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1 Ú ó

Ú^Å´���A*ÑXÚ¥�~���«

��5Å, 3 Belousov-Zhabot- inskyzÆ�AX

Ú [1]
!��z%3É7L¡�xz�z�A [2]

!

%*|�¥�>¹Ä [3,4]
!�Î1[�¥�W

Å [5] Ú�à°ê�¡¥�WÅ [6,7] ¥Ñ*	�

Ú^Å. éuü�0�¥Ú^Å�ÄåÆ1�, 8

c®²k'��Ù�@£ [8−10], ,
éuõ�Í

Ü0�¥�Ú^ÅÄåÆ1�, E"yv

),

8c®²Úå<�4��,� [11−17].©z [11] ï

Ä
�5ÍÜ�ü��A*Ñ0�¥�Ú^ÅÄ

åÆ1�, uyÚ^Å�ÄåÆ1��6uü�f

XÚm�ÍÜrÝ, �ÍÜrÝéf�, ü�fX

Ú�Ú^ÅÅ�ÚªÇ�±ØC, 
�ü�fXÚ

m��p�^��Ú^Å¤£; �ÍÜrÝé��,

ü�fXÚm��� ÓÚ¿�3Ìl'X. 3ü

�0���� [13,16] ½m� [17] ÍÜe�*	��

 ÓÚ©duØ�)ÔXÚ´dõ�0��¤�,

X�M��d 6 �ØÓA:ÚõU�0��¤. %

9�%*[�¥�3õ«lf>6, �%*[�¥

�3Ú^Å>&Ò�, %*[�¥��«lf>6

�¥Ú^Å©Ù, §��m��p�^éÚ^ÅÄ

åÆ1�k­�K�. �´lf>6�ÍÜ, ò3

Ù§XÚ¥�±k���Ú^Å��{^u%9

XÚ�,  �Ø��Ð�(J. Ïd
)õ�Í

Ü0�¥Ú^Å�ÄåÆ1�´�©7��.

�©Äu Bär �. [18] ïÄ
�"ÍÜ�n�

0� (n�fXÚ) ¥�Ú^ÅÄåÆ1�. ÍÜ�

ª�: é¯Cþ u æ^_��°Ä - �AÌ��"

ÍÜ, éúCþ v æ^^��°Ä - �AÌ��"

ÍÜ. ê��[(Jw«: ÍÜrÝ���, fXÚ

ÑyÚ^Åûi!¤£, $���Ü©fXÚ¥�

Ú^Å¤£Ñ>., ¦fXÚ?u·E�, ù�f

XÚ��µ¥Ñy°ÄfXÚ¥�Ú^Å. �ÍÜ

rÝv
��, $-u5fXÚ�U¬ÑyÚ^Å

=C�qÅ, ��±Ñy�fXÚ¥�Ú^Å©O

��2ÂÓÚÚCq�2ÂÓÚ, *	�ØÓÚ^

Å�m�2ÂÓÚ. �ÍÜrÝ���, fXÚ�

Ü?uë6�.

2 � .

�©æ^ Bär �. [18], ÄuT�.�ÍÜX

Ú�ÄåÆ�§Xe:

∂u1

∂t
= f1 (u1, v1) + D∇2u1 + c1 (u2 − u1) , (1a)

∂v1

∂t
= g (u1, v1) + c2 (v3 − v1) , (1b)

∂u2

∂t
= f2 (u2, v2) + D∇2u2 + c1 (u3 − u2) , (1c)
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∂v2

∂t
= g (u2, v2) + c2 (v1 − v2) , (1d)

∂u3

∂t
= f3 (u3, v3) + D∇2u3 + c1 (u1 − u3) , (1e)

∂v3

∂t
= g (u3, v3) + c2 (v2 − v3) , (1f)

f1,2,3(u, v) =
1

ε1,2,3
u (1 − u)

(

u −
v + b

a

)

,

g (u, v) =















−v, u < 1/3,

1 − 6.75u(u− 1)2 − v, 1/3 6 u 6 1,

1 − v, u > 1.

l©z [18] �, � X Ú ë ê � a = 0.84,

b = 0.07 �, �§£ã�XÚ��-u0�XÚ,

ε ����N
0��-u5rf, ε ��, 0��

-u5�r. � 0 < ε < 0.06 �, 3·�Ð©^�

e���Ú^Å´­½�; � 0.06 6 ε 6 0.069 �,

Ú^Å�­u)ûi; � ε > 0.069 �, Ú^ÅÏõ

ÊVØ­½
»�, ¦XÚ�ª?\��·b�.

3ê�)�§ (1a)—(1f)¥, �©©ªæ^�

cî.�{Ú��°Ý�k��©{, ¦^Ã6

>.^�, �mÚ�� ∆x = ∆y = 0.4, �m

Ú�� ∆t = 0.02, XÚº�� N∆x × N∆y =

120× 120, =XÚ�lÑ¤ 300× 300 ��:. 3�

©¥, �½� a = 0.84, b = 0.07, D = 1, ε1 = 0.055,

ε2 = 0.060, ε3 = 0.065, c1 Ú c2 ©O�¯Cþ u

ÚúCþ v �ÍÜrÝ. 3�©�ïÄ¥, r ε1,ε2

Ú ε3 éA�0�©O¡1�!�!n�0�, P

�fXÚ 1,2,3.ÍÜrÝ c1 Ú c2 �Cz��©O

�� c1 ∈ [0.005, 0.20], c2 ∈ [0.005, 0.05].

du�fXÚ�ëêØÓ, 3�§ (1) £ã�

°Ä�A�"ÍÜe, fXÚ�k�U��2ÂÓ

Ú. �â·bXÚ2ÂÓÚ9Ï�O�{, z�f

XÚÑ����A�9ÏXÚ, §��XÚëê�

Ó, Ð�ØÓ (=Ð�Ú^Åk� �), �É��

Ó�°Ä. fXÚ l �Ù�A�9ÏXÚéA�C

þ��²þ�½Â�2ÂÓÚ� δl, =

δl =
1

N × N

N
∑

i,j=1

|ul (i, j) − u′

l (i, j)|, (2)

K� δl = 0 �, fXÚ l �Ù�A�9ÏXÚ�

�ÓÚ, °Ä��AXÚ��2ÂÓÚ. ���

¹e δl 6= 0, δl ����6ÍÜrÝÚ°Ä��

AXÚ�m�ëêØ��, δl ��Ò��C2Â

ÓÚ©Ï~²L��müz�, fXÚ�2ÂÓ

Ú�÷v δl > 0.4, ��fXÚ�2ÂÓÚ�÷

v δl < 0.05 �,·�@��fXÚ©O��Cq2

ÂÓÚ.

3 ê��[(J

Äk3ÍÜrÝ c1 = 0 Ú c2 = 0 �¹e�

)Ú^Å, ���fXÚ�Ð�, Ð©Ú^Å�Å

Þ30�¥%, ,��ÄØÓÍÜrÝéÚ^Å�

K�, 3zg?1ê��[�, ¦^�Ó�Ú^Å

��Ð�.

�Ä c2 = 0.005 �¹. �ÍÜrÝ 0.005 6

c1 6 0.015 �, n�fXÚ�Ú^Åþu)�Ì

ûi½¤£. � 0.015 < c1 < 0.08 �, n�fX

ÚLyÑØÓ�ÄåÆ1�, äN�¹3e¡?

Ø. � 0.08 6 c1 6 0.170 �, �fXÚ¥Ú^Å

�5Kûi. Ú^ÅÅÞ$Ä;,Xã 1 ¤«, Ù

¥ã 1(a)—(c)��ÍÜ��fXÚ¥Ú^ÅÅÞ

�;,, ©OéA­½Ú^Å!fm©�­�Ú

^ÅÚûiÚ^Å, ­½Ú^Å±Ï (ùp^�l

Ú^ÅÅÞ?��m:���±Ï�O) A�Ø

C, �u 4.32. fm©�­�Ú^Å±Ïk��C

z, �� 4.43©ûiÚ^Å�±Ï3 [4.48,5.18]�

�SCz, ²þ±Ï�� 4.87. ã 1(d)—(f)�ÍÜ

��fXÚ¥Ú^Å��ìC��ÅÞ�;,,

Ù;,/GÑ¥�q�s�G, ù�·�¡Ú^

Å��½�. du�Ú^ÅÅÞûi�ÌÝk�

��O, ;��o, L²n�fXÚ�Ú^Åvk

��°(�ÓÚ, Ù±ÏÚ� A�3�ÌCz.

ã 2 �Ñ�A�2ÂÓÚ� δl ��m�Cz, Ù

¥ δ1 = 0.043, δ2 = 8.6 × 10−17, δ3 = 0.001. �� 3

�fXÚ©O��Cq2ÂÓÚ, 
�fXÚ 2 �

fXÚ 3 ��2ÂÓÚ (d��±@� δ2 = 0).

� 0.170 < c1 6 0.20 �, �fXÚ�Ú^Å»�ü

z�ë6�, Xã 3 ¤«.

A��Ñ: 1) 3 �fXÚS�Ú^Å��Cq

2ÂÓÚ, fXÚ�m�éA:¿ØÓÚ, XJ^

�§ (2) O�fXÚ 1 Ú 2 �m!fXÚ 2 Ú 3

�m!fXÚ 1 Ú 3 �m�ÓÚ�, ù
ÓÚ�

©O­½3 0.2, 0.04Ú 0.16(ÍÜc�ÓÚ��©

O� 0.43,0.30Ú 0.55),���§ (2) ½Â�2Â

ÓÚ��±�NfXÚ�m�ÓÚ§Ý, AO´

�2ÂÓÚ� δl = 0 �, �pÍÜ�üfXÚ�

ÓÚ�����. 2) �)2ÂÓÚ (½Cq2ÂÓ

Ú) ´k^��. dufXÚ 1 �-u5�p, �

A�Å��p, fXÚ 3 �-u5�$, �A�Å
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��$. �	�fXÚÚ^ÅÅØ	��éA:

�Å� , uy�k�fXÚ 3 Ú 2 ¥�Ú^Å

� ©O�cfXÚ 2 Ú 1 ¥�Ú^Å� , ¿

�3ÍÜ�fXÚ 1 Ú 2 ¥�Ú^ÅUJþfX

Ú 3 ¥�Ú^Å (=§��� �C�é�), â

¬�)2ÂÓÚ (½Cq2ÂÓÚ), ÄKØ¬�)

2ÂÓÚ (½Cq2ÂÓÚ), $�¬��Ú^Å�

»�. �©À^�Ð�Ú^ÅÑ÷v�)2ÂÓ

Ú (½Cq2ÂÓÚ) �^�. 3) n�fXÚ�û

iÚ^ÅÑäk�Ó�²þ±Ï 4.68(=3,ã�

mS, 3Ú^ÅÅØ	��m:���±Ï�²

þ�), l�§ (1a)—(1f)�±wÑ: fXÚ 2 Ì�

ÉfXÚ 3 �°Ä, cö0��-u5pu�ö,

ÏdfXÚ 2 ¥Ú^Å��k±Ï$ufXÚ 3

¥Ú^Å��k²þ±Ï. üö�k±Ï�²þ

� 4.65�~�CÍÜ�Ú^Å�²þ±Ï 4.68,ù

´fXÚ 2 �2ÂÓÚ� δ2 �u"��Ï, ùL

²: 3Ì�ÍÜe, $ªÚ^Å°ÄpªÚ^Å�

±¢y2ÂÓÚ. Ón, fXÚ 3 Ì�ÉfXÚ 1

�°Ä, fXÚ 1 ÚfXÚ 3 �Ú^Å�k±Ï

�²þ�� 4.58,fXÚ 1 ÚfXÚ 2 �Ú^Å�

k±Ï�²þ�� 4.37,�ÍÜ�Ú^Å�²þ±

Ï 4.68����, ù´fXÚ 1 �2ÂÓÚ� δ1

����Ï. 4) ØØn�fXÚëê´Ä�Ó, n

�fXÚ¥�Ú^ÅÑØ�U��ÓÚ©ê��

[L²: 3ã 1 ëêe, n�ÓëêfXÚ�Ð©

Ú^Å�� �é�, ÓÚ��­½3 0.0023�

m, �ÍÜrÝ c2 Óêþ?©ØU�)ÓÚ��Ï

´: ÍÜ´Ì��, 
�¯Cþ u ÚúCþ v �Í

Ü��ØÓ, ¦� u Ú v ª�ØÓ�8I�©c2 é

�, úCþ v �ÍÜ��¯Cþ u �� l8I�,

��¦ÓÚ��±3�����þ.

ã 1 Ú^Å�ÅÞ$Ä;, (a)—(c) ©O��ÍÜ�fXÚ 1,2,3 ¥Ú^ÅÅÞ�$Ä;,; (d)—(f) ©O�ÍÜr

Ý c1 = 0.12, c2 = 0.005 �fXÚ 1,2,3¥Ú^ÅÅÞ�$Ä;,

e ¡ U Y ? Ø Í Ü r Ý 3 0.015 < c1 <

0.08 ��� � f X Ú ¥ Ú ^ Å � Ä å Æ 1�.

� 0.015 < c1 6 0.04 �, fXÚ 1,2,3¥�Ú^

Å±Y¤£, fXÚ 1,2 ¥Ú^ÅÅÞ�$Ä;,

Xã 4 ¤«, 
�fXÚ 1 Ú 2 ¥�Ú^Å��

Cq2ÂÓÚ, Ú^ÅØ¬¤£ÑXÚ. fXÚ 3

¥�Ú^Å½Ù9ÏXÚ�Ú^Åk�U¤£Ñ

XÚ, ��ü�XÚ��ªG�ØÓ,·�r3�

Ó�°ÄefXÚ��A9ÏXÚ��ªG�Ø

Ó�y�¡�(J�6Ð�. ;.�(JXã 5 ¤

«, L²fXÚ 1 Ú 2 (JØ�6Ð�, ù�2Â

ÓÚ�é�. fXÚ 3 �(JÉÐ�K�, =ØÓ

�Ð�üz��ØÓ�(J, ù�2ÂÓÚ�é�,

ù´dufXÚ 3 ¥�Ú^Å�N´¤£ÑXÚ.

� 0.04 < c1 6 0.065 �, fXÚ 1 Ly�Ú^Å¤

£, fXÚ 2 ¥�Ú^ÅÏûiÑXÚ
?u·E

�, �´�3Ú^Å��µ; fXÚ 3 �ÄåÆ1

��E,, Q�ÑyÚ^Å¤£��±?u·E�,

��UÑy(J�6Ð�y� (ë��¡ã 10 �

(J). �¤±k�ÿfXÚ 3 E?uÚ^Å�, ´
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Ï�§É�pªÚ^Å��^.

ã 6 �Ñ
3 c1 = 0.06 Ú c2 = 0.005 �¹e 3

�fXÚ� u Cþ�ã. lã�±wÑ, fXÚ 2,3

?u·E�, �´äkÚ^Å��µ (§´fXÚ 1

¥�Ú^Å). � 0.065 < c1 6 0.07 �, fXÚ¥�

Ú^Åþ»�/¤ë6. � 0.07 < c1 6 0.075 �,

fXÚ 1 ¥�Ú^Å¤£, ÍÜ¦fXÚ 2,3 ¥Ú

^Å�ÅÞ$ÄÑXÚ>., �´Ï�ÉfXÚ 1

�°Ä, fXÚ 2,3¬�2g-uÅìüz¤qÅ,

ÙqÅ�
dfXÚ 1 �ÅÞ�), Xã 7 ¤«.

�UCÍÜrÝ c2 �, 3ØÓ� c1 �^e¬

��ØÓ(J, ù
(J·�^ØÓ�ÎÒL«,

ù����n�fXÚ3 c1-c2 ²¡þ��ã©O

Xã 8,9,10¤«. ã¥ÎÒ © L«(J�6Ð�,

N L«ë6, △ L«¤£Ú^Å, ▽ L«½�Ú^

Å (ë�ã 1), � L«fXÚ?u·E�¿�3Ú

^Å��µ (ë�ã 6), � L«XÚ?u·E��

ÃÚ^Å�µ, §´du 3 �fXÚ¥�Ú^Åû

iÑ>.�)�, H L«qÅ� (ë�ã 7). Ø ©

L«(J�6Ð�, Ù¦ÎÒL«�(JþØ�

6Ð�, =fXÚ��A9ÏXÚ��ªG�A

��Ó.

t

0

0

δ
1
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δ
3
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0.6

0

δ
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0.6

100 200 300
t

0 100 200
t

0 50 150100 200300400

(a) (b) (c)

ã 2 ÍÜrÝ� c1 = 0.120, c2 = 0.005 � 3 �fXÚ�Ù9ÏXÚ�ÓÚ� δl ��m t �Cz­�

(a)

(b)

(c)

(d)

(e)

(f)

ã 3 3ÍÜrÝ c1 = 0.175 Ú c2 = 0.005 �¹e�fXÚ�Ù9ÏXÚ� u Cþ�ã (a),(b)fXÚ 1 �Ù9ÏXÚ;

(c),(d)fXÚ 2 �Ù9ÏXÚ; (e),(f) fXÚ 3 �Ù9ÏXÚ
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�Í Ü � f X Ú 1 � Ú ^ Å�­½ Ú ^

Å, l ã 8 � ± w Ñ, Í Ü � � Ü © � ¹ ?

u 5 K � û i Ú ^ Å � (½ �), Ù Å Þ $ Ä

��� é Ð � ��O � (ë � ã 1(a) Ú (d)),

d�§���Cq2ÂÓÚ, �X c2 �O�¯

���2ÂÓÚ. 3ÍÜrÝ c1, c2 ��½Ñ��

�Ú^ÅN´u)¤£. Ú^Åüz�ë6���

Ñy3ÍÜrÝ����¹, 3�
ëêeÚ^Å

du¤£ÑfXÚ
¦fXÚ?u·E�, Ú^Å

Ø¬üz¤qÅ�.

ã 4 3ÍÜrÝ c1 = 0.03 Ú c2 = 0.005 ��¹efXÚ¥Ú^ÅÅÞ�;, (a) fXÚ 1; (b) fXÚ 2

(a)

(b)

(c)

(d)

(e)

(f)

ã 5 3ÍÜrÝ c1 = 0.03 Ú c2 = 0.005 �¹efXÚ�Ù9ÏXÚ� u Cþ�ã (a),(b)fXÚ 1 �Ù9ÏXÚ; (c),(d)f

XÚ 2 �Ù9ÏXÚ; (e), (f) fXÚ 3 �Ù9ÏXÚ, (f) L«Ú^Å¤£ÑXÚ

0

0.001100

0.001437

0.002000

0

0.01500

0.03000

0.04500

0.06000

(c)(b)(a)

0

0.2500

0.5000

0.8000

0.9500

ã 6 3ÍÜrÝ c1 = 0.06 Ú c2 = 0.005 �¹e 3 �fXÚ� u Cþ�ã (a) fXÚ 1; (b) fXÚ 2; (c) fXÚ 3
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(a)
(b) (c)

ã 7 3ÍÜrÝ c1 = 0.075 Ú c2 = 0.005 �¹e 3 �fXÚ� u Cþ�ã (a) fXÚ 1; (b) fXÚ 2; (c) fXÚ 3

0

0

0.01

0.02

0.03

0.04

0.05

0.03 0.06 0.09 0.12 0.15 0.18 0.21
c

c


ã 8 fXÚ 1 3 c1-c2 ëê²¡þ��ã

0

0

0.01

0.02

0.03

0.04

0.05

0.03 0.06 0.09 0.12 0.15 0.18 0.21
c

c


ã 9 fXÚ 2 3 c1-c2 ëê²¡þ��ã

�ÍÜ�fXÚ 2 �Ú^Å?um©�­�

�.:, Ú^Åk�Ìûi (ë�ã 1(b)). lã 9 �

±wÑ, fXÚ 2 �/�fXÚ 1 �/�Øõ, �

Ü©�¹eÚ^Å?u½� (ë�ã 1(b)� (e)),ù

�fXÚ 2 ��2ÂÓÚ, ,	fXÚÑy·E�

��/Oõ
, 
�3�
ëêeÚ^Å¬üz¤

qÅ.

�ÍÜ�fXÚ 3 �Ú^Å?uûi«, l

ã 10 �±wÑ, fXÚ 3 �/�fXÚ 2 ��/

kØ��O, �Ó:´�Ü©�¹eÚ^Å?u½

�, 5KûiÚ^Å�ÅÞ$Ä���éÐ�C�


,(ë�ã 1(c)Ú (f)). ù�fXÚ 3 ��Cq2Â

ÓÚ, Ù2ÂÓÚ�3 0.001�m. �n�fXÚ�

Ú^ÅÑ?u5K�ûiÚ^Å��,3 �fXÚ

©O��Cq�2ÂÓÚ. 3fXÚ 2 Ñy��3

fXÚ 3 ¥Ñ¬Ñy, ØÓ:´(J�Ð�k'�

�/O\
Nõ.

0

0

0.01

0.02

0.03

0.04

0.05

0.03 0.06 0.09 0.12 0.15 0.18 0.21
c

c


ã 10 fXÚ 3 3 c1-c2 ëê²¡þ��ã

4 ( Ø

�©æ^ Bär �., ïÄ
3°Ä - �AÌ�

�"ÍÜen��-u0�¥�Ú^ÅÄåÆ, u

yù«ÍÜ�^éÚ^ÅÄåÆ�)­�K�: 1)

¦Ú^Å¤£!ûiÚÚ^Å»�¤ë6. 2) ¦f

XÚ¥�Ú^Åüz¤qÅ. 3) Q�±¦n�fX

ÚÑ?u·E�, ��±¦Ü©fXÚ?u·E�,

ù��fXÚäkÚ^Å��µ, �Ù u Cþ��

�C". 4) �3fXÚG��6Ð���¹, =f

XÚÚÙ9ÏXÚüz�ØÓ�G�þ, �U´Ú

^Å�, ��U?u·E�. 5) ��fXÚ?u½

��, XÚ��2ÂÓÚ½Cq2ÂÓÚ, L²3

Ì�ÍÜe, $ªÚ^Å°ÄpªÚ^Å��¦ü

Ú^Å��2ÂÓÚ©3¢S%9¥Ñy�Ú^

Å>&Ò3�Ü©�¹e�±ûiÑXÚ>.
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��, k�ÑyÚ^Å»�¤ë6�, 3�©�ï

Ä¥·��*	�aqy�, L²·��(JkÏ

u
)u)3%9¥�)ny�, ¿���%9¥

�Ú^ÅJøkÃ��Ï. �©=�Ä
n�0�

�m�ÍÜ, �%9¥õ«lf>6ÍÜ�kØ�

�O, (Ü%9XÚ�A:, JÑ�ÎÜ%9A:

�ÍÜ, ïÄõ�ÍÜ0�¥Ú^Å�ÄåÆ1�

´·��5UYïÄ�SN.

[1] Zaikin A N, Zhabotinsky A M 1970Nature(London) 225 535

[2] Bär M, Gottschalk N, Ertl G 1994J. Phys. Chem. B 100 1202

[3] Gray R A, Pertsov A M, Jalife J 1998Nature (London)392 75

[4] Witkowski F X, Leon L J, Penkoske P A,Giles W R, Spano M L,

Ditto W L, Winfree A T 1998Nature (London)392 78

[5] Lechleiter J, Girard S, Peralta E, Clapham D 1991Science 252 123

[6] Harris-White M E, Zanotti S A, Frautschy S A, Charles A C 1998

J. Neurophysiol 79 1045

[7] Wilkins M, Sneyd J 1998J. Theor Biol 191 299
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Abstract

The dynamics of spiral wave in a three-layer excitable medium with circular feedback coupling is studied, based on the B¨ar model.

The numerical results show that the drifting or meandering of spiral waves in the subsystems can be observed when the coupling strength

is small. When the coupling strength is slightly big, the interaction between subsystems may cause spiral waves in some subsystems

to move out of the boundaries of the subsystems. The subsystems return to rest state. In addition, the interaction may generate the

transition from spiral wave state to target wave or turbulence states in some subsystems. The phenomenon that the asymptotic state

of a subsystem depends on the initiation condition is observed. With the further increase of the coupling strength, the approximate

generalized synchronization of the spiral waves in three subsystems is established. When the coupling strength is bigger, the spiral

waves evolve into turbulence.
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