
UC Merced
Proceedings of the Annual Meeting of the Cognitive Science 
Society

Title
Boundary Effects in the Linguistic Representations of Simple Recurrent Networks

Permalink
https://escholarship.org/uc/item/7v47v7mq

Journal
Proceedings of the Annual Meeting of the Cognitive Science Society, 15(0)

Author
Reilly, Ronan

Publication Date
1993
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/7v47v7mq
https://escholarship.org
http://www.cdlib.org/


B o u n d a r y effect s i n th e linguisti c representation s o f  simpl e recurren t 

network s 

Ronan Reill y 

Departmen t  o f  Compute r  Scienc e 
Universit y Colleg e Dubli n 
Belfield ,  Dubli n 4 ,  Irelan d 

r r e i l l y f i c cvax .ucd . i e 

Abs t rac t 

Thi s pape r  describe s a  numbe r  o f  simulation s whic h 

sho w tha t  SR N representation s exhibi t  interaction s 

betwee n memor y an d sentenc e an d claus e 

boundarie s reminiscen t  o f  effect s describe d i n th e 

earl y psycholinguisti c literatur e (Jarvella ,  1971 ; 

Caplan ,  1972) .  Moreover ,  thes e effect s ca n b e 

accounte d fo r  b y th e intrinsi c propertie s o f  sr n 

representation s withou t  th e nee d t o invok e externa l 

m e m o ry mechanisms ,  a s ha s conventionall y bee n 

done . 

In t roduct io n 

Several well attested phenomena in 

psycholinguistic s relat e t o th e interactio n o f  short -

ter m m e m o r y an d sentenc e an d claus e boundaries . 

Thes e result s com e fro m som e o f  th e earlies t 

researc h i n m o d e m psycholinguistics .  Fo r  example , 

JarveU a (1971 )  presente d listener s wit h shor t  storie s 

whic h wer e interrupte d a t  variou s points .  Th e 

listener' s tas k wa s t o recal l  verbati m a s muc h a s 

possibl e o f  th e precedin g material .  Th e result s 

showe d tha t  recal l  wa s bes t  fo r  word s i n th e claus e 

immediatel y precedin g th e interruption ,  an d tha t  i t 

droppe d of f  maiicedl y fo r  word s prio r  t o th e claus e 

boundary .  I n a  relate d study ,  Capla n (1972 )  looke d 

at  th e tim e take n fo r  subject s t o judg e whethe r  o r 

not  a  prob e wor d ha d bee n presen t  i n a  two-claus e 

sentenc e whic h the y ha d jus t  heard .  I f  th e prob e 

wor d ha d occurre d prio r  t o th e claus e boundary , 

reactio n time s wer e slowe d significantly . 

The conventiona l  explanatio n fo r  thes e effect s i s 

tha t  "th e completio n o f  a  claus e i s th e conditio n 

unde r  whic h lexica l  materia l  i s  transferre d fro m th e 

most  accessibl e memor y syste m t o on e tha t  i s  les s 

accessibl e "  (Fodor ,  Bever ,  &  Garrett ,  1974 ,  p .  344) . 

A simila r  explanatio n ha s bee n articulate d mor e 

recentl y b y G a m h a m (1985) ,  w h o propose d tha t 

informatio n i s  "transferre d int o a  mor e permanen t 

memory stor e a t  claus e boundaries ,  an d detaile d 
representatio n o f  surfac e for m i s  erase d fro m 

immediat e memory "  ( G a m h a m ,  1985 ,  p .  204) .  Th e 

goal  o f  th e stud y describe d her e i s t o discove r  i f 

thes e phenomen a ca n b e accounte d fo r  withi n a 

connectionis t  framework ,  an d withou t  invokin g a n 

externa l  memor y managemen t  system . 

S i m p l e R e c u r r e n t  N e t w o r k s 

Language is encountered in speech as a temporal 

sequenc e o f  phonemes .  Th e consequenc e o f  thi s fo r 

connectionis t  model s i s  tha t  th e inpu t  mus t  b e 

integrate d ove r  time .  Th e mai n techniqu e use d unti l 

quit e recentl y wa s t o transfor m th e tempora l 

dimensio n int o a  spatia l  one .  Thus ,  th e inpu t  t o a 

networ k consiste d o f  a  se t  o f  unit s wher e eac h o f  th e 

unit s (o r  grou p o f  units )  represente d th e inpu t  a t  a 

differen t  poin t  i n time .  Adoptin g thi s approac h 

force s th e modele r  t o se t  a n arbitrar y limi t  o n th e 

tempora l  memor y o f  th e system ,  (se e Fanty ,  198 5 

fo r  a n exampl e o f  th e applicatio n o f  thi s approac h t o 

natura l  languag e processing) . 

Outpu t 

1 I  ,  cop y 

Hidde n l " " " " " ^ " ! 

Wordi Context 

Figur e 1 :  A  simpl e recuirent  networ k 

A mor e appealin g solutio n i s t o us e a  recurren t 

network .  Recurrenc e i n a  connectionis t  networ k i s 

implemente d b y takin g th e stat e o f  som e par t  o f  th e 

networ k a t  time  t  an d usin g i t  a s inpu t  (i n additio n t o 
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th e externa l  input )  a t  tim e f- f  1 .  A  recurren t  networ k 

variant ,  th e simpl e recurren t  networ k (srn) ,  wa s firs t 

applie d t o natura l  languag e processin g b y Elma n 

(1990) .  Th e structur e o f  a  typica l  sr n i s give n i n 

Figur e 1 .  I t  i s a  standar d feedforwar d network ,  wit h 

an additiona l  se t  o f  "context "  units .  Thes e unit s 

stor e a  cop y o f  th e activation s o f  th e hidde n unit s 

fro m th e previou s tim e ste p whic h ar e the n use d a s 

inpu t  a t  th e curren t  tim e step .  Th e weight s fro m th e 

contex t  unit s ar e modifiabl e lik e an y othe r  weight s 

i n th e network .  Th e contex t  unit s serv e a s a  for m o f 

memory i n whic h aspect s o f  precedin g inpu t  ite m 

ar e represente d wit h decreasin g precision . 

Elma n (1991 )  explore d th e abilit y  o f  simpl e 

recurren t  networic s t o carr y informatio n ove r  a  lon g 

sequenc e o f  inputs .  Th e inpu t  t o Elman' s sr n wer e 

word s i n sentence-lik e sequences ,  an d th e tas k o f  th e 

networ k wa s t o outpu t  wor d n+ l  give n wor d n  a s 

inpu t  Tak e th e followin g sentenc e fro m Elman' s 

corpus :  D o g w h o ca t  chase s see s girl .  Ther e i s a 

dependenc y betwee n th e numbe r  o f  th e nou n D o g 

and th e numbe r  o f  th e ver b sees .  I f  a  listene r  wer e 

presente d wit h thi s sentenc e an d asked ,  fo r  example , 

t o judg e whethe r  o r  no t  i t  wa s grammatical ,  the n 

s/h e woul d hav e t o carr y informatio n abou t  th e 

number  o f  th e nou n an d us e i t  i n assessin g whethe r 

th e ver b numbe r  wa s correct .  Thi s woul d hav e t o b e 
don e irrespectiv e o f  th e numbe r  o f  intervenin g 

words .  I n reality ,  th e greate r  th e numbe r  o f 

intervenin g words ,  th e mor e difficult y peopl e hav e 
i n performin g thi s task .  W h a t  Elma n demonstrate d 

was tha t  give n th e tas k o f  anticipatin g th e nex t  wor d 

i n a  sentence ,  a  simpl e recurren t  networ k wa s abl e t o 

utilis e information ,  suc h a s number ,  encountere d 

severa l  time-step s previously .  However ,  jus t  a s wit h 

people ,  th e networ k di d no t  demonstrat e perfec t 

performance ,  rathe r  th e performanc e degrade d a s th e 

number  o f  intervenin g word s increased . 

N o w,  th e tas k Elma n se t  hi s networ k wa s b y n o 

means a s demandin g a s havin g t o perfor m a  ful l 

parse ,  bu t  i t  di d entai l  operation s tha t  ar e though t  t o 
occu r  i n parsing .  Th e mai n face t  o f  languag e 

processin g capture d b y hi s networ k i s th e impac t  o f 
expectancie s a t  a  give n poin t  i n a  sentence .  Suc h 

expectancie s ar e know n t o b e a n importan t  par t  o f 
natura l  languag e understandin g (Marslen-Wilso n & 

Tyler ,  1980) . 

Representa t io n i n S R N s 

The internal representations developed in the hidden 

unit s o f  th e networ k mediat e th e sensitivit y o f  SRNs 

t o th e structura l  propertie s o f  sentence-lik e 

sequences .  Thes e representation s ar e quit e differen t 

fro m conventiona l  form s o f  representatio n use d i n 

natura l  languag e processing .  The y ar e vector s o f 

activatio n values ,  typicall y o f  hig h dimension , 

whic h var y a s a  functio n o f  time .  Consequently ,  th e 

processin g o f  a n inpu t  sequenc e ca n b e though t  o f  a s 

th e traversa l  o f  a  trajector y throug h a  sequenc e o f 

state s i n thi s representationa l  stat e space . 

Elma n (1990 ,  1991 )  an d other s (Servan -

Schreiber ,  Cleeremans ,  &  McClelland ,  1991 )  hav e 

explore d th e capacit y o f  thes e representation s 

primaril y from a  linguisti c poin t  o f  view .  T o a  larg e 

exten t  thi s woi t  ha s bee n i n respons e t o th e agend a 

set  b y Fodo r  an d Pylyshyn' s (1988 )  critiqu e o f 

connectionism ,  i n whic h the y claimed ,  amon g othe r 

things ,  tha t  connectionis t  representation s wer e 

inadequat e fo r  representin g th e compositionalit y o f 

language . 

Apar t  from  thei r  representationa l  adequacy ,  a n 

equall y interestin g questio n i s th e psychologica l 

adequac y o f  sr n representations .  D o an y interestin g 

psychologica l  consequence s aris e from  viewin g 
menta l  representatio n a s fixed-widt h vector s o f 

activatio n values ,  an d from  viewin g languag e 

processin g a s th e followin g o f  a  trajector y throug h a 

high-dimensiona l  state-space ? A s a n initia l  ste p i n 

answerin g thi s questio n i t  i s  importan t  t o sho w tha t 

sr n languag e representation s demonstrate  certai n 

well-know n psychologica l  propertie s o f  languag e 
representations ,  suc h a s th e boundar y effect s 

describe d above . 

G e n e r a t i n g S r n Represen ta t i on s 

The fu-st stage of this study involved the 

developmen t  o f  representation s tha t  coul d b e use d i n 

a subsequen t  stud y o f  boundar y effects .  T o thi s end , 

a replicatio n o f  th e learnin g experimen t  describe d i n 
Elma n (1991 )  wa s carrie d out . 

Th e architectur e o f  th e networ k use d i s show n 
i n Figur e 2 .  I t  consist s o f  2 4 inpu t  unit s an d 2 4 
outpu t  unit s i n whic h word s ar e represente d i n a 

localis t  manner .  Th e tw o layer s o f  1 0 unit s ar e 

designe d t o creat e a  bottlenec k a t  th e inpu t  an d 

outpu t  t o encourag e th e creatio n o f  distribute d wor d 

representation s an d als o t o hel p reduc e th e overal l 

connectivit y o f  th e network .  Th e contex t  unit s serv e 

as th e tempora l  memor y o f  th e system .  Th e singl e 

line s represen t  ful l  connectivity ,  an d th e doubl e lin e 
represent s one-to-on e connectivit y (th e weigh t  i n 
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thi s cas e i s  1.0) .  Note ,  also ,  tha t  th e cop y link s ar e 

not  modifiable . 

Word n+/(24 ) 

1 

Hidden 3 (10 ) 

1 

Hidden 2 (70 ) 

^ 

Hidden l  (10 ) 

t 
Word n  (24 ) 

Figur e 2 :  Th e SR ^ 

\ 

copy 

\ 

i  us e 

\ t 
Contex t  (70 ) 

dbyElman(1991 ) 

Tabl e 1 :  Ehnan' s (1991 )  gramma r  use d fo r 

generatin g th e S R N trainin g corpu s 

s 
NP 
VP 

RC 

N 

Prop N 

V 

- » 
- ^ 

- > 
- » 

- > 

- ^ 

- ^ 

NPVP" . " 

PROPN 1  N  1  N  R C 

V(NP) 

w ho N P V P 1  w h o V P (NP ) 

boy 1  gir l  1  ca t  1  do g 1  boy s 1  girl s 1 

cat s 1  dog s 

Joh n 1  Mar y 

chas e 1  fee d 1  se e 1  hea r  1  wal k 1  liv e 1 

chase s 1  feed s 1  see s 1  hear s 1  walk s 1 

live s 

Th e networ k i n Figur e 2  wa s traine d usin g a 

corpu s o f  sentence s o f  varyin g complexit y generate d 

from  th e gramma r  give n i n Tabl e 1 ,  identica l  t o tha t 
use d b y Elma n (1991) .  Durin g generation ,  numbe r 

agreemen t  betwee n noun s an d verb s withi n a  claus e 

was maintained ,  an d betwee n hea d noun s an d verb s 

i n relativ e clauses ,  wher e relevant .  Not e tha t  th e 

localis t  wor d representatio n di d no t  preserv e 

morphologica l  similarity . 

Th e tas k o f  th e networ k wa s t o anticipat e th e 

nex t  wor d i n a  sequenc e give n th e curren t  word . 

Obviously ,  a t  an y poin t  i n a  sentence ,  th e nex t  wor d 

i s no t  alway s completel y predictable .  Therefore ,  th e 

performanc e o f  th e networi c wa s judge d o n whethe r 

i t  coul d anticipat e th e righ t  clas s o f  th e nex t  word . 

Trainin g too k plac e i n fou r  distinc t  phase s usin g a 

slightl y modified  versio n o f  th e back-propagatio n 

learnin g algorith m (Rumelhart ,  Hinton ,  &  Williams , 

1986) ,  i n whic h th e cross-entrop y rathe r  tha n th e 

standar d sum-of-square s erro r  functio n wa s use d (cf . 

Hinton ,  1989) .  Durin g th e first  phas e th e networ k 

was traine d o n fiv e epoch s o f  a  corpu s o f  10,00 0 

simpl e sv o an d s v sentences .  I n th e secon d phase , 

2 5 % o f  th e corpu s comprise d comple x sentence s 

(i.e. ,  containe d on e o r  mor e relativ e clauses) . 

Durin g th e thir d an d fourt h phase ,  th e percentage s o f 

comple x sentence s ros e t o 5 0 % an d 7 5 % , 

respectively .  A  schedul e o f  varyin g learnin g rate s 

was als o used :  0.09 ,  0.08 ,  0.06 ,  an d 0.0 4 fo r  eac h 

successiv e phase .  A s i s usua l  wit h srns ,  a 

momen tu m ter m o f  0. 0 wa s used . 

I n Ebnan' s (1991 )  study ,  th e contex t  unit s wer e 

rese t  a t  th e en d o f  eac h sentence .  Thi s resulte d i n 

los s o f  informatio n acros s sentenc e boundaries . 

Since ,  boundarie s (bot h clausa l  an d sentential )  ar e o f 

interes t  here ,  a  rese t  wa s no t  used .  A s a 

consequence ,  th e networ k learne d th e predictio n tas k 

somewhat  les s wel l  tha n whe n a  rese t  wa s use d 

( 8 2 % accurat e prediction '  a s compare d t o 7 6 % wit h 

a reset) . 

T h e S imu la t io n E x p e r i m e n t s 

The assumption underlying the following series of 

simulatio n experiment s i s tha t  a t  an y poin t  durin g 

di e inpu t  o f  a  sentenc e t o th e srn ,  th e patter n o f 

activatio n o n th e hidde n unit s i s a  representatio n o f 

th e sentenc e structur e u p t o tha t  poin t  I t  contain s 

informatio n abou t  th e precedin g word s i n th e 

sentenc e an d thei r  organisatio n whic h should ,  i n 

principle ,  b e accessible .  I f  th e representatio n ha s 

characteristic s tha t  ar e simila r  t o menta l 

representations ,  the n th e accessibilit y  o f  lexica l 

informatio n shoul d b e affecte d b y th e positio n o f 

claus e an d sentenc e boundaries . 

Exper imen t  1 :  Sentenc e b o u n d a r y effect s 

The purpose of Experiment 1 was to verify the 

existenc e o f  a  sentenc e boundar y effec t  i n a 

simulate d recal l  experimen t  A  networ k wa s traine d 

t o generat e a  yes/n o respons e whe n give n a  sentenc e 

representatio n (i.e. ,  a  hidde n uni t  vecto r  fro m di e 

SRN)  an d a  prob e wor d a s inpu t  Thi s typ e o f 

networ k wil l  b e referre d t o a s a  recal l  network ,  t o 

distinguis h i t  fro m th e SR N (se e Figur e 3) .  I f  th e 

prob e wor d wa s presen t  i n th e sentenc e u p t o th e 

A n outpu t  vecto r  wa s considere d accurat e i f  eac h elemen t  wa s 
withi n 0. 1 o f  it s  correspondin g elemen t  i n a  vecto r  base d o n 
transitio n probabilitie s derive d fro m th e corpus . 
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poin t  a t  whic h th e hidde n uni t  vecto r  wa s extracte d 

(th e interruptio n point) ,  th e networ k wa s traine d t o 

outpu t  a  "yes "  response ,  otherwis e a  "no "  response . 

To represen t  th e prob e word ,  th e 1 0 uni t  disuibute d 

representatio n take n fix)m  th e first  hidde n laye r  o f 

th e SR N wa s used .  A  learnin g rat e o f  0.0 1 an d a 

momentu m o f  0. 9 wer e use d i n th e trainin g o f  al l 

recal l  networks . 

1 

F 

/ 

yes/n o (2 ) 

k 

hidde n (50 ) 

/ 

wor d (10 ) 

igure3 :  Exper t 

> 

men 

\ 

\ 

sentenc e (70 ) 

11 recal l  netwo r k 

The trainin g corpu s fo r  Experimen t  1  wa s 

selecte d i n th e followin g way :  A  subse t  wa s 

selecte d o f  th e 10,00 0 sentenc e sr n trainin g corpu s 

comprisin g sentence s o f  lengt h fou r  (includin g th e 

ful l  stop) .  Thi s subse t  consiste d o f  1,26 4 sentence s 

and the y wer e mad e int o 63 2 sentenc e pairs .  Thes e 

pair s wer e the n use d a s inpu t  t o th e traine d sr n 

network .  Fo r  hal f  o f  th e pair s th e hidde n uni t 

activation s wer e save d afte r  th e inpu t  o f  th e first 

wor d o f  th e secon d sentence .  Fo r  th e remainin g 

half ,  hidde n uni t  activation s wer e save d followin g 

th e inpu t  o f  th e thir d wor d i n th e secon d sentence . 

The tas k o f  th e recal l  networ k wa s t o decid e whethe r 
or  no t  a  give n prob e wor d ha d bee n encountere d i n 

th e precedin g inpu t  sequence .  Fo r  thos e case s i n 

whic h th e targe t  ha d indee d bee n presen t  (two-third s 

of  th e cases) ,  th e distanc e betwee n th e interruptio n 

poin t  an d th e targe t  wa s tw o words .  Th e sentenc e 

boundar y intervene d fo r  hal f  o f  thes e case s an d a 

wor d intervene d fo r  th e remainder .  This ,  therefore , 

was th e simples t  tes t  fo r  boundar y effects . 

The networ k wa s traine d fo r  3 0 replication s o f 

10 epoch s each .  A  replicatio n involve d resettin g th e 

weight s t o smal l  rando m value s an d randoml y 

selectin g a  ne w se t  o f  target s an d distracter s fro m 
632 sentenc e pairs .  Thus ,  bot h "subjects "  an d 

material s wer e treate d a s rando m factors .  Th e 

result s o f  thi s simulatio n demonstrated ,  a s 

hypothesised ,  tha t  th e spee d an d accurac y o f 

respons e wer e impede d b y th e presenc e o f  a 

sentenc e boundary .  A  "yes "  respons e wa s deeme d t o 

hav e bee n mad e i f  th e activatio n o f  th e "yes "  uni t 

exceede d 0.5 .  A  simila r  leve l  o f  activatio n o n th e 

"no "  uni t  wa s take n t o indicat e a  "no "  response . 

Mean square d erro r  (mse )  wa s use d a s a n analogu e 

of  respons e tim e (Seidenber g &  McClelland ,  1989) . 

Tabl e 2  summarise s th e result s o f  th e simulatio n 

average d ove r  th e 3 0 replications .  Th e differenc e 

betwee n th e boundary/no-boundar y condition s wa s 

significan t  fo r  bot h th e accurac y (r=7.12 ;  df=19 ; 

/kO.001 )  an d MSEdat a (/=-2.28 ;  4^29 ;  /7=0.03) . 

Table 2: Results from the recall network of 

Experimen t  1  avo^age d ove r  3 0 replications . 

Proportio n 

correc t 

M e an square d 

erro r 

No Boundar y 

Boundar y 

0.9 4 

0.6 9 

0.07 2 

0.08 7 

Exper imen t  2 :  Claus e B o u n d a r y Effect s a n d 

M e m o r y fo r  Relevan t  Informatio n 

The purpose of Experiment 2 was to determine if 

th e effect s foun d fo r  sentenc e boundarie s als o hel d 

fo r  claus e boundaries .  A n additiona l  goa l  o f  thi s 

experimen t  wa s t o explor e wha t  kin d o f  informatio n 

survive s boundar y transitions ,  an d wha t  informatio n 

doe s not . 

The trainin g corpu s fo r  th e recal l  networ k use d 

i n thi s experimen t  wa s derive d i n a  simila r  wa y t o 

th e previou s one :  A  se t  o f  12 8 sentence s wa s 

constructed ,  whic h wa s inpu t  t o th e srn ,  an d a  se t  o f 

hidde n uni t  vector s wer e save d a t  a  numbe r  o f 

interruptio n points .  Th e inpu t  t o th e sr n comprise d 

three-wor d sentenc e fragments ,  eac h fragmen t 
havin g on e o f  tw o forms :  N  w h o N  an d N  v  N .  Wher e 

N coul d b e boy(s) ,  girl(s) ,  dog(s) ,  o r  cat(s) ,  an d v 

coul d b e see(s) ,  hear(s) ,  chase(s) ,  o r  feed(s) .  Th e 

first  nou n i n eac h fragmen t  wa s th e target ,  an d th e 

secon d noun ,  th e interruptio n poin t  Not e tha t  th e 

end o f  a  who-fragmen t  i s  stil l  withi n a  clause ,  bu t 

tha t  th e en d o f  a  verb-fragmen t  i s a t  th e en d o f  a 

clause .  I f  claus e boundarie s behav e i n a  simila r  wa y 

t o sentenc e boundaries ,  th e targe t  shoul d b e les s 

accessibl e i n th e verb-fi^gment s tha n i n th e who -

fragments . 
The tas k o f  th e recal l  networ k i n thi s 

experimen t  wa s varie d slightl y fro m th e previou s 

one s i n orde r  t o ensur e tha t  th e boundar y 

phenomeno n wa s no t  a n artefac t  o f  th e particula r 

typ e o f  recal l  networ k used .  Rathe r  tha n indicat e 

whethe r  o r  no t  a  targe t  wor d ha d occurre d i n th e 

fragment ,  th e recognitio n networ k wa s traine d t o 
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carr y ou t  tw o task s simultaneously :  (1 )  t o outpu t  th e 

number  o f  th e targe t  wor d (i.e. ,  singula r  o r  plural) , 

and (2 )  t o indicat e whethe r  th e targe t  wa s huma n o r 

animal .  I f  th e sr n i s t o perfor m it s tas k 

successfully ,  i t  mus t  b e sensitiv e t o ver b an d nou n 

number .  Consequently ,  numbe r  i s th e typ e 

informatio n tha t  shoul d persis t  ove r  a  severa l  inpu t 

elements .  Th e human/non-huma n distinction ,  o n th e 

othe r  hand ,  i s on e whic h i s o f  n o relevanc e t o th e 

SRN,  an d i s les s likel y t o b e encode d i n th e sentenc e 

representation . 

sing/plura l  (1 )  | 

N 

-
humanAion-huma n (1 ) 

/ 

hidde n (30 ) 

t 

1 sentenc e 

Figur e 4 :  Experim e 

(70 )  1 

nt  2  recal l  networ k 

Th e recal l  networ k fo r  thi s experimen t  wa s 

traine d fo r  3 0 replication s o f  2 5 epoch s each .  Th e 

result s indicate d tha t  numbe r  informatio n wa s 

retained ,  bu t  t o a  lesse r  degre e fo r  th e verb -

fragment s tha n fo r  who-fragments .  Thi s differenc e 

was statisticall y significan t  fo r  bot h th e accurac y 

(t=l9.23 ;  df=29 \  /xO.OOl )  an d MSE dat a (/=-25.41 ; 

df=29 ;  /xO.OOl) .  However ,  th e networ k behave d a t 

chanc e leve l  i n th e retentio n o f  th e human/non -

human distinctio n fo r  bot h type s o f  fragment  (Kl.O) . 

Detail s o f  th e analysi s o f  th e numbe r  dat a ar e give n 

i n Tabl e 3 . 

Table 3: Recall of number information in 

Experimen t  2  average d ove r  3 0 replications . 

Proportio n Mea n square d 

correc t  oro r 

Withi n claus e 1.0 0 0.07 8 

End o f  claus e 0.6 1 0.22 8 

E x p e r i m e n t  3 :  Replicatio n o f  Caplan' s stud y 

The purpose of Experiment 3 was to extend the 

result s o f  th e previou s experiment s b y carryin g ou t  a 

mor e detaile d replicatio n o f  Caplan' s (1972 ) 

findings .  Th e architectur e o f  th e recal l  networ k wa s 

simila r  t o Experimen t  1 ,  bu t  th e trainin g corpu s wa s 

mor e extensive . 

The trainin g corpu s wa s devise d b y selectin g a 

subse t  o f  th e 10,00 0 sentence s use d i n th e fourt h 

phas e o f  th e sr n trainin g describe d above .  O n thi s 

occasion ,  th e subse t  consiste d o f  th e 71 6 sentence s 

tha t  wer e exactl y nin e token s lon g (includin g th e ful l 

stop) .  Thes e sentence s wer e the n mad e int o 35 8 

pairs .  A  wor d locatio n wa s selecte d a t  rando m i n 

th e middl e o f  th e pai r  (i.e. ,  nea r  th e en d o f  th e first 

sentenc e an d nea r  th e beginnin g o f  th e second) . 

Thi s wa s use d a s th e interruptio n poin t  (IP) .  Fo r 

6 6 % o f  th e pair s a  wor d wa s the n chosen ,  agai n a t 

random ,  fro m withi n fou r  word s t o th e lef t  o f  th e IP . 

For  th e remainder ,  a  wor d wa s chose n tha t  wa s no t 

presen t  i n thi s fou r  wor d range .  Becaus e th e I P an d 

th e targe t  wor d wer e chose n a t  random ,  fo r  som e 

proportio n o f  case s th e targe t  wor d wa s i n th e first 

sentenc e o f  th e pair ,  an d fo r  other s i t  wa s i n th e 

secon d sentence .  Thi s corpu s wa s the n use d a s inpu t 

t o th e SR N networ k i n Figur e 2 ,  an d fo r  eac h I P th e 

vecto r  o f  hidde n uni t  activation s wa s saved .  This , 

alon g wit h th e 10-uni t  wor d representatio n vector , 

was use d a s inpu t  t o th e recal l  network . 

The recal l  networ k wa s traine d 3 0 time s fo r  30 0 

epoch s each ,  usin g th e modifie d versio n o f  th e back -

propagatio n learnin g algorith m discusse d i n 

Experimen t  1 .  Fo r  eac h replicatio n a  differen t  se t  o f 

target s an d interruptio n point s wa s chose n s o tha t 

agai n ther e wa s randomisatio n ove r  material s a s wel l 

as "subjects" .  Thi s yielde d a  datase t  tha t  coul d b e 

compare d wit h dat a fro m th e first  experimen t  i n 

Caplan' s study .  Caplan' s dat a wer e reactio n time s 

fo r  targe t  word s a s a  functio n o f  th e presenc e o f  a 

claus e boundar y an d distanc e i n syllable s betwee n 

th e boundar y an d en d o f  sentence .  A  simila r  se t  o f 

dat a wer e derive d fro m th e simulation ,  agai n usin g 

MSE a s a  reactio n tim e analogue ,  an d wit h th e 

interruptio n poin t  bein g treate d a s th e en d o f 

sentence .  Bot h set s o f  dat a ar e graphe d i n Figur e 5 . 

As i n Caplan' s study ,  th e boundar y conditio n wa s 

significant ,  wit h reactio n time  an d accurac y 

significantl y impede d b y th e presenc e o f  a  boundar y 

(F(l,29)=31.29 ,  p<0.001 ,  fo r  MSE,  an d 

F(1.29)=65.28 ,  /kO.001 ,  fo r  th e accurac y data) . 

Ther e was ,  howevCT ,  a  significan t  interactio n 

betwee n th e presenc e o f  th e boundar y an d th e 

distanc e o f  th e boundar y fro m th e I P (F(1,29) = 11.76 , 

p=0.002 ,  fo r  MSE.  an d F(1.29)=5.74 ,  p=0.23 ,  fo r 

accuracy) .  Thi s typ e o f  interactio n wa s no t  foun d i n 

Caplan' s data .  Note ,  however ,  tha t  th e apparen t 

tren d i n th e opposit e directio n i n hi s dat a wa s no t 

statisticall y significant . 
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Figur e 5 :  Compariso n o f  Caplan' s 
Experimen t  1  dat a an d simulatio n 

anulatic n 

boundary 

440 k 
no boundar y 

y " \ 

10.0 6 
k),Q 5 

4-0.0 4 g 
0.0 3 s a 
0.0 2 

[-0.0 1 0 

SyDabfc s Word s 
Boundar y distaiK C 

Discuss io n 

The results described above agree with the overall 

finding s o f  Capla n (1972 )  an d Jarvell a (1971) :  bot h 

accurac y an d spee d o f  recal l  i s  impede d b y th e 

presenc e o f  sentenc e an d claus e boundaries .  Thi s 

suggest s tha t  th e type s o f  distribute d representatio n 

generate d b y SRNs hav e som e psychologica l 

plausibility .  Th e significan t  interactio n betwee n 

boundar y distanc e an d boundar y presenc e i n 

Experimen t  3  m a y b e du e t o srn s havin g a  mor e 
limite d capacit y m e m o r y tha n people . 

Thes e result s ar e significan t  becaus e the y aris e 

as a  side-effec t  o f  th e sentenc e representation ,  an d 
not  from  a n interactio n betwee n th e representatio n 

and som e externa l  m e m o r y mechanism ,  a s i s th e 

conventiona l  explanation .  I t  coul d b e argue d tha t 

SRN representation s ar e create d i n a  psychologicall y 

implausibl e manne r  (i.e. ,  b y backprop) ,  an d 

consequentl y th e wor k reporte d her e i s o f  limite d 
relevance .  Bu t  th e manne r  i n whic h th e 

representation s ar e create d nee d no t  invalidat e th e 

simulatio n results ,  sinc e thes e aris e fro m th e 

disuibute d an d dynami c natur e o f  th e 

representations ,  an d ar e no t  dependen t  o n h o w th e 
representation s ar e created . 

The findings  als o sugges t  a  ne w wa y o f  thinkin g 

abou t  representatio n i n languag e processing . 

Informatio n i n a  sentenc e i s preserve d o n a  "need-to -

kno w basis" :  onl y informatio n tha t  i s necessar y i s 

maintained .  Thi s propert y coul d provid e a  natura l 

way o f  cî turin g som e o f  th e strategi c effect s i n 

languag e processin g tha t  hav e complicate d th e 

interpretatio n o f  m a n y psycholinguisti c experiment s 
i n th e sentenc e an d discours e are a (se e G a m h a m, 

1989 ,  fo r  a n excellen t  analysi s o f  thi s problem) . 
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