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A Simpl e Recur ren t  N e t w o r k M o d e l  o f  Bilingua l  M e m o r y 

Robert M. French (rfrench@ulg.ac.be) 
Departmen t  o f  Psychology , 

Universit y o f  Lidge ,  400 0 Li6ge ,  Belgiu m 

Abstrac t 

This paper draws on previous research that strongly suggests 
tha t  bilingua l  memor y i s  organize d a s a  singl e distribute d 
lexico n rathe r  tha n a s tw o separatel y accessibl e lexicon s 
correspondin g t o eac h language .  Interactive-activatio n 
model s provid e a n effectiv e mean s o f  modelin g man y o f  th e 
cross-languag e primin g and  interferenc e effect s tha t  hav e 
been observed .  However ,  on e difficult y wit h thes e model s i s 
tha t  the y d o no t  provid e a  plausibl e wa y o f  actuall y acquirin g 
suc h a n organization .  Thi s pape r  show s tha t  a  simpl e 
recurren t  connectionis t  networ k (SRN )  (Ehnan ,  1990 )  migh t 
provid e a n insigh t  int o thi s problem .  A n S R N i s firs t  traine d 
on tw o micro-language s an d th e hidden-uni t  representation s 
correspondin g t o thos e language s ar e studied .  A  cluste r 
analysi s o f  thes e highl y distributed ,  overlappin g 
representation s show s tha t  the y accuratel y reflec t  th e overal l 
separatio n o f  th e tw o languages ,  a s wel l  a s th e wor d 
categorie s i n eac h language .  I n addition ,  rando m an d 
extensiv e lesionin g o f  th e S R N hidde n laye r  i s  shown ,  i n 
general ,  t o hav e littl e effec t  o n thi s organization .  Thi s i s i n 
genera l  agreemen t  wit h th e observatio n tha t  mos t  bilingual s 
who suffe r  brai n damag e d o no t  los e thei r  abilit y t o 
distinguis h thei r  tw o languages .  O n th e othe r  hand ,  a n 
exampl e i s give n wher e th e remova l  o f  a  singl e nod e doe s 
radicall y disrupt s thi s interna l  representationa l  organization , 
simila r  t o rar e clinica l  case s o f  bilingua l  languag e mixin g an d 
biUngua l  aphasi a followin g bra m trauma .  Th e issu e o f 
scaling-u p i s als o discusse d briefly . 

Introduction 

O ne o f  th e centra l  question s i n th e field  o f  bilingua l  m e m o r y 
involve s th e lexica l  organizatio n o f  bilinguals '  tw o 
language s withi n th e brain .  Ar e thes e language s organize d 

i n a  highl y independent ,  selectivel y accesse d manne r  o r 

rathe r  i n a  highl y overlapping ,  distribute d maimer ,  m u c h 

lik e monolingua l  m e m o r y wit h twic e a s m a n y words ? h i 

short ,  ar e ther e tw o lexicon s o r  one ? 

Researc h throughou t  th e pas t  decad e ha s lef t  httl e doub t 

that ,  a t  leas t  fimctionally,  ther e i s a  grea t  dea l  o f  interactio n 

betwee n th e tw o lexicons .  Numerou s experiment s hav e 

consistentl y shov m evidenc e o f  inter-languag e primin g an d 

interference ,  eve n w h e n bilingua l  participant s ar e carefull y 

put  int o strictl y monolmgua l  contexts .  Eve n a  partia l  lis t  o f 
th e wor k o n cross-lingua l  primin g an d interferenc e i s 

extensiv e an d woul d include :  Koler s (1966) ,  Meye r  & 

Ruddy (1974) ;  Schwanenfluge l  &  Re y (1986) ;  Beauvillai n 

& Grainge r  (1987) ,  Grainge r  &  Beauvillai n (1988) ;  Che n & 

Leun g (1989) ,  D e Groo t  &  N a s (1991) ,  Beauvilla m (1992) , 

Keatl y &  d e Gelde r  (1992) ,  Grainge r  &  O'Rega n (1992) , 

Keatley ,  Spinks ,  &  D e Gelde r  (1994) ,  Frenc h &  Ohnesorge , 

(1996 ,  1997) ,  Fo x (1996) ,  an d s o on .  Further ,  interlingua l 

Stroo p test s hav e als o show n clea r  evidenc e o f  considerabl e 

cross-languag e interferenc e (Dyer ,  1971 ;  Presto n & 

Lambert ,  1969 ;  MSgiste ,  1984) . 

I n thi s paper ,  therefore ,  I  wil l  tak e fo r  grante d tha t  thes e 

inter-languag e primin g an d interferenc e effect s ar e rea l  an d 

tha t  som e for m o f  interactive-activatio n mode l  (McClellan d 

& Rumelhart ,  1981 )  ca n provid e a  reasonabl e explanatio n 

fo r  them .  However ,  interactive-activatio n model s o f 

m e m o ry ar e localis t  connectionis t  network s that ,  i n general , 

ar e no t  designe d t o learn .  Thi s i s th e case ,  i n particular ,  fo r 

Grainger' s (1993 )  Bilingua l  Interactiv e Activatio n mode l 

Thi s pape r  explore s th e questio n o f  wha t  typ e o f  distribute d 

cormectionis t  architecture ,  capabl e o f  learning ,  migh t  b e 

abl e t o produc e som e o f  th e effect s whos e explanatio n 
currentl y require s a n interactive-activatio n framework .  I 

wil l  sugges t  tha t  a  simpl e recurren t  cormectionis t  networ k 

( S R N)  — frequentl y referre d t o a s a n Ehna n networ k 

(Ehnan ,  1990 )  — i s a n appropriat e non-localis t 
connectionis t  framewor k i n whic h t o stud y bilingua l 
memory.  Thi s S R N networ k exhibits : 

•  progressiv e developmen t  o f  hidden-uni t  representation s 

tha t  cluste r  accordin g t o graimnatica l  form s (subject , 

verb ,  object )  an d languages ,  eve n thoug h ther e ar e n o 

explici t  marker s o n inpu t  distinguishin g th e language s 
or  thei r  grammatica l  forms ; 

•  inter-lingua l  interferenc e effects ; 

•  considerabl e resistanc e t o lesioning ; 
•  significan t  disruptio n o f  interna l  organizatio n tha t  ca n 

be produced ,  o n rar e occasions ,  b y lesionin g a  ver y 
smal l  numbe r  o f  nodes . 

Relate d wor k ha s bee n don e b y Cleereman s (1993 )  i n hi s 

connectionis t  simulation s o f  imphci t  learnin g o f  Rebe r 

grammar s (Reber ,  1967) .  I n addition ,  tha e i s currentl y a t 

leas t  on e othe r  non-localis t  connectionis t  mode l  o f  bilingua l 

memory.  Thi s i s a  mode l  develope d b y T h o m a s &  Plunket t 

(1995 )  an d T h o m a s (1997) .  However ,  th e latte r  mode l  i s 

not  recurren t  an d therefor e caraio t  b e use d t o stud y th e 
sequentia l  acquisitio n o f  language .  K a w a m o t o (1993 ) 

propose d a  recurren t  cormectionis t  networ k t o stud y wor d 
disambiguation .  Thi s mode l  coul d almos t  certainl y als o b e 

adapte d t o th e cas e o f  bilingua l  memory . 

Simulation Environment 

The tw o micro-language s tha t  wer e use d wer e calle d Alph a 

and Beta .  Eac h languag e consiste d o f  1 2 items :  subjec t 

nouns ,  verb s an d objec t  nouns .  Thes e wer e broke n dow n a s 

follows : 
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Alph a 
Subjec t  Nouns :  B O Y ,  GIRL ,  M A N ,  W O M AN 

Veri)s :  LIFTS ,  T O U C H E S,  SEES ,  P U S H ES 

Objec t  Nouns :  T O Y ,  B A L L ,  B O O K,  P E N 

Beta 

Subjec t  Nouns :  G A R g O N,  FELLE ,  H O M M E,  F E M ME 

Verbs ;  S O U L E V E,  T O U C H E,  VOIT ,  P O U S SE 

Objec t  Nouns :  JOUET ,  B A L L O N ,  L IVRE ,  S T Y L O 

It is important to remember that the words "BOY". 

"FILLE" ,  "VOIT' ,  "PUSHES" ,  etc .  carr y n o semanti c 

information .  Fo r  th e purpose s o f  thi s simulation ,  I  coul d 

jus t  a s easil y hav e chose n singl e letters ,  o r  an y othe r 
arbitrar y symbols .  Th e reaso n I  chos e thes e particula r 

word s wa s s o tha t  they ,  an d th e sentence s produce d b y 

them ,  woul d b e immediatel y identifiabl e a s belongin g t o on e 

languag e o r  another .  Thus ,  w e kno w B O Y T O U C H ES 

B O OK i s fro m Alpha ,  wherea s FILL E S O U L E VE S T Y L O 
i s fro m Beta . 

Sentence s i n eac h languag e hav e th e followin g simpl e 

S VO grammatica l  structure :  NOUNsubjec t  -  V E R B -

NOUNoBrecT A  "languag e generator "  ( a finite-state 
machine )  generate s sequence s o f  lega l  sentence s i n bot h 

language s (Figur e 1) .  I t  i s  designe d t o simulat e a n Alpha -

Bet a bilingua l  environment .  I t  ha s a  fixed  probabilit y o f 
0.00 1 o f  switchin g fi-om  on e languag e t o another .  Thi s 

probabilit y  doe s no t  chang e durin g th e cours e o f  a  singl e 
run .  I n othe r  words ,  i f  th e switchin g probabilit y  i s  0.00 1 a t 

th e beginnin g o f  th e run ,  i t  wil l  b e th e sam e 10,00 0 

sentence s later .  Languag e svkitchin g wa s onl y permitte d a t 
th e en d o f  a  sentence .  (Thi s constrain t  wa s relaxe d i n othe r 
experiment s an d th e cluster s o f  hidden-laye r  representation s 
fo r  bot h language s remaine d essentiall y th e sam e a s i n th e 

cas e wher e language-switchin g wa s onl y permitte d a t  th e 

end o f  sentences. ) 

BOY LIFT S TO Y M A N SEES PE N M A N TOUCHES 
BOOK GIR L PUSHES BAL L W O M AN TOUCHES TO Y 
BOY PUSHES BOOK F E M ME SOULEVE STYL O FILL E 
PREND STYL O GARgON TOUCHE LIVR E F E M ME 
POUSSE BALLO /  FILL E SOULEVE JOUEX W O M AN 
PUSHES PE N P O Y LIFT S BALI^-WOKl ^  TAKE S 
BOOK... 

No explicit markers between languages (or between 
individua l  sentences) . 

Figur e 1 .  A  typica l  Alpha-Bet a languag e strea m 

generate d b y th e languag e generator .  Thi s strea m o f 
inpu t  wil l  b e fe d t o th e SRN.  Notic e that ,  a s i n rea l 
(spoken )  language ,  ther e ar e n o explici t  marker s eithe r 

betwee n sentence s o r  betwee n languages . 

Methodology 

Each wor d i n th e sequenc e wa s presente d t o a  24-32-2 4 

Ehnan networ k wit h a  bia s node .  Th e learnin g rat e wa s se t 

at  0.1 ,  momentu m a t  0.9 ,  wit h a  sigmoi d squashin g functio n 

and usin g a  Fahlma n offse t  o f  0. 1 (Fahlman ,  1989) .  Inpu t  t o 

th e networ k consiste d o f  individua l  word s fro m a  lon g strin g 

of  sentence s (Figur e 1 )  generate d automaticall y b y a  finite-

stat e machin e Fo r  eac h wor d i n th e sequence ,  th e 

network' s tas k wa s t o predic t  th e followin g word .  Fo r 

example ,  i n th e sequenc e show n i n Figur e 1 ,  th e networ k 

woul d first  ge t  B O Y o n inpu t  an d tr y t o predic t  LIFT S o n 

output ,  the n LIFT S o n input ,  tryin g t o predic t  T O Y o n 

output ,  an d s o on . 

Unlik e standar d sequenc e learning ,  th e networ k neve r 

return s t o th e beginnin g o f  th e sequence .  A  singl e weigh t 

chang e i s mad e pe r  inpu t  wor d (i.e. ,  i t  learn s fo r  on e epoc h 

per  presentation) .  Th e networ k ha s n o hop e o f  actuall y 
memorizin g th e two-languag e sequenc e becaus e th e 

sequence ,  a s i n rea l  language ,  i s  non-deterministic .  Th e 

expedien t  o f  localis t  inpu t  codin g wa s use d fo r  th e twenty -

fou r  word s comprisin g th e combine d Alph a an d Bet a 

vocabularies .  Thi s codin g wa s don e a s follows : 

BOY =  1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 , 
G I R L =  0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 , 

MAN =  0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ,  et c 

The Emergence of Language-Specific Clusters 

o f  Interna l  Representat ion s 

I n thi s simulatio n w e allowe d trainin g t o continu e unti l 

300,00 0 item s (100,00 0 sentences )  ha d bee n seen .  A t 

variou s point s i n th e run ,  th e hidden-laye r  activatio n 

pattern s wer e collecte d fo r  eac h o f  th e 2 4 word s i n th e 

Alph a an d Bet a an d wer e subjecte d t o agglomerativ e 
hierarchica l  cluste r  analysi s usin g a  Euclidea n distanc e 
metri c an d Ward' s metho d t o determin e linkage . 

Figur e 2  show s th e SRN' s hidden-laye r  representation s 

of  Alph a an d Beta .  I t  ca n b e see n tha t  thes e representation s 
ar e highl y distribute d an d overlapping ,  bu t  the y ar e als o 
clustere d (Figur e 3) .  Afte r  exposur e t o 60,00 0 item s 

(Figur e 3) ,  stabl e cluster s hav e develope d tha t  correspon d 

not  onl y t o grammatica l  structure s (Subjec t  nouns .  Verbs , 

and Objec t  nouns) ,  bu t  als o t o eac h o f  th e tw o languages . 
Alph a word s li e i n a  distinc t  cluste r  fro m Bet a words .  I t  i s 

i n thi s sens e tha t  w e ca n tal k o f  languag e separation .  I n 

addition ,  thi s clusterin g ha s occurre d i n th e absenc e o f  an y 

explici t  languag e (o r  sentence )  "marking. " 

av«rag« tctlvaUon 

•  Alph a 
•  Bet a 

I J U U ^ 
n 9  U  I S »  21 7  12 1 ]  31 1 1 > 2 8  2 7 2  1 0 2 1 3  2 2 4  2 4 5  19 «  19 2 1 3 0 1  2 0 17 I I  » 

Hldd* n unit *  (arnnga d accordin g t o aetivatla n lavala ) 

Figure 2: The highly distributed overlapping 

representation s o f  A l p h a a n d Be t a a t  th e h idde n laye r 

afte r  exposur e t o 20 ,00 0 sentence s (60,00 0 items) . 
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W O M AN 
LIFT S 

GARCOM 
FILLE : 

^ 

BALLON 
STYLO 
LIVRE 

Figur e 3 .  Afte r  20 ,00 0 sentence s (60,00 0 i tems ) 

cluster s h a v e f o r m e d no t  onl y fo r  th e part s o f  speec h i n 

eac h language ,  bu t  als o fo r  eac h language .  Th e 

networ k ha s separate d th e tw o language s int o distinc t 

cluster s o f  hidden-uni t  representations . 

The Stability of the Language Clusters to 

D is rup t io n b y Les ion in g o f  t h e H i d d e n L a y e r 

I n general ,  brai n traum a i n bilingual s doe s no t  resul t  i n th e 

los s o f  on e languag e o r  eve n extensiv e language-mixing . 

Connectionis t  network s modelin g bilingua l  memor y 

organizatio n shoul d als o b e abl e t o displa y thi s abilit y o f 
resistanc e t o damage .  I n general ,  th e abiUt y t o functio n 

w he n damage d i s on e o f  th e mos t  significan t  advantage s o f 

distribute d connectionis t  systems .  I n th e cas e o f  th e presen t 

S RN model ,  onc e i t  ha d learne d Alph a an d Beta ,  i t  wa s ver y 
har d t o disrup t  th e organizatio n o f  th e cluster s i t  ha d 

developed .  Followin g learning ,  node s wer e remove d fro m 

th e hidden-laye r  an d a  cluste r  analysi s performe d o n th e 

activatio n pattern s o f  th e remainin g nodes .  I n som e cases , 

up t o 3 0 node s (ou t  o f  32 )  wer e remove d an d th e 

organizatio n o f  th e representationa l  cluster s remaine d 
essentiall y  unchanged . 

language s o r  becom e incapabl e o f  distinguishin g thei r  tw o 

language s (Alber t  &  Obler ,  1977 ;  Paradis ,  1977 ;  etc.) .  I n 

th e S R N mode l  presente d here ,  whil e thi s typ e o f  disruptio n 

i s rare ,  i t  ha s bee n observed .  Th e cas e presente d i n thi s 

pape r  (Figur e 4 )  wa s provoke d b y th e remova l  o f  a  singl e 
nod e (Nod e 22 )  fro m th e hidde n laye r  afte r  learning .  I f  w e 

refe r  t o Figur e 2 ,  w e notic e a  ver y larg e differenc e i n th e 

averag e activatio n o f  Nod e 2 2 fo r  word s i n Bet a compare d 

t o word s i n Alpha .  I t  turn s ou t  tha t  i f  thi s nod e (o r  an y 

combinatio n o f  node s includin g thi s crucia l  node )  i s 

removed ,  th e Alph a an d Bet a cluster s disintegrate .  Figur e 4 

shows th e powerfu l  effec t  o n th e languag e cluster s o f  th e 

remova l  o f  thi s node . 

Discussion 

I t  ca n b e see n i n Figur e 2  tha t  th e representation s fo r  bot h 

language s ar e highl y distribute d an d overlappin g bu t  wha t 

allow s th e networ k t o distinguis h Alph a fro m Bet a is , 
ultimately ,  difference s i n th e overal l  activatio n pattern s fo r 

eac h language .  I n thi s case ,  i t  turn s ou t  tha t  Nod e 2 2 

account s fo r  2 7 % o f  thi s difference ,  compare d t o a n averag e 

contributio n o f  th e othe r  node s o f  onl y abou t  3% .  I t  i s fo r 

thi s reaso n tha t  it s remova l  ha s suc h a  significan t  effec t  o n 

th e overal l  organizatio n o f  languag e clusters . 

0. 3 
0.2 5 
02 

0.1 5 
0 1 

0 05 -

AcllvHlo n dtflKMic i 
(Alph a •  Bata ) 

l l ,-,•,• , •  - •  - I  • ,-,•,-,-,», • u 
1 2  3  4 5 6 7 8 9101112131415161718192021222324252627282930313 2 

nod* 

Figure 5. The activation difference between Alpha and 

Bet a measure d a s th e differenc e i n th e overal l  activatio n 
of  al l  word s i n bot h languages . 

BOY 
QRL 
MAN 

WCMAN 
JOUET 

BALLON 
STYLQ 
LIVRE 

SOULEVE 
POUSSE 
PREMJ 

«>T 
LIFT S 
SEES: 

TAKES: 
pusec s 

TOY 
BALL 
PEN 

BOOK 
GAROON 

FILL E 

FEMME 
HOMME 

^ 

^ 

y 

Figur e 4 .  Th e separat e Alpha-Bet a languag e cluster s 

ar e completel y disrupte d followin g th e remova l  o f 

N o de 22 . 

On the other hand, in certain cases of brain traiuna, 

fortunatel y quit e rare ,  bilingual s ca n los e on e o f  thei r 

activatio n differenc e 
0. 6 

0.4 

0.2 

.0. 2 

-0. 4 

' I ' " " "  I I I  I 
T T 

J L a U U l 

12 3  4  5  8  7  8  9  1011121 3 1415161 7 18192021222324252627282930313 2 
node 

Figure 6. In general, the differences between the two 
set s o f  averag e representation s fo r  th e word s i n eac h 

languag e ar e distribute d ove r  m a n y nodes .  Eac h nod e 

onl y account s fo r  a  smal l  fractio n o f  th e tota l  differenc e 

an d it s  los s woul d therefor e b e m u c h les s significan t 

tha n th e los s o f  N o d e 2 2 i n Figur e 5 . 

In most cases, the pattern of differences is much more 

evenl y distribute d ove r  th e entir e hidden-layer .  Fo r 
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example ,  th e distributio n o f  diflference s show n i n Figur e 6 

(fro m anothe r  ru n o f  th e program) ,  i s  fa r  mor e typical .  I n 

th e latte r  cas e th e los s o f  a  singl e nod e i s no t  enoug h t o 

seriousl y disrup t  th e overal l  differenc e betwee n th e tw o set s 

of  representations . 

The Decrease of Homographic Priming 

Frenc h &  Ohnesorg e (1997 )  reporte d a  disappearanc e o f 

homographi c primin g fo r  bilingual s i n a  mixe d French -

EngUsh conditio n compare d t o a n All-Englis h condition . 

They looke d a t  a  serie s o f  interlexica l  homograph s —word s 
tha t  hav e distinc t  meaning s i n tw o separat e languages ;  fo r 

example ,  word s like ,  FI N (whic h mean s "end "  i n French) , 

"PAIN "  ( = "bread "  i n French ,  etc. )  — an d paire d the m wit h 

word s tha t  the y strongl y prime d i n English .  So ,  fo r 

example ,  th e homograp h FI N wa s paire d wit h th e targe t 
wor d SHARK,  sinc e i n a  word-nonwor d recognitio n tas k 

SHARK wil l  b e recognize d t o b e a  wor d muc h faste r  whe n 

it  ha s bee n immediatel y precede d b y FIN ;  w e sa y tha t  FI N 

prime s SHARK.  Th e homogr^ h PAI N wa s paire d wit h th e 

targe t  wor d HURT,  an d s o on .  Th e participants '  tas k wa s t o 

say whethe r  th e targe t  wor d wa s a  wor d i n English .  Th e 

T(ms) ) 
725. 

700. 

675-

650-

625-

bOÔ 

•  . 
•s»„^ ^ 

Unrelate d 
Englis h 

—•—All-Englis h 
-•-Mixe d 

• 

" - - ^ ^ 

^ " " ^ - ^ ^ ^ 

Prim e typ e 

Rel a 
Homo( 

ed 
jrap h 

Figur e 7 .  Th e substantia l  primin g effec t  o f  S H A R K b y 
FI N i n th e Al l  Englis h conditio n i s  significantl y 

reduce d i n th e Mixe d Condition . 

amount of priming of the target words was compared in two 

conditions :  a n All-Englis h conditio n an d a  Mixe d conditio n 

(wher e th e participant s sa w a  mixtur e o f  hal f  Englis h an d 
hal f  Frenc h items) .  I n th e All-EngUs h condition ,  ther e wa s 

significan t  primin g o f  th e se t  o f  targe t  word s b y th e 
interiexica l  homographs .  However ,  w h e n Frenc h word s 
wer e include d i n th e Mixe d conditio n (th e task ,  identifyin g 

th e ite m a s a  wor d i n English ,  remaine d th e same) ,  th e 

amount  o f  primin g wa s greatl y reduced .  Th e result s i n 
Figur e 7  (Frenc h &  Ohnesorge ,  1997 )  sho w a  primin g effec t 

of  6 2 m s i n th e All-Englis h conditio n bu t  ver y littl e effec t 

(1 2 ms )  i n th e Mixe d condition . 

"Spreading activation" in an SRN framework 

Overlappin g pattern s o f  activatio n a t  th e hidde n laye r  ca n 

giv e rise  t o th e perceptio n o f  activatio n "spreading " 

throughou t  a  languag e i n a n mteractivc-activatio n model . 

I n othe r  words ,  i f  th e hidden-uni t  representatio n fo r  B O Y i s 

activ e an d th e hidden-uni t  representatio n fo r  GIR L i s clos e 

by (i.e. ,  th e tw o representation s hav e highl y share d pattern s 
of  activation) ,  thi s mean s tha t  a  ver y smal l  chang e i n th e 

weight s o f  th e networ k ca n transfor m it s interna l 

representatio n o f  B O Y int o it s representatio n fo r  GIRL .  O n 

th e othe r  hand ,  th e transformatio n fro m B O Y to ,  say , 

SOULEVE,  wil l  b e considerabl y mor e difficul t  sinc e th e 

respectiv e representation s o f  B O Y an d S O U L E VE ar e 

considerabl y farthe r  apar t  tha n B O Y an d GIRL ,  thereb y 

requiring ,  o n average ,  greate r  weigh t  change s t o transfor m 

one int o th e other .  Cluster s o f  representation s are ,  b y 

definition ,  activatio n pattern s tha t  ar e clos e together .  I t  i s 

therefor e reasonabl e t o suppos e tha t  i f  th e hidden-laye r 

activatio n cluster s fo r  eac h languag e ar e clearl y separate d 
(a s i n Figur e 3) ,  activatio n wil l  "spread "  withi n a  languag e 

befor e i t  "spreads "  t o th e othe r  language , 

Simulating the Decrease of Homographic 

Primin g i n th e S R N M o d e l 

Based o n thi s notio n o f  spreadin g activation ,  w e wil l  sa y 
tha t  i n ou r  SR N model ,  th e amoun t  o f  "priming "  o f  a  targe t 

wor d b y a  prim e wor d wil l  b e determine d b y th e ho w fa r  th e 

outpu t  o f  th e networ k i s fro m th e targe t  wor d afte r  th e prim e 
wor d ha s bee n presente d t o i t  o n input .  So ,  fo r  example , 
when a  prim e wor d Wp i s presente d t o th e network ,  a n 
outpu t  vecto r  X p wil l  b e produced .  Thi s vecto r  wil l  b e a 
certai n Euclidea n distanc e d ,  fro m eac h word ,  W „  know n t o 

th e network .  Th e wor d W,  tha t  i s bes t  prime d b y Wp i s th e 

one fo r  whic h d ,  i s  th e smallest .  I n th e simulatio n describe d 
below ,  w e traine d th e networ k o n 10,00 0 sentence s an d the n 

ra n th e primin g tests . 
For  th e followin g simulation ,  w e first  create d a n Alpha -

Bet a interlexica l  homograp h simila r  t o th e French-Englis h 

homograph ,  FIN .  GAR(^O N an d B O Y wer e replace d b y a 

singl e made-u p wor d which ,  fo r  n o particula r  reason ,  I 
calle d TRAT .  (Kee p i n min d tha t  th e "words "  i n Alph a an d 

Bet a hav e n o semanti c content .  Thei r  resemblanc e t o 
Frenc h an d Englis h word s serve s onl y t o identif y th e 

languag e the y com e from .  Lexicall y speaking ,  T R A T coul d 

have com e fro m both. )  Recal l  tha t  th e French-Englis h 

homograp h FI N i s a  low-frequenc y wor d i n Enghs h tha t 
strongl y prime s SHARK,  an d a  high-frequenc y wor d i n 

French .  T R A T wa s designe d t o simulat e thi s typ e o f 
homograph .  Thi s wa s don e a s follows :  9 5 % o f  th e tim e 

tha t  T R A T appeare d i n a n Alph a sentence ,  i t  wa s followe d 
by LIFTS .  A s a  result ,  T R A T strongl y prime d LEFTS , 

accordin g t o th e defmitio n o f  primin g give n above .  O n th e 
othe r  hand ,  whe n th e progra m wa s bein g give n Bet a 

sentences ,  T R A T wa s mad e t o occu r  mor e frequentl y tha n 
othe r  Bet a subjec t  nouns :  Whe n a  Bet a subjec t  nou n wa s 
needed ,  T R A T wa s selecte d 4 0 % o f  th e tim e instea d o f  th e 

usua l  25% . 

The networ k wa s first  teste d i n a n "All-Alph a 
condition. "  Th e All-Alph a contex t  wa s create d b y givin g 
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th e networ k 1 0 A lph a words :  five  randoml y chose n pair s 

m a de u p o f  a n A lph a inpu t  w o r d an d a  lega l  A lph a 

successo r  t o tha t  word .  T h e M i x e d contex t  w a s create d b y 

givin g th e networ k 1 0 A lph a o r  Bet a word s consistin g o f  5 

randoml y chose n lega l  pair s o f  eithe r  A lph a o r  Bet a words . 
Learnin g remaine d on .  Dat a w a s gathere d ove r  10 0 

independen t  run s o f  th e program . 

Us in g th e definitio n o f  primin g give n above ,  i t  ca n b e 

see n tha t  i n th e S R N m o d e l  primin g o f  th e w o r d L I F T S b y 

T R A T i s  significantl y decrease d i n th e M i x e d conditio n 
(Figur e 8) .  T h e Y-axi s s h o w s th e E u c U d e a n distanc e 

betwee n th e network' s actua l  outpu t  an d th e targe t  word . 

29 J 

2 7 

ZS 

23 

2.1-

I.B. 

1.7 -

All-Alph a 
Mixe d 

Unrelate d 
Alph a 

Homograph 

Figur e 8 .  Primin g o f  L I F T S b y T R A T i s  significantl y 

reduce d i n th e M i x e d Condition .  T h e Y-axi s represent s 
th e E u c U d e a n distanc e betwee n th e outpu t  o f  th e 
networ k afte r  th e pr im e w o r d (eithe r  a n uiu-elate d A lph a 

w o r d o r  T R A T )  i s presente d an d th e w o r d L I F T S .  T h e 

X-axi s show s th e typ e o f  pr im e word .  C o m p a r e wit h 

Figur e 7 . 

Means for the English-Urwelated and Homograph-Related 
condition s wer e calculate d fo r  eac h ru n o f  th e progra m an d 

submitte d t o a  m ixe d A N O V A .  T h e interactio n o f 

Context(All-Alpha ,  M i x e d )  X  Prime-Relatedness(Alpha -

Unrelated ,  Homograph-Rela ted )  w a s significant ,  F(l,183) = 
4.4 ,  p<0.05 .  T h e primin g effec t  i n th e All-Alph a conditio n 

w as 0.85 ,  compare d t o 0.4 9 i n th e M i x e d condition . 
I n othe r  words ,  usin g a  canonica l  definitio n o f  primin g 

as a  measur e o f  th e proximit y o f  th e outpu t  o f  th e networ k 

t o th e target ,  th e S R N m o d e l  exhibit s a  los s o f  primin g 

comparabl e t o tha t  observe d i n rea l  bihnguals . 

Can the SRN Model Scale Up? 

Real  language s obviousl y contai n mor e tha n 1 2 word s an d 
hav e a  fa r  mor e comple x grammatica l  structur e tha n eithe r 

Alph a o r  Bet a Consequently ,  i t  i s  necessar y t o sa y a  fe w 

word s abou t  th e proble m o f  scalin g up . 
The presen t  mode l  ha s bee n teste d o n a s man y a s 153 6 

word s (25 6 word s pe r  category )  wit h th e sam e simpl e S V O 

grammar .  Fo r  th e simulation s involvin g 153 6 words ,  th e si x 

categorie s o f  word s wer e code d wit h 8  bit s pe r  wor d 

category ,  a s follows : 

A l p h a _ n o u n l = 0 0 0 0 0 0 0 0 0 0 0 , 
A l p h a _ n o u n 2 = 0 0 0 0 0 0 0 1 0 0 0 ; 
A l p h a _ n o u n 3 = QOOOOOlQiOQ 0  ; 

8-i)Sde s 
A l p h a _ n o u n 2 5 6 = 1 1 1 1 1 1 1 1 0 0 0 0 ; 

etc . 

The networ k ha d 4 8 inpu t  an d 4 8 outpu t  unit s an d 10 0 

hidde n units .  Afte r  exposur e durin g learnin g t o 30,00 0 

sentence s (90,00 0 items) ,  th e patter n o f  hidden-uni t  cluster s 

show n i n Figur e 9  develope d (calculate d fi^om  a  rando m 

sampl e o f  10 0 words) . 

Bet a J 

Figur e 9 .  Hidden-uni t  representatio n cluster s fo r  153 6 

Alph a an d Bet a word s afte r  90,00 0 item s (Alph a word s ar e 

precede d b y a  serie s o f  X' s t o distinguis h the m fi-om  Bet a 

words ,  whic h ar e precede d b y a  singl e "b" ) 

The overall internal organization of the hidden-unit 

representation s i s basicall y th e sam e a s i t  wa s fo r  th e muc h 

smalle r  se t  o f  2 4 words .  Althoug h a  grea t  dea l  mor e wor k 

need s t o b e don e o n thi s model ,  thi s resul t  fo r  ove r  150 0 

word s woul d see m t o indicat e tha t  ther e i s a t  leas t  som e 
reasonabl e hop e tha t  th e S R N mode l  coul d scal e up . 

Conclusion 

Thi s pape r  suggest s tha t  biUngua l  memor y phenomen a tha t 
hav e bee n explaine d b y a n interactive-activatio n mode l  o f 

th e B I A typ e (Grainger ,  1993 )  ma y als o b e abl e t o emerg e 

fro m a  simpl e recurren t  connectionis t  networ k (SRN )  mode l 

(Elman ,  1990 ;  Cleereman s &  McClelland ,  1991 ; 

Cleeremans ,  1993) .  Th e S R N mode l  presente d her e 

receive s a s inpu t  a  long ,  undifferentiate d sequenc e o f 

sentence s i n tw o micro-language s an d ca n reproduc e a 
certai n numbe r  o f  importan t  effect s tha t  hav e bee n observe d 

i n studie s o f  bilingua l  memory ,  i n particular ,  thos e relate d t o 

cross-lingua l  primin g b y interlexica l  homographs .  I n 

addition ,  th e interna l  representation s tha t  th e S R N develop s 

reflec t  no t  onl y th e division s betwee n th e tw o languages ,  bu t 

als o t o th e grammatica l  structur e withi n eac h language .  Th e 

organizatio n o f  thes e interna l  representation s i s  generall y 
highl y resistan t  t o damag e but ,  unde r  certai n exceptiona l 

circumstances ,  ca n als o exhibi t  sever e disruptio n followin g 

th e remova l  o f  a  a s littl e a s on e nod e fro m th e hidde n layer . 

Eve n thoug h thi s initia l  wor k woul d see m t o demonstrat e 

tha t  a n Elma n networ k migh t  b e abl e t o serv e a s a  usefii l 
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model  fo r  bilingua l  memory ,  i t  i s als o clea r  tha t  a  grea t  dea l 

of  wor k stil l  need s t o b e done .  However ,  thes e initia l 

positiv e result s woul d sugges t  tha t  fiirthe r  exploratio n o f  th e 
S RN mode l  o f  bilingua l  memor y i s justified . 
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