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3�þ!�-u0�¥, æ^ Barkley �.ê��[
DÚ^ÅÚ�Ú^Å, ¿é�ö�ÄåÆ1��ëê�
Cz?1
ïÄ. (Juy: DÚ^Å�^=ªÇ�ëê b �O\×�~�, ��ªu�Ú, w«ÑØÓu�Ú^Å
�1�; ü«Ú^Å�±ÏÚÅ��ëê ε Ú�þ!«�º� R �O\
O\, �éDÚ^Å
ó, �Ú^Å�5
�é R ��6��¯a; DÚ^Åà:�Å�� R �O\
~�, ��Ú^ÅÅ�Czª³��. ,	, du�þ
!«��K�, � ε ½ b �L,��.��, Ú^Å:þÑy"�:.

'�c: Ú^Å, �þ!«�, �-u0�, ÄåÆ1�
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1 Ú ó

Ú^Å2�/�3ug,.Ú�¢�¿XÚ
XzÆ!)ÔÚÔn [1−11] �¥, �.n)ÙÄå
Æòé�«)·�å
, mu£�%���Æ#�
{, )º)�XÚ�Ãõy��Ñäk­��y¢
¿Â. Ïd, éÚ^Å�ã�ïÄ��´��5�
ÆïÄ�9��K��. @Ï�ïÄÌ�8¥3þ
!0�¥ [1−6], Cc5m©=��þ!0�¿Åì
¤�9:, ù´duØþ!0���Cug,.¥
�¢SXÚ. ~X, �C�¢�ïÄuy, ÄÔ��
M��S�3Ú^Å, ê��<Äu H-R  ²�
Ú H-H ²��., éd?1
XÚ�ïÄ, ��

�~­��ïÄ(J, XÍÜ ²��äÚ^Å
�p�!�C!Ï�D(Ú¦5D(éÚ^Å°
�5�K�� [7−11], �«
Ú^Å3�M���
3�)Ô¿Â.

ïÄL², �þ!0�¥�Ú^ÅLyÑ
�
þ!0�¥�Ú^Å4ÙØÓ�5�. ~X, du
�þ!0�¥É�5(���3, þ!0�¥¤£
½ûi�Ú^Å�áÚ$�¹S3�þ!0�Û
�"�� � [12−20], 
��É��â��3, N

´��­½�Ú^Å»�¤�mÃS�ã½kS
��û�ã. ù«¹S½»�Ú^Å���'3þ
!0�¥�\(J, DÚ�ØgdÚ^Å��{�
�5`Ø2·^ [21−24]. �C�ïÄuy, �þ!
«��Ú^Å��p�^�)�«#�$Ä/ª,
=Ú^Å�à:�7Ù>.��;�$Ä, ù«;
�$Ä�­½5�6u�þ!5�a., Ù¤£�
Ýû½u�þ!5�rÝ [25].

DÚ^Å��Ú^Å´Ú^Å�ü«;.�
3/ª, 3�-uXÚ¥, x�äk�-u5, �X
Ú�k��½�). �XÚÉ��6Ä��-uK
��, ¬�-u���-u�, ��XÚ¬gu�
�½�µþ, /¤��Ú^Å [6]. 3��-u±Ï
S, XJ-u��­½�±Y�m����, /¤
�Ú^Å¡��Ú^Å; XJ-u��±Y�m�
�u (½��u)­½���m, Ñy�Ú^ÅK¡
�DÚ^Å [16]. �C<�3¢�¥uy, %9>&
Ò¥Ú^Å�5�¯a/�6�-u0���þ
!5 [26], Ùü´ò��õ´ò�´Úå%ÄL�
�Ì��Ï. ò�å
u%�ØÓ|�«��~>
óÀ�DÂ, Ù�
3u>¹Ä³±Y�m (APD)
� á [27,28], ÏLN!>¹Ä±Y�m�±å�
Uõ%9õU��^, 
ùT�DÚ^Å��Ú^
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Å�5����', Ïd�\ïÄùü«Ú^Å�
ÄåÆék7�.

'uD�Ú^Å�ïÄ, <�uyÙ¥%à:
�¥yÑØÓ�ÄåÆ1�. ~X3�-u0�
¥, DÚ^Å��Ú^Å3>|¥�$Ä����,
Krinsk JÑ
ü«¿�Ån5)ºù�y� [6]. �
	\>|�^aq, 3�-u0�¥0���þ!
5�±ÚåÚ^Å�¤£, éu�Ó��þ!5,
D�Ú^ÅLyÑØÓ�¤£1� [29]. ©ÛD�
Ú^Å�ïÄyG, uy± �ïÄÌ�8¥3�
D�Ú^Å3	|¥�¤£1�, 
'u�þ!0
�¥D�Ú^ÅÄåÆ�ïÄÿ����.

�ó�À^ Barkley �., 3���þ!�-
u0�¥,ê�ïÄ
ëê b Ú ε ��þ!«�é
DÚ^ÅÚ�Ú^ÅÄåÆA� (�)^=ªÇ!
±Ï!Å�Úà:Å�) �K�. T(Jò��Ð
/n)D�Ú^Å�ÔnÅn, mu£�%9¾�
#�{Jøk���âÚ&E.

2 � .

2.1 ��� ...

Barkley �.´��VCþ�A*Ñ�., U

éÐ/£ãÚ^Å�ÄåÆ1� [30,31], Ù�§
/ªXe:

∂u

∂t
=

1
ε
f(u, v) + Du∇2u, (1a)

∂v

∂t
=g(u, v), (1b)

ÙÛÜÄåÆ�§ f(u, v) Ú g(u, v)�

f(u, v) =u(1 − u)(u − v + b

a
), (2a)

g(u, v) =u − v, (2b)

ª¥ëê a Ú b ´û½XÚ�-uK��ëê, ε

´¯CþÚúCþ�m��mºÝ. §û½
XÚ
��-u§Ý. �â¤�ëê�ØÓ, d�§ (1) £
ã�XÚ�±´���!V­�Ú�-u�. ë
ê b = 0´ù�XÚ���Q(©
:. � b < 0

�, vk­½�ØÄ:, Q: S3 =
( b

a − 1
,

b

a − 1

)
C�� � Ø­½ � � :, d�X Ú´� � �.
� b > 0 � a < 1 + b �, �k S1 = (0, 0) ´­
½�, XÚ´�-u0� [5], �©�?Ø�-u�
�¹, ÀJëê b > 0 � a < 1 + b, �yXÚk�
��þ!½�, é����6´­½�.

2.2 ���þþþ!!!«««������½½½ÂÂÂ

P �XÚëê, �±´ ε ½ b, Ù�m©Ù�

P =

P0, r > R,

P, r 6 R,

R =
√

(x − x0)2 + (y − y0)2,

ª¥ (x0, y0) L«�þ!«��Ð© �, R �Ù
�mºÝ.�
;�ëê�FÝ|Úå�Ú^Å�
¤£, 3�þ!«�S�½ P = ~ê.

2.3 DDDÚÚÚ^̂̂ÅÅÅÚÚÚ���ÚÚÚ^̂̂ÅÅÅ���½½½ÂÂÂ

�
«©DÚ^ÅÚ�Ú^Å, ùü«Ú^Å
�½Âæ^©z [6] �Ñ�½Â: ^ λe Ú λp ©O
L«Ú^Å�-u�°ÝÚÅ�, XJÚ^Å�Å
�÷v λe/λp ¿ 1, ¡��DÚ^Å; e λe/λp . 1
½Â��Ú^Å. DÚ^ÅÚ�Ú^Å�Å�½Â
þ�üÜ©�Ú λ = λe + λp.

3�-u0�¥, D�Ú^Å�/¤�ûu
XÚëê�ÀJ [5,6]. 3�©�ê��[¥, À
J a = 0.55, b0 = 0.05, ε0 = 0.024 Ú a = 0.98,
b0 = 0.03, ε0 = 0.024 ü|XÚëê©O��­
½�DÚ^ÅÚ�Ú^Å. >.^��"6>.
^�, éAD�Ú^Å�XÚ�ºÝ� 62.4 × 62.4
Ú 156 × 156 �mü , È©��mÚ�Ú�mÚ
�©O� ∆x = ∆y = 0.312 �mü Ú ∆t = 0.01
�mü . Ï�Ú^ÅÅÞ�;,�»'��, 

DÚ^Å�¥%«�'��, 3ê��[¥, �þ
!«��º� R ��À� 16(DÚ^Å) Ú 5(�Ú
^Å), /G���/. Ø�þ!«�Sëê b Ú ε

Cz	, �[�(Jþ3þãëê^�e.

3 �[(J�?Ø

Xã 1 ¤«,ê��[
þ!Ú�þ!�-u
0�¥�D�Ú^Å9à:;,. �±wÑ, 3�
-u0�¥, �þ!«��K���Ú^Å�à
:;,î­C/, Ø2´5K��±/G. duD
Ú^Å�¥%�»��u�Ú^Å�¥%�», Ù
;,Cz��Ú^Å��²w. ÙÔnÅn�±
l�þ!«��Ú^Åà:��p�^�Ý?1
)º: ��¡, 3�-u0�¥, Ú^Å�¥%;
,�» r ´XÚëê ε Ú b �¼ê, 0�þ!�,
ε Ú b 3���m©Ùþ!, Ï
 r �±ØC, /
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G�5K��±, Xã 1(a1) Ú (b1) ¤«. 3�þ
!0�¥, 3Û��þ!(��>.þ, ε Ú b �
©Ùu)âC, �¦ r UC. ,��¡, Û��þ
!(��Ú^ÅÅÞu)�p�^, �â�þ!
5a.!rÝ!º�Ú�^ål�ØÓ, k�L
y�áÚå, k��ü½å. �Ú^ÅÅÞ$Ä�

ØÓ ��, É���^å����þ3Cz, U
C
Ù�Ý���Ú��, ?
UC
Ú^Åà
:�$Ä;,, Xã 1(a2) Ú (b2) ¤«. �±wÑ,
Û��þ!(�3û½D�Ú^ÅÄåÆ1��
¡åX­��^. e¡l�þ!«��rÝÚº�
ü�¡?1?Ø.� � � � � � � �� � � �� � � � � � � � � � � � � �� � � � �� � � � � �� � �� �� � �� � �� � �� � �� � � � �� � �� � �� � � � � � � �

ã 1 þ!Ú�þ!�-u0�¥D�Ú^Å�ã9Ùà:;, (D�Ú^ÅéA�XÚëê©O� a = 0.55,
b0 = 0.05, ε0 = 0.024, ε = 0.05, R = 16 Ú a = 0.98, b0 = 0.03, ε0 = 0.024, ε = 0.05, R = 5, �þ!«��/G��
�/) (a1) Ú (b1) þ!0�¥D�Ú^Å; (a2) Ú (b2) �þ!0�¥D�Ú^Å

3.1 ���þþþ!!!«««���������---uuu555éééDDD���ÚÚÚ^̂̂ÅÅÅ
555������KKK���

0���-u5éÚ^Å�ÀJ/¤9ÙÄ
åÆ1�kX­��^, �Ck¢�(JL², Ú
^Å¬�0�¥Ø-u�«�áÚ¿¹S3T 
�? [15]. �!?Ø�þ!«�¥%�Ú^Å¥%
�ål�C�, Ù�-u5éD�Ú^ÅÄåÆ�
K�, Ì�?Ø b Ú ε ü«XÚëê��^.

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

ã 2 D�Ú^Å�^=ªÇ�ëê b �Cz­� (D�Ú^Å
�^=ªÇþ´d�Aþ!0�¥��8�z�, ¤^ëê�
ã 1 ¥�ëê�Ó)

�Xëê b �O\, D�Ú^Å�^=ªÇ
w«Ñ��5�Cz5Æ, Xã 2 ¤«. éuÓ
� b �, DÚ^Å�^=ªÇþ�u�Ú^Å�.
� b �O\�, Ù�×�~�, � b ��L�.
� bc = 0.15 ��, ~���~�ú¿Åìªu�
Ú. ù´Ï��X b �O�, XÚ��-u5ü$,
DÚ^Å�±ÏC�, ^=ªÇü$;bc = 0.15 ´
���.:, � b > bc �, XÚ���-u5, C¤
Ø�-u�, b 2O\, éÙ^=ªÇA�Ø�)K
�. éu�Ú^Å
ó,b �������, Ï
�
Ú^Å�^=ªÇ� b �O\�ú~�, ¿Ø�Ú.

lã 3 Úã 4 �±wÑ, DÚ^Å�±ÏÚÅ
�Ñ�ëê ε �O\
O\, ±ÏO\�'�¯,
¿ªu�Ú; �±Ï�'�, ÙÅ�O\²�, �Ø
�Ú, �¦DÚ^Å�Å�m©A��±ØC, �
3 ε > 0.36 �Cz²w (�ã 5). Ò�Ú^Å

ó, � ε ëYO\�, Ù±Ï!Å�Ú�Ý�Cz
�DÚ^Å²wØÓ: ±ÏÚÅ��Czª³a
q, þ�k¯�O\, 3 ε > 0.46 �ªu�Ú, �
´Å�O\�ÌÝ��, ÏdÙÅ�¥yÑk¯�
O��Cz�ú�ªªu�Ú, Xã 5 ¤«. ù´
Ï���D�Ú^Å�ÔnÅnØÓ, éuDÚ
^Å, ´�CÚ^ÅÅÞ�­ÇÀJÙÅ���
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�; é�Ú^ÅK´Å�c��Å��p�^û½
ÙÅ��ÀJ [6]. c[*	ã 3!ã 4 Úã 5, Ø

DÚ^Å��Ú^Å�ÄåÆ1�ØÓ, �ö ε

ëþ������ké�ØÓ, DÚ^Å ε �U
l 0.02 � 0.044 , �Ú^Å���K´ 0.02—0.08,

� � � � � � � � � � � � � � � �� � � � � � � � ���	
 �
 �
 ��
ã 3 D�Ú^Å�±Ï�ëê ε �Cz­�

� � � � � � � � � � � � �� � � � � � � � � � � � 	
 �
 �� �� �� �� �� �� �
ã 4 D�Ú^Å�Å��ëê ε �Cz­�

� � � � � � � � � � � � � � � � � � � � � � � � � � � �� � � �� � 	 �� � � �� � � �� � � �� � � �
 �
ã 5 D�Ú^Å�Å��ëê ε �Cz­�

ù�U´Ï�D�Ú^ÅéAXÚ��-u5Ø
Ó. ù
(J¿©y¢
�þ!�-u0�¥�D
�Ú^ÅkXØÓ�ÄåÆ1�. Xþ¤ã, XÚ
ëêéD�Ú^Å�±Ï!Å��A��ê�K
�éÏLN!>¹Ä±Y�mUõ%9õUk­
�¿Â.

3.2 ���þþþ!!!«««������ººº���éééDDD���ÚÚÚ^̂̂ÅÅÅÄÄÄååå
ÆÆÆ111������KKK���

��þ!«�¥%�Ú^Å¥%�ål�C
�, Û��þ!5�º� R éD�Ú^Å�Äå
Æ5��ké��K�. �!�[?ØÛ��þ
!5�º�éD�Å�±Ï!Å�ÚÅ���^.
3ã 6 ¥�Ñ
D�Ú^Å�±ÏéÛ��þ!
5º���6'X, Û��þ!��S� b = 0.5.
3 R 6 10 �, � R O\, DÚ^Å�±ÏA�
�±ØC, R > 10 �, Cq�5O\. 
�Ú^
Å�±Ï� R O\²wO\, 3��«m¥�5
Cz. éü^­���5Ü©?1�5[Ü, �
��A�[Üúª©O� T = 0.67R + 5.54(D
Ú^Å) Ú T = 0.45R + 1.63 (�Ú^Å). qÏ
�Ú^Å�±Ï!¥%�»ÚÅ��m�3¼
ê'X 2π(R + ∆R) = Cn · T , ÏLêÆC�z

� T =
2π
Cn

R +
2π
Cn

∆R ª, �±��, [Ü���

Ç�Ú^Å�Å�´�ê'X [6]. lãþ��, D
Ú^Å��Ç�u�Ú^Å��Ç, �DÚ^Åä
k���Å�, T(J�ã 5 �(J���. lã 7
�±wÑ, ùüaÚ^Å�Å�� R �Czª³�
±Ï�Cz�q, �,´�Ú^Å�5�ÉÛ��

� � � � � � � ����� �� �� �� �
ã 6 D�Ú^Å�±Ï��þ!«�º� R �Cz­�
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þ!5º��K��\¯a. �

)ù«y�´
ÄäkÊH5,·���[
õ«/G�Û��þ
!5(�, �)�/!��/Ú�/�, ���(
J�XÚ�3��//G�þ!«��(Jaq.

3ïÄÛ��þ!5º�éD�Ú^Å�Å
��K��uy��k��y�, DÚ^Å�Å

�� R �O\
~�, �Ú^Å�Å�K� R �
O\
O\, �ö�Czª³����. �,/¤
ù�y��ÔnÅn�Ø�Ù, �´Ú^Å�Å
�3Ú^Å����{¥åX­��^, T(J
éu�OÚ^Å�ÚÑ½£Ø�#�{�Jø
­�&E.

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

ã 7 D�Ú^Å�Å���þ!«�º� R �Cz­�

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

ã 8 D�Ú^Å�Å���þ!«�º� R �Cz­�

ã 9 :þÑy"�:�Ú^Å�ã (a) DÚ^Å; (b) �Ú^Å; DÚ^ÅÚ�Ú^ÅÀ^�XÚëê©O
� ε = 0.038, R = 16, N = 500 Ú ε = 0.1, R = 20, N = 200

UC�þ!«�¥%� �,¦Ù�lÚ^Å
�¥%, d�, Ú^Å�à:;,Ø2É��þ!
«��K�, E,�±þ!�-u0�¥�5K
��±/G. �X�þ!«�S ε �O\, Ñy

�«#�y� (�ã 9): � ε > 0.038 �, ¿��
þ!«��º�÷v^� R > λe �, DÚ^Å�
:þ (�þ!«���S) Ñy"�:. �Ú^Å
K3 ε > 0.1�:þÑy"�:. �þ!«��ë
ê b Úå�, D�Ú^Å�:þÓ�Ñy"�:,
�A��.�� b > 0.1(DÚ^Å) Ú b > 0.21(�
Ú^Å).

4 ( Ø

3����-u0�¥, Äu Barkley �., ^
ê��[��{ïÄ
ëê�Û�Øþ!5éD
�Ú^ÅÄåÆ5��K�. (JL²: Û�Øþ
!5�rÝ! �Úº�éÚ^Å�5�þåX
­��^, 
�DÚ^ÅÚ�Ú^Å¥yÑ��Ø
Ó�ÄåÆ1�. ��þ!«�¥% ��CÚ^
Å¥%�, DÚ^Å�^=ªÇ� b �O\×�~
�¿ªu�Ú; �Ú^Å�^=ªÇ� b �O\±
Y~�, � b > 0.4 �âªu�Ú. �Ú^Å�Å

120509-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 12 (2012) 120509

�!±ÏÚÅ�þ� ε �O\
O\, ��ªu�
Ú; 
DÚ^Å�±Ï� ε �Cz��Ú^Åaq,
Å��úO\¿Ø�Ú, Ïd� ε m©O\�, Ù
Å�A�ØC, � ε O\����âk²w�O\.
Û�Øþ!5�ºÝ R ���, éDÚ^Å�5�
K�é�, é�Ú^Å�K���²w. ü«Ú^

Å�Å�� R �O\Czª³��. ,	, ��þ
!«�¥% ��lÚ^Å¥%�, Ú^Å�à:
;,Ø2ÉK�; �´� ε Ú b ���L,�.�
�, D�Ú^Å:þÑy"�:. ·��ó�éu
�Ð/n)�þ!�-u0�¥D�Ú^Å�5
�Ú¢yÚ^Å3�Æ+��A^k­�¿Â.
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Abstract
Dynamic behaviors of sparse and dense spirals are investigated numerically based on a Barkley model in heterogeneous excitable

media. It is found that the rotating frequency of sparse spiral wave decreases rapidly with b increasing and then tends to saturation,
which is different from that of dense spiral wave. The period and wavelength of dense spiral wave increase with the increase of
parameter ε or the size R of localized inhomogeneity, which depends more sensitively on the size R than those of sparse sprial wave.
The change of the speed of dense spiral wave tip with R is opposite to that of the sparse spiral wave tip. In addition, inhomogeneous
effect gives rise to a defect point in arm of each of the two spiral waves when ε or b increases above a critical value.
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