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Abstrac t 

We describe the perceptual foundations of a sensorimotor 
model  o f  earl y childhoo d phoneti c an d articulator y develop -
ment .  Th e model' s auditor y perceptio n i s sensitiv e t o prosodi c 
and syllabi c structur e an d simulate s th e categorica l  phoneti c 
perceptio n o f  lat e infancy .  Importantly ,  th e mode l  relie s o n 
exclusivel y acousti c cue s an d thei r  statistica l  distributio n i n 
th e linguisti c environment ,  avoidin g prio r  assumption s o f 
articulatory-acousti c correlation s o r  linguisti c contrast s whic h 
ar e inappropriat e fo r  a  mode l  o f  perceptua l  development .  Th e 
model  detect s an d categorize s speec h segments ,  which ,  despit e 
thei r  acousti c basis ,  correlat e wit h linguisti c event s an d articu -
lator y gestures .  Th e resultin g representatio n support s no t  onl y 
wor d recognitio n bu t  als o th e uniqu e demand s o f  articulator y 
moto r  conU-o l  an d it s development .  I n simulation s examinin g 
th e distinctivenes s an d faithfulnes s o f  th e representation ,  w e 
find  tha t  i t  preserve s an d make s explici t  informatio n abou t  th e 
phoneti c propertie s o f  th e acousti c signal . 

M o t i v a t i o n 

Human speech and human listening evolved together It is 
therefor e plausibl e tha t  speec h perceptio n i s specialize d no t 

onl y fo r  wor d an d sentenc e recognitio n bu t  als o fo r  th e 
uniqu e demand s o f  articulator y moto r  contro l  an d tha t  i t 

play s a n importan t  rol e i n articulator y an d phonologica l 
development .  Perception' s rol e i n moto r  contro l  i s  seldo m 
acknowledge d excep t  a s th e sourc e o f  targe t  sound s t o b e 

imitate d o r  learned .  However ,  milestone s o f  perceptua l 
developmen t  alway s preced e correspondin g milestone s o f 

moto r  development .  W e hypothesiz e tha t  th e categorica l 
characte r  o f  auditor y perceptio n whic h underlie s robus t  wor d 
recognitio n als o act s a s a  g ramma r  whic h define s th e well -

formednes s o f  children' s speech ,  shapin g th e distributio n o f 
sound s i n thei r  productiv e repertories .  T h e connectio n i s 

deeper :  w e conjectur e tha t  withou t  th e abilit y  t o pars e speec h 
int o discret e perceptua l  events ,  learnin g t o spea k woul d b e 

difficult ,  an d i t  woul d no t  b e possibl e t o accoun t  fo r  th e com -
positiona l  structur e o f  speec h whic h emerge s i n childhood . 

I n thi s pape r  w e describ e th e perceptua l  foundation s o f  a 
sensorimoto r  mode l  o f  earl y childhoo d articulator y an d pho -
neti c developmen t  (Markey ,  1993) .  T h e mode l  feature s a n 

auditor y syste m tha t  categorize s an d recognize s speec h 
sounds ,  a n articulator y syste m tha t  include s a  realisti c voca l 

trac t  model ,  an d a  centra l  cognitiv e architectur e tha t  bridge s 
th e two .  Th e environmen t  i n whic h th e mode l  reside s i s als o 

simulated ,  includin g a n adul t  speake r  an d object s t o b e refer -

enced .  Lik e a n infant ,  th e model' s auditor y perceptio n i s sen -

sitiv e t o prosodi c an d syllabi c structure ,  organize s speec h 

sound s syllabicall y (Jusczy k e t  al. ,  1993) ,  an d simulate s th e 
categorica l  phoneti c perceptio n o f  lat e infanc y (e.g. ,  Werke r 

et  al. ,  1981 ;  Kuh l  e t  al. ,  1992) ,  althoug h i t  doe s no t  attemp t 
t o explai n th e shif t  fro m acousti c t o categorica l  phoneti c dis -

crimination s (see ,  though ,  Jusczyk ,  1993) . 

Importantly ,  th e perceptua l  mode l  relie s o n exclusivel y 

acousti c cue s an d thei r  statistica l  distributio n i n th e child' s 
linguisti c environment ;  i t  avoid s prio r  assumption s o f  articu -

latory-acousti c correlation s o r  linguisti c contrasts .  I t  i s  inap -
propriat e t o mode l  perceptua l  developmen t  wit h feature s 

whic h assum e prio r  knowledg e o f  articulatory-acousti c cor -

relation s o r  semanti c contrasts ,  knowledg e th e prelinguisti c 

infan t  doe s no t  possess .  Segment s an d categorie s th e mode l 
detect s ar e no t  th e matur e phoneme s o f  adulthood ;  no r  d o 

the y correspon d t o distinctiv e feature s (Chomsk y &  Halle , 

1965) ,  traditiona l  articulator y feature s (Ladefoged ,  1972) ,  o r 

any o f  myria d alternative s (e.g. ,  Shillcoc k e t  al. ,  1992) .  T h e 
model' s acousti c segment s ar e longe r  i n duration ,  a t  leas t 
lon g enoug h t o captur e coarticulatio n betwee n contiguou s 

consonant s an d vowel s an d t o detec t  feature s o f  syllabl e 

structure .  The y correspon d t o coarse-graine d change s i n 
voicing ,  friction ,  an d spectra .  The y identif y th e mos t  salien t 
spectra l  feature s o f  a n utterance . 

Althoug h suc h segment s an d categorie s ar e base d o n 
exclusivel y acousti c measures ,  the y correlat e wit h linguisti c 
event s an d delineat e articulator y gestures .  T h e model' s  audi -
tor y perceptio n i s  specialize d t o segmen t  an d categoriz e 
acousti c feedbac k int o discret e phoneti c event s whic h 

closel y correspon d t o discret e gesture s learne d b y th e voca l 
tract' s articulator y apparatus .  T o imitat e words ,  th e mode l 

nee d no t  solv e th e har d proble m o f  relatin g continuou s 

speec h soun d an d continuou s voca l  trac t  motion .  I t  learn s th e 
correspondenc e betwee n on e discret e sequenc e o f  event s an d 
another .  T h e model' s babbl e conform s t o th e linguisti c  envi -

ronmen t  b y learnin g t o matc h th e simples t  categorie s o f 
sounds .  Syllabi c representation s ar e store d i n a  lexico n an d 
shap e whol e wor d pronunciation . 

As childre n maste r  th e productio n o f  n e w subsyllabi c 
sounds ,  the y quickl y generaliz e the m t o n e w lexica l  con -
texts ,  revealin g a  primitiv e compositiona l  structure .  Poorl y 

mastere d an d erroneousl y pronounce d sound s revea l  th e 

595 

mailto:markey@cs.Colorado.edu


same structure .  Elementa l  articulator y skill s  see m t o b e 

acquire d i n th e contex t  o f  large r  mor e abstrac t  phonologica l 

patterns ,  bu t  phonologica l  competenc e ma y no t  b e acquire d 

or  demonstrate d withou t  articulator y skills . 

I n orde r  t o resolv e thi s dilemma ,  th e mode l  view s speec h 

as a  hierarchica l  contro l  problem .  A n abstrac t  phonologica l 

leve l  o f  contro l  compose s eac h utteranc e ou t  o f  on e o r  mor e 

elementa l  sounds ,  choosin g whic h amon g lowe r  leve l  articu -

lator y controller s i s mos t  likel y t o generat e eac h sound .  Th e 

discret e perceptua l  event s o f  segmente d auditor y feedbac k 

thu s regulat e th e timin g an d decision s o f  th e abstrac t  leve l  o f 

phonologica l  control .  Wit h continuou s proprioceptiv e feed -

bac k a s a  guide ,  th e articulator y contro l  leve l  choreograph s 

th e exquisit e timin g o f  voca l  trac t  an d pulmonar y motion s 

necessar y t o produc e eac h elementa l  sound .  A  non-hierarchi -

cal  moto r  contro l  strateg y i s possible ,  bu t  demand s mor e 

structur e fro m th e perceptua l  machinery .  Th e hierarchica l 

contro l  strateg y seem s t o offe r  a  mor e parsimoniou s distribu -

tio n o f  structur e betwee n articulator y an d perceptua l  compo -

nent s an d synergisti c developmenta l  strategies . 

An acoustic-based phonetic representation 

Auditory perception's input is an unsegmented acoustic rep-

resentatio n o f  parenta l  speec h o r  feedbac k fro m th e model' s 

o wn speech .  It s outpu t  i s a  phoneti c representatio n o f  th e 

sequenc e o f  acousti c segment s an d spectra l  categorie s 

detecte d i n th e utterance .  W e us e "duck "  a s a n exampl e t o 

introduc e h o w th e mode l  segment s an d categorize s speec h 
parcels .  Figur e l a illustrate s th e model' s continuou s acousti c 

inpu t  a s a  schemati c spectrogra m o f  "duck" .  It s vertica l  axi s 

i s frequenc y (usin g th e "Bark "  scale) ,  th e horizonta l  axi s i s 

time ,  an d dar k patche s represen t  hig h energ y sound .  Th e 

thic k dar k band s represen t  formants ,  th e changin g resonan t 

frequencie s o f  di e voca l  tract ;  th e variously-shade d vertica l 
are a nea r  45 0 mse c i s a  burs t  o f  noise .  Th e horizonta l  ba r 

near  zer o frequenc y represent s th e underlyin g vibratio n o f 

th e voca l  cords . 
A reasonabl e first  ste p i n parsin g th e unsegmente d acous -

ti c signa l  i s  t o divid e i t  int o broadl y classifie d period s o f 

soun d — continuou s period s o f  silence ,  voicing ,  an d frictio n 

(aspiratio n o r  frication) .  Thi s approac h yield s a  perio d o f 

voicin g betwee n 4 0 an d 33 0 msec ,  frictio n betwee n 37 0 an d 

41 0 msec ,  an d thre e period s o f  silence .  Thi s i s plausible , 

give n th e broa d segmentatio n o f  speec h pattern s b y th e audi -

tor y nerve' s adaptatio n propertie s (Seneff ,  1988) ,  bu t  i t  i s 

clearl y no t  sufficien t  t o identif y linguisticall y relevan t  spec -

tra l  features . 

To furthe r  divid e th e utterance ,  w e conside r  locatin g tem -

porall y stabl e spectra l  pattern s associate d wit h th e steady -

stat e portio n o f  vowel s an d othe r  sonorants ,  fricatives ,  an d 
aspiration .  Consonant s an d diphthong s ar e th e resul t  o f  th e 

voca l  trac t  i n motion ,  an d henc e ar e no t  associate d wit h a 

singl e stati c acousti c pattern .  Eve n th e spectra l  patter n whic h 

accompanie s som e voca l  trac t  closures ,  suc h a s th e nasa l 

underton e whic h accompanie s /m/ ,  /n/ ,  an d /N/, '  doe s no t 
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Figur e 1 :  Schemati c spectrogra m o f  "duck "  withou t  (la ) 

and wit h (lb )  segmentation . 

Segment s ar e numbere d a s follows :  (1 ,  6 ,  8 )  Silence ,  (2 ) 
Prevoicing ,  (3 ,  5 )  Transition s [dA ]  an d [Ak] ,  (4 )  Stati c 
segment  [A] ,  an d (7 )  Burs t  [k''] . 

revea l  th e consonant' s place-of-articuiation . 

Consequently ,  consonan t  identit y ca n b e determine d onl y 

indirecd y fro m dynami c spectra l  patterns .  Point s o f  maxi -

m um spectra l  chang e ar e th e mos t  salien t  portio n o f  a n utter -

anc e fo r  consonan t  an d syllabl e perceptio n i n adult s (Furui , 

1986 ;  se e als o Lindblo m &  Studdert-Kenned y 1967 )  an d ar e 

especiall y salien t  fo r  youn g childre n (Nittroue r  &  Studdert -

Kennedy ,  1987 ;  Nittrouer ,  1992) .  Thus ,  a  reasonabl e secon d 

ste p i n parsin g thi s signa l  i s  t o identif y period s o f  maxima l 

and minima l  spectra l  change . 
By thi s method ,  ther e ar e eigh t  acousti c segment s i n 

"duck" .  Thei r  locatio n i n th e utteranc e i s portraye d i n Figur e 

lb ,  whic h divide s th e tim e axi s b y segmen t  rathe r  tha n equa l 

unit s o f  time .  Afte r  a n initia l  silenc e (segmen t  1),  a  perio d o f 

prevoicin g (segmen t  2 :  5 0 msec )  i s detecte d durin g whic h 

vocal-cor d vibratio n i s audible ,  bu t  th e spectru m o f  th e voca l 

tract' s resonan t  soun d structur e i s obscure d b y th e /d/' s  clo -

sure .  Onc e a  spectru m become s apparent ,  i t  i s  scanne d fo r 

th e relativ e degre e o f  spectra l  change .  Transition s (3 ,  5  a t 
100 an d 30 0 msec )  ar e segment s correspondin g t o maxima l 

spectra l  change ;  forman t  slope s ar e greatest .  Th e stati c seg -

ment  (4 :  20 0 msec )  correspond s t o a  perio d o f  minima l  spec -
tra l  change ;  formant s ar e relativel y flat.  Afte r  a  perio d o f 

silenc e (6 :  35 0 msec )  durin g th e unvoice d /k/' s  closure ,  a 

burs t  (7 :  37 0 msec )  o f  intens e bu t  rapidl y decayin g frictio n i s 

detecte d whe n th e contac t  o f  tongu e bod y an d velu m i s 

released .  Thi s i s followe d b y a  final  perio d o f  silenc e (8) . 

Once segmented ,  th e nex t  ste p i s t o dra w a  sampl e stati c 

spectru m fro m eac h stati c segmen t  an d matc h i t  wit h proto -

typ e categorie s o f  steady-stat e sounds .  Likewise ,  th e mode l 

sample s dynami c spectra l  propertie s durin g transitio n o r 

burs t  segment s an d matche s th e sampl e agains t  prototyp e 

1.  U N I B E T (MacWhinney ,  1991 )  instea d o f  IP A phoneti c 

symbol s ar e used .  S o m e U N I B E T symbol s whic h diffe r  fro m 

IPA' s include :  N  a s i n ping ,  T  ether ,  D  either ,  S  shoe ,  Z  azure , 

I  bit ,  E  bet ,  &  bat ,  A  but ,  U  foot ,  O  law ,  6  above . 
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categorie s o f  dynami c sounds .  Th e mode l  learn s a n inven -

tor y o f  prototyp e categorie s fo r  stati c an d transitio n spectr a 

fro m it s linguisti c environment .  I n th e exampl e above ,  le t  u s 

assume tha t  th e mode l  ha s alread y learne d a n inventor y o f 

prototyp e spectra l  categories .  The n stati c spectra l  propertie s 

of  segmen t  4  matc h th e prototyp e stati c spectru m corre -

spondin g t o th e vowe l  [A] .  Th e dynami c spectra l  propertie s 

of  segment s 3 ,  5 ,  an d 7  matc h transitio n spectru m prototype s 

correspondin g t o demisyllable s [dA ]  an d [Ak] ,  an d aspirate d 

sto p consonan t  releas e [k*" ]  respectively . 

Form of the phonetic representation 

Thi s proces s generate s informatio n abou t  th e type ,  absolut e 

order ,  an d spectra l  propertie s o f  eac h acousti c segment . 

Othe r  requirement s o f  th e complet e sensorimoto r  mode l 

suc h a s moto r  control ,  lexica l  access ,  an d shor t  ter m m e m o r y 

plac e additiona l  constraint s o n th e optima l  for m o f  th e mod -

el' s  phoneti c representation .  The y deman d a  representatio n 

whose siz e doe s no t  var y wit h th e lengt h o f  th e utterance , 
whic h encode s relativ e orde r  o f  acousti c segments ,  an d 

whic h nonetheles s faithfull y capture s importan t  acousti c 

propertie s o f  th e entir e utteranc e an d admit s a n accurat e met -
ric  an d efficien t  algorith m fo r  determinin g th e phoneti c dis -

tanc e amon g utterances . 
The mode l  employ s a  phoneti c featur e vecto r  wit h on e uni t 

fo r  eac h feature .  A  unit' s  activatio n i s increase d eac h tim e 

th e propert y i t  encode s i s detecte d i n a n utterance ,  b y a 

degre e inversel y relate d t o th e acousti c distanc e betwee n 

speec h toke n an d featur e prototype .  Spectra l  feature s encod e 

spectra l  propertie s an d thei r  relativ e orde r  i n th e utterance . 
Segmenta l  feature s encod e acousti c segmen t  propertie s an d 
thei r  relativ e orde r  i n th e utterance . 

Spectral features 

Prototyp e categorie s o f  stati c an d transitio n spectr a provid e 
th e ra w materia l  fo r  spectra l  features .  Activation s corre -

spondin g t o prototype s o f  [dA] ,  [A] ,  [Ak] ,  an d [k** ]  ar e 
increase d a s eac h segmen t  i s detecte d i n "duck" . 

Transitio n an d stati c segmen t  categorie s implicitl y  encod e 
spectra l  propertie s an d thei r  relativ e order .  Fo r  example ,  i n 
"duck "  th e [dA ]  segmen t  encode s th e spectra l  chang e whic h 

occur s a s th e tongu e move s fro m a n alveola r  closur e fo r  /d / 
or  /t /  t o th e openin g fo r  th e intende d vowe l  /A/ .  Stati c seg -
ment  [A ]  mus t  follo w transitio n segmen t  [dA] .  Segmen t 

[Ak ]  encode s th e spectra l  chang e whic h occur s a s th e tongu e 
makes contac t  wit h th e velu m fo r  th e /k/ .  I t  canno t  preced e 

[dA ]  excep t  i n a  multi-syllabi c utterance . 

Segmental features 

Acousti c segmen t  classification s an d a  contextua l  encodin g 
of  segmenta l  orde r  ar e th e ingredient s o f  segmenta l  features . 
Segment  typ e i s distinguishe d b y fiv e acousti c cue s — voic -

ing ,  friction ,  spectra l  change ,  spectra l  stability ,  o r  moment s 
of  relativel y intense ,  quickl y changin g sounds .  Eigh t  seg -

Tabl e 1 :  Segmen t  Type s an d Definin g Acousti c Cue s 

Segment  typ e 

Silenc e (0 ) 
Prevoicin g (P ) 
Stati c (S ) 
Transitio n (T ) 
Voice d frictio n (Z ) 
Voiceles s frictio n (F ) 
Transitio n frictio n (H ) 
Burs t  (B ) 

Voic € 

0 
1 
1 
1 
1 
0 
0 
0 

;  Fric -
tio n 

0 
0 
0 
0 
1 
1 
1 
1 

Tran -
sien t 

0 
0 
0 
1 
0 
0 
1 
1 

Stabl e 

0 
0 
1 
0 
1 
1 
0 
0 

sta b 

0 
0 
0 
0 
0 
0 
0 
1 

ment  type s observe d i n Englis h ar e describe d i n Tabl e 1 .  A s 

"duck "  i s perceived ,  segmen t  typ e activation s ar e increase d 

as eac h segmen t  i s encountered . 

Th e mode l  encode s th e relative ,  no t  absolute ,  orde r  o f  seg -

ment  types .  I t  doe s s o b y formin g a  cluste r  o f  th e thre e mos t 

recentl y detecte d acousti c segmen t  types .  Thi s codin g 

scheme i s simila r  t o Wickelgren' s (1969 )  context-dependen t 
allophon e sequenc e encoding .  M a n y segmen t  typ e cluster s 

encod e importan t  linguisti c  cues .  Contiguou s prevoicin g an d 

transitio n segment s (P T o r  T P )  indicat e a  voice d sto p conso -
nant  i n m a n y context s (e.g. ,  th e initia l  consonan t  i n "duck") ; 

a transition-silence-burs t  subsequenc e (TOB )  signal s a  word -

fina l  unvoice d sto p (e.g. ,  th e fina l  consonan t  i n "duck") ;  a 

transition-static-transitio n (TST )  cluste r  usuall y signal s a 

consonant-vowel-consonan t  syllable ;  an d a  static-transition -

stati c (STS )  cluste r  signal s a  diphthong . 

Becaus e o f  th e rol e o f  th e three-segmen t  cluster s i n encod -

in g th e tempora l  pattern s o f  voicing ,  friction ,  silence ,  an d 
syllabl e structure ,  w e cal l  the m "prosodi c triads" ,  wher e 
"prosodic "  i s  use d her e i n th e Firthia n sens e a s suprasegmen -

ta l  bu t  subsyllabi c an d syllabi c structura l  features . 

Superimposed activations and phonetic distance 

To summarize, there are four classes of phonetic features — 
acousti c segmen t  types ,  prosodi c triads ,  stati c spectru m cate -
gories ,  an d transitio n spectru m categories .  Stati c an d transi -

tio n categorie s ar e learne d fro m th e linguisti c environment . 
Th e phoneti c representatio n i s a n activit y patter n ove r  a  vec -

to r  o f  units ,  on e fo r  eac h feature .  Activation s accumulat e 
unti l  th e en d o f  a n utterance .  Thi s superpositio n o f  contex -
tua l  an d globa l  phoneti c feature s i s a  faithfu l  representatio n 

(Smolensky ,  1990 )  o f  an y one-syllabl e utterance . 

Phonetic categorization and category learning 

Phonetic features are learned. The model builds an inventory 

of  prototyp e acousti c segment s tha t  correspon d t o phoneti c 
featur e categories .  The y represen t  thos e transitio n an d stati c 
spectr a recognize d a s relativel y distinc t  accordin g t o a n 
acousti c distanc e measur e an d statisticall y importan t  accord -
in g t o thei r  relativ e frequenc y i n parenta l  speech . 

Eac h tim e a n audibl e segmen t  i s detected ,  auditor y percep -
tio n measure s th e acousti c distanc e betwee n th e token' s 
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spectra l  propertie s an d th e correspondin g inventor y o f  spec -

tra l  prototypes ,  activatin g eac h b y a n amoun t  inversel y 

relate d t o acousti c distance .  N e w prototyp e categorie s ar e 

learne d b y a  simpl e competitiv e proces s (Grossberg ,  1976 ; 

Carpente r  &  Grossberg ,  1987) .  I f  a  toke n segmen t  i s clos e t o 

existin g prototypes ,  winnin g prototype s ar e updated .  Other -

wise ,  a  ne w prototyp e i s adde d probabilistically ,  usin g th e 

curren t  toke n a s th e ne w prototype .  Suc h probabilit y  i s  pro -

portiona l  t o th e token' s distanc e fro m it s neares t  neighbor , 

but  i s  lo w enoug h t o discourag e a  proliferatio n o f  gratuitou s 

categories . 

Relationship between acoustic segments, gestures, 

a n d linguisti c unit s 

Transitions usually signify demisyllables, diphthongs, or 

glides .  Stati c segment s signif y th e stabl e portio n o f  vowels , 

nasals ,  approximants ,  an d fricatives .  Groundin g th e sen -

sorimoto r  mode l  i s a  one-to-on e correspondenc e betwee n 

phoneti c segment s an d articulator y gesture s — it s funda -

menta l  perceptua l  an d articulator y buildin g blocks .  Severa l 

investigator s hav e propose d tha t  human s produc e speec h a s 

a sequenc e o f  articulator y gesture s a s from a  musica l  scor e 

(Browma n &  Goldstein ,  1989 ;  Saltzma n &  Munhall ,  1989 ; 

Kels o e t  al. ,  1986) .  Moreover ,  Fowle r  (1991 )  argue s tha t 

humans perceiv e speec h a s gesture s instea d o f  a s phonemes . 
Th e model' s mechanis m fo r  gestur e perceptio n i s it s detec -

tio n o f  spectra l  transitions .  Thi s i s base d o n th e observatio n 

tha t  transition s correspon d approximatel y t o th e zenit h o f 

articulator y gesture s an d tha t  stati c segment s correspon d t o 
th e end s o f  gestures .  I t  i s als o motivate d b y researc h showin g 

tha t  spectra l  transition s ar e essentia l  fo r  consonan t  an d sylla -

bl e perceptio n i n adult s (Furui ,  1986 )  an d youn g childre n 

(Nittrouer ,  1992) ,  a s wel l  a s b y th e performanc e o f  automati c 

speec h recognitio n system s whic h us e dynami c spectra l  dat a 

(e.g. ,  Lee ,  1990) .  Moreover ,  distinctiv e nonlinea r  acousti c 

change s usuall y occu r  betwee n a  gesture' s termina l  configu -

ration s (Stevens ,  1989) ,  enhancin g spectra l  transition s an d 

ensurin g thei r  reliabilit y  a s linguisti c codes . 

Perceptual Model Implementation 

a n d S i m u l a t i o n s 

We have implemented the perceptual model and are cur-

rentl y integratin g i t  int o th e ful l  sensorimoto r  model .  Her e 

we repor t  result s showin g th e propertie s o f  th e transitio n an d 

stati c sj)ectra ,  th e distinctivenes s an d faithfulnes s o f  it s 

demisyllabi c encoding .  Th e result s indirectl y indicat e th e 

reliabilit y  o f  th e segmentatio n algorithm . 

Stimul i  ar e syntheti c consonant-vowe l  ( C V )  syllable s gen -

erate d b y a n adaptatio n o f  Haskin s Laboratories '  A S Y artic -

ulator y synthesize r  (Rubi n e t  al. ,  1981) .  Th e synthesize r 

employ s 6  voca l  trac t  articulator s representin g a  tota l  o f  1 0 

degree s o f  freedom  t o specif y th e voca l  tract' s configuration . 

Voicin g an d fricatio n i s modele d b y a  simpl e mechanical -

acoustica l  mode l  o f  respiration .  L o w leve l  dynamic s o f  th e 

Smoothe d stati c Bar k spectr a fo r  "duck "  onse t 
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Figur e 2 :  Stati c an d transitio n spectr a fo r  onse t 

demisyllableof'duck " 

Steps in spectral analysis are shown above. The first step 
i s conversio n fro m Hert z t o Bar k frequency  an d Gauss -
ia n smoothing .  Th e pea k nea r  th e 1 0 bar k detecto r  i s th e 
2n d formant ,  droppin g i n frequenc y betwee n th e tw o 
sampl e time s o f  18 4 an d 20 8 msec .  Th e differenc e spec -
tru m effectivel y normalize s th e spectru m fo r  change s i n 
amplitude .  Th e 2n d forman t  frequenc y shif t  i s eviden t 

Th e 2n d formant' s chang e i s capture d i n th e transitio n 
spectru m durin g th e perio d o f  m a x i m u m spectra l 
change .  Th e positiv e valu e a t  1 0 bar k reflect s th e for -
mant' s dro p i n frequency  an d th e increase d amplitud e o f 
th e differenc e spectru m a t  tha t  frequency .  Th e negativ e 
valu e a t  1 1 bar k occur s behin d th e formant' s motion , 
wher e th e differenc e spectru m ha s falle n i n amplitude . 

articulator s ar e simulate d a s simpl e gesture s whic h resembl e 

th e motio n o f  a  criticall y dampe d sprin g o f  a  give n stiffnes s 

fro m som e displacemen t  t o it s equilibriu m point .  A  scrip t 

languag e specifie s a  queu e o f  gesture s an d proprioceptiv e 

triggerin g condition s (a n intrinsi c timin g device )  necessar y 

t o produc e a n utterance .  Eac h stimulu s employ s on e o f  thre e 

sto p consonant s (b ,  d ,  g )  an d on e o f  te n targe t  vowels .  Opti -

mal  voca l  trac t  configuration s necessar y t o accuratel y rende r 

eac h targe t  vowe l  ar e determined ,  an d gestur e scrip t  tem -

plate s ar e designe d an d fine-tuned  b y th e experimente r  fo r 
bV,  d V an d g V frames .  Selectin g targe t  vowe l  an d consonan t 
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Figur e 3 :  Transitio n magnitud e fo r  duratio n o f  "duck " 

The transition magnitude x (solid line) and the norm of 
th e differenc e spectr a (dashe d line )  ar e show n fo r  th e 
entir e utteranc e i n th e grap h above .  Als o show n ar e th e 
approximat e location s o f  linguisti c segments .  Spectr a i n 
figure  2  correspon d t o th e firs t  transitio n pea k betwee n 
/d/and/A/ . 

at  random ,  w e generat e 1,35 0 syllabl e token s — abou t  4 5 

token s pe r  syllabl e type . 
To generat e eac h token ,  Gaussia n nois e i s adde d t o eac h 

vowel' s articulator y parameters .  Ther e i s n o w a y t o deter -

min e i f  eac h resultin g soun d actuall y correspond s t o th e 
intende d syllabl e typ e o r  eve n whethe r  i t  i s  a  lega l  soun d o f 

Englis h withou t  actuall y listenin g t o it .  Th e experimente r 

transcribe s eac h token ,  rejectin g an y non-Englis h soun d an d 

rejectin g an y soun d whos e phoneti c transcriptio n doe s no t 

agre e wit h th e intende d type .  Th e 89 2 remainin g token s ar e 

divide d int o training ,  validation ,  an d tes t  set s fo r  supervise d 

classificatio n tasks . 
Sound s ar e sample d onc e ever y 8  mse c fo r  periodi c soun d 

(voicing )  amplitude ,  aperiodi c soun d (fricatio n o r  aspiration ) 
amplitude ,  an d 256-frequenc y powe r  spectrum .  Spectra l 

analysi s convert s th e powe r  spectru m fro m Hert z t o Bark , 
perform s Gaussia n smoothin g ove r  time ,  an d normalize s fo r 

tota l  amplitud e b y computin g a  differenc e spectrum .  Th e 
momentar y transitio n spectru m i s th e first  derivativ e o f  th e 
differenc e spectru m wit h respec t  t o time .  Th e transitio n mag -

nitud e i s th e L ,  nor m o f  th e transitio n spectru m minu s th e L j 
nor m o f  th e differenc e spectrum .  Th e pea k transitio n spec -
tru m i s sample d a s a n averag e o f  th e momentar y transitio n 

spectr a fo r  a  5 0 mse c perio d centere d a t  th e poin t  whe n th e 
transitio n magnitud e i s a t  a  loca l  m a x i m u m .  A n exampl e i s 

presente d i n Figure s 2  an d 3 ,  above .  Furthe r  detail s ar e avail -
abl e i n Marke y (1993) . 

We the n measur e phoneti c distanc e ( D a m o n g al l  syllabl e 
stimuli .  Thi s i s determine d a s a  functio n o f  th e linea r  correla -

tio n p  betwee n eac h pai r  o f  toke n transitio n spectr a 
2)(T' ,  T^ )  =  1.0 -  p  (T' ,  T' )  (e.g. ,  Pomerleau ,  1993) .  W e us e 
thi s distanc e measur e her e an d a s th e basi s fo r  unsupervise d 
classificatio n o f  parenta l  speec h b y th e ful l  sensorimoto r 
model  becaus e i t  factor s ou t  irrelevan t  difference s i n scal e 
betwee n tw o spectra . 

As a  furthe r  tes t  o f  th e encoding' s faithfulness ,  a  multi -
laye r  bac k propagatio n networ k i s traine d t o classif y sylla -

ble s b y eigh t  feature s fo r  vowe l  qualit y an d consonanta l 

place-of-articulatio n usin g transitio n spectr a a s input .  T h e 

same tes t  i s  performe d wit h bot h transitio n an d differenc e 

spectr a a s input ,  sinc e acousti c informatio n i s los t  b y th e 

transitio n spectrum .  A s a  control ,  w e trai n a  time-dela y neu -

ra l  networ k ( T D N N ;  Waibe l  e t  al. ,  1989 )  o n th e sam e task . 

usin g a s inpu t  smoothe d bar k spectr a ove r  th e entir e duratio n 

of  th e consonant-vowe l  transitio n (averagin g 16 8 msec) . 

Eac h networ k i s traine d unti l  a  validatio n datase t  indicate s 

overtrainin g an d the n i s teste d usin g separat e tes t  dataset . 

Results 

The average phonetic distance between pairs of syllables of 

th e sam e typ e i s 0.211 .  Th e averag e distanc e betwee n pair s 

of  syllable s o f  differen t  type s i s 0.955 .  Thus ,  token s o f  th e 

same typ e appea r  t o b e relativel y clustere d i n th e representa -

tiona l  space .  A  tabulatio n o f  averag e cross-distance s fo r  al l 

b V syllabl e type s appear s i n Tabl e 2 . 

Table 2: Mean phonetic distance measured between bV 

syllabl e token s 

bA b a b o b O b u b U b & b E b i  b l 
bA 
ba 
bo 
bO 
bu 
bU 
b& 
bE 
bi 
bl 

0.1 8 0.8 9 0.9 2 
0.3 3 0.8 8 

0.3 9 

0.9 5 
0.7 2 
0.8 5 
0.1 3 

1.0 6 
0.9 4 
1.0 5 
0.9 6 
0.6 2 

0.5 3 
0.9 2 
0.9 3 
1.0 3 
1.1 8 
0.3 3 

1.1 9 
0.8 1 
0.7 9 
0.8 6 
0.9 9 
1.2 3 
0.0 8 

0.8 0 
0.9 6 
0.7 5 
0.9 1 
1.0 1 
0.7 9 
0.6 5 
0.1 3 

1.2 5 
1.1 5 
1.0 2 
1.2 9 
0.8 1 
0.2 1 
0.9 8 
1.0 6 
0.1 2 

1.0 9 
0.9 3 
0.8 6 
1.1 2 
0.7 7 
1.2 1 
0.8 5 
0.6 3 
0.8 0 
0.0 9 

Syllabl e type s wit h th e sam e vowe l  typ e bu t  wit h differen t 

consonant s (gE ,  dE ,  b E )  ar e les s distan t  wit h respec t  t o eac h 
othe r  (se e Tabl e 3 )  tha n syllable s wit h th e sam e consonan t 

but  differen t  vowel s (bE ,  bi ,  bo ,  b & ,  etc. ,  below) .  Severa l 

token s i n th e simulatio n corpu s (especiall y C o an d C O sylla -
bles )  ar e no t  phoneticall y distinct .  Thes e token s ar e als o dif -
ficult  fo r  th e experimente r  t o transcrib e phonetically . 

Table 3: Additional Phonetic Distance Comparisons 

S a me Vowe l  Har d Discriminatio n 

b E d E 
b E 0.1 3 0.5 5 
d E 0.0 8 
gE 

gE 
0.5 0 
0.5 7 
0.1 0 

bo 
do 
go 

b o d o 
0.3 9 0.5 2 

0.4 3 

go 
0.3 9 
0.3 9 
0.2 7 

Supervise d classificatio n test s als o sugges t  tha t  th e transi -
tio n spectru m i s a  robus t  demisyllabl e representation .  Sylla -

bl e classificatio n error s b y th e networ k whic h use s onl y th e 
transitio n spectra l  coefficient s a s input s i s 5.29% .  Erro r  rate s 
ar e substantiall y  lowe r  whe n bot h transitio n an d differenc e 
spectr a coefficient s ar e use d a s inputs ,  droppin g t o 0 .85 % 

when bot h transitio n an d differenc e spectr a coefficient s ar e 
rescale d t o rang e betwee n 0  an d 1 . 
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Tabl e 4 :  Supervise d Trainin g Erro r  Rate s 

Me tho d an d Input s Erro r 

Backpropagation ,  4 4 Transitio n spectru m coef -  5 .29 % 
ficients  a s inputs . 

Backpropagation ,  4 4 Transitio n an d 4 4 Differ -  1.77 % 
enc e spectru m coefficients . 

Backpropagation ,  4 4 Transitio n an d 4 4 Differ -  0 .85 % 
enc e spectr a coefficient s rescaled . 

T D N N,  4 4 Bar k spectru m coefficient s fo r  eac h 1.59 % 
of  21- 8 mse c frames ,  3-fram e inpu t  window . 

The TDNN network's performance is similar. This is not 

surprising ,  a s i t  mus t  discove r  thos e stati c an d dynami c fea -

ture s necessar y t o classif y eac h syllabl e (Waibe l  e t  al. ,  1989) . 

Typica l  error s fo r  al l  method s includ e singl e mistake n fea -

tures ,  feature s jus t  unde r  threshold ,  o r  confusio n i n decidin g 
th e place-of-articulation . 

Supervise d classificatio n result s ar e encouragin g fo r  th e 

us e o f  transitio n dat a fo r  segmentatio n an d syllabl e classifi -

catio n withou t  needin g t o lear n segmentatio n strategie s first. 

However ,  result s poin t  ou t  tha t  bot h dynami c an d stati c spec -

tra l  informatio n i s essentia l  fo r  accurat e classification . 

Althoug h th e sensorimoto r  mode l  an d thes e simulation s 

emplo y syntheti c speech ,  i t  m a y b e possibl e an d desirabl e t o 

exten d th e metho d t o automati c h u m a n speec h recognition . 
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