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1 Ú ó

C 20 c, D(3��5XÚ¥åX'���

^¿���
2��'5 [1−8]. d��f&Ò°Ä

���5XÚ3D(�^e¬�)&Ò����

y�, ù«y�¡��Å�� (stochastic resonance,

SR)[1−3]. vk	.&Ò�^���5XÚ, 3D(

��^e�¬��,«�Z�Ó�y�, d¡��

Åg�� (autonomous SR)½�Z�� (coherence

resonance, CR)[4−7]. �Å��Ú�Z��`²D(

3��5XÚ¥u�È4�^, ®²'ß�Nõ

�Æ+�, X)ÔÆ! ²�Æ!)Ô�Æ!Ôn

Æ!zÆ!²LÆ�. AO/, D(3 ²XÚ¥

´ÊH�3�, 
��þ ²>¹Ä¢�®²�y


�Å��y���3 [2,9], ��«
D(�±3

 ²&E?n¥åX'���¡�^, §U
�Ï

 ²XÚuÿ�f&Ò [2], Or&Ò30�¥�D

ÑÚJp ²��ä�,¯5 [9]. D(3,��,

¯[��ä, %*[��ä, �u�
­��^, �

±puE,ÓÚ!Æ��) [10,11]. Ïd, D(3�

,¯[��ä¥�ïÄÚå
NõïÄö�pÝ

'5.

du ²XÚ!%9´d¤Zþ��[�|

¤�äkpÝ��5��m©ÙXÚ. Cc5, ï

Äö'5��:�lü����5XÚ=z��

m©ÙXÚ, ¿���
�½�¤J. Jung�<3

�m©ÙXÚ¥*	����Å�� [3], �Xk

ïÄö3���ä�.¥��
���Z�� [5].

Carrillo �3zÆ�A�.¥�y
�m�Z�

� (spatial CR)��3 [6]. �m�Z��´�D(

�^e��mXÚU
�)�`�kS�m(�.

��, D(3d ²��.X FitzHugh-Nagumo�

.!Hodgkin-Huxley�.!Rulkov N��|¤�

�,¯[��ä¥p�
�m�Z�� [12,13] Ú�

m�Å�� [14,15]. 3�,¯[��ä¥, D(�±

p�Nõ���ªX��ÓÚ!Ú^Å!�m±

Ï� [16−18]. ù
ïÄ�ïÄD(�^e� ²�

�ä�ÄåÆ1�, ±9�3�ä�g|^D(C

½
Ä:.

�´, é�ä����ïÄ¥, <�uy&D

'�XD(rÝ�Cz  �k�g¸, �Ò´�

Ñy�g��, �k�êïÄöuyD(p�
õ
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g�� [19−21]. 
õg����)kX­��nØ

Úy¢¿Â, �±kõgÅ¬|^D(. ïÄuy,

dü� FitzHugh-Nagumo�.�¤� ²��ä,

ÏLpdxD(�^�1�� ²�, 
¦�1�

� ²��¸¸mÏ�CÉ5�D(rÝ�O\

Ñy
õ�¸, L²pu
õg�Å��y� [19].

CÏïÄuy, 3d Morris-Lecar(ML)�.|¤�

�,¯[��ä¥,�\�a<ó�Å&Òp�


õg�m�Z�� [20,21]. T�Å&ÒØÓuxD

(, �ØÓuÚD(. ,
y¢)Ô ( ²) XÚ�

D(  �CÚD(, Ï
ÚD(�ïÄäk­�

y¢¿Â. 
3D(�ïÄ¥, pdxD(��D

(�nØCqäk­��Ä:¿Â. Ïd, �©ò

ÄkïÄpdxD(´ÄU
3�,¯[��ä

¥p�õg�m�Z��; 8�òUYïÄÚD(

´Äpuõg�m��.
Morris-Lecar(ML) �. [22−25] �@´�éÃ

BHÄÔB� giant barnacle(Balanus nubilus)*[

�>¹Äïá�lfÏ��.. T�.U
�

ý Hodgkin3l¿Mã¶â>¹Ä¢�¥uy�

üaØÓ�,¯�ª [26,27]. �aé	.e-r

Ý�¯a, �>å©ªÇ�±é$, ��>ªÇ�

��é�°, ¡� I .,¯5. �aé	Ü�\e

-�rÝ�éØ¯a, �>ªÇ3�½��S, ¡

� II .,¯5. I .,¯5éA ML �.�ØC�

þ�Q–(©
, II .,¯5éAuT�.�æ�

. Hopf ©
 [28]. gd±�, ��¡, ²�Æ[\

r
éu ² I, II .,¯5�¢�ïÄ [29−34]. �

C, 3�X�¥Í ²XÚ�¢�¥uy
 I, II .

,¯5 [32,33], ¿�3ü� ²�¥�uy
 ²

�3 I .,¯5� II .,¯5�m�=[ [32,34].

,��¡, ML �.�2�^u ²�>�,¯

5a.�nØïÄ [26−31,35−40], ~X, ²�� I,

II .,¯53õ��¡LyÑ
ØÓ, X�>ª

Ç [26−28,31]
!� �A­� [29,30,35−37]

!±Ï-

y�ªÇ�A­� [38]
!�>ªÇ�CÉ5 [36] Ú

�>!Æ�ª [41−43]; d	, üa,¯5� ²�

�äÓÚ5´ØÓ� [39,40]. ML �.´ïÄ I, II .

,¯�A^��2��nØ�., �,§�m©Ø

´�é ²��êÆ�.. �X Hodgkin-Huxley�

.��, �,�m©´Äul¿Mã¶âïá�,

�´y3�2�^u ²�>¹Ä�nØ�.. d

	, 3�X�ïÄ¥, ML �.��±^u%*[

��. [10,11], Ï
, ML �.´��n���,¯

[��nØ�.. �CïÄuy
�a<ó�Å

&Ò3 I, II .,¯�äÑUÚåõg�m�Z�

� [20,21], �´ I .,¯�ä�N´�)õg��.

�©òïÄpdxD(é II .,¯�ä��

m��, I .,¯�ä±�ïÄ. Ïd, �©À�æ

�. Hopf ©
. ïÄd ML �.²>ÍÜÚC�

ë��¤�Ó��,¯[��ä. ��ü��f

� ML �.�(½51�´?uæ�. Hopf ©


NC�·E. ÏLpdxD(é�ä��^,¦�

�ä�)
kS�Ú^Å, Äu�m(�¼êO�

&D'uykõg���). Ó�uy, �XD(

rÝ�O\, Ú^Å3{ü(��E,(��m=

�, ½�,Ï���(��OÑy; &D'�p$

�Ú^Å(��E,§Ýk', {ü�Ú^ÅéA

�&D'�p, E,Ú^ÅÚ,Ï���(�éA

�&D'�$. ïÄ(J��¡Ð«
pdxD(

�^e��,¯[��ä�ÄåÆ1�, ,��¡,

pdxD(p�
�,¯[��ä�õg�m�

Z��, kÏu)ÔXÚkõgÅ¬|^D(, ½

�k�/?1&E?n.

2 ü� ²��.9�ä�.

2.1 Morris-Lecar ���...999AAA555

ML �.��©�§|�

dV

dt
=

1

C
[−gCam∞(V )(V − VCa)

−gKω(V − VK)

−gL(V − VL) + I], (1)
dω

dt
= φ

(ω∞(V ) − ω)

τω(V )
, (2)

Ù¥ t ´�m, V L«Ä�> , ω ´��¡EC

þ, L«alfÏ�m�VÇ�Cz5Æ. ëê C

´�>N, gCa, gK, gL ©O´W!aÚ¦>6Ï�

���>�, VCa, VK, VL ©O´W!aÚ¦>6Ï

���=>  (reversal potential),I ´5g�¸�

oâ>Ñ\>6 (�)câ> ²�D\�>6Ú

	Ü�e->6�), m∞(V ), ω∞(V ) ©O´ Ca2+

lfÏ�Ú K+ lfÏ��mVÇ�­��, §�

÷vXe�§µ

m∞(V ) =0.5

[

1 + tanh

(

V − V1

V2

)]

,

ω∞(V ) =0.5

[

1 + tanh

(

V − V3

V4

)]

;
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τω(V ) =
1

cosh

(

V − V3

2V4

)

�=£�Ç, 
 V1, V2, V3, V4 �XÚëê, φ ´L

«�.¯úºÝ�m�Cz. 3�©¥, �
�

±c'u ML �.�ïÄ [30] ���, æ^ I �

�©
ëê, Ù¦��ëê���©O�µC =

20 µF/cm2, gCa = 4.4 µS/cm2, gK = 8 µS/cm2,

gL = 2 µS/cm2, VCa = 120 mV, VK = −84 mV,

VL = −60 mV, V1 = −1.2 mV, V2 = 18 mV,

V3 = 2 mV, V4 = 30 mV, φ = 0.04,�mü ´ ms,

>6�ü ´ µA.

3 I = 89.5 �, ML �.¬�)��1�, X

ã 1(a)¤«. Ù¥��­½1�´�>, éAu�

�­½4��, Xã 1(a)¥��¢��¤«; ��

­½1�´·E, éA­½�:, Xã 1(a)¥��

:¤«; ü�­½1����Ø­½�4�� (X

ã 1(a)¥�J��) ©m. ­½�>1��Ä�>

 Xã 1(b)¤«.

�>  V 'u©
ëê I �©
Xã 1(c) ¤

«. o¢�L«­½4����� (þ)!�� (e)

Ì�; oJ�L«Ø­½4����� (þ)!�

� (e) Ì�; ¢�ÚJ�©OL«­½�Ø­½

��:. l I = 89.5 å, �X I �O\, �Ì��

Cz´Ø­½4��� �, �� I = I1 = 93.86

�, Ø­½���, ­½�:C�Ø­½��:,

u)
²ï:�æ�. Hopf ©
, 
­½4��

Kvk��Cz. �X I �ü$, Ì��Cz´

Ø­½4���*�, 3 I = I2 = 88.29 ?­½

4��ÚØ­4�� (oJ�) �-u)
4��

�Q(©
, 4����; 
­½�:Kvk��

Cz. ¤±3 I2 = 88.29 Ú I1 = 93.86 �m´­

½4��!Ø­4��Ú­½�:���«m;

� I < I2 = 88.29, XÚ��3��­½��:

(¢�).

�ïÄ¥, I = 88, ML �.�­�1�´·

E (V = −27.28). evk?Û6Ä, �Ò´ I ��

?u 88, Xã 1(d) �c 0.90s,¤«XÚ�ò��

?3·E (J�). e��XÚ��6Ä, Xã 1(d)

¥ 0.90s?¤«�óÀ (rÝ 12µA, ±Y 0.02s(¢

�)), K¬pu�g�> (Ä�> ) �) (J�); Ï

�éAuXÚ·E�²ï:´�:, Tg�>�X

Ú¬±~Ì����ª¡E�·E (J�), d�Ï

óÀ(å I q�±3 88(¢�). ù`², I = 88 ?

·E�[�äk�,¯5.

ã 1 (a)I = 89.5��> (¢��) Ú·E (:), ±9Ø­½4�� (J��) ���1�; (b) I = 89.5��>; (c) ML �.

��>  V 'u©
ëê I �æ�. Hopf ©
,¢�ÚJ�©OL«­½�Ø­½�²ï:, o¢�L«­½4����

� (þ)!�� (e) Ì�, oJ�L«Ø­½4����� (þ)!�� (e) Ì�; (d) �©
ëê I = 88�, ML �.�\��6

Ä (¢�) c��·E!�)�>2�·E�¹ÄL§ (J�)
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I��Ñ�´, �,dëê|ÜÚ�A�æ

�. Hopf ©
�2�^u II . ²,¯5�ï

Ä [28,31,38,44,45], �´, d�·E> Y², Ä�>

 3	*ÚäN�> Ì��¡���� ²X

Úk¤�O. Ï� ML �.�lf¤©����(

åÈ[� [11,12], ù�´ ML �.���%*[�

�.ïÄ���. �©�
�¯õ'u ²� I, II

.,¯5�ïÄ�'�!éA, �´æ^
ù�ë

ê|Ü.

2.2 ���äää���...999DDD(((

d ML � . � ¤ � ��� , ¯ [ ��ä

Xeµ

dVi,j

dt
=

1

C
[−gCam∞(Vi,j)(Vi,j − VCa)

− gKωi,j(Vi,j − VK) − gL(Vi,j − VL)

+ I + gc

∑

k,l

εi,j,k,l(Vk,l − Vi,j)], (3)

dωi,j

dt
=φ

(ω∞(Vi,j) − ωi,j)

τω(Vi,j)
, (4)

Ù¥ i, j(i, j = 1, · · · , N) �Ld N × N � ML  

²�²>ÍÜ�¤��,¯[��ä¥�z�

�ü��f, N �L�äº�, gc �Lü��f

�ü��f�m�ÍÜrÝ, �§ (3)ªp�Ú

ª gc

∑

k,l

εi,j,k,l(Vk,l − Vi,j) L«�ä�ë�/ªµ

XJ3 (k, l) ?�ü��f�3 (i, j) ?�ü��

f?1ÍÜ, K εi,j,k,l = 1, ÄK, εi,j,k,l = 0. =z

�ü��fÑ�Ù��C�ü��f�ë�, �

ë�ü��f��ê�ü��f�Ý, ?3o��

�ü��f�Ý� 2, ?3o�>��þ�ü��

f�Ý� 3, ?3�>��þ�Ù{ü��f�Ý

� 4, u´��äk�½>.^� (no-flux) ��,

¯[��ä.

Ú\pdxD( ξi,j(t) �^��§ (3) ª,

ξi,j(t) �eI i, j ´L« ξi,j(t) \� (i, j) �ù�

ü��fþ. ξi,j(t) äk±e5�µ1) ÚO²þ�

�", 〈ξi,j(t)〉 = 0; 2) ØÓ��� ξi,j(t) pØ�',

〈ξi,j(t)ξm,n(t′)〉 = D2δ(t− t′)δi,mδj,n, Ù¥ D´D

(rÝ, δ(·)´ Diract-δ ¼ê.

3�©¥,�äº� N = 128, 
Ù¦ëêÑ

Úþãü� ML �.ëê��. ©
ëê I =88¦

��,¯[��ä¥�z��ü��fÑ?3·

EG�. æ^ 4 � Runge-Kuttaê�È©{, È©Ú

�� 0.1 ms.

3 �,¯[��ä���1�Úõg

�m�Z��

3.1 ���mmm���ªªª

þã�Ó��,¯[��ä�z��ü��

f´?u·EG�. �ÍÜrÝ gc = 0.75 �, 3

vkpdxD(��^e,�äE,�±·EG�,

Xã 2(a)¤«.

3D(�°Äe, �ä�)
ØÓ��m�

ª. �
Ð«�ä��m�ª, ùpæ^
Ä�

>  Vi,j 3,�����m�ª, Xã 2(b)−(l) ¤

«. �D(rÝ�u 0.20�,�ä¥�ü��f?

uKe��,�ä��m�ª´�Å!ÃS�, X

ã 2(b) ¤«. �XD(rÝ�O\, �rÝ3 0.20

� 0.78�m�, �ä¥�ü��fÑ?u�>G

�,�ä��m�ªÐy
kS(��Ú^Å, X

ã 2(c)−(i) ¤«. dã��µÚ^Å3�é{ü�

ª (ã 2(c), (e), (g), (i)�u 10 �|�¥%) ÚE,

�ª (ã 2(d), (f), (h)õu 10 �|�¥%) �m=

[. �rÝ�u 0.78
�u 0.89�,�ä�ü��

f�?u�>G�, ��äÐy,Ï!ÃS��m

�ª, Xã 2(j) ¤«. ��rÝ3 0.89� 0.91�m

�,�ä�ü��f?u�>G�, 
�qk{ü

�Ú^Å�), Xã 2(k) ¤«. �XD(rÝ�?

�ÚO�,�ä3D(��^evkkS�Ú^Å

�), Xã 2(l) ¤«.

3.2 õõõggg���mmm���ZZZ������

dþã��m�ª��Oy���, 3D(�

^e��äk��y��). �
þzT��y�,

Ú\Ä�>  Vi,j ��m(�¼ê P (kx, ky)[6,7].

Äk é Vi,j ? 1 ��F p � C � � � H(i, j),

?
O� |H(i, j)|
2, �� 128×128 ��
, ¿ä

k�é¡A5. òÙîp�I i Ú j ©O�5

Cz� [−0.5, 0.5],#�îp�IP� kx Ú ky,

Kò |H(i, j)|
2

C�� |H(kx, ky)|
2. �m(�¼

êXeµ

P (kx, ky) = 〈|H(kx, ky)|
2
〉, (5)

〈·, ·〉 L«é 10 �ØÓ��� |H(kx, ky)|
2

?1²

þ. du����m(�¼ê P (kx, ky) �´�é
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¡5�, ùp·���Ñîp�IÑ�u 0 � 1/4

�ã��L, éAuã 2 �ØÓ�m�ª��m

(�¼ê, Xã 3 ¤«. lã¥�±wÑ, 3�ä

vkÚ^Å�)�, (�¼ê P (kx, ky) vk²w

��m(�, Xã 3(a) Ú (f) ¤«; �kÚ^Å�

)�, P (kx, ky) kaqé¡��(�, L²�3

XkS��m(�, Xã 3(b)−(e) ¤«; eÚ^Å

�{ü(�, Ù�m(�¼ê�aqé¡�(�

'�²w (ã 3(b) Ú (d)), 
E,(���éØ²

w (ã 3(c)Ú (e)).

ã 2 �ÍÜrÝ gc = 0.75�, 3ØÓD(rÝe��ä��m�ª (a)D = 0; (b)D = 0.1; (c) D = 0.22; (d) D = 0.52; (e)

D = 0.67; (f) D = 0.7; (g) D = 0.73; (h) D = 0.76; (i) D = 0.77; (j) D = 0.82; (k) D = 0.89; (l) D = 1

�
£ã�m(�¼ê�kS(�, Äu�m

(�¼ê P (kx, ky) ��é¡5, é(�¼ê?1

�È© (p(k))[6,7], úªXeµ

p(k) =

∫

Ωk

P (kx, ky), (6)

Ù¥, k = (kx, ky), Ωk ´± k = |k| ��»��

/�. éã 3 ��m(�¼ê?1�È©, ��

� p(k) ��» k �'X, Xã 4 ¤«. dã��µ

�3�
D(rÝe, �m(�¼êk²w�é¡

���m(��, ­�3 k ≈0.06k²w�¸, �

�\r (Xã 4 ¥ D = 0.22, D = 0.52, D = 0.67

Ú D = 0.7). 
��(��²w��)�¸Ä�

p (Xã 4 ¥ D = 0.22 Ú D = 0.67), �{ü(�

�Ú^Å�éA; �(�Ø²w��)�¸°�
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$ (Xã 4 ¥ D = 0.52 Ú D = 0.7), �E,(��

Ú^Å�éA. 3,�
D(rÝe, �m(�¼

êÃ²w�m(��, ­�3 k ≈ 0.06 vk²w�

¸, ��~f (Xã 4 ¥ D = 0.1 Ú D = 1).

é þã� � y � ? 1 & D ' � ½ þ £ã.

± D = 0.22 �~, &D'�äNO�Xã 4(b)

¤«. &D'O�úªXeµ

SNR = p(kmax)/p̃, (7)

Ù¥, p̃ = [p(ka) + p(kb)]/2, k = kmax(k ≈0.06)L

«3,�D(rÝe p(k) 3ÛÜ4��éA�î

�I, ka,kb ©OL« k = kmax ¤éA¸��m�

���éA�î�I.

ã 3 �ÍÜrÝ gc = 0.75�, ØÓD(rÝe��m�ª Vi,j ��m(�¼ê (a) D = 0.1; (b) D = 0.22;

(c) D = 0.52; (d) D = 0.67; (e)D = 0.7; (f) D = 1

ã 4 (a)�ÍÜrÝ gc = 0.75�, ØÓD(rÝ D e��m(�¼ê��²þ p(k) � k �'X; (b) &D'�O�ã«
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ã 5 3ØÓÍÜrÝe�&D'�D(rÝ�'Xã (a) gc = 0.75; (b) gc = 0.5; (c) gc = 1

�ÍÜrÝ gc = 0.75�, ØÓD(rÝe�

&D', Xã 5(a)¤«. dã��µ&D'�XD

(rÝ�O\Ñy
õ�¸, L²kõg�m��

�). é'ã 2 Úã 5(a),uy(�{ü�Ú^Å

� SNR ��, (�E,�Ú^Å½,Ï��(�

� SNR�$.

3ØÓÍÜrÝe, &D''uD(rÝ�

'Xã, Xã 5(b), (c)¤«. dã��µ3ÍÜr

Ý gc = 0.5 Ú gc = 1 e, &D'�XD(rÝ�O

\ÑÑy
õ�¸, L²kõg�m�Z��u).

4 (Ø�?Ø

�©ïÄ
pdxD(3äk·E�� II .

,¯�ä¥��^, �XD(rÝ�O\, 3D(

rÝ�ü�«�SÑy
Ú^Å, =lÃS�Ke

��, �kS�Ú^Å, �,Ï��m�ª, �kS

�Ú^Å, 2�,Ï�m�ª. 
��XD(rÝ

�O\, Ú^Å�(��3E,Ú{ü�m�O,

½�,Ï���(��OÑy. ÏL�m(�¼ê

O��&D''uD(rÝ�­�uy, D(p�


õuüg��Z��; ¿�3�½�ÍÜrÝ�

�SÑkaq�(J, `²T�m����3´�

&�. ùÒ`², xD((¢U
pu�,¯[�

�ä�)õ­�m��. ?�Úuy, &D'�p

$�Ú^Å�ÑyÚ��±9Ú^Å�(�{ü

�E,k', 
3ü�Ú^Å�«mS(�{ü�

Ú^ÅéA�&D'�p, (�E,�Ú^ÅéA

�&D'�$, ,Ï�m(��&D'�$. `²,

��(��Cz´&D'Cz�Ä:. ù�Ò�Ñ


��(��&D'�m�'X.

3± D(p���Å��Ú�Z���ï

Ä¥, &D'�D(rÝ�Cz  �k�g¸,


éuõ�¸��Å����%é� [19−21,46,47].

3ü� ²XÚ¥, ±Ï-y�\r½öªÇ�U

C,¦�D(�^e��5XÚ�)
üg½õg

�Å�� [46,47]; 3�äXÚ¥, pdxD(p�


ü� ²�ÍÜXÚ�õ­�m�� [19], <ó

�Å&Òp�
�5� ²��ä�õ­�m�

� [20,21]. 
�©ïÄ
pdxD(3�,¯[�

�ä¥��^,¦�ä�)
kS�Ú^ÅÚõg

�m�Z��; O\
�±�)õ­�m���«

~, �`²
õg�m����)�´�éÊH�.

�,�©�ïÄÚCÏ��
©zê��[
õ

­�m��y���), �´, éuÙ�)Ån8

cÿØ²(, ÿ�?�ÚïÄ.

3 ²XÚ¥, D(´Ø�;��. glÑy

�Å�� [1], D(��¡�^Ò�<�¤^. D(
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Abstract

To study the effect of noise on the network and the influence ofnoise on the spatio-temporal behaviors of the network, a homoge-

neous network of excitable cells is constructed, in which the classical Morris-Lecar neuron model behaves as a unit by electric coupling

to neighbouring ones. The deterministic behavior of each unit is a resting state corresponding to class II excitability. Under the action

of white Gaussian noise in the network, spiral wave can be induced within a large range of noise intensity, while disordered spatiotem-

poral structure is induced within a certain small intensityrange. With the increase of noise intensity, spiral wave is characterized by

a transition back and forth between simple structure and complex structure, or appears alternately with the disorderedstructure. By

calculating spatial structure function and signal-to-noise ratio (SNR), it is found that the SNR of spiral wave with a simple structure is

higher and the SNR becomes lower when the spiral wave has a complex or an even disordered structure. The SNR curve shows that

multiple peaks appear with the increase of noise intensity,which indicates that white Gaussian noise can induce the multiple spatial

coherence resonance in an excitable cellular network, and suggests that there are many opportunities to select diverseintensity noises

to be rationally used in a realistic excitable system.
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