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Abstrac t 

We describ e a  recurren t  neura l  networ k mode l  o f  rat e effect s 
on th e syllable-initia l  voicin g distinction ,  specifie d b y voice -
onset-tim e (VOT) .  Th e stimul i  wer e stylize d /bi /  an d /pi / 
syllable s covaryin g i n V O T an d syllabl e duration .  Networ k 
performanc e reveale d a  systemati c rat e effect :  a s syllabl e 
duratio n increases ,  th e categor y boundar y move s towar d 
longe r  V O T values ,  mirrorin g huma n performance .  T w o 
factor s underli e thi s effect :  th e rang e o f  trainin g stimul i  wit h 
each V O T an d syllabl e duration ,  an d thei r  frequenc y o f 
occurrence .  Th e latte r  influenc e wa s particularl y strong , 
consisten t  wit h exemplar-base d account s o f  huma n categor y 
formation . 

I n t roduc t i o n 

Speaking rate is a well-established source of contextual 
variatio n i n th e speec h signa l  fo r  whic h listener s mus t 
compensate .  Th e effect s o f  rat e variatio n ar e complex .  Fo r 
example .  Mille r  &  Liberma n (1979 )  examine d th e effec t  o f 
speakin g rat e an d syllabl e structur e o n th e stop-semivowe l 
distinction ,  specifie d b y a  chang e i n th e forman t  transitio n 
duration .  W h e n syllabl e duratio n i s  increase d b y 
lengthenin g th e vowel ,  the y foun d tha t  th e sto p semivowe l 
boundar y move s towar d transition s o f  longe r  duration .  Bu t 
when syllabl e duratio n i s  lengthene d b y addin g a  final 
transitio n correspondin g t o a  thir d phoneti c segment ,  thi s 
boundar y move s i n th e opposit e direction . 

Mille r  &  Liberma n argue d tha t  speaker s compensat e b y 
normalizin g fo r  speakin g o r  "articulatory "  rate ,  define d i n 
term s o f  syllabl e duratio n an d th e numbe r  o f  phoneti c 
segment s i n th e syllable .  I t  ha s bee n note d tha t  a n accoun t 
tha t  i s  dependen t  o n listeners '  sensitivit y t o variatio n i n 
articulator y rat e canno t  explai n h u m a n subjects ' 
categorizatio n o f  analogou s nonspeec h stimul i  (Dieh l  & 
Walsh ,  1989 )  no r  nonhuma n subjects '  discriminatio n o f 
speec h stimul i  (Steven s etal. ,  1983) . 

An alternativ e accoun t  i s  tha t  som e rat e effect s o n 
phoneti c perceptio n ar e derive d fro m th e genera l  auditor y 
principl e o f  durationa l  contras t  tha t  applie s t o speec h an d 
nonspeec h signal s alik e (Dieh l  &  Kluender ,  1989) . 
Accordin g t o thi s account ,  whe n speakin g rat e i s varied , 
thos e change s tha t  occu r  closes t  t o th e targe t  segmen t  wil l 
most  affec t  it s  perception .  Conside r  th e syllable s /bla /  an d 
/pla/ .  Th e auditor y mode l  predict s tha t  varyin g th e /I / 
shoul d hav e a  greate r  effec t  o n th e voicin g distinctio n tha n 
varyin g th e mor e distan t  /a/ ,  wherea s th e articulator y mode l 
predict s tha t  th e effec t  i s  jus t  a s stron g irrespectiv e o f  whic h 

segment  i s varied ,  a s lon g a s th e overal l  syllabl e duratio n i s 
varie d (cf .  N e w m a n &  Sawusch ,  1992) . 

We hav e traine d a  recurren t  neura l  networ k o n rate -
varyin g speech-lik e stimul i  (Abu-Baka r  &  Chater ,  1993b) , 
an d compare d it s  performanc e wit h thes e divergen t 
predictions .  Th e networ k wa s traine d t o classif y stimul i  a s 
/ba/ ,  /wa/ ,  /bad /  o r  /wad /  an d traine d t o decid e i f  a n initia l  /b / 
or  a  /w /  ha d bee n encountered .  F r o m th e results ,  i t  wa s 
eviden t  tha t  th e duratio n o f  th e syllable' s C V componen t 
provide d th e networ k wit h reliabl e an d sufficien t 
informatio n t o distinguis h th e initia l  consonants .  Tha t  is , 
irrespectiv e o f  syllabl e structur e ( C V o r  C V C ) ,  th e identit y 
of  th e syllable-initia l  consonan t  wa s distinguishabl e o n th e 
basi s o f  a  durationa l  contras t  betwee n th e transitio n duratio n 
and th e adjacen t  vowel .  Th e networ k therefor e appeare d t o 
behav e i n lin e wit h th e auditor y account . 

Thi s migh t  sugges t  tha t  th e networ k coul d simpl y b e 
viewe d a s a  computationa l  instantiatio n o f  th e auditor y 
account .  However ,  th e fac t  tha t  th e networ k learn s t o appl y 
durationa l  contras t  suggest s a  possibl e modificatio n t o th e 
standar d auditor y view ,  i n whic h i t  i s  assume d tha t  th e 
contras t  strateg y i s wire d int o th e structur e o f  th e auditor y 
system .  I n thi s paper ,  w e elaborat e th e suggestio n tha t 
effect s normall y viewe d a s fallin g ou t  o f  th e structur e o f  th e 
auditor y syste m migh t  als o b e learne d fro m experienc e o f 
language . 

We begi n b y notin g Dieh l  &  Kluender' s (1989 )  distinctio n 
betwee n th e spac e i n whic h speec h an d nonspeec h sound s 
ar e represente d an d th e partitionin g o f  tha t  spac e int o 
categories .  Fo r  speech ,  thi s partitionin g i s properl y calle d 
"phonetic" .  Bu t  humans '  categorizatio n o f  speec h an d 
nonspeec h signal s (Dieh l  &  Walsh ,  1989) ,  an d animals ' 
discriminatio n o f  speec h sound s (Kuhl ,  1988 )  ar e s o 
strikingl y simila r  -  the y al l  correspon d t o region s o f 
relativel y hig h auditor y discriminabilit y -  tha t  pre-existin g 
auditor y boundarie s ar e ofte n assume d t o b e natura l 
location s fo r  phoneti c partitioning .  Bu t  experimenta l  studie s 
tha t  sho w discriminatio n peak s a t  identificatio n boundarie s 
ar e equall y consisten t  wit h a  learnin g interpretation ,  a s i t 
appear s tha t  discriminatio n ca n b e nearl y th e sam e acros s 
entir e continu a whe n a  reasonabl e amoun t  o f  experienc e an d 
trainin g i s implemented . 

Th e partitionin g o f  auditor y spac e ha s a  prototyp e 
structur e s o tha t  s o m e stimul i  ar e perceive d a s bette r 
categor y member s tha n other s (Samuel ,  1982) .  Transitor y 
prototype s m a y als o b e create d i n condition s suc h a s 
selectiv e adaptio n wher e selecte d stimulu s item s ar e 
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repeatedl y exposed .  I n non-experimenta l  settings ,  on e ca n 
find ,  say ,  a  vowel ,  no t  alway s endin g u p quit e wher e th e 
auditor y "ho t  spot "  is ,  eve n i f  th e whol e vowe l  syste m i s 
subjec t  t o auditory-base d selectio n pressures .  Wha t  i s 
significan t  i n thes e case s i s th e apparen t  correspondenc e 
betwee n th e prototypica l  locatio n an d th e perceive d categor y 
boundary .  R e p p &  Liberma n (1987 )  s u m u p thi s 
observatio n b y proposin g tha t  categor y prototype s ar e 
responsibl e fo r  determinin g boundaries .  Tha t  is ,  phoneti c 
boundarie s m a y no t  confor m t o boundarie s se t  b y 
discontinuitie s i n th e auditor y system ,  bu t  ar e instea d 
flexibl y determine d b y th e acousti c consequence s o f  th e 
articulator y gesture s specifyin g th e categor y prototype .  Th e 
categor y prototypes ,  an d henc e categor y boundaries ,  ma y 
therefor e b e learne d fro m exposur e t o languag e rathe r  tha n 
determine d b y auditor y discontinuitie s (Kluende r  e t  al. , 
1987) .  Hence ,  the y ma y b e learnabl e b y mechanisms ,  suc h 
as a  connectionis t  network ,  whic h d o no t  embod y auditor y 
constraints .  Here ,  w e sho w tha t  a  learnin g account , 
embodie d i n a  recurren t  neura l  network ,  ca n captur e th e 
result s outline d above ,  focussin g o n th e /bi/-/pi /  distinction , 
specifie d b y th e V O T ,  i n th e contex t  o f  changin g speec h 
rate . 

Description of the Model 

Recurrent neural networks (e.g. Elman, 1990) are very 
attractiv e fo r  problem s concerne d wit h speec h processin g 
becaus e the y ar e suite d t o processin g sequentia l  material . 
Th e presenc e o f  recurren t  connection s give s th e networ k th e 
opportunit y t o stor e informatio n abou t  pas t  items ,  an d thu s 
t o respon d o n th e basi s o f  th e sequenc e a s a  whole ,  rathe r 
tha n jus t  th e presen t  inpu t  item .  I n th e presen t  simulations , 
th e networ k i s traine d t o classif y inpu t  sequence s int o a 
smal l  numbe r  o f  categorie s correspondin g t o differen t 
syllables .  Th e networ k i s fe d wit h th e relevan t  sequence s 
on e inpu t  patter n a t  a  time ,  wit h th e targe t  outpu t  patter n 
kep t  presen t  throughou t  th e presentatio n o f  eac h sequence . 
Th e productio n o f  th e correc t  outpu t  whe n th e sequenc e i s 
presente d indicate s tha t  th e sequenc e ha s bee n classifie d 
successfully .  I f  performanc e i s optimal ,  correc t 
classificatio n shoul d occu r  afte r  th e "recognitio n point "  o f 
th e categor y i s reache d tha t  is ,  whe n enoug h o f  th e 
sequenc e ha s bee n encountere d tha t  i t  ca n b e classifie d 
unambiguously . 

I n additio n t o identifyin g th e syllabl e presented ,  a  se t  o f 
outpu t  node s wa s trained ,  a t  tim e t ,  t o attemp t  t o predic t  th e 
inpu t  patter n a t  tim e t+ 2 (Fig .  1) .  Thi s force s th e networ k t o 
encod e th e inpu t  sequenc e mor e deepl y leadin g t o bette r 
networ k performanc e (c/ .  Abu-Baka r  &  Chater ,  1993a ; 
Maskar a &  Noetzel ,  1992 ;  Shillcoc k e t  al. .  1992) .  Th e 
networ k wa s traine d b y recurren t  backpropagatio n 
(Rumelhar t  e t  al. ,  1986 )  whic h compute s gradien t  descen t 
by "unfolding "  th e recurren t  networ k int o a  sequenc e o f 
seriall y  connecte d feedforwar d networks ,  an d the n train s th e 
resultin g networ k usin g standar d backpropagation .  I n 
general ,  th e large r  th e numbe r  o f  unfolding s used ,  th e mor e 
exactl y th e networ k compute s tru e gradien t  descent , 
althoug h th e benefit s o f  additiona l  unfolding s begi n t o tai l 

Recurren t 
lin k 

Ou tpu t Outpu t 

(Predict ) (Classify ) 

H idde n 

Figur e 1 :  Th e recurren t  networ k use d i n th e simulations .  I t 
i s unfolde d durin g trainin g fo r  a s man y time-step s a s 
require d t o accomodat e th e longes t  trainin g stimuli . 

off after some point, because very deep feedforward 
network s ar e ver y slo w t o trai n (se e Chate r  an d Conkey , 
1994) .  Trainin g use d conjugat e gradien t  descen t  an d 
implemente d o n th e Xerio n simulato r  (va n C a m p &  Plate , 
1993) .  Th e numbe r  o f  input ,  hidde n an d outpu t  unit s wa s 
30 ,  6 0 an d 3 2 respectively . 

Stimuli 

Training stimuli were based on a two-formant syllable with 
an initia l  perio d o f  forman t  transition s followe d b y a  steady -
stat e (vowel )  (Fig .  2) .  Frequenc y value s wer e represente d 
binaril y  usin g severa l  inpu t  units .  Eac h uni t  represent s a 
particula r  rang e o f  frequenc y (a t  interval s o f  2 0 H z (Fl )  an d 
4 0 H z (F2)) .  I f  a  forman t  ha s frequenc y F ,  the n al l  an d onl y 
th e unit s whic h represen t  frequenc y value s F  an d les s wil l  b e 
active. ^  On e grou p o f  units ,  whic h consiste d o f  tw o furthe r 
sub-group s (correspondin g t o F l  an d F 2 units) ,  represent s 
formant s wit h a  periodi c source ,  whil e anothe r  grou p 
represent s formant s (namely ,  F2 )  excite d wit h a  nois e 
source .  Beginnin g wit h th e end-poin t  /bi/ ,  w e buil t  a  poo l  o f 
/bi /  an d /pi /  syllable s b y varyin g V O T .  Thi s i s effecte d b y 
simultaneousl y switchin g of f  th e activatio n o f  th e periodi c 

'  Thi s ma y no t  see m th e mos t  idea l  metho d o f  representin g 
frequenc y informatio n no r  a  realisti c  descriptio n o f  th e neura l 
encodin g o f  speec h sound s i n th e auditor y pathway s (se e 
Greenberg ,  1988 ,  fo r  a  review) .  However ,  give n th e specifi c 
focu s o f  thi s paper ,  a  mor e comple x representatio n i s no t 
considere d essential .  A  furthe r  simplificatio n i s tha t  tim e i s 
measure d i n time-step s (hencefort h "ts" )  rathe r  tha n 
millisecond s t o allo w flexibilit y  i n apportionin g segmenta l 
length s wit h a  vie w t o lowe r  computationa l  demands .  Apar t 
fro m ensurin g tha t  th e relativ e V O T distributio n o f  th e /b /  an d 
/p /  categor y i s observed ,  ther e i s n o pressin g nee d fo r  th e 
syllabl e lengt h t o b e kep t  similarl y natural .  Thu s fo r  eac h 
"rate" ,  vowe l  segmen t  i s cu t  bac k suc h tha t  it s proportio n t o 
th e V O T i s smalle r  tha n tha t  foun d i n natura l  speech .  Sinc e 
th e numbe r  o f  unfolding s i s se t  t o b e dependen t  o n th e lengt h 
of  th e longes t  stimuli ,  shorte r  stimul i  hel p t o tri m th e numbe r 
of  unfoldings ,  leadin g t o faste r  trainin g time . 
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Figur e 2 :  Schemati c representation s o f  th e forman t  motion s 
of  th e endpoin t  stimul i  correspondin g t o /bi /  (left )  an d /pi / 

(right) .  Eac h representatio n consist s o f  a n interva l  o f 
aspiratio n (stripe d line) ,  followe d b y onse t  o f 

voicin g (dar k lines) . 

units of Fl and F2 and activating the F2 noise units for the 
appropriat e duration .  Thi s ca n b e interprete d a s eliminatin g 
al l  energ y i n th e regio n o f  F l  an d replacin g th e highe r 
formant s (onl y F2 ,  i n thi s instance )  wit h noise . 
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Figur e 3 :  Locatio n o f  /bi/-/pi /  token s o n th e V O T an d 
syllabl e duratio n space ,  i n ts ,  fo r  (a )  th e "natural " 

trainin g se t  an d (b )  th e "artificial "  trainin g set . 
Distributio n o f  token s use d a s test s onl y ar e 

als o show n o n eac h panel . 

The network' s tas k i s continuousl y t o rat e th e probabilit y o f 
a stimulu s belongin g t o a  particula r  categor y a s th e stimulu s 
unfolds .  Th e natur e o f  th e voicin g distributio n make s i t 
possibl e fo r  th e ne t  t o identif y th e consonan t  earl y i n th e 
sequenc e fo r  som e syllables ,  particularl y thos e whos e V O T 
value s ar e unambiguou s (se e Abu-Baka r  &  Chater ,  1993a , 
1993b) .  Bu t  a  thoroug h evaluatio n o f  categor y goodnes s i s 
possibl e onl y whe n th e ne t  ha s scanne d th e entir e lengt h o f 
th e syllabl e an d th e proportio n o f  V O T t o syllabl e duratio n 
has bee n calculated .  Th e activatio n value s o f  th e outpu t 
unit s a t  th e offse t  o f  eac h syllabl e wa s therefor e take n a s a n 
accurat e measur e o f  th e probabilit y  tha t  a  stimulu s belong s 
t o th e categor y whic h th e uni t  represents . 

Distribution Effects on Category Boundary 

In this study, we look at how VOT distribution, in relation 
t o varyin g speakin g rate ,  play s a  rol e i n influencin g th e 
boundar y location s o f  /b /  an d /p/ .  T h e rang e o f 
VOT/syllabl e durations ,  show n i n Fig .  3(a) ,  i s  base d o n th e 
productio n pattern s o f  th e voice d an d voiceles s token s 
studie d b y Volaiti s &  Mille r  (1992) .  Notic e tha t  a s syllabl e 
duratio n increases ,  th e V O T specifyin g a  categor y als o 
increase s bu t  thi s increas e wa s greate r  fo r  /p /  tha n fo r  /b/ .  I n 
addition ,  th e widt h o f  th e rang e o f  V O T o f  eac h categor y 
als o increases . 

We als o traine d anothe r  networ k o n a n "artificial "  trainin g 
set  whos e member s wer e artificiall y  distribute d i n th e 
VOT/syllabl e duratio n spac e (Fi g 3(b)) .  Here ,  th e rang e o f 
V OT fo r  eac h voicin g categor y i s  constan t  regardles s o f 
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Figur e 4 :  Probabilit y  function s fo r  th e /bi/-/pi /  stimul i  use d 
i n th e (a )  natura l  set ,  an d (b )  artificia l  set .  Th e result s o f 

onl y th e 20- ,  23 -  an d 26-t s serie s ar e displaye d here . 
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syllabl e duration .  W e predicte d tha t  th e networ k woul d 
sho w a  criterio n shif t  onl y fo r  th e natural "  set .  Thi s woul d 
suppor t  ou r  suggestio n tha t  th e criterio n shif t  foun d 
experimentall y partl y ha s it s  root s i n th e particula r 
distributio n o f  th e tw o sto p consonants . 

Durin g training ,  th e networ k encountere d eac h 
permissibl e VOT/syllabl e duratio n toke n onc e fo r  ever y 
pas s throug h th e trainin g set .  Durin g th e tes t  phase ,  th e ne t 
was presente d wit h th e origina l  trainin g token s a s wel l  a s 
nove l  token s whos e V O T value s straddl e th e categor y 
boundar y (se e Fig .  3) . 

Fig .  4  show s th e activatio n value s o f  th e outpu t  uni t 
representin g th e /b /  categor y obtaine d a t  syllabl e offset . 
Thes e ma y represen t  th e probabilit y  o f  a  /bi /  a s a  functio n o f 
th e V O T valu e o f  th e stimulus .  Fig .  4(a )  show s tha t  n o 
syllabl e duratio n effec t  o n th e voicin g distinctio n wa s 
observe d fo r  th e contro l  set .  Fig .  4(b )  shows ,  b y contrast ,  a 
systemati c effec t  o f  syllabl e duratio n o n th e identificatio n o f 
th e voice d an d voiceles s consonan t  fo r  th e "natural "  trainin g 
set .  T o quantif y th e boundar y shift ,  w e calculate d th e 
locatio n o f  th e /b-p /  phoneti c boundar y fo r  eac h o f  th e thre e 
syllabl e duration s b y fittin g a  regressio n lin e t o th e dat a an d 
takin g th e boundar y t o b e th e stimulu s valu e correspondin g 
t o th e 0. 5 probability .  Th e boundar y location s fo r  th e 20- , 
23- ,  an d 26-t s serie s wer e a t  V O T value s o f  5.359 ,  6.263 , 

and 6.88 6 respectively ,  representin g a  substantia l  shif t  i n th e 
boundar y location . 

Effect of Training Frequency on Category 

B o u n d a r y 

According to the learning account we are advocating, the 
frequenc y o f  individua l  speec h tokens ,  no t  jus t  thei r  rang e o f 
variation ,  ma y b e expecte d t o pla y a n importan t  rol e i n 
determinin g phoneti c judgements .  I n th e previou s 
simulation ,  eac h stimulu s i s  presente d equall y often . 
Couple d wit h th e fac t  tha t  th e voicin g distributio n locate s 
th e voiceles s syllable s ove r  a  wide r  rang e o n th e V O T 
continuu m tha n th e voice d syllables ,  thi s produce s a n 
unbalance d exposur e betwee n voice d an d voiceles s token s 
i n favou r  o f  th e latter .  Conside r  th e 23-t s serie s (se e Fig . 
3(a )  i n conjunctio n wit h Fig .  5(a)) .  Th e voice d token s ar e 
distribute d ove r  thre e point s alon g th e V O T scal e whil e th e 
voiceles s token s ar e fixed  a t  si x point s o n th e sam e scale .  I f 
ever y suc h poin t  i s  encountere d once ,  thi s mean s th e 
networ k encounter s voiceles s token s twic e a s ofte n a s 
voice d tokens .  Thi s imbalanc e ma y b e expecte d t o affec t 
categorizatio n performance . 

We therefor e ra n ne w simulation s i n whic h th e exposur e 
of  voice d an d voiceles s token s i n eac h syllabl e duratio n 
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Figur e 6 :  Probabilit y  function s fo r  /bi /  showin g th e rat e 
effec t  fo r  thre e /bi/-/pi /  series . 

series was held equal (Fig. 5(b)). Here, each category in 
eac h /bi/-/pi /  serie s i s  allowe d 1 0 exposure s i n a  singl e 
trainin g cycle .  Th e te n exposure s ar e firs t  divide d equall y 
betwee n al l  th e token s withi n th e permitte d V O T range . 
Where th e numbe r  1 0 i s no t  divisibl e b y th e numbe r  o f  V O T 
point s o n whic h th e token s ar e distributed ,  th e remainde r  o f 
th e exposur e i s simpl y divide d betwee n eac h o f  th e middl e 
token s o f  th e category . 

Whil e thi s modifie d frequenc y schem e maintain s a n equa l 
number  o f  exposure s o f  eac h category ,  i t  ignore s th e fac t 
tha t  som e variant s o f  a  categor y occu r  mor e frequently .  I t 
seems likel y tha t  thi s wil l  affec t  categor y prototyp e 
formation ,  an d consequentl y th e categor y boundar y (Rep p & 
Liberman ,  1987). ^  W e therefor e ra n a  furthe r  se t  o f 
simulation s usin g a n improve d frequenc y schem e (Fig .  5(c) ) 
which ,  i n th e absenc e o f  a  mor e realisti c appraisal s o f  th e 
frequenc y informatio n delimitin g th e occurrenc e o f 
members o f  th e /b/-/p /  series ,  onl y loosel y model s th e 
productio n dat a o f  Volaiti s &  Mille r  (1992) .  Notic e tha t 
whil e ther e i s n o frequenc y bia s betwee n categories ,  withi n 
a category ,  som e token s ar e mor e frequen t  tha n others . 

Tabl e 1 :  Voiced-voiceles s boundar y locations ,  i n t s V O T , 
fo r  eac h trainin g schem e (O ,  A ,  B )  an d rat e (20- ,  23- ,  26-ts ) 

O A  B 

20 t s 
23 t s 
26 t s 

5.35 9 
6.26 3 
6.88 6 

4.68 1 
5.60 9 
6.49 8 

4.43 2 
5.37 6 
6.49 7 

^  W e conside r  onl y categor y boundarie s here ,  leavin g 
prototype s t o anothe r  paper . 

Afte r  training ,  th e networ k wa s teste d o n th e sam e se t  o f 
tes t  stimul i  a s use d previously .  Result s fro m th e tw o 
trainin g frequencie s (th e 'modified '  typ e referre d t o a s 
Scheme A  an d th e 'improved '  typ e a s Schem e B )  wer e 
compare d i n conjunctio n wit h th e result s obtaine d earlie r  i n 
th e precedin g sectio n (referre d t o a s Schem e O ) .  Th e 
number  o f  iteration s durin g trainin g fo r  th e tw o scheme s 
varie s betwee n 20 0 t o 300 . 

Fig .  6  show s th e activatio n o f  th e uni t  representin g a  /bi / 
as a  functio n o f  V O T .  T o quantif y th e effect s o f  syllabl e 
duratio n an d frequenc y schemes ,  si x n e w boundar y 
location s arisin g fro m scheme s A  an d B  wer e compute d 
usin g th e sam e procedur e a s before .  Thes e boundar y values , 
togethe r  wit h th e thre e alread y calculate d (du e t o schem e 
O ) ,  ar e show n i n Tabl e 1 . 

Conside r  first  th e boundar y shif t  a s a  resul t  o f  change s i n 
syllabl e duratio n (Fig .  6 ;  Tabl e 1)) .  Al l  th e frequenc y 
scheme s sho w a  shif t  towar d longe r  V O T a s syllabl e 
duratio n increases .  Wit h th e exceptio n o f  th e boundar y shif t 
betwee n th e 23 -  an d 26-t s serie s unde r  th e O  scheme ,  al l 
othe r  shift s ar e roughl y equa l  (betwee n 0. 9 t o 1. 1 ts) .  Nex t 
conside r  th e effec t  o f  varyin g th e frequenc y schem e o n th e 
boundar y locatio n fo r  eac h individua l  serie s (Tabl e 1) .  N o w 
th e boundar y i s shifte d i n th e opposit e direction .  Changin g 
fro m schem e O  t o schem e A  result s i n a  large r  boundar y 
shif t  (mea n 0.5 7 time-steps )  tha n th e chang e betwee n A  an d 
B scheme s (mea n 0.1 6 ts) .  Also ,  th e chang e fro m O  t o B  fo r 
th e longe r  serie s produce s smal l  shift s a s compare d t o th e 
shorte r  series . 

Whil e th e shif t  a s a  consequenc e o f  changin g rat e i s 
expected ,  th e correspondin g movemen t  i n th e opposit e 
directio n du e t o trainin g frequenc y i s  novel .  T o ge t  a n 
intuitio n fo r  wh y th e latte r  m a y hav e occurred ,  conside r  first 
th e chang e i n frequenc y scheme s fro m O  t o A  (Fig .  5) .  Thi s 
transitio n i s accompanie d b y a  greate r  increas e i n exposur e 
fo r  th e voice d token s a s compare d t o th e voiceles s tokens . 
Take ,  fo r  example ,  th e 23-t s series .  I n schem e O ,  th e voice d 
token s ar e expose d thre e times ,  bu t  i n A ,  thi s i s increase d t o 
seven .  I n contrast ,  th e voiceles s token s gai n a n increas e o f 
onl y fou r  exposure s ove r  th e sam e transition .  Ther e i s thu s 
a differentia l  o f  thre e exposure s i n favou r  o f  th e voice d 
category .  A  possibl e explanatio n fo r  th e observe d shif t  i n 
th e boundar y locatio n therefor e i s tha t  increas e i n exposur e 
i n favou r  o f  on e categor y pull s th e boundar y toward s tha t 
category . 

The change s accompanyin g th e transitio n fro m Schem e A 
t o Schem e B  ar e mor e difficul t  t o quantify .  Th e numbe r  o f 
exposure s hav e bee n increase d i n Schem e B  bu t  between -
categor y differentia l  i s  stil l  maintaine d a t  zer o (se e Fig . 
5(c)) .  Th e differentia l  i n exposur e betwee n member s o f  th e 
same categor y m a y b e crucial .  Tabl e 1  suggest s tha t  biasin g 



th e frequencie s o f  member s o f  th e voice d an d voiceles s 
categorie s i n th e wa y w e di d (Fig .  5(c) )  mad e th e voice d 
categor y optimall y mor e effectiv e a s a  "boundar y puller " 
tha n th e voiceles s category ,  particularl y fo r  th e shorte r 
series . 

Conclusion 

The results from this work have implications for spoken 
languag e processin g an d model s o f  perceptio n an d 
categorizatio n o f  huma n speech .  A  connectionis t  networ k 
ca n lear n t o sho w a  systemati c rat e effec t  tha t  ca n b e trace d 
t o th e network' s sensitivit y t o th e typ e an d frequenc y o f 
trainin g stimuli .  Th e factor s tha t  matte r  t o th e networ k ma y 
als o matte r  t o human s i n fundamenta l  ways ,  whic h raise s th e 
possibilit y  tha t  boundar y location s nee d no t  b e determine d 
solel y b y listeners '  capacit y t o discriminat e auditoril y  bu t 
coul d b e leam t  fro m experience .  Mor e generally ,  thi s 
suggest s tha t  learnin g ma y pla y a  mor e pervasiv e rol e i n 
phoneti c categor y formatio n tha n previousl y thought . 
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