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Abstrac t 

NETtal k i s a  connectionis t  networ k mode l  tha t  learn s t o conver t 
Englis h tex t  int o phonemes .  Whil e th e networ k perform s th e tas k wit h 
considerabl e aiccurac y an d ca n generaliz e t o nove l  texts ,  httl e ha s bee n 
known abou t  wha t  regularitie s th e networ k discover s abou t  Englis h 
pronunciation .  I n thi s paper ,  th e structur e o f  th e interna l  representa -
tio n learne d b y NETtal k i s analyze d usin g tw o varietie s o f  multivariat e 
analysis ,  hierarchica l  clusterin g an d facto r  analysis .  Thes e procedure s 
revea l  a  grea t  dea l  o f  interna l  structur e i n th e patter n o f  hidde n uni t 
ŵ;tivations .  Th e majo r  distinctio n reveale d b y thi s analysi s o f  hidde n 
unit s i s vowel/consonant .  A  grea t  dea l  o f  substructur e i s als o apparent . 
For  vowels ,  th e networ k appear s t o construc t  a n articulator y mode l  o f 
vowel  heigh t  an d plac e o f  articulatio n eve n thoug h n o articulator y fea -
ture s wer e use d i n th e encodin g o f  th e phonemes .  Thi s interpretatio n 
i s corroborate d b y a n analysi s o f  th e error s o r  confusion s produce d b y 
th e network ;  Th e networ k make s substitutio n error s tha t  reflec t  thes e 
posite d vowe l  articulator y features .  Thes e observation s subsequentl y 
le d t o th e discover y tha t  articulator y feature s o f  plac e o f  articulatio n 
and,  t o som e extent ,  vowe l  height ,  ar e largel y presen t  i n first-orde r  cor -
respondence s betwee n vowe l  phoneme s ar e thei r  spellings .  Thi s wor k 
demonstrate s ho w th e stud y o f  languag e ma y b e profitabl y augmente d 
by model s provide d b y connectionis t  networks . 

Introduction 

Speech synthesis is the translation of written text into an acoustic speech 

signal .  I n mos t  speec h synthesi s systems ,  tw o distinc t  knowledg e source s ar e 
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used in the determination of the pronunciations of words: rules which encode 

regularities ,  an d a  dictionar y o f  exception s t o thos e rule s whic h handl e thos e 

case s wher e th e regularitie s brea k down .  Whe n a  correspondenc e ca n b e 

predicte d o n th e basi s o f  regularitie s operatin g a t  som e level ,  i t  ca n b e 

encode d mor e efficientl y a s a  generativ e rule ,  suc h a s th e rul e tha t  whe n 

th e lette r  "c "  occur s befor e a  high ,  fron t  vowel ,  typicall y spelle d wit h th e 

letter s "i" ,  "e" ,  o r  "y" ,  i t  i s  pronounce d lik e a n "s "  a s i n "icy "  o r  "center " 

but  lik e a  "k "  i n othe r  contexts .  Bu t  eve n th e bes t  letter-to-soun d rule s 

hav e exceptions ,  an d s o th e rule s mus t  b e augmente d b y a  dictionar y whic h 

i s checke d befor e an y rule s ar e applied .  Thi s dictionar y i s generall y use d 

wit h grea t  frequenc y becaus e th e mos t  frequen t  word s i n Englis h ar e als o 

th e mos t  irregular . 

NETtal k i s a  connectionis t  networ k mode l  whic h learn s th e pronuncia -

tio n o f  Englis h text ,  represente d a s phonemes ,  o r  distinctiv e speec h sound s 

(Sejnowsk i  &  Rosenberg ,  1986 ;  1987a ;  1987b) .  N o rule s o f  pronunciatio n 

wer e provide d t o NETtalk .  Rather ,  th e networ k reache s a  reasonabl e leve l 

of  performanc e b y bein g presente d wit h a  numbe r  o f  trainin g example s an d 

bein g incrementall y correcte d usin g th e back-propagatio n rul e (Rumelhart , 

Hinto n &  Williams ,  1986) . 

I s NETtalk' s knowledg e o f  pronunciation s divide d u p i n thi s way ,  be -

twee n dictionary-lik e knowledg e an d rule-lik e knowledge ? Sinc e al l  knowl -

edge share s th e sam e architectural/representationa l  spac e i n NETtalk ,  a n 

answer  t o tha t  questio n i s no t  immediatel y obvious .  However ,  ther e i s som e 

indicatio n tha t  bot h exception s an d regularitie s ar e learned .  Fo r  example ,  i t 

learn s correctl y tha t  "o f  i s  pronounce d /xv /  (se e Appendix) ,  eve n thoug h 

th e lette r  " P i s no t  pronounce d thi s wa y i n an y othe r  case .  O n th e othe r 

hand ,  whe n traine d o n a  16,00 0 wor d selectio n fro m th e entir e 20,00 0 wor d 

Webster' s Pocke t  dictionary ,  th e networ k i s abl e t o generaliz e t o th e res t  o f 

th e corpu s wit h a n accurac y exceedin g 9 0 % correc t  phonemes .  Moreover , 

th e confusion s ar e usuall y betwee n phoneme s tha t  ar e phonologicall y sim -

ilar .  Thi s abilit y  t o generaliz e t o nove l  word s indicate s tha t  th e networ k 

does muc h mor e tha n memoriz e specifi c  input-outpu t  pair s a s foun d i n a 

dictionary .  Bu t  wha t  exactl y ar e th e regularitie s tha t  i t  discover s i n Englis h 

pronunciation ? 

Many networ k model s t o dat e hav e bee n simpl e enoug h s o tha t  th e func -

tionalit y o f  man y o f  th e hidde n unit s coul d b e discovere d throug h direc t 

visua l  inspectio n o f  th e uni t  activation s an d weigh t  values .  I n large r  net -

works ,  wher e on e ma y hav e hundred s o f  hidde n unit s an d ten s o r  hundred s 

of  thousand s o f  weights ,  i t  become s difficul t  o r  impossibl e t o detec t  underly -
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ing structures by such direct methods. We must turn to more sophisticated 

techniques . 

Analytical tools 

Factor analysis 

Factor analysis (eg. Harman, 1976; Rummel, 1967) is a well-known tech-

niqu e fo r  attemptin g t o accoun t  fo r  th e varianc e i n a  larg e numbe r  o f  vari -

able s i n term s o f  a  muc h smalle r  numbe r  o f  relativel y independen t  underlyin g 

factors .  Facto r  analysi s i s base d o n th e assumptio n o f  a  Unea r  model ,  mean -

in g tha t  th e observe d variable s mus t  b e predicte d b y a  linear ,  weighted , 

combinatio n o f  underlyin g factors .  Specifically ,  a  facto r  i s  define d a s 

.=1 

wher e th e tu' s ar e th e facto r  weight s (t o b e estimate d fro m th e data )  an d 

th e X' s ar e th e k  origina l  variables .  Th e facto r  loading s ar e th e correlation s 

betwee n th e fina l  factor s an d th e origina l  variables . 

Factor s ar e determine d i n tw o stages .  Th e initia l  facto r  extractio n i s 

base d o n th e metho d o f  principle-component s analysis .  Th e firs t  principle -

componen t  i s tha t  weighte d combinatio n o f  variable s tha t  account s fo r  th e 

greates t  amoun t  o f  th e tota l  varianc e i n th e data .  Th e secon d principle -

componen t  account s fo r  th e greates t  amoun t  o f  varianc e no t  accounte d fo r 

by th e firs t  principle-component ,  an d s o on .  Th e principle-component s ar e 

chose n s o a s t o b e mutuall y uncorrecte d o r  statisticall y independent ,  bu t 

ar e typicall y har d t o interpret .  Consequently ,  a  secon d proces s i s generall y 

performe d wher e thes e initia l  factor s ar e rotated . 

Cluster analysis 

A techniqu e whic h make s fewe r  assumption s abou t  th e underlyin g for m o f 

th e dat a i s cluste r  analysi s (eg .  Everitt ,  1974) .  Here ,  item s ar e progres -

sivel y groupe d o r  clustere d togethe r  base d o n relativ e similarit y withi n a 

cluster ,  an d relativ e dissimilarit y betwee n clusters .  Th e metho d i s ver y sim -

ple :  Give n som e matri x o f  similarities ,  cluste r  analysi s iterativel y merge s 

th e tw o mos t  simila r  clusters .  O f  course ,  ther e ar e man y way s t o determin e 

whic h group s ar e mos t  similar .  Th e thre e mos t  common method s ar e "cen -

troid" ,  wher e th e distanc e betwee n tw o group s i s define d a s th e averag e o f 

539 



Reve&lin g th e Structur e o f  NETtalk' s Interna l  Representation s 

T E A C H E R: 
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Figure 1: The Architecture of NETtalk. 

distances between all pairs of members in each group, "complete linkage" or 

"farthes t  neighbor" ,  wher e th e tw o group s ar e merge d tha t  hav e th e neares t 

most  remot e members ,  an d "singl e linkage "  o r  "neares t  neighbor" ,  wher e 

group s ar e merge d o n th e bzisi s o f  thei r  neares t  members .  Th e resultin g 

cluster s ca n b e graphe d a s a  dendogram ,  an d cut s throug h th e dendograj B 

yield s th e group s forme d a t  tha t  particula r  dept h o r  distance . 

A Brief Overview of NETtalk 

NETtalk is composed of simple processing units arranged into layers. In 

th e experiment s reporte d here ,  I  use d a n architectur e wit h thre e layer s o f 

unit s aji d tw o layer s o f  modifiabl e weight s completel y connectin g successiv e 

layer s o f  unit s (se e Fig .  1) .  Th e activatio n o f  a  uni t  i n th e networ k ca n 

tak e an y valn e fro m zer o t o one .  Th e connectio n strength s o r  "weights " 

can hav e an y value ,  positiv e o r  negative .  Eac h uni t  compute s a  weighte d 

su m o f  uni t  activation s time s th e weight s fro m unit s i n th e laye r  belo w 
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and determines its output value according to a nonlinear function that is 

zer o fo r  larg e negativ e input s an d monotonicall y approache s on e fo r  larg e 

positiv e inputs ,  (Hopfield ,  1984 ;  Rumelhar t  e t  al. ,  1986) .  Thus ,  informatio n 

travel s throug h th e network ,  fro m th e inpu t  laye r  t o th e intermediat e laye r 

of  "hidden "  unit s an d finall y t o th e outpu t  layer .  Th e inpu t  laye r  receive s 

informatio n fro m a n Englis h tex t  an d th e networ k produce s a  patter n o f 

activatio n a t  th e outpu t  laye r  o f  unit s tha t  i s  a  representatio n o f  h o w th e 

inpu t  tex t  shoul d b e pronounced .  T h e representation s o n th e inpu t  an d 

outpu t  layer s ar e fixed ,  bu t  thos e o f  th e hidde n unit s i s constructe d b y th e 

learnin g procedure .  T h e representation s forme d a t  thi s hidde n laye r  ar e th e 

focu s o f  th e presen t  work . 

T h e pronunciatio n o f  a  give n lette r  i s  generall y influence d b y th e sur -

roundin g letters .  Lette r  contex t  wa s represente d i n th e networ k b y extendin g 

th e inpu t  laye r  ou t  ove r  seve n letters ,  wher e eac h o f  th e seve n lette r  posi -

tion s wa s represente d b y separat e group s o f  inpu t  unit s (se e Fig .  1) .  A t 

eac h sequentia l  step ,  th e networ k receive d inpu t  simultaneousl y fro m al l  th e 

letter s tha t  fel l  withi n th e fixed-size d inpu t  window .  Baise d o n thi s informa -

tion ,  a  gues s wa s m a d e a s t o th e pronunciatio n o f  th e middl e lette r  o f  th e 

windo w i n tw o steps :  1 .  th e value s o f  th e outpu t  unit s wer e determine d b y 

forward-propagatin g th e activatio n o f  th e inpu t  unit s throug h th e networ k 

t o th e outpu t  layer ,  the n 2 .  th e s u m o f  th e square s o f  th e difference s wa s 

compute d betwee n th e outpu t  unit s an d eac h o f  th e possibl e phonem e tar -

gets .  T h e phonem e whic h minimize d thi s distanc e wa s chose n a s th e gues s 

made b y th e network .  ̂  

Change s wer e compute d fo r  th e weight s followin g eac h forward-propagatio n 

step ,  bu t  thes e change s wer e actuall y incorporate d int o th e weight s onl y be -

twee n word s i n orde r  t o reduc e computatio n time .  Th e outpu t  unit s wer e 

compared ,  unit-by-unit ,  wit h th e correc t  phonem e supplie d t o th e network , 

and th e weigh t  change s fo r  interna l  connection s u-er e compute d b y recur -

sivel y applyin g back-propagatio n fro m th e outpu t  laye r  t o th e inpu t  layer . 

Th e seven-lette r  inpu t  windo w wa s the n move d dow n on e lette r  positio n i n 

th e inpu t  text ,  an d th e proces s repeated .  W h e n th e en d o f  th e corpu s wa s 

reached ,  th e networ k continue d a t  th e beginning .  (Se e Sejnowsk i  k  Rosen -

berg ,  1986 ,  1987 b fo r  detail s o n NETtal k an d Rumelhar t  et .  al ,  198 6 fo r 

detail s o n th e erro r  back-propagatio n algorithm. ) 

'Thi s procedur e fo r  selectin g th e phonem e i s slightl y differen t  fro m tha t  previousl y 
reporte d (Sejnowsk i  k  Rosenberg ,  1986 ,  1987b) . 
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The Analyses 

These multivariate techniques were applied to the analysis of the patterns of 

hidde n uni t  activitie s observe d i n NETtalk ,  wher e phoneme s constitute d th e 

variable s o f  th e analysis .  Fo r  eac h phoneme ,  averag e hidde n uni t  activation s 

wer e collecte d ove r  al l  lette r  contexts .  Sinc e ther e wer e 8 0 hidde n unit s i n 

thi s versio n o f  NETtalk ,  th e representatio n o f  eac h phonem e a t  th e hidde n 

laye r  w<l s cas t  a s a n 80-dimensiona l  vector .  Pair-wis e correlation s betwee n 

thes e vector s wer e compute d an d thi s correlatio n matri x wa s submitte d a s 

similarit y dat a t o cluste r  analysi s an d facto r  analysis .  I f  phoneme s wer e en -

code d a s orthogona l  dimension s i n thi s space ,  the n thi s correlatio n matri x 

woul d hav e one' s alon g th e diagona l  (phoneme s ar e correlate d wit h them -

selves) ,  bu t  zero' s everywher e else .  O n th e othe r  hand ,  i f  ther e i s structur e 

i n th e wa y th e networ k represent s phonemes ,  th e phoneme s migh t  b e foun d 

t o cluste r  togethe r  i n som e way . 

Initial Training 

A network with a single hidden layer of 80 units was trained on an eleven 

thousan d wor d selectio n fro m th e ful l  20,00 0 wor d Webster s Pocke t  Dic -

tionary .  Phoneme s an d letter s wer e bot h encode d usin g a  loca l  encoding , 

wher e a  singl e uni t  i n eac h inpu t  an d outpu t  grou p encode d a  singl e lette r  o r 

phoneme.  Ther e wer e seve n group s o f  2 9 inpu t  unit s pe r  grou p an d a  singl e 

grou p o f  5 5 outpu t  unit s wit h complet e connectivit y betwee n layers .  Th e 

networ k mad e te n complet e passe s throug h thi s corpus ,  thu s bein g traine d 

on a  tota l  o f  160,00 0 words ,  o f  whic h 16,00 0 wer e differen t  words .  Th e orde r 

of  th e word s wa s randomized .  Performanc e a t  thi s poin t  i n learnin g wa s 

9 2 % correc t  phoneme s an d 5 6 % full y correc t  word s o n th e trainin g corpus . 

Fro m th e remainde r  o f  th e 20,00 0 wor d corpus ,  100 0 word s wer e selecte d 

at  random .  Thes e word s wer e no t  include d i n th e trainin g set .  Learnin g 

was turne d of f  an d th e networ k wa s teste d o n thi s ne w corpus .  9 0 % o f  th e 

phonemes an d 4 9 % o f  th e word s wer e completel y correct . 

Data Collection 

With learning turned off, data was collected from this net^^'ork as it went 

throug h thi s 1000-wor d corpu s o f  nove l  words .  Fo r  eac h o f  4 8 phoneme s (th e 

thre e "special "  symbols ,  /./ ,  /-/ ,  an d /_/ ,  an d fou r  othe r  phoneme s /!/ ,  /K/ , 

/q/ ,  an d /  I  /  wer e dropped ,  th e latte r  becaus e the y di d no t  occu r  i n th e 100 0 

wor d corpus) ,  hidde n uni t  activation s wer e average d ove r  al l  inpu t  window s 
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that had that phoneme as it's pronunciation. Trials where the network failed 

t o gues s th e phonem e correctl y wer e no t  include d i n th e means .  Sinc e th e 

networ k guesse d 9 0 % o f  th e phoneme s correctly ,  roughl y te n percen t  o f  th e 

trial s wer e thrown-ou t  fo r  thi s reason .  ^  Thus ,  a n 80-dimensiona l  vecto r 

of  mea n activatio n value s wa s constructe d fo r  eac h phoneme .  Th e sampl e 

correlatio n coefficient ,  r ,  the n wa s compute d fo r  eac h pai r  o f  phonemes , 

resultin g i n a  4 8 x  4 8 correlatio n matrix .  Eac h cel l  i n thi s matri x represente d 

th e correlatio n o f  th e patter n o f  hidde n uni t  activit y tha t  resulte d fo r  th e 

tt h an d jib .  phoneme . 

Results from Hierarchical Clustering 

A hierarchical clustering of all the phonemes using the centroid clustering 

metho d i s show n i n Fig .  2 ,  wher e th e dissimilarities ,  wer e define d a s 1  — 

r .  Thi s analysi s reveale d tw o majo r  clusters ,  correspondin g t o vowel s an d 

consonants .  Al l  phoneme s o n th e lef t  majo r  branc h ar e vowels ,  an d nearl y 

al l  o f  th e phoneme s o n th e right-side  ar e consonants ,  wit h th e exception s o f 

/* /  an d /y/ .  Centroi d clustering s ar e shown ,  thoug h simila r  result s wer e 

obtaine d usin g complet e linkag e clustering . 

Differen t  organizationa l  scheme s ar e apparen t  withi n th e tw o majo r 

groups .  Withi n th e vowe l  group ,  th e nex t  majo r  divisio n i s betwee n th e 

"front "  vowels ,  /i/ ,  /I/ ,  /E/ ,  /e/ ,  an d / @ / ,  wher e th e sound s ar e produce d 

wit h th e tongu e toward s th e fron t  o f  th e mouth ,  an d th e "back "  vowels ,  /u/ , 

/U/ ,  /a/ ,  /c/ ,  an d /o/ ,  produce d mor e toward s th e rea r  o f  th e mouth .  Next , 

th e centra l  vowels ,  /x /  an d /* /  spli t  of f  fro m th e "back "  group .  Thus ,  th e 

majo r  organizationa l  principl e withi n th e vowe l  cluste r  appear s t o b e plac e 

of  articulation .  Th e nex t  majo r  divisio n i s base d o n th e heigh t  o f  th e tongu e 

when th e soun d i s produce d ("vowe l  height") ,  a s th e "high "  phonemes ,  /i / 

and /I /  spli t  of f  fro m th e "low "  phoneme s /e /  an d / @ / ,  wit h th e mid-vowel , 

/E/ ,  fallin g betwee n th e tw o groups .  Th e sam e phenomen a occur s fo r  th e 

bac k vowels ,  wher e th e lo w /o /  an d /a /  grou p ar e distinguishe d fro m th e 

hig h /U /  an d /u/ . 

The consonan t  cluste r  appear s t o quickl y divid e int o anywher e fro m five 

t o te n majo r  groups .  Unlik e th e vowek ,  th e consonan t  cluster s correspon d t o 

plac e o f  articulatio n onl y weakly .  Rather ,  the y see m t o cluste r  aroun d typi -

cal  inpu t  letters .  Fo r  example ,  on e majo r  groupin g consist s o f  th e phoneme s 

/T/ ,  /D/ ,  /C/ ,  /S /  an d /t/ :  thes e ar e th e phoneme s tha t  th e lette r  "t " 

^However ,  th e patter n o f  result s doe s no t  chang e significantl y i f  thi s requiremen t  i s 
relaxed . 
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Al l  P h o n e m e s 

<N 
oca 

r^  h 

rS W 

=̂WSK A n "f i 

m 

or S 

CP* 

n 

l- Q 

Figur e 2 :  Hierarchica l  clusterin g result s fo r  4 8 phonemes . 

typically corresponds to. Another grouping are the phonemes /#/ and /X/. 

Thes e ar e th e phoneme s fo r  th e lette r  "x" .  Wit h fe w exceptions ,  th e sam e 

patter n follow s fo r  th e "m "  grou p (/M/ ,  / m / ) ,  th e "s "  grou p (/$/ ,  /z/ ,  /Z / ) , 

th e "n "  grou p (/n/ ,  /N/ ,  / G / ) ,  th e "p "  grou p (/f/ ,  /p/) ,  an d th e "g "  grou p 

(/g/ ,  /J/) . 

Results from Factor Analysis 

A set of ten non-dipthong vowels were selected for factor analysis. Since 

dipthongs ,  suc h a s /A /  i n th e wor d "bite" ,  involv e a  chang e i n th e plac e o f 

articulatio n an d heigh t  durin g th e cours e o f  thei r  pronunciation ,  i t  wa s no t 

desire d t o complicat e matter s b y includin g thes e mor e ambiguou s vowel s i n 

th e dat a set .  A  1 0 x  1 0 correlatio n matri x wa s prepare d an d submitte d t o 

a Varima x rotate d orthogona l  facto r  analysis .  Thre e factor s wer e extracted , 

whic h togethe r  accounte d fo r  6 8 % o f  th e tota l  variance .  Th e rotate d factor s 

ar e presente d i n Tabl e 1 .  Facto r  loading s les s tha n 0.5 5 ar e generall y con -

sidere d unreliabl e (Comrey ,  cite d i n K i m &  Mueller ,  1978) .  Loading s les s 

tha n 0.2 5 wer e delete d i n Tabl e 1 . 
The result s fro m th e facto r  analysi s i n genera l  confirme d th e analysi s 

base d o n clustering ,  tha t  th e vowel s organize d accordin g t o plac e o f  articu -
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SORTED ROTATED FACTOR LOADINGS 

PHONEME 

c /cAUght / 
a /fAther / 
e /bAt / 
u /boot / 
U /book / 
•"  /bUn / 
i  /bEAt / 
I  /bit / 
X /womEn / 
E /bEt / 

Var  explaine d 
Cumm va r 

FACTOR 
1 

0.80 5 
0.77 1 
0.74 6 

0.46 9 

0.41 1 

23.04 % 
23.04 % 

FACTOR 
2 

0.34 5 
-0.26 6 
0.90 9 
0.90 1 
0.51 6 

0.27 8 

22.42 % 
45.46 % 

FACTOR 
3 

0.37 2 

0.80 8 
0.78 8 
0.67 6 
0.49 9 

22.37 % 
67.83 % 

Table  1 :  Thre e factor s an d accompanyin g facto r  loading s e.xtrax:te d fro m a 

Varima x rotate d orthogona l  facto r  analysi s employin g 1 0 vowel s a s variables . 

Zer o facto r  loadin g wa s 0.25 . 

lation and vowel height. The three vowels that loaded highest on the first 

facto r  ar e th e lo w vowels ,  /c/ ,  /a /  an d / @ / ,  whic h suggest s th e interpreta -

tio n o f  th e first  facto r  a s a  "lowness "  factor ,  /u /  an d / U /  bot h loade d hig h 

on Facto r  2 ,  leadin g t o th e interpretatio n tha t  thi s facto r  relate s t o "back -

ness" .  / I /  an d /i /  bot h loa d hig h o n th e thir d factor ,  suggestin g tha t  thi s 

facto r  describe s "frontness" .  A  bi t  o f  a n anomal y i s th e hig h loadin g o f  th e 

schw a /x /  o n thi s "frontness "  dimension .  Thus ,  Facto r  1  wa s interprete d 

as representin g vowe l  height ,  bu t  tw o factors .  Factor s 2  an d 3 ,  represente d 

plac e o f  articulation . 

I t  wa s desire d t o collaps e thes e thre e factor s t o tw o dimension s s o tha t 

the y coul d b e compare d t o know n relationship s betwee n plac e an d height . 

Standar d value s fo r  plac e o f  articulatio n an d vowe l  heigh t  ca n b e foun d 

i n an y introductor y linguistic s textbook .  Th e se t  o f  value s use d fo r  th e 

purpose s o f  thi s analysi s ar e plotte d i n Fig .  3 . 

Usin g least-square s linea r  regression ,  weight s wer e foun d t o predic t  thes e 

tru e value s o f  plac e o f  articulatio n an d vowe l  heigh t  base d o n th e facto r 

loading s o n th e thre e factor s fo r  eac h vowel .  Excellen t  fits  wer e foun d i n 

bot h cases .  Fo r  "place" ,  r  =  0.96 ,  F(3,6 )  =  25.37 ,  p  <  0.001 ,  an d fo r 
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Target Vowels 
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Figure 3: "Place of aiticulation" and "vowel height" attribute values for the 

set  o f  te n vowel s use d th e analysis . 

"height", r = 0,96, F(3,6) = 23.41, p < 0.005. These two dimensions were 

not  orthogonal ,  bu t  wer e negativel y correlate d wit h eac h other ,  r  =  -.079 . 

The facto r  loading s wer e the n substitute d bac k int o th e regressio n equation s 

and th e derive d estimate s fo r  "place "  an d "height "  ar e plotte d i n Fig .  4 . 

Thus ,  th e patter n o f  result s fro m th e facto r  analysi s largel y agree d wit h 

th e result s base d o n hierarchica l  clustering :  th e representatio n o f  vowel s a t 

th e hidde n laye r  o f  NETtal k appear s t o b e organize d aroun d tw o articulator y 

feature s o f  vowels ,  plac e o f  articulatio n ain d vowe l  height .  I n addition ,  th e 

clusterin g o f  al l  o f  th e phoneme s suggest s tha t  th e vowel s an d consonant s 

ar e represente d b y distinctl y differen t  pattern s o f  hidde n uni t  activation . 

Results from Confusion Data 

If the internal representations of vowels and consonants are structured in 

th e wa y suggeste d b y th e previou s analysi s o f  th e hidde n units ,  the n thes e 

pattern s ough t  t o b e reflecte d i n th e over t  behavio r  o f  th e network .  Fo r  ex -

ample ,  i f  vowel s an d consonant s ar e a s distinguishabl e a s the y appea r  t o be , 

the n th e networ k shoul d rarel y confus e them ,  b y guessin g a  consonan t  whe n 

th e targe t  wa s a  vowel ,  an d vis a versa .  W e migh t  als o expec t  th e structur e o f 
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V o w e l s ( F i t t e d )  -  H i d d e n U n i t s 

t o 

3 4  5 
Fitte d Dimensio n 1 

Figur e 4 :  Fit s base d o n linea r  regressio n o f  th e thre e facto r  solutio n o n th e 

attribut e dimension s "plac e o f  articulation "  an d "vowe l  height" ,  plotte d i n 

Fig .  3 .  Dat a base d o n hidde n uni t  activations .  Th e grouping s ar e base d o n 

a centroi d hierarchica l  cluste r  analysi s o f  th e origina l  correlatio n matrix . 

the internal representation of vowels to be reflected in the pattern of confu-

sion s displayed ,  s o tha t  mor e confusion s shoul d b e apparen t  betwee n nearb y 

vowel s i n articulator y space ,  tha n betwee n mor e distan t  vowels .  O f  course , 

thi s woul d improv e th e intelligibilit y  o f  NETtalk ,  sinc e mistake s woul d b e 

limite d t o simila r  phonemes .  Th e followin g experimen t  wa s designe d t o tes t 

thi s prediction . 

Wit h learnin g turne d off ,  th e networ k wen t  throug h th e sam e 1000-wor d 

corpu s use d i n th e previou s experiment .  Fo r  eac h o f  th e 4 8 phoneme s ex -

amine d previously ,  th e guesse s mad e b y th e networ k wer e recorded .  Thes e 

response s wer e cas t  a s a  4 8 x  4 8 confusio n matrix ,  wher e th e row s wer e 

th e targe t  phoneme s an d th e column s wer e guesse s o r  response s mad e b y 

th e networ k t o tha t  target .  Th e fractio n o f  th e tim e th e networ k guesse d 

phoneme j  i n respons e t o targe t  i  wa s recorde d i n th e it h x  jth .  cel l  o f  th e 

matrix .  Correlation s wer e compute d betwee n eac h o f  th e targe t  phoneme s 

(rows )  o f  th e confusio n matrix ,  an d th e resultin g correlatio n matri x wa s 

clustere d usin g th e "centroid "  o r  "average "  clusterin g procedure .  Th e re -

sult s ar e show n i n Fig .  5 .  Simila r  result s wer e foun d usin g th e complet e 
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Confusions :  Al l  P h o n e m e s 
<N ^ 

(O 
o 

—< 
CO 

h 

—CO 
->' 0 

I 
-> *  OCCE»&«»*= 

n 

Figur e 5 :  Hierarchica l  cluste r  analysi s o f  te n vowels ,  base d o n th e patter n 

of  confusion s produce d b y NETtalk . 

linkag e clusterin g procedure . 

Beside s fou r  pair s o f  consonant s tha t  wer e consistentl y confused ,  / D / 

an d / T / ,  /J /  an d / Z / ,  / n /  an d /N / ,  an d / X /  an d /# / ,  nearl y al l  o f  th e dis -

similaritie s ar e quit e hig h -  th e networ k simpl y di d no t  confus e ver y m a n y o f 

th e phonemes .  Thi s lac k o f  structur e make s an y analysi s difficult .  However , 

mor e confusion s wer e m a d e o n th e vowel s tha n th e consonants ,  an d som e 

structur e i s apparent .  Thre e mai n cluster s form ,  conformin g fairl y closel y 

t o "front "  (/i/ ,  / E / ,  / I / ) ,  "back "  (/u/ ,  / U / ) ,  an d "not-high "  (/x/ ,  /©/ , 

/a/ ,  /c/ ,  /o/) .  Th e dipthongs ,  /W/ ,  /e/ ,  /Y/ ,  /A /  an d /O/ ,  ar e mor e dif -

ficul t  t o interpre t  fo r  reason s give n previously .  Th e "not-high "  grou p the n 

appear s t o spli t  furthe r  int o wha t  migh t  b e calle d a  "back ,  not-high "  grou p 

(/a/ ,  /c/ ,  /o/ )  an d a  "not-back ,  not-high "  grou p (/@/ ,  /x/) . 

A facto r  analysi s extracte d a  se t  o f  fou r  factor s whic h ar e ver y simila r  t o 

th e group s observe d i n th e cluste r  analysis .  A s before ,  least-square s linea r 

regressio n analysi s wa s use d t o predic t  vowe l  heigh t  an d plac e o f  artictilatio n 

fro m th e facto r  loadings .  Th e fitte d dimension s ar e plotte d i n Fig .  6 .  Fit s 

t o th e attribute s wer e no t  quit e a s goo d a s i n th e hidde n uni t  analysis .  Th e 

correlation ,  r ,  betwee n th e fitte d dimensio n fo r  "place "  an d th e attribut e 

vecto r  wa s 0.87 ,  F(4,5 )  =  3.92 .  Fo r  "height" ,  r  =  0.85 ,  F(4,5 )  =  3.35 .  Bot h 
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V o w e l s (Fitted )  -  C o n f u s i o n s 

o 

a> C O 
e 

CVJ 
1 

.  CM 

•  ( f ^ 

-

_.  1 1-. . 

^ • ^ ^ — ^ HIC. W ^'^^ K 

0 .  ^ - _ _ ^ ^ 

3 4  5 
Fine d Dimensio n 1 

6 

Figur e 6 :  Fit s o f  "plac e o f  articidation "  an d "vowe l  height" ,  base d o n linea r 

regressio n o f  th e fou r  facto r  solutio n o n th e attribut e dimension s plotte d 

i n Fig .  3 .  Dat a wa s base d o n confusions .  Th e grouping s ar e base d o n a 

centroi d hierarchica l  cluste r  analysi s o f  th e origina l  correlatio n matrix . 

F-tests narrowly failed to rccich significant levels. 

T h e overal l  patter n o f  result s fro m th e confusio n dat a i s simila r  t o tha t 

foun d previousl y base d o n hidde n uni t  aictivations :  1 .  vowel s ten d t o b e 

confuse d wit h vowek ,  an d consonant s wit h consonants ,  an d 2 .  vowel s tha t 

wer e simila r  t o eac h othe r  i n term s o f  plac e o f  articulatio n an d heigh t  wer e 

mor e likel y t o b e confused . 

Letter-to-Phoneme Correspondences 

Why should vowels organize around these articulatory dimensions? Appar-

ently ,  ther e i s a  "map "  o f  articulator y feature s hidde n i n letter-to-phonem e 

correspondence s fo r  vowels ,  a  ma p whic h doe s no t  exis t  (a t  leas t  no t  t o th e 

same extent )  fo r  consonants .  Upo n close r  inspectio n o f  first-order  letter-to -

phoneme correspondences ,  thi s wa s foun d t o b e true . 

First-orde r  correspondence s betwee n vowe l  letter s an d thei r  pronuncia -

tion s i n th e Webster s corpu s wer e investigate d i n muc h th e sam e wa y a s 

th e hidde n activation s an d confusion s wer e analyze d previously .  Th e ful l 
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a e  i  o  u  y  othe r 
a 32. 5 0. 6 0. 2 66. 7 0. 0 0. 0 0. 0 
c 42. 4 0. 0 0. 0 57. 6 0. 0 0. 0 0. 0 
i  0. 0 35. 4 25. 4 0. 0 0. 0 39. 1 0. 0 
u 0. 0 3. 7 0. 0 45. 7 50. 5 0. 0 0. 0 
X 24. 8 15. 0 20. 6 25. 7 13. 5 0. 5 0. 0 
E 6. 2 93. 6 0. 0 0. 0 0. 1 0. 0 0. 1 
I  2. 1 17. 9 76. 9 0. 1 0. 1 3. 0 0. 0 
U 0. 0 0. 0 0. 0 50. 0 50. 0 0. 0 0. 0 
@ 99. 9 0. 0 0. 1 0. 0 0. 0 0. 0 0. 0 

0. 0 0. 0 0. 0 6. 3 93. 8 0. 0 0. 0 

Tabl e 2 :  Frequenc y wit h whic h th e te n vowe l  phoneme s ar e spelle d b y th e 

letter s "a" ,  "e" ,  "i' ,  "o" ,  "u" ,  an d "y" . 

Websters corpus of 20,000 words was searched for the percentage of times 

eac h o f  th e te n vowe l  phoneme s wa s spelle d wit h eac h letter .  T h e resul t 

was cas t  a s a  1 0 x  7  matrix ,  wher e th e row s correspon d t o th e phoneme s 

an d th e column s t o thei r  spelling .  Thes e percentage s ar e presente d i n Tabl e 

2.  A s ca n b e see n b y inspection ,  ther e ar e obviou s correlation s betwee n 

th e phoneme s i n thei r  spelling ,  an d tha t  thes e correlation s agree ,  t o som e 

extent ,  wit h th e articidator y dimension s o f  plac e an d height .  Fo r  example , 

th e high-fron t  vowel s / I /  an d /i /  bot h frequentl y correspon d t o th e letter s 

"e "  an d "i" .  T h e low-bac k vowels ,  /u /  an d / U /  bot h frequentl y correspon d 

t o "o "  an d "u" .  Performin g a  facto r  analysi s o n thi s data ,  agai n usin g 

Varima x orthogona l  rotation ,  fou r  factor s wer e foun d t o accoun t  fo r  8 9 % 

of  th e variance .  A s before ,  linea r  least-square s regressio n wa s performe d 

i n orde r  t o predic t  th e attribut e dimension s o f  "plac e o f  articulation "  an d 

"vowe l  height" .  "Place "  wai s predicte d well ,  th e correlatio n betwee n th e 

attribut e value s an d th e predicte d value s bein g 0.95 ,  F(4,5 )  =  12.98 ,  p  < 

0.001 .  "Height "  wa s predicte d les s well ,  r  =  0.79 ,  F(4,5 )  =  2.06 ,  p  <  0.25 . 

Estimate s fo r  "height "  an d "place "  base d o n th e regressio n o f  th e facto r 

loading s o n th e attribut e dimension s ar e plotte d i n Fig .  7 . 

Thes e regularitie s inheren t  i n thes e first-orde r  letter-to-phonem e cor -

respondence s g o fa r  i n explainin g th e previou s hidde n uni t  an d confusio n 

results :  Simila r  phonemes ,  wher e similarit y i s base d o n plac e o f  articulatio n 

an d vowe l  height ,  overla p i n th e letter s wit h whic h the y ar e typicall y spelled . 

Thi s " m a p "  o f  articulator y feature s i s hidde n withi n letter-to-phonem e cor -

respondence s fo r  vowels .  However ,  "height "  wa s no t  3 5 wel l  represente d i n 

thi s first-order  dat a a s i t  wa s i n th e previou s analyse s usin g N E T talk .  Thi s 

suggest s tha t  tha t  vowe l  height ,  unlik e plac e o f  articulation ,  m a y requir e 

informatio n fro m severa l  letter s t o b e adequatel y predicted .  I f  true ,  the n 
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V o w e l s (Fitted )  -  C o r r e s p o n d e n c e s 
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Fignre 7: Fits of "place of articulation" and "vowel height", based on linear 

regressio n o f  th e fou r  facto r  solutio n o n th e attribut e dimension s plotte d i n 

Fig .  3 .  Dat a wa s base d o n correspondence s betwee n phoneme s an d letters . 

The grouping s ar e base d o n a  centroi d hierarchica l  cluste r  analysi s o f  th e 

origina l  correlatio n matrix . 

networks with only a single input group and output group ought to exhibit 

a simila r  disadvantag e i n th e acquisitio n o f  vowe l  height . 

Conclusions and Directions for Future Research 

Summing up, vowels and consonants are encoded at the hidden layer of 

NETtal k a s distinctl y differen t  pattern s o f  activation .  Withi n thes e tw o cat -

egories ,  vowel s organiz e accordin g t o plac e o f  articulatio n an d vowe l  height , 

wherea s th e consonant s see m t o organiz e aroun d inpu t  letter .  Th e patter n 

of  confusion s o r  error s produce d b y th e networ k ar e simila r  t o thos e observe d 

at  th e hidde n layer . 

Thes e observation s le d m e t o g o directl y t o th e trainin g corpus ,  th e Web-

ster' s Pocke t  dictionary ,  t o investigat e letter-to-phonem e correspondence s 

fo r  simila r  regularities .  Surprisingly ,  articulator y feature s wer e foun d t o b e 

largel y presen t  i n first-orde r  correspondence s betwee n phoneme s an d letters ; 

I t  i s  possibl e t o reconstruc t  a  fairl y  accurat e ma p o f  vowe l  heigh t  an d plac e 
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of articulation using distances derived from the dissimilarities between the 

vowel s i n term s o f  thei r  spellings .  I n short ,  simila r  vowe l  phoneme s ar e 

spelle d i n simila r  ways .  T o m y knowledge ,  thi s regularit y ha s no t  bee n de -

scribe d previousl y bu t  ca n b e see n a s a  usefu l  propert y o f  languag e sinc e 

i t  make s i t  possibl e t o mak e a  goo d gues s abou t  th e spellin g o f  a  wor d b y 

"soundin g i t  out "  phonetically . 

Al l  o f  th e hidde n uni t  analyse s reporte d her e wer e base d o n averagin g 

activit y level s ove r  al l  input s fo r  a  give n phoneme .  A  simila r  analysi s ha s 

been performe d fo r  letter-to-phonem e correspondence s (Sejnowks i  &  Rosen -

berg ,  1987b) ,  an d eve n mor e coul d b e learne d b y examinin g grapheme s an d 

othe r  lette r  combination s a t  th e hidde n layer .  Fo r  example ,  w e hav e clus -

tere d hidde n uni t  activatio n pattern s i n context s i n whic h th e lette r  "c "  i s 

at  th e center ,  an d hav e foun d regularitie s an d subregularitie s i n th e codin g 

scheme eve n fo r  irregiila r  case s (Sejnowsk i  k  Rosenberg ,  1987a) . 

Ther e i s a  grea t  dea d tha t  coul d b e learne d abou t  languag e an d abou t 

representatio n fro m analyzin g large r  connectionis t  networks ,  onc e analyti -

cal  tool s hav e bee n appropriatel y adapte d fo r  thi s purpose .  Judgin g fro m 

previou s studie s o f  smal l  network s fo r  problem s suc h a s X O R an d th e en -

code r  problem ,  i t  i s  possibl e tha t  NETtal k solve s certai n problem s i n letter -

to-phonem e translatio n i n elegan t  an d perhap s nove l  ways .  I t  als o seem s 

possibl e tha t  simila r  kind s o f  technique s t o thos e foun d usefu l  i n analyz -

in g mode l  system s suc h a s NETtalk ,  ma y eventuall y b e applicabl e t o th e 

understandin g o f  ho w knowledg e i s organize d i n rea l  neura l  systems . 
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A p p e n d i x 

Tabl e o f  P h o n e m e s 

Phoneme 
/a / 
/b / 
Ic l 
/d / 
/• / 
It l 
l%f 
/h / 
/i / 
It l 
IXI 
Iml 
/n / 
/o / 
/P / 
/q / 
Ir l 
/> / 
It l 
/u / 
h i 
/» / 
Ix l 
h i 
h i 
h i 

Soun d 
fathe r 

bet 
bough t 

deb 
bak e 
fin 

gues s 
iiea d 
Pet e 
Ken 
ie t 
met 
net 

boa t 
pet 

uh-o h 
red 
si t 
tes t 
lut e 
ves t 
wet 

abou t 
yet 
zoo 
bit e 

Phoneme 
/c / 
/D/ 
/E / 
IGI 
II I 
HI 
I V 
I V 
1*1 
hi 
IQI 
191 
hi 
h i 
I V 
hi 
h i 
hi 
h i 
n i 
h i 
I'. i 
h i 
h i 
i\ i 
I' l 

Sovmd 
chi n 
thi s 
bet 
sin ^ 
bi t 
gi n 

sexua l 
bottJ e 
abey m 
butto n 

boy 
ques t 
bin ! 
shi n 
thi n 

boo k 
bout 

exces s 
cut e 

leisur e 
bat 

Nazi 
examin e 

one 
logi c 
but 

O u t p u t  representation s fo r  p h o n e m e s a n d punctuat ions .  T h e s y m b o l s 

fo r  p h o n e m e s i n th e first  c o l u m n ar e a  superse t  o f  A R P A b e t  a n d ar e associ -

ate d w i t h th e s o u n d o f  th e italicize d par t  o f  th e adjacen t  w o r d .  C o m p o u n d 

p h o n e m e s w e r e introduce d w h e n a  singl e lette r  w a s associate d w i t h m o r e 

tha n on e primar y phoneme .  Th e continuatio n symbol ,  /-/ ,  no t  show n here , 

was use d whe n a  lette r  wa s silent . 
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