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Abstrac t 

For connectionist networks to be adequate for higher level cog-
nitiv e activitie s suc h a s natura l  languag e interpretation ,  the y 
hav e t o generaliz e i n a  wa y tha t  i s  appropriat e give n th e reg -
ularitie s o f  th e domain .  Fodo r  an d Pylyshy n (1988 )  identifie d 
an importan t  patter n o f  regularitie s i n suc h domains ,  whic h 
the y calle d systematicity .  Severa l  attempt s hav e bee n mad e t o 
sho w tha t  connectionis t  network s ca n generaliz e i n accordanc e 
wit h thes e regularities ,  bu t  no t  to  th e satisfactio n o f  th e crit -
ics .  T o addres s thi s challenge ,  thi s pape r  start s b y establishin g 
th e implication s o f  systematicit y  fo r  connectionis t  solution s to 
th e variabl e bindin g problem .  Base d o n th e wor k o f  Hadle y 
(1994a) ,  w e argu e tha t  th e networ k mus t  generaliz e informa -
tio n i t  learn s i n on e variabl e bindin g to  othe r  variabl e bindings . 
We the n sho w tha t  tempora l  synchron y variabl e bindin g (Shas -
tr i  an d Ajjanagadde ,  1993 )  iiiherentl y generalize s i n thi s way . 
Thereb y w e sho w tha t  tempora l  synchron y variabl e bindin g i s a 
cormectionis t  architectur e tha t  account s fo r  systematicity .  Thi s 
i s a n importan t  ste p i n showin g tha t  connectionis m ca n b e a n 
adequat e architectur e fo r  highe r  leve l  cognition . 

Introduction 

Connectionis t  network s hav e bee n successfull y applie d t o a 
wid e variet y o f  problems ,  bu t  the y hav e no t  ha d m u c h succes s 
wit h highe r  leve l  cognitiv e activities .  Fo r  exampl e i n natura l 
languag e parsing ,  connectionis t  network s hav e no t  bee n abl e 
t o exhibi t  th e sam e generalizatio n abilitie s tha t  statistica l  ap -
proache s base d o n standar d parsin g technique s hav e shown . 
Thi s inabilit y  t o generaliz e i n th e appropriat e w a y ca n b e at -
tribute d t o a n inadequac y i n standar d connectionis t  network s 
tha t  w a s first  identifie d b y Fodo r  an d Pylyshy n (1988) .  The y 
pointe d ou t  a  patter n o f  regularitie s i n highe r  leve l  cognitiv e 
activitie s tha t  the y calle d systematicity ,  an d challenge d con -
nectionist s t o sho w h o w thi s patter n coul d b e accounte d fo r 
withi n connectionism .  I n thi s pape r  w e sho w tha t  a  particula r 
connectionis t  architecture ,  calle d temjwra l  synchron y vari -
abl e bindin g (Shastr i  an d Ajjanagadde ,  1993) ,  account s fo r 
systematicit y throug h it s inheren t  abilit y  t o generaliz e acros s 
entities .  I n th e process ,  w e clarif y th e notio n o f  systematic -
it y an d s h o w it s implication s fo r  variabl e bindin g techniques . 
Thi s wo r k no t  onl y contribute s t o th e continuin g debat e abou t 
systematicit y i n connectionis t  networks ,  i t  als o indicate s h o w 
connectionis t  networks '  impressiv e learnin g abilitie s fo r  pat -
ter n matchin g task s ca n b e extende d t o th e mor e comple x 
domain s typica l  o f  highe r  leve l  cognitiv e activities . 

A s Fodo r  an d Pylyshy n (1988 )  describ e it ,  systematicit y 
embodie s th e kind s o f  regularitie s tha t  aris e fro m a  compo -
sitiona l  generativ e grammar .  Becaus e i n suc h grammar s a 

general-purpos e compositio n operatio n i s use d t o construc t 
sentence s ou t  o f  thei r  constituents ,  a  give n constituen t  ca n ap -
pea r  anywher e tha t  it s typ e o f  constituen t  i s allowed .  Fo r  ex -
ample ,  becaus e "John "  an d "Mary "  ar e th e sam e typ e o f  con -
stituent ,  a  generativ e g ramma r  woul d no t  generat e "Joh n love s 
M a r y "  withou t  als o generatin g "Mar y love s John" .  Fodo r  an d 
Pylyshy n (1988 )  argue d tha t  suc h regularitie s ar e a n inheren t 
par t  o f  h u m a n cognitiv e activity ,  an d thu s tha t  connection -
is m coul d no t  b e a n adequat e cognitiv e architectur e unti l  i t 
accounte d fo r  thi s phenomena .  M a n y attempt s hav e bee n 
m a de t o mee t  thi s challeng e (e.g .  Smolensky ,  1990 ;  Chris -
tianse n an d Chater ,  1994 ;  Niklasso n an d va n Gelder ,  1994) , 
bu t  th e critic s hav e no t  bee n satisfie d (Fodo r  an d McLaugh -
lin ,  1990 :  Hadley .  1994a ;  Hadley .  1994b). ' 

Suc h difficultie s hav e lea d s o m e connectionist s investigat -
in g highe r  leve l  cognitiv e activitie s t o propos e extension s t o 
standar d connectionis t  architectures .  O n e suc h investigatio n 
develope d a  techniqu e calle d tempora l  synchron y variabl e 
bindin g fo r  us e i n fast ,  c o m m o n sens e reasonin g (reflexiv e 
reasoning )  (Shasu i  an d Ajjanagadde ,  1993). ^  Thi s techniqu e 
ca n represen t  multipl e feature s o f  multipl e entities ,  an d i t  ca n 
perfor m a  significan t  clas s o f  computation s ove r  thi s repre -
sentation .  I n additio n t o reflexiv e reasoning ,  i t  ha s bee n suc -
cessfull y applie d t o syntacti c natura l  languag e parsin g (Hen -
derson ,  1994b ;  Henderson ,  1994a) .  Thi s wor k showe d tha t 
th e kind s o f  regularitie s tha t  systematicit y embodie s coul d b e 
directl y an d simpl y represente d i n a  networ k tha t  use s tem -
pora l  synchron y variabl e binding .  I n thi s pape r  w e sho w tha t 
i t  i s  no t  onl y possibl e t o buil d a  connectionis t  networ k tha t 
exhibit s thes e regularities ,  bu t  tha t  thes e regularitie s ar e a  con -
sequenc e o f  th e inheren t  generalizatio n abilitie s o f  tempora l 
synchron y variabl e bindin g networks . 

Becaus e ther e ha s no t  bee n genera l  agreemen t  abou t  th e 
exac t  definitio n o f  systematicity ,  thi s pape r  start s wit h a  dis -
cussio n o f  thi s issu e base d o n th e wor k o f  Hadle y (1994a) . 
Th e resultin g definitio n o f  systematicit y require s a  solutio n 
t o th e variabl e bindin g proble m wher e learne d parameter s ar e 
independen t  o f  variabl e bindings .  Severa l  connectionis t  ap -
proache s t o variabl e bindin g ar e the n discusse d wit h respec t  t o 

'On e proposa l  (Hadle y an d Hayward ,  199S )  ha s no t  ye t  bee n 
criticize d i n th e literature .  Thi s wor k wil l  b e discusse d belo w i n th e 
sectio n o n representin g variabl e bindings . 

^Th e possibilit y  o f  usin g tempora l  synchron y fo r  encodin g fea -
tur e binding s i n th e perceptua l  domai n wa s suggeste d b y vo n de r 
Malsbur g an d Schneide r  (1986) ,  bu t  Shastr i  an d Ajjanagadd e wer e 
th e first  to  us e tempora l  synchron y to  solv e comple x representationa l 
problem s i n highe r  leve l  cognitiv e activities . 
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thi s requirement .  Fo r  mos t  o f  th e propose d methods ,  ther e i s 
no apparen t  wa y fo r  the m t o satisf y thi s requirement .  I n con -
trast ,  tempora l  synchron y variabl e bindin g b y it s ver y natur e 
makes learne d parameter s independen t  o f  variabl e bindings . 
By showin g thi s w e sho w tha t  tempora l  synchron y variabl e 
bindin g i s a  coimectionis t  architectur e tha t  ca n accoun t  fo r 
systematicity . 

The Definition of Systematicity 

Although neither (Fodor and Pylyshyn. 1988) nor (Fodor and 
McLaughlin ,  1990 )  provide s a  precis e definitio n o f  system -
aticity ,  th e coacep i  i s  mean t  t o embod y th e pervasiv e regular -
itie s i n languag e (an d thought )  tha t  ar e traditionall y capture d 
usin g compositiona l  generativ e grammars .  Suc h grammar s 
expres s generalization s abou t  th e sentence s o f  a  languag e i n 
term s o f  thei r  subconstituents .  A  universa l  compositio n op -
eratio n i s the n use d t o combin e thes e constituent s t o for m 
sentences .  Becaus e generalization s ar e state d i n term s o f 
constituents ,  suc h a n architectur e predict s a  prevalenc e o f 
regularities  acros s constituents .  Thi s i s i n fac t  th e case .  Fo r 
example ,  th e patter n o f  word s tha t  ca n mak e u p a  nou n phras e 
i s ver y complex ,  ye t  thi s patter n i s virtuall y identica l  fo r  sub -
jec t  an d objec t  nou n phrases .  Thu s i f  "John "  ca n b e a  subjec t 
nou n phras e an d "Mary "  ca n b e a n objec t  nou n phras e (a s i n 
"Joh n love s Mary") ,  the n i t  wil l  als o b e possibl e fo r  "Mary " 
t o b e a  subjec t  nou n phras e an d "John "  t o b e a n objec t  nou n 
phras e (a s i n "Mar y love s John") . 

Withi n th e connectionis t  paradigm ,  th e abilit y  t o accoun t 
fo r  regularitie s i s no t  teste d throug h representin g general -
ization s (a s i n th e classica l  paradigm) ,  bu t  throug h learnin g 
generalizations .  A  connectionis t  architectur e account s fo r  a 
regularity  i f  i t  ca n generaliz e fro m a  trainin g se t  t o a  testin g 
set  i n accordanc e wit h tha t  regularity .  Hadle y (1994a )  use s 
thi s criteri a t o formaliz e th e concep t  o f  systematicity .  H e 
require s a  networ k t o generaliz e from a  se t  o f  trainin g sen -
tence s t o a  se t  o f  nove l  testin g sentences .  H e define s thre e 
degree s o f  systematicity ,  dependin g o n th e novelt y o f  th e test -
in g sentences .  Th e on e whic h mos t  closel y matche s Fodo r  an d 
Pylyshyn' s concep t  i s stron g systematicity ,  wher e th e nove l 
testin g sentence s includ e word s (i.e .  simpl e constituents )  i n 
syntacti c position s wher e the y di d no t  occu r  i n th e trainin g 
sentences .  Goin g bac k t o ou r  previou s example ,  thi s mean s 
tha t  a  networ k tha t  wa s traine d o n sentence s i n whic h "Mary " 
was onl y i n objec t  positio n woul d hav e t o handl e sentence s 
i n whic h "Mary "  appeare d i n subjec t  position .  Unfortunately , 
as Christianse n an d Chate r  (1994 )  poin t  out .  thi s definitio n 
stil l  ha s som e imprecisio n i n tha t  n o definitio n o f  "syntacti c 
position "  i s given .  Christianse n an d Chate r  (1994 )  provid e 
a linguisticall y motivate d definitio n o f  syntacti c position ,  bu t 
thi s  i s no t  adequate .  Th e networ k m a y b e usin g a  rathe r  dif -
feren t  syste m o f  syntacti c position s tha n th e on e a n externa l 
observe r  woul d find  natural . 

For  th e tes t  t o guarante e tha t  th e networ k i s trul y abl e t o 
generaliz e t o nove l  pairing s o f  word s wit h syntacti c positions , 
we nee d t o restric t  th e network' s tas k s o tha t  th e syntacti c posi -
tio n o f  th e wor d i n th e trainin g se t  mus t  b e treate d a s differen t 
fro m th e syntacti c positio n o f  th e wor d i n th e testin g set . 
Hadle y (1994a ;  1994b )  discusse s a  fourt h typ e o f  systematic -
it y whic h doe s this .  H e define s semanti c systematicit y t o b e 
stron g systematicit y plu s th e requiremen t  tha t  th e syste m as -

sig n appropriat e meaning s t o al l  word s occurrin g i n th e nove l 
tes t  sentence s (Hadley ,  1994b) .  Th e tas k o f  assignin g mean -
in g force s th e syste m t o m a k e distinction s betwee n syntacti c 
positions .  Fo r  example ,  a  networ k tryin g t o assig n meanin g 
t o "Mar y love s John "  mus t  distinguis h betwee n th e syntacti c 
position s o f  "Mary "  an d "John" ,  sinc e neithe r  wor d ca n i n 
genera l  b e exclude d fro m eithe r  th e love r  o r  love d roles .  Thi s 
tas k illustrate s h o w a  networi c ca n b e force d t o represen t  th e 
distinction s betwee n syntacti c position s tha t  th e experimen t 
presumes .  Wit h thi s restrictio n o n th e task ,  w e ca n b e sur e 
tha t  a  networ k tha t  exhibit s stron g systematicit y rq)resent s 
informatio n abou t  syntacti c position s an d ca n combin e thi s 
informatio n wit h it s informatio n abou t  word s i n nove l  ways . 

Hadle y (1994 )  explicitl y  exclude s fro m hi s definitio n o f 
systematicit y a  propert y whic h Fodo r  an d Pylyshy n (1988 ) 
emphasize ,  namel y tha t  th e regularitie s Hadle y discusse s mus t 
be nomi c necessities .  I n othe r  words ,  thes e regularitie s mus t 
be inheren t  t o th e natur e o f  th e connectionis t  network ,  no t  jus t 
wire d in .  Wirin g i n th e regularitie s constitute s a  mer e imple -
mentatio n o f  them ,  an d thu s neithe r  explain s the m no r  further s 
our  understandin g o f  them .  Thi s p a p a argue s tha t  connection -
is t  network s whic h us e tempora l  synchron y variabl e bindin g 
inherentl y generaliz e informatio n abou t  word s fro m on e syn -
tacti c positio n t o another ,  an d thu s tha t  stron g systematicit y 
i s a  nomi c necessit y give n th e us e o f  tempora l  synchron y 
variabl e binding ,  a s require d b y Fodo r  an d Pylyshy n (1988) . 
Becaus e w e ar e concerne d wit h demonstratin g a n inheren t 
property ,  thi s pape r  provide s a n in-principl e argument .  Ex -
perimenta l  result s fro m a n implemente d syste m ar e neithe r 
necessar y no r  sufficien t  t o demonstrat e tha t  a  propert y i s in -
heren t  t o th e system. ^ 

Learned Parameters versus Variable Bindings 

Th e abov e definitio n o f  systematicit y require s tha t  a  networ k 
m a ke us e o f  informatio n abou t  words ,  syntacti c positions ,  an d 
th e pairing s o f  word s wit h syntacti c positions .  Th e pairing s 
ar e manifeste d i n th e sentence s tha t  ar e inpu t  t o th e network , 
and th e tas k force s thes e pairing s t o b e manifeste d i n th e out -
put  o f  th e network .  Thu s informatio n abou t  thes e pairing s 
must  b e communicate d fro m th e inpu t  t o th e output ,  an d con -
sequentl y thi s informatio n mus t  b e represente d i n s o m e wa y 
by th e patter n o f  activatio n i n th e network .  Thi s i s a n in -
stanc e o f  th e variabl e bindin g problem .  T h e networ k mus t 
represen t  th e bindin g betwee n th e informatio n abou t  a  wor d 
and th e informatio n abou t  th e syntacti c positio n o f  tha t  word . 
I n classica l  approache s thes e binding s ar e represente d usin g 
variables .  Fo r  example ,  th e bindin g betwee n "Mary "  an d 
th e subjec t  syntacti c positio n i n "Mar y love s John "  coul d b e 
represente d (simplistically )  a s Mary{x)/\subject{x) . 

Th e requirement s systematicit y place s o n th e representa -
tio n o f  variabl e binding s ar e rathe r  differen t  fro m th e require -
ment s i t  place s o n th e representatio n o f  word s an d syntacti c 
positions .  I n orde r  fo r  a  networ k t o generaliz e fro m pro -

'Thi s approac h i s  a t  odd s wit h standar d practis e i n connection -
ism ,  bu t  thi s divergenc e i s t o b e expecte d give n tha t  th e challeng e 
pose d b y Fodo r  an d Pylyshy n (1988 )  i s a  philosophica l  one ,  an d no t 
directl y empirical .  Fo r  thos e wh o aren' t  satisfie d wit h a n in-principl e 
argument ,  se e th e discussio n belo w o f  (Hadle y an d Hayward ,  1995) . 
Thei r  experimenta l  result s  ca n b e interprete d a s evidenc e fo r  th e gen -
eralizatio n abilit y  o f  tempora l  synchron y variabl e bindin g networks . 
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cessin g on e se t  o f  sentence s t o processin g anothe r  set ,  th e 
parameter s tha t  ar e determine d usin g th e trainin g se t  (i.e .  th e 
lin k weights )  hav e t o represen t  informatio n tha t  i s als o tru e 
of  th e testin g se t  Fo r  stron g systematicity ,  bot h informatio n 
learne d abou t  word s an d informatio n learne d abou t  syntac -
ti c position s wil l  b e tru e o f  th e testin g set .  I n contrast ,  be -
caus e word s an d syntacti c position s ar e paire d differentl y i n 
th e trainin g an d testin g sets ,  an y informatio n learne d abou t 
variabl e binding s wil l  no t  b e tru e o f  th e testin g set .  Sinc e 
th e tas k require s informatio n abou t  word s an d syntacti c posi -
ti(Hi s t o b e learne d correctly ,  th e parameter s tha t  represen t 
thi s informatio n mus t  no t  b e dependen t  o n variabl e bind -
ings .  I n othe r  words ,  stron g systematicit y require s tha t  th e 
learne d parameter s (weights )  o f  a  networ k shoul d b e inde -
penden t  o f  th e variabl e bindings. ^  Classica l  approache s us e 
quantifier s t o expres s thi s independence .  Fo r  example ,  th e 
learne d fac t  tha t  "Mary "  ha s th e interpretatio n M A R Y (fol -
lowin g a  standar d notation )  coul d b e represente d wit h th e rul e 
' iyMary{y)=>MARY{y) .  T h e trut h o f  thi s rul e i s a  learne d 
parameter ,  an d i t  i s  independen t  o f  th e variabl e tha t  th e rul e 
i s applie d to .  Applyin g thi s rul e t o x  i n Mary{x)Asubject{x ) 
we ge t  Mary{x)Asubject{x)/\MARY{x) .  Thi s stat e specifie s 
tha t  th e subjec t  ha s th e interpretatio n M A R Y,  despit e th e fac t 
tha t  th e rul e i s independen t  o f  th e pairin g o f  "Mary "  wit h th e 
subject . 

I t  shoul d b e clea r  a t  thi s poin t  tha t  th e requirement s o f  stron g 
systematicit y ar e no t  specifi c  t o th e tas k o f  natura l  languag e 
interpretation .  Informatio n abou t  word s an d syntacti c posi -
tion s coul d b e replace d wit h a  wid e variet y o f  differen t  kind s 
of  information ,  an d w e coul d stil l  find  task s tha t  requir e thes e 
differen t  kind s o f  informatio n t o b e independen t  fro m thei r 
variabl e bindings .  A n y suc h tas k wil l  displa y th e patter n o f 
regularitie s tha t  ar e embodie d i n th e concep t  o f  systematicity . 
F(M-  example ,  gracin g a  piec e o f  cand y tha t  i s  i n one s visua l 
field  require s th e informatio n tha t  a n objec t  i s  candy ,  th e in -
formatio n abou t  th e locatio n o f  tha t  object ,  an d th e bindin g 
betwee n thes e tw o type s o f  information .  Changin g th e loca -
tio n o f  th e cand y doe s no t  chang e it s sweetness ,  an d changin g 
th e colo r  o f  th e cand y doe s no t  chang e th e trajector y fo r  grasp -
ing .  A s Fodo r  an d Pylyshy n (1988 )  argued ,  suc h regularitie s 
ar e pervasiv e i n higher  leve l  cognitiv e activities ,  an d thu s a 
propose d cognitiv e architectur e mus t  accoun t  fo r  them .  I n th e 
res t  o f  thi s pape r  w e wil l  describ e a  connectionis t  architectur e 
i n whic h learne d parameter s ar e inherentl y independen t  o f 
variabl e bindings ,  thereb y accountin g fo r  thes e regularities . 

Representing Variable Bindings 

Several researchers have proposed ways in which connec-
tionis t  network s ca n represen t  variabl e bindings ,  bu t  mos t  o f 
thes e method s d o no t  m a k e learne d parameter s independen t  o f 
variabl e bindings ,  a s require d b y systematicity .  Th e learne d 
parameter s o f  a  connectionis t  networ k ar e represente d i n it s 
lin k weights .  T h e effec t  o f  a  lin k weigh t  o n a  computatio n 
i s dependen t  o n whic h unit s th e lin k connect s an d th e units ' 
activatio n levels ,  bu t  i t  i s  no t  dependen t  o n th e tim e a t  whic h 

th e computatio n take s place. '  Thu s i f  th e tim e dimensio n i s 
use d t o represen t  variabl e bindings ,  the n learne d parameter s 
wil l  inherend y b e independen t  o f  variabl e bindings .  Thi s i s 
th e approac h take n i n tempora l  synchron y variabl e binding . 
I n contrast ,  i f  eithe r  th e spac e dimensio n (differen t  units )  o r 
activatio n level s ar e use d t o represen t  variabl e bindings ,  the n 
learne d parameter s wil l  no t  inherentl y b e independen t  o f  vari -
abl e bindings .  I t  i s  possibl e t o hardwir e th e networ k i n suc h a 
w ay a s t o enforc e thi s independence ,  bu t  ther e i s n o £4)paren t 
motivatio n fo r  suc h hardwire d structur e othe r  tha n implement -
in g systematicity ,  an d thu s i t  i s  no t  inheren t  t o th e network . 
Perhap s w e hav e misse d a  metho d tha t  woul d addres s thes e 
criticisms ,  bu t  th e existin g alternativ e proposal s fo r  connec -
tionis t  variabl e bindin g d o no t  indicat e wha t  i t  woul d be .  Thu s 
currentl y onl y tempora l  synchron y variabl e bindin g implie s 
tha t  learne d parameter s ar e inherentl y independen t  o f  variabl e 
bindings ,  a s require d b y systematicity . 

Tenso r  produc t  variabl e bindin g (Smolensky ,  1990 )  an d 
relative-positio n encodin g (Bamde n an d Srinivas ,  1991 )  us e 
th e spac e dimensio n t o represen t  variabl e bindings .  Usin g 
suc h a  representation ,  variabl e binding s ar e represente d b y 
specifyin g th e unit s wher e th e computatio n shoul d tak e place . 
Th e proble m wit h thi s metho d i s tha t  withou t  additiona l  mech -
anism s th e weight s o f  th e link s fo r  on e se t  o f  unit s wil l  b e 
differen t  fro m th e weight s o f  th e link s fo r  anothe r  set .  Thu s 
th e learne d parameter s use d i n a  computatio n wil l  b e differ -
ent  dependin g o n th e bindin g tha t  i s  manifeste d i n th e input , 
an d th e networ k wil l  no t  exhibi t  systematicity .  I f  al l  link s ar e 
trainable ,  the n th e weight s fo r  tw o differen t  set s o f  unit s wil l 
onl y b e th e sam e i f  eithe r  ther e i s a n additiona l  mechanis m fo r 
enforcin g weigh t  equality ,  o r  the y ar e traine d o n equivalen t 
data .  A n y mechanis m fo r  enforcin g weigh t  equalit y acros s 
differen t  set s o f  unit s i s  inherentl y nonlocal ,  an d thu s violate s 
on e o f  th e basi c tenet s o f  connectionism .  Thus ,  whil e i t  ma y 
be a n effectiv e engineerin g solution ,  weigh t  sharin g doe s no t 
constitut e a  connectionis t  metho d fo r  capturin g systematic -
ity .  Give n tha t  th e trainin g se t  use d i n th e abov e tes t  fo r 
systematicit y i s  b y desig n biase d wit h respec t  t o th e binding s 
betwee n word s an d syntacti c positions ,  th e dat a use d t o trai n 
link s fo r  differen t  set s o f  unit s wil l  no t  b e equivalen t  withou t 
additional ,  a s ye t  unproposed .  mechanisms . 

Hadle y an d Ha y war d (1995 )  propos e a  mor e plausibl e wa y 
of  usin g tenso r  produc t  variabl e binding ,  bu t  a s th e syste m 
i s describe d the y ar e stil l  hardwirin g i n th e independenc e 
betwee n learne d parameter s an d variabl e bindings .  Th e com -
ponen t  o f  thei r  networ k whic h use s tenso r  produc t  variabl e 
bindin g ha s n o trainabl e links .  Thi s allow s th e differen t  link s 
i n th e variabl e bindin g componen t  t o sta y equa l  throughou t 
training ,  thu s makin g th e effect s o f  th e learne d parameter s in -
dependen t  o f  whic h o f  th e variabl e bindin g unit s i s used .  Th e 
resultin g networ k generalize s extremel y wel l  o n th e smal l 
grammar  the y us e i n thei r  experiments .  However ,  thi s pro -
posa l  ha s a t  leas t  tw o problems ;  n o independen t  motivatio n i s 
give n fo r  thi s hardwire d component ,  an d th e hardwire d com -
ponen t  grow s wit h th e siz e o f  th e system s vocabular y (linearl y 
fo r  unit s an d quadraticall y fo r  links) ,  whic h fo r  a  rea l  syste m 

^Thi s requiremen t  doe s no t  preclud e th e us e o f  informatio n tha t 
i s  dependen t  o n th e pairing s o f  word s wit h syntacti c positions .  Suc h 
informatio n i s simpl y irrelevan t  t o th e issu e o f  systematicity . 

'O f  cours e a  lin k weigh t  wil l  hav e a  differen t  effec t  i f  i t  change s 
from  on e tim e t o another .  Thi s i s no t  relevan t  her e becauseleamin g i s 
takin g plac e a t  a  muc h large r  tim e scal e tha n individua l  computatio n 
steps .  Therefor e i f  an y chang e di d occu r  i t  woul d b e negligible . 
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woul d b e quit e laige .  The y justif y thi s  us e o f  hardwire d struc -
tur e b y sayin g tha t  thei r  unit s an d link s shoul d b e interprete d a s 
high-leve l  abstraction s whic h aren' t  necessaril y  manifeste d a s 
collection s o f  neuron s an d synapses .  Whil e al l  connectionis t 
network s ar e abstrac t  models ,  withou t  som e plausibl e connec -
tio n 1 0 th e biologica l  substrat e i t  i s  difficul t  l o se e h o w th e net -
wor k coul d b e anythin g mor e tha n a  mer e implementatio n o f 
a classica l  statistica l  system .  Interestingly ,  thi s criticis m ca n 
be addresse d b y assumin g tha t  Hadle y an d Hayward' s wor k 
i s no t  a  competin g proposa l  wit h th e on e advocate d here ,  bu t 
i s  actuall y a  complementar y one .  A s pointe d ou t  b y Tesa r  an d 
Smolensk y (1994) ,  tempora l  synchron y variabl e bindin g ca n 
be interprete d a s a n implementatio n o f  tenso r  produc t  variabl e 
binding. ^  I n addition ,  ther e i s som e evidenc e tha t  tempora l 
synchron y i s used  i n th e brai n t o d o variabl e bindin g (se e 
(Shastr i  an d Ajjanagadde ,  1993 )  page s 439-44 1 fo r  a  discus -
sion) .  Thu s i f  w e assum e tha t  th e variabl e bindin g componen t 
of  Hadle y an d Hayward' s networ k i s a n abstrac t  representa -
tio n o f  a  tempora l  synchron y variabl e bindin g mechanism , 
the n th e "mer e implementation "  criticis m i s addressed .  Mor e 
argument s agains t  thi s criticis m wil l  b e give n below .  I n th e 
othe r  direction ,  th e experiment s ru n b y Hadle y an d Ha y war d 
(1995 )  demonstrat e tha t  whe n systematicit y i s embodie d i n 
a networ k (a s i n tempora l  synchron y variabl e bindin g net -
works) ,  simpl e connectionis t  learnin g technique s ca n b e ver y 
effectiv e fo r  gramma r  induction . 

Signature s (Lang e an d Dyer ,  1989) ,  C O N S Y D E RR 
(Sun ,  1992) .  an d pattern-similarit y associatio n (Bamde n an d 
Srinivas ,  1991 )  us e th e activatio n leve l  dimensio n t o represen t 
variabl e bindings .  Thi s complicate s th e natur e o f  computa -
tio n i n th e network ,  sinc e activatio n leve l  i s  als o bein g use d 
t o represen t  wha t  feature s a  variable' s entit y  has .  I t  i s  con -
ceivabl e tha t  thes e tw o type s o f  informatio n coul d b e folde d 
int o individua l  activatio n levels ,  bu t  i t  isn' t  a t  al l  clea r  h o w 
thi s coul d resul t  i n differen t  variabl e binding s bein g treate d 
th e sam e bu t  th e presenc e o r  absenc e o f  feature s bein g treate d 
differently .  Al l  th e abov e investigation s us e th e alternativ e 
approach ,  i n whic h thes e tw o type s o f  informatio n ar e repre -
sente d i n th e activatio n level s o f  tw o differen t  set s o f  units .  I n 
thi s approach ,  coordinatin g computatio n betwee n th e tw o set s 
of  unit s require s representin g th e binding s betwee n th e vari -
able s an d thei r  entity' s features .  Thes e binding s d o no t  hav e 
t o b e dynamicall y instantiated ,  s o fixed  spatia l  relationship s 
can b e used .  However ,  systematicit y stil l  require s learne d pa -
rameter s t o b e independen t  o f  thes e bindings .  Becaus e thes e 
binding s ar e represente d usin g space ,  the y pos e th e sam e 
problem s a s usin g spac e t o represen t  variabl e bindings . 

Tempora l  synchron y variabl e bindin g (Shastr i  an d Ajjana -
gadde ,  1993 )  i s currentl y  th e onl y proposa l  fo r  h o w t o us e th e 
tim e dimensio n t o represen t  variabl e bindings .  I n thi s model ,  a 
variabl e bindin g i s represente d b y specifyin g th e time s durin g 
whic h th e computation s involvin g th e variabl e shoul d tak e 
place .  I f  tw o unit s ar e representin g informatio n abou t  th e 
same variable ,  the n the y outpu t  activatio n a t  th e sam e tim e 

(i.e .  synchronously) .  Fo r  ou r  task ,  i f  a  give n wor d i s i n a 
give n syntacti c position ,  the n th e unit s tha t  represen t  th e wor d 
ar e outputtin g activatio n a t  th e sam e tim e a s th e unit s tha t 
represen t  th e syntacti c position .  Computation s ar e performe d 
when thi s activatio n spread s throug h th e network' s links .  N o 
matte r  a t  wha t  tim e thi s computatio n occurs ,  th e sam e lin k 
weight s wil l  b e used .  Thu s n o matte r  wha t  variabl e bindin g 
a wor d o r  syntacti c positio n participate s in ,  th e sam e learne d 
parameter s wil l  ̂ p l y t o it .  I n othe r  words ,  learne d parameter s 
ar e independen t  o f  variabl e bindings .  Thu s th e informatio n 
tha t  th e networ k ha s learne d abou t  a  wor d o r  syntacti c posi -
tio n i n on e se t  o f  word-positio n pairing s wil l  autonuiticall y 
be applie d t o th e sam e wor d o r  syntacti c positio n i n differen t 
pairings .  Therefor e th e us e o f  tempora l  synchron y variabl e 
bindin g inherentl y result s i n a  networ k whic h generalize s in -
formatio n abou t  word s from  on e syntacti c positio n t o another , 
and i t  inherentl y exhibit s stron g systematicity . 

Temporal Synchrony Variable Binding 

Tempora l  synchron y variabl e bindin g i s a  techniqu e tha t  ca n 
be applie d t o virtuall y an y styl e o f  connectionis t  model .  Fo r 
highe r  leve l  cognitiv e activitie s suc h a s languag e interpreta -
tio n recurren t  network s ar e o f  particula r  interest .  Recunen t 
network s accep t  a  sequenc e o f  input s ove r  time ,  an d perfor m 
a sequenc e o f  computations .  A s wit h variabl e binding ,  th e 
us e o f  tim e t o represen t  th e inpu t  sequenc e allow s th e learne d 
parameter s o f  a  recunen t  networ k t o b e independen t  o f  abso -
lut e positio n i n th e inpu t  sequence .  Thereb y suc h network s 
ca n generaliz e wha t  the y lear n abou t  on e positio n i n th e inpu t 
sequenc e t o othe r  positions .  Thi s propert y i s imp)erativ e fo r 
languag e interpretation ,  wher e th e absolut e positio n o f  a  wor d 
i n a  sentenc e carrie s virtuall y n o information .  Thu s w e nee d 
a networ k tha t  ca n us e th e tim e dimensio n t o represen t  bot h 
inpu t  sequenc e an d variabl e bindings . 

Al l  tha t  i s  neede d fo r  a  networ k t o represen t  bot h in -
put  sequenc e an d variabl e binding s i n th e tim e dimensio n 
i s unit s tha t  puls e periodically .  Th e period s o f  th e result -
in g patter n o f  activatio n correspon d t o step s i n th e com -
putation ,  an d th e phase s correspon d t o variabl e bindings. ^ 
I n effec t  thi s metho d simpl y time-multiplexe s a  recunen t 
networ k acros s variables .  Suc h a  periodi c patter n o f  acti -
vatio n i s illustrate d i n figure  1 ,  wher e ther e ar e tw o vari -
able s an d thre e computatio n steps .  I n th e initia l  compu -
tatio n ste p th e patter n o f  activatio n represent s th e informa -
tio n Mary{x)AJohn{y)Asubject{x)Aobjecl{y)Aactive .  The n 
some o f  th e link s o f  th e networ k propagat e activatio n fro m 
th e "Mary "  uni t  t o th e " M A R Y "  unit ,  resultin g i n th e patter n 
show n i n th e secon d an d subsequen t  period .  Thes e link s im -
plemen t  th e rul e ' izMary{z)=>MARY(z) .  Informatio n tha t 
i s no t  predicate d o f  a  variabl e i s represente d wit h unit s tha t 
do no t  pulse ,  an d thu s sta y activ e acros s phases .  Suc h a  uni t 
i s  show n i n figure 1  labele d "active "  (fo r  activ e voice ,  a s 
oppose d t o passiv e voice) .  Thes e unit s ca n b e use d t o rep -
resen t  globa l  context ,  an d t o coordinat e computatio n acros s 

'Tesa r  an d Smolensk y (1994 )  argu e tha t  th e us e o f  tim e rathe r 
tha n spac e t o represen t  variabl e binding s i s purel y a n implementatio n 
issue .  Thi s i s reasonabl e when ,  a s the y do ,  on e onl y look s a t  stati c 
representations .  However ,  a s argue d here ,  whe n th e issu e o f  learnin g 
i s take n int o consideratio n th e us e o f  tim e rathe r  tha n spac e become s 
quit e important ,  eve n a t  th e architectur e level . 

'Whil e th e periodi c firing  o f  group s o f  neuron s a t  th e sam e fire-
quenc y i s overl y simplistic ,  i t  appear s t o b e a n appropriat e mode l  a t 
thi s leve l  o f  abstraction .  Th e onl y necessar y propertie s her e ar e tha t 
group s o f  neuron s ca n achiev e som e for m o f  synchronou s firing  an d 
maintai n tha t  synchron y ove r  som e perio d o f  time ,  whic h the y ca n 
do (Gra y etal. .  1991) . 
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variables .  I n effec t  the y ar e a  subpar t  o f  th e recurren t  net -
wor k tha t  i s no t  time-multiplexed .  An y aspec t  o f  a  tas k fo r 
whic h systematicit y i s no t  applicabl e ca n b e handle d withi n 
thi s subpart. ' 

Mary .[TI [TI [TI I 

John !  n ;  n ;  n ; 

^  subjec t  i n L n lT T L 

i  objec t  !  n !  n !  n ! 
I I 

activ e 

M A RY 

-r 
I  I  I 

- i n — i n — ; 
I 

ume 

Figur e 1 :  A n exampl e o f  h o w tempora l  synchron y ca n b e 
use d t o represen t  variabl e bindings .  Eac h soli d lin e show s 
th e outpu t  o f  a  uni t  ove r  time .  Th e dashe d line s divid e thi s 
tempora l  patter n int o periods . 

The above discussion of temporal synchrony variable bind-
in g demonstrate s tha t  thi s techniqu e ca n b e interprete d a s 
an implementatio n o f  classica l  computationa l  architecture . 
However ,  i t  i s  no t  a  mer e implementation .  Th e inheren t  na -
tur e o f  systematicit y i n tempora l  synchron y variabl e bindin g 
network s an d th e biologica l  evidenc e fo r  thi s implementa -
tio n metho d mean s tha t  th e pervasivenes s o f  systematicit y 
i n cognitiv e activitie s i s explaine d b y thi s choic e o f  imple -
mentation .  Thi s i s i n contras t  t o th e situatio n i n classica l 
approaches ,  wher e compositionalit y i s use d t o captur e sys -
tematicity .  Compositionalit y ha s n o independen t  motivation s 
(othe r  tha n mathematica l  simplicity) ,  an d thu s shoul d b e con -
sidere d a  descriptio n o f  th e phenomen a o f  systematicity ,  an d 
not  a n explanatio n o f  it .  Th e biologica l  evidenc e fo r  tempo -
ra l  synchron y variabl e bindin g ha s als o bee n use d t o explai n 
othe r  cognitiv e phenomen a tha t  wer e previousl y describe d 
i n classica l  terms ,  suc h a s Miller' s (1956 )  boun d o n shor t 
ter m memor y o f  seve n plu s o r  minu s tw o thing s (Shastr i  an d 
Ajjanagadde ,  1993) .  Furthermore ,  th e les s abstrac t  leve l  o f 
descriptio n provide d b y tempora l  synchron y variabl e bind -
in g ha s provide d insight s int o cognitiv e phenomen a tha t  hav e 
not  bee n achieve d a t  th e classica l  level .  Fo r  example ,  som e 
constraint s o n lon g distanc e dependencie s i n natura l  languag e 
(wh -  movement )  ca n b e explaine d b y th e inabilit y  o f  simpl e 
tempora l  synchron y variabl e bindin g network s t o generaliz e 
ove r  pair s o f  constituent s (Henderson ,  1994b) .  B y accountin g 
fo r  thes e particula r  phenomen a a t  th e implementatio n level , 
th e classica l  competenc e theor y o f  lon g distanc e dependencie s 
i s greatl y simplified .  Becaus e tempora l  synchron y variabl e 
bindin g help s bridg e th e ga p betwee n lo w leve l  biologica l 
evidenc e an d hig h leve l  cognitiv e phenomena ,  mor e suc h in -
sight s ar e likel y i n th e future .  Eve n n o w i t  i s  abundantl y 
clea r  tha t  tempora l  synchron y variabl e bindin g i s no t  merel y 
an implementatio n o f  a  classica l  computationa l  architecture . 

*Fo r  a  mor e thoroug h presentatio n o f  tempora l  synchron y vari -
abl e bindin g an d ho w i t  ca n b e use d t o implemen t  a  syntacti c parser , 
see eithe r  (Henderson ,  1994a )  o r  (Henderson ,  1994b) . 

Th e paralle l  betwee n th e us e o f  tim e i n recurren t  network s 
and th e us e o f  tim e i n tempora l  synchron y variabl e bind -
in g mean s tha t  method s fo r  trainin g recurren t  network s ca n 
be generalize d t o tempora l  synchron y variabl e bindin g net -
works .  Thu s jus t  a s a  recurren t  networ k ca n lear n tha t  "the " 
i s usuall y followe d b y a  nou n regardles s o f  wher e i t  occur s i n 
th e sentence ,  a  tempora l  synchron y variabl e bindin g networ k 
ca n lear n tha t  "Mary "  i s usuall y a  nou n phras e regardles s o f 
what  syntacti c positio n i t  ha s i n th e sentence .  S o m e compli -
cation s aris e whe n i t  i s necessar y t o lear n whe n t o inu-oduc e 
ne w entities ,  bu t  thes e ar e orthogana l  t o th e issu e o f  system -
aticity .  Method s fo r  effectiv e learnin g i n tempora l  synchron y 
variabl e bindin g network s i s a n are a o f  activ e researc h b y th e 
autho r  an d Shastri . 

Conclusion 

Tempora l  synchron y variabl e bindin g (Shastr i  an d Ajjana -
gadde ,  1993 )  i s a  connectionis t  metho d fo r  representin g mul -
tipl e entities ,  eac h wit h multipl e features .  I t  use s th e tim e 
dimensio n t o represen t  th e bindin g betwee n th e differen t  fea -
ture s o f  a  give n entit y  (i.e .  variabl e bindings) .  Becaus e th e 
effec t  o f  a  lin k weigh t  o n th e network' s computatio n i s in -
dependen t  o f  th e tim e a t  whic h th e computatio n occurs ,  th e 
learne d parameter s o f  th e networ k ar e inherentl y independen t 
of  it s  variabl e bindings .  I n othe r  words ,  learne d parameter s in -
herentl y generaliz e acros s entities .  I n particular ,  informatio n 
learne d abou t  word s an d informatio n learne d abou t  syntacti c 
position s wil l  bot h generaliz e t o ne w pairing s o f  word s wit h 
syntacti c positions .  Thi s i s th e criteri a Hadle y (1994a )  de -
velop s i n hi s formalizatio n o f  Fodo r  an d Pylyshyn' s (1988 ) 
concep t  o f  systematicity .  Thu s w e hav e succeede d i n showin g 
tha t  tempora l  synchron y variabl e bindin g i s a  connectionis t 
architectur e tha t  account s fo r  systematicity .  I n th e process , 
we hav e clarifie d th e notio n o f  systematicit y an d show n it s 
implication s fo r  variabl e bindin g techniques . 

Whil e thi s demonstratio n ha s bee n couche d i n th e term s 
of  natura l  languag e interpretation ,  i t  i s  clea r  tha t  th e abilit y 
t o generaliz e acros s entitie s i s applicabl e t o a  broa d rang e o f 
highe r  leve l  cognitiv e activities .  Arguably ,  i t  i s precisel y th e 
lac k o f  thi s generalizatio n abilit y  tha t  ha s prevente d standar d 
connectionis t  network s from  matchin g th e abilitie s o f  sym -
boli c system s i n thes e tasks .  Th e wor k presente d i n thi s pape r 
indicate s h o w th e impressiv e learnin g abilitie s o f  connection -
is t  network s fo r  patter n matchin g task s ca n b e extende d t o th e 
mor e comple x domain s typica l  o f  highe r  leve l  cognition . 
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