-followin g an d exceptio n behavior ,  a s 

demonstrate d b y prope r  generalizatio n t o ver b 

pair s no t  s e e n i n th e training . 

T h e w a y i n whic h Rumelhar t  an d 

McClelland' s syste m produce s mle-followin g be -

havio r  violate s a n importan t  constrain t  o n th e 

stmctur e o f  a  physica l  symbo l  system ; 

processe s i n th e sys te m d o no t  hav e symbo l 

structure s whic h designat e them .  Regularitie s 

be twee n th e substmctur e o f  presen t  an d pas t 

tens e form s ar e encode d (i n connectio n 

strengths )  i n terni s o f  th e interactio n o f 

"microfeatures "  (i n thi s case ,  Wickelfeatures) . 

T h e presenc e o f  eac h microfeatur e i n th e inpu t 

representatio n provide s suppor t  fo r  s o m e 

microfeature s i n th e outpu t  representatio n whil e 

inhibitin g others .  T h e s e "'microinferences' "  allo w 

th e substructur e o f  th e inpu t  t o b e combine d i n 

ver y comple x an d subtl e w a y s t o produc e th e 

appropriat e substructur e fo r  th e output .  T h e ac -

tua l  semanti c mle s (whic h th e input/outpu t  ac -

tivit y pattern s ca n b e describe d a s following )  ar e 

nowhe r e state d explicitly ,  bu t  e m e r g e fro m c o m -

ple x interaction s a m o n g th e microinference s 

(Hinton ,  1981) . 

T h e lac k o f  explici t  m le s exclude s thi s sys -

t e m fro m th e clas s o f  physica l  symbo l  systems . 

Howeve r ,  rule-followin g connectionis t  system s 

ar e compatibl e wit h a  weake r  versio n o f  th e 

P S S H.  I t  coul d stil l  b e maintaine d tha t  intel -

ligenc e ca n b e explaine d wit h a  rule-base d sys -

tem ,  regardles s o f  th e fac t  tha t  i t  i s  als o possibl e 

t o explai n intelligenc e i n term s o f  a  syste m 

whic h i s onl y njle-following .  Thi s correspond s t o 

interpretin g th e symbo l  leve l  primaril y a s a 

m e a ns o f  explainin g knowledg e leve l  behavior , 

an d no t  necessaril y a s th e m e a n s o f 

implementin g it . 

3.3. Not Rule-following 

A majo r  contributio n o f  Rumelhar t  an d 

McClelland' s syste m i s modelin g th e stage s tha t 

childre n pas s throug h i n acquirin g th e abilit y  t o 

for m pas t  tenses :  (1 )  a n initia l  stag e i n whic h al l 

pas t  tense s ar e learne d a s separat e words ;  (2 ) 

an intermediat e stag e i n whic h a n insufficien t 

number  o f  rule s ar e use d t o for m al l  pas t  tenses , 

resultin g i n overregularization ;  an d (3 )  a  fina l 

stag e i n whic h mor e an d mor e rule s ar e learned , 

so al l  know n verb s ar e handle d correctl y an d 

nove l  verb s generaliz e appropriately .  Whil e th e 

stage s ar e relativel y wel l  defined ,  th e transitio n 

fro m on e stag e t o anothe r  i s gradual ,  s o tha t  a t 

time s a  chil d ma y us e severa l  pas t  tens e form s 

of  th e sam e ver b i n th e sam e conversation . 

Suc h behavio r  i s difficul t  t o accoun t  fo r  usin g 

mles ,  bu t  i s  explaine d quit e elegantl y (i n term s 

of  competin g microinferences )  i n th e connec -

tionis t  model .  Whil e th e syste m ca n b e 

describe d a s followin g mle s onc e th e abilit y  t o 

for m pas t  tense s ha s bee n full y learned ,  th e sys -

te m viewe d a s evolvin g ove r  tim e canno t  b e 

give n a n adequat e forma l  symbo l  leve l 

explanation ,  an d henc e i s no t  a  symbo l  syste m 

eve n i n th e weake r  sens e describe d above . 

Of  course ,  a  rule-base d approac h wit h a 

ver y larg e se t  o f  highl y interacting ,  fine-graine d 

rule s whic h fir e i n paralle l  migh t  succee d i n 

reproducin g suc h grade d behavior. ^  I n general , 

mie-base d system s embod y symbo l  systems , 

and s o b y virtu e o f  thei r  universalit y the y are ,  i n 

principle ,  capabl e o f  reproducin g an y behavio r 

(th e Turin g tarpi t  argument) .  Ye t  a s th e com -

plexit y o f  suc h system s increases ,  i t  become s 

mor e an d mor e difficul t  t o giv e a  clea r  account , 

i n term s o f  th e tas k o r  environment ,  o f  wha t  a 

singl e mi e i s doing .  Mor e an d mor e o f  th e struc -

tur e o f  a  rul e depend s o n th e entir e se t  o f  mle s 

wit h whic h i t  interacts .  Th e syste m become s a 

les s an d les s parsimoniou s rule-base d explana -

tion ,  an d mor e an d mor e simila r  t o a 

microin f  erence-base d connectionis t  explanation . 

4. Limitations of Connectionist 

S y s t e m s 

The PSS H state s tha t  onl y symbo l  system s 
ar e capabl e o f  genera l  intelligence .  A s w e hav e 

s h o w n ,  ther e ar e connectionis t  system s tha t  ar e 

not  symbo l  system s eve n i n a  w e a k sense . 

Therefore ,  eithe r  th e P S S H i s false ,  o r  connec -

tionis t  system s o f  thi s typ e canno t  b e extende d 

Î n fact ,  th e evolutio n o f  larg e exper t  systems ,  suc h a s R 1 
(McDermott ,  1982 ,  Bachan t  &  McDermott ,  1984) ,  seem s t o 
lea d i n thi s direction . 
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fro m limite d domain s t o genera l  intelligence .  W e 

conten d tha t  non-symboli c connectionis t  sys -

tems ar e limite d wit h respec t  t o symbo l  systems : 

the y ar e no t  universal ,  an d henc e lac k th e 

flexibilit y  t o potentiall y  carr y ou t  an y possibl e be -

havior . 

Any computationa l  syste m i s implemente d 

by wha t  Pylyshy n (1980 )  call s th e functiona l 

architecture ;  "th e fixe d functiona l  capacitie s 

provide d b y th e biologica l  substrate...ou t  o f 

whic h cognitiv e processe s ar e composed. " 

Pylyshy n (1984 )  argue s tha t  th e essentia l  dif -

ferenc e betwee n connectionis t  system s an d 

symbol  system s hinge s o n significan t  dif -

ference s i n thei r  functiona l  architectures .  I n a 

symbol  system ,  a n unbounde d numbe r  o f  sym -

bol s ma y b e manipulate d b y a  finitel y specifie d 

control .  I n a  connectionis t  system ,  al l  o f  th e 

knowledg e use d t o carr y ou t  a  proces s i s con -

taine d withi n a  finit e structure ;  contro l  an d dat a 

ar e no t  separate .  Th e unbounde d storag e 

capacit y tha t  underlie s th e universalit y o f  symbo l 

system s is ,  i n principle ,  no t  availabl e i n th e 

specificatio n o f  connectionis t  systems . 

It  coul d b e argue d tha t  i f  a n unbounde d poo l 

of  uncommitte d unit s wer e available ,  an d i f 

learnin g coul d tak e plac e durin g th e executio n o f 

an operation ,  the n i t  migh t  b e possibl e t o stor e a 

potentiall y  unlimite d amoun t  o f  knowledge . 

However ,  allowin g learnin g t o b e a  primitiv e 

operatio n o f  th e functiona l  architectur e woul d b e 

allowin g universalit y i n b y th e bac k door .  B y 

definition ,  th e capabilitie s o f  th e functiona l  ar -

chitectur e ar e fixed .  I n a  connectionis t  syste m 

learnin g i s a  metho d fo r  modifyin g th e functiona l 

architectur e an d canno t  b e controlle d a t  th e 

semanti c level . 

Yet  Touretzk y an d Hinton' s syste m ca n ad d 

a potentiall y  unbounde d amoun t  o f  knowledg e 

withou t  th e us e o f  learning .  Production s matc h 

clause s represente d i n claus e spaces ,  whic h ar e 

group s o f  unit s tha t  ca n represen t  on e claus e a t 

a time .  Th e clause s whic h correspon d t o stabl e 

pattern s ar e no t  determine d b y connectio n 

strengths ,  bu t  b y th e state s o f  unit s i n workin g 

memory space .  Connectionis t  system s requir e 

learnin g t o modif y weights ,  bu t  the y modif y 

state s durin g ordinar y operation .  Thu s i t  i s  pos -

sibl e i n thi s syste m t o stor e a n arbitrar y amoun t 

of  knowledg e i n workin g memor y an d hav e i t  ap -

propriatel y affec t  claus e retrieval .  Changin g th e 

state s o f  workin g memor y unit s i s don e b y th e 

productio n memor y units ,  s o universalit y ap -

pear s exactl y whe n th e divisio n betwee n contro l 

and dat a does . 

5. A Hybrid System 

We hav e see n ho w generalizatio n arise s 

naturall y i n non-symboli c connectionis t  system , 

but  tha t  suc h system s ar e limite d wit h respec t  t o 

th e universalit y o f  symbo l  systems .  I n orde r  t o 

determin e th e relativ e significanc e o f  thes e tw o 

approaches ,  i t  i s  necessar y t o characteriz e th e 

processe s tha t  mus t  b e accounte d fo r  b y a  com -

prehensiv e theor y o f  intelligence . 

Pylyshy n (1980 )  argue s tha t  th e clas s o f 

processe s tha t  psycholog y i s committe d t o ex -

plai n ar e thos e tha t  ar e "cognitivel y penetrable" ; 

processe s whos e functio n depend s o n th e 

agent' s belief s an d goal s i n meaningfu l  ways . 

Any functio n tha t  i s  cognitivel y impenetrabl e 

represent s a  fixe d primitiv e operatio n o f  th e 

functiona l  architecture .  B y definition ,  thes e 

primitiv e operation s ar e no t  symbolic .  There -

fore ,  i t  i s  possibl e t o suppos e that ,  fo r  example , 

pas t  tens e formatio n i s primitive .  I n general ,  an y 

proces s foun d t o requir e a  non-symboli c ex -

planatio n ma y b e relegate d t o th e functiona l  ar -

chitecture .  However ,  i f  to o muc h o f  cognitio n i s 

swept  unde r  th e primitiv e mg ,  ther e i s nothin g 

lef t  fo r  a  theor y o f  intelligenc e t o do :  psycholog y 

becomes trivial . 

Pylyshy n claim s tha t  al l  cognitivel y 

penetrabl e processe s ar e symbolic .  W e believ e 

tha t  processe s lik e pas t  tens e formatio n ar e bot h 

cognitivel y penetrabl e an d bes t  carrie d ou t  non -

symbolically . 

Therefore ,  w e clai m tha t  a  comprehensiv e 

theor y o f  intelligenc e wil l  requir e bot h symboli c 

and non-symboli c processes .  Th e relativ e 

strength s an d weaknesse s o f  connectionis t  an d 

symboli c approache s suggest s a  natura l  divisio n 

of  labo r  withi n suc h a  hybri d system .  A  larg e 

collectio n o f  task-specifi c  connectionis t  module s 

woul d carr y ou t  overiearne d processe s unde r 

th e executiv e contro l  o f  a  flexibl e symbo l  sys -

tem.  Th e fac t  tha t  thi s divisio n i s aligne d wit h a 

number  o f  classi c dichotomie s use d t o charac -
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teriz e variou s aspec t s o f  cognitio n (e.g . 

"controlle d vs .  autonnatic "  (Shiffri n &  Schneider , 

1 9 7 7 ) ,  "centra l  vs .  peripheral "  (Fodor ,  1983) ) 

sugges t s tha t  i t  m a y reflec t  a  rea l  structura l 

propert y o f  th e cognitiv e architecture . 

6. Conclusion 

We hav e show n tha t  ther e ar e connectionis t 

system s whic h generat e knowledg e leve l  be -

havio r  bu t  fal l  outsid e Newel l  an d Simon' s 

characterizatio n o f  physica l  symbo l  systems . 

The clai m o f  th e Physica l  Symbo l  Syste m 

Hypothesi s tha t  symbo l  processin g i s necessar y 

fo r  intelligenc e implie s tha t  suc h system s canno t 

be extende d fro m simpl e domain s t o genera l  in -

telligence .  T h e lac k o f  universalit y o f  non -

symboli c connectionis t  system s support s th e 

clai m tha t  s o m e symboli c processin g i s  neces -

sar y fo r  intelligence . 

On th e othe r  hand ,  non-symboli c connec -

tionis t  systems ,  lik e Rumelhar t  an d 

McClelland's ,  provid e a  m o r e satisfactor y ex -

planatio n o f  certai n aspect s o f  cognitio n tha n d o 

symbo l  systems .  Thi s support s th e clai m o f  th e 

connectionis t  approac h tha t  implementatio n 

detail s ar e importan t  t o understandin g cognition , 

an d i s  incompatibl e wit h th e clai m o f  th e P S S H 

tha t  symbo l  processin g i s  sufficien t  fo r  genera l 

intelligence .  I t  i s  strikin g an d perhap s quit e sig -

nifican t  tha t  wha t  i s  natura l  fo r  eac h approac h i s 

quit e difficul t  an d unwield y i n th e other .  A  theor y 

of  intelligenc e incorporatin g bot h connectionis t 

an d symboli c componen t s woul d b e mor e 

capabl e tha n eithe r  approac h alon e o f  integrat -

in g th e variou s aspect s o f  cognitio n int o a  com -

prehensiv e explanatio n o f  intelligen t  behavior . 
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A B S T R A CT 

A computationa l  mode l  o f  a  moto r  progra m generato r  (MPG)  fo r 
horizonta l  pursui t  ey e movement s (PEM )  i s proposed .  Th e MPG mode l 
consist s o f  tw o neural  network s (velocit y  maps) .  Neuron s ar e 
arrange d i n a  singl e circula r  laye r  wit h lattic e structur e an d 
connecte d onl y t o thei r  immediat e neighbors .  Durin g PE M on e o f 
th e tw o map s alway s feature s a n activit y pea k (AP )  whic h travel s 
wit h constan t  velocit y fro m on e neuro n t o th e next .  A  memor y trac e 
of  th e mos t  recen t  portio n o f  th e trajector y i s create d b y mean s 
of  a  temporar y increas e o f  th e interneurona l  connectivit y strengt h 
betwee n previousl y activate d neurons .  Thi s nove l  MPG mode l  ma y b e 
usefu l  fo r  designin g paralle l  processor s fo r  moto r  contro l  o f 
robots . 

INTRODUCTION 

The ne w area s o f  Cognitiv e Science ,  Artificia l  Intelligence ,  an d Robotic s 
shar e a  conmo n interes t  wit h Neuroscienc e i n th e variou s topologica l  (structu -
ral )  an d functiona l  principle s o f  th e primat e centra l  nervou s system ,  whic h 
use s th e genera l  concep t  o f  paralle l  processin g an d a  hierarchica l  organiza -
tio n o f  numerou s neura l  maps .  On e importan t  functio n o f  th e primat e brai n tha t 
has concerne d neuroscientist s fo r  man y year s i s Moto r  Control .  Assumin g th e 
predominantl y accepte d vie w i s correc t  tha t  movement s i n primate s ar e base d o n 
internall y generate d moto r  program s rathe r  tha n o n reflector y response s t o 
sensor y stimuli ,  th e fundamenta l  an d stil l  ope n questio n is :  Ho w ar e moto r 
progra m generator s (MPG)  (whic h certainl y consis t  o f  neuron s an d synapses ) 
designe d i n detai l  t o contro l  th e moto r  activit y tim e course s o f  variou s set s 
of  muscle s fo r  speec h movements ,  ey e movements ,  o r  lim b movements ? 

Neithe r  neurophysiologica l  no r  neuroanatomica l  researc h ha s s o fa r  bee n 
abl e t o offe r  answer s o r  eve n plausibl e hypothese s regardin g th e architectur e 
and dynamic s o f  moto r  progra m generators ,  althoug h a n enormou s amoun t  o f  dat a 
has bee n compile d (Mile s &  Evarts ,  1979 ;  Tatto n &  Bruce ,  1981) .  On e possibl e 
exceptio n i s th e generatio n o f  locomotio n program s a t  th e leve l  o f  th e spina l 
cor d (Grillne r  &  Wall§n ,  1985 ;  Herma n e t  al. ,  1976 ;  Mille r  &  Scott ,  1977) .  B y 
means o f  cognitiv e modellin g severa l  group s hav e recentl y begu n t o identif y 
th e proble m o f  moto r  progra m generatio n an d t o searc h fo r  neura l  network s wit h 
appropriat e paralle l  processin g feature s (Anderson ,  1983 ;  Arbib ,  1981 ;  Feldma n 
& Ballard ,  1982) . 

The presen t  stud y lead s t o a  proposa l  o f  a  MPG fo r  pursui t  ey e movement s 
(PEM) .  Thi s MPG mode l  wa s develope d o n th e basi s o f  extensiv e singl e uni t 
studie s an d accompanyin g lesionin g an d neuroanatomica l  studie s o n th e pursui t 
contro l  syste m i n traine d monkey s (Macac a fascicularis) .  Accordingly ,  th e 
necessar y assumption s concernin g th e networ k topolog y an d dynamic s o f  th e MPG 
model  ar e neurophysiologicall y plausibl e o r  eve n supporte d b y direc t  neurophy -
siologica l  evidence . 
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Retin a 
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FIG .  1 :  Mode l  o f  th e oculomoto r  pursui t  syste m i n primate s fo r  horizonta l  pur -
sui t  o f  th e righ t  ey e (OD) .  5TT :  spatio-tempora l  translation ;  MPG:  moto r 
progra m generation ;  NI :  neura l  integration .  Details ,  se e text .  Inse t  botto m 
left :  relationshi p betwee n positio n erro r  r ,  ey e velocit y t o th e righ t  0n ,  an d 
ey e positio n Sn . 

A) Neurophysiological, Neuroanatomical. and Behavioral PEM Data 
PEM i n th e horizonta l  hea d plan e (obliqu e o r  vertica l  PE M ar e assume d t o b e 

generate d b y additiona l  signal s fro m a  vertica l  PE M system )  i n pursui t  o f 
maneuverabl e o r  predictabl e (e.g .  sinusoidal )  movin g target s agains t  a  homoge -
neou s backgroun d continuousl y minimiz e th e positio n erro r  r  betwee n th e cente r 
of  th e fove a centrali s o n th e retin a an d th e retina l  targe t  projection .  PE M 
approximatel y yield s a  continuou s fixatio n o f  th e movin g targe t  fo r  th e pur -
pose s o f  patter n recognitio n (Eckmiller ,  1981 ;  Eckmiller ,  1986a) .  PE M ca n 
follo w a  continuou s tim e cours e withou t  larg e correctiona l  saccadi c ey e move -
ment s a s long^ ^  a s targe t  velocit y S| .  i s  les s tha n +  5 0 deg/se c a t  targe t 
acceleration s *8 ^  belo w +  25 0 deg/sec^ .  Thes e maxima l  value s impl y tha t 
sinusoida l  PE M a t  a n amplitud e o f  1 0 de g wil l  b e possibl e fo r  frequencie s u p 
t o a t  leas t  0. 8 H z (Eckmiller ,  1983 ;  Eckmille r  &  Mackeben ,  1978) . 

Recen t  neurophysiologica l  studie s i n traine d monkey s reveale d tha t  PE M mus t 
be controlle d b y tw o MPG fo r  ey e velocit y t o th e lef t  h ^  an d t o th e righ t  ^^ . 
Thes e tw o separat e velocit y signal s ar e probabl y represente d b y tw o cluster s 
of  pursui t  neuron s (PU )  clos e t o th e abducen s nucle i  i n th e brai n ste m (Eck -
miller ,  1983 ;  Eckmille r  &  Bauswein ,  1985) .  I n fact ,  al l  oculomoto r  contro l 
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signals at the pre-motor level exist only as eye velocity signals and have to 
be transforme d int o ey e positio n tim e course s b y mean s o f  a  neura l  integrato r 
(Eckmiller ,  1986b ;  Robinson ,  1981) . 
B)  Concep t  o f  th e MPG mode l 

The MPG mode l  consist s o f  tw o neura l  network s (velocit y  maps) ,  whic h repre -
sen t  a  continuu m o f  velocit y value s h ^  an d 6 l  respectively ,  a s location s o n 
th e ma p wit h zer o i n th e cente r  an d increasin g velocit y (u p t o 5 0 deg/sec )  a t 
increasin g radiu s R .  Th e onl y inpu t  t o eac h MPG networ k come s fro m S T neuron s 
(Eckmiller ,  1983 )  tha t  carr y th e positio n erro r  r  t o th e cente r  neuro n C . 
Fig .  1  show s tha t  positiv e value s o f  r  activat e th e lef t  S T neuron .  It s outpu t 
i s proportiona l  t o '< § i n th e sens e tha t  i t  cause s a  chang e o f  9 ^  tha t  i s 
generate d b y th e MPG network .  I f  r  become s negative ,  the n th e S T neuro n o n th e 
opposit e sid e i s activate d an d inhibit s th e cente r  neuro n i n th e lef t  MPG 
networ k whil e excitin g th e cente r  neuro n i n th e righ t  network . 
C)  Networ k Topolog y 

Neuron s ar e arrange d i n a  singl e circula r  laye r  wit h lattic e structur e an d 
connecte d onl y t o thei r  immediat e neighbor s a s indicate d i n Fig .  2 . 

t(msec ) 

FIG.  2 :  Spatia l  distributio n o f  neuron s i n th e MPG network .  Horizonta l 
connection s follo w circle s abou t  th e center -  Activit y peck ,  whic h i s presentl y 
(se e larg e arro w o n th e tim e scale )  locate d a t  th e centra l  neuro n {fille d 
circle )  o f  thi s networ k portion ,  ha d travelle d fro m th e lef t  an d i s abou t  t o 
move downward s becaus e o f  th e sudde n acceleratio n increas e (tim e cours e a t  th e 
top) .  Th e potentia l  gradien t  i s indicate d b y (++) ,  (+) ,  an d {-) .  { — ) . 
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Potential Field P(R,e) 
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FIG. 3: Potential field P{R,^) along a cross section of the MPG map through 
th e cente r  a t  thre e differen t  value s o f  th e inpu t  signa l  (+'0* ,  0 ,  - ^ ) .  Absciss a 
give s th e radiu s R  a s th e numbe r  o f  neuron s fro m th e cente r  a s wel l  a s th e ey e 
velocit y 6(deg/sec )  wit h a  possibl e non-linea r  scale .  Th e activit y pea k A P i s 
abou t  t o trave l  toward s th e peripher y du e t o th e potentia l  gradient . 

The connectivity strength c of tangential (horizontal in Fig. 2) connections 
c ^  an d radia l  connection s Cj .  ar e initiall y  constant ,  whereb y c ^  i s slightl y 
large r  (indicate d b y a  continuou s line )  tha n c ^  (indicate d b y a n interrupte d 
line) .  Thi s arrangemen t  give s a  sligh t  preferenc e t o activit y movement s alon g 
a tangentia l  trajectory .  Th e tim e cours e a t  th e to p o f  Fig .  2  indicate s a n 
abrup t  chang e i n 8  jus t  befor e th e movemen t  (larg e arrow )  a t  whic h th e distri -
butio n o f  connectivit y strengt h betwee n th e neuron s an d th e activit y stat e o f 
eac h neuro n i s indicated .  Th e activit y stat e o f  eac h neuro n i s give n b y it s 
potentia l  P ,  whic h i s initiall y  constan t  throughou t  th e network . 

Fig .  3  indicate s th e potentia l  fiel d P(R,8 )  o f  th e MPG networ k i n a  cros s 
sectio n throug h th e center .  Th e absciss a give s tw o possibl e an d plausibl e 
scales :  th e radiu s R  is,measure d b y th e numbe r  o f  neuron s fro m th e center ;  th e 
ey e velocit y signa l  0  ca n hav e a  non-linea r  scal e alon g th e radiu s R  a s 
exemplifie d i n Fig .  3 .  Th e topolog y ca n b e change d b y th e inpu t  signa l  t o th e 
cente r  neuro n ^  a s indicate d i n Fig .  3  fo r  severa l  neuron s a t  a  positiv e (+^ ) 
and negativ e (-*6 )  acceleratio n value .  Th e potentia l  fiel d P(R,^ )  o f  al l  neu -
ron s i s analogou s t o a  fla t  circula r  membran e whos e cente r  ca n b e pushe d u p o r 
down b y a n amoun t  proportiona l  t o th e retina l  positio n erro r  r .  Th e activit y 
pea k (AP )  wil l  b e discusse d later . 
D)  Networ k Dynamic s 

Durin g PE M on e o f  th e tw o MPG networks ,  whic h ar e connecte d i n a  push-pul l 
fashio n (Fig .  1 ) ,  alway s feature s a n activit y pea k (AP )  whic h travel s wit h 
constan t  velocit y V j  fro m on e neuro n t o th e next .  Th e shap e o f  th e potentia l 
fiel d define s whethe r  A P travel s i n a  circl e ( 6 =  constant )  i n cas e o f  ^  =  0 , 
toward s th e peripher y ( 6 increase )  o r  toward s th e cente r  ( 6 decrease) .  Th e 
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topolog y o f  th e networ k assure s tha t  onl y on e A P ca n exis t  a t  a  t im e an d tha t 

AP alway s travel s wit h V j  =  constant . 

Thes e tw o postulate s ar e neurophysiologicall y plausibl e an d ca n b e simulate d 

wit h littl e ef for t .  Th e constan t  trave l  velocit y o f  A P represent s a  l inea r 

passag e o f  rea l  t ime ,  whic h i s a n essentia l  featur e o f  an y generato r  o f  t im e 

functions .  A P i s indicate d i n Fig .  2  a s th e fi l le d circl e neuron .  Thi s f igur e 

als o show s tha t  th e connectivit y strengt h o f  th e mos t  recentl y act iv e connec -

tion s i s temporari l y  increased ,  a s indicate d b y th e numbe r  o f  connect io n 

lines .  A P cam e alon g a  circl e (horizonta l  lin e i n Fig .  2 )  fro m th e lef t  a t  a 

suggeste d trave l  velocit y o f  V j  =  5  mse c pe r  jum p betwee n neighborin g neuron s 

P(R,3 )  Righ t  P(R,3 ) Lef t 

R-̂ Go 

0. 4 s 

0. 6 s 

Memory Trac e 

0. 8 s 

1. 0 s 

FIG .  4 :  Potentia l  field s P(R,^ )  o f  th e tw o MPG network s fo r  generatio n 

of  ey e velocit y tim e course s t o th e righ t  (9r )  an d t o th e lef t  (oĵ )  a t  fou r 

differen t  t imes .  A t  0. 4 se c th e activit y pea k A P i s travellin g i n a  circl e 

sinc e th e potentia l  fiel d i s f lat .  A t  0. 6 se c A P travel s toward s th e peripher y 

and a t  0. 8 se c toward s th e center .  A t  1. 0 se c A P ha s alread y lef t  th e ma p fo r 

6r ,  an d i s travellin g o n th e othe r  map -  Not e tha t  th e potentia l  field s o f  bot h 

maps ar e alway s identica l  excep t  fo r  th e sign .  Th e mos t  recen t  trajector y i s 

temporaril y  existen t  a s a  memor y trace . 
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at P(R,'6*) = constant, when ^ changed suddenly from zero to a positive value. 
Thi s chang e le d t o th e occurrenc e o f  a  potentia l  gradien t  a s indicate d i n 
Fig .  2 .  A P wil l  no w trave l  toward s th e periphery .  Dependin g o n th e siz e o f  th e 
potentia l  gradient ,  A P ca n trave l  always ,  o r  onl y occasionall y toward s mor e 
periphera l  (o r  central )  neurons ,  thereb y generatin g trajectorie s wit h varyin g 

curvatur e o n th e velocit y map .  Alternatin g phase s o f  Qj ^  an d 6 ^  ^^ ^  f"̂ ^ ® 
possibl e b y repeate d transfer s o f  A P fro m th e cente r  neuro n o f  on e ma p t o tha t 
of  th e other . 

A memor y trac e o f  th e mos t  recen t  portio n o f  th e trajector y i s create d b y 
means o f  a  temporar y increas e o f  th e connectivit y strengt h a s alread y men -
tioned .  A  smal l  portio n o f  suc h a  memor y trac e i s indicate d i n Fig .  2 .  Fig .  4 
give s th e event s o n bot h map s includin g th e locatio n o f  A P a t  fou r  differen t 
time s an d th e graduall y increasin g lengt h o f  th e memor y trace . 
Severa l  feature s ar e noteworth y wit h regar d t o Fig .  4 : 
a)  Trajectorie s o n a  ma p alway s star t  an d en d i n th e center , 
b)  th e topolog y o f  bot h network s change s i n opposit e direction s whe n '( S change s 

fro m zer o t o a  positiv e o r  negativ e value . 
c )  I t  i s  assume d tha t  A P travel s awa y fro m th e cente r  i n th e sam e angula r 

directio n unde r  simila r  potentia l  fiel d conditions . 
d)  Th e memor y trac e graduall y fade s wit h a  tim e constan t  o f  abou t  1  sec . 

Give n a  smal l  potentia l  gradien t  toward s th e center ,  A P ca n b e pulle d ou t 
of  a  wea k memor y trac e an d trave l  toward s th e cente r  i n a  spira l  afte r 
targe t  disappearance . 

Thi s memor y trac e i s use d a s explanatio n fo r  th e neura l  predicto r  mechanis m 
(Eckmille r  &  Mackeben ,  1978 ;  Westheimer ,  1954) .  Onc e a  memor y trac e exist s i t 
ca n b e use d t o reduc e th e amoun t  o f  necessar y updatin g (positio n erro r  sig -
nals )  durin g periodica l  pursui t  movements ,  whic h ar e generate d b y repeate d 
generatio n o f  th e sam e tw o velocit y trajectorie s o n bot h maps .  I n suc h a  cas e 
sudde n an d temporar y targe t  disappearanc e episode s ca n b e bridge d sinc e A P 
simpl y follow s th e memor y trac e i n th e absenc e o f  a  retina l  input . 

DISCUSSION 

The ke y featur e o f  th e propose d MPG mode l  i s th e existenc e o f  a n activit y 
pea k A P whic h travel s wit h constan t  velocit y o n a  neura l  ma p alon g a  modifi -
abl e trajector y (Eckmiller ,  1986c) .  Thi s MPG mode l  ma y als o prov e applicabl e 
t o lim b movement s i n additio n t o ey e movements .  A  compariso n o f  th e mode l  wit h 
th e technica l  solution s tha t  ar e presentl y availabl e fo r  generatin g variou s 
movement  trajectorie s (includin g trajector y learning ,  memory ,  an d prediction ) 
indicate s tha t  i t  ma y b e use d fo r  designin g paralle l  processor s fo r  moto r 
contro l  o f  robots . 

I t  i s  eviden t  tha t  th e neura l  networ k a s propose d fo r  th e MPG canno t  b e 
detecte d b y mean s o f  singl e uni t  recordings .  Simultaneou s recording s fro m 
large r  ensemble s o f  neurons ,  however ,  ma y b e abl e t o monito r  a n A P a s i t 
travel s ove r  th e map . 

Desire d velocit y trajectorie s ca n b e permanentl y store d b y mean s o f  neuron s 
tha t  graduall y develo p connection s onl y t o thos e neuron s i n th e ma p tha t  ar e 
repeatedl y activate d b y a n A P durin g a  learnin g phas e (Eckmiller ,  1986c) . 
Thes e patter n retrieva l  (PR )  neuron s ca n late r  b e use d t o reactivat e a  stron g 
memory trac e wit h a  singl e activatio n burst . 
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operat e b y attachin g weight s t o a  prespecifie d networ k s o tha t  a  certai n 

functionalit y i s achieved .  Thi s i s th e classica l  credi t  assignmen t  problem . 

Thi s pape r  explore s a  constructiv e approac h t o connectionis t  learnin g 

wher e bot h a  networ k an d weight s mus t  b e generated .  I t  i s  argue d tha t  thi s 

i s a n easie r  proble m t o solv e an d i s sufficien t  fo r  m a n y application s sinc e 

networ k topolog y i s usuall y no t  a s importan t  a s functionality . 

Thre e algorithm s ar e presente d fo r  constructin g network s fro m trainin g 

examples .  A s cell s ar e adde d an d iteration s ar e made ,  eac h metho d pro -

duce s a  networ k havin g optima l  expecte d behavio r  (i.e .  i t  correctl y classifie s 

th e m a x i m u m numbe r  o f  trainin g example s possible )  wit h arbitraril y  hig h 

probabilit y  p  <  1 . 

Learnin g spee d fo r  thes e algorithm s i s currentl y bein g investigated . 
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I .  Introductio n 

A conmio n singl e cel l  connectionis t 

model  i s th e linea r  discriminan t  [Fishe r 

1936 ,  D u d a &  Har t  1973 ]  o r  perceptro n 

Rosenblat t  1961] .  A  linea r  discriminan t 

consist s o f  a  se t  o f  numerica l  weight s Wf . 

A n inpu t  vecto r  V  wit h component s o r 

"features "  <  Vi,...,V n >  i s classifie d int o 

on e o f  tw o categorie s (Tru e o r  False )  ac -

cordin g t o whethe r  th e weighte d sim i  o f  it s 

component s i s greate r  tha n som e thresh -

ol d W q (se e Figure s 1 ,  2) .  Linea r  dis -

criminant s an d perceptron s hav e bee n ex -

tensivel y studie d an d critique d [Minsk y & 

Paper t  1969] . 

Linear discriminants are quite pop-

ula r  fo r  practica l  application s suc h a s 

machin e vision ,  patter n recognition ,  an d 
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Outpu t  =  - I 

v ,  =  - i V2 =  0 V-,  =  - 1 

- I  }  I f  ^  V  w  {  <  w Outpu t  = 

Eigur g ) :  Linea r  Piscr iminan t 

Outpu t  o f  to p cel l  i s  - I  sinc e 

(-l)(-3 )  +  (0X4 )  +  (+IK-2 )  <  2 

Q 
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Eigure 2: Lingar Discriminant NetwcrK 

classification problems. There are well 

know n method s fo r  determinin g good ,  bu t 

sub-optimal ,  linea r  discriminan t  weights . 

Recentl y w e hav e develope d a  ne w meth -

od,  th e Pocke t  Algorithm ,  whic h give s op -

tima l  weight s wit h arbitraril y  hig h proba -

bilit y  an d appear s t o decreas e misclassifi -

cation s b y roughl y one-fift h ove r  standar d 

method s Th e Pocke t Gallan t  1985 b 

Algorith m i s als o importan t  becaus e i t 

serve s a s th e basi s fo r  th e networ k grow -

in g algorithm s t o b e discussed . 

While an individual discriminant has 

severa l  appealin g features ,  i t  ca n onl y rep -

resen t  a  smal l  subse t  o f  boolea n function s 

calle d separabl e function s (se e [Gallan t 

1985b)) .  Howeve r  a  networ k o f  linea r  dis -

criminant s (Figur e 2 )  ca n represen t  an y 

boolea n functio n o n n  boolea n variables . 

The problem of determining weights 

fo r  a  predetermine d networ k o f  cell s i s 

much harde r  tha n fo r  a  singl e cell .  Thi s 

i s th e classica l  credi t  assignmen t  prob -

le m identifie d b y Minsk y [1961] .  Recen t 

progres s o n thi s proble m ha s bee n m a d e 

by Bart o [1981 ,  1985] ,  C .  Anderso n [198 2 

Pear l  [1985a ,  1985 b 

to n f1984 a 

Sutto n [1984] ,  Hin -

198 5 and Rumelhar t  et .  al . 

Of  these ,  Rumelhart' s  Bac k Propagatio n 

Algorith m appear s mos t  promisin g wit h 

respec t  t o speed . 

n. The Constructive Approach 

Rathe r  tha n assumin g a  fixed  net -

wor k an d tryin g t o determin e appropri -

at e weight s fo r  it ,  on e o f  ou r  approache s 

has bee n t o determin e bot h networ k an d 

weight s i n orde r  t o achiev e th e desire d 

functionality .  Ther e ar e severa l  motiva -

tion s fo r  thi s constructiv e approach . 

First ,  th e constructiv e algorithm s t o 

be studie d alway s produc e (i n theory )  net -

work s an d weight s whic h correctl y classif y 

a m a x i m u m numbe r  o f  trainin g examples . 

(I f  ther e i s n o pai r  o f  contradictor y exam -

ples ,  al l  example s wil l  b e correctl y clas -

sified. )  Th e constructiv e proble m seem s 

easie r  t o solv e tha n th e fixed  proble m be -

caus e th e necessit y o f  realizin g a  solutio n 

i n a  fixed  networ k i s a n additiona l  con -

strain t  o n th e problem .  Thxi s th e require -

ment  o f  definin g a  networ k i s no t  a n adde d 

burden ,  i t  i s  a n extr a degre e o f  freedom . 
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Second ,  fo r  mos t  application s th e to -

polog y o f  th e fina l  networ k i s no t  vitall y 

importajit .  Usuall y i t  i s  mor e importan t 

t o hav e a  networ k an d weight s implement -

in g som e desire d functionzdit y tha n i t  i s 

t o hav e conformit y wit h som e prespecifie d 

structure .  Fo r  ou r  wor k wit h connection -

is t  exper t  system s [Gallan t  1985a] ,  func -

tionalit y i s m u c h mor e importan t  tha n 

networ k topology . 

Anothe r  reaso n t o examin e construc -

tiv e approache s i s spee d o f  learning .  Th e 

Boltzman n learnin g algorith m [Hinto n 

1984a ]  ha s largel y bee n abandone d be -

caus e o f  it s  slownes s (althoug h wor k wit h 

th e Boltzmaji n mode l  continue s t o b e 

fruitfu l  [Touretzk y &  Hinto n 1985 ,  Cot -

trel l  1985]) .  Rumelhart' s  Bac k Propaga -

tio n Algorith m appear s mor e promisin g 

wit h respec t  t o speed .  Nevertheles s th e 

prospec t  o f  a  fas t  learnin g metho d les s 

susceptibl e t o convergenc e problem s give s 

stron g impetu s fo r  explorin g constructiv e 

networ k algorithms . 

T h e abov e argument s motivat e th e 

developmen t  o f  constructiv e algorithm s 

an d comparison s wit h Bac k Propagatio n 

wher e appropriate . 

III. Algorithms for Generating 

We igh t s fo r  a  Singl e Discriminan t 

Generatin g weight s fo r  a  singl e linea r 

discriminan t  s o tha t  a  m a x i m u m numbe r 

of  trainin g example s ar e correctl y clas -

sifie d i s a  classica l  proble m reviewe d i n 

[Gallan t  1985 b 

th e situation : 

To quickl y summariz e 

1.  Perceptro B learnin g [RoBcnbUt t  1961 ,  Miask y 

<fe Paper t  1969 ]  work s fo r  separabl e problems , 

but  fail s  fo r  nonseparabl e problems . 

2.  Othe r  standar d method s solv e simila r  bu t  dif -

feren t  problems .  Usuall y the y produc e sub -

optima l  weight s fo r  non-separabl e problem s 

and frequentl y give s sub-optima l  weight s fo r 

separabl e problem s a s wel l  [Dud a &  Har t 

1973 ,  Kalec a 1980] . 

3.  Th e Pocke t  Algorith m [Gallan t  1985c ,  1985b ] 

solve s separabl e problem s i n £nit e tim e an d 

give s weight s fo r  non-separabl e problem s wit h 

an expecte d qualit y tha t  improve s a s th e 

number  o f  iteration s increases .  Th e proba -

bilit y  tha t  th e generate d weight s wil l  b e opti -

mal  approache s 1  a s th e numbe r  o f  iteration s 

grows .  Initia l  compariso n wit h a  standar d 

metho d (Wilks *  method )  gav e a  roug h esti -

mat e o f  a  2 0 % decreas e i n misclassiScation s 

usin g th e Pocke t  Algorithm . 

Th e algorithm s fo r  generatin g singl e 

discriminant s ar e importaji t  i n thei r  ow n 

righ t  du e t o thei r  heav y us e i n applica -

tion s suc h a s machin e visio n an d patter n 

recognition .  The y ar e als o importan t  be -

caus e the y zx e par t  o f  algorithm s tha t 

generat e networks . 

rV. Constructive Algorithms 

Fo r  N e t w o r k Learnin g 

We shal l  briefl y describ e thre e con -

structiv e algorithm s fo r  networ k gener -

ation :  th e Towe r  Construction ,  th e In -

verte d Pyrami d Construction ,  an d th e 

Distribute d Method .  I t  shoul d b e note d 

tha t  ther e ar e a  numbe r  o f  additiona l  vari -

ation s t o thes e method s whic h m a y hav e 

importan t  effect s o n performance . 

1.  T h e T o w e r  Constructio n 

Thi s metho d construct s a  linea r  dis -

criminan t  networ k i n th e for m o f  a  towe r 

(Figur e 3) .  Cell s ar e adde d on e b y on e 
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OwtPil t 
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Eigur e 3 :  Towe r  ConslrLictio n 

QutBut 

nputg ; 

Figur e 4 :  Inverte d Pyrami d Constructio n 

Key: 

O C e l l  wll h coefficient s bein g modifie d 
by Pocke t  Algorith m 

Cel l  wit h fixe d coefficient s 

and connecte d t o th e origina l  input s an d 

t o th e previou s cel l  a s i n Algorith m 1 . 

It can be shown that with arbitrar-

il y  hig h probabilit y  p  <  1 ,  th e Towe r 

Constructio n wil l  produc e a  networ k tha t 

correctl y classifie s a  m a x i m u m numbe r 

of  trainin g example s (se e [Gallantl986]) . 

Furthermore ,  th e outpu t  fro m eac h leve l 

wil l  correctl y classif y a  greate r  numbe r  o f 

trainin g example s tha n th e outpu t  fro m 

th e previou s level .  Thi s guarantee s theo -

retica l  convergenc e t o a  networ k wit h op -

tima l  performanc e fo r  th e se t  o f  trainin g 

examples ,  a s contraste d wit h othe r  ap -

proache s (suc h a s gradien t  descen t  meth -

ods )  whic h m a y fai l  t o find  a n optima l  net -

work . 

1.  Construc t  a  goo d (preferabl y optima,l )  se t  o f 

coefScient s fo r  a  singl e linea r  discriminant , 

Di .  I f  al l  (o r  th e msLximu m numbe r  possible ) 

of  th e trainin g example s ar e correctl y classi -

Bed,  w e ar e done .  Otherwis e freez e th e coef -

Scient s  fo r  Dj . 

2. Construct a good (preferably optimal) set of 

coefficient s  fo r  linea r  discriminan t  Dn+ 1 hav -

in g input s from  th e trainin g example s an d 

fro m dbcriminan t  D n (se e Figur e 3) .  I t  ca n 

be show n tha t  Dn+ i  ca n correctl y classif y a 

greate r  numbe r  o f  trainin g example s tha n Dn -

Freez e th e coefficient s fo r  Dn+i -

3. Repeat step 2 a hnite number of times un-

ti l  al l  (o r  th e maximu m numbe r  possible )  o f 

trainin g example s ar e correctl y classihed . 

Algorithm 1: Tower Construction 

Whil e onl y preliminar y test s hav e 

bee n m a d e wit h thi s algorithm ,  on e o f 

the m i s particularl y interesting . 

The Parity function is a classical 

non-separabl e functio n whic h wil l  retur n 

tru e (+1 )  i f  a n od d numbe r  o f  it s  input s 

ar e +1 .  Otherwis e th e functio n return s 

fals e (-1) .  Fo r  2  input s th e Parit y func -

tio n i s th e sam e a s exclusive-OR .  I t  i s wel l 

know n tha t  a  networ k o f  2  cell s i s neces -

sar y an d sufficien t  t o represen t  exclusive -

O R (se e fo r  exampl e [Hinto n 1984a]) .  W e 

applie d th e Towe r  Constructio n t o th e 

Parit y proble m fo r  n = 3 wit h th e expec -

tatio n tha t  a  3  leve l  networ k woul d b e 
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QuLQUi 

/ • 
Inimts i 

Figur e 5 :  Towe r  Constructio n fo r  computin o parit y 

fijnctio n wit h thre e input? , 

Outpu t  i s -» 1 i f  a n od d numbe r  o f  Input s ar e +1 . 
Outpu t  i s - 1 i f  a n eve n numbe r  o f  input s ar e +1 . 
Note tha t  al l  input s en d output s ar e *  I  an d - 1 
(rathe r  the n •  1  an d 0) . 

Exampl e show s a n outpu t  o f  - 1 whe n tw o input s 
ar e *\ .  Th e outpu t  fro m th e lowe r  cel l  i s  als o 
- 1 fo r  thi s example . 

required to represent this function. To 

ou r  surprise ,  th e T o w e r  Constructio n pro -

duce d a  2  leve l  network !  Th e networ k i s 

give n i n Figur e 5 .  F ro m thi s constructio n 

i t  becam e clea r  tha t  a  towe r  coul d com -

put e th e Parit y functio n o n n  input s b y 

an 

•( n +  l)/ 2 

leve l  tower . 

2. The Inverted Pyramid Construc-

tio n 

The Inverted Pyramid Construction 

(Figur e 4 )  i s simila r  t o th e Towe r  Con -

struction ,  excep t  eac h ne w discriminan t 

see s output s fro m al l  previou s levels ,  no t 

jus t  th e immediatel y precedin g level .  O n e 

woul d expec t  tha t  fewe r  level s woul d b e 

neede d an d thi s woul d spee d u p networ k 

generation .  Howeve r  learnin g spee d m a y 

be adversel y affected ,  sinc e eac h leve l 

must  solv e a  proble m i n a  spac e o f  highe r 

dimension s tha n i s th e cas e wit h th e 

Tower  Construction .  Thi s i s currentl y un -

der  investigation . 

3.  T h e Distribute d M e t h o d 

Th e Distribute d Metho d i s a  con -

structiv e approac h whic h m a y als o b e 

viewe d a s a  fixed  networ k approach .  Th e 

basi c ide a o f  th e Distribute d Metho d i s 

illustrate d i n Figur e 6 .  A  laye r  o f  man y 

discriminant s wit h fixed,  rando m coeffi -

cient s i s specified ,  afte r  whic h learnin g 

take s plac e fo r  th e singl e cel l  o n top .  I f 

enoug h cell s hav e bee n adde d the n an y 

functio n wil l  becom e separabl e [Minsk y i c 

Paper t  1969] ,  bu t  familie s o f  som e func -

tion s m a y requir e a n exponentia l  numbe r 

of  adde d cell s fo r  a  perfec t  representa -

tion .  O n th e othe r  han d ou r  initia l  test -

in g ha s indicate d tha t  n  trainin g exam -

ple s ca n usuall y b e correctl y classifie d b y 

a rando m laye r  wit h | n t o 2 n adde d cells . 

Th e adde d cell s produc e a  distribute d rep -

resentatio n fo r  an y inpu t  [Hinto n 1984b , 

Touretzk y &  Hinto n 1985 ,  Bloo m 197 0 

sinc e th e patter n o f  cell s i n th e adde d laye r 

i s mor e importan t  tha n an y singl e cell . 

A n importan t  poin t  her e i s tha t  ran -

d o m linea r  discriminant s mak e u p th e 

adde d laye r  rathe r  tha n rando m boolea n 

functions .  Thi s i s intende d t o promot e ro -

bustnes s o f  th e resultin g system ,  sinc e a n 

inpu t  V  an d a  clos e trainin g exampl e V * 

shoul d bot h produc e simila r  pattern s i n 

th e adde d layer .  Thi s i n tur n woul d mak e 

i t  likel y tha t  th e to p cel l  woul d giv e iden -

tica l  output s fo r  V  an d V* .  Howeve r  i f 

rando m function s ha d bee n use d fo r  th e 

adde d layer ,  V  an d V *  woul d produc e to -
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tall y  uncorrelate d output s regardles s o f 

thei r  similarit y (unles s V  an d V *  wer e 

identical) .  Th e pric e t o b e pai d fo r  thi s 

attemp t  a t  robustnes s i s tha t  th e adde d 

laye r  wil l  requir e mor e cell s t o achiev e sep -

arabilit y  tha n i f  strictl y rando m booleeo i 

function s ha d bee n employed . 

A major advantage of the Distributed 

Metho d i s tha t  th e sam e adde d laye r  ca n 

he use d equall y wel l  b y differen t  to p cell s 

fo r  computin g totall y differen t  functions . 

Once w e inves t  i n a n adde d layer ,  i t  i s 

availabl e fo r  ever y futur e task .  Suc h a n 

architectur e i s wel l  suite d fo r  cell s whic h 

ar e independen t  an d asynchronou s an d i t 

require s fewe r  coefficient s t o b e leaxne d 

tha n mos t  othe r  models .  Thi s structur e 

i s a n ol d bu t  appealin g ide a motivate d b y 

neura l  system s an d th e difficult y o f  pass -

in g larg e amount s o f  informatio n geneti -

cally .  Sinc e w e no w hav e a t  leas t  on e rea -

sonabl e algorith m whic h work s wit h non -

separabl e dat a (th e Pocke t  Algorithm ) 

and th e abilit y  t o enhanc e functionalit y 

by employin g th e Towe r  o r  Inverte d Pyra -

mi d Construction s abov e th e adde d laye r 

of  fixe d rando m cells ,  thi s ide a i s wort h 

explorin g again . 

Space limitations preclude a more 

thoroug h examinatio n o f  th e Distribute d 

Metho d here .  Th e reade r  i s referre d t o 

Gallan t  1986 1 fo r  additiona l  details . 

V .  Discussio n a n d S u m m a r y 

We hav e presente d thre e constructiv e 

algorithm s fo r  generatin g connectionis t 

network s fro m trainin g examples .  Th e 

Tower  an d Inverte d Pyrami d Construc -

tion s giv e optima l  performance ,  afte r  a  fi-

nit e numbe r  o f  level s hav e bee n adde d an d 

afte r  sufficien t  iterations ,  wit h arbitraril y 

hig h probability .  Eac h leve l  perform s bet -

te r  tha n th e previoii s  leve l  i n term s o f  cor -

rec t  classifications . 

Th e Distribute d Metho d als o give s op -

tima l  performanc e fo r  a  se t  o f  trainin g ex -

ample s wit h arbitraril y  hig h probability , 

provide d ther e ar e sufficien t  cell s i n th e 

adde d layer . 

Al l  thre e method s ar e robus t  i n th e 

sens e tha t  a n exampl e whic h i s sufficientl y 

simila r  t o a  trainin g exampl e wil l  b e clas -

sifie d th e sam e a s tha t  trainin g example , 

du e t o th e genera l  behavio r  o f  linea r  dis -

criminants . 

Th e performanc e o f  thes e algorithm s 

i s jus t  beginnin g t o b e investigated .  How -

eve r  th e Towe r  Constructio n ha s bee n in -

corporate d int o th e networ k generatio n 

phas e fo r  th e M A C I E syste m fo r  gener -

atin g exper t  system s [Gallan t  1985a ]  an d 

has demonstrate d reasonabl e spee d an d 

performanc e fo r  severa l  problems .  Mor e 

testin g an d practica l  experienc e i s neede d 

t o full y  evaluat e thes e algorithms . 
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A N E U R A L S I M U L A T I O N O F 

C L A S S I C AL C O N D I T I O N I N G I N A P L Y S I A 

Howard N. Henry 

Informatio n an d Compute r  Scienc e Departmen t 

Universit y o f  Californi a — Irvin e 

Psychological research into behavioral conditioning of animals is some of the most 

advance d wor k o n learnin g available .  M a n y biologist s studyin g learning ,  o n th e othe r  hand , 

hav e focuse d o n th e processe s causin g change s i n th e strengt h o f  th e synapti c connection s 

betwee n neurons ,  an d thei r  researc h i s mos t  advance d i n invertebrate s suc h a s Aplysia . 

Relatin g th e observabl e behavio r  an d th e cellula r  processe s woul d hel p th e overal l 

understandin g o f  learning .  Recently ,  th e cellula r  mechanism s fo r  habituation ,  sensitization , 

and classica l  conditionin g hav e bee n postulate d fo r  th e defensiv e withdrawa l  refle x i n 

Aplysi a (Hawkin s &  Kandel ,  1984) . 

I t  woul d b e usefu l  t o tes t  thes e mechanism s t o establis h th e constrainin g limit s o n th e 

learnin g the y control .  Simulatin g a  mode l  o f  neura l  mechanism s i s ideall y suite d t o th e 

task ,  sinc e i t  allow s a  wid e rang e o f  controlle d interna l  configuration s t o b e teste d unde r 

a wid e rang e o f  controlle d externa l  condition s i n a  shor t  time . 

Already ,  a  neura l  simulatio n o f  thi s refle x ha s identifie d a  proble m i n producin g "block -

ing "  ,  i n whic h a n establishe d associatio n betwee n stimul i  prevent s formatio n o f  a n associ -

atio n wit h a  ne w stimulu s (Gluc k &  Thompson ,  1986) .  Anothe r  neura l  mode l  ha s show n 

th e implication s o f  blockin g an d conditione d inhibitio n o n anima l  processin g o f  stimul i 

durin g classica l  conditionin g experiment s (Bart o &  Sutton ,  1985) . 

Thi s pape r  explore s learnin g b y a  refle x i n Aplysi a i n respons e t o variation s i n contin -

genc y i n classica l  conditionin g presentations ,  usin g a  neura l  simulatio n model .  Th e mai n 

finding  i s tha t  th e learnin g i s extremel y sensitiv e t o eve n ver y smal l  change s i n parameter s 

suc h a s th e rat e o f  decremen t  o f  synapti c strengt h wit h habituation . 

THE DEFENSIVE WITHDRAWAL REFLEX IN APLYSIA 

I n mollusk s suc h a s Aplysia ,  a  respirator y chambe r  (mantl e cavity )  contain s th e gil l  an d 

i s covere d b y a  protectiv e shee t  (mantl e shelf )  tha t  terminate s i n a  fleshy  spou t  (siphon) . 

The gill ,  mantl e shelf ,  an d sipho n al l  contrac t  vigorousl y an d withdra w int o th e mantl e 

cavit y whe n th e sipho n o r  mantl e shel f  i s stimulate d b y touch . 

Thre e form s o f  learnin g hav e bee n demonstrate d i n thi s reflex :  habituation ,  sensi -

tization ,  an d classica l  conditionin g (Hawkin s &  Kandel ,  1984) .  Habituatio n involve s a 

depressio n o f  neurotransmitte r  releas e a t  th e synapse s tha t  th e sensor y neuron s mak e o n 

th e moto r  neuron s an d interneurons .  Sensitizatio n i s cause d b y a n increas e i n neurotrans -

mitte r  releas e a t  th e sam e synapses ,  produce d b y a  facilitato r  neuro n tha t  terminate s o n 

or  nea r  thes e synapses ;  stimulatin g th e tai l  initiate s thi s presynapti c facilitation . 
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Figur e 1 .  Simulate d defensiv e withdrawa l  refle x circuit ,  afte r  Hawkin s &  Kande l  (1984) . 

In classical conditioning, the sensory neurons of the CS path fire just before the facil-

itato r  neuro n o f  th e U S pathwa y become s active .  Th e facilitato r  neuro n produce s muc h 

mor e enhancemen t  o f  a  recently-activ e synapse ,  a n effec t  terme d a n activity-dependen t 

amplificatio n o f  presynapti c facilitation .  Thi s enhancemen t  i s maximize d whe n th e C S 

precede s th e onse t  o f  th e U S b y 0. 5 seconds . 

Th e neurons ,  synapses ,  an d presynapse s involve d i n learnin g b y thi s refle x ar e illus -

trate d i n th e circui t  o f  Figur e 1  (Hawkin s &  Kandel ,  1984) .  Thi s circui t  i s  a  simplificatio n 

of  th e actua l  neuroanatom y (Care w e t  al. ,  1984 ;  Hawkin s e t  al. ,  1981a) ,  bu t  i s  sufficien t 

t o demonstrat e th e learnin g i n th e neura l  simulation . 

THE NEURAL SIMULATION MODEL 

Th e inpu t  t o th e neura l  simulatio n mode l  include s a  descriptio n o f  th e circui t  t o b e 

simulate d i n term s o f  it s  neurons ,  synapses ,  an d presynapses ,  followe d b y th e timin g o f 

ever y externa l  stimulatio n o f  a  neuro n fo r  th e cours e o f  th e simulation .  Th e syste m output s 

th e firing  frequenc y o f  eac h neuro n an d th e weigh t  o f  eac h synaps e a t  specifie d times . 

Ever y quarter-secon d simulatio n cycle ,  th e simulatio n check s fo r  frequenc y change s i n 

th e inpu t  file.  The n i t  compute s th e firing  frequenc y fo r  eac h neuro n fro m th e frequencie s 

of  it s  inpu t  neuron s i n th e precedin g cycl e an d th e weight s o f  th e synapse s betwee n th e 

inpu t  neuron s an d thi s neuron .  Finall y i t  update s th e weigh t  o f  eac h synaps e fo r  fou r 

possibl e impacts : 

1.  Habituatio n 

2.  Recover y fro m habituatio n 

3.  Sensitizatio n an d conditionin g rais e th e weigh t  o f  a  synaps e tha t  hei s a  presynaps e fro m 

a rapidly-firin g facilitato r  neuron . 
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4. Conditioning additionally requires recent firing of the neuron leading to the synapse. 

Thi s recen t  activit y  i s maintaine d betwee n cycle s i n a  synapti c plasticit y valu e fo r  eax: h 

synapse . 

LEARNING IN ANIMALS 

A classica l  conditionin g experimen t  m a y b e describe d i n term s o f  fou r  distinc t  "con -

tingenc y conditions "  o r  "presentatio n conditions" ,  eac h representin g som e combinatio n o f 

CS an d U S presentation s (Grange r  &  Schlimmer ,  1986) : 

1.  Perfec t  Pairings ,  containin g C S -  U S pair s an d non-event s (havin g neithe r  C S no r  U S ) ; 

2.  Partia l  Reinforcement ,  combinin g C S -  U S pairs ,  spuriou s C S — events ,  an d non -

events ; 

3.  Partia l  Warning ,  wit h C S -  U S pairs ,  spuriou s — U S events ,  an d non-events ;  an d 

4.  Composite ,  havin g al l  fou r  type s o f  events . 

Al l  o f  thes e condition s als o implicitl y  contai n contex t  cues ,  whic h ar e stimul i  othe r  tha n 

th e C S an d th e U S tha t  remai n constan t  throughou t  th e trials . 

Fro m experiment s coverin g variou s presentatio n conditions ,  Rescorl a (1968 )  formulate d 

a precis e constrain t  describin g thos e condition s tha t  enabl e o r  preven t  classica l  conditionin g 

i n mammals :  fo r  excitator y conditionin g t o occur ,  P { U S \ C S )  >  P { U S \ C S ) .  I n term s 

of  th e presentatio n conditions ,  thi s constrain t  mean s tha t  ther e shoul d b e n o significan t 

excitator y conditionin g fo r  th e Composit e condition ,  muc h learnin g fo r  th e Perfec t  Pairing s 

case ,  an d som e positiv e conditionin g fo r  th e Partia l  Reinforcemen t  an d Partia l  Warnin g 

contingencie s (Grange r  &  Schlimmer ,  1986) .  I n othe r  words ,  th e fou r  presentation s shoul d 

be ordere d 8i s follows : 

Perfect Pairings > Partial Warning « Partial Reinforcement > 0 « Composite. 

Rescorla's contingency constraint is still widely held by researchers in the field of condi-

tionin g (e.g. ,  Colwil l  &  Rescorla ,  1986) , 

SIMULATIONS 

The simulation s generall y produc e a n increas e i n th e strengt h o f  th e synaps e connectin g 

th e C S + neuro n t o th e moto r  neuro n tha t  cause s th e withdrawa l  actio n o f  th e reflex .  On e 

measur e o f  thi s chang e i n strengt h i s th e relativ e associativ e strength ,  give n b y (it;—0.5)/0.5 , 

wher e w  i s th e final  synapti c strengt h an d 0. 5 i s th e initia l  synapti c strength . 

The first  simulatio n modele d a  frequently-cite d differentia l  conditionin g experimen t  i n 

Aplysia .  Th e withdrawa l  refle x i n Aplysi a ca n b e differentiall y  conditione d b y pairin g a 

tai l  shoc k reinforcin g U S wit h stimulatio n o f  eithe r  th e sipho n o r  mantl e shelf ,  an d leavin g 

stimulatio n o f  th e othe r  unreinforced .  The n stimulatio n o f  th e sit e paire d wit h th e U S (th e 

C S +)  produce s greate r  respons e tha n th e unpaire d locatio n (th e CS-) .  I n th e experimen t 

t o b e simulate d (Care w e t  al. ,  1984 ;  Hawkin s e t  al. ,  1983 ;  Hawkin s &  Kandel ,  1984) , 
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Tabl e 1 

% o f  Trial s Spurious : 

Perfec t  Pairing s 

Partia l  Warnin g 

Partia l  Reinforcemen t 

Composit e 

0 % 

+0.4 4 

20 % 4 0 % 6 0 % 8 0 % Avg .  Ran k Constrain t 

+0.2 2 

+0.3 2 

+0.2 8 

+0.2 2 

+0.2 2 

+0.1 6 

+0.1 6 

+0.1 4 

+0.0 4 

+0.1 6 

+0.0 4 

0.0 0 

1 

2- 3 tie d 

2- 3 tie d 

4 

1 

2- 3 tie d 

2- 3 tie d 

4 

one grou p o f  2 0 Aplysi a wer e give n five  trial s o f  norma l  differentia l  conditionin g wit h a 

five-minute  intertria l  interval ,  whil e a  secon d grou p o f  2 0 wer e give n th e sam e trainin g 

bu t  wit h five  additiona l  US' s inserte d betwee n th e paire d trials .  Th e first  grou p showe d 

significan t  learnin g whe n tested ,  whil e th e secon d grou p di d not .  Unlik e th e experimen t 

bu t  lik e th e prediction s o f  Rescorla' s contingenc y constraint ,  th e simulate d secon d grou p 

di d lear n th e associatio n betwee n C S + an d th e U S ,  thoug h no t  a s wel l  a s th e first  grou p 

withou t  spuriou s US's ;  th e relativ e eissociativ e strengt h o f  th e first  (Perfec t  Pairings )  grou p 

w£LS +0.44 ,  whil e tha t  o f  th e secon d (2 0 percen t  Partia l  Warning )  grou p wa s +0.22 .  (Th e 

presentatio n conditio n percentag e refer s t o th e proportio n o f  spurious ,  unpaire d trials ; 

bot h figures  assum e a  Habituatio n Rat e equivalen t  t o 5 0 percen t  pe r  trial ,  a  rat e tha t  wil l 

be teste d later. ) 

The second set of simulations attempted to determine whether the learning by the 

circui t  i n thi s experimental  situatio n conforme d t o Rescorla' s contingenc y constraint .  T o 

tes t  thi s require d simulation s ove r  a  rang e (0 ,  20 ,  40 ,  60 ,  an d 8 0 percen t  spuriou s trials , 

totalin g 1 3 cases )  o f  th e fou r  presentatio n condition s t o identif y th e relativ e amoun t  o f 

learnin g unde r  th e contingencies .  I f  learnin g adhere d t o th e constraint ,  the n performanc e 

unde r  th e fou r  condition s woul d follo w th e prescribe d relationshi p give n earlier : 

Perfect Pairings > Partial Warning « Partial Reinforcement > 0 « Composite. 

The relative associative strengths for the 13 cases (at the assumed 50 percent Habituation 

Rate )  ar e roughl y consisten t  wit h thi s ordering ,  a s show n i n Tabl e 1 .  Rank s o f  th e result s 

of  th e fou r  set s o f  presentatio n condition s ( 1 =  Highest )  ar e als o compare d t o th e orderin g 

of  Rescorla' s contingenc y constrain t  i n Tabl e 1 . 

The third set of simulations systematically explored the effect of variations in the Ha-

bituatio n Rat e o n th e results .  A n analysi s o f  th e differentia l  conditionin g experimen t  as -

sumed habituatio n a t  a  rat e equivalen t  t o a  5 0 percen t  decreas e wit h eac h U S presentatio n 

(Hawkin s &  Kandel ,  1984 ,  p .  387) .  Bu t  neurophysiologica l  measurement s o f  habituatio n 

i n thi s circuit' s  synapse s averag e 3. 9 percen t  pe r  0. 1 Hz .  neuro n firing  (Hawkin s e t  al. , 

1981b) ,  equivalen t  t o a  2 5 percen t  decreas e wit h eac h U S presentatio n fo r  thi s experiment . 

So i n additio n t o th e result s reporte d a t  th e 5 0 percen t  Habituatio n Rate ,  Figur e 2  give s 
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Figur e 2 .  Eac h grap h give s th e relativ e associativ e strength s fo r  on e o f  th e fou r  percentage s o f  spuriou s 

trials .  Eac h grap h contain s nin e curve s o f  fou r  point s each ,  on e curv e pe r  Habituatio n Rate .  Th e fou r  value s 

on eac h curv e relat e t o th e fou r  presentatio n conditions ,  whic h ar e situate d besid e eac h othe r  acros s a  graph , 

and ar e o f  equa l  level s o f  intensit y (percentag e o f  spuriou s trials) .  Th e Perfec t  Pairing s (PP )  conditio n 

i s a t  th e left ,  th e Composit e ( M X )  conditio n i s a t  th e right ,  an d th e Partia l  Warnin g ( P W )  an d Partia l 

Reinforcemen t  (PR )  condition s ar e i n between .  Thi s orderin g acros s th e grap h i s th e sam e a s tha t  require d 

fo r  Rescorla' s contingenc y constraint ,  s o adherenc e t o th e constrain t  i s  indicate d b y a  curve' s downwar d slope . 

(Th e slop e o f  th e curv e betwee n th e tw o middl e point s nee d no t  fall ,  sinc e thes e tw o presentatio n condition s 

shoul d b e approximatel y equivalent. )  Conformit y wit h th e constrain t  als o require s tha t  th e Composit e valu e 

be nea r  o r  belo w zero ,  an d tha t  th e Partia l  Warnin g an d Partia l  Reinforcemen t  point s b e slightl y positive . 
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Table 2 

Habituation Perfect Partial Partial Composite 

Rat e Pairing s Warnin g Reinforcemen t 

10 

20 

25 

30 

40 

50 

60 

70 

80 

Constrain t 

Predictio n 

3 

2 

1 

1 

1 

3- 4 tie d 

3- 4 tie d 

3 

2- 3 tie d 

2 

2 

2 

2- 3 tie d 

4 

4 

2 

2 

2 

2- 3 tie d 

3- 4 tie d 

3- 4 tie d 

4 

2- 3 tie d 

2 

3 

3- 4 tie d 

3- 4 tie d 

4 

4 

3- 4 tie d 

3- 4 tie d 

3 

4 

result s fo r  th e 2 5 percen t  rat e an d severa l  intermediat e an d nearb y rate s s o tha t  th e sen -

sitivit y o f  thi s paramete r  settin g ca n b e gauged .  Thes e result s ar e summarize d b y Tabl e 

2' s ranking s o f  th e fou r  presentatio n condition s fo r  eac h o f  th e nin e Habituatio n Rates . 

DISCUSSION 

These results indicate that the simulated performance of the circuit is highly sensi-

tiv e t o th e Habituatio n Rate .  Learnin g i s to o eas y unde r  to o m a n y condition s a t  lo w 

Habituatio n Rates ,  an d to o har d unde r  to o m a n y condition s a t  hig h Habituatio n Rates . 

Conditionin g conform s t o Rescorla' s contingenc y constrain t  onl y a t  a  Habituatio n Rat e 

approximatin g a  5 0 percen t  decreas e pe r  U S presentation .  Bu t  a s indicate d earlier ,  ha -

bituatio n recorde d i n cell s o f  th e refle x i n Aplysi a average s th e equivalen t  o f  a  2 5 percen t 

rate .  Ther e ar e fou r  possibl e explanation s fo r  thi s discrepancy : 

1. It is possible that the combination of parameter settings for the simulation is not 

appropriat e fo r  th e experimenta l  conditio n bein g simulated .  Ther e i s likel y t o b e a n 

interactio n amon g th e learnin g rate s an d th e timin g an d intensitie s (firin g frequencies ) 

of  th e stimul i  i n th e experimenta l  situation .  Whil e al l  thes e setting s hav e bee n obtaine d 

fro m experimenta l  measurement s an d exper t  assumption s discusse d earlier ,  th e variou s 

value s wer e ccis t  i n severa l  distinc t  contexts ,  instea d o f  a  singl e unifie d experiment . 

Thu s eac h individua l  valu e m a y b e vali d fo r  it s  situation ,  bu t  togethe r  the y m a y b e 

incompatibl e fo r  th e experimen t  bein g simulated .  Neurophysiologica l  measurement s 

unde r  unifyin g experimenta l  condition s woul d hel p tes t  thi s possibility ,  a s woul d neura l 

simulation s tha t  systematicall y var y th e value s o f  eac h paramete r  t o tes t  interactio n 

effects . 

2. It is possible that the neural simulator incorporates assumptions that do not accurately 

reflec t  th e processin g o f  th e neuron s i n th e circuit . 
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3. It is possible that the small circuit isolated for the simulation is not sufficient for re-

producin g th e quantitativ e contingenc y result s o f  classica l  conditioning ,  thoug h i t  i s 

enoug h fo r  demonstratin g som e o f  th e mor e qualitativ e effect s (e.g. ,  Gluc k &  T h o m p -

son ,  1986) .  I n tha t  case ,  on e o f  th e mor e elaborat e circuit s identifie d fo r  th e defensiv e 

withdrawa l  refle x i n Aplysi a (Hawkin s e t  al. ,  1981a ;  Care w e t  al. ,  1984 )  m a y b e ade -

quate . 

4.  Th e Rescorl a contingenc y constrain t  i s  base d upo n mammal ia n conditionin g results . 

I t  i s  possibl e tha t  learnin g i n Aplysi a doe s no t  adher e t o th e sam e constraints . 

Furthe r  wor k i s neede d t o determin e whic h o f  thes e fou r  possibilitie s bes t  explain s th e dis -

crepanc y betwee n thos e Habituatio n Rate s producin g learnin g unde r  Rescorla' s condition s 

and thos e rate s tha t  hav e bee n measure d i n Aplysia . 

CONCLUSIONS 

Thes e simulation s hav e attempte d t o establis h whethe r  thi s circui t  i s  capabl e o f  m a m-

malia n conditioning ,  b y testin g it s adherenc e t o Rescorla' s contingenc y constraint .  Th e 

simulation s hav e show n th e sensitivit y o f  learnin g t o neurophysiologica l  measures ,  partic -

ularl y th e Habituatio n Rate .  I t  migh t  b e tha t  synapti c weigh t  chang e rate s an d neura l 

firing  frequencie s wil l  nee d t o b e completel y specifie d befor e th e performanc e o f  a  circui t 

can b e full y determined . 

I t  appear s tha t  neura l  simulation s woul d benefi t  fro m mor e extensiv e an d detaile d 

neurophysiologica l  measurement s fo r  settin g th e value s o f  th e synapti c strengt h learnin g 

rates ,  an d th e i n viv o firing  frequencie s resultin g fro m stimulatio n b y C S ,  U S ,  an d contex t 

stimuli .  Makin g thes e variou s measurement s unde r  unifie d experimenta l  condition s woul d 

increas e th e confidenc e i n prediction s mad e fro m simulatin g thei r  interactions . 

I n addition ,  i t  woul d b e usefu l  t o us e neura l  simulatio n t o systematicall y explor e th e 

spac e o f  join t  paramete r  values .  Thi s woul d permi t  identificatio n o f  thos e combination s 

tha t  replicate d physica l  experiment s an d thos e tha t  produce d result s consisten t  wit h th e 

mammalia n contingenc y constraint .  Findin g th e parameter s mos t  sensitiv e i n determinin g 

performanc e woul d hel p prioritiz e th e neurophysiologica l  measurement s needed . 
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P U T T I N G A F F E C T I N T O T E X T 

Eduar d H .  Hov y 
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Compute r  Scienc e Departmen t  * 

Abstract 

How is affect communicated in language? Natural languages contain a large number of 
technique s fo r  injectin g affec t  int o text ,  bot h explicitl y  an d implicitly .  Thi s pape r  discusse s 

some technique s tha t  speaker s us e t o slan t  thei r  text ,  an d describe s wha t  i s require d fo r  a 

compute r  progra m t o generat e differentl y slante d version s o f  a  singl e underlyin g representation . 

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

Affec t  — th e speaker' s sympathie s an d antipathie s — ca n b e communicate d i n languag e bot h 

explicitl y  an d implicitly .  Sinc e a n explici t  statemen t  o f  th e speaker' s opinio n (suc h a s " I  don' t 

lik e you r  shoes" )  ma y alienat e th e hearer ,  th e speake r  shoul d skir t  sensitiv e issue s an d achiev e 

effect s indirectly .  Mos t  lan^age s hav e a  larg e bod y o f  technique s fo r  doin g so .  W h a t  ar e thes e 

techniques ? Thi s pape r  briefl y describe s ho w th e progra m P A U L I N E (Plannin g An d Utterin g Lan -

guag e I n Natura l  Environments )  i s  abl e t o produc e differentl y slante d text s fro m a  singl e underlyin g 

representatio n usin g affect . 

PAULINE generates the examples used in this paper from the interpretations produced by the 

J U D GE progra m ([Bai n 86]) ,  a  case-bsise d exper t  syste m tha t  model s th e sentencin g behaviou r  o f 

a judge .  A s input ,  J U D G E accept s th e representatio n o f  a  figh t  — a  se t  o f  action s an d resultin g 

state s — an d a s outpu t  t o P A U L I N E i t  produce s a  se t  o f  interpretations .  Eac h interpretatio n 

describe s a n action ,  it s justifiability ,  an d th e culpabilit y  o f  th e actor .  Sayin g onl y th e actions ,  a 

typica l  fight  is : 

FIRST, JIM BUMPED MIKE ONCE AND HURT HIM. THEN MIKE SMACKED JIM. HURTING 

HIM.  NEXT.  JI M HI T MIK E ONCE.  TH E RESULT WAS THA T H E KNOCKED HI M DOWN. 

AFTER THAT .  MIK E SMACKED JI M SEVERAL TIME S AN D KNOCKED HI M DOWN.  JI M 

SLAPPED MIK E SEVERAL TIMES .  TH E RESULT WAS THA T H E HURT HIM .  AFTE R THAT . 

MIKE STABBED JIM .  A S A  RESULT.  JI M DIED . 

Clearly, in any real accoimt of the fight, Jim's version will to differ appreciably from Mike's. 

Each speake r  wil l  mak e th e decision s tha t  slan t  th e tex t  i n hi s favour .  P A U L I N E make s affect -

relate d decision s durin g eac h o f  it s  thre e stages :  topi c collection ,  topi c organizatio n int o phrase s 

and sentences ,  an d topi c realizatio n int o text . 

'Thi s wor k wa s supporte d i n par t  b y th e Advance d Researc h Project s Agenc y monitore d b y th e Offic e o f  Na\'a l 
Researc h unde r  contrac t  N00014-82-K-0149 . 
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2 Computing Affect 

In order to communicate his opinions implicitly by slanting the text, the speaker must be able to 

determin e whic h aspect s o f  i t  h e i s sympatheti c to ,  whic h aspect s h e dislikes ,  an d whic h h e doe s 

not  car e about .  PAULIN E use s thre e value s o f  affect :  G O O D,  B A D ,  an d N E U T R A L.  Here ,  affec t 

simpl y denote s somethin g aki n t o "like" .  (Thre e value s ar e sufficien t  t o giv e th e progra m interestin g 

behaviour .  I n thi s regar d i t  i s  simila r  t o th e narrativ e summarizatio n wor k i n (Lehner t  82]. ) 

PAULINE gets its affects from two sources: The first source is the user, who lists one or 

more representatio n element s a s sympathie s o r  a s antipathies .  (Fo r  example ,  whe n PAULIN E i s t o 

defen d Mike ,  th e concep t  "Mike "  i s G O OD an d th e concep t  "Jim "  i s BAD. )  Th e secon d sourc e i s 

th e intrinsi c affec t  associate d wit h generi c representatio n types .  (Fo r  example ,  i n nciitra l  contex t 

i n th e J U D G E domain ,  th e concept s "hit "  an d "die "  ar e BAD ,  th e concep t  "unintentionally "  i s 

G O O D,  8in d al l  othe r  concepts ,  suc h a s "Jim "  an d "Mike" ,  ar e N E U T R A L.  Simila r  informatio n i s 

used b y th e J U D G E progra m t o determin e it s interpretatio n o f  eac h action. ) 

In order to determine its opinion about any arbitrary piece of input representation, PAULINE 

needs th e abilit y  t o combin e it s affect s wit h th e intrinsi c affect s an d t o propagat e th e result s 

alon g th e relation s betwee n concepts .  Thoug h thei r  exac t  for m depend s o n th e desig n o f  th e 

representation ,  th e basi c rule s o f  affec t  propagatio n are : 

1.  affec t  i s  preserve d w h e n combine d wit h N E U T R A L 

2.  lik e affect s combin e t o G O O D 

3.  unlik e affect s combin e t o B A D 

4.  th e combine d affec t  invert s fo r  certai n relation s betwee n affect-bearin g 

concepts ,  (e.g. ,  th e conceptua l  patien t  o f  a  B A D act) .  Thi s require s specia l  rule s 

This works as follows: assume the current topic is the action ACT-6: 

#{ACTION-UNI T =  ACT- 6 

[ACT :  HIT ] 

[ACTOR :  MIKE ] 

[T O :  JIM ] 

[FORESEEABILIT Y : 

#{STAT E =  STATE-1 0 

[TYP E :  PHYSICAL-INTEGRITY-VIOLATION ] 

[ACTOR :  JIM ] 

[DEGREE :  SERIOUS-TEMPORARY]}] 

[NUMBER :  SINGLE ] 

[DEGREE :  HARD] 

[INTENTIONALIT Y :  PRESENT] 

[RESULT :  #<STAT E =  STATE-1 1 

[TYP E :  PHYSICAL-INTEGRITY-VIOLATION ] 

[ACTOR :  JIM ] 

[DEGREE :  KNOCK-DOWN]}] } 

Figur e 1 
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(this is a slightly modified and pruned version of the actual JUDGE representation). Stated neu-

trally ,  ACT- 6 read s 

(1) MIKE INTENTIONALLY HIT JIM HARD ONCE AND KNOCKED HIM DOWN 

Assume PAULINE is sympathetic to Mike. In order to determine its opinion of ACT-6, the program 

combine s th e intrinsi c affec t  fo r  th e typ e o f  ACT-6 ,  HIT ,  (BAD )  wit h it s affec t  fo r  Mik e ( G O O D) 

(notin g that ,  sinc e Mik e i s th e A C T O R,  th e affec t  doesn' t  invert) ,  t o ge t  th e affec t  BAD .  Tha t  i s 

t o say ,  i n ACT-6 ,  Mik e look s ba d and ,  whe n speaking ,  th e actio n shoul d b e omitte d i f  possibl e o r 

mitigate d i f  not .  On e o f  th e way s PAULIN E coul d sa y thi s is : 

(2) MIKE JUST TAPPED JIM ONCE 

If, on the other hand, PAULINE's sympathies are for Jim, it combines the affect for HIT (BAD) with 

it s affec t  fo r  Ji m ( G O O D ) ,  givin g BAD .  Sinc e Ji m fills  th e rol e T O (th e conceptua l  rol e patient) , 

thi s resul t  mus t  b e inverted ,  an d s o th e fina l  affec t  i s  G O O D.  Tha t  i s  t o say ,  ACT- 6 i s G O OD fo r  th e 

case agains t  Mike .  I n thi s cas e PAULIN E shoul d enhanc e th e topic .  Furthermore ,  th e RESULTant 

state ,  STATE-11 ,  carrie s th e sam e affect ,  becaus e Ji m ( G O O D)  suffer s a  PHYSICAL-INTEGRITY -

VIOLATIO N (intrinsicall y  B A D ) .  Thi s resul t  wa s intentionall y ( INTENTIONALIT Y P R E S E N T) 

cause d b y Mik e (BAD) .  Thes e thre e affect s G O O D,  BAD ,  an d B A D combin e t o produc e G O OD fo r 

Ji m i n STATE-11 ,  causin g i t  t o b e enhance d too .  Thus ,  whe n defendin g Jim ,  PAULIN E produce s 

sentence s suc h a s 

(3) MIKE PURPOSELY SMASHED JIM AND KNOCKED HIM DOWN 

3 G e n e r a t i n g w i t h A f fec t 

3.1 Topic Organization into Phrases 

Before it says anything, the generator performs a number of planning tasks. One task is to cast 

sentenc e topic s togethe r  int o phrases .  I n additio n t o th e plannin g criteri a use d b y othe r  generator s 

(suc h a s focu s i n [McKeow n 82 ]  an d heare r  knowledg e i n [Cohe n 78 ]  an d [Appel t  81]) ,  PAULIN E 

uses affec t  t o contro l  th e juxtapositio n o f  sentenc e topics ,  sinc e certai n phrase s ar e ver y usefu l  fo r 

conveyin g affec t  implicitly .  Th e followin g phrase s ca n b e calle d enhancers : 

(a) '^Not only did Pete play the game, but he hit five home runs" 

(b )  "Pet e playe d th e game ;  what' s more ,  h e hi t  five  hom e runs " 

Clearly ,  thes e phras e form s impl y tha t  Pete' s playin g an d hi s hom e run s carr y th e sam e affectiv e 

valu e (eithe r  bot h G O OD o r  bot h B A D ) ,  an d i n fac t  tha t  th e valu e i s t o b e strengthene d du e t o 

thei r  juxtaposition .  I n contrast ,  th e followin g sentence s carr y n o suc h cumulativ e affectiv e import : 

(c )  "Pet e playe d th e gam e an d h e hi t  five  hom e runs ' 

(d )  "Whe n Pet e playe d th e gam e h e hi t  five  hom e runs ' 
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When an enhancing phrase juxtaposes two affect-laden sentences, the affect is strengthened; when 

i t  juxtapose s a n affect-lade n sentenc e wit h a  neutra l  one ,  th e affec t  i s  impute d t o th e latter .  Thus , 

i n additio n t o stressin g affectiv e concepts ,  a  speake r  ca n strengthe n hi s cas e b y imputin g affec t  t o 

neutra l  concept s too !  Thi s is ,  fo r  example ,  wha t  PAULIN E doe s t o produc e 

(4) NOT ONLY DID JIM EXPECT NO THREAT FROM MIKE ANY LONGER. BUT HE COULD 

FORESEE THAT H E WOULD HURT HI M I F H E REALL Y SLAPPED HI M 

when defending Mike. Here Jim's not perceiving a threat from Mike is simply NEUTRAL, but his 

abilit y  t o forese e th e B A D resul t  o f  hi s action ,  couple d wit h th e fac t  tha t  h e di d i t  anyway ,  i s B A D 

fo r  him .  However ,  whe n juxtapose d i n thi s way ,  bot h sentence s see m B A D fo r  Ji m — exactl y wha t 

PAULINE wants . 

Similarly, mitigatora are phrases with weakening effect. When a mitigating phrase juxtaposes 

tw o sentence s carryin g opposit e affect ,  th e resultin g affec t  i s  tha t  o f  th e first  sentence ,  weakened ; 

when i t  juxtapose s a n affect-lade n sentenc e wit h a  neutra l  one ,  th e opposit e affec t  i s  impute d t o 

th e latter .  I n th e followin g sentences ,  i f  "Joh n whippe d th e dog "  carrie s B A D affect ,  then ,  i f  w e 

kno w nothin g more ,  "h e remembere d th e cat "  become s G O O D: 

(e )  ''Althoug h Joh n remembere d th e cat ,  h e whippe d th e dog ' 

(f )  "Joh n remembere d th e cat .  However ,  h e whippe d th e dog ' 

(Th e first  par t  coul d jus t  a s wel l  hav e bee n mad e B A D b y usin g a n enhancer :  "No t  onl y di d Joh n 

remember  th e cat ,  bu t  h e whippe d th e dog". ) 

A number of constraints must be met before two topics can be juxtaposed in an enhancer or 

mitigato r  phrase : 

1. Two-predicate enhancer and mitigator phrases can only be used when the parts 

carr y consisten t  affects ;  tha t  is , 

• in enhancer phrases the two predicates must carry like affect 

•  i n mitigato r  phrase s th e tw o predicate s mus t  carr y unlik e affec t 

•  o r  els e on e predicat e mus t  b e N E U T R A L 

2. Two-predicate enhancer and mitigator phrases can only be used when the topics 

i n bot h part s focu s o n th e sam e concep t 

3. The predicates in two-predicate enhancer and mitigator phrases should match in 

as m a n y aspect s a s possibl e 

3. 2 Realizatio n 

Sentence subject selection: Since the sentence subject is a prominent position, it must be 

chose n wit h care .  Gros z [Gros z 77] ,  Sidne r  [Sidne r  79] ,  an d McKeow n (McKeow n 82] ,  amon g 
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others, describe rules for choosing subjects in order to produce flowing text. These rules are often 

underspecific ;  McKeown' s algorith m simpl y pick s th e defaul t  ( a predefine d entr y fo r  e:\c h predicate ) 

when a  numbe r  o f  focu s candidate s exis t  wit h th e sam e numbe r  o f  implici t  link s t o th e potentia l 

focu s list .  Affec t  ca n b e use d a s a n additiona l  criterio n fo r  subjec t  choic e — eithe r  a t  a  lo w level , 

simpl y t o hel p winno w ou t  candidates ,  o r  a t  a  hig h level ,  t o hel p slan t  th e tex t  ver y strongly .  Whe n 

PAULINE ha s th e goa l  t o convinc e th e heare r  o r  t o mak e know n it s affects ,  i t  use ,  i n addition ,  th e 

followin g rule : 

4. The new focus should be selected from GOOD candidates for sentences 

wit h G O O D affec t  an d fro m B A D candidate s fo r  sentence s wit h B A D affec t 

For example, when PAULINE is defending Jim, the following sentence topic is BAD for him; by 

thi s rule ,  Mike ,  a n antipathy ,  i s  chose n a s subject ,  thereb y de-emphasizin g Jim' s role : 

(5) MIKE ONLY WAS BUMPED BY JIM ONCE 

Sentence Inclusion: Adverbs: Some adverbial stress words specifically function zis enhancers 

or  mitigators ;  i n th e J U D G E domain ,  PAULIN E use s th e following : 

intentionality :  "intentionally" ,  "purposely "  — "accidentally " 

degree :  "hard "  — "lightly "  (hit ) 

number :  "repeatedly "  — "once "  (stabbed ) 

stress :  ''really "  — "only" ,  "just " 

When thes e word s ar e use d t o modif y concept s tha t  d o no t  alread y carr y affect ,  the y see m strange , 

forcin g th e heare r  t o postulat e affect ;  a n additiona l  constrain t  is : 

5. Adverbial stress words can only be used to enhance or mitigate expres-

sion s tha t  carr y som e affec t  alread y 

During the realization of a sentence, the program collects the aspects of the topic it can legitimately 

say a s adverb s (i t  cannot ,  fo r  example ,  misrepresen t  th e topi c t o sa y "lightly "  whe n th e D E G R EE i s 

HARD).  Fro m these ,  i t  select s a t  mos t  tw o (th e tw o leas t  recentl y sai d types) ,  sinc e whe n affectiv e 

adverb s ar e overuse d th e effec t  i s  unnatural ,  t o give ,  fo r  example : 

(6) MIKE JUST HIT JIM ONCE 

(7 )  JI M COULD FORESEE THAT H E WOULD HURT MIK E I F H E R E A L L Y SLAPPED HIM . 

HE SLAPPED HI M R E P E A T E D LY AND HURT HI M 

Word Choice: Verbs: Often an action can be described by a number of verbs of which most 

carr y som e affect .  Fo r  example ,  PAULIN E accesse s "hit "  fro m th e representatio n elemen t  HI T an d 

the n use s it s affectiv e value s t o discriminat e t o "tap "  a s a  mitigato r  an d "smash "  a s a n enhance r 

(th e lexico n contain s discriminatio n nets ,  a s i n [Goldma n 75]) : 

(8) JIM JUST TAPPED THAT JERK MIKE ONCE 

(9 )  JI M PURPOSELY S M A S H ED MIK E AND KNOCKED HI M DOWN 
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Tabl e 1 :  Defendin g Mik e 

FIRST,  T H A T J E R K JI M BUMPED MIK E H A R D AN D HURT HIM . 

THEN MIK E J U S T T A P P E D JI M O N C E. 

AFTER THAT. JIM DID NOT EXPECT THAT MIKE WAS GOING TO 

HURT HI M AN Y LONGER;  A L S O ;  JI M COULD FORESEE THAT H E 

WOULD INJUR E MIK E I F H E PURPOSELY STRUCK HIM .  H E R E A L L Y 

S M A S H ED HIM .  TH E RESULT WAS THAT H E INJURE D HIM . 

NEXT. MIKE HIT JIM. KNOCKING HIM DOWN. 

NOT ONLY DID JIM EXPECT NO THREAT FROM MIKE ANY LONGER. 

B UT R E COULD FORESEE THAT H E WOULD HURT HI M I F H E REALL Y 

SLAPPED HIM .  H E SLAPPED HI M R E P E A T E D LY AND HURT HIM . 

MIKE REALIZED THAT JIM REALLY HURT HIM; ALSO, HE EXPECTED 

THAT JIM' S GOAL WAS T O HURT HIM .  JI M W AS S T A B B E D. 

AS A RESULT. JIM ONLY DIED. 

enhancin g noun ,  stres s 

mitigatin g adverbs ,  ver b 

NEUTRAL and BAD 

i n enhance r  phras e 

enhancin g stres s 

enhancin g ver b 

suppress all but action 

enhancer phrase 

enhancing adverb 

enhancing stress, phrase 

mitigatin g passiv e 

mitigating (!) stress 

Tabl e 2 :  Defendin g Ji m 

JI M COULD NOT EXPECT THAT MIK E WOULD B E HURT I F JI M 

A C C I D E N T A L LY BUMPED HIM ;  ALSO.  A  REASONABLE PERSON 

COULD NOT FORESEE THAT I F H E BUMPED HI M H E WOULD HURT 

HIM.  H E HAD N O INTENTIO N T O BOTHER MIKE .  MIK E O N L Y 

W AS B U M P ED B Y JI M ONCE.  TH E ACTIO N WAS A N ACCIDENT. 

THEN MIKE REALIZED THAT JIM HURT HIM. IN ADDITION, MIKE 

DI D NOT EXPECT THAT JI M WAS GOIN G T O HURT HI M ANY LONGER. 

MIKE' S GOAL WAS T O INJUR E JIM .  MIK E COULD FORESEE THAT H E 

WOULD INJUR E HI M I F H E PURPOSELY HI T HI M ONCE.  H E HI T HIM . 

THE RESULT WAS THAT H E INJURE D HIM .  H E REQUIRED 

JUSTIFICATIO N FOR CAUSIN G HI M T O B E INJURED .  TH E ACTIO N 

WAS A N ESCALATED RETALIATION . 

mitigatin g adver b 

mitigating stress 

mitigatin g passiv e 

enhancer phrase 

include all topics that 

ar e B A D fo r  Mike.. . 

NEXT.  JI M REALIZE D THAT MIK E INJURE D HIM .  JI M JUS T 

T A P P ED HIK E ONCE.  TH E ACTIO N WAS A  SIMPL E RETALIATION . 

mitigatin g stres s 

mitigatin g ver b 

AS A  RESULT.  JI M DIED . 

etc.. . 
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4 Conclusion 

In summary, consider the generation of a complete fight, from the set of interpretations of each 

actio n PAULIN E get s fro m J U D G E.  I n tabl e 1 ,  PAULINE' s sympathie s ar e fo r  Mike ,  s o tha t  i t 

stresse s Jim' s par t  o f  th e fight;  i n tabl e 2 ,  fro m th e sam e input ,  PAULIN E defend s Jim . 
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A B S T R A CT 

Two experi^^t^nts tested the predictions of an interj'f^^-t i ve buffer 
m o d el  o f  v i s u a l  p r o c e s s i n g ,  r e g a r d i n g th e i l lusor y c o n j u n c t i o n o f 
c o m p o n e n t s o f  r a p i d l y p r e s e n t e d d i sp lays -  Co lo r  nictu.re s o f 
o b j e c t s w e r e p r e s e n t e d a t  a  ra t e o f  9/s ,  i n th e sam e spa t ia l 
l o c a t i o n .  E x p e r i m e n t  1  use d a  mod i f i e d repor t  p r o c e d u r e t o tes t 
th e h y p o t h e s i s tha t  S t r o o D - l i k e respons e c o m p e t i t i o n ,  du r i n g 
n a m i n g ,  no t  a  p e r c e p t u a l  e r r o r ,  resu l te d i n th e h ig h con f i denc e 
" i l l u so r y c o n j u n c t i o n s "  repor te d i n p r e v i o u s resea rch .  Sub jec t s 
w e r e p r o v i d e d w i t h th e n a m e o f  a  p i c t u r e i n a d v a n c e an d repor te d 
" y e s "  o r  " n o "  t o i nd i ca t e i f  tha t  p i c t u r e wa s th e on e i n th e 
f r a m e .  C o n t r a r y t o th e r espons e c o m p e t i t i o n h y p o t h e s i s ,  h i g h 
c o n f i d e n c e e r r o r s occu r re d f requen t l y unde r  thes e c o n d i t i o n s . 
EKperi:r!en t  2  tes te d th e h y p o t h e s i s tha t  th e d i r e c t i o n o f 
m i g r a t i o n (p reced in g o r  f o l l ow in g p i c t u re )  i s th e resu l t  o f  a 
diffej 'enc e i n th e sequen t i a l  a l l o c a t i o n o f  a t t en t i o n t o th e fram e 
f i rs t  o r  t o i t s "hos t "  p i c t u r e f i rs t  o n d i f f e ren t  t r i a l s .  A s 
p r e d i c t e d b y th e i n t eg ra t i v e bu f f e r  m o d e l ,  sub jec t s we r e faste r 
i n d e t e c t i n g th e f ram e w h e n the y con f i den t l y repor te d i t  a roun d 
th e p r e c e d i n g plctu.r e tha n aro\in d th e fo l l ow in g p i c t u r e i n th e 
s e q u e n c e ,  an d reac t i o n t ime s a s s o c i a t e d w i t h co r rec t  repor t s fel l 
b e t w e e n th e two . 

INTRODUCTION 

The purpose of these experiments was to test the predictions 
o f  ? .  mode l  o f  th e ea r l y s tage s o f  scen e proce;5sin q tha t  In t rau b 
(1985a )  p ropose d m igh t  accoun t  fo r  tempora l  m i g r a t i o n an d 
i l l uso r y c o n j u n c t i o n s o f  componen t s o f  v i sua l  d i s p l a y s .  Tempora l 
m i g r a t i o n i s a  typ e o f  i l l usor y c o n j u n c t i o n o f  v i sua l  componen t s 
tha t  o c c u r s w h e n stiviul i  :i:' e p resen te d i n rap i d success io n (e.g. , 
9-2 0 i tem s pe r  second )  i n th e lam e spa t ia l  l oca t ion .  Altho'vj h 
c o m p o n e n t s o f  a  s i n g l e d i sp l a y a r e s imu l t aneous l y p resen te d the y 
a r e s o m e t i m e s repo r ted ,  w i t h h ig h c o n f i d e n c e ,  a s hav in g occur re d 
s e p a r a t e l y .  'Subject s w i l l  repor t  a  componen t  a s ha'̂ 'in g bee n a n 
in teg ra l  par t  o f  th e p reced in g o r  fo l l ow in g d i sp la y i n th e 
seqiience .  The r e h a v e bee n repor t s o f  co lo r  m i g r a t i o n amon g 
le t t e r s (McLean ,  B roadben t  S:  B r o a d b e n t ,  1 9 8 3 ) ,  le t te r  cas e amon g 
'-•jord s (Lawrence ,  1 9 7 1 ) ,  for m m i g r a t i o n amon g l e t t e r s ,  w o r d s , 
n u m b e r s an d p i c t u r e s (Gatherco l e &  B r o a d b e n t ,  1984 ;  In t raub , 
1985a )  an d ob jec t  m i g r a t i o n amon g scf-ne s ( In t r ra b ""gp^b) . 

The model proposed to account for these phenomena, is based 
u.po n a  mode l  o t  th e ea r l y stagr.' S o f  /̂̂ JGua l  ri'"orr-";r̂ ing ,  i n wl'jic h a 
ve r y sho r t - t e r m conceptno. l /v isua l  bu f fe r  memor y p lay s a  cen t ra l 
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rol e (Pot ter ,  1 9 7 ' ;  Avr-n ? ^ -  Ph i l l i p s ;  1980 )  Se '̂e^r' *  expe-'ir''.'?-t s 
us in g searc h t^.sk s o r  jnemor v tiir.ki;; ;  hav f  p rov ide d ev.'denc e fo r  a 
ver y short-terir .  post-categorJ.ca ]  s t^ r e th?. t  i s  d i s t i nc t  f ro m th e 
ico n (Avon s &  P h i l l i p s ,  : 9 8 0 ;  In t raub ,  1.981 ,  19^•4 ;  T.r.ftu s &.  G i n n , 
1984 ;  Po t t e r ,  1976 )  .  In t rau b (1985a )  p ropose d tha t  th i s concept'.;-' . 
shor t - te r m s to r e ma y p la y a  loli :  i n th e i n t e g r a t i o n o f  v i n u a J I y 
prc3:5ente d i n fo rma t ion . 

According to this view, migration occurs whi.>n icicnt:* f jcatiu?'. 
t im e i s s lo w re la t i v e t o p resen ta t i o n ra t e b e c a u s e on e d i sp la y 
i s s t i l l  be in g analy^'e d i n th e buffe r  s t  th e sam e t im e tha t 
p rocesse s ar e in i t ia te d o n th e nex t  ne w d i sp lay .  Thu s a  b l ac k 
out l in e f ram e m ig ra te s amon g p i c t u r e s ,  bu t  parts :  o f  ti> » y-ic-̂rir'.:'. -
themselve s d o no t  ( In t raub ,  1985a )  becaus e th e forme r  d i s p l a y 
requi re s mor e i den t i f i ca t i o n t ime .  S im i la r l y ,  t o ob ta i n ilic -  st-j-u ^ 
leve l  o f  f ram e m i g r a t i o n amon g d i f f e ren t  type s o f  s t i m u l i ,  c 
faste r  p resen ta t i o n rat e mus t  ht -  use d foi '  s t imul i  thei t  a. f 
re la t ive l y eas y t o iden t i f y ,  (e.g. ,  number s an d le t te rs )  a s 
compare d w i t h thos e tha t  a r e mor e d i f f i cu l t  (e.g. ,  co lore d 
object s an d w o r d s ;  Ga the rcoJ e an d B roadben t ,  1984 ;  IntrauV i 
1 9 8 5 a ) . 

The reason that components sometimes migrate to the 
precedin g d i sp la y an d somet ime s t o th e fo l low in g o n e ,  ca n b e 
expla ine d i n te rm s o f  th e a l l oca t i o n o f  a t t en t i on .  Cons ide r 
Intraub' s (1985a )  tas k i n wh ic h sub jec t s mus t  repor t  wh i c h 
objec t  wa s p resen te d w i t h a  b lac k f ram e a roun d i t .  Th e p reced in g 
pictur e i n th e sequenc e i s i n th e shor t - te r m buf fe r  w h e n th e 
pictur e viit h th e f ram e i s p resen ted .  A l thoug h pres€;nte> d 
s imu l taneous ly ,  th e f ram e an d p i c tu r e ar e no t  rap id l y in tegra te d 
be.'cavi.i -  the y a r e no t  mean ing fu l l y re la ted .  A s a  resu l t ,  i f  tli r 
subjec t  pay s a t t en t i o n t o th e fram e f i rs t ,  i t  ma y becom e 
integrated ,  w i t h p rocess in g o f  th e p rev iou s pict^^re ,  vjhjc h i s 
sti l l  i n th e v i sua l / concep tua l  bu f fe r .  I f  th e sub jec t  pay s 
atte!.'tio n t o th e targe t  p ic tu r e f i r s t ,  the n th e fi'ame ,  wh i c h i s 
no w i n th e bu f f e r ,  ma y becom e in tegra te d w i t h th e nex t  p i c tu r e i n 
th e sequence . 

'^wci experiments tested different aspects of t^T' integrative 
buffe r  m o d e l .  Exper imen t  1  use d a  mod i f ie d repor t  p rocedu r e an d 
showe d tha t  h ig h confidf?nc e m ig ra t i o n repor t s canno t  b e 
at t r ibute d t o d i f f i cu l t i e s i n nam.in g rap id l y presenlpr ! 
d isp lays .  Exper imen t  2  teste d th e va l i d i t y o f  th e a t t en t i o n 
a l locat io n hypo thes i s a s a n exp lana t i o n o f  d i f f e rence s i n th e 
d i rect io n o f  m ig ra t i on ,  us in g a  reac t i o n t im e tas k i n con junc t i o n 
with ,  a  s tandar d tempora l  m ig ra t i o n task . 

EXPERIMENT 1 

To determine if high confidence error reports obtained in 
tempora l  m ig ra t io n exper imen t s a r e a n ar t i fac t  o f  th e namin g 
requiremen t  dur in g h ig h spee d p resen ta t i on ,  th e repor t  p rocedu r e 
was chc-.nge d f'-on i  th e uncons t ra ine d namin g p rocedu r e typ ica l l y 
use d i n tejnpora l  m ig ra t i o n exper imen t s (whic h requ i re s sub jec t s 
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t o acces s an d art iculat e th e prope r  nam e fo r  th e target )  t o a 
"yes-no "  rtetortion  task .  A  pictur e wa s name d b y th e experimente r 
an d th e subject' s primar y tas k wa s t o answe r  "yes "  o r  "no "  t o 
indicat e whethe r  o r  no t  th e fram e wa s aroun d th e specifie d 
picture .  I f  hig h confidenc e erro r  report s t o - 1 an d + 1 picture s 
ar e th e resul t  o f  respons e competitio n durin g naming ,  the n n o 
hig h confidenc e erro r  report s t o specifie d - 1 an d + 1 picture s 
shoul d b e obtaine d usin g thi s procedure .  Specificatio n o f  - 2 an d 
+2 picture s b y th e experimente r  i n som e sequences ,  serve d a s 
"catc h tr ials "  t o allo w a  measur e o f  "yes "  respons e bias . 

Metboc^ 

Subjects and Apparatus, i^iibjects were 18 individually-tested 
nndergraduatos .  The y wer e seate d approximatel y 1. 7 m fro m a  rea r 
projectio n screen .  Th e imag e wa s projecte d fro m a n adjacen t  roo m 
losin g a  Visua l  Instriimenta t  io n Corporatio n Selecta-fram e 5 ,  dat a 
analyze r  16m m projecto r  a t  silen t  spee d (1 8 frame s pe r 
second )  .  Th e sir̂ o o f  th e fiel d wa s 1 4 x  2 0 cm ,  whic h subtende d a 
visua l  angl e o f  approximatel y 5 °  x  8° . 

St liTiul i. The sti:nr.Il were twelve objects that were cut out 
fro m magazine s an d photogi-aphe d o n a  gra y background .  Thes e ar e 
th e sam e stimul i  tha t  wer e use d i n Intrau b (1985b :  Experiment s 2 
an d 3 ) .  Th e object s were :  a  car ,  a  ho t  ai r  balloon ,  a  suitcase , 
an organ ,  a  chair ,  a  tractor ,  a  goblet ,  a n America n flag ,  a 
stovo ,  a  pai r  o f  eyes ,  a  movi e projector ,  an d a  truck . 

Desicxn. Each sequence contained all twelve pictures, with 
on e o f  th e tv/olv e i n t:lM; ^  blac k frame .  Eac h pictur e wa s 
photographe d wit h th e blac k fram e aroun d i t  si x times ,  yieldin g 
72 sequences .  O n th e si x occasion s tha t  a  pictur e wa s th e targe t 
i t  appeare d wit h thre e differen t  pair s o f  flankin g picture s (- 1 
an d + 1 p ic tures) ,  suc h tha t  o n on e occasio n th e orde r  wa s AB C an d 
on th e othe r  i t  wa s CB A ( B i s th e pictur e wit h th e 
fr̂ .mc? )  .  Subject s wer e divide d int o thre e equa l  groixps .  What 
differe d amon g th e thre e groups ,  wa s th e positio n o f  th e 
specifie d pictur e (-1 ,  target ,  o r  +1 )  i n a  give n sequence .  Th e 
posit io n o f  th e specifioc^ :  pictur e i n eac h sequenc e wa s 
counterbalance d acros s subjec t  group .  Twelv e additiona l 
seqiience s wer e filme d t o serv e a s "catc h trials "  (- 2 an d + 2 
picture s speci f ied) . 

Procedn.re. Before the experiment, subjects were familiarized 
w-:t h ^h e :>icture s an d receive d practic e namin g them .  Followin g 
this ,  the y wer e tol d tha t  prio r  t o eac h sequence ,  th e 
experimente r  woul d nam e a  pictur e whil e the y looke d a t  th e 
fixatio n point .  Thei r  t  is k wa s t o respon d "yes "  o r  "no" ,  followe d 
by a  confidenc e ratin g (s\ire ,  prett y sure ,  no t  sure ,  guess) ,  t o 
indicat e whethe r  o r  no t  th e fram e wa s aroun d th e specifie d 
picture .  O n trial s elicitin g a  "no "  respons e the y wer e aske d t o 
repor t  th e pictur e tha t  the y sa w th e fram e around ,  alon g wit h a 
secon d con f  irion c < ;  rating' . 
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Result s 

The results support the claim thai the. migration effect 
obtaine d wit h picture s an d form s (Intraub,1985b )  i s no t  du e t o 
difficult y i n namin g rapidl y prej;ente d pirtxires .  Al l  subjec;t s 
persiste d i n reportin g th e fram e aroun d temporall y adjacen t 
picture s i n th e sequence ,  wit h hig h confidence .  A s i n Intrau' ) 
(1985b )  th e yes/n o procedur e yielde d th e sam e genera l  patter n o f 
ree-ult s a s th e unconstraine d namin g procedur e (Intraub ,  1985a , 
1985b )  . 

Table 1 shows the percent of trials in each specification 
conditio n t o whic h th e subjec t  reporte d "yes "  wit h hig h 
confidence .  Collapsin g ove r  minu s an d plu s positions ,  a  rê peĉ tft- d 
measure s ANOVA showe d a  significan t  mai n effec t  o f  position , 
(^(1,34 )  ~  61,48 ,  p  <  .001) .  Hig h confideuct. '  "yes "  response s 
decrease d a s th e specifie d pictur e wa s furthe r  remove d fro m th e 
target .  A  planne d compariso n o f  th e percen t  o f  "yes "  response s i n 
th e -1/+ 1 conditio n an d th e -2/+ 2 positio n show s tha t  th e larg e 
number  o f  erroneou s "yes "  response s t o -1/+ 1 picture s canno t  b e 
accounte d fo r  b y a  guessin g bia s becaus e ther e wer e significantl y 
fewe r  "yes "  response s t o -2/+ 2 picture s (p<,001) .  Th e mean s fo r 
th e -1/+ 1 an d -2/+ 2 conditions ,  wer e 44. 9 (S D =  21.1 )  an d 13. 8 
(S D =  18 .0 ) ,  respectively . 

Whether the relatively small number of "yeses" to -2/+2 
pictures ,  reflect s a  guessin g bia s o r  containe d actua l 
integratio n error s i s bein g addresse d i n othe r  research .  Th e 
majo r  poin t  bein g mad e her e i s tha t  a  stron g migratio n effec t  wa s 
obtaine d wit h thes e sequence s usin g th e yes/n o task . 

Table 1 

Mean percent of total possible responses in each specification 

condition that were high confidence "yes" responses (Exp 1) 

Specificatio n Conditio n 

-2-1 0 1 2 

Mean 14.9 43.6 63.3 46.1 13.8 

SD 17.0 23.1 18.7 24.9 21.3 
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E X r E R T M E NT 7 . 

The purpose of Experiment 2 was to test the attention 
v=i. 1 l o c a t i o n ^^srsnmptio n o f  th e mot^e l  u^^ln g a  reac t i o n t im e taĵ k  i n 
c o n j u n c t i o n w i t h th e st-andar d tempora l  m i g r a t i o n task .  Acco rd in g 
t o thr > n t l e n t i o n a ] l o r n t i o n a s s u m p t i o n ,  - 1 e r ro r s occu r  w h e n 
s u b j e c t s a t ten d t o th e f ram e b e f o r e th e "hos t "  p i c tu r e an d + 1 
erro-' s occu r  who r  ^h e '^nbject s a t ten d f-̂ rf̂ t  t o th e "bon t "  p i c tu r e 
an d the n t o th e f rame .  I f  th e a s s u m p t i o n i s t rue ,  the n reac t i o n 
t im e t o fra'Ti e detf}ct:f) n (rioisu.^e d w.it h a  ko y p r e s s )  f̂ hou.l d b e 
fas te r  w h e n s u b j e c t s repor t  th e f ram e a roun d th e - 1 p i c t u r e ,  tha n 
i ro rn d th e f l  p i c t u r e .  Th e t ime s ob ta ine d o n t^'iaT s i n wh i c h th e 
f ram e i s repo r te d a roun d th e hos t  p i c tu r e shou l d ne i the r  b e 
-̂'.ste r  ?:ha n f\\ o -. 1 t im e nf> r  s lowe r  tha n th e + 1 t ime . 

Method 

?\ibjects and stimn.Il . The subjects were 27 undergraduate 
v o l u n t e e r s w h o w e r e pa i d $3 .0 0 fo r  the i r  part icin^it ion .  Th e 
f i lme d s e q u e n c e s w e r e th e som e ?. s i n E'-'pevimen t  1 . 

Api:)aratus. The apparatiis was the same except for the 
a d d i t i o n o f  a  h a n d - h e l d ko y p res s w h i c h th e sub jec t  dep resse d 
w i t h h i s o r  he r  thumb .  R e a c t i o n t ime s we r e measu re d us in g a n 
'̂̂ pol e I I  P l u s compu te r  tha t  wa s in to r f ^ce d w i t h th e d ig i ta l  f ram e 

coun te r  o f  th e v a r i a b l e spee d d.ata-analyze r  p ro j ec to r .  Reac t io n 
t ime s f ro m th e onse t  o f  th e fram*-- '  t o th e ke y pres^ ^  we r e accura-f. e 
t o 1  m s e c . 

Procediire. Subjects were fami lia'-i?:ed with the pictures, arid 
•'••'-•r Q g i v e n p r a c t i c e namin g them .  Follov^in g t h i s ,  the y v/er e tol d 
tha t  the i r  t̂ .s k wa s t o p res s th e ke y i n th e shor tes t  t im e 
possilil e 1 n respons e t o th e ^r<^me ,  an d the n t o immed ia te l y ropoi' t 
w h i c h p i c t u r e i t  '̂''̂ d occur re d witli ,  a lon g w i t h a  con f idenc e 
L'at-'ng .  Far:} i  sub jec t  w a s pn^v ide d w i t h 2 4 p rac t i c e sequence s 
fo l l owe d b y 16 8 expe r imen ta l  s e q u e n c e s .  A f te r  eac h g rou p o f 
appro'^rinatel y 2 8 s e q u e n c e s ,  si-.'- i  jo' ~ L5- -  r'_'Cj;ivo d a  brif> f  brt;a k an d 
viewjL^ ,  a  r e l a t i ve l y s lo w p r e s e n t a t i o n o f  th e 1 2 p i c tu re s wh ic h 
'  1  c? y w.i?r e a-jke d t o n a m e . 

Results 

""-Vjifi ? '•'•riv./f^ t->i"' pf?rcf?ii t£ige of pictures repi'^rted as 

o c c u r r i n g v i t h th e f ram e a s a  func t io n o f  th e p i c t u re ' s pos i t i o n 
i n tl-i e tr(;'<_iae:ict -  an d con f i denc e raiting .  Th e tabJe ^  show s tha t 
a d d i t i o n o f  th e reac t i o n t im e tas k d i d no t  a l te r  th e pa t te r n o f 
r esu l t s t7pl<;a.ll 7 ob'falne d w i t h thes e an d otJu.̂ r  p ic to r ia l  s t imu l i 
u s i n g th e 'i:v:onstraine d namin g p rocedu r e ( In t raub ,  1935a , 
;^?C,h )  . 

680 



Tabl e 2 

Percent of responses reporting the frame around the correct scene 

(0), preceding scenes (-), or following scenes (+) In the 

s^gu.ence as a function of confidence 1 eye 1 (ExperIment 2_L 

Po'i.itao n o f  th e repoi l  f- d t?c:f;'; e i n th e s e a n e n v e 

Confidence -

Sur e 

Prett y Sur e 

Not  Sur e 

Guess 

— O 

0 

2 

7 

12 

- 2 

1 

2 

6 

7 

_ 1 

8 

19 

2 3 

19 

0 

8.1 

58 

36 

28 

1 

9 

15 

18 

15 

2 

0 

1 

3 

6 

3 

1 

3 

6 

13 

Th e mea n reac t io n t im e t o f ram e de tec t i o n a s a  func t i o n o f 
th e pos i t i o n o f  th e repor te d p i c tu r e i n show n i n Tab l e 3 .  A s ma y 
be see n i n th e tab le ,  th e pa t te r n o f  resu l t s fo l lowe d th e 
pred ic t io n o f  th e m o d e l .  Repor te d pos i t i o n o f  th e f ram e 
s ign i f ican t  a f fec te d reac t io n t im e {F(2,52 )  =  19 .35 ,  p  <  . 0 0 0 1 ) . 

Table 3 

Mean reaction time to detect^in^ the fra^^^ a ,functipn__pf the 

position of the picture the subject reported seeing It with when 

5he__subje^ct reppxtediiigh confidence In the response (Exp 2) 

Pp^ijt_4on of the reported picture 

-1 0 •>.•! 

Mee.v 32 7 33 2 3  5 3 

SD 42 40 46 
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Fr-.nn ^  (detectio n w?. s fast(?t '  or .  t r i a l s i n wh i c h s u b j e c t s repor te d 

tli e f ram e ai-onn d th e - 1 p i c t u r e tha n arcnin d th e t l  p i c t u r e (t(26 ) 
= 5 .33 ,  p  <  . 0 0 5 ) .  Th i s c o m p a r i s o n w a s a l s o s i gn i f i can t  b y 
sicjn-toGt ,  w i t h ?. 7 o f  th e 2 7 sub.ieot s s h o w i n g fas te r  RT s t o - 1 

p i c t u r e s . 

The results of these experiments are consistent with the 
i n t e g r a t i v e bviffe r  mode l  p ropose d b y In t rau b { 1 9 8 5 a ) .  Acco rd in g 
t o t M s v i e w o f  i l l uso r y c o n j u n c t i o n s ,  the y occu r  becaus e 
i n f o r m a t i o n i s s t i l l  b e i n g p r o c e s s e d i n a  concep tua l / v i sua l 
biiffe"' ,  a t  tb.t :  t:r'i e i:ha i  th e i-e w 'Tit̂ jjila y i s preGent:r>il .  r^rt- ^  o f 
th e p i c t u r e s t h e m s e l v e s d o no t  m i g r a t e a t  thes e speed s becaus e 
c o m p o n e n t s o f  t}; e pictu.re s ra n b e q u i c k l y in teg ra te d ('̂ .g. ,  f̂ ye s 
\ n a  f a c e ) .  Th i s i n teg ra t i v e bu f f e r  wou l d no t  necessa r i l y  p la y a 
roJ e i n I n t eg ra t i n g th e i n f o rma t i o n f ro m s u c c e s s i v e f i xa t ion s 
(se e P o l l a t s e k ,  Rayne r  &  C o l l i n s ,  1 9 8 4 ) ,  becaus e i t  seem s t o b e 
w o r k i n g d u r i n g th e a  t im e in te rva l  comparab l e t o a  s ing l e 
f i x a t i o n .  Indee d i f  f i l m spee d i s reduce d s o th,?. t  ra t e o f  p ic tu r e 
p^-'osontatio n a p p r o x i m a t e s th e avervag e ey e f i xa t i o n f requenc y o f 
a b o u t  3  o r  4  pe r  s e c o n d ,  n o f ram e m i g r a t i o n occur;^ .  Thô -; o 
p'"'er!orien a soe m .'ncr e /".̂ ]  :iir> d t o tempora l  intc^gratlo n t ime s i n 
p e r c e p t i o n ,  an d p r n v i d e a  ne w m e a n s w i t h w h i c h t o s tud y th e 
oei'ccptna l  organ!.Ta t  io n o f  th e c o m p o n e n t s o f  simultaneoxi.sl y 
p r e s e n t B d v i sua l  i n fo rma t ion . 
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ABSTRACT 

We investigated the effects of spelling knowledge on the representation 
o f  spoke n language .  I n th e experiment ,  subject s firs t  sa w th e writte n for m o f 
a nonsens e word ,  the n hear d i t  an d judge d th e numbe r  o f  syllables .  Fo r  th e 
identica l  acousti c tokens ,  th e numbe r  o f  judge d syllable s varie d wit h th e 
accoitpanyin g spelling .  Th e effec t  o f  spellin g wa s stronge r  fo r  on e syllabl e 
pronunciation s tha n fo r  tw o syllabl e pronunciations .  Th e result s ar e 
discusse d i n relatio n t o th e rol e o f  spellin g knowledg e i n listeners ' 
representation s o f  phonology . 

INTRODUCTION 

The alphabetic principle of our writing system links the written and 
spoke n form s o f  words .  Awarenes s o f  th e phonologica l  structur e o f  speec h ha s 
bee n show n t o pla y a n irtportan t  rol e i n learnin g t o rea d an d writ e (e.g. , 
Treima n &  Baron ,  1981 )  .  We wer e concerne d wit h influence s i n th e opposit e 
direction ;  tha t  is ,  wit h effect s o f  orthographi c knowledg e o n listeners ' 
notion s o f  words '  phonologica l  forms .  Specifically ,  w e aske d whethe r  th e 
number  o f  syllable s peopl e thin k a  spoke n wor d contain s depend s o n ho w the y 
thin k th e wor d i s spelled . 

Some evidence that knowledge of an alphabetic writing system shapes one's 
conceptio n o f  spoke n languag e wa s provide d b y Morals ,  Carey ,  Bertelson ,  an d 
Alegri a (1980 )  .  Thes e researcher s corrpare d literat e an d illiterat e adult s o n 
thei r  abilit y  t o segmen t  spoke n word s int o phonemes .  Moral s e t  al .  ha d thei r 
si±)ject s ad d o r  delet e phoneme s fro m word s an d nonwords .  The y foun d tha t  th e 
illiterat e adult s ha d difficult y i n manipulatin g phoneme-size d units .  Moral s 
et  al .  conclude d tha t  learnin g t o rea d i s inportan t  fo r  th e abilit y  t o thin k 
o f  speec h a s cortpose d o f  separat e units . 

Further evidence that knowledge of spelling shapes one's conception of 
th e coirponen t  sound s o f  a  wor d wa s provide d b y Ehr i  an d Wilc e (1980 )  .  Ehr i 
an d Wilc e ha d fourt h grad e childre n coun t  th e sound s i n familia r  words .  The y 
conpare d pair s lik e ric h an d pitc h whic h hav e equivalen t  pronunciations ,  bu t 
differen t  spellings .  Ehr i  an d Wilc e foun d tha t  th e childre n counte d mor e 
sound s i n th e word s wit h mor e letter s i n thei r  spelling .  Sinc e childre n ma y 
hav e ha d differen t  menta l  representation s o f  th e pronunciation s o f  thes e 
existin g words ,  Ehr i  an d Wilc e conducte d a  secon d stud y i n whic h the y taugh t 
childre n spelling s fo r  nove l  words .  Fo r  exanple ,  childre n wer e taugh t  eithe r 
ZIC H o r  ZITCH .  I n a  subsequen t  session ,  the y counte d th e sound s i n th e nove l 
words .  Again ,  childre n counte d mor e sound s i n th e word s wit h extr a letters . 
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Knowledge of the spelling of a word influenced children's judgments of how 
many sound s th e spoke n for m contained ,  bot h fo r  preexistin g spelling s an d 
newl y learne d ones . 

These demonstrations of an influence of spelling on mental 
representation s o f  phonolog y hav e deal t  wit h earl y developmenta l  influences . 
We sough t  t o demonstrat e suc h a n influenc e i n adul t  listeners .  We al l 
continu e t o lear n ne w word s an d mus t  represen t  thei r  phonologica l  properties . 
Does knowledg e o f  spellin g influenc e thes e representations ,  an d i n wha t  way ? 
I n oio r  experiment /  w e varie d bot h th e pronunciatio n o f  th e ne w word s an d thei r 
spelling .  We presente d th e writte n form s first . 

Instead of looking at judgments of the phonemic structure of novel spoken 
words ,  w e looke d a t  judgment s regardin g syllabi c structure .  Th e spellin g o f  a 
wor d convey s informatio n abou t  severa l  level s o f  linguisti c structure , 
includin g syllabl e conposition .  Compar e th e tw o spelling s FLOUR an d FK)WER. 
We hav e th e intuitio n tha t  th e forme r  i s a  on e syllabl e wor d an d th e latte r  a 
tw o syllabl e word ,  eve n thoug h the y ca n b e pronounce d identically . 

METHOD 

Materials and Design 

The critical items were 16 pairs of nonwords. The nonwords were based on 
pair s o f  rea l  word s lik e rul e -  jewe l  an d ow l  -  towel .  Nonword s wer e 
constructe d b y combinin g th e rhym e portion s o f  th e word s wit h ne w onset s 
(i.e. ,  singl e consonant s an d clusters )  .  Tw o nonwor d pair s wer e forme d fro m 

eac h wor d pair .  Fo r  exanple ,  row l  -  rowe l  an d spow l  -  spowe l  wer e forme d fro m 
owl  -  towel .  Th e firs t  member s o f  th e pair s hav e "on e syllabl e spellings "  an d 
th e secon d hav e "tw o syllabl e spellings. "  Thus ,  eac h nonwor d pai r  represent s 
tw o possibl e pronunciation s an d tw o possibl e spellings . 

In addition, there were 10 one syllable fillers (e.g., blee), 8 two 
syllabl e filler s (e.g. ,  tarrid) ,  an d 1 6 thre e syllabl e filler s (e.g. , 
repliment) . 

Two lists were constructed from these stimuli. Each list contained 16 
critica l  nonword s an d 3 4 fillers .  Th e list s wer e constructe d suc h tha t  on e 
member  o f  eac h critica l  pai r  occurre d o n eac h list .  Fo r  exanple ,  row l  an d 
spowel  occurre d o n on e list ,  an d rowe l  an d spow l  o n th e other .  Th e 5 0 
nonword s wer e groi:pe d int o 1 0 set s o f  5  item s each . 

The lists of nonwords were recorded by the first author. The speaker 
attenpte d t o pronounc e eac h critica l  ite m i n accordanc e wit h it s spellin g o n a 
give n list .  Eac h tria l  bega n wit h th e wor d "ready" ,  the n afte r  a  3  t o 4 
secon d paus e th e nonwor d wa s pronounced .  Abou t  on e secon d later ,  th e speake r 
sai d "tur n th e page "  an d ther e wa s a  5  secon d paus e befor e th e nex t  "ready. " 
Thi s sequenc e wa s repeate d fo r  fiv e items .  Afte r  th e las t  ite m i n a  set ,  th e 
speake r  sai d "No w recal l  th e word s i n an y order. "  Ther e wa s a  3 0 secon d 
silen t  perio d o n th e tape .  Eac h tap e bega n wit h a  practic e se t  o f  fiv e rea l 
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words . 

The taperecorde d material s wer e acconpanie d b y booklet s o f  writte n 
materials .  Th e booklet s containe d th e writte n form s o f  th e nonwords ,  type d i n 
larg e capita l  letter s i n th e cente r  o f  a  page ,  followe d b y answe r  sheet s fo r 
th e syllabl e countin g task .  Followin g th e answe r  shee t  fo r  th e fift h ite m i n 
eac h se t  wa s a  shee t  wit h fiv e recal l  clues ,  consistin g o f  th e firs t  consonan t 
or  consonant s o f  th e nonwords .  A t  th e beginnin g o f  eac h se t  o f  fiv e items , 
ther e wa s a  shee t  wit h th e instructio n "Tur n thi s pag e whe n yo u hea r  ready. " 

There were two versions of the written materials, with the one syllable 
spellin g i n on e version ,  an d th e tw o syllabl e spellin g i n th e other .  Fo r 
example ,  ROWL an d SPOWEIj  appeare d i n on e version ;  ROWEX an d SPOWL appeare d i n 
th e other . 

Each tape was paired with each version of the written materials. Thus, 
th e writte n for m o f  eac h critica l  ite m wa s eithe r  th e sam e a s it s 
pronunciatio n o n a  give n tap e (match) ,  o r  wa s th e alternat e spellin g 
(mismatch )  .  Fou r  groi:5) s o f  listener s receive d th e fou r  combination s o f 
recorde d an d writte n materials ,  s o tha t  th e spellin g manipulatio n wa s betwee n 
subjects . 

Procedure 

Subjects were tested individually in a sound-treated room. They were 
tol d tha t  th e experimen t  investigate d ho w peopl e remembe r  ne w words ,  an d tha t 
the y woul d se e an d hea r  nonsens e word s an d the n recal l  them .  A t  th e beginnin g 
o f  eac h se t  o f  five ,  siobject s waite d fo r  th e wor d "ready, "  an d the n turne d th e 
cove r  shee t  t o se e th e firs t  printe d nonsens e word .  The y the n hear d th e ite m 
pronounced .  The n the y turne d th e page ,  an d ha d 5  second s t o mar k th e numbe r 
o f  syllables .  When the y finished ,  the y turne d t o th e nex t  printe d nonsens e 
word .  I n thi s way ,  subject s viewe d th e printe d for m o f  th e nonsens e wor d fo r 
severa l  second s befor e the y hear d i t  spoken .  Afte r  markin g th e numbe r  o f 
syllable s i n th e fift h ite m i n eac h set ,  subject s recalle d th e las t  fiv e 
items ,  int o th e microphone ,  usin g th e clue s provide d i n th e booklet .  Afte r  3 0 
seconds ,  the y wen t  o n t o th e nex t  set . 

Subjects 

Forty undergraduates at the University of Wisconsin-Madison participated 
fo r  cours e credi t  o r  fo r  payment .  Al l  wer e nativ e speaker s o f  English . 

Spelling and Pronunciation Judgments 

Two additional sets of judgments were collected from other subjects. One 
grou p o f  fort y subject s onl y sa w th e spelling s o f  th e nonsens e words ,  an d 
indicate d ho w man y syllable s eac h had .  A  secon d grou p onl y hear d th e 
taperecorde d nonsens e word s (re-recorde d fro m th e tap e use d i n th e mai n 
experiment) ,  an d judge d th e nijmbe r  o f  syllables . 
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RESULTS 

Onl y th e result s fro n th e syllabl e judgmen t  tas k ar e reporte d here .  Th e 
recal l  result s wil l  b e presente d i n a  late r  report . 

Subjects' responses were scored as consistent or inconsistent with the 
intende d nuitibe r  o f  syllable s i n th e pronunciation .  Fo r  th e fillers ,  ther e 
wer e onl y 9  disagreement s (ou t  o f  136 0 responses )  wit h th e intende d numbe r  o f 
syllables .  Fo r  th e critica l  items ,  al l  bu t  on e o f  th e inconsisten t  response s 
corresponde d t o th e othe r  (on e o r  two )  possibl e numbe r  o f  syllables . 

Table 1 presents the percentage of responses consistent with the 
pronunciation s o f  th e nonsens e words .  When th e numbe r  o f  syllable s i n th e 
spellin g matche d th e pronunciation ,  84 % o f  th e response s agree d wit h th e 
intende d numbe r  o f  syllables .  When th e spelling s an d pronunciation s 
mismatched ,  onl y 31 % agree d wit h th e pronunciation .  Th e effec t  o f  spellin g o n 
syllabl e judgment s wa s muc h stronge r  fo r  on e syllabl e pronunciation s tha n fo r 
tw o syllabl e pronunciations .  When a  tw o syllabl e spellin g accompanie d a  on e 
syllabl e pronunciation ,  subject s generall y judge d tha t  th e wor d containe d tw o 
syllables .  When a  on e syllabl e spellin g acconpanie d a  tw o syllabl e 
pronunciation ,  on e an d tw o syllabl e judgment s wer e abou t  equall y common. 

These patterns were supported by statistical tests across subjects and 
items .  Th e effec t  o f  spellin g wa s highl y significan t  i n th e subject s 
analysis ,  F(l,38 )  =  127.94 ,  £ < .001 ,  an d i n th e item s analysis ,  F(l,30 )  = 
304.85 ,  £  <  .001 ;  mi n F '  (1,63 )  =  90.12 ,  p  <  .001 .  Th e interactio n betwee n 
spellin g an d pronunciatio n wa s significan t  i n bot h th e subject s (F(l,38 )  = 
7.49 ,  £ < .01 )  an d item s (F(l,30 )  =  24.30 ,  £ < .001 )  analyses ;  mi n F'(1/58 )  = 
5.73 ,  £  <  .05 . 

TABLE 1 
Percen t  o f  response s consisten t  wit h pronunciatio n 

Spelling 
Matc h Mismatc h 

Pronunciation 

One Syllable 79 11 

Two Syllable 89 51 
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TABLE 2 
Percen t  agreemen t  wit h intende d numbe r  o f  syllable s 

One Syllable Spelling 86 
Two Syllabl e Spellin g 9 0 

One Syllable Pronunciation 70 
Two Syllabl e Pronunciatio n 7 0 

Table 2 presents the agreement between subjects' judgments and the 
intende d numbe r  o f  syllable s fo r  th e writte n an d spoke n form s alone .  Syllabl e 
judgment s base d solel y o n th e spelling s o f  th e nonsens e word s agree d wit h ou r 
intention s almos t  90 % o f  th e time .  Th e amoun t  o f  agreemen t  wa s essentiall y 
equivalen t  fo r  th e on e an d tw o syllabl e spellings .  Syllabl e judgment s base d 
solel y o n hearin g th e nonsens e word s agree d wit h ou r  intention s 70 % o f  th e 
time .  Althoug h ther e wa s les s agreemen t  wit h regar d t o pronunciation s tha n 
wit h regar d t o spellings ,  th e atteitpt s a t  on e an d tw o syllabl e pronunciation s 
wer e equall y successful . 

DISCUSSION 

When adult listeners counted syllables in a novel spoken word, the number 
depende d o n th e spellin g the y ha d jus t  read .  T o tak e a  particula r  instance , 
th e on e syllabl e pronunciatio n o f  "shule "  wa s judge d a s monosyllabi c b y 95 % o f 
listener s vdi o onl y hear d it .  Wit h th e spellin g SHULE,  9  ou t  o f  1 0 listener s 
judge d i t  a s havin g on e syllable .  Wit h th e spellin g SHEWEL,  8  ou t  o f  1 0 
listener s judge d i t  a s havin g tw o syllables .  Th e tendenc y o f  oio r  adul t 
listener s t o coun t  extr a syllable s i n accor d wit h th e spelling s o f  nove l  word s 
i s simila r  t o Ehr i  an d Wilce' s (1980 )  findin g tha t  childre n counte d extr a 
sound s i n word s wit h additiona l  letters . 

On what were our subjects' syllable judgments based? The presence of an 
interactio n betwee n spellin g an d pronunciatio n suggest s tha t  bot h spellin g an d 
pronunciatio n wer e used .  Befor e elaboratin g o n thi s aspec t  o f  th e results , 
tw o uninterestin g interpretation s o f  th e interactio n mus t  b e rule d out .  I f  w e 
conside r  th e judgment s base d o n pronunciatio n alone ,  w e canno t  attribut e th e 
interactio n betwee n spellin g an d pronunciatio n t o greate r  ambiguit y i n th e 
nimibe r  o f  syllable s i n on e syllabl e pronunciations .  Th e on e an d tw o syllabl e 
pronunciation s wer e conparabl e i n term s o f  agreemen t  o n th e numbe r  o f 
syllables .  Neithe r  ca n th e interactio n b e attribute d t o weake r  bia s o f  th e 
one syllabl e spellings .  Overall ,  th e alternativ e spelling s wer e equall y 
strongl y biase d fo r  th e intende d numbe r  o f  syllables . 

The greater power of spelling over one syllable pronunciations than over 
tw o syllabl e pronunciation s ca n b e interprete d b y postulatin g a  distinctio n 
betwee n a  word' s actua l  pronunciatio n an d it s "ideal "  o r  canonica l 
pronunciation .  A  listener' s notio n o f  a  word' s idea l  pronunciatio n i s 
affecte d b y th e word' s spellin g a s wel l  a s b y it s phonologica l  an d 
morphologica l  structure .  We furthe r  postulat e tha t  idea l  pronunciation s ten d 
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to be more ccsrplex and differentiated than actual pronunciations. It is 
natura l  fo r  listener s t o se t  u p a  tw o syllabl e idea l  pronunciatio n (e.g. , 
"shewel" )  vrhe n the y onl y hea r  on e syllabl e ("shule") ;  i t  i s  les s natura l  fo r 
the m t o se t  u p a  on e syllabl e idea l  whe n the y hea r  tw o syllables .  Thi s 
asymmetr y reflect s th e fac t  tha t  polysyllabi c word s ar e ofte n shortene d (e.g. , 
"general "  become s "gen'ral") ,  whil e i t  i s  les s common fo r  syllable s t o b e 
added .  Thus ,  listener s wer e mor e willin g t o inser t  a n unhear d syllabl e base d 
on th e spelling ,  tha n t o ignor e a  hear d syllable . 

Further support for the distinction between actual and ideal 
pronunciations ,  an d fo r  th e ide a tha t  idea l  pronunciation s ar e mor e 
differentiate d tha n rea l  pronunciations ,  come s fro m a  stud y b y Taf t  an d Hambl y 
(1985) .  Thes e researcher s aske d subject s t o monito r  know n word s fo r  target s 

presente d auditorily .  Accordin g t o linguists '  phonemi c analyses ,  "safari " 
begin s wit h /s9f/ ,  bu t  th e majorit y o f  Taf t  an d Hambly' s literat e listener s 
too k i t  t o begi n wit h /sxf/ .  Taf t  an d Hambl y conclude d tha t  orthograph y 
influence s th e menta l  representation s o f  words .  Thei r  listener s ma y b e sai d 
t o hav e though t  tha t  "safari "  reall y contain s a n lanreduce d vowel ,  regardles s 
of  th e acoustic-phoneti c informatio n tha t  i s usuall y present .  Th e idea l 
representatio n differs ,  i n thi s case ,  fro m th e phonemi c representation .  I t 
may b e considere d a  metaphonologica l  representatio n — a  representatio n vihos e 
unit s ar e availabl e t o consciou s awarenes s an d manipulation . 

Cowan, Braine, and Leavitt (1985) provide some further data on the nature 
of  metaphonologica l  representations .  The y studie d peopl e wh o "tal k backward, " 
reversin g th e orde r  o f  unit s i n words .  Some subject s reverse d th e spelling s 
of  words ,  other s reverse d sounds .  Bu t  eve n subject s wh o manipulate d sound s 
re-ordere d unit s v±iic h wer e define d b y orthography .  Fo r  exanple ,  th e 
consonan t  cluste r  /ks /  wa s treate d a s a  uni t  onl y v*ie n i t  wa s spelle d wit h a n 
X.  Cowa n e t  al .  argu e tha t  knowledg e o f  spellin g act s a s a n irtportan t  sourc e 
of  constrain t  i n th e developnen t  o f  metaphonologica l  knowledge . 

Our results support this claim and, together with other recent findings 
(Donnenwerth-Nolan ,  Tanenhaus ,  &  Seidenberg ,  1981 ;  Jakimik ,  Cole ,  &  Rudnicky , 
1985 ;  Seidenber g &  Tanenhaus ,  1979) ,  inpl y a  ver y tigh t  connectio n betwee n th e 
writte n an d spoke n form s o f  words .  Orthographi c knowledge ,  i t  appears , 
influence s performanc e i n a  variet y o f  task s tha t  d o no t  logicall y requir e it . 
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ABSTRACT 

We describe a system that learns new schemas by modifying old ones, in order to understand 
anomalou s event s i n storie s tha t  i t  reads .  W e discus s ho w thes e schema s (calle d Explanatio n Pattern s 

[Schan k 86] )  ar e structure d i n orde r  t o mak e the m modifiable ,  an d ho w th e understandin g proces s 

applie s an d modifie s them .  Thi s mode l  bridge s th e ga p betwee n tw o previou s model s o f  understanding , 

whic h wer e base d o n eithe r  applicatio n o f  prestore d schema s o r  understanding-tim e inferenc e chaining . 

By employin g modifiabl e schemzis ,  ou r  mode l  i s  mor e flexibl e tha n th e forme r  an d mor e efficien t  tha n 

th e latter . 

In t roduct io n 

The crucial problem in story-understanding is infer-

ence .  Inferenc e i s needed ,  amon g othe r  things ,  t o ti e 

differen t  sentence s together ,  t o fil l  i n ellipses ,  an d t o 

resolv e ambiguity .  Th e story-understandin g literatur e 

contain s severa l  model s o f  th e inferenc e process ,  bu t 

fo r  th e purpose s o f  thi s pape r  w e ca n divid e thes e 

model s int o tw o principa l  categories :  On e grou p op -
erate s vi a th e applicatio n o f  prestore d schemas ;  th e 

othe r  build s inferenc e chain s fro m scratc h a t  under -

standin g time .  Bot h model s hav e somethin g t o offer , 

but  eac h ha s seriou s drawback s a s well .  I n thi s pa -

per  w e argu e tha t  i n orde r  fo r  a  syste m t o overcom e 

thes e drawback s i t  mus t  b e abl e t o adap t  it s schema s 

t o ne w situations .  W e discus s a  ne w mode l  (imple -

mente d i n a  compute r  progra m calle d SWALE)  tha t  i s 

base d o n modifiabl e schemas ,  calle d Explanatio n Pat -

tern s (hencefort h XPs) . 

Previou s W o r k — Inferenc e Chainin g 

an d S c h e m a Applicatio n 

The inference-chaining approach to story understand-
in g i s exemplifie d b y Rieger' s Conceptua l  Infer -

encer  (Riege r  75 ]  an d Wilensky' s P A M [Wilensk y 78] . 

•Thi s wor k i s supporte d i n par t  b y tli e Ai r  Forc e Offic e o f 
Systems Researc h unde r  contrac t  85-034 3 

Rieger' s syste m wa s completel y botto m up ;  hi s pro -

gra m chaine d forwar d fro m eac h inpu t  sentenc e an d 

notice d wher e th e chain s intereected .  Althoug h thi s 

simpl e mode l  wa s abl e t o generat e man y usefu l  infer -

ence s i t  wa s to o unconstrained .  Th e combinatoria l 

explosio n o f  inference s cause d th e irrelevan t  t o over -

whel m th e useful .  Wilensk y wa s abl e t o constrai n 

thing s somewha t  b y havin g knowledg e o f  plan s an d 

goal s guid e th e inferenc e process .  P A M woul d at -

temp t  t o matc h input s t o know n goal s o f  th e actor , 

and t o backwar d chai n t o thos e goal s i f  the y couldn' t 

be matche d directly .  Guidin g th e inferenc e proces s i n 

thi s wa y help s matter s considerabl y bu t  i t  remain s th e 

cas e tha t  P A M ha d t o d o a  lo t  o f  wor k t o understan d 

each story .  Furthermore ,  becaus e i t  didn' t  stor e th e 

inferenc e chain s i t  built ,  i t  ha d t o d o a s muc h wor k t o 

understan d a  stor y i t  ha d see n a  hundre d time s a s i t 

di d t o understan d i t  th e first  time . 

A respons e t o th e inference-chainin g schoo l  i s  th e 

schema-applicatio n approach ,  a s practiced ,  fo r  exam -

ple ,  b y Charniak' s Ms .  Malapro p [Charnia k 72] ,  an d 

Cullingford' s S A M [Cullingfor d 78] .  Thes e program s 

avoi d mos t  understanding-tim e inferenc e b y usin g pre -

store d schema s tha t  contai n th e expectation s neede d 

t o understan d th e story .  Fo r  thes e programs ,  th e in -

ferenc e proces s i s reduce d t o matchin g inpu t  fro m th e 

stor y agains t  a  schem a i n memory .  The y ar e therefor e 

ver y efficien t  a t  handlin g storie s tha t  closel y matc h 

thei r  schemas ,  bu t  fai l  badl y unles s ther e i s a  ver y 

clos e match . 
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Give n tha t  schema-base d program s ten d t o b e brit -
tl e bu t  efficient ,  whil e th e inference-chainer s ar e mor e 

flexible  bu t  les s efficient ,  on e migh t  b e tempte d t o 

propos e tha t  ther e ar e tw o differen t  mode s o f  story -

understanding ;  tha t  a  complet e mode l  woul d combin e 

S AM an d P A M ,  usin g script s whe n the y wer e appli -

cable ,  an d resortin g t o inference-chainin g whe n neces -

sary .  Suc h a n eithe r  o r  syste m woul d b e a  goo d ide a i f 

storie s wer e generall y totall y nove l  o r  totall y old-hat . 

The fac t  i s  tha t  mos t  ar e neither ;  interestin g storie s 

we rea d ar e usuall y reminiscen t  o f  thing s w e under -

stan d well ,  bu t  no t  exactl y lik e the m — the y ar e nea r 

misse s an d w e don' t  wan t  ou r  mode l  t o hav e t o un -

derstan d thes e fro m scratch .  Rather ,  w e wan t  t o b e 

abl e t o twea k ou r  ol d schema s t o mak e the m applica -

ble .  Thi s wa y th e understande r  learn s ne w schema s 

incrementall y whe n ol d one s fail .  Ol d schema s serv e 

as th e startin g point s fo r  creatin g th e new ,  an d th e 

wheel  doe s no t  nee d t o b e reinvente d i n orde r  t o buil d 

a slightl y differen t  schema .  SAM-lik e scripts ,  how -

ever ,  ar e no t  goo d candidate s fo r  modificatio n becaus e 

the y don' t  encod e enoug h o f  th e causa l  reasonin g tha t 

went  int o buildin g the m t o mak e i t  clea r  t o a  tweak -

in g mechanis m wha t  modification s ar e reasonabl e t o 

make.  I n orde r  t o mak e th e tweakin g ide a work ,  w e 

need t o specif y wha t  thes e modifiabl e schema s shoul d 

loo k lik e an d wha t  th e proces s wil l  b e tha t  modifie s 

and applie s them .  Thes e ar e exactl y th e goal s o f  th e 

SWALE project ,  whic h w e wil l  spen d th e res t  o f  thi s 

pape r  describing . 

X Ps — Modifiabl e Schema s 

XPs differ from scripts in that scripts are meant to pro-

vid e a n overal l  vie w o f  som e grou p o f  event s (suc h a s a 

doctor' s visi t  o r  a  mea l  a t  a  restaurant )  whil e XP s ar e 

designe d t o b e a  detaile d trac e o f  th e reasonin g tha t 

was use d t o resolv e a  particula r  proble m tha t  coul d 

aris e i n suc h a  grou p o f  event s (suc h a s th e waite r  no t 

bringin g you r  food) .  A n X P i s a  se t  o f  belief s an d a 

set  o f  belief-suppor t  relation s whic h lin k th e belief s 

togethe r  i n a n inferenc e network .  Th e belief-suppor t 

link s specif y whic h belief s depen d o n whic h others ,  an d 

what  th e typ e o f  th e dependenc y is .  Thi s i s  wha t 

makes XP s modifiable .  Th e belie f  support s indicat e 

why a  give n belie f  i s i n th e XP .  Thi s tell s th e modifi -

catio n proces s wha t  th e effec t  o f  deletin g o r  changin g 

belief s wil l  be . 
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The bes t  wa y t o giv e a  fee l  fo r  wha t  XP s ar e lik e i s t o 

describ e som e th e XP s w e hav e equippe d th e SWALE 

progra m with .  Conside r  th e followin g story :  "Swale ,  a 

successfu l  3-yea r  ol d rac e horse ,  wa s foun d dea d i n hi s 

stal l  a  wee k afte r  winnin g th e Belmon t  Stake s race. " 

Most  peopl e wh o rea d thi s stor y find  th e deat h t o b e a n 

anomalou s event ,  whic h the y fee l  th e nee d t o explain . 

What  follow s ar e som e death-relate d XP s tha t  w e hav e 

buil t  int o SWALE,  Som e o f  thes e XP s ar e clearl y rele -

van t  t o Swale' s deat h whil e other s ar e connecte d onl y 

i n a  mor e fancifu l  way .  Ou r  goa l  i s  t o hav e SWALE 

propos e a s man y interestin g explanation s a s possibl e 

by applyin g th e XP s w e hav e indexe d i n it s X P librar y 

and tweakin g the m t o creat e ne w variation s o f  thes e 

XPs;  w e ar e muc h mor e intereste d i n havin g th e syste m 

develo p interestin g hypothese s tha n i n havin g i t  avoi d 

bad ones . 

T h e Ji m Fix x X P :  Jogger s jo g a  lot .  Joggin g re -

sult s i n physica l  exhaustio n becaus e joggin g i s a  kin d 

of  exertio n an d exertio n result s i n exhaustion .  Phys -

ica l  exhaustio n couple d wit h a  hear t  defec t  ca n caus e 

a hear t  attack .  A  hear t  attac k ca n caus e death . 

T h e Jani s Jopli n X P :  Bein g a  sta r  performe r  ca n 

resul t  i n stres s becaus e i t  i s  lonel y a t  th e top .  Bein g 

stressed-ou t  ca n resul t  i n a  nee d t o escap e an d relax . 

Needin g t o escap e an d rela x ca n resul t  i n takin g recre -

ationa l  drugs .  Takin g recreationa l  drug s ca n resul t  i n 

an overdose .  A  dru g overdos e ca n resul t  i n death . 

To o M u c h Se x X P :  To o muc h se x ca n kil l  you . 

Preoccupatio n X P :  Bein g preoccupie d abou t  some -

thin g ca n caus e yo u t o b e inattentive .  Bein g inatten -

tiv e ca n resul t  i n walkin g int o traffic .  Walkin g int o 

traffi c ca n resul t  i n yo u bein g hi t  b y a  vehicle .  Bein g 

hi t  b y a  vehicl e ca n caus e death . 

Desponden t  Suicid e X P :  Thinkin g abou t  some -

thin g yo u wan t  bu t  tha t  yo u don' t  hav e ca n mak e yo u 

despondent .  Bein g desponden t  ca n resul t  i n suicide . 

The ide a i s tha t  whe n a n anomal y i s encountere d whil e 

readin g a  stor y o r  havin g a n experienc e i n th e rea l 

world ,  th e understande r  use s feature s o f  th e anomal y 

t o retriev e XP s tha t  migh t  explai n th e anomaly .  Fo r 

any anomal y a n understande r  encounters ,  ther e ar e 

fou r  possibl e state s o f  readines s it s X P librar y migh t 

be in : 

1. An XP can be retrieved from memory that appHes 

perfectl y t o th e anomaly .  I n thi s cas e i t  i s  eas y 
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t o explai n th e anomaly . 

schema-application . 

I t  i s  a  simpl e cas e of 
S W A LE Modul e Interconnectio n Diagra m 

tifu t  kct i 

2.  N o n e of  th e X P s retrieve d f ro m m e m o r y appl y di -

rectly ,  bu t  s o m e relevan t  X P s ca n b e modifie d (w e 

cal l  thi s tweaking )  t o creat e n e w X P s tha t  ar e ap -

plicable .  Thi s cas e i s  trickier ,  bu t  i t  i s  als o m o r e 

important ,  since ,  a t  th e en d o f  th e proces s th e 

syste m ha s create d an d learne d a  n e w X P . 

3. No XP is retrieved that can be tweaked to ap-

ply .  A n X P mus t  b e buil t  f ro m scratc h ou t  of  th e 

primitiv e inferenc e rules .  Thi s  i s th e kin d of  situa -

tio n fo r  whic h P A M w a s designed .  U n d e r  ou r  cur -

ren t  mode l ,  understander s ofte n giv e u p o n prob -

lem s fo r  whic h the y ar e s o unprepare d unles s th e 

anomal y i s quit e important .  Al thoug h a  complet e 

model  shoul d includ e a  c o m p o n e n t  t o handl e thi s 

case ,  th e S W A LE p rog ra m currentl y doe s not . 

4. The system does not even have the inference rules 

t o allo w i t  t o buil d a n appropriat e X P .  I n thi s cas e 

th e syste m simpl y i s no t  equippe d t o understan d 

th e anomalou s experience . 

The SWALE Process Model 

My claim is that most interesting experiences fall into 

categor y 2 ;  w e understan d the m b y retrievin g a n ex -

istin g X P an d modifyin g i t  t o fit  th e ne w situation . 

Thi s i s wha t  th e SWALE progra m does .  Thu s SWALE 

i s bot h a n understandin g progra m an d a  learnin g pro -

gram.  It s action s ar e drive n b y th e goa l  o f  discoverin g 

an explanatio n tha t  wil l  hel p i t  understan d a n anoma -

lou s event ,  an d i n doin g s o i t  learn s ne w explanations , 

and store s the m fo r  futur e use .  Afte r  a n anomal y i s 

detecte d th e algorith m involve s th e following : 

X P S E A R C H:  Searc h th e X P librar y fo r  a n X P tha t 

may appl y t o th e anomaly . 

XP EVALUATION: Attempt to apply XPs. If suc-

cessfu l  the n ski p t o X P I N T E G R A T I O N . 

X P T W E A K I N G:  I f  unabl e t o appl y XP s directly , 

attemp t  t o twea k the m int o XP s tha t  migh t  appl y bet -

ter .  I f  successfu l  sen d tweake d XP s bac k t o X P EVAL -

UATION. 

X P I N T E G R A T I O N :  I f  result s accepted ,  integrat e 

int o memor y makin g appropriat e generalizations . 

The progra m i s divide d int o thre e modules .  Th e mai n 

drive r  i s calle d th e Accepte r  an d i s responsibl e fo r  de -

Oirtpu l  nylanttlen i 

f  Ommtl ] 

Tweake r 

LIkrtr y 

Explore r 

^ » l»r.ry ^ 

Figur e 1 :  S W A L E M o d u l e Interconnectio n d iagra m 

tecting anomalies, evaluating explanations, and gener-

alization .  O n e sub-syste m i s devote d t o retrievin g X P s 

an d anothe r  t o tweakin g them .  Dav i d Leak e i s  work -

in g o n th e Accepter ,  Chri s O w e n s o n th e Retriever , 

an d I  a m workin g o n th e Tweaker .  Figur e 1  present s 

a simpl e descriptio n o f  th e S W A LE architecture . 

Unfortunately, there isn't enough room here to de-

scrib e th e entir e S W A LE program .  Ther e are ,  o f  course , 

importan t  issue s tha t  aris e throughou t  th e processin g 

of  th e story .  Fo r  example ,  th e reade r  migh t  wonde r 

h o w S W A LE notice s anomalies ,  h o w i t  searche s fo r  rel -

evan t  X P s an d h o w i t  evaluate s explanations .  Thes e 

ar e al l  interestin g issue s tha t  w e simpl y don' t  hav e 

r o o m t o touc h o n her e — thi s pape r  i s  reall y onl y 

abou t  h o w X P s tha t  hav e bee n retrieve d an d evalu -

ate d a s nea r  misse s ca n b e modified .  S o m e o f  th e 

othe r  issue s ar e discusse d i n (Leak e an d O w e n s 86) . 

A s o m e w h a t  m o r e detaile d (albei t  ou t  o f  date )  dis -

cussio n o f  th e entir e S W A LE p rog ra m appear s i n 

[Kass ,  Leak e an d O w e n s 86] . 

Tweaking XPs to Make Them Fit 

When the Accepter rejects an XP as a near miss it 
passe s th e X P an d th e reaso n fo r  rejectio n t o th e 

Tweaker .  T h e goa l  of  th e T w e a k e r  i s  t o generat e a 

n e w X P (o r  se t  of  XPs )  tha t  migh t  fit  better .  Thes e 

ar e the n sen t  bac k t o th e Accepte r  fo r  re-evaluation . 

The high level control structure of the Tweaker is very 

simple .  Ther e ar e tw o m a i n sub-steps : 

Strategy Retrieval: Retrieve XP REPAIR STRATE-

GIE S f ro m a  librar y of  suc h strategie s maintaine d b y 

th e Tweaker .  Retrieva l  of  a n appropriat e se t  of  X P 
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REPAIR STRATEGIES relie s o n usin g th e X P FAILUR E 
TYPE,  create d durin g th e evaluatio n stage ,  a s a n inde x 

int o th e X P REPAI R STRATEGY library .  Eac h X P RE -

PAI R STRATEGY i s store d i n th e librar y alon g wit h a 

failur e pattern .  Th e retrieva l  ste p essentiall y  involve s 

matchin g th e X P FAILUR E TYPE ,  agains t  thes e pat -

tern s an d collectin g th e strategie s associate d wit h pat -

tern s tha t  successfull y match .  Thes e ar e th e strategie s 

tha t  wil l  b e applie d i n th e applicatio n step . 

Strategy Application: Each strategy is a program 

designe d t o m a p a n X P tha t  suffer s fro m som e proble m 

t o a  se t  o f  modifie d XP s tha t  don' t  suffe r  fro m th e prob -

lem .  Appl y eac h retrieve d strateg y i n turn ,  collectin g 

and returnin g an y resultin g XPs .  O f  course ,  th e de -

tail s o f  wha t  goe s o n durin g thi s phas e o f  processin g i s 

completel y determine d b y th e natur e o f  th e X P REPAI R 

STRATEGY.  Som e o f  th e X P FAILUR E TYPE s generate d 

i n th e curren t  versio n o f  th e program ,  an d som e o f  th e 

associate d X P REPAI R STRATEGIES ar e discusse d be -

low .  Thi s lis t  no t  intende d t o b e exhaustiv e b y an y 

means;  we'v e jus t  begu n t o buil d u p SWALE' s librar y 

of  strategies .  However ,  i t  shoul d conve y th e basi c for m 

tha t  thes e thing s take . 

In a sense, the SWALE Tweaker represents the appli-

catio n t o understandin g o f  th e sam e philosoph y tha t 

Hammond's C H E F progra m [Hammon d 84 ]  applie d t o 

planning .  C H E F use s goal-failur e configuration s t o in -

dex plan-repai r  strategies ;  SWALE use s X P FAILUR E 

TYPES t o inde x X P REPAI R STRATEGIES.  Hammond' s 

theoretica l  goa l  wa s a  content-theor y o f  pla n repair ; 

our s i s a  content-theor y o f  explanatio n repair .  O f 

course ,  th e ide a o f  usin g failure s t o inde x repai r  strate -

gie s trace s bac k a t  leas t  t o H A C K ER [Sussma n 75] . 

S o me X P F A I U R E T Y P E S 

NORMATIVE-FILLER-VIOLATION: This fail-
ur e indicate s tha t  th e explanatio n hypothesize s tha t  a 

rol e i n a n actio n descriptio n b e filled  b y a n acto r  wh o 

i s no t  a  member  o f  th e categorie s tha t  th e Accepte r 

expect s t o fill  th e role . 

When the JIM FIXX XP is retrieved it generates this 

failur e descriptio n becaus e i t  call s fo r  SWALE b e a  jog -

ger ,  bu t  th e progra m expect s jogger s t o b e humans . 

S C R I P T - L I N E - V I O L A T I O N :  Thi s failur e i s sim -

ilar ,  bu t  no t  identica l  t o th e on e above .  I t  indicate s 

tha t  th e explanatio n calle d fo r  a n acto r  t o fill  a  rol e 

i n a  scrip t  tha t  i t  i s  no t  vali d fo r  i t  t o fill  becaus e on e 

of  th e line s i n th e scrip t  i s  a n actio n tha t  th e acto r  i s 

actuall y incapabl e o f  performing . 

When evaluating the JANIS JOPLIN XP this failure 

i s generate d becaus e th e X P hypothesize s tha t  Swal e 

was th e acto r  i n th e recreationa l  drug s script ,  bu t  thi s 

scrip t  involve s injectin g oneself ,  whic h Swal e i s no t 

capabl e of . 

SCHEDULING-VIOLATION: This failure com-

plain s tha t  a n explanatio n hypothesize s tha t  a n ac -

tio n wil l  occu r  a t  a  particula r  tim e bu t  th e progra m 

has reaso n t o believ e tha t  i t  shoul d hav e happene d a t 

a differen t  tim e (earlie r  o r  later )  instead . 

For example, the TOO MUCH SEX XP calls for 

Swal e t o b e havin g se x aroun d th e tim e o f  hi s death . 

The progra m knows ,  however ,  tha t  rac e horse s ar e kep t 

celibat e unti l  sen t  t o stu d afte r  thei r  racin g day s ar e 

over .  I t  therefor e generate s thi s failure . 

UNCONVINCING-SUPPORT-LINK: This fail-
ur e i s quit e differen t  fro m thos e above .  Th e Ac -
cepte r  isn' t  complainin g abou t  an y paritcula r  belief , 

but  rathe r  abou t  th e jum p fro m on e t o another .  Th e 

Accepte r  expect s t o hav e inferenc e rule s t o hac k u p 

eac h lin k i n a n XP .  Whe n a  lin k isn' t  satisfactoril y 

supporte d thi s failur e i s generated . 

S o me X P R E P A I R S T R A T E G I E S 

Associated with each XP FAILURE TYPE is one or more 

XP REPAI R STRATEGIES.  Th e bes t  wa y t o explai n 

thes e i s t o describ e som e examples .  W e giv e som e 

brie f  description s below .  Example s o f  ho w som e ar e 

used appear s i n th e descriptio n o f  th e SWALE ru n nea r 

th e en d o f  th e paper . 

SUBSTITUTE ALTERNATIVE THEME: This 
i s  a  fairl y  genera l  strategy .  I t  i s  a  candidat e fo r  fixing 

any I N V A L I D - A C T I O N failure . 

The notion here is to find out which line (or lines) in 

th e inappropriat e scrip t  wa s actuall y importan t  i n th e 

XP (I'c .  whic h on e support s othe r  belief s i n th e XP) , 

and t o searc h fo r  a  them e associate d wit h th e acto r 

tha t  ca n substitute .  Th e ne w them e mus t  b e on e tha t 

i s appropriat e fo r  th e curren t  2u;tor ,  an d on e whic h 

has th e necessar y line(s )  i n it .  I n othe r  words ,  th e 

XP carrie s withi n i t  th e knowledg e o f  wh y a  particula r 

belie f  i s  importan t  t o th e XP ,  an d thi s strateg y use s 

thi s informatio n t o find  anothe r  them e tha t  ca n fit  i n 

i n a n analogou s way . 

694 



KASS 

SUBSTITUTE EQUIVALENT ACTION :  Thi s 
i s  quit e lik e th e abov e strategy ,  an d ca n fix  th e sam e 

set  o f  failures . 

Sometimes there are no themes associated with the ac-

to r  tha t  ca n substitut e fo r  th e actio n tha t  h e Accepte r 

has foun d objectionable .  I n thi s case ,  anothe r  wa y t o 

searc h fo r  a  substitutio n i s t o loo k a t  generalization s 

of  th e objectionabl e action ,  an d the n find  othe r  spec -

ification s o f  thos e generalizations .  An y o f  thes e othe r 

specification s tha t  suppor t  th e inference s supporte d b y 

th e origina l  actio n ar e candidat e substitutions . 

S U B S T I T U TE A N T I C I P A T I O N :  Thi s rathe r 

specialize d strateg y applie s t o som e S C H E D U L I N G-

V I O L A T I O N failure s whe n th e actio n i n questio n wa s 

expecte d t o happe n late r  tha n calle d fo r  i n th e XP . 

When thi s happen s i t  i s  reasonabl e t o entertai n th e no -

tio n tha t  thinkin g abou t  th e futur e even t  migh t  pla y 

a rol e i n th e explanation .  Thu s thi s strateg y substi -

tute s th e belie f  tha t  th e acto r  wa s thinkin g abou t  th e 

even t  fo r  th e belie f  tha t  th e even t  actuall y occurred . 

Sometime s thi s make s sense ,  althoug h ofte n i t  doesn't . 

I t  i s u p t o th e Accepter ,  rathe r  tha n th e Tweaker ,  t o 

decide . 

F I N D C O N N E C T I NG X P :  Thi s provide s a  wa y t o 

fix  U N C O N V I N C I N G - S U P P O R T - L I NK failures . 

I t  attempt s t o repai r  suc h a  proble m b y finding  anothe r 

XP tha t  wil l  connec t  th e tw o belief s i n question .  I t 

work s b y callin g th e Explorer .  I f  n o X P ca n b e foun d t o 

connec t  th e belief s directl y i t  wil l  tr y a  limite d amoun t 

of  causa l  chaining .  Afte r  eac h chainin g ste p i t  wil l  cal l 

itsel f  recursively ,  usin g th e newl y inferre d belief .  Thi s 

i s use d t o find  connection s betwee n thinkin g abou t  se x 

and death . 

A Brie f  Descriptio n o f  a  S W A L E R u n 

SWALE is actually a running computer program. There 
i s n o roo m her e t o presen t  th e actua l  outpu t  fro m th e 

syste m (whic h i s rathe r  verbose) .  Th e followin g i s a 

brie f  paraphras e o f  a  SWALE trac e i n whic h i t  devel -

ops som e variation s o n explanation s containe d i n it s  li -

brar y whe n i t  i s  se t  t o wor k o n th e stor y abou t  Swale' s 

death .  Thi s i s intende d t o giv e th e reade r  a  roug h ide a 

of  th e wa y tha t  SWALE' s processin g proceeds : 

• Use routine search to find XPs concerning pre-

matur e deat h i n animals .  Fin d D E A T H F R O M 

I L L N E S S XP -  Thi s X P can' t  apply ,  sinc e Swal e 

wasn' t  sick .  Becaus e thi s i s a  sever e failur e d o no t 

tr y t o tweak . 

• Look for XPs indexed by unusual features of 

Swale .  Racehorse s ar e i n to p physica l  condition ; 

deat h -I -  to p conditio n retrieve s J I M F I X X X P 

The Evaluato r  reject s F I X X X P becaus e Swal e 

can' t  b e a  jogger . 

• Try to Tweak. The problem was a DEFAULT-

F ILLER-V IOLAT ION ,  s o tr y S U B S T I T U T E 

A L T E R N A T I VE T H E M E.  Swale' s know n theme s 

ar e horse-rac e an d eat-oats .  Th e horse-rac e them e 

i s selecte d becaus e i t  involve s running ,  whic h wa s 

th e aspec t  o f  joggin g playin g a  rol e i n th e XP .  Th e 

tweake d X P is :  Sinc e Swal e ha d a  hear t  defect ,  th e 

exertio n fro m runnin g overtaxe d hi s heart . 

• Evaluate the new XP. It's reasonable, but since 

th e hear t  defec t  can' t  b e confirmed ,  continu e look -

in g fo r  othe r  XPs .  Othe r  strategie s fai l  t o find 

more XPs ,  s o tr y folklori c explanation s o f  death . 

Pul l  u p th e ol d wives '  tal e T O O M U C H S E X 

X P.  Th e evaluato r  notice s tha t  racehorse s aren' t 

allowe d t o hav e se x whil e racing ,  bu t  the y d o hav e 

a lo t  o f  se x whe n the y retir e t o th e stu d farm .  Thi s 
i s  a  SCHEDULING-VIOLATIO N 

• Tweak. The tweaking strategy, SUBSTITUTE 
ANTICIPATIO N applie s t o thi s fault .  Coul d 
Swal e hav e die d jus t  fro m thinkin g abou t  lif e o n 
th e stu d farm ? 

• The new XP is unconvincing. There's no link from 
thinkin g abou t  se x t o death .  Tweak . 

• Fault is UNCONVINCING-SUPPORT-LINK, 
use th e strateg y FIN D C O N N E C T I NG XP . 
Possibl e effect s o f  thinkin g abou t  se x are ,  excite -

ment ,  an d depressio n (i f  you'r e thinkin g abou t  no t 

havin g it) .  Distractio n ca n b e linke d t o deat h b y 

tw o XPs ,  Excitemen t  ca n caus e deat h b y heart -

attack .  Depressio n ca n caus e deat h fro m suicide . 

• Search continues but no more XPs are found. Each 

of  th e ne w explanation s depend s o n condition s 

whic h can' t  b e confirmed .  Sinc e th e Fix x X P wa s 

th e possibilit y  locate d mos t  directl y b y th e Ex -

plorer ,  th e tweake d versio n o f  Fix x i s  accepte d 

as th e mos t  likel y explanation .  Th e causally -

significan t  featur e Fix x an d Swal e share d wa s tha t 

the y di d physica l  exertion .  Th e X P i s generalize d 

t o appl y t o actor s wh o hav e a n exertio n them e 

and thi s i s installe d i n memor y fo r  futur e use . 
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S o me Explanat ion s Create d b y S W A L E Conclusio n 

Th e Ji m Fix x Remindin g Explanation :  Swal e 
had a  congenita l  hear t  defect .  Th e exertio n o f  runnin g 

i n hors e race s straine d hi s hear t  an d brough t  ou t  th e 

laten t  defect .  H e ha d a  hear t  attac k an d died . 

The Drug Overdose Explanation: Swale's owner 

was givin g hi m drug s t o improv e hi s performance .  H e 

accidentall y gav e hi m a n overdose ,  whic h kille d him . 

The Stud Farm Pair 

swale's processing brings it to consider the idea that 

thinkin g abou t  se x to o muc h cause d Swale' s demise . 

I t  the n attempt s t o imagin e way s i n whic h thi s migh t 

hav e occurre d an d develop s th e explanation s tha t  fol -

low : 

The Sexual Excitement Explanation: Swale 

was thinkin g abou t  hi s futur e lif e o n a  stu d farm . 

Sinc e h e wa s a n excitabl e creature ,  thinkin g abou t  th e 

prospect s prove d t o b e to o muc h strai n fo r  hi s heart . 

He ha d a  hear t  attac k an d died . 

The Despondent Suicide Explanation: Swale 

was thinkin g abou t  hi s force d chastit y durin g hi s rac -

in g career .  H e becam e desponden t  an d kille d himself . 

Explanatio n Pattern s represen t  froze n inferenc e chain s 

i n a  wa y tha t  preserve s th e reasonin g patter n use d t o 

develo p them .  Thi s allow s a  mode l  usin g XP s t o bridg e 

th e ga p betwee n schem a applier s an d inferenc e chain -

ers .  SWALE understand s storie s i n term s o f  it s  pre -

establishe d schemas ,  bu t  thos e schema s ar e no t  rigi d 

i n th e wa y tha t  script s are .  Whe n a  schem a i s a  nea r 

miss ,  SWALE i t  i n i n orde r  t o mak e i t  apply .  O f  course , 

th e furthe r  th e stor y stray s th e mor e tweakin g wil l  b e 

needed ,  s o thi s mode l  predict s tha t  ther e wil l  b e a  con -

tinuu m o f  difficulty ,  fro m straigh t  applicatio n throug h 

more an d mor e majo r  tweaking ,  t o buildin g th e expla -

natio n fro m scratch . 

SWALE i s stil l  i n it s formativ e stage s bu t  w e ar e ver y 

excite d b y th e preliminar y results .  Th e progra m pos -

sesse s a n importan t  trai t  tha t  previou s understander s 

di d not :  W h e n it s knowledg e structure s fail ,  th e pro -

gra m attempt s t o buil d ne w hypothese s fo r  under -

standin g th e event s an d the n store s thes e fo r  futur e 

use .  Thi s i s a n importan t  componen t  o f  flexible , 

human-styl e understanding . 
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The stud y focuse s o n th e cognitiv e processe s underlyin g deci -
sio n makin g i n a  dynami c context .  Th e purpos e i s t o formall y 
defin e th e predecisiona l  structur e an d t o describ e th e cognitiv e 
strateg y a  subjec t  employ s whe n solvin g a  decisio n proble m unde r 
tim e pressure .  A  mode l  wa s elaborate d definin g th e cognitive -
decisiona l  strateg y o f  a  defensiv e playe r  (D )  i n squas h whe n se -
lectin g a  moto r  ac t  i n respons e t o hi s opponent' s eventua l  shot . 
(Sarrazi n e t  al. ,  1983) .  Compute r  simulatio n base d o n protoco l 
analysi s wa s applie d aimin g a t  verifyin g th e inne r  validit y an d 
logi c o f  th e propose d model .  Result s point s t o a  viabl e prede -
cisiona l  informatio n structur e establishe d o n predefine d method s 
use d t o reac h a  specifi c  preparatio n state .  Thes e method s ar e 
sequence s o f  goal s an d operator s tha t  ar e store d i n propert y 
liste d an d ar e activate d b y transistor y knowledg e state s i n wor -
kin g memory .  Th e compute r  progra m coul d als o accoun t  fo r  a 
substantia l  par t  o f  th e variatio n i n th e lengt h an d accurac y o f 
processing .  Discrepancie s observe d betwee n th e progra m decision s 
and th e one s reache d b y exper t  player s le d u s t o questio n th e 
us e o f  a  normativ e decisio n rul e i n a  dynami c context . 

Previous research in the field of psychomotor learning and performance 

has dealt with either mechanisms governing movement or the perceptual fac-

tors involved in performing a motor task. It is interesting to note, however, 

that investigations into the processes underlying decision making in a context 

subject to time pressure, such as sport, has been virtually ignored (Whiting, 

We gratefull y acknowledg e th e assistanc e o f  Robi n Michel . 

697 



Lacombe D. ,  Sarrazi n C .  &  Alai n C 

1979). This dearth or empirical research is probably attributable to metho-

dological difficulties identifying cognitive processes in a fast-paced envir-

onment. These shortcomings have led us to explore the relevance of conceptual 

frameworks and methodological tools related to cognitive psychology (Einhorn 

& Hogarth, 1981; Kleinmuntz & Kleinmuntz, 1981) in gaining insight into the 

cognitive processes involved in choosing a motor act. 

The study reported hereafter is formulated in light of problem solving 

theory and methodology (Newell & Simon, 1972). The decision maker is placed 

in a problem solving situation. He should be viewed as a symbolic informa-

tion processing system employing certain cognitive operations as adapting 

mechanisms in order to cope with a complex environment (Hogarth, 1981). 

In addition, verbal protocols can provide significant information about deli-

berately selected processes underlying decision making (Kellog, 1982; Payne, 

1982). Finally, it is possible to establish some functional equivalence 

between performance patterns on a computer and a human being during a given 

task (Card, Moran & Newell, 1980; Bhaskar & Simon, 1977). 

Through the use of verbal protocols and computer simulation, the present 

study investigated the cognitive processes involved in solving decision pro-

blems under time pressure. The aims were to verify the inner validity of a 

proposed model of decision making in squash (Sarrazin & al. 1983) and to 

evaluate the extent in which this model accounts for the variability in speed 

and accuracy of the motor reaction. 

Task analysis and decision making model 

The decision task facing a defensive player (D) in squash was considered. 

It consisted in choosing the best preparation state in order to react appro-

priately to an opponent's impending shot. A preparation state is regarded 
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as a physical bias toward the chosen response. Previous results (Alain & al. 

1983) revealed that expert squash players considered three different prepara-

tion state: 1) total preparation according to which D totally favors a uni-

que response to be executed by his opponent without taking into consideration 

any other possible responses. 2) Partial preparation whereby D primes one 

response without excluding the possibility that an alternate reaction may be 

required. 3) Neutral preparation according to which D's bias is the same 

for each of the possible response. 

An integral part of the simulation task was to provide a detailed descrip-

tion of the structural characteristics of the task environment. Data'col-

lection and verbal protocol analysis of D attending an opponent's shot in 

squash competition were completed. The methods and theoretical constructs 

underlying these stages are reported elsewhere by Alain & al. (1983) et 

Sarrazin et al. (1983). This led to the formulation of a model of D's 

decisional behavior. 

In the course of reacting to repetitive decisions made in face of time pres-

sure, an expert squash player will formally define a problem space. This 

problem space consists of a highly organised internal representation of the 

task environment. Operators and goals would then be applied to varying know-

ledge states in order to construct a search sequence within this space. A 

production system consisting of conditional statements spells out the logic 

guiding this search. It describes a set of methods (sequence of goals and 

operators) and a selection rule that D uses to choose the best possible 

state of preparation. This choice would be accomplished through the exten-

tion of the subjective expected utility principle (S.E.U.) (Coombs, Dawes & 
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Tversky, 1970). That is, D. would assign varying S.E.U. values to each pre-

paration state and subsequently choose the one with the highest value. 

Assignment of these values is achieved by computing various sources of infor-

mation related to the three following functions: 1) The subjective proba-

bility assigned to each possible shot of the offensive player. 2) The time 

pressure attributed to each shot, and finally 3) the utility value that D 

assigns to each preparation state he might choose. The various sources of 

information related to the task of choosing the best preparation state are, 

for instance, the respective positions of the players on the court, play 

habits of the offensive player, the opponent's ability to aim the ball to the 

chosen position, the estimated time required to reach the ball, the time 

available to reach the position the ball is expected to touch the court, 

and the significance or score of the game. 

In sum, data collected thus far have led to the formulation of a conceptual-

ly viable model of decision making in squash. However in order to further 

corroborate the viability of this model, this study was designed to verify 

the inner logic. The goals, operators, methods and selection rule were in-

tegrated into a computer simulation program. In this regard the following 

sections outline how the information processing approach was applied to the 

study of decision making in sport. 

Computer representation of a decision making problem 

The basic structures of the simulation program were elaborated and ope-

rationalized on a PDP-10) computer using a recent version of UCI-LISP 

(Meehan, 1979). The resulting LISP program comprised a set of production 

rules governed by an adapted translation of Winston's (1977) production sys-

tem interpreter. This interpreter is an internal aspect of processing which 
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TABLE 1 

Production System 

COMPUTER TRACE PSYCHOLOGICAL STEPS 

Heuristi c =  Firs t 

Iteratio n 1 

Predicat > 
Actio n 
Productio n 

(EQ(Preparation-P)(Quot e Note) ) 
Prin t  solutio n 
Sto p 

1- FIN D TH E FIRS T PREDICAT T  O F A N 
ITERATIO N AND EVALUATE IT . 

ITERATIO N 1  »  I F 0  POSSESSES 
ALL TH E NECESSARY INFORMATION T O CHOOSE A 
SPECIFI C STAT E OF PREPARATION I N HI S PRO-
DUCTION MEMORY THEN PRIN T TH E CHOICE O F A 
SPECIFI C STAT E O F PREPARATION AND STOP TH E 
PROCESSING. 

Iteratio n 2 

Predicat « T 
Actio n •  Nothin g 
Productio n »  P _ 

Pg : Heuristic - First 

Iteratio n 1 

Predicat » (EQ(Preparation-P)(Quote 
Uncertain ) 

Actio n »  Nothin g 
Productio n »  P -

Pgi Heuristic =• All 

Iteratio n 1 

Predicat « (EQ(POS-P)(Quote Desire)) 
Actio n »(DPOS ) 
Productio n =  Sto p 

Iteration 2 

Predicat » (EQ(ORI-P)(Quote Desire)) 
Actio n «  OORD 
Productio n »  Sto p 

Iteration 3 

Predicat • (EQ(ID-P)(Quote Desire)) 
Actio n .  (ID ) 
Productio n »  Sto p 

Iteration 4 

Predicat • (EO(Habd-P)(Quote Desire)) 
Actio n -  (0HA8ITUD ) 
Productio n =  Sto p 

Iteration 5 

Predicat = (EQ(HABL-P)(Quote Desire)) 
Actio n .  (DHABILET ) 
Productio n *  Sto p 

Iteration 6 

Predicat ' (OR(EQ(POSP)(Quote Note)) 
(EQ(ORI-P)(Quot e Note))(EQ(ID-P)(Quot e 
Note) ) 
(EQ(HABD-P)(Quot e Note))(EQ(HABL-P ) 
(Quot e Note)) ) 

Actio n '  (ASPS ) 
Productio n »  Sto p 

ITERATIO N 2  =  B Y DEFAULT,THE PREDICAT I S T 
AND 0  SET S TH E GOAL OF EVALUATIN G TH E NEXT 
PRODUCTION 

rg . FIN D TH E FIRS T PREDICAT 
TION AND EVALUATE IT . 

T OF A N ITERA -

ITERATIO N 1  =  I F D  I S UNCERTAIN OF TH E PRE-
PARATION STAT E T O CHOOSE THEN D  SET S TH E 
GOAL OF FINDIN G TH E BEST POSSIBL E PREPARA-
TION 

Pq :  EVALUATE EVERY ITERATIO N THAT HAS A 
^  PREDICAT T 

ITERATION 1, 2, 3, 4, 5, 6 = THE SAME 
PRINCIPL E I S GOVERNING AL L OF THESE ITERA -
TIONS I F 0  I S UNCERTAIN OF TH E STAT E OF 
PREPARATION T O CHOOSE AND D  WANTS T O CHANGE 
OR T O GIV E A  VALUE T O TH E EXPRESSION POSI -
TION (O R ORIENTATION,  SHOT,  HABITS ,  ABILITY ) 
ON SE T OF EXPRESSIONS UNCLEAR,  THEN D  AP -
PLIE S TH E HIGHER LEVE L OPERATOR DPOS (O R 
DORI,  ID ,  DHABITUO,  DHABILET )  AND STOP TH E 
EVALUATION OF THI S ITERATION . 
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also consists of a lisp program. Simple rules verify the presence of certain 

antecedent conditions then initiate specific actions. For illustrative 

purposes, table 1 presents 3 production rules from the total set of produc-

tions which are outlined in the process of choosing a specific preparation 

state. 

The complete set of production rules encompasses 8 general production 

rules which are broken down into 22 iterations. A production rule is de-

fined as one or more iterations, an iteration being composed of a predicat-

action-production triad. Each triad constitutes a specific strategy and 

the whole series of 22 iterations comprises D's global cognitive strategy. 

Thi s strateg y determine s D' s predecisiona l  informatio n structur e an d als o 

contributes to the actual choice of a specific preparation state. The pre-

dicat is a simple function that verify whether or not the goal conditions 

and the stored problem characteristics from the property list are met. As 

suc h i t  essentiall y  determine s whic h iteratio n i s t o b e evaluate d b y th e 

interpreter .  A s soo n a s a  predica t  i s  dubbe d true ,  th e actio n associate d 

wit h i t  i s  initiated . 

The action s o f  a n iteratio n ar e eithe r  inexistan t  (nothing) ,  a s i n simpl y 

establishin g a  goa l  (iteratio n 2  o f  PI ,  tabl e 1 ) ,  o r  constitute s application s 

of  operator s involve d i n D' s decisio n process ,  namel y lowe r  an d highe r  leve l 

operators .  Thei r  respectiv e definition s characterize s th e grai n o f  th e an -

lysis .  Th e lowe r  leve l  operator s consis t  o f  th e fe w basi c processe s use d 

by D to generate, manipulate, store, or retrieve symbolic expressions from 

propert y lists .  Thes e propert y list s ar e simpl e pai r  list s (name-value ) 

associate d wit h a n identifie r  place d i n D' s productio n memory .  Th e basi c 

processes define the higher level operator used by D to solve the decision 
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problem. Each higher level operator is applied to a knowledge state. This 

produces a new knowledge state which brings D closer to his choice of a spe-

cific preparation state. 

Methods and task characteristics 

A sequence of goals and higher level operators in the program represents 

a particular method of reaching a specific preparation state. The program's 

simplest method is the one associated with the goal of retrieving a prepa-

ration choice already located in production memory. However, if D does not 

have a pre-established preparation choice, then he must use a more elaborate 

sequence of goals and operators. The simulation trace in figure 1 illustra-

tes the result of a complete assessment of iterations. In this case, after 

computing the differente sources of information for two specific shots, D 

selects according to the S.E.U. rule a total preparation for a pass shot. 

Preference for one method over another depends on the specific informa-

tion D possesses when he becomes a defensive player as well as other proces-

sing characteristics emerging from the context. For instance, figures 2 and 

3 illustrate the influence of situation repetition on D's process duration. 

Figure 2 shows a relatively long processing time (production rules PI, P2..) 

attributable to D's engagement in the production system without a well defi-

ned internal representation of the task environment. Therefore, in order 

to make a choice the player must use more computational phases. Figure 3 

illustrates a situation later on in the game. D's progressive involvement 

in the game has lead him to identify the offensive player's habits and 

abilities as well as other information pertaining to this situation. As a 

consequence, the values within certain property lists remains the same 

when facing repetitive decisions. Given this initial knowledge state, D 
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C.  SIMULATIO N TRACE OF DECISIO N PROCESS 

*  (SET Q ACTIONFL G T ) 
*  (SET Q %%TRACE-P T ) 
T 
*  (EXE- P ?! > 

Operator 
DPOS 

Operato r 
DORI 

Operator 
I D 

Operator 
DHABITUD 

Operator 
DABILI T 

Operator 
ASPS 

Operator 
PR-TEMP 

Operator 
ASPR 

Operato r 
DPOINT 

Operator 
DSTR 

Operator 
DFAT 

Operator 
ASVU 

Operator 
SEU 

Operator 
CHOICE 

= (1 0 .  6 ) 

= (6 . FACE) 

= (BOAST PASS-SHOT) 

= ((BOAST 0.600)(PASS-SHOT 0.799)) 

= ((BOAST WEAK)(PASS-SHOT STRONG) 

= ((BOAST 0^357)(PASS-SHOT 0.643)) 

= ((BOAST LOW)(PASS-SHOT HIGH)) 

((BOAST (1. 0 0.79 9 1. 0 0.89 9 1.0))(PASS-SHO T 
(0. 0 0.89 9 0.30 0 0.79 9 0.300)) ) 

= ( 2 2 1 1 1 ) 

=(22222) 

=(11111) 

= (2 5 4 4 A) 

= (1.785 A.322 2.200 3.343 2.200) 

= SEU VALUE NO 2 

TOTAL PREPARATION FOR BOAST =  1.78 5 
TOTAL PREPARATION FOR PASS-SHOT =  4.32 2 
PARTIAL PREPARATION FOR BOAST =  2.20 0 
PARTIAL PREPARATION FOR PASS-SHOT =  3.34 3 
EQUAL PREPARATION =  2.20 0 

Selected motor reaction Is 
TOTAL PREPARATION FOR PASS-SHOT =  4.32 2 

Fig .  1 .  Simulatio n trac e o f  D' s decisio n proces s 
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A.  UCTEMAL UPRESENTATIOII  C 

DEFENSIVE PLAYER: 

POSITION 
ORIENTATION 
SCORE 
TIREDNESS 
STRATEGY 
HABITS 

ABILIT Y 

TIME-PRESSURE 

PS-EFFICACY 
PS-ENERCY-COST 

ATTACKING PLAYER: 

SCORE 

B.  COMPOTAnONAL PHASES 

PRODUCTION RULES 

PI 
P2 
P3 
P4 
P5 
P9 
P9 
P9 
P9 
P9 
F9 
PS 
P15 
P15 
PS 
P17 
P17 
P17 
P17 
PS 
P3 
PI 

»P TAS K ENVIRONMF.NT 

10 
FACE 
B 
EXHAUSTED 
FAKE 
{(BOAST 0.600)(LO B 0.199)(DROP-SHO T 0.000 ) 
(PASS-SHOT 0.799) ) 

((BOAST UEAKXLOB WEAK)(DROP-SHOT WEAK) 
(PASS-SHOT STRONG)) 

((BOAST LOW)(LO B L0W)(DR0P-SHO T HIGH ) 
(PASS-SHOT HIGH) ) 

({T P AUCMENTED)(PP AUCMENTED)(EP DIMINISHED) ) 
((T P NORMAL)(PP NORMAL)(EP EXHAUSTING)) 

2 

ITERATIONS PRODUCES 

2 (P2 ) 
1 (P3 ) 
2 (P4 ) 
I  (P5 ) 
1 (P9 ) 
1 (STOP ) 
2 (STOP ) 
3 (STOP ) 
4 (STOP ) 
S (STOP ) 
6 (STOP ) 
2 (P15 ) 
1 (STOP ) 
2 (STOP ) 
3 (P17 ) 
I  (STOP ) 
2 (STOP ) 
3 (STOP ) 
4 (STOP ) 
4 (P3 ) 
1 (PI ) 
I  (STOP ) 

F i g .  2 

PRODUCTION RULES 

PI 
P2 
P3 
P4 
P9 
P9 
P9 
P9 
P9 
P9 
P5 
PI S 
PI  5 
P5 
P3 
PI 

ITERATIONS PRODUCES 

(P2) 
(P3 ) 
(P4 ) 
(PS) 
(P9 ) 

(STOP) 
(STOP) 
(STOP) 
(STOP) 
(STOP) 
(PIS ) 

(STOP) 
(STOP) 

(P3 ) 
(PI ) 

(STOP) 

Fig .  3 .  Influenc e o f  situatio n repetitio n o n D' s decisio n proces s 
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needs to process less information and less computational phases. The length 

of the process also appears to increase according to uncertainty (Hick, 1952; 

Hyman, 1953). In the proposed strategy, increasing the quantity of infor-

mation to process (for instance, more shots introduced in the problem space) 

will lead to computation of numerous productions, which in turn increase 

processing time. 

Further analysis of program function have led us to question the use of 

the S.E.U. rule in the choice stage of the decision making process. Accor-

ding to the program, computation is characterized by a small sequence of di-

mensional processing in the assesment stage followed by a more complete 

holistic processing when selecting the best possible preparation stage 

(Walsten, 1980; Payne, 1982). In this regard, the normative S.E.U. rule used 

requires that D possesses all the available information on all alternatives 

and dimensions in order to compute S.E.U. values and subsequently choose a 

preparation state. This implies that D must be placed in an ideal situation 

where he feels no information overload and has the necessary time to process 

all related information. Under time pressure the vast majority of decision 

making will be made without a complete evaluation of the available informa-

tion, therefore a normative rule is likely to be used in a dynamic context. 

Furthermore, in examinating the structural organisation of the lower level 

operator involved in the choice rule used in this program, it also becomes 

apparent that the computational demands are considerable, time consumming, 

and presumably overloading short term memory. These claims that are supor-

ted by the results of Kleinmuntz & Kleinmuntz (1981) done while observing 

an extreme computational complexity of the bayesian strategy as opposed to 
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generate and test or heuristics strategies. Therefore, the intricate nature 

of computing S.E.U. values suggests that the choice stage is made under sim-

ple rules, such as lexicographic ordering (Fishburn, 1974), or through eli-

mination by aspects (Tversky, 1972). 

The above results emphasize the need to consider computational effort, 

demands on memory, and speed of execution when assessing a choice strategy 

in a fast-paced environment. 
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O r g a n i z i n g M e m o r y fo r  E x p l a n a t i o n * 
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ABSTRACT 

We present a mechanism for remembering explanations and re-using them to explain new 
episodes .  Thi s tas k require s a  representatio n schem e fo r  explanations ,  a  dynamicall y organize d 

memory,  an d a  mean s o f  modifyin g ol d explanation s t o fit  ne w facts .  I n thi s pape r  w e focu s o n 

memory organization .  W e describ e strategie s fo r  indexin g an d retrievin g explanations ,  fo r  usin g 

causa l  knowledg e t o selec t  relevan t  feature s o f  episode s an d fo r  guidin g generalization .  W e discus s 

wor k i n progres s o n a  compute r  implementatio n o f  thi s model . 

I N T R O D U C T I ON 

A task that people are able to perform, and one 
we hav e ofte n require d o f  Artificia l  Intelligenc e sys -

tems ,  i s t o mak e explanations .  Th e abilit y  t o ex -

plai n thing s ha s lon g bee n considere d t o b e a  yard -

stic k forjudgin g th e dept h t o whic h a  progra m ha s 

understoo d a  situation .  Ye t  recentl y w e hav e be -

gun t o se e explanatio n a s mor e tha n jus t  a  tas k 

requirin g understanding ;  w e hav e begu n t o se e ex -

planatio n a s a n integra l  an d necessar y componen t 

of  th e understandin g proces s itsel f  (Schan k 86] . 

I n orde r  t o understan d a  situation ,  w e mus t  b e 

abl e explai n i t  t o ourselves ,  tha t  is ,  t o connec t  i t 

i n a  usefu l  wa y wit h th e res t  o f  ou r  knowledge . 

The typ e o f  explanatio n require d fo r  a  give n sit -

uatio n depend s o n th e tas k whic h th e explaine r 

wishe s t o perform .  Fo r  som e A I  programs ,  ex -

planation s relat e fact s t o currently-activ e mem-

or y structure s lik e script s [Cullingfor d 78 ]  o r  sim -

ila r  schema s guidin g top-dow n processing .  Suc h 

an approac h explain s a  fac t  lik e "Joh n lef t  a  tip " 

by,  i n effect ,  sayin g "becaus e tha t  i s wha t  typi -

call y happen s i n restauran t  situations. "  Expla -

nation s ca n als o relat e action s t o th e goal s the y 

satisfy ,  a s i n th e cas e o f  S H R D L U [Winogra d 72] , 

whic h coul d explai n an y o f  it s  action s b y relatin g 

the m bac k t o th e goal s the y satisfied .  Explana -

tio n o f  les s stereotype d informatio n ha s require d 

'Thi s wor k i s supporte d i n par t  b y th e Ai r  Forc e Offic e 
of  System s Researc h unde r  contrac t  85-034 3 

chainin g togethe r  piece s o f  primitiv e causa l  knowl -

edge int o mor e elaborat e explanator y chains .  P A M 

[Wilensk y 78 ]  coul d relat e a n inpu t  fac t  t o goal s 

vi a know n plans ,  fo r  exampl e explainin g wh y a  per -

son woul d bu y a  gu n i f  h e intende d t o commi t  a 

robbery . 

Whil e buildin g explanation s b y chainin g togethe r 

smal l  piece s o f  causa l  knowledg e increase s flexibil-

ity ,  undirecte d backward s chainin g cause s a  com -

binatori c explosio n o f  connection s t o consider .  Al -

thoug h no t  a  proble m i n highl y restricte d domains , 

combinatori c explosio n i s rapidl y aggravate d b y in -

creasin g knowledge .  Thi s violate s ou r  intuitio n 

tha t  increasin g knowledg e an d experienc e shoul d 

facilitat e buildin g explanations ,  no t  mak e th e pro -

cess mor e difficult . 

We (workin g jointl y wit h Ale x Kass )  ar e develop -

in g a  progra m t o construc t  explanation s o f  com -

plicate d real-worl d events ,  event s fo r  whic h peopl e 

hav e n o read y explanations .  Makin g difficul t  ex -

planation s b y buildin g u p connection s fro m scratc h 

woul d b e overwhelming ;  w e nee d t o brin g connec -

tion s learne d fro m relevan t  experienc e t o bea r  o n 

th e process .  T o b e abl e t o retai n thes e relevan t 

experiences ,  w e mus t  hav e appropriat e memor y 

structure s t o stor e pas t  explanations ;  fo r  th e infor -

matio n t o b e accessible ,  w e mus t  b e abl e t o for m 

usefu l  categorie s t o organiz e them . 

Thi s pape r  describe s a  mechanism ,  implemente d 

i n ou r  program ,  fo r  categorizin g explanation s i n 
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memory,  retrievin g the m wher e relevant ,  an d fo r 
applyin g the m t o ne w situations . 

NEW EXPLANATIONS FROM OLD 

An episode for which we have been collecting anec-

dota l  evidenc e i s th e deat h o f  th e highl y successfu l 

youn g r2w:ehors e Swale ,  wh o die d on e wee k afte r 

havin g wo n th e prestigiou s Belmon t  Stake s hors e 

race .  Althoug h fe w fact s ha d appeare d i n th e 

newspaper s an d althoug h mos t  peopl e hav e lit -

tl e specialize d knowledg e t o appl y t o explainin g 

racehors e death ,  peopl e wer e nevertheles s abl e t o 

quickl y hypothesiz e a  variet y o f  plausibl e explana -

tions . 

One o f  thes e explanation s wa s tha t  Swale' s deat h 

was lik e th e ironi c deat h o f  Ji m Fixx ,  a  prominen t 

advocat e o f  th e healt h benefit s o f  jogging .  Fix x 

die d whil e running ,  a s a  resul t  o f  a  congenita l  hear t 

defect .  Accordin g t o thi s explanatio n Swal e ha d a 

hidde n hear t  proble m tha t  wa s exacerbate d b y th e 

strai n o f  hi s all-ou t  effor t  t o wi n th e race . 

Anothe r  explanatio n wji s tha t  Swal e ha d bee n 

kille d b y hi s owner s t o collec t  th e insuranc e money . 

(Thi s quickl y turne d ou t  t o b e implausibl e whe n i t 

was reveale d tha t  Swal e ha d bee n under-insured. ) 

The question s raise d b y thes e explanation s are : 

How di d thes e peopl e ge t  reminde d o f  Ji m Fix x 

on th e on e han d an d o f  th e notio n o f  insuranc e 

frau d o n th e other ,  ho w di d the y retriev e th e expla -

nation s correspondin g t o thes e concepts ,  an d ho w 

wer e the y abl e t o appl y the m t o th e circumstance s 

of  Swale' s death ? 

Explanatio n an d remindin g ar e closel y boun d to -

gether .  Whil e (Schan k 82 )  observe d tha t  on e 

episod e ca n remin d peopl e o f  anothe r  i f  th e tw o 

hav e a  thematicall y commo n explanation ,  w e clai m 
tha t  th e proces s ca n ru n i n th e othe r  directio n a s 

well :  tha t  explanation s ca n b e constructe d fro m a 

reminding .  If ,  durin g th e cours e o f  processin g a n 

episode ,  a n understandin g syste m ca n b e reminde d 

eithe r  o f  som e othe r  episod e whos e explanatio n i s 

relevan t  o r  o f  a n explanatio n templat e tha t  ha s 

been use d t o explai n simila r  situation s i n general , 

the n th e syste m ca n appl y th e ol d explanatio n t o 

th e tas k o f  understandin g th e ne w episode . 

The knowledg e structur e w e us e fo r  storin g ex -

planation s i s th e Explanatio n Patter n (XP) ,  ini -

tiall y  outline d i n [Schan k 86) .  XP s contai n a  tem -

plat e o f  th e kin d o f  episod e the y ar e designe d 

t o explain ,  wit h causa l  annotatio n identifyin g th e 

connection s betwee n th e feature s o f  th e episode . 

When a  near-mis s explanatio n need s modificatio n 

t o fit  th e curren t  situation ,  thi s causa l  structur e 

i s essentia l  t o th e revisio n process .  Ho w prob -

lem s wit h near-mis s explanation s ar e identified , 

and ho w th e revisio n o r  "tweaking "  o f  explana -

tion s i s done ,  ar e beyon d th e scop e o f  thi s paper ; 

the y ar e describe d i n mor e detai l  i n [Kas s 86 ]  an d 

i n [Kass ,  Leak e an d Owen s 86) . 

Our explanation algorithm is as follows: 

ANOMALY DETECTION Attempt to fit sto-

r y int o memory .  I f  successfu l  D O N E;  other -

wis e a n anomal y ha s bee n detected . 

XP SEARCH Search for an XP that can be ap-

plie d t o explai n th e anomaly . 

XP ACCEPTING Attempt to apply XPs. If 

successfu l  the n ski p t o X P I N T E G R A T I O N . 

XP TWEAKING If unable to apply XPs di-

rectl y the n attemp t  t o twea k the m int o XP s 

tha t  migh t  appl y better .  I f  successfu l  sen d th e 

tweake d XP s bac k t o X P A C C E P T I N G. 

XP INTEGRATION If any results are ac-
cepted ,  integrat e result s bac k int o memor y 

makin g appropriat e generalizations . 

This paper focuses primarily on XP Search and XP 

Integration . 

EXPLANATION MEMORY 

A system that re-uses old explanations to under-

stan d ne w episode s mus t  hav e a  wa y o f  storin g ol d 

explanation s an d a  mean s o f  finding  the m whe n ap -

propriat e t o hel p i n understandin g ne w situations . 

Thi s memor y mus t  fai l  gracefully :  i f  i t  can' t  find  a n 

explanatio n exactl y suite d t o th e curren t  episode , 

th e near-misse s mus t  serv e a s departur e point s fo r 

new explanatio n creation .  Continuin g th e Swal e 

example ,  explanatio n pattern s abou t  deat h o f  race -

horse s woul d obviousl y b e relevant ,  a s woul d ex -

planatio n pattern s abou t  death s o f  athletes ,  abou t 

death s o f  th e youn g an d famous ,  abou t  destruc -

tion s o f  importan t  income-producin g properties , 

and abou t  othe r  ba d thing s tha t  hav e happene d 

t o racehorses .  Ho w ca n on e find  thes e explanatio n 
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pattern s s o tha t  the y migh t  b e propose d a s candi -

dates ? 

Although we agree with (Gentner and Landers 85] 

tha t  acces s t o relevan t  knowledg e structure s (i n 

our  cJis e Explanatio n Patterns ,  i n he r  cas e analo -

gies )  ca n b e base d upo n surfac e features ,  w e be -

liev e strongl y tha t  al l  feature s o f  a n episod e ar e 

not  use d equall y i n a  searc h fo r  applicabl e struc -

tures .  A n intelligen t  proces s mus t  selec t  th e fea -

ture s t o b e use d a s indice s int o memory ,  an d th e 

searc h proces s mus t  complemen t  th e processe s b y 

whic h explanatio n pattern s hav e bee n indexed . 

As an example of the latter kind of indexing pro-

cess ,  her e ar e som e indexin g strategie s whic h ca n 

be use d t o decid e ho w t o stor e XP s i n memory . 

We suspec t  tha t  thes e indexin g method s ar e a  fe w 

among wha t  wil l  ultimatel y b e many . 

Indexin g rul e 1 :  Inde x a n X P vi a feature s 

participatin g i n th e anomal y tha t  th e X P i s 

designe d t o resolve .  Fo r  example ,  Ji m Fixx' s 

deat h wa s surprisin g becaus e hi s healt h seeme d 

outstanding ;  th e Ji m Fix x X P describe d abov e ca n 

be indexe d unde r  th e combination :  (Deat h -I -  Ex -

cellen t  Physica l  Condition ) 

Indexin g rul e 2 :  Inde x a n X P vi a a  fea -

tur e playin g a  rol e i n th e chai n o f  causatio n 

containe d withi n th e explanation .  Usin g thi s 

strategy ,  th e Ji m Fix x X P coul d b e indexe d under : 

(Deat h +  Hear t  Defect )  o r  (Deat h -I -  Jogging ) 

Indexin g rul e 3 :  Inde x a n X P vi a an y highl y 

unusua l  featur e o f  th e episod e tha t  i t  orig -

inall y explained ,  whethe r  o r  no t  tha t  fea -

tur e playe d a  causa l  rol e i n th e explanation . 

I f  yo u ge t  a  flat  tir e durin g a  blizzard ,  anothe r  in -

stanc e o f  ca r  problem s i n blizzard s ma y remin d yo u 

t o ge t  you r  tire s retreaded . 

Indexin g rul e 4 :  Inde x a n X P vi a fea -

ture s definin g membersh i p i n a  commonly -

stereotype d group .  ( A grou p tha t  ha s bee n 

previousl y define d fo r  othe r  purposes. )  Fo r  ex -

ample ,  on e o f  th e explanation s w e collecte d fo r 

Swale' s deat h centere d aroun d othe r  death s o f  fa -

mous youn g sta r  performers ,  wit h reminding s o f 

Jim i  Hendri x an d Jani s Joplin .  Thi s explanatio n 

patter n i s indexe d unde r  (Deat h -I -  Successfu l  Sta r 

Performer ) 

Once XP s hav e bee n indexe d usin g th e abov e 

methods ,  complementar y retrieva l  strategie s ca n 

be applie d t o ne w episode s i n orde r  t o fin d rele -

van t  XPs .  Followin g ar e som e retrieva l  strategie s 

associate d wit h th e above ;  agai n w e expec t  thi s lis t 

t o grow . 

Retrieva l  Strateg y 1 :  Conside r  directly -

indexe d X P s .  W e clai m tha t  fo r  a  give n initia l 

categorizatio n o f  a n even t  o r  fo r  a  give n anomal y 

type ,  ther e ar e likel y t o b e indexe d a  smal l  num -

ber  o f  immediat e candidat e explanatio n pattern s 

addressin g th e situation .  Unde r  death ,  fo r  exam -

ple ,  w e migh t  fin d ol d ag e an d sickness . 

Retrieve !  Strateg y 2 :  I f  a n X P fail s t o fit , 

conside r  th e feature s tha t  hav e cause d i t  t o 

fail .  I f  w e tr y ol d ag e a s a n explanatio n o f  Swale' s 

death ,  i t  fail s  becaus e Swal e wa s young .  So ,  w e 

loo k t o se e wha t  w e hav e indexe d a s explanation s 

of  earl y death .  Similarl y i f  w e tr y deat h fro m sick -

ness ,  w e fin d a  contradictio n wit h Swale' s excellen t 

conditio n inferre d fro m hi s recen t  racin g victory . 

Thi s lead s u s t o examin e explanatio n pattern s in -

dexe d unde r  deat h an d excellen t  condition ,  whic h 

yield s th e Ji m Fix x reminding . 

Retrieva l  Strateg y 3 :  Conside r  extrem e o r 

unusua l  feature s o f  th e curren t  episode . 

Swale ,  fo r  example ,  wa s o f  grea t  monetar y valu e 

compare d wit h th e normativ e instanc e o f  a  race -

horse .  Deat h an d grea t  monetar y valu e ca n inde x 

a variet y o f  obviou s XPs ,  suc h a s bein g kille d fo r 

th e insuranc e money . 

GENERALIZING AND FORMING 
CATEGORIES 

Within an XP memory, it's important to general-

iz e explanatio n pattern s int o categorie s base d o n 

share d causa l  structure .  Whe n XP s ar e retrieved , 

near  misse s wil l  b e usefu l  i f  causally-relate d XP s 

ar e store d unde r  simila r  indices -  conceptuall y nea r 

eac h other . 

Ther e initiall y  seem s t o b e a  proble m wit h circu -

larit y here :  on e reaso n fo r  doin g explanatio n i s 

t o selec t  th e relevan t  feature s fo r  categorizin g a n 

episode ,  bu t  thes e feature s ar e th e one s neede d i n 

orde r  t o retriev e a  correc t  XP .  However ,  thi s appar -

ent  circularit y i s  avoide d b y havin g stati c method s 

t o initiall y  selec t  a  se t  o f  candidat e feature s fo r 

use a s indices ,  eve n thoug h thes e indice s ma y re -

triev e irrelevan t  o r  wron g XPs .  Onc e a  se t  o f  XP s 

i s availabl e a s a  startin g point ,  dynami c method s 
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modif y the m int o final  explanation s embodyin g a 
reasonabl e se t  o f  feature s fro m th e episode . 

Early attempts to organize a memory full of knowl-

edge structure s use d straightfonvar d inductiv e cat -

egor y formation .  A n exampl e o f  thi s approac h 

was IP P [Lebowit z  80] .  I t  rea d newspape r  storie s 

abou t  terroris t  attacks ,  usin g M O Ps [Schan k 82 ]  t o 

provid e expectation s durin g th e stor y understand -

in g process .  B y extractin g feature s share d acros s 

multipl e stories ,  th e progra m forme d generalize d 

M O Ps representin g th e feature s commo n t o thos e 

episodes .  Thes e ne w categorie s coul d the n b e use d 

i n understandin g futur e stories .  Thi s metho d i s a 

realisti c approximatio n t o on e kin d o f  generaliza -

tio n peopl e jictuall y do .  Fo r  example ,  fro m read -

in g newspape r  storie s abou t  Ital y whe n th e Re d 

Brigade s wer e active ,  IP P forme d th e generaliza -

tio n tha t  th e usua l  victim s o f  kidnappin g i n Ital y 

were businessmen . 

PROBLEMS WITH INDUCTION 

But systems using the type of induction described 

abov e hav e a  numbe r  o f  problem s (whic h ar e dis -

cusse d furthe r  i n [Schank ,  Collin s an d Hunte r  86]) . 

Inductiv e learnin g system s depende d upo n havin g 

multipl e episode s available .  Thei r  ide a wa s that , 

as man y episode s wer e processed ,  feature s result -

in g fro m presumabl y randomly-distribute d nois e 

woul d ten d t o cance l  eac h othe r  out ,  leavin g gener -

alization s containin g onl y importan t  features .  Bu t 

lookin g onl y a t  frequenc y o f  featur e appearanc e 

has tw o problems .  On e i s tha t  peopl e ca n i n fac t 

for m generalization s i n on e trial ,  whic h i s no t  ac -

counte d fo r  b y a  featur e frequenc y method .  Th e 

secon d i s that ,  withou t  an y metri c o f  featur e im -

portance ,  inductio n learnin g systems ,  whe n face d 

wit h smal l  number s o f  episodes ,  ten d t o for m sill y 
generalizations ,  fo r  example :  "Terroris t  attack s i n 

Indi a alway s kil l  exactl y tw o people. "  Peopl e for m 

erroneou s generalizations ,  bu t  no t  o f  thi s variety . 

Furthermore ,  th e ver y notio n o f  savin g commo n 

feature s acros s multipl e episode s depend s o n a 

representatio n schem e i n whic h som e feature s ar e 

clearl y par t  o f  th e episod e an d other s ar e not .  On e 
does no t  wan t  t o tak e a  complet e descriptio n o f 

th e stat e o f  th e worl d a t  th e tim e o f  tw o separat e 

episode s an d generaliz e al l  th e feature s tha t  wer e 

tru e a t  bot h times .  Instead ,  on e want s t o tak e tw o 

episod e representation s an d generaliz e th e feature s 

the y hav e i n common .  Limitin g th e featur e spac e 

thi s wa y i s a  reasonabl e strateg y fo r  certai n do -

mains ,  particularl y technica l  reasonin g wher e th e 

number  o f  factor s i s know n an d limited .  Bu t  fo r 

general-purpos e understanding ,  limitin g th e repre -

sentatio n schem e t o on e i n whic h eac h episod e ha s 

onl y a  fe w feature s result s i n a n unnaturall y spars e 

and impoverishe d knowledg e base .  A  ke y compo -

nent  o f  th e understandin g tas k i s focusin g atten -

tion :  deciding ,  amon g al l  th e thing s tha t  happe n 

t o b e tru e o f  th e worl d a t  a  particula r  time ,  whic h 

of  the m ar e reasonabl y par t  o f  a  give n episod e an d 

whic h ar e not .  A  representatio n tha t  trie s t o solv e 

thi s a  prior i  doe s no t  hel p muc h toward s a  psycho -

logicall y interestin g theor y o f  understanding ,  no r 

does i t  hav e th e potentia l  t o ultimatel y yiel d so -

phisticate d automate d reasoners . 

USING CAUSAL LINKS 

Within our model, the causal annotation of XPs 
i s  cruciall y importan t  t o th e task s o f  modifyin g 

and generalizin g explanations .  W h e n w e tr y t o 

relat e th e Ji m Fix x explanatio n t o Swale' s death , 

we don' t  simpl y conside r  ever y aspec t  i n whic h Ji m 

Fix x an d Swal e wer e similar .  Instead ,  w e us e th e 

causa l  structur e o f  th e Ji m Fix x explanatio n t o se e 

tha t  th e relevan t  fac t  abou t  Ji m Fix x wa s tha t  h e 

di d regula r  strenuou s exercise . 

I n ou r  searc h throug h aspect s o f  Swale ,  w e don' t 

spen d an y searc h tim e considering ,  fo r  example , 

tha t  Ji m Fix x wa s als o a n autho r  o r  tha t  jog -

ger s typicall y ge t  u p earl y i n th e morning .  Thos e 

fact s ar e presen t  an d coul d b e accesse d b y som e 

differen t  XP ,  bu t  becaus e the y ar e no t  causall y 

connecte d wit h thi s particula r  vie w o f  Ji m Fixx' s 

deat h the y d o no t  participat e i n thi s attemp t  t o 

explai n Swale' s death .  However ,  i f  w e trie d t o ap -

pl y a n X P abou t  ironi c death s o f  famou s peopl e 

t o Ji m Fixx ,  the n th e fac t  tha t  h e wrot e book s 

advocatin g joggin g woul d certainl y b e considere d 

i n an y attemp t  t o generaliz e hi s deat h wit h othe r 
event s (suc h a s th e deat h o f  th e famou s natura l 

food s advocat e wh o reputedl y die d o f  stomac h can -

cer. )  XP s provid e a  specific ,  causall y connecte d 

vie w o f  a  clas s o f  events ;  tryin g t o appl y a n X P 

t o a  ne w even t  tightl y constrain s th e feature s tha t 

wil l  b e considere d a s candidate s fo r  inclusio n i n a 

descriptio n an d explanatio n o f  th e ne w event . 

Once w e hav e 2u;cepte d a  modifie d X P a s th e expla -

natio n o f  a n event ,  w e attemp t  t o generaliz e th e ol d 
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and revise d XP s i n orde r  t o for m a  categor y tha t 
subsumes bot h explanations .  Causa l  link s withi n 
th e origina l  explanation s constrai n th e generaliza -

tio n process :  an y generalize d conditio n mus t  sup -

por t  th e sam e causa l  chain s a s th e condition s i t 

subsumes .  Ou r  explanatio n o f  Fixx' s deat h dif -

fer s fro m tha t  o f  Swal e sinc e i t  depende d o n th e 

acto r  jogging ,  whil e Swale' s depende d o n hi s run -

nin g i n hors e races .  T o generaliz e thes e premises , 

we nee d t o find  no t  onl y a n abstractio n the y shar e 

(suc h a s bot h bein g participatio n i n outdoo r  activ -

ities )  bu t  on e tha t  fits  eac h causa l  pattern .  Sinc e 

physica l  exertio n i s th e abstractio n tha t  satisfie s 

thi s requirement ,  i t  i s  th e generalizatio n selected . 

Our  ne w explanatio n i s tha t  a n acto r  i n apparentl y 

goo d physica l  conditio n ma y di e i f  h e doe s a  lo t  o f 

exertio n an d ha s a  hidde n hear t  defect . 

Thu s i n ou r  system ,  th e formatio n o f  generaliza -

tion s i s drive n b y th e nee d t o accomodat e ne w 

event s i n memory .  Ther e i s a  differenc e betwee n 

th e knowledg e whic h i s accessibl e t o th e syste m 

i n th e for m o f  basi c causa l  knowledge ,  an d th e 

more comple x pattern s whic h ou r  progra m applie s 

t o ne w situations .  Similarl y w e maintai n th e difl'er -

enc e betwee n knowledg e tha t  i s simpl y presen t  i n 

th e syste m an d knowledg e tha t  i s accessibl e unde r 

a particula r  index .  Rathe r  tha n tryin g t o general -

iz e a n explanatio n patter n a s fa r  a s possibl e with -

out  regar d t o whethe r  th e generalizatio n i s neede d 

t o dea l  wit h ou r  domain ,  w e generaliz e a n X P onl y 

when i t  ca n n o longe r  accomodat e th e data . 

CONCLUSIONS 

The mechanism we have described allows an un-
derstande r  t o retriev e an d appl y relevan t  ol d ex -

planation s t o ne w situations ,  an d t o us e informa -

tio n fro m th e explanation s t o guid e it s catego -

rizatio n o f  episode s i n memory .  Thi s proces s ac -

count s fo r  certai n kind s o f  concep t  formatio n i n 

smal l  number s o f  trials ,  an d avoid s som e o f  th e 

fault s o f  straigh t  induction .  I t  als o avoid s som e 

of  th e difficultie s face d b y othe r  explanatio n sys -

tem s (e.g. ,  (Segr e an d Dejon g 85] )  i n tha t  th e un -

derstande r  i s no t  require d t o buil d u p a n explana -

tio n fro m scratc h eac h tim e a  situatio n i s encoun -

tered .  Instead ,  ou r  syste m ca n resolv e ne w prob -

lem s mor e efficientl y a s it s librar y o f  explanatio n 

pattern s grow s wit h experience . 

Our  theor y o f  explanatio n bear s o n focu s o f  atten -

tio n i n a  situation :  w e sugges t  som e strategie s fo r 

selectin g feature s t o us e a s indice s whe n searchin g 

memory fo r  relevan t  patterns .  Eve n whe n thes e 

strategie s yiel d n o directly-applicabl e pattern ,  ou r 

syste m fail s gracefull y i n tha t  i t  ca n us e a  near -

mis s patter n a s th e startin g poin t  fo r  buildin g a 

new explanation .  Ou r  syste m i s stil l  i n it s prelim -

inar y stages ;  furthe r  wor k o n explanatio n memor y 

wil l  involv e refinin g an d extendin g th e strategie s 

used t o searc h fo r  XP s an d t o evaluat e whethe r  a 

give n X P i s satisfactory . 
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A NEURAL NETWORK THEORY O F FRONTAL LOB E FUNCTION 

Daniel S. Levine 
Departmen t  o f  Mathematic s 

Universit y o f  Texa s a t  Arlingto n 
Arlington ,  T X 7601 9 

INTRODUCTION 

The frontal cortex is six-layered only in primates and is the neocortical 
are a bes t  connecte d t o th e hypothalamus .  Fo r  thes e reason s an d man y others , 
Fuste r  (1980 ,  p .  144 )  stated * 

"The central notion...is that the prefrontal cortex plays a role in 
th e tempora l  structurin g o f  behavior .  Th e prefronta l  corte x i s 
though t  t o b e essentia l  fo r  th e synthesi s o f  cognitiv e an d moto r  act s 
int o purposiv e sequences. " 

This article attempts to integrate this qualitative notion with existing neural 
networ k theorie s o f  motivatio n an d cognition . 

Grossberg (1975) discusses the striving for balance between two subsystems 
i n a  network .  Th e attentiona l  syste m seek s stabl e respons e t o fluctuatin g 
sensor y cue s b y focusin g attentio n o n importan t  subclasse s o f  cues .  Th e arousa l 
syste m enable s adaptatio n t o unexpecte d event s an d ne w reinforcemen t  contingen -
cies .  Fronta l  lesion s ofte n chang e th e balanc e betwee n attentio n an d arousal . 

REVIEW OF BEHAVIORAL RESULTS 

Delay Tasks, Perseveration, and Novelty 

In delayed response (Jacobsen, 1935), an animal first sees food placed 
unde r  on e o f  tw o o r  mor e identica l  covers .  Afte r  one-hal f  t o tw o minute s i n 
whic h al l  cover s ar e hidden ,  th e anima l  mus t  choos e whic h cove r  t o lif t  fo r 
food .  Intac t  chimpanzees ,  monkeys ,  dogs ,  an d cat s perfor m thi s tas k easily ,  bu t 
frontall y lesione d primate s perfor m i t  poorly . 

The delayed response deficit does not reflect short-term memory loss. 
Konorsk i  an d Lawick a (1964 )  foun d tha t  mos t  delaye d respons e error s o f  frontall y 
lesione d dog s involve d perseveratio n o f  th e respons e mad e o n th e previou s trial , 
indicatin g tha t  memor y o f  cue s ha d no t  bee n abolished .  Interferin g task s 
betwee n trial s weakene d perseveration . 

Frontal monkeys also perform poorly on delayed alternation (Stamm, 1964) 
and delaye d matchin g t o sampl e (Spae t  an d Harlow ,  1943) .  i n delaye d alter -
nation ,  foo d i s placed ,  conceale d fro m a n animal ,  alternatel y unde r  th e lef t  an d 
righ t  o f  a n identica l  pai r  o f  containers ,  an d eac h tim e th e anima l  mus t  loo k 
agai n fo r  foo d afte r  a  delay .  Fronta l  monkey s ten d t o repeatedl y choos e on e 
containe r  tha t  wa s onc e rewarding ,  eve n i n th e fac e o f  errors .  I n delaye d 
matchin g t o sample ,  th e anima l  i s firs t  presente d wit h a  "sample "  o r  visua l 
stimulus ,  the n afte r  a  dela y i s presente d wit h a  configuratio n o f  stimul i  tha t 
include s th e origina l  one .  Th e anima l  i s the n rewarde d fo r  choosin g th e sampl e 
correctly . 
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These results suggest that perseveration is a general consequence of fron-
ta l  lesions .  Milne r  (1964 )  confirme d thi s ide a b y askin g frontal-lob e patient s 
t o sor t  card s base d o n an y on e o f  thre e criteri a (color ,  shape ,  o r  numbe r  show n 
on th e card) .  Th e patient s wer e no t  tol d whic h criterio n wa s correct ,  bu t  a t 
eac h placemen t  wer e tol d whethe r  thei r  choic e wa s righ t  o r  wrong .  Fronta l 
patient s initiall y  deduce d th e correc t  strategy .  However ,  whe n th e experimente r 
change d th e criterion ,  th e patient s preserve d thei r  earlie r  strategy .  I n th e 
same vein ,  fronta l  patient s aske d t o draw ,  i n succession ,  a  cross ,  tw o circles , 
and a  triangl e ofte n dra w fou r  crosse s instea d (Luri a an d Homskaya ,  1964) . 

In spite of perseverative tendencies, frontally damaged animals show 
increase d preferenc e fo r  nove l  stimul i  ove r  familia r  ones ,  regardles s o f  rewar d 
value .  Pribra m (1961 )  graduall y increase d th e numbe r  o f  objects .  When a  ne w 
objec t  wa s introduce d th e peanu t  wa s place d unde r  it .  Fronta l  animal s showe d 
les s tendenc y tha n normal s t o perseverat e thei r  choic e o f  th e objec t  unde r  whic h 
th e peanu t  ha d bee n previousl y placed . 

EEG Data 

Walter (1964) and Walter et al. (1964) recorded a negative-going potential 
shift ,  th e contingen t  negativ e variatio n (CNV) ,  i n human s anticipatin g a  moto r 
response .  Th e CNV originate s i n th e fronta l  lobe s an d spread s thenc e t o othe r 
area s o f  neocortex .  A  simila r  potentia l  change ,  als o o f  fronta l  origin ,  accom -
panie s a  rhesu s monkey' s anticipatio n (Donchi n e t  al. ,  1971) . 

In normal subjects, verbal instructions to await a visual or tactile 
signa l  caus e enhancemen t  o f  potential s th e signa l  late r  evoke d i n th e 
correspondin g sensor y corte x (Luria ,  1969) .  Fronta l  patients ,  however ,  lac k 
thi s potentia l  change . 

Dorsal Versus Ventral Frontal Cortex 

The dorsal part of the frontal cortex has reciprocal connections with 
secondar y sensor y cortices .  Th e ventra l  (o r  orbital )  par t  ha s reciproca l  con -
nection s (som e vi a th e mediodorsa l  thalamus )  wit h th e hypothalamu s an d limbi c 
system .  Hence : 

"...lesion studies indicate that the cortex of the dorsal and lateral 
prefronta l  surfac e i s primaril y involve d i n cognitiv e aspect s o f  beha -
vior .  Th e res t  o f  th e prefronta l  cortex ,  media l  an d ventra l  appear s 
t o b e mostl y involve d i n affectiv e an d motivationa l  function s " 
(Fuster ,  1980 ,  p .  74) . 

Nevertheless, dorsal and ventral regions are extensively interconnected. 
Thi s articl e wil l  vie w thes e tw o area s a s part s o f  a  system ,  on e par t  primaril y 
motivationa l  an d th e othe r  cognitive ,  bu t  bot h relate d t o goal-directe d behav -
ior . 
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THE MODELt MOTIVATIONAL ASPECTS 

Both perseveration and enhanced novelty reaction can be seen as parts of 
defici t  i n drive-relate d incentiv e motivation .  I n othe r  words ,  th e fronta l 
lobe s serv e t o bia s th e organism' s behavio r  towar d action s tha t  hav e curren t 
rewar d value ,  a s oppose d t o action s tha t  wer e onc e rewardin g an d hav e becom e 
moto r  habits ,  o r  action s tha t  ar e explorator y i n purpose .  We shal l  no w revie w 
how attentio n an d arousa l  interac t  i n som e mode l  neura l  networks . 

Grossberg (1971) discussed the synchronization problem of classical con-

ditioning ,  ho w th e conditione d stimulu s CCS)  an d a n unconditione d stimulu s (US ) 
ca n becom e associate d eve n whe n thos e stimul i  ar e presente d wit h differen t  tim e 
lag s o n differen t  trials .  Th e solutio n o f  thi s proble m involve d "arousal "  cel l 
whic h includ e driv e representations .  Also ,  t o permi t  secondar y conditioning ,  i t 
was foun d necessar y t o hav e tw o sensor y representatio n stage s fo r  eac h 
stimulus . 

Figure 1 reviews a general network, variants of which appear in Grossberg 
(1971 ,  1975 ,  1982 )  an d Levin e (1983) .  I n Figur e 1 ,  th e i  t h conditione d stimu -
lu s CS i  excite s th e cel l  populatio n U n o f  it s  representation .  Sensor y repre -
sentation s ar e denote d genericall y b y S .  Afte r  receivin g th e CS i  input ,  Ui i 
send s signal s t o stag e Ui 2 o f  th e i  t h sensor y representatio n an d t o al l  th e 
arousa l  representations . 

FIGURE 1 

General Network for Classical or Operant Conditioning 

cs ,  ^ 

Semicircle s denot e modifiable ,  arrow s non-modifiabl e synapses .  A  i s uncon -
ditionall y activate d b y US ,  become s activate d b y CS .  Excitator y ("+" )  synapse s 
fro m A  t o Ui 2 t o U n lea d t o selectiv e attentio n t o stimul i  conditione d t o posi -
tiv e o r  negativ e arousal .  Excitator y o r  inhibitor y ("+" )  synaps e fro m A  t o Ui 2 
lead s t o enhancemen t  o f  movemen t  b y stimul i  conditione d t o positiv e arousa l  an d 
suppressio n o f  movemen t  b y stimul i  conditione d t o negativ e arousal .  (Modifie d 
fro m Levine ,  1983, *  reprinte d wit h permissio n fro m Elsevie r  Scienc e Publishin g 
Company,  Inc.) . 
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The arousal representations (A In Figure 1) include, for example, Ah which 
subserv e hunge r  an d A f  whic h subserv e fear .  A  give n arousa l  populatio n send s 
signal s bac k t o leve l  LJ 2 o f  S  onl y i f  i t  receive s a  larg e sensor y inpu t  fro m 
leve l  U i  an d a  larg e driv e inpu t  (suc h a s hunge r  leve l  o r  electri c shoc k level3 . 
The synaps e U n - •  A  i s alway s stron g fo r  a n unconditione d stimulus ,  an d i s 
strengthene d durin g learnin g fo r  a  conditione d stimulus . 

Suppose that a hungry animal lifts a given cup, causing food to appear. 
Then A ^  i s excite d an d create s a  positiv e A h - •  S  signa l  t o al l  recentl y activ e 
sensor y representations ,  suc h a s thos e o f  th e cu p (Sq )  an d o f  proprioceptiv e 
feedbac k fro m th e liftin g respons e (Sij.) .  Th e Ui 2 stage s o f  S c an d Sip ,  havin g 
receive d 11̂ ^  ̂ ^ ^  ̂ h inputs ,  ca n fir e an d sen d signal s t o M.  Th e A h -> •  Si r  con -
nectio n supplie s positiv e incentiv e motivatio n fo r  th e moto r  ac t  o f  liftin g th e 
cup . 

If lifting the cup leads to shock instead of food, then inhibitory Af -»• 
Si r  connection s suppl y negativ e incentiv e motivatio n fo r  cu p lifting ,  whic h ca n 
suppres s S c -> •  M an d Si r  •* "  ^  firing .  Negativ e incentiv e motivatio n ca n als o com e 
fro m frustratio n i f  expecte d rewar d i s absen t  CGrossberg ,  1975) . 

A CS conditioned to a given drive activates A •*- Ui2 positive incentive 
motivations ,  enablin g signal s fro m Ui 2 t o M.  Suc h signal s influenc e Ui 2 •* •  M 
synapti c habi t  strengths .  Habi t  strength s ar e als o influenced ,  les s strongly , 
by repeate d performanc e o f  a  moto r  ac t  eve n withou t  curren t  reward .  Finally , 
habit s ca n b e influence d b y th e rewar d valu e o f  novelt y (Berlyne ,  1969) . 
Response-contingen t  chang e (whethe r  u p o r  down )  i n ligh t  intensit y i n a  rat' s 
cag e ca n reinforc e ba r  pressing .  Grossber g (1975 )  explaine d thi s effec t  usin g a 
nonspecifi c  arousa l  locu s (Agen )  tha t  excite s al l  th e driv e representation s (A j 
i n Figur e 1 ) . 

Figure 2 shows three stimulus representations, Ui2 which is excited by 
drive-specifi c  incentiv e motivatio n becaus e th e stimulu s i s conditione d t o tha t 

FIGURE 2 

Competition Between the Representations Ui2 of Three Conditioned Stimuli 

,,Ai, ^  " ^  ^ . 

U12 i s excite d b y reward ,  ^2 2 t) y novelty ,  U3 2 b y habit . 
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drive, U22 which is excited by nonspecific arousal because the stimulus is 
novel ,  an d U3 2 whic h i s initiall y  activ e becaus e th e stimulu s i s on e t o whic h 
th e anima l  ha s develope d th e habi t  o f  going .  Th e representation s o f  thes e 
object s ar e translate d int o targe t  moto r  pattern s vi a th e Ui2_-> -  M connectio n o f 
Figur e 1 .  Self-excitatio n an d mutua l  inhibitio n betwee n th e Ui 2 create s com -
petitio n fo r  short-ter m storage . 

Figure 3 shows how unexpected events excite and expected events inhibit 
nonspecifi c  arousal .  Th e nonspecifi c  arousa l  sourc e i s reminiscen t  o f  reticula r 
areas ,  an d th e presettin g cells ,  perhaps ,  o f  cerebella r  areas . 

My hypothesis that the frontal lobes are part of a major incentive motiva-
tiona l  pathwa y i s consisten t  wit h know n anatomy .  Th e A  cell s ar e reminiscen t  o f 
drive-relate d area s o f  th e hypothalamus .  Th e fronta l  corte x i s th e onl y neocor -
tica l  are a know n t o hav e reciproca l  monosynapti c connection s wit h th e latera l 
and preopti c hypothalamu s CNauta ,  1971) . 

Thus a frontally lesioned animal can learn a response that leads to food 
reward ,  sinc e som e hunger-relate d incentiv e motivatio n stil l  exists .  Onc e tha t 
respons e ha s bee n established ,  however ,  eve n i f  rewar d ceases ,  perseveratio n 
occur s becaus e incentiv e motivatio n fo r  a  competin g respons e i s weakened .  Also , 
negativ e incentiv e motivatio n fro m frustration ,  whic h woul d normall y occu r  whe n 
foo d i s n o longe r  found ,  i s diminished . 

FIGURE 3 

A Network Where Expected but not Unexpected Patterns Inhibit Orienting Arousal 

v.^ppiESETnKG 
CELLS 

OPIENTING . ' 
AROUSAL 

•• } \ 

Activitie s o f  presettin g cell s represen t  a  store d expecte d pattern . 
[Modifie d fro m Levine ,  1983, *  reprinte d wit h permissio n fro m Elsevie r  Scienc e 
Publishin g Company ,  Inc. ) 

720 



LEVINE 

If the new response involves a novel stimulus, perseveration is overcome by 
novelty .  Th e approac h t o a  nove l  objec t  i s  stronge r  tha n th e moto r  habi t  o f 
approachin g th e familia r  object .  Also ,  th e hunger-relate d incentiv e motivatio n 
excitin g approac h t o th e familia r  objec t  i s  weake r  tha n i n norma l  monkeys . 

These results suggest a physiological prediction illustrated in Figure 4. 
Each "hypothalamic "  A  cel l  locu s excite s it s ow n "frontal "  representatio n A'' , 
whic h inhibit s th e "reticular "  nonspecifi c  arousa l  locus .  Frontall y lesione d 
animal s hav e troubl e suppressin g orientin g reaction s (Fuster ,  1980 ,  p .  61) , 
whic h als o support s thi s hypothesis . 

THE MODEL: COGNITIVE ASPECTS 

Weakening of incentive with frontal lesions is amplified by loss of neural 
preparatio n fo r  expecte d sensor y consequence s o f  movement .  Suc h preparatio n 
arise s fro m th e codin g o f  sequence s tha t  includ e representation s o f  stimuli , 
responses ,  an d reinforcement s i n particula r  orders .  I t  include s corollar y 
discharg e (Teuber ,  1964) ,  th e compensatio n tha t  th e retin a make s fo r  ey e move -
ments . 

FIGURE 4 

Hypothesis for Frontal Participation in Incentive Motivation 

F R O N T AL 

H Y P O T H A L A M IC 

R E T I C U L A R 

Agcn 
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The contingent negative variation accompanies expectation of one stimulus 
$2 whil e anothe r  stimulu s S i  i s  present .  Thi s wav e therefor e depend s o n inter -
na l  representation s fo r  S] ^  an d S 2 separatel y an d fo r  th e tempora l  sequenc e S1S2 . 
Furthe r  evidenc e tha t  suc h sequences ,  an d longe r  ones ,  ar e represente d i n fron -
ta l  corte x i s tha t  frontall y lesione d monkey s ar e easil y distracte d fro m sequen -
tia l  task s CGrueninge r  an d Pribram ,  1969) . 

Grossberg (1978) discussed coding of "higher-order chunks" longer sequence 
representation s i n short-ter m memor y models .  H e state d (p .  325 )  th e followin g 
rule : 

"Self-Similar Coding Rule; Other things being equal, higher-order 
chunk s hav e greate r  ST M activit y an d longe r  duratio n tha n lower-orde r 
chunks. " 

This rule promotes goal-directed behavior, because longer stimulus sequences 
predic t  event s bette r  tha n shorte r  sequences . 

The behavioral data suggest that the self-similar coding rule occurs par-
ticularl y a t  th e fronta l  cortex .  Electrophysiologica l  result s fro m th e dorsa l 
CFuste r  e t  al. ,  1982 )  an d i n th e ventra l  fronta l  corte x CRosenkild e e t  al. , 
1981) .  Bot h fronta l  area s i n monkey s contai n differen t  type s o f  cell s whos e 
activitie s chang e i n correlatio n wit h eac h even t  i n a  delaye d matchin g t o sampl e 
sequenc e (sample/cue ,  choic e stimuli ,  instrumenta l  response ,  reinforcement) . 
Some cue-sensitiv e cell s respon d t o particula r  cu e feature s suc h a s colo r  o r 
location .  Moreover ,  cell s wit h simila r  propertie s may b e organize d int o 
columns . 

The dorsolateral frontal area known as the frontal eye field also shows 
variet y i n cel l  responses .  Some cell s i n thi s are a o f  monkey s discharg e durin g 
but  no t  befor e ey e movemen t  (Bizzi ,  196 8 an d Bizz i  an d Schiller ,  1970) .  Othe r 
fronta l  ey e fiel d cell s fir e befor e saccades ,  fallin g int o thre e categories : 

**Visual activity occurred in response to visual stimuli whether or not 
th e monke y mad e saccades .  Movemen t  activit y precede d purposiv e sac -
cades ,  eve n thos e mad e withou t  visua l  targets .  Anticipator y activit y 
precede d eve n th e cu e t o mak e a  saccad e i f  th e monke y coul d reliabl y 
predic t  wha t  saccad e h e ha d t o make "  (Bruc e an d Goldberg ,  1985,p .  603) . 

The self-similar coding rule can best be understood by considering how 
short-ter m memor y biase s ca n develo p i n th e selectiv e codin g o f  features .  Tha t 
issu e wa s studie d b y Grossber g an d Levin e (1975) .  Thei r  networ k wa s a n on -
cente r  off-surroun d field ,  tha t  is ,  eac h populatio n excite d itsel f  an d inhibite d 
th e others .  Th e networ k (withou t  biases )  ha d bee n introduce d b y Grossber g 
(1973 )  t o explai n ho w nois e ca n b e suppresse d an d significan t  part s o f  a  patter n 
contrast-enhanced .  Th e activitie s x i  o f  th e population s satisfie d a  syste m o f 
differentia l  equation s o f  th e for m 

dxi / dt = -Axi + (Bi - Xi)(f(xi) + li) - Xi -^^, f(xk) (1) 

where li are outside inputs, f is a monotone increasing function reflecting 
average d neurona l  input-outpu t  transformations ,  an d B ^  denote s maximu m possibl e 
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activity. If Bi is interpreted as number of cell sites, self-excitation of a 
populatio n i s proportiona l  t o numbe r  B i  -  x i  o f  "inactiv e sites, "  an d inhibitio n 
of  a  populatio n b y th e other s i s proportiona l  t o numbe r  x ^  o f  "activ e sites. " 

Grossberg and Levine (1975) discussed how populations with larger B^ tend 
t o suppres s activitie s o f  population s wit h smalle r  8^ .  Difference s i n B i  ofte n 
aris e fro m developmenta l  an d attentiona l  biases .  I t  i s  consisten t  tha t  popula -
tion s codin g longe r  tempora l  sequence s shoul d hav e highe r  B i  values ,  perhap s 
reflectin g mor e input s fro m a n earlie r  processin g stage . 

I conjecture that the dorsal frontal cortex contains on-center off-surround 
field s o f  population s codin g chunk s o f  al l  order s (se e Figur e 5a3 .  Fronta l 
afferent s coul d als o influenc e othe r  on-cente r  off-surroun d field s a t  th e sen -
sor y cortice s themselve s (Figur e 5b) .  Th e networ k o f  Grossber g (1973 )  ha s a 
quenchin g threshold ,  tha t  is ,  a n intensit y belo w whic h stimul i  ar e suppressed . 
Quenchin g threshol d i s lowere d b y toni c inhibition ,  leadin g t o sharpe r  decision s 
betwee n stimuli .  Henc e I  als o predic t  tha t  dorsa l  fronta l  corte x tonicall y 
inhibit s secondar y sensor y cortex ,  thereb y increasin g th e maskin g o f  irrelevan t 
stimul i  b y relevan t  ones . 

FIGURE 5 
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A)  Mechanis m fo r  self-simila r  coding .  Fronta l  representatio n fo r  sequenc e 
SiS 2 receive s input s fro m mor e population s tha n doe s representatio n fo r  stimulu s 
$2 alone .  Also ,  i n fronta l  on-cente r  off-surroun d field ,  large r  B i  i n equatio n 
(1 )  cause s bia s i n favo r  o f  SiS 2 (a s represente d b y darke r  self-excitator y 
arrow) .  B )  Toni c inhibitio n supplie d t o secondar y sensor y corte x b y fronta l 
cortex . 
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THE BEHAVIORAL PICTURE 

The frontal cortex integrates sensory information from the neocortex with 
viscera l  informatio n fro m th e hypothalamu s an d limbi c system .  Henc e fronta l 
damage lead s t o "interoceptiv e agnosia "  (Nauta ,  1971,p .  1823 ,  includin g distrac -
tibility ,  lac k o f  foresight ,  an d inappropriat e behavior .  Fronta l  patient s hav e 
bee n reported ,  fo r  example ,  t o urinat e i n publi c o r  tel l  off-colo r  joke s a t  a 
funeral .  Suc h behavio r  suggest s disconnectio n betwee n "reptilian " 
(instinctual) ,  "ol d mammalian "  (emotional) ,  an d "ne w mammalian "  (rational ) 
brain s (MacLean ,  1964) . 

Interfacing between the "three brains" seems to depend on orbito-dorsal 
connection s withi n fronta l  cortex .  Littl e i s know n abou t  th e structur e o f  suc h 
connections .  Th e flexibilit y  o f  motivationa l  response s an d th e know n connec -
tion s o f  dorsa l  fronta l  corte x wit h othe r  neocortica l  area s an d orbita l  fronta l 
corte x wit h limbi c area s sugges t  tha t  orbito-dorsa l  connection s shoul d b e 
nonspecifi c  an d modifiabl e i n bot h directions .  Thi s shoul d facilitat e 
motivationally-base d decision s betwee n competin g long-ter m plans . 
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ABSTRACT 

Metaphor is a problem for natural language knowledge acquisition sys-

tems .  Expert s wil l  m a k e utterance s base d upo n domai n metaphor s whic h 

th e acquisitio n syste m m a y no t  possess .  A n approac h i s presente d whic h 

use s knowledg e abou t  previousl y understoo d metaphor s t o proces s ne w uses . 

Thi s approac h i s contraste d wit h severa l  forma l  proposal s fo r  metapho r 

understandin g whic h d o no t  us e explici t  knowledg e abou t  metaphors .  A 

syste m fo r  representin g metaphorica l  knowledge ,  a s par t  o f  a  genera l 

knowledg e representatio n language ,  ha s bee n built .  A  knowledg e acquisi -

tio n system ,  UCTeacher ,  i s  describe d whic h ca n proces s newl y encountere d 

metaphor s usin g knowledg e o f  th e domai n an d explici t  knowledg e abou t 

ho w simila r  metaphor s hav e bee n use d before .  A  detaile d exampl e fro m th e 

syste m i s presented . 

Introductio n 

Metaphor s ar e a  widesprea d phenomen a i n natura l  language .  Th e vas t  majorit y o f 

metaphor s ar e conventiona l  part s o f  th e languag e an d ar e easil y understood .  Explici t 

knowledg e o f  conventiona l  metaphor s i s wha t  make s thes e metaphor s s o eas y t o under -

stand .  Metapho r  become s a  proble m onl y whe n th e heare r  doe s no t  alread y hav e 

knowledg e o f  th e underlyin g metapho r  tha t  th e utteranc e i s base d on . 

Thi s i s exactl y th e situatio n face d b y UCTeacher .  UCTeache r  i s a  natura l  languag e 

knowledg e acquisitio n syste m fo r  th e th e U N I X Consultan t  (Wilensk y 1984) .  U C i s a 

knowledg e base d consultan t  syste m tha t  answer s user s question s abou t  th e U N I X operat -

in g system .  Expert s o n U N I X ca n us e UCTeache r  t o giv e mor e knowledg e t o U C simpl y b y 

tellin g i t  th e ne w informatio n i n English .  On e majo r  proble m fo r  UCTeache r  i s learnin g 

ne w extension s t o know n metaphor s durin g th e knowledg e acquisitio n task .  Fo r  mor e 

informatio n o n othe r  aspect s o f  knowledg e acquisitio n an d UCTeache r  se e (Martin ,  1985) . 

Conside r  th e followin g example s fro m th e U N I X domain : 

1)  Yo u ca n kil l  a  proces s b y typin g " C . 

2)  Yo u ca n ge t  int o lis p b y typin g 'lisp '  t o th e shell . 

3)  T o leav e th e mai l  progra m typ e 'exit' . 

•  Thi s researc h wa s sponsore d i n par t  b y th e Defens e Advanc e Researc h Project s Agenc y (DOD) ,  Arp a 
Order  No .  4031 ,  Monitore d b y Nava l  Electroni c Syste m Command unde r  Contrac t  No .  N00039-C-0235 , 
and b y a  GT E Laboratorie s Fellowship . 
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4) Run a file through the spell program to check for spelling mistakes. 

Each o f  thes e example s contain s a  metapho r  whic h i s a  specializatio n o f  a  ver y genera l 

metapho r  a s applie d t o th e concep t  COMPUTER PROCESS:  exampl e on e involve s viewin g a 

proces s a s a n activ e agen t  tha t  ca n b e killed ,  example s 2  an d 3  involv e th e metapho r  tha t 

an interactiv e compute r  proces s i s a n environmen t  tha t  on e ca n ente r  an d leave ,  exampl e 4 

i s a n instanc e o f  a  conduit/pip e metaphor .  Expert s i n th e domai n o f  interes t  wil l  frequentl y 

use suc h metaphor s whe n givin g ne w informatio n t o th e system .  Th e proble m face d b y 

UCTeacher  i s t o find a  wa y t o understan d thes e utterance s give n th e fac t  tha t  i t  doe s no t 

yet  posses s th e metaphor s underlyin g them . 

Our Approach 

Knowledg e abou t  previousl y understoo d conventiona l  metaphor s i s use d directl y i n 

learnin g th e ne w us e o f  a n ol d metaphor .  Tak e example s 2  an d 3  from  above .  A t  first  i t  i s 

not  clea r  ho w th e term s 'ge t  into '  an d 'leave '  ca n b e applie d t o U N I X programs .  Th e syste m 

has n o knowledg e o f  th e fac t  tha t  program s ca n b e though t  o f  a s environments .  I t  i s  th e 

fac t  tha t  ther e i s a  genera l  container/environmen t  metapho r  i n Englis h whic h ha s bee n 

conventionall y use d i n a  numbe r  o f  othe r  way s tha t  allow s i t  t o understan d thes e ne w uses . 

The basi c strateg y wil l  b e t o identif y th e metapho r  bein g use d an d the n tr y t o find  conven -

tiona l  use s o f  tha t  metapho r  tha t  ar e simila r  t o th e curren t  situation .  UCTeache r  the n 

analogicall y map s on e o f  thes e know n use s t o th e curren t  situation .  Thi s strateg y wil l  b e 

effectiv e t o th e exten t  tha t  ne w use s o f  conventiona l  metaphor s ar e closel y relate d t o othe r 

previousl y understoo d uses . 

Previous Work on Metaphor 

Ther e hav e bee n tw o majo r  approache s t o th e metapho r  proble m b y th e A I  commun -

ity .  Th e first  approac h view s metaphor s a s analogies .  Th e proble m o f  understandin g a 

metapho r  see n a s a  proble m o f  analogicall y mappin g informatio n from a  sourc e domai n t o a 

targe t  domain .  Winsto n (1980) ,  Carbonel l  (1981 )  an d Centne r  (1983 )  hav e al l  propose d 

variou s mechanism s fo r  decidin g ho w t o selectivel y m a p information .  Th e secon d approac h 

has bee n inspire d b y th e wor k o f  Lakof T an d Johnso n (1980) .  The y asser t  tha t  muc h o f 

ordinar y languag e i s base d o n a  relativel y smal l  se t  o f  systemati c underlyin g conceptua l 

metaphors .  I n thi s vie w conventiona l  metaphor s ar e no t  simpl e idiom s no r  ar e the y th e 

resul t  o f  analogica l  reasoning .  The y reflec t  a  se t  o f  underlyin g knowledg e structure s tha t 

ar e structure d usin g conceptua l  metaphors .  Carbonel l  (1980 )  ha s mad e a  proposa l  tha t 

direc t  mapping s b e use d t o represen t  thi s typ e o f  metaphorica l  knowledge .  H e furthe r  pro -

pose d tha t  thes e direc t  mapping s coul d b e use d fo r  analyzin g metaphors .  Jacob s (1985 ) 

implemente d a  syste m usin g simila r  knowledg e fo r  th e purpos e o f  generatin g utterance s 

containin g conventiona l  metaphors . 

Representing Knowledge about Metaphors 

The conventiona l  metaphor s o f  Englis h ar e represente d a s structure d mapping s i n a n 

abstractio n hierarchy .  Include d i n thi s abstractio n hierarch y ar e metaphor s whic h ar e 

directl y relate d t o wor d senses .  Conside r  th e ver b kill .  Th e litera l  definitio n ca n b e para -

phrase d a s 'caus e th e deat h o f  a  Uvin g thing' .  Clearl y th e 'process '  i n exampl e (1 )  doe s no t 

fit  neatl y int o thi s definition .  N o w conside r  th e followin g examples : 
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5) Tlie Mets killed the Dodgers. 

6)  Th e senat e kille d th e immigratio n bill . 

7)  Th e Islander s kille d th e penalt y agains t  them . 

8)  H e kille d th e conversatio n whe n h e cam e int o th e room . 

9)  A  holdin g penalt y kille d th e 49er' s drive . 

10)  M y edito r  tol d m e t o kil l  th e las t  thre e paragraph s o f  m y story . 

The abov e example s contai n relate d sense s o f  th e ver b kil l  eac h wit h a  ver y specifi c  mean -

ing .  A m o n g thes e sense s ar e termination ,  defea t  an d deletion .  Thes e sense s ar e 

represente d b y specifi c  mapping s betwee n th e KIL L concep t  an d th e targe t  meaning .  Eac h 

of  thes e mapping s i s i n tur n a n instanc e o f  a n abstrac t  metaphor .  I n th e exampl e sectio n i t 

wil l  b e show n ho w thes e mapping s ca n b e use d t o proces s exampl e (1) . 

The knowledg e representatio n languag e tha t  i s bein g use d t o represen t  thes e map -

ping s i s K O D I A K (Wilensk y 1984) .  K O D I A K i s a n extende d semanti c networ k languag e 

i n th e spiri t  o f  K L - O N E (Brachman ,  1979) .  A  uniqu e featur e o f  K O D I A K i s th e semanti c 

relatio n calle d V I E W .  A  V I E W i s structure d associatio n betwee n tw o concept s tha t  assert s 

tha t  on e concep t  ca n b e though t  o f  i n term s o f  anothe r  concep t  withou t  assertin g tha t  th e 

tw o concept s ar e relate d vi a a  mor e abstrac t  category .  V I E W s ar e th e too l  tha t  ar e bein g 

use d t o represen t  metaphorica l  mappings . 

Metaphor and Knowledge Acquisition 

The tas k face d b y th e knowledg e acquisitio n syste m i s t o proces s utterance s lik e thos e 

i n example s 1  throug h 4 ,  give n th e fac t  tha t  th e system' s knowledg e o f  bot h th e fact s an d 

metaphor s o f  th e domai n i s incomplete .  UCTeache r  upo n encounterin g a n unknow n meta -

pho r  use s th e hierarch y o f  abstrac t  metaphor s an d specifi c  instance s o f  know n metaphor s t o 

come t o a  correc t  construa l  o f  th e utterance .  I n particula r  th e hierarch y i s use d t o sugges t 

plausibl e mapping s an d specifi c  instance s o f  metaphor s ar e use d i n th e creatio n o f  ne w 

mapping s an d concepts . 

Metaphor Extension Algorithm 

A fou r  stag e proces s i s use d i n orde r  t o com e t o a  correc t  construa l  o f  a n utteranc e 

containin g a  ne w metaphor . 

•  Exploi t  th e metapho r  abstractio n hierarch y t o limi t  th e searc h fo r  a  ne w mapping . 

Examin e specifi c  metaphori c wor d sense s fro m th e curren t  exampl e tha t  hav e th e 

mappin g foun d i n th e first  stag e a s a n ancesto r  i n th e hierarchy . 

•  Analogicall y m a p on e o f  thes e sense s t o th e curren t  situation . 

•  Creat e ne w V I E W s t o connec t  th e ne w meanin g t o th e litera l  meaning . 

The first step restricts the search to the most specific metaphorical mapping that can 

accoun t  fo r  th e curren t  problem .  Th e secon d ste p finds  othe r  way s tha t  thi s metapho r  ha s 

bee n use d previously .  Th e thir d ste p map s th e meanin g o f  on e th e previou s use s ont o th e 

curren t  situation .  Creatin g th e view s i n th e final  ste p allow s thi s metapho r  t o b e preo -

cesse d directl y i n th e future .  Th e followin g sectio n describe s a n exampl e o f  thi s processin g 

i n th e curren t  UCTeache r  system . 
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An Example from UCTeacher 

Conside r  th e followin g workin g exampl e from  th e UCTeache r  system : 

You ca n kil l  a  proces s b y typin g ' "c ' . 

The situatio n i s suc h tha t  th e syste m ha s neve r  hear d th e ver b 'kill '  applie d t o th e concep t 

UNIX-PROCESS.  Moreove r  th e UNIX-PROCESS concep t  i s i n direc t  violatio n o f  wha t  th e 

syste m know s ca n fill  th e rol e o f  th e victi m o f  a  kill .  I n additio n ther e ar e n o know n meta -

phorica l  V I E W s tha t  coul d hav e bee n use d t o resolv e thi s constrain t  violation .  Th e syste m 

no w attempt s t o creat e a  ne w metaphorica l  mappin g base d o n som e ol d mappin g i n a n 

attemp t  t o resolv e thi s constraint . 

The first  ste p performe d b y UCTeache r  i s t o descen d dow n th e hierarch y t o find  a s 

specifi c  a  mappin g a s possibl e tha t  woul d cove r  thi s violation .  Specificall y i t  attempt s t o 

find  a  mappin g wit h a  sourc e concep t  tha t  cover s th e categor y livin g thin g an d a  targe t 

categor y tha t  allow s a  compute r  process .  I n thi s cas e th e mos t  specifi c  V I E W tha t  cover s 

thi s i s a  V I E W from  abstrac t  entitie s t o 'person' .  Not e tha t  ther e ar e mor e specifi c  V I E W s 

belo w thi s on e bu t  the y violat e th e constrain t  o n th e viewed-thin g bein g a  computer-

process ,  indicatin g tha t  ther e ar e n o know n personification s o f  thi s concep t  a s yet .  Th e 

vie w tha t  wa s found ,  PERSONIF ICATION ,  wil l  b e use d t o guid e th e searc h fo r  candidat e 

V I E Ws i n th e nex t  step . 

The secon d ste p i s t o conside r  pre-existin g V I E W s from  th e ki l l-victi m concept . 

Thes e correspon d t o variou s specifi c  metaphori c sense s o f  th e ver b 'kill' .  Howeve r  onl y 

thos e V I E W s tha t  ar e member s o f  th e categor y foun d i n ste p on e ar e considered .  Fo r  eac h 

of  thes e V I E W s a n attemp t  i s mad e t o matc h th e viewed-thin g o f  thi s V I E W t o th e targe t 

concep t  "UNIX-PROCESS* .  Th e V I E W tha t  mos t  closel y matche s th e targe t  concep t  wil l  b e 

used a s a  plausibl e sourc e V I E W . 

UCTeacher  use s a  hierarchica l  matchin g proces s t o tr y t o find a  closel y matchin g can -

didat e V IEW .  Thi s hierarchica l  matchin g proces s attempt s t o abstrac t  u p th e K O D I A K 

hierarch y from  th e rol e tha t  th e viewe d thin g play s i n th e candidat e V I E W unti l  i t  finds a 

common ancesto r  wit h th e targe t  concept .  I n thi s cas e unti l  i t  finds a  commo n ancesto r 

wit h UNIX-PROCESS.  Th e V I E W whic h i s selecte d i s th e TERMINATE-CONVERSATION-

AS-KIL L V I E W .  Thi s V I E W i s represente d below . 

TORMINATE 
CONVERSATION 
Ag.TfT T I  -VTg W 

SOURCE 

KILL-VICTI M 

KILL-EFFEC T 

KILL-ACTIO N 

TERMINATED 
CONVERSATION! 

TERMINATE 
CONVERSATION! 

BPH'li'.r T 

terminat e 
onversation ! 

actio n 

Killin g a  Conversatio n 
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This VIEW represents a mapping from a terminated conversation to the victim of a kill and 

correspond s t o a  wor d sens e o f  kil l  indicatin g termination .  Th e associate d mapping s ar e 

als o show n relatin g th e variou s action s an d effects .  Thes e associate d mapping s plu s th e pri -

mary mappin g o n th e victi m constitut e th e COMPLEX-V IE W whic h represent s thi s partic -

ula r  wor d sense . 

The common paren t  concep t  tha t  i s  foun d betwee n TERM!NATED-CONVERSATION an d 

UNIX-PROCESS i s TERMINATED-PROCESS.  Th e proces s referre d t o her e i s th e abstrac t 

notio n o f  a n ongoin g sequenc e o f  action s wit h effects .  I t  i s  importan t  t o not e her e tha t  th e 

syste m di d no t  ma tc h th e concep t  C O N V E R S A T I ON agains t  U N I X - P R O C E S S directly .  I t  onl y 

abstract s o n th e rol e tha t  C O N V E R S A T I ON play s i n i n th e contex t  specifie d b y th e V I E W . 

Thi s rol e i s  ezphcitl y  represente d i n th e knowledg e bas e b y th e concep t  T E R M I N A T E D-

C O N V E R S A T I O N.  I n thi s w a y th e syste m i s  abl e t o matc h onl y o n thos e aspect s o f  a  concep t 

tha t  ar e relevan t  t o th e curren t  contex t  a s define d b y th e V I E W .  I n thi s cas e w h a t  i s 

relevan t  abou t  th e concep t  C O N V E R S A T I ON i s th e fac t  tha t  i t  ca n b e terminated .  I t  i s  thi s 

fac t  tha t  need s t o b e m a p p e d ove r  t o th e targe t  concep t  U N I X - P R O C E S S. 

I n th e final  phas e o f  processin g U C T e a c h e r  create s a  n e w V I E W usin g th e sourc e vie w 

as a  template .  Thi s n e w V I E W ca n b e use d directl y i n th e futur e b y bot h th e analysi s an d 

generatio n component s o f  U C .  T h e followin g figure  represent s th e view s create d fo r  th e 

n e w concepts . 

TERMINATE 

GET 

UNIX-PROCESS 
AS.KII,T, . 

SOURCE 

KILL-VICTI M 

KILL-EFFEC T 

KILL-ACTIO N 

X 
TERMINATED 

UNIX-PROCESS 

TERMINATE 
UNIX-PROCESS 

RPFRPT 
TERMINATE 

ONVERSATION 
AflTin N 

Killin g a  Proces s 

Conclusions 

An exper t  usin g a  natura l  languag e knowledg e acquisitio n syste m wil l  mak e utter -

ance s containin g metaphor s fro m th e domai n o f  interest .  Thi s pose s a  proble m fo r  th e 

knowledg e acquisitio n syste m sinc e i t  ma y no t  posses s th e necessar y metaphor s fo r  th e 

domain .  Th e answe r  t o thi s proble m i s t o giv e th e syste m explici t  knowledg e abou t  meta -

phor s an d a  mechanis m tha t  ca n exten d know n metaphor s t o ne w domains .  Thi s approac h 

i s parsimoniou s wit h tha t  suggeste d b y Lakofif ,  amon g others .  Thi s knowledg e abou t  meta -

phor s take s th e for m o f  a  hierarch y o f  abstrac t  metaphor s an d specifi c  instantiation s o f 

metaphor s wit h thei r  meanings . 
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Operatin g Principle s an d Persona l  Theories : 
An Outlin e o f  Thei r  Role s I n Earl y Lexica l  Developmen t 

Carolyn B. Mervis 
Departmen t  o f  Psycholog y 

Universit y o f  Massachusetts ,  Amhers t 

Very young children, like adults, form object categories on the basis of 
similarit y amon g exemplars .  Bu t  thi s statemen t  i s simplistic :  Th e notio n 
tha t  categorie s ar e forme d o n th e basi s o f  similarit y i s no t  constraine d 
adequatel y (Murph y &  Medin ,  1985) .  Fo r  example ,  conside r  th e triple t  horse , 
zebra ,  barbe r  poie .  Almos t  everyon e woul d agre e tha t  th e hors e an d th e zebr a 
wer e th e mos t  simila r  pair .  I n thi s case ,  similarit y I s bein g define d 
accordin g t o genera l  for m attribute s o r  biologica l  attributes .  However ,  i f 
th e attribut e "striped "  wer e give n sufficien t  weight ,  the n th e zebr a an d th e 
barbe r  pol e woul d b e th e mos t  simila r  pair .  Th e typ e o f  similarit y tha t 
provide s th e basi s fo r  categor y assignment s mus t  b e specified .  Murph y an d 
Medi n (1985 )  hav e argue d tha t  adult s us e persona l  theorie s t o determin e th e 
type s o f  similarit y tha t  wil l  b e noticed .  Persona l  theorie s generall y refe r 
t o informa l  theorie s o r  belief s abou t  th e worl d tha t  a  perso n ca n stat e 
explicitly ,  o r  ca n answe r  question s about .  Thes e theorie s may b e general ,  o r 
may b e restricte d t o specifi c  domains ,  i n additio n t o persona l  theories ,  bot h 
childre n an d adult s us e operatin g principle s or .  I n Slobln' s (1973 )  words , 
basi c self-instructions ,  t o determin e whic h type s o f  similarit y wil l  b e 
noticed .  Thes e operatin g principle s usuall y ar e Implici t  an d appl y generally , 
rathe r  tha n t o particula r  domains .  Infant s an d ver y youn g childre n ar e abl e 
t o us e operatin g principle s prio r  t o persona l  theories ,  an d th e us e o f 
operatin g principle s continue s throughou t  th e lifespan . 

I n thi s paper ,  I  describ e severa l  operatin g principle s tha t  I  believ e 
ar e use d durin g lat e infanc y an d earl y childhood .  I  als o discus s tw o o f  th e 
earlies t  persona l  theorie s use d b y youn g children ,  i  conside r  th e effect s 
thes e operatin g principle s an d persona l  theorie s hav e o n earl y conceptua l  an d 
lexica l  developmen t  an d o n th e evolutio n o f  children' s initia l  categorie s t o 
confor m t o th e adul t  standard .  Th e propose d operatin g principle s an d persona l 
theorie s ar e consisten t  wit h th e result s o f  a  longitudina l  stud y o f  earl y 
lexica l  developmen t  o f  normall y developin g childre n an d childre n wh o hav e Down 
syndrom e (Mervis ,  1984 ,  i n pres s a ,  i n pres s b )  an d th e result s o f  a  diar y 
stud y o f  my so n Ari' s  earl y lexica l  developmen t  (Mervis ,  i n pres s a ) . 

ACQUISITION OF THE FORM-FUNCTION PRINCIPLE 
By ag e 7  months ,  normall y developin g Infant s hav e acquire d severa l 

principle s tha t  ar e critica l  fo r  earl y conceptua l  development .  First : 
Categorie s generall y ar e concerne d wit h whol e object s (cf .  Hofste n &  Spellce , 
1985) .  Second :  Categorie s shoul d b e formed ,  an d categor y assignmen t 
decision s made ,  base d o n similarit y o f  attribute s (e.g. ,  Cohe n &  Younger , 
1983) .  Third :  Th e mos t  Importan t  stati c attribute s ar e thos e relevan t  t o 
determinin g for m (Olso n &  Strauss ,  1978) . 

Thes e infant s trea t  attribute s o f  th e typ e generall y use d i n 
categorizatio n decision s a s Independen t  o f  on e anothe r  (Cohe n &  Younger , 
1983) .  B y 1 0 month s (th e beginnin g o f  stag e 5  o f  th e sensorimoto r  period) . 
Infant s hav e begu n t o notic e correlation s amon g attribute s o f  th e typ e 
generall y use d i n categorizatio n decisions .  Furthermore ,  thes e Infant s weigh t 
correlate d attribute s mor e heavil y tha n attribute s tha t  occu r  equall y 
frequentl y withi n th e categor y bu t  ar e no t  correlate d wit h on e anothe r  (Cohe n 
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& Younger ,  1983) ,  suggestin g tha t  th e Infant s ar e sensitiv e t o th e Importanc e 
of  correlation s fo r  categorization .  Infant s notic e bot h stati c (form )  an d 
dynami c (function ,  action )  attributes ,  an d begi n t o realiz e tha t  for m 
attribute s usuall y hav e correlate d functio n attributes ,  an d tha t  functio n 
attribute s usuall y hav e correlate d for m attribute s (e.g. ,  Plaget ,  1954) . 
Thus ,  b y ag e 1 0 months ,  Infant s hav e acquire d a  crucia l  principl e concernin g 
categorization ,  th e form-functio n principle .  Thi s principl e is :  Th e for m an d 
functio n o f  object s generall y ar e correlated .  Thi s attribut e correlatio n 
shoul d b e use d a s th e basi s fo r  categorization .  Object s tha t  hav e simila r 
cluster s o f  for m attribute s an d correlate d functio n attribute s shoul d b e 
assigne d t o th e sam e category .  A  correlar y t o thi s principl e I s tha t 
correlate d attribute s ar e mor e Importan t  i n determinin g conceptua l  coherenc e 
tha n ar e equall y frequen t  bu t  uncorrelate d attributes .  However ,  a s Murph y an d 
Medi n (1985 )  hav e pointe d out ,  th e correlate d attribute s principle ,  whil e 
providin g mor e constrain t  o n categorizatio n tha n a  simpl e similarit y 
principle ,  stil l  i s  inadequate .  Additiona l  principle s ar e necessar y t o 
determin e whic h correlation s actuall y ar e noticed . 

Form-functio n correlation s ar e mos t  obviou s fo r  basi c leve l  categorie s 
(Rosch ,  Mervis ,  Gray ,  Johnson ,  &  Boyes-Braem ,  1976) .  No t  surprisingly , 
therefore ,  children' s firs t  categorie s ar e basi c leve l  categorie s (e.g. , 
Mervis ,  1983 ;  Rosch ,  e t  al. ,  1976) .  Adul t  categories ,  particularl y basi c 
leve l  ones ,  als o ten d t o b e forme d base d o n suc h correlations .  However , 
children' s initia l  basi c leve l  categorie s ofte n wil l  no t  correspon d t o th e 
adult-basi c leve l  categor y labele d b y th e sam e word .  Suc h difference s ar e t o 
be expected ;  onl y th e principle s governin g th e determinatio n o f  basi c leve l 
categorie s ar e universa l  (e.g. ,  Dougherty ,  1978 ;  Mervis ,  1984 ;  Rosch ,  e t  al. , 
1976) .  A n objec t  generall y afford s mor e tha n on e se t  o f  form-functio n 
correlations .  Therefore ,  everyon e wil l  no t  necessaril y  atten d t o th e sam e 
correlation s fo r  a  give n object .  Th e actua l  categorie s forme d o n th e basi s o f 
th e form-functio n principl e wil l  var y becaus e differen t  group s notic e o r 
emphasiz e differen t  attribute s o f  th e sam e objec t  a s a  functio n o f  differen t 
experience s o r  differen t  degree s o f  expertise .  Ver y youn g childre n ofte n d o 
not  shar e adults '  knowledg e o f  culturall y appropriat e function s o f  object s an d 
th e correlate d for m attributes ,  leadin g childre n t o de-emphasiz e attribute s o f 
an objec t  tha t  ar e Importan t  fro m a n adul t  perspectiv e (e.g. ,  Mervis ,  1981 , 
1984 ,  i n pres s a ;  se e Carey ,  1982 ,  fo r  a  simila r  positio n concernin g ver b 
concepts) .  Fo r  example ,  a  ver y youn g chil d doe s no t  hav e a  concep t  o f  mone y 
or  o f  savin g money .  Therefore ,  whe n confronte d wit h a  spherica l  bank ,  th e 
chil d shoul d Ignor e th e slo t  an d th e keyhole .  A t  th e sam e time ,  childre n may 
notic e a  functio n an d It s correlate d for m attribute s fo r  tha t  objec t  tha t 
adult s ignore .  I n suc h cases ,  childre n woul d emphasiz e attribute s o f  a n 
objec t  tha t  ar e unimportan t  t o adults .  T o continu e th e spherica l  ban k 
example ,  th e chil d woul d notic e tha t  th e objec t  roil s  an d I s round .  Tversk y 
and Hemenway (1984 )  hav e suggeste d tha t  childre n ofte n ignor e smal l  attribute s 
tha t  hav e functiona l  significanc e fo r  a n adult .  I n favo r  o f  larg e attribute s 
of  th e sam e objec t  tha t  affor d a n alternativ e function .  I n th e spherica l  ban k 
example ,  th e chil d woul d ignor e th e slo t  an d keyhol e i n favo r  o f  th e roun d 
shape .  (Not e tha t  differen t  labelin g practice s o f  mother s whe n talkin g t o 
youn g childre n rathe r  tha n t o adult s ar e no t  responsibl e fo r  thes e categor y 
differences ;  se e Mervis ,  1984 ,  i n pres s a ,  i n pres s b. ) 
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ACQUISITIO N O F TH E ADDITIONA L CATEGORY PRINCIPL E 
Children' s categorie s tha t  diffe r  fro m th e correspondin g adul t 

categorie s eventuall y mus t  evolv e t o confor m t o th e adul t  standard .  Fo r  ver y 
youn g children ,  th e firs t  ste p I n thi s proces s generall y I s th e formatio n o f  a 
new categor y tha t  Include s certai n member s o f  on e o f  th e child' s already -
existin g categories .  Th e principl e tha t  guide s thi s proces s I s a s follows : 
Assig n a  previousl y assigne d objec t  t o a n additional ,  newl y forme d categor y 
onl y I f  yo u ar e give n concret e evidenc e o f  a  ne w form-functio n attribut e 
correlatio n tha t  differ s fro m th e on e o n whic h yo u base d you r  origina l 
assignment .  (Thi s ne w form-functio n correlatio n serve s a s th e basi s fo r  th e 
newly-forme d category. )  Thi s principl e I s derive d fro m th e origina l  form -
functio n principle .  Not e tha t  afte r  applicatio n o f  thi s principle ,  th e objec t 
i s  include d I n tw o (o r  more )  categories ;  I t  remain s a  member  o f  It s ol d 
category ,  a s wel l  a s bein g adde d t o th e ne w category -

Indication s o f  th e presenc e o f  a  ne w correlatio n ca n tak e a  numbe r  o f 
forms ;  a s par t  o f  al l  o f  these ,  a n adul t  generall y provide s th e adult -
appropriat e nam e fo r  th e object .  A s on e possibility ,  th e Importan t  attribut e 
migh t  b e indicate d b y th e child .  Th e adul t  woul d b e Nicel y t o respon d b y 
acknowledgin g th e attribut e tha t  th e chil d ha d Indicate d an d the n labelin g th e 
objec t  wit h it s adult-basi c name .  Fo r  example ,  i f  th e chil d pointe d ou t  th e 
wic k o f  a  roun d candl e t o th e mother ,  sh e probabl y woul d respon d b y commentin g 
on th e wic k an d It s functio n an d the n labelin g th e object ,  "candle. " 

Alternatively ,  a n adul t  ma y poin t  ou t  th e importan t  attributes . 
Regardles s o f  wh o identifie s th e relevan t  attributes ,  th e mos t  effectiv e 
method s o f  introductio n o f  th e adult-basi c nam e involv e a  clea r  Indicatio n o f 
th e ne w form-functio n correlatio n o n whic h th e ne w categor y shoul d b e based . 
Among th e severa l  method s use d b y adults ,  th e mos t  explici t  indicatio n o f  thi s 
correlatio n occur s whe n a  concret e illustratio n o f  relevan t  for m attribute s 
and th e correlate d functio n attribute s i s provided ,  accompanie d b y a  verba l 
description .  Fo r  example ,  th e adul t  migh t  ru n a  finge r  alon g th e slo t  o f  a 
roun d bank ,  dro p i n a  coin ,  an d tel l  th e chil d tha t  thi s I s a  slo t  Int o whic h 
yo u pu t  money -  Us e o f  concret e illustratio n withou t  a  verba l  descriptio n o r 
verba l  descriptio n withou t  concret e illustratio n I s les s effective ,  becaus e 
th e correlatio n I s no t  mad e a s explicit .  Th e concret e illustratio n metho d I s 
more effectiv e tha n th e verba l  descriptio n metho d fo r  ver y youn g children , 
becaus e thes e childre n ar e mor e oriente d t o object s an d actio n tha n t o 
language .  Finally ,  us e o f  th e adult-basi c nam e alon e i s extremel y unlikel y t o 
be effective .  Th e metacognitio n necessar y t o realiz e tha t  adul t  us e o f  a  ne w 
labe l  implie s th e existenc e o f  a  ne w form-functio n correlatio n i s relativel y 
sophis t  icated . 

ACQUISITION OF THE EXPERT PRINCIPLE 
At  leas t  tw o othe r  Importan t  principle s ar e acquire d durin g th e perio d 

of  earl y lexica l  development :  th e exper t  principl e an d th e origin s principle . 
Acquisitio n o f  thes e principle s occur s subsequen t  t o acquisitio n o f  th e 
principle s alread y discussed .  Th e ne w principle s lea d t o change s I n th e 
perceptio n o f  similarity .  I n thi s section ,  I  conside r  th e exper t  principle . 
The origin s principl e i s considere d i n th e followin g section . 

For  a t  leas t  severa l  month s afte r  th e chil d ha s acquire d th e form -
functio n principle ,  th e rol e o f  purel y linguisti c Inpu t  I n categorizatio n I s 
relativel y minor .  However ,  onc e th e chil d acquire s th e metacognitio n 
necessar y t o realiz e tha t  adul t  us e o f  a  labe l  fo r  a n objec t  Implie s tha t  th e 
objec t  i s  a  member  o f  th e labele d category ,  th e rol e o f  linguisti c inpu t  ca n 
increas e dramatically .  Thi s metacognitio n i s base d o n acquisitio n o f  th e 
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exper t  principle :  Ther e exis t  peopl e (experts )  wh o kno w mor e abou t 
categorizatio n (o r  som e type s o f  categories )  tha n yo u do .  When thes e peopl e 
appl y a  nam e t o a n object ,  the y probabl y ar e correct .  Th e exper t  principl e 
require s acceptanc e o f  anothe r  person' s authorit y o n categorizatio n Issues , 
eve n whe n th e chil d doe s no t  understan d th e basi s fo r  th e othe r  person' s 
categor y assignment . 

As note d previously ,  prio r  t o acquisitio n o f  th e exper t  principle ,  th e 
child' s categorizatio n schem e i s no t  influence d b y adul t  us e o f  adult-basi c 
label s b y themselves ,  withou t  a  concret e Illustratio n o r  verba l  description . 
Impressively ,  eve n afte r  th e chil d become s awar e tha t  adult s appl y a  differen t 
name t o a  give n objec t  (assig n tha t  objec t  t o a  differen t  category) ,  th e chil d 
I s willin g t o le t  th e tw o categor y assignment s co-exist . 

Wit h regar d t o th e additio n o f  ne w categories ,  th e exper t  principl e 
take s tw o forms .  Th e firs t  is :  For m a  ne w category ,  an d assig n th e relevan t 
object(s )  t o It ,  i f  a n exper t  label s th e objec t  wit h a  wor d no t  include d I n 
you r  lexicon .  Th e secon d is :  Ad d anothe r  categor y assignmen t  fo r  a 
previousl y assigne d objec t  I f  a n exper t  label s th e objec t  wit h a  nam e 
differen t  fro m th e nam e o f  th e category(ies )  t o whic h yo u ha d assigne d th e 
object .  Bot h version s o f  thi s principl e entai l  th e chil d decidin g t o searc h 
fo r  correlate d attribute s t o serv e a s a  categor y basis ,  jus t  becaus e a n adul t 
use d a  ne w labe l  fo r  a  particula r  object .  (I t  i s  possibl e fo r  th e chil d 
simpl y t o lear n th e ne w nam e i n referenc e t o th e objec t  labeled ,  withou t 
searchin g fo r  relevan t  attributes .  I n thi s case ,  however ,  th e chil d wil l  no t 
generaliz e th e name ;  I t  wil l  serv e essentiall y  a s a  prope r  nam e fo r  a 
particula r  object. ) 

Childre n wh o hav e acquire d th e exper t  principle ,  lik e adults ,  d o no t 
alway s accep t  th e exper t  opinio n (se e Neisser ,  I n press) .  However ,  I n 
contras t  t o th e pre-exper t  principl e child ,  wh o I s comfortabl e Ignorin g a 
contradictor y adul t  labe l  o r  allowin g i t  t o exis t  sid e b y sid e wit h hi s o r  he r 
own label ,  th e chil d wh o acknowledge s th e exper t  principl e canno t  simpl y 
ignor e contradictor y input .  Th e latte r  chil d wil l  respon d t o th e adul t  whe n a 
differenc e i n label s occurs . 

Once th e chil d ha s acquire d th e tw o form s o f  th e exper t  principl e ius t 
described ,  tw o othe r  form s shoul d follow .  Bot h involv e deletio n o f  object s 
fro m thei r  assigne d categories ,  ultimatel y yieldin g mutuall y exclusiv e basi c 
leve l  categorie s (Tversk y an d Hemenway's ,  1984 ,  mutua l  exclusivit y o f  basi c 
leve l  categorie s principle) .  (Mor e generally ,  th e tw o form s shoul d yiel d 
mutuall y exclusiv e coordinat e categories. )  Th e firs t  Is :  Delet e a n objec t 
fro m it s previousl y assigne d categor y i f  yo u labe l  th e objec t  wit h tha t  nam e 
and a n exper t  reject s you r  label .  Th e secon d Is :  Delet e a n objec t  fro m it s 
previousl y assigne d categor y I f  a n exper t  label s th e objec t  wit h a  nam e 
differen t  fro m th e on e yo u woul d hav e applied ,  an d yo u hav e reaso n t o believ e 
tha t  th e tw o name s ar e coordinate . 

The exper t  principl e provide s th e chil d wit h a  majo r  improvemen t  I n hi s 
or  he r  abilit y  t o acquir e ne w categorie s rapidly ,  base d o n ver y littl e input . 
I t  I s importan t  t o note ,  however ,  tha t  th e ne w categorie s th e chil d form s o n 
th e basi s o f  th e exper t  principl e ar e stil l  base d o n th e form-functio n 
principl e a s well .  Th e Importan t  contributio n o f  th e exper t  principl e i s 
that ,  base d o n minima l  Input ,  I t  provide s th e chil d wit h a n Indicatio n tha t  a 
new categor y mus t  b e formed .  Th e chil d stil l  mus t  searc h fo r  a  ne w form -
functio n attribut e correlation ,  a s a  basi s fo r  generalization .  I f  th e chil d 
canno t  fin d suc h a  correlation ,  the n h e o r  sh e wil l  b e unabl e t o for m a  ne w 
categor y tha t  include s mor e tha n th e objec t  t o whic h th e adul t  applie d th e ne w 
label . 
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ACQUISITIO N O F TH E ORIGIN S PRINCIPL E 
The origin s principl e state s that :  Membershi p I n a  biologica l  categor y 

I s determine d b y lineag e (ancestry ,  origins) ;  a n anima l  o r  plan t  belong s t o 
th e sam e categor y a s It s parents ,  an d th e progen y o f  th e anima l  o r  plan t  als o 
belon g t o th e sam e categor y (e.g. ,  Kell ,  I n press) .  Acquisitio n o f  th e 
origin s principl e require s acceptanc e o f  th e exper t  principl e (se e Mervis , 
1986) . 

Prio r  t o acquisitio n o f  th e origin s principle ,  toddler s focu s o n 
observabl e attribute s an d categoriz e accordingly ,  base d o n th e form-functio n 
principle .  Th e availabl e origin s Informatio n (generall y I n th e for m o f 
adjacency ,  a s whe n a n adul t  anima l  I s depicte d nex t  t o It s offspring )  I s 
Ignored .  A s Nelsse r  (I n press )  ha s pointe d out ,  suc h a  focu s usuall y wil l 
yiel d th e sam e categor y schem e a s a  mor e sophisticate d approac h base d o n th e 
origin s principle .  Sometimes ,  however ,  th e tw o approache s yiel d differen t 
categor y assignments .  Fo r  example ,  bab y waterblrd s generall y ar e shape d mor e 
lik e duck s tha n lik e othe r  type s o f  waterblrds .  i n thi s case ,  th e pre-orlgin s 
principl e chil d wil l  categoriz e al l  bab y waterblrd s a s ducks ,  eve n whe n h e o r 
sh e correctl y categorize s a n adjacen t  adul t  waterbird .  Afte r  th e chil d begin s 
t o acquir e th e origin s principle ,  bab y animal s wil l  b e categorize d accordin g 
t o parenta l  species ,  wheneve r  parenta l  specie s i s obvious .  Categorizatio n o f 
Juvenile s wil l  b e mor e accurat e whe n a n adul t  categor y member  i s presen t  tha n 
when th e adul t  I s absent .  Prio r  t o acquisitio n o f  th e origin s principle , 
categorizatio n o f  Juvenile s wil l  no t  var y a s a  functio n o f  th e presenc e o r 
absenc e o f  adul t  categor y members . 

As i s clea r  fro m Keil' s  (e.g. ,  i n press )  research ,  developmen t  o f  th e 
origin s principl e continue s eve n durin g th e grad e schoo l  years .  However , 
acquisitio n clearl y begin s durin g earl y childhood .  Thi s acquisitio n 
represent s th e earlies t  evidenc e o f  deviatio n fro m th e form-functio n principl e 
as a  basi s fo r  categorizatio n decisions .  Eventually ,  fo r  experts , 
categorizatio n accordin g t o th e origin s principl e wil l  agai n confor m t o th e 
form-functio n principle ,  bu t  fo r  a  differen t  se t  o f  correlations .  Thi s time , 
th e correlation s wil l  Involv e genetics . 

SUMMARY 
I n thi s paper ,  I  hav e considere d severa l  operatin g principle s a s wel l  a s 

tw o persona l  theorie s tha t  I  believ e ar e use d durin g lat e Infanc y an d earl y 
childhood .  B y ag e 1 0 months ,  infant s hav e acquire d th e majo r  categorizatio n 
principl e use d acros s th e lifespan :  th e form-functio n principle .  However , 
infant s ofte n d o no t  appl y thi s principl e t o th e sam e correlation s a s adults . 
Therefore ,  th e tw o group s sometime s assig n th e sam e objec t  t o differen t 
categories .  Categor y evolution ,  whic h mus t  tak e plac e i n orde r  fo r  th e 
child' s categorie s eventuall y t o correspon d t o th e adul t  standard ,  a t  firs t  I s 
base d o n th e additiona l  categor y assignmen t  principle ,  whic h require s th e 
adul t  t o mak e a  ne w form-functio n correlatio n obviou s t o th e child . 
Eventually ,  categor y evolutio n I s greatl y Influence d b y th e exper t  principle , 
whic h als o subsume s th e mutua l  exclusivit y o f  basi c leve l  categorie s 
principle .  Th e origin s principle ,  whic h I s base d I n par t  o n th e exper t 
principle ,  allow s th e chil d t o g o beyon d th e form-functio n principl e i n 
determinin g th e categor y assignment s o f  Juvenil e categor y members .  Thes e 
principle s clearl y ar e Importan t  fo r  th e developmen t  o f  youn g children' s 
categorizatio n schemes .  However ,  consideratio n o f  th e rol e o f  operatin g 
principle s an d persona l  theorie s I n categor y developmen t  ha s jus t  begun . 
Furthe r  researc h an d theorizin g t o determin e additiona l  principle s an d 
theorie s an d thei r  role s I n categor y developmen t  an d evolutio n ar e essential . 
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Studyin g th e Proble m Solvin g Behavio r  o f  Expert s an d Novice s 
i n Physic s Vi a Computer-Base d Problem-Analysi s Environment s * 
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Cognitiv e Processe s Researc h Grou p 
Departmen t  o f  Physic s an d Astronom y 

Universit y o f  Massachusett s 
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ABSTRACT 

The design and architecture of two user-controlled, computer-based problem 
analysi s environment s i n classica l  mechanic s ar e discussed .  I n th e 
expert-lik e environment ,  th e use r  analyze s problem s accordin g t o a 
hierarchica l  concep t  schem a consisten t  wit h ho w expert s analyz e nove l  problem s 
i n physics .  I n th e secon d environment ,  th e use r  searche s a  larg e equatio n 
data-bas e utilizin g novice-like ,  surfac e featur e keyword s i n orde r  t o locat e 
th e appropriat e equation(s )  t o us e i n solvin g a  problem .  Cognitiv e an d 
pedagogica l  implication s o f  th e researc h ar e discussed . 

Novice s an d expert s stor e an d us e domain-specifi c  knowledg e i n distinctl y 
differen t  manners .  Recal l  experiment s revea l  tha t  expert s "chunk "  informatio n 
int o relate d cluster s thereb y facilitatin g recall ,  wherea s novice s displa y n o 
evidenc e o f  chunkin g (Chas e &  Simon ,  1973 ;  Ega n &  Schwartz ,  1979 ;  Ehrlic h & 
Soloway ,  1982 ;  Larkin ,  1979) .  I n contras t  t o novices ,  exper t  physicist s us e 
forwar d strategies ,  fewe r  equations ,  an d shorte r  procedure s t o solv e problem s 
(Simo n &  Simon ,  1978) .  Novic e physic s student s als o fin d i t  difficul t  t o sepa -
rat e a n abstrac t  pla n fo r  solvin g a  proble m fro m th e actua l  solutio n process , 
statin g Instea d th e equation s tha t  the y woul d use ,  wherea s expert s outlin e a n 
approac h base d o n fundamenta l  physic s principle s (Chi ,  Feltovlc h &  Glase r  1981) . 

We are currently investigating the consequences of imposing two types of 
constraint s o n expert s an d novice s engage d i n solvin g problem s i n a  branc h o f 
physic s calle d classica l  mechanics .  B y "constraints "  w e mea n tha t  novice s an d 
expert s wil l  b e aske d t o us e on e o f  tw o differen t  computer-based ,  menu-drive n 
environment s t o analyz e problem s befor e solvin g them .  Wit h th e firs t 
analyzer ,  th e use r  i s aske d t o categoriz e th e proble m unde r  consideratio n 
accordin g t o a  hierarchica l  concep t  schem a consisten t  wit h tha t  use d b y 
expert s t o analyz e problems .  Wit h th e secon d analyzer ,  th e use r  i s aske d t o 
categoriz e th e proble m accordin g t o surfac e feature s consisten t  wit h thos e 
use d b y novice s t o solv e problems . 

*  Wor k supporte d b y Nationa l  Scienc e Foundatio n gran t  BNS-8511069 .  Th e content s 
herei n d o no t  necessaril y  reflec t  th e position ,  polic y o r  endorsemen t  o f  NSF . 
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DESCRIPTION OF COMPUTER-BASED ANALYSIS ENVIRONMENTS 

Hierarchical Analyzer 

The Hierarchical Analyzer was designed to be consistent with research 
observation s o n exper t  physic s proble m solvin g behavior .  When face d wit h a 
nove l  proble m i n whic h ther e i s n o obviou s cours e o f  action ,  exper t  physicist s 
firs t  conside r  whic h basi c principle s apply ,  an d the n pla n a  solutio n strateg y 
base d o n thes e principles .  Consisten t  wit h thi s observation ,  Chi ,  Feltovic h 
and Glase r  (1981 )  foun d that ,  whe n aske d t o classif y problem s accordin g t o 
similarit y o f  solution ,  novice s us e th e problems *  surfac e feature s wherea s 
expert s us e th e physica l  principl e o r  la w underlyin g th e proble m a s th e clas -
sificatio n criterion .  Thes e finding s sugges t  tha t  a n expert' s  knowledge-stor e 
ca n b e describe d a s a  dens e networ k containin g cluster s o f  relate d informatio n 
wit h a  hierarchica l  structur e i n whic h fundamenta l  concept s occup y th e to p 
level s o f  th e hierarchy ,  ancillar y concept s occup y th e middl e portions ,  an d 
domain-relate d fact s an d equation s occup y th e botto m level s o f  th e hierarchy . 

Two additional studies influenced the design of the Hierarchical Analyzer. 
Helle r  an d Rei f  (1984 )  traine d physic s novice s t o generat e a  proble m analysi s 
calle d a  "theoretica l  proble m description. "  Forc e problem s i n classica l 
mechanic s wer e describe d i n term s o f  concepts ,  principle s an d heuristics .  When 
novice s wer e induce d t o follo w suc h descriptions ,  the y improve d substantiall y 
i n thei r  abilit y  t o construc t  proble m solutions .  Contro l  novices ,  wh o receive d 
goo d grade s i n a  classica l  mechanic s course ,  wer e no t  abl e t o generat e 
appropriat e description s o f  fairl y  routin e problems .  I n a  simila r  vein ,  Eylo n 
and Rei f  (1984 )  investigate d th e effectivenes s o f  imposin g a  hierarchica l 
organizatio n o n th e performanc e o f  differen t  task s i n th e domai n o f  physics . 
They foun d tha t  subject s wh o ha d receive d a  particula r  physic s argumen t  organ -
ize d i n hierarchica l  for m performe d variou s recal l  an d proble m solvin g task s 
bette r  tha n subject s wh o ha d receive d th e sam e argumen t  non-hierarchically . 

The Hierarchical Analyzer was designed to guide the user through a 
hierarchica l  analysi s o f  a  proble m i n term s o f  bot h concept s an d heuristics . 
The use r  categorize s problem s i n term s o f  thos e principle s an d heuristic s tha t 
ca n b e use d t o construc t  a  solutio n t o th e problem .  Thi s categorizatio n i s 
carrie d ou t  b y makin g selection s fro m a  numbe r  o f  menus .  O n an y give n nienu , 
th e selectio n mad e lead s t o anothe r  men u whic h i s mor e specifi c  tha n th e 
previou s menu ,  an d whic h contain s furthe r  men u selection s consisten t  wit h th e 
selectio n mad e o n th e previou s menu . 

The structure of the Hierarchical Analyzer resembles a flat-top pyramid. 
At  th e to p o f  th e pyrami d ar e th e fou r  mos t  fundamenta l  concept s int o whic h w e 
hav e chose n t o partitio n elementar y classica l  mechanics .  Thes e ar e (1 ) 
Newton' s Secon d La w o r  Kinematics ,  (2 )  Angula r  Momentum ,  (3 )  Linea r  Momentum , 
and (4 )  Wor k an d Energy .  Afte r  th e initia l  classification ,  th e use r  proceed s 
t o menu s containin g ancillar y concept s an d usefu l  heuristics ,  whic h occup y th e 
middl e level s o f  th e pyramid .  Th e menu s occupyin g th e botto m level s o f  th e 
pyrami d becom e increasingl y detaile d unti l  reachin g th e en d resul t  o f  th e 
analysi s — a n equation(s )  tha t  ha s bee n dynamicall y constructe d i n accordanc e 
wit h th e classificatio n schem e selected . 

To understand the structure and functioning of the Hierarchical Analyzer, 
i t  i s  perhap s bes t  t o giv e a n example .  Conside r  th e followin g problem : 
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A small block of mass M slides along a track 
havin g bot h curve d an d horizonta l  section s a s 
shown .  Th e trac k I s frlctlonless .  I f  th e 
particl e I s release d fro m res t  a t  heigh t  h , 
what  I s It s spee d whe n I t  I s o n th e horizonta l 
sectio n o f  th e track ? 

Figur e 1  contain s th e serie s o f  menu s an d men u selection s whic h 
appropriatel y analyz e th e proble m (w e hav e place d a n asteris k nex t  t o th e 
appropriat e choic e t o facilitat e discussions) .  Severa l  feature s o f  Figur e 1 
shoul d b e noted .  Thi s proble m ca n mos t  easil y b e solve d usin g wor k an d energ y 
principles ,  an d thu s men u ite m # 4 i s th e appropriat e selection .  Th e secon d 
menu leve l  i s  mor e specifi c  an d ask s th e use r  t o describ e th e mechanica l 
energ y o f  th e system .  Selectio n #1 ,  "Conservativ e syste m (Conservatio n o f 
energy), "  i s  th e appropriat e choice .  Not e th e hint s enclose d i n parenthese s 
t o hel p th e use r  decid e whic h selectio n shoul d b e made .  Thes e hint s guid e th e 
selectio n o f  choic e (1 )  I f  conservativ e force s ar e presen t  i n th e problem ,  o r 
choic e (2 )  i f  ther e ar e non-conservativ e force s present .  A t  th e thir d men u 
level ,  heuristic s ente r  th e hierarch y wit h th e reques t  t o classif y th e change s 
i n mechanica l  energ y b y considerin g on e bod y a t  a  tim e a t  som e initia l  an d 
fina l  state .  Fo r  th e proble m a t  hand ,  th e bloc k start s ou t  wit h potentia l 
energ y an d end s u p wit h onl y kineti c energy ,  s o Selectio n # 3 i s th e correc t 
one .  Th e fourt h men u leve l  ask s th e use r  fo r  furthe r  classificatio n o f  th e 
change s i n kineti c energy ;  i n thi s cas e ther e i s onl y a  chang e i n 
translationa l  kineti c energy .  A t  th e fift h men u level ,  th e use r  i s aske d t o 
specif y th e boundar y condition s (o r  condition s a t  th e beginnin g an d en d 
points) .  Men u level s si x an d seve n paralle l  o f  level s fou r  an d fiv e fo r 
potentia l  energy .  A t  men u leve l  numbe r  eight ,  th e use r  i s aske d t o specif y 
whethe r  ther e i s mor e tha n on e bod y i n th e system ;  i n thi s case ,  th e answe r  i s 
"No. "  A t  men u leve l  nine ,  th e use r  i s presente d wit h a  statemen t  describin g 
th e principl e s/h e selecte d a t  th e firs t  men u level ,  an d a  statemen t  abou t  ho w 
thi s basi c principl e applie s t o th e particula r  cas e a t  han d b y elaboratin g o n 
th e restriction s Impose d b y th e user' s specifi c  selections . 

Note that the Analyzer does not provide the answer to a problem; it is a 
too l  t o ai d th e use r  i n analyzin g th e problem .  Th e use r  stil l  mus t  generat e th e 
equatio n tha t  i s th e answer .  Fo r  Proble m #1 ,  th e use r  woul d hav e t o perfor m 
some algebrai c manipulation s t o obtai n th e correc t  answer ,  namely ,  v^/2gh .  I f 
th e use r  ha s mad e a n inappropriat e selectio n a t  an y men u leve l  durin g th e analy -
sis ,  th e en d resul t  woul d b e a n equation(s )  tha t  i s  consisten t  wit h th e classifi -
catio n schem e selected ,  bu t  inappropriat e fo r  us e i n solvin g th e problem . 

Three other features of the Analyzer should be noted. The "prompt line" 
at  th e botto m o f  men u level s 1- 8 allo w th e use r  t o choos e option s suc h a s 
backin g u p t o th e previou s men u i n orde r  t o chang e a  selection ,  enterin g a 
glossar y t o loo k u p th e definitio n o f  a  term ,  o r  listin g th e men u selection s 
made thu s far .  Second ,  i f  a  proble m lend s itsel f  t o tw o differen t  correc t 
analyses ,  th e Analyze r  wil l  allo w fo r  thes e tw o correc t  path s throug h th e men u 
network .  Finally ,  th e use r  i s give n thre e choice s a t  th e fina l  menu :  1 )  th e 
proble m i s solve d i f  th e equation(s )  give n a t  th e penultimat e men u leve l  ar e 
appropriate ,  2 )  th e use r  ma y revie w th e equatlon(s )  give n I n th e penultimat e 
menu level ,  o r  3 )  i f  th e proble m bein g analyze d require s tha t  tw o (o r  more ) 
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FIGURE 1 

Hierarchica l  Analyze r  Menu s ft  Choice s 

Whic h principl e applie s t o thl e par t  o f  th e proble a eolutloQ ^ 

1. NevtOD'a Second Law or Uneaatlca 
2.  Angula r  Moaentu x 
3.  Linea r  Moaentu a 

•• .  Wor k an d Energ y 

Fleaa a ente r  you r  selection : 

(B)ackup (H}aln aenu (C)lo(sary (Q)ult (L)lst aelectlona 

Oeacrlb e th e ayate a I n tera a o f  It a aechanlca l  energ y 

*1. Conaervatlvc ayatea (conaervatlon of energy) 
2.  Non-conaervatlv e ayate a (work-enarg y eichange ) 

Pleaa c eate r  you r  aalectlon :  ̂__ _ 

(B)ackup (H)aln aenu (G)loaaary (Q}ult (L)lat aelectlona 

Describ e th e change a l a aechanlca l  energy .  Conside r  oal y 
th e energ y o f  on e bod y a t  soae  Initia l  an d fina l  stat e 
1. Change la kinetic energy 

2.  Chang e I n potentia l  energ y 
'3 .  Chang e I n potentia l  an d kineti c energie s 

Pleas e ente r  you r  selection : 

(B)ackup (H)aln menu (C)loaaary (Q)ult (L)lat aelectlona 

Deacrlb e th e change s I n kineti c energ y 
•1. Change In translstlooal kinetic energy 

2.  Chang e I n rotationa l  kineti c energ y 
3.  Chang e i n tranalatlona l  an d rotationa l  kineti c energle a 

Pleaa e ente r  you r  aelectloo : 

(B)ackup (M)aln aenu (C)loaaary {Q)ult (L)lat aelectlona 

Deacrlb e th e boundar y condlclon a 

•1. Mo initial tranalatlonal kinetic energy 
2.  N o fina l  tranalatlona l  kineti c energ y 
3.  Initia l  an d fina l  tranalatlona l  kineti c energle a 

Pleaa e ente r  you r  selection : 

(B)ackup (M)aln aenu (C)loaaary (Q)ult (L)lat selections 

10 

Deacrlb e th e change s i n potantis l  energ y 

•1. Chsnges in grsvitsclonal potential energy 
2.  Change s I n sprin g potentls l  energ y 
3.  Chsnge s I n grsvltstlons l  sn d sprin g potentls l  energie s 

Pless e ente r  you r  selection ; 

(B)sckup (M)sln aenu (C)losssry (q)uit (L)ist selections 

Describ e th e boundar y condition a 

1. No initial gravitational potential energy 
*2 .  N o fina l  gravitationa l  potentia l  energ y 
3.  Initia l  an d fina l  gravitationa l  potentia l  energ y 

Pleaa e ente r  you r  selection : 

(B)sckup (H)aln aenu (C)loasary (Q)ult (L)lat aelectlona 

l a ther e anothe r  bod y i n th e ayate a whic h ha a no t  bee n examined ? 

1. Yea 
•2 .  N o 

Pleaa e ente r  you r  selection : 

(B)ackup {M)aln aenu (G)loaaary (Q)uit (L)lst aelectlona 

The Work-Energ y Theore a state s tha t  th e wor k don e o n th e syste a 
by al l  non-conservstlv e force s I s equs l  t o th e chang e i n th e 
aechanlca l  energ y o f  th e ayatea : 
Wnc - Ef - El 
According to your aelectlona, 

W„c * 0 (Conaervatlve ayatea: aechanlcal energy eonaerved) 

t{ • (1/2 Mv2)if 

El - (Mgy)ii 

Pleaae press any key to continue 

•• •  Wor k an d Energ y •• • 

1. Problea solved 
2,  Retur n t o Mai n Men u t o continu e solutio n 
3.  Revie w prevlou a aolutlo n acreen a 

Pleaa e ente r  you r  aelectlon : 
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different principles be applied In the analysis, the user may return to the 
mai n men u an d continue .  Thi s thir d choic e woul d b e necessar y If ,  fo r  example , 
th e bloc k o f  th e proble m abov e suffere d a  totall y Inelasti c collisio n wit h a 
second ,  stationar y bloc k o n th e leve l  par t  o f  th e track ;  I n thi s case ,  th e 
use r  woul d nee d t o mak e a  secon d pat h throug h th e Analyze r  choosin g Linea r 
Momentum a t  th e firs t  men u fo r  th e collisio n portio n o f  th e solution . 

Formula-Centered Analyzer 

The Formula-Centered Analyzer Is Intended to emulate the problem solving 
processe s o f  novic e physic s students .  I t  I s  flexibl e I n tha t  I t  coul d b e use d 
I n a  numbe r  o f  differen t  way s b y a  numbe r  o f  differen t  novices .  Novice s 
solvin g problem s I n physic s ten d t o focu s o n findin g th e appropriat e equatio n 
whic h ca n b e manipulate d t o yiel d a n answer .  Th e mos t  amusin g evidenc e o f 
thi s behavio r  i s a  typica l  "formul a sheet "  tha t  student s ar e allowe d t o tak e 
t o physic s exam s — I t  consist s o f  a  soli d mosai c o f  equations .  Further , 
novice s appea r  t o cu e o n a  problem' s surfac e feature s i n decidin g wha t 
equatio n t o use .  Surfac e featur e cue s tak e on e o f  thre e possibl e forms :  1 ) 
proble m types ,  suc h a s "incline d plane "  an d "fallin g bodies, "  2 )  variabl e 
names,  suc h a s "mass "  an d "velocity, "  an d 3 )  physic s terms ,  suc h a s "potentia l 
energy "  an d "momentum. " 

The Formula-Centered Analyzer is a computer-based, sortable data-base made 
up o f  th e equation s i n th e firs t  fourtee n chapter s o f  th e commonl y use d 
classica l  mechanic s text .  Fundamental s o f  Physic s b y Hallida y an d Resnic k 
(1974) .  Thi s equatio n data-bas e contain s ove r  15 0 equations ,  whic h th e use r 
can reduc e b y performin g sequentia l  sort s accordin g t o an y on e o f  thre e 
criteria :  Variabl e Name,  Proble m Typ e o r  Physic s Term .  Fo r  example ,  fo r  th e 
proble m above ,  th e use r  may firs t  choos e t o perfor m a  sor t  accordin g t o th e 
Variabl e Name "height, "  producin g a  lis t  o f  thos e equation s containin g th e 
variabl e "h. "  Th e use r  ca n the n brows e throug h th e reduce d equatio n list ,  o r 
perfor m anothe r  sort .  I f  th e use r  choose s t o perfor m anothe r  sort ,  fo r 
exampl e usin g th e Proble m Typ e "slidin g bodies, "  th e data-bas e woul d b e 
furthe r  reduced .  Afte r  a  fe w sorts ,  th e numbe r  o f  equation s woul d b e reduce d 
t o a  small ,  manageabl e numbe r  wit h specifi c  properties ,  fro m whic h th e use r 
can selec t  th e on e o r  tw o neede d t o solv e th e problem . 

COGNITIVE AND PEDAGOGICAL RAMIFICATIONS 

The two Analyzers described above are currently being used to study the 
proble m solvin g behavio r  o f  bot h novice s an d experts .  I n particular ,  w e ar e 
intereste d i n whethe r  o r  no t  novice s exhibi t  distinctl y differen t  pattern s o f 
proble m categorizatio n an d proble m solvin g proficienc y afte r  prolonge d us e o f 
one o f  th e tw o Analyzers .  Wit h experts ,  w e ar e intereste d i n observin g ho w 
the y us e bot h Analyzers ;  fo r  example ,  d o the y us e th e Formula-Centere d 
Analyze r  a s a  hierarchica l  structur e b y onl y sortin g accordin g t o Physic s 
Term,  o r  d o the y judiciousl y pic k jus t  th e righ t  combinatio n o f  sort s t o mak e 
thei r  pat h t o th e desire d equatio n a s efficien t  a s possible ? 

Although much is known about how experts and novices store domain-specific 
knowledge ,  an d abou t  ho w the y solv e problems ,  relativel y littl e i s know n abou t 
th e proces s o f  makin g th e transitio n fro m novic e t o expert .  We kno w tha t  i t 
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takes considerable time to become an expert, and that solving large numbers of 
problem s i s a  necessary ,  bu t  no t  sufficien t  conditio n fo r  expertise .  Th e wor k 
discusse d I n thi s pape r  i s intende d t o addres s issue s concernin g th e proces s 
of  becomin g a n expert . 

From a cognitive perspective, it is important to begin to understand how the 
transitio n fro m novic e t o exper t  occurs ,  an d ho w i t  ca n b e facilitated . 

Observin g novices '  an d experts '  proble m solvin g behavio r  i n th e problem-analysi s 
environment s describe d abov e ma y she d som e ligh t  o n suc h question s as :  1 )  wher e 
alon g th e expert-novic e continuu m a  particula r  individua l  lies ,  an d 2 )  th e 
abilit y  t o ascertai n a  novice' s "exper t  potential, "  o r  potentia l  fo r  becomin g a n 
exper t  i n th e domai n i n question .  Fo r  example ,  th e typ e o f  sor t  tha t  a n 
individua l  choose s t o mak e whe n usin g th e Formula-Centere d Analyze r  (tha t  is , 
whethe r  t o sor t  onl y b y variabl e name ,  o r  b y physic s term )  ma y provid e a  goo d 
measur e o f  a n individual' s positio n alon g th e expert-novic e continuum .  Mor e 
quantitativ e measure s ma y b e foun d i n th e lengt h o f  tim e i t  take s a  novic e t o 
adap t  t o th e Hierarchica l  Analyzer ,  th e numbe r  o f  speciou s analyse s mad e an d th e 
abilit y  t o recogniz e a  speciou s analysis . 

From a pedagogical standpoint, the Hierarchical Analyzer could also provide 
th e novic e wit h th e opportunit y t o activel y participat e i n proble m solvin g 
activities ,  whil e a t  th e sam e tim e assimilatin g expert-lik e heuristic s an d 
method s fo r  analyzin g problems .  I n today' s educationa l  scenario ,  novice s d o no t 
hav e a n opportunit y t o observ e expert s engage d i n proble m solvin g activitie s fo r 
any prolonge d perio d o f  time .  When a n exper t  physicis t  solve s a  proble m fo r  a 
novice ,  th e solutio n i s chose n fo r  it s clarit y o r  eleganc e an d ofte n bear s 
littl e resemblanc e t o th e proces s tha t  th e physicis t  use d t o solv e th e problem . 
The Hierarchica l  Analyze r  coul d b e a  cost-effectiv e too l  fo r  providin g novice s 
wit h rea l  expert-lik e proble m solvin g experiences . 
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C 0 6 N I T I V E C O N T R OL O F A U T O N O M O US M O B I L E R O B O T S: 

N E S T ED H I E R A R C H I C A L INTELL I6EN T M O D U LE 

A.  Meys te l 

Drexe l  Universit y 

Phi ladelphia ,  P A 1 9 1 0 4 .  U S A 

On t h ^  s i m n g r i t y P e ^ w w n C g g w H i y g Cffntrgllgr g 

An overview of the recent results in the ores of Autononrtous Control Systems 

fo r  mobil e robot s suggest s tha t  differen t  contro l  system s sho w definit e 

resemblanc e wit h eac h other :  the y hav e a  hierarch y o f  knowledge-base d 

decision-malcin g unit s eve n whe n th e syste m i s equippe d b y a  singl e actuato r 

i t  seem s tha t  al l  autonomou s operation s shoul d b e solve d i n suc h a  simila r 

(possibly ,  anthropomorphic )  way .  A  concep t  o f  hierarchica l  nes te d 

k n o w l e d g e - b a s e d structur e i s introduce d i n thi s pape r  whic h reflect s th e 

c o m m on propertie s o f  cognitiv e controllers ,  an d a n applicatio n o f  thi s 

concep t  i s unfolde d fo r  a  syste m o f  knowledge-base d contro l  o f  autonomou s 

robots . 

It is proven theoretically that nested hierarchies allow for an efficient 

knowledg e organizatio n a s wel l  a s fo r  correspondingl y efficien t  knowledg e 

processing .  Theor y o f  contro l  oriente d knowledg e organizatio n i s bein g 

considere d a  par t  o f  a  theor y o f  A u t o n o m o u s Contro l  S y s t e m s ( A C S ) 

focuse d upo n developmen t  o f  knowledge-base d model s o f  perception , 

memory ,  actuation ,  structure s o f  algorithms ,  an d desig n o f  system s fo r 

opt imu m motio n o f  autonomou s o r  sem i  autonomou s systems .  Theor y o f  A C S 

implie s tha t  th e similaritie s amon g th e existin g structure s o f  autonomou s 

robot s (mostly ,  knowledge-based )  revea l  a  numbe r  o f  inne r  mechanism s o f 

goa l  oriente d dealin g wit h knowledge . 

What Is Autonomous Control System? 

Knowledge based ACS are defined as intelligent machines which should be 

abl e t o operat e i n comp le te l y o r  partiall y  u n k n o w n e n v i r o n m e n t  (o r 

not  ye t  recognized )  wit h variabl e and/o r  uncertai n traversabilit y  o f  th e 

stat e space .  Thi s include s case s o f  obstacl e strew n environmen t  a s wel l  a s 
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othe r  situation s base d o n incomplet e ond/o r  intrinsicoll y imprecis e 

information .  Autonomou s Contro l  System s serv e a s a  substitut e fo r  a  huma n 

operato r  i n th e multiplicit y o f  case s wher e th e dange r  fo r  a  huma n operato r 

i s expected ,  an d als o i n a  numbe r  o f  case s wher e th e intelligen t  dut ie s o f 

th e syste m requir e highe r  performanc e tha n ca n b e provide d b y a  huma n 

operator .  I t  i s  assume d tha t  A C S participat e i n goal-oriente d activities ,  an d 

th e problem s t o b e solve d allo w fo r  it s structurin g i n subproblems ,  taslcs , 

etc .  I n othe r  words ,  A C S i s a  Safem-st fs tem . 

The structure of a typical Autonomous Control System in very general terms 

ca n b e represente d a s show n i n Figur e 1 .  Thi s structur e contain s th e close d 

loo p o f  a  controlle r  (sensors ,  perception ,  knowledg e base ,  contro l 
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Figur e 1 .  Structur e o f  Autonomou s Contro l  Syste m 

and actuation loop closed through the world), and an external connection via 

communicatio n linl c whic h serve s t o assig n an d reassig n a  task ,  t o receiv e 

th e result s o f  th e reconnaissance ,  t o star t  th e require d A C S operation ,  t o 

abor t  th e operation ,  t o updat e th e A C S ,  an d als o t o provid e communicatio n o f 

severa l  A C S unit s workin g a s a  team .  Th e followin g feature s ar e critical : 

ren t  t i m e operat ion ,  redundanc ies ,  s p a c e an d weigli t  constraints . 
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T h e o n f  o f  A C S P o m I t  Ex is t ? 

Most of the virtual body of the theory of ACS control is implied by the 

result s usin g "metaphorical "  structure s o f  cognitio n an d incorporatin g th e 

genera l  result s o f  th e mathematica l  system s theor y an d theor y o f  automat a 

(h .  ARBIB ,  1969 ,  1972 ;  R .  E .  K A L M A N,  1969] .  S o m e o f  th e mor e recen t  paper s 

hel p t o refin e th e backgroun g fo r  th e possibl e practica l  applicatio n (A.G . 

BARTO,  1981 ;  JJ .  HUPFIELD ,  1985) .  However ,  th e proble m o f  engineerin g 

desig n an d manufacturin g o f  A C S require s somethin g mor e tha n a  numbe r  o f 

importan t  genera l  theoretica l  premises .  Th e syste m o f  A C S turn s ou t  t o 

combin e a  cluste r  o f  interrelate d problem s tha t  mus t  b e solve d onl y a s a 

resul t  o f  a n effor t  wit h simultaneou s an d consisten t  consideratio n o f  topic s 

treate d usuall y i n differen t  scientifi c  languages . 

One important thing captures our attention in a variety of ACS realizations: 

the y al l  ar e buil t  i n a  hierarchica l  way .  Structure s o f  hierarchica l 

intelligen t  contro l  [6.SARIDIS ,  1977 ,  1983 ]  ar e potentiall y  th e prope r  tool s 

fo r  solvin g problem s o f  contro l  oriente d manipulatio n wit h knowledge . 

Certainly ,  the y shoul d b e give n a t  leas t  a  rudimentar y capabilit y  o f 

performin g cognit iv e operat ion s whic h i s usuall y don e b y variou s 

technique s o f  artificia l  intelligence ,  self-organizin g automata ,  an d neura l 

networks .  Par t  o f  thes e cognitiv e operation s i s learnin g whic h shoul d chang e 

th e quantitativ e evaluator s i n th e lis t  o f  rule s (relations )  a s wel l  a s 

introduc e n e w rules . 

The model of dealing with cognitive operations in a form of perceptron-like 

fuzzy-stat e automato n w a s firs t  introduce d t o simulat e activitie s o f  huma n 

cerebellu m (J.S .  ALBUS ,  1975) ,  an d the n extende d fo r  applicatio n i n a 

multiplicit y o f  technologica l  hierarchica l  structure s (J.S .  ALBUS ,  1979 , 

1985) .  Simila r  methodologie s or e emloye d i n a  numbe r  o f  knowledge-base d 

controller s (E.H .  h A M D A N i ,  S .  ASSILIAN ,  M.  BRAAE,  D>A > RUTHERFORD,  6.A . 

CARTER,  H.R .  va n N A U T A LEMKE,  J  J .  OSTERGAARD,  etc.) . 

Knowledffe in Autonomous Sustems 

Knowledge Bases are usually considered as a source of well-formed formulas 

fo r  man-machin e decision-suppor t  system s o f  differen t  kinds .  Differentia l 

equation s ar e no t  th e onl y w a y o f  convenien t  worl d representation ,  an d i n th e 

automat a theory ,  w e hov e a  broadl y develope d basi s fo r  buildin g variou s 

system s o f  control .  Automat a formalism s appea r  i n a  natura l  way ,  whe n th e 
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struggl e wit h nonllneorltles ,  coupling ,  an d cumbersom e computation s bring s 

us t o th e ide a o f  tabl e (look-up) . 

Tobies con be considered as ordered lists of clauses, (certainly, logic Is 

presume d t o b e multivalue d wit h fuzz y and/o r  probabilisti c  assignin g o f 

quantitativ e data) .  Generalizatio n upo n table s generat e list s o f  logica l 

Olngulstlcal )  rules .  Goa l  oriente d se t  o f  generalization s upo n th e list s o f 

logica l  (llngulstlcal )  rules ,  lead s t o th e hierarchica l  organizatio n o f 

Informatio n ("knowledge") .  Goa l  oriente d hierarchie s create d i n thi s way , 

satisf y th e followin g principle :  o t  o  g i v e n feve h th e resu i t s o f 

geaerofizetioi i  ( d o s s e s )  serv e e s primitive s fo r  th e ohov e leve l 

The n eac h leve l  o f  th e hierarch y ha s it s o w n classe s an d primitives ;  thus ,  i t 

ha s it s o w n vocabulary ,  an d th e algorithm s assigne d upo n thi s vocabular y ca n 

be adjuste d t o th e propertie s o f  th e object s represente d b y th e vocabulary .  I t 

i s  assume d tha t  m e t o r u l e s providin g th e operation s mentione d above ,  ar e 

par t  o f  th e system . 

It is proven that thee-entropy of the knowledge organization, can be reduced 

usin g prope r  selectio n o f  resolut io n reduct io n factor ,  durin g th e proces s 

of  generalization .  Severa l  differen t  knowledg e hierarchie s ar e show n t o 

affec t  th e operatio n o f  ACS :  hierarch y o f  knowledg e represente d i n th e 

mechanica l  assembly ,  hierarch y o f  knowledg e represente d i n th e motio n 

contro l  system ,  i n th e syste m o f  sensors ,  an d finally ,  i n th e architectur e 

o f  th e icnowledg e process in g s y s t e m p e r  se{se e Figur e 2,a) . 

Each of the cones represents the resolutional hierarchies of knowledge at 

differen t  level s o f  consideration .  Th e dnr^^in s covere d b y eac h o f  th e "cones " 

communicat e enablin g translatio n amon g th e domains .  I n Figur e 2, b th e 

structur e o f  th e genera l  k n o w l e d g e con e i s show n fo r  thre e level s o f 

hierarchy .  Finally ,  i n Figur e 2, c th e consecutiv e decompositio n i s show n fo r  a 

m ap o f  th e world .  Eac h o f  th e consecutiv e Image s i s obtaine d a s a  resul t  o f 

" zooming "  procedur e fo r  th e ore a o f  attention . 

Th e A C S hierareh y i § usuall y produce d b y th e physica l  existenc e o f  a 

multiplicit y o f  actuator s (and/o r  sensors )  a s wel l  a s b y th e structur e o f 

problem ,  it s decompositio n i n tasks .  Then ,  th e branchin g o f  hierarchica l  tre e 

follow s i f  th e require d operatio n (actuation )  ca n b e associate d wit h a  singl e 
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tas k decomposabl e I n port s an d thos e port s shoul d b e performe d b y o  se t  o f 

differen t  octuotors .  H o w e v e r ,  th e hierarch y i s retaine d e v e n w h e n 

onl y o n e ac tua to r  i s bein y considered .  Thi s woul d b e o  hierorch y o f 

neste d decisio n makin g processe s ove r  a  neste d hierarch y o f  worl d 

representatio n wher e eac h o f  th e level s ca n b e characterize d exhaustivel y b y 

th e valu e o f  resolut io n o f  k n o w l e d g e representation . 

Hierarchical decision making process allows for using the limited computer 

powe r  a t  eac h leve l  o f  suc h hierarch y wit h n o branchin g efficientl y b y 

£on§ecutlv i  zoomin g prociduresThi s hisrsrchlca )  syste m o f  representatio n 

employ s Minsky' s "frames "  o r  S a m e f s "quad-trees "  i n a  "natural "  way. .  I n thi s 

case ,  th e tre e hierarch y o f  intelligen t  contro l  convert s int o a  hierarchica l 

nes te d control le r  ( H N C ) . 

If HNC is acting under the above mentioned constraints the process of control 

allow s fo r  decouplin g I n part s dealin g separatel y wit h informatio n o f 

differen t  degre e o f  resolutio n (easil y interprete d a s certainty ,  belief ,  etc . 

Thi s m e a n s tha t  th e degre e o f  "fuzziness "  i s differen t  a t  differen t  level s o f 

th e hierarchy ,  an d i n th e neste d hierarch y o f  th e fuzzy-stat e automat a eac h 

a u t o m a t o n o f  th e l o w e r  leve l  (au tomaton-ch i ld )  i s  enclose d i n th e 

co r respond in y p a r e n t - a u t o m a t o n ,  an d serve s fo r  clarificatio n o f  it s 

uncertainties . 

A nested hierarchy of knowledge which is organized according to the degree 

of  certaint y an d belief .  Implie s a  neste d hierarch y o f  decision-makin g 

processe s whic h i n fact ,  lead s t o a  simila r  neste d hierarchica l  structur e o f 

P L A N N E R - N A V I G A T O R - P I L OT currentl y employe d i n som e version s o f 

mobil e autonomou s robots .  A C S functionin g depend s upo n a  subse t  o f 

cognitiv e operation s i n H N C associate d wit h m o t i o n planniny , 

nav iyat ion ,  a n d contro l  fo r  a u t o n o m o u s m o b i l e robots .  Thus ,  Figur e 1 

co n b e modified ,  an d th e refine d structur e o f  th e syste m whic h reflect s th e 

H NC operation ,  i s  show n i n Figur e 3 . 

Hggtgd Hieran;hy ftf KnQWledgg |n ACS 

Clearly, the functional subsystems of ACS: "Perception", "Knowledge Base", 

and"Plann1ng-Contro r  ar e intrinsicall y interlaced ,  an d Figur e 3  show s tha t 

the y ca n b e considere d a s a n entit y ("Intelligen t  module") .  Thi s entit y i s buil t 

upo n t w o interrelate d knowledg e bases :  one ,  carryin g th e 

entity-relationship s (ER )  structur e o f  th e world ,  an d another ,  definin g 
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operotion s upo n thi s structure .  Th e operotion s or e determine d b y th e octuo l 

chorocte r  o f  th e phnnitive s a t  o  give n leve l  o f  consideration .  Thes e t w o 

interwoven knowledge bases constitute the background for the ACS 

operation. 
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Figur e 3 .  Refine d A C S structure :  HN C operatio n i s illustrate d 
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K n o w l e d g e ocquisft io n I s understoo d o s a  t w o - s t e p p roces s consistin g 

of  I n fo rme t io n ocquisit io n (whic h i s don e b y sensors) ,  on d Informot to n 

orgenizot lo n (whic h i n fact ,  transform s th e ra w informatio n int o 

knowledge) .  First ,  sensor s delive r  phene ro n t o th e Icnowledg e manager .  (Th e 

ter m 'phaneron '  w a s introduce d b y C.S .  Pierc e fo r  th e totalit y  o f  informatio n 

whic h ca n b e calle d p h e n o m e n o l  wor ld ) .  Phanero n i s no t  structure d a t  th e 

m o m e nt  o f  arrival ,  i t  shoul d b e recognized ,  identifie d withi n som e 

ER-structur e whic h migh t  no t  ye t  bee n created .  Thes e processe s ar e broadl y 

discusse d i n literature ,  an d th e importanc e o f  suc h phenomen a a s 

'ottention' ,  an d "resolution "  i n th e proces s o f  knowledg e acquisitio n w a s 

emphasize d m a n y t ime s i n literatur e (R .  Bajcsy ,  M.  Levine ,  A .  Hanson ,  E . 

Riseman ,  etc.) . 

The result of this first step of knowledge acquisition (a snapshot of the 

w o r l d ) ,  contain s informatio n par t  o f  whic h ca n b e differen t  i n th e nex t 

snapshot ,  an d par t  won' t  chang e (e.g .  abou t  relation s amon g object s and/o r 

thei r  properties) .  Thus ,  th e identificatio n ca n b e don e onl y i n th e context ,  i.e . 

i n constan t  interactio n wit h knowledg e base .  Thi s affect s th e se t  o f 

preprocessin g procedure s whic h ar e bein g separate d fro m th e res t  o f  th e 

intelligen t  modul e primaril y becaus e o f  successfu l  experienc e o f  modula r 

manufacturin g o f  th e compute r  visio n system s systems .  Simultaneousl y wit h 

th e proces s o f  findin g phanero n structur e (o r  imag e interpretation )  th e 

proble m o f  prope r  allocatio n o f  th e Informatio n containe d withi n phanero n 

shoul d b e done .  Thus ,  th e syste m o f  neste d hierarch y o f 

Planner-Navigator-Pilo t  m a p s i s bein g created . 

Knowledge Reoresentetlon Stratified hif Resolution 

Separatio n i n level s appeare d t o b e a  natura l  phenomeno n linke d wit h th e 

propertie s o f  ottentlon ,  an d it s intrlnslca l  link s wit h th e proces s o f 

generol lzot lon .  I n fact ,  generalizatio n I s require d t o provid e th e efficienc y 

of  computin g resource s us e an d allocation ,  an d ottentlo n i s on e o f  it s  tools . 

Thus ,  th e n e w clas s label s whic h ar e create d b y th e proces s o f 

generalization ,  ar e bein g considere d a s n e w primitive s o f  th e uppe r  leve l  o f 

worl d representation .  Thi s rule :  th e c las s label s o f  th e l o w e r  leve l  ar e 

cons idere d a s pr imi t ive s fo r  th e h ighe r  level ,  i s  on e o f  th e law s o f 

th e mechan is m o f  neste d hierarchy . 
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Knowledg e represente d b y A C S conleln s o t  leas t  tw o ports :  thesouru s on d 

context .  Thesouru s i s mointoine d Independentl y o f  porticulo r  operotlo n t o b e 

performed ,  an d i t  constitute s tli e A S S 'wisdom' ,  'education' ,  an d 

"experience" .  Contex t  i s  determine d b y th e tas k withi n a  domai n o f  thesaurus , 

and ca n b e considere d a s a  "map "  o f  th e worl d i n whic h th e operatio n mus t  b e 

designate d togethe r  wit h th e lis t  o f  rule s pertainin g t o thi s map .  Ma p o f  th e 

worl d i s extracte d fro m th e serie s o f  snapshots . 

Knowledge in the form of "planner's map" should be maintained for a long 

tim e du e t o th e 'slo w rhythm "  o f  thi s level .  Change s i n th e uppe r  leve l  m a p 

ar e no t  frequent .  "Navigator' s map "  i s t o b e regularl y update d bu t  i t  ca n b e 

maintaine d a s a  por t  o f  'planner' s map" .  Pilo t  m a y o r  m a y no t  nee d a  m a p 

maintaine d a s a  par t  o f  "Navigator' s map" .  Actually ,  fro m ou r  firs t  experienc e 

of  dealin g wit h A C S w e foun d tha t  intelligen t  modul e canno t  affor d 

maintenanc e o f  th e pilo t  m a p (th e lowes t  leve l  o f  worl d representation) ,  an d 

therefor e al l  processe s relate d t o th e rea l  tim e operatio n hav e e p h e m e r a l 

structur e wit h a  numbe r  o f  logica l  filter s determinin g whethe r  thi s 

ephemera l  informatio n contain s anythin g t o b e include d i n th e lon g ter m 

memory. 

Mops that have emerged on the surface of the ER-structure as a working 

representatio n o f  phaneron ,  impl y correspondin g procedure s o f  motio n 

plannin g an d control . 

Planntnq/Contro l  Stratifie d b y Resolut io n 

Planning is traditionally considered to be a process which is performed 

separatel y fro m th e proces s o f  control .  Thi s i s acceptabl e fo r  th e vas t 

multiplicit y o f  system s wher e plannin g ca n b e performe d off-line ,  an d th e 

proces s o f  contro l  ca n b e initiate d give n a  se t  o f  highl y generalize d unit s o f 

k n o w l e d g e togethe r  wit h a  numbe r  o f  unchangeab l e goals .  B y lowerin g 

th e leve l  o f  generalizatio n an d keepin g th e certaint y an d belie f  i n 

th e require d limit s o f  th e leve l  resolution ,  w e ca n buil d i n a  hierarch y o f 

neste d plannin g processes .  I n thi s hierarchy ,  th e desirabl e trajector y 

determine d a t  th e highe r  leve l  arrive s t o th e lowe r  leve l  a s a  fuzz y strip e 

(FS) .  Th e n e w plannin g i s bein g don e withi n F S a t  a  highe r  resolution . 

This decoupling of the decision-making upper levels (or off-fine staged 

fro m th e lowe r  level s o f  decision-makin g an d immediat e periormanc e (o r 
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Figur e 4 .  Plannin g a s a  neste d 

hierorchico l  proces s 

M-f f / t e stffffet ^  I s probabl y th e nfios t 

charactehstica l  propert y fo r  tellin g 

th e plannin g stage s fro m th e contro l 

stage s o f  operatio n a s wel l  a s 

distinguishin g th e correspondin g 

subsystem s o r  an y devic e wher e 

conston t  h u m a n Invo lvemen t  I s 

presumed .  Thi s decouplin g doe s no t  tak e 

plac e I n ACS :  plannin g an d contro l  ar e 

th e Inseparabl e part s o f  th e unifie d 

HNC.  Th e level s o f  plannin g an d contro l 

ar e connecte d togethe r  b y 

an Intermediat e leve l  o f  decisio n 

makin g dealin g wit h processe s whic h 

hav e t o us e knowledg e a t  a  definit e 

leve l  o f  generalizatio n an d ye t  afte r 

processe s o f  updatin g ar e completed . 

This means that at this intermediate 

level ,  th e result s o f  th e ongoin g motio n 

affec t  th e result s o f  generalizatio n 

(sins e th e syste m o f  'Perception ' 

Initiate s processe s o f  informatio n 

updating) .  W e nam e plannin g processe s 

novlget lo n p e r  s e a t  th e leve l  o f 

"Plannlng-control "  subsyste m wher e 

th e result s o f  real-tim e updatin g ar e 

becomin g crucia l  fo r  th e result s o f 

planning .  I n Figur e 4 ,  thre e consecutiv e neste d operation s o f  plannin g ar e 

performe d a t  thre e resolutiono l  level s o f  th e system .  On e co n se e tha t  a t  th e 

leve l  o f  th e leas t  resolution ,  th e pla n i s visualize d a s a  straigh r  lin e AB . 

Afte r  zoomin g a  segmen t  o f  thi s lin e int o highe r  resolution ,  n e w informatio n 

i s obtained ,  th e straigh t  lin e i s bein g substitute d b y anothe r  plan :  DEF .  Th e 

nex t  zoomin g disclose s eve n mor e detail s abou t  th e environment .  Th e actua l 

motio n amon g smal l  obstacle s i s show n i n th e thir d map .  So ,  thes e thre e 

plan s s h o w differen t  paths ,  th e directio n o f  motio n seem s t o b e different . 

And yet ,  al l  o f  the m ar e correc t  plan s afte r  bein g relate d t o th e resolutio n o f 

a particula r  level . 
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Figur e 5  Category-theoreltca l  Representatio n o f  A C S 

Nested hierarchy of perception does not require having any hierarchy of 

sensor s althoug h doe s no t  preclud e an y acceptabl e hardwar e solution .  Neste d 

hierarch y a t  th e stag e o f  preprocessin g I s bein g viewe d a s a  resul t  o f 

sequentia l  z o o m i n g operation ,  o r  I n othe r  word s operatio n o f  th e focusin g 

o f  ottentlon .  I n A C S zoomin g mus t  b e base d upo n focusin g o f  attentio n 

otherwise ,  th e constrain t  o f  th e limite d computin g powe r  woul d no t  b e 

satisfied .  (On e ca n se e tha t  thi s concep t  ca n b e Interprete d withi n th e 

framewor k o f  existin g theorie s o f  Imag e organizatio n an d Interpretation ,  se e 

A.  HANSON,  E .  RISEMAN,  1978) . 

Hestea HierorcMcol Protiucuon susum 

All Of the plannlng-control levels of the mechanism of knowledge-based 

navigatio n interac t  vertfcatl y vi a recursio n o f  th e e lgo i i thm s o f 

sequentia l  product io n providin g sequentia l  refinemen t  top-down ,  an d 

correctiona l  replanning  bottom-up .  Functionin g o f  th e hierarchica l  productio n 

system s o f  perception ,  an d plannlng-control .  I s supporte d b y vertica l 

Interactio n o f  level s I n th e 'Knowledg e Base '  vi a aggregatio n an d 

decompositio n base d upo n preasslgne d value s o f  resolutio n pe r  level .  So ,  th e 

thesauru s a s wel l  a s context ,  exis t  a s a  resul t  o f  Interna l  processe s o f 

self-organizatio n withi n th e bod y o f  knowledge . 
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On th e controry ,  th e t w o coupl e o f  subsystems :  "Perception-Knowledg e Dose " 

and "Knowledg e Bose-Plonning/Control "  (show n i n Figure s 1  an d 3 )  ar e bein g 

viewe d i n ou r  theor y a s vertica l  nes te d k n o w l e d g e process in g 

h ierarch ie s w i t h horizonta l  Interactio n pe r  level .  Indeed ,  al l  n e w 

knowledg e acquire d shoul d b e organized ,  th e lis t  o f  primitive s i n operatio n 

must  b e verifie d an d updated .  Thi s procedur e i s bein g don e a t  a  horizonta l 

leve l  a s wel l  a s excercisin g th e algorithm s o f  control .  I n th e latte r  case ,  th e 

m ap o f  th e worl d a s wel l  a s th e lis t  o f  rule s t o dea l  wit h thi s m a p or e 

becomin g a n objec t  o f  heuristi c discretizatio n an d search . 

Caiigflcy-thMi^tlgQl gescyipupn of Aqg 

Considering subsystems as cotegorles C, and the interaction among them as 

func to r s F ,  th e commutativ e diagra m ca n b e show n a s follow s (indice s 

mean:  s-sensing ,  p-perception ,  k-knowledge ,  pc-planning/control , 

a-actuation ,  w-wor ld )  a s show n i n Figur e 3 .  (Feedback s ar e no t  shown :  boxe s 

ar e connecte d b y "functors "  whic h characteriz e th e structur e conservatio n 

i n a  se t  o f  mapping s o f  interest) .  Th e bol d horizonta l  lin e separate s tw o 

ma jo r  differen t  part s o f  th e system :  wha t  i s below ,  i s a  worl d o f  rea l 

objects ,  an d wha t  i s abov e th e bol d line ,  i s  th e worl d o f  informatio n 

processing . 

All of the "boxes" in Figure 3 are fuzzy-state automata. They are easily and 

adequatel y describe d i n term s o f  th e automat a theory ,  provid e consistenc y o f 

th e descriptions ,  compute r  representations ,  contro l  operation ,  an d the y ar e 

taylore d fo r  dealin g wit h knowledg e processing .  Then ,  th e searc h ca n b e don e 

by combinin g A *  an d dynami c programming ,  discretizatio n o f  th e spac e i s 

bein g determine d b y th e leve l  o f  resolution ,  an d th e rule s whic h ar e 

formulate d withi n th e give n context . 

Knpwipdgg-bQ^eii opMmum qontrol of A<;s 

In this area, the methodology of knowledge engineering can give substantial 

benefits .  Th e proble m o f  motio n plannin g w a s give n attentio n i n th e 

literatur e o n A l  an d robotics .  However ,  i n s  pur e analytica l  domai n problem s 

of  o p t i m u m plannin g a s wel l  a s o p t i m u m contro l  unti l  n o w d o no t  hav e 

applicabl e solutions .  Motio n plannin g i s frequentl y understoo d i n th e contex t 

of  'solvabll ltg '  o f  th e p r o b l e m s o f  posit ionin g o r  m o v i n g th e objec t 

rathe r  tha n i n th e contex t  o f  findin g th e desirabl e trajector y o f  motion . 

Nevertheles s on e canno t  argu e tha t  th e rea l  proble m o f  concer n i s findin g th e 
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locatio n and/o r  trajector y o f  motio n whic h provide s a  desire d valu e o f  s o m e 

"goodness "  measur e (e.g .  th e valu e o f  som e cost-function) .  Thes e feature s o f 

th e problem ,  constitut e a  goo d "bridge "  fo r  Interferenc e o f  knowledg e 

engineerin g methodology . 

The emphasis of the well known concept of the "configuration space 

approach" ,  I s don e upo n technique s o f  constructin g th e admiss ib l e swep t 

volum e bu t  n o optimiilit y  i s  considered ,  an d certainly ,  n o dynamic s o f  th e 

motio n I s discussed ,  hos t  o f  th e algorithm s base d upo n th e theorie s 

mentione d above ,  or e oriente d towar d off-lin e operation ,  the y requir e 

considerabl e tim e an d constan t  huma n Involvement .  Finally ,  al l  o f  th e 

existin g work s presum e complet e knowledg e o f  th e environment ,  an d operat e 

I n a  structure d world .  N o resul t  I s know n contemplatin g plannin g o f  motio n I n 

unstructure d situation .  I n th e meantime ,  thi s situatio n I s a  typica l  on e fo r  a 

hierarchica l  syste m o f  Icnowledge-bose d o u t o n o m o u s control . 

Considering the problem of motion planning as a pure geometric issue, con be 

understoo d give n complexit y o f  thi s problem ,  an d th e mathematica l  eleganc e 

of  solution s i t  generates .  W e woul d lik e t o expres s her e ou r  appreciatio n o f 

th e result s containin g th e advancement s I n usin g configuratio n spac e (T . 

L0ZAN0-PERE2,  M.A .  WESLEY,  W.  RED,  H.V .  TRU0N6-CA0 .  A.A .  PETROV,  T.M . 

SIROTA) ,  i n findin g th e m in imu m distanc e pat h unde r  geometrica l  constraint s 

(J.Y.S .  LUH ,  C.S .  LIN ,  L.A .  LOEFF ,  A.H .  SONI ,  S.M .  UDUPA,  C.E .  CAMPBELL) ,  upo n 

th e networ k (G .  6IRALT ,  R .  SOBEK,  R .  CHATILA ,  V.A .  MALYSHEV),  usin g th e 

Vorono l  diagram s fo r  motio n plannin g wit h an d wit h n o retractio n (R.A . 

BROOKS,  C.K .  YAP )  a s wel l  a s introductio n an d th e treatmen t  o f  suc h 

problem s a s "movin g th e ladder" ,  "movin g th e piano" ,  an d s o o n (C.K .  YAP) . 

Variou s method s o f  m i n i m u m pat h constructio n hav e bee n applie d base d upo n 

determinin g th e 'potentia l  field "  surroundin g th e obstacle s (0 .  KHATIB) , 

globa l  flo w analysi s usin g Gauss-Jorda n eliminatio n (R.E .  T A R J A N ) , 

applicabl e w h e n th e ful l  knowledg e o f  th e worl d i s presume d t o b e given .  A n 

interestin g exampl e o f  usin g neura l  network s fo r  optimizatio n o f  motio n (JJ . 

HOPFIELD,  D.W .  T A N K ,  1985) ,  i s  promisin g withi n th e aspec t  o f  thi s paper . 

The following comment should be taken In account: the above mentioned 

work s reflec t  a  paradig m o f  off-lin e stoti c plannin g o f  m o t i o n 

trajector y i n a  cluttere d l imite d we l l  icnow n space .  Clearly ,  thi s i s 

onl y a  par t  o f  th e whol e problem -  o n importan t  on e bu t  jus t  a  part .  A s soo n 

as th e on-l in e rea l - t im e plannin g i s required ,  a s soo n a s d y n a m i c s i s 

Involved ,  a s soo n a s th e "plant "  i s  c o m p l e x an d hierarchica l  one ,  an d th e 

worl d i s no t  un i f o r m an d no t  we l l  Icnown ,  finally ,  a s soo n a s th e 
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compute r  p o w e r  turn s ou t  t o b e limite d (o s happen s I n oi l  autonomou s 

systems )  -  the n th e ol d premise s or e no t  workin g anymore . 

Experience of Simulation and Testing 

Based upon this approach, a nested hierarchical Intelligent module has been 

develope d fo r  knowledge-base d contro l  o f  a n autonomou s mobil e robot .  Th e 

modul e w a s simulated ,  an d th e processe s ofknowledg e acquisition , 

organizatio n an d knowledge-base d planning-contro l  hav e bee n analyze d i n a 

variet y o f  situation s includin g a  numbe r  o f  terrain s includin g fla t  an d 2  1/ 2 

D one s (D .  G A W,  A .  MEYSTEL,  1966) ,  obstacl e strew n environmen t  (A . 

MEYSTEL,  A .  GUEZ,  G.  HILLEL ,  1986) ,  an d differen t  cost-function s fo r  opt imu m 

control .  Simulatio n o f  neste d hierarchica l  plannin g i s illustrate d i n Figur e 6 . 

One ca n se e tha t  afte r  developmen t  o f  th e uppe r  leve l  pla n ("g o straigh t 

f r o m initia l  posit io n t o g o a l ' ) ,  nex t  leve l  (Navigator )  change s th e pla n 

upo n updatin g m a p b y obstacle s information .  Middle-level  pla n i s develope d 

i n presumptio n tha t  ther e i s a n exi t  o n th e right .  Th e lowes t  level .  Pilo t 

visualize s th e obstacle ,  an d th e motio n i s agai n replanne d an d corrected . 

Figur e 6 .  Exampl e o f  NH C simulatio n 

Th e processe s o f  dynami c navigatio n hav e bee n analyze d (A .  GUEZ,  A . 

MEYSTEL,  1965) .  Th e result s hav e confirme d tha t  neste d structur e i s 

applicabl e fo r  goa l  oriente d motio n refinemen t  o f  m i n i m u m tim e dynami c 

system .  Th e softwar e packag e correcte d afte r  compute r  simulation ,  i s  bein g 

verifie d b y testin g a n Indoo r  mobil e autonomou s robo t  (wit h ultrasoni c 

"vision") .  Indoo r  testin g ha s confirme d th e N H C analysis .  N e w advance d 

algorithm s o f  Pilotin g ha s bee n developed . 

The outdoor system is being developed for operating upon terrain 5x5 sq. ml. 

Navigator' s focu s o f  attentio n i s 1500x150 0 sq.ft .  Focu s o f  attentio n a t  th e 

Pilo t  leve l  i s  2 0 0 x 2 0 0 sq .  ft .  Th e principl e o f  Neste d Hierarchica l  Contro l  I s 
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represente d consistentl y I n el l  o f  th e subsystems .  I n orde r  t o provid e th e 

outdoo r  tes t  o f  th e th e system ,  o  vehicl e i s bein g 

outdoo r  tes t  o f  th e th e system ,  o  vehicl e i s bein g manufacture d wit h thre e 

level s o f  visio n (wit h a  laser-scanner ,  wit h a  C C D camera ,  an d wit h 

ultrasoni c sensors) .  N H C enabl e developmen t  o f  a  n e w principl e o f  Visio n a t 

th e Pilo t  Leve l  usin g segmentatio n wit h n o edg e detection . 

Computer ArchUectures 

Theory of hierarchical nested control not only generates the conceptual 

knowledg e acquisitio n an d processin g oriente d architecture s o f  cognitiv e 

module s fo r  autnnomou s mobil e robots ,  bu t  als o suggest s numbe r  o f 

preferabl e compute r  architecture s a s wel l  a s technique s o f  dealin g wit h th e 

proble m o f  assemblyin g th e syste m fro m existin g architectures .  Thes e 

architecture s ar e Implicitl y  describe d i n a  par t  o f  Figur e 3  abov e th e bol d 

line . 
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A B S T R A CT 

Several dynamical systems have been previously pTX>posed to give a neural-Iike (i.e. connectionist) 

descriptio n o f  categor y formation .  Thes e typicall y eithe r  involv e supervise d trainin g (a s i n Sutto n & . 

Barto ,  1981 ;  Reill y  e t  al. ,  1982 )  o r  identif y dens e region s ("clusters' )  i n th e stimulu s distributio n a s 

natura l  categorie s (Amar i  &  Takeuchi ,  1978 ;  Rumelhar t  &  Zipser ,  198S) .  B y combinin g tw o existin g 

connectionist-typ e learnin g procedures ,  on e supervise d an d on e unsupervised ,  a  hybri d 'self-supervise d 

leaming f  (SSL )  mechanis m fo r  concep t  an d categor y learnin g ha s bee n developed .  Eac h uni t  i n th e 

networ k come s t o represen t  som e concep t  o f  th e orde r  o f  complexit y o f  a  singl e word ;  th e activit y o f 

th e uni t  signal s th e contributio n o f  it s  associate d concep t  t o th e curren t  menta l  state .  A  crucia l 

assumptio n o f  thi s i^proac h i s tha t  ever y concep t  uni t  (C-unit )  receive s input s fro m tw o o r  mor e 

informatio n streams .  Th e self-supervise d learnin g proces s i s governe d b y a  data-drive n dynamica l  rul e 

whic h result s i n a  two-stag e learnin g process .  I n th e firs t  stage ,  a  C-uni t  become s selectivel y responsiv e 

t o a  particula r  patter n •"' •  fro m on e o f  th e informatio n streams ,  ignorin g al l  othe r  pattern s i n tha t 

stream .  Thi s i s followe d b y a n associativ e stag e i n whic h th e uni t  develop s grade d respons e propertie s 

t o stimulu s pattern s inciden t  fro m th e othe r  informatio n stream(s) .  Th e trigge r  featur e thu s become s a 

kin d o f  prototyp e fo r  th e concep t  t o b e forme d b y th e C-unit .  Population s o f  C-unit s displa y interest -

in g representationa l  properties ;  thes e ar e see n t o hav e attribute s o f  bot h loca l  an d distribute d represen -

tations . 
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M U N RO 

THEORETICAL ANALYSI S 

Model architecture 

The elements described in this model are labelled C-units (concept or category units). Each C-

unit receives input from two or more (n) groups of affercnts (Figure 1), or Input banks; in principle, 

II need not be the same for every unit. 

In general, indices will follow the convention that superscripts denote the bank and subscripts 

the component within the bank: afferent J of bank i delivers activity s] via a syn^se of strength w\ 

such that a partial response r' is computed over each bank by the unit in a two-step process consisting 

of a linear summation followed by a nonlinear 'squashing or 'compressing^ function: 

r' = a(x') (2) 

where a \s subject to the condition 

a(0)=0 pj 
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r  =  m a x ir' ) 

Figur e 1 .  tr^ormmloKfla w I n a  C-unit .  a .  A n infonnatio n flow  diagn m fo r  a  tiogj e bank ,  whic h autonomousl y follow s a n 
algorith m fo r  supervise d learning .  Th e stimulu s component s Sf  ar e weighte d b y correspondin g uni t  parameter s w ,  t o giv e a 
linea r  activatio n valu e x  ,  whic h i s passe d t o th e squashin g functio n 9  yieldin g th e uni t  respons e r  .  Th e valu e o f  r  i s  compare d 
wit h th e trainin g signa l  t  t o generat e th e erro r  valu e (r-r )  whic h i s use d t o adjus t  th e weight s accordin g t o th e rul e 
Aw(  =  a(T- r  )Sf ,  wher e th e learnin g rat e a  i s a  smal l  number ,  b .  Th e complet e C-uni t  consist s o f  severa l  inpu t  bank s (fou r  o f 
thes e ar e shown) ,  whic h eac h ac t  a s a  supervise d semi-linea r  unit .  Eac h inpu t  ban k receive s a  c o m m o n trainin g signa l  t ,  bu t 
applie s th e signa l  t o stimulu s pattern s fro m differen t  environments .  Th e linea r  summatio n stag e o f  on e o f  th e bank s generate s 
thi s trainin g signa l  ( t^x ' )  suc h tha t  thi s ban k effectivel y follow s th e rul e fo r  selectivit y maximizatio n describe d i n th e intro -
duction .  Th e outpu t  r  o f  th e C-uni t  i s  give n b y a  functio n o f  th e ban k response s r' ;  i n thi s pq>er ,  r  =max(r') . 
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<t(x )  >  xaXx )  fo r  al l  x > 0 

The respons e r  o f  th e uni t  i s  a  functio n o f  th e partia l  sum s r ^  •  -  -  r" .  Th e precis e for m o f  thi s 

function need not be specified at this point, but it should be nondecreasing in all the r'; i.e. ——^0 
dr ' 

for all i. Two cases have been considered - the sum (more generally, an arbitrary linear combination) 

and the maximum. 

The trainin g ban k i s denote d b y th e superscrip t  r  an d i s assume d t o becom e selectivel y responsiv e 

to some pattern from its environment E'. This pattern is the tiigser feature of the unit and is 

denoted by s^''. The partial sum and partial response induced by the trigger feature are correspond-

ingly labelled jt"" andr""«. 

Modification dynamics: the learning rule 

The self-supervised learning (SSL) rule is caressed in terms of the time derivatives of the connec-

tivity values wj in terms of the corresponding afferent activity sj, two partial responses (that of the 

bank to which wj belongs and another that is produced by a special 'training bank"), and a variable q 

that is driven by the training bank's partial response. 

Ah-; = a(x' -qa{x')),j ^^^ 
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Af - cur' (x' - «) 

where the learning rate a is a small number and the superscript t specifies the training bank, such that 

the partial response x' 'trains' the other partial responses (r' il^f) to approximate it to the degree 

that the pattern t' predicts the pattern to the training bank /. The function a is monotone increasing 

and satisfies the conditions given by (3). 

Final states of the training bank 

The SSL equation (4) reduces to the selectivity maximization rule of Bienenstock et al. (19S2) 

along the training bank; the function v as constrained by Eq. (3) is included to ensure this. For the 

training bank, equation (4) becomes 

A w;  =  a(x '  -q<j{x'))s' j 

A? = ax' {x' - g) 

The respons e r '  achieve s ver y hig h selectivit y ove r  th e environmen t  E' .  Unde r  th e assumptio n o f 

linear independence within the subenvironments, the training bank attains maximum selectivity; i.e. it 

responds to exactly one pattern in £'. Let the chosen pattern, i.e. the trigger stimulus of the training 

bank, be denoted by s^'* and let the corresponding partial sum and partial response [i.e. w'-s*'*] be 

respectively denoted byx"'* and r"'*. 

Final states ef the trained banks 

Consider a trained (/^/) bank for which the corresponding subcnvironment £' consists of 

linearly independent patterns. Stable equilibria can then be found by setting the expression (4a) for 
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Atvy to zero for each pattern i in £'. If p is the conditional probability that f^'' is present on the 

training bank given s* at bank /.then for all patterns §iE': 

p(x'^''-qiT{x')) + {l-p){-qa{x')) = 0 (6) 

If the training bank has reached equilibrium then x*"' -q and hence, 

p = Probes'=8*^'« If*) = ff(jr') (7) 

R E P R E S E N T A T I O NS O F ST IMUL I  AOItOS S P O P U L A T I O NS O F C U N I T S 

Up until this point, the description and analysis of SSL has been confined to the single-unit 

level. While this is appropriate for presentation of the learning mechanism, it is inadequate for under-

standing certain more global properties, such as those pertainmg to the representation of the current 

state of the world. 

If the number of information streams is restricted to just twc and all patterns within their suben-

vironments are equiprobable, then this observation follows concerning the total activity level of the 

population: The sum of the unit activities evoked by a given presentation across two irformaxion streams 

decreases with increasing joint probability cf the stimulus combination. That is, the net activity of the 

population is correlated with the novelty of the stimulus. The relationship between the net activity 
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Patter n A, 3 
Join t  prob. :  9.90 9 
ne t  activit y =  4.990 9 

Patter n B, 3 
Join t  prob. = 9.33 3 
ne t  activit y =  2.333 3 

Patter n A, 2 
Join t  prob. = 9.25 3 
ne t  activit y =  2.759 9 

Patter n B, 2 
Join t  prob. = 9.98 3 
ne t  activit y =  3.583 3 

Patter n A, l 
Join t  prob. = 9.25 3 
ne t  activit y =  2.750 9 

Patter n B, l 
Join t  prob. :  9.08 3 
ne t  activit y =  3.533 3 

Figur e 2 .  k  complet e representatio n t f  a  2x 3 envirorment .  « .  Tb e subeavironmen t  E '  coDsist s o f  th e tw o equiprobabl e pat -
teni i  A  an d 0 .  E "  coonst *  o f  tb e thre e equiprobabl e pattem i  1 ,  2 ,  an d 3 .  Thei r  join t  probabiliti s  ar e show n i n th e pi e char t 
and th e table ,  b .  Th e five  subpattern s (AJB.122 )  ar e eac h th e trigge r  featur e fo r  on e o f  th e C-unit a i n thi s minimall y com -
plet e population .  T b e C-uni t  representatio n i s show n a s a n activit y patter n ove r  thes e unit s fo r  eac h o f  tb e si x possibl e join t 
patterns ,  togethe r  wit h th e pattern' s join t  probabilit y  an d tb e ne t  activit y elicite d i n th e population .  Fo r  ever y join t  pattern , 
at  leas t  tw o unit s correspon d t o th e constituen t  subpattern s an d ar e thu s maximall y active .  Thes e tw o component s o f  th e ac -
tivit y patter n ar e show n a s unshade d bars ,  whil e th e 'associative '  component s ar e show n a s shade d bars . 
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and th e join t  probabilit y  ca n b e show n t o be :  (b y Baye' s theorem) : 

A ra rW )  =  4  "  (̂ /  +Nu)Pi j  W 

An exampl e syste m I n thi s example ,  a  populatio n ha s com e t o equilibriu m wit h tw o patter n 

streams. The respective subenvironments E' and E" consist respectively of two and three equiprob-

able patterns: E' = {Afi); E" = {1,23}. Only five (A^, + N„) equilibrium states are possible, so for 

convenience consider a population of just five units, each having converged to a different equilibrium 

state. Thus the units can be labelled according to the stimulus selected along their training bank. The 

statistics of the environment and the representations of joint stimuli across the population are 

described in Figure 2. This simple example illustrates several basic aspects of distributeti representa-

tions by hi^-order units. Note that for each pattern, the net activity plus S times the joint probability 

is 4 and hence Eq. (8) is verified. 
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ANATOMISING LEXICA L DECISIO N I N PHRASAL CONTEXTS: 
WHEN DOES TRUCK NOT PRIM E CAR? 

Padraig G. O'Seaghdha 
Universit y o f  Rocheste r 

ABSTRACT 

Context effects on lexical decisions were anatomised by 
manipulatin g lexica l  relatednes s i n syntacti c an d 
asyntacti c sequences .  I n a  Syntacti c condit ion ,  relate d 
or  unrelate d word-pair s wer e embedde d i n simpl e 
sequence s (e.g. ,  a  truc k o r  a  CAR/FLOOR) .  I n a 
Scramble d condit ion ,  tw o inapposit e functio n word s wer e 
substitute d betwee n th e relate d an d unrelate d noun s 
(e.g. ,  th e truc k tha t  befor e CAR/FLOOR) .  Th e phrase s 
wer e presente d seriall y  an d subject s mad e lexica l 
decision s t o thei r  termina l  elements .  Substantia l 
relatednes s effect s wer e foun d onl y i n syntacti c 
sequences ,  whethe r  presentatio n rat e wa s slo w o r  whethe r 
i t  exceede d th e rat e o f  norma l  reading .  Th e syntacti c 
relatednes s effec t  wa s show n t o consist ,  i n equa l 
proport ions ,  o f  facilitatio n o f  relate d word s an d 
inhibitio n o f  unrelate d words .  Thes e result s argu e 
agains t  a  rol e fo r  intralexica l  primin g i n on-lin e 
reading .  The y poin t  u p th e role s o f  syntacti c 
connectednes s an d o f  th e curren t  interpretatio n eve n i n 
ver y rudimentar y contexts . 

INTRODUCTION 

The phenomenon of lexical priming — facilitation of the 
perceptio n o f  on e wor d i n th e contex t  o f  anothe r  — ha s bee n 
extensivel y studie d i n th e pas t  1 5 year s (e.g. ,  Fischle r  & 
Goodman,  1978 ;  Meye r  &  Schvaneveldt ,  1971 ;  Neely ,  1977) .  Mor e 
recently ,  researcher s hav e examine d ho w response s i n lexica l 
tasks ,  primaril y lexica l  decisio n an d naming ,  ar e modulate d i n 
sentenc e context s (e.g. ,  Sh e cleane d th e dir t  fro m he r 
SHOES/HANDS/TERMS).  Thes e studie s sho w facilitatio n o f  congruen t 
completion s (SHOES)  an d inhibitio n o f  incongruen t  completion s 
(TERMS) ,  relativ e t o appropriat e bu t  unlikel y completion s (HANDS) 
or  othe r  contro l  conditions .  Large r  inhibitio n effect s hav e 
usuall y bee n observe d i n th e lexica l  decisio n tha n i n th e namin g 
tas k (se e Fischle r  &  Bloom ,  1979 ,  1980 ;  Stanovic h &  West ,  1979 , 
1983 )  . 

The mai n theoretica l  interes t  o f  thes e studie s lie s i n th e 
facilitatio n effects .  D o the y represen t  a  genuin e influenc e o n 
lexica l  acces s o f  th e kin d tha t  i s though t  t o occu r  i n single -
wor d context s (e.g. ,  truck-CAR) ? On e recen t  view ,  motivate d b y a 
conceptio n o f  th e lexico n a s a n encapsulate d syste m o r  modul e 
(Forster ,  1979 ;  Stanovic h &  West ,  1983) ,  i s  tha t  genuin e 
facilitatio n effect s depen d o n th e presenc e o f  lexicall y relate d 
word s i n th e contexts .  Fo r  example ,  maile d an d lette r  migh t 
prim e STAMP i n th e sentenc e H e maile d th e lette r  withou t  a  STAMP-
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TABLE 1 
EXAMPLES O F COUNTERBALANCED MATERIAL S 

Contex t  Word s 

1 2 3 

Syntact i c (Al l  Experiments ) 

th e author/owne r  o f 
th e cei l ing/circl e an d 

Scramble d (Experiment s 1  an d 2 ) 

th e autho r  th e 
th e ceil in g thi s 

4 

thi s 
th e 

an d 
o f 

Related/Unrelate d 
Targe t 

BOOK/FLOOR 
FLOOR/BOOK 

BOOK/FLOOR 
FLOOR/BOOK 

On thi s v iew ,  activatio n i n th e lexico n occur s independentl y o f 
concurren t  interpretiv e processes .  Tha t  is ,  facil itatio n effect s 
result in g fro m suc h activatio n ar e intralexical .  Suc h a  proces s 
woul d no t  accoun t  fo r  facil itatio n i n context s tha t  lac k lexica l 
associate s (e.g. .  Sh e cleane d th e dir t  fro m he r  SHOES) .  Thi s 
kin d o f  facil i tatio n i s ascribe d b y Forste r  (1979 ,  1981 )  an d 
other s t o a  posit iv e respons e bia s followin g th e occurrenc e o f  a 
predictabl e target .  Thu s tw o source s o f  facil itatio n ar e 
identif ie d — primin g i n a  lexica l  store ,  an d a  respons e bia s 
determine d b y predictabil i ty . 

Becaus e semanticall y relate d word s ar e rarel y adjacen t  i n 
connecte d text ,  an d becaus e th e proces s o f  readin g i s probabl y 
to o fas t  t o allo w th e developmen t  o f  predict ions ,  som e author s 
(e.g. ,  Mi tchel l ,  1982 )  hav e conclude d tha t  contextua l 
faci l i tat io n play s litt l e o r  n o rol e i n norma l  skille d reading . 
Thi s conclusio n ma y b e premature ,  however .  First ,  th e proximit y 
o f  relate d word s ma y no t  b e cri t ical .  Fos s (1982 )  showe d tha t 
phoneme monitorin g latencie s wer e facilitate d i n context s 
containin g relate d words ,  bu t  no t  whe n th e sam e relate d word s 
wer e presente d i n randomise d texts .  Further ,  whe n th e context s 
wer e coherent ,  facil i tatio n wa s no t  affecte d b y th e distanc e 
separatin g th e primin g an d targe t  words .  H e interprete d thi s a s 
evidenc e tha t  latencie s wer e no t  determine d b y intralexica l 
primin g bu t  b y th e facilit y  wit h whic h ne w materia l  wa s 
integrate d i n a  text-leve l  representation . 

Secondly ,  althoug h explici t  expectancie s woul d tak e tim e t o 
develop ,  i t  i s  no t  clea r  tha t  facil i tatio n i n sentenc e context s 
require s suc h specif icity .  Althoug h som e researcher s hav e argue d 
tha t  i t  doe s no t  occu r  a t  rapi d rates ,  Fischle r  an d Bloo m (1980 ) 
observe d faci l i tat io n whe n context s wer e rea d a t  rate s wel l  i n 
exces s o f  norma l  readin g speed .  Also ,  Fischle r  an d Bloo m (1979 ) 
foun d n o cos t  t o les s likel y completion s i n highl y constrainin g 
contexts .  Suc h cost s shoul d b e incurre d i f  th e benefi t s t o th e 
most  l ikel y complet ion s depende d o n explici t  predict ion . 
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However,^if facilitation reflects the more efficient integration 
of  ne w materia l  int o a  sentenc e o r  text-leve l  representation ,  th e 
cost-fre e outcom e make s sense . 

Contro l  o f  material s i s a  proble m i n assessin g lexica l  an d 
nonlexica l  contribution s t o facilitatio n effect s i n sentenc e 
fram e contexts .  I n particular ,  som e sentence s contai n lexica l 
relative s o f  th e targets ,  bu t  other s d o not .  I n th e experiment s 
reporte d here ,  thi s proble m wa s addresse d b y definin g relatednes s 
i n term s o f  a  singl e conten t  wor d i n eac h contex t  (e.g. ,  a  truc k 
or  a  CAR;  se e othe r  example s i n Tabl e 1 ) .  Thus ,  a n equivalen t 
leve l  o f  contro l  t o th e simpl e one-wor d contex t  cas e wa s 
achieved .  Wit h thes e material s i t  wa s possibl e firs t  t o addres s 
th e intralexica l  issue ,  an d the n t o reasses s th e natur e o f  th e 
facilitatio n effect . 

EXPERIMENTS 1 AND 2: ARE THERE INTRALEXICAL EFFECTS? 

A series of lexical decision experiments where lexical 
relatednes s an d syntacti c connectednes s wer e independentl y 
manipulate d wa s conducted .  Tha t  is ,  relate d an d unrelate d nou n 
pair s wer e embedde d i n syntacti c o r  scramble d sequences .  Th e 
scramblin g consiste d i n substitutin g anomalou s functio n word s 
betwee n th e noun s (se e example s i n Tabl e 1 ) . 

The sequence s wer e presente d serially ,  wor d b y word ,  a t  a 
fixe d locatio n i n th e cente r  o f  a  CRT .  Subject s mad e lexica l 
decision s t o th e las t  wor d i n eac h sequenc e whic h wa s printe d i n 
uppercas e letters .  Ther e wer e eight y wor d an d fort y nonwor d 
fille r  trial s i n a n experiment . 

Experiment s 1  an d 2  wer e designe d t o asses s th e exten t  o f 
relatednes s effect s i n th e syntacti c an d scramble d sequences .  I n 
Experimen t  1 ,  th e context s wer e presente d a t  a  slow ,  80 0 mse c pe r 
word ,  rate .  Unde r  thes e conditions ,  deliberat e predictio n an d 
exploitatio n o f  lexica l  relatednes s migh t  occu r  i n bot h kind s o f 
context .  I n Experimen t  2 ,  th e 20 0 mse c rat e exceede d tha t  o f 
norma l  reading ,  thu s givin g intralexica l  activatio n a  bette r 
chanc e t o show ,  an d a t  th e sam e tim e addressin g th e concer n wit h 
th e relevanc e o f  lexica l  primin g a t  readin g speed . 

The result s o f  bot h experiment s ar e summarise d i n Tabl e 2 . 
I n th e cas e o f  Experimen t  1 ,  th e response s o f  forty-eigh t 
subjects ^  t o te n target s ar e represente d i n eac h estimate .  (Thes e 
subject s als o serve d i n a  secon d bloc k involvin g a n additiona l 
manipulatio n no t  reporte d here .  Se e O'Seaghdh a (1986 )  fo r 
deta i ls) .  I n Experimen t  2 ,  twenty-fou r  subject s responde d t o 
twent y target s i n eac h subcondition . 

Bot h experiment s sho w a  clea r  relatednes s effec t  i n th e 
syntacti c contexts ,  bu t  littl e o r  n o effec t  i n th e scramble d 
condition .  Ther e i s a  nonsignifican t  1 3 mse c effec t  i n th e 
scramble d conditio n a t  th e 20 0 mse c rate ,  bu t  th e contras t 
betwee n thi s effec t  an d tha t  i n th e syntacti c conditio n lead s t o 
th e conclusio n tha t  th e relatednes s effect s i n th e latte r  canno t 
be attribute d t o intralexica l  primin g amon g relate d words . 

Of  cours e th e relatednes s effec t  i n th e syntacti c conditio n 
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TABLE 2 
EXPERIMENTS 1  AN D 2 :  MEANS O F BIWEIGH T ESTIMATE D REACTIO N 

TIMES WIT H STANDARD ERRORS AN D PERCENTAGE ERRORS 
AS A  FUNCTIO N O F CONTEXT CONDITIO N AN D RAT E 

Experiment 1; 800 msec rate 

Syntactic Scrambled 

Related Unrelated Related Unrelated 
51 2 56 1 53 2 53 4 

9. 1 12. 2 10. 5 8. 3 

Error% 1.7 4.6 1.3 2.9 

Experiment 2; 200 msec rate 

Syntactic Scrambled 

Related Unrelated Related Unrelated 
49 5 53 7 51 2 52 5 
11. 8 16. 6 12. 3 11. 6 

Error% 1.5 4.2 2.0 3.1 

must be partly inhibitory. Substantial inhibition of anomalous 
target s i s reliabl y obtaine d i n lexica l  decisio n experiments .  A n 
informa l  compariso n o f  latencie s i n th e relate d an d unrelate d 
syntacti c context s t o latencie s i n th e nonprimin g scramble d 
condit io n indicate s tha t  th e overal l  effec t  divide s equall y int o 
faci l i tat io n an d inhibitio n components .  A  mor e direc t  evaluatio n 
o f  thes e component s i s provide d i n Experimen t  3 . 

EXPERIMENT 3: FACILITATION AND INHIBITION 

In Experiment 3, the relatedness effect in syntactic sequences 
was part i t ione d int o facil itatio n an d inhibitio n components .  Fo r 
thi s purpose ,  a  neutra l  condit io n containin g unrelate d contex t 
noun s wa s develope d (se e Tabl e 1 ) .  I n thi s condit ion ,  th e 
phrase s mad e sens e (e.g. ,  th e owne r  o f  th e BOOK) .  bu t  ther e wa s 
no lexica l  relatio n betwee n th e contextua l  conten t  wor d (owner ) 
an d th e targe t  (BOOK) .  Th e relate d an d unrelate d condition s wer e 
th e sam e a s i n Experiment s 1  an d 2 ,  an d th e procedur e wa s 
identical .  Thre e presentatio n rate s — 200 ,  400 ,  an d 80 0 mse c — 
wer e tested ,  an d sixtee n subject s wer e ru n a t  eac h rate .  Th e 
question s i n Experimen t  3  wer e whethe r  facil itatio n occurred , 
relat iv e t o th e neutra l  context ,  an d whethe r  th e divisio n int o 
faci l i tat io n an d inhibitio n varie d wit h rat e o f  presentation . 

The evidenc e show n i n Tabl e 3  confirm s tha t  th e relatednes s 
effec t  consists ,  i n approximatel y equa l  proport ions ,  o f 
faci l i tat io n an d inhibit ion .  Th e inhibitio n o f  anomalou s target s 
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TABLE 3 
EXPERIMENT 6 :  MEANS O F BIWEIGH T ESTIMATE D REACTIO N TIME S 

WITH STANDARD ERRORS AN D PERCENTAGE ERRORS A S A  FUNCTIO N O F 
CONTEXT CONDITIO N AN D RAT E 

Context Condition 

Rat e 

200 mse c 

400 mse c 

800 mse c 

Error % 

Error % 

Error % 

Relate d 

49 5 
10. 7 

0. 9 

49 1 
15. 9 

0. 9 

47 6 
15. 3 

1. 6 

Neutra l 

512 
10. 4 

1. 9 

519 
13. 2 

2. 5 

503 
17. 4 

1. 2 

Unrelate d 

53 4 
6. 9 

5. 6 

53 0 
17. 6 

3. 1 

52 6 
20. 2 

3. 8 

replicate s previou s finding s i n th e l iterature ,  an d wa s expected . 
However ,  contrar y t o wha t  previou s reading s o f  th e literatur e 
(e.g. ,  Mitchel l ,  1982 )  woul d suggest ,  facilitatio n di d no t  var y 
substantiall y  wit h rat e o f  presentation .  I f  ther e wer e littl e 
facilitatio n a t  th e 20 0 mse c rate ,  bu t  increasin g facil itatio n a t 
slowe r  rates ,  th e interpretatio n o f  thi s experimen t  woul d b e 
straightforward .  Facilitatio n woul d the n b e attributabl e t o a 
postlexica l  respons e bias .  Becaus e thi s outcom e wa s no t 
obtained ,  i t  appear s tha t  th e emphasi s i n th e literatur e o n slow -
actin g predictiv e processe s a s th e sourc e o f  facilitatio n ma y b e 
misplaced . 

DISCUSSION 

Neither intralexical priming (e.g., Stanovich & West, 1983), nor 
a respons e bia s favourin g predictabl e target s (Forster ,  1979 , 
1981) ,  account s fo r  th e facilitatio n effect s i n thes e 
experiments .  A n alternativ e accoun t  o f  facilitatio n effect s i n 
phrasa l  o r  sentenc e context s i s therefor e required . 

One candidat e i s Foss' s (1982 )  proposa l  tha t  facil itatatio n 
i n hi s phonem e monitorin g experiment s reflecte d th e spee d o f 
integratio n o f  ne w materia l  wit h a  discours e leve l  representatio n 
of  th e texts .  Thi s ide a seem s compatibl e wit h th e presen t  data . 
I n addition ,  i t  i s  consonan t  wit h th e notio n o f  a  posit iv e 
respons e bia s wit h appropriat e sentenc e completion s i n a  lexica l 
decisio n tas k (se e Forster ,  1981) ,  bu t  thi s bia s i s characterise d 
as a  byproduc t  o f  integration ,  no t  a s a  consequenc e o f  explici t 
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prediction of targets. Further, the invariance of performance 
wi t h rat e o f  presentat io n suggest s tha t  i t  reflect s norma l 
processe s o f  comprehensio n an d no t  merel y th e specia l 
requirement s o f  th e lexica l  decisio n task . 

The mai n poin t  demonstrate d i n thes e experiment s i s tha t 
syntacti c connectednes s i s prerequisit e fo r  th e occurrenc e o f 
relatednes s ef fects .  I t  migh t  b e urge d tha t  lexica l  primin g i s 
somehow "transmitted "  i n syntacti c sequences .  Thi s mus t  b e true , 
a t  leas t  i n a  metaphorica l  sense .  However ,  suc h a  vie w woul d 
sti l l  requir e a  revisio n o f  th e vie w o f  facil i tatio n a s th e 
produc t  o f  a  bl in d proces s o f  spreadin g activation .  Perhap s th e 
most  importan t  implicatio n o f  th e researc h i s that ,  i f 
relatednes s effect s ar e a s sensit iv e t o syntacti c coherenc e a s 
thes e dat a indicate ,  th e interdependenc e o f  parsin g an d 
interpret iv e operation s require s furthe r  detaile d analysis .  We 
kno w on e circumstanc e wher e truc k doe s no t  prim e car .  Th e 
adequac y o f  ou r  understandin g o f  th e case s wher e primin g doe s 
occu r  i s therefor e brough t  int o question . 
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S T R A T E GY S E L E C T I O N A N D D E G R EE O F E X P E R T I S E 
I N M E D I C A L R E A S O N I NG 

VimlaL-Pate l 

Jos e F .  Aroch a 

G uy J .  Groe n 

McGil l  Universit y 

The psychologica l  theor y o f  exper t  proble m solvin g ha s bee n establishe d i n relativel y 

clearcu t  domains ,  suc h a s physics ,  wit h problem s tha t  d o no t  involv e th e processin g o f  comple x 

verba l  information .  Ther e i s n o aprior i  reaso n wh y th e result s shoul d exten d t o mor e comple x 

domains .  On e o f  th e mor e importan t  notion s o f  th e theor y i s tha t  expert s ten d t o us e a  strateg y o f 

forwar d chainin g base d o n a  highl y elaborat e knowledg e base .  Th e purpos e o f  thi s pape r  i s t o 

conside r  th e exten t  t o whic h thi s i s tru e i n a  mor e comple x an d "messy "  domain . 

I t  i s  widel y hel d i n th e are a o f  medica l  proble m solvin g tha t  expert s d o no t  us e forwar d 

reasonin g o f  thi s type .  Instead ,  the y ar e presume d t o us e a  proces s o f  generatin g an d testin g 

hypothese s tha t  involve s a  larg e componen t  o f  backwar d reasonin g (e.g. ,  Kassirer ,  1984 )  eve n 

though ,  a s Groe n an d Pate l  (1985 )  hav e pointe d out ,  thi s i s largel y unsupporte d b y empirica l 

evidenc e wit h th e exceptio n o f  som e result s reporte d b y Elstein ,  Shulma n an d Sprafk a (1978) .  I n 

contrast ,  Pate l  an d Groe n (1986 )  hav e foun d evidenc e o f  forwar d chainin g i n a  tas k involvin g a n 

explanatio n o f  th e reasonin g involve d i n diagnosin g a  clinica l  case .  I n general ,  th e subject s 

(specialist s i n cardiology )  w h o yielde d accurat e diagnose s use d a  proces s o f  forwar d reasoning , 

fro m th e clinica l  fact s t o th e fina l  diagnosis .  Th e us e o f  backwar d reasonin g wa s associate d wit h 

inaccurat e diagnoses . 
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There are a number of reasons why this might be the case. Elstein et al's method of 

"stimulate d recall "  i s  retrospectiv e b y natur e an d ma y induc e backwar d reasonin g a s a  necessar y 

strategy .  A  mor e importan t  possibility ,  whic h ha s th e advantag e o f  bein g consisten t  wit h th e 

intuitio n o f  physician s regardin g th e widesprea d us e o f  backwar d reasoning ,  i s  tha t  i t  i s  use d whe n 

ther e i s uncertaint y abou t  th e diagnosis .  Par t  o f  it s  importanc e stem s fro m th e fac t  tha t  i t  seem s 

reasonabl e t o assum e tha t  i t  i s  a  genera l  phenomeno n no t  restricte d t o medicine .  I t  i s  well-know n 

(Bhaska r  &  Simon ,  1977 ;  Hayes ,  1985 )  tha t  proble m solver s us e differen t  strategie s dependin g o n 

th e matchin g o f  th e tas k t o expertise .  Glase r  (1985 )  suggest s tha t  whe n a  tas k i s difficult ,  exper t 

proble m solver s us e genera l  method s workin g backwar d fro m th e goa l  rathe r  tha n domain-specifi c 

method s workin g forwar d from  th e dat a given .  Clearly ,  a n attemp t  t o solv e a  difficul t  proble m i s 

usuall y associate d wit h a  feelin g o f  uncertainty .  I t  i s  possibl e t o assum e tha t  a  feelin g o f 

uncertaint y ma y giv e ris e t o th e strategie s associate d wit h solvin g difficul t  problems .  Thi s kin d o f 

uncertaint y i s no t  necessaril y  a  vagu e subjectiv e state .  Exper t  system s fo r  medica l  diagnosi s suc h 

as M Y C I N an d INTERNIS T generat e an d manipulat e uncertaint y factors .  Physician s ma y us e 

the m i n a n analogou s fashion . 

I n thi s paper ,  w e conside r  tw o factor s tha t  migh t  b e expecte d t o resul t  i n greate r  uncertaint y 

regardin g aspect s o f  a  clinica l  case .  Th e firs t  i s  th e difficult y o f  th e case .  Th e secon d i s th e matc h 

betwee n th e physician' s expertis e an d th e knowledg e domai n underlyin g th e clinica l  case .  W e 

conside r  tw o aspect s o f  thi s latte r  factor :  th e physician' s specialt y an d researc h orientatio n (i.e. , 

whethe r  primaril y a  clinicia n o r  a  basi c researcher) .  Ou r  mai n interes t  i s  i n testin g th e generalit y o f 

th e finding s o f  Pate l  an d Groe n (1986 )  b y determinin g th e exten t  t o whic h thes e variation s pertur b 

th e patter n o f  forwar d reasonin g foun d i n tha t  study .  Apar t  fro m thes e variation s i n choic e o f 

subject s an d clinica l  cases ,  th e procedur e an d metho d o f  analysi s ar e identica l  t o th e previou s 

study .  Th e experimen t  reporte d i n th e pape r  b y Josep h an d Pate l  elsewher e i n thi s volum e studie s 

th e sam e variation s bu t  wit h a  completel y differen t  empirica l  procedure .  However ,  i t  tend s t o 
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induce backward chaining, because only partial information is available to the subject. Hence it is 

unsuitabl e fo r  examinin g th e issue s o f  conce m i n th e presen t  paper . 

EXPERIMENTAL METHOD 

Four expert physicians associated with the Faculty of Medicine volunteered for the study. 

The fou r  physician s wer e tw o Endocrinologist s ( 1 practitione r  an d 1  researcher )  an d tw o 

Cardiologist s ( 1 practitione r  an d 1  researcher) . 

Clinica l  PrQblgmi g 

T wo text s wer e constructe d describin g th e history ,  physica l  examination ,  an d laborator y 

test s o f  tw o patients .  Th e firs t  tex t  whic h i s show n i n Tabl e 1  describe s a  cas e o f  a  6 3 yea r  ol d 

w o m an w h o suffer s fro m a n endocrin e disorde r  calle d Hashimoto' s thyroiditis ,  a  for m o f 

hypothyroidis m o f  autoimmun e origin .  I t  ca n b e decompose d int o thre e diagnosti c components . 

The mos t  genera l  an d prototypica l  componen t  i s hypothyroidism .  Thi s i s indicate d b y th e textua l 

cue s suggestin g flui d accumulatio n an d decrease d thyroi d function .  Th e secon d component , 

myxedema,  indicate s tha t  th e patien t  i s  i n a n advance d stat e o f  hypothyroidism .  Th e clinica l  cue s 

tha t  compris e th e thir d componen t  ar e suggestiv e o f  a  ver y specifi c  origi n fo r  th e diseas e proces s 

whic h i s a n autoimmun e proces s know n a s Hashimoto' s thyroiditis . 

The secon d clinica l  tex t  whic h i s show n i n Tabl e 2  describe s a  cas e o f  a  6 2 yea r  ol d ma n 

w ho wa s diagnose d a s havin g cardia c tamponad e wit h pleura l  effussion .  Thi s cas e i s mor e 

difficul t  tha n th e endocrinolog y cas e becaus e ther e i s mor e overla p o f  knowledg e amon g causa l 

pattern s leadin g t o alternativ e diagnoses .  I n orde r  t o diagnos e th e case ,  th e physicia n mus t  decid e 

whethe r  th e proble m i s lef t  o r  righ t  side d failur e an d the n identif y th e presenc e o f  pericardia l 

effusio n an d cardia c tamponade .  Determinin g th e actua l  causa l  proces s (righ t  hear t  failure )  i s  a 
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TABLE 1 

ENDOCRINOLOGY CASE 

A 63 year old woman with a one-week history of increasing drowsiness and shortness of breath 

was brough t  t o th e emergenc y roo m b y he r  daughter .  Th e patien t  ha d no t  bee n wel l  fo r  ove r  a  year . 
She complaine d o f  feelin g tire d al l  th e time ,  ha d a  los s o f  appetite ,  a  3 0 lb .  weigh t  gai n an d constipation . 
A mont h late r  sh e ha d bee n diagnose d a s havin g "  chroni c laryngitis "  an d wa s prescribe d a  potassiu m 
iodid e mixtur e a s a n expectorant . 

Physica l  examinatio n reveale d a  pale ,  drowsy ,  obes e lad y wit h marke d periorbita l  edema .  Sh e 
had difficult y speaking ,  an d whe n sh e di d spea k he r  voic e wa s note d t o b e slo w an d hoarse .  Ther e wer e 
patche s o f  vitilig o ove r  bot h he r  legs .  He r  ski n fel t  roug h an d scaly .  He r  bod y temperatur e wa s 3 6 deg . 
C.  Puls e wa s 60/minut e an d regular .  B .  P .  wa s 160/95 .  Examinatio n o f  he r  nec k reveale d n o jugula r 
venou s distention .  Th e thyroi d glan d wa s enlarge d t o approximatel y twic e th e norma l  size .  I t  fel t  fir m 
and irregular .  Ther e wa s grad e 1  galactorrhea .  Th e ape x bea t  coul d no t  b e palpated .  Ches t 
examinatio n showe d decrease d movement s bilaterall y an d dullnes s t o percussion .  Ther e wa s n o 
splenomegaly .  Neurologica l  testin g reveale d symmetrica l  an d norma l  tendo n reflexe s but ,  wit h a 
delaye d relaxatio n phase .  Urinalysi s wa s normal .  Ches t  X-ra y showe d larg e pleura l  effusion s 
bilaterally .  E C G reveale d sinu s bradycardia ,  lo w voltag e complexe s an d non-specifi c  T-wav e flattening . 
Routin e biochemistr y (SMA=16 )  showe d Na=125 ,  K=3.8 ,  B U N = 8 mg/lOOml .  Arteria l  bloo d gase s P02=5 0 
mm Hg ,  PCO2=6 0 m m Hg .  Th e patien t  wa s admitte d t o th e intensiv e car e uni t  fo r  furthe r  management . 

T a b l e 2 

Cardiology Case 
Thi s 6 2 year-ol d retire d Ai r  Forc e mechani c wa s apparentl y wel l  unti l  abou t  5  month s befor e 

presentin g t o th e hospital .  H e the n note d h e wa s "winded "  afte r  walkin g abou t  4 0 feet .  H e wa s 
increasingl y breathles s lyin g down ,  trie d usin g 4  pillow s t o slee p an d mos t  recentl y i s sleepin g sittin g 
up.  H e ha s occassionall y awoke n extremel y shor t  o f  breath .  H e ha s a  mil d non-productiv e coug h an d 
agree s tha t  hi s voic e i s a  littl e hoarse .  Durin g thi s tim e hi s leg s hav e bee n swelling .  Hi s appetit e ha s 
decrease d ye t  hi s abdome n ha s increase d an d h e ha s gaine d weight .  H e say s "n o foo d taste s good " 
and h e ha s constan t  mil d nause a bu t  ha s no t  vomited .  H e ha s ha d n o ches t  o r  abdomina l  pain .  H e 
does no t  smoke ,  drink s alcoho l  sociall y bu t  les s lately .  Hi s onl y admissio n t o th e hospita l  wa s fo r  a 
hear t  attac k 1 2 year s ago .  H e recovere d completel y an d wa s walkin g 6  mile s a  da y a  yea r  ago .  H e i s 
takin g n o medication . 

On examination :  H.R .  80/min .  an d regular .  B.P .  120/9 8 m m Hg .  Pulsu s paradoxicu s 1 2 m m Hg . 
No cyanosis .  Pronounce d periphera l  edem a o f  leg s an d presacrum .  Some edem a ove r  abdomina l  wal l 
and scrotum .  Abdome n wa s larg e wit h shiftin g dullnes s an d a  flui d wav e wa s demonstrated .  Live r 
edge wa s smooth ,  3  cm .  belo w th e righ t  costa l  margin .  Splee n wa s no t  palpated .  N o masses .  Jugula r 
vein s distende d t o th e angl e o f  th e ja w a t  4 5 deg. ;  ape x no t  palpable ,  hear t  sound s faint ,  n o S3 ,  n o S4 , 
no murmurs .  Some dullnes s t o percussio n a t  righ t  lun g base .  Breat h sound s diminishe d a t  bot h lun g 
base s wit h decrease d ches t  expansion .  Fin e en d inspirator y crepitution s noted .  Remainde r 
examinatio n wa s normal . 

Hb=13.5g m % (percent) ,  WBC=5,50 0 wit h a  norma l  differential .  Prothrombi n tim e 12. 5 (contro l 
11.8) ,  P.T.T .  3 4 (contro l  34) ,  T4=7. 5 (norma l  4.5-10.5) .  Urinalysi s wa s norma l  excep t  urobilinoge n 4. 0 
(norma l  0.1-1.0) ;  S M A C 1 6 norma l  except :  Albumi n 3. 5 (N = 3.7-4.9) .  tota l  bilirubi n 1. 7 ( N 0.2-1.0) ; 
alkalin e phosphotas e 16 9 ( N 30-105), .  Ches t  X-ray :  "Enlarge d cardia c silhouette ;  n o evidenc e o f 
pulmonar y edema ,  righ t  pleura l  effusion ,  partia l  atalectasi s i n righ t  lowe r  lobe .  "  ECG:  remot e inferio r 
myocardia l  infarction .  Diffus e S T saggin g wit h T-wav e inversion .  Generall y lo w voltag e QR' s wit h 
voltag e fluctuation . 

This patient has been referred from an outlying hospital for definitive management. 
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difficult task because many of the features the patient presents with are common to different 

diagnosti c possibilities .  Ther e are ,  however ,  a  fe w cue s whic h serv e t o rul e ou t  alternativ e 

diagnoses . 

The following empirical paradigm was used: 

1)  Presen t  th e subjec t  wit h a  descriptio n o f  th e cas e an d as k him/he r  t o rea d i t  fo r  3. 5 

minutes ; 

2)  Obtai n a  free  recal l  protoco l  ( a writte n summar y o f  th e case) ; 

3)  As k th e subjec t  t o describ e th e underlyin g pathophysiolog y o f  th e case ; 

4)  As k fo r  a  diagnosis . 

The subject s wer e teste d individually .  Eac h protoco l  wa s analyze d accordin g t o th e 

technique s o f  propositiona l  an d frame  analysi s develope d b y Frederikse n (1985) .  Th e outcom e 

was a  structura l  representatio n containin g node s an d link s expressin g mostl y conditiona l  an d causa l 

relationship s betwee n propositions .  Th e reade r  i s referre d t o Pate l  an d Groe n (1986 )  fo r  a  detaile d 

accoun t  o f  thes e analytica l  procedures . 

RESULTS AND DISCUSSION 

Al l  subject s wer e abl e t o summariz e th e informatio n i n th e tex t  presentin g th e clinica l  cas e 

irrespectiv e o f  thei r  specifi c  area s o f  expertise .  Bot h Cardiologist s an d Endocrinologist s wer e abl e 

t o selec t  th e relevan t  cue s an d provid e a  summar y o f  th e mos t  importan t  feature s o f  th e tex t  eve n 

when a n inaccurat e diagnosi s wa s ultimatel y given .  The y repeate d a  hig h percentag e o f  th e 

summary informatio n i n th e pathophysiolog y whe n solvin g th e patien t  problem s i n thei r  ow n 

specialt y bu t  di d no t  d o s o whe n solvin g th e cas e outsid e thei r  are a o f  specialization .  Practitioners , 

however ,  showe d th e opposit e effect ,  wher e fewe r  cue s wer e use d fro m th e summar y t o explai n 

th e pathophysiolog y o f  th e proble m i n thei r  ow n domai n bu t  use d mor e cue s t o explai n th e proble m 

outsid e thei r  domai n o f  expertise . 
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In this paper, we concentrate on the pathophysiological explanations contained in four 

protocol s whic h indicat e clearl y th e patter n o f  forwar d an d backwar d chainin g tha t  emerged . 

Figur e 1  show s th e structura l  representatio n o f  th e protoco l  o f  th e endocrinolog y practitione r  i n th e 

endocrinolog y problem .  Th e squar e boxe s indicat e informatio n i n th e tex t  tha t  presente d te h clnica l 

case .  Th e labelle d arrow s indicat e causa l  an d conditiona l  rules ,  a s define d i n Pate l  an d Groe n 

(1986) .  Th e orde r  i n whic h th e proposition s appea r  i n th e figure ,  fro m th e to p t o th e bottom , 

reflect s th e orde r  i n whic h the y appea r  i n th e protocol . 

First ,  th e subjec t  identifie s th e diseas e i n a  to p leve l  rul e whic h provide s a  diagnosi s 

withou t  generatin g explici t  intermediat e mechanisms .  Then ,  h e describe s som e genera l  rule s whic h 

explai n th e mechanism s commo n t o hypothroi d patients ,  (i.e. ,  hypoventilation ,  pleura l  effusio n 

and hyponatremi a an d th e effec t  o f  iodid e administratio n o n th e precipitato n o f  th e problem) .  Th e 

pathophysiolog y present s ver y littl e tex t  informatio n an d i t  i s  constructe d t o justif y a  diagnosis . 

The orde r  o f  reasonin g i s completel y forwar d excep t  possibl y a t  th e ver y en d o f  th e protocol , 

wher e a  conditio n relate d t o "hypometaboli c state "  i s  explaine d i n term s o f  a  possibl e observabl e 

outcom e ("respirator y failure") . 

Figur e 2  show s th e structura l  representatio n o f  th e protoco l  o f  th e endocrinolog y reseache r 

i n th e sam e problem .  Thi s als o show s a  patter n o f  forwar d chainin g excep t  onc e agai n a t  th e en d 

of  th e protoco l  wher e a  numbe r  o f  loos e end s ar e explained .  However ,  th e protoco l  a s a  whol e i s 

differen t  i n tha t  i t  contain s a  grea t  amoun t  o f  detaile d informatio n fro m th e basi c science s clustere d 

aroun d affecte d bod y systems .  Unlik e th e clinicians ,  th e to p leve l  clinica l  rule s ar e no t  use d i n th e 

explanations . 

Figur e 3  show s th e structura l  representatio n o f  th e protoco l  o f  th e cardiolog y practitione r 

on th e cardiolog y problem .  Fo r  variou s reasons ,  a s akead y indicated ,  thi s wa s a  mor e difficul t 

cas e an d nobod y obtaine d a  completel y correc t  diagnosis .  Thi s wa s primaril y du e t o th e fac t  tha t 

th e protoco l  di d no t  specif y th e result s o f  a  critica l  tes t  whic h woul d hav e unequivocall y indicate d 

th e presenc e o f  th e actua l  disorder .  Bot h cardiologist s indicate d i n thei r  explanation s tha t  thi s 
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information was missing. The reasoning follows the pattern in the first two figures (Figures 1 & 

2) .  Th e subjec t  use s purel y forwar d reasonin g excep t  t o accoun t  fo r  factor s no t  critica l  fo r  th e 

diagnosis .  However ,  mos t  o f  th e rule s ar e no t  use d t o generat e a  causa l  structur e bu t  t o rul e ou t 

possibl e disorders .  Thi s i s accomplishe d befor e proceedin g t o th e explanatio n o f  th e actua l  diseas e 

process . 

Figur e 4  i s include d t o giv e a n exampl e o f  almos t  pur e backwar d reasoning .  Thi s i s th e 

structura l  representatio n o f  th e protoco l  o f  th e cardiologis t  researche r  o n th e endocrinolog y 

problem .  I t  show s a  patter n tha t  begin s wit h a  genera l  endocrin e disorde r  an d attempt s t o procee d 

fro m ther e t o specifi c  symptoms .  However ,  mos t  o f  thes e symptom s ar e state d i n genera l 

physiologica l  terms .  Onl y tw o specifi c  symptom s describe d i n th e tex t  ar e use d i n th e explanation . 

The diagnosi s wa s inaccurate . 

Of  th e protocol s no t  show n here ,  al l  containe d mor e o f  a  mixtur e o f  backwar d an d forwar d 

reasonin g an d henc e ar e difficul t  t o describ e i n a  concis e fashion .  The y wer e al l  associate d wit h 

inaccurat e o r  incomplet e diagnoses .  A s wa s th e cas e wit h th e protocol s w e discusse d above ,  th e 

researcher s tende d consistentl y t o mak e mor e us e o f  causa l  pattern s derivin g fro m basi c scienc e 

issues . 

I n general ,  thes e result s ar e consisten t  wit h thos e obtaine d b y Pate l  an d Groe n (1985 )  an d 

als o serv e t o exten d them .  Clinica l  practitioner s us e forwar d reasonin g i n thei r  ow n are a o f 

specializatio n whe n the y fee l  certai n abou t  thei r  diagnoses .  I n th e cas e o f  Figur e 2 ,  w e hav e see n 

tha t  i t  ca n occu r  eve n whe n onl y a  partia l  diagnosi s i s possible .  Mor e insigh t  regardin g th e us e o f 

partia l  informatio n i s give n b y th e Josep h an d Pate l  stud y elsewher e i n thi s volume . 

Thi s ca n b e take n t o impl y tha t  cas e difficult y alon e i s no t  a  predicto r  o f  th e selectio n o f 

forwar d an d backwar d reasonin g strategies .  Becaus e i n thi s stud y w e als o obtai n a  stron g 

relationshi p betwee n accurac y o f  diagnosi s an d degre e o f  backwar d chainin g (whe n th e issu e o f  th e 

missin g tes t  i n th e cardiolog y cas e i s factore d out) ,  i t  seem s tha t  th e degre e o f  uncertaint y i s a  mor e 

importan t  factor .  Th e mai n differenc e betwee n researcher s an d clinician s doe s no t  see m t o li e a s 
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much in their direction of reasoning as in their greater interest in issues stemming from their 

involvemen t  i n th e biomedica l  sciences . 

Thes e result s ma y hav e som e implication s fo r  a  mor e adequat e theor y o f  genera l  proble m 

solving .  Currentl y thi s ha s tw o wel l  develope d components .  Th e firs t  i s  a  theor y o f  heuristi c 

proble m solvin g i n puzzle-lik e domain s a s developed ,  fo r  exampl e b y Newel l  an d Simo n (1972 ) 

and th e secon d i s theor y o f  exper t  proble m solving .  Wha t  i s lackin g i s a  theor y tha t  account s fo r 

th e proble m solvin g behavio r  o f  novice s an d othe r  les s exper t  subject s i n knowledg e base d 

domains .  Th e researc h strateg y w e hav e pursue d i n thi s pape r  ha s allowe d u s t o mak e us e o f  a 

wel l  develope d theor y o f  experts ,  ye t  b y placin g expert s i n situation s wher e the y canno t  us e al l 

thei r  knowledge ,  w e ar e abl e t o examin e thei r  performanc e a t  a  sub-exper t  level .  Thi s ma y 

provid e a  mean s o f  arrivin g a t  a  firs t  approximatio n t o a  mor e adequat e theor y o f  sub-exper t 

knowledg e base d proble m solving . 
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INTRODUCTION 

Schmaju k an d Moor e (1986 )  describe d tw o real-tim e 

attentiona l  model s o f  classica l  conditioning .  I n thei r 

presen t  form ,  bot h model s ar e capabl e o f  real-tim e 

descript ion s o f  man y classica l  condit ionin g paradigms . 

However ,  th e model s d o no t  encompas s higher-orde r 

condit ionin g paradigm s o r  sensor y preconditioning .  The y als o 

lac k performanc e rule s tha t  permi t  realisti c description s o f 

condit ione d respondin g i n rea l  t ime .  Thes e consideration s 

prompte d th e developmen t  o f  a  ne w clas s o f  model s tha t 

incorporat e higher-orde r  condit ioning ,  sensor y 

precondit ioning ,  an d performanc e rules . 

Becaus e o f  th e larg e amoun t  o f  dat a o n classica l 

condit ionin g o f  th e rabbit' s  nictitatin g membran e (NM) ,  thi s 

preparatio n i s particularl y attractiv e fo r  a  forma l 

treatment .  Therefore ,  th e presen t  pape r  contrast s 

experimenta l  result s regardin g classica l  conditionin g usin g 

th e N M preparation ,  wit h compute r  simulations . 

794 



SCHMAJUK AN D MOORE 

SECOND-OBDER ATTKNTIONAL-ASSOCIATIV E HETHOSKS 

Thi s sectio n describe s a  clas s o f  attentlonal -

associativ e networ k tha t  ca n b e applie d t o CS-C S a s wel l  a s 

CS-US paradigms . 

Conside r  th e cas e o f  on e CS ,  CSi  ,  tha t  predict s even t  k . 
« 

Net  associativ e value ,  Vi^ ,  represent s th e first-orde r 
predictio n o f  even t  k  b y CSi  .  Conside r  no w th e cas e o f  tw o 

CSs,  CSi  an d CSr ,  tha t  predic t  even t  k .  I t  i s  assume d tha t 

CSi  predict s k  directl y b y V i  ̂  an d indirectl y b y predictin g 

CSr ,  b y V i  f .  I n tur n CSr  predict s k  b y Vt^ .  Th e secon d 

orde r  predictio n o f  k  b y CSi ,  i s  expresse d a s th e produc t 

Vi f  Vrk . 

Bi> t  ,  th e f irst -  an d second-orde r  predictio n o f  even t  k 

by CSi  ,  i s 

Bill = ( Vi»c + 2t Wit Vir Vrk) Ti . [ 1 ] 

Vi>« is the net associative value of CSi with event k. The 

su m ove r  th e inde x r  involve s al l  CS s wit h inde x r  /  k .  Vi r 

i s  th e ne t  associativ e valu e o f  CSi  wit h al l  CS s wit h inde x 

r  ^  k .  Vi f  i s  th e ne t  associativ e valu e o f  al l  C S wit h even t 

k.  x i  i s  th e trac e o f  CSi  Th e mathematica l  expressio n fo r 

Ti  i s  give n below .  Coefficien t  wi '  serve s t o adjus t  th e 

relativ e weight s o f  f irst -  an d second -  orde r  prediction s i n 

paradigm s suc h a s conditione d inhibition .  I n orde r  t o avoi d 

redundan t  CSi-U S an d CSi-CSi -  U S associations ,  wi r  = 0 whe n i 

= r ,  an d wi '  >  0  whe n i  ^  r .  B ^  ,  th e aggregat e predictio n 

of  even t  k  mad e upo n al l  CS s (includin g th e context )  wit h x  > 

0 a t  a  give n moment ,  i s 

B»t = 2i Bi»t . [ 2 ] 
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As described below, variable B"* participates in the 

computat io n o f  Vi» « ,  I n addit ion ,  throug h adequat e 

performanc e rules ,  B^ s determine s th e topograph y o f  th e N M 

response . 

THE M-S-S NETWORK 

Thi s sectio n describe s a n attentional-associativ e 

networ k tha t  incorporate s variabl e B>« .  Ne t  associativ e 

values ,  Vii« ,  ar e compute d wit h th e rule s propose d b y Moor e 

an d Stickne y (1980 .  1982 ,  1985 ;  se e als o Schmaju k an d Moore , 

1986) . 

Change s i n associativ e values . 

When th e CSi  i s accompanie d o r  followe d b y even t  k ,  th e 

associativ e valu e betwee n CSi  an d even t  k ,  V i  • *  ,  increase s b y 

A Vi 1^ = 9 ai Ti ( 1 - Vi »c ), [ 3 ] 

and the antiassociative value, Ni»« , decreases by 

A Ni»i = 8'ai Ti ( 0 - Nik ), [3'] 

When event k does not occur, Vi^ decreases by 

AVik = 9' ai Ti ( 0 - Vi»c ) Bk, [ 4 ] 

and Ni ^ increases by 

A Ni »t = 9' ai Ti ( 1 - Ni »c ) B»c, [ 4' ] 

where ai is OS's associability, 9 ( 0 < 9 ^ 1 ) is the rate of 

chang e i n Vii i  ,  9 '  (  0  <  9 '  <  9  )  i s  th e rat e o f  chang e i n 

Ni  * « ,  T i  i s  th e trac e o f  CSi  ,  an d Bl « i s define d b y Equatio n 
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2. 

The ne t  associativ e valu e o f  CSi  an d even t  k  i s 

Vik = Vi»c - Nik. [ 5 ] 

Changes in associability 

The associabilit y  o f  CSi  ,  a i  ,  ma y increase ,  decrease , 

or  remai n unchange d dependin g o n th e associativ e valu e o f  CSi 

wit h even t  k  an d th e associativ e valu e o f  anothe r  CS ,  CS j  , 

wit h th e sam e even t  k . 

When CSi  ,  CS j  ,  an d even t  k  ar e presente d together ,  an d 

provide d tha t  V i  >t  >  Vj» t 

A ai»' = c ( 1 - ai ) ( Vik - Vjk ), [ 6 ] 

where VjH is the second highest net associative value with 

respec t  t o even t  k  o f  al l  th e CS s presen t  wit h th e CSi  , 

includin g th e context . 

When Vi» t  s  Vj k 

Aaik = c ( 0 - ai ) ( Vjk - Vik ), [ 7 ] 

where Vj'' is the highest net associative value with respect 

t o k  o f  al l  th e CS s presen t  wit h th e CSi  Paramete r  c  i n 

Equation s 6  an d 7  i s a  constan t  se t  0  <  c  <  1 . 

When al l  th e component s o f  Aaii c relate d t o a  give n CSi 

or  th e U S hav e bee n computed ,  the y ar e combine d i n th e 

expressio n 

Acti = Sk *k aik / 2h «h . [ 8 ] 

The sum over the index k in the numerator involves all the 
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event s presen t  wit h th e CS i  .  Th e su m ove r  th e inde x h  i n th e 

denominato r  involve s al l  th e event s th e subjec t  ha s 

encountere d i n previou s experience s i n th e sam e context ,  eve n 

thoug h the y ma y no t  b e presen t  a t  th e tim e A  a i  i s  computed . 

The weightin g factors ,  S k ,  ar e selecte d suc h tha t  $U 8 >  $c s > 

Sx ,  becaus e th e U S i s presume d t o b e biologicall y mor e 

signif ican t  tha n th e CS s an d th e contex t  (X ) . 

MM RESPONSE CONDITIONING 

Durin g acquisit io n o f  th e N M conditione d respons e (CR) , 

percentag e o f  CR s generate d i n eac h sessio n increases ,  C R 

latenc y decreases ,  an d C R amplitud e increases .  (se e 

Gormezano ,  Kehoe ,  &  Marshal l ,  1983 ) 

Th e trac e hypothesi s 

Condit ionin g i s typicall y mor e efficaciou s whe n th e C S 

precede s th e U S tha n whe n th e tw o ar e presente d together . 

Hul l  (1943 )  propose d tha t  stimul i  giv e ris e t o trace s i n th e 

centra l  nervou s syste m tha t  someho w imping e simultaneousl y o n 

crit ica l  loc i  o f  learning ,  despit e th e non-simultaneou s 

arrangemen t  a s observe d i n th e periphery . 

I t  i s  assvune d tha t  a  CSi  generate s a  trace ,  x i  ,  tha t 

increase s ove r  t im e t o a  maximum ,  stay s a t  thi s leve l  fo r  a 

perio d o f  t im e independen t  o f  th e C S duration ,  an d the n 

graduall y decay s bac k t o zero . 

Formally ,  trac e t  i s  define d fo r  t  < = 20 0 mse c b y 

x(t) = CSmai ( 1 - e -( iti t ) ), [ 9 ] 

where CSmaz is the maximum intensity of the CS and kl is a 

constant ,  0  <  k l  <  1 .  Paramete r  k l  i s  selecte d s o tha t  th e 

IS I  fo r  optima l  conditionin g i s 20 0 msec . 

x( t )  remain s equa l  t o CSmaz a s lon g a s th e C S doe s no t 
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decay. If the CS = 0 and t > 200 msec, x (t) decays by 

T(t) = CSma. ( exp -( »ti t ) ), [ 10 ] 

If CSi is not present 200 msec after its onset, the trace 

decay s t o zer o b y Equatio n 10 . 

Performanc e Rule s 

Performanc e rule s wer e selecte d t o relat e variabl e B^ S 

t o th e topograph y o f  N M responses . 

Tim e o f  C R onse t  i s th e earlies t  tim e t  suc h tha t 

2tf=ti 2j BjU8(t') >= LI , C 11 ] 

where ti denotes the time step at which CSi onset occurs. 

The su m ove r  th e inde x j  involve s BjU S o f  al l  CS s wit h x j  > 

0 ,  excludin g th e context .  Su m ove r  inde x t  involve s al l 

tim e step s fo r  whic h x j  >  0  ,  startin g a t  th e tim e ste p whe n 

th e amplitud e o f  th e N M respons e a s define d b y Equatio n 1 1 

equal s zero .  L I  i s  a  threshol d greate r  tha n zero .  Equatio n 

11 implie s tha t  a s Bju s increase s ove r  tr ials ,  C R onse t  move s 

progressivel y t o a n asymptot e determine d b y LI . 

Durin g th e C S period ,  fo r  t im e step s t  >  t i ,  th e 

amplitud e o f  th e N M response ,  NMR( t ) ,  i s  change d b y 

ANMR (t) = k2 ( BUS(t) - NMR(t)), [ 12 ] 

where k2 is a constant ( 0 < k2 < 1). 

Durin g th e U S period ,  whil e Bus(t)< A " S ( t ) ,  i s  give n b y 

Equatio n 12 .  However ,  whe n BUS(t )  >X"S( t ) ,  NMR (t )  increase s 

by 

ANMR (t) = k2 (Aus(t) - NMR(t)), [ 13 ] 
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When BUS(t )  an d X " S ( t )  equa l  zero ,  NMR(t )  decay s t o 

basel in e b y 

A NMR (t) = - k2 NMR(t). [ 14 ] 

COMPDTKR SIMULATIONS 

I n th e simulat ions ,  continuou s tim e wa s converte d t o 

discret e tim e step s o r  bin s o f  1 0 mse c i n duration .  Eac h 

tr ia l  consiste d o f  6 0 bins .  Otherwis e specified ,  th e 

simulation s assume d 20 0 mse c CSs ,  th e las t  5 0 mse c o f  whic h 

overlap s th e US . 

Parcuneter s value s fo r  variat ion s o f  associativ e value s 

wer e :  8  =  0.1 ,  an d 9 '  =  0.001 .  Fo r  antiassociativ e valu e 

were :  9  =  0.00 5 an d 9' = 0.1 ,  wit h exceptio n o f  th e inhibitor y 

condit ionin g case s fo r  whic h 9  =  0.05 .  Fo r  variation s i n 

associabi l i t y  :  *u s =  1 ,  $ a =  0.16 ,  * B =  0.16 ,  * x =  0.01 ,  an d c 

0.6 .  Initia l  value s o f  V s an d N s wer e zer o fo r  al l  i's . 

Initia l  value s o f  associabil it y  wer e alway s selecte d a x =  0. 1 

cuti d a h =  a B = 0 . 5 .  Fo r  computation s o f  B i  ̂ ^  :  w i  * « = 0 . 4 whe n i 

^  r ;  an d wi> t  =  0  whe n i  =  r .  Fo r  computation s o f  th e N M C R : 

L I  =  2 .  Fo r  computatio n o f  th e trace :  k l  =  0. 1 ,  an d fo r  th e 

NM respons e topograph y :  k 2 =  0.5 . 

Simulation results. 

Acquisit ioQ .  Figur e 1  show s simulation s o f  a  dela y 

condit ionin g paradigm .  A s C R acquisit io n proceeds ,  C R onse t 

latenc y decreases ,  an d C R amplitud e increases .  Maxima l 

respons e amplitud e (C R peak )  i s locate d a t  th e tim e o f  th e U S 

occurrence .  Contex t  associabil it y  decrease s an d C S 

associabil i t y  increase s ove r  tr ials .  Simulatio n result s 

agre e wit h dat a o n dela y condit ionin g (se e Gormezano ,  e t  a l . , 
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RESPONSES 

208 
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m n 

1 8 ^ w i c 
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Figur e 1 .  Dela y conditioning .  A  :  CS(A) .  X  :  Context . 

Lef t  Panels :  N M respons e topograph y i n 1 0 reinforce d tr ials . 

Upper-Righ t  Panels :  Ne t  associativ e value s (VT )  a t  th e en d 

of  eac h trial ,  a s a  functio n o f  tr ials .  Lower-Righ t  Pcmels : 

Associabilit y  (ALPHA )  a t  35 0 msec ,  a s a  functio n o f  tr ials . 
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HISPONSES 
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F i g u r e 2 .  C o n d i t i o n e d I nh ib i t i on .  A  :  C S ( A ) .  B  :  C S ( B ) . 

X :  C o n t e x t .  Le f t  P a n e l s :  N M r e s p o n s e t o p o g r a p h y i n A + , 

( A + B ) - ,  A - ,  an d B - t r i a l s ,  a f t e r  1 0 a l t e r n a t e d A + an d ( A + B ) -

t r i a l s .  U p p e r - R i g h t  P a n e l s :  Ne t  a s s o c i a t i v e v a l u e s (VT )  a t 

t h e en d o f  e a c h t r i a l ,  a s a  f u n c t i o n o f  t r i a l s .  Lower -R igh t 

P a n e l s :  A s s o c i a b i l i t y  (ALPHA )  a t  35 0 m s e c ,  a s a  f u n c t i o n o f 

t r i a l s . 
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1983 ) 

Conditione d Inhibition .  Figur e 2  show s simulation s o f  a 

conditione d inhibitio n paradigm .  Durin g conditione d 

inhibitio n tw o type s o f  trial s wer e alternated :  reinforce d 

trial s consiste d o f  a  singl e reinforce d C S (A) ,  an d 

nonreinforce d trial s consiste d o f  a  compoun d C S ( A an d B ) . 

Stimulu s B  wa s th e conditione d inhibitor .  Afte r  1 0 simulate d 

tr ials ,  th e C R elicite d b y A  an d B  togethe r  wa s smalle r  tha n 

tha t  elicite d whe n A  wa s presente d alon e becaus e B  ha s 

acquire d inhibitor y associativ e value .  Associabil it ie s o f 

bot h CS s increase d an d contex t  associabilit y  decrease d ove r 

trials .  Simulatio n result s agre e wit h dat a o n conditione d 

inhibitio n reporte d b y Marchant ,  Miss ,  an d Moor e (1972) . 

Blocking .  Figur e 3  show s simulation s o f  a  blockin g 

paradigm .  Experimental s receive d 5  trial s wit h on e C S 

(blocker )  paire d wit h th e U S followe d b y 5  trial s wit h th e 

Seune C S an d a  secon d (blocke d CS )  paire d wit h th e US . 

Control s receive d 5  two-C S trial s i n whic h bot h CS s wer e 

presente d togethe r  an d paire d wit h th e US .  Control s wer e 

subjec t  t o mutua l  overshadowin g betwee n th e tw o componen t 

CSs.  Th e networ k showe d simulate d blockin g becaus e C R fo r 

th e designate d blocke d C S wa s smalle r  tha n C R fo r  th e blocke r 

CS,  bot h afte r  5  trainin g trials .  Th e result s agre e wit h 

blockin g dat a i n th e rabbi t  N M respons e preparatio n a s 

reporte d b y Marchan t  an d Moor e (1973) . 

Sensor y preconditioning .  Figur e 4  show s simulation s o f  a 

sensor y preconditionin g paradigm .  I n th e firs t  phase ,  5 

nonreinforce d trial s wit h a  compoun d CS( A an d B ) .  Durin g th e 

secon d phase ,  on e o f  th e nonreinforce d CS s (A )  wa s reinforce d 

fo r  5  trials .  A  tes t  tria l  assesse d th e C R t o CS(B )  neve r 

paire d wit h th e US .  Simulation s showe d tha t  contex t 

associabilit y  decrease s durin g preconditioning .  I n th e 
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nii: i 

m m c 

,4LFHA: 1 

TRIALS 

F i g u r e 3 .  B l o c k i n g .  A  :  C S ( A ) .  B  :  C S ( B ) .  X  :  C o n t e x t . 

L e f t  P a n e l s :  N M r e s p o n s e t o p o g r a p h y i n A -  an d B -  t es t  t r i a l s , 

a f t e r  5  C S ( A )  r e i n f o r c e d t r i a l s an d 5  C S ( A )  an d C S ( B ) 

r e i n f o r c e d t r i a l s .  U p p e r - R i g h t  P a n e l s :  N e t  a s s o c i a t i v e 

v a l u e s (VT )  a t  t h e e n d o f  e a c h t r i a l ,  a s a  f u n c t i o n o f 

t r i a l s .  L o w e r - R i g h t  P a n e l s :  A s s o c i a b i l i t y  (ALPHA )  a t  35 0 

m s e c ,  a s a  f u n c t i o n o f  t r i a l s . 
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nii: i 
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F igu r e 4 .  Senso r y p recond i t i on ing .  A  :  C S ( A ) .  B  :  C S ( B ) . 

X :  Con tex t .  Le f t  P a n e l s :  N M respons e t opog raph y i n A + an d 

B - t r i a l s ,  a f t e r  5  C S ( A )  an d C S ( B )  non re in fo r ce d t r i a l s an d 5 

CS(A )  re in fo rce d t r i a l s .  Uppe r -R igh t  P a n e l s :  Ne t  a s s o c i a t i v e 

va lue s (VT )  a t  t h e en d o f  e a c h t r i a l ,  a s a  f unc t i o n o f 

t r i a l s .  Lower -R igh t  P a n e l s :  A s s o c i a b i l i t y  (ALPHA )  a t  35 0 

m s e c ,  a s a  f unc t i o n o f  t r i a l s . 
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nonreinforce d tes t  tr ia l  CS(B )  acquire d inhibitor y 

associat iv e valu e becaus e i t  wa s presente d i n a  contex t  wit h 

excitator y associativ e value .  CS(B )  generate d a  CR. 

Simulat io n result s ar e i n agreemen t  wi t h dat a reporte d 

by Por t  an d Patterso n (1984) . 

DISCUSSION 

The presen t  pape r  il lustrate s ho w th e M-S- S network ,  a 

second-orde r  attentional-associativ e architecture ,  describe s 

severa l  classica l  condit ionin g paradigm s i n real-t ime .  Th e 

networ k incorporate s performanc e rule s tha t  conver t  ne t 

associativ e value s int o strengt h an d timin g o f  th e rabbit' s 

NM response . 
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A n E x p e r i m e n t a l  A n a l y s i s o f  C o m p u t e r  Sk i l l  A c q u i s i t i o n 
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Abstrac t 

Although mental schemata are central to many contemporary learning theories, the 
precis e relationshi p betwee n suc h schemat a an d specifi c  type s o f  learnin g remain s vague . 

Thi s pape r  describe s a n analysi s o f  subject s learnin g basi c compute r  skill s  whe n presente d 

wit h fou r  differen t  kind s o f  elaboration s tha t  shoul d influenc e subjects '  schemata :  (I )  a 

simpl e descriptio n wit h n o model :  (2 )  a  redundan t  elaborate d tex t  als o wit h n o explici t 

model :  (3 )  a  functiona l  model :  (4 )  a  descriptiv e analogy .  Subject s wer e teste d o n 

procedures ,  genera l  c o m m a n d concepts ,  an d syste m questions .  Model s an d analogie s wer e 

show n t o improv e initia l  performanc e o n al l  type s o f  questions .  Howeve r  onl y syste m 

question s showe d thi s advantag e afte r  a  delay .  I t  i s  argue d tha t  th e utilit y o f  buildin g a 

menta l  mode l  throug h elaboratio n depend s o n th e specifi c  task s tha t  ar e analyzed . 

Althoug h ther e i s  consensu s concernin g th e genera l  utilit y o f  menta l  models ,  ther e i s  relativel y 

littl e agreemen t  concernin g th e way s i n whic h thes e model s ar e forme d an d use d i n specifi c  tasks . 

Thes e mor e detaile d relationship s ar e necessar y bot h fo r  a  genera l  theor y o f  learnin g an d fo r 

designin g improve d instruction .  Thi s pape r  provide s on e instanc e o f  specifi c  model-tas k analysis ,  b y 

investigatin g th e us e o f  model s durin g th e acquisitio n o f  basi c compute r  (operatin g syste m an d editor ) 

skills .  Ther e ar e thre e question s tha t  thi s researc h i s  designe d t o address :  (1 )  D o explici t  attempt s t o 

modif y th e subjects '  schemat a b y providin g elaboration s influenc e performance ? (2 )  Ar e th e effect s o f 

suc h manipulation s specifi c t o particula r  kind s o f  task s o r  d o the y generaliz e t o a  rang e o f  tasks ? (3 ) 

W h at  underlyin g mechanism s ca n accoun t  fo r  thes e effects ? 

In order to evaluate the effectiveness of explicit models, we manipulated the kinds of information 

(models )  presente d t o subjects .  Specifically ,  th e stud y investigate d functiona l  model s o f  th e underlyin g 

Thi s researc h wa s supporte d i n par t  b y N S F Gran t  IST82-17572 .  W e wis h t o than k Richar d 

L.  Mars h fo r  collectin g th e data . 
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system operations, analogies describing system performance, and specific examples of commands. The 

questio n o f  th e influence s o f  model s o n differen t  task s wa s addresse d b y a  serie s o f  test s assessin g 

knowledg e o f  specifi c  procedures ,  knowledg e o f  th e genera l  principle s behin d th e procedures ,  an d 

knowledg e abou t  th e genera l  functionin g o f  th e system . 

Method 

Subjects and Materials 

Eight students who had some computer experience but no prior experience with UNIX served as 

subjects . 

Instructions .  Th e experimenta l  material s consiste d o f  a  se t  o f  fou r  booklets ,  eac h describin g a 

subse t  o f  U N I X commands .  Eac h bookle t  presente d a  genera l  descriptio n o f  a  particula r  aspec t  o f 

th e syste m followe d b y a  descriptio n o f  th e procedur e fo r  usin g fou r  U N I X commands . 

Eigh t  version s wer e writte n fo r  eac h o f  th e booklets ,  reflectin g fou r  differen t  type s o f  elaboratio n 

combine d orthogonall y wit h tw o format s o f  c o m m a n d examples .  Th e fou r  elaboratio n condition s 

consiste d o f  th e following :  (1 )  Th e Simpl e versio n state d th e relevan t  concepts ,  bu t  provide d n o 

elaboratio n o f  thei r  meaning .  (2 )  Th e Elaborate d versio n containe d a n extende d statemen t  o f  th e 

simpl e concepts ,  whil e avoidin g explanator y materia l  insofa r  a s possible .  (3 )  Th e Mode l  versio n 

provide d a  functiona l  mode l  describin g certai n propertie s o f  th e system .  (4 )  Th e Analog y versio n 

provide d a n analog y fro m a  familia r  domain . 

For  eac h elaboratio n condition ,  ther e wer e tw o type s o f  exampl e format .  Th e abstrac t  forma t 

include d a  genera l  descriptio n o f  th e procedur e togethe r  wit h a n abstrac t  statemen t  o f  th e for m o f  th e 

command (e.g .  'm v N A M El  N A M E 2 < c r > " ) .  Th e concret e exampl e forma t  describe d a  specifi c 

instanc e o f  comman d us e an d indicate d th e wa y i n whic h tha t  particula r  c o m m a n d woul d b e writte n 

(e.g .  "m v georg e harry<cr>") . 

Questions .  Fo r  eac h se t  o f  concept s an d command s (eac h booklet) ,  a  se t  o f  relate d question s 

was developed .  Thes e question s wer e divide d int o thre e groups :  procedura l  question s testin g 

knowledg e o f  specifi c  procedures ;  "true-false "  declarativ e questions ,  testin g genera l  knowledg e o f 

command usage ;  an d syste m questions ,  testin g knowledg e o f  overal l  syste m structur e o r  function . 

Procedure 

Each subject was run individually on three consecutive days. On each of the first two days. 

subject s wer e presente d wit h tw o o f  th e fou r  instructio n booklets ,  eac h followe d b y a  relate d se t  o f 

questions .  O n th e thir d da y the y wer e presente d wit h al l  o f  th e question s fro m th e firs t  tw o day s i n 

quasi-rando m order .  Fo r  eac h bookle t  o f  instruction s an d eac h se t  o f  questions ,  th e subjec t  wa s 
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aske d t o rea d alou d th e materia l  an d t o sa y whateve r  cam e t o min d whil e readin g o r  whil e answerin g 

questions . 

Results 

Elaboration Condition. The effect of elaboration condition for the three types of questions 

immediatel y afte r  trainin g (initia l  performance )  i s show n i n Figur e I .  I n general ,  performanc e wa s 

bette r  i n th e mode l  an d analog y condition s tha n i n th e simpl e an d elaborate d conditions .  Procedura l 

and declarativ e question s showe d reliabl e effect s o f  elaboratio n conditio n (F(3.9 )  =  9.20 .  p  <  .01) . 

Model s an d analogie s wer e bes t  fo r  procedura l  questions ,  wherea s th e elaborate d conditio n wa s worst . 

For  th e declarativ e questions ,  analogie s wer e bette r  tha n th e othe r  thre e elaborations .  Th e greates t 

effect s o f  typ e o f  elaboratio n wer e evidence d o n th e syste m question s (F(3.9 )  =  4.03 .  p  <  .05) . 

Response s i n th e mode l  an d analog y condition s indicat e 7 6 % correct ,  wherea s th e response s i n th e 

simpl e an d elaborate d condition s wer e a t  5 0 % . 

Subject s wer e bette r  wit h th e edito r  question s (procedura l  6 2 % :  declarative :  76% )  tha n wit h th e 

othe r  comman d subset s (procedural :  39% :  declarativ e 6 3 % ) .  Thi s i s probabl y du e t o subject s havin g 

had mor e previou s experienc e wit h editor s tha n wit h othe r  type s o f  commands . 

INITIAL PERFORMANCE BY ELABORATION 
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FINAL PERFORMANCE B Y ELABORATION 
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Figur e 2 

Change s i n th e effect s o f  elaboratio n ove r  tim e wer e measure d b y a  final  tes t  afte r  th e 

completio n o f  al l  training .  Th e result s fo r  thi s performanc e ar e show n i n Figur e 2 .  T h e mode l  an d 

analog y condition s continue d t o sho w a  performanc e advantag e fo r  syste m question s whic h require d 

genera l  knowledg e o f  concept s rathe r  tha n individua l  procedures .  T h e ran k orde r  effect s fo r 

procedura l  question s remaine d th e same ,  bu t  difference s a m o n g elaboratio n condition s wer e n o longe r 

reliable .  Presumabl y th e model s an d analogie s provide d relativel y linl e hel p i n retainin g specifi c 

aspect s o f  individua l  commands . 

Examples .  A s ca n b e see n i n Figur e 3 .  th e primar y effec t  o f  example s wa s i n th e procedura l 

case .  Thos e usin g concret e example s go t  5 1 % o f  th e procedure s correct ,  wherea s thos e usin g a n 

abstrac t  forma t  go t  onl y 39* ^  correct .  Presumabl y th e specifi c  example s provid e a  concret e instanc e 

tha t  i s  easie r  t o assimilat e tha n th e genera l  statements .  Thes e specifi c  syntacti c components ,  however , 

di d no t  see m t o hav e genera l  utilit y fo r  eithe r  th e mor e genera l  c o m m a n d informatio n i n th e 

declarativ e questions ,  o r  fo r  th e syste m questions .  A t  th e sam e lime ,  i t  i s  importan t  t o not e tha t 

abstrac t  format s di d no t  improv e response s t o genera l  c o m m a n d (declarative )  questions .  A  singl e 

concret e exampl e appear s t o b e a s usefu l  i n thi s cas e a s th e mor e abstrac t  statement . 
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The effect of examples is largely eliminated during final testing. Unlike the model information. 

example s appeare d t o b e encode d a s separat e instances .  Individua l  retrieva l  o f  thes e item s require d i n 

initia l  performanc e i s  fairl y straightforward ,  however ,  suc h individua l  instance s apparentl y d o no t 

provid e th e kin d o f  schem a tha t  i s  necessar y t o distinguis h a m o n g a  se t  o f  c o m m a n d s a s require d 

durin g final  performance . 

Learnin g an d Forgetting .  Change s i n schemat a ove r  tim e wer e assesse d b y analyzin g respons e 

change s betwee n initia l  an d final  testing .  Learnin g wa s assesse d b y determinin g th e percentag e o f 

wron g answer s o n initia l  performanc e tha t  wer e correc t  o n final  performance .  Forgettin g wa s 

measure d b y determinin g th e percentag e o f  question s tha t  wer e initiall y  correct ,  bu t  whic h wer e wron g 

on th e final  performanc e test .  Th e result s o f  thi s analysi s ar e show n i n Figur e 4 .  I n general ,  ther e 

i s mor e forgettin g tha n learnin g o n th e procedura l  questions ,  wherea s ther e i s  mor e learnin g tha n 

forgenin g o n bot h th e declarativ e an d syste m questions . 
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Thes e result s ar e consisten t  wit h th e notio n tha t  subject s ar e activel y integratin g informatio n 

durin g initia l  testin g a s wel l  a s durin g Mud \  wheneve r  i t  i s  available .  T h e procedura l  question s 

requir e specifi c  sequence s o f  steps ,  an d ther e i s  relativel y linl e informatio n abou t  thos e sequence s 

outsid e o f  th e specifi c  c o m m a n d s .  Th e declarativ e an d syste m questions ,  o n th e othe r  hand ,  d o no t 

requir e specifi c  syntacti c knowledge .  Informatio n fro m othe r  c o m m a n d s ca n b e informativ e abou t  th e 

kind s o f  constraint s impose d o r  abou t  possibl e generalizations .  A s a  consequence ,  t o th e exten t  tha t 

th e materia l  fro m th e differen t  booklet s i s  activel y integrated ,  subject s m a y actuall y b e learnin g o r 

improvin g thei r  understandin g o f  ne w concepts . 

Thi s kin d o f  integrativ e learning ,  however ,  ca n als o hur t  performance .  I f  subject s ar e activel y 

assimilatin g informatio n the y ma y lak e fals e statement s a s true .  I n fact ,  w e foun d tha t  ou r  subject s 

tende d t o chang e almos t  twic e a s man y o f  thei r  response s o n declarativ e question s fro m fals e t o tru e 

(."52% )  a s fro m tru e t o fals e ( 1 7 % ) . 

L E A R N I NG A N D F O R G E T T I N G 

Ctionga s I n P«rfwmonc « 

Procad .  0«cl .  Sy tU m 

[X ) Laoming p^^ Forgalting 

Figure 4 
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Discussion 

The results reported here indicate that certain types of elaboration can in fact improve 

performance .  Th e mos t  dramati c effect s o f  model s an d analogie s wer e foun d o n syste m question s 

whic h tappe d genera l  syste m knowledge .  Thes e result s sugges t  tha t  a  mode l  o r  analog y ca n provid e a 

framewor k t o whic h ne w informatio n i s assimilated .  Improve d performanc e wa s eviden t  durin g bot h 

initia l  an d final  tests ,  suggestin g tha t  th e elaboration s provide d a  usefu l  schem a fo r  retention .  Thes e 

result s ar e consisten t  wit h thos e reporte d fo r  basi c tex t  editin g (Bott .  1979 )  an d simpl e programmin g 

task s (Mayer .  1975) . 

Model s an d analogie s als o showe d improvemen t  o n procedura l  an d declarativ e questions . 

suggestin g tha t  elaboration s ca n influenc e differen t  type s o f  information .  A n analysi s o f  error s 

indicate d tha t  improve d performanc e wa s no t  restricte d t o particula r  questions .  I t  i s  likel y tha t  th e 

additiona l  informatio n provide d b y model s an d analogie s improve d performanc e throug h multipl e acces s 

route s activate d i n memor y (Anderso n &  Reder .  1979 ;  Reder .  1979) .  Thes e effects ,  however ,  ar e 

largel y eliminate d durin g final  performance .  Thi s seem s t o b e du e t o tw o factors .  First ,  th e mode l 

informatio n i s no t  specificall y linke d t o individua l  procedures .  Second ,  th e informatio n abou t 

c o m m a nd us e i s bein g integrate d acros s th e variou s commands .  Thi s amount s t o a  typ e o f  sel f 

elaboratio n i n whic h subject s organiz e individua l  c o m m a n d s accordin g t o thei r  ow n models ,  thu s 

minimizin g difference s amon g th e elaboratio n conditions . 

Althoug h ther e i s som e evidenc e o f  assimilation ,  ou r  dat a sugges t  tha t  muc h o f  th e informatio n 

i s store d a s individua l  fact s o r  smal l  cluster s o f  knowledg e rathe r  tha n a s genera l  schemata .  Thi s 

typ e o f  encodin g i s perhap s mos t  eviden t  i n th e us e o f  specifi c  procedure s an d examples .  Concret e 

example s di d improv e performanc e o n procedures ,  eve n i n th e absenc e o f  genera l  models .  B y storin g 

a specifi c  instance ,  subject s coul d apparentl y retriev e tha t  individua l  instanc e a t  th e tim e o f  tes t  wit h a 

relate d example .  Th e importanc e o f  thi s effec t  o f  individua l  instance s wa s note d b y Ros s (1984 )  i n a 

stud y o n reminding .  H e foun d tha t  durin g th e acquisitio n o f  text-editin g skills ,  subject s retrieve d 

procedure s b y bein g reminde d o f  superficia l  resemblance s o f  th e examples .  Thu s subject s woul d ofte n 

us e specifi c  instance s rathe r  tha n an y genera l  model . 

Thi s approac h seeme d usefu l  t o ou r  subject s whe n th e numbe r  o f  command s wa s ver y restricte d 

as i n initia l  testing .  However ,  th e advantag e o f  example s wa s no t  presen t  durin g final  testin g whe n 

subject s wer e require d t o remembe r  numerou s instances .  Presumabl y th e example s ar e usefu l  onl y a s 

lon g a s the y provid e sufficien t  informatio n t o discriminat e amon g differen t  procedures . 

Change s i n performanc e suggeste d tha t  subject s wer e continuin g t o integrat e informatio n durin g 

th e cours e o f  th e study .  Fo r  expert s i n an y domain ,  assimilatio n o f  ne w informatio n i s ofte n 

sufficien t  sinc e the y alread y hav e highl y elaborate d model s o f  a  domain .  I n th e presen t  study ,  som e 

of  ou r  subject s appeare d t o perfor m lik e expert s wit h respec t  t o editin g information ,  a  domai n whic h 
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was quite familiar. In general, however, our subjects schemata were either missing or distorted. 

The dat a sugges t  tha t  providin g explici t  model s ca n hel p i n th e tas k o f  restructurin g schemat a 

(Rumelhar t  & .  Norman ,  1978 )  o r  i n constructin g ne w ones .  Tha t  process ,  however ,  i s  complex ; 

althoug h providin g specifi c  type s o f  elaboration s ca n improv e performanc e b y providin g a n explici t 

framewor k fo r  integratio n o f  knowledge ,  subject s als o introduc e thei r  ow n strategie s fo r  developin g a 

representatio n o f  th e domain . 
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DURING PROBLEM SOLVING * 
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ABSTRACT 

We propos e tha t  thre e qualitativel y differen t  strategie s hel p focu s attentio n durin g proble m solving . 
The first  strateg y i s t o appl y operator s tha t  wil l  lea d t o definit e progres s towar d th e goal .  Attentio n wil l  b e 
focusse d b y thi s strateg y a s lon g a s som e operato r  i n thi s clas s i s applicable ,  W h e n clea r  progres s ca n no t  b e 
achieved ,  th e proble m solve r  mus t  decid e h o w bes t  t o proceed .  I t  the n invoke s th e secon d strateg y t o selec t 
operator s tha t  preserv e importan t  characteristic s o f  th e curren t  problem .  Thes e operator s ar e likel y t o kee p 
th e proble m solve r  fro m divergin g sharpl y fro m th e goa l  whil e possibl y enablin g th e applicatio n o f  operator s 
by th e first  strategy .  W h e n th e proble m solve r  ca n follo w neithe r  o f  th e first  tw o strategies ,  i t  invoke s th e 
thir d strateg y o f  arbitraril y  applyin g lega l  operators .  W e se e th e secon d strateg y a s a n essentia l  differenc e 
betwee n novic e an d exper t  proble m solvers .  I t  i s  eas y t o recogniz e definit e progres s tô *'ar d a  goa l  an d i t  i s 
eas y t o recal l  whic h operator s ca n b e legall y applied .  Expertis e involve s knowin g whic h characteristic s o f  a 
situatio n shoul d b e preserve d (o r  created )  whe n n o w a y t o definitel y progres s towar d th e goa l  i s  known .  Thi s 
three-strateg y theor y ha s bee n implemente d an d teste d i n a  syste m tha t  perform s mathematica l  calculation s 
i n th e cours e o f  solvin g physic s problems .  W e describ e a  numbe r  o f  mathematica l  calculatio n operator s use d 
unde r  eac h strategy . 

INTRODUCTION 

A novic e proble m solve r  attack s a  proble m i n on e o f  tw o ways .  H e m a y immediatel y notic e a 

way t o progres s towar d th e solution .  Alternatively ,  h e m a y flounder  aroun d performin g legal ,  bu t 

aimless ,  operation s i n a n attemp t  t o transfor m th e proble m int o a  familia r  form .  A n expert ,  o n th e 

othe r  hand ,  ca n perfor m i n a  qualitativel y difi"eren t  manner .  I f  th e solutio n i s no t  immediatel y 

apparent ,  h e ca n focu s hi s effort s i n a  muc h mor e guide d way .  Instea d o f  simpl y thrashin g around , 

he ha s a n appreciatio n o f  wha t  kind s o f  transformation s ar e likel y t o chang e th e curren t  proble m 

int o a  solubl e problem . 

Conside r  th e proble m o f  evaluatin g th e expressio n 

mass 1 velocity i + mass 2 velocity 2 

when mass j and mass 2 are known but velocity , and velocity 2 are not. This expression cannot be 

evaluate d directly .  A  vali d approac h migh t  b e t o substitut e equivalen t  expression s fo r  th e 

u n k n o w n s .  A  novic e migh t  perfor m th e unappealin g substitution s o f  figure  1 .  Wh i l e thes e 

transformation s ar e valid ,  the y ar e unlikel y t o yiel d a  solution .  A n exper t  wil l  appreciat e this ,  an d 

be mor e likel y t o perfor m th e pleasin g proble m transformation s o f  figure  1 .  I n thi s example ,  ther e 

i s somethin g abou t  th e paralle l  structur e o f  th e proble m tha t  m a k e s a  paralle l  substitutio n m o r e 

appealing .  Ye t  paralle l  substitution s ar e no t  a lway s aestheticall y appealing .  Fo r  example ,  conside r 

th e substitution s o f  figure  2 .  I n thi s example ,  paralle l  substitutio n usin g Newton ' s thir d la w (ever y 

actio n ha s a n equa l  an d opposit e reaction )  misse s a  usefu l  variabl e cancellation .  I f  onl y on e 

instantiatio n o f  thi s formul a i s used ,  th e t w o force s ca n b e eliminate d f ro m th e calculation . 

*  Thi s researc h wa s partiall y  supporte d b y th e Nationa l  Scienc e Foundatio n unde r  gran t  NS F 1S T 85-11542 . 

^  Universit y o f  Illinoi s Cognitiv e Science/Artificia l  Intelligenc e Fellow . 
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mass,  velocity ,  +  mass 2 velocity 2 

mass,  -  position ,  +  mass 2 velocity 2 /  \  mass ,  -  position ,  +  mass 2 -  position 2 
dt  /  \  d t  d t 

mass,  -  position ,  +  mass 2 J  acceleratio n 2  d t  mass ,  J  acceleration ,  d t  +  mass 2 Jacceleration 2 d t 

Unappealing Substitutions Pleasing Substitutions 

Figure 1. Sample Mathematical Substitutions 

We propose three qualitatively different strategies for human problem solving. Attention is 

selectivel y focusse d accordin g t o on e o f  thes e strategies .  Strateg y 1  i s  hil l  climbing .  Attentio n i s 

focusse d o n thi s strateg y a s lon g a s som e operato r  move s th e proble m solve r  close r  t o it s  goal . 

Occasionall y th e proble m solve r  wil l  reac h a  loca l  m a x i m u m ;  ther e wil l  b t  n o w a y t o mov e close r 

t o th e goal .  A t  thes e times ,  th e proble m solve r  mus t  diverg e fro m hi s goal ,  i n th e hope s o f 

transformin g th e curren t  situatio n int o on e wher e hil l  climbin g ca n occur .  W e propos e ther e ar e 

tw o qualitativel y differen t  way s b y whic h a  proble m solve r  re-focusse s hi s attentio n durin g thi s 

divergen t  phase .  A  novic e proble m solve r  merel y select s a n arbitrar y lega l  operator .  Thi s ca n lea d 

t o aimles s floundering,  du e t o th e larg e numbe r  o f  possibl e combination s o f  operato r  sequences .  A n 

exper t  ca n ofte n wisel y choos e h o w t o transfor m th e curren t  situation .  Characteristic s tha t  ar e 

believe d t o b e o f  genera l  o r  domain-specifi c  problem-solvin g importanc e (e.g. ,  symmetry )  ar e t o b e 

maintaine d o r  introduced ;  introductio n o f  troublesom e characteristic s i s t o b e avoided .  Suc h 

motivate d diversion s compos e strateg y 2 .  However ,  whe n a n exper t  exhaust s hi s expertis e h e als o 

resort s t o an y lega l  operator .  Thi s unmotivate d applicatio n o f  operator s i s terme d strateg y 3 . 

AN APPLICATION OF THE MODEL IN MATHEMATICAL CALCULATION 

Our  three-strateg y theor y ha s bee n implemente d an d teste d i n a  syste m calle d Physic s 10 1 

[l] .  Thi s syste m perform s mathematica l  calculation s i n th e cours e o f  solvin g physic s problems . 

We hav e identifie d a  numbe r  o f  mathematica l  calculatio n operator s use d b y th e thre e strategies . 

Our  mode l  i s a  state-spac e model .  Th e proble m solve r  i s provide d a n initia l  stat e an d a  goa l 

description .  Th e rol e o f  th e proble m solve r  i s t o successivel y appl y lega l  transformation s t o th e 

curren t  stat e unti l  a  stat e satisfyin g th e goa l  descriptio n i s  reached .  Thi s proces s i n th e exampl e 

domai n o f  mathematica l  calculatio n i s  illustrate d i s  figure  3 .  Notic e tha t  mor e tha n on e 

J force 1 2 dt + J force 2 i dt 

i \ 

f (  force2, i  )d t  +  / (  force^2)d t 

Figure 2. Inappropriate Parallel Substitutions 
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subslilulion is allowed during the iranslornialion from one stale to the next. 

Strategy 1 - Definite Progress. 

I n ou r  Physic s 10 1 system ,  ofte n th e goa l  i s  t o produc e a n expressio n tha t  onl y contain s 

variable s whos e value s ar e known .  (Onc e i n thi s state ,  th e expressio n ca n easil y b e evaluated. )  Th e 

hill-climbin g measur e i s th e numbe r  o f  variable s i n th e expressio n whos e valu e i s no t  k n o w n 

(thes e variable s wil l  b e calle d unknown s fro m no w on) . 

Physic s 10 1 contain s tw o basi c technique s fo r  reducin g th e numbe r  o f  unknowns .  One , 

unknown s ca n b e replace d usin g know n formula e i f  thes e formula e introduc e known-value d term s 

or  lea d t o th e cancellatio n o f  unknowns .  A n exampl e o f  thi s techniqu e i s show n i n figure 4 

(discusse d below) .  T w o ,  value s o f  variable s ca n use d i f  doin g s o eliminate s unknowns .  I f  ou r 

curren t  expressio n i s A  *  B  *  C  ,  an d A  s  valu e i s zero ,  bot h B  an d C  ca n b e cancelle d b y replacin g 

A wit h it s numerica l  value .  Similarly ,  give n th e expressio n A * B * C — B * C .  wher e A  equal s 

one ,  a  numerica l  replacemen t  ca n lea d t o a  reductio n i n unknowns . 

A problem-solvin g operato r  applie d b y strateg y 1  i s illustrate d i n figure  4 .  Th e goa l  i s  t o 

evaluat e th e to p expression ,  bu t  th e value s o f  th e tw o inter-objec t  force s (forc e 1 2 an d force 2 0 

ar e no t  known .  A  "substitute-to-cancel-unknowns "  operato r  ca n detec t  tha t  th e tw o inter-objec t 

force s cance l  du e t o Newton' s thir d law .  Thi s operato r  i s a  comple x operator .  W e allo w operator s 

t o compris e a  sequenc e o f  problem-solvin g step s tha t  achiev e som e goal .  (Operator s comprisin g 

othe r  operator s hav e variousl y bee n calle d macro-operator s [2] ,  frame s [3] ,  script s [4] ,  an d 

schemat a [5]. )  Thes e "super "  operator s posses s th e desirabl e propert y tha t  onc e on e i s selected , 

severa l  problem-solvin g step s ca n b e carrie d ou t  withou t  th e nee d fo r  intervenin g search .  Th e 

"substitute-to-cancel-unknowns "  operato r  first  applie s Newton' s thir d la w t o replac e on e o f  th e 

inter-objec t  forces .  I t  the n bring s thes e potentia l  cancellin g term s int o a  positio n wher e cancellatio n 

can tak e place .  Thi s require s tha t  th e tw o integral s b e combined .  Finally ,  th e tw o troublesom e 

variable s ca n b e eliminated . 

Bundy' s mela-leve l  solutio n method s [6 ]  follo w strateg y 1 .  H e consider s solvin g complicate d 

equation s containin g a  singl e unknow n variabl e (ther e m a y b e multipl e occurrence s o f  th e 

unknown ,  however) .  Hi s attraction ,  collection ,  an d isolatio n method s alway s brin g on e close r  t o th e 

goal  o f  havin g th e onl y occurrenc e o f  th e unknow n isolate d o n th e left-han d sid e o f  a n equation . 

Calculatio n j  j  I  I 

Initia l  Expressio n 

Subititutiom 

Expressio n 1 

Expressio n N- 1 

CalcuUiioii  N 

Fina l  Expressio n 

Figur e 3 -  T h e Structur e o f  a  Calculatio n Sequenc e 
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Corisiider IMe Expressiori 

Jlorco^p dt • /•"•'<•<'2,1 ^* 

Chioose a Varlable-C^rioelling SLjt>stitution 

J( force 2^ )cJt + J* force 2 ^ dt 

Bring Cancellers TogelMer 

J* < force p., + force 2 , )dt 

Cancel Variables 

/Okgm / s2 dt 

Figure 4. Example of an Operator Applied by Strategy 1 

Strategy 2 - Motivated Diversions. 

Ther e ar e severa l  technique s use d i n Physic s 10 1 tha t  follo w th e secon d strategy .  Th e majo r 

one s ar e presente d below ,  i n th e orde r  the y ar e use d b y th e system . 

(1 )  Eliminatio n o f  variable s whos e value s ar e known .  Eve n whe n i s no t  possibl e t o reduc e th e 

number  o f  unknown s i n a n expression ,  i t  i s  a  goo d ide a t o cance l  terms ,  eve n thos e whos e 

value s ar e known .  Eliminatin g thes e term s m a y allo w productiv e cancellation s tha t  ha d bee n 

prevente d b y th e presenc e o f  known-value d terms .  Fo r  example ,  suppos e w e hav e th e 

followin g formulae ,  an d th e value s o f  A  an d C  ar e known . 

A =B /C and B =-D 

If our current expression is A * C + D . we cannot reduce the number of unknowns. 

However  i f  w e us e th e first  o f  th e abov e formulae ,  w e ca n cance l  som e terms ,  whil e 

momentaril y  increasin g th e numbe r  o f  unknowns .  Fortunately ,  i n th e nex t  ste p bot h o f  th e 

unknown s ca n b e cancelled . 

(2 )  Eliminatio n o f  integral s an d derivatives .  Performin g calculu s i s harde r  tha t  performin g 

algebra .  W h e n i t  i s  no t  possibl e t o eliminat e terms ,  i t  i s  ofte n a  goo d ide a t o eliminat e 

calculu s structure .  A n exampl e wher e Physic s 10 1 remove s calculu s fro m a n expressio n i s 

show n i n figure  5 .  Her e th e progra m detect s tha t  i t  ca n eliminat e th e derivativ e becaus e i t 

know s th e derivative s o f  al l  th e term s bein g differentiated .  Applyin g thi s operato r  add s fou r 

step s t o th e calculatio n sequence .  Afte r  thi s operato r  i s applied ,  direc t  progres s towar d th e 

goal  stat e ca n b e made .  Fo r  instance ,  objec t  I' s  mas s time s it s acceleratio n equal s th e ne t  forc e 

on i t  (b y Newton' s secon d law) .  Hence ,  tw o variable s ca n b e replace d b y one .  (Continue d 

calculatio n lead s t o thi s expressio n becomin g zero ,  a  consequenc e o f  th e principl e o f 

conservatio n o f  energy. ) 

(3 )  Preservatio n o f  expressio n type .  Assum e w e hav e th e followin g tw o equations . 

(i) A =(D * E) (ii ) A =(F +G ) 

If our current expression is A * B * C . equation (i) would be preferred as this would 

maintai n th e propert y tha t  th e expressio n i s a  produc t  o f  terms .  Conversely ,  give n 

A +  B  + C .  th e secon d equatio n i s preferred ,  becaus e n o w th e expressio n continue s t o b e a 

su m o f  terms .  Ther e i s a  stron g reaso n fo r  preservin g expressio n type ,  on e involvin g mor e 

tha n aesthetics .  I n th e first  exampl e w e ca n produc e 
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^  ((1/2 )  mast i  ,  velocity ,  ̂  +  rr«as a ,  u  potiilion ,  ) 
dt 

separateoaicuius - — ((i/2) mass , velocity, "^ y -^ ^ (rriaas , g position, ) 
dl  d t 

-̂t  ^  • 
constantsoutotcaicuiu s =  ( i /2 )  m a s s ,  — Velocity ,  +  m a s s ,  g  — position , 

dt  d t 

soivecaicuius =^ (1 /2) * 2 mass , velocity , — velocity , -• mass , g ^ position , 
dt  d t 

substcaicuius = (i/2) "2 mass, velocity, acceleration, + mass, g velocity. 

Figure S. An Application of the Substitute-C^alculus Operator 

D * E * B * C or iF +G)* B * C. 

In the result on the left, all the terms are equally accessible. Future substitutions involving 

B .  fo r  example ,  ca n cance l  D  o r  E .  (Recal l  tha t  cancellatio n o f  variable s i s th e mechanis m 

tha t  lead s t o th e goa l  state. )  Th e right-han d resul t  require s tha t  a  replacemen t  fo r  B  cance l  F 

and G  together . 

(4 )  Preservatio n o f  structura l  symmetry .  W h e n simila r  additiv e o r  multiplicativ e structur e i s 

present ,  th e sam e genera l  rul e shoul d b e use d repeatedl y wheneve r  possible .  Fo r  example . 

give n th e followin g expression ,  substitution s involvin g al l  thre e o f  th e A  s  o r  al l  thre e o f  th e 

B ' s woul d b e favored . 

AiBi +A2B2 + A3B3 

This accounts for the unpleasing quality of the first transformations of figure 1. It would be 

bette r  t o replac e bot h o f  th e velocitie s eithe r  b y th e derivative s o f  positio n o r  b y th e integral s 

of  acceleration .  Mixin g th e tw o doe s no t  see m right . 

The mathematica l  problem-solvin g method s learne d b y Silver' s L P progra m [7 ]  follo w 

strateg y 2 .  L P acquire s informatio n tha t  constrain s th e choic e o f  applicabl e operators .  Th e learne d 

operator s ar e no t  guarantee d t o brin g th e proble m solve r  close r  t o a  final  solution . 

Strategy 3 - Floundering Around. 

I n Physic s 10 1 strateg y 3  look s fo r  th e first  lega l  substitutio n an d applie s it .  Onl y on e 

substitutio n i s made ,  i n orde r  t o minimiz e thi s undirecte d perturbatio n o f  th e calculation . 

The L E X syste m o f  Mitchel l  [8 ]  acquire s heuristic s tha t  estimat e whe n i t  i s  wis e t o appl y a n 

integratio n operator .  I t  learn s h o w operator s previousl y use d onl y unde r  strateg y 3  ca n b e applie d 

by strateg y 2 .  Th e late r  L E X 2 syste m [9 ]  learn s unde r  wha t  condition s a  specifi c  integratio n 

operato r  wil l  lea d t o a  solution .  Thi s ca n b e viewe d a s learnin g h o w t o apply ,  unde r  strateg y 1 .  a n 

operato r  previousl y use d onl y unde r  strateg y 3 . 

CONCLUSION 

We propos e tha t  thre e qualitativel y differen t  strategie s hel p focu s attentio n durin g proble m 

solving .  Th e first  strateg y i s t o appl y operator s tha t  wil l  lea d t o definit e progres s towar d th e goal . 

Attentio n wil l  b e focusse d b y thi s strateg y a s lon g a s som e operato r  i n thi s clas s i s applicable . 

W h en clea r  progres s ca n no t  b e achieved ,  th e proble m solve r  mus t  decid e h o w bes t  t o proceed .  I t 

the n invoke s th e secon d strateg y t o selec t  operator s tha t  preserv e importan t  characteristic s o f  th e 

curren t  problem .  Thes e operator s ar e likel y t o kee p th e proble m solve r  fro m divergin g sharpl y 

fro m th e goa l  whil e possibl y enablin g th e applicatio n o f  operator s b y th e first  strategy .  W h e n th e 

proble m solve r  ca n follo w neithe r  o f  th e first  tw o strategies ,  i t  arbitraril y  applie s operators .  Thi s 

three-strateg y theor y ha s bee n implemente d an d teste d i n a  syste m tha t  perform s mathematica l 
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calculations in the course of solving physics problems. We have identified a number of 

mathematica l  calculatio n operator s use d b y th e thre e strategies . 

When several operators are seen as being equally viable, a problem solver must choose which 

t o apply .  Unde r  strateg y 3  th e choic e i s mad e arbitrarily .  I n th e othe r  tw o cases ,  th e choic e i s 

m a de b y usin g th e secon d strategy .  Fo r  example ,  i f  ther e ar e a  numbe r  o f  way s t o cance l  tw o 

unknowns ,  a  w a y tha t  preserve s th e symmetr y o f  th e situatio n i s preferred . 

These three strategies can be viewed in terms of simulated annealing problem-solving models 

[10 ,  ll] .  Progres s usin g strateg y 1  involve s th e movemen t  towar d a  solutio n spac e minima . 

Strateg y 2  i s analogou s t o slightl y increasin g th e syste m "temperature "  whe n stuc k a t  a  loca l 

minim a tha t  i s no t  a  goa l  state .  Her e i t  i s  hope d tha t  th e proble m solve r  doe s no t  drif t  to o fa r  i n 

th e proble m space .  Strateg y 3  potentiall y  involve s m u c h greate r  increase s i n syste m temperature , 

and .  hence ,  m u c h greate r  jump s i n th e proble m space . 

We see the second strategy as an essential difference between novice and expert problem 

solver s [12-14] .  I t  i s  eas y t o recogniz e definit e progres s towar d a  goa l  an d i t  i s  eas y t o recal l  whic h 

operator s ca n b e legall y applied .  Expertis e involve s knowin g whic h characteristic s o f  a  situatio n 

shoul d b e preserve d (o r  created )  whe n n o w a y t o definitel y progres s towar d th e goa l  i s  known . 
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ABSTRACT 

This article contributes to the theory of network learning procedures by identifying 

and analyzin g tw o problem s wit h th e backpropagatio n procedur e o f  Rumelhart ,  Hinton , 

and William s (1985 )  tha t  ma y slo w it s learning .  Bot h problem s ar e du e t o backpropaga -

tion' s bein g a  gradient -  o r  steepest-descen t  metho d i n th e weigh t  spac e o f  th e network .  Th e 

first  proble m i s tha t  steepes t  descen t  i s a  particularl y poo r  descen t  procedur e fo r  surface s 

containin g ravines—place s whic h curv e mor e sharpl y i n som e direction s tha n others—an d 

suc h ravine s ar e commo n an d pronounce d i n performanc e surface s arisin g fro m networks . 

The secon d proble m i s tha t  steepes t  descen t  result s i n a  hig h leve l  o f  interferenc e betwee n 

learnin g wit h differen t  patterns ,  becaus e thos e unit s tha t  hav e s o fa r  bee n foun d mos t  use -

fu l  ar e als o thos e mos t  likel y t o b e change d t o handl e ne w patterns .  Th e sam e problem s 

probabl y als o aris e wit h th e Boltzman n machin e learnin g procedur e (Ackley ,  Hinto n an d 

Sejnowski ,  1985 )  an d wit h reinforcemen t  learnin g procedure s (Bart o an d Anderson ,  1985) , 

as thes e ar e als o steepest-descen t  procedures .  Finally ,  som e direction s i n whic h t o loo k 

fo r  improvement s t o backpropagatio n base d o n alternativ e descen t  procedure s ar e briefl y 

considered . 

Recent years have seen the development of the first effective learning procedures for 

connectionis t  network s tha t  hav e interio r  o r  "hidden "  unit s no t  directl y associate d wit h in -

pu t  o r  output :  th e Bo l t zman n mach in e learnin g procedur e (Ackley ,  Hinto n an d Sejnowski , 

1985) ,  th e backpropagatio n learnin g procedur e (Rumelhart ,  Hinto n an d Williams ,  1985) , 

an d th e A r - p reinforcemen t  learnin g procedur e (Bart o an d Anderson ,  1985 ;  Williams , 

1986) .  T h e theor y behin d thes e n e w learnin g procedure s i s tha t  o f  gradien t  o r  steepes t 

descen t  i n th e spac e o f  "weights"—th e modifiabl e m e m o r y parameter s weightin g th e ef -

ficac y o f  eac h connectio n o f  th e network .  A t  eac h tim e step ,  a  ste p i s take n i n weigh t 

spac e i n th e directio n i n whic h performanc e improve s mos t  rapidly .  Lettin g J { w )  denot e 

th e performanc e measur e t o b e minimized ,  wher e w  denote s th e vecto r  o f  weights ,  th e 

steepest-descen t  strateg y ca n b e writte n 

Aw = -/>VJ(u;), (1) 

where Aw is the change in the weight vector, p is a positive learning-rate parameter, and 

I  hav e receive d hel p an d idea s contributin g t o thi s articl e fro m a  larg e numbe r  o f  people .  I  wis h 

t o particularl y acknowledg e Stev e Epstein ,  And y Barto ,  Joh n Aspinall ,  Marth a Steenstrup ,  Ro n 

Williams ,  Glen n Iba ,  an d Olive r  Selfridge . 
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the gradient V»7(k;) is the vector of first partial derivatives 

- H = ( ^ , . . . . S ^ ) . 

wher e N  i s th e numbe r  o f  weights .  Mos t  single-uni t  an d single-laye r  learnin g procedure s 

ar e als o steepest-descen t  procedures ,  includin g th e perceptro n (Rosenblatt ,  1962 )  an d th e 

Widrow-Hof T rul e (Widro w an d Hoff ,  1960) . 

Steepest-descen t  procedure s mak e thei r  larges t  change s t o thos e weight s wher e th e 

first  partia l  derivative s ar e greatest .  *  Thi s m a y see m a  goo d strategy ,  bu t  ther e ar e a t 

leas t  tw o reeison s fo r  doin g exactl y th e opposite .  First ,  a  smal l  derivativ e m a y indicat e 

a shallow ,  wide ,  gently-curvin g par t  o f  th e surface ,  wher e larg e step s nee d t o b e made , 

whereci s a  larg e derivativ e m a y indicat e a  ver y stee p an d sharpl y curvin g part ,  wher e th e 

ste p siz e mus t  b e reduce d t o preven t  instability .  Second ,  th e derivativ e ca n onl y b e larg e 

fo r  weight s an d unit s t o th e exten t  tha t  the y affec t  performance .  I t  follow s tha t  thos e 

wit h larg e derivative s wil l  b e thos e tha t  alread y pla y a  rol e i n th e behavio r  o f  th e network , 

fo r  example ,  thos e tha t  hav e alread y forme d feature s o f  us e t o th e res t  o f  th e network . 

W h en th e networ k ha s nee d t o adap t  an d creat e ne w feature s fo r  a  ne w situation ,  i t  shoul d 

do s o whil e minimizin g interferenc e wit h th e existin g usefu l  features ,  meanin g tha t  thes e 

large-derivativ e weight s shoul d b e change d least . 

T h e res t  o f  thi s pape r  elaborate s o n thes e tw o problem s a s the y aris e i n Rumelhar t 

et  al.' s  backpropagatio n learnin g procedure .  W e concentrat e o n backpropagatio n becaus e 

most  result s obtaine d s o fa r  sugges t  tha t  i t  i s significantl y mor e efficien t  tha n th e othe r  net -

wor k learnin g procedure s (Anderson ,  i n prep. ;  Hinton ,  persona l  communication) ,  an d it s 

capabilitie s hav e bee n impressivel y demonstrate d (e.g. ,  Sejnowsk i  an d Rosenburg ,  1986) . 

T h e backpropagatio n procedur e als o illustrate s th e problem s w e wis h t o poin t  ou t  particu -

larl y clearly .  A s steepest-descen t  methods ,  th e othe r  networ k learnin g procedure s ar e als o 

subjec t  t o th e sam e problem s t o variou s degrees . 

Rumelhar t  e t  al.' s  backpropagatio n procedur e i s th e applicatio n o f  steepes t  descen t  t o 

acycli c network s receivin g signe d multi-dimensiona l  error s a s thei r  teachin g signal s (se e 

Figur e 1) .  I n acycli c o r  feedforwar d networks ,  informatio n flows  i n on e directio n only :  i f 

ther e i s a  connectio n fro m uni t  A  t o uni t  B ,  the n ther e ca n b e n o connectio n o r  serie s 

of  connection s fro m B  bac k t o A .  A t  eac h tim e step ,  a  se t  o f  inpu t  unit s tak e o n th e 

value s o f  a n inpu t  pattern ,  activit y i s propagate d throug h interio r  o r  "hidden "  unit s t o a 

set  o f  outpu t  units ,  an d the n th e ne t  i s tol d wha t  eac h outpu t  unit' s  activit y shoul d hav e 

been .  Th e acycli c interconnectio n mean s tha t  th e propagatio n o f  activit y ca n occu r  i n 

on e sweep ,  updatin g th e activit y o f  eac h uni t  onl y afte r  th e activit y o f  al l  it s  input s hav e 

alread y bee n updated . 

Here ,  an d throughout ,  b y greates t  w e mea n greates t  i n th e unsigne d sense ,  tha t  is ,  greates t  i n 
absolut e value . 
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Figur e 1 .  A n acycli c networ k w i t h h idde n 
unit s a n d signed-erro r  teachin g signals . 

I n backpropagation ,  a  squared-erro r  performanc e meaisure ,  s u m m e d ove r  inpu t  pat -

terns ,  i s  typicall y use d fo r  J{w )  .  I n orde r  fo r  it s  gradien t  wit h respec t  t o th e weight s 

t o exist ,  eac h unit' s  outpu t  activit y mus t  b e a  continuously-differentiabl e functio n o f  it s 

inpu t  activity .  Typically ,  eac h inpu t  t o a  uni t  i s  modulate d b y a  separat e weight ,  an d th e 

weighte d s u m o f  al l  inpu t  i s passe d throug h a n S-shape d functio n fro m d t  t o [0 ,  l] .  Fi -

nally ,  th e n a m e "backpropagation "  refer s t o th e wa y informatio n i s propagate d i n a  singl e 

sweep i n th e backwar d direction ,  th e revers e tha t  o f  th e propagatio n o f  activity ,  t o exactl y 

comput e th e gradien t  o f  performanc e o n a  ste p wit h respec t  t o eac h weigh t  i n th e network . 

Thi s i s the n average d o r  s u m m e d ove r  step s t o approximat e VJ(iy )  .  W e wil l  no t  nee d t o 

conside r  th e detail s o f  th e gradien t  computation . 

STEEPEST DESCENT AND RAVINES 

Consider the surface whose contour map is shown in Figure 2a. In region A the surface 

slope s gently ,  wherea s i n regio n B  i t  i s  steep .  T o find  one' s wa y fro m A  throug h B  t o th e 

optimu m i n th e m i n i m u m numbe r  o f  steps ,  on e woul d clearl y wan t  t o mak e large r  step s 

i n A  tha n i n B ;  a ,  flat,  shallo w surfac e suggest s th e opt imu m i s fa r  away ,  an d thu s tha t 

larg e step s b e taken .  I n thi s wa y i t  i s  inherentl y a  par t  o f  th e ide a o f  descen t  tha t  large r 

step s shoul d b e take n wher e th e gradien t  i s smallest .  Equatio n 1 ,  however ,  result s i n th e 

opposite ,  i n a  ste p siz e proportiona l  t o th e siz e o f  th e gradient .  T o acheiv e th e desire d ste p 

size ,  th e learning-rat e paramete r  p  mus t  b e m a d e muc h smalle r  i n large-gradien t  region s 

suc h a s B  tha n i t  i s  i n small-gradien t  region s suc h ei s A  . 

Th e proble m i s mor e seriou s whe n th e gentl e an d stee p slope s occu r  simultaneousl y 

alon g differen t  dimensions ,  a s i n th e surfac e show n i n Figur e 2b .  Suc h places ,  i n whic h th e 
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surfac e curve s m u c h mor e steepl y i n on e directio n tha n i n another ,  ar e calle d ravines .  A s 

before ,  w e woul d lik e t o tak e larg e step s wher e th e surfac e i s gentl y sloping—here ,  alon g 

th e ravine—an d smal l  step s wher e th e surfac e i s steep—acros s th e ravine .  Als o a s before , 

th e magnitud e o f  th e gradien t  i s jus t  th e opposit e o f  wha t  i s desired ;  i t  i s  larg e acros s 

an d smal l  alon g th e ravine .  Here ,  however ,  w e canno t  solv e th e proble m b y varyin g th e 

learnin g rat e p  ove r  time .  I n effect ,  w e nee d th e learnin g rat e t o b e differen t  i n differen t 

directions .  Sinc e thi s woul d alte r  th e directio n o f  th e step ,  i t  i s  precisel y wha t  i s rule d ou t 

by steepest-descen t  procedures ,  whic h b y definitio n ste p directl y i n th e directio n o f  th e 

gradien t  (i.e. ,  perpendicula r  t o th e contou r  lines ;  se e Figur e 2b) .  I f  th e learnin g rat e i s th e 

same i n al l  directions ,  the n i t  wil l  hav e t o b e smal l  enoug h t o preven t  instabilit y  i n an y 

direction ,  an d thi s mean s tha t  i t  wil l  hav e t o b e m u c h smalle r  tha n optima l  i n almos t  al l 

directions ,  an d learnin g wil l  b e ver y slo w an d inefficient . 

Figur e 3  illustrate s h o w ravine s aris e naturall y fro m th e structur e o f  networks .  Th e 

outpu t  uni t  O  receive s inpu t  fro m thre e hidde n unit s A ,  B  ,  an d C ,  acros s connection s 

wit h weight s o f  ttiy i  =  0.1 ,  w b =  1.0 ,  an d w c =  10.0 .  Th e outpu t  uni t  O  ca n effec t 

performanc e directly ,  th e othe r  thre e unit s onl y throug h affectin g O .  Othe r  thing s bein g 

equal ,  then ,  change s i n C  ' s (input )  weight s wil l  hav e te n time s th e effec t  o n performanc e 

as change s i n B  ' s weights ,  an d 10 0 time s th e effec t  o f  changin g A  ' s weights .  Th e corre -

spondin g ravine s wil l  curv e approximatel y 1 0 an d 10 0 time s faste r  alon g th e dimension s 

of  C  ' s weight s tha n the y wil l  alon g th e dimension s o f  B  ' s an d A  ' s weights .  Thus ,  simpl e 

variation s i n th e magnitud e o f  weight s produc e m a n y dee p ravines ,  eve n mor e s o i n deepe r 

an d mor e layere d networks .  A s th e signal s produce d b y som e unit s ar e foun d t o b e usefu l 
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Figur e 3 .  A  networ k fragment .  N u m b e r s indi -
cat e weigh t  values . 

while those produced by others axe found not to be, such weight variations undoubtedly 

wil l  occur . 

A possibl e savin g grac e i s tha t  ravine s create d i n thi s wa y alway s hav e thei r  principa l 

axe s paralle l  t o th e principa l  dimension s o f  th e spac e (thos e correspondin g t o th e weights) . 

I n tw o dimensions ,  fo r  example ,  suc h ravine s ar e eithe r  horizonta l  o r  vertical .  Diagonally -

oriente d ravine s occu r  onl y i n case s o f  stron g interactio n betwee n th e change s m a d e a t 

differen t  weights .  Fo r  example ,  a  45 °  ravin e woul d mea n performanc e remaine d goo d a s 

lon g et s th e tw o weight s wen t  u p an d dow n together ,  bu t  worsene d quickl y i f  the y steppe d 

i n differen t  directions .  Suc h interaction s certainl y ca n occu r  i n th e problem s w e woul d 

lik e network s t o solve ,  bu t  ar e no t  naturall y create d b y networ k structure s th e wa y th e 

weight-axis-aligne d ravine s are .  Thi s observatio n i s importan t  i n lookin g fo r  solution s 

t o th e ravin e problem ;  a s lon g a s th e ravine s ar e aligne d wit h th e weigh t  axes ,  i t  m a y 

be possibl e t o alte r  o r  eliminat e thei r  effec t  simpl y b y havin g differen t  learnin g rate s fo r 

eac h weight ,  s o tha t  large r  step s ar e mad e alon g som e dimensions ,  perhap s thos e o f  smal l 

derivative ,  tha n alon g others ,  perhap s thos e o f  larg e derivative .  Som e suc h possibilitie s 

ar e briefl y discusse d i n a  late r  section . 

Th e ravin e proble m i s appreciate d b y thos e w h o hav e bee n designin g networ k learnin g 

procedure s (e.g. ,  se e Derthick ,  1984) .  Fo r  example ,  i t  i s  though t  tha t  th e reaso n th e "mo -

mentum"  techniqu e *  (Rumelhar t  e t  al. ,  1985 )  improve s performanc e i s tha t  i t  ameliorate s 

th e ravin e problem .  W h a t  ha s no t  bee n appreciated ,  however ,  i s  tha t  steepes t  descen t 

I n thi s modificatio n t o th e backpropagatio n algorithm ,  th e weight s ar e change d partl y accordin g t o 

th e curren t  gradien t  an d partl y accordin g t o recen t  pas t  gradients ,  givin g weigh t  motion s "momen -

tum "  .  Strictl y speaking ,  thi s i s a  departur e fro m steepes t  descent ,  bu t  th e problem s identifie d her e 

shoul d stil l  b e present .  Th e momentu m techniqu e increase s th e rat e o f  learning ,  bu t  i t  i s  stil l  though t 

t o b e muc h to o slo w (Hinton ,  persona l  communication) . 
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is only one of many descent procedures, and one which is known to be inefficient in the 

presenc e o f  ravine s (e.g. ,  Tsypkin ,  1971 ;  D u d a an d Hart ,  1973 ;  Gil l  e t  al. ,  1981) .  Th e 

prominenc e o f  dee p ravine s i n surface s generate d b y network s suggest s lookin g beyon d 

steepest-descen t  procedures . 

CROSS-PATTERN INTERFERENCE 

Our second problem with steepest-descent network learning procedures has to do with 

ho w the y handl e interferenc e amon g th e variou s pattern s presente d t o th e network .  I f  th e 

networ k develop s a  nic e se t  o f  feature s fo r  classifyin g on e se t  o f  pattern s correctly ,  an d 

the n w e as k i t  i n additio n t o classif y ne w patterns ,  w e woul d lik e i t  t o d o s o wit h minima l 

interferenc e wit h th e feature s crafte d t o classif y th e first  set .  I f  ne w feature s ar e develope d 

t o classif y th e ne w patterns ,  the y shoul d preferentiall y  b e forme d fro m as-yet-unuse d unit s 

rathe r  tha n b y makin g thos e alread y i n us e serv e double-duty . 

Unfortunately ,  th e steepest-descen t  procedur e agai n produce s th e opposit e o f  th e de -

sire d behavior .  I n figure  3 ,  outpu t  uni t  O  ha s learne d t o liste n mos t  strongl y t o uni t 

C;  apparentl y C  ha s forme d a  featur e o f  us e i n solvin g th e problem .  N o w suppos e ne w 

pattern s ar e presented ,  an d ne w feature s ar e needed .  A s discusse d previously ,  C  ' s weight s 

wil l  hav e m u c h large r  derivative s tha n B  ' s an d A's ,  an d s o unde r  steepes t  descen t  the y 

wil l  chajig e m u c h mor e dramatically .  Alternatively ,  onc e C  wa s foun d t o n o longe r  b e 

useful ,  it s  incomin g weight s coul d hav e bee n lef t  unchanged ,  whil e it s outgoin g weigh t 

ont o O  wa s reduced .  Then ,  i f  eve r  th e featur e provide d b y C  wa s agai n needed ,  it s effec t 

coul d quickl y b e resurrecte d rathe r  tha n it s functio n painstakingl y recreated .  Bu t  steep -

est  descen t  doe s no t  d o this .  Steepest-descen t  procedure s preferentiall y  chang e existing , 

already-usefu l  feature s rathe r  tha n mak e ne w one s fro m unuse d units . 

Th e desire d logi c her e i s tha t  o f  generat e an d test :  Respondin g t o curren t  gradient s 

i s th e generatio n process ;  i t  i s  suppose d t o creat e an y neede d ne w features .  Th e tes t 

of  th e featur e provide d b y a  uni t  i s  whethe r  i t  play s a  usefu l  rol e i n th e network ,  whic h 

wil l  b e correlate d wit h it s weight s havin g larg e derivatives .  I n generat e an d tes t  w e mak e 

changes ,  generat e a  variet y o f  alternatives ,  unti l  w e find  somethin g tha t  passe s th e test , 

whic h w e the n kee p an d insulat e i n som e wa y fro m furthe r  changes .  I n steepes t  descent , 

on th e othe r  hand ,  w e mak e greate r  an d greate r  change s t o a  unit' s  weight s th e mor e i t  i s 

foun d t o b e usefu l  an d give n contro l  ove r  networ k output .  Unit s wit h n o effec t  an d zer o 

derivative s coul d experimen t  arbitraril y  withou t  degradin g performance .  Unde r  steepes t 

descent ,  however ,  the y wil l  no t  participat e a t  al l  i n th e attemp t  t o find  goo d ne w feature s 

fo r  ne w situations . 

ALTERNATIVE DESCENT PROCEDURES 

This article does not propose any specific alternatives or improvements to steepest 

descen t  an d backpropagation .  Here ,  however ,  w e mentio n severa l  possibl e direction s i n 
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which to look, and report our experiences with them so far. 

T h e alternativ e t o steepes t  descen t  i s t o stil l  descend ,  bu t  no t  directl y i n th e directio n 

of  th e gradient .  A  convenien t  wa y t o thin k o f  thi s i s a s a  distortio n o f  th e surface :  B y 

stretchin g th e surfac e perpendicula r  t o ravines ,  th e eliptica l  contour s o f  a  ravin e ca n b e 

converte d int o circula r  ones ,  upo n whic h steepes t  descen t  i s  ver y effective .  Suc h a  distortio n 

of  th e spac e i s equivalen t  t o distortin g individua l  step s analogously ,  lengthenin g the m alon g 

ravines ,  shortenin g the m across . 

I n general ,  suc h a  distortio n involve s multiplyin g th e gradien t  time s a. n N  x  N  matrix , 

wher e N  i s th e numbe r  o f  weights .  W e wil l  conside r  thi s impractica l  i n tha t  i t  call s fo r 

ever y weigh t  t o communicat e wit h ever y othe r  weight .  Suc h communicatio n i s unnecessar y 

i f  w e assume ,  a s discusse d earlier ,  tha t  al l  ravine s ar e oriente d paralle l  t o th e weigh t  axes .  I n 

thi s cas e inter-weigh t  communicatio n i s unnecessary ;  instea d o f  a  ful l  m.atri x multiplication , 

eac h weigh t  nee d onl y hav e a n individua l  step-siz e o r  learning-rat e scal e factor .  Belo w w e 

briefl y conside r  thre e diff'eren t  strategie s fo r  settin g individua l  scal e factor s fo r  eac h weight . 

Squared-erro r  performanc e measure s ofte n resul t  i n quadrati c o r  approximately -

quadrati c surfaces .  Fo r  suc h surface s th e directio n an d distanc e o f  th e opt imu m ca n 

be accuratel y estimate d fro m th e loca l  first  an d secon d partia l  derivatives .  Th e classi c 

descen t  procedur e tha t  doe s thi s i s Newton' s method .  *  I t  i s  a  matri x method ,  usin g th e 

invers e o f  th e Hessia n matri x D  o f  secon d partia l  derivatives : 

Aw = -pD~^VJ. 

This method normalizes the first derivative according to how fast it itself is changing; if 

tha t  rat e o f  chang e i s constant ,  an d p  =  1 ,  the n th e metho d bring s th e weigh t  vecto r 

exactl y t o wher e V  J  =  0 ,  i.e. ,  t o th e optimum ,  i n on e step .  On e wa y t o approximat e thi s 

usin g onl y a  singl e scal e facto r  pe r  weigh t  i s simpl y t o assum e al l  non-diagona l  term s o f 

D ar e 0 ,  yieldin g 

dJ /d^ J 
Awi  =  —p 

dwi '  d w f 

a2 
We not e i n passin g tha t  th e secon d partia l  derivativ e | ^  ca n b e compute d b y a  backprop -

agatio n proces s entirel y analogou s t o tha t  propose d b y Rumelhar t  e t  al .  fo r  computin g fo r 

th e first  derivative . 

Newton' s metho d i s a n entirel y analyti c method—base d o n a n exactl y compute d secon d 

derivativ e matrix .  Anothe r  possibilit y  i s  t o measur e empiricall y th e exten t  t o whic h eac h 

weigh t  undergoe s changes ,  an d adjus t  eac h weight' s scal e facto r  s o tha t  al l  weight s chang e 

by th e sam e amount .  Thi s woul d preven t  unit s wit h smal l  outgoin g connection s fro m 

Newton' s metho d wa s originall y devise d t o find  th e zero s o f  a  function .  A s a  descen t  procedur e i t  i s 
used t o find  th e zero s o f  th e derivativ e o f  a  function ,  an d thereb y th e function' s extrema . 
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making only tiny changes and thus being wasted, and would prevent highly useful units 

fro m undergoin g excessivel y larg e change s becaus e o f  thei r  larg e derivatives . 

Finally ,  othe r  empirica l  method s ca n b e take n fro m th e literatur e o n acceleratio n 

of  convergenc e o f  stochasti c approximatio n method s (e.g. ,  Kesten ,  1958 ;  se e Fu ,  1968 ; 

Tsypkin ,  1971 ,  p .  59) .  Fo r  example ,  Kesten' s metho d i s base d o n change s i n th e sig n 

of  th e individua l  steps ,  i n thi s cas e o f  th e A w i ;  i f  th e sig n o f  th e ste p keep s changing , 

oscillatio n i s suggested ,  an d th e metho d reduce s th e ste p size .  Similarly ,  repeate d step s o f 

th e sam e sig n sugges t  tha t  th e ste p siz e shoul d b e increased ,  bu t  littl e wor k ha s bee n don e 

pursuin g thi s hal f  o f  th e idea .  O n e particularl y interestin g possibilit y  i s  tha t  o f  usin g th e 

steepest-descen t  concep t  a t  a  secon d "meta "  leve l  t o deriv e procedure s fo r  alterin g eac h 

weight' s learnin g rat e (a s i n Bart o an d Sutton ,  1981 ,  Appendi x C ) . 

CONCLUSION 

Modern network learning procedures such as backpropagation are a significant ada-

vanc e ove r  previou s connectionis t  learnin g techniques .  Thi s wor k i s particularl y excitin g 

becaus e th e learnin g procedure s ca n b e directl y relate d t o thei r  basi s i n th e theorie s o f 

stochasti c approximatio n an d gradien t  descent .  Th e inten t  i n thi s articl e ha s bee n t o en -

courag e th e widenin g o f  th e scop e o f  thi s advance .  Gradien t  o r  steepes t  descen t  i s  on e o f  th e 

simples t  descen t  procedures ,  bu t  i t  i s  neithe r  th e onl y no r  th e bes t  one .  I t  i s  undul y slo w i n 

th e presenc e o f  ravines ,  whic h appea r  ubiquitou s i n th e networ k domain ,  an d i t  encourage s 

th e destructio n o f  previousl y usefu l  feature s upo n tas k switches .  M u c h i s alread y know n 

abou t  th e problem s o f  steepes t  descen t  an d variou s alternative s t o i t  i n a  genera l  setting . 

Jus t  a s steepest-descen t  theor y ha s bee n successfull y carrie d ove r  t o th e networ k domai n 

t o produc e backpropagatio n an d th e othe r  ne w networ k learnin g algorithms ,  perhap s thi s 

othe r  knowledg e ca n b e carrie d ove r  t o significantl y improv e th e spee d wit h whic h the y 

learn . 

R E F E R E N C ES 

Ackley, D.H., Hinton, G.H., & Sejnowski, T.J. (1985) A learning algorithm for Boltzmann 

machines .  Cognitiv e Scienc e 9 ,  147-169 . 

Anderson, C.W. (in preparation) Learning new terms in connectionist systems. University 

of  Massachusett s Ph.D .  Dissertation . 

Barto, A.G. & Anderson, C.W. (1985) Structural learning in connectionist systems. Pro-

ceeding s o f  th e Sevent h Annua l  Conferenc e o f  th e Cognitiv e Scienc e Society ,  43-53 . 

Barto, A.G. & Sutton, R.S. (1981) Goal seeking components for adaptive intelligence: 

A n initia l  assessment .  Ai r  Forc e Wrigh t  Aeronautica l  Laboratories/Avionic s Laborator y 

Technica l  Repor t  AFWAL-TR-81-1070 ,  Wright-Patterso n A F B ,  Ohio . 

830 



SUTTON 

Derthick, M. (1984) Variations on the Boltzmann machine learning algorithm. CMU Tech 

Repor t  CMU-CS-84-120 . 

Duda, R.O. & Hart, P.E. (1973) Pattern Classification and Scene Analysis. New York: 

Wiley . 

Fu, K.S. (1968) Sequential Methods in Pattern Recognition and Machine Learning. New 

York :  Academi c Press . 

Gill P.E., Murray W., &: Wright, M.H. (1981) Practical Optimization. New York: Aca-

demi c Press . 

Kesten, H. (1958) Accelerated stochastic approximation. Annals of Mathematical Statistics 

89,  41-59 . 

Rosenblatt, F. (1962) Principles of Neurodynamics. New York: Spartan Books. 

Rumelhart, D.E., Hinton, G.E., & Williams, R.J. (1985) Learning internal representations 

by erro r  propagation .  Institut e fo r  Cognitiv e Scienc e Technica l  Repor t  8506 ,  U C S D,  L a 

JoUa,  C A 92093 . 

Sejnowski, T.E. & Rosenburg, C.R. (1986) NETtalk: A parallel network that learns to read 

aloud .  John s Hopkin s Universit y Electrica l  Engineerin g an d Compute r  Scienc e Technica l 

Repor t  JHU/EECS-86/01 . 

Tsypkin, Y.Z. (1971) Adaptation and Learning in Automatic Systems. New York: Aca-

demi c Press . 

Widrow B. & HofF, M.E. (1960) Adaptive switching circuits. 1960 WESCON Convention 

Recor d Par t  IV ,  96-104 . 

Williams, R.J. (1986) Reinforcement learning in connectionist networks: A mathematical 

analysis ,  Institut e fo r  Cognitiv e Scienc e Technica l  Repor t  8605 ,  U C S D,  L a JoUa ,  C A 92093 . 

831 



INTEREST WHEN NOTHIN G HAPPENS;  A  NOTE O N NARRATIV E 
RETARDATION 

Ed S.H .  Ta n 
Departmen t  o f  Theatr e Studie s 

Universit y o f  Amsterda m 

INTRODUCTION 

Alfre d Hitchcoc k i s famous ,  amon g many ,  man y othe r  things ,  fo r 
hi s mastershi p i n throwin g ou t  red-herrings ,  christene d 
'MacGuffins '  b y on e o f  hi s co-workers .  A  MacGuffi n i s a  par t  o f 
a fil m tha t  ha s n o othe r  functio n tha n t o kee p th e stor y going , 
bein g i n itsel f  immateria l  t o th e plot. ^  Hitchcoc k is ,  o f 
course ,  no t  th e invento r  o f  th e device .  I t  i s  onl y on e instanc e 
of  a  large r  clas s o f  narrativ e materia l  servin g th e purpos e o f 
withholdin g informatio n tha t  reall y matters ,  a  purpos e basi c t o 
th e functio n o f  stories. ^  Retardin g materia l  ca n assum e variou s 
forms ,  fo r  instance ,  lik e th e MacGuffin ,  i t  ma y no t  b e 
initiall y  discernable .  Alternatively ,  th e recipien t  ma y b e 
awar e o f  th e fac t  tha t  h e o r  sh e i s withel d fro m a  desire d 
outcome ,  sometime s almos t  painfully ,  a s i n hig h suspense . 
Furthermore ,  i t  ca n interac t  i n severa l  way s wit h th e delaye d 
action s an d events ,  e.g .  ac t  a s a  fals e cu e a s t o thes e o r 
distrac t  attentio n fro m the m completely .  Finall y th e materia l 
itsel f  ma y consis t  o f  variou s element s lik e actions , 
descript ions ,  comments ,  etc .  An d ther e ar e mor e aspect s tha n 
thos e jus t  mentione d i n whic h particula r  retardation s diffe r 
fro m eac h other .  (Se e fo r  a n overvie w Sternberg ,  197 8 an d fo r 
application s t o fil m narrativ e Bordwell ,  1985. ) 

The best known function of delaying action or its outcome is 
creatin g suspense .  (Cf .  Chatman ,  1978 ;  Sternberg ,  1978 )  A 
suspens e discours e structur e i s accordin g t o Brewe r  an d 
Lichtenstei n (1982) ,  characterise d b y a n initiatin g even t 
raisin g ou r  concer n fo r  a  protagonist ,  followe d b y a n outcom e 
or  resolution .  'Typicall y additiona l  discours e materia l  i s 
place d betwee n th e initiatin g even t  an d th e outcom e event ,  t o 
encourag e th e buil d u p o f  th e suspense '  (p .  4 8 1 ) .  I n a  writte n 
narrativ e thi s coul d b e achieve d b y a  blan k fille d wit h 
per iods ,  i n a  fil m on e coul d resor t  t o presentin g a  blac k imag e 
fo r  som e t ime .  'Nothin g happens '  l i terally .  Suc h a  devic e i s 
general l y no t  ver y satisfactor y t o th e recipient ,  especiall y 
when th e dela y i s considerable .  Th e mean s wil l  b e judge d t o b e 
completel y subordinate d t o th e en d an d interes t  wil l  soo n b e 
lost .  Wha t  the n serve s a s adequat e retardin g material ? 
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In this paper we shall discuss some additional functions of 
retardin g materia l  b y presentin g a n analysi s o f  a n exampl e 
fil m narrative .  I n connectio n wit h th e additiona l  functions ,  w e 
wil l  briefl y outlin e som e affectiv e consequence s o f 
retardation .  Finally ,  i n analyzin g ou r  exampl e stor y w e wil l 
meet  wit h som e problem s pose d b y retardin g materia l  t o curren t 
stor y representatio n systems . 

AN EXAMPLE:  RETARDATION I N ACTIO N 

The Fil m 

A shor t  (11. 5 min )  Dutc h 
{ 'St raf ,  Madsen ,  1974 )  wa s 
th e structura l  analysis , 
follows : 

fictio n fil m calle d 'Punishment ' 
selecte d fo r  analysis .  Anticipatin g 
it s stor y ca n b e summarize d a s 

Marjan ,  a n approximatel y eight-year-ol d gir l , 
demolishe s he r  father' s violin .  Sh e the n join s he r 
littl e brothe r  an d he r  mothe r  i n th e livin g room . 
Some tim e late r  th e fathe r  return s hom e fro m work . 
They hav e dinner .  Afte r  dinne r  th e fathe r  goe s t o 
hi s room ,  discover s th e remnant s o f  th e violi n an d 
punishe s Marja n b y tearin g he r  doll s t o piece s an d 
hangin g the m o n a  rope . 

Structura l  Analysi s 

Identificatio n o f  elementar y event s 

Our  analysi s consiste d o f  tw o steps .  I n a  normin g stud y (Ta n & 
De Wied ,  i n preparation )  subject s reporte d o n wha t  the y sa w 
happening .  Followin g a  metho d borrowe d fro m Lichtenstei n & 
Brewer (  1980 )  a  lis t  o f  18 1 event s wa s obtaine d whic h wa s 
presente d t o anothe r  grou p o f  subject s wh o wer e aske d t o selec t 
cluster s o f  event s belongin g together .  Twenty-fou r  group s o f 
event s resulted ,  fro m no w o n referre d t o a s 'Events' .  The y ar e 
liste d i n Tabl e 1  . 
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Tabl e 1 .  Lis t  o f  Event s 

1. 
2 . 
3 . 
4 . 
5 . 
6. 
7 . 
8 . 
9. 

1 0 . 
11 . 
1 2 . 
1 3 . 
1 4 . 
1 5 . 
1 6 . 
1 7 . 
1 8 . 
1 9 . 

2 0 . 
21 . 
2 2 . 
2 3 . 
2 4 . 

Marja n 
Marja n 
Marja n 
Marja n 
Mothe r 
Mothe r 
Mothe r 
Marja n 
Fathe r 
Marja n 
Fathe r 
Mothe r 
Marja n 
Fathe r 
Fathe r 
Dinne r 
Fathe r 
Fathe r 
Robbi e 
fathe r 
Marja n 
Al l  r i 
Marja n 
Marja n 
Marja n 
hidde n 

goe s t o father' s roo m an d damage s hi s viol in . 
i s  calle d downstair s b y mother . 
goe s downstair s t o th e livin g room . 
an d Robbi e pla y th e piano . 
sit s an d wai ts . 
look s forwar d t o father . 
announce s father' s arr ival . 

,  Robbi e an d mothe r  tid y u p th e room . 
enter s th e house . 
doe s no t  react . 
perform s hi s homecomin g ri tual . 
urge s Marja n t o la y th e table . 
lay s th e table . 
rituall y end s readin g hi s paper . 
demonstrate s Marja n ho w t o la y th e table . 
starts . 
forbid s Robbi e t o pla y wit h hi s food . 
find s faul t  wit h everyon e an d everything . 

trie s t o tel l  a  stor y bu t  i s interrupte d b y 
• 

i s  humiliate d b y father . 
s e fro m th e tabl e an d fathe r  goe s t o hi s room . 
,  i n expectation ,  goe s t o th e kitchen . 

i s fetche d b y fathe r  an d see s th e damage d dolls . 
an d fathe r  exchang e looks ;  Marja n bring s ou t  th e 
scissors . 

Identificatio n o f  plo t  units :  th e mai n actio n 

In order to expose the story structure, Lehnert's plot unit 
analysi s (Lehnert ,  1981 )  wa s applie d t o th e even t  units .  Thi s 
analysi s i s characterize d b y a  bottom-u p searc h fo r  graduall y 
mor e embracin g plo t  units .  Th e primitiv e elemen t  i s th e affec t 
state .  A n even t  ca n b e positiv e (+ ) ,  negativ e (- )  o r  neutra l 
(M)  t o th e fat e o f  a  character .  Neutra l  event s ar e menta l  act s 
or  states ,  suc h a s wants ,  intentions ,  speec h act s an d th e like . 
Affec t  unit s relat e t o eac h othe r  b y fou r  possibl e links : 
motivatio n (m) ,  actualizatio n ( a ) ,  terminatio n (t )  an d 
equivalenc e (e ) .  Pair s o f  affec t  unit s thu s linke d for m simpl e 
plo t  units .  Thes e unit s combin e int o larger ,  comple x ones , 
whic h ma y involv e mor e tha n on e character .  Fo r  example , 
RETALIATIO N i s compose d a s follow s ( A an d B  ar e characters) : 
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© © 

m 

a 

Figur e 1  Comple x plo t  uni t  RETALIATIO N includin g fro m 

top to bottom Mixed Event, Problem, Success 

born of Adversity and Mixed Event. From Lehnert 

(1981) 

A succeeds (affect state +) somehow in harming B (-), which 
motivate s B  t o thin k o f  ho w t o har m A  (M) .  Th e pla n work s ou t 
wel l  (+ ) ,  resultin g i n A  bein g harmed .  Thi s comple x plo t  uni t 
i s  compose d o f  overlappin g smalle r  ones ,  a  Mixe d Even t  (  +  ) , 
a Proble m {  >M) ,  a  Succes s Bor n o f  Adversit y (  > M — > +)  an d 
anothe r  Mixe d Even t  (  + ) . 

Figur e 2  show s th e pivota l  plo t  uni t  withi n th e larges t 
cluster ,  a  Retaliation .  Th e firs t  element ,  th e positiv e affec t 
state ,  correspond s t o Marjan' s damagin g th e violi n (Even t  1 ) . 
Thi s constitute s a  Mixe d Event ,  sinc e i t  mean s a  los s t o 
father . 

The Mixed Event links Event 1 with the series of Events 22 and 
23 i n whic h fathe r  contrive s a  los s equivalen t  t o hi s an d 
shows th e outcom e t o Marja n (Succes s Bor n o f  Adversi ty) . 
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Man a n Fathe r 

1 + 

) 
m 

M " n V  22 .  2 3 

0 

J 

J 

Figur e 2  RETALIATIO N i n exampl e film .  Even t  2 2 correspond s 

to discovery of the smashed violin and damaging 

of the dolls by father. 

The validity of this interpretation was tested rather 
informally .  Twenty-thre e Fres h subject s wer e aske d t o nam e th e 
tw o mos t  importan t  event s o f  th e film .  Al l  o f  the m mentione d 
th e demolit io n o f  th e violin .  Eightee n subject s mentione d 
Marjan' s confrontatio n wit h th e destroye d doll s i n addition . 
Subject s wer e als o aske d t o describ e th e reaso n fo r  th e secon d 
event .  Sixtee n ou t  o f  eightee n mentione d som e equivalen t  o f 
Retaliatio n i n relatio n t o th e demolitio n o f  th e violin : 
'revenge '  ( 6 ) ,  'punishment '  (4 )  'retaliation '  ( 3 ) ,  'strikin g 
back '  (3 ) . 

The Retardin g Event s 

Determination of the setting function 

The retaliatio n plo t  uni t  contain s 
an d th e resolutio n o f  th e suspens e d 
2 t o 2 1 then ,  ca n b e regarde d a s ad d 
servin g a s a  dela y i n th e revelatio n 
les s tha n seve n minute s an d fort y s 
seems tha t  almos t  th e whol e narrat i 
nothin g happen s seem s impossible , 
conside r  th e structura l  function s 
detai l . 

bot h th e initiatin g even t 
iscours e structure .  Event s 
itiona l  discours e material , 

of  th e outcome ,  lastin g n o 
econd s i n ou r  case .  S o i t 
v e act s a s a  delay .  Tha t 

then .  Le t  u s therefor e 
of  thes e event s i n som e 
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If Events 2-21 do not belong to the kernel of the story, there 
ar e tw o possibl e function s withi n th e structur e left .  Firs t 
the y ca n ac t  a s unimportan t  sid e lines .  I n thi s cas e on e shoul d 
tr y t o incorporat e the m i n th e plo t  uni t  analysis .  I t  ca n b e 
easil y see n however ,  tha t  a  numbe r  o f  smalle r  an d a t  bes t 
loosel y connecte d cluster s wil l  emerg e a s point s o f  vie w 
determinin g affec t  states ,  tha t  is ,  intentionall y actin g 
character s shif t  frequently .  (Marjan ,  father ,  Robbi e an d mothe r 
al l  contribut e t o thes e events) .  Second ,  the y ca n serv e a s 
element s o f  th e settin g o f  th e story .  I t  i s  no t  unusua l 
practis e t o trea t  event s whic h ar e irrelevan t  t o a  plo t  a s 
element s o f  settin g o r  exposition .  (Se e Ge e &  Grosjean ,  1984 . 
Thes e author s als o applie d Lehnert' s  analysis) . 

To tes t  whethe r  th e latte r  o f  thes e function s doe s prevail ,  a 
new grou p o f  subject s wer e aske d t o generat e a  summary .  I t  wa s 
expecte d tha t  ver y fe w i f  an y o f  th e Event s 2-2 1 woul d emerg e 
i n th e summaries .  Thi s predictio n wa s base d o n Lehnert' s  mode l 
of  summarizatio n behavior ;  summarie s ar e buil t  o n pivota l  unit s 
of  th e larges t  clusters. ^  I f  summarie s mus t  b e short ,  sid e lin e 
event s wil l  b e omitted .  Further ,  i t  wa s expecte d tha t  settin g 
statement s woul d sho w u p tha t  ca n b e linke d t o Event s 2-2 1 .  3 1 
new subject s wer e aske d t o generat e a  summary -

The average length of the summaries was about six lines. 
Result s a s t o th e mai n actio n corresponde d ver y closel y t o 
thes e obtaine d i n th e answer s concernin g th e mos t  importan t 
moments .  O f  Event s 2-2 1 onl y father' s homecomin g wa s mentione d 
by 6  subjects .  Fou r  subject s mentione d th e wor d dinner .  Neithe r 
mothe r  no r  Robbi e wer e mentione d on e singl e time .  I t  seem s 
reasonabl e therefore ,  no t  t o trea t  Event s 2-2 1 i n th e sam e wa y 
as th e mai n actio n an d t o leav e the m ou t  o f  th e plo t  uni t 
structure . 

The summaries, short as they were, contained a great deal of 
settin g information ,  distinguishabl e fro m an y o f  th e Events . 
Paramoun t  wer e characterizatio n statements ,  mostl y concernin g 
father ,  wh o wa s depicte d a s a n unfeelin g authorit y o r  tyran t  b y 
sixtee n ou t  o f  thirty-on e subjects .  Furthermore ,  eleve n 
subject s characterize d th e relatio n betwee n Marja n an d 
father .  ('hatred' ,  'power' ,  'competition '  an d th e l i ke ) . 
Thre e subject s characterize d th e famil y an d on e Marjan .  Spac e 
limitation s preven t  u s fro m discussin g th e derivatio n o f  suc h 
settin g information .  Apar t  fro m fil m stylistics ,  Event s 11 ,  1 4 
,  1 5 an d 1 7 t o 2 0 pla y a n importan t  part ,  a s wil l  easil y b e 
seen . 

837 



-  TA N -

Relations between retarding Events and the main action 

First, there are two Events that are directly related to the 
mai n act ion .  I n 9  fathe r  come s hom e an d i n 2 1 h e goe s t o hi s 
room .  The y d o no t  onl y functio n a s retardatio n tha t  build s u p 
suspense ,  bu t  mor e directl y heighte n it ,  b y makin g a  feare d 
negativ e outcom e mor e probable .  (Comisk y &  Bryan t  (1982 )  hav e 
show n tha t  suspens e i s maxima l  i f  a  protagonist' s  odd s ar e a s 
unfavourabl e a s possible. ) 

Secondly, the retarding material may be said to be indirectly 
linke d t o th e mai n actio n throug h th e setting .  I t  i s  difficul t 
t o expres s thi s two-ste p relatio n withi n Lehnert' s  plo t  uni t 
system .  Tha t  i s ,  settin g state s an d event s canno t  b e collecte d 
unde r  som e specia l  label .  Thi s i s probabl y du e t o th e fac t  tha t 
i n a  bottum-u p representatio n syste m instantiatio n o f  th e 
smalles t  primitiv e i s sough t  f irst .  An d i n Lehnert' s  system ,  a s 
i n others ,  thi s i s a  structur e havin g t o d o wit h th e 
realizatio n o r  non-realizatio n o f  a  goal . 

'HATRED' 

(Mancm.  Father ) 

M-  "settl e 

definitely " 

f i MALICIOUS 
U ACT M. 

) 

y 

h : 
STARTING OVER m:24 ••-. . 

MALICIOUS 
ACT F . 

)  22 .  2 3 

Ptarja n Fathe r 

Figur e 3  Extende d plo t  uni t  configuratio n incorporatin g 

setting information. See text. 
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A primitive affect state reflects satisfaction or non-
saticfactio n o f  th e need s o f  a  character .  However ,  i t  i s 
possibl e t o exten d an y give n plo t  uni t  wit h anteceden t  an d 
consequen t  units ,  whic h i n a  top-dow n stor y gramma r  drive n 
analysi s woul d fil l  th e slot s o f  a  separat e structura l  unit . 
Figur e 3  show s th e extension s whic h ar e supporte d b y settin g 
informatio n extracte d fro m th e summar y data . 

To begin with, the destruction of the dolls is a Malicious Act, 
sinc e th e settin g make s clea r  tha t  th e actor ,  father ,  i s  a  mea n 
person .  Furthermor e th e settin g give s u s furthe r  reason s behin d 
th e tw o mai n acts .  I f  th e relatio n betwee n Marja n an d fathe r  i s 
characterize d b y 'Hatred' ,  'Power '  o r  'Competition' ,  the n 
Marjan' s ac t  i s  als o par t  o f  a  Maliciou s Act ,  a  contrive d 
harmin g o f  th e othe r  producin g som e for m o f  enjoyment .  Th e 
father' s characte r  an d th e relatio n wit h hi s daugthe r  enabl e u s 
furthermor e t o conside r  th e possibilit y  tha t  th e struggl e i s t o 
continue ,  tha t  w e hav e witnesse d jus t  on e Retaliatio n episode . 
Thi s mean s tha t  th e Maliciou s Act s ar e Neste d Subgoal s 
subordinat e t o som e othe r  goal ,  fo r  instanc e 'settl e definitel y 
wit h th e other' .  An d tha t  thi s highe r  leve l  goa l  i s  satisfie d 
by a  successfu l  Maliciou s Act ,  bu t  i s  activate d agai n a s soo n 
as retaliatio n ha s take n place ;  thi s plo t  uni t  configuratio n i s 
calle d Startin g Over .  I t  i s  furthe r  supporte d b y th e las t  Even t 
i n whic h Marja n pensivel y look s a t  th e scissor s sh e use d i n 
destroyin g th e violin . 

RETARDATION AN D BI-DIRECTIONA L PROCESSING 

The extended plot unit configuration is gradually built up in 
th e subjec t  durin g th e processin g o f  th e film .  No w tha t  w e hav e 
sketche d th e mor e o r  les s complet e representatio n o f  th e stor y 
afte r  th e whol e fil m ha s bee n processed ,  w e ca n tak e a  close r 
loo k a t  th e dynamic s o f  retardatio n an d it s affectiv e 
consequence s durin g th e actua l  processin g o f  th e film .  Th e 
firs t  Even t  come s a s a  surpris e a s n o expositor y informatio n 
has bee n given .  Curiosit y i s arouse d a s t o th e reaso n fo r 
damagin g th e violin .  Th e representatio n i s no t  altere d ver y 
much b y Event s 2  t o 6 .  Event s 7 ,  8  an d especiall y 9  prepar e fo r 
a Retaliatio n an d a  Maliciou s Ac t  b y father .  Th e latte r 
expectatio n i s weak ,  however .  Simultaneousl y th e groun d i s 
prepare d fo r  understandin g th e reaso n behin d Even t  1 .  Thi s 
'backwar d inference '  i s  abou t  a s wea k a s th e 'forwar d 
inference '  o f  a  futur e Maliciou s Ac t  b y father .  Afte r  Event s 1 0 
and 1 1 bot h Maliciou s Act s hav e grow n i n probabilit y  an d th e 
interpersona l  them e Hatre d ha s com e up .  Event s 1 2 an d 1 3 d o no t 
chang e muc h i n th e probabilit y  value s o f  forwar d an d backwar d 
inferences .  Fourtee n an d 1 5 heighte n probabilitie s o f  th e 
inference s an d th e interpersona l  them e again .  B y no w i t  wil l  b e 
'certain '  fo r  mos t  recipient s tha t  Marja n committe d a  Maliciou s 
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Act and that the reason for it is Hatred. Here then a first 
basi s i s lai d fo r  th e Startin g Ove r  plo t  unit .  Event s 1 7 t o 2 0 
increas e th e probabilit y  o f  a  Maliciou s Ac t  b y fathe r  a s a 
retal iat ion .  Event s 2 1 an d 2 2 increas e th e expectatio n o f  a 
Retal iat io n t o a  maximum .  Th e las t  par t  o f  23 ,  wher e Marja n i s 
confronte d wit h th e puppet s complete s mos t  plo t  units :  father' s 
Maliciou s Act ,  (mutual )  Hatred ,  father' s supergoa l  t o settl e 
definitel y wit h Marjan ,  Retaliation .  Startin g Ove r  ma y b e 
weakl y activated .  Th e las t  even t  complete s thi s high-leve l  plo t 
uni t . 

This sketchy account of the process of plot unit formation may 
a t  bes t  serv e a s a  preliminar y versio n o f  a  theoretica l  subjec t 
protocol .  Sophisticate d experimentatio n i s neede d t o obtai n a 
'timetable '  representin g th e stat e o f  completio n o f  th e variou s 
plo t  unit s an d th e momentaneou s strength s o f  th e inferences . 
I t  ma y show ,  however ,  wha t  th e functio n o f  variou s retardin g 
event s ca n be .  Some o f  the m see m t o perfor m n o othe r  functio n 
tha n t o brin g th e progres s o f  th e stor y toward s a  resolutio n t o 
a hal t :  Event s 2  t o 6 ,  1 2 an d 1 3 ac t  lik e this .  The y contribut e 
t o suspens e i n tha t  the y furnis h th e 'additiona l  discours e 
mater ia l ' .  Event s 2  an d 3  ca n b e 'postdicted '  (se e Kintsch , 
1980 )  becaus e a  chang e o f  locatio n is ,  a s turn s ou t  soon , 
require d b y th e mai n action.Thi s insight ,  however ,  i s  no t 
realize d a t  th e moment  o f  thei r  presentation .  Event s 2 1 an d 2 2 
ar e als o merel y retarding ,  bu t  th e leve l  o f  suspens e i s s o 
hig h a t  tha t  point ,  tha t  the y ar e probabl y no t  experience d a s 
'unmotivate d chea p tr icks' .  Moreover ,  thei r  functio n i s t o 
rais e suspens e stil l  further ,  b y increasin g 'expectatio n 
strength'." •  Th e remainin g retardin g Event s see m t o hel p i n 'bi -
directiona l  processing'(Sternberg ,  1978) :  The y establis h 
forwar d expectation s whic h increas e suspens e an d a t  th e sam e 
tim e resolv e curiosit y du e t o gap s i n th e representatio n o f  th e 
stor y lef t  a t  a n earlie r  point .  Th e recipien t  i s thu s bot h 
rewarde d an d frustrate d a t  th e sam e tim e whic h a s ha s bee n 
note d b y othe r  researcher s (Kintsch ,  1980;Moyniha n &  Mehrabian , 
1 9 8 1 ) ,  i s  a  conditio n favourabl e fo r  maintainin g a  hig h leve l 
of  interest . 

Finally, we conclude that the cognitive representation of 
backgroun d knowledg e i n stor y processin g i s no t  t o b e neglecte d 
i f  understandin g i n som e dept h o f  affec t  i n th e processin g 
subjec t  i s  sough t  for .  Mor e specifically ,  a n accoun t  o f  suc h 
knowledg e i s neede d i n orde r  t o explai n wh y narrative s ca n b e 
arrestin g whe n nothin g o f  importanc e t o goa l  directe d actio n 
happens .  Representatio n system s base d o n bottom-u p processing , 
includin g Lehnert' s  proposal ^  see m t o b e buil t  o n primitive s 
involvin g a n implici t  notio n o f  goal-directednes s an d 
therefore ,  i n nee d o f  extensio n wit h unit s representin g th e 
stati c 'given '  (expositio n ,characterization ,  atmosphere )  i n 
relatio n t o th e dynami c 'new '  (goal-directe d ac t ion) . 
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NOTES 

1.  Tw o me n trave l  t o Scotlan d o n a  train .  I n th e luggag e rac k 
ther e i s a n od d lookin g parcel .  'Wha t  hav e yo u there?' ,  ask s 
one o f  th e men .  'Oh ,  that' s a  Macguffin.' 'What' s a 
MacGuffin? '  'It' s  a  devic e fo r  trappin g lion s i n th e 
Scottis h Highlands. '  'Bu t  ther e ar e n o lion s i n th e 
Scottis h Highlands' .  'Well ,  then ,  I  gues s that' s n o 
MacGuffin. '  (Fro m Spoto ,  1984) . 

2.  Moyniha n &  Mehrabia n presen t  evidenc e suggestin g tha t 
postponemen t  o f  knowledge ,  provide d tha t  i t  i s 
counterbalance d b y a  resolution ,  make s a  stor y b y fa r  th e 
most  preferre d amon g eigh t  alternativ e types .  I n additio n 
the y quot e source s fro m th e theor y o f  literatur e t o th e sam e 
effect . 

3.  We have ,  fo r  convenience ,  droppe d th e distinctio n mad e b y 
Lehner t  betwee n a  'family '  an d a  'cluster' .  We onl y spea k o f 
'clusters' ,  employin g th e ter m i n a  rathe r  loos e sens e 
synonymou s wit h 'groups' . 

4.  Frijd a (i n press )  coin s th e ter m 'expectatio n strength ' 
whic h refer s t o on e o f  th e majo r  determinant s o f  th e 
intensit y o f  emotio n i n general .  I t  i s  influence d b y factor s 
lik e tempora l  an d spatia l  proximity -

5.  I n researc h no t  reporte d here ,  a n empiricall y base d 
representatio n o f  th e sam e film' s narrativ e wa s sough t  fo r 
by followin g th e bottom-u p procedur e outline d b y 
Lichtenstei n &  Brewe r  (1980) .  Subject s wer e aske d t o 
indicat e in-order-t o relation s the y fel t  t o exis t  betwee n 
event s obtaine d before .  Subject s reporte d tha t  thi s seeme d 
impossibl e an d t o mak e n o sense ,  sinc e man y event s di d no t 
serv e an y purpos e i n term s o f  othe r  events . 
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ABSTRACT 

A neuronal model is described that can parse, learn, 
and recogniz e object s i n a  comple x visua l  environment . 
A compute r  simulatio n o f  th e mode l  networ k wa s teste d 
wit h a  variet y o f  scene s an d exhibit s competen t  per -
formanc e , 

INTRODUCTION 

The problem of cognitive adaptation without a prior knowledge base 
constitute s a  ubiquitou s an d vexin g issu e i n cognitiv e science .  Imagin e a 
perso n i n a n absolutel y unfamilia r  environment ,  on e i n whic h al l  visua l 
pattern s ar e completel y novel .  Wher e woul d th e perso n look ? Sinc e an y 
poin t  o f  gaz e woul d presumabl y b e n o mor e meaningfu l  tha n another ,  ho w coul d 
one pars e th e scen e int o objects ? Ho w coul d th e object s b e learne d an d 
committe d t o memory ? Thi s pape r  present s a  compute r  simulatio n o f  a 
detaile d neurona l  syste m tha t  i s plausibl e withi n biologica l  constraint s 
and ca n accomplis h thes e fundamenta l  visual-cognitiv e tasks .  Th e mode l  i s 
compose d o f  severa l  putativ e neurona l  mechanism s propose d i n earlie r  paper s 
(Trehub ,  1975 ,  1977 ,  i n press )  whic h hav e bee n organize d i n a n integrate d 
syste m tha t  ca n dea l  competentl y wit h nove l  an d comple x visua l  environments . 
The neurona l  mode l  wil l  b e briefl y describe d an d the n a  compute r  simulatio n 
of  th e model' s behaviou r  wil l  b e presented . 

NEURONAL MODEL 

Following is an outline of the principal processing elements in the 
model . 

1. Center-surround mechanisms in the retina and lower-level 
visua l  nucle i  extrac t  simpl e contour s fro m th e light-intensit y 
array . 

2.  Ther e ar e cell s whic h integrat e contou r  excitatio n ove r  small , 
discret e region s o f  th e entir e visua l  field .  Thes e ar e calle d flu x 
detector s an d serv e t o driv e visua l  saccade s t o region s o f  maximu m 
contou r  flux , 

3.  Ther e i s a  visua l  fiel d constrictio n mechanis m tha t  ca n limi t 
th e effectiv e stimulu s inpu t  t o a n are a o f  variabl e retina l  diamete r 
centere d o n th e fovea l  axi s 

4,  Ther e i s a  post-retina l  dynami c visua l  buffe r  calle d a 
retinoi d whic h ca n translat e pattern s o f  retina l  stimulatio n ove r  a n 
egocentri c coordinat e space .  Thi s modul e locate s an d position s patter n 
centroid s o n a  standar d referenc e axi s withi n th e visua l  system . 

5.  Ther e i s a n adaptiv e networ k calle d a  synapti c matri x whic h 
ca n learn ,  recogniz e an d imag e visua l  patterns . 
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F IGURE 1 .  Block- f lo w diagra m o f  processin g sequence . 
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FIGURE 2 .  Schemati c o f  a  synapti c matr ix .  Af feren t  input s fro m opti c trac t 

designate d a ^ j .  Mosai c cel l s designate d M .  Dot s represen t  f ixe d ex -

ci tator y synapses .  Shor t  obl iqu e slashe s represen t  f ixe d inhibitor y synap -

ses .  Lozenge s represen t  adaptiv e excitator y synapses .  Rese t  neuron s marke d 

(  -  )  generate s a n inhibitor y postsynapti c potent ia l  t o rese t  al l  clas s 

cell s (  Q  )  whe n discharged .  Give n a n arbitrar y patter n input ,  tha t  clas s 

cel l  couple d wit h th e filte r  cel l  (  f  )  havin g th e highes t  product-su m o f 

afferen t  axo n activit y (  Mf̂ ĵ̂ . )  an d correspondin g synapti c transfe r  weight s 

(  (j *  i j ) .  wil l  fir e firs t  an d inhibi t  th e outpu t  o f  al l  competin g clas s 

cells . 
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The diagra m show n i n Fig .  1  give s a  roug h representatio n o f  th e pro -
cessin g sequence .  Th e majo r  module s ar e outline d below .  Spac e limitation s 
preclud e a  mor e detaile d presentatio n o f  thei r  operatin g principle s whic h 
ca n b e foun d i n othe r  publication s (Trehub ,  1975 ,  1977 ,  1985 ,  i n press) . 

Synaptic Matrix. Figure 2 shows a basic version of the neuronal net-
wor k tha t  ha s th e capabilit y  o f  learnin g comple x retina l  inpu t  patterns . 
I f  a  patter n exempla r  ha s bee n learned ,  subsequen t  stimulatio n b y a  simila r 
patter n result s i n th e discharg e o f  a  particula r  outpu t  cel l  (clas s cell ) 
tha t  ha s bee n associate d wit h th e origina l  exempla r  durin g th e learnin g 
process .  I n effect ,  thi s cel l  represen t  th e biologica l  nam e o f  it s assoc i 
ate d pattern .  Conversely ,  th e discharg e o f  a  clas s cel l  alon e ca n generat e 
i n a n arra y o f  mosai c cell s th e afferen t  firin g patter n (image )  initiall y 
evoke d onl y b y th e learne d retina l  stimulus .  Learnin g occur s i n th e detec -
tion-matri x fiel d whe n mosai c cell s carryin g a n inpu t  patter n fir e i n vir -
tua l  coincidenc e wit h th e discharg e o f  a  previousl y unmodifie d filte r  cell , 
and i n th e imaging-matri x fiel d whe n a  clas s cel l  i s  fire d i n coincidenc e 
wit h discharg e i n th e mosaic-cel l  array .  Th e physica l  substrat e o f  learnin g 
i s a n adaptiv e long-ter m chang e i n th e distributio n o f  synapti c transfe r 
weight s (  <| )  )  o n th e dendrite s o f  filte r  cell s an d mosai c cells . 

Retinoids .  Th e neurona l  structur e show n i n Fig .  3  i s a  post-retina l 
mechanis m calle d a  retinoi d becaus e i t  represent s visua l  spac e an d project s 
afferent s t o th e mosaic-cel l  array .  Thi s modul e ma y b e though t  o f  a s a 
visua l  scratch-pa d wit h phasi c an d dynami c content .  Th e mediu m o f  storag e 
i s assume d t o b e a  retinotopicall y organize d shee t  o f  excitator y autapti c 
neurons .  Cell s o f  thi s typ e hav e a t  leas t  on e o f  thei r  axo n collateral s 
i n recurren t  excitator y synaps e wit h thei r  ow n cel l  bod y o r  dendrit e 
(Shepherd ,  1974) . 

I f  ther e i s a  patter n o f  excitatio n evoke d o n a  retinoid ,  thi s capture d 
patter n ca n b e spatiall y  translate d i n an y directio n b y appropriat e pulse s 
fro m th e shif t  command cells .  Fo r  example ,  eac h puls e fro m th e shift-righ t 
lin e wil l  transfe r  standin g activit y fro m eac h activ e autapti c cel l  t o th e 
adjacen t  autapti c cel l  o n it s righ t  and ,  a t  th e sam e time ,  eras e activit y 
i n th e previousl y activ e cel l  (th e dono r  cell )  unles s tha t  cel l  i s  als o 
receivin g transfere d excitatio n fro m a n autapti c cel l  t o it s immediat e left . 
The mor e rapi d th e pulses ,  th e mor e rapi d wil l  th e patter n move ;  th e longe r 
th e puls e trai n i s sustained ,  th e greate r  wil l  b e th e distanc e ove r  whic h 
th e patter n i s moved .  Appropriat e sequence s o f  shif t  right/left ,  shif t 
up/down ,  ca n mov e th e patter n o f  cel l  activit y t o an y positio n o n th e 
retinoi d surface . 

Imagin e th e retinoi d a s a  quadrantall y organize d surface ,  wit h eac h 
quadran t  receivin g retinotopi c afferent s fro m it s respectiv e retina l  quad -
rant .  I f  th e excitatio n o f  a  standin g patter n i s summed independentl y ove r 
eac h quadrant ,  an d i f  th e relativ e magnitude s o f  th e summed discharge s ar e 
use d t o driv e eithe r  th e positio n o f  th e ey e o r  th e shif t  contro l  cell s i n 
th e retinoid ,  the n w e hav e a  neurona l  mechanis m whic h ca n alig n th e centroi d 
of  an y retina l  stimulu s wit h th e centra l  axi s o f  retinoi d spac e (Trehub , 
1985) .  We defin e th e norma l  fovea l  axi s a s tha t  axi s correspondin g t o th e 
lin e o f  sigh t  o f  th e fove a whe n th e eye s ar e straigh t  ahead ,  th e hea d 
unturned ,  an d th e shoulder s squar e wit h th e body .  I t  i s  assume d tha t  th e 
centra l  axi s i n retinoi d spac e correspond s wit h th e norma l  fovea l  axis . 

The quandranta l  summatio n field s fo r  retinoi d outpu t  ar e abbreviate d 
as follows : 
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FIGURE 3 .  Translatio n retinoid .  Larg e square s represen t  autapti c cell s 
servin g short-terr a memory .  Smal l  fille d triangle s represen t  interneurons . 
Shift-contro l  cell s designate d b y directio n o f  effect . 

LF =  outpu t  fro m lef t  retinoi d field . 
RF =  outpu t  fro m righ t  retinoi d field . 
TF =  outpu t  fro m to p retinoi d field . 
BF =  outpu t  fro m botto m retinoi d field . 

I f  th e differenc e betwee n tota l  outpu t  i n RF-L F an d TF-B F respectivel y wer e 
t o driv e a n eyebal l  i n th e directio n o f  th e greate r  excitatio n i n th e hem i 
field s define d b y th e tw o orthogona l  axes ,  th e fove a woul d hun t  unti l  i t 
targete d th e contou r  centroi d o f  an y stimulu s patter n presente d t o th e 
retina .  Alternatively ,  i f  th e poin t  o f  ey e fixatio n doe s no t  change ,  the n 
a patter n wit h a  parafovea l  centroi d ca n b e translate d ove r  th e retinoi d 
surfac e s o tha t  it s centroi d fall s  o n th e norma l  fovea l  axi s o f  th e 
retinoid .  Thi s i s don e b y usin g th e hemifiel d mismatche s t o driv e th e 
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FIEL D CONSTRICTORS 

FIGURE 4 .  Control s fo r  constrictin g effectiv e visua l  field .  Discharg e o f 
constricto r  neuro n 1  block s inpu t  fro m rin g 4  (oute r  ring) ;  discharg e o f 
constricto r  3  block s inpu t  fro m ring s 4 ,  3 ,  2 ,  restrictin g inpu t  t o rin g 
1,  th e innermos t  rin g o f  afferents . 

shift-contro l  cell s s o tha t  excitatio n i s balance d ove r  retinoi d quadrants . 
Fiel d Constrictor .  I t  i s  possibl e t o devis e a  numbe r  o f  differen t 

coordinat e representation s fo r  retinotopi c indexing ,  bu t  I  hav e foun d a 
ring-ra y representatio n t o b e particularl y usefu l  an d efficient .  I n thi s 
scheme,  recepto r  cell s i n th e retin a an d thei r  associate d afferen t  projec -
tion s ar e indexe d wit h respec t  t o th e centra l  fovea l  axi s i n term s o f  thei r 
location s o n imaginar y concentri c ring s (i )  centerin g o n th e axis ,  an d 
imaginar y ray s (j )  projectin g fro m th e axi s an d intersectin g al l  rings . 
Thi s retina l  organizatio n easil y lend s itsel f  t o CNS contro l  o f  th e afferen t 
fiel d aperture .  Figur e 4  show s ho w inhibitor y neuron s ca n imping e success -
ivel y o n entir e ring s o f  mosai c cell s t o constric t  th e diamete r  o f  th e 
effectiv e visua l  field . 

COMPUTER SIMULATIO N 

A 22x2 2 cel l  retin a an d th e neurona l  mechanism s outline d abov e wer e 
simulate d i n a  digita l  computer .  Indoo r  (near )  an d outdoo r  (far )  environ -
ment s wer e create d i n sketch-to-pixe l  conversions ,  an d thes e environment s 
wer e presente d t o th e simulate d visua l  syste m fo r  parsing ,  learning ,  an d 
objec t  recognition . 

At  th e star t  o f  eac h scene-parsin g operation ,  th e mode l  firs t  fixate d 
on th e retinotopi c locu s o f  th e flu x detecto r  wit h maximu m output ,  the n 
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th e afferen t  fiel d apertur e close d t o th e full y constricte d stat e whic h 
was arbitraril y  se t  a t  si x retina l  unit s i n widt h an d height .  Th e full y 
expande d afferen t  apertur e wa s limite d t o 22x2 2 retina l  units .  Wheneve r 
th e visua l  apertur e reache d th e stat e o f  ful l  expansion ,  th e excitatio n 
patter n o n th e retinoi d wa s gate d t o th e synapti c matri x fo r  recognitio n 
(an d learnin g i f  th e patter n wa s incorrectl y identified) .  Startin g erro r 
toleranc e wa s se t  a t  thre e unit s fo r  quadranta l  disparit y ove r  eithe r  th e 
horizonta l  o r  vertica l  axes .  A t  an y fixe d aperture ,  i f  erro r  toleranc e 
was exceede d o n a  give n axis ,  th e retinoi d patter n wa s shifte d i n th e 
appropriat e directio n t o reduc e hemifiel d disparit y o n tha t  axis .  When 
patter n positio n satisfie d erro r  toleranc e fo r  on e axis ,  th e patter n wa s 
shifte d o n th e othe r  axis ,  unles s i t  wa s alread y withi n tolerance .  If , 
now,  shiftin g th e imag e o n th e secon d axi s resulte d i n a n unacceptabl e erro r 
on th e first ,  erro r  toleranc e wa s relaxe d on e unit .  Wheneve r  th e patter n 
was brough t  withi n axia l  toleranc e fo r  bot h horizonta l  an d vertica l  dis -
parities ,  th e afferen t  apertur e expande d on e uni t  an d th e proces s wa s 
repeate d unti l  ful l  apertur e wa s achieved .  Thi s operatio n wa s assume d t o 
involv e a n expenditur e o f  processin g effort ,  an d i f  a  retinoi d shif t  o f 
nin e unit s o n an y axi s di d no t  brin g it s disparit y withi n toleranc e limits , 
th e syste m stoppe d tryin g a t  it s  curren t  fixatio n an d initiate d a  saccad e 
t o th e nex t  highes t  flu x region . 

I n it s initia l  state ,  th e neurona l  syste m i s presente d wit h a  rando m 
visua l  patter n an d taugh t  t o cal l  thi s patter n "RANDOM".  Thi s simpl y mean s 
tha t  on e filte r  cel l  i n th e detectio n matri x an d a  spatiall y  correlate d 
arra y o f  mosai c cell s i n th e imagin g matri x hav e bee n synapticall y tune d 
t o th e rando m exemplar . 

The firs t  "natural "  environmen t  learne d wa s a n outdoo r  scen e consistin g 
of  trees ,  a  house ,  severa l  animals ,  a  building ,  a  car ,  an d th e outlin e o f 
distan t  hills .  Sinc e th e simulatio n doe s no t  incorporat e mechanism s o f 
visua l  accommodatio n o r  stereopsi s (se e Trehub ,  1978) ,  th e operato r  i s aske d 
by th e mode l  t o provid e a  roug h estimat e (i n feet )  o f  it s  viewin g distanc e 
fro m th e majo r  element s o f  th e scene .  Th e operato r  estimate s th e distanc e 
as 20 0 fee t  an d provide s thi s informatio n t o th e network .  Parsin g the n 
proceed s accordin g t o th e principle s discusse d above .  Afte r  a  patter n ha s 
bee n fixate d an d registere d o n th e retinoid ,  i t  i s  passe d t o th e synapti c 
matri x wher e i t  i s  identifie d an d name d a s "RANDOM"  because ,  i n it s utterl y 
naiv e condition ,  thi s i s it s onl y availabl e response .  Th e mode l  the n ask s 
th e operato r  t o infor m i t  i f  th e respons e i s righ t  o r  wrong .  Le t  u s sa y 
tha t  th e objec t  i t  ha s happene d t o pars e i s a  hous e o r  par t  o f  a  house ; 
the n i t  i s  tol d tha t  th e respons e i s wrong .  A t  thi s point ,  th e mode l 
change s th e synapti c weight s o n a  previousl y unmodifie d filte r  cel l  i n 
accordanc e wit h th e excitatio n patter n o n it s mosaic-cel l  arra y an d th e 
learnin g equation .  I t  shoul d b e note d her e tha t  i f  ther e wer e n o operato r 
t o infor m th e syste m abou t  th e correctnes s o f  it s  response ,  lo w frequenc y 
discharg e o f  it s  filte r  cell s ca n provid e a  signa l  tha t  th e curren t  stimu -
lu s i s novel ,  triggerin g th e automati c learnin g o f  th e nove l  objec t  (Trehub , 
1977) .  Afte r  th e filte r  cel l  ha s bee n tune d t o th e stimulus ,  th e mode l 
ask s fo r  a  nam e t o b e associate d wit h th e clas s cel l  whic h i s couple d t o 
th e just-modifie d filte r  cell .  Th e operato r  the n provide s th e appropriat e 
name "HOUSE" .  Thi s nam e the n become s par t  o f  a  neurona l  lexico n i n whic h 
i t  i s  connecte d wit h th e filter-cell-class-cel l  couple t  whic h ha s jus t 
learne d th e exempla r  o f  a  house .  Th e mode l  the n parse s anothe r  objec t  an d 
i f  it s  recognitio n respons e i s correct ,  parsin g continues ;  i f  incorrect , 
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FIGURE 5 .  Example s o f  th e distributio n o f  synapti c transfe r  weight s o n 
dendrite s o f  filte r  cell s whic h hav e learne d visua l  patterns .  Eac h poin t 
on th e dendriti c  lin e represent s a  particula r  synapti c location .  Amplitud e 
of  eac h vertica l  lin e represent s relativ e magnitud e o f  transfe r  weigh t  fo r 
tha t  synapse .  Th e object s learne d b y th e cell s show n ar e a s follows :  (1 )  a 
rando m visua l  pattern ;  (2 )  a  car ;  (3 )  a  differen t  car ;  (4 )  a n animal ;  (5 )  a 
differen t  animal ;  (6 )  a  building ;  (7 )  a  house ;  (8 )  a  differen t  building . 

the new object is learned (synaptic modification of another available filter 
cell ,  etc )  an d scen e processin g continue s unti l  a  prese t  numbe r  o f  saccade s 
ar e made ,  durin g whic h object s ar e fixated ,  translate d t o th e norma l  fovea l 
axis ,  recognized ,  an d learne d i f  necessary . 

The secon d environmen t  learne d wa s a  deskto p wit h a  book ,  telephone , 
ashtray ,  pencil ,  an d bookmark .  Th e viewin g distance ,  i n thi s case ,  wa s 
estimate d t o b e fiv e feet .  Parsin g an d learnin g th e object s i n thi s scen e 
the n proceede d a s i n th e outdoo r  environment .  Variation s o f  bot h kind s o f 
environment s wer e create d an d expose d t o th e mode l  unti l  a  tota l  o f  2 5 
exemplar s o f  object s i n thes e scene s wer e learne d togethe r  wit h thei r 
appropriat e names .  Example s o f  synapti c transfer-weigh t  (  (\ )  )  distribution s 
on filter-cel l  dendrite s fo r  th e firs t  eigh t  pattern s learne d ar e show n i n 
Fig .  5 .  Th e selectivit y o f  recognitio n respons e i s determine d b y th e dif -
ference s amon g suc h 4>-distribution s ove r  th e populatio n o f  filte r  cell s 
i n th e detectio n matrix .  A s th e repertoir e o f  exemplar-tune d filte r  cell s 
increased ,  th e frequenc y o f  recognitio n error s decreased . 

Shown i n Fig .  6  i s a  ru n o f  th e simulatio n printe d directl y fro m th e 
computer' s CRT.  I n thi s case ,  th e mode l  wa s "lookin g at "  a n unfamilia r 
outdoo r  scene ,  i n tha t  al l  th e pattern s i n th e environmen t  wer e ne w exem p 
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FIGURE 6 .  Passiv e recognition .  Model' s response s t o outdoo r  scene .  To p 
lef t  fram e i s th e scen e presented .  Botto m lef t  show s object s parse d an d 
recognized .  Al l  object s wer e correctl y identified .  Middl e lef t  i s  th e 
visua l  reconstructio n o f  th e scen e o n a  retinoi d surfac e o n th e basi s o f 
th e disparat e fixation s an d parsings . 

lar s o f  previousl y learne d object s an d thei r  location s wer e different . 
Figur e 7  i s a  simila r  printou t  o f  a  situatio n i n whic h th e mode l  i s "asked " 
t o fin d name d object s o n a  cluttere d desktop .  Her e parsin g an d recognitio n 
i s mad e eve n mor e difficul t  b y th e fac t  tha t  a  bookmar k ha s bee n place d o n 
th e boo k an d a  substantia l  par t  o f  th e boo k i s covere d wit h a  shee t  o f 
paper .  I t  ha s bee n conjecture d tha t  occlusion s o f  thi s kin d a s wel l  a s 
th e conjunctio n o f  nearb y object s woul d mak e i t  impossibl e fo r 
template/filte r  model s t o operat e properl y (Pinker ,  1984) .  Th e successfu l 
performanc e o f  th e mode l  describe d her e suggest s tha t  th e conjectur e i s 
incorrect . 

I n summary ,  compute r  simulatio n o f  a n explici t  an d biologicall y plaus -
ibl e neurona l  mode l  demonstrate s tha t  a  visua l  syste m tha t  integrate s (a ) 
contou r  flu x detection ,  (b )  flux-drive n saccades ,  (c )  contro l  o f  afferent -
fiel d aperture ,  (d )  a  retinoi d fo r  patter n centroi d alignment ,  an d (e )  a 
synapti c matri x fo r  patter n learnin g ca n star t  withou t  a n initia l  stor e o f 
worl d knowledge ,  b e expose d t o nove l  an d comple x scenes ,  an d buil d a n 
appropriat e knowledg e base .  Confronte d wit h a  rich ,  ne w visua l  environment , 
i t  isolate s objects ,  learn s them ,  an d recognize s simila r  object s i n othe r 
environments . 
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FIGURE 7 .  Activ e searc h an d recognition .  Model' s response s t o deskto p 
scene .  Smal l  rectangula r  fram e aroun d parse d object s o n th e scen e assembl y 
retinoi d indicate s tha t  a  searched-fo r  objec t  ha s bee n found . 
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MENTAL REPRESENTATION O F SPATIA L INFORMATION: 
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Karl F. Wender, Monika Wagener, and Bernd Wittmann 
Institu t  fli r  Psychologi e 

Technisch e Universita t  Braunschwei g 

ABSTRACT 

I n thî b contKibixtio n w z invz^tigat z th z mznta i  KZpfiz^zntatlo n o i 
spatia l  information .  I n a  przviou 6 papz i  [Wzndzf L S  Wagznzn. ,  19S5 ] 
ucz Kzpoitz d KZ^ait ^  tha t  -iiuppoitz d th z idz a o< $ spatia l  in^^oimatio n 
bzin g mzntali y fizpfiẑ izntz d i n a n anaZogu Z {̂ ofimat .  Thi ^  papz i 
zxtznd ^  th z pKZviou ^  rz^alti .  Fafithzrmor z a  simulatio n modz Z i s dz -
vzlopz d tha t  dzsciibz s th z dat a {,fio m tw o d i^zrzn t  zxpzKimzn -
ta l  tasks ,  a  pKimin g tzchniqu z an d a  szntznc z MZfiiiiaatio n tzst . 
Thzs z zxpZKimznta l  task s gav e fizsaZt s tha t  i n pan t  loo k zontxa -
diztoiy .  Th z modz l  discassz d i s a n attzmp t  t o accoun t  {̂ô i  thi s con -
tKadiction . 

INTRODUCTION 

The format of mental representations has been under discussion for several 
year s now .  We don' t  wan t  t o revie w thi s discussion .  Ou r  basi c opinio n i s tha t 
propositiona l  a s wel l  a s analogu e representation s ar e possible .  T o som e exten t 
th e forma t  ma y b e unde r  th e contro l  o f  th e person .  Furthermore ,  th e for m o f 
th e representatio n an d th e processe s workin g upo n i t  interact .  Thi s interac -
tio n ma y als o contai n a  tradeof f  betwee n buildin g effort s an d processin g 
times .  I f  a  perso n expect s a  spatia l  tas k involvin g spatia l  judgment s probabl y 
a spatia l  representatio n i s forme d whic h may cos t  mor e effort .  I f  a  perso n 
expect s a  mor e abstrac t  tas k the n a  propositiona l  representatio n may b e pre -
ferred .  Also ,  a  perso n ma y b e abl e t o chang e th e representatio n i f  th e typ e o f 
th e tas k require s this . 

The mental representation of spatial information is investigated in this paper 
by a  primin g techniqu e an d a  sentenc e verificatio n test .  Bot h method s conside r 
th e relationshi p betwee n decisio n time s an d spatia l  distances .  I f  decisio n 
time s depen d o n spatia l  distance s bu t  no t  o n distance s i n a  propositiona l 
networ k the n thi s i s take n a s evidenc e fo r  th e analogu e natur e o f  th e menta l 
representation . 

In the priming technique on each trial two words are presented to the subject 
who ha s t o decid e whethe r  thes e tw o word s belon g t o th e learne d materia l  o r 
not  (Ratclif f  &  McKoon ,  1978 ;  Wagene r  &  Wender ,  1985) .  Th e ide a behin d thi s 
techniqu e i s tha t  activatio n o f  th e firs t  .concep t  i n memor y start s a  sprea d o f 
activation .  I t  the n depend s o n th e distanc e betwee n th e firs t  an d secon d con -
cep t  ho w muc h th e decisio n i s facilitated . 

Thi s researc h wa s supporte d b y th e Germa n Scienc e Foundatio n (DFG )  unde r  gran t 
We 498/9-2 . 

852 



WENDER,  WAGENER,  &  WITTMANN 

pear  lemo n -̂ appl e 

pineappl e banan a 

Figur e 1 :  A n exampl e fo r  th e configurations .  Soli d line s correspon d t o 
sentence s give n t o th e subject s dashe d line s mar k relation s no t  mentione d i n 
th e descriptions . 

In the verification test a short sentence containing a spatial relation be-
twee n tw o concept s i s show n t o th e subject .  Th e subjec t  ha s t o decid e whethe r 
thi s sentenc e i s tru e wit h respec t  t o th e t o b e remembere d materia l  o r  not .  I n 
linea r  orderings ,  e.g .  th e natura l  numbe r  system ,  a  ver y reliabl e effec t  ha s 
been found :  Decisio n time s decreas e wit h growin g distance s betwee n concepts . 
Thi s ha s bee n calle d th e symboli c distanc e effec t  (Banks ,  1977 ;  Moye r  & 
Dumais ,  1978) .  Curiously ,  thi s effec t  seem s t o contradic t  th e primin g effect . 
Combine d wit h th e distanc e effec t  i s  th e socalle d end-anchor-effect .  En d an -
chor s ar e th e firs t  an d th e las t  ite m o f  a  finit e list .  I f  thes e item s ar e 
combine d wit h othe r  item s i n a  comparativ e sentenc e thi s lead s t o shorte r 
decisio n time s compare d t o othe r  item s wit h th e sam e distanc e o n th e under -
lyin g scale . 

It is the goal of this contribution to construct a model for the mental repre-
sentatio n an d processe s tha t  ca n explai n th e result s fro m bot h experimenta l 
techniques .  Thi s mode l  processe s spatia l  informatio n an d simulate s 
prepositiona l  a s wel l  a s analogu e aspect s o f  th e menta l  representation . 

EXPERIMENT 1 

Metho d 

Subject s memorize d desription s o f  spatia l  arrangement s o f  fiv e common objects . 
Each descriptio n consiste d o f  fou r  sentence s an d wa s printe d o n a  car d give n 
t o th e subjects .  A n exampl e o f  on e configuratio n i s a s follows . 

"Fruits 

The pineapple is to the left of the banana. 
The pea r  i s behin d th e banana . 
The lemo n i s t o th e righ t  o f  th e pear . 
The appl e i s t o th e righ t  o f  th e lemon. " 

Figure 1 shows the configuration described by these four sentences. In the 
experimen t  subject s learne d eigh t  description s plu s tw o additiona l  one s fo r 
warmin g u p purposes .  A s a  criterio n fo r  learnin g subject s wer e aske d fou r 
question s abou t  eac h configuratio n suc h as : 
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O 60 0 

state d clos e distan t 

T Y P E 

(A 
E 420 0 

380 0 

340 0 

OF PROBES 

J. 
state d 
(b ) 

clos e distan t 

Figur e 2 :  Mea n decisio n time s fo r  Experimen t  1  i n (a )  th e primin g tas k an d (b ) 
th e verificatio n tas k fo r  stated ,  close ,  an d distan t  probes . 

"What  i s t o th e lef t  o f  th e banana? " 

Learnin g continue d unti l 
heart . 

subject s coul d correctl y answe r  al l  question s b y 

Afte r  completin g th e learnin g tas k subject s participate d i n a  primin g phase . 
On eac h tria l  subject s wer e presente d wit h th e word s fo r  tw o object s fro m on e 
configuration .  Th e tw o word s wer e show n successivel y o n a  compute r  scree n wit h 
a 50 0 ms SOA.  Subject s ha d t o decid e whethe r  bot h object s belonge d t o th e 
learne d configuratio n o r  not .  Decisio n tim e wa s measure d startin g wit h th e 
presentatio n o f  th e secon d word . 

For each configuration two pairs of concepts were of special interest. These 
ar e calle d th e clos e pai r  an d th e distan t  pair .  I n Figur e 1  thes e pair s ar e 
marke d b y dashe d lines .  T o balanc e possibl e semanti c effect s ther e wer e tw o 
version s fo r  eac h configuratio n i n whic h th e object s fo r  th e clos e an d distan t 
pair s wer e interchanged . 

In the verification test subjects were shown sentences of the following form: 

"The pineapple is to the left of the banana." 

Subjects had to decide whether this sentence was correct with respect to the 
give n configuratio n o r  not .  Agai n decisio n tim e wa s measured . 

RESULTS 

Figure 2 gives the results for different probes. Stated pairs correspond to 
sentence s tha t  wer e give n i n th e description .  A n exampl e fro m Figur e 1  woul d 
be "lemo n -  pear" .  Clos e pair s contai n word s tha t  originall y di d no t  appea r  i n 
one sentenc e bu t  ar e clos e togethe r  i n th e spatia l  configuratio n lik e "lemo n -
banana "  i n Figur e 1 .  Not e tha t  distan t  pair s ar e differentl y constructe d i n 
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Figur e 3 :  Mea n decisio n time s fo r  Experimen t  2  i n (a )  th e primin g tas k fo r 
clos e an d distan t  probe s an d (b )  th e verificatio n tas k fo r  th e fou r  differen t 
distance s determine d b y th e numbe r  o f  object s betwee n tw o tes t  items . 

For 
thes e 
rela -

th e primin g an d verificatio n task .  I n th e primin g tas k th e distan t  pair s con -
tai n word s tha t  hav e th e sam e propositiona l  distanc e a s th e clos e pair s bu t  a 
large r  spatia l  distance .  I n Figur e 1  thi s woul d b e "pineappl e -  appl e 
th e verificatio n tas k a  distan t  prob e woul d b e "pea r  -  apple" .  Again , 
word s ha d no t  appeare d i n on e sentence .  Hence ,  a  propositio n abou t  thei r 
tionshi p ma y b e calle d a n inference .  Fo r  th e primin g dat a ther e i s a n increas e 
i n reactio n tim e fro m clos e pair s t o distan t  pair s (Fl(l,22)=7.2 ,  p  <  .02 ; 
F2(l,14)=5.51 ,  p  <  .05) ,  wherea s state d an d clos e pair s ar e almos t  equal .  We 
observe d a n opposit e effec t  fo r  th e verificatio n data :  a  clea r  decreas e i n 
reactio n time s fro m clos e probe s t o distan t  an d state d probe s (Fl(2,89)=4,53 , 
p <  .02 ;  F2(2,21)=5.02 ,  p  <  .0 5 ) . 

EXPERIMENT 2 

To investigat e th e processe s involve d i n th e primin g an d verificatio n tas k i n 
more detai l  w e conducte d a  secon d experiment .  Th e tw o dimensiona l  configura -
tion s wer e reduce d t o on e dimension . 

Metho d 

Subjects learned 
card s suc h a s 

list s o f  fiv e word s eac h tha t  wer e give n t o the m printe d o n 

"Fruit s 
pear  pineappl e lemo n banan a apple. " 

Each lis t  wa s learne d unti l  subjects ,  afte r  a  shor t  distracto r  task ,  coul d 
reproduc e th e complet e list .  Th e followin g primin g tas k wa s identica l  t o tha t 
i n Experimen t  1 .  Th e verificatio n tes t  wa s somewha t  differen t  fro m Experimen t 
1.  Instea d o f  a  complet e sentenc e subject s wer e show n tw o word s o n a  scree n 
printe d o n th e sam e line .  Subject s ha d t o judg e whethe r  th e word s ha d appeare d 
i n th e lis t  i n th e sam e order .  Differen t  probe s wer e constructe d i n suc h a  wa y 
tha t  th e word s ha d bee n 0 ,  1 ,  2  o r  3  item s apar t  i n th e origina l  list . 
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A) 

B) 

C) 

D) 

E) 

(NEIGHBOR A  B ) 
ACTIVATION:  0 

(NEIGHBOR B  C ) 
ACTIVATION:  0 

(NEIGHBOR C  D ) 
ACTIVATION:  0 

(NEIGHBOR D  E ) 
ACTIVATION:  0 

Figur e 4 :  Content s o f  long-ter m memor y afte r  th e encodin g ste p 

RESULTS 

Mean decision times are shown in Figure 3. For the priming data times are 
longe r  fo r  distan t  pair s (mi n F'(1,30)=4,18 ,  p  <  .05 )  pair s wherea s ther e i s 
an invers e relationshi p fo r  th e verificatio n data :  Decisio n time s ar e shorte r 
fo r  distan t  compare d t o adjacen t  probe s (mi n F'(3,94)=10,81 ,  p  <  .001) . 

DISCUSSION 

The results from Experiment 2 suggest a rather strai 
The primin g dat a ma y b e explaine d b y a  sprea d o f  a c 
firs t  concep t  an d reachin g th e secon d concep t  earli e 
i n a  distan t  pair .  Th e result s o f  th e verificatio n 
distanc e effec t  possibl y combine d wit h a n end-an c 
hav e bee n propose d fo r  it s explanation ;  bu t  non e o f 
verificatio n data .  Th e mode l  w e propos e make s us e o f 
Langle y (Langley ,  1983) .  Th e mode l  consist s o f 
long-ter m memor y an d thre e productio n memories . 

ghtforwar d interpretation . 
tivatio n startin g fro m th e 
r  i n a n adjacen t  pai r  tha n 
tes t  sho w a  clea r  symboli c 
hor  effect .  Severa l  model s 

the m combine s primin g an d 
th e PRIS M architectur e b y 

one workin g memory ,  on e 

The long-ter m memor y store s th e simulatio n o f  th e menta l  representation .  Th e 
workin g memor y contain s goals ,  tes t  items ,  an d item s activate d fro m long-ter m 
memory.  Th e firs t  productio n memor y include s production s tha t  inpu t  informa -
tio n t o long-ter m memor y an d production s tha t  contro l  th e wor k o f  th e othe r 
tw o productio n memories .  Th e secon d productio n memor y hold s th e production s 
fo r  th e primin g task .  Th e production s use d i n th e verificatio n tas k ar e 
include d i n th e thir d productio n memory . 

Figure 4 shows the content of the long-term memory after a list of five items, 
A B  C  D  E ,  ha s bee n learned .  Thes e element s ar e linke d vi a common symbols .  Ou r 

856 



WENDER,  WAGENER,  &  WITTMANN 

model simulates the priming task by using the propagation process furnished by 
PRISM.  Th e activatio n start s fro m th e firs t  elemen t  i n th e prob e an d succes -
sivel y activate s neighborin g elements .  I f  th e activatio n o f  a n elemen t  reache s 
a threshol d thi s elemen t  i s transferre d t o th e workin g memor y an d matche d 
agains t  th e prob e item . 

The verification task has a different goal structure and needs a more complex 
and strategi c process .  A n effectiv e an d shor t  representatio n fo r  thi s tas k i s 
a lis t  o f  element s wher e th e orderin g i s represente d b y a n attribute ,  a s show n 
i n Figur e 4 .  We assum e tha t  th e spreadin g activatio n i s no t  relevan t  fo r  thi s 
strategi c process .  Hence ,  th e verificatio n proces s need s onl y th e 
"(MEMBER-OF-LIS T Y ) "  elements .  Thi s representatio n correspond s t o th e mode l  o f 
semanti c codin g b y Bank s (1977) .  Becaus e w e assum e a n asymetrica l  end-ancho r 
effec t  th e firs t  ancho r  ha s a  highe r  priorit y tha n th e las t  one .  Thi s ha s t o 
be confirme d b y furthe r  experiments .  Furthermore ,  thi s simpl e mode l  ha s t o b e 
modifie d an d teste d fo r  dat a fro m th e tw o dimensiona l  configuration s i n Exper -
imen t  1 . 

Following the semantic code model we explain the symbolic distance effect by 
fou r  step s o f  processing :  firs t  th e encodin g step ,  secon d th e discriminatio n 
process ,  thir d th e matchin g proces s an d finall y th e decisio n b y th e subject . 
We assum e tha t  subject s hav e finishe d th e encodin g ste p befor e the y star t  th e 
task ,  sinc e the y hav e ha d tim e enoug h t o remembe r  th e lis t  an d the y wer e 
traine d wit h tw o prob e lists . 

The crucial step is the discrimination process which utilizes the difference 
betwee n th e attribut e value s t o discriminat e betwee n objects .  I f  thi s differ -
enc e i s high ,  a s fo r  item s A  an d E ,  thi s pai r  reache s a  give n threshol d i n 
fewe r  cycle s than ,  fo r  instance ,  item s C  an d D . 

The results from Experiment 1 pose an additional problem for the model. The 
not-state d clos e pair s lea d t o a  fas t  decisio n i n th e primin g but ,  compare d t o 
th e state d pairs ,  t o a  slo w decisio n i n th e verificatio n task . 

The priming data are simulated by including an additional element into 
long-ter m memory .  Fo r  th e configuratio n i n Figur e 1  thi s woul d b e th e elemen t 
"(NEIGHBOR lemo n banana)" .  Fo r  th e verificatio n dat a w e assum e tha t  th e attri -
bute s representin g th e spatia l  positio n hav e differen t  value s fo r  th e tw o 
dimension s o f  th e configuration .  Ou r  mode l  i s no t  ye t  complete .  I t  i s  conceiv -
abl e tha t  w e wil l  hav e t o ad d element s t o long-ter m memor y representin g sur -
fac e informatio n fro m th e origina l  sentences . 
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ABSTRACT 

The back-propagation learning algorithm (Rumelhart, Hintoa, & Williams, 1986) for connection-

is t  network s work s b y adjustin g th e weight s alon g th e negativ e o f  th e gradien t  i n weigh t  spac e o f  a 

standar d erro r  measure .  Th e back-propagatio n techniqu e i s simpl y a n efficien t  an d entirel y loca l 

means o f  computin g thi s gradient .  Usin g wha t  i s essentiall y  th e sam e back-propagatio n scheme ,  on e 

may instea d comput e th e gradien t  o f  thi s erro r  measur e i n th e spac e o f  inpu t  activatio n vectors ;  thi s 

give s ris e t o a n algorith m fo r  invertin g th e mappin g performe d b y a  networ k wit h specifie d weights . 

I n thi s cas e th e erro r  i s propagate d bac k t o th e inpu t  unit s an d i t  i s  th e activation s o f  thes e unit s — 

rathe r  tha n th e value s o f  th e weight s i n th e networ k — tha t  ar e adjuste d s o tha t  a  specifie d outpu t 

patter n i s evoked .  Thi s techniqu e i s illustrate d her e wit h a  smal l  networ k whic h i s a  muc h simplifie d 

versio n o f  th e NETtal k text-to-specc h networ k studie d b y Sejnowsk i  an d Rosenbur g (1986) .  Th e ide a 

i s t o ru n thi s networ k backwar d s o tha t  i t  attempt s t o spel l  word s base d o n thei r  phoneti c representa -

tions .  Thi s exampl e furthe r  illustrate s th e us e o f  thi s techniqu e i n a  sequentia l  interpretatio n settin g 

i n whic h phoneme s ar e presente d t o th e syste m on e a t  a  tim e an d th e syste m mus t  refin e it s previou s 

gues s a t  th e correc t  spellin g a s eac h ne w phonem e i s presented . 

INTRODUCTION 

This paper explores the use of the technique of back-propagation of error (Rumelhart, Hinton, 

& Williams ,  1986 )  t o inver t  th e mappin g performe d b y a  connectionis t  network .  Whil e th e techniqu e 

was introduce d i n tha t  pape r  a s a  mean s o f  finding a  se t  o f  weight s whic h woul d achiev e a  certai n 

mappin g i n a  networ k o f  give n topology ,  i t  i s  equall y applicabl e t o th e proble m o f  finding  wha t  inpu t 

patter n woul d giv e rise  t o a  specifie d outpu t  patter n i n a  networ k wit h give n weights .  Tabl e 1  sum -

marize s ho w i t  i s  possibl e t o solv e fo r  an y on e o f  th e thre e item s inpu t  pattern ,  weigh t  matrix ,  an d out -

put  patter n give n th e othe r  two ,  suc h tha t  a  networ k wit h tha t  weigh t  matri x map s tha t  inpu t  patter n 

t o tha t  outpu t  pattern .  Th e back-propagatio n inpu t  adjustmen t  algorith m wil l  b e describe d furthe r  i n 

Table 1 

Give n 

inpu t  pattern ,  weight s 
inpu t  pattern ,  outpu t  patter n 
outpu t  pattern ,  weigh u 

Solv e Fo r 

outpu t  patter n 
weigh u 
inpu t  patter n 

Usin g 

forwar d propagatio n 
back-propagatio n learnin g 
back-propagatio n inpu t  adjustmen t 
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th e nex t  section ,  followin g whic h it s us e i n invertin g a  particula r  networ k mappin g wil l  b e explored . 

Although no specific network implementation of the back-propagation mechanism is proposed 

here ,  thes e idea s hin t  a t  th e intriguin g possibilit y  tha t  ther e migh t  exis t  a  desig n fo r  a  networ k whic h 

contain s withi n i t  th e mean s fo r  production ,  fo r  comprehension ,  an d fo r  learning ,  al l  integrate d 

together . 

THE BACK-PROPAGATION INPUT ADJUSTMENT ALGORITHM 

Just as the back-propagation learning algorithm (Rumelhart, Hinton. & Williams, 1986) is an 

incrementa l  procedur e fo r  adjustin g th e weight s i n a  network ,  th e back-propagatio n inpu t  adjustmen t 

algorith m t o b e explore d her e i s a n incrementa l  procedure .  Thi s mean s tha t  i t  require s a n initia l 

"guess "  a t  th e inpu t  vector ,  whic h i t  successivel y modifie s unti l  th e resultin g inpu t  vecto r  give s th e 

desire d outpu t  i n th e give n network .  Th e mathematica l  detail s o f  thi s algorithm ,  althoug h straightfor -

ward ,  wil l  no t  b e give n here ,  i n th e interes t  o f  brevity ;  suffic e i t  t o sa y tha t  th e algorith m move s dow n 

th e negativ e o f  th e gradien t  o f  th e sam e squarcd-erro r  performanc e measur e use d fo r  th e back -

propagatio n learnin g algorithm .  Th e differenc e i s tha t  thi s gradien t  i s  compute d i n th e spac e o f  inpu t 

vector s rathe r  tha n i n weigh t  space .  Th e derivatio n o f  thi s algorith m proceed s almos t  identicall y t o 

th e derivatio n o f  th e learnin g algorithm ,  wit h th e chai n rul e fo r  partia l  derivative s givin g ris e t o it s 

back-propagatio n flavor,  i n whic h error-correctio n informatio n i s require d t o flow  backward s alon g 

th e connection s i n th e network . 

Just as in the learning case, back-propagation of error-correction information must be inter-

sperse d wit h forwar d propagatio n i n th e ne t  t o determin e wha t  additiona l  adjustment s ar e necessary . 

Thus th e entir e algorith m fo r  invertin g th e networ k mappin g fo r  a  particula r  specifie d outpu t  patter n 

consist s o f  startin g wit h a n initia l  inpu t  patter n an d modifyin g thi s patter n b y repeate d applicatio n o f 

what  wil l  b e calle d a  basi c adjustmen t  cycle .  Suc h a  basi c adjustmen t  cycl e consist s o f  propagatin g 

activit y forwar d i n th e network ,  back-propagatin g th e error-correctio n information ,  an d incrementin g 

th e inpu t  vecto r  accordingly . 

SOME SIMULATION RESULTS 

The NETtalk text-to-speech network of Sejnowski and Rosenburg (1986) is a network whose 

inpu t  represent s a  seven-characte r  windo w o n a  potentiall y  muc h longe r  strin g o f  tex t  an d whos e out -

put  represent s th e singl e phonem e whic h i s appropriat e fo r  th e characte r  a t  th e cente r  o f  th e windo w 

i n th e contex t  o f  th e remainin g si x characters .  Th e networ k operate s o n a n arbitrary-lengt h tex t 

strin g b y successivel y slidin g it s seven-characte r  windo w alon g thi s strin g b y on e characte r  a t  a  time . 

Her e w e conside r  a  drasticall y simplifie d versio n o f  suc h a  ne t  an d stud y it s abilit y  t o ru n 'backwards ' 

— i.e. ,  it s  abilit y  t o spel l  a  wor d give n it s phoneti c representation .  Furthermore ,  sinc e th e networ k 

represent s onl y a  singl e phonem e a t  a  time ,  thi s proble m wil l  tak e o n a  sequentia l  interpretatio n 

flavor:  a s successiv e phoneme s ar e presented ,  th e syste m wil l  b e force d t o updat e it s 'preferre d spell -

ing "  a s thes e phoneme s com e along ,  rathe r  tha n i n parallel .  I t  thu s become s interestin g t o examin e 

th e sequenc e o f  result s obtaine d b y th e system . 
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The networ k use d i n thes e experiment s i s depicte d i n Figur e 1 .  Th e inpu t  unit s encode d eigh t 

character s i n eac h o f  thre e positions ,  wit h unuse d character/positio n combination s eliminated .  Th e 

outpu t  unit s encode d nin e phonemes .  Bot h th e inpu t  an d th e outpu t  representation s wer e loca l  rathe r 

tha n distributed .  Thi s wa s don e strictl y a s a  matte r  o f  convenienc e i n settin g u p th e networ k an d als o 

t o mak e i t  easie r  t o interpre t  arbitrar y patter n vector s i n a  reasonabl e way ,  a s wil l  b e discusse d below . 

The network was first trained (using back-propagation learning) to produce the appropriate 

phonemes fo r  seve n words .  I n th e manne r  o f  NETtalk ,  eac h wor d wa s traine d i n eac h relevan t  posi -

tio n i n th e 3-characte r  window .  Th e trainin g dat a i s liste d i n Tabl e 2 .  Thes e word s wer e chose n 

Table 2 

Inpu t  Wor d 
( 3 positions ) 

can 
car 
con 
wan 
war 
was 
won 

Outpu t  Phoneme s 

/k/ ,  /©/ ,  /n / 
/k/ ,  /a/ ,  /r / 
/k/ ,  /a/ ,  /n / 
/w/ ,  /a/ ,  /n / 
/w/ ,  /c/ ,  /r / 
/w/ ,  /-/ ,  /z / 
/w/ ,  /"/ ,  /n / 

becaus e o f  th e interestin g problem s the y presen t  fo r  a  syste m tryin g t o determin e th e spellin g a s th e 

p h o n e m e s appea r  sequentially.  N o t e tha t  determinatio n o f  th e correc t  vowe l  canno t  b e m a d e fo r 

some o f  thes e befor e th e final  consonan t  p h o n e m e ha s bee n presented .  T h u s particula r  interes t  i n 

thes e experiment s w a s centere d o n th e abilit y o f  th e networ k t o infe r  th e vowe l  a s eac h p h o n e m e w a s 

presented . 

Once the network had been trained to achieve essentially perfect performance, the weights were 

fixed;  thi s networ k the n forme d th e basi s o f  th e syste m o n whic h al l  th e experiment s reporte d her e 

wer e performed .  I n al l  thes e experiments ,  characte r  position s t o b e determine d ha d al l  thei r  characte r 

units '  output s initialize d t o th e s a m e nomina l  valu e (typicall y  .1) .  Also ,  fo r  al l  th e experiment s th e 

'solution '  obtaine d b y th e syste m fo r  an y particula r  characte r  positio n w a s interprete d t o b e tha t  char -

acte r  havin g th e larges t  output .  Thi s i s consisten t  wit h th e Sejnowsk i  &  Rosenbur g interpretatio n o f 

th e 'bes t  guess '  outpu t  o f  thei r  syste m a s th e vecto r  mak in g th e smalles t  angl e wit h th e outpu t  vector . 

The results of the experiments are summarized in Table 3, where an asterisk is used to denote a 

characte r  positio n whic h i s t o b e determined .  Experiment s 4- 7 involve d presentin g sequence s o f 

p h o n e m e s t o th e system ,  an d thes e experiment s wer e ru n a s follows : 

(1) The letter units were initialized to nominal values. 

(2 )  T h e give n p h o n e m e w a s selecte d a s th e targe t  outpu t  patter n t o b e achieved . 

(3 )  T h e characte r  unit s ha d thei r  value s adjuste d vi a severa l  iteration s (typicall y 50 ,  usin g a  rat e 

paramete r  o f  .1 )  o f  th e basi c adjustmen t  cycle .  A t  thi s poin t  th e targe t  outpu t  w a s wel l 

matche d b y th e outpu t  actuall y achieve d usin g th e adjuste d inpu t  pattern . 
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Figur e 1 .  T h e networ k «ise d i o th e experiments .  Th e inpu t  laye r  i t  divide d int o thre e parti ,  on e fo r  eac h o f  thre e charac -
te r  positions .  Ther e i s  complet e connectivit y betwee n layers .  Th e inpu t  vecto r  show n represent s th e wor d ear .  Th e 
correspondin g outpu t  vecto r  show n represent s th e appropriat e phonem e /a/ .  Th e printe d representatio n use d her e fo r  thes e 
phonemes i s take n directl y fro m Sejnowsk i  an d Rosenbur g (1986) .  Th e sound s the y denot e ca n b e inferre d fro m th e descrip -
tio D o f  th e trainin g dat a fo r  th e networ k give n i n Tabl e 2 .  Th e underscor e represent s th e <tpact > character . 
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(4 )  Th e outpu t  value s o f  th e characte r  unit s wer e shifte d on e slo t  t o th e lef t  i n preparatio n fo r 

receip t  o f  th e nex t  phoneme .  Thi s se t  o f  outpu t  value s represente d th e startin g poin t  fo r  th e 

attemp t  t o matc h th e nex t  phoneme .  (Th e rightmos t  characte r  slo t  ha d al l  it s  units '  output s 

set  t o th e defaul t  nomina l  value. ) 

Steps (2)-(4) were repeated for each phoneme in the string of phonemes which the network was to 

spell .  A t  eac h iteratio n o f  thi s cycl e o f  step s th e patter n o f  activit y i n th e characte r  unit s wa s exam -

ine d a t  th e en d o f  ste p (3) . 

Table 3 

Experimen t 

1 

2 

3 
4 

5 

6 

7 

Targe t  Phonem e 

mi 

/a / 

/a / 
Iv l 
n 
lt d 

I' l 
la / 

Ik l 
I d 
It l 

Ik J 
la J 
It U 

Characte r  Uni U 

Initia l  Sut e 

•• • 

c»r 

c»n 
•• • 

•• • 

•• • 

•• • 

Winner s 
Afte r  Convergenc e 

can 

car 

con 
_wa 
wos 
on_ 

_wa 
wos 
as_ 

cor 

cor 
on_ 

I n ever y on e o f  thes e sequentia l  experiment s ther e wa s ambiguit y concernin g th e correc t  choic e 

of  vowe l  a t  th e tim e tha t  phonem e wa s presented ;  subsequen t  presentatio n o f  th e nex t  phonem e pro -

vide d disambiguatin g informatio n whic h enable d th e syste m t o choos e th e correc t  vowe l  eve n afte r  th e 

correspondin g phonem e wa s n o longe r  availabl e t o th e system .  I n ever y cas e th e syste m mad e th e 

correc t  vowe l  it s  clea r  favorit e onc e thi s disambiguatin g informatio n wa s mad e available . 

DISCUSSION 

There are several remarks to be made here. First, the particular network used for these experi-

ment s wa s quit e smal l  an d th e inversio n problem s pose d wer e quit e simple .  I t  wil l  b e interestin g t o 

see whethe r  simila r  result s ar e obtaine d i f  correspondin g experiment s ar e performe d i n a  muc h large r 

networ k havin g man y mor e input/outpu t  pair s 'stored '  i n it s  weights . 

Second ,  th e proble m o f  invertin g a  NETtalk-lik e grapheme-string-to-single-phonem e mappin g 

was chose n becaus e i t  illustrate d no t  onl y th e notio n o f  invertin g a  mappin g bu t  als o som e othe r  issue s 

whic h ar e base d o n th e observatio n tha t  th e networ k inversio n proble m an d th e networ k learnin g 
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proble m ar e dua l  instance s o f  th e sam e genera l  mathematica l  problem .  A s such ,  the y ar e bot h under -

determined ,  i n general ,  s o tha t  wha t  mus t  b e sough t  ar e simultaneou s solution s t o multipl e instance s 

of  suc h problems ,  o r  els e solution s whic h ar e nearest ,  i n som e sense ,  t o a  give n startin g point . 

Furthermore, the sequential nature of learning problems — in which the items to be learned are 

assumed t o b e experience d sequentiall y  — i s generall y take n fo r  granted ,  whil e th e conncctionis t 

approac h ofte n suggest s solution s t o comprehensio n problem s i n whic h a  grea t  dea l  mor e parallelis m i s 

assumed (ofte n b y simpl y bufferin g a  temporall y extende d inpu t  strea m i n orde r  t o mak e al l  com -

ponent s o f  i t  availabl e fo r  processin g simultaneously) .  I n th e exampl e considere d here ,  a  strictl y 

sequentia l  proces s wa s invoke d i n whic h th e syste m wa s onl y allowe d t o examin e on e phonem e a t  a 

time .  A n interestin g questio n i s wha t  t o d o a t  eac h ste p i n orde r  t o ge t  optima l  convergenc e t o th e 

"correct *  answer .  Th e engineerin g topi c o f  recursiv e identificatio n (Ljun g &  Soderstrom ,  1982 ) 

addresse s suc h questions ,  althoug h mos t  suc h algorithm s ma y b e o f  limite d applicabilit y  t o thes e net -

wor k problem s sinc e the y ar e base d o n linea r  approximations .  Th e importanc e o f  thes e sequentia l 

issue s ca n b e see n b y notin g tha t  suc h algorithm s applie d t o th e learnin g proble m woul d provid e one -

tria l  learning .  Whil e a  paralle l  approac h i s possibl e eve n i n th e learnin g case ,  i t  i s  clearl y inappropri -

ate. ' 

Another remark concerns the implication of the duality between input vector and weight matrix 

fo r  th e conncctionis t  approach .  I t  i s  intriguin g t o speculat e o n ho w i t  migh t  b e possibl e t o creat e 

model s i n whic h activation s an d weight s pla y a  mor e symmetri c role .  Ther e ar e certainl y precedent s 

fo r  suc h a n enterprise .  Fo r  example ,  model s hav e bee n propose d whic h essentiall y  replac e weight s b y 

activatio n o f  unit s vi a gatin g connection s o n second-orde r  sigma-p i  unit s (Hinton ,  1981 ;  Rumelhart , 

Hinton ,  &  McClelland ,  1986 ;  Williams ,  1986) .  On e suc h mode l  i s tha t  o f  McClellan d (1986) .  Also , 

some model s hav e bee n studie d whic h cal l  fo r  fas t  short-ter m change s i n weights ,  whic h migh t  b e con -

sidere d a  mean s b y whic h networ k weight s ar e mad e t o tak e o n a  rol e mor e lik e tha t  o f  activatio n o f 

units . 

Finally, note that unlike most reports on connectionist-style research, this paper does not actu-

all y propos e a  networ k implementatio n o f  th e computationa l  techniqu e suggeste d here .  Rather ,  i t 

suggest s th e utilit y  o f  th e back-propagatio n formalis m i n anothe r  settin g beside s tha t  fo r  whic h i t  wa s 

originall y proposed .  Result s suc h a s thes e sugges t  tha t  treatin g back-propagatio n a s a  functiona l  prim -

itiv e i n network s ma y lea d t o a  numbe r  o f  elegan t  solution s t o connectionist-styl e problems .  I t 

remain s a n ope n questio n jus t  ho w suc h functionalit y ma y b e implemente d i n mor e conventiona l 

forward-propagatin g networ k fashion .  I t  i s  clea r  tha t  th e computatio n explore d her e ha s th e flavor  o f 

a sequenc e o f  settlings ,  suggestin g tha t  a  possibl e implementatio n migh t  consis t  o f  a  networ k designe d 

t o carr y ou t  thi s settlin g behavior . 

1.  I n fact ,  i t  i t  no t  bar d t o devis e a  genera l  procedur e fo r  conitructin g a  large r  network ,  wit h certai n weight s constraine d t o b e 
equal ,  suc h tha t  th e sequentia l  proble m o f  determinin g th e weight s fo r  a  give n collectio n o f  input/outpu t  pair s i n a  give n net -
work amount s t o a  singl e trainin g instanc e i n thi s ne w (poaibl y gigantic )  network .  Furthermore ,  th e usua l  techniqu e o f  in -
terspersin g th e paner n presenution s throughou t  trainin g ca n b e viewe d a s a  time-shared ,  seria l  implementatio n o f  thi s paralle l 
process . 
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COMPLEMENT SELECTIO N AN D TH E LEXICO N 

I N JAPANESE 

Toshiyuki Yamamoto 

Departmen t  o f  Foreig n Language s 

West  Virgini a Universit y 

ABSTRACT 

Thi s stud y i s o n th e extende d lin e o f  Grimsha w 1979 , 

whic h explain s th e complemen t  selectio n i n Japanese .  B y 

extendin g Grimshaw' s analysi s tha t  th e combinatio n o f 

predicate s an d thei r  complement s ar e explicabl e b y im -

posin g well-formednes s condition s o n tw o differen t 

level s o f  representation :  on e a t  th e syntacti c level ; 

th e othe r  a t  th e semanti c level ,  th e analysi s give n 

her e whic h utilize s tw o semanti c restrictiv e feature s 

unde r  th e semanti c feature :  [+presupposition ]  an d 

[±fact ive] ,  i s  abl e t o explai n th e anomalie s concernin g 

th e complementize r  selectio n i n Kun o 1973 . 

INTRODUCTION 

As fa r  a s complemen t  selectio n i s concerned ,  Bresna n 197 2 

and Chomsk y 197 3 assume d tha t  th e selectiona l  restriction s be -

twee n verb s an d type s o f  complement s ar e mad e solel y o n syn -

tacti c level .  However ,  Grimsha w 197 9 claim s tha t  th e combinatio n 

of  predicate s an d thei r  complement s ar e explicabl e b y imposin g 

well-formednes s conditio n o n tw o differen t  level s o f  representa -

t ion ,  i.e. ,  on e a t  th e syntacti c level ,  an d th e othe r  a t  th e se -

manti c level .  Tha t  is ,  subcategorizatio n give s restriction s be -

twee n verb s an d th e typ e o f  complements ,  an d th e semanti c selec -

tio n restrict s th e combinatio n betwee n verb s an d th e semanti c 

typ e o f  thei r  complements .  Grimsha w 197 9 argue s tha t  i t  i s  no t 

possibl e t o reduc e th e tw o restriction s t o eithe r  on e o f  levels . 
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For  eas e o f  expos i t i on ,  observ e examp le s i n ( 1 ) . 

(1) a. John wondered [who Bill saw]. 

b .  Joh n wondere d * [ tha t  Bi l l  sa w s o m e o n e ] . 

(2 )  a .  Joh n though t  [tha t  B i l l  sa w s o m e o n e ] . 

b .  Joh n though t  * [wh o Bi l l  s a w ] . 

The verb wonder takes only questions, but does not take that-

c o m p l e m e n t s .  H o w e v e r ,  th e ver b th in k take s tha t - comp lemen t s an d 

no t  q u e s t i o n s .  A t  th e syntac t i c l eve l ,  wha t  w e nee d i s fo r  th e 

ver b wonde r  an d th e ver b thin k t o hav e th e syntac t i c featur e 

+ [  S ] .  A t  th e semant i c l e v e l ,  th e ver b wonde r  requ i re s q u e s -

t i o n s ,  tha t  i s ,  + [  Q ] ,  whi l e th e ver b th in k requ i re s p r o p o s i -

t i ons ,  tha t  i s ,  + [  P ] .  F igur e 1  summar ize s wha t  ha s bee n d i s -

cusse d s o fa r . 

Th e p laus ib i l i t y  o f  th i s ana lys i s i s a t tes te d b y nul l  com -

p lemen t  anaphor a suc h a s th e fo l low ing : 

(3 )  A :  Di d Joh n leave ? 

B:  * I  ag ree . 
I  don' t  know . 

(4 )  A :  Joh n i s te l l in g l ie s aga in . 

B:  I  ag ree . 
I t ' s  to o bad . 

* I  i nqu i red . 

I n ( 3 ) ,  B' s answe r  i s use d i n respons e t o A' s ques t ion .  There -

fo re ,  i n orde r  fo r  thi s d iscours e t o b e comp le te ,  B' s answe r 

wonde r 

thin k 

syntac t i c leve l 

+ [  S ] 

+ [  S ] 

semant i c leve l 

+ [  Q ] 

+ [  P ] 

F igur e 1 :  Wel l - fo rmednes s cond i t i on s o f  wonde r  an d th in k 
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r e q u i r e s a  ques t i o n a s i t s i n t e r p r e t a t i o n .  Th e i l l - fo rme d d i s -

c o u r s e w i l l  b e asc r ibe d t o th e fac t  tha t  th e ver b agre e doe s no t 

t ak e + [  Q J a s i t s seman t i c f e a t u r e .  O n th e o the r  hand ,  i n (4) , 

th e p r o p o s i t i o n Joh n i s te l l i n g l ie s aga i n occur s af te r  I  agre e 

an d I t ' s  to o ba d becaus e the y tak e th e featur e + [  P ] .  However , 

th e i l l - f o r m e d n e s s o f  * I  i nqu i re d i s du e t o th e fac t  tha t  inquir e 

on l y t a k e s + [  Q ] .  I n o the r  w o r d s ,  us in g tw o leve l s o f  res t r i c -

t i o n m a k e s i t  poss ib l e t o conc lud e tha t  a  nul l  comp lemen t  a n a p h -

or a ha s on l y t o b e con t ro l l e d p ragmat i ca l l y an d tha t  ther e i s n o 

nee d fo r  i t s a n t e c e d e n t .  Th i s i s a  muc h mor e e legan t  ana lys i s 

c o m p a r e d t o tha t  o f  Hankame r  an d Sa g 197 6 i n wh ic h the y t r ie d t o 

e x p l a i n th e nu l l  comp lemen t  anapho r a a s a  kin d o f  e l l i p s i s .  I t 

w i l l  b e enoug h t o po in t  ou t  on e exampl e o f  Gr imsha w 197 9 t o r e -

fu t e H a n k a m e r  an d Sa g 1976 . 

( 5 )  Joh n aske d m e th e t ime -
=what  t im e i t  wa s 

(6 )  B i l l  aske d m e th e t i m e j ( b u t )  I  d idn ' t  know . 
\s o I  i nqu i red . 

( 7 )  * I  inqu i re d th e t i m e . 

Th e s e n t e n c e (5 )  i nc lude s a  concea le d ques t i on .  Tha t  i s ,  th e NP , 

th e t im e i s i n te rp re te d a s wha t  t im e i t  w a s .  T h e r e f o r e ,  th e ver b 

as k r e q u i r e s + [  Q ] .  I n ( 6 ) ,  th e ver b inqu i r e requ i re s onl y 

+ [  S ]  s y n t a c t i c a l l y ,  a s th e ungraramatical i t y o f  (7 )  shows . 

H o w e v e r ,  sen tenc e (6 )  i s to ta l l y g r a m m a t i c a l ,  eve n thoug h a  con -

cea le d ques t i o n i s no t  poss ib l e i n th e cas e o f  th e ver b i n q u i r e , 

a s i n ( 7 ) .  Th e g rammat i ca l i t y o f  (6 )  i s  a t t r ibu te d t o th e fac t 

tha t  bo t h ve rb s as k an d inqu i r e requ i r e + [  Q ]  seman t i ca l l y . 

COMPLEMENTIZERS IN JAPANESE 

I n th e Japanes e l a n g u a g e ,  ther e ar e a t  leas t  fou r  c o m p l e -

m e n t i z e r s ( ko to ,  no ,  t o ,  k a ) .  Un l i k e Eng l is h c o m p l e m e n t i z e r s , 

J a p a n e s e c o m p l e m e n t i z e r s occu r  a t  th e r igh tmos t  en d o f  S  a s th e 

f o l l o w i n g sen tenc e s h o w s ; 
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(8) [[Mary-ga Jack-o aishite-iru <,][koto] -oj-wa 
SUB OB J love s ^  COMP ^  SU B 

shuuchi-no jijitsu da. 
we l l - know n fac t  i s 

*It is a well-known fact that Mary loves Jack.* 

Fo l l ow in g th e sam e l in e o f  a rgumen t  presente d i n Gr imsha w 

1979, let us assume that at the syntactic level, verbs or adjec-

tives only have such subcategorization features as +[S ] or 

+ [N ], and at the semantic level, verbs or adjectives specify 

semantic features like P or Q. However, we still have such un-

graramatical sentences as follows: 

(9 )  Watash i -w a [ [John-g a Mary- o butsu] [ 
I  SU B SU B OB J hi t 

*kot o 
no 

*t o 
COMP 

]]- o 
OBJ 

m i ta . 
sa w 

' I  sa w Joh n hi t  Mary . ' 

(10) Watashi-wa [[nihongo-ga muzukashii][ 
I  SU B Japanes e SU B d i f f icu l t 

mananda . 
learne d 

' I  learne d tha t  Japanes e i s d i f f i cu l t . ' 

kot o 
*n o 
*t o 

COMP 

]]- o 
OBJ 

(11 )  John-w a [ [n ihongo-g a muzukash i i ] [ 
SUB Japanes e SU B di f f icu l t 

*kot o 
*n o 

t o 
COMP 

] ]  itta. ' 
sai d 

'Joh n sai d tha t  Japanes e i s d i f f i cu l t . ' 

Th e ungrammat i ca l  sentence s sugges t  tha t  w e nee d furthe r  s p e c i f i -

cations along the line of analysis given by Grimshaw 1979. That 

is, the semantic feature +[P ] has to be more specific to re-

strict complementizer selections. Kuno 1973 gives partial analy-

Dat a fro m (8 )  throug h (26 )  excep t  (20 )  ar e fro m Kun o 1973 . 
2 

Th e par t ic l e o_ i s delete d ob l igator y whe n precede d b y th e 
complement i ze r  to . 
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si s concernin g thi s topic .  However ,  becaus e h e differenciate s 

verb s accordin g t o whethe r  verb s includ e presuppositio n o r  not , 

some listing s o f  verb s ar e lef t  unexplaine d a s t o wh y the y tak e 

onl y on e complemen t  rathe r  tha n th e others . 

The clai m t o b e mad e unde r  th e analysi s give n her e i s tha t 

complementize r  selection s o f  verb s ca n b e explicabl e b y usin g tw o 

semanti c restrictiv e feature s unde r  th e semanti c featur e +[ P ] , 

namel y [ ipresupposition ]  an d [ t fact ive] .  Th e featur e [+presup -

posit ion ]  mean s tha t  th e ver b require s P  wit h a  presupposition . 

The featur e [+factive ]  mean s tha t  P  i s base d o n fact .  Th e whol e 

combinatio n i s summarize d i n Figur e 2 . 

I n Kun o 1973 ,  th e ver b omow- u 'think '  ha s th e semanti c 

featur e [-presupposition ]  an d th e ver b wasure-r u 'forget ' 

ha s th e featur e [+presupposit ion] .  Thes e carr y th e grammatical -

it y an d th e ungrammaticalit y o f  (12 )  an d (13 ) . 

{*kot o 

_- _ ___,- _ - -  - î̂ p ̂  OBJ though t 

•]- o omotta . 

'Joh n though t  tha t  Mar y wa s stupid. ' 

kot o 
(13 )  John-w a [Mary-g a tunb o d e ar u 

SUB SUB dea f  i s 
no 

*t o 
COMP 

]- o 
OBJ 

wasurete-ita . 
forgo t 

'Joh n forgo t  tha t  Mar y wa s deaf. ' 

Complementize r 

no 

kot o 

"  ( 

+ [ P 1 

Presuppositio n 

+ 

+ 

Factiv e 

+ 

+ 

Figur e 2 :  Semanti c restrictiv e feature s unde r  +[ P ] 
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Verbs like haya-gaten-s-uru 'form a hasty conclusion', iw-u 

'say', kanchigai-s-uru 'make a wrong guess', and gokai-s-uru 

'form the wrong notion' have the semantic feature [-presupposi-

t i o n ] .  Thes e verb s tak e onl y t_ o c l ause .  Observ e th e fo l lowin g 

examples. 

(14 )  John -w a [Mary-g a sh ind a 
SUB SU B die d 

t o 
*kot_o- o 
*n o - o 

COMP O B J 

h a y a - g a t e n - s h i t a . 
f o rmed-a -has ty -conc lus io n 

itta. 
sai d 

kanch iga i - sh i t a . 
made-a -wrong -gues s 

goka i - sh i t a . 
f o rmed- the -wrong-no t i o n 

forme d th e hast y conc lus io n 
sai d 
made th e wron g gues s 
forme d th e wron g not io n 

had died . ' 

'Joh n tha t  Mar y 

The fo l lowin g verb s tak e onl y th e [+presuppos i t i on ]  fea tu re , 

whic h te l l s tha t  th e complement ize r  t_ o i s no t  used . 

(15 )  John-w a [Mary-g a tsunb o d e ar u 
SUB SU B dea f  i s 

omo idash i t a . 
recal le d 

kot o 
no 

*t o 

COMP 

]- o 
OBJ 

wasure te - i t a . 
had- fo rgo t te n 

'John had forgotten that Mary was deaf.' 

So fa r ,  Kun o 197 3 an d th e ana lys i s g ive n her e predic t  th e 

same data. Kuno 1973 sets the verb shiru 'know' as an exception 

an d l is t s th e fo l lowin g examp les . 
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(16 )  *Anata-w a [Mary-g a tunb o d a _t o ]  shitte-imasuka ? 
yo u SU B SU B dea f  i s COMP kno w 

'D o yo u kno w tha t  Mar y i s deaf? ' 

(17 )  Watashi-w a [Mary-g a tsunb o d a _t o ]  sonotok i 
I  SU B SU B dea f  i s COMP the n 

shitta . 
got-to-kno w 

' I  go t  t o kno w the n tha t  Mar y wa s deaf. ' 

(18 )  *[Mary-g a konn a bak a d a t ^  ]  shitte-imashitaka ? 
SUB such- a foo l  i s  COMP kno w 

'D o yo u kno w tha t  Mar y wa s suc h a  fool? ' 

(19 )  [Mary-g a konn a bak a d a ^  ]  shirimase n deshita . 
SUB such- a foo l  i s  COMP kno w no t  pas t 

' I  di d no t  kno w tha t  Mar y wa s suc h a  fool. ' 

However, a close examination shows that shir-u, which is the 

presen t  form ,  mean s 'com e t o th e stat e o f  knowing '  o r  'ge t  t o 

know' ,  an d th e pas t  tens e shitt a mean s 'cam e t o th e stat e o f 

knowing '  o r  'go t  t o know' .  Shirimasen ,  whic h i s th e negativ e 

counterpar t  o f  shir-u ,  mean s 'no t  com e t o th e stat e o f  knowing ' 

or  'no t  ge t  t o know' .  O n th e othe r  hand ,  shitte-ir u mean s 'b e 

i n th e stat e o f  knowing' .  Tha t  is ,  Kun o 197 3 fail s t o assum e 

tha t  th e ver b shitte-ir u i s a  stativ e ver b unlik e th e ver b shir-u , 

whic h i s a n actio n verb .  Th e semanti c restriction s o f  th e verb s 

shir- u an d shitte-ir u wil l  b e a s follows : 

(20) shir-u: [tpresupposition, tfactive] 

shitte-iru :  [+presupposition ,  ±factive ] 

With (20), we can now clearly explain the grammaticality from 

(16 )  throug h (19 ) . 

By extendin g th e semanti c restrictions ,  th e analysi s give n 

her e ca n no w explai n anomalie s i n Kuno' s paradigm .  First ,  verb s 

of  perceptio n ca n tak e onl y a  n £ clause . 
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(21 )  Wa tash i -w a [John-g a Mary - o buts u 

I  SU B SU B OB J hi t 

' I  sa w Joh n h i t t in g Mary . ' 

( 22 )  Wa tash i -w a [John-g a p iano- o h ik u 

]- o mi ta . 
no 

*ko t o 
COMP OB J sa w 

]- o kiita . no 
*kot o 

I  SU B SU B OB J pla y COMP OBJ hear d 

' I  hear d Joh n p lay in g th e p iano . ' 

( 23 )  Wa tash i -w a [sesuj i -g a samuk u naru|„!^ °  ]- o 
•^KOt O 

I  SU B spin e SU B col d becom e COMP OB J 

kan j i t a . 
fel t 

' I  fel t  a  col d shive r  runnin g dow n m y sp ine . ' 

The ana lys i s g ive n her e pred ic t s tha t  th e verb s i n (21) - (23 )  hav e 

th e semant i c f ea tu re ,  +[ P ] ,  [+p resuppos i t i on ,  + f a c t i v e ] .  Thi s 

featur e spec i f i ca t io n clear l y d is t ingu is h n £ an d ko to . 

Second ,  verb s o f  order in g ar e speci f ie d b y th e semant i c 

f ea tu re ,  [+p resuppos i t i on ,  - f a c t i v e ] ,  whic h res t r i c t s th e comple -

ment ize r  t o onl y ko to . 

(24 )  Watash i -w a John-n i  [hatarak u 

I  SU B 

yookyuu-sh i ta . 
demande d 

tanonda . 
aske d 

kyoose i - sh i ta . 
force d 

t o wor k 

kot o 
*n o ]- o 
*t o 

COMP OB J 

' I 
demanded 
aske d 
force d 

Joh n t o work .  ' 

Th i rd ,  verb s o f  expect in g hav e imp l i ca t io n tha t  thing s t o 

expec t  hav e no t  ye t  com e t rue .  The re fo re ,  th e featur e [-factive ] 

i s ass igne d t o thes e type s o f  ve rbs .  T o pu t  i t  mor e p rec ise ly , 

th e semant i c res t r ic t io n i s +[ P ] ,  [ t p resuppos i t i on ,  - f a c t i v e ] , 

whic h a l lo w complement ize r s kot o an d to . 
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(25 )  Mary-w a [John-g a kur u •  ^ °  °"° j  ]  kitai-shite-ita . 

SUB SU B com e COMP OBJ was-expectin g 

'Mar y wa s expectin g tha t  Joh n woul d come- ' 

Final ly ,  th e verb s o f  waitin g tak e no ^  an d koto .  Thi s seem s 

t o b e a  natura l  consequenc e becaus e ther e hav e t o b e thing s t o 

wai t  fo r  whe n on e wait s fo r  something .  Therefore ,  th e featur e 

[+presupposit ion ]  i s  marke d a t  th e semanti c level .  Whethe r  th e 

complementize r  n o o r  kot o i s specifie d i s base d o n th e thing s t o 

wai t  for .  Th e followin g example s sho w tha t  th e highl y abstrac t 

concep t  i s marke d [-factive] ,  whil e waitin g fo r  Joh n t o com e i s 

les s abstract ,  an d rathe r  mor e factiv e becaus e th e reaso n tha t 

one ca n wai t  fo r  Joh n t o com e i s du e t o th e fac t  tha t  Joh n i s 

coming . 

(26 )  a . 

b . 

Watashi-w a [John-g a 1 "̂̂ ^  i*i,ot- o f  •'~ °  °iatta . 

I  SU B SU B com e COMP OBJ waite d 

' I  waite d fo r  Joh n t o come. ' 
no 
kot o 
COMP 

• ] Watashi-w a [sekai-n i  heiwa-g a otozurer u 

I  SU B worl d t o peac e SU B visit s 

- o matte-imasu . 
OBJ am-waitin g 

• I  a m waitin g fo r  peac e t o descen d o n th e world. ' 

CONCLUSION 

By subcategorizin g th e semanti c featur e +[ P ]  int o th e 

combination s o f  [tpresupposition J an d [±fact ive] ,  Kuno' s anom -

alie s com e unde r  th e regula r  pattern .  I t  seem s tha t  th e solutio n 

we hav e mad e argue s fo r  non-autonomou s syntacti c hypothesis . 

However ,  th e poin t  t o b e mad e i s tha t  assumin g synta x an d seman -

tic s ar e tw o differen t  autonomou s system s an d tha t  eac h modul e 

serve s t o generat e grammatica l  sentences ,  w e wil l  ge t  highe r 

generalization s i n rule s o f  grammar . 
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I ,  me ,  min e (1 ) 
Psyoholinguisti c Constraint s o f  Frenc h Clitic s i n Sentenc e Generatio n 

Michae l  ZOCK 
Gerar d SABAH 

LIM5I ,  Langue s Naturelle s 
B.P .  3 0 -  9140 6 ORSAY Cddex/Franc e 

Abstrac t  : 

Thi s pape r  describe s a n implemente d tutorin g system ,  designe d 
t o sho w variou s way s o f  convertin g a  give n meanin g structur e 
int o it s correspondin g surfac e expression .  Th e syste m i s mean t 
t o b e a  teachin g too l  fo r  student s wh o lear n Frenc h a s a  foreig n 
language . 

Vihile showing various ways of converting a ijiven ineaning struc-
tur e int o it s correspondin g surfac e expression ,  th e syste m help s 
not  onl y t o discove r  WHAT dat a t o proces s bu t  als o MOW thi s infor -
matio n processin g shoul d tak e place .  I n othe r  words ,  w e ar e con -
cernei J wii' t  Hrficienc y i n verba l  plannin g (flexibilit y  an d econo -
my o f  performance) . 

Recognizing that the same result can be obtained by various me-
thods ,  th e studen t  shoul d fin d ou t  whic h on e i s bes t  suite d t o 
th e circumstance s (wha t  i s known ,  tas k demand s etc) .  Informatio -
nal  stato:5 ,  lieno e tli e processor' s needs ,  may var y t o a  grea t  ex -
tent ,  a s may hi s STRATEGIES o r  cognitiv e styles .  I n consequence , 
i n orde r  t o becom e a n efficien t  processor ,  th e studen t  ha s t o 
acquir e no t  onl y STRUCTURAL o r  RULE-KNOWLEDGE bu t  als o PROCEDURAL-
KNOWLEDGE (skill) . 

With this in mind we have designed three modules in order to 
foste r  a  reflective ,  experimenta l  attitud e i n th e learner ,  hel -
pin g hl n t o discove r  insightfull y th e mos t  efficien t  strategy . 

1 TH E PROBLEM : 

I t  i s  wel l  know n tha t  childre n o r  student s learnin g Frenc h a s a  foreig n 
languag e nee d a  grea t  dea l  o f  practic e befor ? the y nnsLe r  th e Frenc h pronou n 
:3yste m wel l  enoug h t o fluentl y produc e correc t  sentence s wit h 1  o r  2  pronou n 
complements ,  suc h as : 
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giv e 

Agent  Objec t  Benef , 

2 3 1 

a)  T u me l e donnes ? S-IO-DO- V 
Do yo u giv e i t  t o jn e ? 

b)Donne-l e mo i  ! 
Giv e i t  t o me ! 

c) Ne me le donnes pas! 
Dont '  giv e i t  t o me 

V-DO-I O 

neg-IO-DO-V-ne g 

The student' s proble m ca n b e state d i n th e followin g terms :  h e ha s t o lear n 
how t o determin e bot h for m an d positio n fo r  th e Frenc h pronouns .  Basicall y h e 
i s face d wit h th e followin g problem : 

- he has to LEARN two lists, one for morphology the other for syntax (frames) 
-  h e ha s t o DISCOVER unde r  wha t  condition s eac h o f  thes e element s applies . 

Lis t  o f  MORPHOLOGY lis t  o f  5YNT .  FRAMES 

SPEAKER:  je ,  me ,  moi ,  nou s 
LISTENER:  tu ,  te ,  toi ,  vou s 
3d PERSON:  le ,  la ,  les ,  lui ,  leur ,  eu x 

il ,  elle ,  ils ,  elles ,  on ,  s e so i 

S-DO-IO- V 
S-IO-DO- V 
S-DO-V-prep-I O 

etc . 

As w e wil l  see ,  th e student' s tas k i s no t  al l  tha t  easy .  Thes e ar e som e o f  th e 
reason s why : 

A) SYNTAX depends upon MORPHOLOGY: 

By modifying the form of a given element one may also alter its position. 
I n othe r  words ,  certai n feature s influenc e simultaneousl y morpholog y an d 
synta x (se e d-e) . 

presente r 

Benef Agent 

d)  I I  me pr^sent e h  ell e 
He present s me t o he r 

e)  I I  l e lu i  pr^sent e 
He present s hi m t o he r 

S-DO-V-prep-I O 

S-DO-IO-V 

B)  Th e determinatio n o f  FORM an d POSITIO N require s comple x FEATURE-CLUSTERS: 

Any form or sentence-frame depends upon a number of conditions or features 
(2) .  Eve n a  simpl e concep t  suc h a s SPEAKER require s quit e a  lo t  o f  proces -
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sing .  I t  ma y b e expresse d b y a  variet y o f  form s (je,me,moi) ;  eac h may af -
fec t  th e choic e o f  a  sentenc e frame . 

Furthermore, features such as PERSON, NUMBER, CASE and GENDER (3) which 
come readil y int o mind ,  ar e b y n o mean s sufficient .  A s th e example s "a-c " 
clearl y show ,  man y othe r  variable s lik e SENTENCE-MODE (a,b) ,  NEGATION (b,c) , 
etc .  com e int o play . 

C) Some MORPHEMES are MULTIPLE DEPENDANTS (4): 

The form of some morphemes depends not only upon features inherent in the 
coreferen t  (vertica l  dependency) ,  bu t  als o upo n feature s comin g fro m anothe r 
referen t  (horizonta l  dependancy) .  Thi s i s th e cas e o f  th e indirec t  object , 
whose for m depend s upo n th e valu e o f  th e direc t  objec t  (se e d,e) .  Thi s fac t 
i s  interestin g fo r  it s procedura l  implications ,  namel y i t  exclude s an y word -
to-wor d processing . 

In the light of these facts, one must admit, that what looked easy at first 
sigh t  turne d ou t  t o b e a  comple x enterprise . 

2 OBJECTIV E : 

The system described here (5) is an attempt to help the student to acquire 
th e necessar y structura l  an d procedura l  knowledg e i n orde r  t o economicall y ge -
nerat e pronoun-construction s i n Frenc h (6) . 

While converting a given meaning structure into its corresponding surface 
expression ,  th e studen t  shoul d no t  onl y lear n WHAT dat a t o process ,  bu t  als o 
HOW thi s informatio n processin g shoul d tak e place .  Recognizin g tha t  th e sam e 
resul t  ca n b e obtaine d b y variou s method s (strategies) ,  th e studen t  shoul d fin d 
out  whic h on e i s bes t  suite d t o th e circumstances . 

Particular emphasis is placed upon the discovery of operating principles (7) 
and th e buildin g o f  large r  block s (schematas) .  Thi s chunkin g metho d shoul d no t 
onl y hel p t o avoi d unnecessar y disruption s an d memor y loa d bu t  als o allo w evo -
lutio n fro m seria l  t o simultaneou s processing . 

3 DESCRIPTION OF THE SYSTEM : 

The heart of the system is a knowledge base which contains, in the form of 
productio n rules ,  th e structura l  informatio n necessar y t o incrementall y deter -
min e for m a s wel l  a s position .  Furthermor e th e syste m contain s a n inference-me -
chanism ,  i.e .  a  se t  o f  rules ,  whos e functio n i s t o deduc e ne w fact s fro m infor -
matio n give n t o th e system . 

The base can be accessed in various ways, thus allowing for varying usage of 
th e knowledg e accordin g t o th e objectives . 
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3. 1 TH E SOCRATIC METHOD : 

The system guides the student in the form of a dialogue, by showing him what 
and ho w t o proces s i n orde r  t o ge t  fro m a n inpu t  t o th e output .  Th e use r  start s 
by providin g th e inpu t  (verb-patter n compose d o f  a  verb ,  it s  complement s an d 
eventua l  prepositions) : 

donner (qn,qc,a qn) give (so, sth, to so) 

Then the system takes over, asking for more information about these basic 
elements .  B y askin g specifi c  question s (person ,  gender ,  number) ,  th e syste m 
shows whic h informatio n i s relevan t  whe n determinin g for m a s wel l  a s position . 
Whil e answerin g thes e question s th e studen t  incrementall y determine s th e fina l 
for m o f  th e sentence . 

3. 2 GUIDE D DISCOVERY : 

The system still controls the nature of the operations but no longer con-
trol s thei r  order .  Th e latte r  i s  controlled ,  vi a strategies ,  b y th e user .  H e 
decide s i n wha t  orde r  t o proces s th e data .  Havin g determine d th e subject ,  whos e 
positio n i s invariable ,  on e ca n choos e fro m thre e strategies : 

- a syntactical one (syntactic-driven processing) 
-  an d tw o morphologica l  one s (lexical-drive n processing) . 

If priority is given to syntax (strategy 1), no further reordering of syn-
tacti c constituent s i s mean t  t o tak e place ,  i.e .  al l  informatio n necessar y t o 
determin e wor d orde r  wil l  hav e bee n processed .  Th e resul t  i s  a n ordere d cate -
goria l  structur e o r  syntactica l  fram e (Tl )  whic h wil l  b e fille d i n b y th e mor -
phologica l  value s determine d late r  (T2) ,  fo r  example : 

donner 
(give ) 
y^  I  \  (Tl )  sentenc e fram e :Subjec t  -  Dir.Obj. -  Ind.Obj. -  Ver b 

^ ^  \  ^ ^  (T2 )  morpholog y :  i l  -  l e -  lu i  -  donn e 
Agent  Objec t  Benef . 

3 3 3 (he gives it to her) 

If priority is given to morphology (lexically driven generation), the form 
i s determine d befor e th e relativ e orde r  o f  th e constituen t  elements .  I n thi s 
cas e tw o strategie s ar e possible :  eithe r  on e processe s th e direc t  (strateg y 2 ) , 
or  th e indirec t  objec t  (strateg y 3 ) . 

This experimental method should make the student aware of the fact that 
ther e ar e severa l  way s o f  arrivin g a t  a  particula r  solutio n (sentence).I t  i s 
precisel y hi s tas k t o fin d ou t  whic h strateg y i s th e bes t  suited .  B y applyin g 
performanc e criteri a suc h as : 

- number of steps necessary to generate the sentence 
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-  wha t  i s know n when ? (form/position ) 
-  congruenc e o f  input/outpu t  orde r  (ar e permutation s necessary ? LIFO/FIFO ) 
-  ar e ther e an y conceptua l  disruptions ? 

the student hopefully discovers the procedural knowledge necessary for economic 
productio n o f  pronou n constructions . 

3. 3 USER DRIVE N EXPERIMENTATION : 

This method, like the previous one, is empirical. By playing with the system 
th e studen t  ma y gai n certai n insight s abou t  processin g order . 

A matrix appears on the screen, whose blank spaces have to be filled in by 
th e student .  Th e horizonta l  lin e show s th e syntacti c informatio n give n wit h th e 
inpu t  (verb ,  subject ,  object ,  preposition) ,  -mor e informatio n i s neede d abou t 
thos e elements -  th e vertica l  lin e show s th e natur e o f  th e informatio n necessar y 
t o arriv e a t  th e output . 

Thus the processing once again consists of the specification of the values 
of  a  lis t  o f  attributes .  Howeve r  ther e i s a  fundamenta l  differenc e betwee n thi s 
approac h an d th e former ,  namel y tha t  th e syste m ha s a n inferenc e mechanism . 
Each ite m o f  informatio n give n t o th e syste m i s considere d fo r  it s meanin g po -
tential ,  i.e .  th e syste m trie s t o fin d ou t  whethe r  som e ne w fact s ca n b e de -
duce d fro m th e ol d fact . 

It should be noted that the inference power varies with the nature of the 
dat a a s wel l  a s wit h thei r  order .  Ther e ar e case s wher e a  singl e fac t  enable s 3 
othe r  fact s (reflexives )  t o b e deduced .  A  give n inferenc e may allo w furthe r  de -
duction s (inference-chain/knowledg e propagation) .  Thi s ha s o f  cours e a n effec t 
on th e process ,  namel y th e greate r  th e inferenc e power ,  th e greate r  th e econom y 
of  processing .  Thi s suggest s th e followin g operatin g principle : 

the greater the inference power of a given piece of 
information ,  th e earlie r  i t  shoul d b e processed . 

This method is interesting in that, by testing different items and different 
orders ,  i t  make s i t  possibl e t o se e o n th e scree n whic h item s allo w wha t  infe -
rences .  Sinc e thos e inference s depen d upo n th e natur e o f  th e inpu t  a s wel l  a s 
on th e moment  a t  whic h tha t  informatio n i s given ,  w e believ e tha t  thi s syste m 
i s particularl y usefu l  i n helpin g t o discove r  th e optima l  orde r  o f  processing . 

Furthermore we think that this method has another virtue, namely that it can 
simulat e literall y an y knowledg e state ,  thu s makin g i t  possible ,  b y experimen -
ta l  mean s t o discove r  th e shortes t  pat h betwee n a  give n informationa l  stat e 
(input )  an d th e solutin n (output) . 

4 CONCLUSIONS : 

We have stressed the need for teaching procedural knowledge (strategies) as 
wel l  a s structura l  knowledg e (linguisti c  rules) .  I n orde r  t o achiev e thi s goa l 
we hav e designe d thre e modules ,  on e demonstrative ,  th e othe r  tw o experimental . 
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Each modul e i s intende d fo r  a  differen t  learnin g stag e o r  learne r  type ,  a s th e 
cognitiv e style s may var y bot h amon g individual s an d withi n th e sam e indivi -
dual .  B y progressivel y movin g th e contro l  fro m outsid e (system )  t o insid e 
(student) ,  i.e .  i n integratin g th e studen t  int o th e learning-proces s (8 )  w e 
hop e t o mak e him : 

- actively curious (testing of hypotheses - learning by discovery); 
-  consciou s o f  th e nee d fo r  plannin g (ho w fa r  shoul d on e pla n ahead?) , 
-  selectiv e abou t  th> ^  rnuan s h e shoul d us e (Whic h strateg y i s bes t  unde r 

what  circumstance s ? ) . 

The whole idea of having different strategies compete has been largely ig-
nore d b y curren t  wor k o n languag e generation .  Whil e thi s aspec t  may b e onl y o f 
secondar y interes t  fo r  automati c generatio n i n general ,  i t  certainl y i s no t  a n 
unimportan t  issu e i n cognitiv e modelling ,  whethe r  i t  b e languag e learnin g o r 
usage . 

NOTES : 

1° In memory of one of the Beatle's songs. 

2° The average number for a given pronoun is about three. 

3° We call these inherent features, as opposed to features like sentence-mode, 
negatio n etc .  whic h als o determin e for m bu t  whos e informatio n i s no t  expli -
cite d i n th e morpheme . 

Note that only PERSON and NUMBER are inherent and well marked in all pro-
nouns .  A  featur e lik e GENDER i s onl y presen t  i n som e form s (mostl y 3 d per -
son) ,  wherea s tli e featur e CASE i s ambiguou s fo r  man y direc t  an d indirec t  ob -
jec t  pronouns ,  i n particula r  fo r  1s t  an d 2n d person . 

4° The way we use the term dependency here is not to be confounded with Tes-
niere' s dependenc y theor y (1959) .  Tesnier e use s th e wor d dependac y t o signi -
f y "valency "  wherea s w e us e th e wor d i n it s litera l  meaning . 

5o The modules described are written in Simula and Prolog. They were implemen-
te d b y G.Saba h an d C.Alviset . 

6° By economy we mean: number of operations, necessary permutations and the 
number  o f  item s t o b e stored . 

7o Among those operating principles are the following: 

- avoid disruptions by grouping together what belongs conceptually together; 
-  star t  wit h th e mos t  informativ e item s 

(featur e hierarchy :  PERSON >  CASE >  NUMBER >  GENDER); 
-  avoi d unnecessar y storag e -  star t  wit h th e leftmos t  item . 

8o The system could be greatly improved if it contained a module, capable to 
analys e th e student s performance s (se e Wool f  &  McDonald) . 
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lAAAI-8 6 
Philadelphia ,  Pennsylvani a 
The proceeding s o f  th e Fift h Nationa l  Confer -
enc e o n Artificia l  Intelligenc e present s Impor -
tant ,  curren t  wor k i n th e fiel d Fo r  th e firs t  time , 
th e proceeding s hav e bee n expande d t o 
includ e tw o majo r  categorie s o f  papers .  Th e 
scienc e trac k present s fundamenta l  researc h 
result s th e engineerin g trac k include s th e 
best  wor k I n applie d Al .  Al l  18 8 paper s hav e 
bee n refereed ,  an d man y includ e illustrations , 
references ,  an d othe r  usefu l  resource s 
C Paper ;  2  volumes .  ISB N 0-934613-13-3 ; 
$55 ($4 0 AAA I  members ) 
AAAi-8 4 
Austin ,  Texa s 
LJ Paper ;  ISB N 0-86576-084-3 , 
$45 ($3 0 AAA I  members ) 
AAAI-8 3 
Washington ,  D.C . 
J Paper ,  ISB N 0-86576-083-3 ; 
$45 ($3 0 AAA I  members ) 
AAAI-8 2 
Pittsburgh ,  Pennsylvani a 
C Paper :  ISB N 0-86576-043-8 ; 
$45 ($3 0 AAA I  members ) 

I  AAA I  IWo-Yea r  Se t 
198 4 an d 198 6 
u Paper ,  2  volumes ;  ISB N 0-934613-25-7 ; 
$70 ($5 0 AAA I  members ) 

iJCAi-8 5 
Lo s Angeles ,  Californi a 
The proceeding s o f  th e Nint h Internationa l 
Join t  Conferenc e o n Artificia l  Intelligenc e 
present s leadin g edg e researc h i n suc h area s 
as A l  an d education ,  automate d reasoning , 
exper t  systems ,  knowledg e representation , 
logi c programming ,  natura l  language ,  an d 
robotics . 
n Paper ,  tw o volumes ;  ISB N 0-934613-02-8 ; 
$55 ($4 0 AAA I  members ) 
IJCAI-83 
Karlsruhe ,  Wes t  German y 
U Pape r  tw o volumes ;  ISB N 0-86576-83-8 ; 
$50 ($3 5 AAA I  members ) 
IJCAI-81 
Vancouver ,  B.C . 
Li  Pape r  tw o volumes ;  ISB N 0-86576-81-7 ; 
$40 ($2 5 AAA I  members ) 

IJCAI-7 9 
Tokyo ,  Japa n 
n Pape r  tw o volumes ;  ISB N 0-86576-79-6 ; 
$40 ($2 5 AAA I  members ) 

IJCAI-77 
Cambridge ,  Massachusett s 
G Paper ,  tw o volumes ;  ISB N 0-86576-77-5 ; 
$40 ($2 5 AAA I  members ) 

IJCAI-7S 
Tbilisi ,  Georgi a U S S R 
U Paper ;  ISB N 0-86576-75-4 ; 
$65 ($4 0 AAA I  members ) 

IJCAI-73 
Stanford ,  Californi a 
•  Paper ,  ISB N 0-86576-73-3 ; 
$65 ($4 0 AAA I  members ) 

IJCAI-71 
London ,  Englan d 
U Paper ,  ISB N 0-86576-71-2 ; 
$80 ($5 0 AAA I  members ) 

IJCAI-69 
Washingto n D.C . 
[.Paper :  ISB N 0-86576-69-1 ; 
$65 ($5 0 AAA I  members ) 

AAAI/IJCAI Eleven-Year Set 1969-84 
U Paper ,  1 6 volumes ;  ISB N 0-934613-23-0 ; 
$52 5 ($34 0 AAA I  members ) 

O R D ER F O R M Morga n Kaufman n Publishers ,  Inc . 
Orde r  Fulfillmen t  Center ,  Dept .  25 ,  P.O .  B o x 50490 ,  Pal o Alto ,  C A 9 4 3 0 3 

Pleas e indicat e you r  orde r  below/ .  Enclos e ful l  paymen t  plu s $1.5 0 fo r  th e firs t  volunn e an d $.5 0 fo r  eac h additiona l  volum e 
fo r  b o o k rat e U.S .  shipment .  (Fo r  surfac e shipmen t  ou t  o f  th e countr y enclos e ful l  paymen t  plu s $2.0 0 fo r  th e firs t  volum e 
a n d $.7 5 pe r  eac h additional. )  Californi a resident s pleas e a d d sale s tax .  I f  no t  satisfied ,  yo u m a y retur n book s withi n 3 0 
day s fo r  a  complet e refund .  (Softwar e i s non-returnable. ) 
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E s s e n t i a l  B o o k s 

Researc h Note s i n 
Artificial Intelligence 

Copublished with 
Pitman Publishing Ltd. 

The Research Notes series consists of 
technica l  nnonograph s i n specialize d 
area s o f  A l  researc h fo r  us e i n graduat e 
course s o r  a s professiona l  references . 
Manuscript s submitte d fo r  th e serie s ar e 
evaluate d b y a n internationa l  editoria l 
boar d wit h Dere k Sleenna n o f  Stanfor d an d 
NS Sridhara n o f  B B N a s th e m a m editors . 
A Critiquing Approacli to Expert Computer 
Advice :  ATTENDIN G B y Perr y L .  Mille r 
Paper ,  ISB N 0-273-08665-0 ;  $19.9 5 
Heuristic Reasoning About Uncertainty: 
An Artificia l  Intelligenc e Approac h 
By Pau l  R.  Cohe n 
Paper ,  ISB N 0-273-08667-7 ,  $2 2 9 5 
Searching With Probabilities 
By Andre w Pala y 
Paper .  ISB N 0-273-08864-2 :  $2 2 9 5 
Knowledge-Based Interpretation of 
Outdoo r  Natura l  Colo r  Scene s 
By Yuich i  Oht a 
Paper ,  ISB N 0-273-08673-1 ,  $19,9 5 
Learning to Solve Problems by Searching 
fo r  Macro-Operator s B y Richar d Kor f 
Paper ,  ISB N 0-273-08690-1 ,  $19,9 5 
Empirical Analysis for Expert Systems 
By Pete r  Polilaki s 
Paper ,  ISB N 0-273-08663-4 ,  $229 5 
The Mathematics of Inheritance Systems 
By Davi d Touretzk y 
Paper ,  ISB N 0-934613-06-0 ;  $2 2 9 5 
Shape From Texture By John Kender 
Paper ,  ISB N 0-934613-05-2 ;  $2 2 9 5 (Au g 86 ) 
A Deduction Model of Belief 
By Kur t  Konolig e 
Paper ,  ISB N 0-934613-08-7 ,  $24,9 5 (Au g 86 ) 
Representing and Acquiring Geographic 
Knowledg e B y Ernes t  Davi s 
Paper .  ISB N 0-934613-22-2 ;  $2 2 9 5 (Au g 86 ) 
Design Problem Solving: Knowledge 
Structure s an d Contro l  Strategie s 
By Davi d Brow n an d B .  Chandrasekara n 
Paper ,  ISB N 0-943613-07-9 .  $2 2 9 5 (No v 86 ) 
Intention-Based Diagnosis of Errors in 
Novic e Program s B y Lewi s Johnso n 
Paper ,  ISB N 0-93461319-2 ,  $2 4 9 5 (Fal l  86 ) 

I  Reading s I n Softwar e 
Engineerin g an d Artificia l 
Intelligenc e Edite d b y Charle s Ric h an d 
Richar d C ,  Water s 
A collectio n o f  importan t  article s dealin g wit h 
issue s a t  th e intersectio n o f  softwar e engi -
neerin g an d artificia l  intelligenc e Th e editor s 
provid e a n overview ,  introduction s t o eac h 
section ,  an d a  complet e bibliograph y Topic s 
includ e progra m verification ,  transformationa l 
approaches ,  ver y hig h leve l  languages ,  intelli -
gen t  assistants ,  programmin g knowledge , 
and artificia l  intelligenc e programming . 
D Paper ;  ISB N 0-934613-12-5 ; 
(Augus t  1986 ,  Prepublicatio n Pric e $26.95 ) 

I  Reading s i n Natura l  Languag e 
Processin g Edite d b y Barbar a J .  Grosz , 
Kare n Sparc k Jones ,  an d 
Bonni e Lyn n Webbe r 
Focusin g o n th e centra l  issue s o f  natura l  lan -
guag e processin g (representation ,  reasoning , 
an d recognition) ,  thes e article s wer e selecte d 
fo r  th e importanc e o f  thei r  proble m analyse s 
an d propose d solutions .  Si x sections ,  intro -
duce d b y th e editors ,  cove r  parsin g an d gram -
mars ,  semanti c interpretation ,  discours e inter -
pretation ,  languag e action s an d intentions , 
languag e generation ,  an d systems .  A  valuabl e 
collectio n fo r  student s an d researcher s i n Al , 
NLR an d linguistics . 
•  Paper ;  ISB N 0-934613-11-7 ; 
(Augus t  1986 ,  Prepublicatio n Pric e $26.95 ) 
Macliine Learning: 
A n Artificia l  Intelligenc e Approach , 
Vol .  I I  Edite d b y Ryszar d Michalski , 
Jaim e Carbonell ,  an d To m Mitchel l 
Recent  advance s i n machin e learnin g sinc e 
th e publicatio n o f  Volum e I ,  Reflect s th e majo r 
expansio n o f  th e fiel d throug h presentatio n o f 
a wid e rang e o f  result s b y leadin g authorities . 
D Cloth ;  ISB N 0-934613-00-1 ;  $39.9 5 
Readings in Knowledge 
Representat io n 
Edite d b y Ronal d Brachma n an d 
Hecto r  Levesqu e 
A carefull y selecte d collectio n o f  semina l 
an d recen t  paper s fo r  tex t  an d referenc e 
use .  Section s includ e associational ,  struc -
ture d object ,  logic-based ,  procedural ,  an d 
c o m m on sens e knowledg e representa -
tions .  Introduction s t o th e paper s an d a n 
extensiv e bibliograph y ar e provided . 
D Paper ;  ISB N 0-934613-01-X ;  $26.9 5 
Machine Learning: 
A n Artificia l  Intelligenc e A p p r o a c h 
Edite d b y Ryszar d Michalski , 
Jaim e Carbonell ,  an d To m Mitchel l 
A collectio n o f  origina l  article s b y leadin g 
scientist s o n contemporar y researc h i n 
machin e learning . 
n Cloth ;  ISB N 0-934613-09-5 ;  $39.9 5 
Principles of Artificial Intelligence 
By Nil s J .  Nilsso n 
Thi s classi c tex t  lucidl y explain s th e cor e 
idea s an d fundamenta l  principle s o f  artifi -
cia l  intelligence ,  fillin g th e g a p betwee n 
theor y an d practice . 
D Cloth ;  ISB N 0-934613-10-9 ;  $3 2 9 5 

R e a d i n g s i n Artificia l  Intelligenc e 
Edite d b y Bonni e Webbe r  an d 
Nil s J  Nilsso n 
Thirty-on e importan t  paper s o n search , 
planning ,  exper t  systems ,  an d othe r  topic s 
ar e gathere d i n thi s convenien t  volum e fo r 
clas s an d referenc e us e 
D Paper ;  ISB N 0-934613-03-6 ;  $26.9 5 

S o f t w a r e 

P C T e X"  a  ful l  implementatio n o f  Dona/ d 
Knut̂ ' s  TEX "  fo r  th e IB M PC/X T o r  AT "  an d 
compatibles ,  P C T e X allow s typesettin g o f 
books ,  technica l  articles ,  documentation ,  an d 
correspondenc e o n th e persona l  compute r 
The basi c P C T e X packag e include s thre e 
macr o packages :  PLAI N fo r  beginnin g an d 
intermediat e users ,  LaTe X fo r  documen t  prep -
aration ,  an d A M S T e X fo r  mathematica l  mate -
rial .  INITeX ,  a  syste m enhancer ,  fon t  metri c 
files ,  5  D S / D D diskettes ,  an d th e P C T e X 
manual  complet e th e package . 
Devic e driver s require d t o interpre t  P C T e X 
c o m m a n ds fo r  finishe d outpu t  i n an y o f  ove r 
200font s PCDOTdrive s numerou s dot-matn x 
printer s b y IBM ,  Epson ,  an d Toshiba ;  PCLase r 
drive s lase r  printer s b y Corona ,  Apple ,  H R 
Imagen ,  an d Q M S.  A  Previe w progra m (wit h 
graphic s adapter )  allow s viewin g th e fina l 
outpu t  befor e printing ,  an d M F Medle y pro -
vide s 4 4 additiona l  font s fro m th e Metafoundr y 
librar y Writ e fo r  hardwar e requirement s an d 
ful l  pric e list . 
D PCTE X $249.00 ;  P C D OT $95.00 ;  PCLase r 
$275.0 0 

Conference 
Proceedings 

Theoretical Aspects of Reasoning 
Abou t  Know ledge :  Proceeding s o f  th e 
198 6 Conferenc e 
Edite d b y Josep h Y .  Halper n 
A chronicl e o f  th e firs t  multidisciplinar y confer -
enc e i n thi s area ,  thi s volum e explore s th e 
theor y an d applicatio n o f  reasonin g abou t 
knowledg e i n distribute d syste m analysis ,  nat -
ura l  languag e processing ,  knowledg e repre -
sentation ,  an d g a m e theor y Origina l  paper s 
an d overview s fro m leadin g researcher s docu -
ment  th e emergenc e o f  a n importan t  field . 
D Paper ;  ISB N 0-934613-04-4 ;  $18.9 5 
VLDB-86 Kyoto 
The writte n recor d o f  th e Twelft h Conferenc e 
on Ver y Larg e Dat a Bases .  Rigorousl y ref -
eree d paper s fro m a n internationa l  communit y 
of  researcher s explor e fundamenta l  issue s 
and curren t  developmen t  trend s i n dat a bas e 
rpcporp h 
D Paper ;  ISB N 0-934613-18-4 ,  $3 5 ($5 5 Insti -
tutions ) 
VLDB-85 Stockholm 
U Paper ;  ISB N 0-934613-17-6 ; 
$3 5 ($5 5 Institutions ) 
VLDB-84 Singapore 
U Paper ;  ISB N 0-934613-16-8 ; 
$3 5 ($5 5 Institutions ) 
VLDB-83 Florence 
L Paper ,  ISB N 0-934613-15-K ; 
$3 5 ($5 5 Institutions ) 
VLDB-82 Mexico City 
.  ]  Paper ;  ISB N 0-934613-14-1 ; 
$3 5 ̂ $5 5 IrAsVaulions ) 



A B L E X P U B L I S H I N G C O R P O R A T I O N 

Ablex will be displaying the following new titles at the 

1986 Cognitive Science Society Conference: 

ADVANCES IN HUMAN/COMPUTER INTERACTION VOLUME ONE 

R.  Hartson ,  ed . 

E M P I R I C A L S T U D I E S O F P R O G R A M M E RS 

E.  Solowa y an d S .  Iyengar ,  eds . 

F O R M AL T H E O R I E S O F T H E C O M M O N S E N SE W O R L D 

J.  H o b b s an d R .  M o o r e ,  eds . 

F R OM M O D E L S T O M O D U L ES 

I .  Gopni k an d M .  Gopnik ,  eds . 

F R OM P I X E L S T O P R E D I C A T E S 

A.  Pentland .  ed . 

I M A G E U N D E R S T A N D I NG 1 9 8 6 

W.  Richard s an d S .  Ullnnan ,  eds . 

I N F I N I T E S Y N T A X 

Joh n R .  Ros s 

L A N G U A GE L E A R N I N G A N D C O N C E PT A C Q U I S I T I O N 

W.  Demopou la s an d A .  Mar ras ,  eds . 

L O G I C P R O G R A M M I NG A N D IT S A P P L I C A T I O N S 

M.  V a n C a n e g h a m an d D .  W a r r e n ,  eds . 

M A N A G I NG C O M P U T ER I M P A C T S 

N.  Bjorn-Anderse n e t  al ,  eds . 

M E A N I NG A N D C O G N I T I V E S T R U C T U RE 

Z.  Pylyshy n an d W .  Demopoulas ,  eds . 

N E W D I R E C T I O N S I N C O G N I T I V E S C I E N C E 

T.  Shiechte r  an d M .  Toglia ,  eds . 

N E W D I R E C T I O N S I N D A T A B A S E S Y S T E M S 

G.  Aria v an d J .  Clifford ,  eds . 

P L A N N I N G,  G E O M E T R Y,  A N D C O M P L E X I T Y O F R O B O T M O T I O N 

J.  Schwar t z e t  al ,  eds . 

S T A GE A N D S T R U C T U RE 

I.  Levin ,  ed . 

S T R U C T U R ES A N D P R O C E D U R ES O F I M P L I C I T K N O W L E D GE 

A.  Graesse r  an d L .  Clark ,  eds . 

U N D E R S T A N D I NG C O M P U T E RS A N D C O G N I T I O N 

T.  Winogra d an d F .  Rore s 

W H AT I S I N T E L L I G E N C E ? 

R.  Sternber g an d D .  Det terman ,  eds . 

A wide range of journals, including COGNITIVE SCIENCE. 

wil l  a ls o b e exhibited . 

W e l o o k f o r w a r d t o a s s i s t i n g y o u a t  o u r  b o o k e x h i b i t . 



L A W R E N CE E R L B A U M 

A S S O C I A T E S ,  I N C . 

V b i i  m f i  I m t i i 

B A S I C P R O C E S S ES O F 

L E A R N I N G,  C O G N I T I O N , 

A N D M O T I V A T I O N 

Stephen M. Cormier 

Research in learning, cognition, and motiva-
tio n i s analyze d a t  bot h biologica l  an d 

neurologica l  level s i n thi s sophisticate d study . 

Cormie r  identifie s th e fundamenta l  processe s 
of  informatio n an d motivatio n i n human s 
and animal s an d show s ho w thes e basi c con -

struct s influenc e phenomen a suc h a s 
cognitiv e development ,  aptitudes ,  cu e selec -
tion ,  habituation ,  an d th e informatio n 

processin g an d behaviora l  function s o f  th e 
limbi c system . 

0-89859-689- 0 198 6 /  47 2 pp .  /  $29.9 5 

S EX D I F F E R E N C ES I N 

C O G N I T I V E ABILITIE S 

Diane F. Halpern 

A critical review of a highly controversial 
topic ,  Halpern' s lates t  boo k synthesize s 
theories ,  research ,  an d researc h method s tha t 

explor e ho w an d wh y selecte d intellectua l 
abilitie s var y a s a  functio n o f  sex .  Th e prac -

tica l  implication s o f  thes e difference s ar e 
examined ,  a s ar c th e validit y an d importanc e 
of  biological ,  social ,  familia l  an d educationa l 
factor s towar d th e cognitiv e abilitie s o f 
female s an d males . 

0-89859-579- 7 198 6 /  20 8 pp .  /  $29.9 5 c l 

0-89859-838- 9 $16.5 0 pp r 

E X P L A N A T I ON P A T T E R N S: 

Understandin g Mechanicall y 

and Creativel y 

Roger Schank 

An exploration of the human mind's basic 
mechanism s an d th e attempt s o f  re -
searcher s t o simulat e th e mos t  huma n 

mechanis m o f  al l  — creativ e thought . 
Cognitiv e scienc e an d A I  perspective s ar e 
represente d i n thi s stimulatin g investigatio n 
of  thought ,  creativity ,  memory ,  learnin g an d 
AI  capabilities . 

0-89859-768- 4 Fal l  198 6 

256pp .  (tent.)/$24.5 0 

A P P L I C A T I O N S O F 

C O G N I T I V E P S Y C H O L O GY 

Proble m Solving ,  Education , 
and Computin g 

Edited by Dale E. Berger, 
Kath y Pezdek ,  Willia m P .  Bank s 

Here is a detailed account of practical appli-
cation s fo r  cognitiv e research .  Issue s i n 

education ,  proble m solving ,  an d compute r 
scienc e ar e addresse d i n ligh t  o f  curren t 
advance s i n cognitiv e psychology ,  touchin g 
on question s o f  classroo m technology ,  think -
in g skills ,  an d compute r  interfac e design . 
The boo k i s a  classi c exampl e o f  ho w 
cognitiv e theor y ca n b e use d t o solv e applie d 
problems ,  an d ho w th e stud y o f  applie d 

problem s ca n furthe r  cognitiv e research . 

0-89859-710- 2 Fal l  198 6 
264 pp .  (tent. )  /  $29.9 5 (tent. ) 

Forthcomin g 

MECHANISMS O F 
L A N G U A GE ACQUKTr tO N 

The 20t h Annua l  Carnegi e 
Symposiu m o n Cognitio n 

Bria n MacWhinnc y 

596- 7 c l  i n pres s 

973- 3 pp r  i n pres s 

THE CEREBRAL COMPUTER: 

An Introductio n t o th e 
Computationa l  Structur e 
of  th e Huma n Brai n 

Rober t  J .  Baro n 

824- 9 i n pres s 

Now in paperback 

THE P S Y C H O L O GY O F 
H U M A N - C O M P U T ER 
INTERACTION 

Stuar t  K .  Card , 
Thomas Moran ,  Alle n Newel l 

859- 1 48 8 pp./$24.9 5 

Best-Selling Text 

THOUGHT A N D 
KNOWLEDGE 
An Introductio n t o 
Critica l  Thinkin g 

Dian e F .  Halper n 
381- 6 1984/42 4 pp .  /  $39.9 5 c l 
514- 2 $19.9 5 pp r 

Novir Available 

EXPERIENCE,  M E M O R Y, 
A ND REASONING 
Jane t  L .  Kolodne r  an d 
Christophe r  K .  Riesbec k 

A volum e i n th e Artificia l 
Intelligenc e Serie s 

664- 0 198 6 27 2 pp./$29.9 5 

Mentio n thi s a d wit h you r  orde r  an d sav e 1 5 % whe n accompanie d b y payment .  Write : 

3 6 5 B r o a d w a y •  Hillsdale ,  N e w Je rse y 0 7 6 4 2 

Price s ar e subjec t  t o chang e withou t  notic e 68607 1 



N O W A V A I L A B L E 

Proceedings of the 

Four t h (1982 ) 

Fift h (1983 ) 

Sixt h (1984 ) 

Seven t h (1985 ) 

Annual Conference of the Cognitive Science Society 

$25.00 each, paperbound 

l i ^ 

L A W R E N CE E R L B A U M A S S O C I A T E S ,  I N C . 

3 6 5 B r o a d w a y •  Hillsdale ,  N J .  0 7 6 4 2 
rricc' s ar e subjec t  t o chang e withou t  iiotice . 

0 -89859 -864 - 8 
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t r i a l s .  U p p e r - R i g h t  P a n e l s :  Ne t  a s s o c i a t i v e v a l u e s (VT )  a t 

t h e en d o f  e a c h t r i a l ,  a s a  f u n c t i o n o f  t r i a l s .  Lower -R igh t 

P a n e l s :  A s s o c i a b i l i t y  (ALPHA )  a t  35 0 m s e c ,  a s a  f unc t i o n o f 

t r i a l s . 
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SCHMAJUK AN D MOORE 

1983 ) 

Conditione d Inhibition .  Figur e 2  show s simulation s o f  a 

conditione d inhibitio n paradigm .  Durin g conditione d 

inhibitio n tw o type s o f  trial s wer e alternated :  reinforce d 

trial s consiste d o f  a  singl e reinforce d C S (A) ,  an d 

nonreinforce d trial s consiste d o f  a  compoun d C S ( A an d B ) . 

Stimulu s B  wa s th e conditione d inhibitor .  Afte r  1 0 simulate d 

tr ials ,  th e C R elicite d b y A  an d B  togethe r  wa s smalle r  tha n 

tha t  elicite d whe n A  wa s presente d alon e becaus e B  ha s 

acquire d inhibitor y associativ e value .  Associabil it ie s o f 

bot h CS s increase d an d contex t  associabilit y  decrease d ove r 

tr ials .  Simulatio n result s agre e wit h dat a o n conditione d 

inhibitio n reporte d b y Marchant ,  Miss ,  an d Moor e (1972) . 

Blocking .  Figur e 3  show s simulation s o f  a  blockin g 

paradigm .  Experimental s receive d 5  trial s wit h on e C S 

(blocker )  paire d wit h th e U S followe d b y 5  trial s wit h th e 

scun e C S an d a  secon d (blocke d CS )  paire d wit h th e US . 

Control s receive d 5  two-C S trial s i n whic h bot h CS s wer e 

presente d togethe r  an d paire d wit h th e US .  Control s wer e 

subjec t  t o mutua l  overshadowin g betwee n th e tw o componen t 

CSs.  Th e networ k showe d simulate d blockin g becaus e C R fo r 

th e designate d blocke d C S wa s smalle r  tha n C R fo r  th e blocke r 

CS,  bot h afte r  5  trainin g trials .  Th e result s agre e wit h 

blockin g dat a i n th e rabbi t  N M respons e preparatio n a s 

reporte d b y Marchan t  an d Moor e (1973) . 

Sensor y preconditioning .  Figur e 4  show s simulation s o f  a 

sensor y preconditionin g paradigm .  I n th e firs t  phase ,  5 

nonreinforce d trial s wit h a  compoun d CS( A an d B ) .  Durin g th e 

secon d phase ,  on e o f  th e nonreinforce d CS s (A )  wa s reinforce d 

fo r  5  trials .  A  tes t  tria l  assesse d th e C R t o CS(B )  neve r 

paire d wit h th e US .  Simulation s showe d tha t  contex t 

associabilit y  decrease s durin g preconditioning .  I n th e 
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