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ABSTRACT

, A  p r o m i s i n g  m e t h o d  o f  a u t o m a t i c  w o r d  r e c o g n i t i o n  i n  c o n t i n u o u s  

s p e e c h ,  r e c e n t l y  d e s i g n a t e d  a s  w o r d  s p o t t i n g ,  h a s  b e e n  d e m o n s t r a t e d .

T h e  m e t h o d  u s e s  e r r o r  r e s i d u a l  r a t i o s  f r o m  LPC ( L i n e a r  P r e d i c t i v e  C o d ­

i n g )  v o c o d e r  a n a l y s i s  f o r  w a v e f o r m  c o m p a r i s o n  a n d  a  d y n a m i c  p r o g r a m m i n g  

p r o c e d u r e  f o r  t i m e  r e g i s t r a t i o n  b e t w e e n  t h e  i n c o m i n g  s p e e c h  a n d  a  

t e m p l a t e  o f  t h e  k e y  w o r d .  U s i n g  a  s i m i l a r i t y  t h r e s h o l d ,  t h e  i n c o m i n g  

s p e e c h  i s  c o m p a r e d  w i t h  s e v e r a l  t e m p l a t e s  t o  a c c o u n t  f o r  v a r i a b i l i t y  

i n  s p e c t r a l  s h a p e .  T h i s  s y s t e m  c a n  w o r k  i n  r e a l  t i m e  u s i n g  a  r e a l  t i m e  

v o c o d e r .

T h e  m u l t i p l e  t e m p l a t e s  a r e  u s e d  i n  s u c h  a  w a y  t h a t  a  s m a l l  n u m b e r  

o f  t e m p l a t e s ,  t h r e e  o r  f o u r ,  i s  m a d e  t o  l o o k  l i k e  s e v e r a l  h u n d r e d  o r  

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

t e m p l a t e  f r o m  p a r t s  o f  e a c h  s i n g l e  t e m p l a t e  a s  p a r t  o f  t h e  p r o c e s s i n g  

o f  t h e  i n c o m i n g  s p e e c h .  T h u s ,  a  p a r t i c u l a r  c o m p o s i t e  t e m p l a t e  i s  

c o n s t r u c t e d  f o r  e a c h  w o r d  b e i n g  r e c o g n i z e d .

A n  a c c u r a c y  o f  9 9  p e r c e n t  w i t h  n o  f a l s e  a l a r m s  w a s  a c h i e v e d  

u s i n g  2 0 5  k e y  w o r d s ,  f i v e  d i f f e r e n t  s p e a k e r s ,  a n d  a p p r o x i m a t e l y  t e n  

m i n u t e s  o f  s p e e c h  t e x t .  P e r f o r m a n c e  i n  t h e  p r e s e n c e  o f  a d d i t i v e  w h i t e  

g a u s s i a n  n o i s e  o f  a p p r o x i m a t e l y  1 1  dB s i g n a l - t o - n o i s e  r a t i o  w a s  66 

p e r c e n t .  W hen t h e  s p e e c h  w a s  p r o c e s s e d  t o  a c c o u n t  f o r  t h e  n o i s e ,  r e ­

s u i t s  i m p r o v e d  t o  8 5  p e r c e n t  t o  9 0  p e r c e n t  a c c u r a c y .  F i n a l l y  a  d i g i t





I. INTRODUCTION

W i t h  t h e  r a p i d  e v o l u t i o n  o f  c o m p u t e r s ,  a u t o m a t e d  c o m p u t e r  

c o n t r o l  s y s t e m s ,  t h e  e x p l o s i v e  e x p a n s i o n  o f  k n o w l e d g e ,  a n d  t h e  n e e d  

t o  c o m m u n i c a t e  r a p i d l y  a n d  e f f i c i e n t l y ,  t h e r e  h a s  d e v e l o p e d  c o n s i d e r ­

a b l e  i n t e r e s t  i n  a u t o m a t i c  s p e e c h  r e c o g n i t i o n .  Som e o f  t h i s  i n t e r e s t  

i s  d i r e c t e d  t o w a r d  a u t o m a t i c  t r a n s l a t i o n  o f  s p e e c h  i n t o  w r i t t e n  t e x t ,  

v o i c e - c o n t r o l l e d  d i a l i n g  o f  t e l e p h o n e s ,  v o i c e  c o n t r o l  o f  m a n u f a c t u r i n g  

o p e r a t i o n s ,  a u t o m a t i c  t e l e p h o n e  o r d e r s  o r  i n q u i r i e s  w i t h o u t  a  h um an  

i n t e r m e d i a r y ,  e t c .  M o s t  a p p r o a c h e s  t o  t h i s  g e n e r a l  p r o b l e m  i n v o l v e  

r a t h e r  c o m p l i c a t e d  s y s t e m s  i n  w h i c h  t h e  a c o u s t i c  w a v e f o r m  m u s t  b e  . 

s e g m e n t e d  a n d  t h e  s e g m e n t s  t h e n  c l a s s i f i e d  a c c o r d i n g  t o  s o m e  s e t  o f  

t e s t s  a n d  r u l e s  w h i c h  a r e  u s u a l l y  v e r y  c o m p l e x .

A  p a r t  o f  t h e  g e n e r a l  s p e e c h  r e c o g n i t i o n  p r o b l e m  i s  t h a t  o f  

r e c o g n i z i n g  a  s i n g l e  w o r d .  T h i s  p r o b l e m  h a s  a t  l e a s t  t w o  l e v e l s  o f  

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

w o r d  s p o k e n  i n  i s o l a t i o n  b y  a  s i n g l e  s p e a k e r .  H e r e ,  t h e  s y s t e m  g e t s  

o n e  o r  m o r e  t r a i n i n g  u t t e r a n c e s ,  t h e  w o r d  i s  w e l l  a r t i c u l a t e d ,  s i g n a l -  

t o - n o i s e  r a t i o  i s  l a r g e ,  t h e  w o r d  i s  o n e  o f  a  s m a l l  s e t  o f  p o s s i b l e  

w o r d s  a n d  i s  s p o k e n  t h e  s a m e  w a y  e a c h  t i m e .  T h i s  p r o b l e m  b e c o m e s  m o r e  

d i f f i c u l t  w h e n  a n y  o f  t h e s e  r e q u i r e m e n t s  a r e  n o t  m e t .  F i n a l l y ,  i f  t h e  

w o r d  i s  p a r t  o f  s o m e  c o n n e c t e d  s p e e c h ,  w e  r e a c h  t h e  s e c o n d  l e v e l  o f  

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



i n  c o n t i n u o u s  s p e e c h .  T h i s  h a s  r e c e n t l y  b e e n  d e s i g n a t e d  a s  w o r d  

s p o t t i n g  i n  c o n t i n u o u s  s p e e c h .

T h e  p r o b l e m  d e s c r i b e d  i n  t h i s  d i s s e r t a t i o n  i s  w o r d  s p o t t i n g  i n  

c o n t i n u o u s  s p e e c h .  H e r e  t h e  o b j e c t i v e  i s  t o  p r o c e s s  c o n t i n u o u s  s p e e c h  

u s i n g  a  d i g i t a l  c o m p u t e r ,  a n d  t o  d e t e r m i n e  i f  a n d  w h e n  a  c h o s e n  r e f ­

e r e n c e  w o r d  e v e r  o c c u r s .

T h i s  w o r k  h a s  s u c c e s s f u l l y  a p p l i e d  e a s i l y  c a l c u l a t e d  LPC p a r a m ­

e t e r s  i n  a  s i m p l e  d y n a m i c  p r o g r a m m i n g  t i m e  w a r p  a l g o r i t h m  d e v e l o p e d  b y  

B r i d l e . 23  M u l t i p l e  t e m p l a t e s  a r e  t h e n  u s e d  i n  a  w a y  w h i c h  i s  s i m i l a r  

t o  t h e  n e a r e s t  n e i g h b o r  m e t h o d  o f  p a t t e r n  r e c o g n i t i o n .  T h e  m o s t  

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

s m a l l  n u m b e r  l i k e  t h r e e  o r  f o u r  t e m p l a t e s  t o  b e  u s e d  i n  s u c h  a  w a y  

t h a t  t h e y  l o o k  l i k e  a  v e r y  l a r g e  n u m b e r ,  l i k e  s e v e r a l  h u n d r e d  o r  

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

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

w o r d  s p o t t i n g  p r o c e s s i n g .  T h i s  p r o c e s s  i s  d e s c r i b e d  i n  d e t a i l  i n  

s e c t i o n  I V .  T h i s  m e t h o d  m a y  b e  u t i l i z e d  t o  r e c o g n i z e  w o r d s  s p o k e n  i n  

i s o l a t i o n  o r  a s  p a r t  o f  o r d i n a r y  c o n v e r s a t i o n .

T h e  p r i m a r y  s y s t e m  e v a l u a t i o n  w a s  p e r f o r m e d  u s i n g  a p p r o x i m a t e l y  

t w o - m i n u t e  p a s s a g e s  o f  w e l l - a r t i c u l a t e d  s p e e c h  r e c o r d e d  i n  a  q u i e t  

r o o m  b y  f i v e  d i f f e r e n t  s p e a k e r s  a n d  u s i n g  m u l t i p l e - s y l l a b l e  t e m p l a t e  

w o r d s .  T h e  e f f e c t  o n  p e r f o r m a n c e  o f  t h e  s y s t e m  w h e n  t h e  i n p u t  s p e e c h  

w a s  c o r r u p t e d  b y  a d d i t i v e  g a u s s i a n  w h i t e  n o i s e  w a s  e x a m i n e d .  A n  a t ­

t e m p t  w a s  m a d e  t o  e x t r a c t  t h e  s p e e c h  LPC p a r a m e t e r s  f r o m  t h e  n o i s y  

s p e e c h  u s i n g  t w o  m e t h o d s  d e s c r i b e d  l a t e r .  A n  a t t e m p t  w a s  a l s o  m a d e



t o  r e c o g n i z e  w o r d s  i n  t h e  n o i s y  s p e e c h  b y  a d d i n g  s i m i l a r  n o i s e  t o  t h e  

t e m p l a t e s .  A p r e l i m i n a r y  e v a l u a t i o n  o f  t h e  s y s t e m  w a s  m a d e  u s i n g  

m u l t i p l e  t e m p l a t e s  f r o m  d i f f e r e n t  s p e a k e r s .  F i n a l l y ,  t h e  p e r f o r m a n c e  

o f  t h e  s y s t e m  w a s  e v a l u a t e d  b y  h a v i n g  t e n  d i f f e r e n t  s p e a k e r s  e a c h  

s p e a k  a p p r o x i m a t e l y  o n e  h u n d r e d  d i g i t s  c h o s e n  f r o m  a  t a b l e  o f  r a n d o m  

n u m b e r s .  F o r  t h i s  f i n a l  e v a l u a t i o n  t w o  t e m p l a t e s  o f  e a c h  d i g i t  s p o k e n  

s e p a r a t e l y  b y  s p e a k e r  A w e r e  u s e d  f o r  w o r d  s p o t t i n g  o n  s p e a k e r  A ’ s "  " 

d i g i t  t e x t .  T h i s  w a s  r e p e a t e d  f o r  e a c h  o f  t h e  r e m a i n i n g  n i n e  s p e a k e r s .  

T h i s  w a s  f o l l o w e d  b y  a  v e r y  b r i e f  e x p e r i m e n t  i n  w h i c h  t e m p l a t e s  f r o m  

o n e  s p e a k e r  w e r e  u s e d  t o  r e c o g n i z e  d i g i t s  s p o k e n  b y  a n o t h e r  m e r e l y  t o  

g i v e  a n  i n d i c a t i o n  o f  p e r f o r m a n c e .  T h e  e f f e c t  o f  n o i s e  o n  t h e  d i g i t  

r e c o g n i t i o n  p e r f o r m a n c e  w a s  n o t  e v a l u a t e d  s i n c e  t h e  d i g i t  w o r k  w a s  

d o n e  o n l y  t o  s u g g e s t  p o s s i b i l i t i e s .

T h e  o v e r a l l  a c c u r a c y  w a s  g r e a t e r  t h a n  99  p e r c e n t  f o r  m u l t i p l e  

s y l l a b l e  w o r d s  u s i n g  c l e a n  s p e e c h  w i t h  1 0 0  p e r c e n t  a c c u r a c y  f o r  f o u r  

s p e a k e r s  a n d  95  p e r c e n t  f o r  t h e  f i f t h .  U s i n g  t h e  s i n g l e  s y l l a b l e  

w o r d  " F o r d "  f r o m  a  s i x t h  p a s s a g e ,  1 0 0  p e r c e n t  a c c u r a c y  w a s  a c h i e v e d .

F o r  t h e  c r o s s - s p e a k e r  e x p e r i m e n t s  a n  o v e r a l l  a c c u r a c y  o f  9 5  p e r c e n t  

w a s  a c h i e v e d .  I n  a l l  o f  t h e  a b o v e  c a s e s ,  t h e r e  w e r e  z e r o  f a l s e  

a l a r m s .

W i t h  a n  1 1  dB  s i g n a l - t o - n o i s e  r a t i o ,  n o  p r o c e s s i n g  t o  r e m o v e  

n o i s e  e f f e c t s ,  a n d  6 6  f a l s e  a l a r m s  p e r  h o u r ,  t h e  a c c u r a c y  w a s  66  p e r ­

c e n t .  T h i s  a c c u r a c y  i n c r e a s e d  t o  9 0  t o  95  p e r c e n t  w i t h  p r o c e s s i n g  t o  

a c c o u n t  f o r  t h e  n o i s e .  I t  w a s  a l s o  f o u n d  t h a t  t h e  s y s t e m  d o e s  d e g r a d e  

s m o o t h l y  i n  t h e  p r e s e n c e  o f  n o i s e  a s  s h o w n  i n  F i g .  8 .



F i n a l l y ,  f o r  t h e  d i g i t  r e c o g n i t i o n  e x p e r i m e n t s ,  a n  a c c u r a c y  o f  

97  p e r c e n t  w a s  a c h i e v e d  u s i n g  f i v e  m a l e  a n d  f i v e  f e m a l e  s p e a k e r s .

No a t t e m p t  w a s  m a d e  t o  f u l l y  o p t i m i z e  t h e  s y s t e m  e v e n  a s  i t  

n o w  i s  d e f i n e d .  I n  p a r t i c u l a r ,  t h e  t h r e s h o l d ,  t i m e - w a r p  p e n a l t y  f a c t o r ,  

s a m p l e  r a t e ,  a n d  t h e  n u m b e r  o f  p o l e s  i n  t h e  LPC a n a l y s i s  w e r e  n o t  

o p t i m i z e d  i n  a n y  r e a l  s e n s e .  T h e  v a l u e s  u s e d ,  h o w e v e r ,  w e r e  n o t  c h o s e n  

c o m p l e t e l y  a r b i t r a r i l y .  F o r  e x a m p l e ,  B o l l 31 i n d i c a t e s  t h a t  a  w i n d o w  ' 

w i d t h  o f  2 0  t o  3 0  m s w i l l  y i e l d  a c c e p t a b l e  q u a l i t y  s y n t h e t i c  s p e e c h  

f o r  a  1 2 - p o l e  LPC v o c o d e r .  S i n c e  d a t a  a r e  s t o r e d  o n  t h e  m a g n e t i c  

d i s c  i n  b l o c k s  o f  2 5 6  s a m p l e s ,  a  w i n d o w  w i d t h  o f  2 5 . 6  ms w a s  a  c o n ­

v e n i e n t  s i z e  t o  u s e  f o r  t h e  i n i t i a l  w o r k .  T h e n ,  s i n c e  i t  w o r k e d  s o  

w e l l  i n i t i a l l y ,  t h e  2 5 . 6  m s w i n d o w  w a s  u s e d  f o r  t h e  r e m a i n d e r  o f  t h e  

w o r k .

M a j o r  p r o b l e m s  w i t h  t h e  s y s t e m  w h i c h  r e q u i r e  a d d i t i o n a l  r e ­

s e a r c h  a r e  t h e  n e e d  t o  r e a d j u s t  t h e  t h r e s h o l d  w i t h  e a c h  s p e a k e r  a n d  

w o r d  a n d  t h e  p o o r  c r o s s - s p e a k e r  p e r f o r m a n c e  ( 9 5  p e r c e n t ) .  A l s o ,  s i n c e  

t h e  s y s t e m  u s e s  a  s i m p l e  s p e c t r a l  c o m p a r i s o n ,  i t  w i l l  p r o b a b l y  h a v e  a  

h i g h e r  f a l s e  a l a r m  r a t e  o n  w o r d s  t h a t  s o u n d  a l i k e  a n d  o n  s h o r t  w o r d s .  

T h i s  p o s s i b l e  p r o b l e m ,  h o w e v e r ,  w a s  n o t  e x a m i n e d  i n  d e t a i l  a n d  n o  

a t t e m p t  w a s  m a d e  t o  i n c l u d e  s i m i l a r  s o u n d i n g  w o r d s  i n  t h e  v a r i o u s  

p a s s a g e s  u s e d .  B u t ,  i f  o n e  w a n t e d  t o  s p o t  l o n g e r  w o r d s ,  p a i r s  o f  

w o r d s  l i k e  f u l l  n a m e s  o f  i n d i v i d u a l s  o r  l o n g e r  p h r a s e s  o f  w o r d s ,  t h e  

s y s t e m  s h o u l d  w o r k  q u i t e  w e l l .

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

i s  n o t  a  f i n a l  c o m p l e t e  s y s t e m  f o r  w o r d  s p o t t i n g ,  t h a t  i t  d o e s  n o t



m e e t  a l l  t h e  p r a c t i c a l  r e q u i r e m e n t s  f o r  s u c h  a  s y s t e m ,  n o r  d o e s  i t  

a d d r e s s  a l l  t h e  d i f f i c u l t i e s  i n h e r e n t  i n  s o l v i n g  s u c h  a  p r o b l e m .  I n  

f a c t  t h e  d e v e l o p e d  s y s t e m  i s  l e s s  t h a n  o p t im u m  i n  p e r f o r m a n c e  i n  t h a t  

i t  u s e s  o n l y  a  s i n g l e  f e a t u r e  t o  m e a s u r e  s i m i l a r i t y  b e t w e e n  t h e  r e f e r ­

e n c e  w o r d  a n d  t h e  i n c o m i n g  s p e e c h .  T h e  m a i n  o b j e c t i v e  w a s  t o  d e t e r m i n e  

t h e  b e s t  p e r f o r m a n c e  t h a t  c o u l d  b e  a c h i e v e d  i f  w e  w e r e  a l l o w e d  t o  t u n e  

t h e  s y s t e m  f o r  b e s t  p e r f o r m a n c e  f o r  e a c h  w o r d  a n d  e a c h  s p e a k e r .  E v e n  " 

t h e  c o n c e p t  " b e s t  p e r f o r m a n c e "  i s  s o m e w h a t  v a g u e  i n  t h a t  t h e r e  m a y  b e  

a  t r a d e - o f f  b e t w e e n  f a l s e  a l a r m  r a t e  a n d  n u m b e r  o f  m i s s e s  o f  t h e  c o r ­

r e c t  w o r d .  T h u s ,  " b e s t  p e r f o r m a n c e "  m a y  b e  a  f u n c t i o n  o f  t h e  a p p l i c a ­

t i o n .  I t  i s  e x p e c t e d  t h a t  i f  a d d i t i o n a l  f e a t u r e s  s u c h  a s  p i t c h ,  

v o i c i n g ,  z e r o  c r o s s i n g  r a t e ,  e t c . , a r e  i n c l u d e d  i n  t h e  s i m i l a r i t y  

f u n c t i o n ,  t h e  p e r f o r m a n c e  s h o u l d  i m p r o v e  a n d  b e c o m e  m o r e  s p e a k e r  

i n d e p e n d e n t .

A  k e y  p o i n t  t h a t  s h o u l d  b e  m a d e  h e r e  i s  t h a t  t h i s  w o r d  s p o t t i n g  

s y s t e m  h a s  m u c h  m o r e  n a r r o w  a n d  r e s t r i c t e d  o b j e c t i v e s  a n d  a p p l i c a t i o n s  

t h a n  t h e  m o r e  g e n e r a l  w o r d  a n d  s p e e c h  r e c o g n i t i o n  w o r k  b e i n g  p u r s u e d  

e l s e w h e r e .  N o c l a i m s  a r e  m a d e  w i t h  r e s p e c t  t o  i t s  u s e f u l n e s s  i n  t h e  

s p e e c h  r e c o g n i t i o n  a n d  s p e e c h  u n d e r s t a n d i n g  a r e a s .  I t  h a s  b e e n  d e m o n ­

s t r a t e d  t h a t  B r i d l e ' s  d y n a m i c  p r o g r a m m i n g  a l g o r i t h m  d o e s  w o r k  q u i t e  

w e l l  a n d  t h a t  i t ,  a l o n g  w i t h  LPC a n a l y s i s ,  d o e s  a p p e a r  t o  f o r m  a  

s o u n d  b a s i s  f o r  f u r t h e r  r e s e a r c h .

I n  s u m m a r y ,  a  s y s t e m  h a s  b e e n  d e m o n s t r a t e d ,  u s i n g  o n l y  a  s i n g l e  

f e a t u r e  f o r  c o m p a r i n g  w a v e f o r m s ,  w h i c h  s h o w s  g r e a t  p r o m i s e  f o r  u s e  i n  

w o r d  s p o t t i n g  a p p l i c a t i o n s .  E v e n  w i t h  a  f a l s e  a l a r m  r a t e  o f  66  p e r



h o u r ,  a  r e d u c t i o n  i n  l i s t e n i n g  t i m e  o f  a p p r o x i m a t e l y  1 0 0  t o  1 i s  

r e a l i z e d  i f  w e  a s s u m e  a n  a v e r a g e  s p e a k i n g  r a t e  o f  t w o  w o r d s  p e r  

s e c o n d .  F o r  t h i s  c a s e ,  t h e  s p e e c h  w o u l d  b e  p r o c e s s e d  b y  t h e  s y s t e m ,  

t h e  s p o t t e d  w o r d s  a l o n g  w i t h  t h e i r  l o c a t i o n  o n  t h e  t a p e  w o u l d  b e  

s t o r e d ,  a n d  t h e n  l a t e r  l i s t e n e d  t o  b y  a n  o p e r a t o r  w h o  w o u l d  r e j e c t  

t h e  f a l s e  a l a r m s .  I f  t h e  d e s i r e d  k e y  w o r d s  w e r e  p r e s e n t ,  t h e  o p e r a t o r  

w o u l d  t h e n  g o  b a c k  t o  t h e  o r i g i n a l  t a p e  a n d  l i s t e n  t o  t h e  a p p r o p r i a t e  

t e x t  i n  r e a l  t i m e .
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II. LITERATURE REVIEW

D u r i n g  t h e  l a s t  2 5  y e a r s ,  t h e r e  h a s  b e e n  c o n s i d e r a b l e  i n t e r e s t  

a n d  e f f o r t  d i r e c t e d  a t  d e t e r m i n i n g  w h a t  f e a t u r e s  o f  h um an  s p e e c h  c a n  

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

a u t o m a t i c  a n a l o g  o r  d i g i t a l  s i g n a l  p r o c e s s i n g  s y s t e m .  M an y  a t t e m p t s  

h a v e  b e e n  m a d e  t o  d e v e l o p  p h o n e t i c  t y p e w r i t e r s ,  a u t o m a t i c  t e l e p h o n e  

d i a l e r s ,  i s o l a t e d  w o r d  r e c o g n i z e r s ,  a n d  s p e e c h  r e c o g n i t i o n  o r  u n d e r ­

s t a n d i n g  s y s t e m s .  A g i v e n  s y s t e m  w i l l  t y p i c a l l y  u s e  o n e  o r  m o r e  

f e a t u r e s  s u c h  a s :  f o r m a n t s ,  b a n d - p a s s  f i l t e r  o u t p u t s ,  s i g n a l  e n e r g y ,  

p i t c h ,  s o u n d  s p e c t r u m ,  v o i c i n g ,  z e r o  c r o s s i n g  r a t e ,  LPC p a r a m e t e r s ,  

e t c .

I f  t h e  w o r d  t o  b e  r e c o g n i z e d  i s  p a r t  o f  s o m e  c o n t i n u o u s  s p e e c h ,  

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

a b l e  p a r t s  s u c h  a s  p h o n e m e s  o r  s y l l a b l e s .  T h e s e  e l e m e n t s  a r e  t h e n  

c l a s s i f i e d  a n d  s e m a n t i c  a n d  s y n t a c t i c  r u l e s  u s e d  t o  m a k e  d e c i s i o n s  a s  

t o  m e a n i n g .  .

O n e  p r o b l e m  w h i c h  m a k e s  t h e s e  p r o c e d u r e s  d i f f i c u l t  i s  t h a t  t h e  

a c o u s t i c  o r  f r e q u e n c y  f e a t u r e s  o f  a  g i v e n  p h o n e m e  o r  s y l l a b l e  v a r y  w i t h  

c o n t e x t ,  l o c a t i o n  i n  t h e  s e n t e n c e ,  a n d  s t r e s s ,  e v e n  w h e n  s p o k e n  b y  t h e  

s a m e  s p e a k e r . ^  T i m e  n o r m a l i z a t i o n  i s  a l s o  a  p r o b l e m  s i n c e  s p e a k e r s

Introduction



s p e a k  a t  d i f f e r e n t  r a t e s ,  d e p e n d i n g  o n  a  v a r i e t y  o f  c o n d i t i o n s .

A s  t h e  e x i s t i n g  l i t e r a t u r e  i s  r e v i e w e d ,  i t  w i l l  b e  f o u n d  t h a t  

e a c h  o f  t h e s e  p r o b l e m s  i s  a d d r e s s e d  b y  o n e  o r  m o r e  o f  t h e  r e s e a r c h e r s ,  

b u t  t h a t  n o  r e a l l y  a l l - e n c o m p a s s i n g  s a t i s f a c t o r y  s o l u t i o n  h a s  b e e n  

f o u n d .  I t  w i l l  a l s o  b e  n o t e d  t h a t  t h e  m o s t  r e c e n t  w o r k  u s e s  e x t r e m e l y  

c o m p l e x  a n d  o f t e n  ad. h o c  a n a l y s i s  p r o c e d u r e s .  A l t h o u g h  t h e r e  h a s  b e e n ,  

a n d  c u r r e n t l y  i s ,  a  c o n s i d e r a b l e  a m o u n t  o f  e f f o r t  b e i n g  e x p e n d e d ,  t h e  

g e n e r a l  s p e e c h  r e c o g n i t i o n  p r o b l e m  s t i l l  h a s  n o t  b e e n  s o l v e d .

O n e  o b j e c t i v e  o f  t h e  f o l l o w i n g  l i t e r a t u r e  r e v i e w  i s  t o  d e s c r i b e  

t h o s e  c u r r e n t  a n d  p r e v i o u s  r e s e a r c h  a n d  d e v e l o p m e n t  e f f o r t s  w h i c h  

a d d r e s s  d i r e c t l y  o r  i n d i r e c t l y  p r o b l e m s ,  t e c h n i q u e s ,  a n d  t e c h n o l o g y  

u s e f u l  f o r  s o l v i n g  t h e  p r o b l e m  o f  w o r d  s p o t t i n g  i n  c o n t i n u o u s  s p e e c h .  

A n o t h e r  o b j e c t i v e  i s  t o  d e f i n e  t h e  c u r r e n t  c a p a b i l i t y  a n d  r e p o r t e d  

p e r f o r m a n c e  o f  w o r d - s p o t t i n g  s y s t e m s  o r  w o r d - r e c o g n i t i o n  s y s t e m s  w h i c h  

a r e  a d a p t a b l e  t o  t h e  w o r d - s p o t t i n g  p r o b l e m .

I n  t h e  d i s c u s s i o n  o f  t h e  v a r i o u s  s p e e c h  a n d  w o r d - r e c o g n i t i o n  

p a p e r s  w h i c h  f o l l o w s ,  n o  a t t e m p t  i s  m a d e  t o  d i s c u s s  a l l  r e s e a r c h  a n d  

d e v e l o p m e n t  e f f o r t s  d e s c r i b e d  i n  t h e  l i t e r a t u r e .  I n s t e a d  a  b r i e f  

d e s c r i p t i o n  o f  w o r k  w h i c h  i l l u s t r a t e s  h o w  t h e  r e s e a r c h  h a s  e v o l v e d  i s  

g i v e n  i n  c h r o n o l o g i c a l  o r d e r .  T h e s e  s o u r c e s  a r e  g i v e n  i n  t h e  l i s t  o f  

r e f e r e n c e s .  A  m o r e  c o m p l e t e  l i s t  o f  w o r k  r e p o r t e d  w i l l  b e  g i v e n  i n  

a  b i b l i o g r a p h y  f o l l o w i n g  t h e  r e f e r e n c e s .

P r e v i o u s  W o r k

T h e  f i r s t  l i m i t e d  v o c a b u l a r y ,  a u t o m a t i c  w o r d  r e c o g n i z e r  w a s



d e v e l o p e d  a t  B e l l  L a b o r a t o r i e s  a n d  r e p o r t e d  i n  1 9 5 2  b y  D a v i s ,  E i d d u l p h ,  

a n d  B a l a s h e k . * T h e i r  d e v i c e  c o u l d  r e c o g n i z e  t h e  t e n  d i g i t s  s p o k e n  

o v e r  t h e  t e l e p h o n e  w i t h  97 t o  9 9  p e r c e n t  a c c u r a c y .  I t  u t i l i z e d  1 0 0  

t r a i n i n g  u t t e r a n c e s  f o r  e a c h  w o r d  a n d  h a d  t o  b e  t r a i n e d  f o r  e a c h  

s p e a k e r  u s i n g  t h e  s y s t e m .  I t  r e q u i r e d  a t  l e a s t  a  3 5 0 - m s  p a u s e  b e t w e e n  

e a c h  w o r d .  F o r  a n a l y s i s  i t  c a l c u l a t e d  t h e  f i r s t  a n d  s e c o n d  f o r m a n t s  

a n d  f o r m e d  a  t w o - d i m e n s i o n a l  p l o t  o f  f o r m a n t  1  v e r s u s  f o r m a n t  2 .  A  

p a t t e r n - m a t c h i n g  n e t w o r k  t h e n  c o m p a r e d  t h e  u n k n o w n  o r  i n p u t  p a t t e r n  

w i t h  t h e  s e t  o f  t e n  s t o r e d  r e f e r e n c e  p a t t e r n s .  T h e  d e c i s i o n  f u n c t i o n  

t h e n  d e c i d e d  w h i c h  d i g i t  y i e l d e d  t h e  b e s t  m a t c h  t o  t h e  u n k n o w n  p a t t e r n .  

B e s t  m a t c h  w a s  d e t e r m i n e d  b y  c a l c u l a t i n g  a  c o r r e l a t i o n  c o e f f i c i e n t  

b e t w e e n  t h e  u n k n o w n  a n d  e a c h  r e f e r e n c e  a n d  c h o o s i n g  t h a t  w i t h  t h e  

h i g h e s t  c o e f f i c i e n t .  T h i s  s y s t e m  w a s  v e r y  s p e a k e r - d e p e n d e n t .

I n  1 9 5 6  W i r e n  a n d  S t u b b s 2 a t  N o r t h e a s t e r n  U n i v e r s i t y  p r o d u c e d  

a  d e v i c e  w h i c h  m a y  b e  d e s c r i b e d  a s  a  s u c c e s s i v e  b i n a r y  c l a s s i f i c a t i o n  

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

e a c h  s t e p  i n  t h e  p r o c e s s  s i n c e  o v e r a l l  a c c u r a c y  w a s  t h e  p r o d u c t  o f  t h e  

a c c u r a c y  o f  e a c h  b l o c k  i n  t h e  s e r i e s .  T h i s  s y s t e m  p e r f o r m e d  a  p h o n e m e  

c l a s s i f i c a t i o n  o f  s p o k e n  E n g l i s h .  S t e p  1 u s e d  t h e  o u t p u t  o f  a  f i l t e r  

i n  t h e  r a n g e  o f  p i t c h  f r e q u e n c y  a n d  a  t h r e s h o l d  t o  m a k e  a  v o i c e d  v e r s u s  

u n v o i c e d  d e c i s i o n .  S t e p  2 t h e n  u s e d  t h e  o u t p u t  o f  a  b a n d - p a s s  f i l t e r  

i n  t h e  r a n g e  o f  t h e  f i r s t  f o r m a n t  a n d  a  t h r e s h o l d  t o  m a k e  a  v o i c e d  

t u r b u l e n t  v e r s u s  v o i c e d  n o n t u r b u l e n t  v e r s u s  u n v o i c e d  t u r b u l e n t  d e c i ­

s i o n .  T h e s e  s i g n a l s  w e r e  t h e n  s u c c e s s i v e l y  c l a s s i f i e d  a s  n o n t u r b u l e n t



v o w e l  o r  v o w e l - l i k e .  I f  t h e y  w e r e  v o w e l  s o u n d s ,  t h e n  t h e y  w e r e  d e c o d e d  

i n t o  a c u t e  v e r s u s  g r a v e .  V o i c e d  t u r b u l e n t  s o u n d s  w e r e  d e c o d e d  i n t o  

s t o p s  o r  f r i c a t i v e s ,  a n d  u n v o i c e d  s o u n d s  i n t o  t h e  r e m a i n i n g  s t o p s  a n d  

f r i c a t i v e s .  F i n a l l y ,  d i f f u s e ,  c o m p a c t ,  a n d  n a s a l  c h a r a c t e r i s t i c s  

w e r e  b r o u g h t  t o  b e a r  t o  c o m p l e t e  t h e  c l a s s i f i c a t i o n .

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

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

d e p e n d i n g  o n  w h e t h e r  t h e y  w e r e  s p o k e n  i n  c o n t e x t ,  i n  i s o l a t i o n ,  i n  

t h e  m i d d l e ,  a t  t h e  b e g i n n i n g ,  o r  a t  t h e  e n d  o f  a n  u t t e r a n c e .  T h e  

a c c u r a c y  o f  v a r i o u s  e l e m e n t s  o f  t h i s  s y s t e m  w a s  g i v e n  a s  v a r y i n g  f r o m  

86  p e r c e n t  t o  9 8  p e r c e n t .  No o v e r a l l  a c c u r a c y  f i g u r e  w a s  g i v e n .

I n  1 9 5 6  a n d  1 9 6 1 ,  O l s o n  a n d  B e l a r  a t  RCA r e p o r t e d  o n  a  p h o ­

n e t i c  t y p e w r i t e r  d e v e l o p m e n t  w h i c h  r e c o g n i z e d  7 -  o r  1 0 - w o r d  v o c a b u ­

l a r i e s  i n  t h e  e a r l i e r  v e r s i o n 3 a n d  a  1 0 0 - w o r d  v o c a b u l a r y  i n  t h e  l a t e r  

v e r s i o n . 4 T h e  s y s t e m  c a l c u l a t e d  a  t h r e e - d i m e n s i o n a l  s o u n d  s p e c t r u m  

w i t h  d i m e n s i o n s  o f  i n t e n s i t y ,  t i m e ,  a n d  f r e q u e n c y .  T h e  f i r s t  v e r s i o n  

u s e d  t w o  l e v e l s  f o r  t h e  i n t e n s i t y ,  w h i l e  t h e  l a t e r  v e r s i o n  u s e d  e i g h t  

l e v e l s .  B o t h  s y s t e m s  u s e d  f i v e  t i m e  i n t e r v a l s  a n d  e i g h t  b a n d - p a s s  

f i l t e r s .  A  r e f e r e n c e  m a t r i x  w a s  s t o r e d  f o r  e a c h  s y l l a b l e  f o r m e d  b y  

a v e r a g i n g  1 0 0  u t t e r a n c e s  o f  t h e  s y l l a b l e .  An  i n p u t  o r  u n k n o w n  s y l ­

l a b l e  m a t r i x  w a s  t h e n  e x a m i n e d  f o r  t h e  p r e s e n c e  o f  c e r t a i n  n o n z e r o  

e l e m e n t s .  I f  t h e s e  e l e m e n t s  w e r e  n o n z e r o ,  a  r e l a y  c l o s e d  a n d  t h e  

s y l l a b l e  w a s  t y p e d .  T w o  p r o b l e m s  w i t h  t h i s  s y s t e m  w e r e  t h a t  t h e  

s y l l a b l e s  h a d  t o  b e  e n u n c i a t e d  v e r y  c l e a r l y ,  a n d  t h e y  h a d  t o  b e  s p o k e n
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i n  i s o l a t i o n .  T h e  s y s t e m  w a s  s p e a k e r - d e p e n d e n t  a n d  h a d  t o  b e  r e ­

t r a i n e d  f o r  e a c h  s p e a k e r .  T h e  c l a i m e d  a c c u r a c y  w a s  98  p e r c e n t .

I n  1 9 5 8  D u d l e y  a n d  B a l a s h e k 5 ’ 6 r e p o r t e d  o n  a  f o l l o w - u p  t o  t h e  

1 9 5 2  B e l l  L a b o r a t o r i e s  d i g i t  r e c o g n i z e r .  T h i s  m a c h i n e  w a s  s i m i l a r  

t o  t h e  e a r l i e r  o n e ,  b u t  i n s t e a d  o f  t h e  f i r s t  t w o  f o r m a n t s ,  i t  u s e d  

t e n  b a n d - p a s s  f i l t e r s  a n d  c a l c u l a t e d  t h e  c o r r e l a t i o n  b e t w e e n  t h e  u n ­

k n o w n  a n d  t h e  r e f e r e n c e  b a s e d  o n  e n e r g y  i n  e a c h  f r e q u e n c y  b a n d .  I t  

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

v e r s i o n .  T h i s  s y s t e m  f r e q u e n t l y  a c h i e v e d  1 0 0  p e r c e n t  a c c u r a c y  f o r  a  

s i n g l e  s p e a k e r .  A g a i n ,  t h e  s p e a k e r  h a d  t o  s a y  t h e  w o r d s  w i t h  a b o u t  

3 5 0  ms i s o l a t i o n ,  3 0 0 - 7 0 0  m s d u r a t i o n ,  a n d  s p e a k  t h e  s a m e  w a y  a s  

d u r i n g  t h e  1 0 0  t r a i n i n g  u t t e r a n c e s .  T h i s  s y s t e m ,  a s  b e f o r e ,  r e c o g ­

n i z e d  t h e  t e n  d i g i t s .

I n  1 9 5 9  F o r g i e  a n d  F o r g i e  a t  L i n c o l n  L a b o r a t o r i e s 7 r e p o r t e d  o n  

a  s y s t e m  w h i c h  c o u l d  r e c o g n i z e  t e n  E n g l i s h  v o w e l s  s p o k e n  i n  i s o l a t e d  

w o r d s .  T h i s  s y s t e m  d e r i v e d  p i t c h  a n d  f i r s t ,  s e c o n d ,  a n d  t h i r d  f o r m a n t s  

f r o m  a  3 5 - c h a n n e l  f i l t e r  b a n k .  T o  a c c o m p l i s h  t h i s ,  t h e  o u t p u t s  w e r e  

e n v e l o p e - d e t e c t e d ,  s a m p l e d ,  a n d  p r o c e s s e d  o n  a  c o m p u t e r .  T h e  f i l t e r  

b a n k  c o v e r e d  f r e q u e n c i e s  f r o m  1 1 5 - 1 0 , 0 0 0  H z ,  a n d  t h e  o u t p u t  w a s  s a m p l e d  

1 8 0  t i m e s  p e r  s e c o n d .  T h e  v o w e l s  w e r e  i d e n t i f i e d  p r i m a r i l y  b y  t h e  

l o c a t i o n  a n d  d u r a t i o n  o f  p o i n t s  i n  a  p l o t  o f  f o r m a n t  1 v e r s u s  f o r m a n t

2 .  T h i s  s y t e m  w a s  t e s t e d  u s i n g  e l e v e n  m a l e  a n d  t e n  f e m a l e  s p e a k e r s  

a n d  y i e l d e d  a n  a c c u r a c y  o f  88  p e r c e n t .  W hen  t h e  d u r a t i o n  i n f o r m a t i o n  

w a s  u s e d ,  a c c u r a c y  i n c r e a s e d  t o  9 8  p e r c e n t .  T h e  i s o l a t e d  w o r d s  w e r e
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o f  i ;h e  f o r m  |b| -  v o w e l  -  | t | .  A  k e y  e l e m e n t  i n t r o d u c e d  i n  t h i s  w o r k  

w a s  t h e  u s e  o f  a  d i g i t a l  c o m p u t e r  t o  p r o c e s s  t h e  s a m p l e d  a n a l o g  d a t a .

I n  1 9 6 0  D e n e s  a t  U n i v e r s i t y  C o l l e g e ,  L o n d o n ,  a n d  M a t h e w s  a t  B e l l  

L a b o r a t o r i e s 8 r e p o r t e d  o n  a  w o r d  r e c o g n i z e r  w h i c h  u s e d  a  d i g i t a l  c o m ­

p u t e r  t o  p e r f o r m  t i m e - f r e q u e n c y  p a t t e r n  m a t c h i n g .  I n  t h i s  s y s t e m  t h e  

s p e e c h  s i g n a l  w a s  a p p l i e d  t o  a  1 7 - c h a n n e l  f i l t e r  b a n k  c o v e r i n g  t h e  r a n g e  

2 0 0  t o  4 , 0 0 0  H z .  T h e  c h a n n e l  o u t p u t s  w e r e  s a m p l e d  s e q u e n t i a l l y  7 0  t i m e s  

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

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

s p o k e n  i n  i s o l a t i o n .  R e c o g n i t i o n  w a s  a c c o m p l i s h e d  b y  c r o s s - c o r r e l a t i n g  

t h e  u n k n o w n  p r o c e s s e d  d a t a  w i t h  t h e  r e f e r e n c e  a r r a y s  o f  d a t a  a n d  c h o o s ­

i n g  t h e  d i g i t  w i t h  t h e  m axim u m  c o r r e l a t i o n .  T h i s  s y s t e m  w a s  a b l e  t o  g e t  

z e r o  e r r o r s  w i t h  o n e  p a r t i c u l a r  s p e a k e r .  U s i n g  r e f e r e n c e  p a t t e r n s  m a d e  

b y  a v e r a g i n g  o v e r  f i v e  d i f f e r e n t  s p e a k e r s ,  a n  e r r o r  r a t e  o f  6 p e r c e n t  

w a s  a c h i e v e d .

I n  1 9 6 7  R e d d y ,  a t  S t a n f o r d  U n i v e r s i t y , ^  r e p o r t e d  o n  a  d i g i t a l  

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

o f  o n e  t o  t w o  s e c o n d s  l e n g t h .  I n  t h i s  s y s t e m  t h e  s p e e c h  s i g n a l  w a s  i n ­

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

d i g i t a l  c o n v e r t e r .  T h e  2 - s  u t t e r a n c e s  w e r e  f i r s t  d i v i d e d  i n t o  s u s ­

t a i n e d  a n d  t r a n s i t i o n a l  s e g m e n t s ,  u s i n g  i n t e n s i t y  a n d  z e r o - c r o s s i n g  

m e a s u r e m e n t s  i n  t h e  d e c i s i o n  f u n c t i o n .  A p i t c h  p e r i o d  w a s  t h e n  i d e n t i ­

f i e d  f o r  e a c h  v o i c e d  s e g m e n t  u s i n g  d a t a  n e a r  t h e  c e n t e r  o f  t h e  s e g m e n t  

a n d  a n a l y s i s  s i m i l a r  t o  t h a t  o f  G o l d . 10  T h e  a m p l i t u d e s  o f  t h e  f i r s t  

1 0 0  h a r m o n i c s  o f  t h e  f u n d a m e n t a l  p i t c h  f r e q u e n c y  w e r e  t h e n  d e t e r m i n e d
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f r o m  a  F o u r i e r  e x p a n s i o n  u s i n g  d a t a  f r o m  o n e  p i t c h  p e r i o d  n e a r  t h e  

c e n t e r  o f  t h e  v o i c e d  s e g m e n t .  F o r  u n v o i c e d  s e g m e n t s ,  t h e  s p e c t r a l  

e n e r g y  d i s t r i b u t i o n  w a s  d e t e r m i n e d  b y  p e r f o r m i n g  a  F o u r i e r  e x p a n s i o n  

u s i n g  a  t i m e  w i n d o w  n e a r  t h e  s e g m e n t ' s  c e n t e r .  T h e  w i n d o w  w a s  a b o u t  

t h e  l e n g t h  o f  a n  a v e r a g e  p i t c h  p e r i o d  f o r  t h e  s p e a k e r  ( a p p r o x i m a t e l y  

1 0  m s ) .  U s i n g  t h e  r e s u l t s  o f  t h i s  d a t a  a n a l y s i s ,  2 1  p a r a m e t e r s ,  r e l a t e d  

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

a n d  i n t e n s i t y ,  w e r e  c o m p i l e d  f o r  e a c h  s e g m e n t .  U s i n g  t h e s e  p a r a m e t e r s ,  

t h e  s e g m e n t s  w e r e  t h e n  c l a s s i f i e d  a s  v o w e l - l i k e ,  f r i c a t i v e - l i k e ,  e t c . ,  

w i t h  t r a n s i t i o n  s e g m e n t s  b e i n g  r e j e c t e d .  T h e s e  s e g m e n t s  w e r e  t h e n  

f u r t h e r  c l a s s i f i e d  a s  s t a n d a r d  E n g l i s h  p h o n e m e s .  F o r  a  s i n g l e  s p e a k e r  

s p e a k i n g  2 8 7  p h o n e m e s ,  8 1  p e r c e n t  a c c u r a c y  w a s  r e p o r t e d .  C o m p u t a t i o n  

t i m e  w a s  4 0  t i m e s  r e a l  t i m e .  T h i s  p r o c e d u r e  u s e d  m a n y  a d  h o o  p r o c e d u r e s ,  

b o t h  i n  c l a s s i f i c a t i o n  a n d  s e l e c t i o n  o f  a n a l y s i s  p o i n t s .

I n  1 9 6 8  P u r t o n  a t  B r i t i s h  T e l e c o m m u n i c a t i o n s  R e s e a r c h ,  L t d . ,  

E n g l a n d , 11 r e p o r t e d  o n  a  d i g i t  r e c o g n i z e r  b a s e d  o n  a u t o c o r r e l a t i o n  

a n a l y s i s  f o l l o w e d  b y  p a t t e r n  m a t c h i n g .  I n  t h i s  s y s t e m ,  u s i n g  a  d i g i t a l  

c o m p u t e r ,  t h e  i n c o m i n g  s p e e c h  w a s  f i l t e r e d  i n t o  t w o  s i g n a l s ,  h i g h  f r e ­

q u e n c y  a n d  l o w  f r e q u e n c y  b a n d s ,  u s i n g  f i l t e r s  w i t h  a  c r o s s o v e r  f r e q u e n c y  

o f  1 0 0 0  H z .  B o t h  s i g n a l s  w e r e  t h e n  i n f i n i t e l y  c l i p p e d  a n d  t h e  r e s u l t a n t  

s i g n a l s  f e d  t o  t w o  s e p a r a t e  a u t o c o r r e l a t o r s .  T h e  t w o  a u t o c o r r e l a t o r  

o u t p u t s  w e r e  t h e n  c o d e d  i n t o  a  s i n g l e  3 6 - b i t  o u t p u t  w h i c h  w a s  s a m p l e d  

e v e r y  2 5  m s .  T im e  w a r p i n g  w a s  a c c o m p l i s h e d  b y  s t r e t c h i n g  o r  c o n t r a c t ­

i n g  t h e  a u t o c o r r e l a t i o n  o f  e a c h  w o r d  t o  b e  3 0  s a m p l e s  b y  r e p e a t i n g  o r  

e l i m i n a t i n g  s a m p l e s  a t  a p p r o p r i a t e  i n t e r v a l s .  M a s t e r  o r  t e m p l a t e
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a u t o c o r r e l a t i o n  p a t t e r n s  w e r e  c o n s t r u c t e d  u s i n g  a p p r o x i m a t e l y  f i v e  u t ­

t e r a n c e s  o f  e a c h  w o r d  s p o k e n  b y  t h e  s a m e  s p e a k e r .  R e c o g n i t i o n  w a s  t h e n  

a c c o m p l i s h e d  b y  c o m p a r i n g  a n  u n k n o w n  3 0 - s a m p l e  w o r d  w i t h  t h e  t e m p l a t e s ,  

u s i n g  a n  a d  h o o  p a t t e r n  m a t c h i n g  a n d  s c o r i n g  p r o c e d u r e .  F o r  t h e  t e n  

d i g i t s ,  t h e  c l a i m e d  a c c u r a c y  w a s  9 0  p e r c e n t .  T h e  s y s t e m  w a s  q u i t e  

s p e a k e r - d e p e n d e n t ,  y i e l d i n g  5 9  p e r c e n t  a c c u r a c y  i n  a  c r o s s - s p e a k e r  t e s t .

S h e a r m e  a n d  L e a c h  a t  t h e  J o i n t  S p e e c h  R e s e a r c h  U n i t ,  M i d d l e s e x ,  

E n g l a n d ,  r e p o r t e d  i n  1 9 6 8 12 o n  s o m e  e x p e r i m e n t s  i n  i s o l a t e d  w o r d  r e c o g ­

n i t i o n  u s i n g  a  3 2 - w o r d  v o c a b u l a r y .  T h e i r  s y s t e m  u s e d  e n v e l o p e  d e t e c t o r s  

o n  t h e  o u t p u t s  o f  20  b a n d - p a s s  f i l t e r s  a n d  s a m p l e d  t h e  o u t p u t s  e v e r y

1 0  m s .  W o r d  m a t c h i n g  w a s  a c c o m p l i s h e d  b y  d e f i n i n g  a  d i s t a n c e  m e a s u r e  

b e t w e e n  t h e  u n k n o w n  w o r d  a n d  t h e  t e m p l a t e .  D i s t a n c e  w a s  d e f i n e d  a s  t h e  

sum  o f  t h e  a b s o l u t e  v a l u e s  o f  t h e  d i f f e r e n c e s  b e t w e e n  c o r r e s p o n d i n g  

o r d i n a t e s  i n  t h e  2 0 - d i m e n s i o n a l  s p a c e .  T h e  d e c i s i o n  f u n c t i o n  w a s  t o  

c h o o s e  t h e  w o r d  w h i c h  y i e l d e d  t h e  s h o r t e s t  d i s t a n c e .  T h e  s y s t e m  a l l o w e d  

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

c r e a s e d  f r o m  a p p r o x i m a t e l y  5 8  p e r c e n t  f o r  o n e  t e m p l a t e  t o  a p p r o x i ­

m a t e l y  9 0  p e r c e n t  w h e n  n i n e  t e m p l a t e s  w e r e  u s e d  i n  a n  e x p e r i m e n t  w h i c h  

w a s  m a i n l y  a  c r o s s - s p e a k e r  e x p e r i m e n t .  T r u e  t i m e  w a r p i n g  w a s  n o t  d o n e .

I n  1 9 7 4  G i l l m a n 11* a n d  W e e k s 15 a t  S y s t e m  D e v e l o p m e n t  C o r p o r a t i o n  

r e p o r t e d  o n  a  l i n g u i s t i c  a n a l y s i s  s y s t e m  u s e d  t o  r e c o g n i z e  1 6 0  w o r d s .  

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

e n e r g y ,  f o r m a n t s ,  a n d  s e v e r a l  o t h e r  p a r a m e t e r s  f o r  1 0 - m s  w i n d o w e d  s p e e c h  

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

d i c t i v e  p a r s e r  t o  p r e d i c t  a l l  p o s s i b l e  w o r d s  ( f r o m  i t s  l i m i t e d
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v o c a b u l a r y )  t h a t  c o u l d  b e g i n  a n  u t t e r a n c e .  I t  t h e n  p r e d i c t e d  a  l i s t  

o f  w o r d s  p o s s i b l e  s y n t a c t i c a l l y  f o l l o w i n g  t h e  b e s t  m a t c h i n g  f i r s t  w o r d  

a n d  s o  o n  t h r o u g h  t h e  u t t e r a n c e .  I f  a t  a n y  s t e p  a l l  w o r d s  i n  t h e  p r e ­

d i c t e d  l i s t  f a i l e d  t o  m a t c h ,  t h e n  i t  b a c k t r a c k e d  t o  a  s e c o n d - c h o i c e  

w o r d  f o u n d  e a r l i e r .  A 3 0 - r u l e  g r a m m e r  w a s  u s e d  i n  t h e  l i n g u i s t i c  

a n a l y s i s .  I n  a  t r i a l  r u n  o f  2 0  u t t e r a n c e s ,  t h e  f i r s t  p l a c e  w o r d  w a s  

c o r r e c t  8 9  p e r c e n t  o f  t h e  t i m e .  M o s t  e r r o r s  w e r e  d u e  t o  c o a r t i c u i a t i o n  

e f f e c t s  b e t w e e n  w o r d s .

G i l l m a n  a l s o  r e p o r t e d  i n  1 9 7 4 16 o n  a  s y s t e m  t o  d i s t i n g u i s h  

b e t w e e n  t h e  t h r e e  n a s a l  p h o n e m e s ,  |m|, | n | ,  a n d  | n | - I n  t h i s  c a s e  

t h e  s p e e c h  w a s  l o w  p a s s  f i l t e r e d  a t  9 k H z ,  s a m p l e d  a t  2 0  kH z w i t h  a  

1 2 - b i t  A / D .  W i n d o w e d  s e g m e n t s  o f  s p e e c h  2 5 . 6  m s  l o n g  w e r e  u s e d  t o  

c a l c u l a t e  2 4  LPC c o e f f i c i e n t s  e v e r y  1 0  ms t o  d e r i v e  t h e  f i r s t  a n d  

t h i r d  f o r m a n t  f r e q u e n c i e s .  A m o d i f i e d  E u c l i d i a n  d i s t a n c e  f u n c t i o n  w a s  

u s e d  f o r  p a t t e r n  m a t c h i n g  b e t w e e n  t h e  u n k n o w n  s p e e c h  a n d  a  t a b l e  o f  

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

t i o n  f o r  e a c h  n a s a l  p h o n e m e  b e  d o n e  i n  a d v a n c e  o f  t h e  a n a l y s i s .  T h e  

s y s t e m  w a s  v e r y  s p e a k e r  d e p e n d e n t  a n d  a c h i e v e d  a n  a c c u r a c y  o f  7 2  p e r ­

c e n t  .

A l s o ,  i n  1 9 7 4 ,  M o l h o  a t  S y s t e m  D e v e l o p m e n t  C o r p o r a t i o n 17 r e p o r t e d  

o n  a n  e x p e r i m e n t a l  i n t e r a c t i v e  s y s t e m  f o r  a u t o m a t i c  r e c o g n i t i o n  o f  

f r i c a t i v e s  a n d  p l o s i v e s  i n  c o n t i n u o u s  s p e e c h .  H i s  s y s t e m  c o m p u t e d  

e i g h t  l i n e a r  p r e d i c t i v e  c o e f f i c i e n t s  i n  1 0  ms i n t e r v a l s .  I t  f i r s t  

s c a n n e d  t h e  s p e e c h  s a m p l e s  o v e r  e a c h  1 0  m s i n t e r v a l  t o  p i c k  p e a k
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m a g n i t u d e .  T h e  LPC a n a l y s i s  w i n d o w  w a s  t h e n  c e n t e r e d  a t  t h e  h a l f  p e a k  

m a g n i t u d e  p o i n t .  F o l l o w i n g  t h i s  a n a l y s i s  a  s p e c t r u m  t e s t  w a s  p e r f o r m e d  

t o  e l i m i n a t e  b o t h  s t r o n g l y  v o i c e d  a n d  s i l e n t  s e g m e n t s  p r i o r  t o  c l a s s i ­

f i c a t i o n .  T h e  c l a s s i f i e r  t h e n  a s s i g n e d  a r t i c u l a t i o n  l a b e l s  t o  e a c h  

s e g m e n t  w i t h  a  s c o r e  f o r  r a n k i n g  a s s i g n e d  t o  e a c h  l a b e l .  I t  t h e n  

l o c a t e d  s p e c t r a l  p e a k s  a n d  d e t e r m i n e d  t h e  f r e q u e n c y ,  a m p l i t u d e ,  a m p l i ­

t u d e  r a n k ,  a n d  a  m e a s u r e  o f  s h a r p n e s s  f o r  e a c h  p e a k .  U s i n g  t h i s  i n f o r ­

m a t i o n  i t  t h e n  c o m p u t e d  2 3  b i n a r y  t e s t  f u n c t i o n s  a n d  e m p l o y e d  t h e s e  i n  

a  m a t r i x  c l a s s i f i c a t i o n  s c h e m e .  A c c u r a c y  v a r i e d  b e t w e e n  5 7  p e r c e n t  a n d  

88  p e r c e n t ,  d e p e n d i n g  o n  t h e  t y p e  o f  s o u n d .

I n  1 9 7 5  S c h w a r t z  a n d  M a k h o u l  a t  B o l t  B e r a n e k  a n d  N ew m a n 18 r e ­

p o r t e d  o n  a n  a c o u s t i c  p h o n e t i c  r e c o g n i t i o n  p r o g r a m  t h a t  w a s  p a r t  o f  a  

BBN S p e e c h  U n d e r s t a n d i n g  S y s t e m .  T h i s  s y s t e m  c o m p u t e d  p a r a m e t e r s  f o r  

1 0 0  f r a m e s  p e r  s e c o n d .  F o r  e a c h  f r a m e  a n  FFT w a s  c o m p u t e d  o n  2 0  m s o f  

t h e  w i n d o w e d  s i g n a l .  P a r a m e t e r s  c o m p u t e d  w e r e  e n e r g y ,  1 4 - p o l e  s e l e c ­

t i v e  l i n e a r  p r e d i c t i o n 2 *̂ c o e f f i c i e n t s ,  f o r m a n t s ,  a n d  a  s e t  o f  " s l o w "  

a n d  " d i f f e r e n c e "  p a r a m e t e r s ' w h i c h  r e f l e c t  t h e  t i m e - v a r y i n g  b e h a v i o r  o f  

s o m e  o f  t h e  o t h e r  p a r a m e t e r s .  T h e  s p e e c h  w a s  t h e n  s e g m e n t e d  w i t h  c o n ­

f i d e n c e  n u m b e r s  a s s o c i a t e d  w i t h  v a r i o u s  s e g m e n t a t i o n  o p t i o n s .  C l a s s i ­

f i c a t i o n  o r  l a b e l i n g  o f  s e g m e n t s  w a s  a c c o m p l i s h e d  b y  c o m p a r i n g  a v e r a g e  

v a l u e s  o f  t h e  p a r a m e t e r s  t o  t h r e s h o l d s  f o r  s e v e r a l  f e a t u r e s .  C o n f i d e n c e  

n u m b e r s  w e r e  t h e n  a s s o c i a t e d  w i t h  t h e  s e g m e n t  l a b e l s .  T h e  p e r c e n t a g e  

o f  l a b e l i n g  e r r o r s  f o r  f i v e  m a l e  s p e a k e r s  s p e a k i n g  f i f t e e n  s e n t e n c e s  

w a s  r e p o r t e d  a s  21  p e r c e n t .
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I n  1 9 6 7  T e a c h e r ,  K e l l e t t ,  a n d  F o c h t  a t  P h i l c o  F o r d 21 r e p o r t e d  

o n  a n  e x p e r i m e n t a l ,  l i m i t e d  v o c a b u l a r y  s p e e c h  r e c o g n i z e r .  T h i s  s y s t e m  

w a s  t e s t e d  o n  t h e  t e n  d i g i t s  s p o k e n  i n  i s o l a t i o n .  O n l y  t h r e e  p a r a m ­

e t e r s  w e r e  u s e d .  T h e  p a r a m e t e r s  w e r e :  s i n g l e  e q u i v a l e n t  f o r m a n t  f r e ­

q u e n c y ,  s i n g l e  e q u i v a l e n t  f o r m a n t  ( S E F )  a m p l i t u d e ,  a n d  t h e  s t a t e  o f  

v o i c i n g .  T h e  SEF f r e q u e n c y  w a s  o b t a i n e d  b y  m e a s u r i n g  t h e  e l a p s e d  t i m e  

b e t w e e n  t h e  g l o t t a l  i m p u l s e  a n d  t h e  n e x t  f o l l o w i n g  z e r o  c r o s s i n g .  T h e  

SEF a m p l i t u d e  w a s  d e f i n e d  t o  b e  t h e  h i g h e s t  p e a k  d u r i n g  t h a t  i n t e r v a l .  

F e a t u r e s  r e q u i r e d  f o r  e a c h  w o r d  i n  t h e  v o c a b u l a r y  o f  t h e  s y s t e m  w e r e  

h a r d  w i r e d  o n  a  s e p a r a t e  c a r d  f o r  e a c h  w o r d .  A  s e q u e n c e  d e t e c t o r  w a s  

u s e d  t o  d e t e c t  t h e  p r e s e n c e  o f  t h e  r e q u i r e d  f e a t u r e s  f r o m  t h e  u n k n o w n  

w o r d  i n  s i x  s e q u e n t i a l  c o u p l e d  s t a g e s  i n  c a s c a d e .  F e e d b a c k  w as .  e m p l o y e d  

t o  m a k e  t h e  s e q u e n c e  d e t e c t i o n  i n d e p e n d e n t  o f  t h e  r a p i d i t y  w i t h  w h i c h  

t h e  w o r d  w a s  s p o k e n  a n d  o f  v a r y i n g  s p e e d  w i t h i n  t h e  w o r d .  R e p o r t e d  

a c c u r a c y  w a s  9 0  p e r c e n t  c o r r e c t ,  1  p e r c e n t  e r r o r ,  a n d  9 p e r c e n t  n o  

r e s p o n s e .

I n  D e c e m b e r  1 9 7 4 ,  B r i d l e  a n d  B r o w n  a t  t h e  J o i n t  S p e e c h  R e s e a r c h  

U n i t ,  M i d d l e s e x ,  E n g l a n d , 23 r e p o r t e d  o n  a n  e x p e r i m e n t a l  a u t o m a t i c  w o r d -  

r e c o g n i t i o n  s y s t e m  w h i c h  u s e d  c o n t i n u o u s  s p e e c h  a s  i n p u t .  T h e i r  s y s t e m  

u s e d  a  1 9 - c h a n n e l  v o c o d e r  w h i c h  p r o v i d e d  a s  o u t p u t  a  1 9 - p o i n t  l o g a r i t h ­

m i c ,  s h o r t - t e r m  p o w e r  s p e c t r u m  w i t h  a  n o n l i n e a r  f r e q u e n c y  s c a l e .  T h e  

v o c o d e r  p r o d u c e d  i t s  o u t p u t  a t  t h e  r a t e  o f  5 0  f r a m e s  p e r  s e c o n d  a n d  a l s o  

a  v o i c e d - u n v o i c e d  d e c i s i o n  e a c h  f r a m e .  A  c o s i n e  t r a n s f o r m a t i o n  w a s  a p ­

p l i e d  t o  t h i s  o u t p u t  a n d  t h e  r e s u l t a n t s  w e r e  w e i g h t e d  b y  s o m e  e m p i r i c a l l y
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d e r i v e d  c o e f f i c i e n t s .  F o l l o w i n g  t h i s ,  a  m o d i f i e d  E u c l i d i a n  d i s t a n c e  

b e t w e e n  a  f r a m e  o f  i n p u t  s p e e c h  a n d  a  f r a m e  o f  a  t e m p l a t e  w o r d  w a s  

f o r m e d .  T h i s  d i s t a n c e  w a s  t h e n  t r a n s f o r m e d  i n t o  a  f r a m e  s i m i l a r i t y  

f u n c t i o n  w h i c h  v a r i e d  b e t w e e n  z e r o  a n d  o n e .  F i n a l l y  t h e  r e s u l t a n t  

f r a m e  s i m i l a r i t y  n u m b e r  w a s  p r o c e s s e d  t h r o u g h  a  t i m e - w a r p i n g  a l g o ­

r i t h m  w h i c h  u s e d  a  s i m i l a r i t y  t h r e s h o l d ,  a  t i m e - w a r p  p e n a l t y  f a c t o r ,  

a n d  a  w e i g h t i n g  c o e f f i c i e n t  a s  p a r a m e t e r s  i n  a  n o v e l  d y n a m i c  p r o g r a m ­

m i n g  s c h e m e .  U s i n g  a  s i n g l e  s p e a k e r  a n d  w i t h  w o r d  t e m p l a t e s  e x t r a c t e d  

f r o m  t h e  c o n t i n u o u s  s p e e c h  t e x t ,  r e c o g n i t i o n  a c c u r a c i e s  o f  8 5  p e r c e n t ,  

w i t h  f a l s e  a l a r m s  a t  t h e  r a t e  o f  6 p e r  h o u r ,  w e r e  r e p o r t e d .

I t a k u r a  a t  B e l l  L a b o r a t o r i e s  r e p o r t e d  i n  1 9 7 5 22  o n  a n  i s o l a t e d  

w o r d - r e c o g n i t i o n  s y s t e m  u t i l i z i n g  t h e  m in im u m  p r e d i c t i o n  r e s i d u a l  o f  

l i n e a r  p r e d i c t i v e  c o d i n g  a n a l y s i s  a n d  a  d y n a m i c  p r o g r a m m i n g  t i m e - w a r p ­

i n g  a l g o r i t h m .  T h i s  s y s t e m  u s e d  t h e  m in im u m  p r e d i c t i o n  r e s i d u a l  a s  a  

m e a s u r e  o f  s i m i l a r i t y  b e t w e e n  a  f r a m e  o f  i n p u t  s p e e c h  a n d  a  f r a m e  o f  a  

w o r d  t e m p l a t e .  F o r  p r e p r o c e s s i n g ,  f i r s t  t h e  s p e e c h  s i g n a l  w a s  l o w - p a s s  

f i l t e r e d  a n d  d i g i t i z e d ,  w o r d  e n d  p o i n t s  w e r e  d e t e c t e d ,  a n d  a  l o n g  t i m e  

s p e c t r u m  n o r m a l i z a t i o n  w a s  p e r f o r m e d .  A n  8 - p o l e  LPC c a l c u l a t i o n  w a s  

p e r f o r m e d  u s i n g  3 0  ms w i n d o w s  w i t h  e a c h  w i n d o w  o v e r l a p p i n g  t h e  p r e v i ­

o u s  w i n d o w  b y  5 0  p e r c e n t .  W o r d  m a t c h i n g  w a s  p e r f o r m e d  b y  c h o o s i n g  t h a t  

w o r d  w h i c h  h a d  t h e  m in im u m  " d i s t a n c e "  b e t w e e n  i t s e l f  a n d  t h e  u n k n o w n  

w o r d .  D i s t a n c e  w a s  d e f i n e d  a s  t h e  t o t a l  l o g  p r e d i c t i o n  r e s i d u a l  o f  t h e  

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

LPC o n t o  t h e  i n p u t  a u t o c o r r e l a t i o n  c o e f f i c i e n t s  u s i n g  a  d y n a m i c
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p r o g r a m m i n g  a l g o r i t h m .  R e p o r t e d  r e c o g n i t i o n  a c c u r a c y  f o r  a  s i n g l e  

s p e a k e r  t a l k i n g  t h r o u g h  t h e  t e l e p h o n e  s y s t e m  w a s  9 7 . 3  p e r c e n t .

A n a l y s i s  r e q u i r e d  a p p r o x i m a t e l y  2 2  t i m e s  r e a l  t i m e .

I n  1 9 7 6  R a b i n e r  a n d  S a m b u r  a t  B e l l  L a b o r a t o r i e s 28  r e p o r t e d  o n  

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

s p e a k e r  i n d e p e n d e n t  s y s t e m .  A l t h o u g h  t h e i r  s y s t e m  w o r k e d  o n  s t r i n g s  

o f  c o n n e c t e d  d i g i t s ,  i t  d i d  r e q u i r e  t h a t  t h e  n u m b e r  o f  d i g i t s  i n  t h e  ~ 

s t r i n g  b e  p r o v i d e d  a s  a n  i n p u t  t o  t h e  s y s t e m .  T h e i r  s y s t e m  w a s  c o m ­

p r i s e d  o f  t w o  p a r t s .  T h e  f u n c t i o n  o f  t h e  f i r s t  p a r t  w a s  t o  s e g m e n t  

t h e  d i g i t  s t r i n g  i n t o  i n d i v i d u a l  d i g i t s .  T o  a c c o m p l i s h  t h i s ,  a  v o i c e d -  

u n v o i c e d - s i l e n c e  c o n t o u r  w a s  c o n s t r u c t e d  u s i n g  LPC p a r a m e t e r s ,  z e r o  

c r o s s i n g s ,  a u t o c o r r e l a t i o n  c o e f f i c i e n t s ,  a n d  e n e r g y .  S t a t i s t i c a l  

i n f o r m a t i o n  a b o u t  t h e  c o n t o u r  a n d  t h e  s p e e c h  e n e r g y  m e a s u r e m e n t s  w a s  

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

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

t h e  d i g i t s .  F o r  r e c o g n i t i o n  p u r p o s e s ,  f o u r  a c o u s t i c  p a r a m e t e r s ,  g i v ­

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

t h e  s o u n d s  i n  t e r m s  o f  s i x  b r o a d  s p e e c h  c a t e g o r i e s .  T h e s e  s p e e c h  

c a t e g o r i e s  w e r e  t h e n  u s e d  t o  c l a s s i f y  t h e  d i g i t s .  Z e r o - c r o s s i n g  r a t e  

s t a t i s t i c s  w e r e  u s e d  t o  p e r f o r m  a  " s e l f - n o r m a l i z a t i o n "  a n d  t h u s  a v o i d  

u s i n g  f i x e d  t h r e s h o l d  l e v e l s  i n  t h e  d e c i s i o n  p r o c e s s .

T h e  s y s t e m  r e q u i r e d  s e v e r a l  m i n u t e s  a n a l y s i s  f o r  a  s t r i n g  o f  

t h r e e  d i g i t s .  R e c o g n i t i o n  a c c u r a c y  w a s  r e p o r t e d  t o  b e  9 1  p e r c e n t  u s ­

i n g  h i g h  q u a l i t y  s o u n d p r o o f  b o o t h  r e c o r d i n g s  a n d  8 7  p e r c e n t  u s i n g  

r e c o r d i n g s  m a d e  i n  a  n o i s y  c o m p u t e r  r o o m .

19



F r o m  r e a d i n g  t h e  a b o v e  s u m m a r i e s ,  i t  i s  c l e a r  t h a t  m o s t  o f  t h e  

w o r k  r e p o r t e d  t o  d a t e  r e q u i r e s  c o m p l e x  a c o u s t i c  a n d  l i n g u i s t i c  a n a l y s i s  

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

o l d s  t o  y i e l d  r e a s o n a b l e  s u c c e s s .

O n e  m i g h t  c o r r e c t l y  a r g u e  t h a t  a  f u l l y  a u t o m a t i c  w o r d  r e c o g n i z e r  

w h i c h  c a n  s u c c e s s f u l l y  c o m p e t e  w i t h  t h e  h u m an  b r a i n  w i l l  n o t  b e  a c h i e v ­

a b l e  u n t i l  w e  f u l l y  a n d  c o r r e c t l y  u n d e r s t a n d  h o w  t h e  e a r - b r a i n  s y s t e m  

p r o c e s s e s  s p e e c h .  O n e  c a n  a l s o  a r g u e  w i t h  e v e n  g r e a t e r  c e r t a i n t y  t h a t  

t h i s  u n d e r s t a n d i n g ,  i f  a c h i e v a b l e  a t  a l l ,  w i l l  n o t  b e  a c h i e v e d  f o r  

s e v e r a l  d e c a d e s .  J .  R .  P i e r c e 32  i n  1 9 6 9  c h a l l e n g e d  t h e  e n t i r e  c o m m u n i t y  

o f  s p e e c h  r e c o g n i t i o n  w o r k e r s  i n  a n  a r t i c l e  i n  w h i c h  h e  c r i t i c i z e d  t h e  

a i m s ,  m e t h o d s ,  a n d  s c o p e  o f  w o r k  i n  t h i s  f i e l d .  He f u r t h e r  m a i n t a i n e d  

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

o u r  p r e s e n t  c a p a c i t y .

I n  s p i t e  o f  t h e  a b o v e  c r i t i c i s m s ,  I  b e l i e v e  t h a t  m e a n i n g f u l  

p r o g r e s s  c a n  b e  a c h i e v e d  i n  f i n d i n g  s o l u t i o n s  t o  m o r e  s p e c i f i c  a n d  

l i m i t e d  o b j e c t i v e  w o r d  r e c o g n i t i o n  p r o b l e m s  s u c h  a s  t h e  w o r d  s p o t t i n g  

p r o b l e m  d e s c r i b e d  i n  t h i s  d i s s e r t a t i o n .  T h e  a p p r o a c h  t o  b e  t a k e n  i s  

t h e  e n g i n e e r i n g  a p p r o a c h  r e f e r r e d  t o  b y  G. F a n t 33  i n  h i s  b o o k  o n  s p e e c h  

s o u n d s  a n d  f e a t u r e s .  T h e  m a j o r  a d v a n t a g e  o f  t h e  e n g i n e e r i n g  a p p r o a c h  

i s  t h e  e l i m i n a t i o n  o f  p h o n e t i c  d e c i s i o n s  a n d  t h e  n e e d  t o  s e g m e n t ,  

c l a s s i f y ,  e t c .  T h e  a p p r o a c h  i s  t h e r e f o r e  s i m p l e .

A  m a j o r  d i s a d v a n t a g e  i s  t h a t  s p e a k e r - d e p e n d e n t  e l e m e n t s  m a y  

d o m i n a t e  t h e  s i m i l a r i t y  m e a s u r e  w h i l e  t h e  g r e a t e s t  p r o b l e m ,  a c c o r d i n g

Conclusion



t o  F a n t , 33 i s  t o  a c h i e v e  a  p r o p e r  t i m e  n o r m a l i z a t i o n .

I t  i s  b e l i e v e d  t h a t  a  m a j o r  s t e p  t o w a r d  s o l v i n g  t h e  t i m e  

n o r m a l i z a t i o n  p r o b l e m  h a s  b e e n  a c h i e v e d  i n  t h e  d y n a m i c  p r o g r a m m i n g  

p r o c e d u r e s  u t i l i z e d  i n  t h e  r e c e n t  w o r k  o f  I t a k u r a 2 2  a n d  B r i d l e . 23 

O f  a l l  t h e  l i t e r a t u r e  s u r v e y e d ,  o n l y  t h a t  o f  B r i d l e  a n d  B r o w n  d i r e c t l y  

a d d r e s s e s  t h e  p r o b l e m  o f  w o r d  s p o t t i n g  i n  c o n t i n u o u s  s p e e c h .  Som e 

w o r k  t h a t  m i g h t  b e  e a s i l y  a p p l i e d  t o  t h e  w o r d - s p o t t i n g  p r o b l e m  w h i c h  " 

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

m in im u m  o f  a d  h o c  s t e p s  i s  t h e  r e c e n t  w o r k  r e p o r t e d  b y  I t a k u r a , 22  

B o l l , 2 4  a n d  C o k e r . 2 5

I n  t h e  f o l l o w i n g  s e c t i o n  a  d i f f e r e n t  m e t h o d  o f  w o r d  s p o t t i n g  

w i l l  b e  d e s c r i b e d .  T h i s  m e t h o d  u s e s  a  l i n e a r  p r e d i c t i o n  r e s i d u a l  

r a t i o  f o r  w a v e f o r m  c o m p a r i s o n ,  t h e  d y n a m i c  p r o g r a m m i n g  a l g o r i t h m  o f  

B r i d l e  f o r  t i m e  n o r m a l i z a t i o n ,  a n d  m u l t i p l e  t e m p l a t e s  t o  a c c o u n t  f o r  

s p e a k e r  v a r i a b i l i t y .  T h e  t e m p l a t e s  a r e  u s e d  i n  a  f r a m e - b y - f r a m e  

n e a r e s t - n e i g h b o r  c o m p a r i s o n  s c h e m e  w h i c h  h a s  t h e  e f f e c t  o f  d y n a m i c a l l y  

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

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

d e s c r i b e d  i n  S e c t i o n  I V .
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III. RESEARCH DESCRIPTION

F r o m  t h e  l i t e r a t u r e  r e v i e w  s u m m a r y ,  o n e  c a n  s e e  t h a t  t h e r e  a r e  

a l r e a d y  r a t h e r  e x t e n s i v e  e f f o r t s  u n d e r w a y  i n  t h e  g e n e r a l  a r e a  o f  a u t o ­

m a t i c  s p e e c h  r e c o g n i t i o n ,  s p e e c h  u n d e r s t a n d i n g ,  a n d  w o r d  r e c o g n i t i o n .

I n  t h e s e  p r e v i o u s  a n d  c u r r e n t  i n v e s t i g a t i o n s ,  v a r i o u s  a p p r o a c h e s  t o  

t h e  p r o b l e m  o f  p r e p r o c e s s i n g  t o  d e r i v e  a n  i n i t i a l  s e t  o f  f e a t u r e s  h a v e  

b e e n  u s e d .  F e a t u r e s  w h i c h  h a v e  b e e n  u s e d  i n c l u d e  o u t p u t s  o f  b a n d p a s s ,  

l o w - p a s s ,  a n d  h i g h - p a s s  f i l t e r s ,  f o r m a n t  f r e q u e n c i e s  a n d  a m p l i t u d e s ,  

p i t c h ,  e n e r g y ,  v o i c i n g ,  z e r o - c r o s s i n g  r a t e ,  LPC c o e f f i c i e n t s ,  o t h e r  

LPC p a r a m e t e r s ,  e t c .  T h e  s e l e c t i o n  a n d  d e r i v a t i o n  o f  s e c o n d a r y  f e a t u r e s  

a n d  t h e  d e s i g n  o f  c l a s s i f i c a t i o n  a l g o r i t h m s  h a s  b e e n  l a r g e l y  a d  h o c  a n d  

e m p i r i c a l .  O f  a l l  t h e  w o r k  r e v i e w e d ,  o n l y  o n e  r e s e a r c h e r  h a s  d i r e c t l y  

p u r s u e d  t h e  p r o b l e m  o f  w o r d  s p o t t i n g  i n  c o n t i n u o u s  s p e e c h  a s  a n  e n d  i n  

i t s e l f .

A l t h o u g h  a  s o l u t i o n  t o  t h e  w o r d  s p o t t i n g  p r o b l e m  m i g h t  b e  d e r i v e d  

f r o m  t h e  m o r e  g e n e r a l  w o r k  i n  s p e e c h  r e c o g n i t i o n ,  t h a t  w o r k  h a s  m o r e  

a m b i t i o u s  o b j e c t i v e s  a n d  a s  a  c o n s e q u e n c e  u t i l i z e s  m u c h  m o r e  e l a b o r a t e  

a n d  c o m p l e x  p r o c e d u r e s  t h a n  a r e  r e q u i r e d  f o r  t h e  s i m p l e r  w o r d  s p o t t i n g  

p r o b l e m .  I n  f a c t ,  t h e  c o m p l e x i t y  o f  t h i s  p r o b l e m  p r o b a b l y  l i e s  s o m e ­

w h e r e  b e t w e e n  t h e  t w o  e x t r e m e s  o f  i s o l a t e d  w o r d  r e c o g n i t i o n  a n d  c o n t i n u ­

o u s  s p e e c h  r e c o g n i t i o n .

Approach



I n  s e a r c h i n g  f o r  a  s o l u t i o n ,  i t  w a s  d e c i d e d  t o  k e e p  i t  a s  s i m p l e  

a s  p o s s i b l e  a n d  a v o i d  t h e  p r o b l e m s  o f  s e g m e n t a t i o n ,  c l a s s i f i c a t i o n ,  

s e m a n t i c s ,  s y n t a x ,  a n d  c o m p l i c a t e d  r u l e s  i f  a t  a l l  p o s s i b l e .  T o  a c ­

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

u p o n  s o m e  a v e r a g e  r e p r e s e n t a t i v e  t e m p l a t e  o f  t h e  w o r d  t o  b e  s p o t t e d .

H o w e v e r ,  e v e n  w i t h  a  r e p r e s e n t a t i v e  t e m p l a t e ,  t i m e  r e g i s t r a t i o n  

w o u l d  s t i l l  b e  a  p r o b l e m .  I f  a  t e m p l a t e  m a t c h i n g  a p p r o a c h  w e r e  t o  b e  

u s e d ,  t h e n  i t  w o u l d  p r o b a b l y  b e  d e s i r a b l e  t o  c o n s t r u c t  t h e  c o m p o s i t e  

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

f o r  t h e  v a r y i n g  s p e e d s  o f  s p e a k i n g ,  p i t c h  i n f l e c t i o n ,  v a r i a b l e  a r t i c u l a ­

t i o n  e f f e c t s ,  e t c .

B r i d l e ’ s  i n t e r i m  r e p o r t 23  d e s c r i b e d  a  s y s t e m  w h i c h  d i d  u s e  a  

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

o f  t h e  t e m p l a t e  t o  t h e  i n c o m i n g  s p e e c h .  B r i d l e ' s  s y s t e m  w a s  s i m p l e  

a n d  u s e d  a  t h r e s h o l d  t o  d e c i d e  w h e n  t h e  " d i s t a n c e "  b e t w e e n  t h e  i n p u t  

s p e e c h  a n d  t h e  t e m p l a t e  w a s  c l o s e  e n o u g h  f o r  t h e  w o r d  t o  b e  p r e s e n t  i n  

t h e  c o n t i n u o u s  s p e e c h .  H i s  s y s t e m  a l s o  u s e d  a  v e r y  s i m p l e  d y n a m i c  

p r o g r a m m i n g  a l g o r i t h m  f o r  n o n l i n e a r  t i m e  w a r p i n g ,  o p e r a t e d  o n  c o n t i n u ­

o u s  s p e e c h  b y  a n a l y z i n g  o n e  f r a m e  a t  a  t i m e ,  a n d  d i d  n o t  r e q u i r e  v e r y  

m u c h  c o m p u t e r  m e m o r y .  F u r t h e r m o r e ,  a n y  " f r a m e  s i m i l a r i t y  f u n c t i o n "  

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

T h e  d e t a i l s  o f  B r i d l e ' s  a l g o r i t h m  a r e  d e s c r i b e d  i n  S e c t i o n  I V .

F o r  p r i m a r y  p a r a m e t e r s ,  B r i d l e  u s e d  t h e  a m p l i t u d e s  o f  t h e  n i n e ­

t e e n  c h a n n e l s  a n d  a  v o i c i n g  i n d i c a t i o n  f r o m  a  c h a n n e l  v o c o d e r .  T h e s e  

p a r a m e t e r s  w e r e  t r a n s f o r m e d  a n d  s c a l e d  w i t h  a n  e m p i r i c a l l y  d e r i v e d
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s c a l e  f a c t o r  a n d  t h e n  u s e d  t o  c o n s t r u c t  a  f r a m e  s i m i l a r i t y  f u n c t i o n .  

T h i s  s i m p l e  p r o c e d u r e  w o r k e d  a l m o s t  a s  w e l l  a s  s o m e  o f  t h e  e a r l i e r  

i s o l a t e d  w o r d  r e c o g n i z e r s  w h i c h  u s e d  f i l t e r  b a n k s .

I t  h a s  a l s o  b e e n  s h o w n 2 2 * 2 4  t h a t  c e r t a i n  r a t i o s  o f  l i n e a r  p r e ­

d i c t i o n  r e s i d u a l s  a r e  e q u i v a l e n t  t o  t h e  i n t e g r a t e d  r a t i o  o f  t h e  i n v e r s e  

f i l t e r  s p e c t r a  d e t e r m i n e d  b y  t h e  l i n e a r  p r e d i c t i o n  c o e f f i c i e n t s .  I n  

f a c t ,  I t a k u r a  h a s  s h o w n 22  t h a t  o n e  c a n  a c h i e v e  g r e a t e r  t h a n  97  p e r c e n t  

a c c u r a c y  i n  i s o l a t e d  w o r d  r e c o g n i t i o n  u s i n g  t h e  m in im u m  p r e d i c t i o n  

r e s i d u a l  r a t i o  a s  a  m e a s u r e  o f  s p e e c h  w a v e f o r m  s i m i l a r i t y .  B o l l  h a s  

a l s o  s h o w n 2 4  t h a t  c e r t a i n  r a t i o s  o f  l i n e a r  p r e d i c t i o n  r e s i d u a l s  a r e  

b o u n d e d  b y  z e r o  a n d  p l u s  o n e .  T h e  s p e c i f i c  r e s i d u a l  r a t i o s  u s e d  a n d  ' 

t h e  d e t a i l s  o f  t h e  p r o c e d u r e  a r e  d e s c r i b e d  i n  S e c t i o n  I V .

B a s e d  o n  t h e  a b o v e ,  i t  w a s  d e c i d e d  t o  u t i l i z e  a  r a t i o  o f  l i n e a r  

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

B r i d l e ’ s  d y n a m i c  p r o g r a m m i n g  a l g o r i t h m  a n d  a u g m e n t  t h a t  s y s t e m  w i t h  

a  n o v e l  m u l t i p l e  t e m p l a t e  a n a l y s i s  s c h e m e .

I n  s u m m a r y ,  t h e  m a i n  f e a t u r e s  o f  t h i s  a p p r o a c h  a r e  t h e  f o l l o w i n g

1 .  T h e  a p p r o a c h  i s  b a s e d  o n  w a v e f o r m  t e m p l a t e  m a t c h i n g  a n d  d o e s  

n o t  r e q u i r e  w a v e f o r m  s e g m e n t a t i o n ,  s y n t a c t i c  i n f o r m a t i o n ,  o r  

s e m a n t i c  i n f o r m a t i o n .

2 .  T h e  b a s i c  w a v e f o r m  f e a t u r e s  a r e  l i n e a r  p r e d i c t i o n  c o e f f i ­

c i e n t s  a n d  a u t o c o r r e l a t i o n  c o e f f i c i e n t s .

3 .  T h e  m e a s u r e  o f  s i m i l a r i t y  b e t w e e n  a  t e m p l a t e  f r a m e  a n d  a  

f r a m e  o f  i n c o m i n g  s p e e c h  i s  t h e  m in im u m  p r e d i c t i o n  r e s i d u a l .



4 .  M u l t i p l e  t e m p l a t e s  a r e  u s e d  t o  i m p r o v e  p e r f o r m a n c e  a n d  t o  

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

f e r e n t  i n d i v i d u a l s .

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

n e x t  s e c t i o n .

R e s e a r c h  O b j e c t i v e s

T h e r e  w e r e  f i v e  m a i n  o b j e c t i v e s  o f  t h i s  r e s e a r c h .  '

1 .  G i v e n  a  r e c o r d i n g  o f  s o m e o n e  t a l k i n g ,  i . e . ,  a  c o n t i n u o u s  

s p e e c h  r e c o r d i n g ,  a n d  a  r e f e r e n c e  e x a m p l e  o f  t h e  s a m e  

p e r s o n  s p e a k i n g  a  w o r d  w h i c h  o c c u r s  i n  t h e  c o n t i n u o u s  s p e e c h  

t e x t ,  w e  w a n t  t o  r e c o g n i z e  t h e  r e f e r e n c e  w o r d  e v e r y  t i m e  i t  

o c c u r s  i n  t h e  r e c o r d i n g  u s i n g  d i g i t a l  s i g n a l  p r o c e s s i n g  

t e c h n i q u e s .

2 .  E v a l u a t e  t h e  s y s t e m  p e r f o r m a n c e  u s i n g  " Q u i e t  R o o m "  q u a l i t y  

r e c o r d i n g s .

3 .  C o r r u p t  t h e  s p e e c h  f r o m  N o .  2 a b o v e  w i t h  a d d i t i v e  " w h i t e  

g a u s s i a n  n o i s e "  a n d  d e t e r m i n e  a t  w h a t  s i g n a l - t o - n o i s e  r a t i o  

t h e  s y s t e m  b e g i n s  t o  d e g r a d e  i n  p e r f o r m a n c e .

4 .  U s e  t h r e e  p r o c e d u r e s  i n  a n  a t t e m p t  t o  i m p r o v e  p e r f o r m a n c e  

u s i n g  t h e  n o i s y  s p e e c h  f r o m  N o .  3  a b o v e .  T h e  t h r e e  p r o ­

c e d u r e s  a r e  d e s c r i b e d  i n  s e c t i o n  V .

5 .  P r o v i d e  a  p r e l i m i n a r y  e v a l u a t i o n  o f  s y s t e m  p e r f o r m a n c e  u s ­

i n g  m u l t i p l e  t e m p l a t e s  f r o m  m u l t i p l e  s p e a k e r s  o t h e r  t h a n  

t h e  c o n t i n u o u s  t e x t  s p e a k e r .  T h i s  i s  r e f e r r e d  t o  a s  c r o s s ­

s p e a k e r  w o r d  s p o t t i n g .

25



T h e  m a j o r  c o n t r i b u t i o n s  o f  t h i s  w o r k  c a n  b e  s u m m a r i z e d  a s  

f o l l o w s :

1 .  I t  a p p l i e d  LPC a n a l y s i s  f o r  w a v e f o r m  m a t c h i n g  t o  t h e  

p r o b l e m  o f  w o r d  s p o t t i n g  i n  c o n t i n u o u s  s p e e c h .

2 .  I t  c o m b i n e d  t h e  d y n a m i c  p r o g r a m m i n g  t i m e - w a r p  p r o c e d u r e  o f  

B r i d l e  w i t h  t h e  i n v e r s e  o f  t h e  l i n e a r  p r e d i c t i o n  r e s i d u a l  

r a t i o  d e s c r i b e d  b y  B o l l  a n d  I t a k u r a  a s  a  s i m i l a r i t y  m e a s u r e

3 .  I t  u t i l i z e d  a  n o v e l  p r o c e d u r e  f o r  d y n a m i c a l l y  c o m b i n i n g  

m u l t i p l e  t e m p l a t e s  i n t o  a  c o m p o s i t e  t e m p l a t e  a d a p t e d  t o

■ e a c h  w o r d  b e i n g  s e a r c h e d  f o r  i n  t h e  c o n t i n u o u s  s p e e c h .

4 .  P e r f o r m a n c e  o f  t h e  s y s t e m  u s i n g  s p e e c h  c o r r u p t e d  b y  a d d i ­

t i v e  w h i t e  g a u s s i a n  n o i s e  w a s  e x a m i n e d .  T h r e e  v e r y  d i f ­

f e r e n t  b u t  v e r y  s i m p l e  p r o c e d u r e s  f o r  e x t r a c t i n g  u s e f u l  LPC 

p a r a m e t e r s  f r o m  t h e  n o i s y  s i g n a l  w e r e  t r i e d .  ( S u g g e s t e d  

a p p r o a c h e d  f o r  f u r t h e r  r e s e a r c h  i n  t h i s  a r e a  a r e  g i v e n  i n  

s e c t i o n  V I . )

5 .  P e r f o r m a n c e  o f  t h e  s y s t e m  u s i n g  n o i s y  s p e e c h  i m p r o v e d  

g r e a t l y  i f  n o i s e  w i t h  t h e  s a m e  s t a t i s t i c s  w a s  a d d e d  t o  t h e  

t e m p l a t e s .

6 .  T h e  p e r f o r m a n c e  o f  t h i s  s y s t e m  f o r  w o r d  s p o t t i n g  i s  s i g n i f i  

c a n t l y  i m p r o v e d  o v e r  t h a t  o f  B r i d l e  a n d  B r o w n  a n d  c a n  b e

. d o n e  i n  r e a l  t i m e  u s i n g  a  r e a l - t i m e  LPC v o c o d e r .

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

p r o m i s i n g  d i r e c t i o n s  f o r  f u t u r e  r e s e a r c h .

Contribution of this Research



IV. SYSTEM DESCRIPTION

A  d e t a i l e d  d e s c r i p t i o n  o f  t h e  w o r d  s p o t t i n g  p r o c e d u r e  a n d  

a l g o r i t h m  w i l l  b e  g i v e n ,  a l o n g  w i t h  p e r t i n e n t  m a t h e m a t i c a l  r e l a t i o n s .  

B a s i c a l l y  t h i s  s y s t e m  h a s  t h e  e f f e c t  o f  e x a m i n i n g  t h e  i n c o m i n g  s p e e c h  

o n e  f r a m e  a t  a  t i m e ,  p e r f o r m i n g  a  t i m e  r e g i s t r a t i o n  ( w h i c h  h a s  t h e  

e f f e c t  o f  e i t h e r  c o m p r e s s i n g  o r  s t r e t c h i n g  t h e  i n c o m i n g  s p e e c h )  a s  i t  

s l i d e s  t h e  i n c o m i n g  s p e e c h  p a s t  t h e  t e m p l a t e .  I t  t h e n  m a k e s  a  t e s t  

t o  d e t e r m i n e  i f  t h e  s p e e c h  s i g n a l  a l i g n e d  w i t h  t h e  t e m p l a t e  m a t c h e s  

t h e  w o r d .

T h i s  p r o c e s s  w i l l  b e  e x p l a i n e d  i n  f o u r  p a r t s .  I n  t h e  f i r s t  

p a r t ,  t h e  c o n s t r u c t i o n  o f  t h e  t e m p l a t e  f e a t u r e s  w i l l  b e  d i s c u s s e d .  

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

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

p r o v i d e s  a  s i m i l a r i t y  m e a s u r e  b e t w e e n  a  f r a m e  o f  t h e  t e m p l a t e  a n d  a  

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

i n  t h e  t i m e - w a r p  a l g o r i t h m  w i l l  t h e n  b e  d i s c u s s e d ,  f o l l o w e d  b y  a  

d e s c r i p t i o n  o f  h o w  m u l t i p l e  t e m p l a t e s  a r e  u s e d  t o  i m p r o v e  p e r f o r m a n c e  

v e r s a t i l i t y ,  a n d  r o b u s t n e s s  o f  t h e  s y s t e m .

B o t h  t h e  t e m p l a t e s  a n d  t h e  s p e e c h  t e x t  r e c e i v e  t h e  s a m e  f r o n t -  

e n d  p r o c e s s i n g .  T h a t  i s ,  a l l  s p e e c h  i s  l o w - p a s s  f i l t e r e d  a t  4 kH z

Introduction



a n d  s a m p l e d  a t  1 0  kH z u s i n g  a  1 4 - b i t  A / D  c o n v e r t e r .  T h e  s a m p l e s  a r e  

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

i s  s h o w n  i n  b l o c k  d i a g r a m  f o r m  i n  F i g .  1 .

F i g .  1 .  P r e p r o c e s s i n g  b l o c k  d i a g r a m .

P r e v i o u s  LPC v o c o d e r  w o r k  p e r f o r m e d  b y  B o l l  a n d  o t h e r s  i n d i c a t e s  

t h a t  a  1 2 - p o l e  p r e d i c t o r  w i t h  a  1 0  kHz s a m p l e  r a t e  u s i n g  a  H am m ing  

w i n d o w  w i t h  a  w i d t h  o f  2 0  t o  3 0  m s  p r o v i d e s  s y n t h e t i c  s p e e c h  o f  

s a t i s f a c t o r y  q u a l i t y .  H o w e v e r ,  t h e s e  v a l u e s  h a v e  n o t  b e e n  o p t i m i z e d  

w i t h  r e s p e c t  t o  t h e  p r o b l e m  o f  w o r d  r e c o g n i t i o n .  O p t i m i z a t i o n  o f  ■ 

t h e s e  p a r a m e t e r s  m i g h t  v e r y  w e l l  s h o w  t h a t  f e w e r  p o l e s  a n d  a  d i f f e r e n t  

w i n d o w  w i d t h  w o u l d  y i e l d  i m p r o v e d  p e r f o r m a n c e  a n d / o r  s h o r t e r  a n a l y s i s  

t i m e .  T h e  s e l e c t i o n  o f  t h e s e  p a r a m e t e r s  i s  a  s u b j e c t  w h i c h  m i g h t  

w a r r a n t  f u r t h e r  w o r k  i n  t h e  f u t u r e  f o r  t h e  d e v e l o p m e n t  o f  a  m o r e  

e f f i c i e n t  w o r k i n g  s y s t e m .

T e m p l a t e  C o n s t r u c t i o n

A  r e f e r e n c e  t e m p l a t e  i s  f i r s t  c r e a t e d  b y  h a v i n g  a n  i n d i v i d u a l  

s p e a k  t h e  w o r d  i n  i s o l a t i o n  o r  b y  e x t r a c t i n g  t h e  w o r d  f r o m  s o m e



c o n t i n u o u s  t e x t .  T h e  e n d  p o i n t s  o f  t h e  t e m p l a t e  a r e  t h e n  d e t e r m i n e d  

s o  t h a t  t h e  t e m p l a t e  i s  a n  i n t e g e r  n u m b e r  o f  f r a m e s  l o n g .  T h i s  i s  

d o n e  b y  d i s p l a y i n g  t h e  t e m p l a t e  w a v e f o r m  o n  a  s c r e e n ,  v i s u a l l y  s e l e c t ­

i n g  t h e  b e g i n n i n g  a n d  e n d i n g  f r a m e ,  a n d  t h e n  p l a y i n g  b a c k  t h e  p o r t i o n  

s e l e c t e d  f o r  a u d i o  v e r i f i c a t i o n .  E a c h  f r a m e  i s  2 5 6  s a m p l e  p o i n t s  o r  

2 5 . 6  m s o f  s p e e c h .  •

A n a l y s i s  p r o c e e d s  b y  u s i n g  d a t a  f r o m  e a c h  f r a m e  i n  s e q u e n c e .

T h e  s a m p l e s  a r e  f i r s t  s c a l e d  u s i n g  a  H am m in g  w i n d o w  f u n c t i o n .  T h i r ­

t e e n  a u t o c o r r e l a t i o n  c o e f f i c i e n t s ,  R ^ ,  a r e  t h e n  c a l c u l a t e d  a n d  n o r m a l ­

i z e d  b y  d i v i d i n g  e a c h  o n e  b y  R q . T h i s  h a s  t h e  e f f e c t  o f  a p p l y i n g  a n  

a u t o m a t i c  g a i n  c o n t r o l  o n  t h e  s p e e c h .  . .

T h e  f o l l o w i n g  d e s c r i p t i o n  o f  l i n e a r  p r e d i c t i o n  i s  t a k e n  f r o m  

M a k h o u l . 25  T h e  a l l - p o l e  m o d e l  a s s u m e s  t h a t  a  s i g n a l  s a m p l e  S ( n )  i s  

d e r i v a b l e  f r o m  a  l i n e a r  c o m b i n a t i o n  o f  p a s t  v a l u e s  a n d  s o m e  i n p u t  

u ( n )  a s  f o l l o w s :

. .. p

S ( n )  =  -  £ a ( k )  S ( n  -  k )  +  G u ( n )  . 
k = l

w h e r e  G i s  a  g a i n  f a c t o r .  I n  t h e  c a s e  o f  s p e e c h  p r o d u c t i o n ,  t h e  d r i v ­

i n g  t e r m ,  u ( n ) ,  i s  u n k n o w n .  T h e r e f o r e ,  t h e  s i g n a l ,  S ( n ) ,  i s  o n l y  a p ­

p r o x i m a t e l y  p r e d i c t e d  b y  t h e  p r e v i o u s  p  s a m p l e s .  T h u s  w e  g e t  a n  

e s t i m a t e  o f  S ( n )  w h i c h  w e  c a l l  S ( n ) ,  w h e r e

29

-  ?S ( n )  =  -  £ a ( k )  S ( n  -  k )  
k = l



S ( n ) ,  i s  g i v e n  b y :

„  P
e ( n )  = S ( n )  -  S ( n )  =  S ( n )  +  £ a ( k )  S ( n  -  k )

k = l

T h e n ,  r e a r r a n g i n g  t h e  e q u a t i o n ,  w e  g e t  t h e  d i s c r e t e  a l l - p o l e  l i n e a r  

p r e d i c t i o n  m o d e l  f o r  a  s h o r t  s e g m e n t  o f  s p e e c h ,  w h i c h  i s :  '

P
S ( n )  = -  1 a ( k )  S ( n  -  k )  +  e ( n )  n  =  0 ,  1 ,  2 . . .  N -  1  ( 1 )  

k=l

w h e r e  -

N = n u m b e r  o f  s a m p l e s  i n  t h e  w i n d o w  

a ( k )  = p r e d i c t o r  c o e f f i c i e n t  

S ( n )  =  n t h  s p e e c h  s a m p l e  

e ( n )  =  n t h  e r r o r  t e r m

p =  n u m b e r  o f  p o l e s  i n  t h e  LPC m o d e l  

T h u s  w e  s e e  t h a t  t h e  s i g n a l ,  S ( n ) ,  i s  p r e d i c t a b l e  u s i n g  a  

l i n e a r  c o m b i n a t i o n  o f  p a s t  o u t p u t s  a n d  t h e  i n p u t s .  H e n c e  t h e  n am e 

l i n e a r  p r e d i c t i o n .  T h i s  a l l - p o l e  m o d e l  f o r m u l a t i o n  i s  e q u i v a l e n t  t o  

t h e  a u t o r e g r e s s i v e  m o d e l  i n  s t a t i s t i c s .

T h e  l i n e a r  p r e d i c t i o n  m o d e l  i s  s h o w n  i n  b l o c k  d i a g r a m  f o r m  i n  

F i g .  2 .  T h e  l i n e a r  p r e d i c t i o n  r e s i d u a l  ( L P R )  i s  d e f i n e d  a s  t h e  sum 

o f  t h e  s q u a r e s  o f  t h e  e r r o r  s e q u e n c e  e ( n ) .  T h u s ,

L PR = I  e 2 ( n )  ( 2 )
n

30

The error between the true value, S(n), and the predicted value,
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( a )

( b )

F i g .  2 .  ( a )  D i s c r e t e  a l l - p o l e  m o d e l  i n  f r e q u e n c y  d o m a i n .
( b )  D i s c r e t e  a l l - p o l e  m o d e l  i n  t i m e  d o m a i n .

F o r  a  g i v e n  s e q u e n c e  o f  d a t a  ^ S ^ , ( n ) |  a n d  u s i n g  l e a s t  s q u a r e s  

e s t i m a t i o n  p r o c e d u r e s ,  a  s e t  o f  l i n e a r  p r e d i c t i o n  c o e f f i c i e n t s  a ^ ( k )  

c a n  b e  c a l c u l a t e d  w h i c h  m i n i m i z e  L P R . T h e s e  c o e f f i c i e n t s  f o r m  t h e  

w e l l  k n o w n  l e a s t - s q u a r e s  e s t i m a t o r  a n d  s a t i s f y  t h e  T o e p l i t z  s y s t e m  o f  

l i n e a r  e q u a t i o n s :
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Ro R1 R2 . - . i
«—1 «—1 
Pi al V

R1 Ro R1 • . . R10 a2 R2

R2 R1 Ro • • R9 a3 — —R3

. • • # #• • • • •• .. * • • •I—1 I —1 * , R10 R9 • • -V a12 R12

( 3 )

A  v e r s i o n  o f  L e v i n s o n ' s  m e t h o d  f o r  i n v e r t i n g  a  T o e p l i t z  

m a t r i x 27  i s  t h e n  u s e d  t o  s o l v e  f o r  t h e  t w e l v e  p r e d i c t o r  c o e f f i c i e n t s ,  

a ^ ,  k  =  1 ,  2 ,  . . .  1 2 .  F i n a l l y ,  s i n c e  E q .  3 w a s  d e r i v e d  b y  m i n i m i z i n g ,  

w e  d e r i v e  t h e  m in im u m  p r e d i c t i o n  r e s i d u a l 2 ** (MPR) a s :

MPR = I  e  ( n )
n

Rt  a T ( 4 )

m m

w h e r e

a^, = a u g m e n t e d  v e c t o r  o f  p r e d i c t o r  c o e f f i c i e n t s  f o r  a  f r a m e  o f

t h e  t e m p l a t e ;  i . e . ,  a^, =
1  a l  a 2 * ‘ 12

R^, =  a u g m e n t e d  m a t r i x  o f  a u t o c o r r e l a t i o n  c o e f f i c i e n t s  f o r  a

f r a m e  o f  t h e  t e m p l a t e ;  i . e . ,  R ,̂ = R ^  ( i  -  j  )J  , i  = 0 ,  1 ,  

. . .  1 2 ,  j  = 0 ,  1 ,  . . .  1 2 .

T h e  p r i m e  i n d i c a t e s  v e c t o r  t r a n s p o s e .

T h i s  p r o c e s s  i s  r e p e a t e d  f o r  e a c h  f r a m e  o f  t h e  t e m p l a t e ,  a n d  

t h e  v a l u e  o f  a ^ R ^ a ^  a n d  t h e  v a l u e s  o f  t h e  e l e m e n t s  o f  t h e  v e c t o r  R^ 

a r e  s t o r e d  f o r  e a c h  f r a m e .  T h e  n u m b e r  o f  f r a m e s ,  I ,  i n  t h e  t e m p l a t e



i s  c a l c u l a t e d  a n d  t h i s  n u m b e r  s t o r e d  a l s o .  T h e s e  s t o r e d  v a l u e s  

p r o v i d e  a l l  t h e  i n f o r m a t i o n  a b o u t  t h e  r e f e r e n c e  t e m p l a t e  t h a t  i s  

r e q u i r e d  f o r  c o m p a r i s o n  w i t h  t h e  i n c o m i n g  s p e e c h .  F o r  a  m o r e  

e x t e n s i v e  d i s c u s s i o n  o f  LPC a n a l y s i s ,  s e e  M a k h o u l . 2 ®

I n c o m i n g  S p e e c h  P r o c e s s i n g

T h e  i n c o m i n g  s p e e c h  i s  p r o c e s s e d  o n e  f r a m e  a t  a  t i m e  i n  t h e  -

s a m e  w a y  a s  t h e  t e m p l a t e  t o  p r o d u c e  f o r  e a c h  d a t a  f r a m e  a  v e c t o r  a g

o f  t w e l v e  p r e d i c t o r  c o e f f i c i e n t s .  F i n a l l y  t h e  p r o d u c t  a ^ R ^ a ^  i s  f o r m e d .

N o w ,  s i n c e  E q .  3 w a s  a r r i v e d  a t  b y  m i n i m i z i n g  t h e  p r e d i c t i o n  r e s i d u a l ,

w e  h a v e  d e f i n e d  a  u n i q u e  s e t  o f  p r e d i c t o r  c o e f f i c i e n t s ,  a ^ , r e l a t e d

t o  t h e  g i v e n  d a t a  s e q u e n c e .  A n y  o t h e r  s e t  o f  a ' s ,  s a y  a  ( a  i s  a u g -s  s  _

m e n t e d  a s  i n  E q .  4 ) ,  w i l l  y i e l d  a  l a r g e r  e r r o r  r e s i d u a l .  T h u s  w e  g e t

ss V s  2 “t V t  (5>

33

w h e r e  t h e  e q u a l i t y  h o l d s  o n l y  i f  a g =  a ^ .  T h u s ,

S > 1 ( 6 )a m -

B a s e d  o n  t h e  a b o v e  a n a l y s i s ,  t h e  r a t i o  a ^ R ^ a ^ a ^ R . j A j ,  m i g h t  b e  u s e d  a s  

a  d i s t a n c e  m e a s u r e  t o  c o m p a r e  t w o  s p e e c h  w a v e f o r m s .  A s  t h e  w a v e f o r m s  

m a t c h  b e t t e r  a n d  b e t t e r ,  t h e  r a t i o  b e c o m e s  s m a l l e r  a n d  s m a l l e r ,  r e a c h ­

i n g  a  v a l u e  o f  1  f o r  a  p e r f e c t  m a t c h .

I t a k u r a  h a s  a l r e a d y  d e m o n s t r a t e d 2 2  t h a t  t h e  r a t i o  i n  E q .  6 c a n  

b e  s u c c e s s f u l l y  u s e d  f o r  c o m p a r i n g  t w o  s p e e c h  w a v e f o r m s  i n  a n  i s o l a t e d



I t  i s  c l e a r  i n  E q .  6 t h a t  t h e  r a t i o  i s  p o s i t i v e  a n d  f r o m  E q .  5 

t h a t  t h e  r a t i o  i n  E q .  6 i s  g r e a t e r  t h a n  o r  e q u a l  t o  o n e .  T h e r e f o r e ,  

i f  w e  d e f i n e  t h e  f r a m e  s i m i l a r i t y  f u n c t i o n ,  S ,  t o  b e  t h e  i n v e r s e  o f  

t h e  r a t i o  i n  E q .  6 ,  w e  h a v e  a  s i m i l a r i t y  f u n c t i o n  w h i c h  s a t i s f i e s  t h e  

c o n d i t i o n  0  < S < 1  a n d  t h u s  a l l o w s  u s  t o  u s e  B r i d l e ' s  t i m e - w a r p  

a l g o r i t h m ,  w i t h o u t  m o d i f i c a t i o n .  W h i l e  b o t h  I t a k u r a 2 2  a n d  C o k e r 2 5  “ 

u s e  t h e  l o g  o f  t h e  r a t i o  i n  E q .  6 ,  t h e  l o g  w a s  n o t  u s e d  i n  t h i s  s y s t e m  

s i n c e  t h e  r a t i o  c o u l d  b e  u s e d  d i r e c t l y  i n  B r i d l e ' s  a l g o r i t h m .
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word recognition experiment.

a T ^ T &T

s  =  # 7  ( 7 >

I n  s u m m a r y ,  w e  h a v e  a  r a t i o  w h o s e  n u m e r a t o r ,  a ^ R ^ a ^ ,  i s  t h e

m in im u m  p r e d i c t i o n  r e s i d u a l  f o r  a  f r a m e  f r o m  t h e  r e f e r e n c e  t e m p l a t e .

T h e  d e n o m i n a t o r ,  a ' R  a  , i s  o f  t h e  s a m e  f o r m  a s  t h e  n u m e r a t o r  b u ts i s

i n v o l v e s  t h e  p r e d i c t o r  c o e f f i c i e n t s  f r o m  a  f r a m e  o f  i n p u t  s p e e c h  a n d  

t h e  a u t o c o r r e l a t i o n  c o e f f i c i e n t s  f r o m  a  f r a m e  o f  t h e  t e m p l a t e .

T h u s  t h e  d e n o m i n a t o r  i s  a l w a y s  g r e a t e r  t h a n  t h e  n u m e r a t o r  

e x c e p t  w h e n  a g = a,^ f o r  w h i c h  t h e  n u m e r a t o r  a n d  d e n o m i n a t o r  a r e  e q u a l .  

I f  t h e  t w o  f r a m e s  a r e  f r o m  s i m i l a r  s p e e c h ,  t h e n  w e  e x p e c t  S t o  b e  

c l o s e  t o  o n e ,  a n d  i f  t h e y  a r e  f r o m  d i s s i m i l a r  s p e e c h ,  w e  e x p e c t  t h e  

r a t i o  t o  b e  c l o s e r  t o  z e r o .  T h u s ,  S s h o u l d  b e  a  r e a s o n a b l e  m e a s u r e  

o f  s i m i l a r i t y  b e t w e e n  d i f f e r e n t  s e g m e n t s  o f  s p e e c h .



T o  e x p l a i n  t h e  t i m e - w a r p  a l g o r i t h m ,  f i r s t  l e t  u s  c o n s i d e r  t h e  

n o t i o n  o f  a  t i m e - r e g i s t r a t i o n  p a t h  a s  s h o w n  i n  F i g .  3 .

Time-Warp Algorithm

F i g .  3 .  T im e  r e g i s t r a t i o n  d i a g r a m .

F o r  t h i s  d i s c u s s i o n  l e t  u s  a s s u m e  t h a t  w e  h a v e  a  t e m p l a t e  w o r d  

t h a t  i s  t e n  f r a m e s  l o n g ,  a n d  i t  i s  b e i n g  t i m e - r e g i s t e r e d  t o  a  v e r s i o n  

o f  t h e  w o r d  t h a t  i s  t h i r t e e n  f r a m e s  l o n g .  F i g u r e  3  i l l u s t r a t e s  a  

p o s s i b l e  t i m e - r e g i s t r a t i o n  p a t h .  E a c h  f r a m e  o f  t h e  t e m p l a t e  h a s  a  

r o w  o f  d o t s ,  e a c h  d o t  c o r r e s p o n d i n g  t o  a  p o s s i b l e  m a t c h  b e t w e e n  t h a t  

t e m p l a t e  f r a m e  a n d  a  f r a m e  o f  i n p u t  s p e e c h .  S i m i l a r l y ,  e a c h  f r a m e  o f  

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

p o s s i b l e  m a t c h  b e t w e e n  t h e  i n p u t  f r a m e  a n d  e a c h  f r a m e  o f  t h e  t e m p l a t e .

A possible time-registration path is represented by the solid



line connecting neighboring dots in a horizontal> vertical, or 

diagonal direction. In this diagram, then, it is seen that frame 2 of 

the template is being compared with both frames 2 and 3 of the input 

speech. Frame 6 of the input speech is being compared with frames 5,

6, and 7 of the template, and frame 10 of the template is being 

compared with frames 9 through 13 of the input speech. If time-warp­

ing were not done, we would only compare the ten template frames with 

ten consecutive input frames. This comparison is represented by the 

broken diagonal line in Fig. 3.

The time-warp algorithm uses a dynamic programming approach to 

perform a recursive search for a possible time-registration path along 

which the two waveforms are similar. This procedure has the effect of 

stretching or compressing the input waveform at various points. The 

criteria which define an acceptable path ensure that the template and 

the incoming speech are similar throughout their lengths. This simi­

larity is adjusted by varying G, Q, and K as described below.

To describe Bridle's time-warp algorithm,23 let us first de­

fine a local similarity function for any point (i, j) in a time- 

registration diagram by: .

L (i, j) = (1 - G) S(i - a, j - b) + KGS(i, j)

where

i corresponds to the template

j corresponds to the input speech

3 6

( i  -  a ,  j  -  b )  c o r r e s p o n d s  t o  a  p o s s i b l e  p r e v i o u s  p o i n t



3 7

(a, b) = (0, 1) horizontal 

(1, 0) vertical

<
or

k(l, 1) diagonal

G is an exponential weighting "time constant" which forces 

the local similarity, L (i , j ) ,  to depend more on a match 

between the input speech and the template in the recent 

"past" than in the distant "past".

K is a time distortion penalty factor defined by:

The parameter K is introduced to penalize any time distortion but is 

utilized so as to allow poorly matching frames if they occur between 

other frames which match well. Since there are no previous points 

for the first point on the path, we define L (l , j) = S(l, j ) .

We then decide that the template word is present in the input

speech if the local similarity function is greater than some threshold, 

Q, at every point along the path.

weighted sum of values of L from previous points where the threshold 

was exceeded. Thus, the effect of an isolated pair of dissimilar 

frames can be overcome by nearby pairs of frames which are similar. 

This allows the system to find words whose waveforms are substantially 

similar but have some short segments that are dissimilar.

1 if (a, b) = (1, 1 ); i .e . ,  no time warp

k 0 < K < 1, if (a, b) = (1, 0) or (0, 1)

Here it should be noted that L (i , j) is an exponentially



The local similarity function, L (i , j ) ,  is then used in a 

recursive search algorithm which searches for all acceptable time- 

registration paths which could match the template to the incoming 

speech. To accomplish this, let us define a detection function 

A (i, j ) .  If there is no path to the point (i, j) for which L 

exceeds the threshold, Q, at every point along the path, then set 

A (i, j) = 0. Otherwise set A (i, j) = maximum L (i , j ) ,  where L (i, j) ~ 

is maximized over all paths to (i , j) for which L > Q at every point. 

For a given input speech frame, j ,  a value of A (i, j) is computed for 

each frame, i , of the template. After an input frame has been compared 

to each frame of the template of length I frames, a test is made on 

A (I, j ) .  If A (I, j) > 0, then the system indicates that the template 

word was present in the incoming speech ending at frame j .

This procedure does not find the best matching path out of all 

possible paths but merely determines whether there are any acceptable 

paths. As a result it may find that A (I, j) > 0 for several suc­

cessive values of j .

The search algorithm is implemented computationally in the fol­

lowing way.

Let us define a new function

3 8

Step (A, S, K) =

0, if A = 0

0, if (1 - G )A +  KGS < Q 

(1  -  G )A  +  KGS, otherwise

where A, S, and K were defined previously. Then set
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A (i, j) = max {Step [A(i - a, j - b ) , S (i, j ) ,  K(a, b )]} 
(a, b)

where (a, b) takes the values (1, 0), (0, 1), and (1, 1 ); i > 1; and 

the corresponding values of K(a, b) are k, k, 1.

If i = 1,

A(l, j) = max {S(1, j ) ,  step [A(l, j - 1), S (l, j ) ,  K ]}

where

0, if S(1, j) < Q 

[S(l, j ) ,  if S (1, j )  > Q

Thus, we see that although A (i, j) is defined in terms of all 

possible paths to (i, j ) ,  it can also be defined in terms of A(i - 1, 

j ) ,  A (i - 1, j - 1), A (i, j - 1 ), and S (i, j ) . We then compute three 

quantities which correspond to arriving at the point (i, j )  from the 

left, from below, and from diagonally below (see Fig. 3), and then 

choose the maximum of the three values. This value is then stored in 

the A array at location A (i, j ) .  .

In order to illustrate what happens using the time-warp 

algorithm, some data from a real experiment using a threshold of

0.275 is reproduced in Fig. 4. Figure 4a shows the table of values 

which propagate through the array. Figure 4b shows the corresponding 

time registration path from a template of length ten frames being 

matched to a word of length nine frames.

I n  s u m m a r y ,  w e  n o t e  t h e  f o l l o w i n g :



4 0

Input

Frame

Number

Value at Each Location in Array A

1 2 3 4 5 6 7 8 9 10

1 0. 000 0. 000 0. 000 0. 000 0. 000 0. 000 0 000 0. 000 0. 000 0 000

2 0. 000 0. 000 0. 000 0. 000 0. 000 0. 000 0. 000 0. 000 0. 000 0 000

3 0. 343 0. 000 0. 000 0. 000 0. 000 0. 000 0 000 0. 000 0. 000 0 000

4 0. 394 0. 389 0. 396 0. 304 0. 000 0. 000 0. 000 0. 000 0. 000 0 000

5 0. 000 0. 000 0. 471 0. 637 0. 496 0. 391 0. 318 0. 000 0. 000 0. 000

6 0. 000 0. 000 0. 304 0. 661 0. 521 0. 452 0. 572 0. 321 0. 000 0. 000

7 0. 000 0. 000 0. 000 0. 617 0. 738 0. 614 0. 718 0. 371 0. 000 0. 000

8 0. 000 0. 000 0. 000 0. 391 0. 733 0. 787 0. 562 0. 388 0. 000 0. 000

9 0. 000 0. 000 0. 000 0. 379 0. 620 0. 767 0. 811 0. 370 0. 000 0. 000

10 0. 000 0. 000 0. 000 0. 304 0. 334 0. 420 0. 593 0. 406 0. 000 0. 000

11 0. 328 0. 000 0. 000 0. 000 0. 000 0. 000 0. 300 0. 523 0. 521 0. 376

(a)

Input frame 

(b)

Fig. 4. (a) Table of values in A array; (b) time registration 

path corresponding to Fig. 4a.



1. The input speech is processed one frane at a time.

2. All necessary information about previous frames is 

contained in the A array.

3. Each j such that A (I, j) > 0 is identified as the 

last frame of the word to be spotted.

Multiple Templates

All of the above discussion assumes the use of only one 

template. However, if one could somehow make use of several templates 

combined in some appropriate way into a composite template, improved 

accuracy and flexibility might be achieved. One might use several • ­

templates separately with a decision based on a majority vote. An­

other alternative is a nearest neighbor comparison on a frame-by- 

frame basis. The second approach was chosen for this work. Motiva­

tion for this choice is provided in the following discussion.

In standard pattern recognition experiments, we have at least 

three classification cases to deal with. A brief description of each 

case follows.

Case 1: We know the a priori probabilities an^ the

class conditional densities p^x / uk^, where x is the

' observed feature and w . is the true state of nature.
J

In this case we can design an optimal classifier us­

ing Bayes' decision theory.

Case 2: We only know the forms of the density functions. In 

this case we use the samples to perform maximum

4 1
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l i k e l i h o o d  o r  B a y e s i a n  e s t i m a t e s  o f  t h e  t r u e  p a r a m ­

eter values.

Case 3: The only information available is a set of samples.

We do not know anything about the forms of the under­

lying densities. In this case we use nonparametric 

techniques to estimate the densities. Or we can use 

the nonparametric nearest neighbor decision rule to 

bypass the probability estimation and go directly to 

a decision function. If we have an unlimited number 

of samples, it can be shown that the error rate is 

never worse than twice the Bayes rate.34 The nearest 

neighbor procedure is defined as follows:

to x. Then the nearest neighbor rule for

classifying x is to assign it the label

associated with x T.
n

In the word spotting problem, we have a Case 3 pattern-recogni-

tion problem, only instead we have only a few labelled samples from 

one class or word, and we are interested in finding whether the ob­

served sample of incoming speech belongs to that class. To accomplish 

this we require that the observed speech be closer to the template 

word than some threshold using the algorithm described above in the 

time-warp algorithm section.

To see how the multiple templates are used, suppose there are

Let H = x2 » be a set of labelled

samples and let x' Hn be the sample nearest



before. Then a frame similarity function S^Ci, j) is calculated by

comparing the ith frame of the mth template with the jth input

speech frame. If i exceeds the number of frames in the mth template,

then S (i, i) is set to zero. Now let 
m

S (i, j) = max S (i, j)
.............  m = 1, 2, . . . M "" ' ' ‘

Then use S in the remainder of the algorithm as before. This approach 

has the effect of dynamically creating a composite template each time 

it begins to match up with the incoming speech. The effect of this 

procedure along with the automatic gain control effect of normalizing 

the autocorrelation coefficients and the time warp procedure is to 

make two or three templates look like a large sample. For example, 

suppose we had three templates each three frames long. Using the 

above procedure there are 27 possible ways the incoming speech might 

match up. Thus this multiple template procedure should be superior 

to the majority vote procedure. A brief preliminary experiment us­

ing three templates confirmed this conclusion.

To illustrate this nearest neighbor procedure, let us assume 

we have three templates with corresponding lengths of three, four, 

and five frames. The three templates are shown in block form in 

Fig. 5 with an x marked in the frame of the template which yielded 

the maximum value for Sm(i, j ) .  The equivalent or effective composite 

template is shown at the bottom where the template number which was

4 3

M t e m p l a t e s .  T h e  i n i t i a l  p r o c e s s i n g  o n  e a c h  t e m p l a t e  i s  d o n e  a s
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T e m p l a t e  1

Template 2

Template 3

Composite template

Fig. 5. Composite template construction.

used to create each frame of the composite is indicated.



V .  E X P E R I M E N T A L  R E S U L T S

In the following section the experimental results are summarized. 

It should be noted that in all cases two parameters were adjusted or 

tuned to yield minimum error performance. These were threshold, Q, and 

time distortion penalty, RK. In the initial experiments, it was found 

empirically that setting the exponential factor, G, to a value of 0.3 

yielded the best results in most cases, and so it was set at that value 

for this work. 1

For these experiments three different types of text were used. 

These types of text will be labeled as PDP-11 (Appendix I I ) ,  Ford (Ap­

pendix I I I ) ,  and Digits, from a table of random numbers. A total of 

seven basic experiments were conducted as described below, using a total 

of 1651 key words of which 1217 were the digits zero through nine. A 

key word is a word to be spotted which is actually present in the text. 

For example, in the PDP-11 text, the word "interrupt" occurs 18 times, 

"priority" occurs 6 times, "program" occurs 10 times, and "processor" 

occurs 7 times. In the experiments we were trying to spot those four 

words so there are 41 key words in the PDP-11 passage. If we use the 

PDP-11 passage spoken by two people, then there are 82 key words.

In word spotting there are two types of errors, false alarms

I n t r o d u c t i o n



and misses. For false alarms the quantity of primary interest is the 

false alarm rate per unit time. Accuracy is then defined as the per­

centage of occurrences of the word actually found. That is,

C1 = ^  x 100

where

= word spotting accuracy ..

T = total number of occurrences of the word 

NS = number of times the correct word was spotted 

However, the digit recognition experiments have a different objective 

than the standard word spotting. In this case false alarms and misses 

are equally bad errors and are therefore given the same weight. 

Therefore we define accuracy in digit recognition as

_ NS - F
2 T •

where

C2 = digit recognition accuracy 

T = total number of occurrences of the digit being recognized 

NS = number of times the correct digit was recognized 

F = number of false alarms 

In addition to the seven basic experiments, some additional 

experiments of word spotting in noisy long distance radio speech with 

both telephone and radio channel distortion were performed. Also, a 

brief experiment was performed in which a template word was constructed

4 6



from parts of other words spoken by the same speaker. These last ex­

periments were performed merely to get an indication of performance 

and will be reported only from that point of view and to suggest 

further work.

In the description of experiments presented below, each experi­

ment is given a number and is described separately.

Experiments .. .

Experiment 1

In order to be able to compare results using this word spot­

ting procedure with those reported by Bridle and Brown, it was decided 

to use the same text and words in the initial experiments as were used 

by Bridle. This is the PDP-11 passage (see Appendix I I ) .  This passage 

takes about two minutes to read. The passage was read by five speakers, 

four male and one female. In this experiment the template words were 

then spoken in isolation by each speaker in contrast to Bridle’ s pro­

cedure where he extracted the templates from the speech.text. By hav­

ing the template words spoken in isolation rather than taken from the 

text, coarticulation effects are not present in the templates as they 

were in Bridle’ s case. Coarticulation effects can occur, for example, 

when the vocal tract is changed or modified during the pronunciation 

of a word to allow a smooth transition to occur from one word to the 

next. Thus coarticulation effects vary with context, speed of talking, 

location of the word in a sentence, emphasis, etc.

Since coarticulation effects are subject to so many variables,
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it was decided to have the template words spoken in isolation but 

still have them spoken several times with the natural variability of 

talking speed.

Thus, the speakers read the text and spoke the words as they 

naturally would without coaching, except to say the template words in 

isolation.

The words to be spotted were "interrupt", "program1', "processor", 

and "priority". Word spotting accuracy was greater than 99 percent 

with no false alarms. The combined occurrence of all the key words 

was 205 in the five passages. In this experiment three templates 

spoken by the same speaker as the.text were used for spotting each 

word. Actual results are shown in Table 1.

Experiment 2

This experiment was a cross-speaker word-spotting experiment 

using the PDP-11 text. In this case six templates were used for each 

word, three from speaker No. 1, three from speaker No. 2, and the text 

was from two other speakers. In this case the same four words as in 

Experiment 1 were spotted with an accuracy of 94 percent and no false 

alarms. In this case the combined occurrence of the key words was 82.

In order to illustrate the trade-off between accuracy and false 

alarm rate, this experiment was also done so as to yield 100 percent 

accuracy. In this case there were 11 false alarms, yielding a false 

alarm rate of approximately 180 per hour. The results of this experi­

ment are shown in Table 2.
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T a b l e  1 .  W o r d  s p o t t i n g  r e s u l t s  f r o m  E x p e r i m e n t  1 .

Text
Speaker

No.
Word

Threshold

Q

Time Wave 

Penalty Factor 

RK

Misses
False 
Alarms 

Per Hour

1 Interrupt .54 .55 0 0

Processor .47 .55 0 0

Program .47 .55 0 0

Priority .47 .55 0 0

2 Interrupt .43 .70 0 0

Processor .43 .70 0 0

Program .43 .70 0 0

Priority .43 .70 0 ' 0

3 Interrupt .50 .63 0 0

Processor .54 . .63 0 0

Program .50 .63 0 0

Priority .51 .63 0 0

4 Interrupt .45 .60 0 0

Processor .45 .60 0 0

Program .46 .60 0 0

Priority .45 .60 0 0

5 Interrupt .47 .65 0 0

Processor .47 .65 0 0

Program .47 .65 2 0

Priority .47 .65 0 0
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Table 2a. Cross-speaker word spotting results from Experi­

ment 2 (adjusted for zero false alarm rate).

Template
Speaker

No.

Word

Text
Speaker

No.

Threshold

Q

Time Warp 
Penalty 
Factor 

RK

Misses

False 
Alarms 

Per Hour

1 and 2 Processor 5 .46 .7 0 0

1 and 2 Processor 6 .50 .7 0 0

1 and 2 Priority 5 .53 .7 1 0

1 and 2 Priority 6 .45 .4 1 0

1 and 2 Program 5 .48 . 6 0 0

1 and 2 Program 6 .46 .3 1 0

1 and 2 Interrupt 5 .55 .4 1 0

1 and 2 Interrupt 6 .50 . 6 1 0

Table 2b. Cross-speaker word spotting results from Experi­

ment 2 (adjusted for 100 percent accuracy).

Template

Speaker

No.

Word
Text

Speaker

No.

Threshold

Q

Time Warp 

Penalty 
Factor 

RK

Misses

False 
Alarms 

Per Hour

1 and 2 Processor 5 .46 .7 0 0

1 and 2 Processor 6 .50 .7 0 0

1 and 2 Priority 5 .50 .7 0 1

1 and 2 Priority 6 .43 . 2 0 1

1 and 2 Program 5

00-d- .6 0 0

1 and 2 Program 6 .45 .3 0 2

1 and 2 Interrupt 5 .52 .6 0 2

1 and 2 Interrupt 6 .45 .3 0 5



In this experiment the PDP-11 text spoken by speaker No. 1 was 

used. Here the objective was to evaluate the system performance in 

the presence of additive white gaussian noise and to try three dif­

ferent techniques to perform the word spotting using the noisy speech. 

The noisy speech was generated as shown in the block diagram,

Fig. 6.
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Fig. 6. Noisy speech generator.

The spectrum of 12.8 ms of noise is shown in Fig. 7a, where 

the heavy curve is the LPC smoothed spectrum and the light curve is 

the FFT spectrum. A similar spectrum for 12.8 ms of speech from the 

word "Ford" is shown in Fig. 7b.

The signal-to-noise ratio, SNR, was calculated as follows:

/ ?  A
S N R  =  1 0  l o g 10

n=l
n

256 .

A  <J
(1)



52

1
1 .O00E+0 1 .8S0E+8

(a)

1
i.eeec+e l.aroc+a

(b)

Fig. 7. (a) Speech spectrum; (b) noise spectrum.



Thus a value for SNR for each block of 256 samples was defined. Then 

a measure of average SNR for the whole passage of speech was defined 

as:

Here it should be noted that this SNR is an average value over the 

frequency spectrum of the speech. Actually the SNR varies as a func­

tion of frequency over the frequency spectrum of the speech signal.

In particular, the SNR is higher at the lower frequencies where most 

of the speech energy is present.

calculated using a 256-sample block of data and is also an average 

measure over the frequency spectrum of the speech, it was concluded 

that this particular definition of SNR was appropriate.

speech experiments was to determine whether the system degraded smoothly 

or abruptly in the presence of noise, and at what average SNR the per­

formance changed. Three procedures for doing the word spotting in the

(2)

where

n sample number within a block of 256 samples

k = block number

K = number of blocks in the whole passage

Since the measure of similarity used for the word spotting is

It should also be noted that the main objective in the noisy
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presence of noise were to be tried. It was not the objective to gain 

an in-depth understanding of all the pertinent noise issues and to 

perform an in-depth evaluation of each procedure. The in-depth evalu­

ation and understanding of the noise issues should be the product of 

a separate research project.

some things to be done to pursue the noise questions. Performance 

degradation in the presence of noise is shown in Fig. 8, where it is 

evident that performance degrades smoothly and does not occur until 

SNR is less than 24 dB. In Fig. 8, the accuracy curve is drawn for 

a false alarm rate less than or equal to 66 false alarms per hour to 

allow for meaningful comparisons. .

Autocorrelation Method

In this method we calculate the autocorrelation of the speech 

plus noise, Rg+ ĵ» and the autocorrelation of the noise R^ and then 

take the difference to get Rg = Rg+ ĵ - R^ where

The objective here was to point some directions and suggest

(3)

(4)

Now, if the speech and the noise signals are uncorrelated, the expected 

value of the cross terms in Eq. 4 should be zero. Thus Rg = ~
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Fig. 8. Performance in presence of noise.

might yield a good estimate of R<,. One major problem with this ap­

proach is that the TBeplitz matrix generated from R<, might not be 

positive definite, whereas the matrix inversion procedure requires 

the matrix to be positive definite. This could occur because only 

256 samples are being used to generate the autocorrelations, and this 

may not be sufficiently long to yield zero values for the cross terms 

in Eq. 3 above.



yielded an accuracy of 51 percent compared with 66 percent before

processing (see Table 3). When speech with SNR = 4 .6  dB was used,

the similarity measure was greater than 1, indicating clearly that 

the calculation of the linear prediction residual was incorrect.

Wiener Filter Method2^

In this procedure, an average spectrum of the noise is calcu­

lated using many blocks of noise with the same statistics as the noise 

added to the speech. This spectrum is then used to construct a new 

Wiener filter for each block of 256 samples of speech plus noise.

The output of the Wiener filter is an estimate of the true speech 

signal. For a block diagram description, see Fig. 9.
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T h i s  a p p r o a c h  w a s  t r i e d  w i t h  s p e e c h  h a v i n g  S NR =  1 1  d B  a n d

N
n

Fig. 9. Wiener filter block diagram.

In Fig. 9, h^ = F '*'{H(a))} where H(u)) = - ^ ( w ) )  / ̂ xx •

For this experiment a previously developed Wiener filter computer 

program was used to process the noisy speech.

T h i s  W i e n e r  f i l t e r i n g  a p p r o a c h  w a s  t r i e d  o n  t h e  n o i s y  s p e e c h



with SNR = 11 dB and SNR = 4 .6  dB. For SNR = 11 dB, an accuracy of 

95 percent was achieved compared with 66 percent without Wiener filter­

ing. For SNR = 4 . 6  dB, an accuracy of 68 percent was achieved compared 

with 29 percent without the filtering. These results are summarized 

in Table 3 for comparison with other methods.
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Table 3. Noisy speech word spotting results. (The

false alarm rate for all cases is 66/hour.)

SNR

No Processing 

to Remove 

Noise Effects

Subtract 

Autocorrelation 

of Noise

Design

Wiener
Filter

Noisy

Template

11 66 51 95 90

4.6 29 * 68 68

These results were not meaningful. ■

Since $ (w) = f /r  \ and $ (10) = f /r  one might ask why 
xx 1 xxj nn l nnj

the Wiener filter approach works so much better than the simpler and 

faster autocorrelation approach. On the surface, the two procedures 

appear to do about the same thing except one is in the time domain 

and the other is in the frequency domain.

In the autocorrelation experiments, nothing was done to force 

the autocorrelation matrix to be positive definite. In the Wiener 

filter algorithm, H(w) was never allowed to become negative. Instead, 

as H(w) approached zero, its amplitude was changed using a smooth 

tailoring curve so that it approached zero but could not become



negative.

In this method, noise with the same statistics as that in the 

noisy speech was added to the template. Motivation for this procedure 

is provided in the following discussion.

If the noise spectrum were perfectly flat, as would be the. _ - 

case with white gaussian noise, then the speech spectrum in the ' ■

passage and templates should just be biased upward by a constant 

factor at all frequencies. In this system, what we are really doing 

is comparing the short time spectrum of the incoming speech with that 

of a template. Suppose that these two spectra look alike in the 

absence of noise. If we just add the same flat spectrum noise to 

both the template and incoming speech, then we would expect the two 

spectral envelopes to still look alike, only biased upward in amplitude. 

However, there is no such thing as real white gaussian noise, and the 

noise spectrum of our real noise is not flat over even relatively 

short frequency spans as can be seen in Fig. 7. Even so, the noise 

spectrum is flat enough that we do expect improvement if noise is 

added to the word templates.

For the passage with SNR = 11 dB, the accuracy was 90 percent 

compared to 66 percent without additional processing. For the passage 

with SNR = 4 .6  dB, the accuracy was 68 percent compared to 29 percent 

without additional processing. These noise results are summarized in 

Table 3 for comparison purposes.
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Words used up to this point have been multiple syllable words. 

One might question how well the system would work on very short one 

syllable words. To address this question and at least get an indica­

tion of performance with short words, a passage of text containing the 

word "Ford" was constructed from a news magazine (see Appendix I I I ) .  

The word "Ford" occurred twelve times and the passage took approxi­

mately one minute to read. As before, the template words were read 

in isolation. Two templates were used.

Performance accuracy was 100 percent with no false alarms.

When the threshold was lowered until false alarms occurred, the first 

false alarms occurred on sounds like "org" in "organization" and "for 

D" as in "for Donald" as one might expect. •

A very limited experiment was performed with a short segment 

of this passage (approximately 10 s) to get an indication of perfor­

mance degradation in the presence of noise for short words. These 

preliminary results indicate that performance begins to degrade at a 

signal-to-noise ratio which is 6 to 10 dB higher than in Experiment 3 

above.

Experiment 5

To test the cross-speaker performance on short words, the Ford 

text was used with templates provided by different individuals. This 

experiment was performed using six templates from six different in­

dividuals, then five, then four, then three, then two, where the two

E x p e r i m e n t  4



The resultant accuracy was 100 percent with no false alarms in 

all cases, as shown in Table 4. Here it should be noted that as

Table 4. Cross-speaker word spotting with Ford text.

6 0

w e r e  a  s u b s e t  o f  t h e  t h r e e ,  t h e  t h r e e  a  s u b s e t  o f  t h e  f o u r ,  e t c .

Number of 
Templates Q RK

Accuracy
Percent

6 .55 .55 100

5 .55 .55 100

4 .50 . 55 100

3 .45 . 55 100

2 .44 .55 100

number of templates was increased, the threshold also had to be in­

creased.

Experiment 6

Finally, in order to make some comparisons with previous work 

in recognizing digits, a digit-recognition experiment was performed.

In this experiment, ten speakers —  five males and five females —  

each spoke approximately one hundred digits chosen from a table of 

random numbers. The digits used were zero through nine. Speaker 

No. 2 spoke two sets of digits. One set was deliberately spoken in 

isolation and the second was spoken with random speeds, emphasis, and 

groupings of numbers. The remaining speakers read the digits from the



table as they would normally read such a list over the telephone. The 

results of this experiment are presented in Table 5. ■
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Table 5. Digit recognition results.

Speaker
Number of 

Digits
False

Alarms
Misses

Pei

Accui

1 100 0 0 100

2 98 0 4 96

2 119 0 2 98

3 96 1 0 99

4 100 0 0 100

5 100 0 2 98

6 100 1 1 98

7 100 6 14 80

8 100 0 0 100

9 100 0 2 98

10 106 2 2 . 96

As can be seen, the accuracy varied from 80 percent to 100 per­

cent on an individual basis, with an overall accuracy of 97 percent. 

However, only speaker No.7 departs significantly from 100 percent, 

with the next lowest accuracy being 96 percent.

The factor which appeared to affect accuracy the most was 

articulation, that is, how clearly and distinctly each digit was 

articulated. For example, if the "t" sound in "eight" was not present,



then the "eight" digit was confused with "three", etc. Speaker No. 7 

yielded the poorest results but also had the greatest apparent vari­

ability in speaking. For example, sometimes she rolled the "r" in 

"three" and sometimes she did not. The word "eight" sometimes had 

the "t " sound and sometimes did not.

In general, it was found that when the digits were spoken 

clearly and distinctly, the system performed near 100 percent ac- ~ 

curacy.

Experiment 7

This experiment was a very brief attempt to do cross-speaker . 

digit recognition to give an indication of performance. In this case 

two templates from speaker No. 4 were used on the digits from speaker 

No. 1. The resulting accuracy was 82 percent, with the errors 

divided almost equally between false alarms and misses. Speakers 

No. 1 and 4 were chosen because they spoke the digits most alike. 

Again, the failures tended to occur when words were not articulated 

clearly.

In addition to the experiments described above, some additional 

tests of the system were performed which give some indication of the 

robustness of the system. In one experiment a recording was made on 

an inexpensive cassette recorder of some noisy speech of rather poor 

quality from a telephone talk show broadcast from a distant AM radio 

station. This recording included the distortion and noise introduced 

by the telephone, the radio, and night-time ionospheric effects.
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The radio speech was then processed to remove convolutional distortion 

using a blind deconvolution procedure developed by Stoekham.38 Using 

multiple templates constructed from the incoming speech, an accuracy 

of 100 percent was achieved on two separate passages with two dif­

ferent speakers saying the words in each passage. The words used in 

these two cases were "dream" and "grand".

Finally, inasmuch as one might not be able to get a template 

word from a given speaker with unique speech characteristics, an 

experiment was performed in which a template was constructed using 

parts of other words spoken by the same speaker. In this case, the 

speech was also poor quality radio speech from another distant late 

night talk show. The word to be constructed was "restaurant". .The 

experiment was done rather crudely just to get an indication of 

results. The word "restaurant" was constructed using the "r" sound 

from "respect", the "est" sound from "best", and the "ant" sound from 

"want".

Using only one template so constructed, an accuracy of 80 per­

cent was achieved. Since this effort was not part of the main objec­

tive of the research, it was not pursued any further.
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V I .  C O N C L U S I O N

A word spotting system has been demonstrated that works re­

markably well using only a single measure of similarity between the 

incoming speech and the template word. It uses a simple procedure 

to dynamically construct a composite template from a set of multiple 

templates. The "best" performance of the system, using only this 

single measure of similarity, has been demonstrated by adjusting two 

parameters to tune the system for each word and speaker. . .

The results clearly indicate that it is reasonable and feasible 

to use LPC parameters in word spotting. The time-warp algorithm of 

Bridle was very effective and efficient and allowed correct word 

spotting when the word and template differed in length by as much as 

a factor of two.

Once the system was implemented and working, the majority of 

nonprocessing time was taken up in isolating the templates. In an 

operational system, one would certainly want to have a reliable fully 

automatic endpoint detector to isolate the templates.

The results using noisy speech were very encouraging. In 

particular, the success achieved using the poor quality distorted 

radio recordings indicates that this approach has great promise for 

future use in that environment.



Although this system as it now exists would probably not be 

acceptable for operational use in either word spotting or digit 

recognition, it does point the direction for further research to 

develop such a system.

The main disadvantage of the system as it now exists is the 

need to readjust the threshold and time-distortion penalty factor 

for each word and speaker. ’ ' '

Some of the main advantages of this approach are the simplicity 

and speed of the analysis and that one could use a real-time LPC vo­

coder in generating the similarity measure. Another advantage is that 

additional features could easily be added to the similarity measure in 

hopes of improving the cross-speaker performance and decreasing the 

strong dependence of performance on the similarity threshold. The 

system also performs well when the speech is contaminated by additive 

white gaussian noise.

Areas for Future Research

There are many areas of additional research needed to improve 

the performance and robustness of this system. Some of these are 

listed below:

1. Add features such as voicing, pitch contour, etc., to the 

similarity measure to reduce the need to readjust the 

threshold, improve noisy speech performance, and improve 

cross-speaker performance.

2. Experiment with possible techniques to calculate the
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threshold for each word and/or speaker. For example, one 

might use some of the short time speech statistics.28 

Experiment with additional front-end processing such as 

preemphasis to boost the high frequency portion of the 

spectrum.

Conduct research to improve performance by changing the 

window shape and/or length, varying the sampling rate, 

varying the number of poles in the LPC analysis, adding 

zeros in the LPC analysis, etc.

Address the noise and distortion problem using other kinds 

of noise and distortion and other procedures such as adaptive 

noise canceling.31̂ In addition, conduct more detailed and 

definitive research into the applicability and use of de­

convolution procedures such as the blind deconvolution pro­

cedure of Stoekham.38

Conduct research to normalize the frequency domain to 

improve the cross-speaker performance. For example, one 

might normalize the vocal tract area or length and thus be 

able to use the same templates for both male and female 

speakers. Wakita35-37 has reported encouraging results 

using vocal tract length normalization. His hypothesis 

was that speech sounds produced by arbitrarily selected 

speakers which are perceptually categorized into an identical 

phoneme result from similar vocal tract shapes of different 

lengths. His preliminary experiments yielded much more



compact distributions of the first three formants than are 

achieved without the normalizations. The possibility of 

some equivalent normalization in the time domain, possibly 

using reflection coefficients, should be examined.
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A P P E N D I X  I

W O R D - S P O T T I N G  PROGRAM —  FO RT R AN  CODE

DIMENSION IDIM(80). SIM(IO),WI(256)

DIMENSION A R (80 ,0 /1 ),S (9216),IDATA(9216)

DIMENSION SP(256),WS(256),R (14),A (12 ), B (14)

DIMENSION RR(14,80 ,10), RN(80,10)

COMMON /VM/AL

COMMON/IEOF/IEOF1

COMMON /TS/ G,Q,RK,IDEV1

INTEGER STATUS,ENDBLK,DO
LOGICAL FLAG

DATA NW,NW2, IDEV1, INIBLK,M/128,256 ,5 ,1000 ,12/

DO = 0
CALL DING(1)

CALL CLKSTP .

CALL FREQST(10000.)

CALL CLKGO 
CALL DING(l)

TYPE 1 2 ,IDEV1

FORMAT(' IDEV1 = ' , 12 ,' ' , $ )

CALL INNUM(IDEVl)

TYPE 425,M

FORMAT(' M= ' , 1 2 , '  ' ,$)

CALL INNUM(M)

TYPE 426 ,ITESTM

FORMAT(' ITESTM= ' ,1 2 , '  ' ,$ )

CALL INNUM(ITESTM) '

DO 3 1=1,ITESTM 

IDIM(I)=0 

NPTS = 256

F = (3 .1415926/(NPTS - 1))*2 .

DO 2 K=1,NPTS
W I(K )= .54-.46*COS( (K-1)*F)

READ AND WINDOW SAMPLES OF SPEECH 

DO 99 KL=1,ITESTM

CALL OPEN(DO,NBLKS, ENDBLK,INIBLK,IDEV1)

NBLK = INIBLK

CALL DSKI0(IDEV1,NBLK,2 ,NW,SP,STATUS)

IF(STATUS) 51,52,53 

TYPE 202



53

204

205

202

52

203

20

C

32
C

50

60

99

100 

700

1100

701

702

703

704

705

706

7 0 7

FORMATC HARDWARE')

GO TO 203 

TYPE 204
F0RMAT( ' PARAMETER')

CONTINUE 

CALL SLEEP(10)
GO TO 10 

CONTINUE '

NBLK =NBLK+1

IF(NBLK.GT.ENDBLK)G0 TO 99 ■

CALL EXPNDO(NW2, SP)

DO 20 K=1,NPTS 

WS(K) = SP(K)*WI(K)

CALCULATE AUTOCORRELATION COEFFICIENTS 

CALL CORR(WS,NPTS,R,M+l)
RNORM = l ./R (l )

R(l) = 1.
DO 32 K=2,M+1 

R(K) = R(K)*RNORM

SOLVE FOR PREDICTOR COEFFICIENTS 

CALL SOLVE(R,A,M)

IDIM(KL) = IDIM(KL) + 1

IF(KL. EQ. ITESTM)CALL MMX(IDIM,8 0 ,IMIN, IMAX) 

RN(IDIM(KL),KL) = AL 

DO 60 K = 1,M+1 

RR(K,IDIM(KL),KL) = R(K)

GO TO 10

CONTINUE -

GO TO 500

CONTINUE
CALL OPEN(DO,NBLKS, ENDBLK,INIBLK,IDEV1)

KT = 1
DO 1100 L=1,80 

AR(L,0)=0.

AR(L,1)=0.
NBLK = INIBLK

CALL DSKIO(IDEV1,NBLK,2 ,NW,SP, STATUS)

IF(STATUS) 702,707,704 

TYPE 703
FORMATC HARDWARE')

GO TO 708 

TYPE 705
FORMAT( ' PARAMETER')

CONTINUE 

CALL SLEEP(10)
GO TO 701 

CONTINUE 

NBLK =NBLK+1
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708

709 

C

710 

C

C

110

111

1000

1010

125

135

600

120

1 3 0

IF(NBLK.GT. ENDBLK)GO TO 500 

CALL EXPNDO(NW2, SP)

DO 709 K=1,NPTS 

WS(K) = SP(K)*WI(K)

CALCULATE AUTOCORRELATION COEFFICIENTS 
CALL CORR(WS,NPTS,R ,M+1)

RNORM = l ./R (l )

R(l) = 1.
DO 710 K=2,M+1 

R(K) = R(K)*RNORM

SOLVE FOR PREDICTOR COEFFICIENTS 

CALL SOLVE(R,A,M)

CALCULATE FRAME SIMILARITY--SIM-- "  ' '

CALL BAUTO(A,B,M)

DO 111 KM=1,ITESTM 
SUM = B(1)

DO 110 I = 1,M

SUM = SUM + B(I+1)*RR(I+1,1,KM)

SIM(KM) = RN(1,KM)/SUM 
CONTINUE

CALL MMX(SIM,1 0 ,SMIN,SMAX)

IF (SMAX.LT. Q.AND.KT. EQ.1 )GO TO 701 

KT = KT + 1

IF(SMAX.GE.Q) GO TO 1000 ‘

X = 0.

GO TO 1010 

X = SMAX

CALL STEP(AR(1,0 ) ,X,RK,ST) .

AR(1,1) = AMAX1(X,ST)

DO 120 K = 2 , IMAX

IF(AR (K .O ).EQ .O ..AND.AR(K-1,0 ) .EQ.0 . .AND.AR(K-1,1).EQ.0 .) 

GO TO 600 

DO 135 KN=1,ITESTM 
SUM =B(1)

DO 125 I = 1,M

SUM = SUM + B(I+1)*RR(I+1,K,KN)

SIM(KN) = RN(K,KN)/ SUM 

CONTINUE

CALL MMX(SIM,1 0 ,SMIN,SMAX)

CALL STEP(AR(K-1,1),SMAX,RK,A1)
CALL STEP(AR(K-1,0),SMAX,l.,A2)

CALL STEP(AR(K,0)SMAX,RK,A3)
AR(K,1) = AMAX1(A1,A2,A3)

GO TO 120 

AR(K,1)=0.

CONTINUE 

DO 130 I = 1,80 

A R (I ,0) =AR(I,1)

IFR = NBLK-1



513

7

500

510

4 0 0

HIT = FLOAT(IFR)

DO 7 1=1,ITESTM 

WIN=FLOAT(I)

IF(AR(IDIM(I), 1 ) .NE.0 . )GO TO 6 

GO TO 7

IF(LABS(IFR-IT) .LT.20 )GO TO 7 

TYPE 400,WIN,HIT,AR(IDIM(I),1)
IT = IFR 

NB = IFR-36
CALL DSKIO(IDEV1,NB,2 ,4608 ,S, STATUS) 

CALL EXPND0(9216,S)
CALL FIXAR(IDATA,S,9126)

CALL DMPBUF(IDATA,9216,FLAG)

IF(FLAG) GO TO 513 

CONTINUE 

GO TO 701 

CALL DING(3)
IT = 0 

TYPE 510,DO

FORMAT(' DO = 1,1 2 ,1 ' ,$)
CALL INNUM(DO)

IF(DO.NE.0) GO TO 700 

FORMAT(8F12.2)

END
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ANALYSIS FOR REFERENCE TEMPLATE

ANA LY S IS  OF INCOMING SPEECH

F i g .  A . I .  F l o w  c h a r t  f o r  F o r t r a n  l i s t i n g .
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A stack is a first-in last-out list. In a PDP-11 a stack is 

used automatically by program interrupts, subroutine calls, and trap 

instructions. When the processor is interrupted, the central proces­

sor status word and the program counter are saved (or "pushed") in 

the stack area, while the processor services the interrupting device.

A return from interrupt instruction restores the interrupted program 

without software intervention. Interrupts are then automatically 

nested for fastest interrupt response and no program overhead.

The PDP-11 has an extremely flexible interrupt priority struc­

ture. The central processor recognizes interrupts on four separate 

lines. Many devices may be attached on each line with the device 

closest to the central processor given priority over the other devices 

on the same line. The hardware interrupt priority lines are inter­

leaved by programmable central processor priority levels, thus allow­

ing the running program to select the priority of allowable interrupts. 

Additional speed and power are added to the interrupt structure through 

the use of the PDP-11 fully vectored interrupt scheme.

When acknowledging an interrupt, the processor saves its program 

control and status word on the system push-down stack. Then, it

P D P - 1 1  P A S S A G E  READ BY S U B J E C T S



establishes a new status and program counter from a set of interrupt 

locations unique to each device. Thus, no device polling is required. 

The program running in response to an interrupt may itself be inter­

rupted by a device with a higher priority; these nested interrupts 

are allowed to any level. Subroutine call instructions also use the 

stack for storage of the return address. Hence, reentrant subroutines 

may be easily written. Reentrant subroutines make it possible to do 

real-time programming without using large amounts of core memory.
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FORD PASSAGE

President Ford's advisers are urging him to revamp his strategy 

—  travel less, project a more positive image, and beef up his cam­

paign organization. Friends contend that Mr. Ford's trips have 

boosted Republican morale and filled the party's coffers, but they 

haven't improved Ford's poll ratings.

Raising money for Ford is turning out to be tougher than the 

White House expected. Strategists say that President Ford's unyield­

ing stand so far on hot issues has turned off contributors.

Ford campaign chief, Howard Callaway, is catching flak. In­

siders look for Donald Rumsfeld, top White House aide, to make more 

key political decisions. President Ford's team expects Ronald Reagan 

to go all out in early primaries, hoping to make Mr. Ford look weak.

For candidate Jerry Ford, money has suddenly become more of a 

problem than expected only a short time ago. Campaign cash hasn't 

rolled in and the Ford Committee may have to turn to federal matching 

funds. Even so, Mr. Ford will definitely enter six of the early State 

primaries next year.

President Ford, although not to the extent of his immediate 

predecessors, is showing annoyance at "inaccurate" reporting of White 

House activities.

A P P E N D I X  I I I  '
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