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ABSTRACT 
The t e c h n i q u e o f dynamic t ime w a r p i n g by u s i n g 

dynamic programming i s p o w e r f u l f o r i s o l a t e d word 
r e c o g n i t i o n . 

An augmented c o n t i n u o u s dynamic programming 
a l g o r i t h m i s p roposed f o r connec ted spoken word 
r e c o g n i t i o n w i t h s y n t a c t i c a l c o n s t r a i n t s . The 
a l g o r i t h m is based on the same p r i n c i p l e o f two 
l e v e l DP and l e v e l b u i l d i n g DP. A l t h o u g h our 
a l g o r i t h m o b t a i n s a nea r o p t i m a l s o l u t i o n f o r the 
r e c o g n i t i o n p r i n c i p l e based o n p a t t e r n m a t c h i n g , i t 
i s c o m p u t a t i o n a l y more e f f i c i e n t than t h e 
c o n v e n t i o n a l methods and a l s o does no t r e q u i r e many 
memory s t o r a g e s . T h e r e f o r e i t i s u s e f u l f o r 
connec ted word r e c o g n i t i o n w i t h s y n t a c t i c a l 
c o n s t r a i n t s in a l a r g e v o c a b u l a r y . The amount o f 
c o m p u t a t i o n i s a lmos t t h e same as t h a t f o r i s o l a t e d 
word r e c o g n i t i o n . 

I INTRODUCTION 
The t e c h n i q u e of dynamic t ime w a r p i n g by v is ing 

dynamic programming i s p o w e r f u l f o r i s o l a t e d word 
r e c o g n i t i o n . 

V i n t s y u k proposed a connec ted spoken word 
r e c o g n i t i o n method based o n t h i s p r i n c i p l e i n 1971 
[ 1 ] . I n 1975 , Sakoe a l s o proposed i n d e p e n d e n t l y 
a n o t h e r a l g o r i t h m f r om a v iew p o i n t o f p a t t e r n 
m a t c h i n g ( c a l l e d Two L e v e l DP m a t c h i n g ; T L D P ) [ 2 ] . 

R e c e n t l y , Myers and Rab iner have p r e s e n t e d a 
new DTW-based connec ted word r e c o g n i t i o n a l g o r i t h m , 
c a l l e d L e v e l B u i l d i n g D P m a t c h i n g ( L B ) [ 3 ] . T h i s 
a l g o r i t h m produces t h e same r e s u l t as TLDP excep t 
f o r the d i f f e r e n c e o f t h e m a t c h i n g w indow. T h i s i s 
l e s s c p m p u t a t i o n , b u t n o t a r e a l t ime o r i e n t e d 
a l g o r i t h m . 
T h e r e f o r e , Sakoe and W a t a r i l e d a new r e a l t i m e 
o r i e n t e d a l g o r i t h m b y chang ing t h e c o m p u t a t i o n 
o r d e r of LB ( c a l l e d C lock -W ise DP m a t c h i n g ; CWDP) 
[ 4 ] , T h i s uses f a r l e s s c o m p u t a t i o n , b u t more 
memory s t o r a g e s . 

In l a s t y e a r , t h e auchor p roposed two new 
a l g o r i t h m s based on t h e same p r i n c i p l e as d e s c r i b e d 
a b o v e [ 5 ] . One is t he Cons tan t Time De lay DP 
m a t c h i n g (CTDP). T h i s a l g o r i t h m i s t he e x t e n t i o n 
o f TLDP, t h a t i s , execu tes the c o m p u t a t i o n a t e v e r y 
c o n s t a n t t i m e d e l a y (W f rames) i n s t e a d o f e v e r y 
f r a m e . Thus , t he c o m p u t a t i o n o f l o c a l d i s t a n c e 
reduces a f a c t o r of 4 ~ 6. The a n o t h e r is 0 ( n ) DP 
m a t c h i n g . The t o t a l amount o f c o m p u t a t i o n i s t h e 
same as t h a t o f i s o l a t e d spoken word r e c o g n i t i o n 
by DP m a t c h i n g , t h a t i s , a f a c t o r o f R ( w i d t h o f 
m a t c h i n g window) f o r TLDP. However, t h i s 0 ( n ) DP 
m a t c h i n g cannot be a p p l i e d t o connec ted word 
r e c o g n i t i o n w i t h s y n t a c t i c a l c o n s t r a i n t s . 

In t h i s p a p e r , we d e s c r i b e a new t y p e method 

2.2 Formal izat ion of Connected Word Recognit ion 
P r i nc i p l e 
Let us consider the connected spoken word 

recogn i t ion problem such that i t i s t o . f i n d the 
sequence of reference pa t te rns , R = R R . . . 
R of length x which best matches (minimum 
cumulative distance) the tes t pa t te rn T, over a l l 
possible concatenation of x reference pa t te rns . I f 
the number of words in the tes t pa t te rn is not 
known, the min imizat ion should be performed over a l l 
length x . 

The basic procedure fo r f i n d i n g R is to solve 
a time alignment problem between T and R using a 
dynamic time warping method (DP matching). 
Therefore we should use an asynmetric DP pass to 
apply dynamic programming fo r connected word 
r e c o g n i t i o n [ 2 ] . 

F i g . l shows var ious types of asynmetric DP 
passes. In t h i s paper, we use the type (a) to 
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4.2 Word Spot t ing Algor i thm 
For speech understanding systems, the problem 

of detec t ing and l oca t i ng a spec i f i c word in 
continuous speech has been considered by using a 
nonl inear time warping procedure (DP match ing) [6 ,71 . 
This problem is re fe r red to as the word spo t t i ng 
problem. 

If we can ca lcu la te D ( i , J ) fo r any i - t h 
frame in the tes t pat tern and any n- th reference 
p a t t e r n , the word spo t t i ng problem would be solved. 
That i s , i f D - n ( i , J n ) s a t i s f i e s the threshold for 

4.3 App l i ca t ion to Connected Word Recognit ion 
Oka has presented a connected word recogn i t ion 

a lgor i thm based on a word spo t t i ng a lgor i thm 
(ca l l ed Continuous DP) [8 ] , However, h i s word 
spo t t i ng a lgor i thm is incomplete on the app l i ca t i on 

way of a dynamic programming t e c h n i q u e and t h e word 
d e c i s i o n p rocess i s n o n d e t e r m i n i s t I c o r h e u r i s t i c . 

We propose a new connec ted word r e c o g n i t i o n 
a l g o r i t h m based o n our word s p o t t i n g a l g o r i t h m . 
Our method is based on the f o r m a l i z a t i o n o f 
e q u a t i o n s ( 2 ) , ( A ) , b u t g i v e s a n a p p r o x i m a t e 
s o l u t i o n f o r t h e i r e q u a t i o n s . 

I n the e q u a t i o n s ( 2 ) , ( A ) , we must c a l c u l a t e 
D ( m + l : i ) f o r m = 0 , l , 2 , i - 1 . T h i s c u m u l a t i v e 
d i s t a n c e depends on the m a t c h i n g l e n g t h i n the t e s t 
p a t t e r n , t h a t i s , i - m . On t h e o t h e r h a n d , D ( i , J ) 
depends o n the l e n g t h o f r e f e r e n c e , t h a t i s , J . 
T h e r e f o r e we can o b t a i n a p p r o x i m a t e l y D ( m + l : i ) 
f rom D ( i , J n ) as f o l l o w s . 

pat tern is the most r e l i a b l e candidate loca t ion to r 
the reference and i - t h frame, m Is f i xed to B ( i , J n ) 
-1 in t h i s m o d i f i c a t i o n . Therefore we t r y to n estimate D (m+1:i) in some locat ions as f o l l ows . 

D n (m+l : i ) D n ( i , J n ) 

Where-r ~r2 denotes the est imat ion range. If we 
would l i ke ' " to ca lcu la te for more var ious 
l oca t i ons , we should modify our word spo t t i ng 
a lgor i thm as f o l l ows . 

Fig.5 i l l u s t r a t e s the d i f fe rence fo r the ca lcu la t i on 
of D (m+ l : i ) between Two Level DP and Augmented 
Continuous DP. We f i nd ACDP is an approximate 
method fo r c a l c u l a t i n g D ( m + l : i ) , 
We t h i n k , however, it is a f a i r l y good approximation. 
Where r corresponds to a skipped range between 
words and r2 an overlapped range. 

A f te r repeat ing DP equation (4) over l < i < I , 
the recogn i t ion resu l t is decided by the f law in 
F i g . 3 . 
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memory s t o r a g e s f o r r e f e r e n c e p a t t e r n s and w o r k i n g 
a rea i s a l s o a b b r e v i a t e d . I n g e n e r a l , n o t i c e t h a t 
t h e c o m p u t a t i o n t i m e o f l o c a l d i s t a n c e ( d i s t a n c e 
between f rames) consumes about as f i v e o r t e n t i m e s 
as t h a t o f c u m u l a t i v e d i s t a n c e per one e x e c u t i o n 
and t h a t t h e v a l u e o f |A| i s s e v e r a l t i m e s o f N 
(dependent on t a s k ) . Here we assumed t h a t t h e 
window of DP m a t c h i n g was t h e s l o p e of 1/?. to 2 
( f o r examp le , ( h ) ~ ( e ) i n F i g . 2 and F i g . 4 ) . 

Augmented C o n t i n u o u s DP (ACDP) m a t c h i n g 
a l g o r i t h m i s a b e t t e r a p p r o x i m a t e a l g o r i t h m o f t h e 
s o l u t i o n f o r t h e e q u a t i o n s (2) and ( 4 ) . I n o t h e r 
w o r d s , owing t o t h e a p p r o x i m a t e s o l u t i o n , 
u n c e r t a i n p a r t s i n word b o u n d a r i e s m i g h t b e s k i p p e d 
f o r m a t c h i n g , t h a t i s , t h i s has a f u n c t i o n o f 
u n c o n s t r a i n e d e n d p o i n t s DP m a t c h i n g . T h i s was 
ex tended to emmit some (K) c a n d i d a t e l o c a t i o n s and 
m a t c h i n g sco res f o r e v e r y word and f r a m e . The 
s u i t a b l e v a l u e o f K i s about 2 f r om v i e w p o i n t o f 
c o m p u t a t i o n , memory s t o r a g e and a c c u r a c y . I n t h i s 
c a s e , t h e v a l u e of K' becomes about 2 to 4. We 
t h i n k t h a t ACDP a l g o r i t h m i s a s u i t a b l e a l g o r i t h m 
f o r a t a s k w i t h l a r g e v o c a b u l a r y o r complex s y n t a x . 
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Table 1 Comparison w i t h va r ious DP a lgo r i t hms f o r the equat ion ( 4) 

V COMPARISON WITH OTHER ALGORITHMS 
Table 1 summarizes the amount of computation 

and memory storages for var ious a lgor i thms. The 
amount of computation fo r phrase l e v e l (word 
decis ion l eve l ) is abbreviated. The amount of 


