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Abstract Speech Bandwidth Extension (BWE) aims to improve the quality of speech by reconstructing the missing

High Frequency (HF) components using the correlation that exists between the Low Frequency (LF) and HF of speech.

The Gaussian Mixture Model (GMM) based methods are widely used. However, the derived mapping function by GMM

is a piece-wise linear transformation and ignores the temporal information of speech. Thus, a novel BWE method is

proposed for estimation of the HF parts of speech by exploiting Conditional Restricted Boltzmann Machines (CRBM).

The proposed method introduces CRBM to obtain time information and model deep non-linear relationships between

the spectral envelope features of LF and HF by building high-order eigen spaces between the LF and HF of the speech

signal. The objective and subjective test results show that the proposed method outperforms the conventional GMM

based method.
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b�r S <�=�$�%�& 64 + b e T 2 ��>�?l @�¹ 6#s b#c l @�¹ §"« -qt # ] � @�� & bqc¹ ��» 2 ; U b�b#r S Fvu k�n���>�?�&#]�k b�cl @ T

z�{�| !�� ¦ t�# ¡�l�7�5 16 kHz & ����b�c�®�B�C "�$ Q�x "�w�x�y # ¯�±�z�¡�l # ) À�x�yb�c
(0∼4 kHz) *�Q�y b�c (4∼8 kHz) Ts¯�±���Qx�y b�c B�C�����{ Uª5|�} X # d�~ 20 ms,

d ¿
10 ms, � { - &�����5 0.97 T Q�x�y�i���z�{�|���BC���n 10

£ & LSF * 16
£ & LSF T LSF m�5�x�y

CRBM *�Q�y CRBM & �#� � R�# �#� � CRBM>�?�� #�� ��� ;�>�? ¹������ � E ������: ' # �
) j : £ z�{�|#� d#�#� M�N 5 0 7 O�P�5 1 &#�4�B�S�T
Q�y#�#��h#��&#�#��*�« )#�#�q� � u º"-�.Q�y b�c t �5� -�l &�����T 2 � AMR-WB+ ���¡�n�x�y#�#��h#��m�5�Q�y#�#��h#� [23],

8 ¦#) o��� & ����������� # ¶�· # @�� ¡�n�x�y�����h��
��� m�5�Q�y�����h���T ¡�n ��� 24

F &�  @ 0�1����x�y�����h�������« )������ � T
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1 �������������
������������� RBM CRBM �����

Arc.1 16-64-64-10 (16,16)-64-64-(10,10) 4 �
Arc.2 16-64-128-64-10 (16,16)-64-128-64-(10,10) 5 �
Arc.3 16-64-128-128-64-10 (16,16)-64-128-128-64-(10,10) 6 �

5�o
	
� CRBM O���&�q�« # / CRBM O���s� µ GMM O�� [25] 7 RBM O�� [16] ����� � T GMM& x y� 4 z { | � & £ ��5 16, Q y� 4 z { | �& £ ��5 10, Q�R�B ) ;�� ¦ 5 128, ²�� |���� �¡�n ����%���� ��T CRBM ²�� |���� � ¡�n &��
) (minibatch) &�� ����� � � # j ; ��) &�� ² 5
64 ;�>�?�l @ Ts� ����� � � ��� � z���& $�� F¡�n�o�����&���S�R�¡ql� "!"��Á - &�#"$ # |#�#"$"&"%"&"' ~"( 5 0.0001 Ts�"�"x"y CRBM *Q�y CRBM, ��)�7�5 0.0001, ��)�*�� (epoch) 5
500; ��� FNN, ��)�7�5 0.0001, ��)�*���5 300 T+ )�N (momentum)

� %�, 5 * ( 5 0.5, ¯�± � {-
0.9; Á N
.
/ ¶
0�5 0.0002 T x�y CRBM *�Q�y

CRBM &�'�»�¼�&�1�2�� ( 5 64 T RBM ²�� |��

& (�3 s CRBM ²�� |���& (�3 :�4�T ¸�� � 3 5§ r &� ��� . (Arc.1, Arc.2, Arc.3) ��� b�c # ©
3 5 � ��� . j�k�§ r &�¼���6�1�2�� # 0�I 1 T5"o"7"8q] � O"�"&"q"« # B"C"�"�"o"9":"7
8 7<; :
7
8
6 b � ��� � #�8 9 8 � o�§ r b�c������� O���&
9
: b�c � � 7=; : b�c � � � 6 b �� T>9�:�7�8�¡�n�? M + 0 B (Mean Opinion Score,

MOS)
b#c T ; :�7�8�¡�n COSH @�A b�� * M OB ����� @�A (Root mean square log spectral distor-

tion, RMS-LSD)
b�� T

4.2 C�D�E�F
COSH @�A b�� &�9�G [25] 5�D

|

dCOSH =

√√√√ 1

2N

N∑

n=1

[
dIS(An(w), Ân(w)) + dIS(Ân(w), An(w))

]
, (19)

EF�H
N 5 b�c�d &�;���I dIS

5�J�K @�A T

dIS(An(w), Ân(w)) =
1

w2 − w1

∫ w2

w1




g2
/
|An(w)|2

ĝ2

/∣∣∣Ân(w)
∣∣∣
2
− lg

g2
/
|An(w)|2

ĝ2

/∣∣∣Ân(w)
∣∣∣
2
− 1


 dw, (20)

|EF�H
An(w), Ân(w) B�C I�J�L�M Q�y�*�6�!�Q�yN $�A ��O�P�Q�R . ±�&�������I w1 , w2

B�C I�JS b y#��&�y�7#z�T�*�y�7�U�T�I g, ĝ B�C I�J�L
M Q�y�*�6�!�Q�y�& ��� T
M O B � �H� @VA (Root Mean Squared Log

Spectral Distance, RMS-LSD):

dLSD =

√√√√ 1

N

N∑

n=1

∫ w2

w1

[
20 lg Gc

An(w)

Ân(w)

]2

dw, (21)

EF�H
Gc
5 ����W�X ¶�0 H

Gc =
1

w2 − w1

∫ w2

w1

20 lg
An(w)

Ân(w)
dw,

M O B ����� @�A�Y�&�Zª ��µ�&�q�« Y � T

@�[ 	�� b�c Q�y#� (w1 = 0.25ws, w2 = 0.5ws,

ws =16 kHz) ��� ; : b�c H ws
5 ��� b�c &�¡�l

y�7�T I 2 B�C�8 � o�§ r '�»�¼#� t�H § r O��& COSH @�A�N * M O B �#��� @�A�N ( ]�k b#cb�r &�? M�N ) �
2 \�]�^�_���`

a�b c�a�d�e ���f�g�h (dB) COSH f�g�h
GMM 4.648 6.93

Arc.1 4.438 6.76

RBM Arc.2 4.234 6.42

Arc.3 4.195 6.27

Arc.1 4.279 6.49

CRBM Arc.2 4.053 6.15

Arc.3 3.881 5.95



3 � ������� D���� d�e h�i�& b�c�������� 375

� I 2 /���� ��H � f r & ����� . z H f �� µ�& GMM O�� � 6 RBM O�� Hs��� & b�c������� O���& M O B ����� @�A�N * COSH @�A�N
%�& T � Arc.3 &� ��� . z H CRBM & M O B ���� @�A�N * COSH @�A�N�%�& Ts© Iª H�� ; :7�8 =���H ] � � ��&�q�«���� � µ�& GMM O��
RBM O�� H�� «s¬ � Q -�. b�c &�� ) H 9 � Arc.3&� ��� . z H -�. b�c &	� )�% Q�T
4.3 
�D�E�F

MOS � ? M + 0 B H º�%	� n�&�9�:�7�8�O����:�T ¸ b#c º B R� c�� ��� b ��µ ��� &q6�!b"c 9":����"7 b H 9 l"º � b"c & /�� � 7����� 7�� ¯ � ���  ���� ) b"c � ) T ¸ O"�q/ -".b�c B�! 5 ; ��� H 1 B I�J�-�. ±�& b�c � )#%P H = 5 B��
& I b�c � )�% � H /�� � % Q�T ¸ bc F�H : ; k 20 n b  � � b�c ¹F &�]�k b�r *n�§ r O�� -�. & b�c h������ b �H 8 8 � MOSB�T I 3 8 � o � µ�& GMM, RBM, CRBM 6�! bc & MOS B�T� I 3 /���� �
H ����� . f r�t
H CRBM ¥�)&
? M + 0 B�Q�� GMM O���* RBM O���T = 9 H
CRBM

�
Arc.3

t ¥�) o % Q�& MOS B�T © I�ª H� 9
: b�c =��
H f � GMM O���* RBM O�� H ]� � ��q�«�#�{	� Y H -�. ±�& b�c � ) #�Q�T
4.3 H	�	�	�	 �

3 8 � o L�M ����b�c h#��* N § r ������ O�� ��� ±�& b�c�b � � T°� � 3 /���� �
H f �

� µ�& GMM O���* RBM O�� H CRBM
��� ±�&b�c�b � � #�{ �	!�L�M ����b�c h���& b � � T9
: b�c 7 ; : b�c � 6 b � ��� � � � I�ª H] � � ��&�q�«���� � µ�& GMM O���* RBM O��T © º 2 ��] � � ��¡�n CRBM

� ¦ o b�c h��d�e &�f�g�h�i H r�t "�$ CRBM / b�c x�y 7 Qy�z�{�|#� 0#1 5 ��" &�Q"´�µ � z�q H�# ¼�$"wo�x�y b�c *�Q�y b�c � e &�}�~�q�g���T
�

3 %�]�^�_���`
a�b &�c('()(*

(MOS)

GMM 3.348

Arc.1 3.438

RBM Arc.2 3.534

Arc.3 3.695

Arc.1 3.579

CRBM Arc.2 3.753

Arc.3 3.781

5 +-,-.
@������ o�+�,�/�T a�0�1�2�3 = b"c��"���� O"�"T ¸ O"�"¡"n"+",�/"T a�0�1�2�3 = � ¦ bc�d�e &�f�g�h�i�*�v�w b�c x�y�*�Q�y�z�{"|#�

� e &"}"~"q"g"�"T 9": bqc 7 ; : bqc � � d I
ª H f � � � µ�&�Q�R�4q6 ²"� O��"*�/"T a�0�12�3 =�O�� H ] � O���&�q�«
#�{�� Y H /�� � Q -
. b�c &	� ) T

(a) 5(6(7(8(9(: (b) ; GMM
a�b(< �(=��(7(8(9(:

(c) ; RBM
a�b(< �(=��(7(8(9(: (d) ; CEBM

a�b(< �(=��(7(8(9(:	
3 >� 	@?BA
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