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The d i g i t a l segmenta t ion a l g o r i t h m desc r i bed i n 
t h i s paper s u b d i v i d e s speech s i g n a l s i n t o d i s c r e t e 
s e c t i o n s wh ich p e r m i t t o l o c a l i z e most o f the spo­
ken phonemes in n a t u r a l speech. Two p re -segmen ta -
t i o n s teps sepa ra te pauses and v o i c e l e s s p a r t s 
f rom the ( v o i c e d ) r e s t o f the s i g n a l . The subse­
quent main segmenta t i on s tep t r i e s to d e s c r i b e the 
speed o f a r t i c u l a t i o n i n the voca l t r a c t a c c o r d i n g 
to some g l o b a l speech pa ramete rs . S i n c e , d u r i n g an 
u t t e r a n c e , the voca l t r a c t does not move a t c o n ­
s tan t speed, bu t a t t emp ts t o r e a l i z e the a r t i c u l a ­
t o r y t a r g e t p o s i t i o n a s s o c i a t e d w i t h each phoneme, 
s e c t i o n s w i t h r e l a t i v e l y low changes o f voca l t r a c t 
p o s i t i o n ( " s t a t i o n a r y " segments) and s e c t i o n s w i t h 
g r e a t e r changes ( "dynamic" segments) can be sepa­
r a t e d . The dynamic segments can be f u r t h e r c h a r a c ­
t e r i z e d when the d i r e c t i o n o f change in the course 
o f the parameters i s r e g a r d e d . 

1 . I n t r o d u c t i o n 

Th is paper d e s c r i b e s a segmenta t ion a l g o r i t h m wh ich 
forms p a r t o f a r e c o g n i t i o n system f o r n a t u r a l 
speech on the b a s i s of phonemes and phoneme- l i ke 
e lements ( F i g . I ) . The t o p i c o f t h i s paper w i l l b e 
c o n f i n e d t o the segmen ta t i on s t e p s ; the r ema in i ng 
s teps of the system have been d e s c r i b e d e lsewhere 
/Hess 1974.1 ,1974.2 , 1 9 7 2 / . 

The extreme d i f f e r e n c e between the i n f o r m a t i o n c o n ­
t e n t o f the a c o u s t i c speech s i g n a l and i t s w r i t t e n 
c o u n t e r p a r t forms one p r i n c i p a l p rob lem of any 
au toma t i c speech r e c o g n i t i o n sys tem. The c l a s s i f i e r 
i t s e l f which c l a s s i f i e s the s i g n a l i n t o the d e s i r e d 
ou tpu t c lasses (such as wo rds , phonemes e t c . ) u s u ­
a l l y cannot cope w i t h an i n f o r m a t i o n con ten t too 
l a r g e . T h e r e f o r e , i t needs a p rep rocesso r wh ich r e ­
duces the g rea t redundancy o f the s i g n a l . For t h i s , 
one has to e x t r a c t a s e r i e s of s i g n i f i c a n t parame­
t e r s w h i c h , whatever they a r e , m a i n t a i n most o f the 
( p h o n e t i c ) i n f o r m a t i o n s i g n i f i c a n t f o r the c l a s s i ­
f i e r , bu t th row o f f a g rea t p a r t o f the s i g n a l r e ­
dundancy. Another p rob lem i n r e c o g n i t i o n o f c o n t i n ­
uous speech is g i ven by the f a c t t h a t the o u t p u t o f 
the r e c o g n i z e r has to be d i s c r e t e i n t i m e , and t h a t 
the c l a s s i f i e r can process a l i m i t e d number o f o u t ­
pu t c l asses o n l y . Thus, i t i s obv ious t h a t the o u t ­
put o f the c l a s s i f i e r i n a r e c o g n i t i o n system f o r 
con t i nuous speech cannot be words and even not be 
s y l l a b l e s / O l s o n , 1967/ . R e c o g n i t i o n on the b a s i s 
o f phonemes o r s i m i l a r e lementa ry u n i t s , however, 
r e q u i r e s t ime l o c a l i z a t i o n o f these u n i t s i n the 
speech s i g n a l . That means, i t poses the prob lem o f 
s e g m e n t a t i o n . I t i s l e f t t o the p r o c e s s i n g s t r a t e g y 
whether segmenta t ion i s done t o g e t h e r w i t h c l a s s i ­
f i c a t i o n ( r e c o g n i t i o n ) o r d u r i n g the p r e p r o c e s s i n g 
s t e p /Pau lus 1974/ . I n the system d e s c r i b e d h e r e , 
segmenta t ion is pe r fo rmed as e a r l y as p o s s i b l e . 

The f i r s t approach t o segmenta t ion i s a l r e a d y 
found i n vocoder speech t r a n s m i s s i o n sys tems. Th i s 
s tep w h i c h , i n the f o l l o w i n g , i s l a b e l e d " p r e - s e g -
m e n t a t i o n " , de te rm ines two b i n a r y f e a t u r e s o f the 
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speech s i g n a l , bo th o f wh ich a re concerned w i t h 
the v o i c e s o u r c e : 

1) D i s c r i m i n a t i o n "Pause/Speech" . 

2 ) D i s c r i m i n a t i o n " V o i c e d / V o i c e l e s s " . 

Regard ing the voca l t r a c t i n s t e a d o f the v o i c e 
source w i l l lead t o a d i f f e r e n t k i n d o f segmenta­
t i o n . The v o c a l t r a c t t r i e s t o r e a l i z e the a p p r o ­
p r i a t e t a r g e t p o s i t i o n f o r every spoken phoneme 
/Fan t and L i n d b l o m , 1961 ; F lanagan , 1972/ . For the 
f u r t h e r i n v e s t i g a t i o n s , one has t o i ssue f rom t h e 
f o l l o w i n g assumpt ions / B h i m a n i , 1963 / : 

a) When r e a l i z i n g a spoken phoneme, the voca l 
t r a c t f i r s t w i l l a d j u s t i t s e l f t o a t a r g e t 
p o s i t i o n , then w i l l remain t h e r e f o r a c e r ­
t a i n t i m e , and f i n a l l y , w i l l move t o the 
t a r g e t p o s i t i o n a s s o c i a t e d w i t h the nex t 
phoneme. For t h i s r e a s o n , f a s t movements o f 
t h e v o c a l t r a c t ( l e a d i n g t o "dynamic " o r 
" t r a n s i t i o n a l " segments i n the s i g n a l ) and 
p e r i o d s o f l i t t l e change i n the v o c a l t r a c t 
p o s i t i o n ( " s t a t i o n a r y " segments) w i l l a l t ­
e r n a t e . 
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b ) Every s i g n i f i c a n t a r t i c u l a t i o n change w i l l 
cause an e s s e n t i a l change in shape of the 
speech s i g n a l as we l1 as i t s main p a r a ­
meters and v i c e v e r s a . 

A spoken phoneme thus c o n s i s t s of a dynamic b e g i n ­
n i n g , a s t a t i o n a r y m idd le p a r t and a dynamic end 
which is u s u a l l y j o i n e d by the b e g i n n i n g o f t he 
nex t phoneme to form one dynamic t r a n s i t i o n 
(F ig. 2) . 

There a re except i o n s : d iph thongs may c o n t a i n sev ­
e r a l s t a t i o n a r y segments, whereas s tops may not 
c o n t a i n any s t a t i o n a r y pa r t a t a l l . Thus , i f one 
succeeds to l o c a t e these s t a t i o n a r y and dynamic 
segments, he w i l l be ab le to l o c a t e the spoken 
phonemes in the speech s i g n a l . The t h i r d and main 
s tep o f segmentat ion t h e r e f o r e w i l l be d e s c r i b e d 
as f o l l o w s : 

3) Separate s t a t i o n a r y and dynamic segments in 
the vo i ced s e c t i o n s o f the s i g n a l ( a n d , a -
p a r t f rom t h a t , a l s o i n the l onge r v o i c e -
1 ess p a r t s wh i r.h may c o n t a i n more than one 
phoneme). 

In the f o l l o w i n g , these s t e p s , to which a c o r r e c ­
t i o n s tep i s added, are d i scussed i n some d e t a i l . 

2 . P re - segmen ta t i on 

Th i s s t e p dea l s w i t h p r o p e r t i e s o f the v o i c e 
s o u r c e . I t s u b d i v i d e s the speech s i g n a l i n t o 
v o i c e d s e c t i o n s , v o i c e l e s s s e c t i o n s , and pauses. 
The methods a p p l i e d f o r t h i s s tep depend on v a r i ­
ous env i ronmenta l cond i t i o n s , such as the si g n a l -
t o - n o i s e r a t i o o r the purpose f o r which the a l ­
g o r i t h m is to be used . For the p rocedure d e s c r i b e d 
h e r e , the r e s u l t s are used in a speech r e c o g n i t i o n 
sys tem, so t h a t a f a i r l y a c c u r a t e knowledge about 
pauses and speech s e c t i o n s i s r e q u i r e d . F u r t h e r ­
more, no i se l e v e l can be assumed to va ry s l o w l y 
w i t h t i m e . For t h i s r e a s o n , a f i x e d l e v e l t h r e s ­
h o l d , as a p p l i e d e . g . by REDDY /Reddy, 1966 / , d i d 
no t prove s u f f i c i e n t f o r an a c c u r a t e pause-speech 
d i s c r i m i n a t i o n . I n s t e a d , the l e v e l d i s t r i b u t i o n o f 
the s i g n a l i s taken in form o f a h i s t o g r a m d u r i n g 
p r e p r o c e s s i n g ( F i g . 3 ) . A t the no i se l e v e l , t h i s 
h i s t o g r a m shows a d i s t i n c t peak. Since the s i g n a l 
l e v e l d u r i n g speech s e c t i o n s i s s u b j e c t to much 
g r e a t e r changes than the no i se l e v e l , a t h r e s h o l d 
L_„ can r e a d i l y be d e r i v e d f rom t h i s peak ; t h u s , 
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3. Choice o f P a r a m e t e r s . Segment Length F u n c t i o n , 
M in ima l Segments. 

Are the s t a t i o n a r y segments s u f f i c i e n t l y s t a t i o n ­
a r y r e s p . the dynamic ones s u f f i c i e n t l y dynamic to 
be d e t e r m i n e d by an a u t o m a t i c c l a s s i f i c a t i o n a l g o ­
r i t h m w i t h reasonab le r e l i a b i l i t y ? What parameters 
have t o b e s e l e c t e d t o p e r f o r m t h i s ? I n t h i s s t e p , 
the f e a t u r e " s t a t i o n a r y " o r " d y n a m i c " i s no t a 
p h y s i c a l l y d e t e r m i n a b l e c h a r a c t e r i s t i c o f the 
speech s i g n a l a s e . g . the e x i s t e n c e o f p i t c h . For 
t h i s r e a s o n , the paramete rs s e l e c t e d f o r segmenta­
t i o n have be t r e a t e d in a n o n l i n e a r way to d i s ­
c r i m i n a t e the s i g n a l i n t o the d e s i r e d segment c l a s ­
s e s ; t h i s can be per fo rmed by an a d a p t i v e or by a 
r i g i d a l g o r i t h m . As fo rmer expe r imen ts show, espe ­
c i a l l y by REDDY and VICENS /Reddy and V i c e n s , 
1968 / , t he s e g m e n t a t i o n o f the s i g n a l i n t o s t a ­
t i o n a r y and dynamic segments seems p o s s i b l e u s i n g 
few g l o b a l speech s i g n a l parameters and a r i g i d , 
n o n - a d a p t i v e d e c i s i o n - t r e e a l g o r i t h m . 

I n the f o l l o w i n g , the t h r e e parameters d e f i n e d i n 
e q s . 2 and 3 t o g e t h e r w i t h the b i n a r y f e a t u r e s e x ­
t r a c t e d i n the p r e - s e g m e n t a t i o n s tep are used . 
These paramete rs are measured p i t c h - s y n c h r o n o u s l y 
/ H e s s , 1972/ and then i n t e r p o l a t e d a t c o n s t a n t i n ­
t e r v a l s ( "mic rosegment i n t e r v a l " ) . I f p i t c h i s no t 
a v a i l a b l e , these parameters a re measured f o r a p e ­
r i o d of 25 ms b e f o r e i n t e r p o l a t i o n . The m i c r o s e g -
ment i n t e r v a l has been se t to 2.5 to 5 ms f o r the 
speech m a t e r i a l used i n these i n v e s t i g a t i o n s . Th i s 
s h o r t i n t e r v a l was s e l e c t e d i n o r d e r t o p rocess 
even f a s t t r a n s i t i o n s i n a c o r r e c t way; t h i s seems 
j u s t i f i e d by the accuracy o f the p i t c h - s y n c h r o n o u s 
parameter measurement. 

Conce rn ing the s t r a t e g y o f s e g m e n t a t i o n , i t p roves 
a d v i s a b l e t o g i v e p r i o r i t y t o the d e t e r m i n a t i o n o f 
t he dynamic segments. As expe r imen ts e . g . by 5HMAN 
/Ohman, 1962/ show, dynamic segments a re more 
i m p o r t a n t f o r speech p e r c e p t i o n than s t a t i o n a r y 
ones . Second l y , i n a r e c o g n i t i o n system u s i n g the 
r e s u l t s o f s e g m e n t a t i o n , u n d e t e c t e d phoneme bound ­
a r i e s w i l l cause i r r e p a r a b l e r e c o g n i t i o n e r r o r s . 
For t h i s r e a s o n , the f o l l o w i n g p rocedures d e a l 
w i t h the dynamic segments p r i m a r i l y . 

For f u r t h e r p r o c e s s i n g , assume the s i g n a l t o be 
s u b d i v i d e d i n t o mic rosegments o f f i x e d l e n g t h . 
For each p a r a m e t e r , t h e r e l a t i v e change between two 

- no t n e c e s s a r i l y a d j a c e n t - microsegments Mj and 
M^ is d e t e r m i n e d as f o l l o w s : 

I n t h i s e q u a t i o n f P r e p r e s e n t s the segmen ta t i on p a ­
ramete r r e g a r d e d . Mote t h a t n i l the parameters L g , 
L D . a n d Q s can take p o s i t i v e va lues o n l y . K i s a 
c o r r e c t i o n f a c t o r whose i n f l u e n c e w i l l b e d i s c u s ­
sed l a t e r . T h e r e l a t i v e change r-, i s d e f i n e d to be 
a " m a j o r " change when i ts a b s o l u t e v a l u e exceeds a 
g i v e n t h r e s h o l d q : 

Thi s equat i on d e f i n e s t h e " m i n i m a l segment" as s e ­
quence o f a d j a c e n t m i c rosegmen ts : i t s l e n g t h i s 
de te rm ined i n a way t h a t between i t s i n i t i a l and 
f i n a l p o i n t the c o n t r o l l i n g parameter P i s s u b j e c t 
t o one ma jo r change ( F i g . A ) . 

D i r e c t i o n o f p r o c e s s i n g p l a y s a n i m p o r t a n t r o l e 
in t h e c o m p u t a t i o n o f the m in ima l segments , when 
t h i s c o m p u t a t i o n i s per fo rmed t ime - s e q u e n t i a l l y 
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(see example i n F i g . 5 ) . The i n f l u e n c e o f the p r o ­
c e s s i n g d i r e c t i o n causes s i g n i f i c a n t e r r o r s a n d , 
f o r t h i s r e a s o n , has to be e l i m i n a t e d . That means 
t h a t the m in ima l segments cannot be computed t i m e -
s e q u e n t i a l l y . Hence, an i n t e r m e d i a t e f u n c t i o n , the 
" s e g m e n t - l e n g t h - f u n c t i o n " SLF i s d e f i n e d i n the 
f o l l o w i n g way: 

T h i s d e f i n i t i o n i s v a l i d f o r any o f t h e pa ramete rs 
P. Tt is ex tended to t h e b i n a r y f e a t u r e s in a way 
t h a t any change o f these f e a t u r e s is rega rded a 
major one . 1 . i s the l e n g t h o f the m i n i m a l s e g ­
ment wh ich ends at p o i n t n, whereas 1 , s tands 

n k f o r the l e n g t h o f the m in ima l segment b e g i n n i n g a t 
n . Thus , the SLF d e s c r i b e s b e g i n n i n g and end of 
eve ry s i g n i f i c a n t change i n the c o n t r o l l i n g p a r a ­
meter and , t h u s , l o c a t e s a l l dynamic segments . I n 
e q . 6, t he SLF i s d e f i n e d f o r one parameter at a 
t ime o n l y . I f more parameters have to be r e g a r d e d , 
a combined SLF is d e f i n e d a s : 

a s i n g l e parameter P. a c c o r d i n g to eq . 6 . The com­
b ined SLF is computed as the minimum of t h e SLF 
v a l u e s f o r the i n d i v i d u a l pa ramete rs P . . T h i s d e ­
f i n i t i o n a g a i n emphasizes the dynamic segments , 
s i n c e the v a l u e o f the SLF is d e t e r m i n e d by a s i n ­
g l e ma jo r change o f one o f the pa rame te rs a l r e a d y . 

A f t e r compu t ing the combined SLF o f the whole s i g ­
n a l , the m in ima l segments a re de te rm ined in a way 
t h a t f i r s t a l l m ic rosegments w i t h SLF-1 ( m i c r o s e g -
ments) a re combined to m i n i m a l s e g m e n t s , a f t e r t h a t 
the microsegments w i t h SFL=2 e t c . ( F i g . 4 and 6 ) . 

Be fo re t h a t , the SLF has been smoothed in a way 
t h a t the d i f f e r e n c e between a d j a c e n t SLF v a l u e s 
cannot be g r e a t e r than one . I n o r d e r t o m a i n t a i n 
the exac t l o c a l i z a t i o n o f the dynamic segments , 
t he SLF must no t i n c r e a s e i t s v a l u e a t any p o i n t 
d u r i n g the smooth ing p r o c e d u r e . T h i s s tep f rom 
the microsegment to the SLF r e a p . to the m i n i m a l 
segment p r o v i d e s minimum dependence o f the f u r t h e r 
segmen ta t i on s t eps on the pa ramete rs a p p l i e d , and 

- by means of the t h r e s h o l d s q - a l s o minimum 
dependence on the i n d i v i d u a l speake r . Since it can 
i n f l u e n c e the magn i tude o f t h e SLF b u t no t i t s 
s t r u c t u r e , e s p e c i a l l y the s i t u a t i o n o f i t s e x ­
t r e m e s , i n a n e s s e n t i a l way, the i n d i v i d u a l a d ­
j u s t m e n t o f the t h r e s h o l d s q i s no t t o o c r i t i c a l 
( F i g . 6 ) . 

4 . P r ima ry S e g m e n t a t i o n . 

The f o l l o w i n g s t eps l a b e l s a l l the m i n i m a l s e g ­
ments " d y n a m i c " , " s t a t i o n a r y " , o r " u n d e f i n e d " . A d ­
j a c e n t m i n i m a l segments w i t h e q u a l l a b e l i n g a r e 
grouped t o g e t h e r to " p r i m a r y " segments . A m i n i m a l 
segment c e r t a i n l y can be l a b e l e d dynamic when, 
d u r i n g i t s c o u r s e , t h e r e i s a ma jo r change between 
a d j a c e n t m i c rosegmen ts . A m i n i m a l segment c e r t a i n ­
l y i s s t a t i o n a r y when t h e r e i s n o ma jo r change i n 
any pa rame te r d u r i n g a w i d e r ne ighbourhood (30 ms 
o r m o r e ) . The r e s t o f t he m i n i m a l segments n o t b e ­
l o n g i n g t o one o f these c a t e g o r i e s i s l a b e l e d " u n ­
d e f i n e d " ( F i g . 6 ) . 

5 . From t h e Dynamic t o t h e T r a n s i t i o n a l S e g m e n t . 

A d y n a m i c s e c t i o n i n t h e c o u r s e o f t h e s p e e c h s i g ­
n a l a l w a y s r e p r e s e n t s t h e t r a n s i t i o n f r o m one p o ­
s i t i o n o f t h e v o c a l t r a c t t o t h e s u b s e q u e n t o n e . 
T h i s t r a n s i t i o n c a n b e c h a r a c t e r i z e d more a c c u r a t e -
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l y , i f one succeeds to f i n d a measure or a s t a t e ­
ment f o r the d i r e c t i o n o f the t r a n s i t i o n , and , e s ­
p e c i a l l y , i f one succeeds t o i n d i c a t e whether the 
t r a n s i t i o n proceeds in a monotonic way or n o t . The 
r e a l l y t r a n s i t i o n a l segment, t h a t means the d i r e c t 
t r a n s i t i o n f rom a spoken phoneme to the nex t one , 
shou ld r e v e a l a m o n o t o n i c a l l y i n c r e a s i n g or d e ­
c r e a s i n g course o f t he pa ramete rs . In some pho­
nemes, such as s t o p s , however, the t a r g e t p o s i t i on 
o f t he v o c a l t r a c t i s not s u s t a i n e d ; t h u s , a s t a ­
t i o n a r y segment cannot be expected a t t h a t p o i n t . 
In t h i s case , a sequence o f a d j a c e n t t r a n s i t i o n s 
is grouped t o g e t h e r to one dynamic segment by the 
p r imary segmenta t ion a l g o r i t h m . To f i n d a measure 
f o r the degree o f monotony in a t r a n s i t i o n , the 
a u x i l i a r y va lues 

where L r e p r e s e n t s the number of microsegments in 
the m- th p r imary segment, are de te rmined f o r a l l 
segments and a l l pa ramete rs . b m i s a c r i t e r i o n f o r 
the o v e r - a l l change of each parameter w i t h i n a seg­
ment, whereas c^ i s a c r i t e r i o n f o r the d i r e c t i o n 
of change as w e l l as f o r i t s degree of monotony. 
I f the course of t he c o n t r o l l i n g parameter P w i t h ­
in a segment is m o n o t o n i c a l l y i n c r e a s i n g or de ­
c r e a s i n g , the a b s o l u t e v a l u e o f c m w i l l be s i t u a t e d 
i n the v i c i n i t y o f 1 . O t h e r w i s e , the v a l u e c m w i l l 
be s i t u a t e d around 0 . A f t e r comput ing these v a l u e s , 
the dynamic segments a re t r ans fo rmed i n t o " t r a n s i ­
t i o n a l " segments b y d e t e r m i n i n g t h e i r d i r e c t i o n 
c h a r a c t e r i s t i c s . Monotonic segments are l abe led 
" t r a n s i t i o n a l - r i s i n g " r e s p . " t r a n s i t i o n a l - f a i l i n g " . 
Each non-monotonic dynamic segment is s u b d i v i d e d 
i n t o monoton ic f r a c t i o n s i f i t exceeds a c e r t a i n 
l e n g t h (see F i g . 7 ) . I n o r d e r t o c r e a t e a un ique 
d e t e r m i n a t i o n o f d i r e c t i o n c h a r a c t e r i s t i c s when 
seve ra l segmenta t ion parameters a rc i n v o l v e d , i n 
each dynamic segment, one of the parameters is s e ­
l e c t e d and l a b e l e d dominant f o r the d i r e c t i o n char­
a c t e r i s t i c o f t h a t p a r t i c u l a r segment r e s p . the 
t r a n s i t i o n a l segment(s) wh ich w i l l r e s u l t f rom i t 
/Hess , 1972/ . 
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6 . U n d e f i n e d S e g m e n t s . 

A f t e r t h e p r i m a r y s e g m e n t a t i o n , a b o u t 30X o f t h e 
speech s i g n a l r e m a i n a s u n d e f i n e d s e g m e n t s . These 
segmen ts h a v e heen g e n e r a t e d a t t h o s e p o i n t s o f 
t h e s p e e c h s i g n a l w h e r e a c l e a r d e c i s i o n a s t o s t a -
t i o n a r y o r d y n a m i c c o u l d n o t h e made i m m e d i a t e l y . A 
s p e c i a l a l g o r i t h m e l i m i n a t e s t h e s e u n d e f i n e d s e g ­
m e n t s . F o r t h i s , i t needs t h e c l a s s i f i c a t i o n o f 
t h e i r n e i g h b o u r s . F o u r m a i n c a t e g o r i e s o f comh i n a ­
t i o n s w i t h u n d e f i n e d s e g m e n t s may o c c u r : 

d ) l o n g u n d e f i n e d s e g m e n t s i n any e n v i r o n m e n t . 

The p e r f o r m a n c e o f t h e a l g o r i t h m f o r t h e " s h o r t " 
u n d e f i n e d segmen ts ( c a t e g o r i e s a t o c ) w i t h r e g a r d 
t o t h e SLF and t he d i r e c t i o n c h a r a c t e r i s t i c s o f 
t h e u n d e f i n e d segment i t s e l f and i t s n e i g h b o u r s i s 
shown i n F i g , 8 . Two c o n f i g u r a t i o n s may g i v e a m b i g ­
uous r e s u l t s : u n d e f i n e d segmen ts b e t w e e n s t a t i o n ­
a r y segmen ts a s w e l l a s u n d e f i n e d s e g m e n t s b e t w e e n 
t r a n s i t i o n a l o n e s . t h e l a t t e r o n l y i f t h e d i r e c t i o n 
c h a r a c t e r i s t i c s a r c e q u a l i n a l l t h r e e segmen ts 
i n v o l v e d . I n t h i s case t h e u n d e f i n e d segment i s l a -
b e l e d d i f f e r e n t f r o m i t s n e i g h b o u r s i f t h e change 
r a t e b i n t h e u n d e f i n e d segment and i n t h e n e i g h ­
b o u r s d i f f e r s t r o n g l y . I f t h e r e i s o n l y a s l i g h t 
d i f f e r e n c e , t h e segmen ts a r e g r o u p e d t o g e t h e r . I f 
t h e d e c i s i o n i s n o t c l e a r , t h e u n d e f i n e d segment 
i s l a b e l e d " m a y - b e - t r a n s i t i o n a l " o r " m a y - b e - s t a -
t i o n a r y " t h u s r e v e a l i n g t h a t t h e r e s u l t a t t h i s 
p o i n t i s s u b j e c t t o some u n s a f e t y . 

A s can b e seen i n F i g . 7 , i t i s no t p r o v i d e d b y 
t h e a l g o r i t h m t o s p l i t u p a n unde f i n e d segment i n ­
t o more t h a n two s e g m e n t s . T h i s may p r o v e s u f f i ­
c i e n t f o r i s o l a t e d w o r d s ; i n connec t e d s p e e c h , 
h o w e v e r , t h e r e e x i s t l o n g e r u n d e f i n e d segmen ts 
w h i c h may cons i s t o f t h r e e and more phonemes . 
These segments a r c t r e a t e d i n a r e c u r s i ve w a y . 
They a r e assumed t o c o n t a i n a t l e a s t one segment 
t o b e l a b e l e d " s t a t i o n a r y " and one t o h e l a b e l e d 
" t r a n s i t i o n a l " . T o 1 o c a t e t h e s e s e g m e n t s , t he SLF 
t h r e s h o l d s f o r l a b e l i n g a segment s t a t i o n a r y r e s p . 
dynamic ( see F i g . 6 ) a r c d e c r e a s e d r e s p . i n c r e a s e d 
u n t i l a t l e a s t one s t a t i o n a r y and d y n a m i c segment 
i s f o u n d . These s u b s e g m e n t s t h e n a r e s e p a r a t e d 
f r o m t h e r e s t w h i c h k e e p s i t s u n d e f i n e d l a b e l i n g 
and can b e r e p r o c e s s e d a c c o r d i n g t o one o f t h e 
f o u r c a t e g o r i e s . 

A f t e r p e r f o r m i n g t h i s p r o c e d u r e , n o u n d e f i n e d s e g ­
ments w i l l rema i n i n t h e c o u r s e o f t he s i g n a l . 

7 . C o r r e c t i o n s . 

7 .1 P a r a m e t e r E r r o r s . 

S i n c e t h e s e g m e n t a t i o n p a r a m e t e r s * f o r b e t t e r a c ­
c u r a c y , a r e measured p i t c h - s y n c h r o n o u s l y , one mus t 
r e g a r d t h a t t h e s p e a k e r may u t t e r i r r e g u l a r s i g ­
n a l s o r t h a t p i t c h d e t e c t i o n may f a i l t e m p o r a r i l y 
/ H e s s , 1 9 7 4 . 3 / . The e f f e c t s o f t h i s t y p e o f e r r o r 
a r e r e d u c e d b y s m o o t h i n g t h e s e g m e n t a t i o n p a r a m e ­
t e r s w h e r e s u c h a n e r r o r i s d e t e c t e d . U s u a l l y , a 
s l i g h t p a r a m e t e r s m o o t h i n g i s done w h e r e p i t c h i s 
r e g u l a r ; a medium s m o o t h i n g i s p e r f o r m e d o n v o i c e ­
l e s s s e c t i o n s . I r r e g u l a r s e c t i o n s have t o h e 
smoo thed i n a way t h a t p a r a m e t e r e x t r e m e s due t o 
i n c o r r e c t measu remen ts a r e r e d u c e d t o a l m o s t z e r o . 

Thus, i f an o b v i o u s l y nonsense segment c o m b i n a t i o n 
is d e t e c t e d wh ich c o u l d have been caused by a p a ­
rame te r e r r o r , the i n v o l v e d p a r t o f the s i g n a l p a ­
ramete rs w i l l b e smoothed a s i f i t were i r r e g u l a r , 
and , a f t e r t h a t , w i l l b e rep rocessed b y the s e g ­
m e n t a t i o n a l g o r i t h m . A m o n g the segmen ta t i on r e s u l t s 
wh ich w i l l cause smooth ing and r e p r o c e s s i n g a r e 
the f o l l o w i n g c o m b i n a t i o n s : 

a ) C l u s t e r s o f more than t h r e e t r a n s i t i o n a l 
segments 

b ) F a i l u r e o f the a l g o r i t h m to d i v i d e a non-mo-
n o t o n i c dynamic segment i n t o monoton ic 
t r a n s i t i o n a l ones 

c ) C l u s t e r i n g o f , ,may-be"-segments o r v e r v 
s h o r t s t a t i o n a r y segments . 

7.2 Hidden s t a t i o n a r y segments . 

Two i m p o r t a n t s p e c i a l cases have been r e m a i n i n g 
( F i g . 9 ) . They r e p r e s e n t the o n l y e r r o r s i n t r o ­
duced by the s t r o n g emphasis of the dynamic s e g ­
ments in the d e f i n i t i o n of the SLF and the m i n i m a l 
segments: 

a) A l o c a l minimum of Q w i t h i n a t r a n s i t i o n a l 
segment , e s p e c i a l l y a f t e r a pause or a 
v o i c e l e s s segment , p o i n t s to a s h o r t g l i d e 
or nasa l wh ich c o u l d not be d e t e c t e d due to 
a s u b s t a n t i a l i n c r e a s e i n bo th l e v e l s L , 
and L. . At th i s p o i n t . the a l g o r L thm 
i n s e r t s a " m a y - b e - s t a t i o n a r y " segment . 

b) The sequence " t r a n s i t i o n a l - r i s i n g ' V ' t r a n s i -
t i o n a l - f a l 1 i n g " i n s t a t i o n a r y e n v i r o n m e n t o r 
immed ia te l y a f t e r a pause leads to a vowel 
b e i n g too s h o r t to form a s t a t i o n a r y segment 
( e . g . a reduced v o w e l ) . Here , the a l g o r i t h m 
i n s e r t s the m i s s i n g s t a t i ona ry segment i n 
the m i d d l e , i f the two t r a n s i t i o n a l segments 
are l ong enough. 

7.3 S e n s i t i v i t y o f the SLF A l g o r i t h m w i t h Respect 
to the Values o f the Paramete rs . 

There is one e r r o r a s s o c i a t e d w i t h eqs . 4 and 5, 
t h a t means w i t h the d e f i n i t i o n o f the SLF. I f t h e 
v a l u e o f the c o r r e c t ! o n f a c t o r i n e q . 4 i s h i g h , 
r., r e p r e s e n t s a va lue about p r n p o r t i o n a l to t h e 
a b s o l u t e parameter change. I f the v a l u e of K is 
s i t u a t e d near z e r o , r.. r e p r e s e n t s the r e l a t i v e 
parameter change. In b o t h c a s e s , the r e s u 1 t s show 
t h a t the va lues o f r., ( a n d , s u b s e q u e n t l v , the SLF 
v a l u e s ) a s s o c i a t e d w i t h a normal phoneme boundary 
depend on the a b s o l u t e v a l u e o f the s i g n a l l e v e l 
a t t h a t p o i n t . T h e r e f o r e , b e s i d e s the t h r e s h o l d q , 
the c o r r e c t ion f a c t o r K r ep resen t s an add i t i ona 1 
degree of f reedom wh ich may ba lance the response 
of the system to a phoneme boundary w i t h r e s p e c t 
to the va lues o f the paramete rs a t the p o i n t 
r e g a r d e d . 

8 . R e s u l t s 

As an example . F i g . 10 shows the s e g m e n t a t i o n of 
the German word "Be l oh i g u n g " . For each of t h e 
t h r e e parameters LS ,LD , and QS , the i n d i v i d u a l 
m in ima l segment sequence t o g e t h e r w i th the c o u r s e 
o f the i n d i v i d u a l parameter a re d e p i c t e d ; b e s i d e s 
t h a t , the f i g u r e shows the combined SLF, the com­
b i n e d sequence of m in ima l segments as w e l l as t h e 
f i n a l segment sequence. From t h i s f i g u r e , the i n ­
f l u e n c e o f the t h r e e pa ramete rs a l s o can be s e e n . 
The s i g n a l l e v e l L t h a t means the a b s o l u t e a v e r ­
age of the unprocessed speech s i g n a l , shows t h e 
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The s e g m e n t a t i o n p r o c e d u r e was a p p l i e d t o s p e e c h 
s i g n a l s c o n s i s t i n g o f a l i s t o f 200 i s o l a t e d G e r ­
man w o r d s , each u t t e r e d b y s e v e n s p e a k e r s . l t t u r n ­
e d o u t t h a t , f r o m t h e s e u t t e r a n c e s , t h e a l g o r i t h m 
m i s s e d 1.3% o f t h e phoneme b o u n d a r i e s and 0 . 9 % o f 
t h e s t a t i o n a r y s e g m e n t s ( e s p e c i a l l y s h o r t g l i d e s ) . 
The v o i c e l e s s / v o i c e d d i s c r i m i n a t i o n c o n t r i b u t e d 
0 . 3 % t o t h e t o t a l e r r o r s c o r e . a n d t h e p a u s e / s p e e c h 
d i s c r i m i n a t i o n p a r t i c i p a t e d w i t h 0 . 8 Z . A p e r ­
c e n t a g e o f 2 . 1 Z o f t h e b o u n d a r i e s w e r e i n s e r t e d 
a d d i t i o n a l l y t h u s d i v i d i n g one phoneme i n t o more 
t h a n one s t a t i o n a r y s e g m e n t . 

F i g . 1 1 shows t h e p e r f o r m a n c e o f t h e s e g m e n t a l i o n 
p r o c e d u r e f o r a w h o l e s e n t e n c e . 

When r e v i e w i n g t h e r e s u l t s , one has t o c h e c k 
w h e t h e r r e s p . t o w h a t e x t e n t t h e u n i q u e r e l a t i o n 
b e t w e e n phoneme and s t a t i o n a r y o r t r a n s i t i o n a l 
segment a r i s i n g f r o m t h e segment d e f i n i t i o n and 
t h e p h o n e t i c c o n t e n t l e a d i n g t o a " r e f e r e n c e s e g ­
m e n t a t i o n " i s r e a l i z e d b y t h e s p e a k e r a t a l l . Fo r 
e x a m p l e , s e v e r a l a l l o p h o n e s had t o b e admi t t e d f o r 
t h e phoneme / r / and f o r t h e d i p h t h o n g s . The e r r o r 
r a t e s g i v e n above w e r e measu red i n c o m p a r i s o n w i t h 
t h e r e s u l t s o f a hand s e g m e n t a t i o n o f t h e a c t u a l 

s i g n a l s . W i t h r e s p e c t t o t h i s , t h e r e s u l t s seem 
p r o m i s i n g , and wha t l i m i t s t h e v a l u e o f t h i s (and 
a l m o s t a n y ) s e g m e n t a t i o n p r o c e d u r e i s n o t s o much 
t h e i n a c c u r a c y o f t h e m e t h o d o r o f t h e a l g o r i t h m , 
b u t i n a c c u r a c i e s i n t r o d u c e d b y t h e s p e a k e r s , s u c h 
a s a d d i t i o n a l s p o k e n p h o n e m e s , phoneme r e d u c t i o n , 
and e r r o n e o u s p r o n u n c i a t i o n . 

A c k n o w l e d g e m e n t . 

The a u t h o r t h a n k s D r . - I n g . R . S c h r a g and D r . - I n g . H . 
S e i d e l f o r many f r u i t f u l d i s c u s s i o n s , and M r s . I . 
K u n e r t f o r p r e p a r i n g t h e m a n u s c r i p t - T h i s w o r k was 
p a r t i a l l y s u p p o r t e d b y D e u t s c h e F o r s c h u n g s g e m e i n -
s c h a f t (Germen R e s e a r c h A s s o c i a t i o n ) w i t h i n SFB 5 0 
K y b e r n e t i k ( S p e c i a l R e s e a r c h g r o u p 5 0 : C y b e r n e ­
t i c s ) . P a r t s o f t h e a l g o r i t h m were r u n o n t h e T R 
440 c o m p u t e r o f t h e l)RF I n f o r m a t i k ( N a t i o n a l R e ­
s e a r c h P r o g r a m i n Compute r S c i e n c e ) . 
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