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1 Ú ó

Cc5, D(é ²XÚ�?èÚ&ED�
�K�ÚåÊH'5 [1−15]. Hodgkin Ú Huxley 3
þ­V 50 c�ïá
Í¶� Hodgkin-Huxley(H-
H) �. [1] 5ïÄ ²���>A5ÚÓÚ1�.
FitzHugh Ú Nagumo 3�3 H-H �.)ÔA5�
Ä:þ?1
{z, JÑ
�� FHN  ²��
. [2]. Alarcon � [3] ?�Úé�� FHN ²��
.?1{z��
�� FHN XÚ. Äuù
²;
� ²��., �þ��ÆïÄuy ²�3&E
�?è�D4L§¥�±ÏL�Å��éD(�
¸¥�f&Ò?1�� [4−15].

3 FHN ²�XÚ�ïÄ¥  �Ä�¸�
�´pdD(��¹, 
®k¢�ïÄy² [16,17],
3,
 ²XÚ!)ÔXÚÚÔnXÚ¥�D(

��u�pd©Ù. du�pdD(���ê�
�ÅL§, �êÆL�ªE,, 3êÆþØ´?n,
¤±éÙïÄ�� [18−24]. Fuentes Ú Wio[18,19] ï
Ä
�pdD(éV­XÚ²þÄgB��mÚ
�Å���K�. Wu Ú Zhu[20] é�pdD(Úp

dxD(�Ó-ye�k�¢��é¡V­XÚ
?1
�Å��ïÄ. ëÿ� [23] ïÄ
�pdD
(°Äe FHN  ²�XÚ�²þÄgB��m,
(J`²�pdD(k|u ²�&E�D4. �
©­:ïÄØ�'�¦5�pdD(Ú\5pd
xD(�Ó-ye�{z�� FHN ²�XÚ�
�Å��, ?Ø�pdëê!D(rÝÚD(�'
�méXÚ�Å���K�.

2 FHN ²�XÚ�&D'

�Ä��¦5�pdD(Ú\5pdxD(
�Ó-ye{z�� FHN  ²�XÚ, 3	\±
Ï&Ò��¹e, ÙK���§�:

dv

dt
=v(a − v)(v − 1) − b

γ
v

+ A cos(ωt) + vη(t) + ξ(t), (1)

(½5�§�³¼ê�

U(v) =
1
4
v4 − a + 1

3
v3 +

a + b/γ

2
v2. (2)

Ù¥, v �L¯C��>ØCþ, a �N�´XÚ
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�¯C§Ý, b ��~ê, �N�´úCþéXÚ
�K�, γ ´�~ê. ùpI��Ñ�´, Ï��
'� ²�XÚ�Ñ
úCþ�§, �
¦�X
Úl��½�LÞ�,	��½��¹, Ïd{z
�.¥D( ξ(t) ´7L�. - U ′(v) = 0, �ëê
÷v b/γ < ((a − 1)/2)2 �,³¼êkü�­½::
vs1 �L[�� ²�?u·E�, vs2 L«[��
 ²�?u-u�; Ú��Ø­½: vun, L�ªX
e [23]:

vs1 =0,

vs2 =
a + 1 +

√
(a − 1)2 − 4b/γ

2
,

vun =
a + 1 −

√
(a − 1)2 − 4b/γ

2
. (3)

¦5D(� η(t)��pdD(, ÙÚO5�Xe:

dη(t)
dt

= −1
τ

d
dη

Vq(η) +
1
τ
ε(t), (4)

Ù¥, Vq(η) =
D

τ(q − 1)
ln

[
1 +

τ

D
(q − 1)

η2

2

]
,

〈η(t)〉 =0,

〈
η2(t)

〉
=


2D

τ(5 − 3q)
, q ∈

(
−∞,

5
3

)
,

∞, q ∈
[5
3
, 3

)
,

(5)

ùp ξ(t) Ú ε(t)�Ø�'�pdxD(, ÙÚO5
��±d§��þ�Ú��5L«:

〈ε(t)〉 = 〈ξ(t)〉 = 0,

〈ε(t)ε(t′)〉 =2Dδ(t − t′),

〈ξ(t)ξ(t′)〉 =2Qδ(t − t′), (6)

Ù¥, τ ��pdD( η(t) ��'�m, D Ú Q ©
O� ε(t) Ú ξ(t) �D(rÝ.

A^´»È©{ [18], �pdD(�±�¤
dη(t)
dt

= − 1
τeff

η(t) +
1

τeff
ε1(t), (7)

ùp ε1(t)´pdxD(,

〈ε1(t)〉 =0,

〈ε1(t)ε1(t′)〉 =2Deffδ(t − t′). (8)

Ù¥, τeff Ú Deff ©O�k�D(�'�mÚk�
D(rÝ:

τeff =
2(2 − q)
5 − 3q

τ,

Deff =
(

2(2 − q)
5 − 3q

)2

D. (9)

ëê q L« η(t)  lpd©Ù�§Ý, � q → 1�,
η(t) �Cqw¤'é�m� τeff , D(rÝ� Deff

�pdÚD(.
A^Ú�ÚD(Cq [25], �§ (1) �U��

v̇ =
1

E(v)

[
v(a − v)(v − 1) − b

γ
v

+ A cos(ωt) + vε1(t) + ξ(t)
]
, (10)

Ù¥, E(v) = 1−τeff [−2v2+(a+1)v−A cos(ωt)/v].
�§ (10) ��±?�Ú�¤e�/ª

dv

dt
= f(v) + g(v)Γ (t), (11)

ùp Γ (t)´pdxD(, 〈Γ (t)〉 = 0, 〈Γ (t)Γ (t′)〉 =
2δ(t − t′),

f(v) =
v(a − v)(v − 1) − bv/γ + A cos(ωt)

E(v)
,

g(v) =
G(v)
E(v)

,

G(v) =(Deffv2 + Q)1/2. (12)

u´���§ (1) �Cq FPK �§L�ª:

∂P (v, t)
∂t

= − ∂

∂v
[A(v)P (v, t)]

+
∂2

∂v2
[B(v)P (v, t)] , (13)

Ù¥,

A(v) =f(v) + g(v)
dg(v)
dv

=
v(a − v)(v − 1) − b

γ v + A cos(ωt)

1 − τeff

[
−2v2 + (a + 1)v − 1

v
A cos(ωt)

]
+

1
2
B′(v),

B(v) =g2(v)

=
Deffv2 + Q{

1 − τeff

[
−2v2 + (a+1)v− 1

v
A cos(ωt)

]}2 .

(14)

d (13) Ú (14)ª�� FHN ²�XÚ�Cq½�
VÇ�Ý¼ê (SPD)�

ρst(v) =
N√
B(v)

exp
[
− Ũ(v)

Deff

]
. (15)

ùp N �8�z~ê, 2Â³¼ê Ũ(v) �L�ª
Xe:

Ũ(v) = −
∫

dv

v2 + Q
Deff
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×
{

v(a − v)(v − 1) − b

γ
v + A cos(ωt)

}
×

{
1 − τeff

[
− 2v2 + (a + 1)v

− 1
v
A cos(ωt)

]}
=

k1

2
v4 − k2

3
v3 + (k3 − k1h)v2 + (k2h − k4)v

+ (k1h
2 − k3h + k5) ln(Deffv2 + Q)

+
√

h(k4 − k2h) arctan

(√
Deff

Q
v

)

+
[( k6√

h
+ k1

√
h
)

arctan

(√
Deff

Q
v

)

− k1v

]
A cos(ωt), (16)

Ù¥,

k1 =τeff ,

k2 =3(a + 1)τeff ,

k3 =
1
2

[
1 + (a + 1)2τeff + 2(a + b/γ)τeff

]
,

k4 =(a + 1) [(a + b/γ)τeff + 1] ,

k5 =
1
2

(a + b/γ) ,

k6 =(a + b/γ)τeff − 1,

h =Q/Deff .

3ý9Cq^�Ú�mºÝ T À ω−1
0 � (Ù¥ ω0

�L�§ (1) =É\5Ú¦5xD(�A�=�
Ç), âfd xs1 ¤3�³²�[� xs2 ¤3�³²
��[Ç±9�A�_�[Ç W± �L�ª�:

W+ =
|U ′′(vs1)U ′′(vun)|1/2

2π

× exp

[
− Ũ(vun) − Ũ(vs1)

Deff

]

=
1
2π

∣∣∣[3v2
s1 − 2(a + 1)vs1 + a + b/γ]

× [3v2
un − 2(a + 1)vun + a + b/γ]

∣∣∣1/2

× exp

[
− Ũ(vun) − Ũ(vs1)

Deff

]
,

W− =
|U ′′(vs2)U ′′(vun)|1/2

2π

× exp

[
− Ũ(vun) − Ũ(vs2)

Deff

]
=

1
2π

∣∣∣[3v2
s2 − 2(a + 1)vs2 + a + b/γ]

× [3v2
un − 2(a + 1)vun + a + b/γ]

∣∣∣1/2

× exp

[
− Ũ(vun) − Ũ(vs2)

Deff

]
, (17)

Ù¥ Ũ(v) Ú vs1, vs2, vun �½ÂÓ (16) Ú (3)ª.
�âü��.nØ, ��XÚ�&D'L�ª:

SNR =
A2π(µ1β2 + µ2β1)2

4µ1µ2(µ1 + µ2)
, (18)

Ù¥

β̄ =A cos(ωt), µ1 = W+|β̄=0 ,

µ2 = W−|β̄=0 , β1 = − dW+

dβ̄

∣∣∣∣
β̄=0

,

β2 = − dW−

dβ̄

∣∣∣∣
β̄=0

.

3 XÚëêé&D'�K�

� a = 0.5, b = 0.01, γ = 1, ±e(ØÑ´3ù
|ëêe?Ø�Ñ.

ã 1 &D'�ØÓ q Cz�­� (τ = 0.1), (a) SNR-D, Q = 0.1; (b) SNR-Q, D = 0.1.
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ã 1 �Ñ
&D' SNR ��¦5D(rÝ D

Ú\5D(rÝ Q �¼ê�ØÓ��pdëê q

Cz�­�. ã 1(a) ¥, SNR ­�Ñy
²w�ü
¸(�, XÚ*	�
�Å��y�, ¿���¸
� ��X q ��O\
���e£Ä. 3ã 1(b)
¥, q = 1.5 ¤éA�­�¥yüN~�ª³. ùp

I�`²�´, ã (b2) ´ã (b1) ¥J�µÜ©�
��ã, �±�Ù�w�, q �þ�u 1.5 �n^­
��X Q �O�kO\�~�, ­�Ñy4��,
L²XÚk�Å���), SNR �X q �O\
O
\, Ó�¸�� ��£.

ã 2 &D'�ØÓ τ Cz�­� (q = 0.5), (a) SNR-D, Q = 0.1; (b) SNR-Q, D = 0.1
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ã 2 �Ñ
 q = 0.5 �&D' SNR �� D

Ú Q �¼ê�ØÓ�g�'�m τ Cz�­�.
ã (a2-2) Ú (b2-2) ©O´ã (a2-1) Ú (b2-1) J�µ
¥ã/���ã. Xã (a1) Ú (b1) ¤«, � τ ��
���, ­�Ñy
²w�ü¸, =�)
�Å�
�, ¿���¸� ��X τ �O\
e£. � τ

�����, ã (a2) ¥ SNRÄk�X D �O\, Å
ì~�����4��, ,��X D �O\, Åì
O�����4��, SNR´ D ��üN¼ê, Ñ
y
�Å��. �� D < 0.3 �, SNR � D �O

�
É�³�, ù� FHN  ²�XÚ��>1�
òÉ�³�; � D > 0.3 �, SNR � D �O�

Ñy����¸, `²d�[��&EL§�D(
��Ú`z. Ó�, ¸��X τ �O\
~�. 3
ã (b2) ¥, ­�Ñy
V¸(�, ùü�¸�©O
?3 [0.001—0.005] Ú [0.05—0.25] ùü�«�¥,
XÚ�)
V­�Å��. ¿�&D'­��>�
¸����um>�¸�, �X τ �O\, �>�
¸��5��Ó�m>�¸��5��.

ã 3 &D'�ØÓ τ Cz�­� (q = 1.5) (a) SNR-D, Q = 0.1; (b) SNR-Q, D = 0.1

ã 3 ´ q = 1.5 �&D' SNR �� D Ú Q

�¼ê�ØÓ τ Cz�­�. ã (a1-2) Ú (b2-2) ©
O´ã (a1-1) Ú (b2-1) J�µ¥ã/���ã. 3
ã (a1) ¥, � τ = 0.1�, ­�þÑy
ü¸, �)

�Å��. �´�X τ �ÅìO\, SNR �X D

�O\Ñy
ü�4� —– ��4��Ú��4
��, 4��Ü©/¤
��³�²�, ¥y³�
y�; 
4��Ü©éA�Å��. Ó���¸�
 ��X τ �O\�e£Ä. Xã (b2) ¤«, � τ

�����, SNR-Q ­��Ñy
�ã (a1) ¥a
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q�y�, ¿���¸� ��X τ �O\
��
�þ£Ä. lã (a2), (b1) Ú (b3) ¥wÑ, ­�þ¥
yüN~�ª³,Ã�Å��y��). `²ØÓ q

�éXÚ��Å��k­��K�. Ó�3 (a2)
Ú (b3) ¥ SNR �X τ �O\
O\, 3 (b1) ¥%
�d��.

4 ( Ø

�©Ì��Ä
Ø�'�¦5�pdD(Ú
\5pdxD(�Ó�^e, {z�� FHN  ²

�XÚ��Å��y�, $^Ú�ÚD(CqÚü
��.nØ, 3ý9Cq^�e��XÚ�&D'
L�ª, ©Û
�pdëê!¦5D(rÝ!\5
D(rÝÚD(�'�mé&D'�K�. ïÄ(
Juy: ëê3ØÓ���^�e, FHN ²�X
ÚÑy�Å��ÚV­�Å��y�. �pdëê
�ØÓ��, \5Ú¦5D(rÝé&D'�K�
ØÓ. �g�'�m���½����, UC¦5
D(rÝ½\5D(rÝ¬éXÚ�)Ø���
K�. d	, �pdD(�\\¦�XÚÑy´L
õ��y�, �k|uOr ²�XÚ�&Ò�A.
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Stochastic resonance in FHN neural system driven by
non-Gaussian noise∗
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Abstract
Stochastic resonance (SR) is studied in the FitzHugh-Nagumo (FHN) neural system subject to multiplicative non-Gaussian noise,

additive Gaussian white noise and a periodic signal. Using the path integral approach and the two-state theory, the expression of the
signal-to-noise ratio (SNR) is derived. The simulation results show that conventional SR and double SR occur in the FHN neural
model under different values of system parameters. The effects of the additive and multiplicative noise intensities on SNR are different.
Moreover, the addition of non-Gaussian noise is conductive to the enhancement of the response to the output signal of the FHN neural
system.
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