
� � �

� �

� � �

�������
	 �������� ������������������� ��!�"#�$��������% &('*) +,��'*�-�.!
/10324� � �5�6�879�6�:���;% �<��=>'?� @A��� /B'*) ) '*� �

CEDAFHG�IEJLK�M�NPORQTSVUXWYNPZHU\[�],^ _B`a Z8bcFdNPZM,egf6hjilk-i>m QTSnbcF8JoZdpq[8m�NrSnWsQ
Z6GNteuWsQ
JLvxw�y9z{SXQ
Z8|jIEb~}<OqF���U a W����dN
CuCV�*NPFdSXI9U a F8v?z�`a S<_�NPZ8IEbcF-e9_�Q
IEbcF8JoZdNteg� |jW�W a Z8J�K�Q�UXJo|jZ�[],^ _B`a Z8b�FdN\ZM,egf
�j�j�j��_B`a Z8bcFdN\Z�[.m;NPSnWsQ
Z6G



� �������	��
��

�������������������� ��!��"��#%$&! $&'�()�*� �+� ,-$/.0�1���2��34���5�76"8��+�9�:!�#;� $&!��7�+<=$/.>�1���
#?�@�A�1�B�C�:!�D �+3 $FE��2�+$/(HGIE�$&!�( !�����#1� JLKNMPO Q RTS�UBVWMNXBQZY\[]Q�S�<^�_!��a`4���?G
�7�W�Ab��c#L�*�\$/#L$ed:�f!�D������f!�D�`C'��2�g�1�_!��+<Z�2���h`C�*�1�i�jE4�c�:!�Dk�:!l�2����D+$&`=monqpB6srI�
�f#s$t'C!C��uv'��@�fd:df'�# ����!w�f!x�2��$y�z�A�s�7$&!C!��&�zE4�{�}|�`Cd�$&�f!��c(jEZ,�`��2�_`4���1� �f��#z�+.
�2���9$&'�()�A�1�+� ,a`4�����f`C����� ,~$&d���!���$&!�(���$/#h!��w()���2�c�5�@$&!�$&d���D"�f!~� ���9bH��G
# '�$&d�#?,v#T�1�c� �c�*�2������6��%���2���^��`��2��#1�c!_��`�#T,v�i���+$/�7��'�#T� �f�k�}|�`4�����f�w�c!_� #
�2��$y�s�2��b���$&d�� ���{�7��'����f$&d��2�_d��{��.�!����f#?�Z� n�� 6��%$&EC�A� '�$y� �f��!��f#���'Cdf��(l��'H�s$/#
$�(C����bH�f!�D��w���B��$&!C��# ��6�8C'��1� ���c�����+�2��<&���{`��2��`4�+#1��$@!��W'��2��!�$&d]���v(C�cd
�2��$y��`��2��()���5� #^E4�/�2��� ����`C�*�1�i�"$&!�(��@���}�2�����{$�#1��'C!�("�7$&!�D��c!����2$y� �e$
�4�@�f���+����� ��!���$y�t$&dfd�6@� ��# ���c� � ��$y�t(C�_�w�:!�$&!_� d�,�'C!C�fd�$y� ���2$&d=�:!C�C�fEC��G
�2���_! �:! �7��!y�?'C!��5�2����! �@�A� � $�!��c'��2��!�$&dz!��_��#1�5Go�2��()'��5� �f��! ���c�B��$&!C��# �
�7|�`Cd�$&�:!�#��2�����73	���5�}6

� ��� �����e���9
��4� � �

¡ ] FdN UgG�OqJLb\QTv*IE| a Z8��p
N\ZdNrSXQ�UXJoZdp>U�FdN�¢�£�Job�K
NPS�UX|jZdN JLI<Q�¤8SX|jQ
�-e¥¤RQ
Z8��Z8|
JoIVN
£�J�UXF�Q IVO.NPb UnSXQ
v pHQTO O8SEN\IVNPZHUnNP� � a SnJoZdp�IVNT¦6NrSXQ
v?IVN\br|jZ8�8Ir�

¡�§ FdN\Z UXFdN Z8|jJoIVN JoI IN£�J�UXbcFdNP� |i¨ [ Q z�Q
JLZHU\[*Q
voWY|jI9U�O a SENj[�U�|
ZdN�JLI Q a �8J©¤qv�Nz |
S,|jZdN a O UX|YIEJ«ª IVNPbP|
Z8�8IP�¬xU�JoI,�dNPb\Q\G�JoZdp�Q
Z8��FqQ
I,Q IEFqQTSEO�OqJ�UXbcF JoZ UXFdNIVO.NPb UnSXQ
v5pHQTO�®¥¯ ° � ] FqQ�U JLI;UX| InQ\G6[ N ª8Q
b UXv G�U�FdNrSEN�£�FdNPSEN Z8|�I9UXJoW a v a I=£ QTIQ1¦TQ
JovoQi¤qvLN
�
¡9± |TUXF UXFdN�¢�£�JobXKjNPS3UX|jZdN5²�I,vL|-bPQ
voJ´³~QlU�JL|jZ JoZ UXFdN^¤8SXQ
JLZ Q
Z8� J�UXI N;ª�Oqv Q
ZqQlU�JL|jZQTSEN vo|jZdpjIVU�Q
Z8�8JLZdp>|
O.NPZ O8Sn|5¤qv�N\W�Ir�
¡9µ a J�UnN3Q�z N;£ Z8|jJLIEN�br|jZy¶qp a SXQ�UXJo|
Z8I pjNPZdNPSXQ�UnN Q�¢�£�Job�KjNrS UX|jZdN�·N¯¸°:¹»ºt��¼ J�p a SENz½p6J´¦jN\I QTZ�| ¦6NPS¾¦�JLN;£ �

¿



(d)

(f)

(e)

(c)

(k)

(j)

(h)

(g)

Frequency

(b)

(a)

Noise with a wide gap

Noise with a small gap

Noise plus pure tone

Low−pass noise plus pure tone High−pass noise plus pure tone

Pure tone

White noise

High−pass noise

Noise with a tiny gap

S
pe

ct
ra

l i
nt

en
si

ty
 d

en
si

ty
 le

ve
l Low−pass noise

Zwicker tone

8=�fD�'��2����� �4�@���B�+���=�1��!��c# D+�c!����2$y� ��(�E],tb/$/�����_'�#�!��_��#1�\�7�_!��)D�'��2$y� �f��!�#}6] FdN,F8|
SnJ©³P|jZHU�Q
v-Q�ªdJoI��dN\Z8|TUnNPIAJoZ8b SEN~QTInJLZdp�z{SEN�� a N\Z8btGj[jUXFdN�¦6NrSVUXJobPQ
v�|jZdN,JLZ8�8JobPQ�UnN\IU�FdN�br|
SESEN\IVO |
Z8�8JoZdp IE| a Z8��QTWYOqvoJ U a �dN	� QTS»¤qJ�UnSXQTSVG a Z8J UXI�
c��-FqQ
�dNP�sQTSEN\Q
I��dNPZ8|TUnNZ8|jJoIVN QTZ8�{¦6NrSVUXJobPQ
v-vLJoZdNPI NPZ8�8JoZdp JLZ Q�¶RvovLNP�>bPJ�SnbPv�N3JoZ8�8JLb\QlUXN�O a SEN UX|jZdNPIr�	¢�£�Job�K
NPSU�|
ZdN p
N\ZdNrSXQ�UXJoZdp IE| a Z8�8I���vLNrz{U bP|jv a W�Z�
�Q�SnN vL|2£3e ORQ
IEI�Z8|jJoIVN�� Q�
c[�Z8|jJoIVN £�J�UXF QpHQTO��:¤�
�� ��b�
t[j|TS�Z8|jJLIVN3Oqv a I�Q O a SEN�UX|jZdN�����
�� � N�
c� ] FdN3OqJ UXbcF>|
z�UXFdN ¢�£�Job�K
NPSU�|
ZdN JoI;JLZ8�8JobPQ�UnN\��¤HG Q �8| £�Z7£ Q�SX� Q�SnSn| £ ���<bPbr|
Sn�8JoZdp�UX|�UXFdN OqI9GdbcF8|jQ
bP| a IVUXJLb�dN\IEb SXJ�OdUXJo|jZ�|Tz*� S a WYO º�¯ � [�UXFdN,OqJ�UXbcFs|
z UXFdNz¢_£�JLb�KjNrS�UX|jZdN�JoZ�� Q�
�����b�
 JoI4vo|�bPQ�UnN\�Q�U UXFdNvL| £�NrS�z SEN � a NPZ8btG b SX|
InIEJLZdp |
zHU�FdNAIn|leub\QTvovLNP� Q a �8J U�|TSEG<N ª8brJ�U�Q�UXJo|
Z�·!���qQ
IEFdN\�voJoZdNPI"
�Q
Z8�1UXFdN�UXFdSEN\IEF8|jvL�1JLZ IEJov�N\Z8b N#���8|TUEUXNP� voJoZdNPI"
c�%$<|�¢�£�Job�KjNrS>U�|
ZdN FqQ
I
¤.NrN\Z#|5¤qIVNrS¾¦6N\� JoZ&��z'
(�)��K�
c�+*�QTIENPI,� N-
 Q
Z8�.� K/
 SnNrO8SEN\IVNPZHU ZdNT£ N;ª�O.NrSnJoWYNPZHU�Q
vSnNPI a v�UXI W�|TUXJ´¦TQ�UnNP�L¤HG UXFdN1032547698;:3<"=?>@=3A br|jZ8brNrOdU�|
zRUXFdN�Z8|jJoIVNte$SEN\� a btUXJo|jZ WY|-�dNPvO8SnNPIVN\Z6UnN\� FdNPSEN
�

B



� � ���k
����@��
��h�9���4�?
 ���
	��s���� � � ���

] |sUnNPI9U�| a S<W�|��dN\vLI�£�N FqQ1¦6N O.NrSEz�|TSXW�N\� OqI9G�bcF8|6Q
br| a I9UXJob N;ª�O.NrSnJoWYNPZ6U�I�£�FdNrSEN
£�N br|jW ¤qJoZdNP��¤RQTZ8�-e$ORQ
IEI Z8|jJoIVNs£�J U�F Q>O a SEN UX|jZdN
�
� 6 � �=|�`��c���f���W!_�1$&d��v�}� 'C`

¡ �-| a Z8�8I £ NPSEN O8SENPIENPZ6UXNP� W�|jZqQ a SXQ
vLv�G�JoZ Q>IE| a Z8�dO8Sn|�|
z�¤.|-|�U�Ft¤�G QTZ NPvLNPbteUnSX|���G�ZqQ
W�Job<FdN~QT�dOqF8|jZdN � ± N G6NPS3M;]3kHf�
	£�J�UXF z{SENPNte>¶qNPvo� N�� a Q
voJ´³PNrS2·t�
¡ ¬uZ Q�O8SnNte$N ªdO�NPSnJLWYN\Z6U�£�J�UXF bPv�N~Q�SXv G Q a �8J©¤qvLNt¢_£�JLb�KjNrS UX|jZdNPI UXFdNsI a ¤dy N\btUXIbP| a vo��bcF8|�|jIVNs£�J�UXF�£�F8JobcF N\QTS�UXFdN G z NPv�U W�|jI9U br|jWYz |
SVU�Qi¤qvLN<JoZ O.NrSXb NPJ´¦�JoZdpUXFdN�¢_£�JLb�KjNrS*UX|jZdN
[B¤ a U5I a ¤dy N\btUXI*UXFdN\Z FqQ
� UX|,I9U�JLb�K;UX| U�FdN4InQ
W�NAN~Q�S � a SnJoZdpUXFdN W�Q
JoZ�N;ª�O.NrSnJoWYNPZ6U~�
¡ � a ¤8y NPb UXI>FqQ
�BQ IN£�J U�b�F�£�J�UXFj£�F8Job�F UXFdNrG bP| a vo�#bcF8|�|jIVN�¤�NrU�£�NrNPZ U�FdSENrNO |jIEJ U�JL|jZ8Irw�¢_£�JLb�KjNrS UX|jZdN�pjN\ZdNrSXQ�UXJoZdp IE| a Z8��[HIEJovLNPZ8b N,Q
Z8��O a SEN3UX|jZdN
� � a ¤�ey N\btUXIL£�NrSENYUX|jvo� UX| IN£�J U�b�Fw¤�NrU�£�NrN\Z IE| a Z8�:QTZ8� IEJov�N\Z8b N�UX| O�NPSnb N\J«¦6NYUXFdN
¢_£�JLb�KjNrS3UX|jZdN Q
Z8��U�FdNPZ�IN£�J�UXbcF UX|�UXFdN O a SnN UX|jZdN Q
Z8� Q
��y a I9U;J U<JoZ�OqJ�UXbcFQ
Z8� vo| a �8ZdNPIEI UX| UXFdNt¢�£�Job�K
NPS�UX|jZdN
� ] FdN Gx£ NrSnN�Q
vovL| £�NP� UX|�SENPO�N~Q�U UXFdNO8Sn|-b N\� a SEN Q
I;vL|jZdp Q
I U�FdN G�vLJLKjNP� a ZHUXJLv*UXFdNrG�SnNrO |TSEUnNP� QsWsQ�UXbcFe¤�NrU�£�NrN\ZUXFdN ¢�£�JobXKjNPS4UX|jZdN Q
Z8� UXFdN O a SEN�UX|jZdNj�

�



� 6 � �=|�`��c���f���W!_�1$&d��h��# 'Cd*�1#

(a)

(b)

8=�fD�'��2� � ���\#?,v�B����$/�7��'�#T� �f� �=|�`��c���f���W!_�1#}6] FdN>v Qi¤�N\v�N\� �8|TUXI;IVO�N\brJLz G�UXFdN OqJ U�b�F JLZ ± QTSEK�Q
Z8� vLN;¦6NPv JoZ � ± |
zAbr|jWYORQ�SXJLIE|jZU�|
ZdN\I WsQlU�b�FdN\� UX|l¢�£�Job�K
NPS UX|jZdN\I�¤HG UXFdN�JoZ8�8JobPQ�UnNP� I a ¤8y NPb UXIr� ] FdN Z a W{¤�NPS|
zU�JLWYNPI | a U |
z4z | a S Q I a ¤8y NPb U br| a vo� O�NPSnb N\J«¦6N�Q�¢�£�Job�KjNrS;UX|jZdNYQTSEN>p6J´¦6NPZ JLZU�FdN�¤ |1ªdNPIr��] FdN;v Qi¤�N\v�N\���8|TUXI4JoZ8�8JLb\Q�UnN,UXFdN�WYNP�8J Q
Zs|Tz*UXFdN;OqJ UXbcF�Q
Z8��vo| a �8ZdNPIEI|
z3UXFdNsO a SnNsUX|jZdNPI WsQ�UXbcFdNP�l¤�G N\Q
bcF JoZ8�8J´¦�Jo� a QTvAI a ¤8y NPb U\� ] FdNh¤RQTSnI IVO�N\brJLz GU�FdN a O8O�NPS3Q
Z8� vL| £�NrS � a QTSVUXJov�N;|Tz UXFdN �qQ�U�Qd� ] FdN IVO.NPb UnSXQ
v?vLN;¦6NPv �dNPZ8InJ U G�|
z UXFdN
¢_£�JLb�KjNrS UX|jZdN p
N\ZdNrSXQ�UXJoZdp IE| a Z8�8I>JoI>JoZ8�8JLb\Q�UnNP�:IEbcFdNPWsQ�UXJobPQ
vov G6� ] FdN�¢�£�Job�K
NPSU�|
ZdN JLI�O.NrSnbrNPJ´¦jN\�t¤.NPvo| £ UXFdN O a SEN�U�|
ZdNz¤�G Q
vLW�|jI9U�N;¦6NrSVG I a ¤dy N\btU\�

�



� � �e� ��� � � � ����� �4���\�4� � � �	� � 
 ���e����

� 6 � � �v(C�cd$/#1#1'C�j`H� �f��!�#

] | N ªdOqvoQ
JoZ#UXFdNx¢_£�JLb�KjNrS UX|jZdN%¤HG WYN\Q
Z8IY|Tz Q ZdN a Sn|jZqQ
v3WY|-�dNPv |
z;UXFdNk¶qSnI9UQ a �8J�UX|
SVGsO8Sn|�brNPIEInJLZdpYI9U�QTpjNPIr[W£�N I9U�QTSVU�£�J U�F Q>z{N;£-¤RQ
IEJLb QTInI a WYOdUXJL|jZ8Ir�
¡ $�N a Sn|jZ8I�Q�SnN,UX|jZ8|TUX|
OqJLb\Q
vLv�G>|TSX�dNrSEN\� Q
vL|jZdp Q z{SEN � a NPZ8b GsQ�ªdJoI4bP|TSnSENPIVO |jZ8�-eJoZdp>UX|>UXFdN bP|�bcF8v�N~Qd�
¡ $�N a Sn|jZ8I4FqQi¤qJ�U a Q�UnN UX| Q I9UnN~Q
�8JLv�G�I9UXJoW a v Q�UXJLZdp In| a Z8� IE| UXFqQ�UUXFdNPJLS�IVO |jZ-eU�Q
ZdN\| a I5SXQ�UnN�QTz UnNPS IN£�J�UXbcF8JLZdp�|i¨�UXFdN�In| a Z8� JLI�vL| £�NrS UXFqQ
Z JoZ UXFdN\J�S5SnNPI9UXJoZdpI9UcQlUXN
�
¡ ] FdNPSEN JLI v Q�UnNrS�QTv JoZ8F8J´¤qJ�UXJo|jZ��
¡ ��O |jZ6U�Q
ZdNP| a I Q
btU�J«¦dJ U G JLZ UXFdN�Q a �8J�UX|
SVG I9GdI9UnNPW JLI F8J�p6F�[ JLZ UXFdN SXQ
Zdp
N�|Tz

½P�j���=³j�#� In| a Z8�1JLI�|jZ8v G���O.NrSnbrNPJ´¦6NP��²�J�z;ZdN a Sn|jZ8I ¶qSnN�Q�UYQ SXQ�UnN�Qi¤.| ¦6NUXFdN\J�S IVO |jZ6U�Q
ZdN\| a I3|jZdN
�
� 6 � � �_!�#?��uH'��c!��7��#

¡ �;Qi¤qJ U a Q�UXJo|jZ�£�J�UXF�I9GdWYWYNrUnSnJob;v Q�UnNrS�QTv*JLZ8F8J©¤qJ U�JL|jZ bPQ
Z |jZ8v G N ªdOqvoQ
JoZ b\Q
IVNPI
� Q�
c[ ��p 
 Q
Z8� ��F�
�|
zC¼5J�pq�H½T� ��NrN Q
voIE|g¼5J�pq�q�d[8vLNrz U,bP|
v a W�Z��

¡ ] | Q
bPbr| a Z6U z |
S b\QTIENPI �f¤�
 Q
Z8�&� z 
 |
z ¼ J�pq�½T[�£�NsQTSEN@¤ | a Z8� UX| Q
IEI a WYNUXFqQ�U�voQ�UnNPSXQ
v JoZ8F8J´¤qJ�UXJo|jZk¤�NrU�£�NrNPZ ZdN a Sn|jZ8I;JLI�Q
I9G�W�WYN UnSXJLb
[dN;¨ NPb UXJ«¦6N z{Sn|jWvo| £ UX| F8JLp6F z{SnN � a N\Z8brJLNPI�¤ a U,Z8|TU�br|jZ7¦6NrSXIVNPv�Gj�
¡ �*N U a I Z8| £ bP|
Z8InJL�dNPS Q3O a SnNAUX|jZdNQ�U Q,vo| £3e$ORQTInI*Z8|jJLIEN�N\�dpjNQ
I JoZL¼ JLpq�c½5��N�
c�
�;Qi¤qJ U a Q�UXJo|jZ Q
Z8� Q
I9G�W�WYN UXSnJLb JoZ8F8J©¤qJ UXJo|jZ�O8SEN\�8JLb U�Qe¢_£�JLb�KjNrS,UX|jZdN���8 2�� 6UXFdN O a SEN UX|jZdNL£�FdNrSEN~QTI�JLZ�N;ª�O.NrSnJoWYNPZHU £ N FqQ1¦6N z | a Z8��U�FqQlU�UXF8JLI<br|jZy¶qpTea SXQ�UXJo|jZ�pjNPZdNPSXQ�UnNPI�|jZdN 8"6 4 2�� UXFdN O a SEN�UX|jZdN
�

�



(b)

(c)

Pure tone

Low−pass noise

F
iri

ng
 r

at
e

Noise detection
neurons

Output
neurons

Input fibres

Low−pass noise

(f)

(e)

Low−pass noise plus pure tone

Frequency

(a) (d)Model 1 (habituation) Model 2 (noise reduction)

S
ou

nd
 in

te
ns

ity

excitatory Synapse

inhibitory Synapse

after Stimulus

Zwicker tone

during

8=�fD�'��2� � � � �_�w`�$/���f#?�_!��+.��2���k� �^������(C�Wd�#}6
� $�� $�N a Sn|jZqQ
v?JoW�OqvLNPWYN\Z6U�Q�UXJo|jZ�|
z I9G�W�WYN UXSnJLb<voQ�UnNPSXQ
v JLZ8F8J©¤qJ U�JL|jZ��
� E�� < � ����� N\IVO.|jZ8IVN � a O8O.NrS ORQTZdN\vLI�
<|Tz�UXFdN�FqQi¤qJ�U a Q�UXJo|
Z W�|��dN\v � Q�
�UX|�IE| a Z8�8I
� vL| £�NrS ORQ
ZdNPvoI"
c�C¼ JLSnJoZdp�SXQ�UnN\I |
zdUXFdN | a UXO a U ZdN a Sn|jZ8I ¤�NPz |
SEN ��F8|
SnJ©³P|jZ6UcQTv
�8|TUEUnN\�voJoZdN
[�IVO.|jZHU�Q
ZdNP| a I SXQ�UnN-
c[q� a SnJoZdp�� �qQ
IEFdNP��voJoZdN 
�Q
Z8� JoWYWYN\�8JoQ�UnN\v GsQ�z{UnNrS � IE|jvLJo�voJoZdN 
<U�FdN�In| a Z8� O8SENPIENPZ6UcQlU�JL|jZ QTSENYInF8| £�Z IEbcFdNPWsQ�UXJobPQ
vov G6� M<|2£�Z7£3QTSn� QTSESn|2£�IJoZ8�8JobPQ�UnN ¢_£�JLb�KjNrS UX|jZdN\I O8SEN\�8JLb UnNP��¤HG UXFdN�W�|��dNPvx��¬$Z#U�FdN bPQ
IVN�|
z,UXFdN O a SENU�|
ZdN,JoZ ��b�
 UXFdN,FqQi¤qJ�U a Q�UXJL|jZ W�|��dN\vdO8SENP�8JobtU�I NT¦jN\Z>UP£�|�¢�£�JobXKjNPS5UX|jZdNPI9� brSn|jIEIVN\�QTSESX| £�I 
	£�FdNrSEN~QTI�JoZ N;ª�O.NrSnJoWYNPZHU�UXFdNPSEN JLI Z8|jZdNj�
� (�� $�N a Sn|jZqQ
v?JoW�OqvLNPWYN\Z6U�Q�UXJo|TZY|
z UXFdN Z8|jJLIEN SENP� a b UXJo|
Z W�|��dNPvx�
� ��� < � .	�
� NPIVO |jZ8IVN |
zWY|-�dNPv ����
 UX|sU�£3|�IE| a Z8�8Ir� M;Q
IEF-eu�8|TUEUnN\� voJoZdNPI JLZ8�8JobPQ�UnN
¶qSXJLZdp�SXQ�UnNPI3|
z Z8|
JoIVN e$�dNrUnNPb UXJo|
Z ZdN a Sn|jZ8I �

�



� � �e� ����� � � �h�T��� � �z�x��
��4�;� �

$<|jJLIEN OqvoQ~G�I,Q K
NrG Sn|jvLN
w�£�J�UXF8| a U3Z8|jJoIVN Z8|t¢�£�Job�K
NPS�U�|
ZdNj�] FdN �dNT¶RbrJLNPZ8brJLNPI�|TzW�|-�dNPv�½ Q�SnN | ¦6NrSnbP|
WYN�¤HG Q�W�|��dNPv.U�FqQlU JoZ8br|
SEO |TS�QlUXNPI�Z8|jJoIVN �dNrUnNPb UXJL|jZ��
� 6 � � �v(C�cd$/#1#1'C�j`H� �f��!�#

¡�§ N ZdNrp6v�N\btU,FqQi¤qJ U a QlU�JL|jZ��
¡ �;I9G�W�WYN UXSnJLb<JLZ8F8J©¤qJ�UXJL|jZ�JoI I9UXJovov O8SENPIVN\Z6U\�
¡�§ N Q
IEI a WYN QYUX|jZ8|TUX|
OqJLb QTSES�Q\G |
z =)2 >�� 6��
	�6��(6���@>�2 = =)6;:3< 2 =��c�,] FdN\IVN |jZ8v G
¤.NPbP|
WYN Q
btU�J«¦6Ns£�J�UXF Z8|jJoI9G JoZdO a U<QTSn| a Z8��UXFdN\J�S�¤.NPI9U<z{SEN � a NPZ8bPJ�N\I3Q
Z8��JoZ-eF8J©¤qJ U � | a UnO a U ZdN a Sn|jZ8IT²L[�Q
I IEF8| £�Z JLZ�¼ JLp8� �?����
t� ] FdN G QTSEN�InvL| £ JLZ SEN eIVO |jZ8�8JLZdp�In|�QTI,UX|sbPQ�UXbcF UXFdN Z8|jJLIEN bcFqQTSXQ
btUnNPSnJoI9UXJobrIr[8Jx� N
��UXFdN\J�S<JLZ8F8J©¤qJ U�JL|jZv Q
I9UXI |
Z UXFdN|
Sn�dNrS |TzdQ3z{NT£ IVN\br|jZ8�8I QTz UXNrS�U�FdNAZ8|jJoIVNFqQ
Iv¤.NrN\Z IN£�J�UXbcFdNP� |B¨5�
$<|jJLIVN eu�dN UnN\btUXJo|jZsZdN a Sn|jZ8I�I a O8O8SENPIEI Q
btU�J«¦dJ U G pjNPZdNPSXQ�UnNP��¤�GsZ8|jJoIVN�£�FdNrSEN~QTIUXFdNrG F8JLpjF8voJLpjFHU�Z8|jZ-euZ8|jJLI9Gsz{N~Q�U a SENPIP�

Feature detectors

Input fibres

neurons
Output

neurons
Noise detection

Best frequency

inhibitory Synapse

excitatory Synapse

8=�fD�'��2� � �+r;�w`Cdf�c���W!_�1$y�2����!��+. !�����#1�5Go(C�}� ���5� �f��!�!��W'��2��!�# 6] FdN�z{N~Q�U a SEN��dN UnN\btUX|
SnI�QTSEN Q
btUXJ´¦6N<JLz*U�FdNrSEN�JLI3Q SnJoIEJoZdp N\�dpjN
[dJx��Nj�L[�I9UnNPNrOqv�GYSXJLIEJoZdpIEO�N\btUnSXQ
v�JLZHUnNPZ8IEJ�U G Q
I z SEN � a NPZ8btG JoZ8b SnN\Q
IVNPIP�{¼dN\Q�U a SnN �dN UnN\btUX|
SnI�JoZ8F8J´¤qJ�U br|
SESEN eIEO.|jZ8�8JoZdp Z8|jJoIVNteu�dN UXNPbtU�JL|jZ�ZdN a Sn|jZ8I �

�



� 6 � � �_!�#?��uH'��c!��7��#

¡ ¬uZ |
Sn�dNrS4UX| SEN;¦6N\Q
vqUXFdN;bP|jZ8IVN � a NPZ8b N\I�|
z W�|-�dNPv���£�N<FqQ1¦6N;IEJLW a voQ�UnN\� kH�j�Q a �8J�UX|
SVG�ZdNrS¾¦6Ns¶&¤.NrSnI,Q
Z8� kH�
�>ZdN a Sn|jZ8I |
z N\Q
bcF�U G-O.N
�
¡ ] |;pjN U�Q�SEN\Q
voJLIVUXJLbAJoZdO a UC£ N�FqQ ¦jN WY|-�dNPvLNP� UXFdN ¤RQ
IEJov Q�S WYNPW ¤8S�QTZdNQ
I Q<IVN U|
zdz | a SVUXF-eu|
Sn�dNrS vLJoZdN\QTS*pHQ
W�WsQ e UX|jZdN�¶Rv�UnNrSXIr� ] FdN4QTWYOqvoJ U a �dN�|
z�U�FdN�¤RQTInJLv QTSWYNPW{¤8SXQ
ZdN<bPQ
vob a v Q�UnNP�h¤�GsUXFdNPIENs¶Rv UnNPSnI�JLI3br| a OqvLNP��UX| UXFdN I9UXNrSEN\|�brJovoJoQ |
z Q_�NP�8�8JoI JLZ8ZdNPS9euFqQTJLS9eub N\vLv W�|��dN\v��N¯ ®��r�
¡ �;vLv*ZdN a Sn|jZ8I3FqQ1¦6Nz¤�NPNPZ�W�|��dN\v�N\��¤�GsUXFdN � IVOqJ�KjN SEN\IVO |
Z8IEN W�|��dNPv0² ®�® �

8=�fD�'��2�����	��'C���c�����7$&d #1�:��'Cdf$y� ���_!���.s���������������1�_!���#}6

¼5J�SnJoZdp SXQ�UnN\I ��bP|
vo|
S�br|-�dNP��
|Tz kH�j� | a UnO a U3ZdN a Sn|jZ8I QTI3Q z a Z8b UXJo|
Zs|
z UXJoW�N;QTZ8�U�FdN ZdN a Sn|jZ8IT²/¤�N\I9U,z{SEN�� a NPZ8b G JLZ�Q UX|jZ8|�U�|TOqJob�Q�SnSXQ\Gj�
� $�� ] FdN I9UXJoW a v Q�UXJLZdp In| a Z8� JoI�vo| £3e$ORQ
IEIsZ8|jJLIVN9£�J U�F Q b a UX|i¨ z{SnN � a N\Z8btG |Tz
½~iT�j���=³ Q
I,JoZ�¼ JLp8�.�?� N�
t��
;Z8v�G JoZdO a U<ZdN a SX|
Z8I�£�J�UXF�vo| £F¤�N\I9U<z{SnN � a N\Z8brJLNPI,QTSENU�FdNrSENPz |
SEN Q
btUXJ´¦TQ�UnNP����¼dN~Q�U a SEN �dNrUnNPb UX|
SnI �8| Z8|TU SEN~QTb U JLZ#UXF8JLI bPQ
IVNe¤�N\bPQ a IVNU�FdN�I9UXJoW a v a I<bP|jZ6U�Q
JoZ8I<|jZ8v�G Z8|jJLIVNYQTZ8� Z8| UX|jZqQ
v z{N\Q�U a SnN
[]¤ a U Z8|jJoIVN �dNrUnNPb UX|
SZdN a Sn|jZ8I �8|8� ] FdN G#br|jZ6UXJoZ a N�¶qSXJLZdp QTz UnNPS UXFdN IE| a Z8�#FqQ
I{¤.NrN\ZBIN£�J�UXbcFdNP�:|i¨
¤.NPb\Q a IVN |
z UXFdN\J�S vo|jZdp U�JLWYN br|jZ8I9U�Q
ZHUXI Q
Z8� U�F a I I9U�JLvov JoZ8F8J´¤qJ�U�UXFdNPJLS�br|
SESEN eIEO.|jZ8�8JoZdp | a UnO a U ZdN a Sn|jZ8I � ± NPbPQ a IVNY|
z4voQ
b�K |
z�JLZ8F8J©¤qJ�UXJL|jZ z{Sn|jW vo| £ U�| F8JLp6Fz SEN � a NPZ8brJLNPI�JoZsUXFdN | a UnO a U voQ\G6NPS Q�U UXFdN�O |jIEJ U�JL|jZ�JoZ8�8JLb\Q�UnNP�h¤�G QTZ QTSESn| £ [ | a UVeO a U�ZdN a Sn|jZ8I ¶qSnN Q�U;Q�F8JLpjFdNPS SXQ�UnN UXFqQ
Z�JoZ�UXFdN\J�S SEN\I9UXJoZdpYIVU�Q�UnN
� �-|sQ ¢�£�Job�K
NPSU�|
ZdN JLI�Q a �8J©¤qvLN�Q�U UXFdN bP|
SESENPIEO.|jZ8�8JoZdp<z{SnN � a N\Z8btG6[TJoZ8�8JobPQ�UnNP�^¤�G Q
Z QTSESn| £#FdN\Q
� �
� E�� ] FdN I9UXJoW a v a I�JoI,vL|2£3e ORQ
IEI3Z8|jJoIVN Oqv a I�Q>O a SnN UX|jZdN Q�U UXFdN N\�dpjN Q
I,JoZk¼5J�pq��?� z 
c��¼dN~QlU a SEN �dNrUnNPb UX|
SnI3SENPIEO.|jZ8� UX|�UXFdN O a SEN UX|jZdNj[ � ¤ a SnZ8JoZdp/²RQ � F8|jvLN5²8JoZ UXFdNZ8|jJoIVNteu�dNrUnNPb UX|
S v Q\G6NrS IEJoZ8b N Z8|jJoIVNteu�dNrUnNPb UX|
S ZdN a Sn|jZ8I QTSENsJLZ8F8J©¤qJ UXNP�l¤�G z{N\Q�U a SEN�dNrUnNPb UX|
SnI��b zg�C¼5J�pq� kq��] FdN ¢�£�Job�K
NPS UX|jZdN JLI O.NrSnbrNPJ´¦jN\�&8"6 4 2�� UXFdNsO a SENYUX|jZdNQ
Z8��JoI JLZ8�8JobPQ�UnN\��¤HG�QTZ QTSESn| £ FdN\Q
� �

�



� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �

� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �

Lo
w

−
pa

ss
 n

oi
se

2 40

1

16

0.2

5

1

16

0.2

5

1

16

0.2

5

1

16

0.2

5

Z
w

ic
ke

r 
to

ne

Stimulus

1

200

400

Input fibres

N
eu

ro
n 

nu
m

be
r

Time (s)

B
es

t f
re

qu
en

cy
 (

kH
z)

1

200

400

1

200

400

1

200

400

0
10

0
20

0
F

iri
ng

 r
at

e

Feature detectors

Output neurons

Noise detectors

(a)

���



� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �

� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �
� �

Lo
w

−
pa

ss
 n

oi
se

 p
lu

s 
pu

re
 to

ne

2 40

0
10

0
20

0
F

iri
ng

 r
at

e

1

16

0.2

5

1

16

0.2

5

1

16

0.2

5

1

16

0.2

5

Stimulus

1

200

400

Feature detectors

Time (s)

B
es

t f
re

qu
en

cy
 (

kH
z)

1

200

400

1

200

400

1

200

400

Input fibres

Noise detectors

Output neurons

N
eu

ro
n 

nu
m

be
r

Z
w

ic
ke

r 
to

ne

(b)

� �



������������	�
���

� ½���¢�£�JobXKjNPS�� � � $,NPp6Q�UXJ´¦6N QTz UnNPSnJLWsQTpjN5² JoZ FdN\QTSnJoZdp8�������  2 : � ����� 2 ��������L[
�! w �lk�½r��� �lk�½\h-[]½#"%$Tkq�

� ����¢�£�JobXKjNPS&� �HQ
Z8�h¼qQ
I9UXv � �(' �*)  032�� "2 : � � > ��#+-, � �� � � = 	/.�2 	�6 4 ������O8SnJoZdpjNrSP[
± NPSnvLJoZ�[v½#"0"%"d�

� �1� ¼dSXQ
Z8|jIEbcF328� _ ��D �o[��NPWYOdUnNPS � �L[Q
Z8��¦TQ
Z ��NPW�WYNPZ428������¢_£�JLb�KjNrS UX|jZdNJLvov a InJL|jZ:QTZ8�#Z8|jJoIVN SnNP� a btU�JL|jZ:JLZ UXFdN�Q a �8J UX|
SVG IVG�I9UnN\W�[ �T�j�j�d� D�SENrO8SXJLZHU],^ _B`a Z8bcFdN\Z��
� k%� ¼qQ
I9UXv � �o[�D Q�UXIE| a SXQ
I:M �o[%¼dSXQ
Z8|jIEbcF 28� _ � D �L[�Q
Z8� ¦TQTZ ��NPW�WYNPZ 28�����

¢�£�JobXKjNPS UX|jZdN\I z |
S O a SENsUX|jZdN�Oqv a I�¤RQ
Z8�#vLJoW�J UnN\� Z8|jJLIEN
�l¬$Z5' 06) � > 254 2"A > �
 �54 � = 	7' �*)  032�8�06) �">  �54!9 � � 6 � 2;:<� : 	 > ��2 <�)7,�: = �� > 2 =�=>' < 2 ���2;: � 0 6@?1A � 0
B = �(6�<�= � � > 2 = �54C�D)1�E8�2 �">@:F� 2 =HG 6 � <�>@=3AT[dO8O*� hji �F$j�d� ���j�j�d�

� h�� � a W�W�JLI � � *;�6Q
Z8��m a UEUXWsQ
Z $ ����ª�Oqvo|
SXQ�UX|
SVG IVU a �8J�N\I|
zv¢_£�JLb�KjNrS1² IJIEZdNrpTeQlU�J«¦6N�QTz UnNPSnJoW�QTpjN#K�JoZ FdN\QTSnJoZdpq�L���>�  2 : ���M�N� 2 ��O�����L[ �)� �P$�
cwA½#"
�j���]½#"�kjkq[
½Q"Hi �-�

� $1� ¼qQ
I9UXv � �)¢ a W ¢�£�Job�KjNrS9eu] |jZ{¤.NPJ?� JLZ8JLNPZ8IVO.NrK�UnSEN\ZYW�J�U�IVO.NrKHUXSXQ
v�N\Z��3`a b�KjNPZ��
�  : ��� >  �T[  SR wA½~i
i��]½Pf0$�[�½#"jf0"��

� i�� ��S a WYO m>� 9 6 �� 0 < 6;>�8;: =3A 	�6 � �1T�: � � >��� 0 6;=VU �  0 � 2 =�6 �W� > �@G9> 4 : 6 � 2 =
. > � 0YX2 < �� 0 � 6 4@476;=D� : ���(6�<�=R� DAF���M ��UXFdN\IEJoIr[8],^ _B`a Z8bcFdNPZ�[H½#"0"j���

� f1� ¼qQ
I9UXv � ��Q
Z8� � S a WYO m � DAJ U�b�F |Tz�UXFdN@¢_£�JLb�KjNrS�UX|jZdN>QTZ8� WsQ
IVK-JoZdpsORQ�UVeUnNrSnZ8IP��¬uZ m � � ��_�Q
Z8vLN G.� NP�8J�UX|
S�
c[Z� 	�� � = �6 ��> =[G 6 � <�>@=3AT[�O8O*��k-hji ��k\$0$d�
§ |TSXvL���-brJLNPZHUXJ«¶Rb �-JoZdpHQTO.|
SENj[]½#"0"Hh-�

� "1�3_ NP�8�8JoI � � �-JLW a v Q�UXJo|
Zs|
z Q a �8J�UX|
SVGHeuZdN a S�QTv�UnS�QTZ8In� a btUXJo|jZ�w�¼ a SEUXFdNrS,I9U a �-eJ�N\Ir�����(�  2 : ���M�]� 2 ^�_�����L[C` � wA½r�Hha$��]½r�0$j�d[Z½#"jf0$d�
� ½P�1� 
�² _ QTSn� ����D �o[���N;£�J�UEU _ �b28�o[�Q
Z8�>_ N\�8�8JLI � ��ced�f�g � <h+ei2 < 6-j 2 : � >@=�6 �&c > �

8�< � <�)k=%: 2 <&, 476*l >�8 476�=!� : 	 > ��2 <m)7i!21�E8�: �(6;<&�/>n� :/4 � � > 2 =/o 6 � 6 4 2�8C� 6;= ��� ��N\QTSP�
� NPIr��� Qi¤ |
SXQ�UX|
SVGj[d^<Z8J«¦6NrSXIEJ U Gs|TzO�AIEIEN ª?[�½#"%"Hi-�F�UEUnO*wqp%p2£ £ £ � NPIEIEN ª?� Q
bT� a K�plOqI9Gdb�F8|jvL|TpTGDplFdN\QTSnJLZdp6vLQi¤Sp v a UEN\QTSmp�F8|jW>Nj� FjU�W vx�

� ½}½��3m;NrSXI9UXZdNrS § �lQ
Z8�\¦TQTZ �,N\W�W�N\Zr28�����3* |-�8JLZdp�Q
Z8� JLZdz�|TSXW�Q�UXJo|jZ�O8SX|�b N\IEIEJoZdpJLZ�ZdN a SXQ
vdZdN UP£�|
SEK�Ir�+¬uZs� �6M;|jW�Q
ZHGj[028�����i¦TQ
Z ��NPW�WYNPZ�[
Q
Z8���>� �-bcF a v�UnN\Z
� NP�8J�UX|
SnI"
c[(.�2 	�6 4 � 2;:tU�6;: < �54_U�6 � � 2 <mT �JB;B�+�f?6��E8�2 < �54u� �M8/6� � � 2;:vi!2�	 > =3A
� = 	wB =^: 2 <�� � � > 2 =x' < 2 �6 � �">@=3A >@=y9 > 254 2"A >  �54��!) ����6�� �c[-b�FqQTO*��½T[-O8O*���0"���k-i��
��O8SnJLZdpjNPSP[�$,NT£{z4|
SEK.[�½Q"0"Tkq�

�¾¿


