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Ü�1��Zy��±´)Ôüz�<a�¬¥�Ø%�Æ¯K��[1]. g��©?zØJÑ±5[2],

XÛ3g,ÀJµee)º�N�m�Ü�1�, ©ª´)ÔÆ[3], �¬Æ[4], ²LÆ[5]�õÆ���ïÄ

�­��K. §ä(¸Æ���ïÄÜ�üz�²;�ª, �«
�Nn5�8N|Ã�m���Àâ: z

��NÑkÄÅÀJ��±��zg�ÂÃ, �e¤k�NþÀJ��, K�NÂÃ�$u�NÜ���

/[6,7]. ù�Ü�(¸r¦ïÄöØä&¢Ü�1��±ZyÚ�±�õ«Å�[8]. DÚnØ@�, 3Ã�

��þ!·Ü�«+¥, ��öòÃ�;�/ÓâÌ�/ [9]; ,
, y¢­.¥l�)Ô+N�<a�¬,

Ü�1�Ã?Ø3, ù�nØ�y¢��åíÄ
�m(�, �äÿÀ, +NÀJ, m�p¨�Å��JÑ

�uÐ[10−12].

�m(��Ú\�Ü�üzïÄ�5
�·5�â». NowakÚMay�mM5ïÄL², 3����

þ?1��m§ä(¸Æ�¥, Ü�ö�±ÏLÛÜà85-���ö�\�, ù�y��¡�“�mp

¨”[10]. �YïÄ?�Ú�«
�m(�éÜ�1��r?�^, ¿&?
ØÓ�äÿÀ, �#5K, D(

^��Ï�éÜ�üz�K�[13−15]. ïÄL², ÃIÝ�äþ�ÝÉ�5, àaA5�(�A�éÜ�ü

zäk­�K�[11,16], 
üÑ�#5K“���`�Ø”�3�mÆ�¥åX'��^[14]. ,
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Æ��.Ï~b��N��p�^��´�½�, ��N3�m¥� �´·��. ù«·�b��,{

z
�.©Û, %�Ñ
y¢XÚ¥�N£Ä5�­��^. ¯¢þ, 3Nõ)ÔÚ�¬XÚ¥, �N¿�

�½ØÄ, 
´äkØÓ§Ý�£ÄUå[14,17−19], ù«£Ä5�UwÍUC�mp¨�/¤��±^�.

�N[£1�éÜ�üz�K�Cc5ÅìÉ�'5. ïÄL², �N�£ÄüÑ——�)[£��,

[£�Ý, [£VÇ�——�±wÍK�Ü�Y²�üz;,. Vainstein �<uy, ·Ý��N[£�±

r?Ü�, 
Luª��[£1�K¬»�Ü�ìq[20]. Helbing �<�ïÄL², ¤õ°Ä��N3D(

^�e�[£1�U
ÚuÜ���uªZy[21]. 3¯õK�[£1��Ï�¥, �NXÛa��¸¿â

dN�£Ä��c�'�. ��N��u�Ü�öà8�«�[£�, Ü�ö�m��páÚ�±/¤�

�", r?Ü�ìq�*Ð�­½. ù«“ª|5[£”1�3g,.¥2��3, ~X�)Ô�E�Ô�½

Óaà8�y�[22], 3<a�¬¥�Ny��N�Ü�¨�ûÐ�+N6Ä�1��ª[23]. ïÄö�lØ

Ó�Ý&?
[£éÜ��K�, �)Äu�¸�[£[24−26], Äu�¬4|�[£[27,28], ±9“C�f, �
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�<”�[£üÑ[29,30]�. ù
ïÄL², T��[£5KU
k�r?Ü�1��üz.

,
, þã�Ä[£�Æ��.ïÄ�3���Ó�Ä�b�: �N^u[£ûü�a��»�Æ�

�p��^�»�Ó, =�N3µ��¸!(½[£���¤æ^�a��»�ÀJ�Ø?1Æ��¤æ

^��p�»�%@�Ó�ê�. ù�b�3�.{z�¡äk�½Ün5, ��y¢XÚ¥üÑ�pÚ

�m£ÄõU�©l�Ä�A��gñ.

3ý¢�)Ô��¬XÚ¥, �N�[£�»�Æ��»  äkØÓ����õUá5. lõU©

ó��Ý5w, Æ��pÏ~u)3���ª��>�ÛÜ��S, 
[£ûüK  �6u���m�

�þ��¸&E, üö¤�6�&Ea.��^���3���É. ~X, ÿj�â���/^|½í�&

EN�[â´�, 
Ù� ¿��ÛÜÆ�1�%u)3����m��S[31]; aq/, <a�N3F~

���S�Ù<?1­EÆ�, 
[£ûü%  �6é����Ò�½|½)��¸�nÜµ�[32]. �

�, Æ��»�u[£�»��/Ó��3, ~Xé�ÿ~a�¿��p�ª����+/��, ,
Ù¢

S £1�%pÝÉ�uÿN�ÛÜ�m(�[33]. Ïd, òÆ��»�[£�»���pÕá�ëê\±

?n, �ÎÜý¢E,XÚ�$�Å�.

É�±þïÄó��éu, �©�ï
��äkØÓ[£�»�Æ��»��m§ä(¸Æ��..

«OuDÚÄu�:��m(�, ��.æ^äk±Ï>.^����ëY²¡, �N3Ù¥�ëY£Ä.

ÏLê��[, �©ïÄ
ØÓ[£�»�Æ��»é§ä(¸Æ�¥Ü�1�üz�K�. ïÄuy, 3

A½ëê^�e, �3�`�[£�»��`�Æ��», ¦�XÚU
����Ü�Y²; [£�»��

�¬»�Ü�ìq�­½5, 
Æ��»�·�O�KkÏu�N¼��¿©�üÑ&E, �L��Æ�

�»¬�f�mp¨�A. ?�Ú/, �©�&Ä
ØÓ+N�Ý�¹eXÚ�Ü�1�üz, (JL²,

3ØÓ�Ý^�e, �`[£�»E,ÊH�3; �dÓ�, XÚ��3���`�+N�Ý, 3T�ÝN

CÜ�1��N´ÓÌ�/ , �ÝL$���pÅ¬Øv, �ÝLpK\ì¿����ö�*Ñ`³.

2 �.

�Ä��d N = 1000��N|¤�«+, �N3äk±Ï5>.^������/²¡þ$Ä, ²¡

>�� L = 10. 3 t ��, �N i �üÑP� si(t), Ù¥ si(t) = 1 L«Ü�(C), si(t) = 0 L«��(D).

�N i 3 t ��� �P� ri(t), [£��P� V̂i(t), ±�Ý θi(t) ∈ [0, 2π) L«. Ð©��, ¤k�N3

²¡S�Å©Ù, Ü����üÑ±�VÇ�ÅD���N, [£�� θi(0) 3 [0, 2π) þþ!�ÅÐ©z.
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3��.¥, �N�Æ��p�»�[£a��»�pÕá. äN
ó, �N i�Æ��Ø8Ü Ωint
i (t)

dÆ��p�» ri (½:

Ωint
i (t) = {j | ‖rj(t)− ri(t)‖ < ri, j 6= i}, (1)

�N i �[£�Ø8Ü Ωmig
i (t) d[£a��» rm (½:

Ωmig
i (t) = {j | ‖rj(t)− ri(t)‖ < rm, j 6= i}, (2)

I�rN�´, 3T�.¥, Æ��p�» ri �[£a��» rm ��ü��pÕá�ëê, ©O���N

�üÑ�p����m£Äûü��, 
�%@�ö��. � ri = rm �, ��.òz�©z[34]¤JÑ�

IO�., =Æ��p�»�[£a��»��­Ü�AÏ�/(éAã1(b)). �©3dÄ:þò�ö)

Í�Õáëê, �	�öÕáCzéÜ�üz�K�, ´é©z[34]�.���ÿÐ. ã 1 �Ñ
 ri � rm

n«;.��'X�«¿ã, Ù¥ùÚ!:L«Ü�ö, 7Ú!:L«��ö, ÉÚ¢��9ÙfÉÚW

¿«�L«±�:�N(!:1)�¥%�Æ��p�» ri, çÚJ��9Ù�ÚW¿«�L«[£a��

» rm. ã 1(a) éA ri > rm ��/, =�N�Æ��p�»�uÙ[£a��», �:�Në�Æ��

�Ø8Ü�¹
Ù^u[£ûü��Ø8Ü; ã 1(b) éA ri = rm ��/, =Æ��p�»�[£a��

»��­Ü, �du®k©z¥�IO�.��[34]; ã 1(c) éA ri < rm ��/, =�N�[£a��»

�uÙÆ��p�», �:�N�a���2�m��SÜ�ö�$Äª³±��g�[£, 
ÙüÑ�

#E=�6����S�Æ�ÂÃ&E. þãn«�/ºX
 ri � rm ÕáCz�¤k�U�ÿÀ'X.
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(a)  (b) (c)

ã 1 Æ��p�»�[£a��»�n«;.'X«¿ã. ùÚ!:L«Ü�ö, 7Ú!:L«��ö, ÉÚ¢��9

fÉÚW¿«�L«Æ��p�» ri, çÚJ��9�ÚW¿«�L«[£a��» rm. (a) ri > rm, (b) ri = rm,

(c) ri < rm.

Fig. 1. Schematic diagram of three typical relationships between the game interaction radius and the mi-

gration perceptual radius. Red nodes represent cooperators and blue nodes represent defectors. The solid

green circle with light green shading indicates the game interaction radius ri, and the dashed black circle

with yellow shading indicates the migration perceptual radius rm. (a) ri > rm, (b) ri = rm, (c) ri < rm.
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(½
�N�Æ��»�[£a��»�, I�?�Ú5½XÚ3z��mÚS�üz5K. z��

AkÛ(MC)Úd±eo�Ä�L§�¤.

(i) Æ��p. �N i �ÙÆ��Ø8Ü Ωint
i (t) S�¤k�N?1§ä(¸Æ�¿\ÈÂÃ. æ^f

§ä(¸(weak PD), ÙÂÃÝ
Xe[35]:

A =

1 0

b 0

 , (3)

Ù¥ b ≥ 1 ���p¾ëê, �N i �8�zÂÃ�:

Ui(t) =
Pi(t)

|Ωint
i (t)|

, (4)

Ù¥ Pi(t) ��N i �\ÈÂÃ, |Ωint
i (t)| �ÙÆ��Øêþ. e�N i 3Æ��p�» ri SÃ�Ø, K

Ui(t) = 0. �©æ^²þÂÃ
�\ÈÂÃ, ±�Ø�NÆ��Øê8�É(dÆ��p�»!«+�Ý�

ëê�Óû½)éüÑ�#�K�, ¦ÂÃ'��O(/�N�N�¢SÆ�Ly.

(ii) üÑ�#. �N i æ^“���`�Ø”5K[14](½e���üÑ si(t+ 1), =3ÙÆ��Ø(�)

g�)¥, ÆS8�zÂÃ�pö�üÑ:

si(t+ 1) = si∗(t), i∗ = arg max
j∈Ωint

i (t)∪{i}
Uj(t), (5)

e�3õ��NÓ�äk�pÂÃ, K�ÅÀ�Ù¥����NüÑ5ÆS.

(iii)  ��#. �N i �â�c[£�� V̂i(t) Ú[£Ú� δ �# �:

ri(t+ 1) = ri(t) + δV̂i(t), (6)

 ��#�, �Ñ²¡>.��N�â±Ï5>.^�ò£�éý.

(iv) [£���#. �N i �â[£a��» rm SÜ��Ø�²þ[£���#g��[£��, =

æ^Ü�ö��Å�[34]:

V̂i(t+ 1) =

∑
j∈Ωmig

i (t)

sj(t) V̂j(t)∣∣∣∣∣∣
∑

j∈Ωmig
i (t)

sj(t) V̂j(t)

∣∣∣∣∣∣
, (7)
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I��Ñ�´, þã[£���#Å�éÜ�ö���öþ)�. ù�N
y¢XÚ¥�ÊH1�Ü6: Ã

Ø�Ng�±kÛ«üÑ, þ��uÆS�CÜ�ö�[£��. �Na���´Ü�ö�$Äª³, 
�

Ü�ö��m ���, aqué+N$Ä&Ò������A, 
�����Ü�öà8«��[£1

�. e�N i 3[£a��» rm SÃÜ��Ø, ½öa��»SÜ�ö��¥þ�Ú��, =©1�uK

� ε (� 10−10)�, K�ÅD���3 [0, 2π) þþ!©Ù���.

I�`²�´, �©æ^ÓÚ�#�ª: ¤k�N3z����â�c�� t �G�(�)üÑ! �

�[£��)�g�¤Æ��p!üÑ�#! ��#�[£���#, �� t+ 1 ���G�. �¤þã

o�L§�, ����� MC Ú(å. «+Ü�Y² fC ½Â� fC = NC/N , Ù¥ NC Ú N ©O�L«

+�NoêÚ«+¥æ^Ü�üÑ��Nê. ¤k�üz(JÑ´XÚ3²Lv
��üz�m( 1× 104

MC Ú)?\­½G�����, ¤kêâ:þé 300 gÕá¢y�²þ.

3 ê��[(J�©Û

3.1 [£a��»���p¾éÜ��K�

1.0 1.2 1.4 1.6
0.0

0.5

1.0

1.0 1.2 1.4 1.6

f C

b

 rm=0.1
 rm=0.3
 rm=0.5
 rm=1.0
 rm=1.5

(b)
 rm=0.1
 rm=0.3
 rm=0.5
 rm=1.0
 rm=1.5

b

(a)

ã 2 Ü�Y² fC ���p¾ b �Cz­�, ØÓ­�éAØÓ�[£a��» rm. (a) δ = 0.05, (b) δ = 0.15. Ù

¦ëê: N = 1000, L = 10, ri = 0.5.

Fig. 2. Fraction of cooperators fC as a function of the temptation to defect b, with different curves cor-

responding to different migration perceptual radii rm. (a) δ = 0.05, (b) δ = 0.15. Other parameters:

N = 1000, L = 10, ri = 0.5.

Äk, ã 2 �Ñ
�½Æ��p�» ri = 0.5 �, Ü�Y² fC ���p¾ëê b �Cz­�, Ù¥

(a) ã� (b) ã©OéA[£Ú� δ = 0.05 � δ = 0.15 ��/, ØÓ­�éAØÓ�[£a��» rm. é

uü«[£Ú�, fC þ� b �O�
üNeü. ,
, [£a��» rm ���éÜ�Y²äkwÍ��

üNK�. 3ã 2(a) ¥, � rm l 0.1 O�� 0.5 �, Ü�Y²wÍJ,, rm = 0.5 éA�­�3�� b �
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�Sþ?u�p �; 
� rm ?�ÚO�� 1.0 Ú 1.5 �, Ü�Y²�Epu rm = 0.1 Ú rm = 0.3 ��

/, ���u rm = 0.5 k¤eü. ��5¿�´, rm = 0.3 éA�Ü�Y²3¤k rm ��¥�$, $�$

u rm = 0.1 ��/, L²[£a��»�3��éÜ���Ø|�ê�.

3ã 2(b) ¥, [£Ú�O�� δ = 0.15 �, þã�üNA��,�3, ��`[£a��»u)
²

w £. �ã 2(a) ØÓ, ã 2(b) ¥[£Ú�O��, rm = 0.1 � rm = 0.3 éA�­�Ü�Y²3��� b

?B×�eü�", �Ù¦�� rm ­��m��å?�Ú.�, L²��[£Ú�e��a��»éÜ�

�³��J��wÍ. �dÓ�, rm = 0.5! rm = 1.0 � rm = 1.5 éA�­�ªu�p� , `²�a�

�»v
��, ?�ÚO� rm éÜ���	r?�JÅìªu�Ú. d	, rm = 0.3 éA�Ü�Y²3ã

2(b) ¥Ó�?u�$, �Ù fC eü�"��. b �²w�uÙ¦ rm ��/, ?�ÚL²T��éÜ��

³��^3��[£Ú�e�,�3.

nÜ±þ�(J�±wÑ, [£a��» rm �[£Ú� δ �m�3ÍÜ�A: üö���'X�Ó

û½
Ü�üz��`^�. Ïd, �3���[£Ú������`[£a��», ¦Ü�Y²��¸�.

,	, 3(½
[£Ú���¹e, ·�O� rm �±¦�Na���2��SÜ�ö�[£ª³, l
Ú

�Ü�öà8¤ì, k|u�äp¨Å��u�; 
L�� rm K¦�N�[£ûü=�64ÛÜ�&E,

J±/¤k��Ü�ìq. ,
, � rm L��, �Na��»SÜ�ö��&Eªu²þz, �f
½�

[£�à8�J, ��Ü�Y²k¤£á.

3.2 ØÓ�[£Ú�e[£a��»éÜ��K�

ã 3 �Ñ
Ü�Y² fC �[£a��» rm �Cz­�, ØÓ­�éAØÓ�[£Ú� δ, ±?�Ú

�« rm � δ �m�ÍÜ'X9Æ��p�» ri �N��^. ã 3 1�1�½ ri = 0.5, �ã (a) �mã

(b) ©OéA b = 1.2 � b = 1.4 ��/. 3ã 3(a) ¥, éu¤k[£Ú�, fC � rm �Czþ¥yÑwÍ

��üNA�. � rm ���, Ø��[£Ú�(X δ = 0.05 Ú δ = 0.1)EU�±�é�p�Ü�Y²	,

Ù{��[£Ú�éA�Ü�Y²�N $, ù�y�L², �[£Ú����, �N$Ä��k�, =B

3���a��»e�U��CÜ�ö�±­½�ÛÜ�>, l
�±�p�Ü�Y²; 
�[£Ú��

��, �N$ÄÌÝO�, L��a��»Ã{��NJøv
�Ü�ö��&E, ��½�[£�à8�

J~f, Ü�Y²Ïdeü. 3 rm ≈ 0.3 NC, fC Ñy²w�4��, éu���[£Ú�$�ü�", �

ã 2 ¥ rm = 0.3 éAÜ�Y²�$�(ØpÝ¬Ü. �� fC � rm �O�
×�£,¿��¸�, ��

�úeü¿ªu²­. ��5¿�´, [£Ú� δ ��, ÙéA��`[£a��» r∗m ��, =�¯��
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N$ÄI����°�a��»�Uk�r?Ü�öà8. ã 3(b) ¥��p¾ëêO�� b = 1.4 �, ¤

k­��Ü�Y²�N�Ìeü, þã�üNA���,�3�¸�²wØ$, ?�Ú�y
�r���

p¾Ø|uÜ��±ù���55Æ. Ó�, δ ��éA�` rm ���ª³3ã 3(b) ¥Ó��ß��.

0.0 0.5 1.0 1.5 2.0

0.0

0.5

1.0

0.0 0.5 1.0 1.5 2.0
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rm
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 v=0.1
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f C
f C

(d)(c)

(b)

 v=0.05
 v=0.1
 v=0.15
 v=0.2
 v=0.25
 v=0.3

rm

(a)

ã 3 Ü�Y² fC �[£a��» rm �Cz­�, ØÓ­�éAØÓ�[£Ú� δ. (a) b = 1.2, ri = 0.5, (b)

b = 1.4, ri = 0.5, (c) b = 1.2, ri = 0.3, (d) b = 1.2, ri = 0.8. Ù¦ëê: N = 1000, L = 10.

Fig. 3. Fraction of cooperators fC as a function of the migration perceptual radius rm, with different curves

corresponding to different migration step lengths δ. (a) b = 1.2, ri = 0.5, (b) b = 1.4, ri = 0.5, (c) b = 1.2,

ri = 0.3, (d) b = 1.2, ri = 0.8. Other parameters: N = 1000, L = 10.

ã 3 1�1�½ b = 1.2, ÏLUCÆ��p�» ri �	Ùéþã5Æ�K�. �ã (c) éA ri = 0.3,

�ã 3(a) �', duÆ��p�» ri ~�, �NU
ë�Æ���Øêþ~�, ÛÜÂÃ&E��DÕ,

��3 rm ���ã 3(a) ¥��[£Ú�¤äk�Ü�`³Ø2Ñy, �[£Ú�3� rm «mþÃ{�

±Ü�. ��� rm O�, Ü�Y²£,�¸���úeü, �üNA��,wÍ. d	, [£Ú���¤é

A��` rm ���5Æ3ã 3(c) ¥�,¤á. mã (d) éA ri = 0.8, (J�cnã�3²w�É: �­

�� fC 3�� rm ��Sþ�±3�$Y², ØÓ[£Ú��m��É��Ì �, L²�Æ��p�»

ri ���, ÃØ[£a��» rm XÛ��, Ü�þJ±��k�r?. ¦+Xd, 3 rm ≈ 0.3 NCE�*

	��­�ÑyÛÜ4���,�, `² rm ≈ 0.3 éÜ�Ø|�(Ø3Æ��p�»����,¤á, �

´du�NÜ�Y²®��ÌØ$
w�Ø@oâÑ. ù�(J`²L��Æ��p�»¬�fÜ�öì

q��äp¨, ¦�Nª�u�����S�·Ü�Ø�p, l
³�Ü��Zy.
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þã(JL², rm ≈ 0.3 ´��éÜ�ÊHØ|��»��, 3õ«ëê|Üeþ��é$�Ü�Y

²; ���[£Ú�I������[£a��»âU¢y�`Ü�; O���p¾ëê b ½Æ��p�

» ri þ¬�N³�Ü�Y², �Ù�^Å�k¤ØÓ——cö��Or
���ÂÃ`³, �öKÏL*

�Æ��Ø���f
Ü�ìqé|��ö\��Uå.

3.3 �*Å�©Û

(a1)

(a2)

(b1)

(b2)

(c1)

(c2)

(d1)

(d2)

ã 4 o«;.[£a��» rm eXÚ�üz¯ì��N[£��©Ù. z|fãþ1��N�m©Ù¯ì(ùÚ!

:L«Ü�ö, 7Ú!:L«��ö), e1�éA���N[£���4�Ip4ã, ��l��m�géA�mÚ

t = 1, 10, 40, 100, 10000. (a1)(a2) rm = 0.1, (b1)(b2) rm = 0.3, (c1)(c2) rm = 0.6, (d1)(d2) rm = 1.5. Ù¦

ëê: N = 1000, L = 10, b = 1.2, ri = 0.5, δ = 0.15.

Fig. 4. Snapshots of spatial distributions and polar rose diagrams of migration directions under four typical

migration perceptual radii rm. In each panel group, the upper row shows spatial configuration snapshots

(red dots: cooperators; blue dots: defectors), and the lower row shows the corresponding polar rose dia-

grams of migration directions. Columns from left to right correspond to time steps t = 1, 10, 40, 100, 10000,

respectively. (a1)(a2) rm = 0.1, (b1)(b2) rm = 0.3, (c1)(c2) rm = 0.6, (d1)(d2) rm = 1.5. Other parameters:

N = 1000, L = 10, b = 1.2, ri = 0.5, δ = 0.15.

��\n)[£a��» rm K�Ü�üz��*Å�, ã 4 �Ñ
éAã 3(a) ¥ δ = 0.15 ­�¥

o«;. rm éA�üzL§, �)XÚüz¯ì��N[£��©Ù. z|fã¥, þ1�A½�mÚ�

�N�m©Ù¯ì(ùÚ!:L«Ü�ö, 7Ú!:L«��ö), e1�éA��¤k�N[£���4�

Ip4ã, fã¥��l��m�géA�mÚ t = 1, 10, 40, 100, 10000.

� rm = 0.1 �(ã 4(a)), [£a��»4�, �NA�Ã{a�±�Ü�ö�$Äª³. p4ã3�

�üzL§¥©ª¥yCqþ!��Å©Ù, Ã²wÌ���, L²�N[£��C��Å. �,J±/¤

�5�Ü�ìq, �®kÜ�(�Ø¬�wÍ»�. �d�éA, �m¯ìw«Ü�ö���ö�Ï�±·

Ü�Å©ÙG�, Ü�öÃ{¢yk�à8, �ªÜ�Y²�� 0.5, �ã 3 ¥ rm = 0.1 ¤¥y�(J�¬
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Ü.

� rm = 0.3 �(ã 4(b)), �Nm©�âk���¸&E?1½�[£, XÚüz¥yÑÜ�ÅÚ�)

�G�. 3üzÐÏ, �N©Ù�Å, p4ã��©Ñ; �Xüzí?( t = 40 ∼ 100), Ü�öêþ±Y~�,

�dÓ�p4ã¥ZyÑ²w�`³��. ��5¿�´, ù«��8¥y�¿�
uÜ�öà8, 
TT

�N
��ö/ÏTa��»°OJl���¿\�Ü�ìq�L§. 3ù�L§¥, ��ö|^k��

v
��¸&E×�£½Ü�öà8«�, ¿÷X`³��±Y�Ü�ìqSÜ'ß, ¦�ÿ�/¤­½

(��Ü�ìq3uÐ@Ï=�»�. �dÓ�, du[£a��»��, XÚ¥©Ñ��Ü�ìqJ±9

�a�*d� �¿¢yk�Ü¿, l
Ã{/¤äkv
�mëY5��ìq, ��Ù-|��ö\�

�UåwÍü$. �ª, 3­��ã( t = 10000), Ü�ö��, �m¥=���ö, p4ã��©Ù­#ª

u©Ñ, �N��öÓâ��XÚ�?1�Å[£�y�. ù��*L§lÅ�þ�«
ã 3 ¥ rm ≈ 0.3

?Ü�Y²Ñy���S3�Ï.

� rm = 0.6 �(ã 4(c)), [£a��»Ñ�uÆ��p�», �NU
¼��Ù¢S�p�^���

��¸&E. üz¯ìw«, Ü�ö3 t ≈ 40 =m©/¤�ºÝëYìq; éAp4ã¥y²wü¸©Ù,

L²�N[£��äk�r��5. � rm = 0.3 ���öÌ��½�\�ØÓ, d�Ü�öU
Äu�¿

©�&E¢y[£, r?©Ñìq�m�¯�Ü¿, /¤äk�mëÏ5�­½Ü�ìq. T(�3SÜ�

±pÂÃ, ¿3ìq>.?é��ö/¤k��\�³��^. �ªXÚ��­��, Ü�ìq­½�3,

��ö�ü@�>�½�á«�, éAã 3 ¥Ü�Y²�wÍJ,.

� rm = 1.5 �(ã 4(d)), a��»��uÆ��p�», Ü�ö���öþUa�����S���

&E. p4ãw«[£���üzí?Åìªu8¥, L²�N[£�)
�½§Ý�½�5. ,
, du

a��»L�, ��öÓ�U
J�Ü�ö�$Ä&Ò¿��ÓÚ®à, ��Ü�ö3à8�Ó���ö

�XK�//�?\�. �m¯ìw«, Ü�ö���ö3��üzL§¥©ª?u�����·ÜG�,

�U/¤;n�­½Ü�ìq. ù�ã 3 ¥� rm eÜ�Y²wÍü$�÷*5ÆpÝ��, l�*�¡

�«
a��»L���Ü�Pò���Å�: L°�a��»¦��ö�±ÓÚJlÜ�ö�à81�,

¦Ü�ö©ªÃ{ïáåk��(�5�o.

ÏLé�*¯ì�p4ã©Û�±wÑ, [£a��» rm ÏLN��N[£���8NkS§Ý, 3

�*þû½
Ü�öUÄ¢yk���mà8. rm L�K��&E"y, �N[£��C��Å; rm ?u

A½¥m��, ��ö�
U
p�JlÜ�ö¿\�Ù�), ��Ü����Ñy; � rm ?�ÚO��,
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Ü�ö�±³/�2�a��»Çk¢y½�à8, ïáå­½�(�5�o, l
�)ã 2 �ã 3 ¤�

«�÷*Ü�Y²J,�A; 
 rm L��, ��öÓ�U
J�Ü�ö�$Ä&ÒÓÚ®à, ¦Ü�ö©

ªÃ{{ø��ö���\�, Ü�Y²Ïd2Ýew. þão«�/�Ó�«
[£a��»K�Ü�

üz����*ã�, �ã 2!ã 3¤¥y�÷*ÚO5Æ/¤
��éA.

3.4 Æ��p�»�[£a��»��Ó�A

0.0 0.5 1.0 1.5 2.0
0.1

0.6

1.1

rm

r i

0.0 0.5 1.0 1.5 2.0
rm

0.0

0.50

1.0
(a) (b) fC

ã 5 Ü�Y² fC 3Æ��p�» ri �[£a��» rm �¤�ëê²¡þ��ã. (a) δ = 0.1, (b) δ = 0.3. Ù¦

ëê: N = 1000, L = 10, b = 1.2.

Fig. 5. Color maps of the cooperator fraction fC in the parameter plane spanned by the game interaction

radius ri and the migration perceptual radius rm. (a) δ = 0.1, (b) δ = 0.3. Other parameters: N = 1000,

L = 10, b = 1.2.

3�«
�*Å��Ä:þ, k7�l�÷*�ëê�mÀ�XÚ�	Æ��p�» ri �[£a��

» rm éXÚÜ���ÓK�. ã 5 �Ñ
ü«[£Ú�éA� fC 3 ri-rm ëê²¡þ��ã©Ù, ôÚ

d7�ùL«Ü�Y²d0O��1. lüÌ�ã��N(�5w, Ü�Y²3ëê²¡þ¥yÑwÍ��

þ!©ÙA�, pÜ�«�(æÚ«)�$Ü�«�(eÚ«)�m�3�ß�>.(xÚ«), L² ri � rm é

Ü�üzþäk­��N��^.

Äk�	 rm �K�. 3 rm 4�( rm ≈ 0)�, �ã( δ = 0.1)¥3 ri = 0.6 NCÑy
��¡pÜ�

æÚ«�, ùéAu[£Ú�����N=B3a��»4�k���¹eEU��CÜ�ö�±­½Û

Ü�>!l
�±�pÜ�Y²��/, �ã 3(a) ¥�Ú�­�3� rm àÜ�Y²�p�(Ø�¬Ü.

�X rm O�, Ü�Y²3 rm ≈ 0.3 ∼ 0.5 NCÑy²w�xÚLÞ�D�eÚ«�, ù�«��éA�

�öU
p�JlÜ�ö!��Ü����ëê��. � rm ?�ÚO��¥�Y²�, ëê²¡þÑy

�¡È�pÜ�æÚ«�, Ü�Y²� rm �O�wÍJ,. � rm UYO������, Ü�Y²2ÝÑ
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yØÓ§Ý�ew, <y
a��»L�����öÓÚJl!�fÜ�à8�J��*Å�. Ùg�	

ri �K�. 3 ri ���, �NÆ��ØD�, ÛÜÂÃ&EØv, Ü�Y²�N $; 3 ri ?u¥�Y²(

ri ≈ 0.3 ∼ 0.7)�, pÜ�æÚ«���8¥, L²·¥�Æ��p�»U
�Ü�ìqJø�`�(�5

�o; 
� ri ���, Æ��Øêþ�ÌO\, Ü�ìq��äp¨`³�Dº, pÜ�«���Â , �

ã 3(d) ¥� ri eÜ�Y²�N $�(Ø��.

é'ã 5(a) Úã 5(b), [£Ú� δ �O�éÜ�üz�)
wÍ�K�. �ã( δ = 0.1)¥pÜ�«�

¡È��!¸��p, L²���[£Ú�kÏu�N3a��Ü�ö&Ò�?1°[�½�N�, l


3�°��ëê��S�±�pÜ�Y². mã( δ = 0.3)¥pÜ�«�²wÂ , ¸�ü$, �pÜ�«

���� rm �� £, `²���[£Ú�I������a��»âU¢yk�à8——Ú�L��

�NN´�LÜ�ìq
E¤(�»�, �k3v
�� rm Jø¿©��&E�cJe, ��Ú��5�

¯�£ÄâU=z�Ü�à8�`³. ù�(J�ã 3 ¥� δ I����� rm âU��Ü�¸��÷*

5Æ/¤
���ëê�m<y.

3.5 +N�Ý�K�

Øþãëê	, +N�Ý��K��Nm�p�^ªÇ�Ä:5ëê, Ó��UK�[£a��»é

Ü���^. ã 6 �	
+N�Ý ρ éÜ�üz�K�, �½��p¾ëê�Æ��p�», ã 6(a) Úã

6(b) ©OéA[£Ú� δ = 0.1 Ú δ = 0.2, ØÓ­�éAØÓ�[£a��» rm. lüÌã��Nª³5

w, ØÓ rm ��eÜ�Y²��Ý�Cz1��3wÍ�É, �Nþ¥yk,�ü�ü¸(�, �¸�p

Ý!¸� �±9$�Ýà�å©Y²� rm �ØÓ
¥yÑ²w©�.

éu��� rm, 3�Ý4$�Ü�Y²®?u�pY², ùL²3DÕ�¸e, v
��[£a��

»¦�Ü�öU
ª����måla�Ù¦Ü�ö�$Äª³¿¢y½�à8, l
3�Nm²þål

����¹e�,�±�pÜ�Y². ��ÝO�, XÚÜ�Y²3¥��Ý«m��¸��Åìeü, p

�ÝeÆ��Øêþ��ÌO\¦�Ü�ìq>.ØåOr, ��ö�´'ß�¡Ü�ö+N, ��Ü�

Y²k¤£á. éu��� rm, 3$�ÝàÜ�Y²�C", �NÏa��»k�
Ã{3DÕ�¸¥¼

�k����Ú�&E, [£1�C��Åir, Ü�öJ±à8. ��ÝO�, �Nmål á, k��

a��»Sm©Ñy�øJ��Ü�ö&Ò, Ü�Y²ÅÚJ,¿3¥��Ý?Ñy¸�, �¸�²w$

u� rm éA�­�, cÙéA rm = 0.3 �­�3üÌã¥þ�±3�$Y², �ã 4 ¤�«���öJ

lÅ��¬Ü.
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ÏLþã©Û�±uy, [£Ú��O�wÍUC
þã5Æ. Ú�����­��N��²w, �

rm ­�3°���Ý«mSþU�±pÜ�Y²; Ú����­�ÅÄ\ì, � rm ­�3$�Ýà�å

©Ü�Y²k¤J,�p�Ýàeü��Í�, 
éA rm = 0.3 �­�3A�¤k�ÝeþªCu", L

²��Ú����a��»�|Ü3��Ý^�eþJ±�±Ü�. oN
ó, $�Ý�¸e�a��»

éÜ��r?�^c�âÑ, 
p�Ý�¸KéÜ��)ÊH�³��A, +N�Ý![£Ú��[£a

��»nö�Óû½
XÚ�Ü�Y².

10 20 30
0.0

0.5

1.0

10 20 30

f C

 rm=0.1   rm=0.3   rm=0.5   rm=0.9

3

(a) (b)

3

ã 6 Ü�Y² fC �+N�Ý ρ �Cz­�, ØÓ­�éAØÓ�[£a��» rm. î¶ ρ l 3 m©, Ï4$�Ýe

Æ��pÃ{k�u). (a) δ = 0.1, (b) δ = 0.2. Ù¦ëê: L = 10, b = 1.2, ri = 0.5.

Fig. 6. Fraction of cooperators fC as a function of population density ρ, with different curves corresponding

to different migration perceptual radii rm. The horizontal axis starts from ρ = 3, as game interactions

cannot effectively occur at extremely low densities. (a) δ = 0.1, (b) δ = 0.2. Other parameters: L = 10,

b = 1.2, ri = 0.5.

4 ( Ø

3g,.�<a�¬¥, �N�Æ��p�»��m£Ä�a��»  É�ØÓÅ��Õá|�,

ò�ö%@�Ó����{z?n�Ñ
y¢XÚ¥�N3üÑ�p��m£Äüa1�þÊH�3��

��É. n)Æ��p�»�[£a��»�CzXÛK�Ü��Zy��±, éu@£)Ô+á!�¬

XÚ±9�UN+N¥�Ü�üzäk­�¿Â. �d, �©�ï
Æ��p�»�[£a��»�pÕ

á��mëY§ä(¸�., ÏLê��[��*Å�©Û, �«
Æ��p�»�[£a��»�Cz

éÜ�üz�K�5Æ, ��±eÌ�(Ø.

Äk, [£a��»éXÚÜ�Y²äk�üNK�. ·¥�a��»U
k�r?Ü��N��m

à8, l
OrÜ�­½5; 
L��a��»��
�N¼��¸&E�Uå, L��a��»K�f


Û�(��A, þØ|uÜ�1���±; Ùg, Æ��p�»éÜ�üzåX'�N��^. ����p
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�»��
�Nmk�pÄ, J±/¤­½�Ü�ìq; 
·¥��p�»kÏuÜ�ìq�/¤�*Ð,

l
J,XÚ�NÜ�Y²; ��p�»?�ÚO��, XÚªuþ!·Ü, Ü�`³~f; ,	, [£Ú�

ÏLK��N$ÄUå, m�N�Ü�(��/¤. ��Ú�e�NÛ�5�r, k|uÜ�ìq­½�

3; 
��Ú�¬»�®k�m(�, ¦Ü��NJ±�±à8G�, l
³�Ü�1�; ��, �N�ÝÓ

�éÜ�üz�)­�K�. ·¥��ÝkÏu�Nmk��>¿/¤­½(�, 
Lp½L$��Ýþ

¬ü$Ü�Y².

nþ, �©ïÄL², 3�m§ä(¸¥Æ��p�»�[£a��»��ü�Õáëê, þU��K

�Ü��Zy��±, ��ö�[£Ú�!+N�Ý�m�3E,�ÍÜ'X. ù�(J��Or?Ü�

�+N�UÅ�!n)y¢E,XÚ¥£Ä1��Ü�üz�'éJø
#�nØ�â. ���Ñ�´,

�©¤�«�Æ��p�»Ú[£a��»éÜ�üz��üNK�5Æ´3“���`�Ø”�#5Ke

���, T5ÆéüÑ�#5Käk�½��65. ØÓüÑ�#5K(XFermi¼ê5K[12]!ÂÃ�'�

5K[11]�)�½�[£Å��m�ÍÜ�A, ´�mÆ�+�¥���\&?�m�5¯K, ØÓ�#5K

e�Æ��p�»![£a��»XÛK�Ü�üz9Ù��´Ä�3Ú���*Å�, ´�5ó�¥�

�XÚïÄ�­���. d	, �©�nØµe3ÈæÆ�e½ÐyÑ´L�ÄåÆy�, ØÓÆ�µee

[£a��»�Æ��p�»��Ó�Aò3�Yó�¥�����¡�&?. �5ó���?�Ú�Ä

É��N!E,�äÿÀ!D(�A±9ØÓÆ�µeé[£Å��K�, ±�bCý¢�¬XÚ, �n

)y¢E,XÚ¥Ü�üz�Ê·5ÆJø�j¢�nØÄ:.
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Effects of migration perceptual radius and game

interaction radius on cooperation evolution in spatial
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Abstract

In nature and human society, individuals’ spatial movement decisions and game interaction ranges are often governed

by distinct mechanisms. However, most previous studies on evolutionary game dynamics with migration have defaulted

to treating the game interaction radius and migration perceptual radius as identical, which ignores the prevalent range

asymmetry between strategic interaction and spatial movement in real systems. In this paper, we decouple these two

radii by treating the migration perceptual radius rm and game interaction radius ri as two fully independent parameters,
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construct a spatial prisoner’s dilemma model with continuous migration in two-dimensional continuous space, and

investigate how variations in these two factors affect the evolution of cooperation through numerical simulations and

microscopic mechanism analysis. We find that the migration perceptual radius exerts a pronounced non-monotonic

regulatory effect on the cooperation level. When rm is excessively small, individuals lack directional guidance for

migration, making it difficult for cooperators to aggregate effectively, and the cooperation level remains close to that

of random mixing. When rm lies within a specific intermediate range, defectors can efficiently track and infiltrate

local cooperator clusters, leading to a pronounced valley in the cooperation level that is robust across a wide range of

parameter combinations including different values of the temptation to defect and game interaction radii. In contrast,

when rm increases to a moderate level, cooperators achieve directed aggregation and form stable structural protection

against defector invasion, resulting in a substantial enhancement of cooperation. A further increase in rm enables

defectors to follow cooperators’ movement signals at large scale, breaking cooperative clusters and causing the cooperation

level to decline again. Through snapshots of spatial distributions and polar rose diagrams of migration directions, we

reveal the microscopic mechanisms underlying each regime. Furthermore, the game interaction radius ri plays a key

regulatory role in cooperation evolution. An intermediate ri most effectively supports the formation and maintenance

of cooperative clusters, while an excessively large ri weakens network reciprocity and suppresses cooperation. In the

parameter space spanned by ri and rm, the cooperation level exhibits a clearly non-uniform distribution with sharp

boundaries between high-cooperation and low-cooperation regions, confirming the significant joint regulatory roles of

both radii. In addition, the migration step size and population density interact with rm to jointly determine cooperation

outcomes. The promoting effect of an optimal rm is particularly prominent at low population density, whereas high

density generally suppresses the cooperation level. These results provide a novel theoretical perspective for understanding

the intrinsic mechanisms by which individual movement behaviors facilitate the emergence of cooperation in real-world

complex systems.
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