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Abstract To overcome the shortcomings in the existing sparse and low-rank speech denoising method that the auditory

perceptual properties are not fully exploited and the speech distortion is easily perceived, a perceptually motivated robust

principal component analysis (ISNRPCA) method is presented. To reflect the nonlinear property for frequency perception

of the basilar membrane, cochleagram is utilized as inputs of ISNRPCA. ISNRPCA uses the perceptually meaningful

Itakura-Saito measure as its optimization objective function. Moreover, nonnegative constraints are also imposed to

regularize the decomposed terms with respect to their physical meaning. We propose an alternating direction method

of multipliers (ADMM) to solve the optimization problem of ISNRPCA. ISNRPCA is totally unsupervised, neither

the speech nor the noise model needs to be trained beforehand. Experimental results under various noise types and

different SNRs demonstrate that ISNRPCA shows promising results for speech denoising. Compared to the state of

the art baselines, this method achieves better performance on noise suppression and demonstrates at least comparable

intelligibility and overall speech quality.
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������������ �!�����-�.�������=��������������
�������� �!�"�#�$�%�& ��%('�)�*�+���% ����,�-
%�.�/ ��,�0���E�1�� ��� ���3234�H353� [5−6] L6�7 �(8�9�3�: 7�8 �����<;�����=������������(>'3� 	 K  �@? %BA3C3D � � � �3EGFGH � � � �
I36 �3J /3K3L B �3M3N �BOGP /G�3�GQ �GRGS3T
U������� �V ��W 3�4�-��YX�Z�N�[�=���\�]�^�M L

Q A �G_ %G& %B'G)G*G+ , � � � �G5G�G`G�: � �3F3H �3acb .3/ �B83d � � .3/GeGf3gGh �� � � B �Gi < = > ? LBj �Gk �Bl 0GmGnGCGo /p �3q � eGr3"3s W3t3u R3v3w353� 	  !3�3� -. � 1 9 3 4 �Bx3y3�3z3{3|GE �G�3� HG�3�G� �
�3�3z3}353� eGr3~ 7 � � 	 � � � �G53�G� 73#�3� �3� q LB�3� }353�3G�3�G�3AG���G�3�G�3�
(Nonnegative Matrix Factorization, NMF)[7−10]

%B�
���E��������

(Robust Principal Component Anal-

ysis, RPCA)
,

[11−12] LB� � � RPCA
�3� eG�3�� � � .3/ H3�3� �B�3�G`G�3�G�3� � �3� � �324 � �3�3� �3�3� �3>3�G:G� 8 4 ? � � � �GA3�� /���� q �(  7�¡ U�1 9�¢�£ L 	�¤�� % ��¥�¦ 7� � % � K3§ �3¨3©3ªGn3E �B¤ �  ! H � � � �« ��,�-�¬��®�=�¯

(Short-time Fourier Transform,

STFT)
	�¤ %�°�± � 7�#³²µ´ � � ��z�>�B [13−15] ,« �

RPCA, Godec
,�¥�¦�K�§�����5���¶ ��W 8�7¤���H������  :���z L6G7 � 7 /G¥G¦ KG§G�G�G¤ � � �G5G�G·G¸ /¹ �3º3» +3¼ �3�3�3	G
3> B � � 2G4G� /G½GF3�¾ ��¿ �B���Z�N�� ý ��� 7 /�5�� « �3À�4 F Á

ü�Â z J G�Ã�Ä�Å�?ÇÆÉÈ�Ê ü ��Ë���X J G�ÌÎÍ<��ÏÐ � @ ü ��Ñ�Ò���Ó�Ô�K � G�Õ�.���¤���Ö�×�Ø�Ù�ÚÛ�Ü ��Ý � 7 /�5��ÎÞµ��¸�ß�]  ¢�à�á �â����ã�ä� ¥3¦ K3§3�3�3å3d3�3AG� � � �Gæ ¤ �Gç � �3-è % ��é���ê�ë e ��Ó L(ì�í ±�î Z�N�ïñð�ò�ó�ô�õ

ö�÷�ø ¼�ù�ú�û�ü�ý�þ�ÿ����
– ��� (Itakura-Saito,

IS) Â�����	 Ã3Ä3Å�
 Æ È3Ê���� IS �����	����ô 	���� ÿ���� è������ ��� ÿ����3ï��Gô 	����ÿ è������ ��� ÿ����Gï���� ø�� ÿGû3ü� �!�"�#$&%&'�ÿ&�)(&*�ï)+&,&-&.&/&0&1&2&3�465&7�8&9�:;&<&=&>&?&> 	&@&A&B&C&D&E&F&G ë��)H�I�ï)J�2&KL F�MONQP  �!�1 (Ideal Ratio Mask, IRM) R�S�TU�V�W�X�Y�Z�[�\�]�X ����^ 	 �
1 _a`abdcfehghikjhlnmpohqkrhst�u 1�v ��w�x�y�z í�{�|�} ý�~3ÿ�8���#�"� ï <���� %�������J������ í������������ ���Z�L������ J��3ÿ�� � ô 	 ï���������� R 8�����&|&� � ÿ�ô 	 >&�&� ï�� �&w&� � [2]

� �&w&� � 4  { ø���¡ ý�. |�¢ ÿ ��|�£�¤�¥3í � R�@�¦ ÿ >§ } ï���� ø�� ÿ�û�ü�ý�~�"�# ¥�¨ B ��+3ò�© 164 ï�ª�«¬ =�� 8�9¯®�° >�? J�2�±�#�²�³�+ ��w
� ��´�µ ��������¶ ��� 4¸·�¹ > � ï Z�º C u ¥í�{ � R ��� ��|�� � ÿ�� � � ï�����»���¶�+ �w�� ��´ � R�@�¼ ÿ <�> � #��Bð3ò µ ª�«½ � @¾�¿ ÿ�� X�> ��À�Á ïBó ��w�� ��Â t > � x�Ã ï½ � ��� � ÿ�,�-�"�#�» X�Y � ÿ�.�/�"�#�J�2�ÄÅ ÿ����

– �O� 8�9�Æ�Ç3ù�· >�>�È (Itakura-Saito

Nonnegative RPCA, ISNRPCA)
1�É ����Ê�Ë�Ì �� ]&X � ¥&Í&{ �&¶ ��� ï X&Y ���&Î É @&Ï�Ð ïÒÑ> Î É X&Y �&| � ÿ&.&/&"&# Z&Ó&Ô&>&Õ&Ö ïØ×&(&ÙÚ 5�7�Û�*3ÿ�Ü�Ý�Þ�ß�à�á�,�-�.�/�0�13ÿ Ó�â �ã��

1 ä�å ï���� ��� » ¦�æ�ç X�Y�è babble
X�Y

é�ê É�ë�ì X�Y + ��w�� ��´ Ý�í Õ�Ö ��+ ��w���&´ ï)�&� �&� ÿ�ô 	&î 46+&ï&��ÿ �&|&£�¤ ïñð&òÅ Õ�Ö ÿ�,�-�"�#�ó�ô�� X�Y ��� + ��w�� ��´�õö ò Å %�÷ ¥�ø ÿ | ��ù�ú »�1�ûGï � ï 	 ÿ xýü
	�þ < R�S ð å ïÿ×�( ��w�� ��´ ÿ X�Y ���  �+

(a) �������
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(b) �����

(c) Babble ����
1 ��������	�
��������������������	������ ������� ( ����� ��� �������������� ��� ����� � )

% � .�/3ÿ����� O4Q�"!$#�%�÷ ¥�Í&%�' Ï�( ÿ XY ��� Z�Ó&)�* .�/�1�É&+�,Gï"- <�. ø�/ µ&0 01&·&.&/ > 	 »2123&Ü&Ý > 	24 »��)×&(�ï)½ � ,&-.�/ >�?�5�6 R�7 + ��w�� ��´�µ ��� ��� » V�WX�Y R�S > � ï����98������ ]�X ÿ;: ÿ��

2 <>= – ?A@CB>DFEHGFIHJHKFKHL
2.1 M9N9O9P
Q9R9S&T ��� ��� s(t)

þ��9U�#�ë�ì X�Y ���
n(t)

ÿ V�W ï õ G X ��� ��� y(t)
t9V

y(t) = s(t) + n(t). (1)J�2 ��| (�W ï < ��� y(t)
+�� � ��X ��w���&´ ÿ&ð å Y ∈Rm×n

�)J2Y2+2,&�&� �&� » X&Y �
� +9Z L9[9\9]9^�Ó ¥9_9` ( � Y

< ð å · 3
��>

	94 » V ��� > 	 S
è¸X�Y�> 	 L

ó9a9193�Ü�Ý >
	 E[14−15],

Y = S + L + E. (2)t�u ô�õ��
Y
4 > � Å ý9b9c�ÿ S

»
L,
+��

� � $�,�-�� X�Y � $�.�/3ÿ�+�,�d�e ] J&Y�f�g
F h � �� Â t9i 
;:kj9l�� ` < ó���� V

arg min
L,S

‖Y − S − L‖
2
F ,

subject to rank(L) 6 rL, card(S) 6 cs,
(3)

0 4 ` ‖ · ‖F

ð å ®�°�ÿ F h � ` rL

ð å L
ÿ�/ `

cs

ð å S
ÿ9m��9n9o î 4 > 	 ÿ � ���¸ô�� ` ù�úû�ü C2p ðrq IS &�&�&	 � ø&� ÿ�û�ü�ý�þ @ t %' ` ×�(9Y9s ��Â ��������ÿ ��	9t õ � IS ����

	9u \ t9V
IS(y, x) =

y

x
− log

y

x
− 1, (4)

v (�	 $�®�° �9` IS �����	 t9V
IS (Y , X) =

n∑

j=1

m∑

i=1

IS (yij , xij) . (5)

w ò&Ä Å ÿ&�&�
– � � 8&9&Æ&Ç�ù&· >&>&È26 `x +¯J¯2 i 
¯²¯³ = � G X �� � Y

»¯�¯� > 	
S
� X�Y�> 	 L 4 »3ÿ IS �� 8���H � ����y�Z

RPCA
6�Ó�z ` �9{ Y , L

»
S
�9|9}9U�8�9�: ;

ó�~ º »�� � ��X ��w�� � ÿ E�F [�\ ¥�¨ B ��×( ` ISNRPCA
1�É <9�9� t9V

arg min
L,S

IS(Y , L + S) + λ‖S‖1 + β ‖L‖
∗
,

subject to L > 0, S > 0,
(6)



2 � � � é V � {�Ê�Ë�Ì ��� ]�X ÿ�û�ü�ý�~�Æ�Ç�ù�· >�>�È96 249

0 4 ` ‖ · ‖1

»
‖ · ‖∗

>�� ð å ®�°�ÿ `1 h ����� h��ó
λ
»

β
t�� õ 
���� ` � { ��� 3

��> 	�	 ©ÿ ��� ��&û
(4)
< ó�
 Å ` IS &�&�&	 $�� � Ó ( ÿ `� = �� �����	 ] ��� ��» ��� �3ÿ 	 © z�é��Ú ` ����� ø�� û�ü � Z ¥�¨ B �Q×�( ` ISNRPCA< s�� t $�%��3þ3û3ü3ý�~����3ÿ�Æ�Ç3ù�· >�>�È

6 � ]�������µ�����ã�� J�2���� 5 ü ±&� 6
(Al-

ternating Direction Method of Multipliers, ADMM)��? û
(6)
4µÿ

ISNRPCA
i 
 À�Á �

2.2 ISNRPCA ������ �!5�7�"�# (�	 X, S+

»
L+,
û

(6)
<�[�$ t9V

arg min
L,S,L+,S+,X

IS (Y , X) + λ ‖S+‖1 + β ‖L+‖∗ ,

subject to X = L + S,

S+ = S, L+ = L,

L+ > 0, S+ > 0.
(7)û

(7)
ÿ�% ¾�&�'�(*) l�� <�$ · V

Lρ (X, L, S, L+, S+, ΩX , ΩS , ΩL) = IS (Y , X) +

ρ

2
‖X − L − S + ΩX‖

2
F +

ρ

2
‖S − S+ + ΩS‖

2
F +

ρ

2
‖L − L+ + ΩL‖

2
F + λ ‖S+‖1 + β ‖L+‖∗ ,

(8)0 4 ` ΩX , ΩS

»
ΩL

>�� ð å X, L
»

S
ÿ�+�%


 Í�, (�	 ` ρ
$�+�%�
���� � {�- U���6 ÿ�.�/

0 } �21 { û (8)
4<ÿ : j2l&�&$ <&> � ÿ�3�4 � �

À�Á�5 $ ¥�Í�6 ��? ÿ i 
 À�Á `87 <���� ADMM�96 Í 0���? [17]
�

+
ADMM 9�: ] ��; ��? û (8) �9` ä�R�< �? (�	 ��J�2 ��? Í ½3ÿ&� À�Á�=�> ��� i 
���J2 Í�? � ù (�	 S

»
L, 3

� Í�, (�	 ΩX , ΩS

»
ΩL

ó9a
3
� "�# (�	 X, S+

»
L+

>�����@�A `� <�B�C�D � ]�]96 ��� ²�³ i 
��Bó�ù (�	 S
»

L
t�E `

S = argmin
S

ρ

2
‖X − L − S + ΩX‖

2
F +

ρ

2
‖S − S+ + ΩS‖

2
F ,

(9)

L = argmin
L

ρ

2
‖X − L − S + ΩX‖

2
F +

ρ

2
‖L − L+ + ΩL‖

2
F .

(10)

Í S
»

L
>�����@�A ` < � V

S = (X − L + ΩX − ΩS + S+) /2, (11)

L = (X − S + ΩX − ΩL + L+) /2. (12)

� { @�F "�# (�	 X
ÿ9� À�Á t9V

X =arg min
X>0

IS (Y , X)+
ρ

2
‖X−L−S+ΩX‖

2
F . (13)

G ©
18
4 ÿ u�F 2 Í�Î�ø û (13)

ÿ�� À�ÁIHJ ��? ` ½ �  ù�K Z�Â ¥ ½ [�L � < ��� X
ÿ @

F 2�3 t9V
A = ΩX − L − S, Bij =

1

3ρ
−

A2
ij

9
,

Cij = −
A3

ij

27
+

Aij

6ρ
+

Yij

2ρ
, Dij = B3

ij + C2
ij ,

Vij =





(
Cij +

√
Dij

)1/3
+

(
Cij−

√
Dij

)1/3
, Dij >0,

2
√
−Bij cos


1

3
cos−1


 Cij√

−B3
ij




, Dij <0,

Xij = Vij −
Aij

3
.

(14)×&( ` + ADMM 9�: ]��&? ISNRPCA À&Á � <�Mù ã��96
1 ä�å � 0 4 ` Sλ(·)

ð å�NPORQ � � ` u\ t9V
Sλ(x) =





x − λ, x > λ,

0, −λ < x < λ,

x + λ, x 6 −λ,

(15)

S+λ(·)
ð å J 2 Sλ(·) S � I�T�U 0 � ÿ�Ñ > �
VXW

1: ISNRPCA YXZ�� ADMM [X\ VXW
(1) ]X^X_ Y
(2) ]X`X_ (S, L) �XaXb
(3) cXdX\X_ k=0, M =300, ρ=1, random(L(0)),

random(S(0)), L
(0)
+ =S

(0)
+ =0, Ω

(0)
X =Ω

(0)
S =Ω

(0)
L =0

(4) e k6M XfXgXhXi
(5) // jXkXlXmXnXo�� X:

(6) X
(k+1) =arg min

X>0
IS(Y , X)+

ρ

2

∥∥∥X − L
(k) − S

(k) + Ω
(k)
X

∥∥∥
2

F

(7) // jXkXpXnXo�� S 	 L:

(8) S(k+1) =(X(k+1) − L(k) + Ω
(k)
X − Ω

(k)
S + S

(k)
+ )/2

(9) L(k+1) =(X(k+1) − S(k+1) + Ω
(k)
X − Ω

(k)
L + L

(k)
+ )/2

(10) // jXkXlXmXnXo�� S+ 	 L+:

(11) S
(k+1)
+ =S+λ/ρ(S(k+1) + Ω

(k)
S )

(12) UΣV =svd(L(k+1)+Ω
(k)
L ); L

(k+1)
+ =US+β/ρ (Σ) V

(13) // jXkXqXrXnXo�� ΩX , ΩS 	 ΩL

(14) Ω
(k+1)
X =Ω

(k)
X + (X(k+1) − L(k+1) − S(k+1))

(15) Ω
(k+1)
L =Ω

(k)
L + (L(k+1) − L

(k+1)
+ )

(16) Ω
(k+1)
S =Ω

(k)
S + (S(k+1) − S

(k+1)
+ )

(17) k=k+1

(18) hXiXsXt
(19) Ŝ=S

(k)
+ , L̂=L

(k)
+

(20) ]X` (Ŝ, L̂)
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2 ��� ISNRPCA ������������� �����

3
���

ISNRPCA g�	�
��a_h`�nc
½ �

ISNRPCA
��6 ��� ��� ]�X���� Ú 2�3ã��

2 ä�å ` <�> t ��w�� ��´ ��� ISNRPCA
>

? »&� X&>�� ? ����������� ` �&� �&��J&�&���&�
Í�� 7 � G X ��� ��� ��w >�È ` Z�L�� G X ���� �&w&� � ð å Y ;

0 > ` �&� ISNRPCA
�26 Í Y��� ,�-�.�/ >�? ` ����,�-���� >���� K L Ŝ,

.
/ X&Y&>���� K L

L̂ � a2123&Ü&Ý >���� K L Ê
�

+������¯ì >�È 4 t�u Ä ¦ >�� ��� ��M ;�^ � `Í F&M� &P  &!&1 (Ideal Binary Mask, IBM)
� K L<�!�¾�" Í IRM

� K L
[19−20],

R = [Rij ] =

[
Ŝij

Ŝij + L̂ij

]
. (16)

ô�� ` IRM
Ó�<�#�$�% +�K L Ü�Ý ` ��& L ·

| � �&Ó�'�(&Z�)�*�+ ¶ X&Y À&Á � ×&( ` t&u Ä�,]�X�-�+�����. ����/�0 `21 � Í�3�4 � IRM ���5 ��6�7 `
Rij = αRij + (1 − α) Rij−1. (17)8�9�: ��;�<�= p ` α 1 U J p�> 0.5

�@? �&�
IRM

� 3�4 R A ` �&�CB >�D�E �2596�F�G�H�-�+��I�J�K�L�M�N U�O�P�Q�R�S H�-�+���I�JTK�L�U
V

S̃, W�X (18) Y V �[Z]\_^ �
U V�`�a�b�c�d Fe�f�g�h a ��i A ^�j�k�l�m 8�n�o�p�q�r h�s�t�uv�w�k�x�y�-�+�z�H�{�|�}

[2] ~
S̃ = Y � R. (18)

4 ��������������
������?

6 ��� k�|�H]B (Signal to Noise Ra-

tios, SNRs) � 5 ��������� H�{�������F ISNRPCA��� r���� S H�����MTN�� 3T~ Y�� ;T<�=T�T��?

  ��¡�¢�£
Intel ¤�¥ 2.93 GHz CPU � 3 G ¦¨§ r©�ª 4 ��«�¬��N matlab 2013b ® ��¯�x ~

4.1 °�±�²�³�´�µ�¶�·�¸?¹;¹<¹=¹�º\»^[¼¹½
NOIZEUS

�¹�¹¾ \ r¿]À �Á� z
Noisex-92

HÁ{ ¾ \ r HÁ{ÁÂÁ£Á=Á�ÁÃÄ
[21−22], Y�� ��� |�}�z�H�{�|�}���Å�� S�Æ�Ç�ÈÉ
8 kHz ~[Ê�Ë�Ì ^[Í�Î ¿ÁÀ ����Ï G 3 Ð�Ñ ��ÒÓ�ª z

3 Ð�Ô ��Ò Ó�ª ^ÖÕ 30
� ��× ^ÖØ�� ��× tÙ�Ú

3 s ~ Í�Î�H�{ Ï G�Û�Ü�H�{�z�Ý�Û�Ü�H�{�Þ�ß
� ^àZC\ ��á F16, hf-channel, white, babble

z
factoryH�{ ~ � ¿âÀ ����ã H�{�ä�å �T� ß�æ SNRs
M�N

� k�^ Ê�Ë £ −10 dB, −5 dB, 0 dB, 5 dB, 10 dB
z

15 dB ~£�ç�è�é���ê
ISNRPCA ë��T� ��� r���� SHTìTíT^[�Tî ÆTï �Á�T�T�TðTñ �TêTZT�T� ~[ò 1��ó�ô ï BSS EVAL package V3.0 õ ��|�}�ö�÷øB

(Signal to Distortion Ratio, SDR)[23], ù�ð�ñ�ú�û�üv�ýC\ÿþ�� ô ï�� ò 2 ��ó Æ�ï ITU-T P.862 ��ð b����������� ��ê
(Perceptual Evaluation of Speech

Quality, PESQ)
z

COMPOSITE(COSI) 	Á��
 �ê S H �T�Tr� Ë �� [24−25]; ò 3 �Tó ÆTï� tè�é������ Q v
(Short-time Objective Intelligibility,

STOI)
��ê S H ����r �����

[26] ~ SDR
ï���� ���� z�H�{ r v�ý�����^[U��£TFTH�{ r��� ��� �

PESQ, COSI
z

STOI
Q v � � S H ����r���� ~ ÊË e ï t�^ SDR

v�����ß�U V ��� S H�����F�H�{r���� ��������^
PESQ, COSI

z
STOI

Q v�����U
V S H ������� ��� ~
4.2 ISNRPCA ��¸��� �!�"�²�#�$

ú RPCA %�� ���ø\¨^'& ñ�(�) Ã r ¼�* ó�+©�,�-�. ��^'� ú�/�0 r1�2 �Tj�kTß �3 ��*45 r�6 ��� ~ ú RPCA
���C\ÿ^

Candès ë ª�798 ç
ú�: ß�;�Ã�e ï�< k�^ λ

*�= � � (max(m, n))−1/2t b � Q�R /�> r�?�@ z�A�B�v�ý�ì�í ~DC � ��î r
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ISNRPCA
����^ & ñ�(�) Ã λ

z
β
� ú Z����¬�MN�����^[��î����

λ
r *���£

ab(max(m, n))−1/2 ~Z]\_^ 5
SNRs � A�t�^ a = 1, ��ñ a = 0.94; ��/A�����I�J�K�L�t

b = 1.15, ��/ ������I�J�K�L�t
b=0.95 ~�� � ISNRPCA ��	���� ã Ü�� � x�v� �!��

(Stable Principal Component Pursuit, SPCP)

+�" [27], # SPCP $�% \ & ñ�(�) Ã�¼�½�&�'�^)(*����
λβ =c,

Zø\
c
£ 6 ��+�Ã ~),�- ó 5 ?�@ v� O ,�.�/ t�^ A�B�v � O , ä�0�Ã�1�æ ~32 - Ò 8r ó ^ ��� S H���� r HT{ ��� ���Tz S H �T�����4�5�6�6 ó�7�8 r ^ C HT{ r��� �����Tt ,+�9 C ��� � 
�� ß r�:<; ^'A SNRs

����� ���S H�z��
SNRs

����� ��� S H ,�2 - � � ~ £�çk /�= � 6 ��+�Ã c
r *���^[v�w õ � 5 ����� H{ � 6 � SNRs

�[��� S H ����r Û��
PESQ, COSI,

SDR
z

STOI
Q v�^ j�í W L 3 Y V ~ ��>�?�y�^ 5

c=0.16
t

PESQ
Û�� Q v�i���^

c=0.175
t

COSIÛ�� Q v�i���^
SDR

��ê�z
STOI

��ê�@�A�¯�B�h
C ~ED�F ^ £�ç ú[��� 1 � 4�5 * Q � � ^ � 6 ���Ì ��� c=0.165 ~ ú�G�H r ������ê 3 �C\ÿ^���9�?R ��î�& ñ�(�) Ã���¢ C � �T������I {�z �T� �A

SNRs Ê ��� � r 4�e�� ~
4.3 ISNRPCA ��¸�J�K�L

M�Â�N�* Y � ^ 5 RPCA
r v�O�v � ; �

3
©t�^�����B�P�Q�R�� r /�0 798TSVU�W�X Å 7 3 ~3Y

ú 3�Z e ï \_^)[ � 300 \�]�^ ISNRPCA
����_

>�Q�R É + ©�` õ��<a ` ^cb ã<d (<e ��r<f�g �¼�* ��h ~ ��i ò k \�]�^ r h C�j�k W�X (19) YV ^ ù 1 � +�Å ï Â�l�m���� r Q�R�n�� ~oF�p ^ ,� ï
Y
z�v�O�q�r r

S
ã

L
4 z r

IS s ý�^ ,�-ó IS(Y , L + S) 
 l�m���� r Q�R�t�u ~
RelErr(k)=

∥∥S(k) − S(k−1)
∥∥2

F∥∥S(k−1)
∥∥2

F

+

∥∥L(k) − L(k−1)
∥∥2

F∥∥L(k−1)
∥∥2

F

.

(19)v
4 w y�ç�e ï ISNRPCA

��� C +�x = � ���y�z�{ I t r Q�RT|~} ~ ��>�?�y�^ ]�^ 300 \�G
ISNRPCA

���T� 6 � � Ì Q�R�^ ����Ü�� Ì ê õ y��� v �
S
z I {�v � L ~

4.4 ��¸�L����������� y +�� Æ�ï SDR, PESQ, COSI
z

STOI

4 ��ð�ñ���� ��ê ISNRPCA
��� ��������� r �������z 6 = ����{ I �T� r ��� ~ )<� �T�T£ �<�v ¬ ?�@ A�B�v�O��

(SLTF)[15],
	�
�� x�v�v����

(RPCA)[12];
6 =�����£�;�� � 1��

(MBSS)[5] ~[ÊË 3 ��t�^ RPCA
Æ�ï . þ�������� a�� ���

( ������ á http://perception.csl.illinois.edu/matrix-rank/

sample code.html), SLTF
Æ�ï

Semi-soft Godec
���

( ��� �~� á http://sites.google.com/site/godecompo-

sition/) ~ ��¢�& ñ�(�) Ã�t�^ RPCA
���C\ r

λ
*�=

� � (max(m, n))−1/2; � Ä�î�� 15
\¨Â�N r ��� ^

�
3 c �������� �¡�¢�£�¤�¥�¦�§�¨ PESQ, COSI, SDR © STOI ª�«�¬�
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�
4 0 dB babble ¥���¡�¢�£������ ISNRPCA ��	�
�¦�� “The birch canoe slid on the

smooth planks (NOIZEUS �������¨ sp01 ¦�� )” ����¤�¥���¨���	���������� �
SLTF

���C\~���
rL =2, λ=0.05 ~�� L

U V ï�� ���v���t r�� Ù ^
R
U V ����^

N
U V

DFT
r�� Ù ^��s���£ Ç ` Ã�^

f
U V � È� "! ^

K
U V l�m�[ n�op�r Ã S ~ [ � t�� e�# q�r ��� v z�$�% � v t�^¬�m ) Ã r ��¢ W U 1 Y V ~ £�ç'& �'( N')'*�hh,+,- ^ (�*,.,/�ç

ISNRPCA
��� r Ê�Ë 3 � ( �

� �~� á https://cn.mathworks.com/matlabcentral/fi-

leexchange/50427-isnrpca) ~0
1 ¦�1 � ©�2�3�1 ��4 ��5�6

7�8
L R N K f (Hz)

¦�1 � 256 128 256 — —

2�3�1 � 256 128 — 64 40∼4000

9':�v�� ��� v z'$'% � v ¬
ISNRPCA

���
r ��� k';�~ v 5 w y�ç'< ` ��� v z �'= ç ª $������� n�� r $'% � v ¬ y�z�� I v�ý r j�í'>��>�?�y ú Í�Î r'? � SNRs

�����'>@$'% � v ¬
y�z�� I v�ý r Û�� SDR

q�v�� d � ��� v ¬ � Iv�ý r j�í'> % Ò 8 ISNRPCA
��� ú $'% � v ¬

��� ��� z I {'A � ìTv�ýB>@)BC 3 � C I { r �ì ��� � ú l�m { I ��������r Û�� PESQ
q�v'D

E >GF�ç,H�A
−10 dB p >GI,J SNRs

�����,$,% �
v ¬�v�ý r q�v , � �B> % Ò 8 $'% � v ¬ { I ������ A�� ~3D�F >�¼�½�$�% � v y�z�� I v�ý �,KL k,M�é�v��,>@N�÷ 3 ��j�í ,,O ��y d A ~P G ��ê IRM

Û,Q C ISNRPCA
��� ����{ Ir,R,S ~ IRM

ê õ�� �,T,U §�ú j�k ),C,V�x { I��� � ��r �,W�H > Æ�ï IRM
Û,Q r D������,X,Y

� F V�x r ��� : ö'Z �����'[ I { ~ ) v 6
��>

?�y,> ú ? � Í�Î SNRs
����� /,\

IRM
Û,Q G �� � ì']'^ { I ������� > PESQ

Û���q�v���q�r
8`_ .�� � Yba � SNRs

�����,c,d
IRM

ê õ j�kr 1�æ,>
IRM

Û,Q r,e E R,S,f�g _ � á)I { ������ � ?�: ö,> O � ú SDR
Û���q�v f�g � { ~���

IRM
Û�Q C .�� { I ��������r Â ï�g v 8`_ >

D�F ú�G�H r�3 � a �,h H Æ�ï ù,i,j,k ~y +�� Cml ISNPRCA
��� ã )�� ��� r I {�� �T�B> O 2 w yTç �Á�<I { �T� �T�T�Bn � �

�
5 o�1 � ©�2�3�1 ��p ISNRPCA ��	�¨ SDR © PESQ ¬��
rq
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� r
SDR

��ê���í ~ ��>�?�y,>�� C � I,J I { �� > babble I {�������� SDR
v���� C � A'> %Ò 8

ISNRPCA
�����,F

babble I {�������� C �� ~ %�ó � � babble I { ó ã������ £�	 � � ª�

I {B>���T�Tv � �� bAB<nT� � 8 _ ~)Y ó >ú���� ? ��I { ��� z SNRs

��������î
ISNPRCA��������q�ç � ���

SDR � ��> d � RPCA
����>

_�� d �
SLTF

�����
MBSS

����>�b d A ú SNRs� �
10 dB

����| I l �����'A�£ 8 _ ~)D�F > ú? � ��ê���� a ISNRPCA
����� � I�� ý���� ��,> C I�� � ��� ì�í ��� ~

� G Cml ISNPRCA
��� ã )�� ����� { I ������ t�u ~ ú C�� { I ����� Ë ��� � PESQ

�
COSI

q ��� ������� STOI
q � D E > ) O 3 — O 5��>�?��

ISNRPCA
��� , A Ê���� ��> ã )�� ���� l q � A���� É � � 5�� ú −10 dB

H�A
SNRs

������ P
ISNRPCA

�����
STOI

q ��� A � SLTF�����
RPCA

����> Y I�J SNRs
�����

INSRPCA�����
STOI

q � � ��>�b ú � SNRs
����� d A 8

_�� C�� ����� Ë ��� � PESQ
�

COSI
��ê���í ã

��������ê���í��� á ú ��¢�� ? � SNRs
������>

ISNRPCA
��� ��� � w � � ��� PESQ

�
COSI

q

�
6 !#"#$�� IRM ª#%�¡�¢�£ ISNRPCA ��	�¨ SDR © PESQ ¬��
rq

0
2 ������	 SDR � �
rq

¥�� ��	 SNRs (dB)7�8
−10 −5 0 5 10 15

Babble

MBSS −8.86 −2.71 2.79 7.27 11.5 15.2

SLTF −6.61 −1.59 3.11 7.12 9.52 10.7

RPCA −7.46 −1.84 3.57 8.24 11.6 13.5

ISNRPCA −6.54 −1.08 4.28 9.11 13.0 16.2

Factory

MBSS −7.50 −2.26 2.96 7.00 10.8 14.5

SLTF −5.28 −0.23 4.70 8.56 10.1 11.0

RPCA −5.69 −0.04 5.14 9.43 12.3 13.9

ISNRPCA −4.50 1.02 6.12 10.3 14.0 16.7

F16

MBSS −7.12 −1.56 3.51 7.55 10.8 14.9

SLTF −4.87 0.48 4.79 8.64 10.3 11.1

RPCA −5.38 0.20 5.35 9.56 12.4 13.9

ISNRPCA −4.59 1.11 6.16 10.4 13.9 16.6

Hf-channel

MBSS −6.14 −1.39 2.90 6.45 10.1 13.9

SLTF −5.40 0.18 4.88 8.97 10.5 11.2

RPCA −4.68 1.07 6.13 10.1 12.6 14.0

ISNRPCA −3.54 1.48 6.15 10.1 13.5 16.2

White

MBSS −6.20 −1.34 2.37 6.04 8.92 13.0

SLTF −5.18 0.31 5.51 9.81 11.3 11.4

RPCA −4.16 1.59 6.58 10.4 12.8 14.1

ISNRPCA −3.64 1.15 5.76 9.88 13.2 16.0
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3 ������	 PESQ ¬��
rq
¥�� ��	 SNRs (dB)7�8

−10 −5 0 5 10 15

Babble

MBSS 0.85 1.44 1.90 2.22 2.54 2.81

SLTF 1.09 1.62 1.92 2.22 2.40 2.55

RPCA 1.05 1.61 1.99 2.31 2.58 2.81

ISNRPCA 1.02 1.62 2.00 2.35 2.66 2.96

Factory

MBSS 1.09 1.40 1.79 2.15 2.48 2.78

SLTF 1.32 1.65 2.00 2.31 2.50 2.67

RPCA 1.31 1.68 2.02 2.34 2.61 2.83

ISNRPCA 1.33 1.69 2.04 2.37 2.69 3.01

F16

MBSS 1.21 1.52 1.86 2.22 2.70 2.86

SLTF 1.36 1.73 2.05 2.34 2.26 2.69

RPCA 1.37 1.73 2.07 2.38 2.66 2.86

ISNRPCA 1.49 1.79 2.10 2.40 2.79 3.01

Hf-channel

MBSS 1.17 1.32 1.59 1.98 2.37 2.71

SLTF 1.32 1.54 1.79 2.10 2.39 2.64

RPCA 1.38 1.56 1.83 2.13 2.43 2.69

ISNRPCA 1.32 1.60 1.88 2.20 2.53 2.87

White

MBSS 1.14 1.31 1.58 1.95 2.30 2.66

SLTF 1.29 1.53 1.81 2.16 2.46 2.71

RPCA 1.31 1.55 1.84 2.15 2.44 2.70

ISNRPCA 1.32 1.62 1.92 2.28 2.60 2.91

0
4 ������	 COSI ¬��
rq

¥�� ��	 SNRs (dB)7�8
−10 −5 0 5 10 15

Babble

MBSS 1.03 1.39 1.92 2.40 2.85 3.23

SLTF 1.00 1.25 1.61 1.96 2.22 2.47

RPCA 1.00 1.32 1.82 2.29 2.69 3.02

ISNRPCA 1.03 1.39 1.93 2.40 2.86 3.28

Factory

MBSS 1.04 1.30 1.75 2.25 2.70 3.11

SLTF 1.07 1.35 1.77 2.10 2.26 2.50

RPCA 1.04 1.34 1.82 2.27 2.66 2.98

ISNRPCA 1.04 1.36 1.87 2.35 2.79 3.20

F16

MBSS 1.10 1.35 1.82 2.32 2.77 3.13

SLTF 1.10 1.42 1.83 2.17 2.38 2.52

RPCA 1.06 1.38 1.87 2.32 2.70 3.03

ISNRPCA 1.10 1.42 1.88 2.35 2.79 3.19

Hf-channel

MBSS 1.18 1.39 1.79 2.30 2.79 3.21

SLTF 1.13 1.39 1.73 2.13 2.45 2.70

RPCA 1.14 1.40 1.83 2.27 2.68 3.03

ISNRPCA 1.14 1.49 1.95 2.41 2.88 3.30

White

MBSS 1.02 1.15 1.47 1.99 2.47 2.96

SLTF 1.02 1.16 1.53 2.01 2.39 2.65

RPCA 1.01 1.17 1.55 2.01 2.44 2.81

ISNRPCA 1.02 1.20 1.64 2.13 2.58 2.98
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0
5 ������	 STOI ¬��
rq (%)

¥�� ��	 SNRs (dB)7�8
−10 −5 0 5 10 15

Babble

MBSS 38.3 48.8 60.0 71.0 80.4 86.7

SLTF 40.3 50.3 60.8 69.7 75.7 79.5

RPCA 39.8 50.3 61.2 70.8 77.9 82.5

ISNRPCA 40.0 51.0 62.5 72.8 81.4 87.1

Factory

MBSS 39.2 47.9 58.0 68.3 77.3 85.3

SLTF 42.3 52.2 62.2 70.7 77.2 81.6

RPCA 42.0 52.3 62.5 71.2 77.9 82.8

ISNRPCA 42.2 52.9 63.6 73.1 81.3 87.2

F16

MBSS 43.1 51.2 60.5 70.1 78.8 85.9

SLTF 43.3 53.3 62.8 71.6 77.5 80.0

RPCA 42.9 53.0 63.3 72.0 78.6 83.0

ISNRPCA 43.2 53.5 64.3 73.6 81.6 87.1

Hf-channel

MBSS 43.0 50.7 59.7 69.3 78.7 86.8

SLTF 43.4 54.3 64.9 74.4 79.4 83.7

RPCA 43.3 54.5 65.4 74.4 80.9 85.2

ISNRPCA 42.8 54.9 66.9 77.5 86.1 91.1

White

MBSS 41.9 48.9 56.6 64.8 73.1 82.3

SLTF 44.1 53.0 62.2 71.0 77.2 81.5

RPCA 44.1 53.4 62.7 70.9 77.3 82.0

ISNRPCA 43.4 53.5 63.7 73.1 80.5 86.8

� > A SNRs
�����

PESQ
�

COSI
��ê d A�� � >

Y � SNRs
����� d A 8`_�� % Ò 8 ��î,.���� IS-

NRPCA 	�� � C � ��� ��� a � RPCA, Godec 	� Ê � d A'> + D E Ý e Ú�� ô q � ý�Tí L�� 3Z�� /�� i,>	� + D E d ( IS s ý�� ��ã�
 $�� ������ n���� +�" >rT,U�ç RPCA, Godec 	�� ���� � � � � �����{ I���� ö�÷ � ß�b�� 
 $�� �� � $�% >@),C,],^ { I���� ��� �

5 ���
���'.������������������� �!�" ��#���$ �%�&�'�(�)�*�+�� ���,�- � ISNRPCA .�-�/�0� 
 � +�1�%�&�2�3�4

– 57698�$�:�;�<�=�>�?A@B�C�D�EGF�H�I�J�K�L�M�NPO ��Q�R�S ��T�U >�?
.�-�VGW�.�-�X�Y�Z�[�\�]�^�_ �������a` 2�b�c
�d� H ;dedfdgd#dh H ; E Qdidj�kdldm H $�Vondpq���r ��#�h�e�s�#at9u�v�w 2�x�y�z�{ E {�| �
ISNRPCA .d-d}d~d�d�d�d#d� 2��	��� X E Q !d�� |�z ����� s���e�����#�h ���������� 2������� V ISNRPCA .�-������������ ����� #�h��� Eo� �d�d� 2 �d#d.d-dVow � �d� <�@ Bd�d� fd~
−5 dB

2�� f SNRs u�v�w EG!�� ����� ��# ���
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