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Abstrac t 

Common vowel inventories of languages tend to be better 
disperse d i n th e spac e o f  possibl e vowel s tha n les s com -
m on o r  unatteste d inventories .  Th e presen t  researc h ex -
plore d th e hypothesi s tha t  functiona l  factor s underli e thi s 
preference .  Connectionis t  model s wer e traine d o n differ -
ent  inventorie s o f  spoke n vowels ,  take n fro m a  natural -
isti c  corpus .  Th e first  experimen t  showe d tha t  network s 
traine d o n well-disperse d five-vowel  set s lik e [ i  e  a  o  u ] 
learne d th e inventor y mor e quickl y an d generalize d bet -
te r  t o nove l  stimuli ,  compare d t o thos e traine d o n les s 
disperse d vowe l  sets .  Experiment s 2- 3 examine d ho w 
effect s du e t o eas e o f  perceptio n ar e modulate d b y fac -
tor s relate d t o production .  Language s ten d t o prefe r  fron t 
vowel  contrast s ove r  bac k vowel s becaus e th e latte r  ten d 
t o b e produce d wit h mor e variability .  Thi s cause d net -
work s traine d o n a n [ i  e  a  u ]  inventor y t o perfor m bette r 
tha n thos e traine d o n [ i  a  o  u] .  Thu s bot h acousti c sepa -
ratio n o f  vowel s an d variabilit y  i n ho w the y ar e realize d 
i n speec h affec t  eas e o f  learnin g an d generalization .  Th e 
result s sugges t  tha t  acousti c an d articulator y factor s ca n 
explai n apparen t  phonologica l  universals . 

Introduction 

Universa l  tendencie s i n language s ar e ofte n cite d a s evidenc e 
tha t  a t  leas t  som e o f  language' s structur e i s innate ,  rathe r 
tha n learned .  O n e suc h patter n i s th e overwhelmin g tendenc y 
fo r  vowe l  inventorie s t o b e organize d int o acousticall y  well -
disperse d an d symmetrica l  forms .  Fo r  example ,  ther e ar e 
many mor e three-vowe l  language s wit h a  triangula r  [ i  a  u ] 
inventor y tha n th e mor e lopside d [ i  a  o] ,  o r  wors e [ a e  a ]  (se e 
Figur e 1) .  Thi s tendenc y hold s fo r  inventorie s wit h an y num -
ber  o f  vowels .  Figur e 1  represent s prototypi c realization s o f 
vowels ;  a s w e wil l  explor e later ,  vowel s deviat e fro m thes e 
prototype s t o varyin g degree s i n actua l  production . 

Forma l  phonolog y attribute s thes e phenomen a t o principle s 
of  featur e markednes s (Chomsk y &  Hall e 1968 ;  Clement s & 
H u me 1995) :  les s marke d vowel s lik e /i /  an d In !  ar e c o m m o n 
among th e world' s language s becaus e thei r  featur e specifica -
tion s ar e simple r  tha n mor e highl y marke d vowel s lik e h i  o r 
lyl .  Th e optimalit y o f  a  phonem e inventor y thu s depend s o n 

th e markednes s o f  it s  constituents .  O n e proble m wit h thi s ap -
proac h i s th e lac k o f  independen t  criteri a fo r  decidin g wha t  i s 
considere d "marked. " 

An alternativ e approac h seek s t o explai n phonologica l  pat -
tern s i n term s o f  phoneti c factor s includin g eas e o f  discrim -
inatio n an d precisio n o f  productio n (Ohal a 1990) .  Fo r  ex -
ample ,  th e mor e easil y a  grou p o f  vowel s ar e t o discriminat e 
fro m eac h other ,  th e mor e likel y the y ar e t o mak e u p a n actua l 
vowel  system .  Thi s theor y ha s bee n explore d usin g math -
ematica l  model s base d o n acousti c propertie s o f  vowel s t o 
predic t  th e optima l  set s fo r  inventorie s o f  differen t  size s (Lil -
jencrant s &  Lindblo m 1972 ;  Boe ,  Schwartz ,  &  Vale e 1994) . 
Becaus e a  vowel' s qualit y i s determine d b y th e positio n o f 
it s formant s i n th e acousti c spectrum ,  suc h model s calculat e 
tw o vowels '  contrastivenes s a s th e distanc e o f  thei r  respectiv e 
formants . 
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Figur e 1 :  Prototypica l  location s o f  vowel s i n forman t  space .  Th e 
dar k lin e indicate s th e spac e o f  possibl e vowels ,  give n articulator y 
constraints .  Frequencie s ar e plotte d i n Hz . 

The purpose of the present research was to use connection-
is t  network s t o explor e th e hypothesi s tha t  language s ten d t o 
favo r  certai n vowe l  set s becaus e the y ar e easie r  t o perceiv e 
an d produce .  Vowel s tha t  ar e m o r e distinc t  f ro m on e anothe r 
acousticall y wil l  b e easie r  t o discriminate ,  easie r  t o learn ,  an d 
promot e bette r  generalizatio n t o nove l  items .  Usin g connec -
tionis t  networks ,  rathe r  tha n th e mathematica l  mode l s use d i n 
previou s research ,  allowe d u s t o investigat e learnin g an d gen -
eralizatio n directly .  T h e first  experimen t  compare d th e per -
formanc e o f  network s traine d o n acousticall y well-disperse d 
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an d poorly-disperse d inventories .  Experiment s 2  an d 3  ex -
plore d th e rol e o f  varianc e i n h o w vowel s ar e produce d i n 
speech ,  an d h o w thi s biase s th e world' s language s toward s 
fron t  vowels . 

Experiment 1 

Of  th e m a n y language s o f  th e worl d tha t  us e five  vowels ,  ove r 
9 0 % o f  the m for m th e familia r  triangl e o f  [ i  e  a  o  u ]  (Mad -
dieso n 1984) .  Les s c o m m o n inventorie s ten d t o diffe r  fro m 

thi s se t  b y onl y on e o r  tw o vowels .  I n contrast ,  n o vowe l 
syste m i s m a d e u p o f  onl y bac k vowels ,  o r  onl y fron t  vow -
els ;  suc h inventorie s fai l  t o us e th e entir e forman t  spac e o f 
vowel s an d a s a  result ,  vowel s i n thes e set s ar e mor e difficul t 
t o distinguish .  W e hypothesize d tha t  poo r  dispersio n woul d 
impai r  th e rat e wit h whic h a  simpl e connectionis t  networ k 
woul d lear n th e vowe l  set s an d generaliz e t o nove l  stimuli . 

Method 

Al l  inventorie s use d i n thi s experimen t  hav e five  vowel s (Ta -
bl e 1) .  Th e first  tw o set s wer e variation s o f  th e typica l 
[ i  e  a  o  u ]  type :  th e aeio u se t  i s th e mos t  c o m m o n one ,  wit h 
5 8 reporte d case s (Maddieso n 1984) ,  whil e th e no rm S inven -
tor y represent s a  slightl y les s c o m m o n one ,  represente d i n 
13 o f  th e world' s languages .  Th e schw a se t  i s ver y uncom -
m o n:  onl y tw o language s us e suc h a n inventory .  Finally ,  th e 
front s an d back 5 inventorie s wer e m a d e u p o f  eithe r  five  fron t 
or  bac k vowels ,  an d ar e completel y unatteste d i n th e world' s 
languages . 

Atteste d Set s 
no rmS : 

schw a 
(les s c o m m o n ) : 

Unatteste d Set s 
fronts : 

i 
e 

e 

u 
3 

a 

u 
9 
a 

i  l e e a e 

aeiou : 

backS : 

i  u 
e o 

a 

u u  0 3 a 

Tabl e 1 :  Vowe l  set s use d i n Experimen t  1 . 

Between 20 and 64 instances of each vowel type were 
extracte d fro m th e D A R P A T I M I T Acoustic-Phoneti c Con -
tinuou s Speec h Corpus' ,  mad e u p o f  waveform s o f  elicite d 
speec h fro m differen t  speaker s o f  America n English .  Onl y 
America n Englis h speaker s fro m a  singl e dialec t  regio n 
('Nort h Midland' )  wer e used .  Eac h 18 0 ms .  vowe l  wavefor m 
was converte d t o a  matri x  o f  203 2 spectra l  coefficients ,  us -
in g a  Fourie r  Transform .  Eac h coefficien t  corresponde d t o 
th e amplitud e o f  a  narro w frequenc y ban d fo r  a  give n poin t  i n 
time .  B y transformin g thes e coefficient s t o th e 0- 1 scale ,  w e 
obtaine d th e coefficient s fo r  eac h vowel ,  whic h provide d th e 
inpu t  activation s o f  a  feedforwar d network .  Th e network' s 

'Th e TIMI T databas e doe s no t  contai n a n equa l  numbe r  o f  eac h typ e o f 
vowel ,  s o al l  availabl e instance s o f  eac h vowe l  wer e used . 

outpu t  consiste d o f  1 1 nodes ,  eac h correspondin g t o a  differ -
ent  possibl e vowel .  Al l  network s als o ha d a  hidde n laye r  o f 
30 units . 

Eac h o f  th e five  set s o f  vowel s wer e traine d o n thre e net -
works ,  fo r  a  tota l  o f  1 2 networks .  O n eac h trainin g trial , 
th e networ k wa s presente d wit h th e spectra l  dat a fro m a  ran -
doml y selecte d instanc e o f  a  vowel .  Th e probabilit y  o f  eac h 
vowel  typ e wa s hel d constant ,  s o tha t  th e networ k receive d 
an equa l  numbe r  o f  trainin g trial s fo r  eac h type .  Th e networ k 
was traine d t o m a p th e spectra l  matri x ont o th e correc t  outpu t 
vector ,  usin g th e backpropagatio n algorith m t o adjus t  connec -
tio n strengths. ^  O n e vowe l  wa s presente d a t  eac h trial ,  an d al l 
network s wer e traine d o n eac h inventor y fo r  100,00 0 trials . 

Results 

To asses s th e rat e a t  whic h vowe l  set s wer e learned ,  th e pro -
portio n o f  correctl y learne d trainin g vowel s wa s examine d a t 
eac h lO K trainin g trials .  Performanc e wa s assesse d relativ e t o 
a criterio n o f  9 5 % correc t  o n th e trainin g set ,  usin g a  nearest -
neighbo r  scorin g method .  Th e no rm S network s reache d thi s 
criterio n b y 3 0 K trials ,  whil e th e aeio u an d schw a network s 
reache d i t  b y 4 0 K trials .  Th e unattested/ro«r 5 se t  too k muc h 
longer ,  7 0 K trials ,  whil e th e back S networ k neve r  reache d cri -
terion :  it s  asymptoti c rat e o f  9 2 % correc t  vowel s wa s attaine d 
at  9 0 K trials . 

We als o use d a  se t  o f  testin g stimul i  t o asses s eac h net -
work' s generalizatio n t o nove l  tokens .  Thi s se t  consiste d o f  6 
instance s o f  ever y vowe l  typ e i n th e network' s trainin g inven -
tory ,  als o take n fro m th e T I M I T database .  Th e nove l  vowel s 
wer e presente d t o th e networks ,  an d th e differenc e betwee n 
th e expecte d outpu t  an d th e actua l  outpu t  wa s calculated ,  us -
in g a  su m square d erro r  (SSE )  formula .  Figur e 2  show s th e 
mean SSE' s an d standar d error s o f  eac h networ k typ e o n th e 
testin g sets .  Result s sho w tha t  th e atteste d network s aeio u 
and norm S ha d faste r  learnin g rates ,  indicate d b y a  steepe r 
initia l  slope ,  an d settle d int o a  lowe r  overal l  erro r  scor e whe n 
full y trained .  Th e unatteste d inventorie s back S an d frontS ,  o n 
th e othe r  hand ,  ha d m u c h highe r  erro r  values .  Th e schw a se t 
had lowe r  erro r  tha n thes e unatteste d sets ,  thoug h erro r  wa s 
not  a s lo w a s th e better-atteste d sets . 

Th e highe r  SSE' s i n th e unatteste d set s wer e du e t o bot h a 
greate r  numbe r  o f  incorrectl y identifie d vowel s i n th e trainin g 
set ,  an d th e fac t  tha t  thes e network s faile d t o lear n on e o f 
th e trainin g vowel s altogether .  A  vowel-by-vowe l  analysi s o f 
eac h networ k type' s performanc e i s plotte d i n Figur e 3 .  Th e 
heigh t  o f  eac h ba r  represent s th e numbe r  correc t  o f  6  testin g 
vowel s o f  eac h type .  I n th e tw o unatteste d inventories ,  on e 
vowel  i s completel y missing ,  indicatin g tha t  a  contras t  ha s 
bee n neutralized .  Overal l  ba r  height s als o ten d t o b e lower , 
indicatin g a  highe r  overal l  rat e o f  incorrec t  responses . 

Discussion 

Th e mai n finding  fro m th e simulation s wa s tha t  th e atteste d 
vowel  set s wer e bette r  learne d an d promote d bette r  general -

^The learnin g rate s an d weigh t  range s fo r  al l  network s i n thi s pape r  wer e 
set  a t  0.01 . 
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Figur e 2 :  Mea n su m square d erro r  o n generalizatio n set s fo r  eac h 
vowel  set ,  ove r  time .  Dat a ar e average d acros s 3  differen t  simula -
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Figur e 3 :  N u m b e r  o f  correc t  response s fo r  eac h networ k typ e a t 
asymptote ,  broke n d o w n b y individua l  vowel s i n th e testin g sets . 

ization than the unattested sets. Given the architecture that 
w as used ,  th e unatteste d set s coul d b e no t  b e learned ;  on e 
vowe l  i n eac h se t  w a s unlearne d an d m e a n S S E w a s increas -
in g rathe r  tha n decreasin g wit h additiona l  training . 

Thes e result s indicat e tha t  connectionis t  networks ,  lik e hu -
m a n s,  s h o w a  preferenc e fo r  vowe l  inventorie s tha t  ar e acous -
ticall y well-dispersed .  Mo reove r ,  th e model ' s relativ e per -
formanc e o n th e 3  atteste d vowe l  set s correspond s t o thei r 
relativ e frequencie s i n th e world' s languages .  T h u s ,  th e sim -
ulation s accounte d fo r  bot h difference s be twee n possibl e an d 
impossibl e vowe l  inventorie s an d difference s withi n th e pos -
sibl e set s i n term s o f  relativ e learnability .  T h e model ' s be -
havio r  w a s shape d b y t w o m a i n constraints .  First ,  becaus e 
ther e i s  considerabl e variabilit y i n h o w vowel s ar e realize d 
i n speech ,  th e m o d e l  m u s t  develo p representation s o f  v o w -
el s tha t  allo w i t  t o correctl y classif y m a n y differen t  stimul i  a s 
instance s o f  th e s a m e type .  Second ,  th e m o d e l  m u s t  als o b e 
abl e t o accuratel y differentiat e be twee n instance s o f  differen t 
types .  T h e vowe l  inventorie s tha t  ar e learnabl e ar e thu s one s 
tha t  allo w bot h o f  thes e d e m a n d s t o b e m e t  simultaneously . 
T h e model ' s relativel y accurat e pe i formanc e o n nove l  e x a m -

ple s suggest s tha t  i t  develope d prototype-lik e representation s 
tha t  allowe d accurat e classificatio n o f  nove l  stimul i  tha t  devi -
ate d f ro m previou s examples .  H u m a n s als o exhibi t  thi s ca -
pacity ,  a s demonstrate d b y p h e n o m e n a suc h a s categorica l 
perceptio n (L iberman ,  Harris ,  H o f f m a n ,  &  Griffit h 1 9 5 7 ) . 

T h e learnin g an d generalizatio n per fo rmanc e o f  thes e m o d -
el s underscor e th e relationshi p be twee n languag e acquisitio n 
an d languag e processin g i n h u m a n s .  The r e i s a n intimat e con -
nectio n betwee n factor s influencin g th e eas e wit h w h i c h chil -
dre n ca n acquir e a  hypothetica l  inventory ,  a n d th e efficienc y 
wit h wh i c h i t  ca n b e processed . 

I n thi s experiment ,  n o n e o f  th e atteste d set s w e r e learne d 
perfectly ,  bu t  i t  shoul d b e note d tha t  vowe l  acquisitio n an d 
recognitio n normall y rel y no t  onl y o n acousti c cues ,  bu t  als o 
o n loca l  p h o n e m i c context ,  lexica l  k n o w l e d g e ,  an d discours e 
information .  T h e condition s unde r  w h i c h th e ne twork s w e r e 
traine d w e r e relativel y impover ishe d insofa r  a s n o n e o f  thes e 
additiona l  source s o f  t o p - d o w n constrain t  w e r e available . 

I n s u m m a r y ,  th e result s o f  th e first  simulation s ar e c o m p a t -
ibl e wit h linguisti c dat a show in g tha t  v o w e l  inventorie s tha t 
ar e m o r e highl y disperse d ar e m o r e c o m m o n tha n thos e tha t 
ar e les s highl y dispersed .  Unl ik e forma l  theorie s o f  m a r k e d -
ness ,  however ,  ou r  m o d e l s di d no t  rel y o n explici t  featur e hi -
erarchie s t o explai n thes e facts ;  rather ,  the y deriv e f r o m h o w 
th e m o d e l s lear n give n th e tas k the y hav e bee n aske d t o per -
f o r m an d th e natur e o f  th e input . 

Experiment 2 

Al thoug h m o d e l s lik e L indb lom' s (Liljencrant s &  L i n d b l o m 
1 9 7 2 )  stres s acousti c distanc e be twee n vowels ,  i t  i s  als o im -
portan t  t o conside r  fact s abou t  h o w the y ar e actuall y realize d 
i n naturalisti c speech .  I n particular ,  vowel s ar e p roduce d wit h 
differin g a m o u n t s o f  variability ,  w h i c h als o affect s learnabil -
ity .  Conside r  th e 4-vowe l  inventories :  th e U P S I D databas e o f 
languag e inventor y pattern s (Madd ieso n 1 9 8 4 )  list s 1 2 four -
vowe l  language s wit h th e vowel s [ i  e  a  u ]  (th e m o s t  frequen t 
four-vowe l  inventory) ,  bu t  onl y t w o wit h [ i  a  o  u ] ;  th e dif -
ferenc e be twee n th e t w o i s th e choic e o f  a  m i d vowe l .  T h e 
greate r  n u m b e r  o f  language s containin g th e [ i  e  a  u ]  inven -
tor y migh t  impl y tha t  thi s se t  i s bette r  disperse d an d therefor e 
easie r  t o learn ,  bu t  i n fact ,  th e t w o ar e equall y dispersed ;  look -
in g bac k a t  Figur e 1  i t  i s  clea r  tha t  th e acousti c spac e b e t w e e n 
l\ l  an d I d i s roughl y th e s a m e a s be twee n /u /  an d lol . 

Theorie s base d o n acousti c difference s be twee n idealize d 
vowel s provid e n o basi s fo r  explainin g th e differenc e i n th e 
distribution s o f  thes e vowe l  inventories .  H o w e v e r ,  difference s 
i n th e variabilit y  wit h wh i c h vowe l s ar e realize d i n speec h 
m ay b e wha t  cause s a  preferenc e toward s fron t  v o w e l  con -
trasts .  B e c k m a n e t  al .  (1995 )  explai n tha t  precis e articulatio n 
o f  hig h fron t  vowel s i s easie r  t o obtai n tha n fo r  th e equivalen t 
bac k vowels ,  resultin g i n a  smalle r  a m o u n t  o f  F l  varianc e i n 
vowel s lik e /i/ ,  c o m p a r e d t o /u/ .  Thi s i s  becaus e hig h fron t 
vowel s lik e /i /  ca n b e produce d wit h grea t  precisio n b y stiff -
enin g th e genioglossu s musc le ,  an d proppin g th e tongu e later -
all y agains t  th e denta l  ridge .  Thi s prevent s i t  f r o m fallin g int o 
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th e domai n o f  Id ,  facilitatin g th e contras t  betwee n th e two . 

T h e vowe l  /u /  canno t  b e produce d similarly ,  sinc e th e den -
ta l  ridg e doe s no t  exten d fa r  bac k enough ;  a s a  result ,  tongu e 
heigh t  canno t  b e a s accuratel y controlled .  Thi s mean s tha t 
bac k vowel s lik e /u /  o r  lo l  ar e mor e likel y t o overlap . 

We hypothesize d tha t  th e increase d varianc e i n bac k vow -
el s woul d affec t  discriminability ,  sinc e /u /  an d lo l  ar e mor e 
likel y t o hav e overlappin g distributions .  Consequently ,  th e 
listener' s abilit y t o perceiv e the m a s differen t  shoul d als o b e 
weake r  tha n i n fron t  vowels .  W e teste d thi s b y trainin g simpl e 
network s o n tw o realisti c fou r  vowe l  inventories :  [ i  e  a  u ]  an d 
[ i  a  o  u] .  Th e predictio n wa s tha t  th e greate r  variabilit y  of/u / 
woul d yiel d poore r  performanc e o n thi s secon d set . 

Method 

T wo ne w vowe l  set s wer e create d usin g waveform s extracte d 
fro m th e T IMI T database .  Th e first  set ,  fmnt4 ,  consiste d o f 
differen t  instance s o f  th e vowel s [ i  e  a  u] .  Th e secon d set , 
back4 ,  consiste d o f  th e vowel s [ i  a  o  u] ;  th e first  inventor y 
i s th e mor e frequen t  one .  Th e trainin g metho d wa s simila r 
t o th e previou s experiment ,  usin g th e backpropagatio n algo -
rith m t o adjus t  weight s afte r  eac h presentatio n o f  a  rando m 
vowe l  fro m th e inpu t  set .  Becaus e th e numbe r  o f  vowel s t o 
encod e wa s smaller ,  an d th e anticipate d effec t  i s  subtle ,  2 0 
hidde n unit s wer e use d fo r  thes e simulations .  Thre e network s 
wer e traine d o n eac h inventory . 

Results 

T h e proportio n o f  correctl y learne d trainin g vowel s wa s as -
sesse d a t  lOK-tria l  intervals .  Criterio n wa s se t  a t  9 5 % correc t 
o n trainin g vowels .  Th e network s traine d o n th e front 4 in -
ventor y too k a n averag e 3 0 K trainin g trial s t o reac h criterion . 
Network s traine d o n th e back 4 inventor y neede d 4 0 K trials . 
Al l  network s attaine d perfec t  score s b y 5 0 K trials . 

To tes t  th e networks '  abilit y t o generaliz e t o nove l  vowels , 
a se t  o f  1 0 vowel s o f  eac h typ e (tota l  =  40 )  wa s create d fo r 
eac h networ k type .  Eac h testin g vowe l  wa s presente d t o th e 
networ k a t  increment s o f  lO K trials .  Th e mea n S S E acros s 
thre e run s o f  eac h networ k an d standar d error s ar e plotte d i n 
Figur e 4 .  A s wit h th e trainin g set ,  performanc e fo r  th e front 4 
set  wa s slightl y bette r  tha n th e back 4 se t  a t  som e points ,  al -
thoug h thi s differenc e quickl y disappeared .  Asymptoti c erro r 
rate s fo r  th e tw o network s wer e identical . 

Discussion 

Th e result s di d no t  provid e stron g suppor t  fo r  th e hypothe -
si s tha t  th e les s atteste d back 4 woul d b e harde r  t o lear n be -
caus e o f  th e variabilit y  associate d wit h vowe l  /u/ .  I t  i s  har d 
t o se e h o w smal l  difference s observe d betwee n th e vowe l 
set s woul d translat e int o larg e difference s i n th e frequencie s 
wit h whic h the y occu r  i n languages .  I n considerin g thes e re -
sults ,  w e wondere d h o w th e vowe l  sample s w e too k fro m th e 
T I M I T databas e relate d t o th e idealize d vowel s illustrate d i n 
Figur e 1 .  Acousti c analyse s wer e performe d o n th e trainin g 
vowels ,  b y calculatin g m e a n forman t  value s fo r  eac h vowe l 
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Figur e 4 :  Mea n Su m Square d Erro r  score s (an d standar d errors )  fo r 
\\\cfront 4 an d back 4 vowe l  sets ,  ove r  th e cours e o f  training . 

type .  Thi s reveale d a n interestin g patter n i n th e bac k vow -
el s o f  America n Englis h speakers :  rathe r  tha n producin g /u / 
and lo l  wit h th e ver y lo w F2' s usuall y observe d i n languages , 
T I M I T speaker s produce d bac k vowel s tha t  wer e relativel y 
unrounde d an d fronted ,  resultin g i n F2' s tha t  wer e quit e hig h 
(Figur e 5) .  B y frontin g an d unroundin g /u /  t o a  greate r  ex -
ten t  tha n /o/ ,  th e acousti c overla p o f  thes e tw o vowel s wa s re -
duce d (Figur e 6) ,  enhancin g th e mutua l  distinctivenes s of/u / 
and lol .  A s a  result ,  /u /  an d lo l  ha d les s overla p tha n expecte d 
base d o n idealize d representation s o f  th e vowel s suc h a s i n 
Figur e 1 .  Thus ,  speaker s apparentl y modifie d thei r  speec h t o 
avoi d inventorie s o f  vowel s tha t  woul d otherwis e b e difficul t 
t o discriminate . 
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Figure 5: Comparison of typical vowel formant values and those 
produce d b y speaker s i n th e TIMI T database .  Bac k vowel s In l  an d 
lo l  diffe r  greatl y fro m thei r  expecte d positions . 

Experimen t  3 

We hav e suggeste d tha t  th e back 4 inventor y use d i n th e pre -
viou s experimen t  containe d /u/' s  whic h di d no t  overla p wit h 
neighborin g /o/' s an d thi s increase d th e discriminabilit y o f 
th e two .  Thi s suggest s a  simpl e prediction :  i f  th e tw o vowel s 
wer e move d bac k t o thei r  canonica l  positions ,  th e variabil -
it y  o f  th e tw o shoul d creat e sufficien t  overla p t o significanti y 
imped e learnin g an d generalization .  T o tes t  this ,  simpl e feed -
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thei r  America n Englis h counterpart s (darke r  ellipses) .  Overla p i s 
minimize d b y displacin g /u /  t o a  greate r  exten t  tha n /o/ . 

forward networks were trained on synthetic vowels that al-
lowe d u s t o contro l  th e exac t  forman t  an d varianc e parameter s 
of  eac h vowe l  type . 

Method 

A se t  o f  Fl ,  F 2 an d F 3 mean s fo r  al l  fiv e vowel s [ i  e  a  o  u ] 
was devised ,  base d o n cardina l  vowe l  position s i n Lind -
blo m (1986) .  Thes e forman t  value s represente d vowels '  usua l 
position s i n languages .  Eac h vowel' s standar d deviatio n wa s 
obtaine d fro m ou r  o w n analyse s o f  th e T I M I T database ,  alon g 
wit h dat a fro m Beckma n e t  al.(1995) .  Thus ,  bac k vowel s ha d 
a F l  standar d deviatio n tha t  wa s greate r  tha n th e correspond -
in g fron t  vowels ,  du e t o th e effec t  o f  poo r  contro l  ove r  vowe l 
height .  Th e resul t  wa s a  se t  o f  vowel s wit h similarl y space d 
/i/-/e /  an d /u/-/o/ ,  bu t  wit h greate r  varianc e i n th e bac k vowels . 

Usin g thes e parameters ,  3 5 instance s o f  eac h vowe l  typ e 
wer e generated .  Actua l  synthesi s wa s performe d usin g a 
parallel-forman t  speec h synthesize r  t o creat e 18 0 ms .  wave -
form s fo r  eac h vowel .  Thes e wer e the n transforme d int o a 
set  o f  204 0 spectra l  coefficient s usin g a  Fourie r  Transfor m 
algorithm ,  an d the n rescale d t o th e 0- 1 range ,  an d use d a s th e 
inpu t  vector s fo r  ou r  networks . 

The syntheti c stimul i  constitute d m u c h cleane r  instance s 
of  vowel s tha n i n previou s experiments :  lengt h an d loudnes s 
wer e al l  identical ,  forman t  frequencie s an d bandwidth s wer e 
constan t  fo r  th e entir e lengt h o f  th e vowel ,  an d ther e wer e 
no coarticulator y effect s a t  th e vowels '  onset s an d releases . 
Learnin g wa s thu s expecte d t o b e easie r  overall ;  fo r  thi s rea -
son ,  a  hidde n laye r  o f  1 5 unit s wa s use d fo r  eac h network . 
Each networ k wa s traine d t o associat e eac h se t  o f  inpu t  vec -
tor s t o a  localis t  representatio n o f  th e vowe l  i t  corresponde d 
to .  Trainin g proceede d a s i n th e previou s experiments :  a  ran -
doml y selecte d inpu t  vecto r  wa s presente d t o th e networ k a t 
eac h iteration ,  an d erro r  wa s compute d usin g th e backpropa -
gatio n algorithm .  Thre e network s o f  bot h type s wer e trained , 
fo r  a  tota l  o f  si x networks . 

Results 

Network s wer e traine d t o lOO K trials .  Th e criterio n o f  9 5 % 
correc t  o n trainin g item s wa s agai n use d t o asses s overal l  per -
formance .  Eac h networ k wa s teste d a t  interval s o f  lO K trials . 

The/ron/ 5 networ k reache d criterio n b y 7 0 K trials ,  wherea s 
th e back s networ k neede d lOO K trial s t o reac h criterion . 

To furthe r  asses s eac h network' s performance ,  fiv e nove l 
vowel s o f  eac h typ e i n th e trainin g set s wer e generated .  Eac h 
was presente d t o th e networ k ever y lO K trainin g trials ,  an d 
th e resultin g S S E valu e wa s recorded .  Figur e 7  show s m e a n 
erro r  rate s an d standar d error s fo r  eac h vowe l  i n th e trainin g 
set  ove r  th e cours e o f  training .  Thes e result s sho w slowe r 
learnin g o f  th e back S set ,  compare d t o front S set ,  thoug h i n 
bot h case s th e network s achieve d nea r  perfec t  trainin g b y 
lOO K trainin g trials . 
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Figure  7: Mean SSE for the synthetic/ront4 and back4 vowel sets, 
ove r  time .  Dat a ar e average d acros s 3  differen t  networ k run s fo r 
eac h type . 

Discussion 

Result s o f  thi s experimen t  suppor t  th e hypothesi s tha t  vari -
abilit y  i n vowel s affect s learnin g an d generalizatio n i n vowe l 
inventories .  A s predicted ,  th e performanc e o f  th e front 4 net -
work s wa s superio r  t o th e back 4 networks ,  i n spit e o f  th e 
fac t  tha t  th e relativ e dispersio n o f  th e tw o inventorie s wa s th e 
same.  Becaus e o f  th e imprecisio n wit h whic h the y ten d t o 
be produced ,  bac k vowel s forme d wea k an d overlappin g rep -
resentation s i n th e back 4 networks .  Thi s wa s les s likel y t o 
occu r  i n fron t  vowels ,  sinc e th e distinctivenes s o f  /i /  an d I d 
ca n b e bette r  maintaine d b y th e speaker .  Thi s woul d explai n 
w hy i t  i s  tha t  fewe r  o f  th e world' s 4-vowe l  language s tak e th e 
for m o f  [ i  a  o  u ]  tha n [ i  e  a  u] . 

Conclusion 

Th e simulation s w e hav e describe d examine d h o w factor s re -
late d t o th e distinctivenes s o f  vowel s coul d b e relate d t o fact s 
abou t  abou t  th e distribution s o f  vowel s i n languages .  Th e 
first  experimen t  showe d tha t  greate r  dispersio n o f  vowel s i n 
a se t  promote d bette r  learnin g an d generalization ,  compare d 
t o les s disperse d inventorie s o f  th e sam e size .  Thes e result s 
ar e consisten t  wit h th e observatio n that ,  othe r  factor s bein g 
equal ,  contrast s tha t  ar e mor e disperse d wil l  b e easie r  fo r  peo -
pl e t o discriminat e an d produce .  Give n th e architectur e tha t 
we used ,  th e unatteste d vowe l  set s wer e actuall y unlearnable ; 
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th e network s droppe d on e vowe l  fro m eac h se t  an d als o per -
forme d wors e o n th e remainin g vowels .  Th e secon d exper -
imen t  examine d anothe r  sourc e o f  constraint ,  variabilit y  i n 
ho w vowel s ar e realize d i n speech .  T w o inventorie s coul d 
contai n vowel s whos e canonica l  form s ar e equall y distan t 
fro m eac h othe r  bu t  overla p i n differin g degree s becaus e o f 
productio n variability .  W e hypothesize d tha t  suc h variabilit y 
was relate d t o difference s i n th e frequencie s o f  atteste d vowe l 
sets .  Thi s predicte d tha t  ther e woul d b e difference s betwee n 
tw o atteste d vowe l  set s i n eas e o f  learnin g an d generaliza -
tion ,  an d whil e th e effect s i n Experimen t  2  wer e i n th e righ t 
direction ,  the y wer e rathe r  small .  W e the n determine d tha t 
th e vowel s i n th e America n Englis h corpu s tha t  w e use d ex -
hibi t  a  compensator y shif t  i n th e bac k vowels .  Speaker s i n 
th e T IMT T databas e hav e minimize d th e overla p betwee n th e 
tw o vowels '  domain s b y frontin g la l  t o a  greate r  degre e tha n 
lol .  Thi s compensatio n i s consisten t  wit h th e vie w tha t  vowe l 
inventorie s ar e determine d b y factor s concernin g perceptio n 
and production .  Apparently ,  speaker s wil l  adap t  thei r  speec h 
i n direction s tha t  avoi d learnabilit y  problems .  Experimen t  3 
showe d tha t  whe n bac k vowel s wer e move d t o thei r  canonica l 
positions ,  th e anticipate d differenc e i n trainin g [ i  e  a  u ]  an d 

[ i  a  o  u ]  inventorie s wa s obtained . 

Thes e result s mus t  b e treate d cautiousl y becaus e w e hav e 
not  explore d th e rang e o f  architectura l  factor s tha t  influenc e 
performance ,  includin g th e numbe r  o f  hidde n units .  Althoug h 
suc h factor s ar e likel y t o affec t  eas e o f  learning ,  ou r  assump -
tio n i s tha t  th e observe d performanc e difference s betwee n 
vowel  set s wil l  b e preserve d ove r  a  broa d rang e o f  conditions ; 
thi s issu e need s t o b e assesse d i n futur e work ,  however . 

We als o hav e no t  examine d al l  o f  th e factor s tha t  influenc e 
th e compositio n an d stabilit y  o f  vowe l  inventories ;  ther e ar e 
likel y man y othe r  source s o f  discriminabilit y  tha t  hel p deter -
min e vowe l  inventor y patterns .  Fo r  example ,  som e language s 
use lengt h t o contras t  acousticall y simila r  vowels .  Diphthon -
gizatio n als o enhance s th e contrastivenes s o f  a  vowel ,  b y fus -
in g i t  wit h anothe r  vowe l  sound .  Finally ,  th e proximit y o f 
any tw o formant s i n a  vowe l  ca n affec t  it s  distinctiveness , 
whic h explain s wh y th e vowe l  /y /  i s  mor e commo n tha t  it s 
bac k counterpar t  /ui /  (Boe ,  Schwartz ,  &  Vale e 1994) . 

The succes s o f  th e simulation s presente d her e sugges t  tha t 
thi s broa d rang e o f  factor s influencin g th e distribution s o f 
vowel s i n language s ma y b e explainabl e i n term s o f  con -
straint s o n perception ,  productio n an d learning .  Th e vowe l 
inventorie s tha t  exis t  ar e thos e tha t  ar e learnabl e give n thes e 
constraints .  Further ,  th e relativ e frequencie s o f  differen t  in -
ventorie s reflec t  th e grade d effect s o f  thes e variables .  Ex -
plainin g vowe l  inventorie s i n thi s wa y contrast s wit h th e ap -
proac h take n withi n generativ e phonology ,  whic h treat s thes e 
phenomen a a s th e resul t  o f  innat e featur e hierarchie s tha t  ar e 
to o comple x t o b e learned .  Th e fac t  tha t  som e combination s 
of  vowel s d o no t  occu r  i s the n attribute d t o innat e constraint s 
on phonologica l  systems .  Ou r  vie w obviousl y differs ,  inso -
fa r  a s i t  attribute s thes e effect s t o fact s abou t  ho w vowel s ar e 
realize d i n speech ,  somethin g tha t  suc h competenc e theorie s 

exclud e fro m consideration .  Mor e recently ,  Optimalit y  The -

or y (OT )  ha s attempte d t o accoun t  fo r  simila r  typologica l  dat a 
i n term s o f  constrain t  rankin g (Princ e &  Smolensk y 1997) . 
OT i s a  powerfu l  approach ,  an d i t  shoul d thu s b e possibl e t o 
describ e ou r  findings  withi n it s formalism .  Bu t  unlik e OT , 
th e researc h presente d her e represent s a  principle d accoun t 
of  wher e th e relevan t  constraint s com e from ,  an d ho w thei r 
relativ e weighting s ar e discovered . 
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