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A b s t r a c t 

The pnma facie unbounded nature of natural 
language ,  contraste d wit h th e finit e characte r  o f 
our  memor y an d computationa l  resources ,  i s ofte n 
take n t o warran t  a  recursiv e languag e processin g 
mechanism .  Th e widel y hel d distinctio n betwee n 
an ideaUze d infinit e graunmatica l  competenc e an d 
th e actua l  finit e natura l  languag e performanc e pro -
vide s furthe r  suppor t  fo r  a  recursiv e processor .  I n 
thi s paper ,  I  argu e tha t  i t  i s  onl y necessar y t o pos -
tulat e a  recursiv e languag e mechanis m insofa r  a s 
th e competence/performanc e distinctio n i s upheld . 
However ,  I  provid e reason s fo r  eschewin g th e latte r 
and sugges t  tha t  onl y dat a regzurdin g observabl e lin -
guisti c behaviou r  ough t  t o b e use d whe n modelUn g 
th e huma n languag e mechanism .  A  connectionis t 
model  o f  languag e processing—th e simpl e recur -
ren t  networ k propose d b y Elman—i s discusse d a s 
an exampl e o f  a  non-recursiv e alternativ e an d I  con -
clud e tha t  th e computationa l  powe r  o f  suc h model s 
promise s t o b e sufficien t  t o accoun t  fo r  natura l  lan -
guag e behaviour . 

Introduction 

Is it necessary to postulate a recursive language 
mechctnis m i n orde r  t o accoun t  fo r  th e apparentl y 
unbounde d complexit y an d diversit y o f  natura l  Izui -
guag e (NL )  behaviour ,  give n th e finite  natur e o f  th e 
memory an d computationa l  resource s tha t  underl y 
th e huma n productio n o f  thi s behaviour ? W h a t 
seems t o b e neede d i n th e first  plac e i s a  mecha -
nis m whic h i s abl e t o generate ,  a s wel l  a s parse ,  a n 
infinit e numbe r  o f  N L expression s usin g onl y finite 
means.  Obviously ,  suc h a  mechanis m ha s t o b e o f 
considerabl e computationa l  powe r  and ,  indeed ,  re -
cursio n provide s a  ver y elegan t  wa y o f  achievin g 
thi s property .  Consequently ,  recursio n ha s bee n a n 
intrinsi c par t  o f  mos t  account s o f  N L behaviour — 
perhap s du e t o th e essentiall y  recursiv e characte r 

of  mos t  ling;ui8ti c theorie s o f  grammar. ^ 
I t  i s  ofte n note d tha t  th e frim a faci e existenc e 

of  recursio n i n N L behaviou r  poee s seriou s prob -
lem s fo r  connectionis t  approache s t o N L processin g 
(e.g. ,  Fodo r  &  Pylyshyn ,  1988 )  sinc e recursion — 
qua computationa l  mechanism—i s define d a s bein g 
essentiall y  symboUc .  However ,  th e existenc e o f  re -
cursio n i n N L presuppose s tha t  th e grammar s o f 
linguisti c theor y correspon d t o rea l  menta l  struc -
tures ,  rathe r  tha n mer e structura l  description s o f 
NL pe r  ae .  Yet ,  ther e ar e n o a  prior i  reason s fo r  as -
sumin g tha t  th e structur e o f  th e observabl e publi c 
languag e necessaril y  mus t  dictat e th e for m o f  ou r 
interne d representation s (va n Gelder ,  1990b) .  Still , 
many linguist s an d psychologist s (e.g. ,  Chomsky , 
1986 ;  Frazie r  &  Fodor ,  1978 ;  KimbaU ,  1973 ;  Pick -
erin g &  Chater ,  1992 ;  Pulman ,  1986 )  tak e gram -
mar s a s correspondin g t o in-the-hea d representa -
tion s tha t  ar e manipulate d b y computationa l  pro -
cesses .  But ,  sinc e h u m a n N L behaviou r  i s limite d 
unde r  norma l  circumstzmces ,  a  distinctio n i s  typi -
call y m a d e betwee n th e bounde d observabl e perfor -
mance an d a n infinit e competenc e inheren t  i n th e 
interna l  granunar . 

I n wha t  follows ,  I  star t  of f  b y arguin g from  a 
methodologica l  perspectiv e tha t  th e allege d distinc -
tio n betwee n linguisti c competenc e an d zwttua l  N L 
performanc e mus t  b e rejecte d i f  Unguisti c theorie s 
ar e t o encompas s representationa l  claim s regardin g 
th e h u m a n N L mechanism .  Then ,  I  driv e a  wedg e 
betwee n th e (quasi- )  recursiv e natur e o f  N L ,  a s de -
scribe d i n mos t  curren t  linguisti c theories ,  an d th e 
eictua l  N L processin g mechanism .  I n particular ,  I 
sugges t  tha t  recursio n i s a  conceptua l  artifac t  o f  th e 
competence/performanc e distinctio n ( C / P D ) ,  in -
stea d o f  a  necessar y characteristi c o f  th e underlyin g 
computationa l  mechanism. ^  I n thi s light ,  th e prob -

*Thi s researc h wa s mad e possibl e throug h awar d No . 
V910048 fro m th e Danis h Researc h Academy . 

'Fo r  example ,  i n G B (e.g. ,  Chomsky ,  1981 )  th e un -
derlyin g prindple a o f  X-theor y ar e recursive ,  a s ar e th e 
ID-rule s o f  G P S G (Gazda r  e t  al. ,  1985) . 

^I  wil l  therefor e no t  discus s connectionis t  mode b 
of  N L processin g tha t  merel y simulate—o i  mirror — 
symboli c recursion .  A n exampl e o f  suc h model s i s  pro -
vide d b y McClellan d &  Kawamot o (1986 )  wh o appl y 
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le m facin g connectioDis t  model s o f  N L processin g i s 
not  whethe r  the y ca n implemen t  som e kin d o f  re -
cursiv e mechanism ,  bu t  whethe r  the y wil l  b e abl e t o 
accoun t  fo r  th e (limited )  recursiv e 5<n«cliir e foun d 
i n N L behaviou r  purel y i n term s o f  non-symboli c 
computation .  I  therefor e conside r  a  connection -
is t  model—designe d b y Ehna n (1990,1991)—whic h 
exhibit s recursiv e behaviou r  withou t  implementin g 
a symboli c recursio n mechanism ,  an d conclud e tha t 
suc h connectionis t  model s provid e a  psychologicall y 
appealin g wa y o f  modellin g N L processing . 

The Competence/Performance 

Distinctio n 

I n most—i f  no t  all—linguisti c theorie s o f  NL ,  recur -
sio n i s unbounded .  However ,  sinc e th e mai n sourc e 
of  dat a o f  nK)der n linguistic s implie s intuitiv e gram -
maticalit y judgement s (e.g. ,  Horrocks ,  1987) ,  th e 
fac t  ha s t o b e explaine d tha t  th e greate r  th e lengt h 
and complexit y o f  utterances ,  th e les s sur e peopl e 
ar e o f  thei r  respectiv e judgements .  T o explai n thi s 
phenomena ,  a  distinctio n betwee n a n ideaJize d in -
finit e linguisti c competenc e an d a  limite d N L per -
formanc e i s made .  Th e performanc e o f  a  particula r 
individua J i s Umite d b y memor y limitations ,  atten -
tio n span ,  lac k o f  concentration ,  etc .  (e.g. ,  Fodo r 
& Pylyshyn ,  1988 ;  Horrocks ,  1987) . 

Thi s methodologica l  separatio n o f  th e infinit e lin -
guisti c competenc e o f  a  recursiv e grsmima r  & o m th e 
limite d performanc e o f  observabl e N L behaviou r 
has bee n strongl y advocate d b y Chomsky : 

One commo n fallac y i s t o assum e tha t  i f  som e 
experimenta l  resul t  provide s counterevidenc e 
t o a  theor y o f  processin g tha t  include s a  gram -
matica l  theor y T  an d parsin g procedur e P  (say , 
a procedur e tha t  assume s tha t  operation s ar e 
seria l  an d additive ,  i n tha t  eac h operatio n add s 
a fixe d "cost") ,  the n i t  i s T  tha t  i s challenge d 
and mus t  b e changed .  Th e conclusio n i s partic -
ularl y unreasonabl e i n th e ligh t  o f  th e fac t  tha t 
i n genera l  ther e i s independen t  (so-calle d "Im -
guistic" )  evidenc e i n suppor t  o f  T  whil e ther e 
i s n o reaso n a t  al l  t o believ e tha t  P  i s true . 
(Chomsky ,  1981 :  p .  283 ) 

The mai n methodologica l  implicatio n o f  thi s posi -
tion ,  whic h I  wil l  refe r  t o a s th e stron g C/PD ,  i s 
tha t  i t  lead s t o wha t  I  cal l  th e 'Chomskia n para -
dox' .  O n th e on e hand ,  th e stron g C/P D make s 
T immun e t o al l  empirica l  falsification ,  sinc e an y 
falsifyin g evidenc e ca n alway s b e dismisse d a s a 

th e standar d wa y o f  implementin g symboli c recursio n 
i n Vo n Neuman n architectures—i.e. ,  usin g a  push-dow n 
stac k an d multipl e subroutines—i n thei r  modellin g o f 
th e huma n sentenc e processin g mechanisms .  Thi s kin d 
of  connectionis t  solutio n t o th e proble m o f  recursio n i n 
NL behaviou r  i s orthogona l  t o th e subjec t  o f  thi s paper , 
sinc e i t  merel y implie s a  non-symboli c implementatio n 
of  a  symboli c model . 

consequenc e o f  a  fals e P .  However ,  o n th e othe r 
hand ,  al l  grammatica l  theorie s rel y o n grammati -
calit y judgement s tha t  (indirectl y vi a proccMing ) 
displa y ou r  knowledg e o f  language .  Consequently , 
i t  seem s paradoxica l  tha t  onl y certai n kind s o f  em -
pirica l  materia l  i s  acccepted—i.e. ,  grammaticalit y 
judgements—wherea s othe r  kind s ar e dismisse d o n 
what  appear s t o b e relativel y arbitrar y grounds . 
Thus ,  th e stron g C /P D provide s it s proponent s 
wit h a  protectiv e bel t  tha t  surround s thei r  gram -
matica l  theorie s an d make s the m empiricall y im -
penetrabl e t o psycholinguisti c counterevidence . 

I n contrast ,  a  mor e moderat e position ,  whic h I 
wil l  refe r  t o a s th e wea k C/PD ,  contend s tha t  al -
thoug h linguisti c competenc e i s suppose d t o b e infi -
nite ,  th e underlyin g gramma r  mus t  suppor t  a n em -
piricall y appropriat e performzuice .  Thi s i s don e b y 
explicitl y  allowin g performance—o r  processing — 
consideration s t o constrai n th e grammar .  Picker -
in g i i  Chate r  (1992 )  hav e suggeste d tha t  suc h con -
straint s mus t  b e buil t  int o th e representation s un -
derlyin g th e graimnatica J theory ,  forcin g a  close r 
relatio n t o th e processin g theory .  Thi s ensure s 
tha t  th e relatio n betwee n th e theor y o f  grammat -
ica l  competenc e (Chomsky' s T )  an d th e process -
in g assumption s (Chomsky' s P )  i s n o longe r  arbi -
trary ,  resultin g i n a n openin g fo r  empirica l  testing . 
Nevertheless ,  inasmuc h a s T  an d P  ar e stil l  fiinc -
tionall y independen t  o f  eac h other ,  th e optio n i s 
alway s ope n fo r  referrin g an y falsifyin g empirica l 
dat a questionin g T  t o problem s regardin g th e inde -
penden t  P ,  i.e. ,  t o performaoic e errors . 

To compsir e th e methodologica l  difference s be -
twee n mode b o f  N L processin g that ,  adopt ,  respec -
tively ,  th e stron g o r  th e wead c C/PD ,  i t  i s illustra ^ 
tiv e t o conceptuadiz e th e model s a s rule-base d pro -
ductio n systems .  I n suc h a  system ,  th e gramma r 
woul d correspon d t o a  knowledg e bas e consistin g 

of  a  se t  o f  declarativ e rules ,  eac h correspondin g t o 
a rul e i n th e granrunar .  Th e syste m ha s a  workin g 
memory ( W M )  i n whic h intermediat e processin g re -
sult s ar e stored .  Th e conten t  o f  th e W M i s change d 
by th e syste m throug h th e applicatio n o f  th e rule s 
i n it s knowledg e base .  A  rul e ca n b e applie d whe n 
it s right-han d sid e matche s th e curren t  conten t  o f 
th e W M (o r  a m appropriat e par t  o f  it). ^  Fo r  exam -
ple ,  i f  th e conten t  o f  th e W M consist s o f  th e tw o 

words ,  say ,  theoe t  an d dog w th e syste m woul d b e 
abl e t o appl y a  rul e suc h a s N P —*•  De t  N  changin g 
th e conten t  o f  W M to ,  say ,  [ff p thecfe t  dogTv] -

Withi n thi s framework ,  th e gramma r  o f  a  partic -
ula r  linguisti c theor y correspond s t o th e system' s 
knowledg e base .  Th e syste m ca n therefor e b e sai d 
t o hav e a n infinit e Unguisti c competenc e i n virtu e 
of  it s  independen t  knowledg e base ,  wherea s it s per -

^  Althoug h i t  i s  assume d her e tha t  w e ar e dealin g 
wit h a  bottom-u p parser ,  n o significan t  change s woul d 
have t o b e mad e wer e w e t o pars e top-dow n instead . 
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formanc e throug h processin g i s constraine d b y W M 
limitations .  Thi s i s i n direc t  correspondenc e wit h 
th e stron g C/PD ,  sinc e th e gramma r  i s completel y 
separate d fro m processing .  Model s adherin g t o th e 
weak C/P D woul d similarl y hav e a n independent , 
declarativ e knowledg e bas e correspondin g o f  th e 
grammar ,  bu t  i n additio n the y woul d als o hav e a n 
extr a knowledg e bas e consistin g o f  wha t  w e migh t 
coi n linguisti c meta-knowUdge .  Thi s knowledg e 
consist s o f  variou s performanc e motivate d pars -
in g heuristic s tha t  provid e context-dependen t  con -
straint s o n th e applicatio n o f  grammatica l  rules — 
suc h as ,  fo r  example ,  th e 'minima l  attachmen t  prin -
ciple '  {Fiazie T k  Fodor ,  1978) .  Thus ,  th e perfor -
mance o f  th e mode l  i s constraine d no t  onl y b y 
limitation s o n W M bu t  als o b y linguisti c meta -
knowledge . 

Fro m th e productio n syste m analog y i t  ca n b e 
seen tha t  proponent s o f  bot h th e stron g an d th e 
weak C/P D stipulat e grammar s tha t  ar e function -
all y independen t  fro m processing .  A s a  conse -
quence ,  empirica l  evidenc e tha t  appear s t o falsif y a 
particula r  gramma r  ca n alway s b e rejecte d a s a  re -
sul t  o f  processin g constraints—eithe r  construe d a s 
limitation s o n W M (stron g C/PD )  o r  a s a  combi -
natio n o f  W M limitation s an d fals e linguisti c meta ^ 
knowledg e (wea k C/PD) .  I n short ,  a s lon g a s th e 
C/PD—weak o r  strong—i s upheld ,  potentiall y  fal -
sifyin g evidenc e ca n alway s b e explaine d awa y b y 
referrin g t o performanc e errors .  Thi s i s method -
ologicall y unsoun d insofa r  ai s linguist s wan t  t o clad m 
tha t  thei r  gremimar s hav e representationa l  reality . 
By evokin g th e distinctio n betwee n grammatica l 
competenc e an d observabl e N L behaviour ,  thu s dis -
allowin g negativ e empirica l  testing ,  the y canno t 
hope t o find  othe r  tha n speculativ e suppor t  fo r 
thei r  theories .  I n othe r  words ,  i f  linguisti c theor y i s 
t o warran t  representationa l  claims ,  the n th e C/P D 
wil l  hav e t o b e abandoned. * 

I n contrast ,  a  connectionis t  perspectiv e o n N L 
promise s t o esche w th e C/PD ,  sinc e i t  i s no t  pos -
sibl e t o isolat e a  network' s representation s from  it s 
processing .  Th e relatio n betwee n th e "grammar" , 
whic h ha s bee n acquire d throug h training ,  an d th e 
processin g i s a s direc t  a s i t  ca n b e (va n Gelder , 
1990b) .  Instea d o f  bein g a  se t  o f  passiv e represen -
tation s o f  decleu'ativ e rule s waitin g t o b e manipu -
late d b y a  centra l  executive ,  a  connectionis t  gram -
mar  i s distribute d ove r  th e network' s memor y a s 
an abilit y  t o proces s languag e (Por t  ii .  va n Gelder , 
1991) .  I n thi s connection ,  i t  i s importan t  t o notic e 
tha t  althoug h network s ar e generall y "tailored "  t o 
fi t  th e linguisti c data ,  thi s doe s no t  simpl y impl y 

*By this I do not mean that the present lingubtic 
theorie s ar e withou t  explanator y value .  O n th e con -
trary ,  I  a m perfectl y happ y t o accep t  tha t  thes e theorie s 
migh t  warran t  certai n indirec t  claim s wit h respec t  t o 
th e languag e mechanism ,  insofa r  a s the y provid e mean s 
fo r  describin g empirica l  N L behaviour . 

tha t  a  network' s failur e t o fi t  th e dat a i s paase d ont o 
th e proceasin g niechaniB m alone .  Rather ,  whe n yo u 
twea k a  networ k t o fi t  a  particula r  se t  o f  linguisti c 
data ,  yo u ar e no t  onl y changin g ho w i t  wil l  pro -
ctB B th e data ,  bu t  als o wha t  i t  wil l  b e abl e t o /esrn . 
That  is ,  an y architectura l  modification s wil l  lea d 
t o a  chang e i n th e overal l  constraint s o n a  net -
work ,  forcin g i t  t o adap t  differentl y t o th e contin -
gencie s inheren t  i n th e dat a and ,  consequently ,  t o 
th e acquisitio n o f  a  differen t  grammar .  Thus ,  sinc e 
th e representatio n o f  th e gramma r  i s a n insepara ^ 
bl e an d activ e par t  o f  a  network' s processing ,  i t  i s 
impossibl e t o separat e a  connectionis t  model' s com -
petenc e fro m it s performance . 

However ,  thi s leave s ope n th e questio n o f  wha t 
kin d o f  performanc e dat a shoul d b e accepted .  Fo r 
th e purpos e o f  empirica l  test s o f  N L mechanism s w e 
need t o distinguis h betwee n 'real '  performanc e dat a 
as exhibite d i n norma l  N L behaviou r  an d exaunple s 
of  abnorma l  o r  'pathological '  performanc e suc h a s 
'slips-of-the-tongue' ,  blendin g errors ,  etc .  I t  migh t 
be objecte d tha t  b y proposin g suc h a  distinctio n 
I  a m lettin g th e C /P D i n b y th e bac k door .  Yet , 
thi s  i s no t  th e case ,  sinc e w e ca n plausibl y assum e 
tha t  th e lemguag e processo r  i s a n informationall y 
encapsulated ,  modula r  syste m an d tha t  patholog -
ica l  performanc e i s du e t o factor s outsid e th e lan -
guag e module . 

I n thi s way ,  wha t  count s a s vaU d dat a i s no t 
dependen t  o n a n abstract ,  idealize d notio n o f  lin -
guisti c competenc e bu t  o n observabl e N L behaviou r 
unde r  statisticaJl y 'normal '  circumstances .  Conse -
quently ,  w e shoul d b e abl e t o filte r  ou t  th e patho -
logica l  performanc e dat a from a  languag e corpor a 
simpl y b y usin g 'weak '  statistica l  methods .  Fo r  ex -
ample ,  Finc h k .  Chate r  (1992 )  applie d simpl e bi -
gra m statistic s t o th e analysi s o f  a  nois y corpu s 
consistin g o f  40,000,00 0 Englis h word s an d wer e 
abl e t o fin d phrasa l  categorie s define d ove r  similarl y 
derive d £ipproximat e syntacti c categories .  I t  seem s 
ver y likel y tha t  suc h a  metho d coul d b e extende d t o 
a clausa l  leve l  i n orde r  t o filte r  ou t  pathologica l  per -
formanc e data .  Thus ,  havin g suggeste d wha t  qual -
ifie s a s empirica d evidenc e wit h respec t  t o model s 
of  N L behaviour ,  I  wil l  discus s belo w whethe r  suc h 
dat a warran t  a  recursiv e processin g mechanism . 

Recursion and Natural Language 

Behaviou r 

The histor y o f  th e relationshi p betwee n gramma r 
cmd languag e mechanis m date s bac k t o Chomsky' s 
(1957 )  demonstratio n tha t  languag e can ,  i n princi -
ple ,  b e characterize d b y a  se t  o f  generativ e rules. ^ 
I n addition ,  h e argue d tha t  N L caoino t  b e accounte d 
fo r  b y a  finit e stat e automaton ,  becaus e th e latte r 
can onl y produc e regula r  languages .  Thi s clas s o f 

'Fo r  a  detaile d historica l  overview ,  se e Pickerin g L . 
Chate r  (1992) . 
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languages—althoug h abl e t o captur e left -  an d ngh U 
embedded recursiv e structures—canno t  represen t 
centre-embedde d expressions. '  Fo r  linguisti c  the -
orie s adherin g t o th e C / P D (wea k o r  strong) ,  suc h 
a restrictio n o n th e powe r  o f  th e finite-stat e gram -
mar s prevent s the m fro m bein g accepte d a s char -
acterization s o f  th e idealize d Unguisti c competence . 
On thi s view ,  N L mus t  b e a t  leas t  context-free ,  i f 
not  weakl y context-sensitiv e (cf .  Horrocks ,  1987) . 
However ,  havin g eschewe d th e C / P D ,  th e questio n 
i s ho w muc h processin g powe r  i s neede d i n orde r  t o 
accoun t  fo r  observabl e N L behaviour .  D o w e nee d 
t o postulat e a  N L mechanis m wit h th e ful l  compu -
tationa l  powe r  o f  a  recursiv e context-fre e grammar ? 

Befor e answerin g thi s question ,  i t  i s  wort h hav -
in g a  loo k a t  som e exaonple s o f  differen t  kind s o f 
recursiv e N L expressions .  Sinc e th e crucia l  dis -
tinctio n betwee n regula r  an d othe r  riche r  language s 
i s tha t  th e forme r  canno t  produc e expression s in -
volvin g unbounde d centre-embedding ,  w e wil l  loo k 
at  suc h sentence s first .  A s th e followin g thre e ex -
ample s show ,  th e difficult y o f  processin g a  centre -
embedded sentenc e increase s wit h th e dept h o f  em -
bedding : 

(1 )  Th e bo y th e gir l  sa w fell . 
(2 )  Th e bo y th e gir l  th e ca t  bi t  sa w fell . 
(3 )  Th e bo y th e gir l  th e ca t  th e do g chase d bi t 

sa w fell . 

Th e difficult y o f  understandin g suc h centre -
embedded sentence s ha s bee n th e subjec t  o f  muc h 
debat e (e.g. ,  Frazie r  i c  Fodor ,  1978 ;  Kimball ,  1973 ; 
Pulman ,  1986 ;  Reich ,  1969 ;  Wanner ,  1980) .  Pro -
ponent s o f  th e C / P D hav e explaine d th e difficult y 
i n term s o f  performanc e limitations .  Fo r  exam -
ple ,  i n orde r  t o accoun t  fo r  th e problem s o f  parsin g 
recursivel y centre-embedde d sentences ,  bot h Kim -
ball' s  (1973 )  parse r  an d Frazier' s &  Fodor' s (1978 ) 
'Sausag e Machine '  parse r  appl y a  performance -
justifie d notio n o f  a  viewin g 'window '  (o r  look -
ahead) .  T h e window ,  whic h signifie s memor y span , 
has a  lengt h o f  abou t  si x word s an d i s shifte d 
continuousl y throug h a  sentence .  Problem s wit h 
centre-embedde d sentence s ar e du e t o th e parse r 
not  bein g abl e t o attac h synt2w;ti c structur e t o th e 
sentence s becaus e th e ver b belongin g t o th e first 
NP i s outsid e th e scop e o f  th e window .  However , 
thi s solutio n i s problemati c i n itsel f  (cf .  Wanner , 
1980 )  sinc e tripl y centre-embedde d sentence s wit h 
onl y si x word s d o exis t  an d ar e jus t  a s difficul t  t o 
understan d a s longe r  sentence s o f  simila r  kind ;  e.g. , 

(4 )  Boy s girl s cat s bit e se e fall . 

^I  wil l  adop t  th e standar d notio n o f  thes e thre e kind s 
of  embedde d recursion .  I n cas e X  i s a  non-termina l 
symbol ,  an d a  an d 0  as e string s o f  termina l  an d non -
termina l  symbols ,  w e hav e left-embeddin g whe n X  = > 
X 0 (i.e. ,  ther e i s a  derivatio n fro m X  t o X0) ,  a  centre -
embeddin g whe n X  = ^  a X 0 ,  an d a  right-embeddin g 
when X  ̂  aX . 

A plausibl e wa y ou t  o f  thi s proble m du e t o Re -
ic h (1969 )  i s t o argu e tha t  centre-embedde d sen -
tences ,  suc h a s (l)-(4) ,  ar e ungrammatical .  Pul -
m an (1986 )  ha s oppose d thi s mov e b y contendin g 
tha t  wit h increase d computationa l  resource s (e.g. , 
pe n an d paper )  o r  practice ,  performanc e o n centre -
embedded sentence s generall y increases ,  wherea s 
thi s i s no t  th e cas e fo r  ungrammatica l  strings .  How -
ever ,  whe n w e abando n th e C / P D ,  th e distinc -
tio n betwee n 'grammatical '  an d 'ungrammiitical ' 
becomes les s important ,  sinc e w e see k t o accoun t 
fo r  performanc e dat a a s exhibite d b y typica l  N L be -
haviour ,  rathe r  tha n abstrac t  grammatica l  compe -
tence .  Thus ,  th e difficult y encountere d whe n pars -
in g centre-embedde d sentence s suggest s tha t  N L 
model s nee d t o displa y th e sam e problem s whe n 
confronte d wit h thi s kin d o f  recursiv e expressions . 
Still ,  thi s solutio n leave s left -  an d right-recursio n 
t o b e deal t  with .  Tha t  thes e structure s canno t  b e 
easil y dismissed ,  bu t  see m t o b e relativel y ubiqui -
tou s i n N L ,  ca n b e see n from  th e followin g example s 
involvin g suc h phenomen a a s multipl e prenomina l 
genetive s (5) ,  right-embedde d relativ e clause s (6) , 
multipl e embe d ding s o f  sententia l  complement s (7) , 
and P P modification s o f  N P s (8) : 

(5) [[[[Bob's] uncle's] mother's] cat]... 
(6 )  [Thi s i s [th e ca t  tha t  at e [th e mous e tha t  bi t 

[th e do g tha t  barked]]]] . 
(7 )  [Bo b though t  [tha t  h e hear d [tha t  Car l  sai d 

[tha t  Ir a wa s sick]]]] . 
(8 )  .. .  th e hous e [o n [[th e hil l  [wit h th e trees]][a t 

[th e lak e [wit h th e ducks]]]]] . 

Furthermore, prima facie there seems to be no im-
mediat e limit s t o th e lengt h o f  suc h sentences . 

Eve n thoug h (5)-(8 )  ar e describabl e i n term s o f 
left -  o r  right-recursion ,  i t  ha s bee n argued—wit h 
suppor t  from ,  e.g. ,  intonationa l  evidenc e (Reich , 
1969)—tha t  thes e expression s ar e no t  recursiv e bu t 
iterativ e (Ejerhe d 1982 ;  Pulman ,  1986) .  I n cas e 
thes e structure s ar e iterative ,  rathe r  tha n recur -
sive ,  the n i t  i s  possibl e t o accoun t  fo r  N L solel y 
i n term s o f  a  finite  stat e automato n (FSA) .  Stron g 
suppor t  fo r  thi s clad m come s fro m Ejerhe d (1982 ) 
w ho demonstrate d tha t  i t  i s  possibl e fo r  a  FSA , 
comprisin g a  non-recursiv e context-fre e grammar , 
t o captur e th e empirica l  dat a from  Swedis h (pro -
vide d tha t  unbounde d dependencie s ar e deal t  wit h 
semamtically) .  Thi s demonstratio n i s significan t  be -
caus e Swedis h i s normall y assume d t o requir e th e 
power  o f  context-sensitiv e language s (e.g. ,  cf .  H<w-
rocks ,  1987) .  Thus ,  w e hav e stron g reason s fo r 
believin g tha t  a  non-recursiv e F S A provide s suf -
ficient  computationa l  powe r  t o accoun t  fo r  N L per -
formanc e withou t  needin g t o postulat e a  function -
all y independen t  infinit e competence .  A s w e shal l 
see below ,  certju n kind s o f  connectionis t  models , 
tha t  is ,  simpl e recurren t  networks ,  hav e th e abilit y 
t o n.imi c FSA s i n a  psychologicall y interestin g way . 
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A Connec t ion i s t  A c c o u n t  o f 

**Recur8ive "  N a t u r a l  L a n g u a g e 

B e h a v i o u r 

We have found that it is not necessary to invoke the 
C / P D i n orde r  t o accoun t  fo r  N L processing .  More -
over ,  w e hav e see n tha t  a  non-recursiv e F S A ha s 
sufficien t  computationa l  powe r  t o functio n a s a  N L 
processin g mechanism .  So ,  th e remainin g questio n 
i s whethe r  a  connectionis t  mode l  ca n mobiliz e suc h 
power—or  whethe r  w e hav e t o giv e i n t o Fodor' s & 
Pylyshyn' s (1988 )  negativ e claim s concernin g con -
nectionis t  N L processing .  I n th e res t  o f  thi s paper , 
I  provid e argument s t o th e effec t  tha t  a  particula r 
kin d o f  connectionis t  model—th e simpl e recurren t 
networ k (SRN )  (Elman ,  1990 ,  1991)—promise s t o 
hav e sufficien t  powe r  t o captur e N L behaviour . 

An S R N i s a  connectionis t  feed-forwar d networ k 
tha t  ha s a n extr a se t  o f  hidden ,  so-calle d 'context ' 
unit s (Elman ,  1990 ,  1991) .  A t  tim e t ,  th e hidde n 
uni t  activatio n i s copie d ove r  int o th e contex t  units . 
Vi a recurren t  links ,  th e activatio n ove r  th e contex t 
unit s i s fe d bac k (a s par t  o f  th e input )  t o th e hid -
den unit s a t  tim e t  +  1 .  I n thi s way ,  th e presenc e 
of  recurren t  links ,  togethe r  wit h th e contex t  units , 
allow s pas t  activatio n t o influenc e th e curren t  out -
put ,  thu s enablin g th e networ k t o encod e tempora l 
sequences .  Th e latte r  i s  typicall y encode d i n term s 
of  a  predictio n tas k i n whic h th e S R N i s traine d t o 
predic t  th e nex t  ite m i n a  sequenc e (e.g. ,  th e nex t 
wor d i n a  sentence) . 

Simulatio n result s obtaine d b y Servan-Schreiber , 
Cleereman s k  McClellan d (1991 )  sho w tha t  a n 
S RN i s abl e t o mimi c a n F S A i n a  quit e uniqu e 
way.  Instea d o f  encodin g th e discret e finite  repre -
sentation s correspondin g t o psirticula r  inputs ,  a s i n 
a traditiona l  F S A ,  th e networ k encode s a n associ -
atio n betwee n a  give n inpu t  an d th e appropriat e 
predictio n o f  th e nex t  outpu t  state .  Thi s dlow s 
th e networ k t o captur e long-distanc e dependencie s 
by shadin g it s interna l  representations ;  tha t  is ,  b y 
pickin g u p subtl e statistica l  contingencies .  I n othe r 
words ,  th e networ k learn s t o respon d t o temporall y 
distan t  informatio n b y encodin g contextuall y  rel -
evan t  cue s i n a  condense d for m i n th e recurren t 
links .  I n addition ,  S R N s appea r  t o hav e functiona l 
compositionalii y  (va n Gelder ,  1990a )  insofa r  a s the y 
ar e abl e t o proces s functionall y compoun d repre -
sentation s i n a  wa y tha t  i s sensitiv e t o thei r  con -
stituen t  structure .  Thes e result s demonstrat e tha t 
S R Ns hav e sufficien t  powe r  t o develo p representa -
tion s tha t  posses s th e ric h interna l  structur e tha t 
i s necessar y fo r  th e explanatio n o f  systemati c N L 
behaviour . 

I n a  particularl y interestin g simulation ,  Ehna n 
(1991 )  demonstrate d tha t  a  S R N ,  thoug h inher -
entl y sensitiv e t o context ,  ca n lear n th e abstrac t 
and genera l  granunatica l  structur e impUci t  i n a  lan -
guag e corpus .  Th e networ k wa s traine d o n fou r 

differen t  corpora ,  eac h o f  whic h ha d a n increas -
in g numbe r  o f  relativ e clauses ,  an d whic h togethe r 
totalle d 10,00 0 sentence s wit h a  lengt h betwee n 2 
an d 1 6 words .  Th e distribute d representation s de -
velope d b y th e networ k throug h trainin g wer e an -
alyze d i n term s o f  th e trajectorie s throug h stat e 
spac e ove r  time .  Mor e specifically ,  th e trajectorie s 
correspon d t o th e interna l  representation s evoke d 
at  th e hidde n uni t  layer ,  a s th e networ k processe d 
a give n sentenc e (Elman ,  1991) .  Elman' s analysi s 
showe d tha t  th e networ k wa s abl e t o captur e agree -
ment  betwee n subjec t  noun s an d verbs .  Th e net -
wor k als o develope d ver b argumen t  structure ;  tha t 
is ,  th e networ k leau'ne d t o behav e i n a n appropriat e 
manner  accordin g t o whethe r  i t  encountere d intran -
sitive ,  transitive ,  o r  optionall y trauisitiv e verbs . 

Fro m th e viewpoin t  o f  th e presen t  paper ,  th e 
most  interestin g resul t  o f  thi s simulatio n wa s tha t 
th e networ k develope d a  differentiate d capacit y 
wit h respec t  t o th e processin g o f  comple x sentence s 
wit h recursiv e structure .  Fo r  example ,  th e networ k 
was abl e t o proces s th e followin g centre-embedde d 
sentenc e involvin g long-distanc e agreemen t  depen -
dencies : 

(9) Boys who girls who dogs chase see hear. 

Trajectory-analysis of similar sentences evinced 
tha t  successiv e embedde d clause s ar e represente d 
i n th e sam e wa y a s th e firs t  embedde d clause , 
but  slightl y displsû e d i n stat e space .  Thi s sys -
temati c displacemen t  o f  recursiv e clause s i n stat e 
spac e enable d th e networ k t o kee p trac k o f  th e 
dept h o f  recursion ,  whil e a t  th e sam e tim e acknowl -
edgin g structura l  similaritie s betwee n th e recur -
siv e clauses .  However ,  th e network' s performanc e 
on recursiv e sentence s wa s limited .  A n interest -
in g fac t  abou t  th e network' s degreulin g recursiv e 
performanc e wa s tha t  sentence s involvin g centre -
embedded recursio n wer e mor e badl y affecte d tha n 
sentence s involvin g right-embedding .  Thi s i s conso -
nan t  wit h ou r  earlie r  psychoUnguisti c observation s 
regardin g th e parsin g o f  recursiv e structures . 

Pace Fodo r  i c Pylyshy n (1988) ,  connectionis t 
model s ar e suitabl e fo r  th e modellin g o f  N L process -
ing .  Indeed ,  a s w e hav e seen ,  th e S R N i s particu -
larl y interestin g from a  psycholinguisti c perspectiv e 
i n tha t  i t  appear s t o exhibi t  th e sam e behaviou r  a s 
humans whe n confronte d wit h complex ,  recursiv e 
sentence s (Elman ,  1991)—withou t  revertin g t o ex -
plicitl y  programme d limitation s o n memory .  T h e 
simulation s conducte d b y Servan-Schreiber ,  Cleere -
mans i c McClellan d (1991 )  hav e show n tha t  a n 
S RN i s abl e t o mimi c a  grzule d F S A — b u t ,  mor e 
importantly ,  th e S R N /earn s h o w t o behav e a s i f 
i t  wa s a n F S A wit h a  limite d stack ,  enablin g i t  t o 
deal  wit h centre-embedde d sentence s wit h a  limite d 
dept h o f  nesting .  I n contrast ,  performanc e orien -
tate d symboli c approache s t o N L processin g (typ -
icall y aJs o base d o n FSAs )  nee d t o buil d i n suc h 
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limitation s explicUly ;  fo r  example ,  a s limitation s o n 
th e numbe r  o f  iteration s i n a  regula r  gramma r  (Re -
ich ,  1969) ,  o r  a s a  procedur e tha t  clear s a  stack -
lik e memor y structur e whe n a  certai n threshol d i s 
met  (Pulman ,  1986) .  Hence ,  connectionist s model s 
provid e a n appealin g non-symboli c accoun t  o f  re -
cursio n i n linguisti c descriptions ,  whil e respectin g 
actua l  psycholinguisti c constraint s o n huma n N L 
processing .  Crucially ,  performanc e aspect s d o no t 
hav e t o b e programme d expUcitl y  outsid e a  con -
nectionis t  model—they ,  s o t o speaJc ,  "fall "  ou t  i n 
a natura l  wa y a s a  side-effec t  o f  th e processin g o f 
recursiv e sentences . 

Conclusion 

I n thi s paper ,  I  hav e argue d tha t  recursio n i n N L i s 
best  construe d a s a  descriptiv e phenomenon ,  rathe r 
tha n a  basi c processin g mechanism .  I n addition , 
I  hav e questione d th e psychologica l  plausibilit y  o f 
th e C/P D an d hav e advocate d th e incorporatio n 
of  psychologica l  constraint s int o th e N L processin g 
mechanism .  I t  i s  possibl e fo r  a  connectionis t  mode l 
t o accoun t  fo r  recursio n i n N L insofa r  a s th e no -
tio n o f  infinit e competenc e i s droppe d an d replace d 
wit h a  psychologicall y constraine d processin g abil -
ity .  However ,  suc h a  mode l  mus t  b e abl e t o explai n 
empirica l  dat a fro m N L behaviou r  a s a n interactio n 
betwee n processin g abilitie s an d limitation s inher -
ent  i n th e mode l  itself .  Recursio n i n N L i s there -
for e onl y a  proble m insofa r  a s linguisti c theorie s ar e 
viewe d a s havin g explanator y adequacy ,  an d inso -
fci r  a s th e notio n o f  a n infinit e competenc e i s main -
tained .  Wor k withi n th e connectionis t  paradig m in -
dicate s tha t  descriptiv e recursio n ca n b e accounte d 
fo r  i n a  wa y whic h follow s empirica l  constraint s 
on N L behaviour .  However ,  i t  i s  to o earl y t o sa y 
whethe r  connectionis m i n th e lon g ru n wil l  b e abl e 
t o accoun t  fo r  th e ful l  complexit y o f  huma n N L be -
haviour .  However ,  a t  leas t  presently ,  connectionis m 
provide s a  promisin g framewor k fo r  non-symboh c 
NL research . 
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