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�â
]j�<Æs��� &ñ
u��<Æõ� °ú �Ér ���rõ��<Æ\�"f >�e��s��:r�Ér ��r�&h���� ���r�&³�©��̀¦ s�K����H y©�§4�ô�Ç �̧½̈

�Ð ��o�ú̧���¤��. þj��H Óüto��<Æ, :£¤y� :�x>�Óüto��<Æ ì�r��_� ���½̈��[þt�Ér s��Qô�Ç >�e��s��:r_� �̧+þA[þt�̀¦ s�6 x

�#� 4�¤ú̧�>��Ð"f_� ���r\�¦ Ãºu�&h�Ü¼�Ð ���½̈���H, s��Ér�� ���rÓüto��<Æ (sociophysics)s�����H ����̧#Q\�¦

òøÍÒqtr�v����"f ���ª�ô�Ç ���½̈���õ�[þt�̀¦ Òqtíß�K� ?/�¦ e����. �:r �7Hë�H\�"f��H >�e�� s��:r_� ���½̈\�"f ������

��H �̧½+Ë�:r&h� 4�¤ú̧�$í
�̀¦ Y>� ��t� éß�í�H�o�)a ��&ñ
õ� Ãºu� >�íß�_� �̧¹¡§�̀¦ :�xK� ì�r$3�ô�Ç þj��H ���½̈[þt�̀¦ �è

>hô�Ç��. ���$� ýeÃº_� v9�YU��\�"f y�� �ÃÐ#���[þt_� l�%3�§4�s� �¾Ó�©�÷&%3��̀¦ M: a�?§4�s� #Qb�G>� µ1ÏÒqt���H��

\�¦ ì�r$3��#� ‘%ò
o�ô�Ç ú́�@/6£x (Intelligent Tit-for-tat)’ ���|ÄÌs� ×�æ¹כô�Ç %i�½+É�̀¦ Ãº'��ô�Ç����H ��z�́�̀¦ �Ð���

��. ��6£§Ü¼�Ð #��Q ��|ÃÐs� 1lxr�\� �����_� '��1lx�̀¦ �̧&ñ
K�������H �̧&ñ
 >�e��_� �â
Äº, �̧��H ��|ÃÐs� �����

_� '��1lx�̀¦ ÅÒ#Q��� ½©#3�\� ���� �̧f����9�¦ ½+É �â
Äº �̧y��9 �̧&ñ
s� ~½ÓK�~ÃÎ��H �©�S!�s� e���̀¦ Ãº e��6£§�̀¦

Ãºu� >�íß��̀¦ :�xK� �Ð�����. ��t�}��Ü¼�Ð �èÃº�� >�e��_� ô�Ç ���+þA��� %i��â
B� >�e��\�"f_� ç�H+þA&h��̀¦ #Qb�G>�

Ãº�<Æ&h�Ü¼�Ð /BNd���o½+Ét�ü< Õª >�íß� ~½ÓZO��̀¦ �7Hô�Ç��.
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A game-theoretic approach has been providing a powerful tool in the qualitative understanding

of macroscopic social phenomena in social sciences, e.g., in economics and in political science.

Recently, researchers in physics, especially in statistical physics, have also used these game-theoretic

approaches, but in a more quantitative way, and have been producing a variety of interesting results

in the new research area called ‘sociophysics’ by studying human society as a complex system. This

work introduces recent works that have tackled the combinatorial complexities arising in game-

theoretic studies with the aid of simplified assumptions and numerical computations. We first show

how cooperation emerges in the prisoner’s dilemma game when each player’s memory capacity is

enhanced and suggest that the intelligent tit-for-tat strategy plays a crucial role in the history of
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cooperation. Then, we numerically show that there is a certain case of simultaneous coordination

among many players where the system has a high risk of failure when everyone is willing to follow

the coordination, which is actually higher than when some are not concerned about it. Lastly, we

discuss a mathematical treatment of an equilibrium solution for a reverse auction game, which is a

variant of the minority game, and its computational approach.

PACS numbers: 89.75.-k, 87.23.Ge
Keywords: Game theory, Sociophysics, Prisoners dilemma game, Tit-for-tat strategy, Pedestrian problem,
Reverse auction game, Equilibrium point

I. "e Â]Ø

þj��H ���rÓüto��<Æ (sociophysics)s�����H ����̧#Q�� 1px�©�
����"f, Óüto��<Æ_� ���ª�ô�Ç l�ZO�[þt�̀¦ �Ö̧6 x�#� ���r�&³�©�
�̀¦s�K���9��Hr��̧���Ö̧µ1Ï�>�s�ÀÒ#Qt��¦e���� [1]. s�
�Qô�Ç ���½̈, 7£¤ 4�¤ú̧�>��Ð"f_� ���çß����r\� @/ô�Ç :�x>�Óüto�
�<Æ&h�������½̈_�{9�8̈�Ü¼�Ð"fF�èß��©�S!�\�%�ô�Ç��|ÃÐ[þt_���

1lx [2], ÈÒ³ð�� �̧+þA [3], ÅÒd��r��©��̀¦ l�Õüt���H '��0A�� l�
ìøÍ �̧+þA [4], �§:�xâì2£§ [5], ���çß�1lx%i��<Æ [6], ������}©�½̈�̧0A
\�"f_�>�e�� [7]1pxs��Ö̧µ1Ïy����½̈÷&%3���.>�e��s��:r�Ér,ô�Ç
�ÃÐ#����� %3���H Î.	���� Õª �����_� '��0A÷�rëß� ��m��� ���Ér

�ÃÐ#���[þt_� '��0A\� �̧¿º ����'a÷&#Q ���&ñ
÷&��H �©�S!�\� @/

ô�Ç���½̈s���.\V\�¦[þt#Q���_�U�́�̀¦"f�ÐìøÍ@/~½Ó�¾ÓÜ¼�Ð
:�x'����¦�� ���H ¿º "î
_� ��|ÃÐ, °ú�õ� �̀¦s� e�����¦ ���.
Ñüts� Äº8£¤:�x'��s��� ýa8£¤:�x'�� ×�æ ô�Ç ��t� ½©gË:�̀¦ &ñ
�<ÊÜ¼

�Ð+� :£¤Z>�y� ����â
 jþt {9� \O�s��̧ Ø�æ[�t \O�s� �̧��l�\�¦ "é¶

ô�Ç���¦ ��&ñ
½+É Ãº e����. s� M: °ú�s� s� 3lq&h��̀¦ $í
2[½+Ét�
#�ÂÒ��H °ú� Û¼Û¼�Ð_� ���×þ�ëß�Ü¼�Ð ���&ñ
÷&��H ��s	כ ��m���

�̀¦_� ���×þ�, 7á§�8 &ñ
SX�y� ú́�K� �̀¦s� °ú�õ� 1lx{9�ô�Ç ���×þ��̀¦
���Ht� ����Ht�\� _�K� ���&ñ
�)a��. s���s	כ �è0A ú́����H �̧
&ñ
>�e�� (coordination game)_��©�S!�s���.Õªo��¦Äº8£¤:�x
'���̀¦ ½+Ét� ýa8£¤:�x'���̀¦ ½+Ét�%�!3� ÅÒ#Q��� �©�S!�[þt\�"f #Q

b�G>� '��1lx½+Ét�\�¦ p�o� Òqty��K�¿º��H �,	כ s���s	כ y�� �ÃÐ#���
_� ���|ÄÌ(strategy)s����¦ Ô�¦o�î�r��. Óüt�:r �ÃÐ#���[þt�Ér �Ð
�� ���Ér Î.	��\�¦ ±ú¢��H ���|ÄÌ Aá¤Ü¼�Ð ��6£§�̀¦ ��ÜãJ Ãº�̧ e��

��. �t�ëß� ����ü< ��ðøÍ��t��Ð "f�Ð�� "f�Ð\�>� _��>r�
�¦ e����H �©�S!�s�l� M:ë�H\� �D¥�� �¦���K�"f ��l� ���|ÄÌ�̀¦ Ãº

&ñ
ô�Ç���¦ ô�Ç[þt ���Ér ��|ÃÐ[þt�̧ ��ðøÍ��t�_� {9��̀¦ ��¦ e��

l� M:ë�H\�, �¦����̀¦ :�xK� [�t���̧��H Î.	����H ���)� ����t�t�
·ú§����, �̧y��9 ����|9� Ãº�̧ e����. \V�	�@/ 0A_� �̧&ñ
 >�
e��\�"f °ú�õ� �̀¦s� %�6£§\� �̧&ñ
\� z�́J���¦ Ø�æ[�t M:ë�H\�

�¦����̀¦�����1lxr�\�°ú��Érýa\�"fÄº�Ð, �̀¦�ÉrÄº\�"fýa
�Ð ���&ñ
�̀¦ ��õ�H����� �©�S!��Ér ����|9� o��� \O���. s���� ¹כ
���[þt�̀¦ �̧¿º �¦�9K�"f þj���_� '��1lx ~½Ó�¾Ó�̀¦ ¹1Ô��?/��H {9�

∗E-mail: beomjun@skku.edu

�Ér ��ÅÒ çß�éß�K��Ðs���H >�e��\�"f�̧	� Ãºú́§�Ér �â
Äº_� Ãº

�Ð ���K� �©��©��̀¦ �í�Z4½+É &ñ
�̧�Ð 4�¤ú̧�K�t��4H ô�Ç��. Äºo���H
Õª�Qô�Ç Y>� ��t� >�e��\�"f éß�í�H�o�)a ��&ñ
õ� Ãºu� >�íß��̀¦

:�xK� Y>� ��t� Dh�Ðî�r ����:r�̀¦ �̧Ø�¦K� ?/�¦�� ô�Ç��. �:r �7H
ë�H\�"f��H, ���$� ýeÃº_� v9�YU��>�e��\� �ÃÐ#���[þt_� l�%3�
§4�s� �¾Ó�©�÷&%3��̀¦ M: #Q*�ô�Ç ���|ÄÌs� $í
/BN&h����t�\� @/ô�Ç

���½̈ [8]\�¦ �è>h��¦, ��6£§Ü¼�Ð �Ð'��½©gË:�̀¦ ��ØÔ��H ��|ÃÐ
[þtõ� ��ØÔt� ·ú§��H ��|ÃÐ[þts� /BN�>r���H �â
Äº_� �Ð'���� âì

2£§ë�H]j\�@/K���ê�r�� [9]. ��t�}��Ü¼�Ð�èÃº��>�e��_�ô�Ç
���+þA��� %i��â
B� >�e��\� @/ô�Ç ���½̈���õ� [10]\�¦ �è>h��¦��
ô�Ç��.

II. 9û�¤8ý ómÇ7_��

‘ýeÃº_� v9�YU��’����H s�2£§�Ér s� >�e��s� ¿º "î
_� ýeÃº
\�¦ ���Ð���Ð �rÄ»���H �©�S!�Ü¼�Ð q�Ä»÷&���"f ·¡#�&����.
çß�éß�ô�Ç \V\�¦ [þt#Q�Ð��. �<Êa� #3�ýe\�¦ $�t��Ér °ú�õ� �̀¦s�
����H ¿º��|ÃÐs� e���¦, ëß���� �â
¹1Ï_� �̧��\�¦ :�xK� Ñüt �̧¿º
#3�ýe\�¦ $�t��Ér �Ü¼�Ð	כ ���&ñ
�)a����� y��y�� 4�̧�m�� fç
%i�+þA
�̀¦ ~ÃÎ��H���¦ ���. ¢̧, ëß���� °ú�õ� �̀¦s� ¶nqq��Ý¶�̀¦ '�����
#� ��Áº��� s���l��̧ �â
¹1Ï\�>� K�ÅÒt� ·ú§��H����� Z>��̧_�

���&ñ
&h���� 7£x��\�¦ ¹1Ô�̀¦ Ãº \O���H �â
¹1Ï�Ér s�Ñüt\�>� �â
p�ô�Ç

%�ZO�ëß��̀¦ ×�¦ Ãº e�����¦ ���. d��ë�H���H ��|ÃÐ�Ér Ñüt�̀¦ ��
�Ér ~½Ó\� ���o�K�Z�~�¦"f ��6£§õ� °ú �Ér ]jîß��̀¦ ~�������. ðëß�
{9� ���Ér /BN#3�s� gË>¶nq�̀¦ t�v���H 1lxîß� ���$� #3�'���̀¦ ��Ñþ��

��� {©�����Ér ��Áº %�ZO� \O�s� Û�¦�9±ú� �.���s	כ �t�ëß� {©����
s� gË>¶nq���H 1lxîß� $� Aá¤s� ��Ñþ�ô�Ç����� {©�����Ér 4�̧�+þA�Ð
�� �8 Áº��î�r %�ZO��̀¦ ~ÃÎ>� �)a��.ñ s��Qô�Ç ]jîß��̀¦ ~ÃÎ�Ér °ú�
�Ér �̀¦s� ��Ñþ����� ��l���H 4�̧�+þA�Ð�� Áº��î�r %�ZO��̀¦ ~ÃÎ
>� ÷&Ù¼�Ð, ������̧ ��Ñþ����H ��s	כ Ä»o��>� �)a��. ìøÍ@/
�Ð �̀¦s� gË>¶nq�̀¦ t�v���H �©�S!�\�"f�̧, �����s� ��Ñþ����H �	כ
s� �����\�>���H {©����y� �8 Ä»o�ô�Ç �©�S!�s� �)a��. 7£¤, �̀¦s�
��Ñþ��̀¦ ���H gË>¶nq�̀¦ t�v���H °ú�_� {9��©�\�"f��H ��Ñþ����H

��s	כ Ä»o������H �,>���X	כ ��ðøÍ��t��Ð �̀¦_� {9��©�\�"f�̧
°ú�_� ��Ñþ�#��\� �'a>�\O�s� �����s� ��Ñþ����H ��s	כ Û¼Û¼
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�Ð\�>� Ä»o�ô�Ç ��s	כ �)a��. ����"f y������H Û¼Û¼�Ð �&³"î

�>� '��1lxô�Ç���¦ Òqty���#� Ñüt�� ��Ñþ����H �©�S!�s� ÷&��H

X<, s� �â
Äº��H Ñüt �̧¿º gË>¶nq���H �©�S!��Ð����H Áº��î�r %�
ZO� (4�̧�+þA)�̀¦ ~ÃÎ>� �)a��. 7£¤, d��ë�H��_� �rÄ»\�¦ ~ÃÎ��[þts�
��H�<�Éry��>h���\�>�e��#Q½+Ëo�&h�������×þ�s�t�ëß�,"f�ÐgË	כ
¶nq�̀¦ t�v��¦ Û�¦�9���:r����H �8 ���Ér U�́�̀¦ ü@���ô�Ç ��s�l	כ

M:ë�H\� 7áx²DG\���H l�¬¹ô�Ç {9�s� ÷&��H �.���s	כ �t�ëß� ëß�{9�
s� ýeÃº[þts� °ú �Ér �©�S!�\� ìøÍ4�¤&h�Ü¼�Ð %��>� �)a����� #Q

b�G>� |̈c��. ·ú¡"f\�"f C�����̀¦ {©�Ùþ¡~�� ��|ÃÐ�Ér ��6£§ l��r\�
"f ���$� C�����̀¦ �<ÊÜ¼�Ð+� �©�°ú¡6£§�̀¦ ½+É Ãº�̧ e���¦ ��m�

��� >�5Åq gË>¶nq�̀¦ �¦|9��<ÊÜ¼�Ð+� �©�@/\�>� #Q�"� ��� ñ\�¦ �Ð

?/�9�¦ ½+É Ãº�̧ e����. 7£¤ gË>¶nq(/BN#3�\� @/ô�Ç a�?§4�, coop-
eration_� 'Í	 /åJ����� C���¦ g�Aô�Ç��)s��� ��Ñþ�(/BN#3�\� @/
ô�Ç C����, defection_� 'Í	 /åJ����� D�Ð g�Aô�Ç��)s����� ���
ÂÒ�� ��m��� ¹כ‘ ��� �r\�"f C���� {©�Ùþ¡Ü¼��� s�XO�>� ��¦
��m���� $�XO�>� ���’%�!3�, �s̀��� �8 ���ª�ô�Ç ���|ÄÌ_� ��0px
$í
s� \P�o�>� ÷&��H !lrs���. Õªo��¦ s� �â
Äº “Zþt C����ô�Ç
��”�� õ���� �©�l�&h�Ü¼�Ð�̧ a%~�Ér ���|ÄÌ{9�t���H _�d���̀¦ ¾¡§#Q
4�§f�����. z�́]j�Ð Áºô�Çy� ìøÍ4�¤÷&��H ýeÃº_� v9�YU��\�"f
��H a�?�̧���H ���|ÄÌ�̧ ?//' ç�H+þA&h�(Nash equilibrium, #Q
Ö¼ �ÃÐ#����̧ ²DIs� ���|ÄÌ�̀¦ Ãº&ñ
½+É s�Ä»�� \O���H M:\�¦ _�

p��<Ê)�̀¦ s�Ò�¦ Ãº e��6£§s� ·ú��94R e����. �̧��H ���|ÄÌ&h� ��0px
$í
�̀¦ �¦�9ô�Ç����H ��Ér	כ {©����y� Ô�¦��0pxô�Ç {9�s���. ����"f
{©��©��Ér ���Ð f�����_� >�e�� ���õ�ëß��̀¦ ��t��¦ s���� �r_� '��

1lx�̀¦ ���&ñ
���H ���|ÄÌ[þt�̀¦ ���$� �¦�9K��Ð�̧2�¤ ���x��. >�
e�� ���õ�êøÍ (°ú�, �̀¦)=(C,C), (C,D), (D,C), (D,D)_� W1
��t�\�¦ ú́�ô�Ç��. Õªo��¦ f�����_� >�e�� ���õ��� ���&ñ
÷&t� ·ú§
��¤�̀¦ M:, 7£¤ þj�í�Ð >�e��\� e��½+É M: #Q�"� ���×þ��̀¦ ½+Ét�
��t� �8K�"f �ÃÐ#�����H 8úx 5��t�_� �©�S!�\� Z�~{9� Ãº e��
��. y��y��\� @/K� C\�¦ ½+Ét� D\�¦ ½+Ét��� °ú�o�Ù¼�Ð ô�Ç �ÃÐ
#����� ��|9� Ãº e����H ���|ÄÌ_� Ì�	Ãº��H 25 = 32s���. 0A
_� 5��t� �â
Äº\� @/K� °ú�s� 2[���H '��1lx�̀¦ �©�S!�_� �<ÊÃº
��� b���¦ ô�Ç����� °ú�_� ���|ÄÌ�Ér ��6£§%�!3� &h��̀¦ Ãº e���̀¦ �	כ

s���: b0|b(C,C), b(C,D), b(D,C), b(D,D). #�l�"f �±p ·ú¡
_� b0 (= C ¢̧��H D)��H ¿º �ÃÐ#����� %�6£§ ëß�����H �â
Äº
\� C\�¦ ×þ�½+Ét� D\�¦ ×þ�½+Ét�\�¦ ���&ñ
���H ���|ÄÌs���. \V�	�
@/ °ú�s� ���]j�� Cëß��̀¦ �l��Ð ��6£§ "3�%3������ s� ���|ÄÌ�Ér

C|CCCC���¦ ½+É Ãº e����. C|CDDD��H ô�Ç ���s����̧ C�

���s� µ1ÏÒqt���� >�5ÅqK�"f �©�°ú¡6£§���H ‘Áº��q� 8ú¤µ1Ï(Grim
Trigger, GT)’ ���|ÄÌs� 9 C|CDCD��H �©�@/_� s���� '��1lx

�̀¦ �����Ù¼�Ð ‘ú́�@/6£x(Tit-for-tat, TFT)’ ���|ÄÌs���. ��
t�}�� \V�Ð"f C|CDDC��H °ú�s� �����\�>� Ä»o�ô�Ç ���õ�

\�¦ %3�%3��̀¦ M:\���H �����_� '��1lx�̀¦ ìøÍ4�¤��¦ (b(C,C) =
C, b(D,C) = D), Ô�¦o�ô�Ç ���õ�\�¦ %3�%3��̀¦ M:\���H '��1lx�̀¦
��õ�H����H _�p�\�"f (b(C,D) = D, b(D,D) = C), ���è

Fig. 1. Numerical integration results of Eq. (1).

èß�K�ô�Ç "î
g�A{9� Ãº e��t�ëß� ‘���̂¦�ÐáÔ_� >h’ s���l�\�¦ ��
ü< ‘���̂¦�ÐáÔ(Pavlov)’ ���|ÄÌs����¦ Ô�¦�2;��. Äºo���H ì�r$3�
�̀¦ 7á§�8 çß�éß�"î
«Ñ�>� �l� 0AK� ô�Ç �©�S!�s� ���]j�� ���

_� '��1lxÜ¼�Ðëß� s�#Q������¦ ��&ñ
��¦ SX�Ò�¦&h���� ���×þ�, \V
�	�@/ 90 %�Ð C\�¦��¦ 10 %�Ð D\�¦½+ÉÃºe������Hd��_����

|ÄÌ�Ér�¦�9�t�·ú§��x��.Õªo��¦y�����|ÄÌs�ÅÒ��HÎ.	��\�¦Ãº
u��o�l�0AK�°ú��Ér�©� ña�?§4���� (C,C)\�"f 3&h�,C�����̀¦
ô�Ç (C,D)\�"f 5&h�,C����{©�ô�Ç (D,C)\�"f 0&h�,"f�ÐC����
ô�Ç (D,D)\�"f��H 1&h��̀¦ %3���H���¦ ���x��. :£¤&ñ
 ���|ÄÌ i\�¦

×þ�ô�Ç ��|ÃÐ[þt_� q�Ö�¦�̀¦ pi���¦ K��Ð�� (i = 1, · · · , 32). ��
|ÃÐ[þts� ���|ÄÌ�̀¦ Ãº&ñ
K�����H '��1lx�̀¦ ��ÅÒ çß�éß��oK�"f l�

Õüt����, ‘ô�Ç���|ÄÌ�ÉrÕªÎ.	���� î̈
ç�H�Ð��±ú�Ü¼���±ú��̀¦Ãº2�¤
À1Ïo� �̀l�÷&�¦ Z�}Ü¼��� Z�}�̀¦Ãº2�¤ �8 À1Ïo� ���×þ��)a��’��H d��
s� |̈c �.���s	כ s���s	כ 4�¤]j�� 1lx%i��<Æ(replicator dynam-
ics, RD)s����¦ Ô�¦o�Äº��H �Ü¼�Ð	כ ��6£§%�!3� &h��̀¦ Ãº e��
��.

dpi

dt
= (Ui − 〈U〉)pi. (1)

s�M: UiêøÍÓüt�:r���|ÄÌ i\�¦:�xK�%3�#Q���&h�Ãºs��¦ 〈U〉��H
����̂ ���½̈�� %3���H î̈
ç�H &h�Ãº(

∑
j Ujpj)\�¦ _�p�ô�Ç��. 0A

32>h ���|ÄÌs� %�6£§\� �̧¿º °ú �Ér q�Ö�¦�Ð �>rF�Ùþ¡���¦ ��&ñ

��¦ RD\�¦ &h�6 x���� ��6£§_� ���õ�\�¦ %3���H�� (Fig. 1). #�
l�\�"f ���Ð»¡¤s� �ÐÕª�Ð Õª�94R e��6£§\� Ä»_�K���ô�Ç��.
7£¤, @/ÂÒì�r_� ���|ÄÌs� F�g�©�y� ���Ér r�çß� îß�\� �̀l�÷&�¦
�̧f�� 4>h_� ���|ÄÌ, GT, TFT, Pavlovü< C|CDCCëß�s� ¶ú�

��z����H��. ��z�́ s� W1 >h��H C|CDXY �Ð æ¼�¦ XY_� 4
��t� ��0px$í
 (X = C,Dü< Y = C,D) �̀¦ V,�Ü¼��� %3��̀¦ Ãº
e����H ���|ÄÌ[þts�l��̧ ���. Õªo��¦ s� /BNÄ»�)a [j >h q�àÔ
_� _�p�\�¦ Dh���Ð���, Õª[þts� ���$� C�����t� ·ú§�¦, ¢̧ C�
��� {©�Ùþ¡�̀¦ M:\���H 7£¤r� �Ð4�¤½+É ×�¦ îß�����H �.���s	כ s�[þt
�Ér ���Ér 28>h�� �̧¿º �èY>�ô�Ç s�Êê "f�Ð a�?�̧����"f /BN�>r
�̀¦ s�ÀÒ��HX< s� M: XY\� �>rF����H 	�s���H ��z�́�©� µ1Ï�&³
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÷&t�3lwô�Ç��.s�[þt��s�_�	�s���H���çß�_� ‘z�́Ãº’,7£¤�©�@/
�� '��ô�Ç ��\�¦ ��Ë̈�Ð l�%3����H ��|	�s� #Q,��� ô�Ç���m�� {9�

#Q±ú�Ãºe�����¦½+ÉM:q��Ð�è×¼�Qèß���.\V�	�@/ 2	�"é¶���
�� 0A\� Z�~�Ér �ÃÐ#���[þts� ����î�r s�Ö�©[þtõ� ìøÍ4�¤&h�Ü¼�Ð

ýeÃº_� v9�YU�� >�e���̀¦ '��ô�Ç ��6£§ >�e��s� ×�æéß�|̈c M:����

���©� ú́§�Ér &h�Ãº\�¦ %3��Ér s�Ö�©_� ���|ÄÌ�̀¦ ����çß����¦ K��Ð

��. >�e��s� ìøÍ4�¤|̈c SX�Ò�¦�Ér 1− q�Ð Z�~��H�� (q � 1). ��Áº
��� z�́Ãº�� \O������(e = 0) Õª ���õ���H RD\�"f �:r ��õ	כ f�̈
���>� ú́§�Ér �â
Äº\� 4>h_� ���|ÄÌs� ¶ú���z����H �.���s	כ s�
��Ér	כ ���è î�rs� a%~�Ér ���õ����X<, s�%�!3� ±ú��Ér 	�"é¶_� 1lx
%i��<Æs� î̈
ç�H�©�ëß��̀¦ �¦�9���H d�� (1)õ� Ä»��½+É ¹��Hכ��9 \O�
l� M:ë�Hs���. ëß�{9� z�́Ãº�� SX�Ò�¦ 0 < e � 1�Ð ��ÅÒ ���
çß�m�� µ1ÏÒqt½+É �â
Äº\���H, |�� r�çß��̀¦ ¿º�¦ s�[þt W1>h ���|ÄÌ
��s�\� �â
½+Ëõ� �§�̂�� {9�#Q����H �¦̀�	כ �̂¦ Ãº e����. s� ×�æ
C|CDCC��HZ>��Ð	�H%i�½+É�̀¦3lw���HX<ìøÍK�, GT, TFTü<
Pavlov ��s�\���H í�H8̈�&h� Äº0A(cyclic dominance)�� �>rF�
K�"f TFT��H GT\�¦ x9�#Q?/�¦ Pavlov��H TFT\�¦ x9�#Q?/�¦
��r� Pavlov��H GT\� _�K� gË>#3��)a��. �t�ëß� TFT�� Ø�æ
ì�ry� Äº[jK�"f GT\�¦ ¢-a���y� x9�#Q�·p����� Pavlov�� ���²DG
���ÂÒ\�¦ 	�t�ô�Ç G� =åQ��>� �)a��. #Q�"� _�p�\�"f GT��H a�?
§4����H ���|ÄÌ ×�æ\�"f�̧ z�́Ãº\�¦ 6 x"fu� ·ú§Ü¼Ù¼�Ð ���©� Áº

��q�ô�Ç�¦��s	כ Pavlov��H (D,D)\�"f�̧ C�Ð°ú�U�́�̀¦\P�#Q

Z�~Ü¼Ù¼�Ð�'a@/���½+ÉÃºe����. TFT��H�����[þtz�o�>�e��
�̀¦ ����� ô�Ç Aá¤\�"f z�́Ãº�� {9�#Q±ú� �â
Äº �oK�\�¦ K��Ð�9

�t�ëß� %Á	~ÃÌ���Ð (C,D)ü< (D,C)ëß��̀¦ �̧�����"f z�́J�ô�Ç
����H _�p�\�"f Õª ×�æçß�A£§s���. �t�ëß� TFT��H Pavlov��
��H �'a@/ô�Ç ���|ÄÌs� ~ÃÎ��[þt#�|9� Ãº e���̧2�¤ [�v��H fç
�����o�

%i�½+É�̀¦ ô�Ç��.
���Ðf�����ëß�l�%3����H���|ÄÌ[þt@/���,¿ºéß�>�·ú¡_�>�e��
���õ���t� �¦�9\� V,�#Q"f '��1lx�̀¦ ���&ñ
���H ���|ÄÌ[þt�̀¦ q�

5pw�>���4Rú<�̧a�?§4����H���|ÄÌ[þts�¶ú���z���̀¦t�_�ë�H�̀¦

¾¡§#Q�̂¦ Ãº e����. s� M:\���H (CC,CC)ÂÒ'� (DD, DD)��
t� 16��t� >�e�� ���õ��� e���̀¦ Ãº e���¦ >�e�� ���õ�\�¦ :£¤&ñ

½+É Ãº \O���H þj�í_� �©�S!�\��̧ 2>h_� q�àÔ�� ½+É{©�÷&l� M:
ë�H\� 8úx 218 = 262, 144>h_� ���|ÄÌs� ��0px���. ���� 32>h
×�æ 28>h�� ��ØÔ>� �èY>�ô�Ç ·ú¡"f_� �â
Äº\�"f%�!3� s� ×�æ @/
ÂÒì�r�Ér |�� r�çß� t�î̈
\�"f 	�H %i�½+É�̀¦ �t� 3lw��¦ �íl�

\� ����Q|9� �.���s	כ �t�ëß� #QÞ5x��H s���H �©�{©�y� 	�H Õüw��
s�l� M:ë�H\� Äºo���H f��]X� RD\�¦ [�to���H @/���\� Y>� ��t�
��&ñ
�̀¦:�xK�7á§�8çß�éß�ô�ÇU�́�̀¦¹1Ô���Ð�̧2�¤���x��.Õª��
&ñ
[þt�Ér s�XO���. ���$� @/ÂÒì�r_� ���|ÄÌs� ����Qt���H ���õß� 1lx
îß�\���H e��_�_� r�&h�\� �>rF����H �̧��H ���|ÄÌ[þt_� q�Ö�¦\�

Ä»_�p�ô�Ç 	�s��� \O��̀¦ �¦��s	כ ¾º�� ¾º½̈\�¦ ëß�±ú�t��̧ �̧

¿º %Á	q�5pwô�Ç SX�Ò�¦�Ð ÅÒ#Q|9� �.���s	כ ¢̧ y�� ���|ÄÌ[þts� ��
ÅÒ �è½©�̧�Ðëß� �>rF���¦ e��l� M:ë�H\� Õª ×�æ þj���_� ���

Fig. 2. Characteristic results of the iterated prisoner’s
dilemma game on the two-dimensional 128× 128 square
lattice with q = 0.05. The error probabilities are given
as (a) e = 0 and (b) e = 0.01, respectively.

õ�\�¦ ÅÒ��H ���|ÄÌ�Ér 7£¤r� ����������¦ �Ð���̧ Áº~½Ó½+É ��s	כ

��. Õª�Q��� Äºo���H d�� (1)_� p�ì�r~½Ó&ñ
d���̀¦ &h�ì�r���H @/
���\�, þj���_� &h�Ãº\�¦ ÅÒ��H ���|ÄÌ[þt�̀¦ t�Äº�¦ Õª ���|ÄÌ[þts�
\O�#Q��� �©�I�\�"f ��r� z���Ér ���|ÄÌ[þt_� &h�Ãº\�¦ >�íß����H

{9��̀¦ ìøÍ4�¤K��̧ �)a��. '�����������, s� ���\O��Ér ·ú¡"f 32>h
���|ÄÌ\� @/K� r�'��Ùþ¡�̀¦ M: Äºo��� ����H @/�Ð W1>h_� ���|ÄÌ

ëß��̀¦ z����é�H��. z�́]j s� ���\O��̀¦ 218>h ���|ÄÌ[þt\� @/K� '��

ô�Ç ���õ� 95 %�� ����t��¦, z���Ér �þt�Ér]	כ ���$� C�����t�
·ú§��H ��÷þt]	כrs���. s���Ér	כ ·ú¡\�"f f����� ���õ�ëß��̀¦ l�%3��
>� Ùþ¡�̀¦ M:ü< {9�u�ô�Ç��. �t�ëß� z���Ér 5 %\���H Pavlov��
�í�<Ê÷&t�·ú§��H��. ÕªXO������ z�́Ãº SX�Ò�¦�̀¦ :�xK� �'a¹1Ï÷&��H
|�� r�çß� '���̧\�"f_� 1lx%i��<Æ\�"f ���×þ�÷&��H ���|ÄÌ�Ér ·ú¡"f

ü< ��Óüw ��\�¦ Ãº�̧ e����H �.���s	כ z�́]j z���Ér 5%\�¦ ��t�
�¦ z�́Ãº\�¦ )�6 xK�"f ����� 0A\�"f >�íß�ô�Ç ���õ���H B�Äº <Éª

p�\�v��. Äºo���H ��ÅÒ �'a¹1Ï÷&��H ���|ÄÌ[þt�̀¦ ß¼>� [j 7áxÀÓ�Ð
ì�rÀÓÙþ¡��HX< 'Í	���P:��H Äºo��� ‘ò́Ö�¦&h���� a�?§4���(Efficient
Cooperator, EC)’���¦ ÂÒØÔ��H Áºo��Ð"f, Pavlov%�!3� s�
���|ÄÌ�̀¦ æ¼��H ��|ÃÐ[þtz�o� z�́Ãº�� {9�#Qz�¤�̀¦ M: B�Äº &h��Ér

�<Hz�́ëß��̀¦ z��2; G� "é¶A�_� a�?§4� �©�S!�Ü¼�Ð [�t��°ú� Ãº e��>�

�FK ô�Ç��. �t�ëß� ¿º���P: 7áxÀÓ_� ���|ÄÌ�Ér s� EC�� ����� �'a
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Fig. 3. Change of fractions of three representative strate-
gies belonging to EC, ET, and I-TFT, respectively, when
simulated on the 32× 32 square lattice.

@/�<Ê�̀¦ìøÍ4�¤&h�Ü¼�Ðs�6 xK�s�1pq�̀¦2[ô�Ç��.Äºo���H GT\�
@/6£xr�v�l� 0AK� ���è_� #Q�̀\�¦ Áº\�væ¼�¦ s�[þt�̀¦ ‘ò́Ö�¦
&h����8ú¤µ1Ï(Efficient Trigger, ET)’���|ÄÌs����¦Ô�¦!3���.�'a
@/ô�Ç EC���|ÄÌs�z�́]j~ÃÎ��[þt#�t�l�0AK�"f��H{9�7áx_� ‘ú́�
@/6£x’�̀¦:�xK�s¹כ�����è[þt�̀¦'õA�è���H�7£¤.���¹כ�s��9	כ
#�l�\�"f�̧ Äºo��� Intelligent Tit-for-tat(I-TFT)s����¦
ÂÒØÔ��H ���|ÄÌs� ×�æ¹כô�Ç %i�½+É�̀¦ {��{©����HX<, s���H ���|ÄÌ_�
½̈�̧ ���\�"f�̧ ·ú¡"f Äºo��� &ñ
_�Ùþ¡~�� TFTü< B�Äº Ä»��
���. 7£¤ z�́Ãº SX�Ò�¦s� ±ú������ @/ÂÒì�r_� r�çß� 1lxîß� s� ���
|ÄÌ�Ér¿ºéß�>�·ú¡�̀¦Áºr���¦��z�́�©� TFT%�!3�'��1lxô�Ç��.
�t�ëß� C����s� {9�#Qz�¤�̀¦ �â
Äº s� ���|ÄÌ�Ér ¿º éß�>� ·ú¡��

t��ÃÐ�̧����"f'���Ð\�¦µ1á�������¦ëß�{9�°ú �Ér I-TFTz�o�
z�́Ãº\�¦ ô�Ç �������s	כ Áº��y� a�?§4�Ü¼�Ð 4�¤)ô�Ç��. s� õ�&ñ

�Ér EC�Ð����H ���çß� �8 �<Hz�́s� ß¼t�ëß� =åQ?/ ��§4�Ü¼�Ð z�́
Ãº\�¦ �¦u�t� 3lw���H TFT\� q����� �s̀��� ���{9��Ðô�Ç ��s	כ
��. Õªo��¦ s�XO�>� z�́Ãº\�¦ �¦5g������H õ�&ñ
�Ér EC_� �'a
@/�<Ê%�!3� >�5ÅqK�"f s�6 x½+É Ãº e����H $í
|9�_� ��s	כ ��m���.
I-TFT ���|ÄÌ�̀¦ >�5ÅqK�"f 5Åq#��Ð�9��H �©�@/��H ���r� Êê ���
²DG\� TFT,7£¤ ô=$�ô�Ç ú́�@/6£x�̀¦��ÅÒ��¦e����H������̀¦µ1Ï
|
��>� ÷&�¦ ���²DG ���5Åq�)a C���� r��̧��H 6£xfç
 {©�ô�Ç��. s�
��H ���çß�_� ÕªA�áÔ ì�r$3�Ü¼�Ð �Ð{9� Ãº e����H �Ü¼�Ð	כ #�l�\�

"f��H��[jô�Ç�7H_�\�¦Òqt|ÄÌ�l��Ðô�Ç��. I-TFT�� EC\�¦#Q
b�G>� [�v��Ht���H Fig. 3\� ����?/%3���.

III. ��Þ{�E ��ÈkÄ8ý �ºXNË

·ú¡"f "f�:r\�"f \V\�¦ [þt%3�~�� :�x'��½©gË:_� �̧&ñ
 ë�H]j\�¦

d�� (1)�̀¦ :�xK� ì�r$3�K��Ð��. °ú�õ� �̀¦_� Ø�æ[�t #�ÂÒëß��̀¦ ��
�������� ýa(L)ü< Äº(R) ��s�\���H @/g�As� �>rF��Ù¼�Ð °ú�
õ� �̀¦s� �̧&ñ
\� $í
/BNÙþ¡�̀¦ �â
Äº, 7£¤ (L,L) <�Ê�Ér (R,R)\�

Fig. 4. Our model of a pedestrian.

"f��H °ú�õ� �̀¦ �̧¿º 1&h�m���̀¦ %3��¦ (R,L)s��� (L,R)�Ð z�́
J�ô�Ç �â
Äº\���H 0&h��̀¦ %3���H���¦ Z�~��H��. °ú�õ� �̀¦s� pR�Ð

R�̀¦ '����¦ pL = 1− pR�Ð L�̀¦ '��ô�Ç����� d�� (1)�Ér

dpR

dt
= pR(1− pR)(2pR − 1) (2)

s� ÷&�¦ pR = 0, 1, 1/2s�����H [j >h_� ç�H+þA&h��̀¦ %3���H��.
#�l�\� ���çß�_� ¦¹1lx�̀כ ÅÒ#Q K�_� îß�&ñ
$í
�̀¦ ì�r$3�K��Ð���

��t�}��K���� pR = pL = 1/2, 7£¤Áº���0A�ÐýaÄº\�¦���×þ��
��H K���H Ô�¦îß�&ñ
���. ����"f ýa�Ð��H Äº�Ð��H ���çß�_� j"taË>
ëß� �̧{9��)a����� Õª ~½Ó�¾ÓÜ¼�Ð_� :�x'�� ½©gË:s� [þt#Q[O� ��s	כ

���¦ d�� (1)�Ér \V8£¤ô�Ç��. s� \V8£¤s� {9�ìøÍ&h�Ü¼�Ð �̀��Ér �	כ
���t� �̂ß¼�l� 0AK� ��6£§%�!3� U�́õ� �Ð'����\�¦ �̧+þA�oK�

�Ð��. �Ð'������H ��y�� ����� 0A_� ô�Ç �©���m���̀¦ 	�t�½+É Ãº
e����HX< ô�Ç �©���\���H ¿º "î
 s��©�_� �Ð'������ [þt#Q°ú� Ãº

\O���. y������H �����s� ���¦�� ���H �¦Ä»_� ~½Ó�¾Ós� e��#Q"f
Õª ~½Ó�¾ÓÜ¼�Ð ����°ú� Ãº e���̀¦ M:\���H Õªo��Ð ô�Ç µ1Ï ������

ô�Ç��. �t�ëß� ëß�{9� Õª ~½Ó�¾Ós� ���Ér �Ð'����\� _�K� ���Ð
}��)�e����������Ér���&ñ
�̀¦?/�2;��.'Í	P:,�¦Ä»~½Ó�¾Ó�̀¦����
�Ð�¦ ýaÄº�� �̧¿º \P��9e���̀¦ M:\���H q_� SX�Ò�¦�Ð �̧�ÉrAá¤,
1 − q_� SX�Ò�¦�Ð��H ¢,aAá¤Ü¼�Ð �rx� '��1lx�̀¦ ô�Ç��. ÑütP:, ýa
Äº ×�æ ô�ÇAá¤ëß�s� ���Ð}��)�e���̀¦ M:\���H }��)�e��t� ·ú§�Ér ~½Ó

�¾Ó�̀¦ ×þ���¦, !Ó	P:�Ð ýaÄº��$� 4�x�W÷&#Q e������� Õª ��o�
\�"f l����2;��. Óüt�:r s���Ér	כ F�g�©�y� çß�éß��o�)a �̧+þA{9� �	כ
s������çß��84�¤ú̧�ô�Ç'��1lx(@/y�����~½Ó�¾Ó������s���{9��ÐÊê
�@)�̀¦ �̧{9�ô�Ç���¦K��̧&ñ
$í
&h����ÂÒì�r�Érß¼>���7t�·ú§
��H��.
ýaÄº�Ð .á<#Qe����H U�́ 0A\� �Ð'����[þt�̀¦ e��_��Ð C�u�K�

�Ð��. s� M: U�́_� ýaÄº =åQ�Ér í�H8̈�&h� �â
>��̧|	�Ü¼�Ð s�#Q
�����. Õªo��¦ �Ð'����_� ]X�ìøÍ�Ér ¢,aAá¤�̀¦ �¦Ä»~½Ó�¾ÓÜ¼�Ð ��
t��¦ �� Qt� ]X�ìøÍ�Ér �̧�ÉrAá¤�̀¦ �¦Ä»~½Ó�¾ÓÜ¼�Ð ����� G� ��
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Fig. 5. Occurrence of jamming observed in the pedes-
trian model..

�����9 ô�Ç��. Õªo��¦ y����_� �¦Ä»~½Ó�¾Ó�̀¦ �����Ð��¤�̀¦ M:
�̧¿º�� Äº8£¤:�x'��_� ½©gË:�̀¦ ���Ér���¦ K��Ð��(q = 1). #�
�Q "î
_� �Ð'����\�¦ �̧+þA ½©gË:\� ���� ¹¡§f��s��9�¦ ½+É M:

Ä»_�K��� ½+É ���½Ó�Ér, ô�Ç r�çß� çß���� 1lxîß� #Q�"� í�H"f�Ð �Ð
'����[þt�̀¦ ¹¡§f��#���°ú� �.��������s	כ �̧��H �Ð'����[þts� ½©
gË:�̀¦ ëß�7á¤�>��FK ‘1lxr�\�’ \O�X<s�àÔ���H ~½Ód���Ér ������Ð
ÄºÙ¼�Ð ô�Ç r�çß� çß�������� e��_��Ð �Ð'����[þt_� í�H"f\�¦ &ñ


��¦ Õª í�H"f@/�Ð ½©gË:�̀¦ &h�6 xK� ¹¡§f��#�������H ��s	כ ~1�

��. Õª�Q�� s� �â
Äº �è0A X<×¼2�¤(dead-lock)s�����H �©�S!�
s� {9�#Q±ú� Ãº e����. s���H U�́_� ô�Ç 	����s� �̧¿º�� ô�Ç ~½Ó
�¾ÓÜ¼�Ð¹¡§f��s��9��H�Ð'����[þt�Ð��1pq�ÃÛ���¦Ùþ¡�̀¦M:�̧	�

éß�t� í�H"f�©�_� ë�H]j M:ë�H\� ��Áº�̧ �������t� 3lw���H �©�

S!��̀¦ >pw���HX< ���çß�_� F�) ·ú��¦o�1pu�̀¦ s�6 xK� í�H"f\�¦

�̧&ñ
�<ÊÜ¼�Ð+� s� �&³�©��̀¦ ~½Ót�½+É Ãº e����. s�XO�>� �Ð'����
[þt_� 0Au�\�¦ r�çß�\� ���� \O�X<s�àÔK����� �Ð��. �̧��H �Ð
'����[þts� ô�Ç���m�� �¦�9÷&%3��̀¦ M: r�çß� t��H 1ëß��pu 7£x��ô�Ç
��.�Ð'����_�x9��̧��Ø�æì�ry�±ú������s�[þt�Ér��ÁºØ�æ[�t\O�
s���Ä»�Ðî�râì2£§(free flow)�̀¦ëß�[þt��s��¦,ëß�{9�Ø�æì	כry�
Z�}����� s�[þt�Ér &ñ
�̂(jamming)\�¦ {9�Ü¼v����"f âìØÔt� 3lw
�>� |̈c��s����©�l��:r&h�Ü¼�Ð�>rF	כ��s���.s	כ���H¿º>h
_� &ñ
�©��©�I�(steady state)s���.
����"f �Ð'���� x9��̧ρ_� �<ÊÃº�Ð âì2£§_� �ª� φ\�¦ Òqty��K�

�̂¦ Ãº e����HX<, x9��̧êøÍ U�́�̀¦ ½̈$í
���H ��y��+þA �©���[þt ×�æ
\O���_�q�Ö�¦s��Ð'�����Ð&h�Ä»÷&#Qe����H��s��¦âì2£§_��ª�

s�êøÍ �Ð'���� ×�æ \O���_� q�Ö�¦s� �����_� �¦Ä»~½Ó�¾ÓÜ¼�Ð ���

������H X< $í
/BN���Ht�\�¦ >pwô�Ç��. Fig. 6�Ér :£¤&ñ
 ρ\�¦ �Å�

#Q[O� M: î̈
ç�H φ�� 1\�"f 0Ü¼�Ð /åL5Åq�>� y���è�<Ê�̀¦ �Ð#�
ÅÒ 9, s���� ���s��� {9�#Q±ú� M: &ñ
�©��©�I�\� ����ØÔ��H r�çß�
τ�� B�Äº U�́#Qf���̀¦ ��o������.  »	·¡s������ φ�� 1õ� 0 ��
s�_� °ú9}כ� M:\��̧ ��� ���_� Ò�re�¦�Ér @/>h ��Ä» âì2£§

<�Ê�Ér &ñ
�̂ �©�I� ×�æ ����Ð )�ÃÌ÷& 9 Ñüt ��s�_� q�Ö�¦ëß�s�

���ô�Ç��.
ëß�{9��Ð'����[þt_�{9�ÂÒ��½©gË:�̀¦>h_�u�·ú§��H���¦K��Ð

��.7£¤ ρp��H q=1�Ð"f½©gË:�̀¦��ØÔt�ëß��� Qt� ρ(1−p)��H
q=1/2�Ð"f :£¤Z>�ô�Ç ýaÄº ��� ñ�� \O���H �.���s	כ Õª�Q��� ¿º
���Ãº (ρ, p)_� �<ÊÃº�Ð âì2£§_� �ª� φ\�¦ �̂¦ Ãº e����HX<, Õª ���
õ���H Fig. 7õ� °ú ��.

Fig. 6. Results from the numerical simulations where the
size of the road is set to be X × Y = 50× 200.

Fig. 7. Average flow as a function of the pedestrian den-
sity and the fraction of rule followers. The road sizes are
(a) 50× 200 and (b) 100× 400, respectively.

#�l�\�"f µ1ß�̀¦Ãº2�¤ âì2£§_� �ª�s� ú́§�Ér �,s�Ù¼�Ð	כ �̧¿º
�� ½©gË:�̀¦ ï�rÃº���H �p)	כ = 1)�Ð�� ���çß�_� q�Ö�¦s� ½©
gË:�̀¦ Áºr����H �â
Äº�� �̧y��9 �8 ú́§�Ér âì2£§�̀¦ ��0pxH��<Ê

�̀¦ ·ú� Ãº e����. Õª s�Ä»��H p = 1\�"f Áº���0A_� C�u�ÂÒ
'� r����ô�Ç Êê ���r� +'_� í�Hçß��̀¦ �Ð#�ÅÒ��H ��6£§_� ÕªaË>

(Fig. 8)�̀¦ :�xK� ·ú� Ãº e����. U�́_� ��î�rX<\� �Ð'����[þtz�
o�_� ÓüægË>s� {9�#Q���¦ e��6£§s� �Ð�����. s���H �ª�Aá¤Ü¼�Ð ¹¡§
f��s���H �Ð'����[þts� "f�Ð_� �̧�ÉrAá¤�̀¦ ¹1Ô������ �Ðm� U�́

_� ��î�rX<ÂÒì�r_� �Ð'���� x9��̧�� Z�}��4R"f �D¥ú̧�s� {9�#Q

���¦ e��6£§�̀¦ �����·p��. Õªo��¦ s���s	כ &ñ
�̂�Ð µ1Ï���½+É Ãº
e����H �.���s	כ ëß�{9� ���çß�_� ��|ÃÐ[þts� ½©gË:�̀¦ Áºr���¦ ¹¡§
f���������� Õª[þts� s���� ÓüægË>�̀¦ ~½ÓK���¦ f�#Q!Qo�l� M:

ë�H\� �̧y��9 &ñ
�̂_� 0A+«>�Ér ×�¦#Q��H��.
Äºo��� y©��̧��¦�� ���H &h��Ér, 'Í	P:�Ð ½©gË: Áºr�\�¦ :�x
K� &ñ
�̂�� W=� {9�#Qèß�����H s� %i�[O�&h���� �&³�©�s� RD_� \V
8£¤\�"f #Á	#Q����H ìøÍYV����H �,s� 9	כ ÑütP:�Ð s���H Áº���0A
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Fig. 8. Typical configuration at t = 1000 when started
with ρ = 0.2 and p = 1 on a road of 100× 400.

&h���� �íl� �̧|	�\�"f îß�&ñ
�̀¦ ¹1Ô������H õ�&ñ
\� �'aº���)a �	כ

Ü¼�Ð õ��̧&h���� �&³�©�(transient phenomenon)�̀¦ �'a¹1ÏÙþ¡�̀¦
M: {9�#Qèß�����H �.���s	כ ·ú¡"f ýeÃº_� v9�YU�� ÂÒì�r\�"f s�
p� RD_����õ���$�	�"é¶\�"f����±ú��9¹כ���H\O����¦���/åL
Ùþ¡��HX<, t��FK_� �â
Äº\� s���H :£¤y��� ��z�́s���. ëß�{9� �s̀
��� Z�}�Ér 	�"é¶\�"f����� �Ð'����[þt�Ér U�́ ×�æçß�\�"f_� Ø�æ[�t

�̀¦ ~1�>� x�����"f ]j ��o�\�¦ ¹1Ô��°ú� �¦��s	כ t��FK_� %i�[O�

&h���� �&³�©��Ér ��_� ����|9� �.���s	כ

IV. W
ÄßOË80 4�ÆkÈ

Äºo��� ��Ò�¦ ¢̧ ���_� >�e���Ér {9�7áx_� �èÃº�� >�e��s�

��.�èÃº��>�e���Ér���Ér�ÃÐ#���ü<���Ér���×þ��̀¦K���s�1pq
�̀¦ %3���H����H &h�\�"f �̧&ñ
>�e��õ� ìøÍ@/s� 9 s���� _�p�\�

"f ìøÍ�̧&ñ
(anti-coordination) >�e��s�l��̧ ���. Ø�¦��HU�́
_� t��ô=\�"f l�	�_� ·ú¡ÂÒì�r\� ���¦ e����H ��s	כ %i� Ø�¦½̈

\� ��¾ú����¦ ô�Ç����� ���� ·ú¡ÂÒì�r\� ���$� ���¦ e����H ��s	כ

7á§�8 Ä»o�½+É �.���s	כ Õª�Q�� �̧¿º�� °ú �Ér Òqty��Ü¼�Ð ]j{9�
·ú¡ñß�\�òøÍ������-Áºq�a%v��"f����ÕªÔ�¦¼#�s����çß�_�¼#�

o�\�¦ �©��W��¦�̧ z���̀¦ �.���s	כ ÕªXO������ ���� ¿º���P: ñß�
\� �̀¦������H ��s	כ 7á§�8 ���Ér ���×þ�{9� Ãº�̧ e����x��. s����
�©�S!��̀¦ �8 éß�í�H�oK�"f n"î
_� ��|ÃÐs� 1õ� n ��s�_� �����

Ãº\�¦ �¦�Ér���¦ K��Ð��. s� >�e��\�"f &h�Ãº\�¦ %3�Ü¼�9��� ��
�©� ±ú��Ér Õüw��\�¦ Y�J�����t�ëß� Õª Õüw����H �����ëß�s� �¦�Ér

���s�#Q	כ ô�Ç��. 7£¤ 1�̀¦ ¿º ��|ÃÐ s��©�s� i(v�¦ 2\�¦ ô�Ç "î
s�
Y�J|ÃÛÜ¼��� 5px����H 2\�¦ �¦�Ér ��|ÃÐs� ÷&#Q 1&h��̀¦ %3���H d��s�
��. Äºo���H ���|ÄÌ_� >h¥Æ��̀¦ Õüw�� 1õ� n ��s�\� ����2; SX�Ò�¦

ì�r�í���¦, 7£¤ :£¤&ñ
 Õüw�� i\�¦ �¦\�¦ SX�Ò�¦ pi_� |9�½+Ës����¦

ô�Ç&ñ
t�#Q Òqty��½+É �.���s	כ Óüt�:r
∑

pi = 1s� ëß�7á¤�)a��. Õª
XO������ s� >�e��\� e�����H �è0A ‘a%~�Ér’ ���|ÄÌ�Ér Áº%Á	{9���?
Äºo��� ×þ�½+É Ãº e����H >h¥Æ� ×�æ �����H ����o&h�Ü¼�Ð îß�&ñ
ô�Ç

���|ÄÌ(evolutionarily stable strategy)���X<, s���H @/��Ãº��
s� ���|ÄÌ�̀¦ ×þ���¦ e���̀¦ M: #�l�\�"f #Á	#Q����H ��s	כ Ô�¦o�

K�t�>��FK ���H �.���s	כ s��Ð�� �̧�FK �8 ���ô�Ç >h¥Æ��Ér ×�æ
wn�&h�Ü¼�Ðîß�&ñ
ô�Ç���|ÄÌ(neutrally stable strategy)���X<,s�
��H ��Ãº�� s� ���|ÄÌ�̀¦ 2[��¦ e���̀¦ M: #�l�"f #Á	#Qèß�[þt,
ìøÍ×¼r� �<HK���t� �Ðt���H ·ú§�8���̧ s�e�� �̂¦ >� \O�����H >pw

s���. n = 3s� ���©� çß�éß�ô�Ç �â
Äºs�Ù¼�Ð s�\�¦ ���$� Òqty��
K��Ð��. °ú�õ� �̀¦s� :£¤&ñ
 ���|ÄÌ {pi}\�¦ 2[��¦ e���̀¦ M: [j
���P: ��|ÃÐ��� #î
s� #�l�\�"f #Á	#Q±ú� s�Ä»�� \O�>��FK ��9

��� #Qb�G>� K��� ½+É��? °ú�õ� �̀¦s� ëß�[þt#Qèq Ãº e����H �©�S!�
�Ér 8úx 9��t�s� 9 y��y��\� @/K� #î
�Ér {πi}_� ���|ÄÌ�̀¦ ��t�
�¦ �����_� s�1pq�̀¦ >�íß�K��·p��. ���$� (°ú�s� �¦�Ér Õüw��, �̀¦
s� �¦�Ér Õüw��)=(1,1)��� �â
Äº, s�XO�>� |̈c SX�Ò�¦�Ér p2

1s���.
ÕªXO������ #î
�Ér Õüw�� 2�� 3�̀¦ �¦2£§Ü¼�Ð+� Äº5px½+É Ãº e���¦
����"f %3��̀¦ Ãº e����H &h�Ãº_� l�@/u���H s�l�>� |̈cM: ~ÃÎ��H

&h�Ãº�� 1&h�s�Ù¼�Ð, π2 +π3s���.s�XO�>� 9��t��â
Äº\�¦ �̧
¿ºÒqty��K��Ð���#î
s�l�@/½+ÉÃºe����H&h�Ãº\�¦>�íß�½+ÉÃºe��

��. s���s	כ πi\� Áº�'aK�t�>��FK pi\�¦ �̧½+Ë���� #î
�Ér �����

_� ���|ÄÌ�̀¦ :�xK� �©�S!�_� >h����̀¦ l�@/½+É Ãº \O�>� ÷&�¦ s�

��s	כ Äºo��� "é¶���H ²ú�s���. ë�H]j�� ÷&��H ��Ér	כ ns� 3�Ð
�� ���çß�ëß� ú́§��4R�̧ ��0pxô�Ç �̧½+Ë_� Ãº�� F�g�©�y� ���Ér 5Åq

�̧�Ð Zþt#Q��l� M:ë�H\� s�\�¦ �̀¦���Ð !lr�l��� ~1�t� ·ú§��

��H ��z�́s���. Äºo�_� ��s�n�#Q��H ���½Ód��_� ���>hü< @/Ãº
&h� ���íß��̀¦ :�xK� �â
Äº_� Ãº\�¦ &ñ
SX�y� !lr���H �.���s	כ 7£¤
0A_� n = 3\V\�"f Z0 = (p1 +p2 +p3)2\�¦���>hK�"f%3�#Q
t���H 9>h_� �½Ó�Ér °ú�õ� �̀¦s� ëß�[þt#Qèq Ãº e����H 9>h �â
Äº
_� Ãº\�¦ &ñ
SX�y� ��o�v��¦ e����. s� ×�æ Õüw�� 1�̀¦ ô�Ç "î
ëß�
s� ���×þ�ô�Ç �â
Äº��H Áº%Á	{9���? s���H 0A 9>h �½Ó ×�æ p1_� 	�

Ãº�� 1��� �þt�Ð]	כ ����±ú� �.���s	כ s�\�¦ @/Ãº&h�Ü¼�Ð %3�#Q
?/��H {9��Ér ~1���. 7£¤ Z0\�¦ p1Ü¼�Ð p�ì�rô�Ç Êê p1\� 0�̀¦ @/
{9����� Õª��� �½Óëß�s� ����±ú� �.���s	כ ��Ë̈�Ð, s�\�¦ ]jü@
ô�Ç �� Qt� �½Ó[þt�Ér Õüw�� 1s� Äº5px Õüw���� ����� �â
Äº[þts�
��.

Z1 = Z0 − p1[dZ0/dp1](p1 = 0) (3)

��ðøÍ��t�_� �7Ho��Ð, 2 %i�r� Äº5px Õüw��\�"f C�]j��9���
q�5pwô�Ç ���íß��̀¦ Z1\� '������ �)a��.

Z2 = Z1 − p2[dZ1/dp2](p2 = 0) (4)

ô�Çµ1Ï�8������,Õüw�� i−1��t�\�¦Äº5pxÕüw��\�"fC�]j�
�¦ i\�¦ �¦�Ér ��|ÃÐs� ��Áº�̧ \O�>� ��9��� Zi−1\� pi = 0�̀¦
@/{9����� �)a��.

ci = [Zi−1](pi = 0) (5)

Õª�Q��� #î
s� %3���H &h�Ãº��H ��6£§%�!3� >�íß��)a��.

W =
∑

ciπi (6)

#�l�\�"f�̧ %i�r�
∑

πi = 1s�Ù¼�Ð ci�� i\� �©��'a\O�s� �̧

¿º �©�Ãº�Ð ÅÒ#Q������¦ ���� {πi}��H W_� >�íß�\� ��Áº %ò


�¾Ó�̀¦ p�u�t� 3lwô�Ç��. ci�� �̧¿º �©�Ãº����H ��Ér	כ n− 1>h_�
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Fig. 9. Equilibrium solutions of the reverse auction
game. Both panels (a) and (b) depict the same data
but panel (b) scales both axes in terms of n to compare
the outcomes with the uniform solution.

p�t�Ãº\�¦��t���H n−1>h_�~½Ó&ñ
d��[þts�l�M:ë�H\�"é¶gË:&h�
Ü¼�ÐÛ�¦Ãºe���¦s��ÐÂÒ'�ç�H+þA�̀¦s�ÀÒ��H&h���� {pi}�����
&ñ
�)a��. ��[jô�Ç ���½Ó�Ér Òqt|ÄÌ���xt�ëß� ÕªXO�>� %3�#Q��� K�
\�¦ Fig 9\� ����?/%3���.
ô�Ç��t�<Éªp��Ðî�r��z�́�Ér,ëß�{9� �̧¿º��°ú �Ér���|ÄÌ�̀¦��
6 xô�Ç����� (pi = πi) s�1pq�̀¦ þj@/�o���H K���H ç�H{9�K�, 7£¤
pi = 1/ns�����H &h�s���. ìøÍ��� �̧��H Ä»ô�Çô�Ç n\� @/K� ç�H

+þAK���H ç�H{9�½+É Ãº \O�����H �¦̀�	כ ~1�>� �Ð{9� Ãº e����. #�l�
\�"f�̧{9�7áx_�v9�YU��,7£¤���©�a%~�ÉrK�ZO�s�e����HX<�̧ >h
>h���s� �����_� s�î�r�̀¦ ÆÒ½̈����Ð��� �̧y��9 Õª�Ð�� ±ú�

�Ér &h�Ãº[þt�̀¦ ��t�>� �)a����H %i�[O�&h���� �©�S!�s� ��������H

�.���s	כ s���H ·ú¡"f Äºo��� ýeÃº_� v9�YU��\�"f�̧ l�Õüt�
�¦��Ùþ¡~���©�S!����X<ÕªM:¿º"î
��s�\�"fëß�>�e��s��¦�9

÷&%3�~�� ��õ	כ ²ú�o� t��FK s� v9�YU����H n"î
_� ��|ÃÐ[þt ��s�

\�"f {9�#Q���¦ e����. 0A_� @/Ãº&h� ~½ÓZO��̀¦ ��t��¦�̧ z�́]j
�Ð��H ���½Ód��_� �½Ós� %3�'õAèß� 5Åq�̧�Ð Zþt#Q��l� M:ë�H\� �&³

F��Ð"f ~½Ó&ñ
d���̀¦ Û�¦ Ãº e����H ��Ér	כ n = 12 z��f±	\� Ô�¦õ��
��.��H��&h����>�íß��̀¦:�xK����çß��8Z�}�ÉrÕüw��\�@/K�"f�̧
K�\�¦ \V�©�½+É Ãº e��t�ëß� s���H a%v�Ér t����\�"f [O�"î
�l�\�

&h�½+Ëu� ·ú§��. ��ëß� éß�í�Hy� "f�Ð $í
/BN&h���� ���|ÄÌ�̀¦ 4�¤]j�
>� �<ÊÜ¼�Ð+� 0A_� ì�r$3�&h���� ²ú�\� Ãºu�&h�Ü¼�Ð ��H]X�½+É Ãº

e��6£§�̀¦ µ1ß)�¿º�¦�� ô�Ç��.
Äºo��� %3��Ér ²ú��Ér n"î
 ×�æ ô�Ç "î
s� �� Qt�\�¦ �����Ð�¦

�����_� '��1lx�̀¦ ��ÜãJt� ú́�t�\�¦ ���&ñ
���H �©�S!��̀¦ %i�¿º\�

¿º�¦ >�íß��)a �.���s	כ Óüt�:r s���Ér	כ F�g�©�y� ÂÒ"ft�l� /'î�r
t�&h�{9�Ãº�̧e����. ú́���������t�}����|ÃÐ�Ér#Q�"� πi\�¦+�

�̧ 1lx{9�ô�Ç Î.	��\�¦ ~ÃÎl� M:ë�H\� ²DIs� pi����H ���|ÄÌ�̀¦ &ñ
SX�

Fig. 10. Numerical results when players imitate success-
ful strategies. The black dotted lines show the analyti-
cally obtained equilibrium solutions.

y� ��\�¦ ¹�̧כ��9 \O���. Õª���X< s� ��|ÃÐs� {9�éß� pi\�"f #Á	

#Qèß������ �� Qt� n− 1"î
 ×�æ ����� �Ð��¤�̀¦ M:\���H @/g�A
s�L:����©�S!�s�÷&�¦s���H0A_�K�����̂\�¦_�ë�HÛ¼XO�>�ëß�

[þt Ãº e����H �.���s	כ Äºo��� Ãºu�&h�Ü¼�Ð '��ô�Ç ���õ��� ���
r����H ����H, Õª!3�\��̧ Ô�¦½̈��¦ &h�]X�ô�Ç 1lx%i��<Æ�̀¦ ��&ñ

�l�ëß� ô�Ç����� ����̂&h���� K���H ì�r$3�&h���� ���õ�\�"f ��ÅÒ

ß¼>� #Á	#Q��t� ·ú§�Ér G�  QÁº�Ér����H ��z�́s���.

V. +sÇ Â]Ø

�:r �7Hë�H\�"f��H >�e�� s��:r_� Ãºu�&h���� 6£x6 x_� \V�Ð"f

ýeÃº_�v9�YU��>�e��,�Ð'����_�:�x'��,Õªo��¦%i��â
B�>�e��
\�@/K��è>h�%i���.�è>h�)aÅÒ]js�ü@\��̧ ÈÒ³ð��>�e��,
�íd����-x�d���� >�e��, ���%i�#î
_� SX�íß� ë�H]j, �̧�Ð0A\�"f_�
�§:�x âì2£§\� @/ô�Ç ë�H]j, �â
]jÓüto�_� ���ª�ô�Ç '��0A�� �̧+þA
1px, ���ª�ô�Ç ÅÒ]j_� >�e��s��:r �'aº�� ���½̈[þts� �Ö̧µ1Ï�>� s�
ÀÒ#Q t��¦ e����. s��Qô�Ç þj��H_� ���½̈ �â
�¾Ó, 7£¤, ���r�&³�©�
�̀¦ l�Õüt���H >�e��s��:r_� �̧+þA�̀¦ &ñ
wn���¦ s�\�¦ :�x>�Óüt

o��<Æ_�_�¿ºo�\�"fs�K���¦�����Hr��̧��Ht��FK��t�_�

Âúªt�ëß� $í
/BN&h���� &h�6 x\V[þt�̀¦ �̂¦M: ·ú¡Ü¼�Ð�̧ &h�&h� �8 Óüt

o��<Æ\�"f 	�t����H q�×�æs� &�4R°ú��Ü¼�Ð	כ l�@/�)a��.
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