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Abstract 

We presen t  a  ne w varian t  o f  a  simpl e recunen t  networ k t o 
model  auditor y wor d recognitio n i n continuou s speec h an d 
addres s th e issu e o f  lexica l  segmentation .  Simulation s ba-se d 
on smal l  wor d set s sho w tha t  th e syste m provide s a  near -
optima l  solutio n t o th e opposit e constraint s o f  speed ,  whic h 
require s tha t  lexica l  processin g h e immediate ,  an d reliability , 
whic h impose s tha t  identificatio n decision s 1 ^  postpone d unti l 
unambiguou s informatio n i s available .  Contrai y t o a n often -
hear d statement ,  th e simulation s sho w tha t  th e existenc e o f 
embedded word s i s no t  incompatibl e wit h th e notio n o f 
continuou s on-lin e lexica l  processing . 

Lexical Segmentation and Retroactive Context 

Upon hearin g th e strin g /serpdddsd /  a s i n th e tw o Frenc h 
sentence s below , 

(1) 3evyceseRpadasdlatet?ot 
J'a i  v u u n serpen t  dansjui t  l a tet e haut e 
" I  .sa w a  snak e dancin g hea d hel d high" 

(2 )  3evydesERpadasalate t 
J'a i  v u u n cert "  pendiin t  siui s l a tet e 

" I  sa w a  dee r  hangin g wit h n o head " 

how and when does the listener discover the appropriate 
lexica l  parsin g t o distinguis h betwee n th e "snake "  an d th e 
"deer "  interpretation ? 

The speec h signa l  unfold s i n time ,  an d th e bound.'u-ie s 
betwee n linguisti c unit s ar e no t  explicitl y  m<tfked .  Thes e 
characteristic s rais e problem s fo r  theorie s tha t  postulat e tha t 
th e mappin g prtx:ess ,  th e compjiriso n betwee n sensor y inpu t 
and lexica l  representations ,  proceed s on-lin e an d 
continuously .  Th e iirunediac y principl e yield s on e importan t 
computationa l  benefit ,  whic h i s th e spee d o f  wor d 
identification .  Indeed ,  acces s tt )  lexica l  informatio n become s 
possibl e a s soo n a s th e sensor y inpu t  i s  sufficien t  t o 
uniquel y specif y on e lexica l  candidat e (Marslen-Wilso n & 
Welsh ,  1978 ;  Marslen-Wil.son ,  1987) .  However ,  on e 
es.sentia l  difficult y fo r  suc h theorie s ctmsist s i n statin g th e 
natur e o f  th e constraint s tha t  guid e th e mappin g process ,  i n 
orde r  t o avoi d th e burde n o f  havin g t o entertai n th e 
exhaustiv e serie s o f  lexica l  hypothese s compatibl e wit h an y 
par t  o f  th e speec h streix m (Shillcock ,  1990 ;  Hiuringto n & 
Johnson ,  1987) . 
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In some theories, among which the Cohort model 
(Mfu-slen-Wilso n &  Welsh ,  1978 )  i s probabl y th e mos t  well -
known ,  th e onl y lexica l  candidate s considere d ar e th e one s 
tJia t  ;u e aligne d wit h th e poin t  i n th e signa l  correspondin g tt ) 
tli e cunen t  wor d onset .  A n obviou s requiremen t  fo r  suc h a 
hypothesi s t o wor k i s tha t  th e onse t  o f  a  ne w wor d ca n b e 
reliabl y identifie d i n th e speec h stremn .  Perhap s th e simples t 
strateg y tha t  m a y b e envisage d t o determin e wor d 
boundsu"ie s consist s i n predictin g th e nex t  word' s onse t 
base d o n th e identit y (cUi d predicte d offset )  o f  th e curren t 
word .  Suc h a  strateg y fit s wel l  wit h th e immediac y 
requirements ,  sinc e i t  woul d allo w t o locat e a  word' s be -
giniun g vei y earl y  on ,  eve n befor e it s realisation . 

However ,  becaus e natura l  lexicon s compris e embedde d 
words ,  i.e. ,  word s mad e o f  p;irt s o f  othe r  word s (lik e cer f 
im d serpent) ,  suc h a  predictiv e segmentatio n strateg y wil l 
not  succee d i n id l  cases .  I n fact ,  a  coun t  base d o n a  20,000 -
wor d America n Englis h databas e indicate d tha t  les s tha t 
40%'  o f  word s ju e mad e o f  uniqu e phonemi c string s (Luce , 
1986) ,  iui d experimenta l  dat a hav e .show n tha t  a  subst̂ mtia l 
proportio n o f  word s m e no t  uniquel y identifie d befor e thei r 
acousti c offse t  (CJro.sjean ,  1985 ;  Bard ,  Shillc(x: k &  Alunann , 
1988) .  Furtliennore ,  a s ou r  initiz d exiunpl c demonstrates ,  th e 
appropriat e piusin g m a y depen d o n informatio n tha t  a)me s 
i n muc h late r  i n di e sentence . 

I t  i s  wel l  know n tha t  Uier e iu e phonetic ,  phonotacti c an d 
prosodi c cue s whic h m a y hel p determin e wor d boundaries . 
Althoug h Frenc h i s no t  a  stress-language ,  prosodi c cue s t o 
wor d segmentatio n m a y nevertheles s b e available . 
Intuitively ,  fo r  a  nativ e speiike r  o f  Frenc h a t  least ,  th e 
presenc e o f  stres s o n th e fift h syllabl e o f  (1 )  o r  th e fourt h o f 
(2 )  seem s sufficien t  t o eliminat e an y mnbiguity .  Rietvel d 
(1980 )  ha s ob.serve d tha t  systemati c viiriation s i n duration , 
intensit y an d fundiunentJi l  frequenc y ai t  asstwiate d wit h 
wor d boundiaie s i n French .  Simihu-ly ,  fo r  Engli.sh ,  Cutle r 
and Norri s (1988 )  hav e suggeste d th e us e o f  a  metrica l 
segmentatio n strategy ,  whereb y a  stron g syllabl e i s 
proces.se d a s a  possibl e wor d onset . 

I t  i s howeve r  fa r  fro m clem -  tha t  thes e kind s o f  bottom-u p 
heuristic s provid e a  complet e solutio n t o th e proble m o f 
lexica l  segmentation .  Recen t  experimenta l  finding s b y 
Taboss i  (1993) ,  usin g a  cro.ss-moda l  .semanti c primin g 
techniqu e i n Italisui ,  sugges t  tha t  embedde d word s a s wel l  a s 
straddlin g word s m a y b e activate d eve n i n ctmtexL s i n whic h 
cleiu "  segmentatio n cue s iu e avidlable .  Suc h finding s poin t  t o 
an alternativ e principle ,  whic h consist s i n postponin g 
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decision s unti l  sut'ticien t  intormatio n i s aviiilahlu . 
Experiment s base d o n th e phonem e restoratio n etiec t 
(Samuel ,  1990 )  an d lexica l  influenc e o n phtmeini c 
categorisatio n (Connine ,  Blask o &  Hall ,  1991 )  sugges t  tlia t 
th e processin g syste m i s indee d capabl e o f  revisin g it s 
earlie r  decisions ,  a t  leas t  fo r  a  limite d tim e period .  O f 
course ,  delayin g commitmen t  m a y eliminat e iui y potentia l 
effec t  o f  loca l  ambiguit y mi d ma y thu s ensur e reliability ,  bu t 
at  th e expens e o f  speed . 

T h e T R A C E mode l  (McClellan d &  Elman ,  19K6 ) 
provide s on e instanc e o f  a n optima l  compromi.s e betwee n 
th e tw o opposit e requirement s o f  spee d an d reliability .  Th e 
lexicji l  segmentatio n proble m i s solve d i n T R A C E b y 
combinin g thre e source s o f  constrain t  :  th e sequentia l 
receptio n o f  sensor y informatio n tha t  accumulate s 
progressivel y int o th e "memor y trace "  constitute d b y tli e .se t 
of  featur e an d phonem e detector s fo r  successiv e tim e slices ; 
th e mapp in g fro m th e m e m o r y trac e t o lexica l 
representations ,  base d o n a  piirallel ,  exhaustiv e ;ui d gradua l 
compariso n mechanism ;  an d th e direc t  competitio n betwee n 
lexica l  hypotheses ,  implemente d throug h th e inhibitor y 
lateri U connection s betwee n lexica l  units .  Th e sequentia l 
upcomin g o f  th e inpu t  ensure s tha t  compatibl e lexica l 
hypothese s wil l  b e activate d a s .soo n a s possible ,  bu t  o n th e 
othe r  hand ,  th e existenc e o f  a  m e m o r y trac e coverin g a 
substantia l  interva l  o f  tim e an d th e gradua l  natur e o f  th e 
mappin g mechanis m permit s t o modif y th e strengt h o f 
lexica l  hypothese s t o accoun t  fo r  th e entii e portio n o f  signa l 
availabl e i n th e trac e a t  eac h moment .  I n fact ,  detaile d 
simulation s hav e show n that ,  mos t  o f  th e time ,  T R A C E i s 
capabl e o f  flnding  th e lexica l  cmididate s tha t  bes t  ti t  a  give n 
strin g o f  phoneme s (Frauenfelde r  &  Peeters ,  19*)() ,  1«J'J3) . 

Th e architectur e o f  th e T R A C E mode l  ha s howeve r  bee n 
criticise d becaus e o f  it s  representatio n o f  tempora l 
information .  Th e spatia l  time-windo w metaphor ,  ba.se d o n 
reduplicatio n o f  detector s fo r  successiv e tim e slices ,  appear s 
bot h unsatisfactor y an d unplausible .  I t  lead s t o untractabl e 
number s o f  connection s wit h hag e corpor a (Nonis ,  iy*J()) , 
an d canno t  easil y handl e tempora l  vjaiabilit y  i n th e signal . 
O ne potentia l  solutio n stem s fro m th e us e o f  recurren t 
networks ,  i n whic h tempora l  informatio n i s no t  represente d 
explicitly ,  bu t  ca n b e encode d dynamicall y thank s t o lii e 
connectivit y o f  th e system .  O n e topolog y o f  recunen t 
network ,  whic h ha s bee n propose d b y Elma n (1990) ,  an d i s 
currentl y k n o w n a s a  Simpl e Recurren t  Networ k (SRN) , 
consist s i n providin g a  cop y o f  th e hidde n uni t  activatio n 
stat e vecto r  a t  on e cycl e a s inpu t  t o th e networ k a t  th e nex t 
tim e step .  Becaus e th e connection s ca n b e modifie d t o 
reflec t  trainin g experience ,  th e natur e o f  th e tempora l 
information  encode d wil l  depen d c m th e piaticuhu "  tas k 
impt)se d o n th e network . 

O ne attemp t  t o us e a  S R N t o mode l  spoke n wor d 
recognitio n ha s bee n reporte d b y Norri s  (19'K)) .  Norri s u.se d 
a smal l  corpu s o f  5 0 forms ,  an d traine d a  S R N o n a 
continuou s sequenc e o f  words ,  presente d segmen t  afte r 
segment .  Th e outpu t  ccmsiste d i n a  ban k o f  5 0 wor d detec -
tors .  Norri s showe d tha t  th e networ k capture d som e o f  th e 
basi c propertie s o f  th e Cohor t  model .  Cohor t  members ,  i.e . 
lexica l  candidate s aligne d wit h th e onse t  o f  th e upcomin g 
word ,  wer e activate d initiall y  an d droppe d ou t  progressivel y 

upo n receptio n o f  divergin g information .  Thus ,  a  singl e 
candidat e reimiine d activ e a s .soo n a s th e uniquenes s poin t 
was att;uned .  Despit e thes e observations ,  Norri s conclude d 
tha i  th e S I W coul d no t  provid e a  viabl e mode l  o f  huma n 
wor d recognition ,  becau.s e i t  appeare d unabl e t o 
accommodat e retroactiv e contex t  effects .  Fo r  instance ,  th e 
networ k coul d no t  conecll y discriminat e sequence s suc h a s 
C A T L O Ci  an d CATAl.OC i  i n whic h C A T correspond s tti  a 
wor d i n th e firs t  cas e bu t  no t  i n th e second .  Becaus e th e 
activatio n correspondin g t o th e wor d C A T wil l  neve r 
become reliabl y highe r  tha n th e activatio n o f  it s ciu-rie r 
C A T A L O G,  tli e S R N c;uino t  distinguis h betwee n thes e tw o 
situations .  Basic:illy ,  th e thrus t  o f  th e criticis m i s th e poin t 
alread y raise d b y late-i.solatio n finding s i n th e gatin g 
piuadigi n (Grosjeiui ,  l'JX5 ;  Biu d e t  al. ,  1988) :  Model s tha t 
assume onse t  alignmen t  an d immediat e mappin g canno t 
wor k whe n th e lexico n include s word s whic h d o no t  becom e 
uniqu e befor e thei r  en d point .  N(m-uniqu e string s 
(embedde d words )  wil l  no t  b e identitied ,  an d th e processin g 
of  thei r  immediat e succes.so r  wil l  b e obstructe d b y th e lac k 
of  clei u boundiu y decision . 

The ai m o f  tli e presen t  stud y wa s t o develo p an d evaluat e 
a ne w vmian t  o f  th e S R N whic h w e though t  coul d hel p 
solv e th e proble m o f  retroactiv e contex t  effects .  Ou r  mai n 
objective s wer e t o extunin e th e feasibilit y  o f  th e approac h 
;md t o explor e i n detail s th e basi c (behavioural )  propertie s 
of  th e system ,  wit h regmd s t o curren t  psycholinguisti c 
model s ;ui d availabl e empirica l  findings .  Th e e.ssenlia l  ide a 
was t o modif y th e tas k impo.se d t o th e networ k s o tha t  it s 
stat e woul d no t  onl y reflec t  it s  bes t  choic e fo r  th e curren t 
word ,  bu t  als o th e bes t  fittin g previou s word . 

Network Architecture and Training Method 

Figur e 1  present s th e network' s topology .  Th e inpu t 
consiste d o f  seve n unit s representin g simplifie d acou.stic / 
phoneti c features ,  a s i n th e TRA(!! E I I  model .  Eac h segmen t 
was represente d b y a  vecto r  o f  seve n continuou s 
dimension s ((!on,sonantal .  Vocalic ,  Diffuse ,  Acute ,  Voiced , 
Power ,  Burs t  Amplitude ;  .se e McClellan d &  Elman ,  1986 , 
p.  15) .  N o informatio n abou t  pro.sod y o r  durationa l  cue s wa s 
provide d i n th e presen t  simulations .  Word s wer e pre.sente d 
as ;u i  uninlenupie d .sequenc e o f  .segments ,  withou t  pau.se s o r 
silences .  Th e outpu t  consiste d o f  2 0 wor d detecto r  units . 
Localise d outpu t  representation s wer e use d i n orde r  t o 
;dleviat e th e inteipietatio n o f  outpu t  patterns . 

Word unit s 
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1 cop y 1 
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30 hidde n unit s 

L '  ^ 

Memoty 
30 hidde n unit s 
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Prob« s 

F i g u i e 1 .  A rch i t ec tu r e o f  th e N e t w o r k 
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A furthe r  se t  o f  extemci l  inpu t  units ,  th e Probes ,  serve d t o 
determin e th e natur e o f  th e tas k impose d t o th e Net .  T w o 
value s wer e use d i n thi s study .  Unde r  th e C  prohe .  th e 
desire d respons e wa s th e uni t  corre.spondin g t o th e wor d 
currentl y bein g presented .  Unde r  proh e P .  th e expcclc d 
re.spons e wa s th e precedin g wor d (Cf .  S t  .lohi i  & 
McClelland ,  1990 ,  fo r  a  .simila r  approac h t o sentenc e 
processing) .  Durin g learning ,  on e prob e wa s .selecte d 
randoml y a t  eac h cycle ,  s o tha t  th e tw o task s wer e 
completel y interwoven . 

Fro m a  cognitiv e standpoint ,  th e Probe s M t  no t  mean t  t o 
repre.sen t  rea l  externa l  stimulation .  Rather ,  the y ca n b e see n 
as a n abstrac t  mefin s o f  implementin g th e tw o opposit e 
constraint s o f  inmiediac y an d delaye d commitmen t  o n th e 
way th e networ k learn s t o encode ,  organi.s e an d preserv e 
informatio n i n it s  distribute d m e m o r y trace .  Th e C  tas k act s 
as a  pressur e t o produc e th e desire d respons e a s soo n a s 
possible ,  sinc e th e uu-ge t  outpu t  wa s give n throughou t  th e 
pre,sentatio n o f  th e word .  Th e P  tiis k require s tha t  th e desire d 
outpu t  b e maintaine d durin g th e followin g word . 

I n term s o f  prcx;essin g mechanisms ,  th e firs t  se t  o f  hidde n 
unit s elaborate s a  compac t  distribute d representatio n o f  th e 
inpu t  sequence ,  an d th e secon d ban k o f  hidde n unit s serve s 
t o combin e th e distribute d trac e wit h th e probe s t o extrac t 
lexica l  hypotheses .  Althoug h i n th e presen t  implementation , 
thi s extractio n mechanis m canno t  dea l  wit h th e C  an d P 
task s simultaneously ,  i t  coul d b e assume d tha t  th e 
alternatio n i s m u c h faste r  tha n th e tim e scal e o f  th e externa l 
input ,  o r  tha t  duplicat e sub-network s usin g fixe d prob e 
value s extrac t  informatio n abou t  th e curren t  an d previou s 
wor d i n parallel ,  s o tha t  i n practice ,  bot h set s o f  lexica l 
hypothese s woul d b e continuousl y available . 

Result s fro m fou r  simulation s wil l  b e reported ,  eac h ba.se d 
on a  smal l  corpu s o f  2 0 forms ,  fro m 2  t o 5-segment-long . 
L E Xl  include d te n word s (e.a .  stak ,  star ,  stop ,  rcul ,  rak ,  nib ) 
and thei r  reversal s {kats ,  rats ,  pats ,  dor ,  kar ,  bar) . 
Uniquene.s s point s varie d fro m positio n 1  t o positio n 4 . 
L E X2 wa s identica l  t o L E X l  excep t  tha t  th e fina l  segmen t 
of  fou r  word s wa s strippe d ou t  t o creat e left-embeddin g 
condition s (e.g .  st a derive d fromxtak ,  r a fro m rab) .  L E X 3 
and L E X 4 wer e constructe d i n a  .simihu -  wa y an d include d 
respectivel y fou r  center -  an d fou r  final-embedded  items . 
The fou r  run s use d th e sam e trainin g regime n an d 
parameter s (lrate=.05 ,  n o m o m e n t u m ,  plai n back -
propagation) ,  bu t  differen t  initia l  weigh t  vidues .  Eac h epoc h 
consiste d o f  a  a)ntinut)u s sequenc e o f  40 0 word s pre.sente d 
segment  b y segmen t  withou t  explici t  wor d boundar y 
markings .  Sequence s wer e generate d randoml y wit h th e 
constrain t  tha t  1 0 % o f  al l  pair s wer e kep t  ou t  t o tes t 
generalisation .  Eac h wor d wa s thu s see n wit h 1 8 
predecessor s an d 1 8 followers .  Al l  th e word s ha d equa l 
probabihtie s o f  occurrenc e durin g training .  N o attemp t  wa s 
made t o manipulat e o r  captur e higher-orde r  distributiona l 
regularities ,  suc h a s sentenc e o r  constituenc y relations . 

Results 

To analys e th e network' s behaviour ,  al l  possibl e 
combination s o f  thre e word s wer e generated .  Eac h triple t 
was precede d b y tw o cycle s o f  "noise "  (. 5 featur e vector ) 
and contex t  unit s wer e rese t  t o thei r  initia l  stat e (.3 )  a t  th e 

on.se t  o f  eac h sequence .  Th e mai n analy.se s concen t 
response s t o th e C  prob e durin g th e presentatio n o f  th e 
secon d word ,  an d response s t o Ui e P  prob e durin g th e thir d 
word .  Response s t o th e first  wor d wer e no t  analyse d i n 
deiiiil ,  becau.s e the y lu e influence d b y th e initia l  stat e o f  th e 
networ k an d d o no t  reflec t  it s  genen U behaviour . 

Accordin g t o th e Cohor t  model ,  a  wor d ca n b e identifie d 
at  it s  Uniquenes s Poin t  (UP) ,  i.e .  a s so( m a s i t  remain s th e 
sol e lexica l  candid;tt e compatibl e wit h th e input .  Figur e 2 
di.splay s th e activatio n o f  th e tiuge t  jm d th e mos t  activ e non -
targe t  ciuididat e a t  eac h tim e ste p fo r  L E X l .  Th e lef t  par t  o f 
th e grap h correspond s t o th e C  tas k an d activation s hav e 
bee n average d acros s word s aligne d o n thei r  U P .  T h e 
target' s activatio n graduall y increases ,  wit h a n abrup t 
acceleratio n a t  th e U P ,  whic h als o correspond s t o th e firs t 
cycl e a t  whic h tsuget s ca n b e discriminate d fro m othe r 
candidates .  Simih u curve s c.un e ou t  fo r  th e othe r  runs .  Lik e 
th e S R N use d b y Non i s (19'K)) ,  th e networ k appear s t o 
implemen t  a  gradua l  activatio n versio n o f  th e Cohor t  theory . 
However ,  eve n thoug h th e U P appear s a s a n importan t 
facto r  i n accountin g fo r  th e variation s o f  activation ,  th e siz e 
of  th e standiu d deviatio n a t  th e U P an d th e furthe r  increas e 
Jitte r  th e U P indicat e tha t  othe r  factor s c o m e int o play . 
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Figur e 2 .  Activatio n o f  targe t  an d mos t  activ e non-targe t 
uni t  (LEXl) .  Lef t  pane l  i s  fo r  C  probe ,  righ t  pane l  fo r  P 

probe .  Biir s .sho w st<md;ir d deviations . 

The right p.'ut of Figure 2 shows the results of the P task, 
im d i t  appeiu s tha t  th e iî ge t  uni t  rem.-iin s activ e durin g th e 
presentatio n o f  th e foHowin g word ,  whil e i t  graduidl y 
decrease s towiud s th e end .  Th e mos t  visibl e effec t  o f  th e 
dual  tas k iuchitectur e i s Uia t  th e activatio n correspondin g t o 
tlt e tiirge t  i s  maintiiine d a t  a  hig h leve l  durin g severa l  cycle s 
(generally ,  fro m th e U P o f  th e curren t  wor d unti l  th e en d o f 
th e successor) .  Thi s tempora l  stabilit y  migh t  provid e a 
stronge r  an d mor e reliabl e signa l  fo r  othe r  processin g 
components . 

T o furthe r  chuif y th e relatio n betwee n th e network' s 
behaviou r  an d Cohor t  theory ,  w e compute d th e isolatio n 
poin t  fo r  th e .secon d wor d o f  eac h tes t  Q-iplet .  I t  corresponds 
t o th e firs t  tim e ste p durin g th e presentatio n o f  th e word ,  a t 
whic h th e activatio n o f  th e tiu"ge t  uni t  exceed s tha t  o f  jd l 
othe r  outpu t  unit s b y a  differenc e o f  .5 .  Tabl e 1  present s th e 
percentag e o f  isolate d word s fo r  trainin g an d tes t  sequences . 
For  thre e simulatio n runs ,  on-lin e isolatio n rate s iir e clos e t o 
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9 0 %.  Th e lowe r  perlbrmanc e to r  L E X 2 o n tli e C  tas k i s a s 
expected :  recal l  tha t  L E X 2 include s fou r  leit-embedde d 
words ,  whic h canno t  b e isolate d on-line . 

Current word Pievious word 

Corpus Training Test Training Test 

LEXl 
LEX2 
LEX3 
LEX4 

87. 2 
77. 8 
95. 3 
95. 8 

75. 0 
75. 0 
97. 5 
95. 0 

87. 2 
95. 3 
95. 6 
93. 5 

80. 1 
91. 5 
91. 4 
89. 6 

Tabl e 1 .  Isolatio n rate s o n trainin g an d tes t  sequence s fo r  tli e 
C an d P  identificatio n task . 

As regards previous word isolation, performance is again 
aroun d 9 0 % .  Mos t  o f  th e time ,  P  isolatio n wa s obtaine d o n 
th e first  segmen t  o f  th e followin g word ,  confirmin g tha t  th e 
previou s wor d wa s correctl y recalle d immediatel y afte r  it s 
offset .  Finally ,  i t  m a y b e wort h mentionin g tha t  th e leve l  o f 
performanc e o n th e 1 0 % o f  wor d sequence s tha t  di d no t 
appea r  durin g trainin g i s quit e high .  I n fact ,  i n mos t  cases , 
isolatio n rate s an d isolatio n poin t  value s o n th e tes t 
sequence s ar e hardl y discriminabl e fro m performanc e o n 
trainin g materials .  Othe r  test s usin g pseudo-wor d context s 
le d t o analogou s hig h generalisatio n rates .  Th e hig h leve l  o f 
transfe r  lead s t o th e reassurin g conclusion ,  contrar y t o 
Norris '  (1990 )  assertion ,  tha t  th e networ k nee d no t  se e al l 
th e sentence s o f  th e languag e t o identif y iJi e words .  I t  als o 
implie s tha t  th e priKessin g i s mor e sophisticate d tha n rot e 
memorisin g o f  sequence s o f  events . 

4-| 

3.5 -

c 
o 

Q. c 
o 
ra 
o 
v> 

3 

2. 5 
? 

1. 5 

1 
0. 5 

0 

%Varianc e 

79. 5 

Intercep t 

1.2 3 

1 

Uniquenes s Poin t 

Figur e 3 .  Observe d rekitio n betwee n isolatio n point s an d 
uniquenes s points .  Th e lin e correspond s t o th e Cohor t 

predictio n (dat a fro m L E X l ) . 

As discussed previously, the optimal behaviour, which 
correspond s t o th e Cohor t  prediction ,  woul d b e tha t  word s 
ar e isolate d on-lin e a t  soo n a s the y becom e unique ,  s o tha t 
th e I P i s identica l  t o th e U P .  Th e network' s behaviou r  come s 
clo.s e t o thes e expecuition s (Figur e 3) ,  p.'u-ticul.'irl y  fo r  lat e 
positions .  A t  earl y position s withi n words ,  on-lin e isolatio n 
tend s t o b e delaye d relativ e t o th e theoretiai l  predictio n o f 
th e Cohor t  model .  Simila r  regressio n line s wer e obtiiine d fo r 
al l  fou r  simulations ,  wit h slop e value s smalle r  tha n 1  an d 
positiv e intercepts .  Interestingly ,  th e fac t  tha t  th e networ k 

underestimate s th e U P effec t  i s  analogou s t o huma n 
observation s (Radeau ,  Moust y &  Bertel.son ,  1989 ;  Radea u 
& Morals .  !')')()) . 

Furthe r  analyse s wer e performe d o n th e C  tas k t o 
determin e th e natur e o f  th e factt)r s tha t  influenc e lexica l 
activation .  T w o factor s wer e considered ,  cohor t  size ,  th e 
number  o f  cohjM l  member s befor e th e U P ,  an d stimulu s 
quantity ,  th e numbe r  o f  .segment s o f  th e inpu t  strin g counte d 
fro m curren t  wor d onset .  Thi s choic e wa s motivate d b y th e 
followin g consideratiojis .  Previou s analyse s suggeste d tha t 
stimulu s quantit y coul d hav e a n effect ,  i n tha t  th e deviatio n 
fro m Cohor t  behaviou r  wa s mor e marke d fo r  earl y U P 
words .  O n th e othe r  hand ,  i t  ha s bee n show n tha t  unde r 
condition s i n whic h a  singl e uni t  respons e i s required ,  th e 
S l W s outpu t  wil l  approximat e th e conditiona l  probabilit y 
distributio n o f  th e respon.s e se t  (Servan-Schreiber , 
Cleereman s &  McClelland ,  1991) .  Unde r  thi s analy.si s 
activatio n woul d b e expecte d t o var y strictl y a s a n invers e 
functio n o f  cohor t  size . 

smal l larg e 

50 -  LEX l 

I s o H 
> 

I  10 H 

-1 0 

LEX2 

1 

50-  LEX 3 

e so -
ns 
> 
^ 10-

-7 0 

LEX4 

-L. _L 
1 2 3  1 2 3 

Positio n withi n wor d 

Figure 4. Mean activation of the current word as a function 
of  cohor t  siz e befor e U P an d o f  positio n withi n wor d (se e 

tex t  fo r  explanati(m) . 

In each corpus, a contrast could be devised between 
sub.set s o f  word s wit h lat e U P s (position s 3  o r  4) ,  whos e 
cohor t  include s eithe r  fe w member s (i.e. ,  1 )  o r  man y ( 3 i n 
L E Xl  an d L E X 2 ,  2  i n L E X 3 an d L E X 4 ) .  Moreover ,  i n al l 
th e case s exiunined ,  cohor t  siz e wa s stabl e u p t o th e UP ,  s o 
tha t  positio n effect s coul d b e assesse d independenU y o f 
cohor t  size . 

As show n i n Figui e 4 ,  bot h factor s appeiu "  t o influenc e th e 
activatio n o f  word s befor e tliei r  U P .  A  Uu-g e effec t  o f  cohor t 
siz e i s obseî ve d i n al l  cases ,  an d tli e probabilit y  distributio n 
hypothesi s doe s no t  fal l  to o fai "  fro m th e observe d data . 
TTius ,  eve n thoug h th e informatio n flo w doe s no t  incorporat e 
iui y kin d o f  direc t  competitio n betwee n responses ,  contrar y 
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t o model s suc h a s T R A C E i n whic h ther e i s latera l 
inhibition ,  th e strengt h o f  lexica l  hypothese s ma y depen d o n 
th e numbe r  o f  compatibl e candidates .  Mixe d pattern s cam e 
out  fo r  th e effec t  o f  position :  result s fro m LEX l  an d L E X 2 
sho w larg e activatio n increase s betwee n th e tw o initia l 
positions ,  bu t  onl y whe n cohor t  siz e i s small .  O n th e 
contrary ,  i n L E X 3 an d L E X 4 ,  activatio n increase s onl y 
marginall y befor e th e UP ,  suggestin g tha t  a)h()r t  siz e i s th e 
majo r  forc e determinin g lexica l  activatitm .  Furthe r 
simulatio n wor k i s neede d t o establis h whethe r  thi s i s a 
genera l  featur e o f  th e pre.sen t  model . 
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Figur e 5 .  Activatio n o f  embedde d word s an d thei r  cfuiier s 
durin g th e presentatio n o f  th e embedde d word s (-2 ,  -1 ,  final) 

and follower s (n l  t o n4) .  Panel s a- b fo r  left-embeddin g 
(/kat/-/katS/) .  Panel s c- d fo r  right-embeddin g (/atZ-Zkat/) . 

Blac k line s ar e fo r  C  task ,  gre y line s fo r  P  task . 

Give n th e natur e o f  tii e wor d set s u.sed ,  th e onl y ca.s e i n 
whic h th e immediat e analysi s doe s no t  permi t  t o reac h a 
decisio n i s L E X 2 ,  whic h include s left-embedde d words .  Th e 
followin g analyse s aime d a t  establi.shin g whethe r  th e 
networ k ca n indee d resolv e suc h junbiguities .  Th e uppe r 
p.uie l  o l  Figur e 5  .show s th e mea n activatio n o f  embedde d 
word s an d thei r  carriers .  Th e natur e o f  th e followin g wor d 
determine s tw o possibl e conditions .  Figur e 5 a correspond s 
t o th e ca.s e i n whic h th e followe r  i s incompatibl e wit h th e 
carrie r  (katprs ,  C A T PLUS) .  I n thi s case ,  th e activatio n o f 
tli e embedde d wor d ((^AT )  increase s an d th e activatio n o f 
tli e ciurie r  ( C A T C H )  drop s o n th e first  segmen t  o f  th e nex t 
wor d (positio n ill) ,  resultin g i n lat e isolatio n o f  th e 
embedded word . 

Figur e 5 h correspond s t o di e lexici d giu-deii-pat h situatio n 
i n whic h th e followe r  i s indee d compatibl e wit h th e carrie r 
(katSip ,  C A T SHIP) .  I n thi s ca.se ,  th e carrie r  wor d i s 
erroneousl y isolate d o n th e firs t  segmen t  o f  th e follower ,  bu t 
tli e networ k recover s fro m thi s inappropriat e interpretatio n 
at  th e nex t  cycle .  Thus ,  di e appropriat e patter n o f  activatio n 
i s attaine d a t  positio n n2 .  Simihu "  respon.s e pattern s hav e 
been observe d i n th e gatin g tas k (Grosjean ,  1985) .  Th e cos t 
of  immediac y i s tli e u-ansieii t  activatic m o f  di e carrie r  word , 
Jin d a  one-time-slic e dela y i n th e i.solatic m o f  th e embedde d 
word .  Bu t  a  possibl e wa y t o recove r  fro m immediat e 
commitmen t  i s t o rel y o n di e accumulatio n o f  evidenc e ove r 
.seven d tim e slices .  Interestingly ,  a s show n b y di e activatio n 
curve s fo r  th e followin g wor d i n Fig .  5 a an d 5b ,  th e 
presenc e o f  a  bouiid;u- y iunbiguit y ha s onl y minima l  effect s 
on di e on-lin e activatio n o f  th e follower . 

The lowe r  piuiel s display s th e symmetri c ccmdition ,  fro m 
th e L E X 4 data ,  i n whic h right-embedde d word s ar e 
precede d b y a  wor d whic h i s eithe r  compatibl e wit h th e 
CiUTie r  (Figur e 5c ,  ex. :  stidcat ,  S T A C K A T )  o r  no t  (Figur e 
5d,  ex. :  prsa t  P L U S A T ) .  Althoug h ther e i s n o rea l 
iunbiguit y her e (sinc e di e initia l  p.'ir t  o f  th e predeces.so r  — 
st a o r  pl'^ — ca n neve r  b e a  word) ,  th e straddlin g Ciurie r 
wor d (CAT )  i s cleiui y activated .  Simihi r  Finding s ciun e ou t 
wit h center-embedde d words ,  a s a  functio n o f  bot h th e 
predecesso r  an d th e successor' s compatibility .  Thus ,  fo r 
instance ,  C A T C H woul d b e highl y activate d o n th e S 
.segmen t  i n th e sequenc e stiikatSi p ( S T A C K A T SHIP) .  Th e 
respons e o f  th e networ k i s reminiscen t  o f  finding s reporte d 
byTabossi(lW3) . 

Conclusions 

hi  di e presen t  study ,  w e opte d fo r  smal l  scal e simulations , 
whic h i n retur n permitte d t o conduc t  detaile d analyse s o f 
perfonn;mce .  Furdie r  simulation s iu e i n progres s t o exjunin e 
ho w performanc e woul d .scal e u p unde r  viû iou s extension s 
(coipu s size ,  numbe r  an d natur e o f  probes ,  informatio n grai n 
of  di e inpu t  signal) . 

Beside s Uainiii g time ,  on e limitin g facto r  i s th e natur e o f 
outpu t  representations .  Th e us e o f  localise d code s offer s th e 
adviuitag e o f  makin g performanc e analysi s mor e tractable . 
But  i t  constitute s a n importan t  drawbac k t o th e processin g 
of  mor e realisti c dat a sets .  Obviously ,  a  distribute d schem e 
woul d nee d t o b e devise d t o handl e huge r  corpora ,  im d 
riche r  inpu t  representation s woul d als o b e required .  I n 
pitfticuhtf ,  i t  seem s interestin g t o explor e ho w th e syste m 
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woul d cop e wit h prosodic/metrica l  inpu t  intorinalioii . 
Lexica l  segmentatio n lunbiguitie s wer e kep t  l o a  niiniiiiu m 
i n ou r  wor d sets ,  an d complementiu y cue s woul d probabl y 
hel p avoidin g massiv e lunbiguity . 

Despit e th e limitation s o f  th e presen t  study ,  th e syste m 
present s a  numbe r  o f  interestin g properties .  I t  belong s wit h 
othe r  direct ,  continuou s an d on-Un e activatio n models .  A s i n 
th e T R A C E model ,  onse t  alignmen t  dominate s eve n thoug h 
no explici t  alignmen t  constrain t  ha s bee n implemented . 
However ,  th e mappin g mechanism s diffe r  i n tw o mai n re -
spects .  Whil e T R A C E use s a  fixed  lu-chitectur e base d o n 
spatia l  reduplicatio n t o represen t  th e tim e dimension ,  :ui d 
canno t  cop e wit h varyin g rate s o f  speech ,  th e S R N 
dynamicall y encode s tempora l  informatio n a s a  compresse d 
distribute d representation .  Secondly ,  whil e i n T R A C E , 
lexica l  activatio n depend s o n bot h sensor y informatio n an d 
latera l  inhibition ,  th e S R N involve s n o direc t  competitio n a t 
th e leve l  o f  respons e units .  Lexica l  unit s activatio n i s 
entirel y determine d b y binding s betwee n th e probe s an d th e 
distribute d trac e forge d b y th e recurren t  loo p o f  di e network . 

I n a  recentl y publishe d discussio n paper ,  th e followin g 
questio n w a s pu t  forth :  "I f  th e processo r  operate s 
sequentiall y  an d receive s th e acoustic-phoneti c informatio n 
relativ e t o a n upcomin g wor d whil e stil l  engage d i n th e 
'selection '  o f  th e precedin g one ,  ho w ca n i t  identif y tha t 
informatio n on-lin e a s wor d initii d an d us e i t  t o buil d th e 
cohor t  tha t  i s  s o crucia l  t o recognisin g th e ne w word? " 
(Tabossi ,  1993 ,  p .  289) .  Th e S R N wit h multipl e probe s 
appear s t o provid e a n origina l  solutio n t o tlii s  problem .  Th e 
multipl e tas k use d make s i t  possibl e fo r  th e syste m l o 
rapidl y extrac t  hypothese s abou t  th e curren t  word ,  whic h 
migh t  b e utilise d b y othe r  component s o f  th e languag e 
processor ,  a s stw n a s the y ge t  sufficien t  strength .  Wlie n tli e 
informatic m abou t  lexia U hypothese s i s no t  cleiu" ,  i t  sulfice s 
t o wai t  a  while ,  bu t  th e uncertaint y abou t  th e curren t  wor d 
offse t  poin t  doe s no t  preven t  th e networ k fro m rapidl y 
isolatin g th e followin g word . 
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