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Abstract Two asymmetric cost function for whispered speech enhancement methods are proposed. The cost of the

amplification distortion and the attenuation distortion are different in both methods. The Modified Itakura-Saito (MIS)

distance function gives more penalties to speech amplification distortion while the Kullback-Leibler (KL) divergence

function gives more penalties to speech attenuation distortion. The experimental results show that the MIS method

gains larger intelligibility improvement of the whispered speech than the conventional speech enhancement algorithms

in much lower Signal to Noise Ratio (SNR) less than −6 dB, and the KL method has similar intelligibility improvement

performance to the Minimum Mean Square Error (MMSE) speech enhancement method. The results confirm that the

amplification distortion and the attenuation distortion have different effects on the intelligibility of the enhanced whisper.

Specifically, larger attenuation distortion can improve speech intelligibility in lower SNR condition and it has a little

influence on speech intelligibility in high SNR condition.
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[6−7]

��ÔFÕFÖF[F�F×F�
4
�F�F� ¥

Â ÒFÃ ( ØFÙ ÃFdXÚFÍ ØFÛFÜ ÃFdX�FÝF
FÃFdXÞFßFàá Ã
) âEã �E�E�ErEÌFÍE¨EÄEWFäE"åWEäFæEqFçºèX"Ð�Ñ�Ò�Ã�!�é���Ã�¨�Ä�������r�Ì`Í���j�k� �ê��

\�"�-�^�ë���ì�í�î������ ¥�Â Ò�Ã���^�����ï�ð2�ñ�G�ò�ó�2�ñ� �ô�õ�j�ö�÷�ø�m�!���ù�ú�û�Í��
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Kullback-Leibler (KL) ) Í+*+,+
 ¾ �`�`�`ï`ð`2ñF÷Fø 5 óF�FùFúF" � Modified Itakura-Saito (MIS)*-,-
 ¾ ������ò�ó�2�ñ�÷�ø 5 ó���ù�ú�"���ï�ð2�ñ�î�÷�ø 5 ÿ���ù�ú�� (�» "���^�\�]��-.-/-0
��Ø�Û�Ü ��Ã (
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MS)
d -E^EþEÿ�2�3E��4�5��Eë

(Minima Controlled

Recursive Algorithm, MCRA))
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 4 WF#F&!<F«!8!0 �FØFÛFÜ �F�FÃF�

1 =?>?@?A?BDCDEGFDHDIGJDKGLDMDN
O?P
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Kullback-Leibler (KL) ) Í [16]
G

Itakura-Saito (IS)V �
[17]
��W�.�X�j�Y ��Z l

Y�[�0�����g
yl(n) =

xl(n) + dl(n), � + xl(n)
G

dl(n)
jFcFç!\F Fm n �

]-^�������G-0 � ��_ Y (ωk,l), X(ωk,l)
G

D(ωk,l)j�c�ç�\
yl(n), xl(n), dl(n)

� � #�`�a�b�/ Ø "�mZF�FÚFÍFjFcFg
Yk,l, Xk,l

G
Dk,l, X̂k,l

ç!\!]!^��
� Ø Ú�Í Û�Ü ��c���d�e�÷��-%���'���(-*-,�
 ¾�!fF�

-F^
KL ) ÍF�!'F�!(!*!,!
 ¾ g ¿

dKL(X̂k,l, Xk,l) = X̂k,l ln
X̂k,l

Xk,l

− X̂k,l + Xk,l. (1)

-F^!gF�
IS (Modified Itakura-Saito, MIS)

V �
�!'F�!(!*!,!
 ¾ g ¿
dMIS(X̂k,l, Xk,l) = e(Xk,l−X̂k,l)−(Xk,l−X̂k,l)−1. (2)

�EþEÿEëE�EýEì�
 ¾  E!E"Q� (1)
�EïEðE2EñE÷

ø 5 ����ù�ú-*-,�" � � (2)
��ò�ó�2�ñ�÷�ø 5 ���ù�ú-*-,���h

1 i \�ª dKL(X, X0), dMIS(X, X0)G�ë���ý�ì-*-,-
 ¾ dSE(X, X0)(X0 = 5)
l-j��
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¾ dSE(X, X0)
��^

X0
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G

dMIS(X, X0)
��^

X0
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dKL(X, X0)
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λx(k, l) = E{X2

k,l}, λd(k, l) = E{D2
k,l} ���� \ Z l

Y��-^ 	�
������� �!�"�#�$�% k &���'
��(�)�* (1) ��+ b�,�-�. ��/�0�1 [18]:

|

<KLB
= E{dKL(X̂k,l, Xk,l)} =

∫ ∫
dKL(X̂k,l, Xk,l)p(Xk,l, Y (ωk,l))dXk,ldY (ωk,l) =

∫ [∫
dKL(X̂k,l, Xk,l)p(Xk,l|Y (ωk,l))dXk,l

]
p(Y (ωk,l))dY (ωk,l),

(3)

|
! p(Y (ωk,l)) 243�5�6 c�798�: <KLB ;�< 79=�8�:* (3) �?>4@�A�� ;�< )�B

ΦKL =

∫
dKL(X̂k,l, Xk,l)p(Xk,l|Y (ωk,l))dXk,l,

C � X̂k,l D�E�F 7�G B E�F 0�1 0, H�I��
X̂k,l =

{
ξk,l

ξk,l + 1
exp

{
1

2

∫
∞

vk,l

e−t

t
dt

}}
Yk,l, (4)

* (4) J 7

ξk,l =
λx(k, l)

λd(k, l)
, νk,l =

γk,lξk,l

1 + ξk,l

, γk,l =
|Yk,l|2
λd(k, l)

.

* (4) KMLMN 9 JO�M�M"M'MPMQM*MRMS 7UT �WV �M"
'�P�Q�X�Y�����������Z�[�)\�] (�^�_�`�"�a

dMIS(X̂k,l, Xk,l) = e(X̂k,l−Xk,l) − (X̂k,l − Xk,l) − 1

b 7�c ��d�� -�. ^�_�1 [18]:

|

<MISB
= E{dMIS(X̂k,l, Xk,l)} =

∫ ∫
dMIS(X̂k,l, Xk,l)p(Xk,l, Y (ωk,l))dXk,ldY (ωk,l) =

∫ [∫
dMIS(X̂k,l, Xk,l)p(Xk,l|Y (ωk,l))dXk,l

]
p(Y (ωk,l))dY (ωk,l),

(5)

e
ΦMIS =

∫
dMIS(X̂k,l, Xk,l)p(Xk,l|Y (ωk,l))dXk,l, B ∂ΦMIS

∂X̂k,l

= 0,

H�I��
X̂k,l = − ln

∫
∞

0

e−Xk,lp(Xk,l|Y (ωk,l))dXk,l, (6)

f�g +�h ,�i�j�7

∫
∞

0

e−Xk,lp(Xk,l|Y (ωk,l))dXk,l =

∞∫

0

e−Xk,l

2π∫

0

p(Y (ωk,l)|Xk,l, θk,l)p(Xk,l, θk,l)dθk,ldXk,l

∞∫

0

2π∫

0

p(Y (ωk,l)|Xk,l, θk,l)p(Xk,l, θk,l)dθk,ldXk,l

=

∞∫

0

e−Xk,l

2π∫

0

1

πλd(k, l)
exp

{
− 1

λd(k, l)
|Y (ωk,l) − X(ωk,l)|2

}
Xk,l

πλx(k, l)
exp

{
−

X2
k,l

λx(k, l)

}
dθk,ldXk,l

∞∫

0

2π∫

0

1

πλd(k, l)
exp

{
− 1

λd(k, l)
|Y (ωk,l) − X(ωk,l)|2

}
Xk,l

πλx(k, l)
exp

{
−

X2
k,l

λx(k, l)

}
dθk,ldXk,l

=

∞∫

0

Xk,le
−Xk,l exp

{
−
(

1

λx(k, l)
+

1

λd(k, l)

)
X2

k,l

} 2π∫

0

exp

(
2Re

(
Xk,lYk,l

λd(k, l)
e−jθXk,l

))
dθk,ldXk,l

∞∫

0

Xk,l exp

{
−
(

1

λx(k, l)
+

1

λd(k, l)

)
X2

k,l

} 2π∫

0

exp

(
2Re

(
Xk,lYk,l

λd(k, l)
e−jθXk,l

))
dθk,ldXk,l

,
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B
1

λ(k, l)
=

1

λd(k, l)
+

1

λx(k, l)
,

j

∫
∞

0

e−Xk,lp(Xk,l|Y (ωk,l))dXk,l =

∞∫

0

Xk,le
−Xk,l exp

{
−
(

X2
k,l

λ(k, l)

)}
I0

(
2Xk,l

√
vk,l

λ(k, l)

)
dXk,l

∞∫

0

Xk,l exp

{
−
(

X2
k,l

λ(k, l)

)}
I0

(
2Xk,l

√
vk,l

λ(k, l)

)
dXk,l

=

∞∫

0

√(
πXk,l

2

)
[I−0.5(Xk,l) − I0.5(Xk,l)]Xk,l exp

{
−

X2
k,l

λ(k, l)

}
I0

(
2Xk,l

√
vk,l

λ(k, l)

)

∞∫

0

Xk,l exp

{
−
(

X2
k,l

λ(k, l)

)}
I0

(
2Xk,l

√
vk,l

λ(k, l)

)
dXk,l

=

exp(−vk,l)

∞∑

m=0

1

m!
(vk,l)

mF

(
−m,−m,

1

2
;
λ(k, l)

4vk,l

)
−

exp(−vk,l)
√

λ(k, l)
∞∑

m=0

Γ(m + 1.5)

m! Γ(m + 1)
(vk,l)

mF

(
−m,−m,

3

2
;
λ(k, l)

4vk,l

)
,

� *?J 7 Iv(·) ��������	�
�+�����`�" 7 F(a, b, c; x) ��� ,�
���� `�" 7 Γ(·) ������`�"�)f�g √
λ(k, l) =

√
vk,l Yk,l/γk,l,

� *�������1��
∫

∞

0

e−Xk,lp(Xk,l|Y (ωk,l))dXk,l = exp(−vk,l)

∞∑

m=0

1

m!
(vk,l)

mF

(
−m,−m,

1

2
;

Y 2
k,l

4γ2
k,l

)
−

exp(−vk,l)

√
vk,l

γk,l

Yk,l

∞∑

m=0

Γ(m + 1.5)

m! Γ(m + 1)
(vk,l)

mF

(
−m,−m,

3

2
;

Y 2
k,l

4γ2
k,l

)
.

(7)

|

3 �������������! �"!#
!%$%& �  ' P Q b 7('*) d%+%,%- �%� ; <. Q���� [19] K ;�<�/�0�1�2�3�4 ��� [20] ) T�5�67 ��!�
��989:9;9<9=9>��� �'�K ) �9?�� �� �'@BA )DCBE 7 !M� 3BF �M BGBHBIM
��B8�: b �� M'J CMXMYBKBL ABM ZBN 7PO + TB5B6 7 �M�BQBR :BST 
M�B<B8B:M�M M'M�BUMPMQ 7 C FBV �M�BWM�M
M�

JYX[ZY\B]B-M�M�M 7_^B` \�
M����
��M) 1Ba 7cbdBeBfBg �BhB	B
��BiBj MCRA �M M'MPMQM�M� 7k ����!�
��989: b J C����� �'9$9&9K9L%]9l 7
� ^�` 
���<��� �'���U�P�Q�m���)n e � l ?poM� 
 � K �  ! " # $ % k & � $
'BqM� Y (k, l) K D(k, l) �M�BrBsM� , �Bt 7 H0(k, l)��u�b $�N (k, l) &�v�
���8�: 7 H1(k, l)

��u�b $
N (k, l) &�
���8�: 7xw a�v�
���8�:���Y�
���8�:

��o���
���'���y�%�z���`�"�����1��
f(Y (k, l)|H0(k, l)) =

1

πλd(k, l)
exp

{
−|Y (k, l)|2

λd(k, l)

}
,

f(Y (k, l)|H1(k, l)) =
1

π(λx(k, l) + λd(k, l))

exp

{
− |Y (k, l)|2

λx(k, l) + λd(k, l)

}
,

{ j
γk,l =

|Y (k, l)|2
λd(k, l)

, ξk,l =
λx(k, l)

λd(k, l)
,

w a [10],

f(γk,l|H0(k, l)) = e−γk,lµ(γk,l),

f(γk,l|H1(k, l)) =
1

1 + ξk,l

exp

{
− γk,l

1 + ξk,l

}
µ(γk,l),

c J 7 µ(.) ��|�}�;�~�`�"�)
B p(k, l) = P (H1(k, l)|γk,l),

j Y [10]:
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p(k, l) =

{
1 +

q(k, l)

1 − q(k, l)(1 + ξk,l) exp(−vk,l)

}
−1

,

c J 7 q(k, l) = P (H0(k, l)) )\ b $�N (k, l + 1) v�
���8�: b 7 �� �' O +� I���^�*�$�&�]�l��
λd(k, l + 1) = αdλd(k, l) + (1 − αd)|Y (k, l + 1)|2 (8)

\ b $�N (k, l + 1) 8�:�
�� b 7 �� �' O + � I��
^�*�$�&�]�l��

λd(k, l + 1) =

i=w∑

i=−w

b(i)λd(i, l), (9)

c J 7 ∑i=w
i=−w b(i) = 1 )�����
��989:9y�% 7 �� 

'�]�l�*���� ��u 1��
λd(k, l + 1) =

(αdλd(k, l) + (1 − αd)|Y (k, l + 1)|2)(1 − p(k, l))+
(

i=w∑

i=−w

b(i)λd(i, l)

)
p(k, l),

(10)

* (10) ���� �'���Y E P�Q 7�	�
�O +���� w�
 β

$�& E (���� 7 ;�� ���� �'�P�Q�*�1��
λ̂d(k, l) = βλd(k, l),

c J4�
β =

λd(k, l)

E{λd(k, l)}
.

4 �������������������
4.1 �������� 
b L � �  ' P � � ! 
 �"!%8%: b 7 �  '

P�Q�[�Q�S MCRA ��� 7 Q�#�v E�$ P�Q��� �' 7% !�
���8�: b 7 MCRA ����&�'��� �'�P�Q 7 

�9<����� �' O +�
��989: ) ��(�)9?����  �'�P
Q 7 E b L�����!�Y� 9< J C%Q�# ,�* $ K%L%]9l
�� �'�P�Q�)+

2(a) , u \ b L���8����� �'�P�Q��������O + MS K MCRA �M�MPMQM�M�M M' (DFT $M%.-
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21.36 23.38 22.73 24.40 22.09
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79.75 92.17 91.29 92.18 93.24
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