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Abstract An unsupervised speech enhancement algorithm suitable for real-time processing in one channel record is

proposed, aiming at resolving the prior-information-reliance and real-time processing difficulty in existing enhancement

algorithms based on dictionary learning. With the magnitude of noisy speech, it recasts unsupervised background noise

modeling problem into sparse, low-rank and noise decomposition. Subsequently, an adaptive noise dictionary which

reflects the dynamic noise background is learned in an online fashion by employing incremental nonnegative subspace

learning. Finally, frame-by-frame enhancement is conducted with the learnt dictionary, which makes the real-time

processing much more convenient. Extensive experiments demonstrate that the presented algorithm outperforms state-of-

the-art method such as multi-band spectral subtraction and method based on low-rank and sparse matrix decomposition,

especially in terms of noise reduction.
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[
cs

cn

]
. (11)

A_#
yt

t
Dn

k \ ý [ h .1/�� ¡ ÷ U v���£
��e ü�÷1 ���|�~�fGgh#

Ds, cs

t
cn

�.�/ M��
£}*

Dscs

t
Dncn

=�> M}� ��£ � <}= t ø�ù}� �
� ý .}/}v (12) w}�}� ÷ Wiener i�j U v�ý�=�>12�1\ �1] (�)�<�=�>�?*÷ � ���*ý5 E V9k*÷�l9mö�a

[17]
�Dn��1<�ø M1d *1+�÷�X�51^��

3 w1x �

ŷt =

(
Dsc

T
s

)2

(DscT
s )

2
+ (DncT

n )
2 ⊗ yt. (12)

�
3 o�p�
�����q�r�s �Y��

18
���}��t � � e�u  ��}|}~�÷�� ¡ V�K

] v�ýW01Y�þ1I y1z @�	1��÷ � 4�51¢1v1{
cs ← cs ⊗

DT
s yt

(DT
s D)c + λs

, (13)



4 � �����1� { N1O �1��ø�ù�����ü1������	1��
1.��1<1=1(1)1*1+ 611

cn ← cn ⊗
DT

n yt

(DT
n D)c + λn

, (14)

Ds ←Ds⊗
ytc

T
s + Ds ⊗ (1(Ds ⊗D(ccT

s )))

D(ccT
s ) + Ds ⊗ (1(Ds ⊗ (ytcT

s )))
, (15)

v Q ý λs

t
λn

M}� @����
cs

t
cn

N}O ��÷} }��ý
1
@�:

1
U ~ .�� ? ⊗ b1X1Y ��� ýJ x ÷ � -1|~�f g # Q 0 ` �1��÷��1�

��� ý A #�½�¾}0}# _ �}>�:�"�¿�À�ý �1�}� �9 ø1<1=�÷ _ �1>�:10 ŷ
F1��ý��1� ��� E1��¸�¹

º1¶1·
(Inverse Short Time Fourier Transformation,

ISTFT) 	 � _�` ÷1�1�1>1?1�
ŷ(t) = ISTFT(ŷt · ∠yt), (16)

v Q ý ∠yt

J x ÷}- 9 ø}<}= � yt

÷ _ ��ý ŷ(t)
J

x ÷1-1(1) ��	 � ÷1<1=1�1�1>1?1�
3 vswsxsy�
����
0 d 0 w}� *}+}2}3�	�a�������l�ý &��}I}H�=213����1� 	�a Q ÷ R1S <1=�� � TIMIT ��� <1=��ý ø�ù�� �

Noisex-92 ��� ø�ù�� [19],
þ R1S <1=t ø�ù}2}3�ü�;�L ´ 8 kHz,

>�ø�� M}� �}6
−5 dB,

0 dB, 5 dB
t

10 dB
0�*�+�2�3������2�3

STFT� w � � ÷1<1= ��» @ 256
!�ý�� �

hamming
µ �

/ ��0�=�>���1 50
� <1=1>1?1� � ' ` ø�ù1$1% Q÷�X����}� 8 � @
40
� v

(10) Q ÷ c ��÷���� c��Y��
16
2�3���6�ý M��� 

α = 0.2, β = 0.8
�� �

GoDec
*�+�0 / ��0 Q 9 ø�<�= � ÷�������2�3 NO �1��ø�ù M r1��ý 8 � �1�1s M ÷1�1@

2,
&  �

¡�] v
(13)—(15)

÷ � B�� ¡ �1�1@ 200
�

ò���! {�� Q ýW; � < = 2.#�"�#��.� U�$
(Perceptual Evaluation of Speech Quality, PESQ)

t
BSS-EVAL

�%!%&%'
[20] (%)%* �9�%+%,%-%.%/%0#�1�+�,�2 $ /�31Ñ�4�5�6�7%8�9%:�;%"�#%<�=?>�A@

(Short-Time Objective Intelligibility measure,

STOI)[21] ( ��B�+�,�-�.�/�<�=�>�CEDGF PESQ H
ITU-T I�J /�K�B�L $ 6 H�M�N 5�O�K�!�-�.�P�#�QR�S�T /�"�#�U�2�L $ 6V<�W�X�Y�Z�[�\�]�^�_�`�a
) (Mean Opinion Score, MOS), PESQ

/�b�c�d�e�f
−0.5∼ 4.5,

a )�g�h�iGj 2 $ +�, S�T g Y�k BSS-

EVAL Hmlon�p�q /�4�5�r�Y�/%s%t )%u 2 $ K�B&�'�6�v�K�B�&�'�w�x�U�2�y�t�z�{�|�}G~
(Signal

to Artifacts Ratio, SAR) � y���~ (Signal to Interfer-

ence Ratio, SIR)
1�y�t����G~

(Signal to Distortion

Ratio, SDR), ����� L���������+�,�2 $ / S�T 6�vK�B�&�'���/
SAR, SDR, SIR ��������� 9���K�B

+�,�2 $ /�4�5�k
STOI H�M�N r���/���������/<�=?>�"�#�K�B�L $ 6�D�U�2�c%���%���%-�.%/�3

� <%=�> h >%�%�%6��%@%� T /% %c g%h%¡Aj �%Q-�.�/�<�=�> g�h C��Q�3�¢£F¥¤%¦�-�.�f�§�¨�}�©
5 ª 6�P�«�¬b��

Pink, F16, HF channel
1

Babble �N�®�¯�� ;° ~±r�²�³�´�4�/�|�}�µ�¶���Q�6·DGF±6
Pink H¹¸º�»£F¥¼ � `�/�|�}�6�D%½�¾ ) @�¿%¾�P%« )�À%ÁF¥Â�½�Ã�6���-�.�y�Ä�/�5�@ )�À�Å \�k F16

f�Æ
Ç�È�É

F16
´�Ê���Ë�Ì�x�Í£F¥É�Î£Ï¥/�|�}�6�5�@Ð F Á 0∼700 Hz

1
2750 Hz

7�Ñ�Ò�Ó M�Ô /�Õ�]�Ö× 4�k
HF channel

f h ½�y�Ø�|�}�6EÙ�Ú�/ H�Û�ÜÝ / h ½�y�Ø�F�/�|�}�6 H w�y�Þ�ß ����à «�á�â�/
M Å |�}�k Babble

f M�ã�ä�å ²�æ�ç 100 ã�� ; Áè�é /���/�ê�ë£F¥/�ì�í�|�}%6�D�5%@ )%À �%¤?¦-�. Å \�6 H�®�¯ / Å -�.�|�}�Cî�ï�ð�ñ�ò /�ó�ô�õ�3�;�+�,�2�ö
(URTE)

�÷�ø�ù�ú ö
(MSS)[22]

1�û���Â�ü�ý�þ�ÿ�� ) Û /�+,�2�ö
[23] � N ó�ô�õ�/�-�.�+�,�2�ö�µ�¶�~�r�1�45 )�� C ÷�ø�ù�ú ö�� ��� j�� ²�~�	�
���L�ö���û���U�� ¯ ��������Y�/�4�5�6Vv�2�ö�w�x�����ó�-.���/�|�}�µ�¶�����6 a���]���|�}���> ù 6 7����

B�U�� n |�}�C º���6 3 � /�|�}���> ù <�5�� ñ BU�/�]���|�} ù�� Á r�æ�����CVû���Â�ü�ý�þ�ÿ�� )
Û /�+�,�2�ö�/�-�.�+%,�2%ö�� ï%ð 2%ö M�� 6 �8�9�ý�þ�Â�ü�|�}�� ¯ (

D�!�"�2�ö�#�f
GoDec

2
ö�6 $�4�5���Q�; î D�%�Ù�f

GoDec), ��� / H v2�ö�&�'�(�)�Â�ü�1�|�}�* ) 6 +���ý�þ�* ) µ�¶
,�-�. a�+�,�-�.�6�7�/�²���Â%ü�|%}�* )�¡ Ò�Ó/�ì�í�|�} ×�0�1 W�2%9 ( µ M43 ò�5 +%, S�T k
� ;�6 v�2�ö�6 H�M�N�7 á�â�/�+�,�2�ö�6 ó�ö�� ø|�-�.�µ�¶�3�;�+�,�C
¡ 1

1 ¡ 2 )�*�8 Ó�� 4 N |�}�9�:���©�+�,� T /
PESQ

1
STOI

��@�c�C � ¡ 1
F�<�W�;�Ó�6

ï�ð�ñ�ò Ó�/�2�ö�/�4�5�< =�>���?�@ � N 2�ö�6V+, ñ a�/�-�.�������A�6 7�B�C�D�y�|�~�/���E�6 +
,�4�5�7 � j <���E�C F�P%« H4G f ï%ð 2%ö H û��H ®�I�J /�+�,�2�öG6 I�J . a�/ ¸LK4M |�}4H
® ����/ H |�}�/�� -%×�0 6 �%���%|�}%/%5�@4�¿�¾ ��N�O C ¡ 2

F ï�ð 2�ö�P�²�¼ h / STOI
�

@�c�6 i�j 8�9 ï�ð 2�ö�µ�¶�+�, Ý /�-�. � ²�¼ h/�<�=%>�6 F���w�x
PESQ

��@�c ñ a�Ó�/���Q��
Å \�Cº���6

PESQ
1

STOI
��+�5�O ��R�S�T K�U2�ö�4�5�6 f���µ M�3 K�B�2�ö�©�L���/�4�5�6 ï�ð
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8�9
BSS-EVAL

K U S�� ( ��� N 2�ö�µ�¶�µ M�3/�K�B�C��
4 —

�
6 )�* f 3 N 2�ö Á ��� y�|G~��/

SDR, SIR, SAR
4�5���	�C



1 ��������� PESQ �

�� SNR ����
(dB) MSS GoDec URTE

Pink

−5 1.62 2.01 2.36

0 2.28 2.37 2.61

5 2.35 2.42 2.81

10 2.59 2.61 2.94

F16

−5 1.63 1.89 2.38

0 1.83 2.16 2.68

5 2.31 2.33 2.83

10 2.44 2.63 2.94

HF channel

−5 1.44 1.66 2.25

0 1.73 2.05 2.61

5 2.17 2.43 2.78

10 2.56 2.59 2.82

Babble

−5 1.48 1.74 2.31

0 1.94 1.98 2.55

5 2.36 2.16 2.71

10 2.57 2.40 2.81



2 ��������� STOI �

�� SNR ����
(dB) MSS GoDec URTE

Pink

−5 0.537 0.612 0.723

0 0.582 0.676 0.780

5 0.713 0.734 0.832

10 0.785 0.787 0.883

F16

−5 0.543 0.590 0.739

0 0.595 0.672 0.792

5 0.697 0.735 0.849

10 0.785 0.781 0.896

HF channel

−5 0.521 0.625 0.740

0 0.607 0.719 0.829

5 0.695 0.798 0.885

10 0.831 0.863 0.928

Babble

−5 0.564 0.575 0.673

0 0.640 0.671 0.735

5 0.729 0.767 0.799

10 0.779 0.808 0.828

�
4 3 ���� SDR ������� 

�
5 3 ���� SIR ������� 

�
6 3 ���� SAR ������� 

�
4
f%�%�"!"#%2%ö R4S 4%5"$ SDR

c4C"%
{�y�|�~&$�4�5('()*�&	�6,+&��F�<�W�;�Ó�6 ñ�ò $
URTE - ö£~¥Â�ü�ý�þ�ÿ��/. Û $/!"# - ö�« h Óæ�ç

2 dB,
~

MSS - ö�« h æ�ç 5 dB,
����<�W�a

��� T ð � M�0 $���Q�C�
5
f����(!(# - ö���|�}(1(2(3(4($ SIR

��>
C(%�{�y�|�~&$(5(3('()*�&	�C �(6 ;�Ó�7 ñ�ò - ö����|�}($(1(2(3(4 <�= h ��D(8 � N !(# - ö(7 ~Â�ü�ý�þ�ÿ��/. Û $/!/# - ö�]�^ h Ó 11.5 dB,

~
MSS - ö�]�^ h Ó 16.2 dB

C � ;/7 ï�ð - ö/1/2|�}($(5(3�C(%�{�y�|�~&$�E�Â���E(9(:(7 F�P�«�a
; � Á 	/$�H ®�I�J L/</3�O4��Y�Z/=/>�|�}/$�U I '/)/?/@/7BA ï�ð - ö . a%���%r��"C4 - ö�(#($�|�}(1(2(3(4(7 � ;(7 û�� ×�0 $ I�J L�<����|�}/$/3�@ �4N�O 7 G � Á Â%y�| ~ 9�:%��6"3. aG~±r�â�D�$�1�|�5�3�C

�
6
f����(!(# - ö�z�{�|�}�æ�A($ SAR

��>
C(%�{�y�|�~&$(5(3('()*�&	�C <�W�;�Ó(7 ï�ð - ö
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��û���Â�ü�ý�þ�ÿ��/. Û $ !/# - ö%z%{�|%}"$/53�� Å \�7 >�� MSS - ö�C ï�ð - ö�+±��A�
 Á 	H ®�I�J $ I�J L�ö/7BA%a�|%}�H ® 3�O%�%�%|�}$��(' × 5(7 G �(7 ����¤�¦���	($�B�U�����~±r�� 7 z�{($�|�}�6�~�r���C û���Â�ü�ý�þ�ÿ��(. Û $!�# - ö Á SAR
��> T 5�3�� ï�ð - ö Å \�7 ,�-ñ a�$���	GF�����$ - ö�z�{�|�}�����r�A�C MSS

- öB$ SAR
5(3�����r�� H�G f�v - ö(A�
($�]��|�} ù ����|�}/$���� �%M%Ô �  7 � � �  $��

¯�H z�{ - ö�|�}�$���t�Cf�����Y�Z�����Ó����¥|�}�����	��%�/$����
y��(7 � ;�6�f(A���¢�� T � ��i�� 4�C ï�ð 8 Ó��
3 N(- ö�µ�¶���	(!(# n Ý $�� ù ��C |�}�¬� �!�²³�´�5�$

Babble
|�}�7B%�{�y�|G~±f

5 dB
C

"�# �
7
$�� ù ��<�W�;�Ó�7 � x 3 N�- ö�áâ Ý $�� ù ��E�Â���|�}($�$�@(7&%�B ��6 ;�Ó(7 ïð - ö�$�!�# S�T «�Y�� n � � N L�ö�7 MSS - ö

�
7 ')()')* � ((a) +),)')()- (b) .�0/21 5 dB �3 �)')()- (c) 4 3 *)5�)- (d) 6)7)8)9):);)<=)>)? �����)- (e) @)A)B)C�� )

D�º/1/2�r ÷ $�|�}�E/."7�F H +E��B%U � �  z{���X ÷�G @/$�|�}�k�û%��Â%ü%ý�þ%ÿ��". Û $"!# - ö4<4=�H�I%� h ½4*B."$%|%}"7�F H Â%½4* .J�²�r ÷ ��� 7 F�P�« H�G f�Â%½�|%} � ² M * .,�K 5 � j </$�E/./7BA�a�Â�ü��%|�}�* .�ó%ö îD�L�M". u C ï%ð - ö%w�x Á 	4H ®4I4J L"< . b��ì�í�|�}/$ ×�0 7�% î F�N ×40 M 
����%;/!"#$�á�â�x�ÍGF�7 � � ò�5 ��!�# - ö�$�5�3�C
4 OQPQRû���ý�þ�Â�ü�|�}�� ¯ �/!�@�Õ�S4	4
�� I�Jò Ó/$ M�N ó�ô�õ/$��%;/!"# - ö"7�² S�T � �"C4H ®4I4J"- ö�U�V�W�X�Y�Z"$ u 	4H ®%��à «%µ¶

VAD
W�[ 6 W���Ò���;(!(#���\�]�C - ö�^�_��û���H ®�I�J/- ö���|�} ×�0 N�O ���/3�@ �4N�O$ × 5/7 Á Â�y�|£~ 9�:%��6"3 . a%r�â"D"$/!"#5(3�k � ;(7 î !�@�Õ�S�	�
�� I�J L�ö�z�{($�|�}H ® $�Y�Z�x�Í�F&7 A�a(!(# - ö(3�O���`(=(>�ì�í|�}($��U I '()(?(@(7a% . a���b�Ó($�|�}(1(2(34�C&��¢�<�c Á�� ²�³�´(5($ Å ��	�|�}�d�e���7 ïð - ö�6 � ²�r�â�D�$�!�# S�T C
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