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Abstrac t 
Localit y constraint s ar e generall y assume d t o hav e thei r 
sourc e a t  th e hardware ,  o r  neuronal ,  level .  However ,  th e 
paper  show s tha t  th e wa y symbol s addres s constituen t 
structur e represente d a t  th e connectionis t  leve l  limit s thei r 
acces s t o th e encode d information .  Thes e limitation s ar e 
expresse d a s th e construct s o f  loca l  an d addres s domai n an d 
provid e a n explanator y basi s fo r  a  wid e rang e o f  cognitiv e 
constraints . 

Introduction 

Cognitiv e Scientist s hav e recentl y turne d thei r  attentio n t o 
th e exploratio n o f  hytai d symbolic-connectionis t  architect -
ure s (Hendle r  1991) .  Fodo r  an d Pylyshy n (1988 )  hav e 
claime d tha t  th e explanatio n o f  menta l  functionin g i s 
properl y locate d a t  th e symboli c leve l  an d tha t  connection -
is m provide s littl e mor e tha n a n implementatio n paradig m 
fcM'  suc h models ,  makin g issue s o f  hybri d architectur e 
inelevant .  Thi s clai m i s refute d b y showin g tha t  th e hybri d 
natur e o f  cognitiv e architectur e i s itsel f  th e sourc e o f 
constraint s whic h hav e a  powerfu l  influenc e o n shyin g 
menta l  abilities . 

I n outline ,  th e structur e o f  th e argumen t  t o b e presente d 
i s a s follows :  A  numbe r  o f  researcher s hav e show n tha t 
constituen t  structur e ca n b e encode d i n term s o f  connection -
is t  representation s an d combinatona l  operatcx ^  (se e Hinto n 
1990 ;  PoUac k 1990 ;  Touretzk y 1990 ;  Smolensk y 1990) . 
Fodor  an d Pylyshy n (1988 )  vie w thi s a s a  demonstratio n 
tha t  Connectionis m merel y provide s a n implementatio n 
paradig m fo r  th e symbolic-leve l  explanatio n o f  cognition . 
But  eve n a s a n implementatio n i t  i s  necessar y t o specif y 
how symbol s mak e contac t  wit h th e underlyin g connect -
ionis t  encodings .  Thi s i s a  proble m because ,  a s Fodo r  an d 
McLaughli n (1990 )  argue ,  suc h encoding s ar e no t  directl y 
accessibl e fo r  symboli c addressing .  Instead ,  i t  i s  propose d 
tha t  symboli c acces s i s onl y possibl e throug h th e us e o f  a 
particula r  communicatio n protocol ,  on e base d o n th e 
genera l  vie w o f  structura l  configuration s a s comprisin g a n 
addres s structur e an d a  se t  o f  constituents .  Thi s particula r 
protoco l  i s  force d o n hybri d system s b y th e naoir e o f 
informatio n representatio n a t  th e connectionis t  level .  Th e 
next  sectio n outline s thes e properties . 

Generally ,  localit y constraint s ar e explaine d i n term s o f 
hardwar e limitation s o r  neurona l  prqjerties .  A n alternativ e 
explanatio n ca n b e cas t  i n term s o f  a  restrictiv e communic -

atio n protoco l  mediatin g betwee n th e level s o f  a n hybri d 
symbolic-connectionis t  architecture .  Th e thir d sectio n 
outline s th e for m o f  thi s communicatio n protocol . 

The basi c thesi s bein g propose d i s tha t  certai n form s o f 
localit y importe d int o symboli c account s o f  cognitio n 
deriv e from  th e fac t  tha t  symboli c structure s ar e encode d i n 
a mediu m tha t  impose s natura l  loca l  restrictions .  I n th e 
fourt h section ,  thes e constraint s ar e derive d fro m th e 
symboli c addressin g protocol .  Finally ,  i t  i s  suggeste d tha t 
suc h constraint s migh t  underU e a  wid e rang e o f  localit y 
propertie s originall y invoke d t o accoun t  fo r  th e dbserve d 
feature s o f  huma n cognition . 

E-Space: Encoding Space 

The questio n o f  th e mos t  appropriat e assignmen t  o f 
cognitiv e phenomen a t o symboli c an d connectionis t  level s 
of  explanatio n i s lef t  a s open .  What  i s bein g propose d i s 
tha t  th e mappin g betwee n th e tw o level s provide s a n 
appropriat e basi s fo r  th e explanatio n o f  localit y constraints , 
even whe n onl y minima l  assumption s ar e mad e concernin g 
th e natur e o f  th e relationshi p betwee n them . 

Encodin g structur e i n a n hybri d symbolic-connectionis t 
architectur e involve s showin g ho w th e notio n o f 
combinatOTia l  structur e ca n b e preserve d i n passin g fro m 
th e symboli c leve l  t o a n encodin g mediu m comprisin g 
point s i n a  vecto r  space .  Slac k (1990 )  show s ho w th e 
operation s o f  associatio n an d superpositio n ca n b e use d t o 
defin e a  connectionis t  representatio n medium ,  referre d t o a s 
Encodin g Space ,  E-space ,  consistin g o f  compose d 
connectionis t  states .  Fcmnally ,  th e structur e o f  E-spac e ca n 
be define d a s a  semiring ,  a s follows : 

Derinition E-space comprises the quintuple (V,+,**,0,3) 
1.  (V,+,0 )  i s  a  commutativ e monoi d definin g th e 
superpositio n operator ; 
2.  (V,**,3 )  i s  a  monoi d definin g th e associatio n operator ; 
3.  * *  distribute s ove r  + . 
V i s th e se t  o f  points ,  ot  comers ,  o f  a  vecto r  space ,  an d th e 
tw o identit y elements ,  0  an d 3 ,  correspon d t o identit y 
vector s fo r  th e operation s o f  superpositio n an d association , 
respectively .  I t  i s  importan t  t o not e tha t  th e se t  V  i s close d 
under  bot h operations . 

We ca n no w defin e a  reja-esentationa l  mining ,  referre d 
t o a s th e encodin g homomorphism ,  /e ,  whic h preserve s 

combinatoria l  structur e i n mappin g th e se t  o f  symboli c 
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language s L x ,  tha t  ca n b e define d ove r  a n alphabe t  o f 

symbols ,  X ,  usin g th e combinator y operation s o f 
concatenation ,  denote d b y '.' ,  an d union ,  denote d b y 'u* . 
int o E-space .  Th e homomorphis m i s deflne d a s follows : 
Derinitio n Th e encodin g homomorphism ,  f̂ ,  m ^ s th e 

semirin g (Lx.» .̂..0.{£) )  int o th e semirin g (V,+,**,0,3) ,  suc h 
tha t 

/e(xuy )  =  /e(x )  +  /e(y ) 

/c(»y )  =  /c(» )  * *  /e(y) .  wher e x .  y  €Lx -
Thus ,  throug h / g th e se t  o f  language s tha t  ca n b e define d 

on a  symboli c alphabe t  ca n b e encode d i n E-space , 
preservin g thei r  combinatoria l  structure . 

Thi s representational  framewoii ^  establishe s a  formalis m 
fo r  describin g th e compositio n o f  distribute d 
representation s whic h ca n encod e constituen t  structure .  I t  i s 
not  intende d a s a  specifi c  connectionis t  representatio n 
scheme i n tha t  i t  doe s no t  specif y th e detail s o f  particula r 
connectionis t  operauxs .  Rather ,  i t  capture s th e genera l 
propertie s o f  a n encodin g mediu m comprisin g a  vecto r 
spac e an d th e operation s o f  associatio n an d superposition . 

Addressing Encoded Structures 

Th e encodin g mapping ,  /e ,  ca n b e use d t o buil d composit e 

E-spac e vector s bu t  i t  isn' t  clea r  h o w th e encode d informa -
tio n ca n b e accessed .  Fo r  example ,  conside r  th e strucuire d 
vecto r  buil t  usin g th e operation s o f  associatio n an d 
superpositio n whos e composition  i s describe d b y th e 
expressio n give n i n (1 ) 

ta**[c**i» '  +  d**x ]  +  b** [ f * V +  g**z] ]  . .  (1 ) 
w h ^ e th e bol d letter s denot e element s o f  th e se t  V .  Thi s 
symboli c expressio n describe s th e vecto r  compositio n tre e 
show n i n figur e 1 . 

A *  A 
a 

A ' A A ' A 

H'  d  J C f  J '  g 

Figiu ^  1 .  Vecto r  Compositio n Tre e 

As a n E-spac e encodin g thi s composit e structur e i s realise d 
as jus t  a  poin t  i n vecto r  space ,  it s implici t  structur e i s no t 
apparen t  i n it s encoding .  Thi s proble m i s a t  th e hear t  o f 

Fodo r  an d McLaughlin' s (1990 )  argumen t  agains t  connect -
ionis t  structure .  A s Fodo r  an d McLaughli n pu t  it , 

...whe n a  comple x Classica l  symbo l  i s tokened ,  it s 
constituent s ar e tokened .  Whe n a  tenso r  produc t  vecto r  o r 

superpositio n vecto r  i s tokened ,  it s component s ar e no t 
th e component s o f  tenso r  produc t  an d superpositio n 

vector s ca n hav e n o causa l  sutu s a s such . 
(Fodo r  &  McUughli n 1990 .  p .  198 ) 

Thi s i s illustrate d b y th e comple x symbo l  [[John ]  [gav e 
[Mary ]  [th e ball]] ]  wher e eac h componen t  i s tokene d a s par t 
of  th e compose d structure' s token .  Wit h compose d vectors , 
on th e othe r  hand ,  th e constituent s ar e no t  directl y 

accessible .  Th e pxible m i s t o specif y h o w di e constituent s 
of  a  compose d E-spac e encodin g ca n b e accesse d suc h tha t 

menia l  processe s ca n b e sensitiv e t o thei r  structure . 
I n a n hybri d architectur e menta l  processe s ca n b e defme d 

at  tw o levels ;  symboli c processe s an d connectionis t 
processes .  Th e latte r  clas s o f  processe s migh t  operat e o n 
compoun d vecto r  encoding s exhibitin g a  for m o f 
systematicit y equivalen t  t o tha t  underlyin g symboli c 
processe s an d structures ,  a s suggeste d b y va n Gelder , 

A secon d an d mor e radica l  approac h i s t o devis e model s i n 
whic h structure-sensitiv e processe s operat e o n th e comp -
ound represenUtion s themselve s withou t  firs t  stoppin g t o 
extrac t  th e basi c constituents .  Thes e processe s mus t  capit -
aliz e directl y o n th e inheren t  an d systemati c structura l 
similaritie s amon g nonconcatenativ e representations .  I n 
suc h model s i t  i s no t  onl y storag e tha t  t^e s plac e i n th e 
nonconcatenativ e domain ,  bu t  th e primar y processin g 
responsibl e fo r  systemati c cognitiv e behavio r  a s well . 
(va n Gelde r  1990 ,  p .  381 ) 

However ,  th e potentia l  fo r  suc h processe s remain s t o b e 
explore d an d th e focu s o f  thi s papC T i s o n th e proble m o f 
h o w structure s encode d i n E-spac e ca n b e mad e accessibl e 
t o processe s define d a t  th e symboili c  level .  S o m e vie w thi s 
as a  trivia l  proble m o f  implementatio n (Fodo r  an d 
McLaughUn,  1990 ;  va n Gelder ,  1990) ,  bu t  i t  wil l  b e 
show n tha t  importan t  cognitiv e constraint s hav e thei r 
origin s i n thi s proble m o f  access .  T o solv e thi s proble m i t 
i s necessar y t o sho w h o w symbol s mak e contac t  with ,  o r 
address ,  th e node s o f  vecto r  compositio n tKcs .  Th e 
ix-oble m i s viewe d a s on e o f  defmin g a n addres s syste m fcx ' 

compose d E-spac e encodings . 
Wit h comple x symbol s suc h a s [[John ]  [gav e [Mary ]  [th e 

ball]] ]  th e constituent s ar e mad e explici t  b y th e parenthes -
es;  eac h pai r  o f  parenthese s denote s a  non-termina l  nod e i n 
th e symboli c derivatio n tree .  W h e n Fodo r  an d Pylyshy n 
(1988 )  spea k o f  menta l  processe s bein g sensitiv e t o th e 
sUTJCtur e o f  suc h symbols ,  the y mea n tha t  th e processe s 
ca n acces s th e individua l  constiuient s o n th e basi s o f  thei r 
structura l  configuration .  Th e configuratio n o f  th e symbo l 
i s give n b y th e embeddin g o f  th e parentheses ,  whic h 
expresse s th e derivatio n o f  th e symbo l  string .  Th e proble m 
wit h E-spac e encoding s i s tha t  th e equivalen t  configuratio n 
i s no t  directl y accessibl e t o symbolic-leve l  processes .  Wha t 
we nee d t o develc ^  i s a  genera l  concep t  o f  addres s structur e 
whic h specifie s h o w informatio n encode d i n a  suiictur e ca n 
be accessed ,  regardles s o f  whethe r  i t  i s  encode d 
symbolicall y o r  a s a n E-spac e vector . 

I n general ,  symboli c s&ucture s suppor t  tw o basi c form s 
of  addressing ,  direc t  addressin g an d relativ e addressing .  Th e 
forme r  involve s direc t  acces s t o constituents .  Fi x example , 
i n th e comple x symbo l  th e pair s o f  parenthese s distinguis h 
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th e diiTeren t  component s an d ca n b e use d l o acces s the m 
directl y provide d the y ar e individuate d throug h som e for m 
of  indexin g o r  labelin g scheme .  Thi s i s equivalen t  t o 
uniquel y labelin g eac h nontennina l  nod e o f  th e symbol' s 
derivatio n tree .  I n addition ,  th e individua l  word s labe l  th e 
termina l  node s o f  th e tree .  Th e parenthese s ca n als o b e use d 
t o defin e a  relative  addressin g syste m i n term s o f  thei r 
dept h o f  embeddin g and/o r  sequentia l  order .  Fo r  example , 
th e componen t  M a r y ca n b e locate d usin g th e addres s th e 

first  se t  c f  par e these s a t  th e secon d leve l  o f  embedding . 
Such a n addressin g schem e requires  (i )  a  pre-define d wigi n 
t o functio n a s a  'zero '  address ,  an d (ii )  a  se t  o f  label s fo r 

distinguishin g th e element s o f  th e pat h connectin g th e 
origi n t o th e addresse d component .  F ro m thes e examples ,  i t 
i s clea r  tha t  th e addres s structur e comprise s a  structura l 
basis ,  th e symbol' s dmvatio n tree ,  plu s som e for m o f 
addressin g scheme ,  tha t  is .  a  se t  o f  label s ove r  whic h a 
forma l  languag e ca n b e defined ,  fo r  accessin g th e individua l 
constituents .  W h o e a s direc t  addressin g i s insensitiv e t o th e 
structura l  configuratio n o f  th e symbol ,  relative  addressin g 
scheme s utilis e i t  t o encod e addresses .  Thus ,  a  direc t 
addressin g schem e merel y comprise s a  se t  o f  label s plu s a 
mappin g takin g element s fro m thi s se t  ont o th e se t  o f 
constituents .  A  relative  addressin g scheme ,  o n th e othe r 
hand ,  require s bot h a  se t  o f  label s an d a  structura l 
configuratio n ove r  whic h t o defin e paths ,  plu s a  mappin g 
whic h assign s th e label s t o element s o f  th e configuration . 
Bot h addressin g scheme s ar e necessar y fo r  symbol s t o 
acces s constituen t  structur e encode d i n E-space . 

Dual Addressing 
E-spac e encoding s requir e a  direc t  symboli c addressin g 
scheme s o tha t  th e encode d constituent s ca n b e processe d a s 
'chunks' .  Thi s typ e o f  dista l  acces s (Newel l  1980 )  whic h i s 
th e c )̂acit y t o addres s a  str\ictur e i n som e remote , 
abbreviate d manner ,  i s fundamenta l  t o an y notio n o f 
compositionalit y a s withou t  i t  a  structur e coul d onl y b e 
reference d throug h it s ful l  specification .  I n a  classica l 
comple x symbol ,  th e parenthese s functio n t o indicat e th e 
'chunking '  o f  th e symbo l  int o constituents .  However ,  eac h 
chun k need s t o b e uniquel y labele d fo r  i t  t o b e accesse d 
directly .  Thi s reference  c^wbilit y  als o instantiate s th e 
principl e o f  explici t  namin g (Mair r  1982) .  Accordin g t o thi s 
principl e i f  yo u wan t  t o refer  t o a  'thing '  s o tha t  yo u ca n 
describ e 'it '  o r  reaso n abou t  'it' ,  the n begi n b y givin g 'it '  a 
label .  Onc e a n entit y ha s a  label ,  i t  ca n b e use d i n repeate d 
application s o f  structur e buildin g operation s t o deriv e large r 
entities ,  whic h themselve s requir e labelin g i f  the y ar e t o b e 
processe d a s singl e entities . 

Relativ e addressin g scheme s ar e importan t  fo r  expressin g 
th e addres s o f  on e constituen t  relative  t o another .  Thi s 
referential  capacit y  i s crucia l  t o th e notio n o f  constituen t 
structur e a s i t  capture s th e mother-daughter ,  o r  dominance , 
relationship  expresse d i n compositio n trees .  'Daughter ' 
node s ca n b e addresse d relative  t o thei r  'mother '  nodes .  Thi s 
capacit y  i s utilise d i n buildin g composit e structure s wher e 
a constituen t  ca n onl y b e identifie d relative  t o a n existin g 

nod e i n th e structure .  I n suc h circumstance s onl y a  relative 
addressin g schem e i s available . 

Symboli c acces s t o E-spac e encoding s need s t o suppor t 
bot h o f  thes e referential  capacitie s an d thus ,  a n addres s 
structur e incoqnratin g bot h direc t  an d relative  addressin g 
scheme s i s required . 

Address Structure DAGs 
Symboli c addresse s acces s E-spac e encoding s throug h th e 
operatio n o f  retrieval .  Thi s operatio n delimit s th e 
communicatio n protoco l  betwee n th e level s o f  th e hybri d 
architecture .  I n mos t  connectionis t  system s retrieval  i s  th e 
invers e operatio n o f  association .  W e ca n defin e a  genera l 
retrieva l  operator ,  denote d # ,  a s follows :  Give n th e 
composit e vector ,  v j  =  [a** b +  c * *d ] ,  the n 

a # vj = b ... (2) 

Becaus e th e associatio n operato r  i s noncommutativ e w e ca n 
distinguis h betwee n it s arguments ,  simila r  t o th e role -
functio n distinctio n maintaine d i n Smolensky' s 
re{n-esentation  schem e (1990) .  Th e argument s ar e labele d 
addres s an d constituen t  accordin g t o th e interpretatio n 
give n i n (3) , 

[addres s vector ]  "*• *  [constitueD t  vector ]  .  (3 ) 

Withi n thi s protocol ,  a  i s interprete d a s th e addres s o f  th e 
constituen t  vector ,  b ,  withi n th e composit e encoding ,  v j . 

Thus ,  whe n th e composit e vecto r  i s accesse d usin g th e 
addres s vector ,  a .  i t  retrieve s th e constituen t  vector ,  b . 

Thi s address-constituen t  protoco l  i s independen t  o f  th e 
for m o f  th e addres s an d thu s support s bot h direc t  an d 
relative  addressing .  Direc t  addressin g i s achieve d b y 
associatin g eac h constituen t  vecto r  o f  a n E-spac e encodin g 
wit h a n addres s vecto r  ccxrespondin g t o a  symboli c label . 
Thi s labe l  ca n the n retriev e th e constituen t  vecto r  throug h 
it s assigne d addres s vector .  Symboli c label s tha t  functio n 
i n thi s w a y ar e referre d t o a s globa l  labels . 

Relativ e addressin g i s th e natura l  m o d e o f  operatio n o f 
th e retrieval  operato r  i n th e sens e tha t  a n addres s vecto r 
specifie s th e addres s o f  a  constituen t  vecto r  relativ e t o a 
particula r  composit e encoding .  Fo r  example ,  a  i s th e 
addres s o f  b  relative  t o v j ,  bu t  woul d no t  retrieve  b  give n 

a differen t  composit e encoding .  I n thi s sense ,  globa l  label s 
ca n als o b e regarded  a s definin g relative  addresses ;  the y 
specif y th e direc t  addres s o f  constituent s relative  t o th e top -
leve l  composit e encoding ,  tha t  is ,  th e vecto r  tha t  encode s 
th e complet e structure .  Symboli c label s assigne d t o addres s 
vector s tha t  retriev e constituent s relativ e t o othe r 
constituen t  vector s ar e referre d t o a s loca l  labels . 

Vi a di e retrieva l  operator ,  th e constituent s o f  a n E-spac e 
encodin g ca n b e accesse d usin g bot h direc t  an d relative 
symboli c addresses .  Th e fiil l  se t  o f  suc h addresse s 
comprise s th e addres s structur e o f  th e composit e encoding . 
Becaus e symboli c addressin g i s mediate d throug h th e 
address-constituen t  protoco l  thes e structure s ar e restricted  t o 
th e clas s o f  regula r  languages .  Thi s allow s addres s 
structure s t o b e represented  a s directe d acycli c graph s 
( D A G s ) ,  i n whic h th e edge s an d node s ar e assigne d loca l 
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label s an d globa l  labels ,  respectively.  Figur e 2  show s th e 
addres s structur e D A G (AS-DAG )  fo r  th e compoun d vecto r 
give n i n (1 )  an d whos e E-spac e encodin g i s show n i n figur e 
1.  Th e loci d label s ar e denote d b y th e lower-cas e letters ,  a -
g,  an d th e globa l  label s b y th e upper-cas e letters .  A-C .  Th e 
globa l  label s functio n a s direc t  addresse s fo r  th e constituen t 
vector s withi n th e composit e E-spac e encoding .  Th e loca l 
labels ,  o n th e othe r  hand ,  specif y th e addres s o f  a 

constituen t  relative  t o it s superordinat e ('mother" ) 
constituen t 

Figur e 2 .  Addres s Structur e Tre e 

(AS-DAG) 

Thes e constraint s giv e a  highe r  priorit y t o fixin g th e vecto r 

value s o f  loca l  label s unde r  /e .  I n thi s case ,  th e value s o f 

th e globa l  label s ar e determine d b y (i )  assignin g a  vecto r 
valu e t o th e root-nod e o f  th e AS-DAG ,  an d (ii )  propogatin g 
th e vecto r  value s dow n th e tre e throug h associatio n wit h 
th e fixe d loca l  labe l  vecto r  values .  Thus ,  a n AS-DA G 
function s bot h a s th e componen t  o f  / e tha t  m ^ s globa l 

label s ont o vecto r  values ,  an d a s th e symboli c 'view '  o f  th e 
loca l  structura l  relations  existin g betwee n th e constituent s 
th e globa l  label s reference. 

I n summary ,  hybri d encodin g capture s combinauxia l 
structur e throug h th e associatio n o f  a  composit e E-spac e 
encodin g wit h a  correspondin g addres s structure ,  th e latte r 
specifyin g th e symbolic-leve l  acces s t o constituen t 
encodings .  I f  th e addres s structur e i s well-formed ,  the n th e 
E-^ac e encodin g ha s a  uniqu e decomposition . 

An Example Address Structure 
I f  th e ide a o f  hybri d encodin g i s vali d the n symbol s 
functionin g a s globa l  an d loca l  label s shoul d b e implici t  i n 
Classica l  symboli c cognitiv e representations .  I n particular , 
linguisti c  representations  shoul d embod y suc h fiinctiona l 
label s a s languag e i s th e prim e exampl e o f  a  symboli c 
addres s system .  T o illustrat e th e us e o f  thes e label s i n th e 

I n fact ,  th e AS-DA G show n i n figur e 2  represents  th e 
unio n o f  tw o sq)arat e addres s structure s bot h o f  whic h tak e 
th e globa l  labe l  A  a s thei r  root-node .  I t  i s  importan t  t o 
remember  tha t  vecttn *  compositio n trees ,  suc h a s tha t 
shown i n figur e 1 ,  specif y th e encodin g o f  compose d 
vectors ,  bu t  ar e no t  necessaril y  accessibl e a t  th e symboli c 
leve l  a s connecte d configurations .  A n AS-DA G correspond s 
t o a  symboli c leve l  'view '  o i  a  composit e 'E-spac t 
encoding .  However ,  becaus e the y hav e a  restricte d form , 
limite d t o th e clas s o f  regular  languages ,  th e ful l  addres s 
structur e fo r  a  particula r  E-̂ )ac e encodin g ma y compris e 
th e unio n o f  a  se t  ( ^  AS-DAGs ,  eac h providin g a  vie w o f  a 
differen t  par t  o f  th e composit e configuration . 

Ther e remain s th e proble m o f  ho w th e label s o f  a n AS -
D AG ar e assigne d vecto r  value s unde r  th e encodin g 
m^^ing .  Becaus e AS-DAG s incorpwat e a  dual-addressin g 
syste m th e resultin g redundanc y require s th e dynami c 
assignmen t  o f  vecto r  value s t o a t  leas t  on e o f  th e tw o set s 
of  labels .  Loca l  label s c^tur e loca l  structur e an d th e 
assignmen t  shoul d therefor e b e bothfaitf/i d an d consistent , 
tha t  is ,  element s o f  th e se t  o f  loca l  labels ,  denote d b y L , 

shoul d m ^  t o differen t  element s o f  "P̂ ,  th e se t  o f  vectors , 

and th e mappin g shoul d b e constant ,  a t  leas t  loca l  t o a 
give n addres s structure .  Globa l  label s ar e uniqu e relative to 
a give n addres s structur e b y defmitio n an d s o th e proble m 
of  consistenc y doe s no t  arise .  However ,  th e mappin g 
shoul d h e faithfu l  (element s o f  th e se t  o f  globa l  labels , 

denote d b y  ̂ ,  shoul d m ^  to  differen t  element s o f  1^ . 

SUBJ 

PRED 

OBJ 

VCX)MP 

PRED 
NUM 
SPEC 
^ 

•GIRL ' 
SG 
THE 

aJ 

TERSUADE<SUBJ.OBJ,VCOMP>' 

PRED JOHN" 
NUM S G 

PRED 'GO<SUBJ> ' 
S U B J ^ 

J B ^ T ^ 

As defined ,  th e sol e functio n o f  globa l  label s i s t o 

Figur e 3 .  LF G representation  o f  th e 

sentenc e "Th e gir l  persuade s Joh n to  go " 

mental rejH'esentation of syntactic structure, consider the 

retriev e constituent s directl y from  composit e E-spac e 
encoding s an d a s suc h th e relationshi p betwee n thei r 
vecto r  value s an d th e constituen t  vector s the y acces s ca n 
be quit e arbitrary .  Ther e i s n o necessit y fo r  th e addres s 
label s t o compris e partia l  description s o f  thei r  associate d 
constituent s a s implemente d i n som e hybri d architecture s 
(Touretzk y 1990) .  Thi s independenc e allow s th e vecto r 
value s o f  globa l  label s t o b e determine d a s a  functio n o f 
th e AS-DA G configuratio n rathe r  tha n bein g relate d t o 

th e constituen t  vector s the y access . 
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L F G representatio n o f  th e sentenc e Th e gir l  persuade s 
Joh n t o g o show n i n figure  3 .  I n thi s structure ,  eac h pui r  o f 
parenthese s signifie s a  functiona l  structur e (/-structure) . 
thereb y designatin g a  constituen t  o f  th e overal l  structure . 
The grammatica l  functions ,  SUBJ ,  OBJ ,  etc. ,  labe l  loca l 
structur e i n tha t  the y specif y th e relationships  betwee n 
constituen t  /-structures .  Suc h symbol s functio n a s loca l 
label s an d i n th e hybri d encodin g framewor k ar e assigne d t o 
A S - D A G edges .  Thi s i s show n i n figure  4  whic h depict s 
th e A S - D A G fo r  th e E-spac e encodin g o f  th e /-structur e 

show n i n figure  3 .  Thus ,  A S - D A G edge s designat e loca l 
symboli c structure ,  tha t  is .  th e structura l  relations  holdin g 
betwee n adjacen t  constituents . 

P E R S U A DE 

vcomp 

X )H N 

Figur e 4 .  A S - D A G fo r  th e L F G 

representation  i n figure  3 

The AS-DAG edges leading to terminal nodes represent a 
differen t  for m o f  loca l  structur e correspondin g t o basi c 
featura l  relations ,  suc h as ,  numbe r  o r  specification ,  an d ar e 
assigne d featur e label s (num .  spec ,  etc.) .  Th e termina l 
node s o f  th e A S - D A G correspon d t o th e value s o f  th e basi c 
features ,  fo r  instance .  S G (singular )  fo r  th e featur e number , 
and s o on .  Bot h featur e label s an d functio n a s loca l  label s 
and thus ,  hav e fixed  E-spac e encodings . 

Globa l  label s correspon d t o an y se t  o f  symbol s withi n a 
representatio n tha t  functio n t o distinguis h th e individua l 
structura l  constituents .  I n figure  3 .  th e parenthese s denot e 
th e constituen t  /-structures ,  bu t  the y ar e themselve s 
undifferentiate d a s labels .  However ,  associate d wit h eac h se t 
of  parenthese s i s a  predicat e labe l  whic h uniquel y identifie s 
eac h componen t  /-structur e an d thes e functio n a s globa l 
labels ,  bein g assigne d t o th e A S - D A G node s i n figure  4 . 

L F G,  o r  Lexica l  Functiona l  G r a m m a r ,  i s a  syntacti c 
formalis m whic h encode s predicate-argumen t  structure s 
i n term s o f  th e grammatica l  function s specifie d i n th e 
sentence .  Fo r  mor e detail s  see ,  fo r  example ,  Kapla n an d 
Bresna n (1982) . 

Localit y Constraint s o n a S - d a g s 

A numbe r  o f  importan t  localit y constraint s emergen t  fro m 
th e propertie s o f  hybri d encodin g ca n b e define d o n AS -
DAGs.  Thes e constraint s provid e th e basi s fo r  definin g th e 
construct s o f  loca l  an d addres s domain . 

As A S - D A G representation s ar e draw n fi-om  th e clas s o f 

regular  language s the y ca n b e generate d b y right-linea r 
grammar s wher e eac h productio n ha s th e form , 

A - > (o B o r  A  - » CO 
and wher e A ,B e Q ,  © 6 L^ ,  an d ̂  i s  th e se t  o f  label s whic h 

hav e faithfii l  an d consisten t  encoding s unde r  /e .  Thi s 

allow s eac h leve l  o f  a n A S - D A G structur e t o b e define d a s 
a domai n loca l  t o a  particula r  globa l  label . 

Comple x relative  addresse s ca n b e define d o n A S - D A G s 
as string s comprisin g a  globa l  label ,  functionin g a s th e 
origi n node ,  followe d b y a  strin g o f  loca l  label s o f  arbitrar y 
length .  Fo r  example ,  give n figure  4 ,  w e ca n defin e th e 
addres s PERSUADE-vcomp-subj-nu m t o reac h th e termina l 
nod e wit h th e valu e SG .  H o w e v w ,  thi s structura l  referential 
capacit y  i s i n fac t  restricte d t o neares t  neighbou r  addressing . 
That  is ,  A S - D A G node s ca n onl y b e addresse d relativ e t o 
thei r  mothe r  node ,  an d relativ e addresse s define d o n A S -
D A Gs compris e th e globa l  labe l  o f  th e mothe r  nod e plu s a t 

most  on e loca l  labe l  (tha t  is .  on e A S - D A G edge) .  Thi s i s 
becaus e structura l  A S - D A G addresse s connec t  point s i n E -
spac e an d betwee n an y tw o suc h point s ther e ar e a n infinit e 
number  o f  possibl e path s linkin g them ,  bu t  onl y th e 
minima l  pat h i s distinguishable .  Thus ,  unles s th e 
int^mediat e node s o f  a n E-spac e pat h ar e differentiate d 
throug h labeling ,  tha t  is .  direc t  addressing ,  th e pat h i s no t 
recoverable ,  onl y th e en d poin t  i s accessible . 

Thes e differen t  constraint s ca n b e integrate d int o a  singl e 
construct ,  referred  t o a s a  loca l  domain ,  incorporatin g th e 
followin g prc^rties : 

(a )  A  loca l  domai n i s indexe d b y a  uniqu e globa l  lal>el ; 
(b )  associate d wit h eac h globa l  labe l  i s a  flnite  loca l 

structur e comprisin g loca l  label s (AS-DA G edges ) 
whic h hav e vecto r  v^ue s fixe d relativ e t o th e valu e o f 
th e globa l  label ;  an d i n addition . 

(c )  a  loca l  domai n ca n dominat e upt o on e subordinat e loca l 
domain . 

Th e ful l  definitio n i s a s follows . 
Definitio n A  loca l  domai n i s a  labele d A S - D A G comprisin g 
a globa l  labe l  a t  it s roo t  node ,  a  fixed  loca l  structure ,  tha t  is ,  a 
finite  se t  o f  descendin g edges ,  suc h tha t  eac h edg e i s assigne d a 
loca l  label ,  wit h a  maximu m o f  on e suc h labe l  addressin g a 
non-termina l  A S - D A G node . 
I n Cact ,  w e ca n distinguis h betwee n termina l  an d non -
termina l  loca l  domains ,  wit h onl y th e latte r  havin g 
propert y  (c) .  A t  th e intuitiv e level ,  loca l  domain s ca n b e 
though t  o f  a s th e permanen t  buildin g block s use d t o 
compos e structure d E-spac e encodings .  Al l  th e informatio n 
encode d i n a  loca l  domai n i s accessibl e fro m it s globa l 
label ,  a s th e vecto r  valu e o f  eac h daughte r  nod e i s know n 
relative  t o th e roo t  node . 

Address domain. 

Addres s structure s ar e buil t  u p throug h th e compositio n o f 
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loca l  domains .  Thi s operatio n i s schematize d i n figur e S  i n 
whic h loca l  domain s ar e represente d a s productions .  I n thi s 

figure ,  th e domai n associate d wit h th e globa l  labe l  k \ 

specifie s th e addres s o f  a  loca l  domain ,  X ,  th e identit y o f 
whic h i s 'unknown '  prio r  t o composition .  I n composin g 
th e nex t  leve l  o f  structure ,  thi s addres s i s attache d t o th e 
new loca l  donuii n labele d B  i  throug h th e proces s o f  addres s 

unification .  I n assignin g th e addres s o f  X  t o B j ,  th e 

relativ e addresse s encode d i n it s loca l  donuu n becom e 
instantiate d a s E-spac e encodings .  Thi s i s becaus e th e 
domai n contain s loca l  label s whic h specif y E-spac e 
addresse s relativ e t o th e vecto r  valu e o f  th e donudn' s globa l 

label .  Onc e th e globa l  labe l  receive s a  value ,  th e relativ e 
addresse s ar e automaticall y established . 

th e AS-DA G addres s referre d t o b y th e left-han d ter m o f  th e 
equauo n i s withi n th e ad(\rcs s (Somai n o t  th e predicat e 
PERSUADE,  an d hence ,  accessibl e fo r  symboh c indexing . 
However ,  suc h a n addres s canno t  contso n mor e tha n tw o 
loca l  label s a s tlu s woul d overflo w th e addres s (kimao n tha t 
limit s symboli c leve l  acces s Thi s explain s wh y n o know n 
natura l  languag e require s contro l  equation s o f  th e for m 

(vcom p vcom p subj )  =  (obj) .  .  .  (C2 ) 
wher e th e left-lum d ter m involve s contro l  acros s thre e 
level s o f  neste d structure .  I n othe r  words ,  th e contro l 
equation s attache d t o a  predicat e ca n onl y b e define d withi n 
it s addres s domain .  Whil e th e LF G frameww k ca n c t̂ur e 
suc h constraint s i t  canno t  explai n the m i n an y principle d 

way.  Th e presen t  framework ,  however ,  provide s a  natura l 
basi s fo r  suc h a  constrain t 

Ai  - > c o k 

Addres s 
Unificatio n 

- > c o X 

Figur e 5 .  Addres s domai n fo r  A 1 

'Addres s 

Domain 

The op̂ -atio n o f  compositio n ca n b e viewe d fro m th e 
opposit e directio n an d see n a s linkin g th e content s o f  th e 
constituen t  B  ̂  t o th e addres s specifie d b y X .  I n thi s sens e 

th e compositio n operato r  instantiate s th e address -
constituen t  protocol .  Henc e th e protoco l  span s adjacen t 
loca l  domains .  I n figur e S ,  th e addres s par t  o f  th e protoco l 
i s specifie d relative  t o A ^  an d th e constituen t  par t  i s  th e 

loca l  domai n B j .  Thus ,  th e protoco l  throug h whic h 

symboli c processe s acces s E-spac e encoding s ca n b e defme d 
on AS-DAG s a s a  windo w spaimin g tw o adjacen t  loca l 
donudns ,  iixlexe d t o th e globa l  labe l  o f  th e mos t  dominan t 
of  th e tw o domains .  Thi s construc t  o f  a  symboli c 
addressin g windo w i s  referred  t o a s a n addres s domai n an d i s 
defme d a s follows : 
Derinitio n Th e addres s domai n indexe d t o a n AS-DA G node , 
A,  comprise s th e loca l  domai n o f  A  plu s th e subordinat e 
adjacen t  loca l  domai n attache d throug h composition . 

To illustrate the importance of this construct, consider 
th e representation  show n i n figur e 3 ,  wher e th e OBJ / -
structur e i s co-indexe d wit h th e /-structur e o f  th e (VCXDMP 
SUBJ)  function ,  a s indicate d b y th e link .  I n formalism s 
suc h a s LFG ,  thes e indexation s ar e expresse d a s contro l 
equation s o f  th e for m 

(vcom p subj )  =  (obj) .  .  .  (CI ) 
specifie d a s par t  o f  th e lexica l  entr y fo r  th e predicat e (i n 
thi s instance ,  th e predicat e PERSUADE).  Assumin g tha t 
L F G iM̂ edicate s hav e th e propertie s o f  globa l  labels ,  the n 

C o n c l u s i o n s 

Elsewher e th e construc t  o f  a  loca l  domai n ha s bee n use d 
t o explai n unbounde d dependenc y phenomen a (Slac k 1990) . 
I n th e longe r  versio n o f  thi s pape r  (Slac k 1991 )  a  wid e 
rang e o f  localit y constraint s inheren t  i n natura l  languag e 
phenomena ar e accounte d fo r  i n term s o f  th e function s o f 
loca l  an d globa l  labels .  However ,  th e ful l  rang e o f 
applicabilit y  o f  thes e idea s remain s t o b e explored . 

Re fe rence s 

Fodor ,  J.A. ,  an d McLaughlin .  B .  P .  1990 .  Connectionis m an d 
th e proble m o f  systematicit y :  Why Smolensky' s solutio n 
doesn' t  work .  Cognitio n 35 :  183-204 . 
Fodor ,  J.A. ,  an d Pylyshyn .  Z.W .  1988 .  Connectionis m an d 
cognitiv e architecture :  A  critica l  analysis .  Cognitio n 28 :  3 -
71. 
Hendler ,  J .  1991 .  Specia l  issu e o i  Connectiorus t  Scienc e o n 
hybri d symbolic-connectionis t  architectures .  Forthcoming . 
Hinton ,  G.E .  1990 .  Mappin g part-whol e hierarchie s int o 
connectionis t  networks .  Artificia t  Intelligenc e 46 :  47-77 . 
Kaplan ,  R.M .  an d Bresnan ,  J .  1982 .  Lexical-Functiona l 
Grammar  A  forma l  syste m fo r  grammatica l  represenution .  I n 
J.  Bresna n (ed.) ,  Th e Menta l  Representatio n o f  Grammatica l 
Relations .  Cambridge :  MI T Press . 
Marr ,  D .  1982 .  Vision .  Sa n Fransisco:Freeman . 
Pollack .  J.B .  1990 .  Recursiv e distribute d representations . 
Artificia l  Intelligenc e 46 :  77-107 . 
Slack ,  J.M .  1990 .  Unbounde d Dependency :  Tyin g String s t o 
Rings .  I n Proceeding s o f  COUNG-90,  Helsinki ,  Finland . 
Slack ,  J.M .  1991 .  Hybri d Encodin g a s a  Sourc e o f  Cognitiv e 
Constraints .  Forthcoming . 
Smolensky ,  P .  1990 .  Tenso r  produc t  variabl e bindin g an d th e 
represenutio n o f  symboli c structure s i n cormectionis t 
systems .  Artificia l  Intelligenc e 46 :  159-217 . 
Touretzky ,  D.S .  1990 .  BoltzCONS :  Dynami c symbo l 
structure s i n a  cormectionis t  network .  Artificia l  Intelligenc e 
46:  5-47 . 

436 


	cogsci_1991_431-436



