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R e c o m m e n d e d  b y  Jim  G lass

R e c e n t re se a rc h  o n  th e  T IM IT  c o rp u s  su g g es ts  th a t  lo n g e r - le n g th  a c o u s tic  m o d e ls  a re  m o re  a p p ro p r ia te  fo r  p r o n u n c ia t io n  v a r ia tio n  

m o d e l lin g  th a n  th e  c o n te x t -d e p e n d e n t p h o n e s  th a t  c o n v e n tio n a l a u to m a tic  sp e e c h  re c o g n ise rs  use . H o w ev er, th e  im p re ss iv e  sp eech  

re c o g n i t io n  re su lts  o b ta in e d  w ith  lo n g e r - le n g th  m o d e ls  o n  T IM IT  re m a in  to  b e  re p r o d u c e d  o n  o th e r  c o r p o r a .  To u n d e r s ta n d  th e  

c o n d it io n s  in  w h ic h  lo n g e r - le n g th  a c o u s tic  m o d e ls  re s u lt in  c o n s id e ra b le  im p ro v e m e n ts  in  re c o g n it io n  p e r fo rm a n c e , w e  c a r ry  o u t 

re c o g n i t io n  e x p e r im e n ts  o n  b o th  T IM IT  a n d  th e  S p o k e n  D u tc h  C o rp u s  a n d  an a ly se  th e  d if fe ren ces  b e tw e e n  th e  tw o  se ts o f  re su lts . 

W e e s ta b lish  th a t  th e  d e ta ils  o f  th e  p ro c e d u r e  u se d  fo r  in itia lis in g  th e  lo n g e r - le n g th  m o d e ls  h a v e  a  s u b s ta n tia l  e ffec t o n  th e  sp eech  

re c o g n i t io n  re su lts . W h e n  in itia lis e d  a p p ro p r ia te ly , lo n g e r - le n g th  a c o u s tic  m o d e ls  th a t  b o r r o w  th e i r  to p o lo g y  fro m  a  se q u e n c e  o f  

tr ip h o n e s  c a n n o t  c a p tu r e  th e  p r o n u n c ia t io n  v a r ia t io n  p h e n o m e n a  th a t  h in d e r  re c o g n itio n  p e r f o rm a n c e  th e  m o s t.

C o p y r ig h t © 2 0 0 7  A n n ik a  H a m ä la in e n  e t  al. T h is  is a n  o p e n  access a r t ic le  d is t r ib u te d  u n d e r  th e  C re a tiv e  C o m m o n s  A ttr ib u t io n  

License , w h ic h  p e rm its  u n re s tr ic te d  use , d is tr ib u tio n , a n d  re p r o d u c t io n  in  a n y  m e d iu m , p ro v id e d  th e  o r ig in a l w o rk  is p ro p e r ly  

c ited .

1. INTRODUCTION

C o n v e n tio n a l la rg e -v o c a b u la ry  c o n tin u o u s  sp eech  re c o g n is 

e rs  u se  c o n te x t-d e p e n d e n t p h o n e  m o d e ls , su c h  as t r ip h o n e s , 

to  m o d e l sp eech . A p a r t  f ro m  th e ir  c a p a b ility  o f  m o d e llin g  

(so m e ) c o n te x tu a l effects, th e  m a in  a d v an tag e  o f  tr ip h o n e s  

is th a t  th e  fixed  n u m b e r  o f  p h o n e m e s  in  a g iv en  lan g u ag e  

g u a ra n te e s  th e ir  ro b u s t  tr a in in g  w h e n  re a so n a b le  a m o u n ts  

o f  t r a in in g  d a ta  are availab le  a n d  w h e n  s ta te  ty in g  m e th o d s  

are  u se d  to  dea l w ith  in f re q u e n t tr ip h o n e s . W h e n  u s in g  t r i 

p h o n e s , o n e  m u s t  a ssu m e  th a t  sp eech  c a n  b e  re p re se n te d  as 

a seq u e n c e  o f  d isc re te  p h o n e m e s  (b e a d s  o n  a s tr in g )  th a t  can  

o n ly  be  su b s ti tu te d , in s e r te d , o r  d e le ted  to  a c c o u n t fo r  p r o 

n u n c ia t io n  v a r ia tio n  [ 1]. G iv en  th is  a s s u m p tio n , it  sh o u ld  be 

p o ss ib le  to  a c c o u n t fo r  p r o n u n c ia t io n  v a r ia tio n  a t th e  level o f  

th e  p h o n e tic  tr a n s c r ip t io n s  in  th e  re c o g n it io n  lex ico n . M o d 

e llin g  p r o n u n c ia t io n  v a r ia tio n  b y  a d d in g  tr a n s c r ip t io n  v a r i 

a n ts  in  th e  lex ico n  h as, how ever, m e t w ith  lim ite d  success , 

in  p a r t  b ecau se  o f  th e  re su ltin g  in c rease  in  lex ical co n fu s- 

ab ility  [2 ]. F u r th e rm o re , w h ile  t r ip h o n e s  are  ab le  to  c a p tu re  

s h o r t- s p a n  c o n te x tu a l effects su c h  as p h o n e m e  s u b s t i tu t io n  

a n d  r e d u c t io n  [3 ], th e re  are  c o m p lex itie s  in  sp eech  th a t  t r i 

p h o n e s  c a n n o t c a p tu re . C o a r tic u la tio n  effects ty p ica lly  have 

a t im e  sp a n  th a t  exceeds th a t  o f  th e  le ft a n d  r ig h t n e ig h b o u r 

in g  p h o n e s . T h e  c o r re s p o n d in g  lo n g -sp a n  sp e c tra l a n d  te m 

p o ra l  d e p e n d e n c ie s  are n o t  easy  to  c a p tu re  w ith  th e  lim ite d  

w in d o w  o f  tr ip h o n e s  [4 ]. T h is  is  th e  case even  i f  th e  fe a tu re  

v e c to rs  im p lic itly  e n c o d e  so m e  deg ree  o f  lo n g -sp a n  c o a r tic 

u la t io n  effec ts th a n k s  to  th e  a d d it io n  of, fo r  ex am p le , de ltas  

a n d  d e lta -d e lta s , o r  th e  u se  o f  a u g m e n te d  fe a tu re s  a n d  LDA. 

I n  a n  in te re s tin g  s tu d y  w ith  s im u la te d  d a ta , M cA llaste r a n d  

G illick  [5 ] sh o w e d  th a t  re c o g n itio n  a c c u ra cy  decreases d r a 

m a tic a lly  i f  th e  seq u e n c e  o f  H M M  m o d e ls  th a t  is u se d  to  g e n 

e ra te  sp eech  fra m e s  is d e riv ed  f ro m  a c c u ra te  p h o n e t ic  t r a n 

s c r ip tio n s  o f  S w itc h b o a rd  u tte ra n c e s , r a th e r  th a n  f ro m  se 

q u e n c e s  o f  p h o n e tic  sy m b o ls  in  a s e n te n c e - in d e p e n d e n t m u l 

t ip r o n u n c ia t io n  lex ico n . A t th e  su rface  level, th is  im p lie s  th a t  

th e  re c o g n itio n  a c c u ra cy  d ro p s  su b s ta n tia lly  i f  th e  s ta te  se 

q u e n c e  licen sed  b y  th e  lex ico n  is n o t  id e n tic a l to  th e  s ta te  

seq u e n c e  th a t  c o r re sp o n d s  to  th e  b e s t  p o ss ib le  se g m e n ta l a p 

p ro x im a tio n  o f  th e  a c tu a l p ro n u n c ia t io n . A t a d e e p e r level, 

th is  su g gests  th a t  t r ip h o n e s  fa il to  c a p tu re  a t least so m e  re le 

v a n t effects o f  lo n g -sp a n  c o a r tic u la tio n . U ltim a te ly , th e n , we 

m u s t  co n c lu d e  th a t  a r e p re s e n ta tio n  o f  sp eech  in  te rm s  o f  a 

seq u e n c e  o f  d isc re te  sy m b o ls  is n o t  fu lly  ad eq u a te .

To a llev ia te  th e  p ro b le m s  o f  th e  “b e a d s  o n  a s t r in g ” r e p 

r e s e n ta tio n  o f  sp eech , sev era l a u th o rs  p ro p o se  u s in g  lo n g e r- 

le n g th  ac o u s tic  m o d e ls  [4 , 6- 12]. T h ese  w o rd  o r  su b w o rd
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F i g u r e  1: Sy llab le  m o d e l fo r  th e  sy llab le  /s h  ix  n / .  T h e  m o d e l s ta te s 

a re  in i tia lis e d  w ith  th e  t r ip h o n e s  u n d e r ly in g  th e  c a n o n ic a l sy llab le  

t r a n s c r ip t io n  [8 ]. T h e  p h o n e s  b e fo re  th e  m in u s  sig n  a n d  a f te r  th e  

p lu s  sig n  in  th e  t r ip h o n e  n o ta t io n  d e n o te  th e  le f t  a n d  r ig h t  c o n 

te x t in  w h ic h  th e  c o n te x t -d e p e n d e n t p h o n e s  h a v e  b e e n  tr a in e d . T h e  

h a sh e s  d e n o te  th e  b o u n d a r ie s  o f  th e  c o n te x t - in d e p e n d e n t sy llab le  

m o d e l.

m o d e ls  are  e x p ec ted  to  c a p tu re  th e  re le v a n t d e ta il, p o s s i 

b ly  a t th e  cost o f  p h o n e tic  in te rp re ta t io n  a n d  s e g m e n ta tio n . 

Syllab le m o d e ls  a re  p ro b a b ly  th e  m o s t  c o m m o n ly  su g g ested  

lo n g e r- le n g th  m o d e ls  [4 , 6- 12]. S u p p o r t  fo r  th e ir  u se  co m es 

f ro m  s tu d ie s  o f  h u m a n  sp eech  p ro d u c t io n  a n d  p e rc e p tio n  

[13, 14], a n d  th e  re la tiv e  s ta b ility  o f  sy llab les as a sp eech  u n it. 

T h e  s ta b ility  o f  sy llab les is il lu s tra te d  b y  G re e n b e rg  in  [15] 

f in d in g  th a t  th e  sy llab le  d e le tio n  ra te  o f  sp o n ta n e o u s  speech  

is as lo w  as 1% , as c o m p a re d  w ith  th e  12%  d e le tio n  ra te  o f  

p h o n e s .

T h e  m o s t  im p o r ta n t  ch a llen g e  o f  u s in g  lo n g e r- le n g th  

a c o u s tic  m o d e ls  in  la rg e -v o c a b u la ry  c o n tin u o u s  speech  

re c o g n itio n  is th e  in e v ita b le  sp a rsen ess  o f  t r a in in g  d a ta  in  

th e  m o d e l t r a in in g . As th e  sp eech  u n i ts  b e c o m e  lon g er, 

th e  n u m b e r  o f  in f re q u e n t u n its  w ith  in su ffic ie n t aco u stic  

d a ta  fo r re liab le  m o d e l p a ra m e te r  e s tim a tio n  in c reases. If  

th e  u n its  are  w o rd s , th e  n u m b e r  o f  in f re q u e n t u n i ts  m a y  

b e  u n b o u n d e d . M a n y  lan g u ag es— fo r in s ta n c e , E n g lish  an d  

D u tc h — also have  sev era l th o u s a n d s  o f  sy llab les, so m e  o f 

w h ic h  w ill have  v e ry  lo w -fre q u e n c y  c o u n ts  in  a re a so n a b ly  

sized  tra in in g  c o rp u s . F u r th e rm o re , as th e  sp eech  u n its  c o m 

p rise  m o re  p h o n e s , in c re a s in g ly  c o m p le x  ty p e s  o f  a r t ic u la 

to r y  v a r ia tio n  m u s t  b e  a c c o u n te d  for.

T h e  so lu tio n s  su g g ested  fo r  th e  d a ta  sp a rs ity  p ro b le m  

are  tw o -fo ld . F irst, lo n g e r- le n g th  m o d e ls  w ith  a su ffic ien t 

a m o u n t  o f  t r a in in g  d a ta  a re  u se d  in  c o m b in a t io n  w ith  

c o n te x t-d e p e n d e n t p h o n e  m o d e ls  [4 , 8- 12]. In  o th e r  w o rd s, 

c o n te x t-d e p e n d e n t p h o n e  m o d e ls  a re  b a c k e d  o ff  to  w h e n  a 

g iv en  lo n g e r- le n g th  sp eech  u n i t  d o es  n o t  o c c u r  fre q u e n tly  

e n o u g h  fo r  re liab le  m o d e l p a ra m e te r  e s tim a tio n . S eco n d , to 

e n su re  th a t  a m u c h  sm a lle r  a m o u n t  o f  tr a in in g  d a ta  is su f 

f ic ien t, th e  lo n g e r- le n g th  m o d e ls  are  cleverly  in itia lise d  [8 

10 ]. S e th y  a n d  N a ra y a n a n  [8 ], fo r  in s ta n c e , su g g est in it ia l is 

in g  th e  lo n g e r- le n g th  m o d e ls  w ith  th e  p a ra m e te rs  o f  th e  t r i 

p h o n e s  u n d e r ly in g  th e  c a n o n ic a l t r a n s c r ip t io n  o f  th e  lo n g e r- 

le n g th  sp eech  u n i ts  (see F ig u re  1) . S u b se q u e n t B au m -W elch  

re e s tim a tio n  is ex p ec ted  to  in c o rp o ra te  th e  sp e c tra l a n d  te m 

p o ra l  d e p e n d e n c ie s  o f  sp eech  in to  th e  in itia lise d  m o d e ls  b y  

a d ju s tin g  th e  m e a n s  a n d  co v a rian ces  o f  th e  G a u ss ia n  c o m 

p o n e n ts  o f  th e  m ix tu re s  a sso c ia ted  w ith  th e  H M M  sta te s  o f  

th e  lo n g e r- le n g th  m o d e ls .

Severa l re sea rch  g ro u p s  have  p u b lish e d  p ro m is in g , b u t  

so m e w h a t c o n tra d ic to ry , re su lts  w ith  lo n g e r- le n g th  a c o u s 

tic  m o d e ls  [4 , 8- 12]. S e th y  a n d  N a ra y a n a n  [8 ] u se d  th e  

above  d e sc rib e d  m ix e d -m o d e l re c o g n itio n  sch em e , c o m b in 

in g  c o n te x t- in d e p e n d e n t  w o rd  a n d  sy llab le  m o d e ls  w ith  t r i 

p h o n e s . T h e y  r e p o r te d  a 62%  re la tive  r e d u c tio n  in  w o rd  e r 

r o r  ra te  (W E R ) o n  T IM IT  [16], a d a ta b a se  o f  ca re fu lly  read , 

a n d  a n n o ta te d  A m e ric a n  E n g lish . W e a d o p te d  th e ir  m e th o d  

fo r  o u r  re sea rch , re p e a tin g  th e  re c o g n itio n  e x p e rim e n ts  o n  

T IM IT  a n d , in  a d d itio n , c a rry in g  o u t  s im ila r  e x p e r im e n ts  o n  

a c o rp u s  o f D u tc h  re a d  sp eech  e q u ip p e d  w ith  a co a rse r  a n n o 

ta t io n . A s w as th e  case w ith  o th e r  s tu d ie s  [4 , 9 , 10 ], th e  im 

p ro v e m e n ts  w e g a in e d  [11, 12] o n  b o th  c o rp o ra  w ere  m o re  

m o d e s t  th a n  th o se  th a t  S e th y  a n d  N a ra y a n a n  o b ta in e d . P a r t  

o f  th e  d isc re p a n c y  b e tw e e n  S e th y  a n d  N a ra y a n a n ’s im p re s 

sive im p ro v e m e n ts  a n d  th e  m u c h  m o re  eq u iv o ca l re su lts  o f  

o th e rs  [4 , 9- 12] m a y  b e  d u e  to  th e  s u rp r is in g ly  h ig h  b a se 

lin e  W E R  (2 6 % ) S eth y  a n d  N a ra y a n a n  r e p o r t .  W e d id , h o w 

ever, also f in d  m u c h  la rg e r im p ro v e m e n ts  o n  T IM IT  th a n  o n  

th e  D u tc h  c o rp u s . T h e  goal o f  th e  c u r re n t  s tu d y  is to  sh e d  

lig h t o n  th e  re a so n s  fo r  th e  v a ry in g  re su lts  o b ta in e d  o n  d if 

fe re n t c o rp o ra . By d o in g  so, w e sh o w  w h a t is n e c e ssa ry  fo r  th e  

successfu l m o d e llin g  o f  p ro n u n c ia t io n  v a r ia tio n  w ith  lo n g e r- 

le n g th  a c o u s tic  m o d e ls .

To ach ieve th e  goal o f  th is  p a p e r, w e c a r ry  o u t  a n d  c o m 

p a re  sp eech  re c o g n itio n  e x p e r im e n ts  w ith  a m ix e d -m o d e l 

re c o g n ise r  a n d  a c o n v e n tio n a l t r ip h o n e  reco g n ise r. W e do 

th is  fo r  b o th  T IM IT  a n d  th e  D u tc h  re a d  sp eech  c o rp u s , c a re 

fu lly  m in im is in g  th e  d iffe ren ces b e tw e e n  th e  tw o  c o rp o ra  a n d  

an a ly s in g  th e  re m a in in g  ( in tr in s ic )  d iffe rences. M o s t im p o r 

tan tly , w e c o m p a re  re su lts  o b ta in e d  u s in g  tw o  se ts o f  t r i 

p h o n e  m o d e ls : o n e  t r a in e d  w ith  m a n u a l  (o r  m a n u a lly  v e r 

if ied ) t r a n s c r ip t io n s  a n d  th e  o th e r  w ith  c a n o n ic a l t r a n s c r ip 

t io n s . By d o in g  so , w e in v estig a te  th e  c la im  th a t  p ro p e r ly  in i 

t ia lised  a n d  re tra in e d  lo n g e r- le n g th  a c o u s tic  m o d e ls  c a p tu re  

a s ig n if ican t a m o u n t o f  p r o n u n c ia t io n  v a r ia tio n .

B o th  T IM IT  a n d  th e  D u tc h  c o rp u s  are  re a d  sp eech  c o r 

p o ra . A s a co n se q u e n c e , th e y  are  n o t  re p re se n ta tiv e  o f  all 

th e  p ro b le m s  th a t  a re  ty p ic a l o f  s p o n ta n e o u s  c o n v e rsa tio n a l 

sp eech  (h e s ita tio n s , re s ta r ts , re p e ti t io n s , e tc .) . H o w ever, th e  

k in d s  o f  fu n d a m e n ta l  issu es re la te d  to  a r t ic u la tio n  th a t  th is  

p a p e r  ad d resses  a re  p re se n t in  all sp eech  sty les.

2. SPEECH MATERIAL

2.1. TIMIT

T h e  D A R PA  T IM IT  A c o u s tic -P h o n e tic  C o n tin u o u s  Speech  

C o rp u s  [16] is a d a ta b a se  c o m p ris in g  a to ta l  o f  6300 re a d  

se n ten ces— te n  se n ten ces  re a d  b y  630 sp eak ers  th a t  re p re se n t 

e ig h t m a jo r  d ia lec ts  o f  A m e ric a n  E n g lish . S ev en ty  p e rc e n t o f  

th e  sp eak ers  are  m a le s  a n d  30%  are  fem ale s.

Two o f  th e  se n te n c e s  fo r  each  sp eak e r a re  id e n tic a l, a n d  

are  in te n d e d  to  d e lin ea te  th e  d ia lec ta l v a r ia b ility  o f  th e  sp e a k 

ers. W e ex c lu d ed  th ese  tw o  se n ten ces  f ro m  m o d e l t ra in in g  

a n d  e v a lu a tio n . Five o f  th e  se n te n c e s  fo r  each  sp eak e r o r ig i 

n a te  f ro m  a se t o f  450 p h o n e tic a lly  c o m p a c t sen ten ces , so  th a t  

sev en  d iffe re n t sp eak e rs  sp e a k  each  o f  th e  450 sen ten ces . T he  

re m a in in g  th re e  se n te n c e s  fo r  each  sp e a k e r are  u n iq u e  fo r  th e  

d iffe re n t sp eak ers .

T h e  T IM IT  d a ta  are  su b d iv id e d  in to  a tra in in g  set, a n d  

tw o  te s t se ts  th a t  th e  T IM IT  d o c u m e n ta t io n  re fe rs  to  as th e  

co m p le te  te s t se t a n d  th e  core  te s t se t. N o  sen te n c e  o r  sp eaker
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T a b l e  1: T h e  sy llab ic  s t ru c tu r e  o f  th e  w o rd  to k e n s  in  T IM IT  a n d  

C G N .

N o . o f  Syllables T IM I T /P ro p o r t io n  (% ) C G N /P r o p o r t io n  (% )

1 63.1 62.2

2 2 2 .7 22 .6

3 9.3 9.9

4 3.5 3.9

5> 1.4

T a b l e  2: P ro p o r tio n s  o f  th e  d if fe re n t ty p e s  o f  sy llab le  to k e n s  in

T IM IT  a n d  C G N .

T ype T I M I T /P ro p o r t io n  (% ) C G N /P r o p o r t io n  (% )

C V 31.6 38.0

CV C 23.8 31.4

VC 10.1 12.6

V 7.3 2.2

C V C C 6.1 5.9

C C V 5.9 3.4

C C V C 4.5 3.4

O th e r 10.7 3.1

a p p e a rs  in  b o th  th e  t r a in in g  se t a n d  th e  te s t se ts . W e u sed  

th e  t r a in in g  se t, w h ic h  c o m p rise s  462 sp eak e rs  a n d  3696 s e n 

ten ces , fo r  tr a in in g  th e  a c o u s tic  m o d e ls . T h e  c o m p le te  test 

se t c o n ta in s  168 sp eak e rs  a n d  1344 sen ten ces , th e  core  test 

se t b e in g  a su b se t o f  th e  co m p le te  te s t se t a n d  c o n ta in in g  

24  sp eak ers  a n d  192 se n ten ces . W e u se d  th e  co re  te s t se t as 

th e  d e v e lo p m e n t te s t se t— th a t  is, fo r  o p tim is in g  th e  la n 

guage m o d e l sca lin g  fac to r, th e  w o rd  in s e r t io n  p en a lty , a n d  

th e  m in im u m  n u m b e r  o f  tr a in in g  to k e n s  re q u ire d  fo r  th e  

fu r th e r  t r a in in g  o f  a lo n g e r- le n g th  m o d e l (see S ec tio n  3 .3 .2 ) . 

To e n su re  n o n o v e r la p p in g  te s t a n d  d e v e lo p m e n t te s t se ts , w e 

c re a te d  th e  te s t se t b y  re m o v in g  th e  co re  te s t se t m a te r ia l  fro m  

th e  c o m p le te  te s t se t. W e u se d  th is  te s t se t, w h ic h  c o m p ris e d  

144 sp eak e rs  a n d  1152 se n ten ces , fo r  e v a lu a tin g  th e  aco u stic  

m o d e ls .

W e in te n d e d  to  b u ild  lo n g e r- le n g th  m o d e ls  fo r  w o rd s  an d  

sy llab les fo r  w h ic h  a su ffic ien t a m o u n t  o f  tr a in in g  d a ta  w as 

availab le . To u n d e r s ta n d  th e  re la tio n  b e tw e e n  w o rd s  a n d  sy l 

lab les, w e an a ly sed  th e  sy llab ic  s t ru c tu re  o f  th e  w o rd s  in  th e  

c o rp u s . T h e  s ta tis tic s  in  th e  se c o n d  c o lu m n  o f Table  1 sh o w  

th a t  th e  la rg e m a jo r i ty  o f  all w o rd  to k e n s  w ere  m o n o sy llab ic . 

F o r th e se  w o rd s , th e re  w as n o  d if fe ren ce  b e tw e e n  w o rd  a n d  

sy llab le  m o d e ls . In  fac t, n o  m u ltisy lla b ic  w o rd s  o c c u rre d  o f 

te n  e n o u g h  in  th e  tr a in in g  d a ta  to  w a r ra n t  th e  tra in in g  o f  

m u ltisy lla b ic  w o rd  m o d e ls . H en ce , th e  d iffe ren ce  b e tw e e n  

w o rd  a n d  sy llab le  m o d e ls  b e c o m e s  r e d u n d a n t ,  a n d  w e w ill 

h e re a f te r  re fe r to  th e  lo n g e r- le n g th  m o d e ls  as sy llab le  m o d 

els. A cco rd in g  to  G re e n b e rg  [ 15], p r o n u n c ia t io n  v a r ia tio n  a f 

fec ts  sy llab le  co d as  a n d — a lth o u g h  to  a lesser e x te n t— n u c le i 

m o re  th a n  sy llab le  o n se ts . To e s tim a te  th e  p r o p o r t io n  o f  sy l 

lab le  to k e n s  th a t  w ere  p o te n tia lly  sen sitive  to  la rge d ev ia tio n s  

f ro m  th e ir  c a n o n ic a l r e p re se n ta tio n , w e e x a m in e d  th e  s t r u c 

tu re  o f  th e  sy llab les in  th e  T IM IT  d a ta b a se  (see th e  seco n d  

c o lu m n  of T able 2 ) . I f  o n e  c o n s id e rs  all c o n so n a n ts  a fte r th e

T a b l e  3: T IM IT  p h o n e  m a p p in g s . T h e  re m a in in g  p h o n e t ic  lab e ls  o f  

th e  o r ig in a l se t w e re  n o t  c h a n g e d .

O r ig in a l  label N e w  labe l

d x d

q —

jh d z

ch t  sh

zh z y

e m m

en n

e n g n g

n x n

hv h h

el l

ih ix

aw a a  u w

oy a o  ix

u x uw

e r a x r

a x -h ax

vow el as co d a  p h o n e m e s , 53 .7%  o f  th e  sy llab le  to k e n s  h a d  

co d a  c o n so n a n ts , a n d  w ere  th e re fo re  p o te n tia lly  su b je c t to  a 

co n s id e ra b le  a m o u n t  o f  p ro n u n c ia t io n  v a r ia tio n .

T IM IT  is m a n u a lly  lab e lled  a n d  in c lu d e s  m a n u a lly  v e r 

ified  p h o n e  a n d  w o rd  s e g m e n ta tio n s . F o r co n s is te n c y  w ith  

th e  e x p e r im e n ts  o n  th e  c o rp u s  o f  D u tc h  re a d  sp eech  (see 

S ec tio n  2 .2 ) , w e re d u c e d  th e  o r ig in a l se t o f  p h o n e t ic  labels 

to  a se t o f  35 p h o n e  labels , as sh o w n  in  T able 3 . To d e te r 

m in e  th e  b e s t  p o ss ib le  p h o n e  m a p p in g , w e c o n s id e re d  th e  

fre q u e n c y  c o u n ts  a n d  d u ra t io n s  o f  th e  o rig in a l p h o n e s , as 

w ell as th e ir  a c o u s tic  s im ila r i ty  w ith  each  o th e r. M o st im 

p o r ta n tly , w e m e rg e d  c lo su re s  w ith  th e  fo llo w in g  b u rs ts  a n d  

m a p p e d  c lo su res  a p p e a r in g  o n  th e ir  o w n  to  th e  c o r re s p o n d 

in g  b u rs ts . U sin g  th e  rev ised  se t o f  p h o n e  labels , th e  av er 

age n u m b e r  o f  p r o n u n c ia t io n  v a r ia n ts  p e r  sy llab le  w as 2.4. 

T h e  c o rre sp o n d in g  n u m b e rs  o f  p h o n e  s u b s ti tu tio n s , d e le 

t io n s , a n d  in se r tio n s  in  sy llab les w ere  18040, 7617 , a n d  1596.

2.2. CGN

T h e  S p o k en  D u tc h  C o rp u s  (C o rp u s  G e sp ro k e n  N e d e rla n d s , 

C G N ) [17] is a d a ta b a se  o f  c o n te m p o ra ry  s ta n d a rd  D u tc h  

sp o k e n  b y  a d u lts  in  T h e  N e th e r la n d s  a n d  B e lg iu m . I t c o n 

ta in s  n e a r ly  9 m ill io n  w o rd s  (800  h o u rs  o f  sp e e c h ), o f  w h ich  

a p p ro x im a te ly  tw o  th ird s  o rig in a te  f ro m  T h e  N e th e r la n d s  

a n d  o n e  th i rd  f ro m  B elg iu m . A ll o f  th e  d a ta  are t r a n sc r ib e d  

o r th o g ra p h ic a lly , le m m a tis e d  (i.e ., g ro u p e d  in to  ca teg o ries  

o f  re la te d  w o rd  fo rm s  id e n tif ie d  b y  a h e a d w o rd ) , a n d  e n 

r ic h e d  w ith  p a r t-o f -s p e e c h  in fo rm a tio n , w h e re a s  m o re  a d 

v a n c e d  tra n s c r ip t io n s  a n d  a n n o ta t io n s  are  availab le  fo r  a core  

se t o f  th e  co rp u s .

F o r th is  s tu dy , w e u se d  re a d  sp eech  f ro m  th e  co re  set; 

th e se  d a ta  o r ig in a te  f ro m  th e  D u tc h  l ib ra ry  fo r  th e  b lin d . 

To m a k e  th e  C G N  d a ta  m o re  c o m p a ra b le  w ith  th e  carefu lly
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T a b l e  4: C G N  p h o n e  m a p p in g . T h e  r e m a in in g  p h o n e t ic  lab e ls  o f  

th e  o r ig in a l se t w e re  n o t  c h a n g e d .

O r ig in a l  la b e l N e w  la b e l

g k

S s j

Z z j

J n j

E: E

Y: Y

O : O

E - E

A - A

O - O

Y - Y

sp o k e n  T IM IT  d a ta , w e ex c lu d ed  se n ten ces  w ith  tag g ed  

p a r tic u la r itie s , su c h  as in c o m p re h e n s ib le  w o rd s , n o n sp e e c h  

so u n d s , fo re ig n  w o rd s , in c o m p le te  w o rd s , a n d  s lip s of th e  

to n g u e  f ro m  o u r  e x p e r im e n ts . T h e  ex c lu sio n s le ft u s  w ith  

5401 se n te n c e s  u t te re d  b y  125 sp eak ers , o f  w h ic h  44%  w ere 

m a le s  a n d  56%  w ere  fem ales. T IM IT  c o n ta in s  so m e  re p e a te d  

sen ten ces; it  th e re fo re  h as  h ig h e r  f re q u e n c y  c o u n ts  o f  in d i 

v id u a l w o rd s  a n d  sy llables, as w ell as m o re  h o m o g e n e o u s  

w o rd  co n tex ts . T h u s , w e c a rr ie d  o u t  th e  su b d iv is io n  o f  th e  

C G N  d a ta  in to  th e  tra in in g  se t a n d  th e  tw o  te s t se ts  in  a c o n 

t ro lle d  w ay  a im e d  a t m a x im is in g  th e  s im ila r i ty  b e tw e e n  th e  

tra in in g  se t a n d  th e  te s t se t o n  th e  o n e  h a n d , a n d  th e  t ra in in g  

se t a n d  th e  d e v e lo p m e n t te s t se t o n  th e  o th e r  h a n d . F irs t, w e 

c re a te d  1000 p o ss ib le  d a ta  se t d iv is io n s  b y  ra n d o m ly  a ss ig n 

in g  75%  o f  th e  se n te n c e s  sp o k e n  b y  each  sp eak e r to  th e  t r a in 

in g  se t a n d  12.5%  to  each  o f  th e  te s t se ts . S econ d , fo r each 

o f  th e  th re e  d a ta  se ts, w e c a lcu la ted  th e  p ro b a b ilitie s  o f  w o rd  

u n ig ra m s , b ig ra m s , a n d  tr ig ra m s  a p p e a r in g  30 tim e s  o r  m o re  

in  th e  se t o f  5401 se n ten ces . Finally , w e c o m p u te d  K ullb ack- 

L eib le r d is ta n c e s  (K L D ) [18] b e tw e e n  th e  t r a in in g  se t an d  

th e  tw o  te s t se ts  u s in g  th e  above u n ig ra m , b ig ra m , a n d  t r i 

g ra m  p ro b a b ili ty  d is tr ib u tio n s . W e m a d e  each  K LD  s y m m e t 

r ic  b y  ca lc u la tin g  it  in  b o th  d ire c tio n s  a n d  ta k in g  th e  average 

(K L D (p 1 , p 2 ) =  K L D (p 2 , p 1 )) .  T h e  o v era ll K L D -b ased  m e a 

su re  u se d  in  e v a lu a tin g  th e  s im ila r i ty  b e tw e e n  th e  d a ta  se ts  

w as a w e ig h te d  s u m  o f  th e  K L D s fo r  th e  u n ig ra m  p ro b a b il 

ities, th e  b ig ra m  p ro b a b ilitie s , a n d  th e  t r ig ra m  p ro b a b ilitie s . 

As th e  fin a l d a ta  se t d iv is io n , w e ch o se  th e  d iv is io n  w ith  th e  

lo w est o v era ll K L D -b ased  m e a su re .

T h e  fina l o p tim ise d  tra in in g  se t c o m p rise d  125 sp eak e rs  

a n d  4027  sen ten ces , w h e re a s  th e  fin a l te s t se ts  c o n ta in e d  125 

sp eak e rs  a n d  687 se n te n c e s  each . T h e  th i r d  c o lu m n  o f T able 1 

sh o w s h o w  m u c h  d a ta  w as cov ered  b y  w o rd s  w ith  d iffe ren t 

n u m b e rs  o f  sy llab les. A s Table 1 illu s tra te s , th e  w o rd  s t r u c 

tu re  o f  C G N  w as h ig h ly  s im ila r  to  th a t  o f  T IM IT . T h e  th ird  

c o lu m n  of Table 2 illu s tra te s  th e  p ro p o r t io n s  o f  th e  d iffe ren t 

ty p e s  o f  sy llab le  to k e n s  in  C G N . C G N  h a d  s lig h tly  m o re  CV  

a n d  C V C  sy llab les th a n  T IM IT , b u t  few er V  sy llables.

T h e  C G N  d a ta  c o m p rise d  m a n u a lly  v e rified  (b ro a d )  p h o 

n e tic  a n d  w o rd  labels, as w ell as m a n u a lly  v e rified  w o rd -  

level se g m e n ta tio n s . O n ly  35 o f  th e  o r ig in a l 46 p h o n e tic

labe ls  o c c u rre d  f re q u e n tly  e n o u g h  fo r  th e  ro b u s t  t ra in in g  

o f  t r ip h o n e s . T h e  re m a in in g  p h o n e s  w ere  m a p p e d  to  th e  

35 p h o n e s , as sh o w n  in  T able 4 . A fte r re d u c in g  th e  n u m 

b e r  o f  p h o n e t ic  labels , th e  average n u m b e r  o f  p ro n u n c ia 

t io n  v a r ia n ts  p e r  sy llab le  w as 1.8. T h e  c o rre sp o n d in g  n u m 

b e rs  o f  p h o n e  su b s ti tu tio n s , d e le tio n s  a n d  in s e r tio n s  in  sy l

lab les  w ere  16358, 6755, a n d  2875 , respectively . C o m p a re d  

w ith  T IM IT , th e  average n u m b e r  o f  p r o n u n c ia t io n  v a ria n ts , 

as w ell as th e  n u m b e r  o f  s u b s ti tu tio n s  a n d  d e le tio n s , w as 

low er. T h ese  n u m e r ic a l  d iffe rences reflec t th e  d iffe ren ces b e 

tw e e n  th e  t r a n s c r ip t io n  p ro to c o ls  o f  th e  tw o  c o rp o ra . T he  

T IM IT  tra n s c r ip t io n s  w ere  m a d e  f ro m  sc ra tch , w h e re a s  th e  

C G N  tr a n s c r ip t io n  p ro to c o l w as b a se d  o n  th e  v e rif ic a tio n  

o f  a c a n o n ic a l p h o n e m ic  tra n s c r ip t io n . In  fact, th e  C G N  

tra n s c r ib e rs  c h a n g e d  th e  c a n o n ic a l t r a n s c r ip t io n  if, a n d  on ly  

if, th e  sp eak e r h a d  rea lised  a c learly  d iffe ren t p ro n u n c ia 

t io n  v a r ia n t. A s a co n se q u e n c e , th e  C G N  tra n s c r ib e rs  w ere 

p ro b a b ly  m o re  b ia se d  to w a rd s  th e  c a n o n ic a l fo rm s  th a n  th e  

T IM IT  tra n sc r ib e rs ; h en c e , th e  d iffe ren ce  b e tw e e n  th e  m a n 

u a l  t r a n s c r ip t io n s  a n d  th e  c a n o n ic a l r e p re se n ta tio n s  in  C G N  

is sm a lle r  th a n  th a t  in  T IM IT .

2.3. Differences between TIMIT and CGN

R eg ard less  o f  o u r  e ffo rts  to  m in im ise  th e  d iffe ren ces b e tw e e n  

T IM IT  a n d  C G N , th e re  are so m e  in tr in s ic  d iffe ren ces b e 

tw e e n  th e m . F irs t a n d  fo re m o s t, th e  tw o  c o rp o ra  re p re se n t 

tw o  d is tin c t— alb e it G e rm a n ic — lan g u ag es . S eco nd , T IM IT  

c o n ta in s  ca re fu lly  sp o k e n  ex am p les  o f  m a n u a lly  d es ig n ed  or 

se lec ted  sen ten ces , w h e re a s  C G N  co m p rise s  se c tio n s  o fb o o k s  

th a t  th e  sp eak e rs  re a d  a lo u d  a n d , in  th e  case o f  f ic tio n , s o m e 

t im e s  a lso  ac te d  o u t. D u e  to  th e  d iffe rin g  c h a ra c te rs  o f  th e  

tw o  c o rp o ra — a n d  reg a rd le ss  o f  th e  o p tim ise d  d a ta  se t d iv i 

s io n  o f  th e  C G N  m a te r ia l— T IM IT  c o n ta in s  h ig h e r  fre q u e n c y  

c o u n ts  o f  in d iv id u a l w o rd s  a n d  sy llab les, a n d  m o re  h o m o 

g e n e o u s  w o rd  co n tex ts . B ecause o f  th is , w e ch o se  th e  C G N  

tra in in g  a n d  d e v e lo p m e n t d a ta  se ts  to  b e  la rg e r th a n  th o se  

fo r  T IM IT . A  la rg e r tr a in in g  se t g u a ra n te e d  a s im ila r  n u m b e r  

o f  sy llab les w ith  su ffic ien t t r a in in g  d a ta  fo r  tr a in in g  syllable  

m o d e ls , a n d  a la rg e r d e v e lo p m e n t te s t se t e n su re d  th a t  th e  

c o r re s p o n d in g  sy llab les o c c u rre d  f re q u e n tly  e n o u g h  fo r  d e 

t e rm in in g  th e  m in im u m  n u m b e r  o f  tr a in in g  to k e n s  fo r  th e  

m o d e ls . A n  a d d it io n a l in tr in s ic  d iffe ren ce  b e tw e e n  th e  c o r 

p o ra  is th a t  T IM IT  c o m p rise s  five tim e s  as m a n y  sp eak e rs  as 

C G N . D u e  to  th e  re la tiv e ly  sm a ll n u m b e r  o f  C G N  sp eak ers , 

w e in c lu d e d  sp eech  f ro m  all o f  th e  sp eak e rs  in  all o f  th e  d a ta  

se ts , w h e re a s  th e  T IM IT  sp eak e rs  d o  n o t  o v erlap  b e tw e e n  th e  

d iffe re n t d a ta  se ts. A ll in  all, each  c o rp u s  h a s  so m e  c h a ra c te r 

is tics  th a t  m a k e  th e  re c o g n itio n  ta sk  easier, a n d  o th e rs  th a t  

m a k e  it  m o re  d ifficu lt, as c o m p a re d  w ith  th e  o th e r  co rp u s . 

H o w ever, w e are  c o n f id e n t th a t  th e  effect o f  th e se  c h a ra c te r 

is tics  d o es  n o t  in te rfe re  w ith  o u r  in te rp re ta t io n  o f  th e  resu lts .

3. EXPERIMENTAL SETUP

3.1. Feature extraction

F ea tu re  e x tra c tio n  w as c a rr ie d  o u t  a t a fra m e  ra te  o f  10 

m illise c o n d s  u s in g  a 2 5 -m illis e c o n d  H a m m in g  w in d o w .
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F irs t-o rd e r  p re e m p h a s is  w as a p p lie d  to  th e  s ig n a l u s in g  a c o 

e ffic ien t o f  0 .97 . 12 M el f re q u e n c y  c e p s tra l co effic ien ts  a n d  

lo g -e n e rg y  w ith  first, a n d  s e c o n d -o rd e r  t im e  d e riv a tiv es w ere 

ca lcu la ted  fo r  a to ta l  o f  39 fea tu re s . C h a n n e l n o rm a lis a tio n  

w as a p p lie d  u s in g  c e p s tra l m e a n  n o rm a lis a t io n  over in d iv id 

u a l  se n te n c e s  fo r  T IM IT  a n d  c o m p le te  re c o rd in g s  (w ith  a 

m e a n  d u ra t io n  o f  3.5 m in u te s )  fo r  C G N . F ea tu re  e x tra c tio n  

w as p e r fo rm e d  u s in g  H T K  [19].

3.2. Lexica and language models

T h e  v o c a b u la ry  c o n s is te d  o f  6100 w o rd s  fo r T IM IT  an d  

10535 w o rd s  fo r  C G N . A p a r t  f ro m  n in e  h o m o g ra p h s  in  

T IM IT  a n d  five h o m o g ra p h s  in  C G N , each  o fw h ic h  h a d  tw o 

p ro n u n c ia tio n s , th e  re c o g n itio n  lexica c o m p rise d  a sing le , 

c a n o n ic a l p r o n u n c ia t io n  p e r  w o rd . W e d id  n o t  d is tin g u ish  

h o m o p h o n e s  f ro m  each  o th e r. T h e  lan g u ag e  m o d e ls  w ere 

w o rd -le v e l b ig ra m  n e tw o rk s . T h e  te s t se t p e rp lex ity , c o m 

p u te d  o n  a p e rse n te n c e  b as is  u s in g  H T K  [19], w as  16 fo r 

T IM IT  a n d  46 fo r  C G N . T h ese  n u m b e rs  re flec t th e  in h e re n t 

d iffe ren ces b e tw e e n  th e  c o rp o ra  a n d  th e  re c o g n it io n  tasks.

3.3. Building the speech recognisers

In  p re p a ra t io n  fo r  b u ild in g  a m ix e d -m o d e l re c o g n ise r  th a t  

e m p lo y e d  c o n te x t- in d e p e n d e n t  sy llab le  m o d e ls  a n d  t r i 

p h o n e s , w e b u i l t  a n d  te s te d  tw o  reco g n ise rs : a t r ip h o n e  a n d  a 

sy lla b le -m o d e l reco g n ise r. T h e  p e r fo rm a n c e  o f  th e  t r ip h o n e  

re c o g n ise r  d e te rm in e d  th e  b a se lin e  p e r fo rm a n c e  fo r each 

re c o g n itio n  task .

3.3.1. Triphone recogniser

A  s ta n d a rd  p ro c e d u re  w ith  d e c is io n  tre e  s ta te  ty in g  w as  u sed  

fo r  tr a in in g  th e  w o rd - in te rn a l  tr ip h o n e s . T h e  p ro c e d u re  w as 

b a se d  o n  ask in g  q u e s tio n s  a b o u t  th e  left a n d  r ig h t co n tex ts  

o f  each  tr ip h o n e ;  th e  d e c is io n  tre e  a tte m p te d  to  f in d  th e  c o n 

tex ts  th a t  m a d e  th e  la rg es t d ifferen ce  to  th e  aco u stic s  a n d  

th a t  sh o u ld , th e re fo re , d is tin g u ish  c lu s te rs  [19 ]. F irs t, m o n o 

p h o n e s  w ith  32 G au ss ian s  p e r  s ta te  w ere  tr a in e d . T h e  m a n u a l 

(o r  m a n u a lly  v e rified ) p h o n e t ic  labe ls  a n d  lin e a r  s e g m e n ta 

t io n  w ith in  th e  m a n u a lly  v e rified  w o rd  s e g m e n ta tio n s  w ere 

u se d  fo r  b o o ts tr a p p in g  th e  m o n o p h o n e s . T h e n , th e  m o n o 

p h o n e s  w ere  u se d  fo r  p e r fo rm in g  a sen ten ce -lev e l fo rced  

a lig n m e n t b e tw e e n  th e  m a n u a l  t r a n s c r ip t io n s  a n d  th e  t r a in 

in g  d a ta ; th e  t r ip h o n e s  w ere  b o o ts tr a p p e d  u s in g  th e  re su ltin g  

p h o n e  s e g m e n ta tio n s . W h e n  c a rry in g  o u t  th e  s ta te  ty in g , th e  

m in im u m  o c c u p a n c y  c o u n t th a t  w e u se d  fo r  each  c lu s te r  r e 

su lte d  in  a b o u t 4000 d is tin c t  ph y sica l s ta te s  in  th e  reco g n ise r. 

W e tr a in e d  a n d  te s te d  th e se  “m a n u a l tr iphones” w ith  u p  to  32 

G a u ssian s  p e r  s ta te .

3.3.2. S y lla b le -m o d e l recogniser

T h e  firs t s tep  o f  im p le m e n tin g  th e  sy lla b le -m o d e l reco g n ise r 

w as to  c rea te  a re c o g n itio n  lex ico n  w ith  w o rd  p ro n u n c ia tio n s  

co n s is tin g  o f  sy llables. I n  th is  lex ico n , sy llab les w ere  r e p re 

se n te d  in  te rm s  o f  th e  u n d e r ly in g  c a n o n ic a l p h o n e m e  se 

q u en ces . F o r in s ta n c e , th e  w o rd  “a c tio n ” in  T IM IT  w as n o w  

re p re se n te d  as th e  sy llab le  m o d e ls  ae_k a n d  s h ix _ n .

To crea te  th e  sy llab le  lex ico n , w e h a d  to  sy llab ify  th e  

c a n o n ic a l p ro n u n c ia t io n s  o f  w o rd s . In  th e  case o f  T IM IT , w e 

u se d  th e  tsy lb 2  sy llab if ica tio n  so ftw are  availab le  f ro m  N IST  

[2 0 ]. tsy lb2  is b a se d  o n  ru le s  th a t  d e fin e  p o ss ib le  sy llab le- 

in itia l a n d  sy llab le -fin a l c o n s o n a n t c lu ste rs , as w ell as p r o 

h ib ite d  sy llab le -in itia l c o n s o n a n t c lu s te rs  [2 1 ]. T h e  sy llab ifi 

c a t io n  so ftw are  p ro d u c e s  a m a x im u m  o f th re e  a lte rn a tiv e  sy l 

lab le  c lu s te rs  as o u tp u t .  W h e n e v e r  sev era l a lte rn a tiv e s  w ere  

av ailab le , w e u se d  th e  a lte rn a tiv e  b a se d  o n  th e  m a x im u m  o n 

se t p r in c ip le  (M O P ); th e  sy llab le  o n se t c o m p ris e d  as m a n y  

c o n so n a n ts  as p o ss ib le . In  th e  case o f  C G N , w e u se d  th e  sy l

la b if ic a tio n  availab le  in  th e  C G N  lex ico n  a n d  th e  CEL EX  lex 

ica l d a ta b a se  [2 2 ]. A s in  th e  case o f  T IM IT , th e  sy llab ifica tio n  

o f  th e  w o rd s  a d h e re d  to  M O P.

A fte r b u ild in g  th e  sy llab le  lex ico n , w e in itia lise d  th e  

c o n te x t- in d e p e n d e n t  sy llab le  m o d e ls  w ith  th e  8 -G au ss ian  

t r ip h o n e  m o d e ls  c o rre sp o n d in g  to  th e  u n d e r ly in g  ( c a n o n 

ica l) p h o n e m e s  o f  th e  syllables. R ev ertin g  to  th e  ex am p le  

w o rd  “a c tio n ” re p re se n te d  as th e  sy llab le  m o d e ls  ae_k a n d  

sh_ix_n, w e c a rr ie d  o u t  th e  in itia lis a tio n  as fo llow s. S ta tes  1

3 a n d  4 - 6  o f  th e  m o d e l ae_k w ere  in itia lise d  w ith  th e  s ta te  

p a ra m e te rs  o f  th e  8 -G a u ss ia n  t r ip h o n e s  # -a e + k  a n d  ae -k + # , 

a n d  s ta te s  1 -3 , 4 -6 , a n d  7 -9  o f  th e  m o d e l sh_ix_n w ith  th e  

s ta te  p a ra m e te rs  o f  th e  8 -G a u ss ia n  t r ip h o n e s  # -sh + ix , sh - 

ix + n , a n d  ix -n + #  (see F ig u re  1) . In  o rd e r  to  in c o rp o ra te  th e  

sp e c tra l a n d  te m p o ra l  d e p e n d e n c ie s  in  th e  sp eech , th e  sy l 

lab le  m o d e ls  w ith  su ffic ien t t r a in in g  d a ta  w ere  th e n  t ra in e d  

fu r th e r  u s in g  fo u r  ro u n d s  o f  B au m -W elch  re e s tim a tio n . To 

d e te rm in e  th e  m in im u m  n u m b e r  o f  t r a in in g  to k e n s  n e c e s 

s a ry  fo r  re liab ly  e s tim a tin g  th e  m o d e l p a ra m e te rs , w e b u ilt  

a la rg e  n u m b e r  o f  m o d e l se ts , s ta r t in g  w ith  a m in im u m  o f 

20  t ra in in g  to k e n s  p e r  sy llab le , a n d  in c re a s in g  th e  th r e s h 

o ld  in  s tep s  o f  20. A fte r each  ro u n d , w e te s te d  th e  re su ltin g  

re c o g n ise r  o n  th e  d e v e lo p m e n t te s t se t. W e c o n tin u e d  th is  

p ro cess  u n t i l  th e  W E R  o n  th e  d e v e lo p m e n t se t s to p p e d  d e 

c reas in g . Eventu ally , th e  sy lla b le -m o d e l re c o g n ise r  fo r  T IM IT  

c o m p ris e d  3472 sy llab le  m o d e ls , o f  w h ic h  th o se  43 sy llables 

w ith  a fre q u e n c y  o f  160 o r  h ig h e r  w ere  t r a in e d  fu r th e r . T hese 

sy llab les cov ered  3 1%  o f  all th e  sy llab le  to k e n s  in  th e  t r a in 

in g  d a ta . T h e  sy lla b le -m o d e l re c o g n ise r  fo r  C G N  co n sis ted  

o f  3885  sy llab le  m o d e ls , th e  m in im u m  fre q u e n c y  fo r  fu r th e r  

t ra in in g  b e in g  130 to k e n s  a n d  re s u ltin g  in  th e  fu r th e r  t r a in 

in g  o f  94 sy llables. T h ese  sy llab les co v ered  41%  o f  all th e  sy l

la b le  to k e n s  in  th e  tra in in g  d a ta . Syllable m o d e ls  w ith  in s u f 

f ic ien t t r a in in g  d a ta  c o n s is te d  o f  a c o n c a te n a tio n  o f  th e  o r ig 

in a l 8 -G a u ss ia n  t r ip h o n e  m o d e ls .

3.3.3. M ixed -m o d e l recogniser

W e d e riv ed  th e  lex ico n  fo r  th e  m ix e d -m o d e l re c o g n ise r  fro m  

th e  sy llab le  lex ico n  b y  k e e p in g  th e  f u r th e r - tr a in e d  sy llables 

f ro m  th e  sy lla b le -m o d e l re c o g n ise r  a n d  e x p a n d in g  all o th e r  

sy llab les to  tr ip h o n e s . In  effect, th e  p ro n u n c ia t io n s  in  th e  lex 

ic o n  c o n s is te d  o f  th e  fo llow ing :

(a) syllables,

(b )  c a n o n ic a l p h o n e s , or
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(c) a c o m b in a t io n  o f  (a) a n d  (b ).

To u se  th e  w o rd  “a c tio n ” as a n  ex am p le , th e  p o ss ib le  p r o n u n 

c ia tio n s  w ere  th e  fo llow ing :

(a ) /ae_k  sh_ix_n/,

(b )  /# -a e + k  a e -k + sh  k -s h + ix  s h - ix + n  ix -n + # /,

(c ) /# -a e + k  a e -k + #  sh_ix_n/, o r  /ae_k  # -sh + ix  sh - ix + n  ix- 

n + # /.

T h e  sy llab le  f re q u e n c ie s  d e te rm in e d  th a t  th e  a c tu a l re p re s e n 

ta t io n  in  th e  lex ico n  w as /# -a e + k  a e -k + #  sh_ix_n/.

T h e  in itia l m o d e ls  o f  th e  m ix e d -m o d e l re c o g n ise r  o r ig i 

n a te d  f ro m  th e  sy lla b le -m o d e l re c o g n ise r  a n d  th e  8 -G a u ss ia n  

t r ip h o n e  reco g n ise r. F o u r  s u b se q u e n t p asses o f  B au m -W elch  

re e s tim a tio n  w ere  u se d  to  t r a in  th e  m ix tu re  o f  m o d e ls  f u r 

th e r . T h e  d iffe ren ce  b e tw e e n  th e  sy lla b le -m o d e l a n d  m ix ed - 

m o d e l re c o g n ise rs  w as th a t  th e  t r ip h o n e s  u n d e r ly in g  th e  

sy llab les w ith  in su ffic ie n t t r a in in g  d a ta  fo r  fu r th e r  tra in in g  

w ere  c o n c a te n a te d  in to  sy llab le  m o d e ls  in  th e  sy lla b le -m o d e l 

reco g n ise r, w h e re a s  th e y  re m a in e d  free in  th e  m ix e d -m o d e l 

reco g n ise r. In  p ra c tic e , th e  t r ip h o n e s  w h o se  f re q u e n c y  ex 

c eed ed  th e  e x p e r im e n ta lly  d e te rm in e d  m in im u m  n u m b e r  o f  

t ra in in g  to k e n s  fo r  fu r th e r  tr a in in g  w ere  also  t r a in e d  fu r th e r  

in  th e  m ix e d -m o d e l reco g n ise r. T h e  m in im u m  fre q u e n c y  fo r 

fu r th e r  tra in in g  w as  20 in  th e  case o f  T IM IT  a n d  40 in  th e  

case o f  C G N . In  th e  case o f  T IM IT , th e  m ix e d -m o d e l re c o g 

n ise r  c o m p rise d  43 sy llab le  m o d e ls  a n d  5515 tr ip h o n e s . T he  

m ix e d -m o d e l re c o g n ise r  fo r  C G N  c o n s is te d  o f  94 syllable  

m o d e ls  a n d  6366 tr ip h o n e s .

4. SPEECH RECOGNITION RESULTS

F ig u res 2 a n d  3 sh o w  th e  re c o g n itio n  re su lts  fo r  T IM IT  a n d  

C G N . W e tr a in e d  a n d  te s te d  m a n u a l  t r ip h o n e s  w ith  u p  to  32 

G au ss ia n  m ix tu re s  p e r  s ta te ; w e o n ly  p re se n t th e  re su lts  fo r 

th e  t r ip h o n e s  w ith  8 G au ss ia n  m ix tu re s  p e r  sta te , as th e y  p e r 

f o rm e d  th e  b e s t fo r  b o th  c o rp o ra . T h e  u se  o f  lo n g e r- le n g th  

a c o u s tic  m o d e ls  in  b o th  th e  sy lla b le -m o d e l a n d  th e  m ix ed - 

m o d e l re c o g n ise rs  re su lte d  in  s ta tis tic a lly  s ig n if ican t g a in s in  

th e  re c o g n itio n  p e r fo rm a n c e  (u s in g  a s ign ifican ce  te s t fo r 

a b in o m ia l  r a n d o m  v a ria b le ) , as c o m p a re d  w ith  th e  p e r 

fo rm a n c e  o f  th e  t r ip h o n e  reco g n ise rs . H ow ever, th e  p e r fo r 

m a n c e  o f  th e  sy lla b le -m o d e l a n d  o f  th e  m ix e d -m o d e l re c o g 

n ise rs  d id  n o t  s ig n if ic a n tly  differ f ro m  each  o th e r. In  th e  case 

o f  T IM IT , th e  re la tiv e  r e d u c t io n  in  W E R  ach iev ed  b y  go ing  

f ro m  t r ip h o n e s  to  a m ix e d -m o d e l re c o g n ise r  w as 2 8 % . For 

C G N , th e  fig u re  w as a m o re  m o d e s t 18% . O v era ll, th e  re su lts  

fo r  C G N  w ere  s lig h tly  w o rse  th a n  th o se  fo r  T IM IT . T h is  can, 

how ever, b e  e x p la in e d  b y  th e  la rg e  d iffe rence  in  th e  te s t se t 

p e rp le x itie s  (see S ec tio n  3 .2 ) .

T h e  se c o n d  a n d  th ird  c o lu m n s  o f  T ables 5 a n d  6 p re se n t 

th e  T IM IT  a n d  C G N  W E R s as a fu n c t io n  o f  sy llab le  c o u n t 

w h e n  u s in g  th e  t r ip h o n e  a n d  m ix e d -m o d e l reco g n ise rs . T h e  

effect o f  th e  n u m b e r  o f  sy llab les is p ro m in e n t:  th e  p ro b a b il 

i ty  o f  A SR  e rro rs  in  th e  case o f  m o n o sy lla b ic  w o rd s  is m o re  

th a n  five tim e s  th e  p ro b a b ili ty  o f  e rro rs  in  th e  case o f  p o ly 

sy llab ic  w o rd s . T h is  c o n firm s  w h a t h a s  b e e n  o b se rv e d  in  p r e 

v io u s  A SR  resea rch : th e  m o re  sy llab les a w o rd  has, th e  less 

su scep tib le  it  is to  re c o g n it io n  e rro rs . T h is  can  b e  ex p la in e d
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T r ip h o n e  S y lla b le -m o d e l M ix e d -m o d e l

R e c o g n ise r  ty p e

F i g u r e  2: T IM IT  W E R s, a t th e  9 5 %  c o n fid e n c e  level, w h e n  u s in g  

m a n u a l  t r ip h o n e s .
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T r ip h o n e  S y lla b le -m o d e l M ix e d -m o d e l

R e c o g n ise r  ty p e

F i g u r e  3: C G N  W E R s, a t th e  9 5 %  c o n fid e n c e  level, w h e n  u sin g  

m a n u a l  t r ip h o n e s .

b y  th e  fac t th a t  a la rg e  p r o p o r t io n  o f  m o n o sy lla b ic  w o rd s  are 

fu n c t io n  w o rd s  th a t  te n d  to  b e  u n s tre s se d  a n d  (heav ily ) r e 

d u c e d . P o ly sy llab ic  w o rd s , o n  th e  o th e r  h a n d , are  m o re  likely  

to  b e  c o n te n t w o rd s  th a t  are  less p ro n e  to  h eavy  re d u c tio n s .

T h e  f o u r th  c o lu m n s  o f  Tables 5 a n d  6 sh o w  th e  p e rc e n t 

age ch an g e  in  th e  W E R s w h e n  g o in g  f ro m  th e  t r ip h o n e s  to 

th e  m ix e d -m o d e l reco g n ise rs . F o r T IM IT , th e  in tro d u c t io n  

o f  sy llab le  m o d e ls  re su lts  in  a 50%  re d u c t io n  in  W E R  in  th e  

case o f  b isy llab ic  a n d  tr isy llab ic  w o rd s . F o r C G N , th e  s i tu a 

t io n  is d iffe ren t. T h e  W E R  d o es decrease  fo r  b isy llab ic  w o rd s , 

b u t  o n ly  b y  11% . T h e  W E R  fo r tr isy llab ic  w o rd s  re m a in s  

u n c h a n g e d . W e be lieve  th a t  th is  is d u e  to  a la rg e r p r o p o r 

t io n  o f  b isy llab ic  a n d  tr isy llab ic  w o rd s  w ith  sy llab le  d e le tio n s  

in  C G N . G o in g  f ro m  tr ip h o n e s  to  sy llab le  m o d e ls  w ith o u t  

a d a p tin g  th e  lexical r e p re se n ta tio n s  w ill o b v io u s ly  n o t  h e lp  if  

c o m p le te  sy llab les are  d e le ted .

0

0
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T a b l e  5: T IM IT  W E R s a n d  p e rc e n ta g e  c h a n g e  as a  f u n c t io n  o f  sy llab le  c o u n t  w h e n  u s in g  th e  t r ip h o n e  a n d  m ix e d -m o d e l re c o g n ise rs  b a se d  

o n  m a n u a l  tr ip h o n e s .

N o . o f  Syllables T r ip h o n e /W E R  (% ) M ix e d -m o d e l/W E R  (% ) C h a n g e  (% )

1 4.8 3.6 - 2 5

2 0.6 0.3 - 5 0

3 0.2 0.1 - 5 0

4 0.1 0 - 1 0 0

>  5 0 0 ± 0

T a b l e  6: C G N  W E R s a n d  p e rc e n ta g e  c h a n g e  as a  fu n c t io n  o f  sy llab le  c o u n t  w h e n  u s in g  th e  t r ip h o n e  a n d  m ix e d -m o d e l re c o g n ise rs  b a s e d  on  

m a n u a l  tr ip h o n e s .

N o . o f  Syllables T r ip h o n e /W E R  (% ) M ix e d -m o d e l/W E R  (% ) C h a n g e  (% )

1 7.1 5.7 - 2 0

2 0.9 0.8 - 1 1

3 0.2 0.2 ± 0

4 0.1 0 - 1 0 0

> 5 0 0 ± 0

5. ANALYSING THE DIFFERENCES

T h e  2 8 %  a n d  18%  re la tive  r e d u c tio n s  in  W E R  th a t  w e 

a ch iev ed  fa ll s h o r t  o f  th e  62%  rela tiv e  r e d u c t io n  in  W E R  

th a t  S e th y  a n d  N a ra y a n a n  [8 ] p re se n t. O th e r  s tu d ie s  have 

also  u se d  sy llab le  m o d e ls  w ith  v a ry in g  success . T h e  a b so lu te  

im p ro v e m e n t in  re c o g n itio n  a c c u ra cy  th a t  S e th y  e t al. [9 ] 

o b ta in e d  w ith  m ix e d -m o d e ls  w as  o n ly  0 .5 % , a lth o u g h  th e  

c o m p a r iso n  w ith  th e  S eth y  a n d  N a ra y a n a n  s tu d y  m ig h t  n o t  

b e  fa ir fo r  a t le ast tw o  re a so n s . F irst, S e th y  et al. u se d  a 

c ro ss -w o rd  le f t-c o n te x t p h o n e  reco g n ise r, th e  p e r fo rm a n c e  

o f  w h ic h  is u n d o u b te d ly  m o re  d ifficu lt to  im p ro v e  u p o n  th a n  

th a t  o f  a w o rd - in te rn a l  c o n te x t-d e p e n d e n t p h o n e  reco g n ise r. 

S eco n d , th e ir  re c o g n itio n  ta s k  w as  p a r tic u la r ly  c h a llen g in g  

w ith  a la rg e  a m o u n t  o f  d isflu en c ies , h eav y  accen ts , age- 

re la te d  c o a r tic u la tio n , lan g u ag e  sw itch in g , a n d  e m o tio n a l 

sp eech . O n  th e  o th e r  h a n d , how ever, th e  b e s t  p e r fo rm a n c e  

w as ach iev ed  u s in g  a d u a l p r o n u n c ia t io n  re c o g n ise r  in  w h ich  

each  w o rd  h a d  b o th  a m ix e d  sy lla b ic -p h o n e tic  a n d  a p u re  

p h o n e t ic  p r o n u n c ia t io n  v a r ia n t  in  th e  re c o g n itio n  lex icon . 

E ven  th o u g h  Jo u v e t a n d  M essin a  [ 10] e m p lo y e d  a p a r a m 

e te r s h a r in g  m e th o d  th a t  a llo w ed  th e m  to  b u ild  co n tex t- 

d e p e n d e n t sy llab le  m o d e ls , th e  g a in s f ro m  in c lu d in g  lo n g e r- 

le n g th  a c o u s tic  m o d e ls  w ere  sm a ll a n d  d e p e n d e d  h eav ily  

o n  th e  re c o g n itio n  task : fo r  te le p h o n e  n u m b e rs , th e  p e r fo r 

m a n c e  even  d ecreased . In  a n y  case, it  a p p e a rs  th a t  th e  im 

p ro v e m e n ts  o n  T IM IT , as r e p o r te d  b y  S e th y  a n d  N a ra y a n a n  

a n d  ou rse lv es, are  th e  la rgest.

O bv iou sly , u s in g  sy llab le  m o d e ls  o n ly  im p ro v e s  re c o g n i 

t io n  p e r fo rm a n c e  in  c e r ta in  c o n d itio n s . To u n d e r s ta n d  w h a t 

th e se  c o n d itio n s  a re , w e c a rr ie d  o u t  a d e ta ile d  analysis  o f  th e  

d iffe ren ces b e tw e e n  th e  T IM IT  a n d  C G N  e x p e r im e n ts . F irs t, 

w e e x a m in e d  th e  p o ss ib le  effects o f  lin g u is tic  a n d  p h o n e tic  

d iffe ren ces b e tw e e n  th e  tw o  c o rp o ra . S econ d , s in ce  it  is o n ly  

re a so n a b le  to  ex p ec t im p ro v e m e n ts  in  re c o g n itio n  p e r fo r 

m a n c e  i f  th e  a c o u s tic  m o d e ls  d iffer b e tw e e n  th e  reco g n ise rs , 

w e in v es tig a ted  th e  d iffe rences b e tw e e n  th e  re tra in e d  syllable  

m o d e ls  a n d  th e  t r ip h o n e s  u se d  to  in itia lise  th e m .

5.1. Structure of  the corpora

In  o u r  e x p e r im e n ts , w e o n ly  m a n ip u la te d  th e  ac o u s tic  m o d 

els, k e e p in g  th e  lan g u ag e  m o d e ls  c o n s ta n t. As a co n seq u en ce , 

a n y  ch an g es  in  th e  W E R s are  d e p e n d e n t o n  th e  so -ca lled  

a c o u s tic  p e rp le x ity  (o r  c o n fu sab ility )  o f  th e  ta sk s  [2 3 ]. O ne  

sh o u ld  ex p ec t a la rg e r g a in  f ro m  b e tte r  ac o u s tic  m o d e llin g  

i f  th e  ta sk  is a co u stica lly  m o re  d ifficu lt. T h e  p ro p o r t io n  o f  

m o n o sy lla b ic  a n d  p o ly sy llab ic  w o rd s  in  th e  te s t se ts  p r o 

v id e s  a co arse  a p p ro x im a tio n  o f  th e  ac o u s tic  p e rp le x ity  o f  a 

re c o g n itio n  ta sk . Table 1, as w ell as Tables 5 a n d  6 , suggest 

th a t  T IM IT  a n d  C G N  d o  n o t  su b s ta n tia lly  d iffer in  te rm s  o f  

a c o u s tic  perp lex ity .

A n o th e r  d iffe rence  th a t  m ig h t  affect th e  re c o g n itio n  r e 

su lts  is th a t  th e  sp eak e rs  in  th e  T IM IT  tra in in g  a n d  te s t se ts  

d o  n o t  overlap , w h e re a s  th e  C G N  sp eak e rs  a p p e a r  in  all th re e  

d a ta  se ts. O n e  m ig h t  a rg u e  th a t  lo n g -s p a n  a r t ic u la to ry  d e 

p e n d e n c ie s  are  sp e a k e r-d e p e n d e n t. T h e re fo re , o n e  w o u ld  ex 

p e c t sy llab le  m o d e ls  to  lead  to  a la rg e r im p ro v e m e n t in  th e  

case o f  C G N , a n d  n o t  v ice  v ersa . So, th is  d iffe ren ce  c e rta in ly  

d o es  n o t  e x p la in  th e  d isc re p a n c y  in  th e  re c o g n itio n  p e r fo r 

m an ce .

A r tic u la tio n  ra te  is k n o w n  to  b e  a fa c to r  th a t  affects 

th e  p e r fo rm a n c e  o f  a u to m a tic  sp eech  reco g n ise rs . T h u s , w e 

w a n te d  to  k n o w  w h e th e r  th e  a r t ic u la t io n  ra te s  o f  T IM IT  a n d  

C G N  d iffe red . W e d e fin e d  th e  a r t ic u la tio n  ra te  as th e  n u m 

b e r  o f  c a n o n ic a l p h o n e s  p e r  se c o n d  o f  sp eech . T h e  ra te s  w ere

12.8 p h o n e s /s  fo r  T IM IT  a n d  13.1 p h o n e s /s  fo r  C G N , a d if 

fe ren ce  th a t  seem s far to o  sm a ll to  have  a n  im p a c t.

W e also ch ecked  fo r  o th e r  d iffe ren ces b e tw e e n  th e  c o r 

p o ra , su c h  as th e  n u m b e r  o f  p r o n u n c ia t io n  v a r ia n ts  a n d  th e
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F i g u r e  4: K LD  d is tr ib u tio n s  fo r  th e  s ta te s  o f  r e t r a in e d  sy llab le  m o d 

els fo r  T IM IT  w h e n  u s in g  m a n u a l  t r ip h o n e s .

K L D

F i g u r e  5: K LD  d is tr ib u tio n s  fo r  th e  s ta te s  o f  r e t r a in e d  sy llab le  m o d 

els fo r  C G N  w h e n  u s in g  m a n u a l  t r ip h o n e s .

d u ra t io n s  o f  sy llables. H ow ever, w e w ere  n o t  ab le  to  id e n tify  

an y  lin g u is tic  o r  p h o n e t ic  p ro p e r tie s  o f  th e  c o rp o ra  th a t  

c o u ld  p o ss ib ly  e x p la in  th e  d iffe ren ces in  th e  p e r fo rm a n c e  

gain .

5.2. Effect of  further training

To in v estig a te  w h a t h a p p e n s  w h e n  sy llab le  m o d e ls  are  t ra in e d  

fu r th e r  f ro m  th e  seq u en ces  o f  tr ip h o n e s  u se d  fo r  in itia lis 

in g  th e m , w e c a lcu la ted  th e  d is ta n c e s  b e tw e e n  th e  p ro b a b ili ty  

d e n s ity  fu n c tio n s  (p d fs) o f  th e  H M M  s ta te s  o f  th e  re tra in e d  

sy llab le  m o d e ls  a n d  th e  p d fs  o f  th e  c o rre s p o n d in g  sta tes  

o f  th e  in itia lise d  sy llab le  m o d e ls  in  te rm s  o f  th e  K ullback- 

L eib le r d is ta n c e  (K L D ) [18]. F ig u res 4 a n d  5 illu s tra te  th e  

K LD  d is tr ib u t io n s  fo r  T IM IT  a n d  C G N . T h e  d is tr ib u tio n s  

d iffe r f ro m  each  o th e r  su b stan tia lly , th e  K L D s g en e ra lly  b e 

in g  h ig h e r  in  th e  case o f  T IM IT . T h is  im p lie s  th a t  th e  f u r 

th e r  t r a in in g  affec ted  th e  T IM IT  m o d e ls  m o re  th a n  th e  C G N  

m o d e ls . G iv en  th e  g rea te r im p a c t o f  th e  lo n g e r- le n g th  m o d 

els o n  th e  re c o g n itio n  p e r fo rm a n c e , th is  is w h a t o n e  w o u ld  

expect.

T h e re  w ere  tw o  p o ss ib le  re a so n s  fo r  th e  la rg e r im p a c t o f  

th e  fu r th e r  tr a in in g  o n  th e  T IM IT  m o d e ls . E ith e r  th e  b o u n d 

a rie s  o f  th e  sy llab le  m o d e ls  w ith  th e  la rg es t K L D s h a d  sh ifted  

su b stan tia lly , o r  th e  effect w as d u e  to  th e  sw itch  f ro m  th e  

m a n u a lly  lab e lled  p h o n e s  to  th e  re tra in e d  c a n o n ic a l r e p re 

s e n ta tio n s  o f  th e  sy llab le  m o d e ls . Since sy llab le  s e g m e n ta 

t io n s  o b ta in e d  th ro u g h  fo rc e d  a lig n m e n t d id  n o t  sh o w  m a jo r  

d iffe rences, w e p u rs u e d  th e  is su e  o f  p o te n tia l  d isc rep an c ies  

b e tw e e n  m a n u a l  a n d  c a n o n ic a l tr a n s c r ip tio n s . To th a t  en d , 

w e p e r fo rm e d  a d d itio n a l sp eech  re c o g n itio n  e x p e rim e n ts , in  

w h ic h  t r ip h o n e s  w ere  t r a in e d  u s in g  th e  c a n o n ic a l t r a n s c r ip 

t io n s  o f  th e  u tte re d  w o rd s . T h ese  “canonical triphones” w ere  

th e n  u se d  fo r  b u ild in g  th e  sy lla b le -m o d e l a n d  m ix e d -m o d e l 

reco g n ise rs .

In  th e  case o f  T IM IT , th e  m ix e d -m o d e l re c o g n ise r  b a sed  

o n  c a n o n ic a l t r ip h o n e s  c o n ta in e d  86 sy llab le  m o d e ls  th a t  h a d  

b e e n  tr a in e d  fu r th e r  w ith in  th e  sy lla b le -m o d e l re c o g n ise r  u s 

in g  a m in im u m  o f  100 to k e n s . T h e  c o r re s p o n d in g  sy llables 

co v ered  42%  o f  all th e  sy llab le  to k e n s  in  th e  tr a in in g  da ta . 

T h e  m ix e d -m o d e l re c o g n ise r  fo r  C G N  c o m p ris e d  89 sy lla 

b le  m o d e ls  t r a in e d  fu r th e r  u s in g  a m in im u m  o f  140 to k en s , 

a n d  th e  c o r re s p o n d in g  sy llab les co v ered  56%  o f  all th e  sy lla 

b le  to k e n s  in  th e  tr a in in g  d a ta . F u r th e r  B au m -W elch  re e s ti 

m a t io n  w as  n o t  n e c e ssa ry  fo r  th e  m ix tu re  o f  tr ip h o n e s  a n d  

sy llab le  m o d e ls ; te s ts  o n  th e  d e v e lo p m e n t te s t se t sh o w ed  

th a t  tr a in in g  th e  m ix tu re  o f  m o d e ls  fu r th e r  w o u ld  n o t  lead  

to  im p ro v e m e n ts  in  th e  re c o g n itio n  p e r fo rm a n c e . T h is  w as 

d iffe re n t f ro m  th e  sy llab le  m o d e ls  in itia lise d  w ith  th e  m a n 

u a l  tr ip h o n e s ;  te sts  o n  th e  d e v e lo p m e n t te s t se t sh o w e d  th a t  

th e  m ix tu re  o f  m o d e ls  s h o u ld  b e  t r a in e d  fu r th e r  fo r  o p tim a l 

p e r fo rm a n c e . W ith  h in d s ig h t, th is  is n o t  su rp r is in g . A s a r e 

s u lt  o f  th e  re tra in in g , th e  sy llab le  m o d e ls  in itia lise d  in  th e  

tw o  d iffe re n t w ays b e c a m e  v e ry  s im ila r  to  each  o th er. H o w 

ever, th e  sy llab le  m o d e ls  th a t  w ere  in itia lise d  w ith  th e  m a n 

u a l  t r ip h o n e s  w ere  aco u stica lly  fu r th e r  aw ay f ro m  th is  final 

“s ta te ” th a n  th e  sy llab le  m o d e ls  th a t  w ere  in itia lise d  w ith  th e  

c a n o n ic a l t r ip h o n e s  a n d , th e re fo re , n e e d e d  m o re  re e s tim a 

t io n  ro u n d s  to  c o n fo rm  to  it.

F ig u res 6 a n d  7 p re s e n t th e  re su lts  fo r T IM IT  a n d  C G N . 

T h e  b e s t p e r fo rm in g  t r ip h o n e s  h a d  8 G a u ss ia n  m ix tu re s  p e r 

s ta te  in  th e  case o f  T IM IT  a n d  16 G au ss ia n  m ix tu re s  p e r  s ta te  

in  th e  case o f  C G N . S u rp r is in g  as it  m a y  seem , th e  re su lts  

o b ta in e d  w ith  th e  c a n o n ic a l t r ip h o n e s  s u b s ta n tia lly  o u tp e r 

f o rm e d  th e  re su lts  ach iev ed  w ith  th e  m a n u a l  t r ip h o n e s  (see 

F ig u res 2 a n d  3 ) . In  fac t, th e  c a n o n ic a l t r ip h o n e s  ev en  o u t 

p e r fo rm e d  th e  o r ig in a l m ix e d -m o d e l re c o g n ise rs  (see F ig ures 

2 a n d  3 ) . T h e  p e r fo rm a n c e s  o f  th e  m ix e d -m o d e l reco g n ise rs  

c o n ta in in g  sy llab le  m o d e ls  tra in e d  w ith  th e  tw o  d iffe ren tly  

tr a in e d  se ts  o f  t r ip h o n e s  d id  n o t  d iffe r s ig n if ican tly  a t th e  

9 5%  c o n fid e n c e  level. I n  a d d itio n , th e  p e r fo rm a n c e  o f  th e  

c a n o n ic a l t r ip h o n e s  w as s im ila r  to  th a t  o f  th e  n e w  m ix ed - 

m o d e l reco g n ise rs . S m alle r K L D s b e tw e e n  th e  in itia l a n d  th e  

re tra in e d  sy llab le  m o d e ls  (see F ig u res 8 a n d  9 ) re flec ted  th e  

lack  o f  im p ro v e m e n t in  th e  re c o g n itio n  p e r fo rm a n c e . E vi 

d en tly , o n ly  a few  sy llab le  m o d e ls  b e n e f ite d  f ro m  th e  fu r th e r  

t r a in in g , leav in g  th e  o v era ll effect o n  th e  re c o g n itio n  p e r fo r 

m a n c e  n eg lig ib le . T h ese  re su lts  are  in  lin e  w ith  re su lts  fro m  

o th e r  s tu d ie s  [4 , 9 , 10 ], in  w h ic h  im p ro v e m e n ts  ach iev ed
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F i g u r e  6: T IM IT  W E R s, a t th e  9 5 %  c o n fid e n c e  leve l, w h e n  u sin g  

c a n o n ic a l t r ip h o n e s .

F i g u r e  8: K LD  d is tr ib u tio n s  fo r  th e  s ta te s  o f  r e t r a in e d  sy llab le  m o d 

els fo r  T IM IT  w h e n  u s in g  c a n o n ic a l tr ip h o n e s .

R 4

6 .3

6 .8
6 .6

T r ip h o n e  S y l l a b le - m o d e l  M ix e d - m o d e l

R e c o g n is e r  ty p e

K L D

F i g u r e  7: C G N  W E R s, a t th e  9 5 %  c o n fid e n c e  level, w h e n  u sin g  

c a n o n ic a l t r ip h o n e s .

F i g u r e  9: K LD  d is tr ib u tio n s  fo r  th e  s ta te s  o f  r e t r a in e d  sy llab le  m o d 

els fo r  C G N  w h e n  u s in g  c a n o n ic a l tr ip h o n e s .

w ith  lo n g e r- le n g th  a c o u s tic  m o d e ls  are  sm all, a n d  d e te r io 

r a t io n s  also occur.

T h e  se c o n d  a n d  th ird  c o lu m n s  o f  T ables 7 a n d  8 p re se n t 

th e  T IM IT  a n d  C G N  W E R s as a fu n c t io n  o f  sy llab le  c o u n t 

w h e n  u s in g  th e  t r ip h o n e  a n d  m ix e d -m o d e l reco g n ise rs . As 

in  th e  case o f  th e  e x p e r im e n ts  w ith  m a n u a l  t r ip h o n e s  (see 

Tables 5 a n d  6 ) , th e  p ro b a b ili ty  o f  e rro rs  w as co n s id e ra b ly  

h ig h e r  fo r  m o n o sy lla b ic  w o rd s  th a n  fo r  p o ly sy llab ic  w o rds. 

T h e  f o u r th  c o lu m n s  o f  th e  tab le s  sh o w  th e  p e rc e n ta g e  ch ang e  

in  th e  W E R s w h e n  g o in g  f ro m  th e  t r ip h o n e s  to  th e  m ix ed - 

m o d e l reco g n ise rs . T h e  d a ta  su g g est th a t  th e  in tro d u c t io n  

o f  sy llab le  m o d e ls  m ig h t  d e te r io ra te  th e  re c o g n itio n  p e r fo r 

m a n c e  in  p a r t ic u la r  in  th e  case o f  b isy llab ic  w o rd s . T h is  m a y  

b e  d u e  to  th e  c o n te x t- in d e p e n d e n c y  o f  th e  sy llab le  m o d e ls  

a n d  th e  re s u ltin g  loss o f  le ft o r  r ig h t c o n te x t in fo rm a tio n  a t 

th e  sy llab le  b o u n d a ry . A s w o rd s  te n d  to  ge t easier to  re c o g 

n ise  as th e y  ge t lo n g e r  (see S ec tio n  5 .1 ) , th e  w o rd s  w ith  m o re  

th a n  tw o  sy llab les do  n o t  se e m  to  su ffer f ro m  th is  effect.

T h e  m o s t p ro b a b le  e x p la n a tio n  fo r  th e  f in d in g  th a t  th e  

c a n o n ic a l t r ip h o n e s  o u tp e r fo rm  th e  m a n u a l  t r ip h o n e s  is 

th e  m ism a tc h  b e tw e e n  th e  re p re s e n ta tio n s  o f  sp eech  d u r-

in g  tra in in g  a n d  te s tin g . W h ile  ca re fu l m a n u a l  tra n s c r ip t io n s  

y ie ld  m o re  a c c u ra te  ac o u s tic  m o d e ls , th e  a d v an tag e  o f  th ese  

m o d e ls  c a n  o n ly  b e  re a p e d  i f  th e  re c o g n itio n  lex ico n  co n ta in s  

a c o rre sp o n d in g  level o f  in fo rm a tio n  a b o u t th e  p r o n u n c ia 

t io n  v a r ia tio n  p re s e n t in  th e  sp eech  [2 4 ]. T h u s , a t least p a r t ,  i f  

n o t  all, o f  th e  p e r fo rm a n c e  g a in  o b ta in e d  w ith  re tra in e d  sy l

lab le  m o d e ls  in  th e  firs t se t o f  e x p e rim e n ts  (a n d  p ro b a b ly  also 

in  S e th y  a n d  N a ra y a n a n ’s w o rk  [8 ]) re su lte d  f ro m  th e  r e d u c 

t io n  o f  th e  m ism a tc h  b e tw e e n  th e  re p re se n ta tio n s  o f  sp eech  

d u r in g  tra in in g  a n d  te s tin g . B ecause  th e  m a n u a l  t r a n s c r ip 

t io n s  in  C G N  w ere  c lo ser to  th e  c a n o n ic a l tr a n s c r ip t io n s  th a n  

th o se  in  T IM IT  (see S ec tio n  2 .2 ) , th e  m ism a tc h  w as  sm alle r 

fo r  C G N . T h is  also ex p la in s  w h y  th e  im p a c t o f  th e  syllable  

m o d e ls  w as sm a lle r  fo r  C G N .

6. DISCUSSION

So far, ex p lic it p r o n u n c ia t io n  v a r ia tio n  m o d e ll in g  h a s  m a d e  

a d is a p p o in tin g  c o n tr ib u tio n  to  im p ro v in g  sp eech  re c o g n i 

t io n  p e r fo rm a n c e  [2 5 ]. T h e re  are  m a n y  d iffe re n t w ays to  

a t te m p t im p lic it  m o d e llin g . To av o id  th e  in c re a se d  lexical

8

6

2

0

8

6

2

0
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T a b l e  7: T IM IT  W E R s a n d  p e rc e n ta g e  c h a n g e  as a  f u n c t io n  o f  sy llab le  c o u n t  w h e n  u s in g  th e  t r ip h o n e  a n d  m ix e d -m o d e l re c o g n ise rs  b a se d  

o n  c a n o n ic a l tr ip h o n e s .

N o . o f  Syllables T r ip h o n e /W E R  (% ) M ix e d -m o d e l/W E R  (% ) C h a n g e  (% )

1 3.2 3.2 ± 0

2 0.4 0.5 +25

3 0.1 0.1 ± 0

4 0 0 ± 0

>  5 0 0 ± 0

T a b l e  8: C G N  W E R s a n d  p e rc e n ta g e  c h a n g e  as a  fu n c t io n  o f  sy llab le  c o u n t  w h e n  u s in g  th e  t r ip h o n e  a n d  m ix e d -m o d e l re c o g n ise rs  b a s e d  on  

c a n o n ic a l tr ip h o n e s .

N o . o f  Syllables T r ip h o n e /W E R  (% ) M ix e d -m o d e l/W E R  (% ) C h a n g e  (% )

1 5.4 5.6 + 4

2 0.6 0.8 + 33

3 0.2 0.2 ± 0

4 0.1 0 - 1 0 0

> 5 0 0 ± 0

c o n fu sa b ility  o f  a m u ltip le  p r o n u n c ia t io n  lex ico n , H a in  [2 5 ] 

fo c u se d  o n  f in d in g  a s ing le  o p tim a l p h o n e t ic  tra n s c r ip t io n  

fo r  each  w o rd  in  th e  lex ico n . O u r  s tu d y  c o n firm s  th a t  a s in 

gle p r o n u n c ia t io n  th a t  is c o n s is te n tly  u se d  b o th  d u r in g  t r a in 

in g  a n d  d u r in g  re c o g n itio n  is to  b e  p re fe rre d  over m u ltip le  

p ro n u n c ia t io n s  d e riv e d  f ro m  ca re fu l p h o n e t ic  tra n sc r ip tio n s . 

T h is  is in  lin e  w ith  M cA llaster a n d  G illick ’s [5 ] fin d in gs, 

w h ic h  a lso  sug g est th a t  co n s is te n c y  b e tw e e n — p o te n tia lly  

in a c c u ra te — sy m b o lic  re p re s e n ta tio n s  u se d  in  tra in in g  an d  

re c o g n itio n  is to  b e  p re fe rre d  ov er a c c u ra te  re p re se n ta tio n s  

in  th e  tra in in g  p h a se  i f  th e se  c a n n o t b e  c a rr ie d  ov er to  th e  

re c o g n itio n  p h a se .

T h e  fo cu s  o f  th e  p re s e n t s tu d y  w as o n  im p lic it  m o d 

e llin g  o f  lo n g -s p a n  c o a r tic u la tio n  effects b y  u s in g  sy llab le- 

le n g th  m o d e ls  in s te a d  o f  th e  c o n te x t-d e p e n d e n t p h o n e s  th a t  

c o n v e n tio n a l a u to m a tic  sp eech  re c o g n ise rs  use . W e ex p ec ted  

B au m -W elch  re e s tim a tio n  o f  th e se  m o d e ls  to  c a p tu re  p h o 

n e tic  d e ta il th a t  c a n n o t b e  a c c o u n te d  fo r  b y  m e a n s  o f  ex 

p lic it  p r o n u n c ia t io n  v a r ia tio n  m o d e llin g  a t th e  level o f  p h o 

n e tic  tr a n s c r ip t io n s  in  th e  re c o g n it io n  lex icon . B ecause  o f  th e  

c h an g es  w e o b se rv ed  b e tw e e n  th e  in itia l a n d  th e  re tra in e d  

sy llab le  m o d e ls  (see F ig u res 8 a n d  9 ) , w e d o  b elieve th a t  r e 

t ra in in g  th e  o b s e rv a tio n  d en s itie s  in c o rp o ra te s  c o a r t ic u la 

t io n  effects in to  th e  lo n g e r- le n g th  m o d e ls . H o w ever, th e  c o r 

r e s p o n d in g  re c o g n itio n  re su lts  (see F ig u res 6 a n d  7 ) sh o w  

th a t  th is  is n o t  su ffic ien t fo r  c a p tu r in g  th e  m o s t im p o r ta n t  

effects o f  p r o n u n c ia t io n  v a r ia t io n  a t th e  sy llab le  level. G re e n 

b e rg  [15], a m o n g s t o th e r  a u th o rs , h a s  sh o w n  th a t  w h ile  sy l

lab les  are  se ld o m  d e le ted  com p le te ly , th e y  do  d isp lay  c o n s id 

e rab le  v a r ia t io n  in  th e  id e n t i ty  a n d  n u m b e r  o f  th e  p h o n e tic  

sy m b o ls  th a t  b e s t re flec t th e ir  p ro n u n c ia t io n . G re e n b e rg  an d  

C h a n g  [2 6 ] sh o w e d  th a t  th e re  is a c lear re la tio n  b e tw e e n  

re c o g n itio n  a c c u ra cy  a n d  th e  deg ree  to  w h ic h  th e  aco u stic  

a n d  lex ical m o d e ls  re flec t th e  a c tu a l p ro n u n c ia t io n . N o t s u r 

p ris in g ly , th e  m a tc h  (o r  m ism a tc h )  b e tw e e n  th e  k n o w led g e  

c a p tu re d  in  th e  m o d e ls  o n  th e  o n e  h a n d  a n d  th e  a c tu a l a r 

t ic u la tio n  is d e p e n d e n t o n  lin g u is tic  (e .g ., p ro so d y , co n tex t) 

as w ell as n o n lin g u is tic  (e .g ., sp eak e r id e n tity , sp e a k in g  ra te ) 

fac to rs . S u n  a n d  D e n g  [2 7 ] t r ie d  to  m o d e l th e  v a r ia t io n  in  

te rm s  o f  a r t ic u la to ry  fe a tu re s  th a t  are  a llo w ed  to  ov erlap  in  

tim e  a n d  ch an g e  a sy n ch ro n o u s ly . T h e ir  re c o g n itio n  re su lts  

o n  T IM IT  are  m u c h  w o rse  th a n  w h a t w e o b ta in e d  w ith  a 

m o re  c o n v e n tio n a l a p p ro a c h .

W e b elieve th a t  th e  a fo re m e n tio n e d  p ro b le m s  are  cau sed  

b y  th e  fac t th a t  p a r t  o f  th e  v a r ia tio n  in  sp eech  (e.g., p h o n e  

d e le tio n s  a n d  in se r tio n s )  re su lts  in  v e ry  d iffe re n t tra je c to r ie s  

in  th e  a c o u s tic  p a ra m e te r  sp ace . T h ese  d iffe ren tly  sh a p e d  t r a 

je c to r ie s  are  n o t  easy  to  m o d e l w ith  o b se rv a tio n  d en sitie s  if  

th e  m o d e l to p o lo g y  is id e n tic a l fo r  all v a r ia n ts . W e believe 

th a t  p r o n u n c ia t io n  v a r ia t io n  c o u ld  b e  m o d e lle d  b e tte r  b y  u s 

in g  sy llab le  m o d e ls  w ith  p a ra lle l p a th s  th a t  re p re s e n t d iffe r 

e n t  p r o n u n c ia t io n  v a r ia n ts , a n d  b y  re e s tim a tin g  th ese  p a ra l 

le l p a th s  to  b e t te r  in c o rp o ra te  th e  d y n a m ic  n a tu re  o f  a r t ic u 

la tio n . T h e re fo re , o u r  fu tu re  re sea rch  w ill fo c u s  o n  s tra teg ie s  

fo r  d e v e lo p in g  m u lt ip a th  m o d e l to p o lo g ie s  fo r  syllables.

7. CONCLUSIONS

T h is  p a p e r  c o n tra s te d  re c o g n itio n  re su lts  o b ta in e d  u s in g  

lo n g e r- le n g th  a c o u s tic  m o d e ls  fo r D u tc h  re a d  sp eech  fro m  

a l ib ra ry  fo r  th e  b l in d  w ith  re c o g n itio n  re su lts  ach iev ed  o n  

A m e ric a n  E n g lish  re a d  sp eech  f ro m  T IM IT . T h e  to p o lo g ie s  

a n d  m o d e l p a ra m e te rs  o f  th e  lo n g e r- le n g th  m o d e ls  w ere  in i 

t ia lised  b y  c o n c a te n a tin g  th e  t r ip h o n e  m o d e ls  u n d e r ly in g  

th e ir  c a n o n ic a l t ra n s c r ip tio n s . T h e  in itia lise d  m o d e ls  w ere 

th e n  tr a in e d  fu r th e r  to  in c o rp o ra te  th e  sp e c tra l a n d  te m p o ra l  

d e p e n d e n c ie s  in  sp eech  in to  th e  m o d e ls . W h e n  u s in g  m a n 

u a lly  lab e lled  sp eech  to  t r a in  th e  t r ip h o n e s , m ix e d -m o d e l 

re c o g n ise rs  c o m p ris in g  sy llab le -len g th  a n d  p h o n e m e - le n g th  

m o d e ls  su b s ta n tia lly  o u tp e r fo rm e d  th e m . A t firs t s ig h t, th ese  

re su lts  see m e d  to  c o rro b o ra te  th e  c la im  th a t  p ro p e r ly  in i 

t ia lised  a n d  re tra in e d  lo n g e r- le n g th  a c o u s tic  m o d e ls  c a p tu re
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a s ig n if ican t a m o u n t  o f  p r o n u n c ia t io n  v a r ia tio n . H ow ever, 

d e ta ile d  ana ly ses sh o w e d  th a t  th e  effect o f  tr a in in g  sy llab le 

s ized  m o d e ls  fu r th e r  is neg lig ib le  i f  c a n o n ic a l re p re se n ta tio n s  

o f  th e  sy llab les a re  in itia lise d  w ith  t r ip h o n e s  tr a in e d  w ith  th e  

c a n o n ic a l t r a n s c r ip t io n s  o f  th e  t r a in in g  c o rp u s . T h e re fo re , 

w e co n c lu d e  th a t  s in g le -p a th  sy llab le  m o d e ls  th a t  b o r ro w  

th e ir  to p o lo g y  f ro m  a seq u en ce  o f  t r ip h o n e s  c a n n o t  c a p tu re  

th e  p r o n u n c ia t io n  v a r ia tio n  p h e n o m e n a  th a t  h in d e r  re c o g 

n i t io n  p e r fo rm a n c e  th e  m o s t.
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