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Abstract Based on the realistic background of “guiding financial services to serve the real economy”,

this paper constructs an evolutionary game model to describe the game evolution process of investment

and financing behavior between financial institutions and real enterprises, and studies the mechanism that

affects the dynamic evolution path. The analysis shows that both parties tend to make decisions that

promote business cooperation in the stable state. In addition, based on the idea of agent-based modelling,

this paper transforms the evolutionary game behavior of the two sides into the decision-making problem
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of the proportion allocation of investment and financing funds, and includes the geographical location

factor. By simulating the optimization process of heterogeneous enterprises and financial institutions, it

analyzes the influence of various factors on the proportion decision of investment and financing. It is found

that by means of cost control, income distribution and government subsidies, financial institutions can be

promoted to serve real enterprises in the way of indirect financing. In addition, this paper also finds that

capital market financing costs, corporate profitability and geographical factors have a significant impact

on decision-making. Finally, this paper compares and combines the results of the two models and puts

forward some suggestions.

Keywords Financial capital; Real economy; Evolutionary game; agent-based modelling and simulation
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r?7K�é¢N²L�É±�^, ��´�ürN�­:[3]. 37KÅ��¢Nè��pK�
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�?-yÚ�üÚ��	Ü5�^, Ó�òÆ�ÌNà�37KÅ�Ú¢N
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l®k©z�±wÑ, 7KÅ��¢Nè��m�ÝK]ïÄ��Û�3ü�ÌN, "yéü�
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ª��­�üÑ. 7KÅ�Ú¢Nè�37K]�ÑÖ¢N²L�¯KïÄ·^uüzÆ��{. Ä

k, üzÆ�Øéu1�ÌNæ��´k�n5b�[32] , ly¢�¹5w, V�3Æ��L§¥éJ

��é&E��ÜÝº, ÏdÃ{�½Æ�V��1��±����n5. 1�, üzÆ�5­é�m

�Úüz´»�6��þ, 7KÅ�Ú¢Nè��Æ�L§���m�CzØä?�ÚU?gC�1

�üÑ, Ó�, $^üzÆ���{�Bu*	�UK�üz(JÚüz´»Cz�Ï�. 1n, üz
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3.1.1 �.ë�ÌN�üÑ8Ü

Æ�ë�ÌN�{¢Nè�,7KÅ�}. ¢Nè��üÑ8Ü�{m�K],��K]}, 7KÅ��
üÑ8Ü�{]�ÑÖ¢N²L,]�ø¢�J}.
3.1.2 ëê�½�)º

(1) éÂÃ�'ëê��½

AC , AF©O�L¢Nè�Ú7KÅ���ÄÆ��pe�Ð©ÂÃ, Ù¢Sê��ûuØÓ�N

��Ö²E�¹!g�nÜUå±9½|Ly�. 7KÅ�ò]7±m�K]��ª?\¢Nè�,V

��U¼��	oÂÃ�∆V [14] . éu7KÅ�5`, �	oÂÃ�)�Ø�u|E¤�!\Î�Ñ

Ö¤^�â¡ÂÃ; éu¢Nè�, �U´§$^ù)]7?1)�$E¤¼�|d, ��U5gÆd

¤¼��Û/ÂÃ�. V�ÂÃ�©�'~�J«©, �'XÝ��,Ïd, Ú\ëêγ(0 ≤ γ ≤ 1)é�

N#OÂÃ?1©�, ¿�½V��¼���	ÂÃ¥¢Nè�¼ÃÓ'�γ, �A�7KÅ�¼ÃÓ

'�1− γ.

�¢Nè�æ�/��K]0üÑ, ½7KÅ�æ�/]�ø¢�J0üÑ�, V��l�gæ�

�üÑ¥¼�éAÂÃ, ©O��R1 ÚR2. �Ä�¢Nè�3/��K]0½|K]¬�3�«ºx
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ÚØ(½5, w,ÂÃ´'uù«Ø(½5�4~¼ê, Ú��½ºxXêh(0 ≤ h ≤ 1)?1L«[19].

Ïdè�¢S5
u/��K]0üÑ�ÂÃ�(1− h)R1,�Ã{¼���K]�h = 1,��K]ÂÃ

�0. aq/, �7KÅ�æ�/]�ø¢�J0üÑ�, Ù¼���	ÂÃÓ��U¬Ñyºx��,

b�d?ºxXê�k(0 ≤ k ≤ 1) [19], K¢SÂÃ�(1− k)R2.

�
;5uïÄ¯K, �.vk�Ä²EºxéÂÃ�K�. �.�b�m�K]�ªe, V��

ºxþ´�$�, Ï�m�K]½|�i+�éu]�½|���õ, ¤±d�.�Ñù
ºx.

(2)é¤��'ëê��½

þãb�Ì��Ä
V�æ�ØÓüÑ�ÂÃ, �e5�½V�ØÓüÑe�¤�¯K.

CC , CF©OL«¢Nè�Ú7KÅ��Ý\¤�[14,21]. �â¯K�µ,CCïþè���¼�K]

�'�GÑ�¤�, CF �A/�7KÅ��JøK]ÑÖGÑ�¤�. Äuü�ÌNþkü«1�ü

Ñ,�Nyë��ég�ØÓüÑ�¤�©�ûü, òÝ\¤�±,«'~©�3ØÓ�üÑþ. äN

Ly�¢Nè��¼�/m�K]0GÑ�¤�aCC ,�¼�/��K]0GÑ�¤��(1 − a)CC . ¢

Nè�K]¤�Ó'��É�U5guÌN�²EüÑ!ãÖûü±9½|�¸�K�.aq/,7K

Å�ÑÖ¢N²L�¤��bCF ,�)�Ø�ué�±è�¦N�!�ÙI�Ô��!&�]7µ4$

1�iÒ!¼�]7�¤^�¤�, 7KÅ�ÀJ/]�ø¢�J0�¤�GÑ�(1 − b)CF . ±þë

êa, bþÑl0 ≤ a, b ≤ 1�����. 3]�½|�¢S$E¥, Ø�Ä�N�ü�¸��¹e, 7KÅ

���{]7Å¬¤��é�$, 
¢Nè�3��m�K]�L§¥  ��GÑ�½�¤�. Ï

d, lÅ¬¤���Ý, O��¢Nè�3Ï¦m�K]%�¼Ü���¹eE¤��	ÂÃ��, P

�LC .

(3)Ù¦�'ëê��½

�Ä�²L!7KuÐ�÷*²L�üÚ�?é|±¢N²LuÐ�Þ�, Ú\ëêS�L�?

é7KÅ��AÑÖ¢N²L��ü��-y5Öb. þã�½��ÜëêXe(5¿ëê�½þ�

ÌØ�u0�b�), �L1.

3.2 |GÝ
�üzÆ��.�ïá

3¢Nè��7KÅ�Æ��Ð©�ã,b�¢Nè�ÀJ/m�K]0�VÇ�α(0 ≤ α ≤ 1),À

J/��K]0�VÇ�1− α; 7KÅ�ÀJ/]�ÑÖ¢N²L0�VÇ�β(0 ≤ β ≤ 1), ÀJ/]�

ø¢�J0�VÇ�1− β. �½Æ��|GÝ
XeL2 ¤«.

éu¢Nè�, �æ�m�K]üÑ�, ¬Ï�7KÅ�æ�ØÓ�üÑ
¼�ØÓ�ÂÃY²:

�7KÅ�ÀJ/]�ÑÖ¢N²L0�, è�¼�ÂÃAC + γ∆V − aCC ;/]�ø¢�J0�, è�

�GÑÏ¦m�K]]7%�U¼��¹e��	¤�, äNÂÃ�AC − aCC −LC . �è�æ���

K]üÑ�, KÃØ7KÅ�æ��oüÑ, ÂÃþ�AC − (1− a)CC + (1− h)R1.

éu7KÅ�5ù,�æ�/]�ÑÖ¢N²L0�,ÂÃäNLy�:�¢Nè��ÀJ/m�K

]0üÑ�, 7KÅ�¼Ã�AF + (1− γ)∆V − bCF + S; �è�æ�/��K]0üÑ�, 7KÅ�¼

Ã�AF − bCF +S. �7KÅ�û½æ�/]�ø¢�J0üÑ�, KÃØ¢Nè�æ��o��üÑ,

7KÅ�ÂÃþ�AF − (1− b)CF + (1− k)R2.

L1 üzÆ��.ëêL

Table 1 Evolutionary game model parameters table
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ëêÎÒ ¹Â

AC ¢Nè���ÄK]�ª��Ð©ÂÃ

AF 7KÅ���Ä]7©��ª��Ð©ÂÃ

∆V m�K]e7KÅ�]7?\è�, V��¼��	ÂÃ

γ �¼��	ÂÃ¥¢Nè�¼ÃÓ'

h ¢Nè�æ���K]��ºxXê

R1 ¢Nè�æ���K]���Äºx�Ø(½5��ÂÃ

(1− h)R1 ¢Nè�æ���K]�¢SÂÃ

LC ¢Nè�æ�/m�K]0üÑ��¤õ���	��

k 7KÅ�æ�/ø¢�J0üÑ��ÂÃºxXê

R2 7KÅ�æ�/ø¢�J0üÑ���Äºx��ÂÃ

(1− k)R2 7KÅ�æ�/ø¢�J0üÑ��¢SÂÃ

CC ¢Nè��¼�K]��NK]¤�

CF 7KÅ�JøK]ÑÖ�¤�

a ¢Nè�Ïm�K]�)�¤�Ó'

b 7KÅ�ÑÖ¢N²L�¤�Ó'

S �?é7KÅ��AÑÖ¢N²L�ü�-y5Öb

L2 Æ��|GÝ


Table 2 Payment matrix of the game

7KÅ�]�ÑÖ¢N²Lβ 7KÅ�ø¢�J1− β
¢Nè�m�K]α (AC + γ∆V − aCC , (AC − aCC − LC ,

AF + (1− γ)∆V − bCF + S) AF − (1− b)CF + (1− k)R2)

¢Nè���K]1− α (AC − (1− a)CC + (1− h)R1, (AC − (1− a)CC + (1− h)R1,

AF − bCF + S) AF − (1− b)CF + (1− k)R2)

3.3 O��üz©Û

3.3.1 Ï"ÂÃ�E�Ä��§

�â|GÝ
�b�, -¢Nè�Cæ�/m�K]0Ú/��K]0üÑ��Ï"ÂÃ9²þÏ

"ÂÃ©O´U11!U12ÚU1, ÙO�(JXe:

U11 = β(AC + γ∆V − aCC) + (1− β)(AC − aCC − LC) (1)

U12 = β(AC − (1− a)CC + (1− h)R1) + (1− β)(AC − (1− a)CC + (1− h)R1) (2)

U1 = αU11 + (1− α)U12 (3)

-7KÅ�Fæ�/]�ÑÖ¢N²L0Ú/]�ø¢�J0üÑ��Ï"ÂÃ9²þÏ"ÂÃ©

O´U21!U22 ÚU2, ÙO�(JXe:

U21 = α(AF + (1− γ)∆V − bCF + S) + (1− α)(AF − bCF + S) (4)

U22 = α(AF − (1− b)CF + (1− k)R2) + (1− α)(AF − (1− b)CF + (1− k)R2) (5)

U2 = βU21 + (1− β)U22 (6)

¢Nè�ÀJ/m�K]0VÇα�üzÆ�E�Ä��§�:

F1(α) = ∂α/∂t = α(U11 − U1) = α(1− α)(β(γ∆V + LC)− LC − (1− h)R1 + (1− 2a)CC) (7)

7KÅ�ÀJ/ÑÖ¢N²L0VÇβ�üzÆ�E�Ä��§�:

F2(β) = ∂β/∂t = β(U21 − U2) = β(1− β)(α(1− γ)∆V + S + (1− 2b)CF − (1− k)R2) (8)

3.3.2 þï:�ESS:

þã?Ø��
üzÆ�E�Ä��§,ù�Ü©�âþã�§¦�²ï:,¿|^5��äESS

:. -F1(α) = 0, F2(β) = 0, ��5�þï:, ©O�:

(0, 0), (1, 0), (1, 1), (0, 1), (
(1− k)R2 − S − (1− 2b)CF

(1− γ)∆V
,
LC + (1− h)R1 − (1− 2a)CC

γ∆V + LC
)
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�½Ý
P: (
a11 a12

a21 a22

)
(9)

�Ù¥:

a11 =
∂F1(α)

∂α
= (1− 2α)(β(γ∆V + LC)− LC − (1− h)R1 + (1− 2a)CC) (10)

a12 = ∂F1(α)/∂β = α(1− α)(γ∆V + LC) (11)

a21 = ∂F2(β)/∂α = β(1− β)(1− γ)∆V (12)

a22 = ∂F2(β)/∂β = (1− 2β)(α(1− γ)∆V − (1− k)R2 + S + (1− 2b)CF ) (13)

PÝ
P�1�ª�det(J), Ý
�,�tr(J),/+0Ò�L�u0,/-0Ò�L�u0, ü�(JXe:

L3 �þï:­½5�ä(J

Table 3 Stability judgment results of equilibrium points

þï: det(J) tr(J) þï(J

A(0, 0) + - ESS

B(1, 0) + + Ø­½:

C(1, 1) + - ESS

D(0, 1) + + Ø­½:

E( (1−k)R2−S−(1−2b)CF

(1−γ)∆V , LC+(1−h)R1−(1−2a)CC

γ∆V+LC
) Ø½ 0 Q:

�âO�(Jw«, þï:A(0,0),C(1,1)Ly�ü�ESSþï:, `²7KÅ�Ú¢Nè�¬ª�u¢

Nè�ÀJ/��K]0�7KÅ�ÀJ/]�ø¢�J0½ö¢Nè�ÀJ/m�K]0�7KÅ�

ÀJ/]�ÑÖ¢N²L0�üÑ|Ü.

3.4 Q: ��üz´»©Û

3.4.1 éuQ: ��y¢5©Û

�Ü©Ì�(Ü¢SêâéQ:� �?1?Ø,Ï�Q:�îp�I´Ä3[0,1]���S,éu

�Y�?ØÚüz´»�ïÄ�'­�. k1b�Q:�îp�I30Ú1 ���S. ��¡´�Ä�

ù���½BuòQ: ��îp�I�l©ê/ªz�ØÓªfm�Ø�ªL«, Ó��±å�z

{��^, Bu?Ø¢�5¯K; ,��¡�BuN!ëê�Cq��I��S, ²L)º'��*.

�Q:îp�I3[0,1]��S�, ÏL£�?n��±eØ�ª:

0 ≤ (1− h)R1 − (1− a)CC ≤ γ∆V − aCC (14)

0 ≤ (1− k)R2 − (1− b)CF ≤ (1− γ)∆V + S − bCF (15)

e¡, (Üêâéùü�Ø�ª�Ün5?1©Û.

éu¢Nè�G¹�y¢5©Û: ÏLé(14)ª�*	�±uy, Ø�Äè�3�ë�K]c¤¼

��ÂÃ�, γ∆V − aCC ���@�´m�K]�è��5�ÀÂÃ�Ã, (1− h)R1 − (1− a)CC��

�±�A/@�´è�ÏL��K]�ª¼��ÀÂÃ�Ã. �Ø�ÄAC �·A/, b�3è��Ï

�²EL§¥�±�Ñgk]7�$E¤¼�|Ã, �òè�|d½ÀÂÃ©�üÜ©: �´$EÚ

+n��K]]7¼���Ã; �´$EÚ+nm�K]]7¼���Ã.

Äuù��b½Ú©Û,�òØÓa.K]5��'�Óuè�3ØÓa.e¼��ÀÂÃ�',

?
©Û(14)ª¥�Ø�ª'X´ÄÜn. �©±�¦À5]��Å ÀK]��Úïþ��K]5

�, ±7KÅ����±{�ïþm�K]5�, |^Windêâ¥, �n�¼�êâ�uy: 32006c

�2017cm, �I��K]5��m�K]5��'~©ª�u1. =B´UìØÓc°!ØÓ�°½

�`½?1«©(Ø�´�Ó�. �N
ó, Ù�, Cc5m�K]�5��N¥þ,ª³, 5�Øä

*�;
��K]5�3²{
�ã�m�O\�Ñy
£�$�eü(�,��3ØÓ§Ý�O\�

ª³,��N5�E,$um�K]5�);Ù�,m�K]�ªåÚ�@,7KÅ�cÙ´Õ13/�K

]L§¥�&?ÝÚ�õ§ÝpuÙ¦a.�7KÅ�,cÙ´²Lju�/«�è���¿($��
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�Ä)��/��
Õ1K], l
O�
m�K]½|5�. Ïd,l¢SêâÚy¢©ÛL²,�,

Q:�äN ��I��ÄLC �Ï�, �Ùp�I u[0,1]��S�b�´Ün�.

éu7KÅ�G¹�y¢5©Û:ÏLé(15)ª�*	�±uy,Ó�Ø�ÄAF�Ï�, (1−γ)∆V+

S−bCF ���õ/�±@�´7KÅ�ÀJ/]�ÑÖ¢N²L0üÑ�5�ÀÂÃ�Ã, (1−k)R2−
(1− b)CF ���±�A/@�´7KÅ�ÏL]�ø¢�J��ª¼��ÀÂÃ�Ã.3m�K]½

|þ, û�Õ1©ª´Ìå�, Äuêâ��¼�5, d?ò7KÅ�dÂ�û�Õ1, Ó�òÕ1�

�|�Â\{z�Ý]Â\½l]�½|þ¼��Â\,�Ñ\Î¤!ÃY¤�Â\,Buêâ�8a

�©Û.

ò(15)ª�ü>Ó�Ø±/E�Â\0(^ÎÒϕL«),Ú\û�Õ1��|EÂ\Ó'(^ÎÒθL

«)�I, r(15) ª=z�eª:

θ − (1− b)CF
ϕ

≤ 1− θ +
S

ϕ
− bCF

ϕ
(16)

Õ1lm�K]¥¼��ÂÃ�±�V@�´|�ÂÃ; �?éÕ1�A�ü�-y5Öb�,

éÕ1æ�,«üÑ�3XÈ4¿Â, �3ê�þcÙ´é�.û�Õ1, Ï~¿Øäkér�áÚ

å, Ïd, d?�©Û�ÑKS
ϕ��.,	�±@�ÄuÕ1ÌE�Ö�AÏ5, �
]7$EÚ6Ï


GÑ�¤�Ó�Ü©, ¤±òCF

ϕ ��Cq/@�´¤�Â\'(^ÎÒτL«).

Äuþãb½Ú©Û, (16)ª�±{z�:

0 ≤ 1− 2× θ + (1− 2b)× τ (17)

þªq�±?�Ú{z�:

b ≤ 1

2
(1 +

1− 2× θ
τ

) (18)

Ïd,éuQ: ���ä,Ò=�¤
éub�������ä. duêâ��¼�5,�©æ�


û�Õ12010c12��2020c12 ��GÝêâ, ¿O�(18) ªØ�ÒmýÜ©�ê�(c²þ�).

L4 (18)ªmýÜ©�

Table 4 Part of the value on the right side of equation(18)

c° 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

ê� 1.421 1.462 1.477 1.394 1.435 1.417 1.400 1.391 1.439 1.417 1.452

ÚOuy, Ø�ªmý�����1.391. �â�.¥éuëêb �½Â, b´�u�u1��Kê,

Ïd, b �½ÎÜ�u1.391��¦.

nþ¤ã, �©Äu¢SêâmÐy¢5©Û, l¢Nè�Ú7KÅ�ü�¡�y
Q:�îp

�Iþ u[0,1]�m�b�, ��¡�Ä�´»��ÚëêK�Å��©ÛC½
y¢Ä:.

3.4.2 Q:ã�ëêCÄ©Û

Uìþ©�O�Ú¢Sêâ©Û, xÑQ:ã, Ù¥E :´Q:, Xã1¤«:

E

A(0,0) B(1,0)

D(0,1) C(1,1)

𝛼

𝛽
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ã1 Ä�üzQ:ã

Fig.1 Dynamic evolution saddle point diagram

:A(0,0),C(1,1)Ly�ü�ESS­½(J, L«7KÅ�Ú¢Nè��E�Ä�­�Ñk�ùü�­½

üÑ8 �Âñ�ª³. Ù¥Q:E´�ä´»��Ú�A(0,0),C(1,1) Âñ�VÇ�'�:. ù�¯K

�±=��é«�¡È�?Ø, =ë�ÌN�ªr��ûu«�ABED�¡ÈÚCBED�¡È�'�.

dþãO���,

M1 =
1

2
(
LC + (1− h)R1 − (1− 2a)CC

γ∆V + LC
+

(1− k)R2 − S − (1− 2b)CF
(1− γ)∆V

) (19)

M2 = 1− 1

2
(
LC + (1− h)R1 − (1− 2a)CC

γ∆V + LC
+

(1− k)R2 − S − (1− 2b)CF
(1− γ)∆V

) (20)

�M2 ≥ M1�, Æ�V��Ð©:á3«�CBED �VÇ��, þï�k�U�XC(1,1) :£Ä,

=¢Nè�Ú7KÅ��Óïám�K]e�ÖÜ��ª�üz(J.

3.5 ëêCzéüzL§�K�©Û

c©|^
¢Sêâ©Û
Q:� ���3[0,1]�m, ¿L²ü�«�¡È����Q:��

I ����'. Ïd, ëêCzéÂñ´»�K�Å���À�éQ:�I�K�Å�, ½���*

�=��é«�¡È���K�Å�. �e5Ì�©Ûëê�CzéüzL§Ú(J�K�.

þãM1!M2��ªL²M1!M2�O~����, Ïd�ÏL�O���ëê�CÄéM1�O~

K�5©Û.|^�ê�5�,��O~K��L�XeL5¤«(Ù¥/+0!/-0©OL«Ó�CÄ!�

�CÄ, ^ÎÒu�Lëê):

L5 ëêéM1!M2�CÄK�L

Table 5 parameter’s influence on M1!M2

ëê/�ê ∂M1

∂u
∂M2

∂u

LC , R1, a, R2, b + -

∆V, h, k, S, - +

CC , CF , γ Ø½ Ø½

ÏLO�éuØÓëê, M1!M2��ê��KÒ, �äO~Cz��, äN)ºXe:

�∆V , h, k, SO\�, M2O\,=¢Nè�Ú7KÅ�V�ª�um�K]��ÖÜ��ª��

U5��. ùÜ©�êÆ©Û(JÙ¢�ÎÜy¢¥��
~£5�ûü, ~Xm�K]�Ö�ªV

�Ü�¤õ��ÓÂÃO\, �?-y5�ÖbO\, V�7,�ª�uÀJù�üÑ8Ü; Ó�, é

AüÑe¼�ÂÃ�ºxO\, üöÀJéAüÑ�¿�7,¬eü.

�LC , R1, R2, a, bü$�, M2O\. (Üy¢�¹, �è�Ú7KÅ�3/��K]0üÑÚ/]

�ø¢�J0�üÑeU
¼��ÂÃeü(½´è�ÀJ/m�K]0!7KÅ�ÀJ/]�ÑÖ¢

N²L0üÑ�¤GÑ�¤�3o¤�¥Ó'eü)�, ¬��uÀJV�Ü�m�K]�Ö�ª(�

,ùÜ©�¤�Ó'3¢S¥éuè�Ú7KÅ�5ù�U´Ì*�½�,��U´	ÜÏ�E¤�,

3ùpØ?1[�«©). d	, �LC �$�, è��U¬�õ/�}ÁÚ��/m�K]0�üÑ.

3�ê©Û�uy, γ,CC , CFn�ëêéM1!M2 �K�Ø´�ä, ¬É�Ù¦ëê������

K�, 3ùpüÕ?ØXe.

Äk&?CC , CF�K�. ÏL¦�uy, ÙéM1!M2 �K�É�ëêa, b �K�. �a, b ��

�3[0,1/2]�m(è��¼�m�K]¤GÑ�¤��u�¼���K]¤GÑ�¤�),7KÅ�æ�

/]�ÑÖ¢N²L0üÑ�¤GÑ�¤��u/]�ø¢�J0�üÑe¤GÑ�¤��, CC ÚCF

O\,M2O\. �é{`,�,�N¤�O\�,éÆ�V��ÀÂÃÑk�½���,�Ï�ëê��

�'X, �±¦�é{/m�K]0!/]�ÑÖ¢N²L0}�¤�O\�K��u,��üÑ.



10 X Ú ó § n Ø � ¢ � 1 XXò

�e5, ?Øëêγ. M1'uγ��êXe:

∂M1

∂γ
=

[(1− k)R2 − S − (1− 2b)CF ](γ∆V + LC)2 − [LC + (1− h)R1 − (1− 2a)CC ][∆V (1− γ)]2

(γ∆V + LC)2(1− γ)2∆V
(21)

éuγE¤�K�?Ø'�E,, Ø=�9�ü�ëê�K�, ��9�V�3ØÓüÑe�ÂÃ

���é'. 3¢SL§¥, γ ���QÉ�V�\¾ÜÓ��û|Ç�SN�K�, �¬É�Ü��

�N	Ü5ÂÃ�K�. ~X, �éV�Ü�ÂÃ�©�þ, V�¬3\¾ÜÓ�û½|Ç. |Ç�é

�p�,7KÅ�U
¼��ù�Ü©�ÂÃ�õ;��,�è�|^Ù½|/ ÚûÐ�&^G¹!�

þ�]7/^�`³, û½���$�|Ç�, Q´éè�K]¤��!�, �´é®±k�]��²

L¤��!�,�A/ÂÃ�¬k¤O\. ÏLù�¢~��±wÑ, γ�K��©E,,$�ØU{ü

/ÏLâ¡d�?1µ�.

4 ÌNï��ýïÄ

þãüzÆ��ïÄ´ïá3è�Ú7KÅ�ÌN31�ûü�8Ü¥�UÀJ�«1�ûü.

,
, 3y¢)¹¥, �è�I�K]�, Ï~´�Ü©]75
um�K]�ª, �Ü©]75
u

��K]½|; Ó�/, 7KÅ�¬ògk]7�Ü©ÏLm�K]�ÖÝ�, ,�Ü©]73��K

]½|?1]�Ý]. Ïd, �Ü©¬òéV�1�üzK�Ï��ïÄ, =z�é]7'~ûü�ï

Ä. d	, ÄuI[é/Ê¨7K0�ü���Ú/�Õ1é�/è��Ð�&E¼�§Ý�y¢�

¹[7], �Ü©O\
è��7KÅ���é/n �Ï�éV�/�1��K��©Û, òÅ��:

�Ý�I[34]=��Äuè�À��/ÒC�K0e�|Ï7KÅ����Ï�,Ó�,�Ä
7KÅ�

�±Ý��]7�éuè�K]I¦�5�, ¿(ÜþãÆ��.¥�Ï�, ?ØK�V�ÝK]'

~�Å�.

�Ü©æ^�ÌNï���ý�{(ABMS)´�«ge
þ,U
¿©�x�*ÌNÉ�5Ú�p

�^��[�{, ^uïáè��7KÅ��m�ÌNÉ�5�.. ÏL*	­�Ï�éïÄ�I�

wÍ5K�, ?�Ú?ØK�¢Nè�Ú7KÅ�ÝK]ûü���. ±e¤¡7KÅ��¢Nè�

�ÝK]'~ûü, äN´�7KÅ�XÛò]7©��/�½|Ú]�½|, ©O^um�K]Ú

��K]; ¢Nè�Ï"õ�'~�/±5
um�K], õ�'~5
u��K].

4.1 �.Cþ��.�½

�Ü©�.Cþ��N�½�Æ��.¥��,���y�Y�[�ý�ê��½��)º5,¬

=C,
Cþ�L�/ª¿OVCþ.

4.1.1 �.Cþ

�.ÌNE�¢Nè�Ú7KÅ�, ¿©O¦^i, jI5±²(V��á5½ûüCþ. äNëê

L6Xe¤«:

L6 ÌN�.ëêL

Table 6 Agent-based model parameters
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ëêÎÒ ¹Â ��

AC,i ¢Nè���ÄK]�ª��Ð©ÂÃ 0

Bi ¢Nè�¤IK]5� 1000(À1ü )

vi m�K]eè�|^7KÅ�]7?1²E�ÂÃÇ {2,1.2,0.3}
γ �¼��	ÂÃ¥¢Nè�¼ÃÓ' {0.2,0.4,0.6}
hi ¢Nè�æ���K]��ºxXê {0.2,0.4,0.6}
r1,i ¢Nè�æ���K]���Äºx�Ø(½5��ÂÃÇ 0.3

c1,i ¢Nè�¼�m�K]���NK]¤�Ç 0.1

l1,i ¢Nè�æ�/m�K]0üÑ��¤õ���	��¤�Ç 0.03

loi ¢Nè��±|¢7KÅ��ål�� {0,1,2}
AF,j 7KÅ���Ä]7©��ª��Ð©ÂÃ 0

kj 7KÅ�æ�/ø¢�J0üÑ��ÂÃºxXê {0.1,0.2,0.3}
p1,j 7KÅ�æ�/ÑÖ¢N²L0üÑ��¤õ���	��¤�Ç {0.02,0.04,0.06}
f1,j 7KÅ�¤õ�¢N²LJøK]ÑÖ�²E¤�Ç {0.06,0.08,0.10}
f2,j 7KÅ�æ�/ø¢�J0üÑ�²E¤�Ç {0.01,0.03,0.05}
dj 7KÅ�Ý��]75�´è�¤I�]75���ê {1,5,9}
sj �?é7KÅ��AÑÖ¢N²L�ü�-y5Öb'~ {0.001,0.003,0.005}
ρ 7KÅ�3]�½|���Äºx�]7ÂÃÇ {0.1,0.25,0.4}

BIndirecti ¢Nè�¢S5
um�K]�7� S)Cþ

BDirecti ¢Nè�¢S5
u��K]�7� S)Cþ

DIndirectj 7KÅ�¢SÝ]u¢N²L+��]7� S)Cþ

DDirectj 7KÅ�¢S/ø¢�J0�]7� S)Cþ

mi è�Oy5
um�K]�]7'~ ¢Nè�ûüCþ

nj 7KÅ�OyÝ�u“ m�K]”�Ö�]7'~ 7KÅ�ûüCþ

πi ¢Nè�|d S)Cþ

πj 7KÅ�|d S)Cþ

4.1.2 �.�½

�.�½�¡, è�¬û½ÙÏ"ÏLü«ØÓ�K]�ª¼�]7�'~mi, ¿�â/n �

æ�ÒC�K|¢U
¼��±�Õ1. è�z|¢��[Õ1, Ò¬é'g�m�K]I¦ÚÕ1

OyÝ]u&�½|�]7�Ý, �
¢y|d��zÚ÷vK]I¦, è�¬3ØÓK]�ª�Ï

"K]���S¦�U/Ïé]7. �éuüzÆ��., �Ü©O\
è��]7I¦��Bi, ±

97KÅ�Ý��]75�´è�¤I�]75���êdj Ï�[21,27],^uµ�è�Ú7KÅ��Ý

K]'~ûüéu|d�K�. 7KÅ�3û½
]73ü«�Ö�ªe�©�'~�, 3m�K]

�Ö�ªe, ¬�â�pè��I¦?1��; ��K]�¡, �.¥�¤kÕ1OyÝ]u/��K

]0�Ö�]7�Ó�¤]�½|,T½|3Ø�Äºx��¹e,7KÅ�U
¼��ÂÃ�è�3

T½|K]�¤���þ�ρ. �]�½|�]7ø�u¦�, è�U
��Ù¿�ÏL��K]�ª

���]7, ��, XJø�u¦, è��U<�Ù¿�]7�oø�ÓoI¦�'~�¦È. è�Ú

7KÅ��|d¼ê9è�¢S¼����K]�!7KÅ�U
Jø���K]��L�ªXe¤

«:

πi = AC,i +BIndirecti(γvi − c1,i)− (miBi −BIndirecti)+ l1,i
mi

+ (1− hi)r1,iBDirecti − ρBDirecti (22)

BDirecti = min[(1−mi)Bi, (1−mi)Bi

∑
(1− nj)dj∑
(1−mi)

] (23)

πj = AF,j +DIndirectj((1− γ)vi − f1,j + sj)− (njdjBi −DIndirectj)+ p1,j

nj

+(1− kj)ρDDirectj − ((1− nj)djBi −DDirectj)+ f2,j

1− nj

(24)

DDirectj = min[(1− nj)djBi, (1− nj)djBi
∑

(1−mi)∑
(1− nj)dj

] (25)

4.2 �[¢��O�(J

Äuþã�.Cþ�Å���O, �Ü©(½
11��ýÏ�(=�.Ñ\)Úo��I(=�.Ñ

Ñ).

4.2.1 Ñ\Cþ�ÑÑ�I
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(ÜnØ�.�(ØÚy¢|µ, �©À½
vi, γ, ρ, sj , dj , f1,j , f2,j , p1,j , kj , loi, hi �11 �Cþ

���ýÏ�,z�Ï�äk3�|µ,äNCþ���8ÜXL6¤«. �
òïÄ�¯K8¥3éÝ

K]'~ûü�?Ø¥,�©�ÑAC,i!AF,jéV�|d�K�¿�½�0. �
¦�U�yê�¢��

Ê·5, Bi�½�1000�J[�À1ü ,¿?Ø�7KÅ��±^uÝ]�]75�©O�Bi�1�,

5�, 9��éûü�K�´ÄwÍ. vi3ØÓ1��ÂÃÇ�å��, �©æ�n«�O���ÂÃÇ

��, *	Ù´Ä¬éûü�)wÍK�. �Ä�ØÓè��K]¤�Çk¤ØÓ��¹, �©æ�


��²þ�ê�0.1��c1,i���. loi = 0 L«è�U
�¤k7KÅ�JÑm�K]��,loi = 1, 2

K©OL«è�=U
kÅ¬�±�1 �!2 �ü ålS�7KÅ�?1m�K]�Ö�Ü�.�z

g�ý�.ò)¤64 �ÌN(58 [è�!6 [7KÅ�), Ù �zgÑ´�Å��38× 8 ����¸

¥, ¿æ^ùMîålO�ÌN�m�ål. �ý�.²L100��mÚ�Ê�.

�©æ^Python¢y�ý�., Ù¥ÌNûüæ^
ESTOPTµe[35]. �ý�.�Ñ\k11�Ï

�,z�Ï�k3«��,�æ^L27(313)��L?1¢��O,¿òmi, nj , πi, πj o��I���ýÑ

Ñ(J. z��¢�þ�ý­E10g, �4 ��I(J�þ�. ²L270 g¢�, P¹�.�Ñ\ÑÑ(

J, XL7¤«. Ù¥, du��Lk13�
ïÄ�K�Ï��k11�, �kü��x�(q¡Ø��)^

u�OØ�.

L7 �ý¢�(J

Table 7 Simulation experiment results

¢� loi hi γ vi kj p1,j f1,j f2,j dj sj ρ Ø��1 Ø��2 mi nj πi πj

1 0 0.2 0.2 2 0.1 0.02 0.06 0.01 1 0.001 0.1 0 0 0.5773 1.0000 6.8338 1540.9914

2 1 0.2 0.4 1.2 0.2 0.06 0.1 0.01 5 0.005 0.25 0 0 0.9836 0.4290 60.8209 1317.6819

3 2 0.2 0.6 0.3 0.3 0.04 0.08 0.01 9 0.003 0.4 0 0 0.9809 0.1764 -14.8548 32.1848

4 0 0.4 0.2 1.2 0.2 0.04 0.1 0.05 1 0.003 0.4 1 0 0.7340 1.0000 -11.2754 862.9968

5 1 0.4 0.4 0.3 0.3 0.02 0.08 0.05 5 0.001 0.1 1 0 0.0223 0.1048 15.7067 267.7707

6 2 0.4 0.6 2 0.1 0.06 0.06 0.05 9 0.005 0.25 1 0 0.9755 0.6278 609.6986 3698.2248

7 0 0.6 0.2 0.3 0.3 0.06 0.08 0.03 1 0.005 0.25 2 0 0.9886 0.4265 -31.8833 66.0302

8 1 0.6 0.4 2 0.1 0.04 0.06 0.03 5 0.003 0.4 2 0 0.9905 0.4599 140.4664 2503.9586

9 2 0.6 0.6 1.2 0.2 0.02 0.1 0.03 9 0.001 0.1 2 0 0.6084 0.6112 335.5242 2294.4361

10 0 0.2 0.4 2 0.2 0.04 0.08 0.05 9 0.001 0.25 2 1 0.9669 0.9862 641.1201 9958.9978

11 1 0.2 0.6 1.2 0.3 0.02 0.06 0.05 1 0.005 0.4 2 1 0.9333 0.9118 30.6913 412.2126

12 2 0.2 0.2 0.3 0.1 0.06 0.1 0.05 5 0.003 0.1 2 1 0.0028 0.0687 49.9314 321.3499

13 0 0.4 0.4 1.2 0.3 0.06 0.06 0.03 9 0.003 0.1 0 1 0.9529 0.9869 349.0957 5897.0628

14 1 0.4 0.6 0.3 0.1 0.04 0.1 0.03 1 0.001 0.25 0 1 0.9501 0.0000 -33.4433 93.0791

15 2 0.4 0.2 2 0.2 0.02 0.08 0.03 5 0.005 0.4 0 1 0.9714 0.9103 118.8344 6892.2585

16 0 0.6 0.4 0.3 0.1 0.02 0.1 0.01 9 0.005 0.4 1 1 0.9996 0.2811 -17.0146 126.4364

17 1 0.6 0.6 2 0.2 0.06 0.08 0.01 1 0.003 0.1 1 1 0.3207 0.9867 85.8388 709.8276

18 2 0.6 0.2 1.2 0.3 0.04 0.06 0.01 5 0.001 0.25 1 1 0.9683 0.9129 47.9254 4088.7992

19 0 0.2 0.6 2 0.3 0.06 0.1 0.03 5 0.001 0.4 1 2 0.8787 1.0000 556.7526 3504.9875

20 1 0.2 0.2 1.2 0.1 0.04 0.08 0.03 9 0.005 0.1 1 2 0.2030 0.3036 97.4772 2157.4883

21 2 0.2 0.4 0.3 0.2 0.02 0.06 0.03 1 0.003 0.25 1 2 0.7070 0.0000 -30.8275 199.9995

22 0 0.4 0.6 1.2 0.1 0.02 0.08 0.01 5 0.003 0.25 2 2 0.8648 1.0000 308.6999 2014.9947

23 1 0.4 0.2 0.3 0.2 0.06 0.06 0.01 9 0.001 0.4 2 2 1.0000 0.2090 -31.9416 248.3482

24 2 0.4 0.4 2 0.3 0.04 0.1 0.01 1 0.005 0.1 2 2 0.4599 0.9985 47.1471 1103.4756

25 0 0.6 0.6 0.3 0.2 0.04 0.06 0.05 5 0.005 0.1 0 2 0.5135 0.0738 -15.3067 381.3862

26 1 0.6 0.2 2 0.3 0.02 0.1 0.05 9 0.003 0.25 0 2 0.9966 0.4287 69.0216 3886.6850

27 2 0.6 0.4 1.2 0.1 0.06 0.08 0.05 1 0.001 0.4 0 2 0.8297 0.9973 13.6864 640.2274

4.2.2 ¢�(J©Û

�e5,O�z��I���©Û(ANOVA)L,XL8¤«. p�´^FÚOþÚF©Ù���. 30.10�

wÍ5Y²e, ρ´è�Oy5
um�K]�]7'~mi���wÍÏ�,`²��K]�|Ç¤�

´K�è�ûüK]5
'~�­�Ï�. loi Úvi ´nj �wÍÏ�. ÏL(J©Û�±uy, �,ü

�Cþþ�¢Nè��á5, �´duÌNm��p�^, 7KÅ�3�Äg�]7©���ÿ, ´É

�è�é7KÅ��|¢��Ú¤¼ÂÃK��. γ!vi!dj´πi�wÍÏ�, ù�(JL²éu¢Nè

�
ó, Ù�7KÅ�?1/��Ö��Æd(J!¢S�8²E�¹!±97KÅ���U
¦^

��ÜÝ]�éuè��K]�Ý��ê5�éÙ|d�K�´'�­��. ��, ¢�L²vi ´πj
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���wÍÏ�. ù�(J`², ¦+ÌNm�p�K�Ï�éõ, �¢Nè��¼ÃY²¬'�N´

K��7KÅ��|dY².

L8 ��©ÛL

Table 8 ANOVA table
mi nj πi πj

Source DOF MS F ratio P value MS F ratio P value MS F ratio P value MS F ratio P value

loi 2 0.039 0.674 0.5593 0.237 7.845 0.0413 50966.46 3.368 0.1388 4582624 0.987 0.4485

hi 2 0.028 0.489 0.6457 0.027 0.889 0.4792 21240.61 1.404 0.3453 1220718 0.263 0.7812

γ 2 0.011 0.184 0.8389 0.001 0.023 0.9774 67257.25 4.445 0.0963 2416561 0.52 0.6298

vi 2 0.033 0.569 0.6062 1.306 43.239 0.002 158881.2 10.5 0.0256 28692472 6.177 0.0598

kj 2 0.017 0.298 0.7578 0.041 1.365 0.3532 349.376 0.023 0.9773 2711505 0.584 0.5992

p1,j 2 0.002 0.031 0.9694 0.019 0.626 0.5802 23434.15 1.549 0.3176 683915.6 0.147 0.8676

f1,j 2 0.063 1.08 0.4216 0.033 1.098 0.4168 929.355 0.061 0.9413 2392257 0.515 0.6324

f2,j 2 0.056 0.967 0.4545 0.047 1.569 0.314 34345.79 2.27 0.2194 4630322 0.997 0.4454

dj 2 0.069 1.182 0.395 0.091 3.003 0.1598 108757.2 7.187 0.0474 14971123 3.223 0.1466

sj 2 0.006 0.11 0.8988 0.024 0.778 0.5183 14705.79 0.972 0.4529 1493398 0.321 0.7422

ρ 2 0.818 14.087 0.0155 0.038 1.257 0.3771 22494.65 1.487 0.3291 3995696 0.86 0.489

Ø� 4 0.058 0.03 15132.06 4645236

4.3 ?Ø

ÏLþã�ý(J�±uy: 1�, dviéuπi!nj!πjwÍ��, ¢Nè��E|Y²Ø=ég

��|dkwÍK�, Ó�é7KÅ��]7©�ûüÚ|dkwÍK�. é'uüzÆ��(J�

±uy, ¢Nè��¼�m�K]��ÂÃY², éuV���Öûü´­��.ù�:´'�ÎÜ�

*¢S, 7KÅ��|d:5
uõ��¡, �l��þ`, �k¢N²LÌN¼|, âU�5²L�

¹�Ú]7KÏ�6Ä, âU�y7KÅ��|dO�. 1�, ρéumi ´wÍ�, ù�üzÆ��.

(Ø¥'uè�3��K]�¡�¤��K��(Ø´���. 1n, �,γ3üzÆ��.�ã�K

�vk²(�L«, 3�[�ý�¢�(J¥�vkLyÑémi!nj�wÍK�, �´Ùéπi �K�

´wÍ�. duγ �±À�´V�Ü��ÖéÂÃ'~��«�û�I, ¢Nè���N´?u�³

���, éÙ|d`z�K�'�wÍ. 1o, �éuüzÆ��.�ã, 3ÌN�.¥�Ä
/nÏ

�Úè��K]I��7KÅ��Ý]ø��5�é'�K�, ¢�L², loiéumi�,vkwÍK

�, �´éunj´�3wÍK��, `²éu¢Nè�, AO´¥��è�Ï~¬UìÒC�K�Ï¦

Õ1�±, éuålè�ÊH���7KÅ�, Ø´ïám�K]�Ö'X, �Ò´`XJ��O\V

��m�K]�Ö�Ü�, 7KÅ����I�¦�U�C¢Nè�, ù�ÎÜ7KÅ��áõ��

:Å�±9�?�y/�Õ1uÐ�y¢�¹. d	, djéuπi�wÍ5K�, �`²
7KÅ��]

7ø�U
�¢Nè��|d�5­�K�.

5 (Ø�g�

�©ÏLïá7KÅ��¢Nè��m�üzÆ��., �[V�Æ��Ä�L§, |^�IÚ

¢Sêâ, ©ÛQ: ��Ün5. ©Ûuy, 7KÅ�Ú¢Nè��Æ�¬�X{“ ]�ÑÖ¢N²
L,m�K]”, “]�ø¢�J,��K]”}ü�­½:uÐ,Äuêâ©ÛÚ¼ê�yuy,ÏL¤�

��!ÂÃ©�!�?Öb��ª, �±K�V���ÖÜ��ª, =K�m�K]���K]��Ö

'~'X.�©�ÏL�ïABM�.¿?1�[�ý¢�,éþã¯K?1
É�5©Û,¿?Ø
'

��I�wÍ5K�, uy
¢Nè�3]�½|¡��K]¤�éè�Ï"K]'~©�!¢Nè

��J|Y²Úé7KÅ��|Ï��é7KÅ�Ý]'~©��wÍ5K�.

�â�©��'ïÄ(J, JÑXeïÆ:

1�,UYÈ4í?7K]��¢N²Lè�6\, Ó�\ré7K½|­½kSuÐ��¦. �

âüzÆ��(JL², �?-yéu7KÅ�ÑÖ¢N²Läk���^. Ïd, �?A(�iÒÚ

-y�k�5, �\[z!þz7KÅ�ÑÖ¢N²L��IÚ-yY², ¿�õiÒÚN�Å�, �

y?Ö�IÚ-y�ü��¢5!p�5. �ý(J�Ñ, 7KÅ��¢Nè�m�K]Ü���Â
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ÃÓ'!7KÅ��]7Ý��éu¢Nè��K]I¦�5�é¢Nè�|däkwÍK�, Ïd,

�?AT·�N�7KÅ��]7Ý�Y²Úm�K]�ÄO|Ç, k�r?7KÑÖ¢N²L�u

Ð.

1�, ¢Nè�A²ïÐK]�ª�ÀJ, \r�7KÅ��Ü�, �ÓJpÜ��ÂÃY², Ü

åü$Ü�¤�, ¢yVI. üzÆ��(JL², è�È4Ïém�K]Ü�
�¤õ�¤���é

um�K]�Ö�r¤äk�4K�. ¯¢þ, V�Ï�&EØé¡!½|/ ��É��Ï, �~N

´E¤p��|Ï¤�!!�¤�!�Ö6§­E�Ü�¤�, ��]
L¤Ú]7¦^�$�Ç. Ï

d, 3�ÄK]Ü��, V��¿©k�/�ÏÚ�û, ü$Ø(½5Údu��E¤�Å¬¤��,

l
¦7K]��Ð/ÑÖ¢N²L, J,]��¦^�Ç, r?��uÐ.

1n,7KÅ�AÈ4á¢ÑÖ¢N²L��ü�¦,ïá2���ûÅ�,�N|Ã©�,ÿÐ�

è�K]�'��Ö�ªÚ±�. �ý(JNy
7KÅ��¢Nè�m�K]Ü���ÂÃÓ'é

¢Nè�|d�wÍK�, `²7KÅ�3�ü#N�^�e, ATÜn�½|Ç, Jp¢Nè�|d

�m, Ú�¢Nè�ÏLm�K]�ª?\K]½|, �yú²�|Ã©�. Ó�, 3/n �Ï��

ïÄ¥, �ý(JL², 7KÅ�E��:����¦�U/�C¥��è�, ü$V��|¢¤�!

&E¤�, r?è��7KÅ��]7�ÖÜ�.
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