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Touchin g ft  Minimall x Structure d Back-Propftgfttio n Networ k t o Recognis e Speec h Sound s 

T. K. Lftndftuer 

C.  A .  Kam m 
S.  Singhft l 

Bel l  Communication s Research ,  Morristown ,  N.J .  0796 0 

Abitraet :  A n associatir e networ k wa s traine d o n a  speec h recognitio n tas k usin g continuou s speech .  T h e 

inpu t  speec h wa s processe d t o produc e a  spectra l  representatio n incorporatin g som e o f  th e transformation s 

introduce d b y th e periphera l  auditor y syste m befor e th e signa l  reache s th e brain .  Inpu t  node s t o th e 

networ k represente d a  150-millIsecon d tim e w indo w throug h whic h th e transforme d speec h passe d i n 2 -

millisecon d steps .  Outpu t  node s represente d elementa l  speec h sound s (demisyllables )  whos e targe t  ralue s 

wer e specifie d base d o n a  h u m a n listener' s abilit y  t o identif y th e sound s i n th e sam e inpu t  segment .  Th e 

wor k reporte d her e focuse s o n th e experienc e an d trainb g condition s neede d t o produc e natura l 

generalisation s betwee n trainin g an d tes t  utterances . 

The primary goal of this work is to explore the use of learning networks as an analytical tool for gaining 

insigh t  b t o comple x h u m a n patter n recognitio n processes .  Thi s goa l  motirate s th e choic e o f  inpu t 

representation ,  architecture ,  an d trainin g regimen .  T h e strateg y i s t o gir e a  minimall y structure d networ k 

th e experienc e an d trainin g i t  need s t o perfor m a  comple x patter n recognitio n tas k o f  a  kin d tha t  h u m a n s 

readil y master ,  an d the n t o us e th e w a y i n whic h i t  learns ,  generalises ,  an d fails ,  an d th e bterna l  weigh t 

organisatio n whic h i t  adopts ,  a s a  mean s o f  studyin g way s i n whic h th e patter n classificatio n i n questio n 

ca n b e accomplished .  T o th e exten t  tha t  th e feature s o f  th e inpu t  stimul i  an d th e informatio n processin g 

tha t  a  successfu l  networ k use s resembl e thos e use d b y a  human ,  thes e result s m a y sugges t  ne w hypothese s 

abou t  ho w human s accomplis h th e patter n recognitio n task. ' 

The input to our network model of speech recognition was processed to mimic several transforms that the 

periphera l  auditor y syste m impose s o n th e acousti c signal ,  bu t  tha t  ar e no t  specifi c  t o recognisin g speech . 

Thus ,  th e informatio n i n th e inpu t  migh t  b e considere d grossl y analogou s t o informatio n th e brai n receive s 

fro m th e inne r  ear .  Th e networ k wa s require d t o lear n t o extrac t  speech-relevan t  informatio n fro m a 

continuou s signal .  Erro r  feedbac k consiste d onl y o f  informatio n abou t  whic h speec h element s a  h u m a n 

coul d detec t  i n th e signal ,  an d n o knowledg e o r  theor y abou t  th e proces s o r  mechanis m o f  speec h 

perceptio n a s suc h wa s embedde d i n th e interna l  architectur e o f  th e learnin g networ k o r  th e codin g o f  it s 

output . 

Th e networ k readil y learne d t o pic k a  smal l  numbe r  o f  speec h sounds ,  fo r  example ,  th e initia l  portion s o f 

th e syllable s do ,  re ,  mi ,  fa ,  so ,  la ,  an d ti ,  ou t  o f  continuou s "sentences "  consistin g o f  onl y thes e syllables , 

and generalise d successfull y t o othe r  sentence s compose d o f  th e sam e element s spoke n b  differen t  orders . 

Th e succes s o f  generalisatio n an d th e naturalnes s o f  th e error s an d partia l  recognition s evince d b y th e 

networ k appea r  t o depen d i n interestin g way s o n th e trainin g se t  t o whic h i t  w a s expose d an d th e 

discrimination s require d o f  it s  output .  W e wil l  presen t  bot h systemati c dat a an d impression s gaine d fro m 

experiment s wit h thes e networks .  First ,  however ,  w e giv e necessar y detail s o n th e inpu t  transformation , 

networ k configuration ,  learnin g rules ,  an d training-procedures . 

1. Input Speech Tranaformation 

Th e motivatio n fo r  th e signa l  processin g o f  th e inpn t  speec h wa s t o approximatel y simulat e severa l  o f  th e 

modification s tha t  th e inne r  ea r  impose s o n a n acousti c signal .  Th e processin g consiste d o f  five  steps . 

First ,  th e inpu t  speec h wa s digitise d an d low-pas s filtered  t o 5  k H s bandwidth .  Spectra l  estimate s wer e 

1.  Whil e thi s i t  tb c primtr y |oal ,  th e rctcMc h c u »l» o b e viewe d m a a sttemp t  t o appl y lc»rnio c oetwoi k aclhod t  t o th e proble m 
of  automati c tpe«c b recofnitioB .  l o tbi i  rttpect ,  i t  aak t  whethe r  th e bi(b-dimeD»ioDa l  aoD-linea r  reprcMnlatio n o f  aac h net s an d 
tb c lolutioD-optimitatio n procedur e o f  back-propafatio o wil l  produc e th e tame ,  o r  perhap s iotcrc«tin(l y different ,  rcsalt a fro m 
thos e obtaioe d usio (  mor e traditiona l  pattern-tnatcbiB f  o r  pattern-clauificatio D alforitbmi . 
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obtaine d usin g 128-poin t  PPT* .  T o mimi c th e Moiitivit j  o f  th e huma n listene r  t o rapi d change s i n hig h 

frequenc y component s an d t o fine  frequenc y distinction s a t  lo w frequencies ,  severa l  PPT s wer e computed , 

usin g tempora l  window s o f  4  t o 2 0 ms ,  wit h a  2-m s fram e shift .  Fo r  eac h 2-m s frame ,  a  composit e 

amplitud e spectru m wa s obtaine d b y extractb g lo w frequenc y component s fro m th e F F T wit h 20-m s 

window ,  th e highes t  component s fro m th e P P T wit h 4-m s window ,  an d intermediat e component s fro m 

PPTs compute d wit h tempora l  window s betwee n 4  an d 2 0 ms .  Second ,  th e frequenc y scal e wa s 

transforme d t o a  Bar k scal e t o reflec t  th e frequenc y '.pacin g alon g th e basila r  membran e o f  th e inne r  ea r 

(Schroeder ,  Ata l  &  Hall ,  1979) .  Third ,  th e Bark-scale d spectr a wer e convolve d wit h a n asymmetri c filter 

simulatin g th e sprea d o f  excitatio n alon g th e basila r  membran e (Schroede r  ft  Hall ,  1974) ,  whic h result s i n 

« highl y smoothe d outpu t  spectrum .  Th e combinatio n o f  step s tw o an d thre e serve s t o simulat e th e 

filtering  know n t o occu r  m th e periphera l  auditor y system .  Ponrth ,  t o mode l  th e short>ter m adaptatio n o f 

th e periphera l  auditor y system ,  change s i n th e amplitud e o f  eac h componen t  wer e modifie d b y applyin g a 

multiplicativ e functio n o f  th e differenc e betwee n successiv e frames ,  wit h exponentia l  decay ,  producin g a n 

enhancemen t  o f  spectrotempora l  "edges" .  Pifth ,  th e amplitud e o f  eac h componen t  wa s scale d relativ e t o 

th e overal l  minimu m amplitud e b y a  powe r  functio n wit h exponen t  0. 6 t o simulat e th e transfor m fro m 

acousti c pressur e t o relativ e loudness .  Fbally ,  I S o f  th e 12 8 transforme d amplitudes ,  space d a t  on e Bar k 

(approximatel y on e critica l  band )  mterval s fro m 3  t o 1 7 Bark s (28 7 t o 488 4 Hs) ,  wer e selecte d fo r  mpu t  t o 

th e network . 

Clearly this transformation does not perfectly represent the signal sent from ear to brain • for one thing it 

carrie s muc h les s bformatio n •  bu t  i t  doe s hav e severa l  o f  th e importan t  characteristic s o f  tha t  signal . 

Thus ,  th e informatio n th e networ k learn s t o extrac t  fro m thi s mpu t  t o recognis e speec h sound s shoul d 

hav e a  fai r  chanc e o f  beb g bformatio n th e huma n bra b coul d als o extract . 

2. Network Architecture and Training Procedure 

Ther e wer e 1,12 5 inpu t  node s representin g th e 1 5 transforme d amplitude s fo r  eac h o f  7 5 successiv e 2 -

millisecon d frame s o f  a  150-miIIisecon d windo w o f  speech .  O n eac h trainin g cycl e a  rea l  valu e betwee n 0 

and 1 ,  proportiona l  t o th e amplitud e o f  eac h spectra l  component ,  wa s applie d t o eac h inpu t  node .  Variou s 

number s o f  hidde n nodes ,  usuall y  20 ,  wer e full y  interconnecte d wit h th e bpu t  node s an d wit h a  varyin g 

number  o f  outpu t  node s dependin g o n th e numbe r  o f  speech-soun d element s tha t  wer e t o b e detected . 

Trainin g proceede d b y steppin g th e 150-millisecon d speec h windo w acros s a n utteranc e i n 2-miUbecon d 

steps ,  a t  eac h on e calculatin g th e result s o f  forwar d activatio n t o th e outpu t  nodes ,  calculatin g a n erro r 

signal ,  an d updatb g weight s b y th e standar d back-propagatio n procedur e (Rumelhart ,  Hbto n an d 

Williams ,  1986) . 

To specify targets, judgments of whether each of the speech sounds to be trained was or was not present in 

th e inpu t  windo w wer e mad e b y Ibtenin g t o 150-milUsecon d segment s o f  th e signa l  an d b y vbna l 

inspectio n o f  th e speec h wavefor m an d a  speec h spectrogra m o f  th e signal .  Judgment s wer e mad e o n a 

nine-poin t  confidenc e scale ,  fro m "possibly "  t o "definitely "  present .  Th e erro r  signa l  a t  eac h outpu t  nod e 

was adjuste d b  proportio n t o th u confidenc e value .  A  separat e judgmen t  wa s mad e a s t o whethe r  th e 

syste m shoul d b e trabe d o n a  particula r  soun d elemen t  fo r  tha t  w b d o w ,  o r  allowe d t o produc e a n outpu t 

writhou t  erro r  beb g propagate d bac k fro m th e correspondb g outpu t  uni t  (th b strateg y i s relate d t o th e 

"don' t  care "  procedur e o f  Jordan ,  1986) . 

S. Reaults, Observations, Modifications, Comparisons and Lessons. 

I n earl y trial s wit h a  smal l  numbe r  o f  artificiall y sjnthesise d tpeech-Iik e •timuli ,  i t  quickl y becam e 

apparen t  tha t  th e syste m woul d lear n a  trabb g se t  readily ,  bu t  di d no t  generalis e vei l  t o th e sam e 

nomina l  "speech "  sound s b  othe r  contexts ,  an d tha t  th e error s i t  mad e wer e no t  alway s sensibl y relate d t o 

th e confusion s betwee n sound s tha t  a  huma n listene r  woul d make .  T w o feature s o f  th e procedur e seeme d 

at  fault .  First ,  w e though t  tha t  th e syste m wa s no t  beb g expose d t o enoug h differen t  speec h sound s i s 

enoug h differen t  context s t o b e abl e t o extrac t  th e importan t  feature s an d structur e o f  th e stimuli .  Second , 

th e erro r  calculatio n procedur e wa s forcb g th e syste m t o discrimbat e strongl y betwee n sound s tha t  woul d 

be perceive d a s simila r  b y a  human ,  suc h a s "fa "  an d "va" .  Therefore ,  fo r  ou r  mai n bvestigation ,  w e use d 

natura l  speec h inpu t  wit h a  greate r  variet y o f  speec h sound s i n man y differen t  contexts ,  althoug h stil l  a 

ver y tin y subse t  o f  English .  A  professiona l  announce r  spok e 14-syllabl e "sentences "  compose d o f  tw o 
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token s o f  e»c h o f  t r t n sylUble s (do ,  re ,  mi ,  fa ,  bo ,  U ,  ti )  atrun g togethe r  i n t  Lati n aquar e desig n luc h 

tha t  oTe r  th e sentence s studie d eac h syllabl e followe d an d precede d ever y othe r  syllable ,  includin g itself , 

equall y often .  Th e speake r  di d no t  sin g th e "sentences" ,  bu t  spok e thea i  wit h wid e rariation s i n 

intonation ,  duratio n an d phrasing .  (Example s o f  th e recording s wil l  b e played. )  T h e tota l  se t  containe d 3 9 

demisyllable s ( 7 initia l  an d 3 2 final  demisyllables )  o f  th e roughl y 80 0 t o 1,00 0 demiayllable s neede d t o 

transcrib e al l  o f  Englis h speec h (Fujimura ,  Macch i  &  Lovins ,  1977) .  T w o representativ e sentence s ar e give n 

i n Tabl e 1 .  W e typicall y traine d th e syste m t o recognis e th e subse t  o f  initia l  demisyllables . 

Tabl e 1 .  Sampl e Inpu t  "Sentences' * 

1.  d o d o r e t o m i  r e f a l a s o m i  l a t i  t i  fa . 

2. mi mi fa ti so fa la do ti so do re re la. 

I n additio n t o usin g thi s riche r  trunin g se t  i n th e mai n experiments ,  w e als o altere d th e rul e fo r  erro r 

calculatio n t o encourag e mor e generalisation .  I n particular ,  th e erro r  fo r  outpu t  node s correspondin g t o 

demisyllable s no t  presen t  i n th e windo w wa s multiplie d b y a  constan t  betwee n 0  an d 1 ,  s o tha t  a  hig h 

valu e o n a  nod e correspondin g t o a n absen t  elemen t  wa s no t  a s strongl y correcte d a s a  lo w ralu e o n a  nod e 

correspondin g t o a  presen t  element .  Fo r  a  give n residua l  criterio n trainin g error ,  thi s cause s th e syste m t o 

move toward s a  solutio n i n whic h i t  adopt s hig h outpu t  value s fo r  al l  positiv e pattern s bu t  allow s itsel f 

moderat e outpu t  value s fo r  othe r  outpu t  node s tha t  ten d t o b e excite d b y th e sam e inputs . 

Result s o f  thi s trainin g procedur e wer e quit e encouraging .  T h e seve n plot s i n Figur e 1  sho w th e outpu t 

value s fo r  th e seve n unit s correspondin g t o th e initia l  demisyllable s a s a  functio n o f  tim e fo r  a  tes t  sentenc e 

afte r  trainin g o n jus t  on e othe r  sentence .  Th e syllable s a t  th e to p o f  th e figure,  an d th e line s a t  th e to p o f 

eac h pane l  indicat e th e position s i n th e utteranc e wher e eac h targe t  syllabl e occurred .  Th e figure  show s 

that ,  i n al l  instances ,  th e outpu t  uni t  correspondin g t o th e targe t  syllabl e ha d th e highes t  outpu t  o f  th e 

seve n units .  Ther e ar e severa l  instance s wher e a  secon d outpu t  uni t  als o ha d relativel y hig h activatio n 

(e.g. ,  th e "so "  uni t  show s activatio n o f  abou t  0. 8 whe n th e "do "  syllabl e i s i n th e inpu t  window) .  Suc h 

evidenc e o f  similarit y (o r  confusability )  typicall y occurre d fo r  outpu t  unit s sharin g th e sam e vowe l  soun d 

(e.g. ,  "do "  an d "so" ,  "fa "  an d "la") . 

We ar e als o studyin g th e effec t  o f  variatio n i n th e trainin g se t  b y testin g o n on e se t  afte r  havin g traine d o n 

on e o r  mor e others .  Preliminar y dat a sugges t  tha t  mor e varie d trainin g produce s somewha t  bu t  no t 

dramaticall y bette r  generalisation .  A  mor e detaile d characterizatio n o f  thes e effect s await s th e completio n 

of  additiona l  experiments . 

Another technique that we are exploring in an attempt to improve the generalisation of the network 

involve s trainin g th e syste m t o simultaneousl y recognis e th e se t  o f  speec h element s an d perfor m a n encode r 

or  auto-associatio n function .  I n thi s network ,  th e outpu t  laye r  consbt s o f  outpu t  node s o f  th e se t  o f  speec h 

element s an d 1,12 5 additiona l  outpu t  nodes ,  full y  interconnecte d t o th e hidde n layer .  T h e erro r  o n eac h o f 

th e latte r  node s i s calculate d a s th e differenc e betwee n it s outpu t  an d th e activatio n applie d t o a 

correspondb g inpu t  node .  Th e rational e fo r  th u combinatio n o f  directe d trainin g an d auto-associatio n i s 

tha t  thi s architectur e shoul d suppl y a  muc h greate r  degre e o f  constrain t  o n th e representation s adopte d b y 

th e hidde n nodes ,  an d tha t  thes e additiona l  constraint s m a y resul t  i n a  solutio n tha t  demonstrate s bette r 

generalisatio n fo r  identifyin g speec h sounds .  Th e syste m i s require d t o maintai n it s abilit y  t o represen t 

faithfull y th e ra w spectra l  informatio n a t  th e sam e tim e i t  i s  learnin g t o recognis e a  particula r  speec h 

element ,  an d shoul d thu s b e les s likel y t o generat e a n idiosyncrati c representatio n whic h distort s it s overal l 

representatio n o f  soond .  Preliminar y result s usin g thi s networ k sugges t  tha t  th e performanc e an d th e 

apparen t  naturabes s o f  th e generalisatio n ar e improved .  Figur e 2  show s tim e function s displayin g th e 

activatio n o f  eac h inita l  demisyUabl e outpu t  nod e fo r  a  trainin g ra n o f  thi s combine d direci -

training/auto-associativ e network .  Notabl e i n Figur e 2  i s tha t  demisyllable s wit h c o m m o n vowe l  portion s 

appea r  t o b e slightl y bette r  differentiate d tha n th e sam e dembyllabl e pair s i n Figur e 1 ,  an d tha t  th e silen t 
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Figur e 1 .  Generalizatio n Tet t  follOMin o Directe d Trainin g 

Input :  d o d o r e e o mi  r e f e lee o ailatltif a 

. 4 

. S 

. ! 

. 1 

. S 

. 1 

do 

>-v->NW"*;̂ '̂ ...r\f-» - u 

l a 

--•̂ --̂ fs- w 

I 

t i 

0. 0 1. 0 2. 0 3. 0 
Tim e (aec ) 

4. 0 

Fi g 1 .  Th e networ k who M recognitio n performuic e b  thow n her e ha d bee a Irabe d o n Jus t  on e 

othe r  "sentence "  consistin g o f  th e tftm e syllable *  I n a  differen t  order .  Show n i n eac h horjionta l 

fram e I « th e activatio n leve l  o f  a n ontpu t  nod e traine d t o respon d t o th e presenc e o f  a  particula r 

demisyllable ,  a s a  functio n o f  tim e a s th e continuou s tes t  sentenc e wa s steppe d throug h th e IS O 

msec inpu t  window .  Label s acros s th e to p o f  th e figure  indicat e th e demuyllahle s judge d presen t 

h j  a  huma n observer ;  th e smal l  horiionta l  line s indicat e interval s I n whic h th e highes t  confidenc e 

of  presenc e wa s assigned . 
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Figur e 2 .  Directe d Treinin g •  Auto-Associetlo n 

Input :  d o d o r e 8 0 ml  r e f e les o milatit i  f a 

. S 

. S 

. 1 

do 
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•  . 1 
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a A - , J L k — L j U l i 

. s 

. 1 

M j l i J O l - a ^  > U 

80 

- J j V U j U * 

k J [ a . ^ \ 

. s 

.s 

.1 Av 

n 

^ a L a j l ^ . j i / ^ ^ ' ' ' — v i / g ^ 

t i 

L A 

0. 0 1. 0 2. 0 3. 0 
T i M (eec ) 

4. 0 

Fi g 2 .  Performanc e afte r  a  moderat e degre e o f  trainin g fo r  a  networ k tha t  wa s simultaneoual y learnin g t o 

recognit e seve n demisyllable s an d t o reconstruc t  th e activatio n level s o f  it s  inpu t  nodes .  Onl y th e 

demisyllabl e recognitio n nod e activitie s ar e shown .  Th e trainin g (an d test )  sentenc e i s th e sam e a s th e tes t 

sentenc e o f  fig  1 . 
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perio d (a t  approximatel y 1. 7 -  2. 6 lecondt )  contain s onl y lo w level s o f  activation ,  th e highes t  o f  whic h ar c 

fro m outpu t  unit s correspondin g t o demisyllable s wit h voiceles s initia l  consonant s containin g fricatio n 

nois e o r  nois e burst s (/f/ ,  /t/ ,  /s/) . 

This woric clearly rcpreMnts only the first few steps toward the goal of being able to use the network to 

analys e th e importan t  constituent s o f  speec h sound s an d thei r  processing .  I t  doe s appear ,  however ,  that , 

wit h sufficien t  experienc e an d prope r  trainin g techniques ,  suc h a  comple x ye t  minimally-structure d syste m 

can lear n t o us e approximatel y natura l  inpu t  t o recognis e speec h sound s i n a  wa y tha t  lead s t o fairl y 

natura l  generalisation ,  a s evidence d b y th e recognitio n performanc e fo r  non*trainin g token s o f  th e syllable s 

and th e representatio n o f  perceptua l  "similarities "  i n th e outpu t  activatio n patterns .  Thi s wor k als o 

encourage s th e developmen t  o f  method s fo r  studyin g wha t  th e networ k i s extractin g fro m th e transforme d 

speec h signal .  Experiment s alon g thi s lin e ma y wel l  resembl e one s tha t  migh t  b e performe d usin g huma n 

obaervers ,  fo r  exampl e makin g variou s systemati c modification s o f  th e speec h signa l  an d observin g th s 

result ,  o r  tryin g variou s systematicall y arrange d generalisatio n tests .  Amon g th e advantage s o f  usin g 

network s a s oppose d t o nsin g huma n listener s woul d b e tha t  suc h experiment s coul d b e ru n ver y rapidl y 

and tha t  th e interna l  state s o f  th e network ,  includin g th e continuou s activatio n function s o n al l  o f  th e 

differen t  outpu t  nodes ,  a s wel l  a s th e auto-associatio n function ,  ar e availabl e fo r  analysis . 
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