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Abstract 

Two kinds of duration control for HMM (Hidden Markov Model) phoneme 

recognition are proposed: phoneme-duration control for an HMM phone model 

and a state-duration control for an HMM state. The phoneme-duration control is 

carried out by combining an HMM output probability with a phoneme duration 

penalty. The phoneme duration penalty is calculated using a phoneme duration 

histogram obtained from training samples. Phoneme duration control is effective 

in discriminating phonemes with different durations such as /n/ and /N/. State-

duration control is realized as a state duration penalty calculated from an HM~ 
state duration distribution of training samples. State-duration control 1s 

effective in discriminating phonemes with different event structures such as /s/ 

and /ts/. Recognition experiments are carried out using Japanese phonemes 

extracted from an isolated word database uttered by one male speaker. The 

phoneme recognition rate is improved from 84.So/o to 89.8% using these 

duration control methods. 
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1. Introduction 

HMM is effective in expressing speech data statistically, so it has been used for 

speech recognitionllll2n3J[4l, But duration of the speech data is not expressed 

accurately in the ordinary HMM as in Fig.1. So in order to express the duration of 

speech data in the HMM, various duration control methods were 
proposed [5Jl6J[7][81(9J[lOJ. 

In this paper two kinds of non-parametric duration control methods for HMM 

phoneme recognition are proposed, a phoneme-duration control for an HMM 

phoneme model and state-duration control for an HMM state. These duration 

control methods are evaluated by recognition experiments of all Japanese 

phonemes extracted from an isolated word database (5,240 words) uttered by one 

male speaker. 

?‘ 

Figl. Hidden Markov Model 

2. Phoneme-Duration Control for an HMM  Phoneme Model 

The phoneme-duration control is carried out by combining an HMM output 

probability with a phoneme duration penalty. The phoneme duration penalty is 

calculated using a phoneme duration histogram obtained from training samples. 

The HMM output probability is calculated using trellis algorithm. Calculation of 

the HMM probability controlled by phoneme duration is realized through the 

following two steps. 

g三 Calculationof the Phoneme Duration Penalty 

The phoneme duration penalty p<m¥ is calculated as follows. 

（ が

p 
(m) = c I max(c) 
℃ i; It k 

暮

r

where C-r: is the degree of phoneme duration obtained from training samples。
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迅罪呈 Calculation of the HMM Probability Controlled by Phoneme Duration 

The HMM probability controlled by the phoneme duration is calculated as 

follows. 

(m) ' w  
p =P* (p 

(m) l 

't 
） 

where p(mJ: HMM probability controlled by phoneme duration, 

P: HMM probability calculated by the trellis algorithm, 

prm¥ : phoneme duration penalty 
w1: constant. 

3. State-Duration Control for an HMM State 

The state-duration control is realized as a state duration penalty calculated 

from an HMM state duration distribution of training samples. The HMM state 

duration distribution is calculated by modified forward-backward probabilities of 

training samples. The HMM probability controlled by the state duration is 

calculated through the following two steps. 

迅.Calculation of the HMM State Duration Penalty 

An HMM state duration distribution d(i,,:;) (i represents the state number, 

and,:; represents duration time) is calculated as follows. 

t+"t 

d(i, "'G) =こ謡t)・日 (a.. b..)・ 節，t+"'G)
LL LLV 

t k=t+l k 

whete 

a .. : transition probability, b.. : output probability 
!J lJV 

k 

卿， t)=a(i,t)-a(i,t-l)a .. b .. 
!! UV 

t 

～ 
J3(i, t) = J3(i, t) -J3(i, t+ 1) a .. b 

u iiv 
t+l 

a(i, t): forward probability, PCi, t) : backward probability 
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And, the HMM state duration penalty is calculated as follows., 

f
 

where p(sJ(i, t): 

d(i,,:;): 

p<sl(i, -r;) = d(i, ℃） I max(d(i, k)) 
k 

HMM state duration penalty 

HMM state duration distribution 

Step 2. Calculation of the HMM Probability Controlled by the State Duration 

A forward probability controlled by the state duration is calculated as follows, 

t 

a(s)(j, t) =ここa<s>(i,t--i;-l)ai}ijv ・ 日 (a b )・(/5l(j, -i;)) 
w2 

.... 
JJ JJV 

t i; t-i k=t-i::+l k 

where arsy i, t): 

p(8J(i, t): 

forward probability controlled by the state duration, 

HMM state duration penalty, 

p(s) =a(s) (J, T) 

where p(sJ: 

a<sy i, t) : 

J: 

T: 

HMM probability controlled by the state duration 

forward probability controlled by the state duration 

final state 

final fram.e of input speech 

4. Phoneme Recognition Experiments 

4.1 Speech Data 

The recognition experiments were carried out using all Japanese .phonemes 

extracted from an isolated word database[llJ (5,240 words) uttered by one male 

speaker. The speech data was sampled at 12kHz, pre-emphasized by (1-0.97が）

and windowed using a 256-point Hamming window every 3 msec. Then a 12-order 

LPC analysis was carried out. A codebook of 256 LPC spectrum envelopes was 

generated from 216 phonetically balanced words. The weighed Likelihood ratio 

augmented with power value (PWLR)[121 was used as an LPC distance measure 

for vector quantization. Phoneme tokens for training were extracted from the 

even numbered entries of 5,240 words, and tokens for testing were extracted from 

＼
 

w2: constant. 

And the HMM probability controlled by the state duration is calculated as 

follows, 

↑'‘ 
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the odd numbered entries. All phonemes were extracted manually using acoustic-

phonetic labels[llJ provided with the database. 

4.2 Hidden Markov Models 

HMMs with 4 states and 3 loops shown in Fig.1 were used for each phoneme. 

Two models were trained for each affricate (/ch/, /ts/) and stop (Ip/ It! /kl /bl Id/), 

where one HMM was for consonants extracted from the word-initial position and 

the other was for word-middle consonants. For the other phonemes only one 

context-independent model was trained. The number of tokens for training and 

testing of each phoneme are shown in Table 1. 

4.3 Phoneme Recognition Using Phoneme-Duration Control 

The phoneme recognition experiment using the phoneme duration control 

described in section 2 was carried out. Improvement of the phoneme recognition 

rates for each phoneme is shown in Fig.2. The total recognition rate was improved 

from 84.8% (without duration control) to 88.2%. The phoneme duration control is 

especially effective in discriminating phonemes with different durations such as 

/n/ and IN/. 

4.4 Phoneme Recognition Using State-Duration Control 

The phoneme recognition experiment used the state duration control described in 

section 3. Improvement of the phoneme recognition rates for each phoneme is 

shown in Fig.3. The total recognition rate was improved from 84.8% (without 

duration control) to 88.3%. The state duration control is especially effective in 

discriminating phonemes with different event structures such as Isl and /ts/. 

4.5 Phoneme Recognition Using Phoneme-Duration Control 

and State-Duration Control 

Recognition results described in section 4.3, 4.4 show that the phoneme-

duration control is effective in discriminating phonemes which have different 

durations and the state-duration control is effective in discriminating phonemes 

with different event structures. More accurate recognition is accomplished by 

using both duration control methods simultaneously學Inthis section the phoneme 

recognition experiment using the phoneme-duration control and the state-
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duration control was carried out. Improvement of the phoneme recognition rates 

for each phoneme is shown in Fig.4. Compared with Fig.2, Fig.3, it is proved that 

this composite duration control method has both advantages in phoneme-duration 

control and state-duration control. The total phoneme recognition rate was 

improved from 84.8% (without duration control) to 89.8% using this composite 

duration control method. 

•;/ 

Table 1 : The number of tokens for training and testing of each phoneme 

phoneme number of tokens number of tokens 
(for training) (for testing) 

Isl 475 269 

/sh/ 187 177 

/hi 266 262 

lzl 225 227 

/ch/ (initial/ middle) 12/67 71 

Its/ (initial / middle) 36/176 177 

Ip/ (initial/ middle) 8/25 15 

/ti (initial/ middle) 196/229 220 

/kl (initial / middle) 417/736 233 

/bl (initial/ middle) 59/159 227 

Id.I (initial/ middle) 68/135 179 

lg/ 68 67 

/ng/ 192 185 

!ml 471 241 

/n} 260 265 

IN/ 503 244 

Ir/ 753 241 

/w/ 72 81 

/y/ 159 174 

/a/ 1715 220 

/i/ 1324 215 

/u/ 1498 209 

/el 664 226 

lo/ 877 214 
7
 

6
 



さ

slぅ

h 

:2こ

仁~ ・-・ 

七さ

p

七

k

b

c

i

U

t-. 竺

rn 

t―’ 

漫

． 
． 

” 

t、4

Y—• 

↓
3

9

1

9

9

,

5

I

I

I

I

9

9

9

9

9

9

9

9

9

9

,

：i:
9

,

＇ 

l.•J ． 
!eel eE) 

a ● -0 

土

’—l 

色

0 

七.o七.al

G 

0 : ● 
I 

i .) 
I 
I 

＇ I 

0 • 
I 

＇ ＇ 
＇ 
＇ 
'ti) 

＇ ， 
＇ ， 

-·~ ラ0 ら 0 70  BO  90  

<:::-:.corr-色こ七.)

iOO  

Fig.2. Improvement of phoneme recognition rates using the phoneme-duration 

control. 

0: 

•= 
without duration control 

using the phoneme-duration control 

7
 



s 

s,h 

h 

:z: 

ch  

ts  

p

t

k

』

T

U

r 至

゜

I 

f 
I 
I 

＇ I·~•· 

I 

I 
？＇ 

I 
I 
I 
I 
I 
I 
I 

＇ I 

I 
I 
I 
I 
I 

I 
I 
I 
I 
I 

I 
I 

I 
I 
I 

． 
I ， 
ふ

＇ ＇ ， 
， 
＇ I ， 
I ， ， 
＇ ， 
I 

＇ ， 
， 
＇ ， 
f 

~ . : 
I 
I 

＇ 

（` ,
’
¥
 

ヽ

rn 

t, (It, 

M 

r 

l, 書ら1

!::::I 

゜弓

土

... ~ 

E 

o_ 

七;o七 al

I
 I
 I
 I
 

＇ I
 I
 ！
 I
 I
 I
 I
 I
 令

t
 
，
 
＇ ＇ I

 

＇ ＇ 
｀
 

I
 I
 I
 

＇ ，
 
I
 I
 

’
 ＇
 
，
 
I
 I
 '
 I
 I
 

，
 
，
 
I
 

，
 
，
 
，
 
＇ ，
 
，
 
，
 
I
 

I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 

I 

＇ I 
I ， 
I 
I ， 
I ,, 
I , 
I 
I 

＇ 0e' ． 
I ， 
I 
I 
I 

＇ I 
I ， 
I ， 

0 : ● 
I 
I 
I 

｀ 

I 

＇ ， 
， ， 
0 • ， 

， 
I 

＇ ' 
＇ ＇ ' I 

＇ I 

＇ 

虚
＇ I 
I 

' I 

＇ ＇ I 
I 

＇ ＇ ＇ ＇ ' 
' I 

＇ I 
I 

' I 

I 
I 

＇ I ， 
I 

＇ ＇ , 
＇ ' ． ' 
＇ ' I 

｀ 
＇ I 

｀ 
0 : ● 

I ， 
I 

' ' I 

＇ I 

＇ ＇ I 
I 
I 
I 

' ， 

｀ 
＇ ＇ I ， 
＇ ＇ 
＇ 

｀ 

I 

I 
I 
I 
I 

9
(：
 

-5 0  60  70  80  竺 〇 1_00 

＜玄:correct) 

Fig.3. Improvement of phoneme recognition rates 

control. 

using the state-duration 

0: 

•= 
without duration control 

using the state-duration control 

7
I
 

8
 



さ
（・

sh  

ト、

:z 

ch  

七ミ

p

七

k

b

d

Iii:: 

r, 奎

rn 

n (lt 

N 

‘―・ 

~..., 

臼

-=-

I 

＇ ふ
＇ ＇ 
＇ ＇ 
＇ ＇ ＇ ＇ c~·: 
＇ ＇ I 
I 

＇ ＇ ＇ （→ 
G●,  

I 
I 

' 
＇ c~ 
＇ ＇ ， ， 
' ， 

｀ 

I 
I 
I ， 
＇ 
＇ I 
I ， 
令， 
＇ ， 
＇ I ， 
＇ I 

＇ 
＇ ＇ ＇ ＇ ＇ ＇ ， 

＇ 喜
＇ ＇ ＇ I 

＇ 
＇ ＇ 
＇ ＇ ． 
＇ ＇ ＇ ＇ 

＇ ． ， 
I 

＇ I ． 
I ， ， 
＇ ＇ ＇ ， 
' I 

＇ ＇ 
＇ ；と
I 

GeL 
＇ ＇ 
＇ ＇ I 

＇ l 
T 

｀ 
＇ ， ， ， 
I 

＇ ＇ ， 

1

1

9

1

9

9

1

9

1

9

9

1

g

:

1

9

9

1

1

1

9

9

1

9

1

,

；
9
1
9
9
1
1
9
9
1
1
9
9
1
9
9
9
9
,
9
:
9
9
1
9
1
9
9
9
9
-
9
9
9
9
9
9
1
9
9
1
1
9
1
1
1
1
9
9
9
9
9
1
1
1
9
9
9
,

；＇ 

C● 

工

LI. 

e 

゜
tot, ョJ_

-50  ら 0 70  80  90  

＜玄c::orre仁:t、)

iOO  

Fig.4. Improvement of phoneme recognition rates using the phoneme-duration 

control and the state-duration control. 

without duration control 

phoneme-duration and state-duration control 

0: 

•= 

，
 



5. Summary and Conclusion 

In this paper two kinds of non-parametric duration control methods for HMM 

phoneme recognition were presented: phoneme duration control for an HMM 

phoneme model and a state duration control for an HMM state. The phoneme 

duration control is carried out by combining an HMM output probability with a 

phoneme duration penalty. The phoneme duration penalty is calculated using a 

phoneme duration histogram obtained from training samples. State duration 

control is realized as a state duration penalty calculated from an HMM state 

duration distributio!l of training samples. 

These duration control methods were evaluated by recognition experiments of 

all Japanese phonemes extracted from an isolated word database (5,240 words) 

uttered by one male speaker. Phoneme duration control is effective in 

discriminating phonemes with different durations such as /n/ and IN/. The state 

duration control is also effective in discriminating phonemes with different event 

structures such as /s/ and /ts/. The best recognition result was obtained using the 

two duration control methods simultaneously, and the total phoneme recognition 

rate was improved from 84.8% (without duration control) to 89.8%. 
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Appendix 

Fig-A-1. 

Fig-A-2。

Fig-A-3. 

Fig-A-4. 

Confusion Matrix of All Japanese Phonemes 

(without duration control) 

Confusion Matrix of All Japanese Phonemes 

(using the phoneme duration control) 

Confusion Matrix of All Japanese Phonemes 

(using the state duration control) 

Confusion Matrix of All Japanese Phonemes 

(using the phoneme duration control and the state duration control) 
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Fig-A-2囀 ConfusionMatrix of All Japanese Phonemes 
(using phoneme duration control) 
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Fig-A-3. Confusion Matrix of All Japanese Phonemes 
(using state duration control) 






