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1. �ù,��ÿ���� ù��
�	ÿ�þ� ��ÿ�	þ	ù� úù�ÿ��ü���

�ü 	ü��ÿ�ü��ü	�þ�þ� ù�	ÿ�þ�þ�

�0!���%�� ��. ��.� .�� 1��0�&2�� �! 1����1� ��. 2 � �.� !�1�) 2�" .� #12���"

� �)2�2." 1#��2�2.� 0/+� þ ��� / " .#2� /0� $.!.�2�!��0� 2 #�) / ����
.� #12��) 1*12��. .��� $.!.�2�!��0� 2�� .�2���%� 2 # 1��.2 " 0�)/ # 2 #

.� #12�� * 1#12��.2 "� �0 2�� 1*��!�1� 2�" /�.�.���1����" 0�)/ # �0 2��
�/.���� �.�.3 !�"�� $!�1�� � �+�2." ��. � �2�� 2 # .��!+��� # .� #12�� *

1#12��.2 "� �� ! *� �. ��� #� �! ���%0�" ��. 2�� #� �0��0���� �.!.2�! *�0��
.� #12��� � �)2�2. 2�" 0�)/ # 2 # 1#12��.2 " $!�1�� � �+�2."  � � /�� 20 1��.

0�1)/ #� ò�. .�� 1��0�&2 � �2�� $!�1�� � �0�2.� ��. 2 � #� � ��1�) 2&�
01&20!��+� .�.�.!.12�10&� 2)1 2�" /�.�.���1����" 0�1)/ # )1 �.� 2�" 0�1)/ #

.�.3 !�"� ò�. .��) 0��.�/0#)�0� � �2�� .�0�� ���0� 2�" /�.3 !�" �02.�* 2&�
01&20!��+� .�.�.!.12�10&�� þ ��� / " .#2� �� !0� �. $!�1�� � ���0� ��. 2��

.�� �)��1� 2�" � �)2�2." 2&� � #1��+� �&/�� � ��2+�².� �&/�� � ��2+�
0#!0�." �+��" )�&" �.� 2&� �&/�� � ��2+�².� �&/�� � ��2+�  ����."

2��03&��� * 0*! #" �+��" ��������� Hz�� þ 1#1$�2�1� �02.�* #� �0��0���+� �.�
.�2��0��0���+� .� 20�01��2&� 0��.� �0�.�*20!� .�) ��� ��. ��. �0���� � �����.

��10&� /0/ ���&� � # �! �!$ �2.� .�) #� �0��0����" 0�2���10�" � �)2�2."
�&/�� � ��2+�².� �&/�� � ��2+�  ����." �.� � #1���"� +�. 2�� ��2!�1� 2�"

� �)2�2." 2&� �&/�� � ��2+�².� �&/�� � ��2+�  ����." 2��03&����" �+��"
/��02.� ��. .�� � ������ ��� / "� ù#2� � ��� / " �$0� �.� !�120� .�) 2 

International Telecommunications Union 1.� �!)2.1� P.861.

2.1 üÿ�ù+
+þ

�0 2�� 0�1.�&�� �.� 2 � �.� !�1�) 2&� ��&�� �.1��)�0�&� 12�� .�2���%��

.� #12��+� �� #1���" �.�  ����."� �&/�� � ��2+�².� �&/�� � ��2+�
[ISO92st,1993], [ISO94st,1994], [ETSIstdR06,1992], [CCITTrecG728, 1992],
[CCITTrecG729,1995],  � ��.11���" ��� / � ��. 2�� ��2!�1� 2�" .� #12���"
� �)2�2."� )�&"  �)� " 1��.2 " �! " �)!#� �.� �  ���� .!� ���� /�.1� !��

�.!.��&��12��.�� ò21� �.2� 2�� /�./��.1�. 2 # �.� !�1� * .#2+� 2&�
�&/�� � ��2+�².� �&/�� � ��2+� � � �)2�2. 2&� /�.3)!&� �! 2�10&�

0�2������0 �)� #� �0��0���� �����0 �$ [Natvig, 1988], [ISO90,1990] �.� [ISO91,
1991]). �.!)�. .#2�  � #� �0��0����" 0�2���10�" 0��.� $! � �)!0"� .�!���" �.�

/*1� � �. .�.�.!.$� *��
��. �.1��� 0!+2�1� 0��.� .�  � #� �0��0����" ��� / � �� ! *� �.

2! � � ��� *� �21� +120 �. �� ! *� �. $!�1�� � ��� *� ��. �!)��0%� 2�"
#� �0��0����" � �)2�2." 2�2 �&� 20$���+� �&/�� � ��1�" 2�" .�2���%�" �0 ��.

.��)��12 2!)� � ��. /�.3 !� �0 2�" ��.11���" �! 10���10�" ��. 2�� 0�2���1� 2�"

.� #12���" � �)2�2." 0��.� )2� � �0!��!.3� 2 # 1#12��.2 " /0� 0��.� ��� � $!�1���

�)�& 2&� $! ���� �02.�.��)�0�&�� �! 1.!� 12�� * 1��.2 " (signal adaptive),
20$���+� � # $!�1�� � � *�2.� 10 .#2 *" 2 #" �&/�� � ��2�"².� �&/�� � ��2�"�
+0���� � � �)2�2. 2&� � �2�!�&� .� #12��+� �&/�� � ��2+�².� �&/�� � ��2+�

0�.!2�2.� .�) 2 1��. 0�1)/ #� þ �!)13.2. .�0�2#����� ��� / " � ��)� �!��0� �.
0��.� ��.�� �. �02!�0� 2�� � �)2�2. 2&� �&/�� � ��2+�².� �&/�� � ��2+�

$!�1�� � �+�2."  � � /�� 20 .� #12��) 1��.� )�&"  ����.� � #1��� �.�
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/ ���.12��� 1��.2.� ��� / �  �  � �0" �.1�� �2.� ���& 10 / ���.12��� 1��.2.

�)� � �0 � $&!�" 2�� $!�1� � �2��&� .�2���%�"� /0� �� ! *� �. $!�1�� � ��� *��
ù#2) 2 �03��.� �. �.! #1��10� ��. �0���� ��� / ��. 2�� ��2!�1� 2�"

� �)2�2." 2&� .� #12��+� 1#1�0#+� 1#��0!��.���� �2." 2 #" �.1��)�0� #" 12��
.�2���%� �&/�� � ��2�"².� �&/�� � ��2�"� þ ��� / " .#2� $!�1�� � �0� 2�� �/�.

2�" 01&20!���" .�.�.!�12.1�" �$ #� 2�" .�.�.!�12.1�" � # ���1���0� )1 2 
/#�.2)� �0!�11)20! .#2� � # $!�1�� � �0�2.� ��. 2�� �!�1� 2�" � �)2�2." .�) 2 

.��!+��� .� #12��) 1*12��.� þ 0�1 / " �.� � �� / " 2�" .� #12���" 1#1�0#�"

.�0�� ��� �2.� ���& 12�� 01&20!��� .�.�.!�12.1� 1��.2 " �.� � /�.3 !� 10 .#2�

2�� .�.�.!�12.1� $!�1�� � �0�2.� ��. 2 � �.� !�1�) 0�)" ��2! # .�2����2�"
.� #12���" � �)2�2." (Perceptual Audio Quality Measure—PAQM). ,. /0�$�0� )2�

.#2) 2 PAQM �$0� #%��� 1#1$�2�1� �0 2�� #� �0��0���� .�2����2� .� #12���
� �)2�2.� 0�/��� )2.�  � /�.3 !�" 12�� 01&20!��� .�.�.!�12.1� .�.�* �2.�� �0 ��.

�0!��!.3��) 0�.!2���� 2!)� � .�) ��. 2*� 0�����1�" �cognitive module). ù�)�.
�0!�11)20! ��. .�� � ������ ��� / "� �  � �. �! ���0 .�) 2 PAQM, ��. 2��

��2!�1� 2�" � �)2�2." 2&� 2��03&��� * 0*! #" �+��" ��������� Hz)
�&/�� � ��2+�².� �&/�� � ��2+�  ����." �.! #1���02.�� ù#2� � ��� / " �$0�

�.� !�120� .�) 2 ITU-T (International Telecommunications Union-Telecom Sector)
1.� �!)2.1� P.861 [ITUTrecP861, 1996].

2.2 úù�ÿ�þ -ÿ����-ÿù �ü	�þ�ü
�

�2�� ����� �!.3�. ��. 2�� ��2!�1� 2�" � �)2�2." 2&� .� #12��+� 1#1�0#+� &" 0��
2 ��0�12 � ��� � " �� !0� �. �!0� 20$����" ��2!�1�"  �  � �0" �0!��!�3 #� 2�"

.� #12���" 1#1�0#�" �0 2�� $!�1� / ���+�� þ �0!��!.3� �!��0� �. $2�120� ���&
12�� ��+1� 2�" .��!+����" .� #12���" .�2���%�" � �. 0�����0� �0 ��1� 2��

.��!+���� .� #12��� .�2���%��
+�. �!.������ $! ���� .�02����2. 1#12��.2. ��. ���!�" �0!��!.3� /��02.�

.�) 2�� �.����� � ���./��� .�)�!�1� 1#$�)2�2." �impulse or complex frequency
response) [Papoulis, 1977]. �0 2�� 0�0����1�� ��1� 2�" .�2���%�"� .#2�" 2�"

�0!��!.3�" ��� � " �� !0� �. �.� !�10� 2�� .� #12��� � �)2�2. 2 # #�) / ����
1#12��.2 "� ù�  1$0/�.12��)" 12)$ " 2 # #�) / ���� 1#12��.2 " 0��.� �. 0��.�

/�.�0!.2) �/0� #��!$ #� �.!.2�!�1��0" /�.3 !�" �02.�* 0�1)/ # �.� 0�)/ #� 2)20
� .�� �)��1� 2�" � �)2�2." 0��.� .��� �.� 0���0�2!+�02.� 12�� .�.�2�1� 12.�0! *

���2 #" �.� .�)�!�1�" 3�1�" ���1. 10 ��. �.� !�1��� ��.�1� � ���& .�) 2 
0*! " 2&� .� #12+� 1#$� 2�2&� �20-20000 Hz).

+�. 1#12��.2. � # 0��.� �.2� �! 1����1� �!.����� � $! ����
�02.�.��)�0�. � �/�. 2�" �.�����" ����./���" 1#$�)2�2."� .�)�!�1�" �� !0�

0��1�" �. 03.!� 120�� +�. .1�0�� �� �!.����� 1#12��.2. � �0!��!.3� �� !0� �.
0�0�2.�0� 1#��0!��.���� �2." �02!�10�" 2�" �� �!.����)2�2." ��)!#� "�

/�.1� !�� clipping point). +�. $! ���� �02.�.��)�0�. 1#12��.2. � �0!��!.3�
�� !0� �. 0�0�2.�0� 1#��0!��.���� �2." �02!�10�" 2�" 0��!2�1�" .�) 2 � $!)� 

2�" �.�����" .�)�!�1�"� �0!���" .�) 2�" � ���2���" �02!�10�" 1#��0!��.���� #�
��+1� 2 # .��!+��� # .� #12�� * 1#12��.2 " �  � �.  /��0� 10 �0!��!.3�"

1#12���2&� � # �$ #� .�0#�0�." 1*�/01� �0 2�� .� #12��� .�2����2� � �)2�2. ��$
2 .�2��.��.�)�0� �#��1��� (weighted) �)� 1��.2 " �! " �)!#� ��

	 �! 2�!��. 2�" �! 1����1�" 2�" �0!��!.3�" 2 # 1#12��.2 " 0��.� )2�
.#2� 0��.� �� �.�*20!. �!��0� �. 0��.�� 10 �0��� �.��) .�0��!2�2� .�) 2. 1��.2.

/ ����" � # $!�1�� � � *�2.�� �� �0!��!.3�" �� ! *� �21� �. �02! *�2.� �0
�.� !�1���. 1��.2. �.� /�./��.1�0" ��2!�1�"� ù� �.� � �0!��!.3� 2 # 1#12��.2 "
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0��.� 1#���&" .�0��!2�2� .�) 2. 1��.2. � #� �0��0���� .�2��.��.�)�0�� � �)2�2.

12�" �0!�11)20!0" �0!��2+10�" 0�.!2�2.� .�) 2 .� #12��) 1��. � #
$!�1�� � �0�2.�� ù� ��! #�0 �$ ��. 1*12��. � # �! 1��20� �0#�) �)!#� 12 

1*12��. 0�1)/ # 2)20 � .�2��.��.�)�0�� .� #12��� � �)2�2. �. 0��.� � �* #%���
.� 2 1��. 0�1)/ # 0��.� 0#!0�." �+��"� +�. ��. 1��. 0�1)/ # 0#!0�." �+��"  

�)!#� " � # 0�1��02.� .�) 2 .� #12��) 1*12��. �. .� �!*�202.� .�) 2 1��.
0�1)/ #� +�. ��. 1��. 0�1)/ # 0#!0�." �+��"  �)!#� " �. 0��.� �.!.2�!�1�� " 10

�0!� $�" 1#$� 2�2&� )� # /0� #��!$0� 0��!�0�. 1��.2 " 0�1)/ #� ��)20 10 .#2�
2�� �0!��2&1�  � �0!��!.3�" 2&� 1#12���2&� /0� $.!.�2�!�� #� 2��

.�2��.��.�)�0�� � �)2�2. 2 # 1��.2 " 0�)/ #�
ò�. �0� ���2��. 2�" �! 1����1�" �0!��!.3�" 1#12��.2 " 0��.� 2 �0� �)"

)2� .� �.� � �0!��!.3� �1$*0� ��. ��. �0���� � �����. 1���2&� 0�1)/ # �� !0� �)� 
�. �02!��0� ���& 12�� ��1� 2�" ��+1�" 2 # 1#12��.2 "� ù#2)  /��0� 10

�0!��!.3�"  �  � �0" 0�.!2+�2.� .�) 2 � 2*� 2 # 1#12��.2 " � # / �����02.�� ò�.
1��.�2��) �!)����. 12�� �! 1����1� �0!��!.3�" 1#12��.2 " 0��.� 2 )2� 0��.�

0�.�!02��� /*1� � �. �0!��!.3 *� 1#12��.2. � # �$ #� �� �!.����� �.� $! ����
�02.�.��)�0�� 1#��0!�3 !��

��. 0�.��.�2��� �! 1����1� 2�" �0!��!.3�" 1#12��.2 "� � # �1$*0� ��.
���0 1*12��. 0��.� � �! 1����1� 2�" .�2���%�" (perceptual approach). �0 .#2) 2 
�03��.� ��. �! 1����1� 2�" .�2���%�" �.! #1���02.� 1.� ��. �! 1����1� 12��
 � �.  � �2#$�" 2�� .��!+����" .�2���%�" � �20� � � *�2.� �21� +120 �. ��� #�0

�02!�10�" 10 .� #12��� 1��.2. 2.  � �. �$ #� #%��� 1#1$�2�1� �0 2��
#� �0��0���� .�2��.��.�)�0�� � �)2�2. .#2+� 2&� 1���2&� �.� �  � �. �� !0� �.

03.!� 120� 10 ���0 1��.� /��./��  ����.� � #1��� �.� 1��.2. / ����"�
�2�� �! 1����1� 2�" .�2���%�" ��� � " /0� $.!.�2�!��0� 2 #�) / ����

1*12��. .��� 2�� .� #12��� � �)2�2. 2 # 1��.2 " 0�)/ # 2 # #�) / ����
1#12��.2 "� ù#2� $!�1�� � �0� 2 �/.���) 1��. 1.� .�.3 !� �.� ��. .� #12��)

� �2�� .�2���%�" ��. 2 � �.� !�1�) 2&� /�.3 !+� � # 0��.� /#�.2) �. .� #12 *�
�02.�* 2 # 1��.2 " 0�)/ # �.� 2 # �/.��� *� +�. .� #12��� 1#12��.2. � # �!��0�

�. 0��.� /�.�0!.2� 2 �/.���) 1��. 0��.� 2 1��. 0�1)/ #� ��. �0���� 0��)�. 2�"
�.1���" 3�� 1 3�." � # $!�1�� � �0�2.� 12�" 20$����" ��2!�1�" .� #12���"

.�2��.��.�)�0��" � �)2�2." /��02.� 12 1$��. ��
	 �0��� �! 2�!��. 2�" �! 1����1�" .�2���%�" 0��.� 2 )2� 0��.�

.�0��!2�2� 2 # 1#12��.2 " �.� �� !0� �. 03.!� 120� 10 ���0 1*12��.�
1#��0!��.���� �2." 1#12��.2. � # �.! #1��� #� �� �!.����� �.� $! ����

�02.�.��)�0�� 1#��0!�3 !�� ò�. �0� ���2��. 0��.� 2 )2� ��. 2�� �0!��!.3� 2�"
.� #12���" � �)2�2." 0�)" 1#12��.2 " ��� � " $!0���02.� ��. �0��� 1*� � .�)

1$02��� / ���.12��� 1��.2. �1��.2.  ����." �.� � #1���"��
ü�� � �! 1����1� .�2���%�" $!�1�� � �0�2.� ��. 2�� �!)��0%� 2�"

#� �0��0���� .�2����2�" .� #12���" � �)2�2." 2�" 0�)/ # 0�)" �!.���� *� $! ����
.�02����2 # 1#12��.2 " 2)20 � �! 1����1� �0!��!.3�" 1#12��.2 " �.� �

�! 1����1� .�2���%�" �!��0� �.  /���1 #� 12 �/� .� 2��01�.� �2�� �! 1����1�
�0!��!.3�" 1#12��.2 " ��� � " �!��0� �!+2. �. �0!��!�%0� 2 1*12��. �.� �02�

�. 0����10� 2. .� 20��1�.2. $!�1�� � �+�2." 2�� ��+1� 2)1 2 # .� #12�� *
1#12��.2 " )1 �.� 2 # 1��.2 " 0�1)/ # ��. 2.  � �. ��� � " ���0� �. �.� !�10�

2�� � �)2�2.� �2�� �! 1����1� .�2���%�" ��� � " �!��0� �. �0!��!�%0� 2��
� �)2�2. .�2���%�" 2&� 1���2&� 0�)/ # � # �! �!$ �2.� .�) 2. 1��.2. 0�1)/ #

.�.3 !�"�
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�$��. �� +0���� �.! #1�.1� 2�" �.1���" 3�� 1 3�." � # $!�1�� � �0�2.� 12�� .���2#�� 2&� 20$���+�

��2!�1�" .�2����2�" .� #12���" � �)2�2."� ò�. #� � ��12��) � �2�� 2 # .��!+� # $!�1�� � �0�2.�

��. �. 1#��!��0� 2�� �� / 2�" #�) / ���� 1#1�0#�" ��$ �&/�� � ��2�"².� �&/�� � ��2�"  ����." �

� #1���"� �0 2�� �/.����� $!�1�� � �+�2."  � � /�� 20 .� #12��) 1��.� ù� � #�) / ���� 1#1�0#�

�!��0� �. 0��.� /�.�0!.2� 2)20 � �/.���� �� / " 0��.� �1� �0 2�� 0�1 / 



�ù,��ÿ���� ù��
�	ÿ�þ� ��ÿ�	þ	ù� �ü 	ü��ÿ�ü� ù�	ÿ�þ�	
� �ü	�þ�ü
�

�ùÿ +ü�ÿ�þ �ù��
�ÿù�þ 	þ� ü�ÿ��ÿ�
�ÿù� �ü ��ÿ�ÿù

ü�ÿ��ÿ�
�ÿù�ü ��ÿ�ÿù

6

��$!� �!)13.2. .!�02�" 20$����" �02!�10&� .�2���%�" �$ #� �! 2.�0�

.���  � �0!�11)20!0" .�) .#2�" 0��.� 012�.1���0" 0�20 ���& 12�� � �)2�2. 2&�
�&/�� � ��2+�².� �&/�� � ��2+�  ����." [Gray and Markel, 1976], [Scroeder et
al.,1979], [Gray et al., 1980], [Nocerino et al., 1985], [Quackenbush et al., 1988],
[Hayasi and Kitawaki, 1992], [Halka and Heute, 1992], [Wang et al., 1992], [Ghitza,
1994], [Beerends and Stemerdink, 1994b] 0�20 ���& 12�� � �)2�2. 2&� � #1��+�
�&/�� � ��2+�².� �&/�� � ��2+� [Pailard et al., 1992], [Brandenburg and Sporer,
1992], [Beerends and Stemerdink, 1992], [Colomes et al., 1992].ù� �.� ��� � "
�� !0� �. �0!����0� )2� ��. � �2�� ��. 2�� ��2!�1� 2�" � �)2�2." 2&� � #1��+�

�&/�� � ��2+�².� �&/�� � ��2+� 0#!0�." �+��" �� !0� �. 03.!� 120� 12 #"
2��03&����" �+��" �&/�� � ��2�"².� �&/�� � ��2�"  ����."�  � �!)13.20"

�!0#�0" /0�$� #� )2� ��2� 2�2 � 0��.� ���� � /*1� � [Beerends, 1995].
�0 .#2) 2 �03��.� �.! #1���02.� �0���� 2 ��2! 2�" .�2����2�"

.� #12���" � �)2�2." (PAQM) [Beerends and Stemerdink, 1992] �.� �. /0�$�0� )2� �
�! 1����1� PAQM �� !0� �. $!�1�� � ���0� ��. 2�� ��2!�1� 2�" � �)2�2."

�&/�� � ��2+�².� �&/�� � ��2+�  ����." �.� � #1���"� þ ��� / " PAQM 0��.�
�! " 2 �.!)� #�) �0��2� 12 ITU-R (International Telecommunication Union—
Radio Sector) [ITURsg10con9714, 1997], [ITURsg10con9719, 1997] ��. �0�� �2��)
�.� !�1�) ��." �.1�1����" 12�� .�2���%� �0�)/ # ��2!�1�" .� #12���"

� �)2�2."� ��. .�� � ������ ��� / "� �  � �. �! �!$02.� .�) 2�� PAQM� ��. 2��
��2!�1� 2�" � �)2�2." �&/�� � ��2+�².� �&/�� � ��2+�  ����." 2��03&����"

�+��" (300-3400 Hz) �$0� �.� !�120� .�) 2 ITU-T (International
Telecommunication Union—Telecom Section) 1.� �!)2.1� P.861 [ITUTrecP861,
1996], [ITUTsg12rep31.96, 1996]. þ .�0��!2�2� 0�.���0#1� .#2�" 2�"
.�� � ������" �0�)/ #� �  � �. �.�0�2.� ��2!�1� .�2����2�" � �)2�2."  ����."

(Perceptual Speech Quality Measure—PSQM) �/0��0 �0���� 1#1$�2�1� �02.�*
#� �0��0���+� �.� .�2��0��0���+� .� 20�01��2&�� )2.� 1#��!����0 �0 .!�02�"

���0" �0�)/ #" [ITUTsg12con9674, 1996].
ò�. �0���) �!)����. 12�� .���2#�� 20$���+� ��2!�1�" .�2���%�" 0��.� 2 

)2� ��� � " $!0���02.� .� #12��� 1��.2. ��. 2.  � �. � #� �0��0���� � �)2�2.�
)2.� 1#��!��02.� �0 ��. 1��. .�.3 !�"� 0��.� ��&12�� þ /��� #!��. ��10&�

/0/ ���&� .� #12��+� 1���2&� �.� 2&� .� #12��+� � � 2�2&� 2 #" 0��.� 0�� ����
�.� � ��� .�) 2. �! ����.2. � # 1#�.�2 *�2.� 12�" #� �0��0����" / ����" �$ #�

��. .�0#�0�." 1#1$�2�1� �0 2. �! ����.2. 12�" 20$����" ��2!�1�" .�2���%�"�

%���" 1#1$02�10�" �02.�* #� �0��0���+� �.� .�2��0��0���+�

.� 20�01��2&� �� ! *� �. 0��20#$� *� �)� )2.�  � #� �0��0����" �.�

.�2��0��0����" .�� � ��10�" 0��.� 120�� 1#�/0/0���0"� �2�� 0�)�0�� 0�)2�2.

�0!��� 0�/�.3�! �2. 1��0�. �.! #1��� �2.� 2.  � �. .3 ! *� 2�� 1$�1� �02.�*
#� �0��0���+� �.� .�2��0��0���+� / ���+� .�2���%�"�

2.3 
���üÿ�ü�ÿ�ü� ù�	ÿ ù�	ÿ�üÿ�ü�ÿ�
� û��ÿ�ü� ù�	ÿ�þ�þ�

�.2� 2�� .���2#�� 20$���+� ��2!�1�" .�2���%�" $!0��� �2.� ��10�"
/0/ ���&� �0 .��)��120" �!�10�" � �)2�2."�  �  � �0" 0��.� �! 2��)20! �.

$!�1�� � � *� 2�� �/�0" �0�!.�.2���" 1#����0" (setup) �.� 2�� �/�. � ���
#� �0��0���� ����.�. � �)2�2."�

õ�. 2. #� �0��0���� .� 20��1�.2. � # �. $!�1�� � ��� *� 10 .#2) 2 
�03��.� �! �!$ �2.� .�) �0���0" ��10�" /0/ ���&� 2 # ITU ��. 2�� /��� #!��.
2&�  � �&� ��2����0 .�) �2 �. �. /+1 #� 2�� ��+�� 2 #" ��. 2�� � �)2�2. 0�)"
.� #12�� * � ��.2� * $!�1�� � �+�2." ��. ����.�. .�� �)��1�" 2&� ���20
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1��0�&�� � ��1 " )! " 2&� �!�10&� 2�" � �)2�2." � # /�� #�  � 0!&2����20" /��0�

2 .� �.� *�0� .� 2��01�. ��1�" ��+��" (Mean Opinion Score—MOS) 10 .#2�
2�� ����.�. 2&� ���20 1��0�&�� �!�1�� � � *�2.� #� �0��0���� �0�!��.2. 12.

 � �. �$ #� .�� � ���0� � � �)2�2. 2&� �&/�� � ��2+�².� �&/�� � ��2+�
 ����." 2��03&����" �+��" ��������� Hz) � � #1��+� �&/�� � ��2+�²

.� �&/�� � ��2+� 0#!0�." �+��" (20-20000 Hz � �)2�2. compact disk). �.� ��. 2.
/* � .�� �)��1� �&/�� � ��2+�².� �&/�� � ��2+�  ����." �.� � #1���"�

$!�1�� � �0�2.� � ����.�. ���20 1��0�&� ITU MOS .���  � /�./��.1�0" � #
.� � #� *�2.� �.2� 2�� .�� �)��1� �&/�� � ��2+�².� �&/�� � ��2+�  ����."

[CCITTrecP80, 1994] 0��.� /�.3 !02���" .�) 2�" �0�!.�.2���" /�./��.1�0" � #
.� � #� *�2.� �.2� 2�� .�� �)��1� � #1��+� �&/�� � ��2+�².� �&/�� � ��2+�

[CCIRrec562, 1990], [ITURrecBS1116, 1994].
�.2� 2�" .�� � ��10�" �&/�� � ��2+�².� �&/�� � ��2+�  ����."� .�)�#2�

.�� �)��1� �.2�� !�." (Absolute Category Rating—ACR) 03.!�)� �2.� �0
2.����0" � �)2�2." � # �#�.�� �2.� .�) �.�� (MOS=1.0) �&" �!�12� (MOS=5.0)
[CCITTrecP80, 1994]. �2. �0�!��.2. ACR  � 0!&2����20" /0� �$ #� �!)1�.1� 12 
.#�0�2��) �� �&/�� � ����� .� #12��) 1��.� �2�" .�� � ��10�" � #1��+�

�&/�� � ��2+�².� �&/�� � ��2+� ��. ����.�. /�.�.���1����" .�� �)��1�"
�.2�� !�." 03.!�)�02.� (degradation category rating—DCR)�0 2.����0" � �)2�2."
� # �#�.�� �2.� .�) 2�� �0!��2&1� )� # ©� /�.3 !� 0��.� /#�.2)� �. .� #120� �.�
0��.� � �* 0� $��2���ª (MOS=1.0) �&" 2�� �0!��2&1� )� # ©� /�.3 !� /0� 0��.�

.�2����2�ª (MOS=5.0). �� ��10�" /0/ ���&� 2&� �&/�� � ��2+�².� �
�&/�� � ��2+� � #1���" � # $!�1�� � � *�2.� 10 .#2� 2�� /�� 1�0#1� �$ #�

�! ���0� )�0" .�) �0�!��.2. DCR )� #  � 0!&2����20" 0�$.� ��. ��&12) �.� ��.
�!#3) 1��. .�.3 !�" >ITURrecBS1116, 1994].

+0���� /0� 0��2!��02.� �. 1#��!�� #�0 2���" MOS  �  � �0" �! �!$ �2.� .�)
/�.3 !02���" �0�!.�.2���" 1#����0"� ò�. 2���.  ����." 2��03&��� * 0*! #" �+��"

�� !0� �. �$0� ��. MOS 2  � � �. 0��.� ���& .�) ��� 10 ��� �0" 1#��0�!����0"
�0�!.�.2���" 1#����0" 0�+ 2 �/� 2���. �� !0� �. �$0� ��. MOS 2  � � �. 0��.�

$.���)20! .�) ��� 10 ���0" �0�!.�.2���" 1#����0"� ù�)�. �.� .�  � 2���" MOS
�.���� �2.� ��1. .�) 2�" �/�0" �0�!.�.2���" 1#����0" .��� ��1. 10 /�.3 !02��)

� ��2�12��) (cultural) �0!����� � �0���0" /�.3 !�" 12�" 2���" MOS �� ! *� �.
�! �*% #� [Goodman and Nash, 1982]. ü��.� �21� ./*�.2 � �. .�.�2#$�0� ��.

20$���� ��2!�1�" .�2���%�" �  � �. �. �! ����0� 1&12�" 2���" MOS ��2& .�) )�0"
2�" 1#����0"�

�!�� ��� � " .!$�10� �. �! ����0� 2���" MOS ��� �. �! ����.2. �!��0�
�!+2. �. 0���#� *�� 	 �!+2 0��.� 2 )2� /�.3 !02�� � ���!&� � �$ #�

/�.3 !02��� .� #12��� 1#12��.2. 2.  � �.  /�� *� 10 ��. �0��� 0*! " /#�.2+�
� �2��&�� ü�� ��� � " ���0� �. �.� !�10� 2�� � �)2�2. 2&� 2��03&��� * 0*! #"

�+��" �&/�� � ��2+�².� �&/�� � ��2+�  ����." (300-3400 Hz)  � /�.3 !�"
�02.�* 2&� .��!+�&� �$ #� 0��$�12� 1��.1�.� �.2� 2 � �.� !�1�) 2�" � �)2�2."

2&� � #1��+� �&/�� � ��2+�².� �&/�� � ��2+� 0#!0�." �+��" (� �)2�2.
compact disk, 20-20000 Hz)  � /�.3 !�" �02.�* 2&� .��!+�&� 0��.� �.1��)

�!)����. 0�/��� 0��  � �&/�� � ��2�"².� �&/�� � ��2�" �.! #1��� #�
�0!� !�1�) /#�.����" �+��" 12 0*! " 2&� 10-20 kHz� �!��0� ��. 20$����

.�2��0��0����" ��2!�1�" .�2���%�" �. $!�1�� � �0� ��. .� #12��) � �2�� 2  � � 
�. .�.�.!�12��0� 2 �.�*20! /�.��1��  .32�� 2  � � � �20� � �0� 2 � ��1 

���!&� � � �. $!�1�� � �0� ��. �0$&!�12) � �2�� ��. ���0 ���!&� [Treurniet,
1996]� þ .���2�1� 0�.!2�2.� .�) 2�� 03.!� ��� +�. 2�� �!)��0%� 2&�

.� 20�01��2&� � ���" ��+��" (MOS) �!��0� �. #� �02��0� 2 .� #12��) � �2�� 
2 # ��1 # .��!+� #� �0 .#2) 2 �03��.� )�0"  � �02!�10�" .�2���%�"
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�!.��.2 � �����.� �0 ��. )!� 0�)" ��1 # .��!+� # �����." �02.�* �� �.� ��

02+� �.� ��. )!� ����12�" 1#$�)2�2." 12. �� kHz. ù�!��� /0/ ���. ��. 2 #"
.��!+� #" /0� �2.� /�.��1��.�

ò�. ��� �!)����. 12�" #� �0��0����" / ����" 0��.� 2 )2�  2!)� " �0 2 �
 � � 2 .� #12��) 0!���1�. �.! #1���02.� �$0� �0���� 0��!! � 12��

.�2��.��.�)�0�� .� #12��� � �)2�2.� ü��.� � �.! #1�.1� ��1. 10 ��. �1#$ 
/&��2� � #��!$0� ��� � " �)!#� " 12 #�)�.�! (background noise)   � � "

.� �!*�20� 2�" ���!�" /�.3 !�"� 	. 0!0��1�.2. �.! #1��� �2.� �0 �$�2���
1#12��.2. (loudspeakers)2.  � �. 0�1�� #� .�� �+10�" 0�20 �0 2. �$0�. .#2 *

�.�0.#2 * � �0 .����0��/!.1� �0 2 /&��2� .� �" (listening room)� ü��2!��02.�  �
���!&� � �. !#���1 #� 2�� ��2.1� ��. ���0 .� #12��) � ���2�� �0!���" .�) .#2�"

2�" /�.3 !�" )�&" 2 0���0/ 2�" .� #12)2�2." �.�  �)!#� " #� ���! #� �� ! *�
�. � �20� � ��� *� 12�" �02!�10�" .�2���%�" 1$02��� 0*� �.� .� �.� 10 ���0"

�0!��2+10�" 0��.� 1$0/)� ./*�.2 �� ��. �� �!.�2��� �*1� 10 .#2) 2 �!)����.
0��.� �. �!.��.2 � ��� *� 0��!.3�" 2 # 1��.2 " 0�)/ # 2�" #�) / ����" 1#1�0#�"

�.� 2 # 1��.2 " .�.3 !�" �1��. 0�1)/ #� 12�� 0�1 / 2 # .32� * 2&� .��!+�&�
�.� �. $!�1�� � ��� *� .#2� 2. 1��.2. 12�� .�� �)��1� .�2���%�"�

�0 .#2) 2 �03��.� )�0"  � .�2��0��0����" �02!�10�" .�2���%�"
�!.��.2 � � *�2.� .�0#�0�." ���& ��0�2!��) 1��. 0�)/ # 2&� �&/�� � ��2+�²

.� �&/�� � ��2+� $!�1�� � �+�2." ��. 0���0/ !*���1�" (level setting) 2  � � 

.�.�.!�12� 2 ��1 0���0/ .� �" 12 �0�!.�.� ù�)�. �0!�11)20!  �)!#� "

#� ���! # � # 0��.� �.!+� �.2� 2�� /��!�0�. 2&� �0�!.��2&� .�!).1�"
� �20� � �����0 �0 2�� $!�1� � !*� # Hoth 12.�0!�" �.2�12.1�" [CCITTsup13,
1989]. �0 �0!��� �0�!��.2.  � 1#��02�$ �20" 0��2!�� �2.� �. !#���1 #� �)� � 2 #"
2 0���0/ 2 # ���0 .� #12�� * � ��.2� * �!���. 2  � �  /��0� 10 1#1$02�10�"  �

 � �0" 0��.� ���.�)� $.���)20!0" .�) .#2�" � # �. �! �!$ �2.� .� 2 0���0/ 12 
#� �0��0���) �0�!.�. �2.� �! �.� !�1��� ��. )�. 2. 2���.2.� �&12� !*���1� 2 #

0����/ # .� /0�$���0 )2� 0��.� � �* $!�1��� ��. 2�" �02!�10�" .�2���%�"�
ü��.� �0���.! )2� #%���" 1#1$02�10�" �02.�* .�2��0��0���+� �02!�10&� �.�

#� �0��0���+� .� 20�01��2&� .�!).1�" �� ! *� �. 0��20#$� *� �)� )2.� 2 
�0�!.�.2��) �0!����� � 0��.� ��&12) �.� �� !0� �. ��3�0� #�)%� 1&12� .�) 2 

� �2�� 0�����1�" � .�2���%�"�
	 � �2�� .�2���%�" )�&" .�.�2*1102.� 10 .#2) 2 �03��.� 

$!�1�� � �0�2.� ��. �. .�0�� ��10� 2�� 0�1 / �.� 2�� �� / 2�" .� #12���"
1#1�0#�" ���& 10 01&20!���" .�.�.!.12�10�"  �  � �0" �! 10���� #� )1 2 

/#�.2)� �0!�11)20! 2�" 01&20!���" .�.�.!.12�10�" � # $!�1�� � � *�2.� .�) 2 �
���!&� ��. 2�� �!�1� 2�" .� #12���" 1#1�0#�"� ù� /0���*02.� )2� � /�.3 !� 12��

01&20!��� .�.�.!�12.1� �� !0� �. /�.� !3+10� 2�� ��1� 0�)" ��2! # .�2���%�"
.� #12���" � �)2�2." (PAQM) 2  � � �$0� #%��� 1#1$�2�1� �0 2�� #� �0��0����

.�2����2� .� #12��� � �)2�2.� ù�)�. �0!�11)20! .� /0���*02.� )2� �0 ��. .��)
2*� 0�����1�"   � � " 0�0���0� 2�� /�.3 !� 12�� 01&20!��� .�.�.!�12.1� �

1#1$�2�1� �02.�* #� �0��0���+� �.� .�2��0��0���+� .� 20�01��2&� 0��.� ���2.
���& .�) ��� 2)1 ��. 2. 0#!0�." �+��" � #1��� 1��.2. )1 �.� ��. 2. 2��03&����"

�+��" 1��.2.  ����."� +�. 2�� ��2!�1� 2�" � �)2�2." 2&� 2��03&����" �+��"
�&/�� � ��2+�².� �&/�� � ��2+�  ����." �.! #1���02.� ��. .�� � ������

��/ 1� 2 # PAQM, 2 ��2! .�2���%�" � �)2�2."  ����." (Perceptual Speech
Quality Measure—PSQM).

�!�� .�) 2�� �.! #1�.1� 2�" �0�)/ # ��. 2 � #� � ��1�) 2&� 01&20!��+�
.�.�.!.12�10&� 2. �.1��� 1��0�. 2�" %#$ .� #12���" 2 # � �2�� # .�2���%�"

0��� *�2.� 12 .�)� #� �03��.� �
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2.4 úù�ÿ�ü� ù��ü� �
��ù��
�	ÿ�þ� +ÿù 	�� 
����+ÿ��� 	þ�
ü�
	ü�ÿ�þ� ù�ù�ù�ù�	ù�þ� þ��


���& 12�� 1��%� ��. 2 �&" �. #� � ��1 #�0 2�� 01&20!��� .�.�.!�12.1� 0�)"

1��.2 " ��� � " �� !0� �.  �0�!0*02.� ��. ��� / 12��  � �. )� �  �
�02.1$��.2�1� � $.!.�2�!�12��+� 2&� .�0�.!2�2&� 2����2&� 2 # .��!+��� #

.� #12�� * 1#12��.2 " �. �02! *�2.� �.� �. � �20� � � *�2.�� �0 .#2� 2�� .�!���
�! 1����1� ��� � " �. 0�$0 2��� 1$0/)� .���.��� / #�0�� 2�" � �20� � ��1�" 2 #

.32� *� 2 # ��$.��1� * �02.2! ��" 0��!�0�." �.� 2�" �0#!&����" 0�0�0!�.1�." ��.
��.� .!���) /�.3 !02��+� 0����/&� .3.�!01�"�

þ ����� �!.3�. �.!�$0� �.!./0���.2. 2�" .�!�� *" �! 1����1�" [Kates,
1991b], [Yang et al., 1992], [Giguere and Woodland, 1994a], [Giguere and
Woodland, 1994b] .��� /0� �$ #� 0�/ �0� .�)�. .� 20��1�.2. .�) �0���.
�0�!��.2. #� �0��0����" .�� �)��1�" � �)2�2."� 	. �!+2. .� 20��1�.2. .�) 2��

$!�1� 2�" .�!�� *" �! 1����1�" �.2� 2�� ��2!�1� 2�" � �)2�2." 2&�
�&/�� � ��2+�².� �&/�� � ��2+�  ����." �$ #� �/� 0�/ �0� ��$ [Ghitza, 1994])
.��� �.! #1��� #� ���� � .� � �20#2��� .� 20��1�.2. �0 2�� ��� �. 2�"
1#1$�2�1�" �02.�* .�2��0��0���+� �.� #� �0��0���+� �02!�10&�� �! 3.�+" 0��.�

� �* /*1� � �. #� � ��120� � 1&12� 01&20!��� .�.�.!�12.1� �$ # ���& 12��
��1� 2 # � � " ���!&� " �!��0� 2�� � �)2�2. 2 # �$ #� ù�)�. �0!�11)20! �� !0�

�. ��� 0��.� .!�02) �. #� � ��1 #�0 .��+" 2�" /�.3 !�" 12�" 01&20!���"
.�.�.!.12�10�"� ��." �.�  � 0��/!�10�" 2�" 0��.�/0#1�" �� !0� �. 1#�0�13�! #�

12�� � �)2�2. .�2���%�"�
��� � " �� !0� �. .�3�����0� ��. 2 .� 0��.� .�.��.� �. �$ #�0 ��.

.�!���" � �2�� 2&� $.���)20!&� 0����/&� .3.�!01�" (abstraction level)2 #

.� #12�� * 1#12��.2 " �0�&20!��)� ��1 � 01&20!��) .32�� �02.2! �� 0��!�0�."��

ü�0�/�  � �02!�10�" 2�" .� #12���" � �)2�2." 0��.�� 12 2�� "� ��. /�./��.1�.
0��.�/0#1�" ��. �0���� �! 1����1� 2�" 01&20!���" .�.�.!�12.1�" .� � #� *�0��

.�) ��. �0���� 0��.�/0#)�0�� /�./��.1�. 0�0����1�" �� !0� �. 0��.� �0!�11)20! 
�.2������ .�) 2 �. �$ #�0 ��. .�!��� 01&20!��� .�.�.!�12.1� $&!�"

0��.�/0#)�0�� /�./��.1�. 0�0����1�" 2&� /�.3 !+��
+�. 2�� 0*!01� 2�" �.2������" 01&20!���" .�.�.!�12.1�" �� ! *� �.

$!�1�� � ��� *� 2. .� 20��1�.2. 2&� %#$ .� #12��+� �0�!.��2&� 12.  � �.  �
���!&� � �!�� #� 1#��0�!����. $.!.�2�!�12��� 2 # .� #12�� * 1��.2 " �0 2��

��� �. 2&� %#$ � ���+� � 1 2�2&� )�&" .� #12)2�2. �.� *% " �$ #� ù#2�"  �
� 1)2�20" �/� 01&��0� #� ��. 1#��0�!���� 0���0/ #� �0��0����" 0�0����1�"

3#1��+� � 1 2�2&� )�&" 0��.� � ��2.1� (intensity) �.� � 1#$�)2�2.� ù#2� �
%#$ .� #12��� �! 1����1� �$0�  /���10� 10 ��. �0���� � �����. � �2��&� 2.  � �.

�� ! *� �. �! ���% #� 1#��0�!����. $.!.�2�!�12��� 2 # �$ #� �$ [Zwicker and
Feldtkeller, 1967], [Zwicker, 1977], [Florentine and Buus, 1981] , [Martens, 1982],
[Srulovicz and Goldstein, 1983], [Durlach et al., 1986], [Beerends, 1989], [Meddis
and Hewitt, 1991]. �.!)�. .#2� 0�� ��� � " ���0� �. �! ���%0� 2�� #� �0��0����

.�2��.��.�)�0�� � �)2�2. ��." .� #12���" 1#1�0#�" ��. �0��� 2���. 2&�
/�.3 !02��+� �2#$+� 2�" .�2���%�" 2 # �$ # �!��0� �. � �20� � ���0�� 	. �� 

1��.�2��� $.!.�2�!�12��� � # �!��0� �. � �20� � ��� *� ��. 2�� 01&20!���
.�.�.!�12.1� 0��.� � .�)�!#%�� � .� #12)2�2. 1#��12.���&� $!)� #�1#$�)2�2."

� # �$ #� #� 120� �0!��� .�)�!#%� �.� � .� #12)2�2. 1#��12.���&� $!)� #
1#$�)2�2." � # /0� �$ #� #� 120� .�)�!#%��
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+�. 12.2�� *" �$ #" (stationary) � 01&20!��� .�.�.!�12.1� �0!��!�302.�

�.�*20!. �0 2�� $!�1� 2�" 3.1�.2���" .�.�.!�12.1�"� þ 01&20!���
.�.�.!�12.1� �� !0� �. �02!��0� �0 2�� $!�1� 0�)" / ���.12�� * 1��.2 " �0

���!) 0*! " �+��"� ò�. 1$��.2��) �.!�/0���. /��02.� 12 1$��. � ��. ��. � �)
���2 � 0�/� 2)� �.� �!*�2�"²masker) )� # 2 �.2+3�� .�)�!#%�" (masked
threshold) 0�)" 2�2 � # 2)� # �02!��2.� �0 ��. /0*20! ���2 � 0�/� / ���.12��)
2)� �12)$ "²target)� 	 �.2+3�� .�)�!#%�" �� !0� �. 0�����0� 1.� 2 

.� 2��01�. 2�" 01&20!���" .�.�.!�12.1�" � # �.! #1���02.� 12 1$��. � 1.� ��.
�!)2#� /���0!1�"� 	 1$��. � 0��1�" .� 20�0� ��. ��/0��� 2 # 0����/ # 0��!2�1�"

2 # �! 2*� # /���0!1�" 0�)" � � * ���2 � 0�/ *" 2)� #� ù#2� � 0��!2�1� 0����/ #
���0� 2�" 0�0����10�" 10 )! #" 2!��0�." 3��2!&� .�3�� ���

�$��. �� ù�) 2 �!)2#� .�)�!#%�" �� !0� �. �.!.2�!��0� )2� � /���0!1� � # �.!��02.� .�) ��.

���2 � 0�/� 2)� 0�.��+�02.� 12 �0/� 1#$� 2�2&�� þ ���1� 2 # /0�� * 2���.2 " 2 # �! 2*� # 2�"

/���0!1�" ���� #�0 )2� �02.����02.� 1.� 1#��!2�1� 2�" ��2.1�" 2 # .� �!*�2�

+�. �� 12.2�� *" �$ #" (non-stationary) � 01&20!��� .�.�.!�12.1�
�0!��!�302.� �.�*20!. �0 2�� $!�1� ��." $! ����" .�.�.!�12.1�" (temporal
representations). þ 01&20!��� .�.�.!�12.1� �� !0� �. �02!��0� �0 2�� $!�1� 0�)"
1��.2 " / ����" ���!�" /��!�0�."� ò�. 1$��.2��) �.!�/0���. ��. ��. � �) click
�.� �!*�2�"²masker) /��02.� 12 1$��. � )� # 2 �.2+3�� .�)�!#%�" (masked
threshold) 0�)" 2�2 � # click �02!��2.� �0 ��. /0*20! click (12)$ "²target�� 	 
�.2+3�� .�)�!#%�" �� !0� �. 0�����0� 1.� 2 .� 2��01�. ��." 01&20!���"�

0�.��&����" (smeared out)� .�.�.!�12.1�" 2&� �.��+� �puls) (1$��. �� �!)2#� 
/���0!1�"��
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�$��. ��ù�) 2 .� �!*�2 � �!)2#� �.!.2�!0�2.� )2� � /���0!1� � # �.!.2�!0�2.� .�) ��. click
0�.��+�02.� 12 �0/� 1#$� 2�2&��

ò�. �.!�/0���. 1#�/#.1� * .�)�!#%�" �0/� # $!)� # �.� 1#$� 2�2&��
$!�1�� � �+�2." ��. .�)2 � 2)� (tone burst)� /��02.� 12 1$��. ��

+�. 2. �.!./0���.2. � # /�� �2.� 12. 1$��.2. ��� ��� � " �� !0� �.
1#�0�/�2 � ��10� )2� 2 �.2+3�� .�)�!#%�" �.� !��02.� �0 ��. 1��. 12)$ # (target
signal) 2  � � 0��.� ��. .�!���" .�2��!.3 2 # .� �!*�2 �2 " 1��.2 " (masker
signal�� +�. 1��.2. 12)$ # 2.  � �. 0��.� /�.3 !02��� .�) 2 .� �!*�2 � 1��. ��$

��. ���2 � 2  � � .� �!*�20� ��. �+�� � !*� #� 2 �.2+3�� .�)�!#%�" � ���0�
/�.3 !02��)� �.2.12+�2." ./*�.2� 2�� 1#��2�1� ��. 2 �.2+3�� .�)�!#%�" 0�)"

1��.2 "� 	 �.2+3�� .�)�!#%�" 0�)" 1��.2 " 0�.!2�2.� .�) 2 � 12)$ 10 .�2��01�
�0 2�� 01&20!��� .�.�.!�12.1� �.� 2 �!)2#� /���0!1�" 2.  � �. /0� 0�.!2+�2.�

.�) 2 12)$ �
�2. 1$��.2. ������ � " �� !0� �. /0� )2�  � �./�� 20 1#��12.���� $!)� #�

1#$�)2�2." 2 # 1��.2 " 0�.��+�02.� 2)1 12 � �� �. 2&� 1#$� 2�2&� )1 �.�
12 � �� �. 2 # $!)� #� ù#2� � 0����&1� 2 # 1��.2 " �$0� &" .� 2��01�.

�0!� !�1���� .���#1� $!)� #�1#$�)2�2." 2 # .� #12�� * 1#12��.2 "� ù�)�.
�0!�11)20! 0��.� ��&12) )2� /* 0�.��&���0" 1#��12+10" $!)� #�1#$�)2�2." 12 

�0/� /���0!1�" /0� .�! �� �2.� 10 ��. 1#�/#.1���� /���0!1� ���& 12�� ��1� 2�"
�!)1�01�" 0��!�0�."� +�. 2 � �)� .#2) � 0����&1� .�.!2��02.� .�) /* ��!�� ��.

2  � � �0!��!�30� �&" � 0��!�0�. 10 ��. 1��0� 2 # �0/� # $!)� #�1#$�)2�2."
�$0� &" .� 2��01�. 2�� /���0!1� 10 ��. ��� 1��0� � �.� ��. 2���. � # �0!��!�30�

�&"  � /�.3 !02���" /�0��!10�" 10 ��. 1#��0�!���� 1��0� � �! 0!$)�0�0" .�) 2��
0����&1� 2&� .�0�.!2�2&� 1#��12&1+� $!)� #�1#$�)2�2."� �! 12��0�2.��

��$!� 2+!. �$0� �0!��!.320� �)� 0����&1� $!)� #�1#$�)2�2." 2 #
.� #12�� * 1��.2 " .�) 2 .32�� �  � �.  /��0� 10 ��. .�.�.!�12.1� /���0!1�"�

ù#2� � .�.�.!�12.1� /���0!1�" 1#���&" �02!��2.� 10 dB SPL (Sound Pressure
Level—ü���0/ ��01�" ó$ #� 1.� ��. 1#��!2�1� 2 # $!)� # �.� 2�" 1#$�)2�2."�

+�. 2�� ����.�. 1#$� 2�2&� 1#���&" /0� $!�1�� � �0�2.� � �!.����� ����.�. Hz
.��� � �� �!.����� ����.�. Bark. ù#2� � ����.�. Bark 0��.� ��. ����.�. *% #"

�$ # � # .�.�.!�12� 2 %#$ 3#1��) �1 /*�.� 2�" 1#$�)2�2."� ù� �.� � 0����&1�
1#1$02��02.� �0 ��. 1��.�2��� �/�)2�2. 2 # .��!+��� # .� #12�� * 1#12��.2 "�

2�� .�)�!#%� 12 �0/� $!)� #�1#$�)2�2."� � .�.�.!�12.1� � # �! �*�20� 12��
� !3� 0�)" �! 2*� # /���0!1�" /0� 0��.� � �* $!�1��� .�)�.� +�. �. ��! #�0 ��.

01&20!��� .�.�.!�12.1� �  � �. �! 10����0� )1 2 /#�.2)� �0!�11)20! 2��
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01&20!��� .�.�.!�12.1� � # $!�1�� � �0�2.� .�) 2 #" .��!+� #" ��. 2��

.�� �)��1� � �)2�2." �!��0� �. 1#���0120� � .�.�.!�12.1� /���0!1�" �0 ��. 2!)� 
� # .�2.�.��� 2�� 1#���01� � # 1#�.�2�2.� 12 01&20!��) .32� �.� 12��

�0#!&���� 0�0�0!�.1�.�

�$��. �� 	 �!)2#� /���0!1�" ��. ��. ���!) 0�!��2��) 2)� � þ /���0!1� � # �! �*�20� 0��.�

0�.��&���� 12. �0/�. $!)� # �.� 1#$�)2�2."�

þ 1#���01� � # $!�1�� � �0�2.� ��. 2 � #� � ��1�) 2�" 01&20!���"

.�.�.!�12.1�" .�.!2��02.� .�) ��. �.�)�. �02.1$��.2�1� * .�) 2�� �#��)2�2.
/���0!1�" 12�� 1#���01���� �#��)2�2. Sone )�&" /�.2#�+���0 .�) 2 � Zwicker
[Zwicker and Feldtkeller, 1967]. þ 0����&1� 2�" 0��!�0�." 0��.� �#!�&" 2 
.� 2��01�. 2&� �0!�30!0�.�+� /�0!�.1�+� [Viergever, 1986] 0�+ � 1#���01� 0��.�

��. �� �0�2!��� /�./��.1�. >3LFNOHV� ����@� �0 2�" /* .���" �.���.2���" �!��0�"�
2�� 0����&1� �.� 2�� 1#���01�� 0��.� /#�.2) �. � �20� � ��� *�  � �/�)2�20" 2�"

.�)�!#%�" 2 # .� #12�� * 1#12��.2 " )$� �)� 12 �.2+3�� .�)�!#%�"� .���
0��1�" �.� 12� �0!��� .�)�!#%� [Scharf, 1964] ���& .�) 2 �.2+3�� .�)�!#%�"

�����0 1$��. ���
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�$��. �� �.! #1�.1� 2 # 2!)� # �0 2 �  � � � �20� � �0�2.� � .�)�!#%� 12 � �2�� 01&20!���"

.�.�.!�12.1�"� þ 0����&1� �.� � 1#���01� �0 L=E0.04  /��0� 12�� .�)�!#%�� þ �!+2�

.�.�.!�12.1� ����&� 0��.� 12�� � !3� �1$* " �.� �� !0� �. .�.�.!�12� clicks 12 �0/� 2 # $!)� # �
���2 �. 12 �0/� 2&� 1#$� 2�2&�� �0 � 1#�� ��� #�0 2 1��.� � .� �!*�2�� �.� �0 � 2 � �)!#� � �

12)$ � þ .!�120!� �0!�� /0�$�0� 2 #" �02.1$��.2�1� *" 2 # .� �!*�2�� 12. /0��� �.! #1��� �2.�  �

�02.1$��.2�1� � 2 # 1*��02 # 1��.2 " �.� �!*�2�" �.� 12)$ "�� þ /0*20!� .�.�.!�12.1� 0��.� 10

)! #" /���0!1�" ü �.� /0�$�0� 2�� /���0!1� 1.� 1#��!2�1� 2 # $!)� # �.� 2�" 1#$�)2�2."� þ 2!�2�

.�.�.!�12.1� 0��.� � 01&20!��� .�.�.!�12.1�

2.5 
����+ÿ���� 	þ� ü�
	ü�ÿ�þ� ù�ù�ù�ù�	ù�þ� þ��


�.� .!$� 12�� � 1 2�� � ��1� 2&� /* �.���.2��+� �!��0&�� 2�" 0����&1�" �.�
2�" 1#���01�"� � # $!�1�� � � *�2.� 12 01&20!��) � �2�� .�.�.!�12.1�"

�� ! *� �. $!�1�� � ��� *� 2. .� 20��1�.2. 2&� %#$ .� #12��+� �0�!.��2&�
12�� .�)�!#%� $!)� #�1#$�)2�2." �.� 12�� .�2���%� 2�" .� #12)2�2."� þ

0����&1� 2�" 1#$�)2�2." �� !0� �. �! ���0� .�) �0�!��.2. .�)�!#%�" 12 �0/� 
1#$� 2�2&� )� # ��." � �)" 12.�0!�" �.2�12.1�" 120��" �+��" .� �!*�2�" �.�

��." � �)" 12.�0!�" �.2�12.1�" 120��" �+��" 12)$ " $!�1�� � � *�2.� ��. 2��
��2!�1� 2�" ���1�" 2�" 1#��!2�1�" .�)�!#%�" >Scharf and Buus, 1986], [Moore,
1997]. ù#2�"  � 1#�.!2�10�" 0�.!2+�2.� .�) 2 0���0/ �.� 2� 1#$�)2�2. 2 #
.� �!*�2 �2 " 1��.2 "� ü�� ��. .�) 2. 1��.2. 0��.� ��. ���!� �+�� � !*� # �.�

2 ��� �.�.!)" 2)� " 2)20  � ���10�" �� ! *� �. �! 10���12 *� .�) 2�� 0��1&1�
��� �����0 Terhardt 1979, [Terhardt, 1979]):

S1=31dB/Bark, 1#$�)2�2. 12)$ #�1#$�)2�2. .� �!*�2�
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S2=(22+min (230/f, 10)-0.2L) dB/Bark,
1#$�)2�2. 12)$ #!1#$�)2�2. .� �!*�2�

)� # f 0��.� � 1#$�)2�2. .�)�!#%�" 10 Hz �.� L 2 0���0/ 10 dB SPL. ò�.
1$��.2��) �.!�/0���. .#2�" 2�" .�)�!#%�" 12 �0/� 2&� 1#$� 2�2&� 3.��02.� 12 

1$��. �� 	 �.2+3�� .�)�!#%�" �� !0� �. �0&!��0� 1.� 2 .� 2��01�. 2�"
0����&1�" 2&� 1���2&� 120��" �+��" 12 �0/� 2&� 1#$� 2�2&� �����0 1$��. ���

�� ���10�" )�&" /�� �2.� .�) 2�" 0��1+10�" ��� �� ! *� �. $!�1�� � ��� *� 1.� ��.
�! 1����1� 2�" 0����&1�" 2�" /���0!1�" 12 �0/� 2&� 1#$� 2�2&� �.� 12��

�0!��2&1� .#2� 2 �.2+3�� .�)�!#%�" �� !0� �. �0&!��0� 1.� ��. 2���. 2�"
/���0!1�"�

ü�� �0!�11)20! � .�) ��." .� �!*�20" #��!$ #� 2�� �/�. $! ���� 12���� 2 
�.2+3�� .�)�!#%�" 0��!�0�." 2 # 1*��02 # 1��.2 " Mcomposite /0� 0��.� .��+" 2 
��! �1�. 2&� n .�0�.!2�2&� �.2&3��&� .�)�!#%�" 0��!�0�." M�, .��� /��02.�
�! 10���12��� .�) 2�� 1$�1��

ù#2)"  �.�)�." �!)1�01�" �1$*0� ��. 2.#2)$! �� ��0/� 1#$� 2�2&��

[Luffi, 1983], [Luffi, 1985] �.� ��. �� 2.#2)$! �� ��0/� $!)� #� [Penner, 1980],
[Penner and Shiffrin, 1980] .�)�!#%� [Humes and Jesteadt, 1989] .� �.� � 2��� 2�"

/*�.��" 1#���01�" a �� !0� �. 0��.� /�.3 !02��� ���& 12 #" �� �0" 1#$�)2�2."
(afreq) �.� $!)� # �atime).

�2 %#$ .� #12��) � �2�� 2  � � $!�1�� � �0�2.� 10 .#2) 2 �03��.� 
�.���. �.2+3�� .�)�!#%�" /0� #� � ���02.� 0#��&" 10 �.��. � !3�� þ .�)�!#%�

� �20� � �0�2.� .�) ��. 1#�/#.1�) 0����&1�" �.� 1#���01�" )�&" 0���0�2.� 12 
1$��. �� ñ!. 2 ���0� " 2�" .�)�!#%�" 0�.!2�2.� .�) 2�" �.!.��2! #" afreq �.�

atime  �  � �0" �.� !�� #� �.�� �0 2�" ���10�" S1 �.� S2 2 ���0� " 2�" 0����&1�"�
õ�&"  � 2���" afreq �.� atime � # �!�1� �2.� 12�� ����� �!.3�.

�0�2�12 � � *�2.� &" �! " 2 �.2+3�� .�)�!#%�" �.� �21� /0� �� ! *� �.
$!�1�� � ��� *� 12 � �2�� �."� ò21� .#2� 2. /* a �. �0�2�12 � ��� *� �!��

.�) 2�" �02!�10�" .� #12���" � �)2�2."�
�2 %#$ .� #12��) � �2�� � 3#1��� .�.�.!�12.1� $!)� #�1#$�)2�2."

#� � ���02.� �0 2�� $!�1� 0�)" FFT �0 ��. �.2� ��� 0���.�*�2 � �.!��#! 
Hanning (sin2) 2&� �� ms �0!�� #� 2  � �  /��0� 10 ��. .���#1� $!)� # 2�" 2���"

2&� 20 ms. ��1. 10 .#2) 2 �.!��#!  � 1#��12+10" 2�" 1#$�)2�2." 0�.��+� �2.�
1*�3&�. �0 2�" 0��1+10�" ��� �.�  � /�0��!10�" �! 12��0�2.� 1*�3&�. �0 2��

0��1&1� ���� �)�& 2�" �0!� !�1����" .���#1�" $!)� # �� !0� �. 03.!� 120� �)� 
��. �!)$0�!� �! 1����1� 2�" 0����&1�" 12 �0/� 1#$� 2�2&��

ù�) 2. /0/ ���. .�)�!#%�" � # �!�1� �2.� 12�� ����� �!.3�. [Jesteadt et
al., 1982] ����0 ��. 0�2���1� 2 # �)1� 0��!�0�. ���0� ��1. 10 ��. ��.�1� .�) ��.

�! �� *�0� ��.�1� $!�1�� � �+�2." ��. �02.2)��1� ��1 * �.!.�*! # ����
0�����#%��� ù#2) 2 � 1 12) �� !0� �. 0�3!.120� 1.� ��. 12.�0!� $!)� # 2 12��

��3!.1��

(1)

a/1n

1i

a
icomposite MM 


 ∑=

=
(2)
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)� # ût 0��.� � $! ���� .�)12.1� �02.�* /* ��.�1�&�  	f� 	 � 1 12) 2�"

0��!�0�." � # 0�3.���02.� 12 0�)�0� �.!��#! 0�.!2�2.� .�) 2�� 1#$�)2�2. �.�
�21� /�.3 !02��) 2 $!�1�� � �0�2.� ��. ���0 �+�� 1#$� 2�2&�� ù#2) 2 � 1 12) 2�"

0��!�0�." 0�.!2�2.� 0��1�" .�) 2 0���0/ 2 # .� �!*�2� [Jesteadt et al., 1982]
.��� .#2� � 0��!2�1� 2 # 2 .�) 2 0���0/ /0�  /���10 10 ��� �. �0�2�&1� 12��

1#1$�2�1� �.� �21� �.!.��3���0 .�) 2 � �2�� � �0 1#$�)2�20" ��& 2&� ���� Hz �
0����&1� 0���$02.� .�) �0#!&����" /�./��.1�0" �.� �.!.���0� 1$0/)� � �/�.

[Pickles, 1988]. �� 2���" 2 # 2 /�� �2.� 12 1$��. � �.� /�� #� ��. 0��02���
�! 1����1� 2�� .�)�!#%�" 12 �0/� 2 # $!)� # $!�1�� � �+�2." �02.2 ��10�"

12�� �0�2 ��� 2&� �� ms.

�$��. �� þ 12.�0!� $!)� # 2 � # $!�1�� � �0�2.� 12�� 0����&1� 12 �0/� 2 # $!)� #� 1.� 1#��!2�1�
2�" 1#$�)2�2."� ù#2� � 1#��!2�1� �1$*0� �)� ��. �02.2 ��10�" �.!.�*!&� 2�" 2���" 2&� �� ms �.�
0��2!��0� �)� ��. �0���� 0�2���1� 2�" 0����&1�" 12 �0/� $!)� # $!�1�� � �+�2." ��. .time �0 2���

�0!�� # ����

ò�. �.!�/0���. 2�" .� 1*��01�" (decomposition) 0�)" ���2 � 0�/ *"
0�!��2�� * (burst)2)� # 12 �0/� $!)� #�1#$�)2�2." /��02.� 12 1$��. �� �!��0�

�. ���0� .�2����2) )2� .#2�"  � 12.�0!�" $!)� # 2 /�� #� �)� ��. 0��02���
�! 1����1� 2&� 1#�.!2�10&� .�)�!#%�" 2 # �0/� # $!)� #� 12�� .�)12.1� 2 #

��1 * ��� #" �.!.�*! #�
ò$ �2." 03.!�)10� 2�� �0�2 #!��. 2�" 0����&1�" $!)� #�1#$� 2�2&�

�.����02.� ��. .�.�.!�12.1� ��." /���0!1�" �! 2*�&� 2 # .� #12�� * 1��.2 " 10
(dBexc, seconds, Bark). ü� 1#�0$0�. .#2� � .�.�.!�12.1� �02.� !3+�02.� 10 ��.

01&20!��� .�.�.!�12.1� $!�1�� � �+�2." ��. �� �!.����� 1#��!2�1� 1#���01�"�
þ � !3� .#2�" 2�" 1#��!2�1�" 1#���01�" �� !0� �. 0�.$�0� .�) �0�!��.2.

.� #12)2�2."�

	. �0�!��.2. ����.�." � # $!�1�� � � *� 1��.2. 12.�0!�" �.2�12.1�"

�$ #� /0��0� )2� � .� #12)2�2. 0�)" 1��.2 " 0��.� �� �!.����� 1#��!2�1� 2�"
��2.1�"� ü�202.���0" �02!�10�" ���& 12�� 1$�1� � # #��!$0� �02.�* 2�" ��2.1�"

�.� 2�" .� #12)2�2." �$ #�  /���10� 12 �  !�1�) 2 # Sone� ò�. 12.�0!�"
�.2�12.1�" ���2 � 0�/�" 2 # � kHz 10 ��. 0���0/ 2&� 40 dB SPL �$0� 0�¶  !�1� *

( ) τ∆∆∆ /tetE −= (3)
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.� #12)2�2. ��. Sone. þ .� #12)2�2. ���&� � !*�&� �� !0� �. 0�2����0� 10

%#$ .� #12��� �0�!��.2.� �0 ��. �!+2� �! 1����1� ��. 2 � #� � ��1�) 2�"
01&20!���" .�.�.!�12.1�" �� !0� �. .�0�� ��120� � 3#1��� .�.�.!�12.1� � #

/��02.� 10 dB/Bark 10 ��. .�.�.!�12.1� 10 Sone/Bark:

)� # 2 k 0��.� ��. 12.�0!� ����.�." ��0!�� # ������ P 2 0���0/ 2 # 2)� # 10

�P., P0 2 .�)�#2 )!� .� �" ��. 2 � 2)� 10 �P.� �.� � � �.!��02! " 1#���01�"�
�  � �. 12�� ����� �!.3�. 0�2���2.� )2� 0��.� �0!�� # ��� [Scharf and Houtsma,
1986].ù#2� � 1#���01� 1#�/�0� ��. 3#1��� � 1)2�2. �.� #12��� ��01� P� �0 ��.
%#$ 3#1��� � 1)2�2. �.� #12)2�2. L).

�� 0��1+10�" ���� ��� �.� ��� �0!��$ #� � 1)2�20" � # �� ! *� �. �02!�� *�
.�0#�0�."� ö120!. .�) 2�� 03.!� �� 2�" 0��1&1�" ��� 10  � �./�� 20 1#��12+1.

$!)� #�1#$�)2�2." �.� �!)1�01� )�&� 2&� .�0�.!2�2&� 1#�0�13 !+� /���0!1�" �0
2�� $!�1� 2�" 0��1&1�" ���� 2 �!)2#� /���0!1�" � # �! �*�20� � !3 � �0� 2��

��1� 2�" 01&20!���" .�.�.!�12.1�"� �þ .�!���" ��� / " ��. 2 � #� � ��1�) 2 #
�! 2*� # /���0!1�" /��02.� 12. �.!.!2��.2. (appendix) A, B �.� & 2&� [Beerends
and Stemerdink, 1992]0�+ ��." 1#��.��" .��)!��� " /��02.� 12 �.!�!2��. D 2&�
[Beerends and Stemerdink, 1992]).

ü�0�/� � 0��1&1� ��� .�0�� ���0� 2 3#1��) �0/� .�0#�0�." 10 ��.
01&20!��) �0/� �!��0� �. .�2��.2.12.�0� .�) ��. .�0��)��1� .�) 2�� /���0!1�

12�� 01&20!��� .�.�.!�12.1�� O Zwicker �/&10 ��. 2�2 �. .�0��)��1� �0��1&1�
����� 12  [Zwicker and Feldtkeller, 1967]):

12��  � �. 2 k 0��.� ��. .#�.�!02� 12.�0!� ����.�."� 2 ü 0��.� 2 0���0/ 

/���0!1�" 2 # 2)� #� 2 ü0 0��.� � /���0!1� 12 .�)�#2 )!� .� �" ��. 2 � 2)� � 2 
s 0��.�  �.!�� �2." “schwel” )�&" �.� !�12��0 .�) 2 � Zwicker [Zwicker and
Feldtkeller, 1967] �.� 2 � 0��.� ��. �.!��02! " 1#���01�" �  � �. �! 1.!�)12��0
12. /0/ ���. .� #12)2�2."� � Zwicker �!��0 ��. �/.���� 2��� ��. 2 � �*!& 12 

0.23.
ù� �.� 2 � 2 # ���� �� !0� �. 0��.� ���2�12 &" �! " 2�� ����.�.

.� #12)2�2." /0� �. 0��.� �.2����� ��. 2 #� �0��0���) � �2�� � �)2�2." 2 
 � � $!0���02.� ��. 01&20!��� .�.�.!�12.1� �  � �. 0��.� )1 2 /#�.2)

���1��120!� 12�� .�.�.!�12.1� � # $!�1�� � �0�2.� .�) 2 #" .��!+� #" �.� ���&
12��  � �. �.1��02.� � �!�1� 2 #" ��. 2�� � �)2�2.� ò21� 2 � �.����02.� 1.� ��.

�.!��02! " �  � �. �� !0� �. �! 1.!� 120� 12�� 1#��0!�3 !� .�)�!#%�" 2&�
.��!+�&� ��1. 12 ��.�1� 2&� �02!�10&� .� #12���" � �)2�2."� þ 12.�0!�

����.�." k /0� �$0� �.��. 0��/!.1� 12�� .�)/ 1� 2 # � �2�� #� þ �.!��02! " �
�! 1.!�)12��0 12�� ISO/MPEG 1990 (International Standards Organization/Motion
Picture Expert Group)��1� /0/ ���&� [ISO90, 1990] �0 2�� ��� �. 2�" ����12�"
1#1$�2�1�" �0��$�12�" .�)���1�"� �02.�* #� �0��0���+� �.� .�2��0��0���+�

.� 20�01��2&��
þ 1*��02� �0�2 #!��.� 2�" 0����&1�" � # .� � #�0�2.� .�) 1#���01�� �$0�

&" .� 2��01�. 2�� �0!��� .�)�!#%� �����0 1$��. ��� 	 ��0 ���2��. .#2�" 2�"

( )γ
0PPkL −= (4)












−





+−






= 1

E

E
ss1

s

E
kL

0

0

γγ

(5)
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�0�)/ # 0��.� 2 )2� 2 � �2�� /��0� .#2)�.2. ��. �!)��0%� 2�" 1#��0!�3 !�" 2 #

.� #12�� * 1#12��.2 " )2.�  � .�� �+10�" 0��.� ���& .�) 2 �.2+3�� .�)�!#%�"�
ù�.�03.�.�+� �2." 2 � �2�� �. $!�1�� � �0� 2 #" .�)� #� #" �02.�

1$��.2�1� *" �����0 1$��. ���

� 	 1��. 0�1)/ # x(t) �.� 2 1��. 0�)/ # y(t) �02.1$��.2�� �2.� 12 �0/� 

1#$� 2�2&�� $!�1�� � �+�2." ��.� �02.1$��.2�1�) FFT �.� ��. �.!��#! 
Hanning (sin2) &(t) 2&� �� ms �0!�� #� ù#2)  /��0� 12�" 3#1���"

.�.�.!.12�10�" 1��.2 " Px(t,f) �.� Py(t,f) 10 �dB, seconds, Hz) �0 ��. .���#1�
$!)� #�1#$�)2�2." � # 0��.� .!�02� �.�� 1.� 1��0� ��.!��" ��. 2�� 0����&1�

$!)� # ±1#$�)2�2."�

� þ ����.�. 1#$�)2�2." f (10 Hz) �02.2!��02.� 10 ��. ����.�. *% #" �$ # z (10
Bark) �.� 2 1��. 3��2!�!02.� �0 2�� 1#��!2�1� �02.3 !�" .0(z� .�) 2 
0�&20!��) 12 01&20!��) .32� �0�0*�0! � /�.12.���� �0/� �� ù#2) �$0� &"

.� 2��01�. 2�" .�.�.!.12�10�" �1$* "�$!)� #�*% #" �$ # px(t,z) �.� py(t,z� � #
�02!� *�2.� 10 �dB, seconds, Bark). ��. �� �0�2 �0!�" �0!��!.3� .#2+� 2&�

�02.1$��.2�1�+� /��02.� 12 �.!�!2��. ù 2 # [Beerends and Stemerdink,
1992].

� �� .�.�.!.12�10�" �1$* "�$!)� #�*% #" �$ # px(t,z) �.� py(t,z) � ��.��.1���
� �2.� �0 ��. 0�.!2+�0� .�) 2�� 1#$�)2�2. ���1�. e

-Tf /2�z) 
$!�1�� � �+�2."

2�� 0��1&1� ��� �.� 2 1$��. �� ��. 2�� �!)1�01� �0 2 .time ��1. 12 0�)�0� 

��.�1� �	f  $! ���� �02.2)��1� �02.�* /* ��.�1�&� ≈ 20 ms). ù#2)
� �20� � �0� 2�� 0����&1� �0/� # $!)� # 2&� x(t) �.� y(t).

� 
� � ���02.�  1#��0!.1�)" 2&� .�.�.!.12�10&� �1$* "�$!)� #�*% #" �$ #

px(t,z) �.� py(t,z� �0 2�� 1#��!2�1� 0����&1�" 1#$�)2�2." �� �  � �. �� !0� �.

#� � ��120� .�) 2�� 0��1&1� ����   � � "  /��0� 10 .�.�.!.12�10�" /���0!1�"�
$!)� #�*% #" �$ # (dBexc, seconds, Bark) üx(t,z) �.� üy(t,z)  �����0 �.!.!2��.2.
B, C �.� D 2 # [Beerends and 6WHPHUGLQN� ����@�� þ � !3� 2�" 1#��!2�1�"
0����&1�" 1#$�)2�2." 0�.!2�2.� .�) 2�� ��2.1� �.� 2�� 1#$�)2�2.� �.�  

1#��0!.1�)" �!.��.2 � �0�2.� �0 ��. �� �!.����) 2!)� $!�1�� � �+�2." 2��
0��1&1� ��� �0 2�� �.!��02! .freq (����0 �.!�!2��. ù 2 # [Beerends and
Stemerdink, 1992]).

� �� .�.�.!.12�10�" /���0!1�"�$!)� #�*% #" �$ #  üx(t,z) �.� üy(t,z) (dBexc,
seconds, Bark� �02.2!�� �2.� 10 1#���01���0" .�.�.!.12�10�" .� #12)2�2."�
$!)� #�*% #" �$ # Lx(t,z) �.� Ly(t,z) �FRPSUHVVHG 6RQH� VHFRQGV� %DUN� �0 2��

$!�1� 2�" 0��1&1�" ��� �0 �.!��02! � (����0 �.!�!2��. ü 2 # [Beerends and
Stemerdink, 1992]).

� þ 1#���01���� .�.�.!�12.1� .� #12)2�2."�$!)� #�*% #" �$ # Ly(t,z) 2�"
0�)/ # 2�" .� #12���" 1#1�0#�" /�.�.����02.� .�0��!2�2. 10 2!�. /�.3 !02���

0*!� *% #" �$ # �0 3!.�� *" 12. � �.� �� Bark. ù#2� � �0�2 #!��.
�!.��.2 � �0� ��.  �� #�0���) 2.�!�.1�. �! 2*� # .���01. 12�"

.�.�.!.12�10�" 0�1)/ # �.� 0�)/ # �.� �/� � �20� � �0� ��� �. .�) 2.
#%��)20!.� 0��.�/0#)�0�.� 0���0/. 2�" 0�0�0!�.1�." �$ #�

�2�� ����� �!.3�. 2�" %#$ .� #12���" .!�02� �0�!��.2. ���& 12��

1#��0!�3 !� 2�" .�)�!#%�" �� ! *� �. �!0� *� ��. 2.  � �. 2 � �2�� 
01&20!���" .�.�.!�12.1�" �!��0�� 12�� �!���� �. 0��.� ��.�) �. �! ����0� 2��
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1#��0!�3 !� 2&� .��!+�&�� ��. .�) .#2�" 2�" 0��/!�10�" 0��.� � )�#�1� 2 #

�! 2*� # /���0!1�" *120!. .�) 2�� �.*1� ��� � # .� #12�� * 0!0��1�.2 "
[Houtgast, 1977], 2  � � ���01. � �20� � �0�2.� �0!��+" 0/+� 12�� � !3� 2�"

0��!2�1�" 2�" ���1�" S2 12�� 0��1&1� ����� .�) 2�� ��2.1�� �02� .�) 2�� �.*1�
2 # .� �!*�2� � .�.�.!�12.1� 12 0�)�0� ��.�1� 2 # � �2�� # 0��.� ��.

“ �#���� ��/ 1� 2 # �! �� *�0� # ��.�1� #”.
��. ���� 1��.�2��� 0��/!.1� 0��.� � .1#��02!�. 2�" .�)�!#%�" �02.�*

0�)" 2)� # � # .� �!*�20� ��. �+�� �.� ��." �+��" � !*� # � # .� �!*�20� ��.
2)� [Hellman, 1972]. �2. � �2��. � # $!�1�� � � *� 2 �.2+3�� .�)�!#%�" .#2�

� 0��/!.1� �!��0� �. � �20� � ���0� ��01. ��� �2." 2 )!� 0�.!2���� .�) 2 �
2*� 2 # .� �!*�2� �$ �0 2 � #� � ��1�) 0�)" /0��2� 2 ���)2�2." )�&" ���02.� 12.

%#$ .� #12��� � �2��. � # $!�1�� � � *�2.� 12 ISO/MPEG standard .� #12���"
�&/�� � ��1�" [ISO92st, 1993]. �2�� �! 1����1� 01&20!���" .�.�.!�12.1�" .#2�
� 0��/!.1� #� � ���02.� .�) 2�� �� �!.����� �!)1�01� 2&� .�0�.!2�2&�
1#��12&1+� $!)� # 1#$�)2�2." 12 �0/� /���0!1�"�

2.6 	� �ü	�� ù�	ÿ�þ�	þ� ù��
�	ÿ�þ� ��ÿ�	þ	ù� (PAQM)

ö120!. .�) 2 � #� � ��1�) 2&� 01&20!��+� .�.�.!.12�10&�
.� #12)2�2."�$!)� #�*% #" �$ # 2�" 0�1)/ # �.� 2�" 0�)/ # 2�" .� #12���"

1#1�0#�" � .�2��.��.�)�0�� � �)2�2. 2 # 1��.2 " 0�)/ # �� !0� �. 0�.$�0� .�)
2�� /�.3 !� �02.�* 2&� 01&20!��+� .�.�.!.12�10&�� �� 1#�.!2�10�" �#��)2�2."

Lx(t,z) �� �#��)2�2. .� #12)2�2." 1.� 1#��!2�1� 2 # $!)� # �.� 2 # *% #" �$ #
��. 2�� 0�1 / x� �.�  � ����.�&2�" Ly(t,z) .3.�! *�2.� ��. �. �! �*%0� ��.

1#��!2�1� �#��)2�2." /�.1� !�" � !*� # (noise disturbance) Ln(t,z). ù#2) 2 
Ln(t,z)  � ���!+�02.� ���& .�) 2�" 1#$�)2�20" �0� �)" � # �$0� 1.� .� 2��01�.

��. 12����.�. /�.1� !� � !*� # Ln(t) �����0 1$��. ���
ù�) 2 � ��1 )! 2�" 12����.�." /�.�*�.�1�" � !*� # #� � ���02.� �

/�.�*�.�1� 2 # � !*� # Ln . û0� �. $!�1�� � ��1 #�0 2 � )! .� #12)2�2.
� !*� # ��.2� � 2��� 2 # � �.����02.� �. 0��.� 2�2 �. +120 2 � �2�� 

#� �0��0����" � �)2�2." �. 0��.� ���2�12 � �0 .#2� 2�� �0!��2&1� 2 Ln /0�
.�.�.!�12��0� .�.!.�2�2. .� #12)2�2. � !*� #� � � ��!��� " �log10) 2�"
/�.1� !�" � !*� #  !��02.� 1.� ��2! .�2����2�" .� #12���" � �)2�2." (PAQM).
  þ �0�2�12 � ��1� 2&� .freq, atime �.� � �!.��.2 � �0�2.� �0 2�� $!�1� 2�"

��1�" /0/ ���&� #� �0��0����" .� #12���" � �)2�2." � # �! ��#%0 .�) 2��
ISO/MPEG 1990 / ���� .� #12��+� �&/�� � ��2+��.� �&/�� � ��2+� [ISO90,
1990]. þ �0�2�12 � ��1� $!�1�� � ��10 2 2#���) 13���. �standard error) 2�"
0�2�������" MOS .�) ��. 2!�2�" 2���" �!.��� .�./! ��" �! 1.!� 1����" ��1.

.�) 2. PAQM, MOS 1��0�. /0/ ���&�� þ �0�2�&� ��1� 0��20*$���0 �0 2��
0�.$�12 � ��1� 2 # 2#��� * 13���.2 " 2�" 0�2�������" MOS 1.� ��. 1#��!2�1�

2&� .freq, atime �.� �.
�� �/.����" 2���" 2&� �.!.��2!&� .freq �.� atime 0�.!2+�2.� .�) 2��

/0���.2 ��%�. 2 # �0/� # $!)� # ±1#$�)2�2."� +�. 2�" 2���" � # $!�1�� � � *�2.�
12�� 03.!� �� �."� )� # ûz=0.2 Bark �.� ût=20 ms �2 1#� ���) ��� " 2 #

�.!.�*! # 0��.� �0!�� # �� ms��  � �/.����" 2���" 2&� �.!.��2!&� 2 # � �2�� #
�$0� �!0�0� )2� 0��.� .freq =0.8, atime  ��� �.� � ����� þ 0��!2�1� 2�" 1#1$�2�1�" .�)

2�� �.!��02! .�)�!#%�" �0/� # $!)� # atime .� /0�$���0 ���!��
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�$��. �� +0���� �.! #1�.1� 2&� �.1��+� �02.1$��.2�1�+� � # $!�1�� � � *�2.� 12�� .���2#�� 2 #

PAQM.	. 1��.2. x(t) �.� y(t) 1.!+� �2.� .�) ��. �.!��#! w(t) �.� 0� 1#�0$0�. �02.1$��.2�� �2.�

12 �0/� 2&� 1#$� 2�2&�� 	 3�1�. �1$* " 1.� 1#��!2�1� 2 # $!)� # �.� 2�" 1#$�)2�2." Px(t,f) �.�
P#

(t,f) �02.1$��.2��02.� 10 3�1�. �1$* " 1.� 1#��!2�1� $!)� # �.� *% #" �$ #� px(t,z) �.� py(t,z) 2.
 � �. 1#�0��11 �2.� �0 2�� 1#��!2�1� 0����&1�" �.� /�� #� 2�" /�0��!10�" Ex(t,z) �.� Ey(t,z). �02� 2 �

�02.1$��.2�1�) �0 2�� 1#��!2�1� 1#���01�" �.���� �2.�  � 01&20!���" .�.�.!.12�10�" Lx(t,z) �.�
Ly(t,z).�) 2�"  � �0" �! �*�20� � ��1� /�.�*�.�1� � !*� # 12 .� #12��) � ���2��

�)�& 2 # ���! * � 2  � � �!����0 �.2� 2�� �0�2�12 � ��1� � �#��)2�2.
� # �! �*�20� 1.� 1#��!2�1� 2 # *% #" 2 # �$ # �10 Bark) �.� 2 # $!)� # /0�

.�.�.!�12� 2�� �#��)2�2. .� #12)2�2." .��� ��. 1#���01���� �#��)2�2.

.� #12)2�2."� þ  � ���!&���� /�.3 !� �02.�* 2&� 1#�.!2�10&� �#��)2�2." 2�"

0�1)/ # �.� 2�" 0�)/ # 1#�0�+" /0� .�.�.!�12� 2�� .� #12)2�2. 2 # � !*� # .���
2�� 1#���01���� .� #12)2�2. 2 # � !*� #�

þ 1$�1� .���01. 12 .�2��0��0���) (PAQM) �.� 2 #� �0��0���) ��2! 
� �)2�2." (MOS) 12�" �/.����" !#���10�" 2&� .freq, atime �.� � ��. 2�� ISO/MPEG
1990 ��1� /0/ ���&� >ISO90, 1990] /��02.� 12 1$��. ��

þ 01&20!��� .�.�.!�12.1� ���0 .� #12�� * 1��.2 " �� !0� 2+!. �.

#� � ��120� �0 2�� $!�1� 2&� �02.1$��.2�1�+� � # /�� �2.� 12�� �! �� *�0��
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0�)2�2.� þ � �)2�2. ��." .� #12���" 1#1�0#�" �� !0� �21� �. �02!��0� �0

/ ���.12��� 1��.2. ����2 � 0�/�� sweeps, �)!#� �2�� )�&" �.� �0 �!.��.2���
1��.2. � ����.� � #1����� ò21� � ��� / " .#2� 0��.� �.�� 1��&" 03.!�)1����

+0����  � .� #12���" 1#1�0#�" 0���$ �2.� ��. /�.�0!.2)2�2. �/��./� � �� / "
�!��0� �. ���1���0� 2�� 0�1 / )1 2 /#�.2)� �0!�11)20! � �.� 12�� �0!��2&1�

.#2� � 0�1 / " �.� � �� / " .�0�� ��� �2.� �.�  � /* 12�" 01&20!���" 2 #"

.�.�.!.12�10�" �.� � � �)2�2. 2�" .� #12���" 1#1�0#�" �.� !��02.� .�) 2��

/�.3 !� .���01. 10 .#2�" 2�" 01&20!���" .�.�.!.12�10�" 0�1)/ # �� .�.3 !�"�
�.� 0�)/ #�

�$��. �� �$�1� �02.�* 2 # MOS �.� 2 # PAQM ��. 2�" �� �.2.$&!�10�" 2�" ISO/MPEG 1990 / ����"
�&/�� � ��2+��.� �&/�� � ��2+�[ISO90, 1990]12�� �.! #1�.1� �0 loudspeaker.

2.7 ü-ù���+þ 	�
 PAQM �	ÿ� úù�üÿ� ûüû��ü�
�
�
ûÿ����ÿþ	
��ù���
ûÿ����ÿþ	
� ��ÿ�ÿù� �ùÿ
��
�ÿ�þ�

þ �0�2�12 � ��1� 2 # PAQM � # �0!��!�302.� 12�� �! �� *�0�� 0�)2�2.  /��0�
10 ��. PAQM 2  � � �.! #1���0� ��. �.�� 1#1$�2�1� .���01. 12. .�2��0��0����

�.� 12. #� �0��0���� .� 20��1�.2.� �0 .#2� 2�� 0�)2�2. 2 PAQM 2��02.� 10
03.!� �� �0 2�� $!�1� 2&� .� 20�01��2&� 2�" /0*20!�" ISO/MPEG / ����"
.� #12��+� �&/�� � ��2+��.� �&/�� � ��2+� �ISO/MPEG 1991 [ISO91, 1991])
�.� 2&� .� 20�01��2&� 2�" ITU-R TG10/2 1993 [ITURsg10cond9343,1993] / ����"

.� #12��+� �&/�� � ��2+��.� �&/�� � ��2+�. �0 .#2� 2�� 20�0#2.�. / ����

.�� � �0�2.� #� �0��0���� ���� " /�./ $��+� 1#����+� 2 # ISO/MPEG Layer II
�.� ,,, 0�+ 2!�. /�.3 !02��� � �2��. .�2��0��0����" .�� �)��1�" �.! #1��� #�
.�2��0��0���� .� 20��1�.2.�

ù#2� � 0�)2�2. /��0� 0��1�" ��. 03.!� �� 2 # PAQM 10 ��10�" /0/ ���&� �
 � �. �! ���0 .�) 2�" .�� � ��10�" �&/�� � ��2+��.� �&/�� � ��2+�  ����."

2��03&��� * 0*! #" �+��" �300-3400 Hz).
	 .� 2��01�. 2�" 03.!� ��" �0 2�� $!�1� 2�" ISO/MPEG 1991 ��1�"

/0/ ���&� /��02.� 12 1$��. �� ��. �.�� 1#1$�2�1� �R3=0.91) �.� ��. � ���)
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$.���) 2#���) 13���. 2�" 0�2���1�" �S3=0.48) �02.�* 2&� .�2��0��0���+� PAQM
�.� 2&� #� �0��0���+� MOS 2��+� �!����0�

�$��. �� �$�1� �02.�* 2 # MOS �.� 2 # PAQM ��. 2�" �� �.2.$&!�10�" 2�" ISO/MPEG 1991 / ����"
�&/�� � ��2+��.� �&/�� � ��2+�[ISO91, 1991] 12�� �.! #1�.1� �0 loudspeaker.�� �.#!�1��� �

�*�� � 0��.� �.2.$&!�10�" 2&�  � �&� � � �)2�2. �!����0 � �* $.���)20!. .�) 2 � �2�� .�) )2� .�)

2 #" 0!&2����20"�

ò�. 0�/�.3�! � 1��0� 0��.� 2 )2� ��. 2�" �/�0" PAQM 2���" �0!���" 3 !�"
�!�1� �2.� �0���0" .� ���10�" 12. #� �0��0���� .� 20��1�.2.������0 1$��. �����

	 .� 2��01�. 2�" 03.!� ��" $!�1�� � �+�2." 2�� ITU-R TG10/2 1993
��1� /0/ ���&� ���. 2�� / ���.1�. �#�0�13 !�" û�.1� !�" ü�� ���"� /��02.� 12 

1$��. �� �.� /0�$�0� �.�� 1#1$�2�1� �.� $.���) 2#���) 13���. 0�2���1�"
(R3=0.83 �.� S3=0.29).���01. 12 .�2��0��0���) PAQM �.� 12 #� �0��0���)

MOS. ù#2� 2. .� 20��1�.2. 0�.�!��+���.� .�) 2 Swedish Broadcasting
Corporation [ITURsg10cond9351, 1993] $!�1�� � �+�2." ��. .�2��!.3 � ��1��� *

2  � � �.!./)���0 �!�� � / ���� ITU-R TG10/2 �!.��.2 � ���0��
�.�  � /* 03.!� ��" � # �!.��.2 � �����.� $!�1�� � � *� ��10�"

/0/ ���&� 12�"  � �0" .�� � �����0 � #� �0��0���� � �)2�2. 2&� 1���2&� 0�)/ #
2&� � #1��+� �&/�� � ��2+��.� �&/�� � ��2+�� ù� 2 PAQM 0��.� )�2&" ��.

�.��)1�� ��2! .� #12���" � �)2�2." 2)20 �!��0� �. 0��.� 03.!�)1�� �.� 12��
.�� �)��1� �&/�� � ��2+��.� �&/�� � ��2+�  ����."� ù� �.�  � �&/�� � ��2�"�

.� �&/�� � ��2�"  ����." $!�1�� � � *� ��. /�.3 !02��� �! 1����1� ��. 2��
�0�&1� 2&� /0/ ���&� 2 # .� #12�� * bitstream .�¶ )2�  � � #1�� � �&/�� � ��2�"�
.� �&/�� � ��2�" � �!�1� 2�" � �)2�2." �.� 2&� /* �!.��.2 � �0�2.� ���2. �0 2 
�/� .� #12��) 1*12��.� �#�0�+" ��. �.��)1��. .�2��0��0���� �! 1����1� 2�"

.�2���%�" ��. 2�� ��2!�1� 2�" � �)2�2." 2&� �&/�� � ��2+��.� �&/�� � ��2+�
 ����." �.� � #1���" �!��0� �. ���0� �!.��.2 � ��1���� �2�� ����� �!.3�.

�!�1�02.� �0���� � 1)2�2. ���! 3 !�+� ��. 2 �&" 0��.� /#�.2) �. �02!��0� �
� �)2�2. 2&� �&/�� � ��2+��.� �&/�� � ��2+�  ����." ��$ [Gray and Markel,
1976], [Schroeder et al., 1979], [Gray et al., 1980], [Nocerino et al., 1985],
[Quackenbush et al., 1988], [Hayashi and Kitawaki, 1992], [Halka and Heute, 1992],
[Wang et al., 1992], [Ghitza, 1994], [Beerends and Stemerdink, 1994b]), .��� �.��.
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.�) 2�" �0�)/ #" /0� �� !0� �. 03.!� 120� �.� 12 #" /* 12 #" 120��" �+��"

�&/�� � ��2�"�.� �&/�� � ��2�"  ����." �.� 12 #" 0#!0�." �+��" � #1�� *"
�&/�� � ��2�"�.� �&/�� � ��2�"�

�$��. ��� �$�1� �02.�* 2 # MOS �.� 2 # PAQM ��. 2�" �� ISO layer II 1#����0" 2�" ITU-R TG10/2
���� / ����" .� #12��+� �&/�� � ��2+��.� �&/�� � ��2+�  [ITURsg10cond9343, 1993]

+�. �. 0���� #�0 0�� 2 PAQM �� !0� �. 03.!� 120� ��. 2�� .�� �)��1�
2&� �&/�� � ��2+��.� �&/�� � ��2+�  ����." 0��.2.12����0 ��. 03.!� �� � #

$!�1�� � �0� .� 20��1�.2. #� �0��0���+� / ���+� 12 #" ETSI GSM (European
Telecommunications Standards Institute, Global System for Mobile communications)
#� %�3� #" �&/�� � ��2�"�.� �&/�� � ��2�"  ����."� �.�  � /* � GSM ���! #"
!#�� * �13 kbit/s, [Natvig, 1988]) �.� ��1 * !#�� * �6 kbit/s, [ETSI91tm74, 1991])
.�� � ��10�" �&/�� � ��2+��.� �&/�� � ��2+�  ����." �$ #� $!�1�� � ���0� 12�
03.!� ��� �0 .#2� 2. �0�!��.2. 2. 1��.2.  ����." �!����.� 10 � �)2�2. �0 2��

$!�1� ��." ��.11���" 2��03&����" 1#1�0#�" [CCITTrecP48, 1989]. �#�0�+" �.2�
2�� 03.!� �� 2�" PAQM 2)1 2 1��.  ����." 0�1)/ # .�.3 !�" �.� 2 

/�.�.���1��� 1��.  ����." 0�)/ # 3��2!.!�12��.� �0 2�� $!�1� 2�"
$.!.�2�!�12���" 2 # 3��2! # 2 # ��.11�� * 2��03+� # [CCITTrecP48, 1989].
ù�)�.  � .�� � ��10�" 2�" � �)2�2."  ����." �!.��.2 � �����.� 10 ��.
0�0�$)�0� �0!����� � � !*� # $!�1�� � �+�2." �)!#� Hoth 1.� ��.�

.� �!*�2 �2. �)!#� #� ���! #� �2�� PAQM 03.!� �� .#2)"  �)!#� "
� �20� � �����0 �0 2�� �!)1�01� 2 # 1&12 * 3.1�.2�� * 0����/ # � !*� # Hoth
[CCITTsup13, 1989] 12�" .�.�.!.12�10�" �1$* "�$!)� #�*% #" �$ # 2&� 1���2&�
 ����." 0�1)/ # �.� 0�)/ #�
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�$��. ��� �$�1� �02.�* 2 # MOS �.� 2 # PAQM ��. 2�� ETSI GSM ���! #" !#�� * ��1� /0/ ���&�
 ����."� �� 12.#! � .�.�.!�12 *� /0/ ���. .�) 2 �0�!.�. � # �.1��02.� 12�� /�.� !3&���� � ��/.

� !*� # .�.3 !�"� �.�  � �*�� � .�.�.!�12 *� /0/ ���. .�) 2 #" �&/�� � ��2�"�.� �&/�� � ��2�"

 ����."�   

	. .� 20��1�.2. 2�" 03.!� ��" 12 #" �&/�� � ��2�"�.� �&/�� � ��2�"

 ����." /�� �2.� 12. 1$��.2. �� �.� ��� ��. 0�3.��" /�.3 !� .���01. 10 .#2� 2��
03.!� �� �.� 10 0�0��� � # �!.��.2 � �����0 �0 2�� $!�1� � #1��+�

�&/�� � ��2+��.� �&/�� � ��2+� 0��.� � /�.1� !� 2&� 2��+� PAQM. �2 #"
� #1�� *"  � 2���" PAQM 0��.� )�0" ��2& 2 # ±��� �����0 1$��.2. �� ��� 0�+ ��.

2 #"  ����." 0��.� �#!�&" ��& 2&� ±��� �����0 0��)�0" ��� ���� �! 3.�+"  �
/�.1� !�" 10 .#2�" 2�" ��10�" /0/ ���&� 0��.� 1��.�2��� �0�.�*20!0" .�) .#2�"

12�" ��10�" /0/ ���&� � #1���"� ù�)�. �0!�11)20! � 1#1$�2�1� �02.�* 2&�
#� �0��0���+� �.� .�2��0��0���+� .� 20�01��2&� .#2�" 2�" 03.!� ��" 0��.�

$0�!)20!� .�) .#2�� 2�" 03.!� ��" � # $!�1�� � �0� � #1�� *" �&/�� � ��2�"�
.� �&/�� � ��2�"

2.8 ü��ùÿûü
��ü�ü� ü�ÿû�ù�üÿ� �	þ� ��ÿ�þ 	þ� ù��
�	ÿ�þ�
��ÿ�	þ	ù�

ù� �.� 2. .� 20��1�.2. 2�" 03.!� ��" 2 # PAQM 12�" ��10�" /0/ ���&�
�&/�� � ��2+��.� �&/�� � ��2+� � #1���" �.�  ����." �/0��.� ��. .!�02� �.��

1#1$�2�1� .���01. 12. .�2��0��0���� �.� 12. #� �0��0���� .� 20��1�.2.�
$!0��� �2.� .�)�. �0�2�+10�"� þ .�� ��12�. 2&� MOS �! ���%0&� /0� 0��.� .!�02�
�.�� ��. 2�� 0��� �� 2&� �&/�� � ��2+��.� �&/�� � ��2+� � #1���" �  ����." �0
2�� #%��)20!� .� #12��� � �)2�2.� õ�&" /��+���0 12�� 0�)2�2. �0 2�"

%#$ .� #12���" .!$�" 2�" �0�)/ #� �� !0� �. 0��.� �.�*20! �. �$ #�0 �0����
(crude) � �2��. .�2���%�" 1#�/#.1���. �0 �0����" 0��.�/0#)�0�0" 0�0����10�"

(interpretation) .�) 2 �. �$ #�0 ��. .�!���" � �2�� .�2���%�"� �#�0�+" � ����12�
�0�2�&1� .�.���02.� �. �!�0� .�) ��. �.�*20!� � �20� � ��1� 2&� 0��/!�10&�

0�����1�"� �.2� 2�� PAQM �! 1����1� )�&" �$0� �.! #1�.120� ��$!� 12����"� �



�ù,��ÿ���� ù��
�	ÿ�þ� ��ÿ�	þ	ù� �ü 	ü��ÿ�ü� ù�	ÿ�þ�	
� �ü	�þ�ü
�

�ùÿ +ü�ÿ�þ �ù��
�ÿù�þ 	þ� ü�ÿ��ÿ�
�ÿù� �ü ��ÿ�ÿù

ü�ÿ��ÿ�
�ÿù�ü ��ÿ�ÿù

24

�)�� 0��/!.1� 0�����1�" � # �$0� � �20� � ���0� 0��.� 2  ���) 2.�!�.1�. 2&�
$.!.�2�!�12��+� 10 2!0�" /�.3 !02���" �0!� $�" 1#$�)2�2."� ù#2� � 0�)2�2. �.
012��10� 10 �0�2�+10�" 12 �0/� 0�����1�" �.� � �.1��� �! 1����1� � #

�.! #1���02.� 12 1$��. � 2! � � �0�2.� 0�.3!+" �����0 1$��. ��� �0 2��
0�1&��2&1� ��." �0�2!���" � ��/." �  � �. 0�0���0� 2�" /�.3 !�" 12�� 01&20!���

.�.�.!�12.1��

�$��. ��� �� �&" )�&" 12 1$��. �� .��� ��. 2�� ETSI GSM ��1 * !#�� * ��1� /0/ ���&�  ����."�

���.��" �0�2!���" 0��/!�10�" 2�" /�./��.1�." 0�����1�"  �  � �0" 0��.�

1��.�2���" 12 � �.� !�1�) 2�" #� �0��0����" .� #12���" � �)2�2." 0��.��

1. ���! 3 !�.�� .�)�!#%�� )� # 2 �.2+3�� .�)�!#%�" 0�)" 1*��02 #

12)$ # � # .� �!*�202.� .�) ��. 1*��02 .� �!*�2� �� !0� �.
0�.22&�0� �02� .�) 0��.�/0#1� ��. �0!�11)20!. .�) �� dB [Leek and
Watson, 1984].

2. û�.$&!�1�)" �!.����+� .�) �� �!.�����" .�� �+10�"� +!.�����"

.�� �+10�" 2 # 1��.2 " 0�1)/ # 0��.� ���)20! .�0���*��20" .�) 2�" ��
�!.�����" .�� �+10�"�

3. ù���#1� .� #12���" 1����"� �.2� 2��  � �. �.���� �2.� .� 3�10�"
1*�3&�. �0 2�"  � �0" 2. 2���.2. 0�)" .� #12�� * 1#����2 "

 � ���!+� �2.� 12 ��. 2 �" 0�.2) [Bregman, 1990].

4. -.1�.2 �$! ���) �*��1�. �weighting). �0!���" 3.1�.2 �$! ����"

�0!� $�" 2 # .� #12�� * 1��.2 " �02.3�! #� �0!�11)20!� ���! 3 !�.�
�.� �21� �� !0� �. 0��.� �� 1��.�2���"� .�) ���0"� +�. �.!�/0���. .�

��� � " �0&!0� )2� 2. /�.12��.2. 1���" 12��  ����. /0� �02.3�! #�
���! 3 !�. 2)20 .#2� �0&! *�2.� ���)20! 1��.�2����
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�$��. ��� þ �.1��� �! 1����1� � # $!�1�� � �0�2.� 12�� .���2#�� 2 # PAQMC , 2 PAQM
0��.�/0#)�0��" /�)!�&1�"� �� /�.3 !�" 12�� 01&20!��� .�.�.!�12.1� �!�� �2.� .�) ��. �0�2!���

/�./��.1�. 0�����1�"�

1) þ ���! 3 !�.�� .�)�!#%� �� !0� �. � �20� � ���0� �0 2 �  !�1�) 0�)"

��2! # 3.1�.2 �$! ����" � �#�� �)2�2."� �.!)� � �0 2�� 0�2! ��.� 	 
.� 2��01�. 0��.� �.2� ��1. ���.�)2�2. 0�.!2+�0� .�) 2 ���0� " 2�"

0��.�/0#1�" 12  � � 0�2�� �2.�  � ���!&� � �!�� �!.��.2 � ���0� � #� �0��0����
.�� �)��1�� +0�����  � .�� � ��10�" � �)2�2." 2&� �&/�� � ��2+��

.� �&/�� � ��2+�  ����." �!.��.2 � � *�2.� .�) ��0�! #" .�! .2�"
[CCITTrecP80, 1994],0�+  � � #1�� � �&/�� � ��2�"�.� �&/�� � ��2�"

.�� � � *�2.� �#!�&" .�) �0�0�!.��� #" .�! .2�" [CCITTrec562, 1990],
[ITURrecBS1116, 1994].

+�. �0!���" ��10�" /0/ ���&� � 0��/!.1� 2�" ���! 3 !�.��" .�)�!#%�"
/�./!.�.2��0� 1��.�2��) !)� �.� � � �20� � ��1� .#2�" 2�" 0��/!.1�" ����0

20���� #� $!0&2��� ��. 2�� .�)�2�1� #%��+� 1#1$02�10&� �02.�* #� �0��0���+�
�.� .�2��0��0���+� .� 20�01��2&� [Beerends et al., 1996]. þ � �20� � ��1�

�!.��.2 � �0�2.� �.�*20!. �0 2 � #� � ��1�) 0�)" .!��� * 2 ����"
� �#�� �)2�2." ���& .�) ��. �.!��#! $!)� # 2&� ��� ms �0!�� #� ü�� .#2� �

2 ���� � �#�� �)2�2. 0��.� #%��� 2)20  � .�� �+10�" ��1. 10 .#2) 2 $! ���)
�.!��#!. 0��.� �� /*1� � �. .� #12 *� .�) )2.� � 2 ���� � �#�� �)2�2. 0��.�

$.���� [Beerends et al., 1996].
ù� �.� � � �20� � ��1� 2�" ���! 3 !�.��" .�)�!#%�" /��0� #%��)20!0"

1#1$02�10�" ��. �0!���" ��10�" /0/ ���&� � 10 ���0" ��10�" /0/ ���&� �� !0� �.
#��!�0� 0��22&1� 2�" 1#1$�2�1�"� �.��. �0���� � !3 � ��1� /0� �$0� �!0�0� � #
�. �� !0� �. $!�1�� � ���0� ��. 2�� � �20� � ��1� ���! 3 !�.��" .�)�!#%�" �0

��. ��.� � ��2��)� �0���� 03.!�)1�� � 2!)� � �#�0�+" � � �20� � ��1� .#2�" 2�"
0��/!.1�" 0��.� .�)�. #�) �0��2� �.� /0� �.����02.� #�)%� 0/+�

2) � /�.$&!�1�)" 2&� �!.����+� .�) 2�" �� �!.�����" .�� �+10�" �� !0� �.
�!.��.2 � ���0� 1$02��� 0*� �. �0 2�� $!�1� �! 1.!� 12�� * .�2�12!)3 #

3��2!.!�1�.2 " 2 # 1��.2 " 0�)/ #� õ�&" /0� �/&10  #1�.12��� �0�2�&1� 12��
1#1$�2�1� �02.�* 2&� .�2��0��0���+� �.� 2&� #� �0��0���+� .� 20�01��2&� �0 2��
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$!�1� 2&� /�.��1��&� ��10&� /0/ ���&� (ISO/MPEG 1990, ISO/MPEG 1991, ITU-
R 1993, ETSI GSM full rate 1988, ETSI GSM half rate 1991).

�.!)�. .#2� .�0��1��. �0�!��.2. �/0��.� )2� .#2)"  /�.$&!�1�)" 0��.�

.�.!.�2�2 " )2.� 2 1��. 0�)/ # �0!��.����0� ��2 �0" �!.�����" .�� �+10�"�
3) þ .���#1� .� #12���" 1����" 0��.� ��. 0��/!.1� 0�����1�" �  � �.

�0!��!�30� �&"  � ���!&� � �0$&!�� #� /�.3 !02��� .� #12��� �0� �)2. �.� 2.
 �./ � � *� 10 /�.3 !02��� .�2��0��0�. (objects). ù� �.� ��. ���!0" � �2�� 

.� #12���" .���#1�" 1����" 0��.� ��!. .�) 2 0���0�2! .#2 * 2 # �03.�.� # �
0��/!.1� 0!0#�����0 �0�2 �0!+"� ��. �!.��.2��� �! 1����1� � # /��02.� 12 

[Beerends and Stemerdink, 1994a@ ����0 � �* 1��.�2��� 12�� � 1 2�� � ��1� ��."
0��/!.1�" .���#1�" .� #12���" 1����"� þ �0�2!��� �/�. .#2�" 2�" �! 1����1�"

0��.� 2 �0� �)" )2� 0�� ��. 1#��12+1. $!)� #�1#$�)2�2." /0� �&/�� � �0�2.� .�)
��.� �&/�� � ��2��.� �&/�� � ��2�� 2 #� �0��)�0� 1��. .�)�� � !3 � �0� ��.

�0!�0�2��� (coherent) .� #12��� 1���� 0�+ � 0�1.�&�� ��." ��." .1#1$�2�12�"
1#��12+1." $!)� #�1#$�)2�2."  /��0� 10 /* /�.3 !02���" �.!.2�!�10�"

(percepts). �)�& 2 # /�.$&!�1� * 10 /* /�.3 !02���" �.!.2�!�10�" � .�� �&1� �.
���0� �0!�11)20! .�0���*��2� .�) )2� �� !0� �. �0!����0� �.�0�" &" �! " 2��

.� #12)2�2. 2�" �0 0�10!$)�0��" 1#��12+1." .�� �&1�"� ù#2)  /��0� 10 ��.

.�2����2� .1#��02!�. .���01. 12�� /�.�*�.�1� 2�" .�� �&1�" � # �! �.�0�2.�

)2.� /0� �&/�� � �0�2.� ��. 1#��12+1. $!)� #�1#$�)2�2." �.� 12� /�.�*�.�1� � #
�! �.�0�2.� .�) 2�� 0�1.�&�� ��." ��." 1#��12+1." $!)� #�1#$�)2�2."�

+�. �. 0��.120 ��.� � �. �&/�� � ��1 #�0 .#2� 2� 0��/!.1� 2�" 0�����1�"
�2.� .�.��.� �. � 1 2�� � ��1 #�0 10 ��� �. ��2.1� 2�� .�� �&1�� )�&"

�!����0 .�) 2 � �2�� � � # �! �.�0�2.� .�) 2�� �.!���%� ��." 1#��12+1."
$!)� #�1#$�)2�2." � .�) 2�� 0�1.�&�� ��." ��." 1#��12+1." $!)� #�1#$�)2�2."

12 1��.� ò�. �!)����. �2.� 2 )2� )2.� ��. .�� �&1� 0�1��02.� 12 1��. 10 ��.
1#��0�!���� 1��0� $!)� #�1#$�)2�2." �0���� �. #��!$0� �/� ��. 1#��0�!���� 

0���0/ �1$* " 10 .#2) 2 1��0� � ñ!. ��. 1#��12+1. $!)� #�1#$�)2�2." /0� �.
0��.� � 2� 0�20�+" �.�� *!��.� ��. �!+2� �! 1����1� ��. 2�� � 1 2�� � ��1� 2�"

.1#��02!�." �2.� � $!�1� 2 # ����� # �1$* " .���01. 12�� �� / �.� 2�� 0�1 / 
10 ��. 1#��0�!���� 1��0� $!)� #�1#$�)2�2." ��. 2�� � 1 2�� � ��1� 2�"

“�0)2�2."” .#2�" 2�" 1#��12+1."� õ2.� 2 ����� �1$* " �02.�* 2�" 0�)/ # y �.�
2�" 0�1)/ # x, py / px 10 ��. 1#��0�!���� 1��0� $!)� #�1#$�)2�2." 0��.�

�0�.�*20! .�) ��� ��. .� #12� .�� �&1� 0��.� �� 0� $��2��� .�) )2.� .#2) 2 
����� 0��.� ���!)20! .�) ����

�2 � �2�� 01&20!���" .�.�.!�12.1�" 2 0���0/ $!)� #�1#$�)2�2."
/�.�!0�2.� 10 �#%��0" (cells) �0 ��. .���#1� 2&� ��ms �.2� ��� " 2 # �� �. 2 #

$!)� # �/0��2�" $!)� # m) �.� 2&� ��� Bark �.2� ��� " 2 # �� �. 2&� 1#$� 2�2&�
�/0��2�" 1#$�)2�2." l�� ��. �!+2� �! 1����1� �2.� � $!�1� 2 # ����� # �1$* "

�02.�* 2�" 0�)/ # y �.� 2�" 0�1)/ # x,  py / px 10 ���0 �û f, û t) �#%��� �m,l) 1.� ��.
�.!�� �2. /�)!�&1�" ��. 2�� .�� �&1� 2 # � !*� # Ln (m,l) 10 .#2� 2�� �#%��� ��
 � �.2 � ��. /�.���02.� �. 0��.� 1#��.2� �0 2 [Beerends and Stemerdink, 1992]).

��. �.�*20!� �! 1����1� � # �.! #1��12��0 0��.�  #� � ��1�)" 2 #

��1 # )! # 2 # ����� # �1$* " py / px �02.�* 2�" 0�)/ # y �.� 2�" 0�1)/ # x ��. ��.
.!���) /�./ $��+� $! ���+� ��.�1�&�� ù#2) #� � 0� )2� 0�� ��." �&/�� � ��2�"�

.� �&/�� � ��2�" 0�1��0� ��. ��. 1#��12+1. $!)� #�1#$�)2�2." .#2� �. 0��.�
�0!�11)20! 0� $��2��� 0�� .#2� �.! #1���02.� ���& .�) ��. .!���) /�./ $��+�

��.�1�&�� þ �0���� � !3� 2�" /�)!�&1�" 0�����1�"  !��02.� &" 0��"�
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�.� ��." 0���!)1�02 " %.��/�1�)" 2�" .�� �&1�" � !*� # 10 ���0 $! ���)
�.!��#! �

10 ��. 0���0/ 2&� ���
þ .��� � �20� � ��1� 2�" .� #12���" .���#1�" 1����" �0 2 � �.!�� �2.

.1#��02!�."  C(m,l) �! 1�30!.� 1��.�2���" �0�2�+10�" 12�� 1#1$�2�1� �02.�*
#� �0��0���+� �.� .�2��0��0���+� .� 20�01��2&�� �.!)�. .#2� �!����0 )2� ��.

����12� 1#1$�2�1� 2 ���0� " 2�" /�)!�&1�"� )�&" .#2) � 1 2�� � �����0 .�) 2 �
�.!�� �2. �� �2.� /�.3 !02��) ��.  ����. �.� ��. � #1���� õ2.� 03.!�)12��0 10

��10�" /0/ ���&� � #1���" � ���2�12. /� !�&���� /�.�*�.�1� � !*� # �!����0
��. � =1.4 (PAQMC1.4) 0�+ ��. ��10�" /0/ ���&�  ����." 2 � �2.� �0!�� # ���

(PAQMC4.0).
	. .� 20��1�.2. .�� �)��1�" �&/�� � ��2+��.� �&/�� � ��2+� � #1���"

/�� �2.� 12. 1$��.2. �� (ISO/MPEG 1991) �.� �� �ITU-R TG10/2 1993) �.�
�.! #1��� #� ��. �0�&1� 12 2#���) 13���. 2�" MOS 0�2���1�" �0�.�*20!� .�)
���� +�. 2�� ISO/MPEG 1990 ��1� /0/ ���&� /0� �.! #1��12��0 �.��. �0�2�&1��
+�. 2��  ����. � �0�2�&1� �2.� 0�.3!+" ���!)20!� .��� )�&" �! ��#%0 �

20�0#2.�. .�) 2�" 2.��� �����0" 0��/!�10�" 0�����1�"� 2 3.1�.2 �$! ���)
�*��1�.� 0���$0� 2�" #� �0��0����" 0�2���10�" � �)2�2."  ����."� 	 2#���) 13���.

2�" MOS 0�2���1�" 12�" ��10�" /0/ ���&�  ����." �� !0� �. �0�&�0� .!�02�
�0!�11)20! )2.� �.� � .1#��02!�. �.� 2 3.1�.2 �$! ���) �*��1�.

� �20� � � *�2.� 2.#2)$! �.�
4) 	 3.1�.2 �$! ���) �*��1�. �!����0 )2� 0��.� 1��.�2��) �)� 12�" �!�10�"

� �)2�2." 12 #" �&/�� � ��2�"�.� �&/�� � ��2�"  ����."� ���.�+" 12�� � #1���
)�. 2. 3.1�.2 �$! ���� 2���.2. 2 # 1��.2 "� .�)�. �.�  � �.*10�"� �02.3�! #�

���! 3 !�.� 0�+ 12��  ����. �0!��� 3.1�.2 �$! ���� 2���.2.� )�&"  �
3&� 1#�2 ��1� � �02.3�! #� �0!�11)20!� ���! 3 !�. .�) ���.� )�&"  � �.*10�"�

ü�0�/�  � ��10�" /0/ ���&�  ����." � # $!�1�� � � *�2.� 10 .#2) 2 paper 0��.�
)�0" �0!� !�1���0" 12�� 2��03&���� �+�� 2 3.1�.2��) �*��1�. �.! #1���02.� �.

0��.� 0��$�12�" 1��.1�." �.� �)� 2 �*��1�. 12 $!)� $!0���02.� �.
� �20� � ���0��

( ) ( ) ( ) ( )
( ) ( )

( ) ( )
( )∑

−
−

=







≥

<
=

=

4

0i x

y

n

n
C

l,imp

l,imp
l,mC

)� #

5m,lC 0��              l,mL5

5m,lC 0��   l,mLl,mC
l,mL n λ

λ

(6)

( ) ( )∑=
=

=

maxl

1l
CC l,mLmL

nn
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ù#2� � 0��/!.1� 2 # �#��1�.2 " ���& .�) 2 � $!)� � �20� � �����0 �0

��. � �* .��) 2!)� � 2. ��.�1�.  ����." �.2�� !� � �����.� 10 /* 1*� �.� ��.
1*� � ��. 2. 0�0!�� ��.�1�.  ����." �.� ��. ��. 2. ��.�1�. 1���"� �0 2 �*��1�.

2�" /�.�*�.�1�" � !*� # � # �.! #1���02.� 12. ��.�1�. 1���" �0 ��. �.!�� �2.
Wsil �0 2���" �02.�* ��� � � �.*10�" /0� �.���� �2.� #�)%�� �.� ��� � � �.*10�"

0��.� 2)1 1��.�2���" )1 �.� �  ����.� � 0��/!.1� � 1 2�� � �����0�

�$��. ��� �$�1� �02.�* 2 # MOS �.� 2 # PAQMC1.4 ��. 2�" �� �.2.$&!�10�" 2�" ISO/MPEG 1991
/ ����" �&/�� � ��2+��.� �&/�� � ��2+� 10 .�.�.!�12.1� �0 loudspeaker.

ò�. �!)����. 12�� � 1 2�� � ��1� 2�" 1#��0!�3 !�" 2&� /�.12���2&�

1���" 0��.� 2 )2� � 0��!! � 2&� /�.12���2&� 1���" 0�.!2�2.� ��01. .�) 2 ��� "
.#2+� 2&� /�.12���2&�� ü�� �  ����. 0�1)/ # /0� �0!��$0� /�.12��.2. 1���" 2)20 �

0��!! � 0��.� ��/��� ü�� �  ����. 0�1)/ # �0!��$0� ��. 1#��0�!���� � 1 12)
��.�1�&� 1���" � 0��!! � 0��.� .��� �� �0 .#2) 2 � 1 12)� �!�1�� � �+�2." ��.

1*� �  !�.�+� 1#����+�� �0 Lspn 2�� ��1� /�.�*�.�1� � !*� # ���& .�) 0�0!��
��.�1�.  ����." �.� Lsiln 2�� ��1� /�.�*�.�1� � !*� # ���& .�) ��.�1�. 1���"

�� !0� �. .� /0�$�0� )2� 2 1&12) �*��1�. 0��.��

)� #
LWn 0��.� � /� !�&���� �.2� ��. �.!�� �2. Wsil /�.�*�.�1� � !*� #
Wsp = (1-Wsil)/Wsil

psil 2 � 1 12) 2&� ��.�1�&� 1���"

lnsi
silspsp

sil
spn

silspsp

spsp
Wn L

ppW

p
L

ppW

pW
L

+⋅
+

+⋅
⋅

= (7)
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psp 2 � 1 12) 2&� ��.�1�&� 0�0!��"  ����." � psil + psp = 1.0 )

�$��. ��� �$�1� �02.�* 2 # MOS �.� 2 # PAQMC1.4 ��. 2�" �� ISO layer II 1#����0" 2�" ITU-R TG10/2
���� / ����" .� #12��+� �&/�� � ��2+��.� �&/�� � ��2+�  [ITURsg10cond9343, 1993].

õ2.� �.� 2. /�.12��.2. 1���" �.� 2. /�.12��.2. 0�0!��"  ����." 0��.�

0��1 # 1��.�2���� )�&" 1#�.�2�2.� 12�" / ����" �&/�� � ��2+��.� �&/�� � ��2+�
� #1���"�  �.!�� �2." ��! #" Wsil 0��.� �1 " �0 ��� �.� � 0��1&1� ����� ���02.� &"

0��"  LWn = psp⋅Lspn +psil⋅Lsiln� �.� ��. 2�" /* .�) 2�" ��10�" /0/ ���&�  ����."  

�.!�� �2." ��! #" ��. �)!#� /�.12��.2 " 1���" ��. ����12� 1#1$�2�1� �02.�*
.�2��0��0���+� �.� #� �0��0���+� .� 20�01��2&� �!����0 )2� 0��.� ��� /0�$� �2."

)2�  �)!#� " 10 /�.12��.2. 1���" 0��.� ���)20! 0� $��2��)" .�) 2 � �)!#� �/�."
��2.1�" �.2� 2�� /��!�0�.  ����."�

õ2.� � 0��/!.1� .1#��02!�." � # �! �*�20� .�) 2�� .� #12��� .���#1�
1����" �.� 2 $! ���) �*��1�. � 1 2�� � � *�2.� 1&12�� � 1#1$�2�1� .���01. 12.

.�2��0��0���� �.� 12. #� �0��0���� .� 20��1�.2. �.� ��. 2�" /* ��10�" /0/ ���&�
 ����." �0�2�+�02.� 1��.�2���� �!�1�� � �+�2." �  ��� �.1*��02!�

� �20� � ��1�� �.� ��. ��! " /�.12���2&� 1���" ��� �#� /��+�02.� 1.�
PAQMc4.0,w0.1) � 0��22&1� 12 2#���) 13���. 2�" MOS 0�2���1�" 0��.� �0!�� #
��� �.� ��. 2�" /* ��10�" /0/ ���&� 2�� ETSI GSM full rate �.� 2�� half rate .

ò�. �!)����. 2&� /* � ��/&� 0�����1�" � # �! �*�2 #� 0��.� )2� �

�!)��0%� 2�" #� �0��0���� .�2����2�" � �)2�2." 0�.!2�2.� .�) 2 �0�!.�.2��)
�0!����� �� ñ!. �!��0� �! �.2.� ���� �. �01��12 *� 2���" ��. 2�� 0��/!.1�

.1#��02!�." �.� ��. 2 ��! " 2&� /�.12���2&� 1���"�   
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2. +ü�ÿ�þ �ù��
�ÿù�þ 	þ� ü�ÿ��ÿ�
�ÿù� �ü ��ÿ�ÿù

�0!���%��þ �!) / " 12�� %�3�.�� 0�0�0!�.1�.  ����." 0��2!��0� ��� �

2�� 03.!� �� �.� $!�1� ��." � �����." 20$� � ��+�  ����." ��. 2�� 0��� ��&��.
.��!+� # ��$.��"� ����12. ��0" 02.�!�0" /��� #!� *�2.� 2.$�&" �*!& .�) .#2�"

2�" 20$� � ��0"� õ�&" .#2�"  � /#�.2)2�20" $!�1�� � � *�2.� �)� .� � � ��&��.
�� !0� �. 2�" .�2��0�  �� � ����� ü#2#$+" � 0�!��2��� �!) / " 12 � 2 ��. 2�"

���! ��0�2! ����" )1 �.� 12�� 20$� � ��. 2&� #� � ��12+� 2�" 20�0#2.�0" /* 
/0�.02�0" �$0� ���0�  �� � ���+" �! 1�2� .#2� 2. 0��20*��.2.�

�� �! ���10�" �!0#�." )1 � .3 !� 2�� 0�0�0!�.1�.  ����." �.!.��� #�
12 #" �.!./ 1�.�� .�.��&!�1��� #" 2 �0�" 2�" .�.��+!�1�"� 1*��01�" �.�

�&/�� � ��1�"� ù#2�"  � 2!0�" �0!� $�" 2#���� �$ #� /! � � ���0� .�0��!2�2. �
��. .�) 2�� �����  #1�.12��� �0 1��.�2��� .� �)�&1� �02.�* 2 #"� �.!)�. .#2�

.� 20� *� ��0#!�" 2 # �/� # �0�0��+/ #" ���.2 "²2  � � 0��.� 2 �&" �.

.�.�.!.12.�0� �.� �. �! 1/� !�120� � ���! 3 !�. 2 # 1��.2 "  ����."� ù#2)

�! (� ��20� �.�*20!� �.2.�)�1� 2�" 3#1���" 2�" �.!.�&��"  ����."� 2&�
�0!� !�1�+� � # 0������ �2.� .�) 2�� 03.!� �� 2&� �.�)�&� 2�" ��+11." �.� 2&�

��$.��1�+� 0�0�0!�.1�." ���! 3 !�." 12 1*12��. .� �"� ��)20 12�� �!0#�.
��� � .�.��2 *�0 �� .�!��� � �2��. �.!.�&��"  ����."� �.�*20!. #� � ��12���

1$��.2. �.!.�&��" 2�" ��+11." �.� !0.��12�� *"  /�� *" .�2���%�" ��.
0�0�0!�.1�.  ����."²�.�� �0 2!)� #" 1#�/#.1� * 2&� �.1��+� �0��2&�

.�.��+!�1�"� 1*��01�" �.� �&/�� � ��1�"� ü��2#$�" �*1� �. �.!��0� 2�� �.�!���"

.�.��2�1�" ��$.�� #�.�)!0#1�"� #%���" � �)2�2." 1*��01� .�) �0��0� �.� 2��

�.�*20!� /#�.2� 0�� ���  ����." 10 $.��� *" !#�� *" /0/ ���&�� ,. .� ��0�
0��1�" 2 � /!)� ��. 2�� �02�3!.1� ��&11+� 12�� 2��03&��.� )� # � 1#��02���

�02�3!.1� �. ���02.� �0 2�� 3&�� 2 #  ����2��

2.1 üÿ�ù+
+þ

þ  ����. 0��.� ��. .�) 2. �! 2��+�0�. ��1. 0��� ��&��." �02.�* 2&� .��!+�&��

����12. �$0� �0����10� �. ���02.� ��. 0���#��2) ��1 0��� ��&��." ��. 2��
0��� ��&��. .��!+� # ± ��$.��"� �2./�.��� ��. �.�� �.� !�1���0" / #�0��"�  �

��$.��" �.2�30!.� �. .� �2�1 #� � ���" .�) 2�" /#�.2)2�20" 2�" .�2.��.��"
/�.�)� #� ò21� � ��)� � �1$*" 2&� � �*�� �&� #� � ��12+� �� !0� �.

0��02.��0#20� ��. 2�" � ��&����" .����0" $&!�" �. 0���.!*�02.�  $!�12�" �0 2��
�0!.�2�!& ��+1� 2&�  ��� #���&� ��&11+��

ü�0�/�  � ���!&� � 0��.� 1$0/�.1��� � �. � *�0 ��1. 12�� .2�)13.�!.� �2.�
.�.�)30#�2 �. ��� *� �. .�2.���11 #� ���! 3 !�0" �0 2�� � !3� �$�2��+�

�#��2&� 2.  � �. /��� #!� *�2.� �0 �02.����10�" 2&� � !�&� 2 # .�!.� ù���
�02.�* 2&� $����/&� 2*�&� .� #12��+� ���! 3 !�.�+� 1���2&� �  ����. .� 20�0�

��. �0$&!�12) 0�/ "� ü��.� �0!� !�1���� �.2� 2 #" 2!0�" .�)� #� #" 2!)� #"�
� ù�) 2� 3#1��� � # /���0� 2�� �.!.�&�� �$ # 12 1*12��.  ����."�

� ù�) 2�" �/�)2�20" 2�" .��!+����" .� �" �.� .�2���%�"� �.�
� ù�) 2 #" �.�)�0" 2�" ��+11."�

ù#2 �  � �0!� !�1� � �$ #� ���0� �.� !�12�� � 12�� �!0#�. 2�"  ����." �.�
2#�$�� #� 0�.�!02���" 1��.1�." .�)�. �.� 1��0!.�
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�$��. �� �� ù!$.� � �. � $!�1�� � � *1.�  ��� *�2. .����.2. ��. �. 0�2#�&1��� #�� �. %#$.�&� *�

�.� �. �! �.� *� /� "�

ù#2� � 0!�.1�. �! 20��0� 2�� �0��2� 2 # �0/� # 0�0�0!�.1�."  ����." �0 2!0�"

2!)� #" �

• �!+2 �� �.! #1��� �2." ��. 1*�2 �� .�./! �� 2�" 0��12���"
• û0*20! �� #� /0���* �2." 1��.�2���" �.20#�*�10�" �!0#�."� �.�
• 	!�2 � /�.���/#�0* �2." ��� �0" 20$� � ����" 0�2���10�"

2.2 ù��ü� 	þ� 	ü�����+ÿù� ��ÿ�ÿù�

þ 0�0�0!�.1�.  ����." � 1.� 0��12���� �� !0� �. �0&!��0� )2� �$0� �! ���0� .�) 2��
0������ 2&� ��0�2!��+� 0��� ��&��+�� þ .�.���#%� 2 # 2��03+� # �.� � .���2#��
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2&� 2��0��� ��&��+� 1.� ��. #��!01�. � # 0�#��!020� 2�� � ��&��.� �! ���01.�

2�� 0!�.1�. ���& 12�� �0&!�. 2&� /��2*&�� 2�� �!0#�. ���& 12 #" �02.2! �0�"
0��!�0�." �transducers)� 2 � 1$0/�.1�) 3��2!&�� 2�� 3.1�.2��� .���#1�� 2��

%#$ .� #12��� �SV\FKRDFRXVWLFV�� 2�" �0�)/ #" /�.�)!3&1�" �.� 2�" 0�1*!�.20" �.�
.1*!�.20" 20$����" �02�/ 1�"� �.��)20!. � .� #12��� �.� � 3#1� � ��. 2�"

�.!.�&��"  ����." 0�$.� .�.��&!�120� &" 1��.�2��� ���.2. �! " �.2.�)�1�� 	 
�/� �1$*0� �.� 1��0!.� �.!)� � # �$0� .� �2��0� � �* �0!�11)20!� ��+1� .�)

2)20� � Alexander Graham Bell �2.� .���01. 10 .#2 *" � # 0�0!0*��1.� 2�" .!$�"
2�" �.!.�&��"  ����." 10 �0�!��.2. �0 ��$.����" ��$.��"  ����."� ù�)�. 0�$0

.�.��&!�120� .�) �&!�" )2�  � �/�)2�20" 2�" .� �" �.� 2�" �.2.�)�1�" $!0��� �2.�
�. �! 1/� !�12 *�� /�)2� � .��!+���� .� �  #1�.12��� �.!�$0� ��. �!�2�!� 

.�!��0�." ��. 2�� ��%� 2&� ���! 3 !�+� 2�"  ����."� þ %#$ .� #12���
1#��0!�3 !� ��. 2. )!�. 2�" .� �"� 2 /#�.���) 0*! "� 2�� ��2.1�� 2 *% " �.� 2��

3.1�.2��� /�.1� !� 2�"  ����." �! 1/� !�12��.� �.� $!�1�� � �����.� �.2� 2 �
1$0/�.1�) 2&� �!+2&� 2��0��� ��&��.�+� 1#12���2&�� õ�&" �)� �!)13.2.� �0

2�� $!�1� 2�" �1$* " 2&� #� � ��12+�� �$ #� ���0� �! 1���0�0" ��. �.
1#��0!���3� *� �.� ���0" �0�2 ��!0�0" 2�" .� �"²)�&" � .�)�!#%� 12 � $!)� 

�.� 2�� 1#$�)2�2.²12 #" .�� !��� #" 0�0�0!�.1�."  ����."� ù�)�.� �)� 
�!)13.2. /)���0 .!�02� �! 1 $� 12�� .�.�#2��� � �20� � ��1� 2�" ��+11." �.�

.#2) �$0� ���0� �/�.�20!. 1��.�2��) �.�+"  � 20$����" 1*��01�"  ����." .�) �0��0� 
�.� .#2)�.2�" .�.��+!�1�" 1#�0$ *" �)� # �$ #� 0�0��$�0��

�0!�� # 12 ��1 � .#2 * 2 # .�+�. .�.�2*$���.� 2.#2)$! �. � �0&!�.
/0���.2 ��%�." /0/ ���&� �.�  � %�3�.� � #� � ��1� �� .� �� �2." ��0" �!  �2���"

��. #%���" � �)2�2." �.� �.�!���" .�)12.1�" 2��0��� ��&��0" �.� ��. 0� � �&1�
2 # ��$.��� * 1$0/� # � �*�� �&� 1#12���2&� �!�� !. �.�  �� � ����� ù��� �

20$� � ��. #� � ��1�+� �!�� !. .�.�2*$���0 ��!. .�) 2�� 2.���)��1� /0/ ���&�
��. 02.�!0�0" �.� 2�� 0� � �&1� .�� !���&� ��. 2�� 0��12���� -���� .!����2���

�.�  �� � ���� .� ���0#1�� �.�� �0 2�� 0�0�20��)�0�� ��+1� ��. 1��.2.
���! 3 !�."� 0��2!0%.� 12 #" #� � ��12�" �. .�.��� #� �0�2 #!��0" �0!�11)20! 

1#1$02��)�0�0" �0 2�� ��%� .� 3�10&�²�.2.� +�2." �0 �0�2 ��!0�. 2�"
�! ��10�" 2 # $!�12� �.� 03.!�)� �2." 2!)� #" 0�#��!�2�1�" 2&� .�.��+� 2 #� þ

0�0�0!�.1�.  ����."²� # /��0� 12 #" #� � ��12�" 2�� /�.� ���� ��.�)2�2.²�$0�
���0� 2 0���0�2! .#2�" 2�" .���2#��"� �.!)� �. ��3.1� /��02.� 12�� 0�0�0!�.1�.

0��)�." �.�� �� �!)13.2.� 12�� .����0��/!.1� 0�.3�"� ù��� )�0" .#2�"  �
/#�.2)2�20" 0��.� $!�1��0" �)� .� � � ��&��. �� !0� �. 2�" .�2��0�  �� � ����� þ

0�!��2��� �!) / " 12 � 2 ��. 2�" ���! ��0�2! ����" 2�" 20�0#2.�0" /* /0�.02�0"
�$0� 0�.13.��10� �! 1�2� �!)1�.1� 10 .#2� 2. 0��20*��.2. )1 �.� 12��

20$� � ��. 2&� #� � ��12+�� õ�0"  � 0�/0��0�" �."  /�� *� 12 1#���!.1�. )2�  �
�!) / � 12�� 20$� � ��. 2&� #� � ��1�+� �. 1#�0$�12 *� �.� )2� )2.� �. $!0�.120�

�. ��� #�  �� � ��� � #� � ��1� � � # �. #� 12�!�� #� 2�� 20$� � ��.  ����."�

2.3 �ÿ�þ	�ù �	þ� ü�ü
�ù 	þ� ��ÿ�ÿù�

�� �0�!.�.2�1� � �0 2��  ����. 1#$�� �.! 2!*� �2.� .�) 2�� 0���#��. 2 #

0�� #1�.1� * � 2�" /�.1��/.1�" � 2 # /� #"� ���� *�2. .����.2. �.� �0 �
�! 2������.� .�) 2 #" .!$.� #" ò����0" �.� 2 #" �&�.� #"� ù��� �0!���" 3 !�"
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�$��. �� þ �!.�0#���� �.2.1�0#� .�2�$0�&� � # 0� � �&�0 .��!+��� #" �$ #" 3&����2&� 2 #

Kratzenstein (1779). 	. .�2�$0�. 0�0!� � � *�2.� .�) �.��)�0�. 0��1�.2. .��� �. �0 2�" 3&��2���"

$ !/�"� þ /�.3 !� �0 2. 3#1��� 1$��.2. �!�!&1�" #� /0���*0� 2�� �� � �./��)2�2. .���01. 12 

3�1�. 2 # �$ # �.� 12 1$��. 2 # .�2�$0� #�

�$��. �� ù�.�.2.1�0#� 2�"  ��� *1." ��$.��" 2 # Von Kempelen (1791), � # $!0+���0 12 � 6LU
&KDUOHV :KHDWVWRQH ������� 	#����  �!.$� �." �.� � �.���� 2 # 0�)" $0!� * 2 � �02 *�2.� ���&

.�) 2 �*!� bellows �.� 2 .�2�$0� .�2�12 �$. ��. �. �.!�� #� 3&��2�� *" �$ #" 0�+ 2 ��� $�!�

$0�!�� �2.� 2. � ���2��� bellows �.� �*!0" ��. 2 #" �� 3&��2�� *" �$ #"�

2 ����2! �2.� � /��� #!���� �0!��!�0�.� �.� �0!���" 3 !�"  � �! 1���0�0" /0�

0�$.� 0��12�� ���� .�� ��12�. ��  ��� *1. ��$.�� 2 # Von Kemplen.�� ����0
0#!�&" �)�& 2 # .#2)�.2 # 2 # � # ��.��0 1���� 0�+ 12��  #1�. 0�$0 ��.� ���!&� 

�!#���� ��
	. .� #12��� �*�.2. 0�.��+� �2.� 13.�!��� �.� /0� /�./�/ �2.� �.�� 10

�0���0" .� 12�10�"� õ�&" � 0��� ��&��. 10 �0���0" .� 12�10�" �2.� .�) �.���
�.1��� .����� 2�" .��!+����" � ��&��."� �.�+" � �.2.�)�1� 2&� ��0�2!��+�

3.�� ���&� 0�0��$���0�  ��0�2!��)" 2����!.3 " 0�3.��12��0 12. ��1. 2 #
/0��2 # 0��2 # .�+�.� ù� � #�+�2." .#2� 2�� 0��2#$�. 2�" 0��� ��&��." �0 20�0�0"

�.� �.*�0"� �0!�11)20!� �! 1 $� /)���0 12�� �!  �2��� .� 12 ��" 3&��2��+�
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1���2&� ���& .�) ��0�2!��� �.�+/�.� ò21� � .�.���#%� 2�" 2��03&��." .� 20�0�

1��0!. �12 !�.�
�2. �!+2. $!)��. 2 # 0�� 12 * .�+�.� 2 ����2! �.!��0�0 � 3&��2���

0��� ��&��. 10 .�)�. �0�.�*20!0" .� 12�10�"� þ 0��1$#1� 2&� .�.� ���+�
1���2&� 2.  � �. 0�.1�0��� #� �0 2�� .�)12.1� �.� 0��� #2�� �2.� �0 �)!#� 

$!0��� �2.�� 	 ���� � /���0�!&2��� 2��03&��. 0��20*$���0 �0  !�.�� ��12)2�2. �0
2�� $!�1� ��0�2! ��$.���+� 0�.�.���2+� � “repeaters”).	. /�..2�.�2��� �.�+/�.

2��0�!.3�." /0� �� ! *1.� �. #� 12�!�� #� 2 0*! " �+��" � # $!0��� �2.� ��.
2�� 3&�� �.�  � �! 1���0�0" �!0#�." 12!�3��.� 12 #" 3&� �&/�� � ��2�" ��.

1#���01� 2 # 0*! #" �+��"� 	 ����� �.�+" � ��0�2! ���� 20$� � ��. �! )/0#10� �
/�..2�.�2��� !./� 2��03&��. ����0 �!.��.2��)2�2.� þ �.2.�)�1� 2�" 1#���01�"

2 # 0*! #" �+��" 03.!�)12��0 2)20 ��. 2�� /�.13���1� 2 # .� !!�2 # �.� ��. 2��
�!#�2 �!�3�1�� þ /�..2�.�2��� �02�/ 1� 3&��" ���& .�) 1#!��2��. �.�+/�.

��!0�0 �. �0!����0� ��$!� 2�� .���2#�� .��)��12&� #� �!*$�&� 0��1$#2+� � #
��.�0 $+!. 2 ����� �.�� �0 .#2� 2. .�!��� �.� 1#�$!)�&" #%���" � �)2�2."

3&��2��� �#��+�.2.� 2 0�/�.3�! � ��. 2�� /�.2�!�1� 2 # 0*! #" �+��"
0�3.��12��0 ���� �.� �! ���010 ��0" 0�0���0�" )�&" � $! ���� .� 12 �� 2����2&�

 ����." �Time Assignment Speech Interpolation) �  � �. �.!�$0� 1$0/)� 2!0�" 3 !�"
.*��1� 12� $&!�2��)2�2. 2 # �.�&/� #�

�2. ��1. 2 # 0�� 12 * .�+�. �.! #1��12��0 �!) / " 12�" 20$����"
/0���.2 ��%�." /0/ ���&�� 12�" %�3�.��" 0��� ��&��0" �.� 12�� ���! ��0�2! �����

�)�& .#2+� 2&� 0�0���0&� ��. �1$#!) 0�/�.3�! � .�.�2*$���0 12�� 0��� ��&��.
.��!+� #²��$.��" �.� 12�� .����0��/!.1� �02.�* 2 #"� þ 0���#��. ��. 0#� ��.

$!�1�" 2&� � �*�� �&� ��$.�+� � # 0�#��!02 *� 2�" .��!+���0" .����0"  /���10
12�� 012�.1� 2 # 0�/�.3�! �2 " ���& 12�� 0��� ��&��. �0 2�� $!�1� 2�"

 ��� *�0��" ��+11." �)ODQDJDQ HW DO�� ����� 5DELQHU HW DO�� ������ ò21� �! ��#%0
 #1�.12��� �!) / " 12�� .�.��+!�1� �.� 1*��01�  ����."� ò�3.1� /)���0 12�

/�.2�!�1� 2 # 0*! #" �+��" �.� 12� �&/�� � ��1� $.��� * !#�� * /0/ ���&�
2)1 ��. 2��  �� � ��. .� ���0#1�" �10 #��!01�0" )�&" 2 3&��2��) 2.$#/! �0� �

)1 �.� ��. 2��  �� � ��. 12�� $&!�2��)2�2. 0�� ���"� �� 20�0#2.�0" 0�0���0�" 12�"
����2�" �#%0� 0�/0�"� �! 1&����" �.� .1*!�.20" 2��0��� ��&��0" �$ #� .�.�0+10�

2 0�/�.3�! � ��. 2�� /�.2�!�1� 2 # 0*! #" �+��" �.� 2.#2)$! �. �. .� 20� *�
��. 0��1$#��� ����2! ��. 2�� /�.3*�.�� 2 # .� !!�2 # �.� ��. 2�� �!#�2 �!.3�.�

�$��. �.� ü��/0��� &� .!$+� 2�" �02.3!�� #1." 2��03&��." .�) 2�� NEC Corporation 12��
Telecom 12�� +0�0*� 2 ����� 	 10��!� 2�" 03.!� ��" �2.�  /��� � " �02.�* 0�)" 12.���!$� 12��
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ÿ.�&��. �.� ��." �!02.��" 2 #!�12!�." � # 0�$0 $�10� 2�" .� 1�0#�" 2�"� þ 1#��2�1� �2.� �!.��.2�� *

$!)� #� 1#�/0/0����"  ����."� �.� �02.3!�� �2.� .�) ù������ 10 ÿ.�&���� �.� .�2�12! 3.� �.�

$!�1�� � � *10 ��. �.� !�1��� �0���)�� �.� �!.��.2��� ©����� # 3!�10&�ª�

�.�+" ���1��� #�0 12. )!�. 2 # 0�� 12 * �!+2 # .�+�.� ��. 1#12��.2.

�.! #1��� �2.� ��. 2�� �02.3!.12��� 2��03&��.� ù#2� 2. 1#12��.2. .�.�2 *�
.#2)�.2� .�.��+!�1� �0���&� �0��� ��&� .�!��0�." 10 ��. ��+11. .�) ��. �0����

� �����.  ����2+�� �02�/ 1� 2�" #��!$ #1." ���! 3 !�."  ����." �.� 3#1���"
� �)2�2." 1*��01� 10 ��. ���� ��+11.²�0 2�� .�!��� � �)2�2. 3&��" 2 #  ����2�

.� .#2) 0��.� /#�.2)� 	�� �.! *1. 12���� �)� �02�3!.1� 2*� # ©����� #
3!�10&�ª �©SKUDVH ERRNª� �$0� 0��20#$�0� �0 �0!� !�1���� �!.��.2��� �.�

#� 2#�+/� �0���)��. �.� � 3&�� � # 1#�2��02.� /0� ���1���0� 2�� � �)2�2. 3&��"
2&�  ����2+�� þ �02.3!.12��� 2��03&��. �.�  � ��$.��" #�.�)!0#1�" .�.�2 *�

1��.�2��� �!) / 2&� #� � ��12��+� � �2��&� 2�" ��+11." � # �� ! *� �.
1#�/#�1 #� 3#1��� �! 3 !��� �!.��.2��� �0 �0���. �0���)��.� �#12��.2.

.�.��+!�1�" � # $!�1�� � � *� � �2��. ��. 2�" !��0" 2&� ���0&� �. �!��0� �.
�$ #� ��&11�� *" �.�)�0" � # 1$��.2�� #� �.� .� /0�2�" #� %�3�0" ���0�" .�) 2�"

0�2�� *�0�0" .���� #$�0" 3&��2��+� � ��/&�� ��� #� %�3�0" �! 2�10�" .�) 2�"
.���� #$�0" ���0&� �.� ��� #� %�3�0" ��� �0" .�) 2�" �! 2�10�"� þ .���

�.���0!��� /�.� ����  ����.� �0 )�0" 2�" �.!.��.��" 2�" �.� 2�� $&!�" �!.��.2���
/ �� 2�"� �.! #1���0� �0$&!�12�" �! ���10�" 12 � 1$0/�.1�) 0������&�

�!.��.2��+�� 1#�2.�2��+� �.� 0�� � � ���+� � �2��&��

2.4 �ù	ù�	ù�þ 	þ� 	ü�����+ÿù�
��. �0�2 #!���� �!)���1� 12�� 0�0�0!�.1�.  ����." 0��.� 2 �&" �.

.�.�.!.12�1 #�0� �. �02!�1 #�0 �.� �. .�.�2�1 #�0 2�� ���! 3 !�. � #

�!�1�02.� 12 1��.  ����."� ò$0� �.��0!&�0� � �!0#�. �. 012���02.� ���& 12 #"
2 �0�" 2�" �&/�� � ��1�"� 2�" .�.��+!�1�"  ����." �.� 2 #  ����2�� �.� 2�"

1*��01�"�

�$��. ��� ò�. /�0���" � ��) �0�!.�. ���& 12�� �02.3!.12��� 2��03&��. �!.��.2 � �����0 2 �

ÿ.� #�!� 2 # ����� �.� 1*�/010 2. ATR laboratories �ÿ.�&��.�, 2 Carnegie-Mellon University
(þ�ù�� 2�� Siemens A. G. �+0!�.��.� �.� 2 Karlsruhe University (+0!�.��.�� �� �! 2�10�" 2&�

 ��� *�2&� �!+2. .�.��&!�� �2.� �.� �02.3!�� �2.� .�) ��. #� � ��12� 10 �!.�2� � !3�� �  � �.

.� 12��� �2.� �0 ��. modem ���& .�) ��. 2��03&���� �!.���� ò�." 1#���2�" 3&��" � #

�!�1� �2.� 12 � /��2� ��0�0 2�" �02.3!.1���0" ���0�"� 	 1*12��. � #
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�.! #1��12��0 0�$0 �0!� !�120� 12�� 0!�.1�. 2�" 0��!.3�" 1#��020$)�2&� ��. ��.

/�0��� 1#�/��1�0%��

�&/�� � ��1�� þ #%���" � �)2�2." %�3�.�� �&/�� � ��1�  ����." $!�1�� � �0�2.�

0/+ �.� � ��� $!)��. 12�" 2��0��� ��&��0"� 12�� � !3� 2�" /�.�)!3&1�" 3&0²
3XOVH &RGH 0RGXODWLRQ� $!�1�� � �+�2." ��. 2#���) !#��) �02�/ 1�" 12. �� Kbits
per second. �!)13.2.� � 0�20��)�0��" $&!�2��)2�2." $'3&0²Adaptive
Differential PCM /�.�)!3&1� 12. �� Kbits per second �$0� 2 � �02��0� 12 
2��03&���) /��2# � &" 0�� 2 ��0�12 � ��. �/�&2���" �!.���"� ��� � ����
1#12��.2. ��. 3&��2��) 2.$#/! �0� �$ #� �! ���0� .�) .�� !��� #" 1#���01�"

��. �� Kbits per second �&/�� � ��1� #� �+��" 1#$� 2�2&� (Sub-Band)�.� ���!�"
�.�#12�!�1�" �!.����� �!)��0%� �0 $!�1� �+/��. (CELP—Code Excited Linear
Prediction)� �.� � 20$� � ��. .#2�².�0�2#����� ��. !#�� *" 2�" 2���" 2&� 8 Kbits
per second—/ �����02.� 2+!. 10 %�3�.�� ����2� �#%0� 0�/� 2���3&�.�

þ � �)2�2. 2 # 1��.2 " 2#���� 0�.22+�02.� �0 2�� .*��1� 2 # !#�� *
�&/�� � ��1�"� �0 ��. .�� 1��0�&2 .�!)2.2 (“Knee”) �0!�� # 12. 8 Kbits per
second. õ�&" �.!)�. .#2�  � !#�� � 3&� �&/�� � ��2+� 12. � �.� � Kbits per
second$!�1�� � � *�2.� ��. %�3�.�� �!#�2 �!�3�1� 10 �.����. �0 0*! " �+��"

3&��"� þ �!)���1� 12�� �&/�� � ��1� 0��.� � �0�2�&1� 2�" � �)2�2." 10 $.��� *"
!#�� *" �02�/ 1�"� �!) / " �!.��.2 � �0�2.� �0 2 � 1#�/#.1�) #� � ��1��&�

�.!.�)�2&� �.� �0 2�� �0�2�&���� .�.�.!�12.1� 2&� 3.1�.2��+� �.!.��2!&� �.�
2&� �.!.��2!&� /���0!1�" (excitation) (Jayant et al., 1990).

�$��. �� ü��/!.1� 2 # !#�� * �&/�� � ��1�" 12�� � �)2�2. 2�"  ����." 2��03&��� * 0*! #" �+��"�
�� ��. �.� �� 1*��02 � .��)!��� � $!�1�� � � *�2.� �.�+"  !#��)" �&/�� � ��1�" 0�.22+�02.�� þ

0!0#��2��� �! 1���0�. 0���0�2!+�02.� 12�� �0�2�&1� 2�" � �)2�2." �.� 2�� .��0�2��)2�2. 12��

�.!0�� �� 10 !#�� *" �&/�� � ��1�" ��2& 2&� 8Kbps.


��!$ #� �0�!.�.2�� � �)� �  �  � � � �."  /�� *� 12 �. ��12�% #�0 )2� �

#%��� � �)2�2. �� !0� �. 0��20#$�0� �0 !#�� *" � # 32�� #� ��$!� 2 0*! " 2&�
2000 bps� ú0�2�+10�" 10 .#2 *" 2 #" !#�� *" �� ! *� �. �! ��� #� .�) /* 

/�0#�*�10�"� (i) û#�.���� �! 1.!� �� 2&� �.!.2�!�1��&� �!�2�!�&� 12��
�&/�� � ��1� �.� (ii) � �20� � ��1� 2�" �!�!&1�" 2 # 1��.2 "  ����."�

�2�� �&/�� � ��1� .� #12��+� 1���2&� 0#!0�." �+��" � 0#!0�. $!�1� 2&�
.� #12��+� �.!.�)�2&� .�2���%�" 12 � .��)!��� �&/�� � ��1�" ��&/�� � ��2�"

.� #12�� * �! 1/� !�1� *²hearing specific� �$0� ���0� .�� 1��0�&2. 0��2#$�"�
0��2!�� �2." 2�� .�.�.!�12.1� 1���2&� 0#!0�." �+��" �0 ��1 !#��) ���!)20! 

2&� � bits .�� /0���.� ù�) .#2) 1#�0���02.� 2 �0� �)" )2� � � �)2�2. 0�� ���"
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FM stereo �� !0� �. �02./ �0� ���& .�) 2. %�3�.�� �.����. 2��03&��." �public
switched digital telephone channels� � # �.!�$ �2.� .�) 2 � �.1��) !#��) 2�"
#��!01�."  ISDN ( Integrated Services Digital Network)� ü�.��.�2��� ��� � "

�� !0� �. .� ���0*10� �&" �.� � 3 !�" �0!�11)20! 1��. 10 ��. #%���" ��12)2�2."
0��!.3� compact disk 10 1$�1� �0 )2� ���02.� 1#��.2����

+�. 120!0 3&���� �&/�� � ��1� 2 /0��) 1��. �! 12��02.� 12 .!�120!) �.�
0��1�" 2 /0�� .3.�!0�2.� .�) 2 .!�120!) �.� /��� #!� *�2.� /* ��. 1��.2. 2.

 � �. /�.� !3+� �2.� �.� �&/�� � � *�2.� �0$&!�12� �2#���� .�) FFT 2048
1��0�&��� +�. ���0 3�1�.� ���0 $! ���� 12����� #� � ���02.� ��. )!� .�)�!#%�"

�.1�1��� 12� /�.1� !� 2�" 3.1�.2���" 0��!�0�." �.� 12�� .�)�!#%� �!�1���"
�+��" 12 .#2�� �� �01/�� 20 1#��12+10" 1��.2 " �$ #� 3.1�.2��� ���2�

���!)20!. .#2 * 2 #  !� # /0� �. .� #12 *� �! " 12���� 12�� �.! #1�.
�1$#!)20!&� �0�2)�&� �.� �21� .#2�"  � 1#��12+10" /0� $!0���02.� �. /01�0* #� bits
��. 0�� ���� �� �&" .� 2. bits /�.2��0�2.� 12�" �1$#!)20!0" 1#��12.���0"� �21� +120
2 ��.�2�1��� 3�1�. � !*� # �. 1#��0�2!+�02.� ��2& .�) .#2) 2 )!� 

.�)�!#%�"�  ��.�2�1��� " �)!#� " /0� �. 0��.� /#�.2) �. .� #120�� �
#� � ��1�)" � # �.  � ���!+10� 2�� �&/�� � ��1�� 03)1 � 0��.�  #1�.12��)"� /0�

0��.� .��3��2 " �0 2�� $!�1� 2&� ��$!� 12����" /�.��1��&� chips %�3�.��"
0�0�0!�.1�." 1��.2 "�

�$��. ��ü��/!.1� 2�" %�3�.��" .�.�.!�12.1�" 12�� � �)2�2. .� #12�� * 1��.2 "� �� ��. �.� �� 

1*��02 � .��)!��� � .�.�2 *�2.� �.�+" 2. bits 2�� .�.�.!�12.1�" .�� /0���. 0�.22+� �2.�� Hearing
specific �&/�� � ��2�" 1#��0!��.���� #� .��!+��� #" �.!�� �20" .�2���%�"� )�&" 2�� .�)�!#%�

2&� 1#$� 2�2&��

ù#2� .��� �.� ���0" �.!)� �0" 20$����" 0��!0�� #� �1$#!� 2. /�0���

standards2�" �&/�� � ��1�"  ����." �.� 2�" � #1���"�

ù�.��+!�1� �.� 1*��01�� û#12#$+" � �!) / " 12�� .�.��+!�1� �.� 12�� 1*��01��
0�/��� 12�� 1*��01�  ����." .�) �0��0� � /0� �$ #� 1#�/0�0� .!�02� �.� /0�

.���� (� 12�!�� �2.�  #1�.12��� � ��. �0 2�� ����� ù#2) 3.��02.� �.  30��02.�
�#!�&" 12 �0� �)" )2� � .�.��+!�1� .� � *��10 ��. �.20*�#�1� .�)�!#%�"

�! 2*�&� �0 2. #�0!� ���� �02#$����. � �2��. Markov (Hidden Markov Models—
HMMs)� 0�+ � 1*��01� �.1�12��0 �#!�&" 12�� .� #12��� 3&��2��� �0 � �2��.

3&� 1#�2 ��1� * �formant) �.� ����� ���0" �.1��+� 1#��.�+� �. 1#�0�13�! #�
12�� 0��2#$�.� �.!)�. 2.*2.  � 20$����" .#2�" �!  !�� �2.� �. $!�1�� � ��� *�

�.!�����. 10 3&��2��� 1#12��.2. .����0��/!.1�"� �.�  � /* �� ! *� �.
&30��� *� .�) 2. �0�2�&���. #� � ��12��� � �2��. 2&� ��&11+��

�� �.! *10" /#�.2)2�20" ��. /��� � ��$.�+� 0��2!�� #� 0#3#� �.�
��2.�12� .����0��/!.1� .�) ��. �0���� � �����.  ����2+� �.!)2� 2 �0���)�� 
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0��.� �0!� !�1��� )�&" 0��1�" 2 �.� 2 �0/� 03.!� �+� �Flanagan 1992�� 	#����
$!�1�� � �0�2.� ��. �!.��.2��� �0!� !�1���&� �.2.12�10&� ��. �. �.!�$0� .!�02�
���#%� ��. ��. $!�1��� /�.� ���� .�2.��.��� �0���)��. 0�)" �0 /* 0�.2 �2�/&�

���0&� �.� ��. �!.��.2��� �  � �. 0��2!��0� /�10�.2 ��*!�. �! 2�10&� ��. ��.
1#��0�!����� 0!�.1�.²." � *�0 ��. 2�� 1#�� �� ���! 3 !�+� ��. .0! � !���"

�2�10�"²0��.� 2#����� þ .�!��0�. 2�" .�.��+!�1�" ���0&� 0��.� ���& .�) �� 2 �"
0�.2) ��. �0���)��. �0!��+� 0�.2 �2�/&� ���0&�  ��� #���&� 10 1#�/0/0����

� !3� .�) ��. 0#!0�. � �����.  ����2+�� +�. ���!)20!. �0���)��.� )�&" 0��.� 2.
%�3�. � � .�!��0�. 2�" .�.��+!�1�" �#�.��02.� 0��1�" ���& 2 # �� 2 �" 0�.2) ��.

1*� �. %�3�&� ��$ 0�2.%�3� � 2��03&��� � .!��� ��  ��� *�0�. 10 1#�/0/0����
� !3�� �0 2. ��$!� 12����" /�.��1��. chips 0�0�0!�.1�." 1��.2 " 2 hardware � #
#� 12�!��0� .�.��+!�1� 1#�/0/0���&� %�3�&� 0��.� 1$02��� 03��2)�

�$��. �� 	. 1#12��.2. .�.��+!�1�" �.� 1*��01�" 0��2!�� #� 1#��0�!�����" 0!�.1�." /�.� ����

.����0��/!.1�� ü�0�2�10�" 2 # �0��� #" 2 # �0��� �� #� � .�0�.!2�1�. 2 #  ����2� �.� 2. ��&11���

� �2��. � # ���1��� #� ��.� � ��2��� 2�� 3#1���  ��� *�0�� ��+11.� �.�� �0 2� 1*��01� #%���"

� �)2�2." 0��.� 0!0#��2�� � 12)$ ��

���� ��.  #1�.12��) )!� �.! #1���02.� 12�� .���2#�� ��&11��+�
#� � ��12��+� � �2��&� 2.  � �. �.�*�2 #� �0!�11)20! 3#1��� 2�� ��+11. �.�

0��2!�� #� .�0!�)!�12� .����0��/!.1�� þ #� � ��12��� ��&11 � ��. �� !0� �.
1#�0�13�!0� .!�02� 10 .#2)� 2 � 2 ��.�

ü�.���0#1� 2�" 2.#2)2�2." 2 #  ����2�� �!�1�� � �+�2." cepstrum �2 .� 2��01�.
2 # �02.1$��.2�1� * Fourier 2 # � �.!����� * 3�1�.2 "�� /��2. cepstrum �.�
þ�� 20$����" � /#�.2)2�2. 2 # 0���$ # 2&� 0��0�!.����&�  ����2+� ���& .�)
��. �.�.!) �.���� 0��.� 1$02��� �.�� �.� !�1���� �Soong and Rosenberg 1988�� �

#� � ��1�)" � # $!0���02.� #� 12�!��02.� 0*� �. .��� .�)�. /0� �$0�
�.! #1�.120� ��.� � ��2��� 0�� !��� .���2#��� ù#2) /0� �! �.�0�2.� .�) ���0�%�

0���#��." ��. $!�1� .#2�" 2�" /#�.2)2�2." .��� .�) ��. ���!� 1$02��� �!)�01� 2 #
�.2.�.�&2�� * � �� * �. ���!+10� ��. .#2�� ü�0�/� � .�.��+!�1�  ����." �.� �

0�.���0#1� 2 #  ����2� $!�1�� � � *� � ���" /�0!�.1�0" 0��.� 3#1��) �.
1#�/#�� �2.� 10 ��. interface.þ 0���/#1� 12�� .�.��+!�1� � ��)� �� !0� �.

�.!�$0� �.� 0�.���0#1� �0 ��. 12 �$0�+/� .*��1� 2 # �)12 #"� ��0" #��!01�0"
.#2 * 2 # 2*� # 0�3.��� �2.� 12 � 2!.�0���) 2 ��.� )� # � 0�.���0#1� 2&�

�0�.2+� 0��.� .�.!.�2�2� ��. #��!01�0" )�&"  � .#2)�.20" 2!.�0����" ��$.��"
.����%�" �.� �.2��01�" $!���2&��
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�$��. �.� ���.�0" ���! 3+�&� 2! � � ��1�" .�2��." �.� .�.��+!�1�" 1��.2 " 0��2!�� #� 3#1���

0��� ��&��. $&!�" 2�� $!�1� 3 !�2+� ���! 3+�&��

ù#2 �.20#�#�)�0� � ���.�0" ���! 3+�&�� �0 � ��� �0!����� �2. 0��� ��&��."
 ����."� 0�/��� 12�� 2��0/��1�0%� �.� 12�� $!�1� 20!�.2��+� 3&��2���"

.����0��/!.1�"� 0��.� �� 3#1��) �. 0��� ��&� *�0 $&!�" ���!)3&�. � # �. �!��0�
�. 3 !��0 � �. �!.2��0� þ 0�0#�0!�. ����10&� ��1. 12 � $+! 0!�.1�." $&!�" �.

0��.120 /0��� � � �. �.!0�� /��)�.120 �.� � /#�.2)2�2. �. �����0 1.� 10 /��� � 
�!)1&� �0 �!)1&� 0��.� 1#���&" �! 2�!��.� �� .#2 �.20#�#�)�0� � ���.�0"

���! 3+�&�� 1#��0�!����. 2. 1#12��.2. � !3 � ��1�" .�2��+�� 0��2!�� #� �.��"
� �)2�2." 1*���%� �$ # �.� 0� �.�*� #� 2. .� 20��1�.2. 2�" �$ *" � #

0�3.���02.� �.2� 2��  ����. ��1. 10 /&��2�. �.� 2 # �.!0��.��)�0� # .� #12�� *
� !*� # �Flanagan et al.,1991).

	. #%���" .�)/ 1�" �.� $.��� * �)12 #" ���!)3&�. ��0�2!�2�� 10
1#�/#.1�) �0 2 #"  �� � ���� �.2.�0����� #" 0�0�0!�.12�" 1��.2 "� ��� #� 2 #"

�0��� #" ���.�0" .�.��2�1�"  ����." �!.�2�� *"� ���0 .�1��2�!." �� !0� �. �$0�
��. 0�0�0!�.12� .3 1�&��� 10 .#2)� ��. �. �!.��.2 � ��10� 2�� � !3 � ��1�

2�" .�2��." �.� 2�� �.� /���1�� ò�." 0�1&�.2&��� " 0�0��2�" �! 13�!0�
�.2�����0" 2���" � !3 � ��1�" �.� 0�2 ��1� * .�2��." 10 ���0 .�1��2�!. �.�

#� 12�!��0� .�� !��� #" ��. 0*!01� ����" � !*� # �.� .�.��+!�1�  ����."
��.*1�"� � ���.�." 2#���� $!�1�� � �0�2.� �0 � ��.���" .�2��0" 10 ��.� track-
while-scan2*� �0�2 #!��."� ��0" �!0#�0" ���& 10 ���.�0" 2!�+� /�.12�10&� �.�
� !3 � ��1� � ��.��+� .�2��+�  /��0� 10 #%���" � �)2�2." �.2.�!.3� 2 #

1��.2 " .�) 0��0���� #" $&!�� *" )�� #"�

2.5 �þ�ù�	ÿ�ü� �ù	ü
,
��üÿ� 	þ� ü�ü
�ù� ��ÿ�ÿù�

2.5.1. -#1��� 2�" �.!.�&��"  ����."� ù!$�" #/! /#�.����"

þ �! .�.30!�0�1. ���0�%� 3#1��)2�2." 12��  ����. � # �.!��02.� .�) .#12�! *"

�.�)�0" �! �!$02.� .�) /* /#�.2�" ����"� þ ��. 0��.� � .�.2�!�.12� �! 1����1�
2&� .� #12��+� �/� 2�2&� 2 # 3&��2�� * 1#12��.2 " .�) 2 � 1#���2�  ����."� þ

���� 0��.� 2. ���� 12. /0/ ���. 0���$ # � # /0� .�2.�.�� *� ��.� � ��2��� 2��
3#1��� �!�!&1� �.� 2�� �! 1&/�.� ���0 ��. .�) 2�" /* �.!.���& �0!��2+10�"

0��!0��0� 2�� � �)2�2. 2�"  ����." �.� 2�� /#�.2)2�2. .�.�.!.�&��"
1#��0�!����&� $.!.�2�!�12��+� 3&��"�
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�$��. ��� �0��� " /#1/��12.2 " ���.�." .� 20� *�0� " .�) ��� ���!)3&�. ��0�2!�2�� ���0

���!)3&� �$0� ��. chip .� ��0�12��� /��) 2 # ��. 2�� � !3 � ��1� .�2��."�

þ �.!./ 1�.�� 1*��01� �.����0� &" 1��0� .�.3 !�" ��. �! 1����1� ����"²

3��2! # 2 # 3&��2�� * 1#12��.2 " 12��  � �. � ���� �.� 2 3��2! /0�
.����0��/! *�� 	#���� � �0�2 #!��. 2 # 3��2! # �! 10����02.� .�) ��. 1&���. �0

1���!� 2 �$+�.2.   � � " 0��2!��0� � � /��12.2� /��/ 1� 2 # �*�.2 "� õ�&"
 *20 .#2) 0��.� !0.��12��)�

þ �!) / " 12 #" �.!����� #" #� � ��1� *" .� ��0� 2 � /!)� ��. �!.��.2 � ��1�
1*��01�"  ����." .�) 2�" �.1���" .!$�" 2�" #/! /#�.����"� û �0�1." ��."

2!�1/��12.2�"� $! ���� �02.�.��)�0��" 3&��2���"  / * �0 �.�.�� 2 �$+�.2.� �
 � �. /�0�0�!02.� .�) �0!� /��� �.�� 0�/� ! � 12�" 3&��2���" $ !/�" �.� .�)

2#!�+/� ! � 12�" 1#13���0�"� � 0��1&1� Navier—Stokes �� !0� �. �#�0� .!����2���
10 ��. �.� !�1��� /���!.��. �grid) $+! #²$!)� # ��. �. �.!��0� ��.

.�� 1��0�&2� !0.��12��� �0!��!.3� 2�" 0��0��)�0��" �$�2���" ��01�"� �� ��
�!.����)2�20" 2�" /���0!1�"� � �.!.�&�� 2�" 2*!��"�  � /�.12.#!&��� � 2*� �

(cross-modes)2 # 1#12��.2 " �.� � .� #12��� .����0��/!.1� .���01. 12�" ����"
�.� 2. .�2�$0�. �resonators) �.���� �2.� #�)%�� þ � !3 � ��1� .�.�20� ����+!.

#� � ��1�+�� .���  � 2&!���" 1#����0" 12�� #� � ��12��� #%���" .�)/ 1�"
#�)1$ �2.� 2�" .�.!.�2�20" /#�.2)2�20"�
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�$��. ���� � /��12.2 " track-while-scan � !3 � ��2�" .�2��." ��. ���!� /&��2�. 1#�/�.1��%0&��

2.5.2. 
� � ��12��� � �2��. +�&11+�

ò$0� �/� .�.30!�0� � 1��.�2��)2�2. 2&� ��&11��+� � �2��&� ��. 2�� �% ��� �0
�0���. �0���)��. .�.��+!�1�  ����."� ü������. � �2��. 2.  � �. 0��.� #�0*�#�.

��. 2�� �!.��.2��� �12��  ��� *�0�� ��+11.�� 2�� 1#�2.�2��� �.� 2��
1��.1� � ���� 1#��0!�3 !� $!0��� �2.� 0�0��)�2&" 2)1 ��. 2�� 1*��01� .�)

�0��0� )1 �.� ��. 2�� .�.��+!�1�� �� 12.2�12�� � �0!� !�1� � 12�� �! 3 !���
��+11. 0��.� 2)1 �1$#! � )1 �.� .#2 � 12�� �!.�2� �.� �� ! *� �.

$!�1�� � ��� *� ��. �. 1#����!+1 #� ��.� � ��2��� 2�" �.!./ 1�.��"
�! 10���10�" 2�" .���#1�" �.� �.� !�1� * 2����2&� 2�"  ����."�
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�$��. �.� �.!./ 1�.�� .�.�.!�12.1� 2�" �����1�" �.� /��/ 1�" 2 # �$ # 12�� 3&��2���  /)� þ

� � /��12.2� �! 1����1� 2�" /��/ 1�" 2 # �$ # 0��2!��0� 2 � #� � ��1�) 2&� /�.1� !+� 2�" 2.$*2�2."

�.� 2�" ��01�" �.2� ��� " 2�"  / * �.� 12. 0����� �2. 1��0�.� þ 2#!�+/�" /���0!1� #� � ���02.� .�)

2 � .!���) 2 # Reynolds 10 ���0 2 � �01�. �.2� ��� " 2�"  / *� þ 0� � �&1� 2&� 3&��2��+� $ !/+�

0��2!��0� 2�� .����0��/!.1� ����"�3��2! #�

2.5.3. ü�0�0!�.1�. ���! 3 !�." 12 .� #12��) 1*12��.� ù� #12���

1#��0!�3 !�

þ ��$.���� �.� � �0�2 #!��. 2 # �0!�30!0�.� * .32� * 0��.� 1$02��� �.��
�.2.� �2�"� þ %#$ .� #12��� 1#��0!�3 !� 0��.� 0�20�+" �02!������ ��

�0�2 ��!0�0" ��. 2�� �0#!&���� 0�0�0!�.1�.� �.�  ��$.��1�)" ��. 2�� .���2�1� 2�"
�0#!&����" ���! 3 !�." /0� 0��.� �.�� �.� !�1���0"� ù#2) )�&" /0� 0�� /��0� 2��

0� �� / ��2��� $!�1� .#2+� 2&� �.!.�)�2&� 1#��0!�3 !�" 12�� 0�0�0!�.1�.
 ����."� �2 �.!0��)� � 2��0��� ��&��.�� �.� � .� #12��� 20$� � ��. �$ #�

.�.�2*�0� �*!� #" 2 �0�" 2�" .��!+����" .� �"� )�&" 2. 0*!� 1#$� 2�2&�� 2.
���2� �.�  � �)� � 1��.2 " �! " �)!#� �
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�$��. ��� þ �.!.�&�� 2 # �$ # 12�� 3&��2���  /) #� � ���02.� �0 ��1� 2�" .!$�" 2�" #/! /#�.����"�

	 ���2 " �.� � /�0*�#�1� 2 # /�.�*1�.2 " 2�" 2.$*2�2." 10 ���0 1��0� 12�" /* /�.12�10�"� 0�.�2�."

0�)" ���.2 " .�2�����" 2.$*2�2." 12�" 3&��2���" $ !/�"� #� � ��� �2.� 10 ��. #�0!#� � ��12�� 	.

�0!�� $!+�.2. #� /0���* #� ���2 #" #%���" 2.$*2�2."� 	 /���!.��. /0�$�0� /�.$&!�1�) ! �" �.2�

2�� /�0*�#�1� �downstream) 2�" 1*13���" 2�" ��+11." �.� nonplanar wavefronts.

	+!. )�&"� �0 .��� / #" #� � ��1� *"� � ���2��� 20$��1�.2. �� ! *� �.

0�1&�.2&� *� 12�� .�.�.!�12.1� .� #12��+� 1���2&�� ó/� � #%���" .�!��0�."
.� #12��� �&/�� � ��1� 1#��0!��.����0� �0!�� *" �0!� !�1� *" �)�& 2�"

2.#2)$! ��" .�)�!#%�" 12 �0/� 2&� 1#$� 2�2&�� þ .�)�!#%� 12 � $!)� 0��.�
��." 3.�0!)" �0�� �2��)" 12)$ ". �$02��� .���.3� ��$!� 12����" 0��.� � 01&20!���
1#��0!�3 !� 2�" binaural .�0�0#��!&1�" 2&� /* .#2�+� (binaural) .�) 2��
.�)�!#%�� 0�+ � 3�1�" �02.�* 2&� /* .#2�+� �interaural)0���$0� .�� 1��0�&2.
2�� �.!.2�!�1��)2�2.�

2.5.4. ��./ � ��1� �&/�� � ��1�"� �*��01�" �.� ù�.��+!�1�"
�����."

	. ���.2. 2�" �&/�� � ��1�"� 2�" .�.��+!�1�" �.� 2�" 1*��01�" /0� 0��.�

.1#1$�2�12.²0��.� ��0#!�" 2�" �/�." �.1���" /�./��.1�." 2�"  ����." �.� 2�"

.� �"� �#�0�+" �� ! *�0 �. �.1$�1 #�0 ��. ��. �!0#�. �  � �. �. 0� � �0� 2.

���.2. .#2+� 2&� /�.3 !02��+� 2 ��&�� ù�)�. �.�*20!.� �� ! *�0 �.
.�.��2�1 #�0 ��. �! 1����1� �  � �. �.  �./ � �0� .#2� 2. �! ����.2. 10 ��.

� ��� �0&!�.���. 2�2 �. �! 1���0�. 0��.� � ©����1� 3&��"ª�
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�$��. ��.� ù�0��)��1� ���.� 2�2&� ��. 0���0����. �0����&� 2!�+� �!.���2&� �WH[W WULJUDPV� ��.

.!�02�" ��+110" �1#� ���� ���� õ1  .!���)" 2&� ���.�+� 2!��!.���2&� 0��.� 2�" 2���" 2&� ������
 .!���)" 2&� 2!��!.���2&� � # 0�3.��� �2.�  #1�.12��� 12�� ��+11. 0��.� 2#���� ���!)20! " .�)

��. 2��� �0��� #"²1#�2�11 �2." �0���� 0��!! � 12�� 0�2���1� 0��2!0�2+� 10�!+� 1#��)�&� 10 ��.

��+11. �.� �.!�$ �2." ��. 0!�.�0� ��. 2� 0�2���1� 2�" 02 �� � ��." .�) 2�" .�0��!2�20" ���.�)2�20"�

�$��. ���� �.!./0���.2. 0�2���10&� 02 �� � ��." ��. �.2�����0"  � �.1�0"� þ 0�2���1� �.1��02.�

12 �)� ���.� 2�2&� � �)� " 2�" ���.�)2�2." 2 )� �. �. .���0� 10 ��. ��+11. j, �! " 2�� ��1�

���.�)2�2. 2 #  �)�.2 " 10 )�0" 2�" ��+110"�� �� ��+110" � # �0!��.���� �2.� 0��.� .������� �.������

�0!�.����� ÿ.�&����� 0�������� !+1��.� 1 #�/���� �1�.����� �2.���� �.� �.2������
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�$��. ��.� ù�)�!#%� 12 � $!)� � ò�." �1$#!)" �$ " �!�� �.� �02� .�) ��. .1�0��120! �� !0� �.

.#��10� 2 )!� .��$�0#1��)2�2." 2 # 20�0#2.� #�

�$��. ���� ù�)�!#%� 12� 1#$�)2�2.� ò�." �1$#!)" 2)� " �12. ���� Hz 0/+� �� !0� �. .�0��10� 2 

)!� .��$�0#1��)2�2." 0�)" �0�2 ��� * 2)� #� 0�/��� ��� � # �0 #%��)20!� 1#$�)2�2.�

þ ����1� 3&��" �! 1�.�0� �. /��� #!��10� ��. 1#��02��) 1��.  ����." 2 
 � � � �0 .�� 1��0�&2� .�!��0�.� .�.�.!��0� ��. 0�1 / .#�.�!02�" 3#1���"
 ����."� �0�2!��) 1��0� 10 .#2� 2�� �! 1���0�. 0��.� ��. #� � ��12��) � �2�� 

2&� 3&��2��+� $ !/+� �.� 2�" 3&��2���"  / * ���. �. �.!�$0� 2�� /#�.2)2�2.
.� #12���" 1*��01�"�� ��. /#�.���) � �2�� �!�!&1�" �0!��!.3)�0� .�) 1$0/)�

 !� �+��0" �.!.��2! #" � !3�" 2�" 3&��2���"  / * ���. �. �.!��0� 2��
/�.2���.2���" �0!� $�" 1#��!2�1�� �.�� �/.����� ��. /�.�!�2� 3&��2��� .�0��)��1�

1#��)� #²10²1$��. �symbol—to—shape mapping). ò�. �! 3.�+" �#��1��� 
��� " �weighted error), �02!���� 12 3.1�.2��) �0/� ��. 3#1��� �.� 1#��02���
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1��.2.�  /��0� 2�" �.!.��2! #" 2�" 1*��01�" �21� +120 �. 0�.$�12 � �0�2.� 2 

��� " ����1�"� .�) 12���� 10 12���� �moment by moment). þ .���#1� .� �$2 *
�!)$ # 2�" 0�10!$)�0��" 3#1���"  ����." 0��.� $!�1��� 12�� �.� /���1� 2�"

�!.��.2 � ��1�" ��0�12 * �!)$ #�

�$��. ���� ù�0��)��1� 2�" �0!� $�" $!)� #�1#$�)2�2." � # �0!��#��+�0� ��2 �. 1��.2. 12���" )2.�

.�)�!#%� 12 $!)� �.� 12� 1#$�)2�2. �.���� #� $+!.�

ÿ/.����� ��� � " �� !0� �. ���0� �. ��0�10� 2 � �!)$ 12 0���0/ �0���� #

�.� 10 .#2� 2�� �0!��2&1� 2. �! ����.2. 2�" .�.��+!�1�"� 2�" �&/�� � ��1�" �.�
2�" 1*��01�"  �./ � � *�2.� �.� �*� �2.� 0� � �&2��� �simultaneously solved)—2 
.� 2��01�. �0!��!�30� 1.� ��. ��. �!.3 ��$.��� 2 � �.�*20! �&/�� � ��2�
$.��� * !#�� * �02�/ 1�" /0/ ���&� �low bit rate) �.� #%���" � �)2�2." 1*��01�
�0���� #� þ �.! *1. �.2�12.1� 0��.� .� �.�!#1���� .�) .#2)� .��� �.��
.� 20��1�.2. 0��2#�$�� �2.� 10 1#�/0/0���� 0�1 /  ����." 12 0���0/ 2�"

!*���1�" 2&� �.!.��2!&� 2�" �!�!&1�"�
�! 2 * )�&" .#���0�  0�� #1�.1�)"� �. .�.30!�0� 1#�2)�&" )2�  �

.�.!.�2�2 � #� � ��1� � 0��.� � �#����0�"²�0!�� # ��� 3 !�" �!.��.2�� *
$!)� # �100 times real time) 10 ��. �.!����� #� � ��12�� ó .���+"� ��. ��.

�0�2 #!��. �!.��.2�� * $!)� # .�.�2 *�2.� �0!�� # ��� /�10�.2 ��*!�. �!��0�"
����2�" #� /�.12 ��" .�� /0#20!)�0�2 �100 Gflops). ù#2) 2 ���0� " 2&�

#� � ��1�+� /0� 0��.� 2)1 2! �.�2��) �.� 2)1 .� 2!0�2��) )1 �2.� ��� 20� �0
2�� $!�1� .!$�20�2 ���+� �0��� # �.�� * �.!.�����." �� !0� ��� � �.

�! ��03�0� ��.�)2�2. 202!���" 0�.2 ��#!�&� �!��0&� .�� /0#20!)�0�2 teraflops
�.� �.� /0� 0��.� 2)1 0�3.��" �&" �.  !�.�+1 #�0 2 #" .�� !��� #" �.� 2 

� ��1���) +120 �. .�� � ���0� .#2� � �1$*"��
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�$��. ��� �*12��. ����1�" 3&��" �0 #� � ��12�� þ 3#1��� 1#�0$)�0�� 0�1 / "  ����." �! 10����02.�

.�) ��. #� � ��1���� 1*��02� 0�2���1�� �� 3.1�.2���" /�.3 !�" �02.�* 2 # �!.��.2�� * �.� 2 #

1*��02 # 1��.2 " 0��1#���2 �2.� �0 ��!� �.� $!�1�� � � *�2.� 10 ��. ��0�12) �!)$ ��. �.

!#���12 *�  � �.!��02! � 2�" 1*��01�"� ��� �2." �0 0�.�.��%0�" 2�� /�.3 !� 0��$�12��

2.5.5. ©ü*!&120"ª 	0$����" ù���#1�" �����."

�� �0!�11)20! � .��)!��� � ��. �&/�� � ��1� �.� .�.��+!�1� �� ! *� �.
�.2.1�0#.12 *� +120 �. �0�2 #!� *� �.�� �0 ©�.�.!�ª 0�1 / � /��./� �0 #%���"

� �)2�2." 1��. 2  � � �$0� .1��.�2� �.!0�� �� � .�� �&1�� þ .�)/ 1�
�0�+�02.�  #1�.12��� �0 #� �.���1���� 0�1 / � �.� � .�)/ 1� 2�" ��$.��"

�0�+�02.� �� .�)2 �. 10 1$�1� �0 2�� .��!+���� .�)/ 1�� +�. �.!�/0���.�
/ ���2 " 0�)" 1#��0�!���� # 0����/ # .�!��0�." .�.��+!�1�"�  ���!&� "²

.�! .2�" �� !0� 2#���� �. �.2 !�+10� �. 32�10� .#2) 2 0���0/ �0 �)� #"
1��.2 " �! " �)!#� 12�� 0�1 /  �  � � � 0��.� �� �0 �� dB ���!)20! � .�) )2�

0��.� 12. 2#���� .#2)�.2. 1#12��.2.�
ò�. 2���. .#2 * 2 # �! ����.2 " 0�3.���02.� �. 0��.� � �!.����� .���#1�

�  � �. $!�1�� � �0�2.� 12�" �0!�11)20!0" 0�0�0!�.1�0"� þ �!.����� �&/�� � ��1�
�!)��0%�"� ��. �. 0�2���� *� 3�1�.2. ���!�" $! ����" /��!�0�."� 0��.�

.�2��! 1&�0#2���� ÿ�.� � ��2�� * �0��� #" /��!�0�0" 2&� 1���2&� 1#�0�13�! #�
12 � #� � ��1�) 2&� 2��+� 2�" 1#�/�.�*�.�1�"� �21� +120 ��." �0��� " .!���)"

1���2&� � �#1���&� �0 �)!#� �. $!�1�� � �0�2.� ��. 2 � #� � ��1�) 2 # ��1 #
)! # 12�� .���#1�� ��. 0�.��.�2��� /�./��.1�. �  � �. �.! #1���0� 0�/�.3�! ��

�! " 2 �.!)�� 0��.� � .� ���!#�1� 2&� �0!�11)20! � �#1���&� �0 �)!#� 
1���2&� �.� � 0�.�.1*�2.�� 2&� �01�.!2.!�1���&� /0����2&� .�) ��. ��

�!.����) .��)!��� �.!0�� ��"� ��. ���� /�./��.1�. 0��.� � $!�1� .� #12��+�
� �2��&� �0 2�� $!�1� basilar membrane filtering �.� �0#!&����" �02.2! ��"

0��!�0�." �neural transduction) ��. $.!.�2�!�1�) 2&� $.!.�2�!�12��+� 2 # 1��.2 "�
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�$��. ��.� 2!�1/��12.2 " ���.�." ���! 3+�&� 2 � �02���� " 1.� � �*3&2 10 ��. /&��2� �0 �$+�

� ��.���" .�2��0" � !3 � � *�2.� �.� �.20#�*� �2.� 12�� ���� 2 # �$ # �.� 12. 1��.�2��)20!.

0�/&�. 2 #�

�$��. ���� �����. 1��.2 " �! " �)!#� ��. /*  �2��0"  ����." ��. ��. 7x7x7 202!.�&���) ���.�.

���! 3+�&� 2 � �02���� 12 ���2! 2 # 2.�.�� * ��. ��. /&��2� �0 1���!� 2 �$+�.2. � #

0� � �+�02.� .�) #� � ��12�� /�.12�10&� 7x5x3 ��2!&�� 	. 0�/&�. 2�" ����" ��1& 2!�2�" 2���"

#� � ��� �2.� �.� � ��.���" .�2��0" �.20#�*� �2.� 12�� ���� �.� 12. 0�/&�. 2�"
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�$��. ��� ü�.�.��.1���� .�.2! 3 /)2�1� applique ��. ��. VPL ���2� /0/ ���&� 12 CAIP Ceter.
�!�1�� � �+�2." 2 ���2� 0�.�.��.1����" .�.2! 3 /)2�1�"� .#2)" � # 2 3 !� �� !0� �. #� � ��10�

��. 3.�2.12��) .�2��0��0� � �.� �. .�1�.��0� �0 2�� .3� 2�� 1$02��� ��1� 2 # .�2��0���� # �.� 2��

�! �!.��.2�1���� 1#��.2)2�2. 2 #����&�� �0 2�� $!�1� 2 # �.�2� * 0�.�.��.1����"

.�.2! 3 /)2�1�" �  $!�12�" /��� #!�0� �.� .�1���02.� 2�� ��.12��� �.!.�)!3&1� 0�)" 0�� ��� *
� #2� * .�.%#�2�� *�
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�$��. ��� ü�.�.��.1���� .�.2! 3 /)2�1� applique ��. ��. VPL ���2� /0/ ���&� 12 CAIP Ceter.
�!�1�� � �+�2." 2 ���2� 0�.�.��.1����" .�.2! 3 /)2�1�"� .#2)" � # 2 3 !� �� !0� �.

#� � ��10� ��. 3.�2.12��) .�2��0��0� � �.� �. .�1�.��0� �0 2�� .3� 2�� 1$02��� ��1� 2 #
.�2��0���� # �.� 2�� �! �!.��.2�1���� 1#��.2)2�2. 2 #����&�� �0 2�� $!�1� 2 # �.�2� *

0�.�.��.1����" .�.2! 3 /)2�1�" �  $!�12�" /��� #!�0� �.� .�1���02.� 2�� ��.12���

�.!.�)!3&1� 0�)" 0�� ��� * � #2� * .�.%#�2�� *�

2.5.6. 	!�1/��12.2� �*���%�ó$ # �.� �! � ��

	. #%���" � �)2�2." �.� $.��� * �)12 #" ���!)3&�. ��0�2!�2� �.�+" �.�  �
 �� � ��� � %�3�.� � 0�0�0!�.12�" 1��.2 " 0��2!�� #� 2�� $!�1� �0���&�

�����&� ���! 3+�&� ��. hands—free 1*���%� �$ # 10 0$�!��� .� #12���
�0!����� �2.� ù�)�. �0!�11)20! 2!�+� /�.12�10&� ���.�0" �0 �.� /���1�

.�2��." �beam steering) 12�� �$�2��� ���� �.� � ��.���" 1��.�2���" 0��)�0" 10 ��.

.�2�$�2��� �0!�3!.�� �enclosure) �.!�$ #�  #1�.12���" �0�2�+10�" 12�� � �)2�2.

1*���%�" �pickup quality). þ $&!��� 0���0�2��)2�2. 12�" 2!0�" /�.12�10�" 0��.� ��.
#� �! ')�� �� �! 1 � �+10�" #� � ��12+� �.!�$ #� 1$�/�. 2.  � �. 03.!�)� �2.�

�.� / ����� �2.� %�3�.�� 10 �!.��.2��� �0!����� �2.�
� 1$0/�.1�)" 2&� �����&�²/0�2+� 0��.� )� � " .#2)� 2&� �����&�

0�� ���" �� �! � ��"� �$ #².� �.� 2 �)12 " 2&� transducers ��. ��%� �.�
0�� ��� /�.3�! #� � �*� ù#����� " $&!��)" !0.��1�)" 12�� �! � �� �$ # �.

�! �*%0� .�) .#2� 2�� ��. �.2.�)�1��
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2.5.7. �� ���!&1� 2&� 	!)�&� ù�1��1�" ��. õ!.1�� ó$ �.� ù� �

þ ��.�)2�2. 2 # .��!+� # �. .3 � �+�0� ���! 3 !�0"� �. 2�" .�2��.����02.� �.�
�. .�2�/!� 0��.� 2#���� �0!�11)20! �0!� !�1���� 10 .�.� ��. �0 2�" ��.�)2�20"

0�� ���"  �  � �0" �02.3�! #� ���! 3 !�0" 12 20!�.2��) 2 # $!�12�� þ 0������
2�" �.��)1��." %�3�.��" �02.3 !�" .�) ��!� 10 ��!� �. �0�.�+10� .#2� 2��

/�.3 !� �.� �. 2 ��10� 2�� .����� �. .�.��2�1 #�0 2 #" ���2�12 #" 2!)� #" ��. �.
2.�!��� #�0 2�" 0��/0��0�" ���! 3 !�." �0 2�� .��!+���� ��.�)2�2. 0�0�0!�.1�."�

	.#2)$! �. 0��/0��0�" ��. � �� *" 2!)� #" .�1��1�" �.!�$0�  3��� 0��
.#2� �� ! *� �. 0� !$�12!&� *� �.2.����&"� �� 2!)� � .�1��1�" ��01 #

0�/�.3�! �2 " 0��.� � )!.1��  �$ " �.� � .3�� þ ��+1� �." ��. 2. �!+2. /* 0��.�
�� �! ������ .�) )2� ��. 2 20�0#2.� � .��� ��0" ��� / � ��. �02.2! �0�" 0��!�0�."

�0 0�.�.��.1���� .��/!.1� �force feedback transducers) 10 ���2�. /0/ ���&� (data
gloves) �.�  � 03.!� ��" ��#�� # /�!�.2 " (smart skin) 3�� / � *� �. �! �� #�

2�� 20$� � ��. .3�" �Flanagan, in press).
þ 0#� ��. $!�1�" 1#�/�02.� .�0#�0�." �0 0��2#�$#����  � ���!&1�

� ��.��+� .�1��2�!�&� �.�.��+�� ù�) 2�� ��0#!� 2�" 20$� � ��."  ����." .#2)
1��.��0�  � ���!&1� ��1. 12 ���! 3 !�.�) 1*12��. 2&� 12 �$0�&/+� 2����2&�

��. .�.��+!�1�� 1*��01� �.� 0�.���0#1�  ����."� $.��� * !#�� * /0/ ���&�
�&/�� � ��1� �.� hands—free 1*���%� �$ #� �� .!$���" �! 1���0�0" 10 .#2� 2��

�.20*�#�1� 0��.� 1$0/�.1���0" ��. 1#�/��1�0%� ���& .�) %�3�.�� 2��03&����
�.����. �Burkley and Flanagan 1990). 	. $.!.�2�!�12��� 2�"  ����." 0��2!�� #�

2�� 0��.2�12.1� 2��03&����" ���1�"� 2�� .���2�1� ���! 3 !�+�� 2�� 0�.���0#1�
2 #  ����2� �.� 2�� �!.��.2 � ��1� 1#�/�.1��%0&�²)�. 1#� ���� ��2& .�) ��.

��0�$ 3&��"� �#����!&�.2��� $.��� * !#�� * /0/ ���&� �&/�� � ��1�
��$!&�&� 0��)�&� /��0� 2�� /#�.2)2�2. �02�/ 1�" video #%���" � �)2�2." ���&

.�) ��2!�. $&!�2��)2�2.�   

2.6 �����	ÿ�ü� 	ü�����+ÿù� ��ÿ�ÿù�²����

�)1 �.� � 0��.120 12�� �!)��0%� 2&� 0�0���0&� 2�" 20$� � ��."�

�*�3&�. �0 2�� 0��0�!�. � # )$� �.� 2)1 �.� �� �!)13.2. .���2�1. ��. 1*� � 
YXJUDSKV ���& 12�� �&/�� � ��1�� 1*��01�� .�.��+!�1� �.� .� #12���

1#�/��1�0%� 2.  � �. �! 02 ��.1. 2 ����� ù#2� �.2.1�0#�12��.� ��. �020�" �.�
��020�" �! ���%0�" 1.� 2���. ��." �1��1�" 1$0/�.1� *� �! " ������� � # �0!�� #

 � ��1�" 0� 2&� �! ���%0&� �2.� .�!��0�"� ù�� 1��0�&20" �2.� � �&/�� � ��1�
#� �+��" ��. .!$��� �! ')�2. 3&��2�� * 2.$#/! �0� # ��.�0�2.� AUDIX) �.� �
$!�1� �� Kbps ADPCM ��. 0��0��)�0�0"  �� � ��0" (transmission economies) 10
�/�&2���" �!.���"� ù��� 0�0� #��!$ #�  !�1���0" .12!���" �.!.���%0�"� 	.

vugraphs � # 2 # ���� 3#1��� /0� �! ���0%.� 2 CELP, .� �.� �� #� 10 120��
0�.3� �0 2�� �.1��� / #�0�� � #  /���10 10 .#2)�

�.!� 2 #" 13 /! *" ���/*� #" 12�� �!)��0%� �0� �)2&�� ����+!.
0��20#���2&� 3.��02.� ���.�� ��$!� 2 �2 " �����

• ù�.�.!�12.1� 1��.2 " �.��" � �)2�2." .�2���%�" 10���� Bits//0���.
ù#2) �. 0�.!2��0� .�) 2�" 1#�0$��)�0�0" 0�0���0�" 12�� ���! ��0�2! ����� 0�/���

12�� 1#�$+�0#1� 2&� %#$ .� #12��+� �.!.�)�2&� 12 #" .��)!��� #"
�&/�� � ��1�"�
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• � �#��&11��� 1*��01� �0���� # 10  ����. �0 �0����" � �)2�20" 3&��"�

	. � �#��&11��� 1#12��.2. �! ���� �2.� 2+!.� þ �!  �2��� ��. .�.�.!.�&��
2&� .2 ���+� 3&��2��+� $.!.�2�!�12��+� �.2� �.�)�. /0� #� 12�!��02.� .�)�.

.�) �.1��� ��+1�� ù���  � �0����" � �)2�20"� )�&" 2. $.!.�2�!�12��� 3&��" ��.
��2!.� �#�.��. �.� �.�/� �. 0��.� /#�.2��

• û�.� ���� .����0��/!.1� �0��� # �0��� �� # (100K ���0�"� �0 ��$.��" �0
1#��0�!���� # �.��� �2 " � �2��. ��+11."�

þ .�.��+!�1� .�0!� !�12 # �0��� �� #� .�)  � � �/�� 20  ����2� �.� ��.
 � � /�� 20 ���.� �. #��!$0� .�)�. 12 � �.�!��)  !�� �2.� õ�&" 1#��0�!���� #

�.��� �2 " 1#12��.2. �. �0�2 #!� *� .��)��12. �.� �. .�.�2*11 �2.� 0#!�&"�
��. �1$#!� ��3.1� �. 1#�0$��0� �. #��!$0� 12. #� � ��12��� � �2��. � #

�! 10���� #� 2�� 3#1��� ��+11.�

• ü�202.���� �02�3!.1� ��&11+� 1#��0�!���� # �.��� �2 "�

�#12��.2. 2.  � �. �! $&! *� 1��.�2��� ���& .�) 2�� �.2�� !�. 2 # “phrase
book” 0��.� ���.��� .��� .�)�. �0 2 � �0!� !�1�) 2 # 1#��0�!���� # �.��� �2 "

�.� 2�" �0����" � �)2�20" 2�" 1*��01�" 3&��"�

• ù#2 �.2 � ������ 0�.*��1� 1��.2 "� �  � �. �! 10����0� 2�� .�1��2�  �*2�2.�

ù#2� 1#��.2.���02.� �02.�* 2&� �0!�11)20! �! ����.2��+� �! ���%0&�� .���
�0�2�&���. � �2��.� .� �" �.� �� �!.�����" 0�0�0!�.1�." 1��.2 "� ��. .#2)�.2�

.�.��+!�1� �. ���!*� #� 2 $�1�. .���01. 12�� .�)/ 1� 2 # .��!+� # �.� 2&�
��$.�+� 10 � !#�+/� 1#12��.2.� �#��!�1��0" 0��/)10�" .�.��+!�1�" �02.�*

.��!+� # �.� ��$.��" 3.�2�� #� �!.��.2 � ��1��0" ��. �0!� !�1���. �0���)��.
�.� � !#�+/0�" 0�1)/ #"� �� 0#.�1��20" 12�� �.!0�� �� 0��� ��&��0" )�&"  �

.�! " �! " �/.3 " � air to ground) �.� 2 �! 1&���) �#%0� 0�/�" !./�)3&� �.
0�&30��� *��

• 	!�1/��12.2� 1*���%� �.� �! � �� �$ #�
�� .��� / �� #%���" � �)2�2." �02.2! �0�" 0��!�0�." ��0�2!�2�, �.�� �0 2 #"

 �� � ��� *" � � * chip 0�0�0!�.12�"� .� �� #� �!  �2���" ��. 2�� .�2��02+��1�
2�" � �#�.�.����" .�� �&1�" (multipath distortion) �.�2�$�1� /&�.2� #� �21� +120
�. 0��20#$�0� #%���" � �)2�2." 1*���%� �$ # .�) �.� !�1���0" $&!���" �0!� $�"�
� $&!��)" !0.��1�)" 12�� �! � �� �.�  � 3#1���" hands—free 0��� ��&��0"
0���!)1�02.  3���� þ �.! *1. �!0#�. �! 20��0� )2� .#2� 2. 0��20*��.2. 0��.�
/#�.2) �. #� 12�!�$� *��

• �� ���!&1� 0��)�."� � !*� # �.� 2!)�&� .�1��1�"
ù� �.�  � 1#12.2���" 20$� � ��0" ��. 2�� )!.1�� 2 � �$ �.� 2�� .3� �. �$ #�

.20�0�" �!  �2���" ��. 2 ��01 ���� ��  �.2����� " 1$0/�.1�)" 2&� 10�.!�&�
03.!� �+� �. ���0� /#�.2� 2�� �.!.�&���� $!�1� .#2+� 2&� 2!)�&� .�1��1�"

12 #" .����0��/!.12�� *" 12.�� *" 0!�.1�."� þ ��$.���� 2&� .��!&���&�
�.!.�)�2&� 0��.� �.1��� ��. 2�� 0��2#$�.� ü�202.���� $!�1��)2�2. 2&� .�2+�

.�0�� ��10&� 0�.!2�2.� .�) 2�" ��0" 0�0���0�" 12 #" �02.2! �0�" 0��!�0�."²��.
�.!�/0���.  1$0/�.1�)" 2&� �����&� 2&� �02.2! ��&� 0��!�0�." +120 �. 0��.�

��.� � ��. �0�2 �0!0�.�� .�.�.!�12.1� 2�" #3�"�

• ù�.��.� "  �� � ���)" �! �!.��.2�1�)"�

�� 0�/0��0�" 0��.� )2�  � �!) / � 12�� ���! ��0�2! ���� �. 1#�0$�12 *�� �! " 2 
�.!)� 03.!�)�02.� 10 0#!0�. ��1� 20$� � ��. ����m �  � �. �.!�$0� #� � ��1� *"
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2�" 2���" 2&� 50Mflops 10 ��. � �) chip �.� � 12��0� ���)20! .�) ��. / ��!� 

.�� Mflops. ò&" 2 ���� � �! 1/ ��. 0��.� � 0#!0�. 03.!� �� 20$� � ��." �����m
�� ���!)20!�"� �0 .��� �0" �#��)2�20" �#�+�� 
� � ��1� � 2�" 2���" 2 # �Gflops
�. ��� #� /�.��1�� � 10 ��. � �) chip. ù#2� � /�.�01��)2�2. #� � ��1�+� �.
�! �.�0� /�.!�+" 2 #" 0!0#��2�" 2�"  ����." �. �.2.1�0#�� #� .��)!��� #"

20!�12�." � �#�� �)2�2."� ü�� � �!)���1� ����12. 0��20#$�0� 2 �2 " ����
�� !0� �!.��.2��� �. #� � ���0� ��. 2*� # HAL /�.� ���� ��$.���
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2.7 �ü�ÿ�� ��
�

autocorrelation .#2 1#1$�2�1�

bandpass �&� �0!.2)� /���0#1�"

�+��"

bandwidth 0*! " �+��"

baseband �.1��� �+��

band �+�� �1#$� 2�2&�� �0!� $� 1#$� 2�2&�

bandpass �&� �0!.2)� /���0#1�"

�+��"

bark ����.�. *% #" �$ # � # .�.�.!�12� 2 
%#$ 3#1��) �1 /*�.� 2�" 1#$�)2�2."

belows .1� �

binaural �.� 12. /* .32��

click �.��)" 12 �0/� 2 #

$!)� #

codec �&/�� � ��2�"�

.� �&/�� � ��2�"

cognitive module /�./��.1�. 0�����1�"� �

0��.�/0#1�"

constrictions 1#13��0�"

decoder .� �&/�� � ��2�"

electret ��0�2!�2�"

encoder �&/�� � ��2�"

envelope �0!����� #1.

filter bank 2!��0�. 3��2!&� 1*� � �&� �0!.2+� 3��2!&� � # �.�*�2 #�

��. �+�� 1#$� 2�2&� [.�.3�!02.� �.� &"
bank-of-filters]

formant 3&� 1#�2 ��1�)" $.!.�2�!�12�� � 1#�2 ��1� � 2�" 3&��2���"
 / *

identification 2.#2 � ��1�

impulse �! #12��)" �.��)"

internal representation 01&20!���

.�.�.!�12.1�

 2!)� " �0 2 �  � � .�0�� ���02.� 12 

01&20!��) 2 # .32� * ��� � .� #12��) 1��.

intensity ��2.1�

interaction .����0��/!.1�

interaural ù���01. 12. /# .32��

loudness .� #12)2�2. 2 $.!.�2�!�12��) ��+!�1�. �0 2  � � 

�.2.�.�.�� #�0 .� ��." �$ " 0��.� �1$#!)" �
.1�0��" � 2 ���0� " 2 # �! �.� *�0� #
.� #12�� * .�1���.2 "

mapping .�0��)��1�

mapping function 1#��!2�1� .�0��)��1�"

masked threshold �.2+3�� .�)�!#%�"

masking .�)�!#%� � �.2�12.1� �.2� 2��  � �. � �.! #1�. 0�)"
�$ # �.��12� ./*�.2 2 �� #1�. 0�)"
��� # �$ #

modal #� �02��)"

model � �2�� 

neural processing �0#!&���� 0�0�0!�.1�.

normalization �.� ��� � ��1�

passband �+�� /���0#1�" �0!� $� 1#$� 2�2&� ��1. .�) 2��  � �.
�02./�/02.� ��.� � ��2��� ��. 1��.

pattern �!)2#� � � !3�
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pattern recognition .�.��+!�1� �! 2*�&��

.�.��+!�1� � !3+�

perceptual interpretation 0�0����1� ��1� 2�"

.�2���%�"

pitch � #1��)" 2)� "� *% "

�$ #

�&" ��." .�! .2�" .�2��.����02.� .� ��."
�$ " 0��.� $.���)" ��.�*"� � #%��)" � �*"�
�0 ��1� ��. #� �0��0���� ����.�. *% #"�
$&!�" /��./� �. �.����0� #�)%� 2 # 2�"
3#1���" �/�)2�20" 2 # �$ #� ù� #12���
1#1$02��02.� �0 2� �.1��� 1#$�)2�2. � 2�
�0�0��+/� �0!� / 2�"  ����."�

prosody �! 1&/�. �.�� 2. 0��" $.!.�2�!�12��� 2 # �$ #�
� #1��)" 2)� "� /��!�0�. �.� ��2.1�

psycoacoustics %#$ .� #12���

psycholinguistics %#$ ��&11 � ��.

pulse �.��)"

recursion .�./! ��

resonator .�2�$0� 

robustness speech recognition0*!&12� .�.��+!�1�
 ����."

� /#�.2)2�2. 0�)" 1#12��.2 " .�.��+!�1�"
 ����." �. 1#��0!�3�!02.� �0 .�!��0�. 10
/*1� �0" 1#����0"

round vowel 12! ��#�) 3&��0�

sensory modalities 2!)� � .�1��1�"

sone � ��/. #� �0��0����" .� #12)2�2."

sonorant �$�!)" �$ � � # �.!�� �2.� $&!�" �.���. 3!���� 

2�" 3&��2���"  / *� )�&" 2. #�!�� �!!��.�
�.� )1. ��0#!��� �.!�� �2.� $&!�" ��3!.���

speech generation /��� #!��.  ����."

speech processing 0�0�0!�.1�.  ����."

speech synthesis 1*��01�  ����."

standard �!)2#� 

standardization 2#� � ��1�

stationary 12.2��) �2.2�12��) ���0� " 2 #  � � #  � �.!��02! �
��$ ��1� 2���� /�.1� !� �2�� /0�
�02.���� �2.� �0 2 � $!)� 

stimuli 0!0��1�.2.� /�0��!10�"

supervised learning 0�����1� �0 0����0%�

system characterization �0!��!.3� 1#12��.2 "

talker verification 0�.�!��&1�  ����2�

temporal representation $! ���� .�.�.!�12.1�

transducer �02.2! ��." 0��!�0�."

transparent system /�.�0!.2) 1*12��. 2 1*12��. 2 #  � � # � 0�1 / " 0��.� �/�. �0
2�� �� / 

text-to-speech synthesis 1*��01�  ����." .�)

�0��0� 

threshold of hearing �.2+3�� .� �"

time-frequency $! � 1#$� 2��)"

tone 2)� " �12� ��&11 � ��.�  �/�.�20! " 2!)� "

$!�1�� � ��1�" 2 # � #1�� * 2)� # 10 ��.
��+11.

turbulent flow 2#!�+/�" ! �

valved flow �.�� 0�/�" ! �

verification 0�.�!��&1�

vocal cords /0" YRFDO IROGV

vocoder 3&� �&/�� � ��2�"

voice mimic ����1� 3&��" 20$���� � # $!�1�� � �0�2.� 12�� 0�0�0!�.1�.

 ����." �.2� 2��  � �. �02.3!��02.� �  ����. 0�)"
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.��!+� # 10 ��. ���� ��+11. .��� /�.2�! *�2.�

.�) 2 � 1#���2�  ����." 2. $.!.�2�!�12��� 2�"

3&��" 2 #

voice processing 0�0�0!�.1�. 3&��"

voiced �$�!)� ��3&� �$ � �.2� 2�� �.!.�&�� 2&�  � �&�
���� �2.�  � 3&��2���" $ !/�"� )�&"  � >E� G�
g, v, …]

voiceless ��$ � �3&� �$ � �.2� 2�� �.!.�&�� 2&�  � �&� /0�
���� �2.�  � 3&��2���" $ !/�"� )�&"  � >S� W�
k, f, …]

2.8 �ÿ�ù�ù� ù����
�ÿ
�
ACR Absolute Category Rating

ADPCM Adaptive PCM

CCITT Comite Consultatif International pour le Telephone et le Telegraphe

CD Compact Disc

CELP Code Excited Linear Prediction

dB deciBell
DCR Degradation Category Rating
HMM Hidden Markov Model
ITU International Telecommunications Union
MOS Mean Opinion Score
PAQM Perceptual Audio Quality Measure
PSQM Perceptual Speech Quality Measure
PCM Pulse Code Modulation
SPL Sound Pressure Level
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1. John G. Beerends  “AUDIO QUALITY DETERMINATION BASED ONNN PERCEPTUAL

MEASURMENT TECHNIQUES”
2. National Academy of Scinces “VOICE COMMUNICATIONS BETWEEN HUMANS AND

MACHINES”


