
O n Associat io n Techn ique s i n N e u r a l  Representat io n S c h e m e s 

Joh n A .  Bar n de n 

Compute r  Scienc e Departmen t 

Indian a University ,  Bloomington ,  Indiana . 

Sectio n 1 :  Introductio n 

It has often been proposed that, in the brain, associations between information items take 
th e for m o f  suitabl e setting s fo r  synapti c weight s [e.g .  Anderso n an d Moze r  (1981) ,  Anderso n 

et  a l  (1977) ,  Fahlma n (1979 ,  1981) ,  Feldma n (1981) ,  Feldma n an d Ballar d (1982) ,  Goddar d 
(1980) ,  Heb b (1949) ,  Hinto n (1981) ,  Kohone n e t  a l  (1981) ,  Wicicelgre n (1979)] .  A n informa -
tio n ite m i s implemente d a s a  potentia l  o r  actua l  patter n o f  neura l  activit y i n som e particula r 

set  o f  neurons .  A n associatio n fro m ite m I  t o ite m J  i s implemente d a s th e existenc e o f  suit -
abl e synapti c weight s o n neura l  path s fro m th e neuro n se t  fo r  I  t o tha t  fo r  J ,  suc h tha t  th e 
activ e presenc e o f  th e I  patter n tend s t o caus e th e J  patter n t o appear .  Th e pattern s ar e 

anchored ,  i n th e sens e tha t  th e identit y o f  th e particula r  neuron s whos e activit y constitute s a 
patter n i s crucial .  I n wha t  I  shal l  cal l  th e dedicatio n approac h [Feldma n (1981) ,  Feldma n an d 
Ballar d (1982) ,  Fahlma n (1979 ,  1981) ,  Goddar d (1980) ,  Heb b (1949) ,  Wickelgre n (1979)] ,  al l 

or  man y o f  th e neuron s i n th e neuro n se t  fo r  a n informatio n ite m ar e individuall y dedicate d 
t o tha t  item ,  i n tha t  the y d o no t  appea r  i n th e neuro n set s fo r  othe r  items .  (Th e dedicate d 
neuron s ar e ofte n calle d "grandmother" ,  "pontifical "  o r  "cardinal "  cells. )  I n wha t  I  shal l  cal l 

th e sharin g approac h [Anderso n an d Moze r  (1981) ,  Anderso n e t  a l  (1977) ,  Hinto n (1981) , 
Kohone n e t  a l  (1981)] ,  individua l  neuron s i n th e se t  generall y belon g t o th e set s fo r  man y 
othe r  item s a s well . 

We shal l  loo k a t  variou s problem s facin g currentl y propose d scheme s whic h encod e asso -
ciatio n b y mean s o f  synapti c weigh t  values ,  whe n the y tr y t o accoun t  fo r  rapid ,  comple x 

information-processin g suc h a s i s involve d i n understandin g an d producin g natural-languag e o r 
actin g i n th e world .  Some o f  th e scheme s d o addres s certai n specialize d type s o f  short>ter m 
processing ,  bu t  a s fa r  a s I  a m awar e the y d o no t  dea l  i n an y genera l  wa y wit h th e problem s t o 

be discussed .  W e hav e spac e her e fo r  n o mor e tha n a  brie f  loo k a t  th e problems .  A  mor e 
detaile d pape r  o n th e subjec t  i s i n preparation . 

Sectio n 2 :  Som e Problenri B fo r  Synaptic-Welgh t  Scheme s 

We adopt the working hypothesis that we must show how the neural mass could act as 
an implementatio n o f  semanti c networ k processin g o f  th e sor t  typicall y postulate d i n A l  an d 

cognitiv e psychology .  W e shal l  assum e network s i n whic h relationship s a s wel l  a s non -
relationa l  item s ar e code d a s nodes ,  th e link s bein g lef t  fo r  restricte d "syntactic "  use s suc h a s 
linkin g a  relationshi p nod e t o th e node s fo r  th e partaker s i n th e relationship .  W e tak e th e 
node s t o b e implemente d a s neura l  activit y patterns ,  an d w e tak e th e link s t o b e implemente d 
as individua l  association s encode d a s synapti c weigh t  settings .  Thes e assumption s ar e i n rea -
sonabl e accor d wit h th e approache s take n i n Fahlma n (1979 ,  1981) ,  Feldma n (1981) ,  Feldma n 
and Ballar d (1982) ,  Heb b (1949) ,  Hinto n (1981) ,  Kohone n e t  a l  (1981) ,  an d Wickelgre n 
(1979) .  Th e problem s o n whic h w e focu s ar e associatio n (link )  deletio n an d nod e marking . 



Networ k Alteratio n an d TVaveraa l 

If semantic network manipulations occur in short-term cognition, presumably they 

includ e th e traversa l  o f  network s an d th e modificatio n o f  network s (whethe r  b y a  chang e o f 
grap h structur e o r  b y replacemen t  o f  on e nod e b y another) .  Suc h a n alteratio n presumabl y 

involve s replacemen t  o f  th e piec e o f  ne t  t o b e altere d b y a  ne w piec e o f  ne t  whic h i s linke d i n 
properl y eithe r  (a )  t o th e res t  o f  th e ne t  a s i t  i s  o r  (b )  t o a  cop y o f  th e res t  o f  th e net .  Th e 

replace d piec e i n cas e (a) ,  o r  al l  o f  th e ol d ne t  i n cas e (b) ,  mus t  s o m e h o w b e pu t  ou t  o f  play , 

whethe r  b y bein g marked ,  inhibite d i n som e way ,  o r  isolate d b y havin g association s leadin g 

int o i t  deleted .  Explici t  deletio n o f  a n associatio n (link )  ha s receive d littl e attentio n i n wor k o n 
synaptic-weigh t  schemes ,  an d i t  raise s difficulties .  Presumabl y th e neura l  substrat e mus t  b e pu t 

int o somethin g lik e th e conditio n i t  woul d hav e bee n i n ha d th e associatio n no t  bee n present . 
Thi s i s n o grea t  proble m i n a  dedicatio n scheme ,  becaus e th e synapti c weight s definin g th e asso -
ciatio n ca n b e reduce d t o som e smal l  value .  I n a  sharin g scheme ,  however ,  th e synapti c 

weight s ar e importan t  als o t o othe r  associations ,  s o th e particula r  stat e the y ar e lef t  i n depend s 
cruciall y o n wha t  thos e association s are .  Th e troubl e i s that ,  unles s th e whol e networ k i s 
s o m e h o w traverse d o r  rebuilt ,  th e deletio n operatio n ha s n o guidanc e a s t o wha t  thos e associa -

tion s are .  Simila r  commen t s appl y t o th e ide a o f  "inhibiting "  a  piec e o f  net .  B y thi s I  mea n 
leavin g th e structur e essentiall y  intac t  bu t  switchin g o n som e specia l  agenc y whic h stop s th e 

node s i n questio n fro m bein g activated ,  and/o r  whic h stop s th e association s fro m bein g used . 

The problem s i n th e remainin g alternative ,  marking ,  receiv e attentio n below . 

To tur n t o traversa l  o f  networks ,  i t  i s  standar d fo r  traversa l  algorithm s implemente d o n 

computer s t o us e a  markin g schem e t o ensur e tha t  part s o f  th e structur e ar e no t  traverse d 
mor e tha n once .  A  for m o f  markin g woul d fo r  th e sam e reaso n b e neede d i n a  neura l  imple -
mentatio n o f  traversal .  T o avoi d markin g w e coul d sugges t  a  random-wal k process ,  whic h ma y 

wel l  duplicat e part s o f  th e traversal .  Thi s woul d appea r  t o b e a  rathe r  error-pron e and/o r 
time-consumin g technique ,  an d it s adoptio n i n a  neura l  mode l  woul d requir e convincin g argu -

mentation . 

M a r k i n g 

Fahlman's (1979, 1981) dedication scheme makes heavy use of marking to effect certain 
type s o f  inferenc e an d structur e matching .  Hinto n (1981 )  use s a  markin g schem e fo r  structur e 
matchin g whic h i s mor e sophisticate d bu t  simila r  i n spirit .  Markin g ca n b e use d t o ge t  th e 
effec t  o f  pointers .  I f  w e hav e som e wa y o f  activatin g node s whic h ar e marke d i n a  specifi c  way , 

the n w e ge t  th e effec t  o f  followin g a  pointer . 

H ow i s a  nod e marked ? W e not e first  tha t  w e shoul d b e abl e t o provid e markin g o f 

severa l  differen t  types ,  an d tha t  node s mus t  b e abl e t o b e unmarke d a s wel l  a s marked .  Th e 
first  suggestio n i s tha t  th e natur e o f  th e potentia l  firing  o f  th e individua l  neuron s i n th e node' s 
neuron-se t  i s changed .  Fo r  instance ,  th e firing  train s o f  a  neuro n coul d hav e severa l  distinc t 

possibl e patterns ,  correspondin g t o differen t  type s o f  marking .  Th e objectio n t o thi s i s tha t  i t 
involve s a  majo r  chang e i n th e philosoph y o f  synaptic-weigh t  schemes ,  wher e i t  i s  usuall y 
assume d tha t  neuron s ca n b e mor e o r  les s activ e (e.g .  ca n fire  a t  highe r  o r  lowe r  frequency )  t o 
indicat e th e "confidence "  wit h whic h th e nod e i s present ,  bu t  canno t  b e activ e i n symbolicall y 

distinc t  ways .  Onc e th e doo r  i s opene d t o distinguishin g betwee n mode s o f  firing  fo r  symboli c 
purposes ,  th e questio n arise s o f  whethe r  significan t  symboli c informatio n o f  mor e genera l  sort s 

shoul d no t  b e encodabl e i n firing  patterns .  Also ,  i n a  sharin g scheme ,  a  neuro n contribute s t o 
severa l  nodes ,  som e o f  whic h m a y b e marke d an d som e not . 

A secon d suggestio n i s tha t  th e nod e t o b e "marked "  i s replace d temporaril y  b y a  ne w 
nod e whic h act s a s a  marke d versio n o f  th e origina l  node .  Bu t  her e w e ar e appealin g t o a n 
operatio n o f  structur e alteratio n a s discusse d above .  A s w e saw ,  th e replace d nod e mus t  b e pu t 

ou t  o f  play .  I n a  sharin g scheme ,  i t  seem s tha t  th e mos t  viabl e alternativ e i s t o pu t  i t  ou t  o f 
pla y b y markin g it !  W e therefor e hav e a  viciou s circle .  I n a  dedicatio n scheme ,  th e replace d 



nod e coul d b e inhibite d o r  isolated ,  bu t  thi s i s a  cumbersom e proces s i f  don e merel y fo r  th e 
purpos e o f  markiDg ,  especiall y whe n w e conside r  th e possibl e nee d fo r  late r  unmarkin g o f  th e 
node . 

A thir d possibilit y  i s  t o hav e a  specia l  nod e whic h act s a s a n explici t  mar k an d i s pu t  int o 
associatio n wit h th e nod e t o b e marked .  Eve n i n th e dedicatio n schem e thi s i s a n over -

elaborat e proposal .  A t  on e extreme ,  w e hav e th e possibilit y  tha t  ther e i s jus t  on e specia l  node , 
so tha t  al l  th e reura l  set s implementin g node s whic h migh t  eve r  nee d t o b e marke d hav e t o b e 

connecte d b y a  neura l  pat h t o thi s specia l  mar k node .  A t  th e othe r  extreme ,  w e coul d hav e a 

distinc t  specia l  mar k nod e fo r  ever y distinc t  non-mar k node .  A t  eithe r  extreme ,  o r  anywher e i n 

between ,  a  larg e amoun t  o f  'hardware '  i s  se t  asid e jus t  fo r  markin g purposes .  A  sharin g 
scheme face s analogou s difficulties ,  bu t  als o face s a  particula r  difficult y i n unmarking :  th e 

mark ,  o r  a t  leas t  it s  associatio n t o th e marke d node ,  mus t  b e pu t  ou t  o f  play ,  bu t  i n th e presen t 
cas e w e d o no t  wan t  t o mar k a  mark !  W e migh t  ge t  roun d thi s proble m b y stipulatin g tha t  th e 
neuron s use d i n th e mar k nod e canno t  b e use d fo r  anythin g excep t  marking ,  i.e .  tha t  the y ar e 

dedicate d t o marking ;  perhap s the n th e associatio n betwee n mar k nod e an d marke d nod e ca n b e 
easil y broke n (i n vie w o f  ou r  c o m m e n t  abov e tha t  deletio n o f  a n associatio n doe s no t  appea r  t o 
be a  proble m i n a  dedicatio n scheme) .  Th e methodologica l  objectio n t o thi s i s tha t  w e ar e 

dilutin g th e purit y o f  th e philosoph y o f  sharin g scheme s b y lettin g i n dedicatio n i n restricte d 
case s fo r  a d ho c reasons . 

The las t  suggestio n w e mak e i s tha t  extr a neuron s ar e s o m e h o w include d temporaril y  i n 
th e neuro n se t  fo r  th e node .  W e coul d suppos e tha t  eac h dedicate d neuro n se t  ha s severa l  sub -
set s o f  specia l  neurons ,  on e subse t  pe r  markin g type .  A  nod e i s considere d t o b e marke d i f  an d 
onl y i f  th e appropriat e subse t  o f  neuron s i s activate d whe n th e mai n neuron s fo r  th e nod e ar e 
activated .  However ,  thi s markin g techniqu e i s rathe r  a d hoc ,  sinc e i t  require s th e ide a o f  mark -
in g t o b e buil t  int o th e ver y hardwar e o f  th e system ,  an d w e begi n t o wonde r  wh y w e shoul d 

not  allo w specialize d neuro n set s t o hol d symboli c structure s mor e complicate d tha n marks . 
The sharin g scheme s fac e a  furthe r  difficulty .  I t  i s  no t  a t  al l  clea r  ho w th e proces s o f  unmark -
in g woul d wor k unles s th e specia l  mar k neuron s fo r  a  nod e ar e distinc t  fro m th e neuron s use d 
by an y othe r  node ;  bu t  the n w e hav e a  restricte d for m o f  dedicatio n muc h a s i n th e thir d pro -
posal . 

A genera l  observatio n abou t  al l  th e abov e markin g proposal s i s tha t  the y trea t  mark s a s 
dat a item s whic h nee d specia l  mechanism s fo r  thei r  implementatio n o r  use .  Thi s contrast s 
wit h markin g i n computers ,  wher e a n algorith m ma y us e dat a item s i n suc h a  wa y tha t  w e cal l 

the m marks ,  bu t  wher e thos e dat a item s requir e n o specia l  mechanism s fo r  thei r  implementa -
tio n o r  use . 

Sectio n 3 :  A n Alternativ e 

It is of interest that an alternative which avoids the problems of Section 2 can be pro-
vided .  W e shal l  continu e t o assum e tha t  th e issu e i s th e implementatio n o f  semanti c network s 
and thei r  manipulatio n i n th e cours e o f  short-ter m information-processing .  W e suppos e stil l 
tha t  node s ar e implemente d a s pattern s o f  neura l  activity .  However ,  ou r  pattern s ar e substan -
tiall y unanekore d viit h respec t  t o neura l  location :  thei r  precis e position s i n th e neura l  mas s ar e 
irrelevant .  T o mak e sens e o f  this ,  w e suppos e tha t  th e neura l  area s i n whic h th e pattern s resid e 
ar c regula r  i n structure .  I n fact ,  w e mak e th e tentative ,  simplifyin g assumptio n tha t  th e area s 
ar e physicall y structure d a s array s (typicall y o f  dimensio n two) .  W e cal l  eac h suc h are a a  pat -
ter n matri x  ( P M ) .  A  P M i s a n arra y o f  neura l  circuit s calle d P M elements .  Eac h P M elemen t 
can b e activ e i n an y on e o f  a  certai n numbe r  (sa y a  doze n o r  two )  modes ,  an y combinatio n o f 
modes bein g allowed .  Short-ter m informatio n structure s ar e pattern s o f  P M activit y ove r  th e 
P M s.  Th e patter n i n a  P M i s generall y compose d o f  well-define d subpatterns ,  som e o f  whic h 
pla y th e rol e o f  networ k nodes .  Th e precis e positio n o f  a  subpatter n i s unimportant ,  althoug h 
it s positio n relativ e t o othe r  subpattern s ma y b e crucial ,  a s w e shal l  se e i n a  m o m e n t . 



A distinctiv e featur e o f  ou r  schem e i s th e wa y i n whic h subpattern s ca n b e i n associatio n 
so a s t o for m structures .  Th e associatio n doe s no t  tak e th e for m o f  transmission-facilitate d 

neura l  paths .  Instead ,  associatio n i s b y adjacenc y an d similarity .  Adjacenc y associatio n i s simi -

la r  t o th e associatio n o f  dat a item s i n a  compute r  b y virtu e o f  thei r  bein g i n adjacen t  locations . 
So,  tw o subpattern s i n a  P M whic h ar e adjacen t  t o eac h othe r  ma y b e take n t o b e associated . 

(A s a  specia l  case ,  on e o f  th e subpattern s ma y b e lik e a  close d boundar y an d contai n th e othe r 

subpattern. )  Similarit y associatio n i s aki n t o conten t  addressin g i n computers .  Ther e i s a 

mechanis m attache d t o P M s suc h tha t  th e presenc e o f  a  subpatter n i n a  P M ca n caus e 
sufficientl y simila r  subpattern s i n thi s an d othe r  P M s t o b e b e "highlighted "  b y hig h activit y i n 

some m o d e (whos e identit y i s passe d t o th e mechanis m a s a  parameter) .  Subpattern s whic h ar e 

thu s associate d b y similarit y ca n b e place d adjacen t  t o othe r  subpattern s (e.g .  nodes )  whic h the y 
ca n b e considere d t o "label" .  Th e labelle d subpattern s ca n thereb y b e regarde d a s bein g 

indirectl y associate d b y a  combinatio n o f  adjacenc y an d similarit y association .  A  furthe r  for m 
of  associatio n i s derive d fro m adjacenc y association :  tw o subpattern s i n differen t  part s o f  a  P M 
can b e joine d b y a  line-lik e supatter n (whos e end s ar e adjacen t  t o th e first  tw o subpatterns) . 

Such line-lik e subpattern s ar e analogou s t o th e lin k line s i n a  diagra m o f  a  semanti c network . 
The y ar e als o analogou s t o th e neura l  path s i n synaptic-weigh t  schemes ,  bu t  instea d o f  a  facili -
tate d transmissio n pat h ther e i s a  pat h o f  activate d neura l  network s ( P M elements) . 

We suppos e tha t  connecte d t o th e P M s ther e i s a  neura l  mechanis m embodyin g a  produc -

tio n system .  Th e conditio n par t  o f  a  rul e respond s t o th e presenc e o f  fairl y  simpl e combina -

tion s o f  primitiv e subpatterns .  Th e primitiv e subpattern s i n th e cas e o f  network-lik e pattern s 
woul d b e subpattern s actin g a s nodes ,  link s an d label s (o r  perhap s component s o f  labels) .  Th e 
actio n par t  o f  a  rul e i s abl e t o inser t  subpatterns ,  delet e subpatterns ,  cop y subpatterns ,  m o v e 

subpattern s aroun d i n P M s ,  follo w link-lik e subpatterns ,  highligh t  subpatterns ,  invok e th e 

pattern-similarit y associatio n mechanis m an d communicat e wit h mechanism s outsid e th e P M 
productio n system .  Th e se t  o f  rule s doe s no t  chang e i n th e shor t  term .  W e envisag e th e rule s 

t o b e implemente d a s neura l  network s attache d t o th e P M s ,  an d th e triggerin g o f  rule s t o occu r 
by jus t  th e sor t  o f  neura l  associativ e technique s a s ar e propose d i n synapti c weigh t  schemes . 
Also ,  pattern s i n P M s coul d associat e t o long-ter m structure s b y suc h mechanisms .  I t  shoul d 

be note d tha t  subpattern s i n P M s ar e no t  themselve s th e ful l  embodiment s o f  concept s o r  othe r 
entities ;  rathe r  the y ar e merel y symbol s fo r  o r  "ambassadors "  o f  thos e entities . 

I n ou r  schem e al l  informatio n i n a  semanti c network ,  includin g association ,  i s  encode d a s 
activit y patterns .  Thi s provide s greate r  uniformit y an d eleganc e tha n i s presen t  i n synaptic -
weigh t  schemes ,  i n whic h ther e ar e tw o competel y differen t  embodiment s o f  information : 

(potential )  pattern s o f  activit y an d synapti c weights .  A t  th e sam e time ,  b y bein g relativel y clos e 
t o th e wa y computer s wor k (i f  w e tak e adjacency ,  similarit y an d line-linkin g t o correspon d t o 
locationa l  adjacency ,  conten t  addressin g an d direc t  addressin g i n computers )  ou r  proposa l  ha s 

th e advantag e tha t  technique s develope d fo r  information-processin g i n computer s ca n relativel y 
easil y an d plausibl y b e suppose d t o occu r  i n th e brain .  Fo r  instance ,  node s an d link s ca n b e 
labelle d an d marke d ver y simpl y an d naturally ,  eithe r  b y highlightin g the m o r  b y placin g labe l 

subpattern s nex t  t o them .  N o specia l  extr a mechanism s nee d b e postulated ,  an d ou r  deemin g a 
particula r  featur e o f  a  P M patter n t o b e a  mar k i s merel y a  resul t  o f  th e wa y particula r  rule s us e 
th e featur e (cf .  th e comment s o n markin g i n computer s a t  th e en d o f  Sectio n 2) .  Subpattern s 

whic h ar e associate d b y adjacency ,  line-linkin g o r  label-similarit y ca n b e altere d withou t 
affectin g thei r  inter-association ,  becaus e th e pattern s embodyin g th e association s ar e indepen -
den t  o f  th e pattern s associated .  Association s ca n easil y b e deleted ,  whethe r  b y movin g subpat ^ 
tern s s o tha t  the y ar e n o longe r  adjacen t  o r  b y removin g label s o r  lin e links .  (Suc h remova l  i s 
performe d b y suppressin g th e activit y i n th e P M element s concerned. )  Therefore ,  th e problem s 

of  deletio n an d markin g tha t  w e note d i n Sectio n 2  d o no t  aris e fo r  ou r  scheme ,  s o tha t  opera -

tion s suc h a s traversa l  n o longe r  presen t  specia l  difficulties . 

Ther e i s n o spac e her e t o presen t  th e schem e i n mor e detail .  On e versio n o f  th e schem e 

i s reporte d i n Barnde n (1982a ,  1982b) .  Barnde n (1982b )  goe s int o considerabl e detai l  concern -
in g th e possibl e operatio n o f  th e productio n syste m i n manipulatin g network-lik e pattern s i n 
P M s.  Th e schem e appear s t o b e n o les s wel l  supporte d b y know n fact s abou t  th e brai n tha n ar e 



th e synaptic-weigh t  scheme s -  indeed ,  b y virtu e o f  it s  foundatio n o n array s o f  neura l  net s i t 

fits  i n mor e naturall y wit h th e regula r  an d ubiquitou s columna r  organizatio n o f  corte x (Mount -
castl e (1978) ]  tha n thos e scheme s do . 
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