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R e p r e s e n t i n g p a r t - w h o l e h i e r a r c h i e s i n c o n n e c t i o n i s t  n e t w o r k s 

Geoffre y E .  Hinto n 
Computer  Scienc e Departmen t  Sz Psycholog y Department ,  Universit y  o f  Toront o 

Introductio n 

One reason for scepticism about connectionist mod-

el s tha t  us e distribute d representation s i s tha t  ther e 

ar e currentl y n o convincin g demonstration s o f  ho w 

thes e model s ca n represen t  complex ,  articulate d 

structures .  D re w McDermot t  (persona l  communi -

cation )  ha s suggeste d tha t  th e approac h woul d b e 

fa r  mor e convincin g i f  i t  coul d com e u p wit h a  sen -

sibl e schem e fo r  representin g th e meanin g o f  a  sen -

tenc e suc h as :  "Sh e seem s t o b e mor e a t  eas e wit h 

her  fello w student s tha n wit h m e ,  he r  adviser. "  Thi s 

meanin g i s  clearl y compose d o f  severa l  majo r  con -

stituent s wit h relationship s betwee n them ,  an d eac h 

majo r  constituen t  ha s it s own ,  complex ,  interna l 

structure .  A  representationa l  schem e fo r  dealin g 

wit h meaning s o f  thi s complexit y must ,  a t  th e ver y 

least ,  specif y ho w th e meaning s o f  whol e expression s 

ar e relate d t o th e meaning s o f  thei r  constituent s an d 

ho w i t  i s  possible ,  i n som e sense ,  t o hav e th e whol e 

meanin g i n min d a t  once . 

Th e exampl e give n abov e i s typica l  o f  example s fro m 

m a ny differen t  domains .  I t  appear s tha t  wheneve r 

peopl e hav e t o dea l  wit h complexit y the y impos e 

part-whol e hierarchie s i n whic h object s a t  on e leve l 

ar e compose d o f  inter-relate d object s a t  th e nex t 

leve l  down .  I n representin g a  visua l  scen e o r  a n 

everda y pla n o r  th e structur e o f  a  sentenc e w e us e 

hierarchica l  structure s o f  thi s kind .  T h e mai n issu e 

addresse d i n thi s pape r  i s ho w t o represen t  comple x 

part-whol e hierarchie s i n a  connectionis t  network . 

Thre e differen t  method s ar e described . 

S y m b o l s an d th e conventiona l  imple -

mentat io n o f  hierarchica l  structure s 

It will be helpful to begin by reviewing the standard 

way o f  implementin g hierarchica l  data-structure s 

i n a  conventiona l  digita l  computer .  Ther e ar e 

obviousl y m a n y mino r  variations ,  bu t  a  suitabl e 
paradig m exampl e i s th e kin d o f  recor d structur e 

tha t  i s foun d i n language s lik e Pasca l  (bu t  withou t 

th e typ e constraints) . 

Each instanc e o f  a  recor d i s  compose d o f  a  pre -

determine d se t  o f  fields  (sometime s calle d "slots " 

or  "roles" )  eac h o f  whic h contain s a  pointe r  t o th e 

content s o f  th e field  whic h m a y b e eithe r  anothe r  in -

stanc e o f  a  record ,  o r  a  primitiv e object .  Sinc e th e 

pointer s ca n b e arbitrar y addresses ,  thi s i s  a  ver y 

flexible  wa y o f  implementin g a  hierarchica l  data -

structure ,  bu t  th e flexibility  i s  bough t  a t  th e pric e o f 

th e vo n N e u m a n n bottleneck :  T h e addressin g mech -

anis m mean s tha t  onl y on e pointe r  ca n b e followe d 

at  a  time .  ̂  

Th e essenc e o f  a  symbo l  i s  this :  I t  i s  a  smal l  rep -

resentatio n o f  a n objec t  tha t  provide s a n "remot e 

access "  pat h t o a  fulle r  representatio n o f  th e sam e 
object .  ^  Fo r  example ,  th e addres s o f  a  recor d 

structur e i s a  smal l  representatio n an d th e whol e 

recor d tha t  i t  point s t o i s a  fulle r  representation . 

I n general ,  thi s fulle r  representatio n i s  itsel f  com -

pose d o f  smal l  representation s (e .  g .  addresses ) 

of  th e structure s tha t  fill  th e fields  o f  th e record . 

Becaus e a  symbo l  i s  small ,  m a n y symbol s ca n b e 

put  togethe r  t o creat e a  "fully-articulated "  repre -

sentatio n o f  som e large r  structur e an d th e siz e o f 
thi s fully-articulate d representio n nee d no t  b e an y 

large r  tha n th e fully-articulate d representation s o f 

it s constituents . 

W h en addresse s ar e use d a s symbols ,  ther e i s  nor -

mall y a  purel y arbitrar y relationshi p betwee n th e in -
terna l  structur e o f  a  symbo l  an d th e full y articulate d 

representatio n tha t  i t  provide s acces s to .  Lookin g 
at  th e individua l  bit s i n th e symbo l  provide s n o in -

formatio n abou t  wha t  i t  represents .  Occasionall y 

thi s i s  no t  quit e true .  If ,  fo r  example ,  on e type  o f 

data-structur e i s kep t  i n th e to p hal f  o f  memor y an d 

anothe r  typ e i n th e botto m half ,  th e first  bi t  o f  a 

symbo l  reveal s th e typ e o f  th e data-structur e tha t 

i t  provide s acces s to .  S o i t  i s  possibl e t o chec k th e 

type  withou t  followin g th e pointer .  Thi s tric k ca n 

obviousl y b e extende d s o tha t  m a n y o f  th e bit s i n 

'Architecture s suc h a s th e Connectio n Machin e (Hillis , 
1985)  us e routin g hardwar e tha t  allow s man y pointer s t o b e 
followe d a t  once ,  bu t  eve n wit h hardwar e support ,  th e routin g 
i s quit e slow . 

^Ther e is ,  o f  course ,  muc h debat e abou t  th e meanin g 
of  th e wor d ''symbol" .  Th e informe d definitio n give n her e 
emerge d fro m conversation s wit h AUe n Newell . 
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a symbo l  conve y usefu l  information .  A  symbo l  ca n 
the n b e viewe d a s a  "reduce d description "  o f  th e 

object . 

Th e conclusio n o f  thi s pape r  i s tha t  pattern s o f  ac -

tivit y i n part s o f  a  connectionis t  networ k nee d t o ex -

hibi t  th e doubl e lif e tha t  i s  characteristi c o f  symbols . 

Th e pattern s mus t  allo w remot e acces s t o fulle r  rep -

resentations ,  bu t  s o lon g a s th e pattern s ar e als o 

reduce d description s thi s remot e acces s nee d onl y 

be use d ver y occasionall y (e.g .  a  fe w time s pe r  sec -

ond) .  Mos t  o f  th e processin g ca n b e don e b y paralle l 

constraint-satisfactio n o n th e pattern s themselves . 

M e t h o d 1 :  T h e fully-paralle l  imple -

mentatio n 

Perhaps the most obvious way to implement part-
whol e hierarchie s i n a  connectionis t  networ k i s t o 

use th e connection s themselve s a s pointers .  Figur e 1 
shows a n exampl e take n fro m th e wor k o f  Rumelhar t 

and McClellan d (1981) .  I t  i s a  networ k tha t  recog -

nize s a  wor d whe n give n partia l  informatio n abou t 

th e feature s o f  th e letter s i n th e word .  W e us e thi s a s 
th e standard ,  concret e exampl e o f  a  part-whol e hi -
erarch y becaus e i t  ha s clearl y define d level s an d th e 
part s hav e convenien t  names ,  bu t  thi s pape r  i s no t 

abou t  wor d recognition .  Becaus e eac h relationshi p 

i n th e hierarchica l  tree-structur e i s implemente d b y 
it s o w n dedicate d connection ,  i t  i s  possibl e t o d o a 
lo t  o f  paralle l  processin g durin g recognition .  Simul -
taneously ,  m a n y differen t  letter s ca n chec k whethe r 

th e feature s the y requir e ar e present ,  an d m a n y dif -

feren t  word s ca n chec k whethe r  th e letter s the y re -

quir e ar e present . 

O ne ver y importan t  aspec t  o f  th e Rumelhar t  an d 
McClellan d networ k i s  tha t  eac h o f  th e lette r  unit s 

has t o b e replicate d fo r  eac h o f  th e fou r  possibl e 

position s o f  a  lette r  withi n th e wor d (the y restric t 

themselve s t o four-lette r  words) .  Ther e i s a  separat e 

uni t  fo r  a n H  a s firs t  lette r  an d a n H  a s secon d letter . 
Al l  th e lette r  feature s an d al l  th e knowledg e abou t 

whic h combination s o f  lette r  feature s m a k e a n H 

must  als o b e replicate d fo r  eac h o f  th e fou r  positions . 

Thi s replicatio n i s a  natura l  consequenc e o f  imple -

mentin g part-whol e relationship s wit h pairwis e con -

nections .  A  part-whol e relationshi p involve s thre e 
differen t  things :  T h e part ,  th e whole ,  an d th e rol e 

tha t  th e par t  play s withi n th e whole .  I n th e con -

ventiona l  implementatio n usin g pointers ,  th e rol e i s 

i \ ^ 
Figur e 1 :  Par t  o f  a  networ k use d fo r  recognizin g 

words .  Onl y a  fe w o f  th e unit s an d connection s 

ar e shown .  T h e connection s betwee n alternativ e hy -

pothese s a t  th e sam e leve l  ar e inhibitory . 

encode d b y whic h fiel d th e pointe r  i s  in .  A  pairwis e 

connectio n betwee n neuron-lik e unit s doe s no t  hav e 

anythin g equivalen t  t o a  field ,  an d s o th e destina -

tio n o f  th e connectio n i s use d t o represen t  bot h th e 

fiel d an d th e content s o f  th e field .  Thus ,  instea d o f 
havin g a  singl e role-independen t  representatio n o f 

H whic h i s pointe d t o fro m m a n y differen t  fields,  w e 

hav e m a n y differen t  "role-specific "  representations . 
Activit y i n an y on e o f  thes e unit s the n represent s 

th e conjunctio n o f  a n identit y an d a  role . 

At first sight, the fully-parallel implementation 
seems ver y wastefu l  becaus e i t  replicate s th e appa -

ratu s fo r  representin g an d recognizin g letter s acros s 

al l  th e differen t  roles .  However ,  th e replicatio n ha s 
some usefu l  consequences .  I t  make s i t  possibl e t o 

recogniz e differen t  instance s o f  th e sam e lette r  i n 
paralle l  withou t  an y o f  th e contentio n tha t  woul d 

occu r  i f  severa l  differen t  processe s neede d t o acces s 

a single ,  centra l  stor e o f  knowledg e simultaneously . 
Also ,  whe n letter s ar e use d a s cue s fo r  words ,  i t  i s 

not  jus t  th e lette r  identitie s tha t  ar e important .  I t 
i s th e conjunctio n o f  th e identit y an d th e spatia l 

rol e withi n th e wor d tha t  i s  th e rea l  cue .  S o i t  i s 

ver y convenien t  t o hav e unit s tha t  explictl y repre -

sen t  suc h conjunctions . 

I n additio n t o th e expens e o f  replicatin g th e recog -

nitio n apparatu s acros s al l  roles ,  th e fully-paralle l 
networ k ha s severa l  othe r  problem s : 

1. The replication raises the question of how, if 
at  all ,  th e multipl e differen t  role-specifi c  repre -

sentation s o f  a  give n lette r  ar e relate d t o on e 

another . 
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2.  A s w e g o dow n th e hierarcliy ,  ther e ar e les s an d 

les s unit s availabl e fo r  representin g eac h con -

stituent . 

3. In a network which is not fully connected, it is 

not  a t  al l  obviou s ho w ne w knowledg e ca n b e 

incorporate d withou t  growin g ne w connections . 

For relatively shallow, man-made hierarchies of the 

kin d tha t  ar e importan t  i n readin g o r  speec h recog -

nition ,  i t  ma y b e tolerabl e t o alway s devot e les s 

unit s t o representin g smalle r  fragment s o f  th e over -

al l  structure .  Bu t  fo r  domain s lik e norma l  visua l 

scene s thi s strateg y wil l  no t  work .  A  room ,  fo r  ex -

ample ,  ma y contai n a  wall ,  an d th e wal l  ma y con -
tai n a  picture ,  an d th e pictur e ma y depic t  a  room . 
We nee d t o b e abl e t o devot e jus t  a s muc h appa -

ratu s t o representin g th e depicte d roo m a s th e rea l 

one.  Moreover ,  th e ver y sam e knowledg e tha t  i s 

applie d i n recognizin g th e rea l  roo m need s t o b e ap -

plie d i n recognizin g th e roo m i n th e picture .  I f  thi s 
knowledg e i s i n th e for m o f  connection s an d i f  th e 

knowledg e i s no t  duplicate d ther e mus t  b e a  wa y 

of  mappin g th e depicte d roo m int o a n activit y pat -

ter n o n th e ver y sam e se t  o f  unit s a s ar e use d fo r 

representin g th e rea l  room . 

The distributed version of method 1 

The Rumelhart and McClelland network uses lo-

calis t  representation s i n whic h eac h entit y i s rep -

resente d b y activit y i n a  singl e unit .  Localis t  repre -

sentation s ar e efficien t  i f  a  significan t  fractio n o f  th e 

possibl e entitie s ar e presen t  o n an y on e occasio n o r 

i f  th e knowledg e associate d wit h eac h entit y ha s lit -

tl e i n c o m m o n wit h th e knowledg e associate d wit h 

other ,  alternativ e entities .  Bot h thes e condition s 

hol d quit e wel l  a t  th e leve l  o f  lette r  recognition .  Fo r 

th e mor e natura l  part-whol e hierarchie s tha t  occu r 

i n everyda y scenes ,  neithe r  conditio n holds .  Onl y a 

tin y fractio n o f  th e possibl e object s ar e presen t  o n 

any on e occasion ,  s o i f  on e uni t  i s  devote d t o eac h 
possibl e objec t  almos t  al l  th e unit s wil l  b e inactive . 

Thi s i s a  ver y inefficien t  wa y t o us e th e representa -

tiona l  capacity .  Also ,  differen t  objects ,  lik e a  cu p 

an d a  m u g ,  m a y hav e simila r  appearance s an d m a y 

m a ke simila r  predictions .  Thi s mean s tha t  ther e ca n 

be a  lo t  o f  usefu l  sharin g o f  unit s an d connections . 
Most  o f  wha t  w e kno w abou t  cup s an d m u g s coul d 

be associate d wit h a  uni t  tha t  i s  activ e fo r  eithe r  a 

cu p o r  a  m u g .  I f  thi s metho d o f  sharin g i s take n t o 

it s logica l  conclusio n w e arriv e a t  distribute d rep -

resentation s i n whic h eac h objec t  i s  represente d b y 

activit y i n m a n y unit s an d eac h uni t  i s  involve d i n 

th e representatio n o f  m a n y object s (Hinton ,  McClel -

land ,  an d Rumelhart ,  1986) . 

O ne majo r  advantag e o f  usin g description s rathe r 
tha n singl e unit s a s representation s i s  tha t  i t  i s 

possibl e t o creat e representation s o f  nove l  object s 

(an d als o nove l  role-specifi c  representations )  b y us -

in g nove l  combination s o f  th e sam e se t  o f  primitiv e 

descriptors .  Thi s avoid s th e proble m o f  havin g t o 

find  a  suitabl y connecte d uni t  fo r  eac h nove l  ob -

ject .  However ,  th e othe r  tw o difficultie s o f  th e full y 

paralle l  metho d ar e no t  solve d b y simpl y usin g dis -

tribute d representations . 

Method 2: Sharing recognition appa-

ratu s withi n a  leve l 

Distributed representations provide a way of sharing 

unit s an d connection s betwee n alternativ e object s o r 

alternativ e role-specifi c  representations .  I n thi s re -

spec t  the y wor k jus t  lik e pointer s i n a  conventiona l 

compute r  memory .  Instea d o f  usin g a  separat e bi t 
fo r  eac h possibl e objec t  tha t  coul d b e pointe d to , 

eac h bi t  i s  share d betwee n m a n y possibl e alterna -

tiv e objects .  A s a  result ,  a  wor d o f  m e m o r y ca n 

onl y poin t  t o on e objec t  a t  a  time .  ̂  Th e followin g 

analysi s o f  th e function s performe d b y a  role-specifi c 

representatio n suggest s a  quit e differen t  an d com -

plementar y metho d o f  sharin g whic h ca n b e use d t o 

shar e connectionis t  apparatu s betwee n th e differen t 

role-specifi c  instance s tha t  occu r  withi n on e whole . 

I n th e Rumelhar t  an d McClellan d mode l  eac h role -

specifi c  lette r  uni t  ha s thre e functions : 

1. It recognizes the occurence of that letter in that 

spatia l  role .  T h e recognitio n i s accomplishe d 
by havin g appropriatel y weighte d connection s 

comin g fro m unit s a t  th e featur e level . 

2. It contributes to the recognition of words. This 

i s accomplishe d b y it s connection s t o unit s a t 

th e wor d level . 

3. Its activity level stores the results of letter 

recognition . 

^Some cincien t  implementation s o f  LIS P actUcdl y us e tw o 
separat e role-specifi c  representation s withi n on e wor d s o tha t 
th e first  par t  o f  a  wor d ca n poin t  t o on e objec t  an d th e secon d 
par t  ca n poin t  t o another . 
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Ther e i s a n alternativ e mode l  whic h use s role -

specifi c  lette r  unit s fo r  function s 2  an d 3 ,  bu t  no t 

fo r  functio n 1 .  Instead ,  i t  use s a  singl e letter -

recognitio n modul e whic h i s applie d t o on e positio n 

withi n th e wor d a t  a  time .  Onc e th e lette r  a t  th e 

curren t  positio n ha s bee n recognized ,  th e combina -

tio n o f  it s  identit y an d it s positio n withi n th e wor d 

activate s a  role-specifi c  lette r  uni t  whic h act s ci s a 

temporar y m e m o r y fo r  th e result s o f  th e recognitio n 

and als o contribute s t o th e recognitio n o f  th e wor d 

(se e figure  2) . 

Th e letter-recognitio n modul e mus t  b e applie d t o 

one lette r  a t  a  tim e an d s o ther e mus t  b e extr a "at -

tentional "  apparatu s whic h select s ou t  on e portio n 

of  th e paralle l  inpu t  (whic h contain s feature s o f  al l 
th e letters) ,  m a p s thi s portio n int o th e inpu t  o f  th e 

letter-recognitio n module ,  an d als o create s a n ex -
plici t  representatio n o f  wher e th e currentl y selecte d 

lette r  lie s withi n th e word .  Actually ,  th e Rumel -

har t  an d McClellan d mode l  presuppose s tha t  ther e 

i s apparatu s o f  a  simila r  kin d i n orde r  t o pic k ou t 

th e feature s o f  on e wor d withi n a  sentenc e o r  t o cop e 

wit h change s i n th e positio n o f  a  word .  S o th e ne w 

model  doe s no t  requir e an y qualitativel y ne w atten -

tiona l  apparatus ,  i t  jus t  require s i t  a t  th e leve l  o f 

letter s instea d o f  a t  th e leve l  o f  words . 

A connectionis t  d i l e m m a 

By sharing the recognition apparatus within a level, 
th e networ k capture s th e regularit y i n th e appear -

ance o f  differen t  instance s o f  th e sam e lette r  bu t  i t 

lose s th e abilit y  t o recogniz e al l  th e letter s o f  a  wor d 
i n parallel .  Thi s illustrate s a n importan t  dilemma : 

I f  th e knowledg e i s i n th e connection s w e ca n ei -
the r  captur e th e regularit y b y usin g a  singl e modul e 

sequentiall y o r  w e ca n hav e paralle l  recognitio n b y 

usin g m a n y module s a t  once .  McClellan d (1986 ) 

describe s a  cleve r  bu t  inefficien t  wa y ou t  o f  thi s 
dilemma :  Ther e i s a  singl e centra l  representatio n 

of  th e knowledg e tha t  i s  copie d durin g recognitio n 

t o produc e th e require d paralle l  recognizers . 

Figur e 2  suggest s a n alternativ e wa y out .  Th e seria l 

recognize r  coul d b e use d t o trai n th e parallel ,  role -

specifi c  recognizers .  A  networ k tha t  time-share s a 

seria l  recognize r  alread y require s role-specifi c  unit s 
fo r  storin g it s  successiv e outputs .  I f  thes e role -

specifi c  unit s ha d som e connection s t o th e percep -

tua l  input ,  the y coul d lear n t o us e thes e connec -

0 ® ® © © ® ® 

The image : 

Figur e 2 :  S o m e o f  th e apparatu s require d t o stor e 

th e sequenc e o f  output s o f  a  single ,  sequentia l  let -
ter-recognitio n modul e i n orde r  t o recogniz e a  word . 

T h e networ k i s  "attending "  t o th e secon d lette r  o f 

th e word .  Notic e tha t  th e role-specifi c  unit s d o no t 
need t o b e abl e t o recogniz e letters .  T h e apparatu s 

require d fo r  mappin g th e appropriat e par t  o f  th e in -

put  int o th e lette r  recognitio n modul e i s no t  shown . 

tion s t o predic t  th e outcom e o f  th e seria l  recogni -

tion .  T h e canonical ,  time-share d representatio n o f 

th e knowledg e woul d the n b e actin g a s a  supervise r 
fo r  th e paralle l  recognitio n hardware .  S o th e canon -

ica l  knowledg e woul d b e transferre d t o th e paralle l 

recognitio n apparatu s durin g learnin g whic h i s m u c h 

les s demandin g tha n transferrin g i t  durin g recogni -

tion .  T h e har d par t  o f  learnin g i s  decidin g wha t 
interna l  representation s t o use .  Onc e thi s ha s bee n 
decide d b y th e seria l  recognizer ,  i t  shoul d b e rela -

tivel y eas y t o replicat e thi s knowledge . 

M e t h o d 3 :  S h a r i n g acros s level s 

Ther e i s on e limitatio n o f  within-leve l  sharin g tha t 

i s unimportan t  i n th e domai n o f  readin g bu t  i s ver y 

importan t  i n mos t  othe r  domain s wher e th e sam e 

knowledg e ca n b e applie d a t  man y diflferen t  levels . 

For  readin g th e knowledg e i s quit e differen t  a t  eac h 

level :  Knowledg e abou t  th e shap e o f  a  lette r  i s quit e 

differen t  fro m knowledg e abou t  whic h sequence s o f 

letter s m a k e words ,  s o ther e i s  littl e poin t  i n try -
in g t o us e th e sam e se t  o f  connection s t o encod e 

bot h kind s o f  knowledge .  I n mos t  natura l  domains , 
however ,  whole s an d thei r  part s hav e m u c h i n com -
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m o n.  O n e exampl e ha s alread y bee n give n i n whic h 

a r o o m contain s a  pictur e tha t  depict s a  room .  A n -

othe r  exampl e i s th e sentenc e "Bil l  wa s annoye d tha t 

Joh n dislike d Mary. "  O n e o f  th e constituent s o f  thi s 

sentenc e "Joh n dislike d Mary "  ha s a  lo t  i n c o m m o n 

wit h th e whol e sentence .  T h e sam e kin d o f  knowl -

edg e i s neede d fo r  understandin g th e constituen t  a s 

i s neede d fo r  understandin g th e whole .  Thi s i s als o 

typica l  o f  visua l  scene s whic h generall y hav e jus t  a s 

m u ch richnes s a t  ever y level . 

I f  w e conside r  h o w t o m a p a  part-whol e hierarch y 

int o a  finit e amoun t  o f  paralle l  hardwar e ther e ar e 

thre e broa d approaches : 

1. The fully-parallel model uses a one-to-one map-

ping .  Eac h objec t  i n th e part-whol e hierarch y i s 

alway s m a p p e d int o th e sam e se t  o f  units ,  an d 

eac h se t  o f  unit s i s alway s use d t o represen t  th e 

same object . 

2. Within-level sharing uses a many-to-one map-

ping .  M a n y differen t  object s a t  th e sam e leve l 

ca n b e m a p p e d int o th e sam e se t  o f  unit s i n th e 

seria l  recognitio n apparatus .  Bu t  wheneve r  on e 

of  thes e object s i s represented ,  i t  i s  represente d 

i n th e sam e units . 

3. Between-level sharing uses a many-to-many 
mapping .  I t  allow s m a n y differen t  object s a t 

th e sam e leve l  t o b e m a p p e d int o th e sam e se t 

of  units ,  bu t  i t  als o allow s th e sam e objec t  t o 

be m a p p e d int o differen t  set s o f  unit s depend -

in g o n th e leve l  a t  whic h attentio n i s focussed . 

The idea that the same type of object might be 

m a p p ed t o differen t  set s o f  unit s i s inheren t  i n th e 

ide a o f  role-specifi c  representations ,  bu t  th e ide a 

tha t  th e ver y sam e instanc e ca n b e represente d i n 

differen t  way s dependin g o f  th e focu s o f  attentio n 

i s a  m u c h mor e radica l  proposal .  I t  i s  equivalen t 

t o viewin g th e hardwar e a s a  w indo w tha t  ca n b e 

moved u p an d d o w n (i n discret e steps )  ove r  th e part -

whol e hierarch y (se e figure  3) .  O n e nod e i n th e hi -
erarch y i s chose n a s th e curren t  whol e an d al l  o f  th e 

unit s i n th e mai n networ k ar e the n devote d t o rec -

ognizin g an d representin g thi s whole .  S o m e unit s 

ar e use d fo r  describin g th e globa l  propertie s o f  th e 

whole ,  an d other s ar e use d fo r  role-specifi c  descrip -

tion s o f  th e majo r  constituent s o f  th e whole .  T h e 

entir e patter n o f  activit y wil l  b e calle d th e "Gestalt " 

fo r  th e curren t  whole . 

Who(« 
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Figur e 3 :  T h e soli d an d dashe d line s sho w tw o dif -

feren t  way s o f  mapp in g a  part-whol e hierarch y (o n 

th e left )  int o th e sam e connectionis t  hardwar e (o n 

th e right) .  Notic e tha t  nod e D  i n th e hierarch y ca n 

be represente d b y tw o totall y differen t  activit y pat -

tern s tha t  hav e nothin g i n c o m m o n . 

The crucial property of the moveable window 

scheme i s tha t  th e patter n o f  activit y tha t  repre -

sent s th e curren t  whol e i s totall y differen t  fro m th e 

patter n o f  activit y tha t  represent s th e ver y sam e ob -

jec t  whe n i t  i s  viewe d a s bein g a  constituen t  o f  som e 

othe r  whole .  I n on e cas e th e representatio n occupie s 

al l  o f  th e mai n networ k an d i n th e othe r  cas e i t  i s  a 

role-specifi c  descriptio n tha t  occupie s onl y th e unit s 
devote d t o tha t  role . 

T h e us e o f  a  many-to-man y mappin g raise s m a n y 
issue s tha t  d o no t  aris e o r  ar e no t  s o importan t  i n 

th e fixed  mapp in g approach : 

1. When the mapping between the world and the 

networ k i s change d i n suc h a  wa y tha t  on e con -

stituen t  o f  th e previou s whol e become s th e ne w 

focu s o f  attention ,  wha t  kin d o f  interna l  opera -

tion s ar e require d t o conver t  th e previous ,  role -
specifi c  descriptio n o f  tha t  constituen t  int o a 

ful l  descriptio n tha t  occupie s th e whol e o f  th e 

mai n network ? 

2. How is information about previous Gestalts 

store d s o tha t  th e networ k ca n retur n t o the m 

later ? T h e informatio n canno t  b e store d a s 

th e activit y patter n tha t  th e networ k settle s t o 

when th e Gestal t  i s  create d becaus e th e ver y 

same networ k i s neede d fo r  creatin g th e nex t 

Gestalt . 

3. How is the next mapping chosen? 

There is not space here to address issue 3, but the 

followin g section s giv e a  brie f  descriptio n o f  on e wa y 

of  handlin g issue s 1  an d 2 . 
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M o v i n g u p an d d o w n th e part-whol e 

hierarch y 

Figur e 4  show s som e o f  th e extr a apparatu s tha t 

migh t  b e require d t o allo w a  connectionis t  networ k 

t o mov e d o w n th e part-whol e hierarch y b y expand -

in g a  role-specific ,  reduce d descriptio n int o a  ful l 

descriptio n o f  th e role-filler .  Thi s correspond s t o 

followin g a  pointe r  i n a  conventiona l  implementa -

tion .  Notic e tha t  i t  i s a  slo w an d cumbersom e pro -

cess .  Movin g bac k u p th e hierarch y i s  mor e diffi -

cult .  First ,  th e ful l  descriptio n o f  a  par t  mus t  b e 

use d t o creat e th e appropriat e role-specific ,  reduce d 

descriptio n o f  tha t  part .  Thi s involve s usin g th e ap -

paratu s o f  figure  4  i n th e revers e direction .  The n 
th e role-specific ,  reduce d descriptio n mus t  b e use d 

t o recreat e th e earlie r  ful l  descriptio n o f  whic h i t  i s 

a constituent .  Thi s require s som e kin d o f  content -

addressabl e workin g m e m o r y fo r  earlie r  Gestalts . 

The obvious way to implement this working memory 

i s t o se t  asid e a  separat e grou p o f  "workin g m e m-
ory "  units .  I f  i t  i s  onl y necessar y t o remembe r  on e 

Gestal t  a t  a  time ,  thi s grou p ca n simpl y contai n a 

cop y o f  th e patter n o f  activit y i n th e networ k wher e 
Gestalt s ar e formed .  I f  severa l  Gestalt s nee d t o b e 

remembere d a t  a  time ,  severa l  differen t  group s coul d 

be used .  Alternatively ,  a  singl e grou p coul d b e use d 

provide d tha t  th e variou s pattern s o f  activit y tha t 

need t o b e store d ar e first  recede d i n suc h a  wa y 

tha t  the y ca n b e superimpose d withou t  confusin g 

the m wit h on e another .  Example s o f  suc h encoding s 

ar e describe d b y Hinto n (1981b )  an d Touretzk y an d 

Hinto n (1985) .  Touretzk y (1986 )  show s ho w thi s 
kin d o f  workin g m e m o r y ca n b e use d t o travers e 
and transfor m tre e structures . 

A n interestin g alternativ e implementatio n o f  work -
in g m e m o r y use s temporar y modification s o f  th e 
connectio n strength s i n th e networ k tha t  i s  use d 

fo r  creatin g th e Gestalt .  Eac h interna l  connectio n 

i n thi s networ k ca n b e give n tw o differen t  weights : 
A long-ter m weigh t  whic h change s relativel y slowl y 

and a  short-ter m weigh t  whic h i s  limite d i n mag -

nitude ,  change s rapidly ,  an d spontaneousl y decay s 
toward s zero .  Th e effectiv e connectio n strengt h a t 

any tim e i s simpl y th e su m o f  th e short-ter m an d 

long-ter m weights .  T h e long-ter m weight s encod e 
knowledg e abou t  whic h pattern s o f  activit y consti -

tut e goo d interpretation s o f  th e inpu t  t o th e networ k 

(i.e .  familia r  o r  plausibl e Gestalts) .  T h e short-ter m 
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Figur e 4 :  O n e wa y o f  usin g som e additiona l  hard -

war e t o allo w th e networ k t o acces s th e ful l  descrip -

tio n o f  nod e D  fro m a  role-specifi c  reduce d descrip -

tion .  Eve n thoug h th e tw o description s correspon d 

t o quit e differen t  pattern s o f  activity ,  thei r  relation -

shi p shoul d b e non-arbitrary . 

weight s ac t  a s a  contextua l  overla y ' ^  tha t  encode s 

informatio n abou t  whic h pattern s o f  activit y oc -
curre d recently .  I f  th e networ k receive s a  ric h exter -

nal  inpu t  whic h i s incompatibl e wit h recentl y occur -
rin g Gestalts ,  i t  wil l  settl e t o a  ne w Gestal t  an d th e 
short-ter m weight s wil l  ac t  a s nois e (t o whic h thes e 
network s ar e ver y resistant) .  If ,  however ,  part s o f 

th e externa l  inpu t  ar e missin g an d th e remainde r 

fits  som e recentl y occurin g Gestalt ,  th e short-ter m 
weight s wil l  favo r  thi s Gestal t  ove r  othe r  alterna -

tiv e Gestalt s whic h woul d fit  th e partia l  inpu t  jus t 

•'Hinto n ̂ln d Plan t  (1987 )  describ e a  ver y differen t  us e o f 
thi s contextua l  overlay .  I t  CcL n b e use d t o approximatel y can -
cel  ou t  recen t  change s i n th e long-ter m weights ,  thu s allowin g 
earlie r  memorie s t o b e "deblurred " 
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as wel l  i f  th e short-ter m weight s wer e no t  consid -

ered .  S o th e short-ter m weight s wil l  implemen t 

a content-addressabl e memor y fo r  recen t  Gestalts . 

Simulation s (Hinton ,  1973 ,  unpublished )  sho w tha t 

short-ter m weight s ca n b e use d t o allo w th e networ k 

t o retur n t o a  partiall y  complete d higher-leve l  pro -

cedur e afte r  executin g a  recursiv e cal l  o f  th e sam e 

procedure . 

C o n c l u s i o n s 

The combination of massively parallel constraint-

satisfactio n usin g reduce d description s an d rela -

tivel y slo w sequentia l  acces s t o ful l  description s i s a 

styl e o f  computatio n tha t  i s  well-suite d t o network s 

of  richl y connecte d bu t  rathe r  slo w processin g ele -

ments .  Ther e i s a n inne r  loo p o f  parallel ,  iterativ e 
processin g i n whic h th e networ k perform s a  grea t 

deal  o f  computatio n b y settlin g int o a  stat e tha t 

satisfie s constraint s tha t  ar e encode d i n th e connec -

tions .  Mor e elaborat e computation s whic h canno t 

be performe d i n a  singl e settlin g ar e performe d b y 
a sequenc e o f  settlings ,  an d afte r  eac h settlin g th e 

mappin g betwee n th e worl d an d th e networ k ma y b e 

changed .  Changin g th e mappin g correspond s t o fol -

lowin g a  pointe r  (i.e .  performin g a  remot e access) . 

I t  i s  temptin g t o identif y eac h chang e i n th e map -

pin g betwee n th e worl d an d th e networ k wit h a  sin -
gl e ste p i n th e network' s "trai n o f  thought "  Thi s 

lead s t o a n interestin g vie w o f  wha t  happen s whe n 

a consciou s cognitiv e proces s become s automatic . 

Prolonge d experienc e i n a  domai n allow s th e net -

wor k t o develo p reduce d description s tha t  mak e ex -

plici t  th e importan t  regularitie s o f  th e domai n (se e 

Hinton ,  1986 ,  fo r  a n example) .  Thi s allow s mor e o f 

th e computatio n t o b e don e b y interaction s betwee n 

th e reduce d descriptions ,  s o ther e i s les s nee d t o per -

for m inherentl y sequentia l  operation s tha t  chang e 

th e wa y i n whic h piece s o f  th e tas k ar e mappe d ont o 

th e paralle l  hardware . 
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