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Abstract 
T h e   s t a t l s t l c a l  correlation between  speech  samples  mot ivates  the  use  o f  
p red lc t lon   e r ro r   f i l te rs   tha t   can   remove  th ls   redundancy   Formant   f l l te rs  
a c t   t o   r e m o v e   t h e   n e a r - s a m p l e   r e d u n d a n c l e s   w h i l e   p l t c h   f l l t e r s   r e m o v e   t h e  
f a r - s a m p l e   r e d u n d a n c e s  for samp les   separa ted   by   t he   p l t ch   pe r iod   The  
use o f   t h e s e   f l l t e r s  I S  especla l ly   benef ic la l   In  low bi t  r a t e   s p e e c h   c o d m g   T h e  
coef f l c len ts   o f   these  p red ic to rs   a re   usua l ly   de termined  sequent la l i y   Th ls  
paper  discusses J o l n t l y   o p t l m l z e d  solutions for t h e   t w o   p r e d l c t o r s   T h e  
f l l te rs   a re   Imp lemented ~n t ransversa l   fo rm w t h  the   f o rman t   f l l t e r   a lways  
p reced tng   t he   p l t ch   f l l t e r   (F -P   cascade)   The   Jo ln t ' l y   op t lm lzed   me thods  
are   fu r ther   subdtv lded  In to   a   comblned  so lu t lon   and  an   l te ra t l ve   sequen-  
t l a l   s o l u t l o n   B o t h   y e l d   h l g h e r  prediction ga lns   than  the i r   convent iona l  
sequent la l   de termined  counterpar t   Fur thermore .   a   p rac t ica l   vers lon  of the 
I te ra ted   sequent la l   approach  In   wh lch   the   f i l te rs   a re   cons t ra lned t o  b e   m l n -  
l m u m  phase  generates  decoded  speech  of   h lgh  perceptual   qual l ty  ivhen 
app l l ed   I n   a   cod lng   env i ronmen t  

1. Introduction 
A pr lmary   concern   In   speech analysis I S  t he   e f fec t l ve   remova l   o f   bo th  

near   and  d ts tan t   sample   based  redundances   Th ls  I S  o f t e n   p e r f o r m e d  by 
two  nonrecurs lve   p red lc t lon   e r ro r   f i l te rs   each  devoted   to   the   e l tm lna t fon  
o f   a   spec l f l c   t ype  of redundancy  Formant   predlc tors   remove  near   sample 
cor re la t lons   wh l le   p i tch   p red lc to rs   remove  d ls tan t   sample   cor re la t lons   The 
tncomlng  speech  s lgna l  I S  processed  by   these  twof l l te rs   w l th   the   coe f f l c len ts  
chosen to   m ln lm lze   t he   mean-square   va lue   o f   t he   ou tpu t   res idua l  

Usual ly .   a   cascade  connect lon  o f  the two  p red lc t ion   e r ro r   f l l te rs  I S  

( m p l e r n e n t e d  w t h  the   f l l te r   coe f f i c ien ts   be ing   ca lcu la ted   sequent la l l y   The 
coe f f i c i en ts   o f   t he   f l r s t   p red ic to r   a re   de te rm ined   and   used   t o   genera te  
an  ln termedlate  res ldual   Then  the  coef i lc lents   o f   the  second  predlc tor  
a re   de termined  and  used to  generate  the  f lna l   res idual   Prev lous  s tud ies 
[I]['] have   shown  tha t   p lac lng   t he   f o rman t   p red (c to r   be fo re   t he   p l t ch  
predlc tor  [ F - P  cascade)  resu l ts  In  a  resldual  slgnal of lower   energy  than 
the   comp lemen ta ry   connec t ion  

I n  thls  paper  we  restr lct  ourselves t o  an  F-P  cascade  but   generate 
J o i n t l y   o p t l m a l   s o l u t l o n s   f o r   t h e   f o r m a n t   a n d   p l t c h   p r e d l c t o r s   T h e   c o m -  
b l n e d   o p t l m l z a t l o n  YJhich mln lmlzes  the  mean-square  va lue of the   f l na l  
resldual I S  developed In Sect lon 3 Th ls   sec t ion   con t inues   by   In t roduc ing  
the I te ra ted   sequen t la i   app roach   and   a   p rac t l ca l   lmp lemen ta t l on   o f  It w h l c h  
f o r c e s   t h e   p r e d l c t l o n   e r r o r   f l l t e r s   t o   b e  minimum phase  and  wh lch   makes 
use of an efficient m e t h o d  of c o m p u t l n g  the  p i t c h   l a g   T h e   p r a c t l c a l  tm- 
p lemen ta t l on   o f   t he   I t e ra ted   sequen t ia l   app roach  IS  eva luated a s  pa r t   o f   a  
Code-Exet ted  L lnear   Predlc t lve (CELP) coder  

2.  General  Analysis of Linear Predictors 
F l g u r e  1 depic ts   a   genera l   analys ls   model   for   a   l inear   predic tor  w t h  

arbitrary delays Both t h e   I n p u t   a n d   e r r o r   s ~ g n a l s   a r e   w n d o w e d   B y  
rn ln lm lz lng   t he   squared   e r ro r  sum E* = e? ( n )  a lhnear s y s t e m   o f  
equat ions ['I ( H r  = a )  are   ob ta lned   The   en t r l es   o f   t he   pos l t l ve   de f l n t te  
symmet r i c   rna t r t x  % are  glven by 

T 

o ( ~ . J )  = wP(n)r, in  - .\fl]rb ( n  - .W~J  111 
n= - >L 

T h e   v e c t o r s  c a n d  a are  given  by 

cT  = c l . c ~ ,  . . . C L  a n d  aT = O ( O . . V 1 ] .  . . o (O .  .VLJ [ Z J  

Th i s   genera l   f o rmu la t l on   subsumes   the   au toco r re la t l on   and   cova r lance   ap -  
p r o a c h e s   N o t e   t h a t   t h e   a u t o c o r r e l a t l o n   m e t h o d  1s genera l l y   no t   su l tab le  
fo r   p red ic to rs  w t h  tap   de lays   wh lch   a re   an   apprec iab le   f rac t ion   o f   the   f rame 
size M o r e o v e r .   t h e   a u t o c o r r e l a t l o n   m e t h o d   d o e s   n o t   e n s u l e   t h a t   s u c h   p r e -  
d lc t lon  er ror   fd ters   are mln1mu-n phase [ 2 ]  Hence .   t h l s   me thod  I S  n o t  
a p p r o p r j a t e  for p l tch  analys ls  

I I 
U d i r l l  0 I 7, 1 

Fig 1 Analys is   model   for   t ransversa l   predlc tors  

The genera l   l i near   p red ic to r   descr lbed  above  subsumes  bo th   fo rmant  
and   p i t ch   p red lc to rs  A fo rman t   p red lc to r  Fi:) has continuous s u p p o r t   i n  
t ha t   p red lc t l on  IS  based on .\j prev lous  samples  (usual ly  5 5 .l-j 5 16). 

.Y , 

l i=1 

For th l s   case .   t he   au toco r re la t l on   me thod   gua ran tees   t ha t  1 - F ( z )  1 5  

m ln lmum  phase  [ 3 ]  A l though   the   cova r lance   me thod   does   no t   necessa rdy  
g lve   a   m ln l rnum  phase so lut ion.  an   a l t e rna t l ve   mod l f l ed   cova r lance   me thod  
based  on  rea ldual   energy  ra t tos [4](5] does assu re   m jn lmum  phase  

The   p l t ch   p red lc to r   has  a s m a l l   n u m b e r   o f   t a p s .  .Yp c lustered  around  a  
large  delay which cc:responds t o  t h e  estimated p i tch   per iod  .\I I t s   sys tem 
f u n c t l o n  I S  

I .?.j 1 .jlz .f1 - ,j --!..[-I - 

1 t a p  

2 t a p  ( 4 )  

3 t a p  

pi:) . j , : - f f  - , j 2 ; - ' + f - 1  

? -  
,,, ~ ~, .\I - 2 

M e t h o d s   t o   c h o o s e   t h e   p l t c h  lag are discussed In 1.1 General ly  a  covar l -  
ance  analysis  determines  the  coeff lcsents 3, A l t h o u g h  minimum phase I S  

not   assured a f lxup  procedure  developed  In  161 can be u t l l l zed   t o   ach ieve  
n l ln lmum  phase w t h  negl lg lb le  loss In   pe r fo rmance  

3. Joint  Solutions 
J o l n t  so lu t lons fo r   t he   f o rman t   and   p l t ch   p red lc to rs   a re   accomp l i shed  

t h r o u g h   c o m b l n e d   o p t l r n l z a t l o n   a n d   a n   l t e r a t l v e   s e q u e n t c a l   a p p r o a c h   B y  
m ln lm lz lng   t he   mean-square  value of   the  f lna l   res ldual   d l rect ly   the  for -  
mant   predlc tor   Ignores  p l tch  pu lses In t h e   l n t e r m e d l a t e  res idua l  whlch  are 
subsequent ly   removed  by   the   p l tch   p red lc to r   Hence.   each  p red lc to r  con- 

cen t ra tes   on   e l tm lna t l ng   t he   t ype  of sample   cor re la t lons   tha t  I t  I S  best  
s u i t e d   t o   h a n d l e  

3 1 C o m b l n e d   O p t l m l z a t l o n  

A comb ined   op t lm lza t l on   can   be   e l t he r   pe r fo rmed   In   one -sho t  or 
l te ra t l ve l ! /   depend ing   upon  the   re la t i ve   va lues  of t h e   f r a m e   s u e  .Y a n d  
t h e   p r t c h   l a g  .if In particular if .\I 1 .Y t he   op t lm lza t l on   can   be   ca r r l ed  
out In   one-shot   s lnce   on ly   the   fo rmant   p red lc ted   res ldua l   f rom  p rewous 
f r a m e s  I S  requ l red   as   the   Input  t o  the   p l t ch   f l l t e r  The  F-P  cascade  shown 
i n  F I g  2 I S  the   con f lgura t lon   used  fo r   the   ana lys ls   Note   tha t   the   ana lys ls  

CH2561-9;'88/0000-0315 $1.00 E 1988 IEEE 

Proc. IEEE Int. Conf. Acoustics, Speech, Signal Processing (New York, NY), pp. 315-318, April 1988



I S  pe r fo rmed   by   decoup l l ng  t h e  i n p u t   t o  t h e  p i tch   f i l te r  tram tnv  , ,utFu' 
o f   t he   f o rman t   f i l t e r   The   coe i f i c l en ts   a re   compu ted  b, m l n i m z l n g  t h e  
rectangular ly   wndo' . \ 'ed  mean-sauare  er ror  !, \ - \  P ' ( ~ ) I  t;, get a 
system of  lhnear equat ions +)c. - n tL*here 

-I. 

(.T = 01 . O \ , . ? I .  ' \ , 

F l g  2 F -P  cascade  conf lgura t lon  

T h e   l h m l t a t i o n   t h a t  .\I ' .I can  be   c i rcamvented   by   us lng   an   I te ra t i ve  
approach   t o   ca l cu la te   t ne   comb lned   so lu t i on   Th is   scheme  uses   t he   inter^ 

medlate  res idual   s lgnal  d j n )  f r om a prevlous i t e ra t i on   t o   so l ve   t he   sys tem 
of e q u a t i o n s  For the   f i r s t   I t e ra t i on  a c o n v e n t i o n a l   f o r m a n t   f i l t e r   f o r m u l a -  
t i o n  1 5  used ( I  e the   p i tch   coe f f i c ien ts   a re  se t  t o   z e r o )   T h e   f o r m a n t   f l l t e r  
IS  used t o   f i l t e r   t h e   I n p u t   s l g n a l  t o  produce  the   In te rmed ia te   res ldua l   s igna l  
d( t1 j  The n e x t  I t e r a t i o n  uses a comb ined   op t lm iza t l on   bu t   based   on  d ( n ]  
i rom t h e  previous : t e r a t l o n   T h e   u p d a t e d   f o r m a n t  f i l t e r  I S  used t o  gener- 
a te   an   updated   In te rmed ia te   res ldua l   s igna l   The  I te ra t ions   con t inue  us lng  
t h e   c o m b i n e d   s o l u t l o n  I n  this manner   un t i l   the   e r ro r   no   longer   decreases  
s l g n l f l c a n t l y   N o t e   t h a t   t h i s   a l g o r i t h m   d o e s   n o t   g u a r a n t e e   t h a t  ? h e  overa l l  
e r r o r  decreases  monotonica l ly  

3 2 I terat ive  Sequent la1  Approach 

A n   a l t e r n a t e  p n t  s o l u t i o n  I S  b u i l t   a r o u n d  a s e q u e n t l a l   o p t l m l z a t l o n  
of an F -P  cascade   Dur ing   t he   f i r s t   I t e ra t i on .   t he   f o rman t   p red ic to r  co- 
e f f i c ien ts   a re   chosen  to   m ln imlze   the   In te rmed ia te   res idua l   energy   The 
p i tch   p red ic to r   coe f i l c len ts   a re   then  found  us lng   th ls   In te rn led la te   res id -  
ual   s lgnal  kt t h l s   p o l n t   t h e  f i l t e r  coef f lc lents   are  those  that   would  be 
used  when a sequent ia l   so lu t ion  1 8  a p p l i e d   t o  a convent lonal  F-P cascade 
Dur lng   subsequent   I te ra t ions   the   fo rmant   fa l te r  IS reopt im ized  g iven   the  
previously de te rmned   p i t ch   p red lc to r   coe f f l c l en ts  Also. the   p l t ch   f l l t e r  I S  

r e c a l c u l a t e d   b a s e d   o n   t h e   n e d y   f o r m e d   l n t e r m e d l a t e   r e s l d u a l   T h e   o v e r a l l  
res idual   energy  monotonica l ly   decreases i i l t h  each  step to  a l o c a l   m l n l m u m  

T h e   e q u a t i o n s   t o   r e o p t l m l z e   t h e   f o r m a n t   f i l t e r   t a k i n g   i n t o   a c c o u n t  
the   p l t ch   f i l t e r   can  be  w e w e d   a s   n i l n l m z ~ n g  a 'weighted mean-square e r r o r  
criterion T h e   a n a l y s   m o d e l  1 5  sho r in   I n  Fig 3 For the  case  a t   hand 
t h e  t m g h t i n g  f i l ter  ! i i z l  I S  t h e  p i t c h   p r e d i c t l o n   e r r o r   f l l t e r   A n   a d d i t i o n a l  
Input   s lgna l  6 ( T I !  cap tu res   t he   I n i t i a l   cond i t i ons   o f   t he   \ ue lgh t i ng   f i l t e r   I n  
o u r  case < , ( r , )  1 5  t h e   o u t p u t   o f   t h e   p i t c h   t l l t e r  due to  I n p u t s  f rom  p rev ious  
ana lys is   f rames  and  cannot   be   neg lec ted   fo r   normal   f rame sizes T h e r e  I S  an 
additional ' .?lndot:  appl led t o  the  in termediate  res idual   s ignal   I t ' l in lmlzat lon 
o f  the   tmghted   e r ro r   energy   leads  t s  a se t  of l i nea r  equat lons 9 r  ~ rx 
,,here r I S  the  'vector o i  fo rmant   p red ic to r   coe f i l c len ts  The e l e m e n l s   o f  I 
are  given by 

O j l  ) )  ~ \ -  l i : ! l l ) s ' ( l I ) i  ? ' ( , I )  
L 

! i i  
,.- ~, 

where 

T h e   e l e m e n t s  01 (L are 

1 0 ,  ~ \ -  u i ( 7 1 )  i I' ( 7 1 )  - e , ( 7 1 )  S " ' ( ? l ]  (91 - z 
Y 

T h e   e l e m e n t s   o f  r are   the   fo rmant   p red ic to r   coe f l l c len ts   Cons ider  a 
covar iance  ana lys is   \w th   rec tangu lar   res idua l   and  e r ro r   wndo\vs   (nonzero  
for 11 r a n g l n g  from 0 t o  \ 1 )  and a causal   tve ight lng f i l te r  T h e  iorm o f  
the   s igna l  s" ( r 1 J  can  then  be  s lmpl l f ied 

i p r a c t i c a l   i m p l e m e n t a t i o n  cji t h e  I t e ra ted   5 i l quen t ia l   me thod  In w h i c h  
b o t h   t h e   i o r m a n t   a n d   p i t c h   f i l t e r s   a r e  mtnlmunl phase 1 5  no!, descr ibed 
The   f i l t e rs  w I /  be o p t i m i z e d   t o g e t h e r  as l o n g  as t h e   m i n i m u n l   p h a s e  
p r o p e r t r  IS no t   sacr i f i ced   In   add i t ion  a p r a c t i c a l   m e t h o d   t o   d e t e r m i n e  
t h e   p i t c h   l a g  1 5  used 

For the   f i r s t   I t e ra t i on  a covar lance  approach IS used t o  d e t e r m i n e  a 
f o r m a n t   f i l t e r  If th ls   f i l te r  1 5  n o t   m l n l m u m   p h a s e .   a s   d e t e r m l n e d   f r o m   t h e  
m a g n i t u d e s  of  the   cor respond lng   re f lec t lon   coe f i l c len ts .   new  coef f i c ien ts   a re  
f o u n d  using a mod i f i ed   cova r iance   app roach   wh ich   gua ran tees  a m l n l m u m  
phase   so lu t i on   The   I npu t   s lgna l  IS  f i l t e r e d   t o   p r o d u c e   t h e   i n t e r m e d i a t e  
res idua l   s igna l   The  p l tch   lag  15 d e t e r m l n e d   u s l n g   t h e   m e t h o d   d e s c r l b e d  
i n  [?I The   p l t ch   f l l t e r   coe f f l c l en ts   a re   f ound  using a covar iance  analys is .  
If t he   p l t ch   f i l t e r  IS n o t   m l n l m u m   p h a s e ,  it i s   s tab l l l zed   by   the   a lgor i thm 
developed i n  [6] 

For s u b s e q u e n t   I t e r a t i o n s   t h e   p i t c h   l a g  IS  f l x e d   a t  t h e  va lue   de te rm ined  
a t   t he   f i r s t   I t e ra t i on   Moreover   subsequen t   I t e ra t l ons   a l l oy?  for t h e   f o r m a n t  
f l l ter  t o  take   I n to   accoun t   t he   p l t ch   f i l t e r  using the  analysis  dertved for t h e  
I t e ra ted   sequen t ia l   me thod   Aga in  a covar lance  analysls I S  used If t h e  
f o r m a n t   f d t e r  15 uns tab le .   one  rever ts  t o  a modi f led  covar iance  analys ls  for 
the   f o rman t   f i l t e r   No te   t ha t   t he   mod i f i ed   cova r lance   ana lys i s   does   no t  
t ake   i n to   accoun t   t he   e f fec t  o i  the   p i t ch   f i l t e r   The   p i t ch   f i l t e r  I S  a g a i n  
de te rm ined   us lng  a covar lance  analys is   and  s tab l l lzed ~f necessary  These 
l t e r a t l o n s   c o n t i n u e   u n t i l  t h e  overa l l   ga in  no  longer   Increases  s lgn l f lcant ly  

4. Simulation Results 
This   sect lon  presents  t h e  exper imen ta l   resu l t s   ob ta lned  for t h e  F -P  

cascade   connec t lon   i n   lwh lch   t he   coe f f i c l en ts   a re   compu ted   by   t he  Joint 
o p t l m l z a t l o n   a l g o r l t h m s   d e s c r l b e d   I n   t h i s   p a p e r   T h e   f o r m a n t   p r e d i c t o r  
has 10 coefficients O n e .   t w o   a n d   t h r e e   t a p   p i t c h   p r e d i c t o r s   a r e   u s e d  A 
t o t a l   o f  S I X  sentences  mere  processed o f v ~ h ~ c h  three  were  spoken by a m a l e  

and  three  by a f e m a l e   T h e   s a m p l i n g   f r e q u e n c y  1 5  8 k H z .  The   ave rage  
predic t ion  ga ins  In  dB a re   compu ted   f o r   each   sen tence   I n   o rde r   t o   compare  
the   d i f ie ren t   methods   S ince   the   compar isons   a re   essent la l l y   cons is ten t  
for   each  sentence  the  tab les  which follor? present  average  values of  t h e  
predic t ion  ga ins  In  dB t a k e n  over t h e  S I X  sentences  The  tab les  re fer  t o  t h e  
f o r m a n t   g a i n .   m e a n i n g   t h e   r a t l o  of  t h e  energy of the I n p u t   t o   t h e   f o r m a n t  
f i l t e r   t o   t h e   e n e r g y  of  t h e   o u t p u t  of  t h e   f o r m a n t   f i l t e r  A s lm l la r   de f l n i t i on  
holds tor t h e   p i t c h   g a i n  

4 1 Per fo rmance  and  S taDi I l t y  I S S U E S  for t h e  J o i n t   S o l u t i o n s  

Here .   t he   Jo in t   so lu t l ons   a re   compared   t o   t he   conven t iona l   sequen t ia l  
a p p r o a c h  For th is   purpose  covar iance  analyses  are also used for b o t h  
the   f o rman t   and   p i t ch   p red ic to rs   I n   t he   conven t lona l   sequen t ia l   app roach  
The   va lue  of t h e   p l t c h   l a g  .\I I S  chosen  such  tha t   the   p red lc t lon   ga ln  I S  

m a r l m i z e d   T h i s  1 5  accompl ished  by  an  erhaust lve  search over t h e  a l lowable 
range For frame  s izes o i  80 samples   the   va lue  o f  .\I hes  bet iveen 20 a n d  
120  

T a b l e  1 presents   the  predic t ion  ga ins  for  t h e  two J o i n t   s o l u t l o n s   T h e  
comb ined   so lu t i on  uses the   one-shot   scheme  fo r   p i tch   lags  l a r g e r  t h a n   t h e  
f r a m e  s i z e  and uses t h e   I t e r a t e d   a p p r o a c h  for smal ler   p l tch  lags  Experw 
menis  show  tha t   an   ave rage   o f   t h ree   I t e ra t i ons  (0.02 dB pred ic t lon   ga ln  
threshold)   are  needed to resolve the   coe f f i c len ts   The  i te ra ted   sequen-  
t i a l   me thod   g i ves   l a rge r   p red ic t l on   ga ins   t han   t he   comb lned   op t lm lza t l on  

method  a t   the   expense of a s l l gh t l y   l a rge r   ave rage   number  of I terat ions 
( 5  per f r a m e )  For the   comb lned   op t lm iza t l on   scheme,   t he   I t e ra t i ons   a re  
o f t e n   t e r m l n a t e d   b y  a decrease  In   overa l l   p red ic t ion   ga ln   (nonmonoton lc i ty  
of decrease  in   e r ro r )  

~ ~~~~ ~ ~ 

m e t h o d  
f o r m a n t   p l t c h  
gain dB g a i n   d B  

o~vera l l  
g a i n  dB 

~~ ~~ 

F -P  sequential 16 2 4 4 5 6 6.1 20 6 21 8 22  3 
F - P  c o m b i n e d   s o l u t i o n  15 3 14 1 14 2 6 4 9 2 9 5 21  7 23 3 2 3  7 
F -P  I terated  sequent la l  14 E 14 0 14 1 7 2 9 5 9.8 2 2  0 2 3  5 23  5 

~ _ _ _ _ _ _ _ _ _ ~  

T a b l e  1 Pred ic t ion   ga ins   fo r   the   sequent ia l   and Jointly o p t i m i z e d  

predlc tors  ( E O  samp le   f rames)   Th ree   numbers   I n   an  
entry  refer t o  1. ? a n d  3 t a p   p l t c h   f i l t e r s .  A covar iance 
f o r m u l a t l o n  I S  used for al l   cases 

T a b l e  2 glves f i g u r e s  fo r   t he   pe rcen tage   o f   f rames   w l th   uns tab le  syn-  
thesis  f i l ters for s e q u e n t i a l   o p t i m i z a t i o n   I t e r a t e d   s e q u e n t i a l   o p t l m l z a t l o n  
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and  cornboned  op t im lza t lon   fo r  8 0  samp le   t rames   The  s t a b l i l t \  0' tr,e 

fo rman t   f i l t e r   was   de te rw ined   b \  cor.:i-rtirg the   p red lc to r   cae f t l c len ts  ob- 

t a i n e d  to the equ lva len t   re f l ec t l o r   cce f t l r l en ts   The   s tab l l l t \   o f   t he   p i t ch  
f l l te r   was   de termlned b! the   t l gh t   su f t l c l en t   t es t   g l ven  In [b] The   l nc ldence  
o f   Ins tab l l t t y   o f   the   fo rmant   f l l te rs  I S  m u c h  lorder   than  that   tor  t h e  p l t c h  

f i l te rs   I te ra ted   combined  and  I te ra ted   sequent131  op t im lza t lon   o f   an   F-P 
cascade  lead t o   m o r e  c a s e s   o f   I n s t a b l l l t y   t h a n  t h e  conven t lona l   sequen t la l  

s o l u t l o n  
~~~ ~ ~~~~~ . ~ ~ 

f o r m a n t   p i t c h  
m e t h o d  

~~~ ~___~___-___--- '0 unstable 00 unstable 

F-P  sequent ia l  4 6 26 25 
F - P   c o m b i n e d  solut lon 8 6 E 12 25 35 

i F -P   I t e ra ted   sequen t la l  7 6 E 11 30 34 

T a b l e  2 S t a b t h t y   o f   s e q u e n t l a l   a n d   p n t t l p   o p t l m l z e d   f l l t e r s   f o r  80  
sample  f rames  covar lance  analys ls   Three  numbers  In  

an  ent ry   re fer  t o  1 2 a n d  3 t a p   p l t c h   f i l t e r s  

4 2 M l n l m u m   P h a s e   S o l u t l o n  

I t  IS  t he   l nc ldence   o f   l ns tab l l t t y  In the   I t e ra ted   sequen t la l   app roach   t ha t  
p r o v l d e s   s o m e   o f   t h e   m o t l v a t l o n   f o r   t h e  mlnlmum phase solutlon descrlbed 
ear l ie r   In   th ls   sec t ion .   the   ques t lon   tha t  IS  addressed IS  whether   the  
Inc reased   p red lc t l on   ga ln   o f   t he   j o tn t  solutions comes only a t   the   expense 
o f   uns tab le   f i l t e rs  

W e   m a l n t a l n   t h e   s a m e   e x p e r l m e n t a l   c o n d l t l o n s   a s   b e f o r e   H o w e v e r .  a 

p r a c t i c a l   m e t h o d   o f   c a l c u l a t i n g  .\I (see [?I) I S  ut l l lzed  The  resul t lng  pre-  
d l c t l o n   g a l n s   f o r  a mln lmum  phase   I t e ra ted   sequen t la l   so lu t l on   a re   shown 
In  T a b l e  3 Also Inc luded In  the   tab le   a re   the   p red lc t lon   ga lns  I f  the  process 
I S  s topped   a t   t he   f i r s t   l t e ra t l on   (a   pu re   sequen t la l   app roach)   The   resu l t s  
show that   an  Increase  In   overa l l   predbct lon  ga ln IS  achleved  by  the iterative 
approach   even   when  minimum phase  f i l ters   are  mandated  These  resul ts  
can   a l so   be   compared  t o  Table 1 t o  see a drop  In   overa l l   p red lc t lon   ga ln  
due t o  t h e  use o f   s tab l l l zed   f l l t e rs   and  a practical m e t h o d   t o   f l n d  the p l t c h  
l a g   H o w e v e r .   t h e   a b o v e   t w o   c o n s t r a i n t s   d o  not  subs tan t ia l l y   d lmln lsh   the  
p red ic t i on   ga ln   Moreover .  t h e  ga in   ach leved by the   cons t ra lned  l te ra t l ve  
approach   s t i l l  remains above  tha t   ach leved  by   the   uncons t ra ined F-P se- 

q u e n t i a l   a l g o r i t h m   w h i c h   a d m i t   b o t h   u n s t a b l e   f o r m a n t   a n d   u n s t a b l e   p i t c h  
f i l ters   (see  Table 1 )  

m e t h o d  
f o r m a n t  p i t c h  overa l l  
e a l n   d B  e a l n  d B  e a l n  dB 

F-P   sequen t ia l  16 2 4 4  5 3   5 8  206 ? I 5  2 2 0  
F-P   I t e ra ted   sequen t ia l  15 6 15 2 15 2 6 0 7 5 7 5 21  6 2 2  7 2 3  1 

T a b l e  3 P red lc t l on   ga lns   f o r  mlnlrnum phase  f l l ters In  an F-P 
cascade ( S O  samp le   f rames)   Th ree   numbers  In an   en t r y  
refer t o  1 2 a n d  3 t a p   p i t c h   f i l t e r s  

F lgure 4 shorL fs   p lo t s   o f   t he   p red fc t l on   ga lns  ( 3  t a p   p l t c h   f i l t e r )   f o r  
an   u t te rance  ( T h l e v e s   w h o  rob fr iends  deserve  Jai l  I spoken by a female 
The  largest   Increases In p r e d l c t l o n   g a l r   d u e   t o  p n t  o p t l m i z a t l o n   t e n d  t o  
be  In   the  energet ic   vo iced  reg ions 

F igure 5 shoais t h e   f o r m a n t   a n d   f o r m a r t   p l t c h  predicted residuals  for  
a v o i c e d   s e c t i o n   o f   t h e   s a m e   u t t e r a n c e   T h e   I t e r a t e d   s e q u e n t i a l   m e t h o d  
gl(ves a fo rman t   res idua l   w i th   l a rge r   bu t  more regular   p l tch  pu lses  than 
the   sequen t ia l   me thod   The   e f f l cacy  of the   p i t ch   f i l t e r  I S  enhanced  by 
these  regular   p i tch  pu lses  The  p i tch  f l l ter   can  then  form a f lnal   restdual  
h a v i n g  a sma l le r   magn l tude   and   con ta in ing   f ewer   spu r lous   bu rs ts   t han   t he  
convent iona l   sequent ta l   approach 

The  convent lona l   sequent la l   and  I te ra ted   sequent ia l   approaches ( b o t h  
us lng   s tab l l l zed   f l l t e rs   and   t he   p rac t t ca l   me thod   to   choose   t he   p l t ch   l ag )  
were   Imp lemen ted  as p a r t   o f  a CELP coder   The   ana lys l s   f rame  s i ze   rema lns  
a t  80  samples A 10 th   o rde r   f o rman t   p red lc to r   and  a 3 t a p   p i t c h   p r e d l c t o r  
);$ere used  The  coef f l c len t   va lues   de termlned  by   the   ana lys is   s tage  a re   used 
fo r   t he   co r respond lng   syn thes l s   f l l t e rs   Fo r t y   samp le   b locks   o f   t he   res ldua l  
w e r e   c o m p a r e d   t o  a d l c t l o n a r y   o f  1024 waveforms  cons ls t lng   o f   Gauss ian  

r a n d o m   n u m b e r s   i j l t r  unmt 5 d r l a l   T h e   c o d e \ / o r d   t h a t   r e p r e s e n t s   t h e  

resldual I S  t h e  one t h a t   a c h l e w s  t h e  least   weighted  er ror   The  er ror  

I S  \ m g h t e d  b! a t l l ter  i t  (:I 1 1  F - i z ~ ]  I1 ~ F ( z  n j )  Thms f i l ter  

deernphaslzes  the  t requencles  ,gh lch contribute less to  perceptual   er ror   and 

ernphaslzes  the  f requencles  which con!r ibute more to perceptual   error [ 7 ]  

The   no i se   we igh t i ng   f ac to r  n equals 0 8 

Percep tua l   t es ts   revea l   t ha t   t he   I t e ra ted   sequen t ia l   a lgo r l t hm  l eads  

t o  resynthesized  speech  that  18 more   na tu ra l   sound ing   t han   t he   decoded  

speech  resu l t lng   f rom  the   sequent ia l   approach Also th ls  speech  sounds 

less warb led   t han  I t s  c o n v e n t l o n a l   c o u n t e r p a r t   A l t h o u g h   t h e   p e r c e l v e d  

Improvemen t   va r ies   f rom  sen tence  t o  sentence,   th ls   phenomenon IS clearly 

e w d e n t  in the   sen tence  Th leves   who  rob   f r iends   deserve   Ja i l "   and  can  

b e   a t t r l b u t e d  t o  the   f ac t   t ha t   t he   res ldua l   as   dep lc ted   I n   F lg  5 has fesver 

spu r lous   peaks   when   the   I t e ra ted   sequen t la l   me thod  I S  used  The  Gaussian 

codewords   p rov lde  a b e t t e r   m a t c h   t o   t h e   r e s l d u a l   I l J h e n  I t  has  less  energetic 

p l tch  pu lses  Consequent ly   the  weighted  er ror  IS  smal le r   and  the   decoded 

speech  sounds more l i k e  the   o r lg lna l  

5. Summary and  Conclusions 
Th ls   paper   has   I n t roduced  formulations w h l c h   a l l o w   f o r   t h e  Joint 

o p t l m l z a t l o n   o f   t h e   f o r m a n t   a n d   p l t c h   p r e d l c t o r s   T h e   f l n a l   r e s i d u a l   e n e r g y  

can   be   d l rec t l y   m ln lm lzed  bp a cascade   o f   Jo in t l y   op t lm lzed   f l l t e rs   Th i s  

has a s lgn l f l can t   advantage  In   te rms of Increased  predlc t lon  ga in 

The   l hm l ta t l ons   o f   t he   one -sho t   comb ined  solutlon are   tha t  I t  IS  appl l -  

cab le   on ly   when  the   p l tch   lag   exceeds  the   f rame  length   and  tha t  I t  a d m i t s  

bo th   uns tab le   fo rmant   and  p t tch   syn thes ls   f l l te rs   However   an   i te ra ted  

comblned  scheme  can  be   used t o  get a r o u n d   t h e   f r a m e   l e n g t h   c o n s t r a i n t  

A n  I te ra ted   sequent ia l   so lu t lon   ach ieves   s l igh t ly  more pred lc t lon   ga in   than 

t h e   I t e r a t e d   c o m b i n e d  solutlon F u r t h e r m o r e   t h e  minimum phase  con- 

s t r a l n t   c a r  be satlsf led by b a c k l n g   o f f   t o   t h e   m o d i f l e d   c o v a r i a n c e   m e t h o d  

for t h e   f o r m a n t   f l l t e r  In cases of  n o n - m l n l m u m   p h a s e   f i l t e r s   a n d  by s tab l -  

h z l n g  the p l t ch   f l l t e r   The   advan tages   o f   t he   I t e ra ted   sequen t la l   me thod  

o \ e r  t h e  c o n v e n t i o n a l   s e q u e n t i a l   m e t h o d  Ihe no t   on l y   I n   ach iev ing  a h igher  

p red lc t l on   ga ln   bu t   a l so  In resynthes lz lng   speech  o f   be t te r   perceptua l   qua l -  

I t \  
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F I E  3 A n a l y s ~ s   n o d e l  for a predlc t lon  f i l ter  w t th  e r ro r   we lgh t lng  

4 0  

d B  PO 

4 0  
0 

d H  20 

0 
50 IO0 I50 200 250 

f r a m e  number 

Flg 4 Predlc t lon g a l n s  13  t a p  pttch f l l te r ) .   f rame by f rame  In   each of t h e  two lower  p lots,  t h e  upper  t race I S  the   overa l l  
pred ic t ion ga ln .  t he   m idd le   l l gh t   t race  IS t h e  formant  predic t lor ,   ga ln  and  the  lower   dashed  t race I S  the   p l tch  
pred lc t lon   ga ln  

I 

formant resrdual 

x 4  

fo rman t  p l i rh  r e s ~ d u a l  

< 16 

30 32 34 36 39 40 
f r a m e   n u m b e r  

FIg 5 Predlc t lon residuals ( 3  t a p  p l t c h   f i l t e r )  for a sect lon  o f  volced speech  Magnlf icat lon  factors  are  noted  beside  each 
p l o t  
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