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A b s t r a c t 

We provide a conceptual framework for under-
standin g similaritie s an d difference s amon g vari -
ous scheme s o f  compositiona l  representation ,  em -
phasizin g problem s tha t  aris e i n modellin g aspect s 
of  h u m a n language .  W e propos e si x  abstrac t  di -
mension s tha t  sugges t  a  spac e o f  possibl e compo -
sitiona l  schemes .  Temporalit y turn s ou t  t o pla y 
a ke y rol e i n definin g severa l  o f  thes e dimensions . 
Fro m studyin g ho w scheme s fal l  int o thi s space , 
i t  i s  apparen t  tha t  ther e i s n o singl e crucia l  dif -
ferenc e betwee n A I  an d connectionis t  approache s 
t o representation .  Larg e region s o f  th e spac e o f 
composition ^  scheme s remai n unexplored ,  suc h a s 
th e entir e clas s o f  active ,  dynami c model s tha t  d o 
compositio n i n time .  Thes e model s offe r  th e pos -
sibilit y o f  parsin g real-tim e inpu t  int o usefu l  seg -
ments ,  an d thu s potentiall y  int o linguisti c unit s 
lik e word s an d phrases . 

Introduction 

W h at  i s  th e relationshi p betwee n th e kind s o f  sym -
boli c representation s deploye d i n "classical "  cognitiv e 
model s an d representation s i n thei r  connectionis t  coun -
terparts ? Th e stud y o f  h u m a n linguisti c capabilit y i s 
a particularl y appropriat e domai n i n whic h t o discus s 
thi s issue .  Bu t  w e mus t  no t  le t  theoretica l  linguis -
tic s defin e th e problem .  Linguistic s presume s th e sep -
arabilit y  o f  linguisti c knowledg e an d languag e use ,  th e 
distinctio n o f  competenc e fro m performance .  Ther e 
i s muc h mor e t o th e linguisti c cognitio n tha n syntax . 
Still ,  languag e implie s a  syste m o f  comple x representa -
tiona l  structure s fo r  variou s purposes .  A n d on e o f  thes e 
i s orthography ,  th e leve l  o f  a n autho r  o r  edito r  produc -
in g tex t  i n a  "received "  form .  Th e discrete ,  static , 
concatenate d natur e o f  printe d languag e doe s impl y a 
model  fo r  th e underlyin g cognitiv e architecture .  Th e 
intuitiv e appea l  o f  thi s vie w o f  languag e ha s inhib -
ite d consideratio n o f  th e m a n y problem s i n account -
in g fo r  speec h perceptio n an d production ,  th e lexicon , 
slip s o f  th e tongue ,  etc ,  tha t  impl y consideratio n o f 
othe r  kind s o f  models .  Bot h A I  theorist s an d linguist s 

hav e regarde d natura l  languag e a s basicall y consistin g 
of  concatenate d structure s o f  discrete ,  arbitrar y sym -
bols ,  an d hav e constructe d model s o f  languag e pro -
cessin g tha t  postulat e interna l  representation s o f  th e 
same genera l  kind .  Connectionist s workin g o n natura l 
languag e hav e bee n developin g alternativ e distribute d 
representationa l  schemes ,  bu t  ten d t o agre e wit h tra -
ditionalist s regardin g certai n crucia l  ingredient s o f  th e 
traditiona l  pictur e — suc h a s th e nee d fo r  compoun d 
representation s systematicall y constructe d ou t  o f  stan -
dar d parts .  S o what ,  i f  anything ,  reall y differentiate s 
traditiona l  symboli c an d connectionis t  form s o f  com -
positiona l  representation ? 

Ther e i s a  widesprea d tendenc y t o suppos e tha t 
ther e mus t  b e som e on e crucia l  issu e whic h neatl y sep -
arate s traditiona l  symboli c representation s fro m con -
nectionis t  representations .  W e believe ,  however ,  tha t 
no suc h magi c ke y exists .  Rather ,  ther e i s a  variet y 
of  way s i n whic h connectionis t  scheme s o f  represen -
tatio n differ ,  t o a  greate r  o r  lesse r  extent ,  fro m tra -
ditionf d scheme s o f  representation .  Thi s i s  tru e eve n 
when w e restric t  attentio n t o specificall y compositionzi l 
schemes . 

We conside r  a  representationa l  schem e t o b e compo -
sitiona l  i f  i t  systematicall y construct s comple x repre -
sentation s fro m basi c compoundabl e units ,  suc h tha t 
th e semanti c an d causa l  significanc e o f  th e compoun d 
whol e i s a  functio n o f  th e significance s o f  it s  basi c parts . 
We describ e individua l  representation s belongin g t o a 
compositiona l  schem e a s symholoid s i n orde r  t o stres s 
tha t  th e categor y o f  representationa l  scheme s w e ar e 
intereste d i n includes ,  bu t  i s  considerabl y mor e genera l 
than ,  traditiona l  symboli c representations .  Ther e mus t 
als o b e include d variou s kind s o f  fuzz y an d dynami c 
distribute d pattern s tha t  serv e a  representationa l  func -
tio n fo r  nervou s systems . 

To understan d thi s situatio n w e find  i t  usefu l  t o 
vie w traditiona l  an d connectionis t  scheme s a s vary -
in g alon g a  numbe r  o f  abstrac t  dimension s definin g a 
spac e o f  possibl e scheme s o f  compositiona l  representa -
tion .  Classica l  system s occup y on e relativel y restricte d 
regio n (centere d o n prototypica l  symboli c scheme s suc h 
as th e structure s i n LIS P o r  forma l  logic )  whil e vari -
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ous connectionis t  scheme s ten d t o b e widel y scattere d 
acros s othe r  regions .  Eve n differen t  instantiation s o f 
natura l  language ,  suc h a s printe d Englis h an d spoke n 
utterances ,  ar e foun d a t  quit e distinc t  points .  Th e 
kind s o f  neura l  representation s tha t  underli e natura l 
languag e capacitie s mos t  likel y occup y severa l  quit e 
differen t  region s i n th e spac e dependin g o n whic h lin -
guisti c skill s  on e look s a t  (e.g. ,  interpretin g speec h di -
recte d a t  you ,  editin g a  text ,  learnin g a  ne w word , 
mimickin g someone' s dialect ,  etc.) . 

Our  researc h i s aime d a t  isolatin g an d clarifyin g th e 
most  importan t  dimension s o f  thi s spac e — t o distil l 
out  th e conceptua l  "principa l  components "  (o r  s o w e 
hope) .  W e see k a  pictur e o f  compositiona l  represen -
tatio n i n cognitiv e system s tha t  i s mor e genera l  an d 
inclusiv e tha n ha s previousl y bee n aveiilable .  A n im -
portan t  resul t  o f  thi s searc h i s that ,  fro m th e perspec -
tiv e afforde d b y a n understandin g o f  thes e variou s di -
mensions ,  on e ca n se e tha t  standar d Al-styl e scheme s 
of  representatio n hav e n o monopol y o n compositional -
ity .  Instead ,  the y merel y occup y on e relativel y narro w 
corne r  o f  th e spac e o f  possibl e system s tha t  allo w com -
positio n o f  tokens .  Further ,  w e thin k tha t  explorin g 
othe r  region s o f  thi s spac e wil l  b e mor e fruitfu l  fo r  cog -
nitiv e scienc e researc h thau i  developin g variant s withi n 
thi s narro w region .  Th e followin g i s a  tentativ e lis t  o f 
th e mos t  genera l  dimension s o f  th e spac e o f  symbol -
oida l  representationa l  schemes .  Th e issu e shoul d no t 
be whic h schem e i s th e correc t  one ,  bu t  rathe r  whic h 
scheme i s mos t  appropriat e fo r  whic h phenomena ? 

Typology of Representations 

The majo r  dimension s fal l  int o a t  leas t  thre e groups : 
(1 )  intrinsi c propertie s o f  th e compoundabl e tokens , 
(2 )  th e manne r  i n whic h compositio n o f  token s take s 
plac e an d (3 )  th e functionii l  rol e o f  symboloid s i n th e 
operatio n o f  th e system .  W e d o no t  clai m thes e ar e 
a minima l  se t  o f  dimensions .  (Fo r  example ,  ther e ar e 
probabl y differin g possibl e assumption s abou t  seman -
tics ,  tha t  is ,  abou t  th e natur e o f  th e worl d itself. )  W e 
hav e trie d t o choos e dimension s tha t  ar e independen t 
and whic h clarif y th e rang e o f  possibl e solution s t o th e 
representatio n problem .  I n additio n t o describin g par -
ticula r  computationa l  models ,  w e wil l  mak e referenc e 
bot h th e linguists '  model s o f  languag e an d t o vari -
ous aspect s o f  knowledg e abou t  languag e exhibite d b y 
skille d users . 

Properties of Basic Tokens 

The token s ar e th e mos t  basi c entitie s wit h representa -
tiona l  significanc e whic h ca n b e compounde d int o de -
rive d structures .  I n natura l  languag e processing ,  indi -
vidua l  word s ar e assume d (b y bot h linguist s an d high -
schoo l  Englis h teachers )  t o serv e a s th e basi c units . 
As a  first-orde r  model ,  thi s i s satisfactory .  Otherwise , 
orthographie s an d typographica l  convention s woul d b e 
much mor e problemati c tha n the y are .  Bu t  Bolinge r 
among other s ha s frequentl y pointe d ou t  ho w difficul t 

i t  i s  t o nai l  dow n th e actua l  lis t  o f  th e particula r  item s 
tha t  hav e jus t  th e righ t  propertie s (BoHnger ,  1975) . 
Languag e i s no t  jus t  a  se t  o f  morpheme s plu s rule s o f 
syntax .  Speaker s us e an d 'know '  linguisti c fragment s 
tha t  com e i n man y sizes :  fro m submorphemi c ideo -
phone s t o words ,  idioms ,  an d Bolinger' s 'collocations' , 
as wel l  a s 'cliches '  an d eve n entir e sentence s an d para -
graph s o f  boilerplat e (a s i n genre s lik e will s  an d aca -
demi c recommendatio n letters) .  Th e natur e o f  thes e 
mysteriousl y constraine d ye t  mysteriousl y flexible  lex -
icalize d 'units '  lie s wel l  beyon d th e gras p o f  curren t 
representationa l  scheme s employe d i n linguisti c theory . 
Althoug h a n orthograph y ca n affor d t o ignor e thes e 
data ,  a  mode l  o f  huma n linguisti c representatio n mus t 
suppor t  al l  o f  thes e kind s o f  linguisti c knowledge . 

Discrete vs. Continuous Token Set. Basic to-
ken s ar e physica l  entitie s tha t  gai n thei r  type-identit y 
(e.g. ,  bein g a n instanc e o f  th e wor d cat )  b y exhibit -
in g characteristi c variatio n alon g certai n critica l  di -
mension s (e.g. ,  placemen t  o f  in k o n th e page) .  Thes e 
dimension s ca n b e though t  o f  a s delineatin g a  spac e 
of  possibl e physica l  item s whic h migh t  coun t  a s to -
ken s ( e .g. ,  in k mark s o n a  pag e o r  a  se t  o f  lette r 
strings) .  Thi s firs t  issu e concern s ho w th e basi c to -
ken s fal l  i n thi s space .  Ar e the y sparsel y o r  densel y 
packe d int o it ? Tha t  is ,  ar e ther e entitie s whic h coun t 
as basi c token s i n th e schem e 'between '  an y tw o token s 
of  th e scheme ? Fo r  example :  th e so-calle d 'phonemes ' 
or  'phonologica l  segments '  use d t o describ e particula r 
language s ar e assume d t o b e discret e (tha t  is ,  locate d 
fa r  apar t  i n stimulu s spac e — a t  leas t  on e featur e ste p 
apart) ,  whil e th e acousti c an d articulator y phenomen a 
themselve s ar e clearl y densel y packe d o r  continuous . 

Static vs. Dynamic Tokens. Standard symbolic 
model s invariabl y assum e tha t  basi c token s ar e static . 
By thi s w e mea n tha t  th e token s exis t  indefinitel y an d 
chang e onl y whe n explicitl y  altere d — lik e th e basi c vo -
cabular y o f  predicat e calculus .  The y provid e a  concep -
tua l  mode l  fo r  standar d orthographie s of ,  say ,  Englis h 
and French .  Th e inventor y o f  unit s i s relativel y stati c 
and th e object s (th e letter s an d words )  endur e fairl y 
indefinitel y onc e converte d t o th e printe d medium . 

Thes e shoul d b e contraste d wit h th e representatio n 
tha t  presumabl y mus t  underli e spoke n words .  Thi s 
must  chang e continuousl y ove r  tim e a s th e patter n i s 
eithe r  produce d o r  recognized .  Acousti c change s ar e 
essentia l  t o a  word' s bein g th e wor d tha t  i t  is ,  an d t o 
it s bein g correctl y perceive d (Liberman ,  e t  al ,  1967) . 
Sometime s tempora l  specification s ca n b e ver y subtl e 
indee d (Por t  an d Crawford ,  1989) .  I t  i s  likel y tha t 
interna l  representation s o f  spoke n word s ar e als o dy -
nami c i n thi s sense ,  a s suggeste d b y som e (Browma n 
and Goldstein ,  1986 ;  Saltzma n an d Munhall ,  1989) . 

Wit h dynami c tokens ,  th e type-identit y o f  token s i s 
base d o n physica l  chang e ove r  time .  Anothe r  exam -
pl e i s th e differentiatio n o f  smell s i n th e olfactor y bul b 
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of  th e rabbi t  (Skard a an d Freeman ,  1987) .  Familia r 
smell s eac h exhibi t  a  characteristi c limi t  cycl e throug h 
th e activatio n state-spac e o f  a  se t  o f  cells .  Ther e ap -
pear s t o b e n o singl e poin t  i n tim e whe n th e instanta -
neous stat e 'represents '  th e identit y o f  th e scent . 

Currentl y on e ca n fin d connectionis t  model s tha t 
emplo y bot h kind s o f  representations .  Mos t  network s 
produc e stati c outpu t  vectors ,  tha t  is ,  th e dynamic s 
of  th e networ k lead s i t  towar d a  poin t  attracto r  (eg , 
(Sejnowsk i  an d Rosenberg ,  1987 ;  Elma n an d Zipser , 
1988)) .  Thes e tw o propertie s o f  basi c tokens ,  dis -
crete/continuou s an d static/dynami c see m t o b e th e 
most  importan t  ones ,  ̂  bu t  model s als o diffe r  i n th e 
way compositio n o f  basi c unit s take s place . 

Manner of Composition 

How ar e representationa l  token s o f  whateve r  for m ac -
tuall y combine d t o mak e compound s o r  higher-leve l 
representations ? Thi s abilit y  i s clearl y essentia l  t o an y 
representationa l  schem e tha t  i s t o b e generall y usefu l 
(Fodo r  an d Pylyshyn ,  1988) . 

Concatenation vs. Superimposition. Connec-
tionis t  wor k ha s reveale d th e importanc e o f  distin -
guishin g severa l  way s o f  combinin g token s int o com -
ple x whole s (va n Gelder ,  1990) .  I n traditiona l  logi c 
and AI ,  ther e is ,  o f  course ,  n o chang e whateve r  i n to -
kens themselve s whe n composed ,  a s whe n LIS P atom s 
ar e strun g togethe r  t o for m a  comple x statement .  A t 
th e othe r  extrem e i s superimposition ,  o r  simultaneou s 
combination ,  a s found ,  fo r  example ,  i n a  Recursiv e 
Auto-Associativ e Memor y o r  R A A M (Pollack ,  1991 ; 
Blan k e t  al. ,  1992) .  Suc h system s ca n b e traine d t o 
pus h an d po p th e element s o f  hierarchica l  tree s fro m a 
singl e distribute d representatio n i n a  fixed-siz e grou p 
of  nodes .  Inpu t  token s ar e systematicall y combine d 
int o completel y distribute d compound s b y a  sequenc e 
of  learnin g processes .  Th e resul t  i s  a  stati c represen -
tatio n fro m whic h th e entir e tre e ca n b e constructe d 
even thoug h n o specifi c  physica l  character s o f  th e con -
stituent s i s present .  I t  i s eve n possibl e t o demonstrat e 
structure-sensitiv e transformation s o n distribute d rep -
resentation s usin g a  R A A M (Chalmers ,  1990) .  Thes e 
demonstration s sugges t  tha t  symboli c compositio n i s 
not  th e onl y kin d possible . 

'Ther e i s a t  leeis t  on e othe r  propert y o f  token s a s wel l 
tha t  ma y b e relevant .  Ho w ai e basi c token s paire d wit h 
what  the y represent ? Ar e basi c token s wit h simila r  mezm-
in g als o simila r  physically ? Natura l  an d forma l  language s 
use arbitrar y symbols .  Tha t  is ,  token s th e typicall y hav e n o 
intrinsi c relatio n t o wha t  the y represent .  Thi s lac k o f  mean -
in g i s a  ke y ingredien t  i n th e notoriou s "groundin g prob -
lem" .  Connectionis t  model s ofte n us e arbitrar y pattern s 
as th e basi c compoundabl e unit s bu t  no t  2Jways .  O n th e 
othe r  heoid ,  th e stimulatio n pattern s o n a  sensor y surfac e 
of  a n anima l  (lik e th e finge r  tips ,  retin a an d basila r  mem-
brane )  illustrat e highl y non-ajbitrar y pairin g o f  a  stimulu s 
patter n wit h me2iuing . 

Betwee n thes e simpl e physica l  concatenatio n an d 
superimpositio n lie s Contex t  Sensitiv e Concatenatio n 
(Smolensky ,  1988) .  Token s wit h distinc t  physica l  iden -
titie s ar e concatenate d bu t  the y ar e affecte d b y thei r 
combinatio n wit h particula r  othe r  tokens .  Thes e ar e il -
lustrate d b y Elman' s recen t  model s (Elman ,  1989 )  an d 
th e dynami c memor y o f  Anderso n an d Port . 

Static vs. Temporal Combination. A crucial 
issu e tha t  cut s acros s th e previou s on e i s whethe r 
th e actua l  ac t  o f  combinin g basi c unit s t o for m com -
poun d representation s occur s i n tim e o r  onl y statically . 
(Th e temporalit y  o f  combinatio n shoul d no t  t o b e con -
fuse d wit h th e tempora l  vs .  stati c natur e o f  basi c to -
kens themselve s tha t  w e discusse d i n th e previou s sec -
tion. )  Bot h standar d compute r  language s an d linguis -
ti c  model s (Chomsky ,  1965 )  depen d o n stati c hierar -
chica l  structures . 

Of  course ,  i f  modellin g o f  tim e a s a  sequenc e o f  sym -
bol s prove s inadequate ,  on e ca n alway s mode l  tim e a s 
'jus t  anothe r  parameter '  an d deposi t  som e kin d o f  tim e 
measurement s withi n th e representatio n itsel f  (Klatt , 
1976 ;  Port ,  1981) .  Bu t  eventually ,  befor e addressin g 
th e rea l  world ,  th e artificialit y  o f  thi s maneuve r  mus t 
be face d b y an y mode l  o f  representatio n i n a  nervou s 
syste m (Port ,  1990) . 

Certai n 'recurrent '  connectionis t  model s (eg ,  (An -
derso n an d Port ,  1990 ;  Elman ,  1989) )  deplo y com -
ple x representation s tha t  ar e essentiall y  temporall y 
extended .  Th e basi c components ,  attracto r  states , 
ar e appende d i n time ,  s o th e structur e o f  a  sequenc e 
i s encode d i n characteristi c trajectorie s throug h stat e 
space .  System s alon g thi s lin e ca n b e extende d t o ex -
hibi t  limit-cycl e dynamics .  I t  i s  likel y tha t  a  dynami c 
analo g o f  concatenatio n i n tim e ca n b e achieve d b y 
passin g acros s th e saddl e point s tha t  separat e on e at -
tracto r  basi n fro m th e nex t  fo r  eac h sequentia l  compo -
nent .  W e suspec t  tha t  comple x representation s forme d 
by tempora l  combinatio n mus t  underli e a  wid e rang e o f 
real-tim e cognitiv e processe s i n speec h an d language . 

Thus ,  ther e appea r  t o b e severa l  possibl e kind s o f 
tokens .  An d eac h ma y suppor t  compositio n i n severa l 
ways. 

Functional Role of Representations 

Symboloida l  scheme s o f  representatio n exhibi t  certai n 
kind s o f  propertie s tha t  onl y becom e apparen t  whe n 
we conside r  ho w representation s i n tha t  schem e ar e 
handle d withi n th e contex t  o f  processing .  I t  i s  t o b e 
expecte d tha t  th e radica l  difference s i n th e natur e o f 
representationa l  element s w e ar e proposin g wil l  hav e 
consequence s fo r  thei r  use . 

Passive vs. Active. Representations are normally 
seen a s iner t  structure s tha t  ar e distinc t  fro m th e pro -
cesse s tha t  manipulat e them .  Thi s powerfu l  assump -
tio n underlie s th e notio n o f  a  Universa l  Turin g Ma -
chine .  Th e embedde d Turin g machin e i s describe d a s 
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a se t  o f  rules ,  whic h th e universa l  Turin g machin e ca n 
execut e a t  it s  convenience .  Th e representation s o f  th e 
embedded mode l  si t  o n th e tap e waitin g t o b e acte d 
upo n b y th e hos t  machine . 

Anothe r  possibilit y  i s  tha t  representation s ar e self -
executin g processes .  Tha t  is ,  a  symboloi d migh t  prope l 
itsel f  towar d ne w representationa l  stabilitie s withou t 
need o f  a n externa l  executiv e tha t  read s th e state s an d 
execute s th e step s specifie d i n a  stati c rul e table .  Self -
executio n ca n b e drive n eithe r  b y externa l  inpu t  o r  b y 
interna l  dyncimi c representation s fro m elsewher e i n th e 
system .  A s a  primitiv e example ,  th e Interactiv e Acti -
vatio n model s (McClellan d &c Rumelhart,1981 ;  Elma n 
and McClelland ,  1986 )  fo r  speec h recognitio n hav e rep -
resentation s tha t  ar e (weakly )  activ e i n thi s sense .  A s 
inpu t  featur e vector s becom e activ e durin g wor d pre -
sentation ,  the y excit e phoneme-leve l  unit s an d eventu -
all y word-leve l  units .  Informatio n flows  up ,  dow n an d 
laterall y withi n th e mode l  suc h tha t  evolvin g represen -
tation s a t  on e leve l  driv e th e developmen t  o f  represen -
tation s a t  othe r  levels .  N o externc d observe r  (o r  uni -
versa l  Turin g machine )  read s th e activatio n level s an d 
t o decid e wha t  t o d o next .  Th e contro l  o f  th e mode l 
has bee n decentralize d o r  distributed .  Th e Anderson -
Por t  mode l  fo r  auditor y patter n recognitio n tha t  wil l 
be describe d belo w i s als o activ e i n thi s sense . 

Digital vs. Analog. Do the representations enable 
operation s upo n the m tha t  ar e 'positive '  an d 'reliable ' 
i n th e term s o f  (Haugeland ,  1985) ? I n classica l  symbo l 
systems ,  representation s ar e digita l  i n th e sens e tha t 
th e mos t  basi c identifyin g an d transformin g processe s 
can alway s b e carrie d ou t  wit h complete ,  unambiguou s 
succes s (e.g. ,  th e executiv e syste m ca n tel l  tha t  th e 
symbol  i n th e buffe r  i s eithe r  fo o o r  i t  i s  not ;  ther e i s 
no questio n o f  it s  bein g "somewhat/oo") .  Thi s digita l 
characte r  is ,  o f  course ,  supporte d b y othe r  propertie s 
of  th e representationa l  schem e suc h a s discret e basi c 
token s an d th e stric t  concatenatio n property . 

I n som e connectionis t  schemes ,  however ,  w e find  rep -
resentation s tha t  ar e no t  digita l  i n thi s sense .  Fo r  ex -
ample ,  i f  on e attempt s t o us e th e R A A M architectur e 
t o represen t  man y sequence s b y sequentia l  superimpo -
sition ,  th e representation s o f  stac k state s becom e s o 
closel y packe d i n th e activatio n spac e o f  th e relevan t 
unit s tha t  operation s o n th e representation s eventuall y 
canno t  b e carrie d ou t  positivel y an d reliabl y (Pollack , 
1991) .  Suc h a  syste m i s essentiadl y anjJog .  A s tree s 
ar e reconstructe d fro m th e stack ,  reliabilit y  deterio -
rates .  Thing s tha t  ar e differen t  ar e eventuall y force d 
int o equivalenc e classes . 

Dynamic Models and Time 
We thin k tha t  thes e dimension s ar e usefu l  i n revealin g 
bot h th e possibl e diversit y i n symboloida l  scheme s o f 
representatio n an d som e o f  th e similaritie s tha t  exis t 
betwee n th e classica l  symboli c mode l  an d connectionis t 
schemes .  Bu t  th e connectionis t  framewor k als o lend s 

itsel f  t o dynami c model s (Hopfield ,  1984 ;  Grossberg , 
1980 )  an d thes e ope n u p opportunitie s fo r  a  differ -
ent  wa y o f  conceptualizin g representation s (se e (va n 
Gelder ,  1991 )  fo r  furthe r  discussion) .  Thus ,  w e no w 
explor e tha t  possibilit y  i n a  littl e mor e detai l  i n th e 
contex t  o f  a  mode l  fo r  recognitio n o f  auditor y pat -
terns .  Thes e pattern s migh t  b e a s shor t  an d comple x 
as a  familia r  chai r  squee k o r  bir d chirp ,  o f  intermediat e 
length ,  Hk e a  syllabl e o r  a  stru m o n a  guitar ,  o r  the y 
migh t  b e hierarchicall y structure d auditor y object s lik e 
words ,  melodie s o r  sentences . 

A crucia l  ste p i n dealin g wit h real-tim e inpu t  t o a 
cognitiv e mode l  i s th e ste p fro m millisecond s t o ab -
strac t  even t  categories .  Thi s a  ver y difficul t  t o achiev e 
becaus e abstrac t  event s typicall y occu r  wit h variabl e 
durations .  Thu s tempora d measurement s i n millisec -
onds (eve n i f  nervou s system s di d hav e a  wa y o f  mea -
surin g them )  ar e simpl y th e wron g kin d o f  descriptio n 
(Rosen ,  1978) .  I t  appear s tha t  dynami c system s pro -
vid e a  wa y t o obtai n abstrac t  categorie s fro m real-tim e 
input . 

Dynamic Memory. Processing of temporal pat-
tern s a s dynami c representation s ha s bee n demon -
strate d t o a  limite d extent .  Fo r  example .  Simpl e Re -
curren t  Network s (Elman ,  1990 ;  Elman ,  1989 )  respon d 
t o learne d sequentia l  pattern s b y followin g a  character -
isti c trajector y i n activatio n space .  W e vie w thes e tra -
jectorie s a s dynami c representations ,  distinc t  fo r  eac h 
inpu t  sequence .  I n thi s case ,  state s o f  th e syste m nea r 
th e en d o f  eac h sequenc e distinguis h eac h learne d pat -
tern .  Thi s ca n b e illustrate d b y lookin g a  littl e close r 
at  th e mode l  describe d b y Anderso n an d Port . 

A networ k wa s traine d (b y a  for m o f  supervise d 
gradient-descen t  learning )  t o recogniz e sequentia l  pat -
tern s o f  tones .  Th e networ k ha s 6  inpu t  frequenc y 
bin s o f  whic h onl y on e wa s strongl y activ e o n eac h 
tim e fram e (sinc e th e inpu t  wa s effectivel y sinusoida l 
over  thi s frequenc y range) .  Ther e wer e 7  node s i n th e 
full y  recurren t  Dynami c Memory ,  a s show n i n Figur e 1 . 
The activatio n o f  eac h nod e o n th e nex t  tim e ste p i s 
th e decaye d valu e fro m th e previou s tim e ste p plu s th e 
squashe d su m o f  weighte d activation s fro m al l  othe r 
node s i n th e Dynami c Memor y clique .  I n addition , 
each o f  thes e node s receive s input s fro m a  laye r  tha t 
indicate s th e energ y i n th e si x frequenc y bands .  Th e 
syste m learne d t o recogniz e a  particula r  sequenc e o f  8 
inpu t  spectr a comprisin g a  melody-lik e patter n (An -
derso n an d Port ,  1990) . 

The mode l  wa s traine d t o recogniz e on e o r  mor e 
melody-lik e targe t  pattern s b y usin g on e o f  th e dy -
nami c memor y node s a s a n identificatio n nod e fo r  eac h 
target .  Th e weigh t  vecto r  afte r  trainin g enable d i t  t o 
produc e stabl e trajectorie s fo r  targe t  sequence s endin g 
i n a  particula r  corne r  o f  th e spac e (wher e a n identifica -
tio n nod e approache d 1 )  fo r  th e las t  tw o tim e cycle s o f 
presentatio n o f  an y target .  Th e mode l  achieve d bette r 
tha n 9 0 % correc t  identificatio n o n eac h o f  severa l  tar -
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Dynamic Memory 

(A )  Standar d Rat e (B )  Hal f  Rat e 

T q 

INPUT STREAM 

Figure 1: The network that recognizes melody-like 8-
ste p sequentia l  patterns .  The r e ar e si x inpu t  nodes , 
on e fo r  eac h frequenc y bin ,  a n d seve n d y n a m i c m e m -
or y node s tha t  ar e full y connecte d (t o itsel f  an d al l 
neighbors .  O n e (o r  m o r e )  o f  thes e node s als o serve s a s 
a categor y identificatio n n o d e a n d i s traine d t o reac h 
a targe t  valu e fo r  jus t  th e las t  2  t im e frame s o f  th e 
pattern .  T h e input-featur e g rou p learne d t o sharpe n 
th e spectru m b y latera l  inhibitio n o f  it s  neighbors . 

gets .  Thi s contrast s wit h th e respons e o f  th e syste m t o 
distracto r  pattern s (tha t  is ,  t o non-traine d patterns) . 
I n thi s case ,  trajectorie s ar e no t  distinctive .  A s s h o w n 
i n th e lef t  h a n d pane l  o f  Figur e 2 ,  w h e n a  targe t  i s 
presented ,  th e m e m o r y followe d a  characteristi c pat h 
throug h activatio n spac e (represente d her e b y it s tw o 
most  significan t  principa l  componen ts ) . 

W h at  i f  th e rat e o f  presentatio n i s altered ? W h e n 
th e pattern s ar e presente d a t  half-tempo ,  a s s h o w n i n 
th e righ t  han d pane l  o f  Figur e 2 ,  essentiall y  th e s a m e 
trajector y i s produced .  Thi s suggest s th e possibilit y 
tha t  chain s o f  abstrac t  object s coul d b e learne d b y 
suc h a  d y n a m i c network .  I f  th e syste m wait s t o al -
lo w th e inpu t  pattern s themselve s determin e w h e n th e 
representationa l  stat e shoul d change ,  a  m a j o r  prob le m 
i n contro l  o f  cognitiv e mode l s migh t  b e solve d — th e 
proble m o f  h o w t o pars e t im e int o usefu l  pieces . 

T h e critica l  propert y o f  rat e invarianc e i s achieve d 
becaus e th e representatio n consist s o f  a  sequenc e o f  dy -
namicall y linke d states .  Thes e state s ar e no t  force d t o 
procee d f ro m on e t o th e nex t  a t  a  rat e clocke d b y th e 
machin e itself ,  bu t  ar e instea d controlle d b y change s 
i n th e input s (i n interactio n wit h th e interna l  state) . 
Thes e result s sho w h o w stati c fixe d point s ca n b e c o m -
bine d int o a  learne d basi c sequenc e w h e n drive n b y 
externa l  inpu t  (whic h migh t  b e sensor y o r  produce d 
by anothe r  grou p o f  nodes) .  I t  i s  likel y suc h token s 
ca n b e comb ine d int o large r  structure s b y a  proces s 
tha t  nest s t h e m int o higher-level ,  m o r e slowl y chang -
ing ,  representations .  T h e incomin g patter n itsel f  en -

PC 1 

Figur e 2 :  T h e trajector y o f  a  targe t  patter n plotte d o n 
th e firs t  tw o principa l  c o m p o n e n t s o f  th e 7- D activatio n 
spac e o f  d y n a m i c m e m o r y .  T h e pattern s wer e 8-fram e 
ton e sequence s (se e A n d e r s o n a n d Port ,  1990) .  T h e 
lef t  pane l  show s th e respons e afte r  th e presentatio n 
at  th e standar d rat e (th e rat e a t  wh ic h trainin g w a s 
performed) .  T h e righ t  pane l  show s th e s a m e network' s 
respons e t o th e targe t  w h e n eac h spectra l  f ram e w a s 
presente d twice . 

train s th e dynamic s o f  th e trajector y determinin g th e 
entir e composit e representation .  T h e representation s 
of  th e constituent s o f  thes e melody-lik e pattern s ac -
tivel y lea d towar d thos e state s characteristi c o f  th e 
learne d patter n a s a  whole .  Thi s i s th e sens e i n whic h 
th e token s ar e d y n a m i c a n d pla y a n activ e rol e i n th e 
system .  T h e y determine ,  a t  th e appropriat e poin t  i n 
time ,  w h a t  wil l  h a p p e n next . 

Interestingly ,  w h e n attentio n i s addresse d t o th e dy -
namic s o f  recurren t  network s a s a  w a y o f  accountin g fo r 
interestin g behavior ,  the n on e notice s tha t  connection -
is m itsel f  i s  importan t  i n thi s enterpris e particularl y 
fo r  it s  suppor t  o f  learnin g a n d distribute d represen -
tations .  Other ,  non-connectionis t  m o d e l s m igh t  als o 
suppor t  interestin g dynamics . 

Conclusions. 

One goa l  o f  thi s pape r  wa s t o sugges t  tha t  ther e ar e 
many mor e possibl e scheme s tha t  ca n serv e a  represen -
tationa l  functio n tha n hav e bee n well-explore d thusfar . 
Withou t  a  clea r  ide a o f  th e degre e o f  independenc e o f 
th e parameter s discusse d here ,  i t  i s difficul t  t o estimat e 
th e siz e o f  thi s space .  W e hop e tha t  th e framewor k of -
fere d her e wil l  hel p fix  thought s o n thi s problem . 

A secon d goa l  wa s t o emphasiz e th e possibilit y  o f 
dynamic ,  activ e representation s tha t  ar e meaningfu l 
becaus e o f  thei r  groundin g i n sensor y surface s i n real -
tim e (Gibson ,  1968) .  Althoug h symboli c model s fo r 
languag e assum e timeles s stati c symbol s apriori ,  sys -
tems embedde d i n th e worl d mus t  obtai n appropriat e 
symboli c function s o n thei r  own .  Dynami c representa -
tion s i n th e auditor y pattern-recognitio n mode l  exhibi t 
natura l  rat e invarianc e b y entrainin g thei r  dynamic s t o 
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th e tempora l  structur e o f  stimulation .  Thi s i s a n im -
portiin t  ste p towar d a n understandin g o f  ho w th e or -
dered ,  nested ,  symbol-lik e representation s o f  languag e 
coul d b e learne d b y a  syste m tha t  function s i n rea l 
time . 

Returnin g t o language ,  w e hav e suggeste d tha t  dy -
nami c model s hav e man y usefu l  propertie s -  especiall y 
fo r  aspect s o f  linguisti c skil l  tha t  ar e ignore d b y lin -
guistics .  Clearly ,  furthe r  technica l  development s wil l 
be necessar y t o demonstrat e compositio n beyon d th e 
most  basi c leve l  fo r  dynami c representations .  Man y as -
pect s o f  huma n speec h hav e prove n intractibl e t o sym -
boli c models .  Perhap s symboloid s ca n d o better . 
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