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Abstract The double layer capacitated arc routing problem considers a high-level configuration prob-

lem and a low-level routing problem, and its objective is minimize fixed costs and running costs of the

whole system. A Knowledge-based Ant Colony Optimization (KACO) was proposed to the Double-layer

Capacitated Arc Routing Problems. The exploitation of heuristic information, dynamic parameter adjust-

ment and local optimization characterized the KACO. The dynamic parameter adjustment decreased the

sensitivity of parameters to final experimental results. The feasible solution was constructed with the guid-

ance of arc cluster knowledge and arc priority knowledge. Local optimization based on two-Opt heuristic

largely improved the performance of KACO. In order to validate the performance of KACO, 87 benchmark

problems were solved by KACO and some heuristic methods. Experimental results suggest that KACO

outperforms these methods.

Keywords arc priority; arc cluster; dynamic parameter adjustment; high-level configuration optimization;

low-level routing optimization; ant colony optimization
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_]ø�` C�À�Á a�Â�HWè[Û����Wä�]�^ ; Ë�J���[�\�]�^Wä � �WÜ�_]ø�` , ��a�b�Ã�Ä�Å�Æ�Ç�a�Â�HWè[Û]ä�]
^�È�P�c��WÜ�_]ø�` . ÉWÖWË�E�Ê�Ë�Ì�bWØ�Í�Î�Ï�Ð�Ñ (memory)

C �Wß�HWèW
WË�J ��K ä�L�MWÑ�Ò [4−5].

Chung Ó [4] Ó �I[B\B]B^�ä�çZ_ øB`BÔBÕBÖB×BØ (beliefs), Ó cB�B×BØBÙBÏBÚBÍBÎBÏBÐBÑ�Û , �BaBb�ØBc
�B×BØ CBÀBÁ aBÂBH�è�ÛI�B��äB]B^ . Branke[5] Ó � �Z�I[B\�äBÛ�çB]B^BÙBÏBÚBÍBÎBÏBÐBÑ�Û , �BaBb�Ø
c���ÛWç�]�^ C�À�Á a�Â�HWè[Û����Wä�*�]�^ .

� �WË�E�Ü ì ?�Ý (case)
C �Wß�HWèW
WË�J ��K ä�L�M [6].

Louis Ó�bWØ � W�Ü ì ?�Ý ä�ÞW� (case-based reasoning)
� ÿ�ß�Ü ì ?�Ý ä�Ï�Ð�Ñ (case-based memory) ÛàBá øB` CBÀBÁ aBÂB�B��äB]B^ [6].

� ��ËBEBb�Ø�ËBJBH�è�õBâ (learnable evolution model, LEM)
C �

ß�HWèW
WË�J ��K ä�L�M [7−8].
È

Michalski ãWôWäWË�J�HWèWõ�â[Û , � 	 bWØWÑ�ÑWË�J � ÿ C ����a�Â�H
è[Û]ä�]�^ [7]. Ho Ó�'Wà�) � WWË�J�â�ä�9�å�æ (learnable genetic architecture, LEGA)

C �Wß�HWèW
WË
J ��K ä�L�M [3]. ß�P 
���ç�è : HWèW
WË�J ��K ä�L�M�Ö�=��Wä ; =�bWØWÖ�W�X�Y C �Wß�HWèWÒWË�J ��K
ä�L�M ,

Ý�é
: ê�ë�ì K (version space)[9] ÌíÜ ì ?�Ý ä�Ï�Ð�Ñ [6] Ì Q- Ë�JW�W� (Q-learning system)[10−11]

Ò AQ- Ë�JW�W� (AQ-learning system)[6] Ó ; ����HWèWÒWË�J ��K ä�LBMB=�P�ý�'�üB����çWè � ÿWä�çWè
ýWþ [3].

ß�P����WçWè � ÿ�î�ï�P�0�ð�ñ�ò�1�ó�ôÍÌõÏ�ÐWÒW×WØ�ö�÷�%WéWêWä����WÙWÚ�ø�ù , ú�û�îWÜ���4�PWý
1�\�ÚWçWèWéWê�4Wç�% . ë ì û , ë�Q�'Wà � W�ø�ù�â�ü�ýWÐWÿ : bWØ�ø�ùWõ�âWÒ�ü�ýWÐWÿ���þ�æWä�ÿB�Wô
õ�+�, ,

: ü�ýWÐWÿ���Ü�� , �����Wà�ø�ùWõ�âWä�ÕWØ , Ó ü�ýWÐWÿWÒ�ø�ùWõ�â Á >WçWèWåWæÍÌÏç���M�� ,
:

'Wü�ø�ù�â�ü�ýWÐWÿWäWýWþ .

2 �	� CARP 
	�	�	
��� ç�è�é�êB� 	�� �BV�� [12]:

:�� ��ùB�������B��ä ��� ,BY�ç�è�é�ê (vehicle routing problem,

VRP) Ò :�� ,����������Wä���,�YWçWèWéWê (arc routing problem, ARP).
È ß������[Û , ����1�Ï È�� á

Ö���âWä CARP(capacitated arc routing problem) çWèWéWê : �� �!�"����WÒ�# � ò�"����Wä�$�%WéWê ; &��'�( � Ì*)�+�,�ÿ � Ì*-�. � Ò�/�0�1�2�35476�8 ; 9�:�;�< �>=*?�@ < ��A5B7C�D 3�2�E�F�6�8�G . H�IJ
CARP 6�8�2�K�L�M , N�O�P�Q�R�S�T�U�V CARP W�X�6�8 . Y�6�8�Z�S�[�\�]�^�_�`�a�b�c�d�e , fg�h�i�j�k 2�l�m�n�o�6�8 ( p�q�r�s�t�o = r�s�uwv A�x�y uwv ), :�z h�i�{�| 2�}�~�6�8 ( p�q���� xy 2���W�����3�� , ����������� {�| 2�������������� {�| ).

U�V CARP W�X�6�8�����e�_�����a : H�S�[���q�2��5�7�5� , ������������H�S�[�� x ~�N ; d����
������2���� ,  �S�������¡5�7¢�£�S���������¤�¥�¦�S�[�§�¨�© ; H�Y��5�7�5� , ª�« ( ^�¬�ª ) �������
� {�| ; d������������ {�| 2���� , �2���®�¯ A {�| ~�N�°5±7²�2 ; ³�´�}�¬���µ�2 x�y ( ��µ�2�¶�o�~
N =¸· q�¹�¯ A ����º�» ) ��¼�½�¾�¿�À�������M�2 {�| ��® ; H���q�2�Á ·ÃÂ , ��µ�2�Ä | ��³�Å�Æ�Ç�È
� ; r�s�t�o = r�s�uwv A�x�y uwvÉG���°�Ê�Ë�Ì�¯ ; H�Í�Å�Ä | � , Ä�Î x�y ��¾�¿ {�| 2�Ï���®�¯�Ð���Ñ
� x�y 2 · q�¹�¯ ; H�S�[ {�|�Ò Á Â , ������� {�| 2�������Ó�Ô�� {�|�Õ ; � y�x H�È���}�Ä | z���Ó
Ô5Ö Õ �2�×�Ø�r�s ; Ä�Ù x�y 2�������Ú���Ð���Û�Ü���Ñ {�| ��Ú ; ª�« {�| °�Ð�Ý�Þ�2 ; H�l�m�V�ß�M ,

����p�q���à�á�2�r�s�t�o = r�s�uwv A�x�y uwv ; H�â�m�V�ß�M , ����p�q���� x�y 2���W�����3�� , ���
������� {�| 2�������������� {�| ; U�V CARP W�X�6�8�2�W�XwvÉI�°���ã�X5ä7q�~�N A�å ��~�N�æ A .

2.1 ç�è�é�ê
• S�[�ë�ì NV [�í�î A NA ������2��5�7� G = (V, A), ï�ð V ñ�ò�í�î�2�ó�à , A ñ�ò�����2�ó�à ;

������� u ∈ A ����H�S�[�� x ~�N d(u).

• d�����������2���� ,  ���� u ∈ A ¡5�7��� v ∈ A 2�§�¨�©�a pen(u, v).

• ����ó�à R ⊆ A
Â 2���������������� {�| ; d������������ {�| 2���� u ∈ R, �2���®�¯ A {�| ~

N�«�ô�a q(u)
A

s(u).

• ��[�r�s�2�P�Q�~�N�a C1, � y�x 2�¶�o�~�N�a C2.

•
x�y 2 · q�¹�¯ A ����º�»�«�ô�a Q

A
S.

• ����õ�ö A � x ~�N�æ�Ú�2�¡�÷ j u�a α.

• ��[ {�|�Ò Á Â 2���Ñ {�| ��Ú�a T .

• H���q�2�Á ·5Â , ��µ�2�Ä | ��Æ�Ç�È�� M Å .
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2.2 ç���é�ê

• r�s�2�uwv N1

A ��[�r�s�2�t�o D = {d1, d2, · · ·, dNV
}, ï�ð di °�S�[���	�Ì�¯ , di = 1 ñ�ò�í�î i
 Y�������S�[�r�s ( H�í�î i ���Q���r�s ).

•
x�y 2�uwv N2

A�x�y 2�«�� DT = {dt1, dt2, · · ·, dtN1
}, ï�ð dti ñ�ò�����H�� i [�r�s Â 2 x�y u

v .

• ��W�2 x�y 3���ó�à L = {l1, · · ·, lj , · · ·, lN2
}
A 3�� {�| I���� fj(µij), ï�ð , lj = {µ1j , · · ·, µij , · ·

·, µ(mj)j}, µij ñ�ò�3�� lj M�� i ������2���� , mj ñ�ò�3�� lj M�����2�Ï�uwv , fj(µij) °�S�[���	�Ì
¯ .
x�y H�����3�� lj � , ����n�����¾�¿�R���� µij M�2 {�| ��® , � fj(µij) = 1; ��æ , fj(µij) = 0.

• ����3���2��� �í�î���� ( ��´ x�y 2�×�Ø�r�s���� ).

2.3 !#"�$�%
U�V CARP W�X�6�8�2�W�XwvÉI�°���ã�X�Ï�~�N F ,

F = CF + CR (1)& � , CF '�ñ5ä7q�~�N ,

CF = C1N1 + C2N2 (2)

CR '�ñ å ��~�N ,

CR = M

N2
∑

j=1

Cost(lj) (3)

Cost(lj) '�ñ�3�� lj 2�Ï�~�N ,

Cost(lj) =

mj
∑

i=1

s(µij)fj(µij) +

mj
∑

i=1

d(µij) +

mj−1
∑

i=1

pen(µij , µ(i+1)j) (4)

2.4 (�)�é�ê
• ��´ x�y H�È���}�Ä | z���Ó�Ô5Ö Õ �2�×�Ø�r�s . d�������3�� lj(1 ≤ j ≤ N2), ��S�������2��� 
í�î�Ó�Ô A ��z�S�������2�*�+�í�î���µ .

• H�Í�Å�Ä | � , Ä�Î x�y ��¾�¿ {�| 2�Ï���®�¯�Ð���Ñ�� x�y 2 · q�¹�¯ Q. d���Ä�Î�3�� lj(1 ≤ j ≤

N2),
mj
∑

i=1

q(µij)fj(µij) ≤ Q (5)

• H�Í�[ {�|�Ò Á Â , Ä�Ù x�y 2�������Ú���Ð���Û�Ü���Ñ {�| ��Ú T , ,
max

1≤j≤N2

{

mj
∑

i=1

d (µij)

}

≤
S × T

α
(6)

•  ���[�r�s�-�×�2 x�y uwvÉÐ���Û�Ü�Y�r�s�.���2 x�y u v . ����� i [�r�s Â � dti ´ x�y , /�0� 
� i [�r�s Â ��³�-�× dti ´ x�y .

• ª�« {�| °�Ð�Ý�Þ�2 . H�Í�[ {�|�Ò Á Â , ������� {�| 2�����Ó�Ô�� {�|�1�2 ��� {�| S�Å ( Ä�Î��
��H�Í�[ {�|�Ò Á Â Ð�����³�´ x�y µ�� {�| ).

2.5 3�4 CARP 5�6�7�8�9�:�;�<�=
U�V CARP W�X�6�8�>�� h�i : (1) l�m�n�o�W�X�6�8 , p�q�r�s�t�o = r�s�uwv A ��[�r�s 
 n�o�³? x�y G�n�o�@�ß�2�6�8 ; (2) â�m�3���W�X�6�8 , p�q���� x�y 2���W�����3�� , ����������� {�| 2����

��������� {�| . N�O�A�¼�«�V�®�B�C�D�½�P�E�F�G�2�®�B�@�H . H�«�V�®�B�C�D�I , f g ����®�B�l�m�n
o�W�X�6�8 , :�z�J�®�B�â�m�3���W�X�6�8 .

O�K [13] P�Q�R Extended Random Path-Scanning (ERPS)
A

Extended Random Ulusoy’s Heuristic

(ERUH) ��T�L�M�N�Ø�O�@�H�½�®�B�³�r�s CARP 6�8 . P�Q�R�S�T�� , ERPS
A

ERUH H�W�X�T���@
ß�U��WV#X�Y�Z ; [�H�\�]�^�_�@�ß���HWV#X�Y�Z ( H���µ�Å�u�2�`�'5� , ERPS ��a�b�2���ÚWc ERUH �?

); d�e�N�O�A�¼ ERPS @�H�½�\�]�f�n�o�@�g�I�À�T�3���@�g�2wvÉI�h .

P�Q�i���b�c�~�� , j�k�]�H�°�S�T���l�º���^�_�®�B�ö�m�W�X�6�8�2�n���W�X�@�H . â�m�3���W�X�6
8�°�S�T�o�p�2�ö�m�W�X�6�8 , d�e���K���j�k�]�H�½�P�Q�®�B�@�H . a�R���Ñ�q�»�_�r�s�®�B�^�_ , N�O
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r�×�R�S�T���j�k�]�H A ²�����p���^�ó�~���½�2�²���p�j�k�]�H , A�¼�²���p�j�k�]�H�½�®�B���q�n�o�@
g�I�2�â�m�3���W�X�6�8 .� M , H�®�B�l�m�n�o�W�X�6�8�� , A�¼ ERPS @�H�½�\�]�f�n�o�@�g�I�À�T�3���@�g�2wv I�h ; H�®
B�â�m�3���W�X�6�8�� , ��¼�Ð�µ�@�H�½�®�B���q�n�o�@�g�����I�2�â�m�3���W�X�6�8 . a�R�������� , I
O5�#r�� Õ 2 “ A�¼ KACO @�H (

&���� µ ) ®�B�U�V CARP W�X�6�8 ” ��°���A�¼ ERPS @�H�½�®�B�l
m�n�o�W�X�6�8 , µ�����¼ KACO @�H�½�®�B�â�m�3���W�X�6�8 .

3 �������������
²���p�j�k�]�H� �����M���«�a���[���� : n���W�X���p ( j�k�]�H )

A ²�����p ( ²����� �2�¡� �X =¢�£ A 
 ¼ ). n���W�X���p�>���¤�¥� �¦�§�2�����B���Ú5�#¨�©�ª���ô�×�S�« J ��W�B ; ²�����p� 5±#¬��
2 J ��W�B5�#�® ( ��¯ ) S�«���¼�²�� , :�z�A�¼5±#¬���2�²���½���°�z�±�W�X�Ü�q . ²���p�j�k�]�H�2�W
X�²�q���³�´���I :

• ²���¡� �X , ¡� �X�µ�¶�����·���²�� = ����¸ � ²�� A ]�¹�²���2���  ;

• º�»�¼�u�½�¾ , P�Q�¼�u�¿�à�2�W�X�À�^�a�I�Å�`�'�Á�Â���Ã�S�[�¼�u�¿�à ;

• ����@�g�P�E , H5±7��²���2���°�I�A�¼�j�k�W�X�Â�Ä�P�Q�S�¿�����@�g ;

• ����@�g�L�M , A�¼ 2-Opt @�H�d���Å�`�'5�72���W�B�M���Å�ª�W�X ;

• ²�� ¢�£ , A�¼5±#¬���2 J ��W�B�½ ¢�£ ����·���²�� = ����¸ � ²�� A ]�¹�²�� .

3.1 Æ�Ç�È�É�6
����·���²�� (arc priority knowledge, APK) ��°�����Ó�� {�| ����æ�Ú {�| ·���2�S�T�Ê�Ë�²�� . N

O�A�¼�S�[�Ñ�ã�a NR ×Dim 2���  APK ½�ñ�ò�����·���²�� ;
& � , NR ñ�ò�����Ó�� {�| ����2�uwv ,

Dim ñ�ò���  APK 2�Ì�Í�» ( P�Q�R�S�T�� , Ì�Í�»�Î�o�a 20 c#Ï�à�¿ ). ����·���²�����  APK >��
ë�´���ª�« : Ð�Ñ�ª�«�ñ�ò�õ�ö�Ò�Ó���������2 10 ����� ; Ô�Ñ�ª�«�ñ�ò���q�������Ì�HÃ±Õ¬���2 J ��W
B5�7×�i�2�Å�u . H�¡� �X�Ö���×�� , f g \�]�Ø���������õ�ö�����2 10 ����� , ª���\�]�T���Ù�� Õ ���
·���²�����  APK 2�Ð�Ñ�ª�« ( Ú�»�²�� ); :�z���������q�������Ì�HÃ±Õ¬���2 J ��W�BÃ� ×�i�2�Å�u
¡� �X�a 1( º�»�²�� ).

����¸ � ²�� (arc cluster knowledge, ACK) ��°�����Ó�� {�| ����æ�Ú�¸ ��Û�Ü 2�S�T�Ê�Ë�²�� . e
¾�r�� Õ 2 “ ¸ � ” ��ï�Ý�¿�B : ������Ó�� {�| ����Þ�«�a�Ð�µ�2�k�¿ , ��[�k�¿5�72�Ó�� {�| �����54
µ�S�´ x�y ½�}�~ {�| . N�O�A�¼�S�[�Ñ�ã�a NR × Dim 2���  ACK ½�ñ�ò�����¸ � ²�� ;

& � , NR ñ
ò�����Ó�� {�| ����2�uwv , Dim ñ�ò���  ACK 2�Ì�Í�» ( P�Q�R�S�T�� , Ì�Í�»�Î�o�a 20 c#Ï�à�¿ ).

����¸ � ²�����  ACK >���ë�´���ª�« : Ð�Ñ�ª�«�ñ�ò�õ�ö�Ò�Ó���������2 10 ����� ; Ô�Ñ�ª�«�ñ�ò��
q�������Ì�H5±#¬���2 J ��W�B5�7��Þ�« Õ µ�S�[�k�¿5� 2�Å�u . H�¡� �X�Ö���×�� , f g \�]�Ø��������
õ�ö�����2 10 ����� , ª���\�]�T���Ù�� Õ ����¸ � ²�����  ACK 2�Ð�Ñ�ª�« ( Ú�»�²�� ); :�z������
��q�������Ì�H5±#¬���2 J ��W�B5�7��Þ�« Õ µ�S�[�k�¿5�72�Å�u�¡� �X�a 1( º�»�²�� ).

¼�u�²���>�����À�[�¼�u�¿�à�W�X�À�^�2�S�T�Ê�Ë�²�� . a�R�ß�à�¼�u�d�R�S�T���2�á�â Û , N�O�A�¼
³�[�Ð�µ�2�¼�u�¿�à�½�R�ã�ä�X�Ü�q , µ���P�Q5±#¬���2�W�X�T���½�p�q�I�Å�`�'�����¼�2�¼�u�¿�à . H�Í
Å�`�'�}�~�z , ����¬�Å���W�B���L�M , /�0�Ò�Ó�`�'���å�a�S�Å�~���2�`�' . H�®�B�Ò�Ó�R�æ�2�Ü�qÃ� ,

A�¼���q�¼�u�¿�à�¬���2�~���`�'�Å�u���ç���°�Y�¼�u�¿�à�2�W�X�À�^ . N�O�A�¼�S�[�Ñ�ã�a NX 2��� 
PPC ½�ñ�ò�¼�u�²�� ,

& � , NX ñ�ò�è���¼�u�¿�à�2�uwv , PPC(i) ñ�ò�� i [�¼�u�¿�à�2�W�X�À�^ . H�¡
 �X�Ö���×�� , ������¼�u�¿�à�2�W�X�À�^���¡� �X�a 1.

3.2 é�ê�ë�%�ì�í
º�»�¼�u�½�¾�2�>���î�3���³�´�a : H�²���p�j�k�]�H���Å�`�'�æ�Ó , A�¼�ï�ð�ñ�H ( K�����[�¼�u�¿

à�2�ò���À�^ ) Á�Â�_� �³�¿�ó���¼�u�¿�à5�#Á�Â���Ã�S�[�¼�u�¿�à���a�N�Å�`�'�2�ò���¼�u ; ����Ò�Ó��
W�@�g�H�N�Å�`�'5�7��L�M , ��ô�õ�N�Å�`�'�����¼�¼�u�¿�à�2�W�X�À�^�h . H�A�¼�²���p�j�k�]�H�®�B�U
V CARP W�X�6�8�� , A�¼�ö�÷�ñ�Î�\�R�³�¿�Ð�µ�2�¼�u�¿�à . H�W�X�Ü�q5�#º�»�_�½�¾�À�[�¼�u�2�¯�h ,

°���^�r�s�j�k�]�H�W�X�À�^�2�S�T�ø�Í�ù���2�@�H .
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3.3 ú�û�ü�ý�þ�ÿ
����@�g�P�E�×���2�>���Ä | ° : H5±#¬���2�N�Ø�O�²���2���°�I , A�¼�j�k�W�X�Â�Ä�P�Q�U�V CARP

W�X�6�8�2�S�¿�����@�g . ����@�g�P�E�×���2��#'������ 1 ��ò .

1) Ý�Þ���Ã�2�����ó�à . H�P�Q�Ò�Ó�@�g ( 3���ó�à ) 2�Ò�Ó�3���� , ������������Ã�2�Ó�� {�| ���
2�ó�à�å�a�Ý�Þ���Ã�2�����ó�à . ��Î B ñ�ò�Ó�� {�| ����2 {�| I�� , B(i) = 1 ñ�ò�Ó�� {�| ��� i ±��
� {�| ; B(i) = 0 ñ�ò�Ó�� {�| ��� i ��U���� {�| ; Ò�}�~�d�Ó�� {�| ��� µ 2 {�| z , Ý�Þ���Ã�2����
ó�à�ñ�ò�a Allow(µ, B).

2) 	�»�¡�
���� . H�}�~�d�Ò�Ó���� µi( Ò�Ó�	�» ) 2 {�| z , 	�»�¡�
�������q�R���Ù� �Ý�Þ���Ã�2
����ó�à Allow(µi, B) �#��Ã�I�S������ {�| 2���� ( I�S�[�	�» ). Ò�}�~�d�Ò�Ó���� µi 2 {�| z , ��ò j�������Z�I�³�_�«��� �Ý�Þ���Ã�2�����ó�à Allow(µi, B) �#Á�Â���Ã�I�S������ {�| 2���� µj .

Pr (µi, µj , B) =















TF (µi, µj)
∑

µk∈Allow(µi,B)

TF (µi, µk)
, µj ∈ Allow (µi, B)

0, µj /∈ Allow (µi, B)

(7)

& � ,

TF (µi, µj) = [TFA(µj)]
a × [TFB(µi, µj)]

b × [TFC(µi, µj)]
c (8)

TFA(µi, µj) ñ�ò Â H�2�p�q�����2���S�X�T�� :

TFA (µi, µj) =
DI (µi, µj)

max
µk∈Allow(µi,B)

{DI (µi, µk)}
(9)

TFB(µi, µj) ñ�ò�Ê�\�2�����¸ � ²���2���S�X�T�� :

TFB (µi, µj) =
ACK (µi, µj)

max
µk∈Allow(µi,B)

{ACK (µi, µk)}
(10)

TFC(µi, µj) ñ�ò�Ê�\�2�����·���²���2���S�X�T�� :

TFC (µi, µj) =
APK (µi, µj)

max
µk∈Allow(µi,B)

{APK (µi, µk)}
(11)

N�O� �Z�I���[�@�ß�½���� Â H�2�p�q���� ,

DI (µi, µj) =



































































































q (µj), 0 ≤ r <
1

6

1

q (µj)
,

1

6
≤ r <

1

3

d (µj) + s (µj) − pen (µi, µj),
1

3
≤ r <

1

2

1

d (µj) + s (µj) + pen (µi, µj)
,

1

2
≤ r <

2

3

q (µj)

d (µj) + s (µj) + pen (µi, µj)
,

2

3
≤ r <

5

6

d (µj) + s (µj) − pen (µi, µj)

(µj)
,

5

6
≤ r ≤ 1

(12)

r ∈ [0, 1] ñ�ò {  �����«���2�S�[�Á�Â���î�u , a ñ�ò�p�q Û ²���2���Æ , b ñ�ò�N�Ø�O�²�� ACK 2���Æ , c

ñ�ò�N�Ø�O�²�� APK 2���Æ . Ò�}�~�d�Ò�Ó���� µi 2 {�| z , N�O�A�¼��#Á�ÂWc#æ���� (pseudo-random-

proportional state transition rule)[14]  �Ý�Þ���Ã�2�����ó�à Allow(µi, B) �#Á�Â���Ã�I�S������ {�| 2��
� µj . ��Ü�N�O�2�³�Å�R�S , ���#Á�ÂWc#æ j u q0 Î�o�a 0.6 Ï�a�à�¿ .

3.4 ú�û�ü�ý����
H�²���p�j�k�]�H�2���Å�`�'�æ�z , A�¼�Å�ª�W�X�@�H 2-Opt d�N�Å�`�'���� Õ 2�Å�ª���W�B�M���L

M . Å�ª�W�X�Ö���>���ë�´���[�×�� : Í���3���M�2�Å�ª�W�X ( � 2)
A ����3���Ú�2�Å�ª�W�X ( � 3). H��

2
A � 3 � , � D ñ�ò�Ó�� {�| ��� , � D ñ�ò���������æ�Ú�� x ~�N���ã�2�3�� . Å�ª�W�X�Ö�����Ü�Z�M
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�! 
1. "!#!$!%!&!'!(!) , *!+!,.-0/!1 ( 2!3!4!5!6!7!8!4!5!9!6 ) :!;!<!=!>!? .�! 
2. @!A.B0C!D!E!F!G!H!I!J , K!L!M!N!O!P!Q!R!E!S!T!U!V ( M!N!W!X ).�! 

2.1. Y!Z![!\!V!]!E!^!_ . `!a!b!c!d!e!E!f!g!h!i!j!k!l!m!'!n!E!^!_!+!o!Y!<!M
N!^!_ ; p!q!b!r!\!s!Y!^!_ , t!u!v!w!x!Y!Z![!\!^!_ . 5!y!z!v!a!Y!Z!E!^
_!{!<!M!N!S!T!E!|!G!} .�! 

2.2. ~!3!�!�!Y!Z!E!j!k!U!V .�! 
2.3. �!�!�!�!�!�!�!�!u!�!�!Y!Z!E!j!k!U!V!v!Y!Z!�!�!f!g!h!i!j!k .�! 
2.4. + �! 2.3 v!Y!Z!E!j!k!�!�!`!M!N!S!T!v .�! 
2.5. p!q!M!N!S!T!�!�!b!�!�!�!�!�!�!�!h!i!�!�!�!� , t!�!� �! 2.2; �!9 , �!M

N!S!T!�!'!�!S.�0�!�! !¡!`!|!G!} , ¢!�!M!N!S!T!E!K!£!¤!¥ .�! 
2.6. p!q!�!¦!§!�!¨!�!b!o!d!e!E!f!g!h!i!j!k , t!�!� �! 2.1.�! 

3. p!q!M!N!W!X!©!ª!%!&!'!(!W!X , t!«!¬!%!&!'!(!W!X .�! 
4. p!q!�!b!O!P!Q!R!�!b!K!£.!®0E!S!T!U!V , t!�!� �! 2.�! 
5. p!q!%!&!'!(!W!X!©!ª!¯!%!'!(!W!X , t!«!¬!¯!%!'!(!W!X .°

1 ±.².³.´.µ.¶.·.¸.¹.º.».¼

°
2 ½.¾.¿.À.Á.¹.Â.Ã.Ä.Å

Æ�Ç�È�É�Ê�Ë�Ì
, Í�Î�Ï�Ð�Ñ�Ò�Ó�Ô�Õ�Ö�×�Ø�Ù�Ú É�Ê�Ë�Ì�Û�Ü , Ý�Þ�ß�à�á�Ï�â�ã�ä�å�æ�Ô�ç�è�é Ê�ê�ë .ì�í�î�ï�ð�ñ�ò�ó

(first improvement)
Ì�ô�õ�Ç�È�É�Ê�ö�÷�ø�ù

; ú�û õ�Ç�È�É Í�Î�Ð�Ñ ò�ó Ê�ü�ý�þ , ÿ� ä�å�æ�Ô�ç�è�é���� ò�ó ,
ù���È�É�Ê è�� Ë�Ì�� ú��	� . ä Æ�Ç�È�É�Ê è�� Ë�Ì�
 ���	� , æ�Ô�è�� ÈÉ�Ê�Ë�Ì����� ú���� . û�� 2 ��� 3

þ
, ����Ú É µ ����������Ú É � Ç�� � Ê Ú É ,

ù
inv(µ) ����ÚÉ

µ
Ê�� ��Ú É ; ����Ú É µ ��ÿ�������Ú É ,

ù
inv(µ) = µ.

3.5 ���� �!
û�"�#�$�%�&�'�( þ , ×�)�*�'�+�"�#-, Ú É�.�/ "	#	��Ú É�Û Ü "	# ó�0 Í�Î Ï	1�2 . '�+�"�# Ê 1

2�3�*�465�7�� . û î�ï "�#�$�%�&�'�(�8 é��	9	: Ê ü�ý þ , ����;�æ�ç�è�é�û�ä�å�<	� þ>= ò�ó ,
ù�?

ì�ñ <���@�A ï�B�C�D�E Ê è��	F�G	H�I	J 1, K�L �M�N�O *�'�+�"�# Ê 1	2 .
B�P�Q�R %�&�'�(�*�S�TU Ê 1�2 ��V , *�W�Ú É�.�/ "�#���Ú É�Û�Ü "�# Ê 1�2 ��X�Y ;�æ�1�2-, æ�Ô�1�2���S�T�Z�[�\ Ç�È�É�ÊË�Ì

.

1) ;�æ�1�2 Ë�Ì . û�;�æ�1�2 Ë�Ì�þ , ] R�^�_ O ;�æ�ç�è ��`�Ê�a�b�c %�d�á�û�3�e�Ú É�f�g�h ÿ�i
S�T U ( *�ä�å�"�# ó�0 ;�æ�1�2 ); ú�] R ;�æ�ç�è�é = ò�ó � , d�á�*�Ú É�.�/ "�#���Ú É�Û�Ü "�# ó�0
;�æ�1�2 Ë�Ì . ;�æ�1�2�j ù�k�l ��m :

ACK(i, j) =

{

ACK(i, j) + QG, n i, j ∈ GBST

ACK(i, j), o�p (13)

APK(i, j) =

{

APK(i, j) + QG, n (i, j ∈ GBST ) � (i → j)

APK(i, j), o�p (14)

K�q , i, j ∈ GBST ����Ú É i ��Ú É j û�;�æ�ç�è ��`�Ê�r ÿ���s�t þ6= Ø�Ù , i → j ����Ú É i ��Ú É j=�u ñ Ø�Ù�v�Ú É i w�W�Ú É j
= Ø�Ù , QG ����;�æ�1�2 È�É�x [ V S�T Ê I ë�y�z .

2) æ�Ô�1�2 Ë�Ì . û õ ñ <�� M�N � , "�#�$�%�&�'�( 
 )�*�Ú É�.�/ "�#���Ú É�Û�Ü "�# ó�0 æ�Ô�1
2 Ë Ì . û æ Ô	1	2 Ë Ì þ , ] R	^	_ O æ Ô ç è �	` ( � ñ <	� þ Ê ç è �	` )

Ê	a	b	c %	d á û	3	e Ú
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�
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É�f�g�h ÿ�i�S�T U ( *�ä�å�"�# ó�0 æ�Ô�1�2 ). æ�Ô�1�2�j ù�k�l ��m :

ACK(i, j) =

{

ACK(i, j) + QL, n i, j ∈ LBST

ACK(i, j), o�p (15)

APK(i, j) =

{

APK(i, j) + QL, n (i, j ∈ LBST ) v (i → j)

APK(i, j), o�p (16)

K�q , i, j ∈ LBST ����Ú É i ��Ú É j û�æ�Ô�ç�è ��`�Ê�r ÿ���s�t þ6= Ø�Ù , i → j ����Ú É i ��Ú É j=�u ñ Ø�Ù�v�Ú É i w�W�Ú É j
= Ø�Ù , QL ����æ�Ô�1�2 È�É�x [ V S�T Ê I ë�y�z .

3) S�T�Z�[ Ë�Ì . û õ ñ <�� M�N � , "�#�$�%�&�'�( 
 )�*�Ú É�.�/ "�#���Ú É�Û�Ü "�# ó�0 S�T�Z
[ Ë�Ì . û�"�#�$�%�&�'�( þ ,

ô�O���÷ è�� ü�ý����������	��� (stagnation state),
ì�í ? Ú É�.�/ "�#��� ��Ú É�Û�Ü "�# ��� þ6��� "�# ( "�# ��� Ê���� Ô�Õ )

Ê�y�z���k û���� [τmin, τmax] � . S�T�Z�[�jù�k�l ��m :

ACK (i, j) = max {τmin, min {τmax, (1 − ρ) ACK (i, j)}}

1 ≤ i ≤ NR, 0.5Dim < j ≤ Dim
(17)

APK (i, j) = max {τmin, min {τmax, (1 − ρ) APK (i, j)}}

1 ≤ i ≤ NR, 0.5Dim < j ≤ Dim
(18)

K�q , ρ ��� x [ V S�T Ê Z�[�� C (0 < ρ < 1).

3.6 ���� �¡
"�#�$�%�&�'�( Ê���÷�ø�ù à k�l�ô : ä�m�¢ Æ�Ç ��£ þ6¤�¥ ÿ Ç ��£�¦�§�¨ , è�� ü�ý�� ú ö�÷ .

i) ç�© Ê MI
ñ <���ª X�«�¬�M� ;

ii) ;�æ�ç�è�é�û�®�¯ SI
ñ <�����° R = ò�ó .

4 ±³²³´³µ³¶³·�¸
ì�¹�º ) ? KACO � HHEA[13] � MMAS[15]

Ê è���F�G ó�0 *�4�Õ�» , Ý�Þ�¼�Õ�Ï�½�� O "�#�$�%
&�'�(�¾�¿ Ê è���F�G .

4.1 À�Á�Â�Ã�Ä�Å�Æ�Â�Çì�í�^�_ O
87
Ç ��È CARP è���É�Ê Ê�Ë Ñ�9�: , Õ�Ì�* HHEA , MMAS � KACO

� ( Ê è���F
G ó�0�Í�Î . Ï6W�K�i Ë Ñ�9�: Ê ç�è�H���Ð�" Ê , Ñ�Ò�A ï ç�è�m ��Ó�Ô�� (�Õ Ó�Ô�õ�Ç 9�: Ê ç�è�m �
H , Ö	� î ï ç è	m � H	×	� ç è	H	Õ Ó	Ô	Ø	Ù	� ( Ê è	�	Ú	Û .

ì í î ï
Visual C++ Ü	Ý Õ	Ì	9 Q O

HHEA , KACO � MMAS K�\ Ù�� ( .
ì�í @ R 9 Í�Þ ��û�ß V�Ô '�à þ>M�N Ê ,

��á6â�Ê�ã�ä�å�ô�æ�ç
��è 2.0G, �6é ô 2.0G.

ì�í�î�ï õ�Ù�� (�* õ�Ç 9�: Þ 8�é 50
ñ

, Ö�� î�ï 50
ñ Ô '���� Ê�z Þ H Ì�ô
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ç ö�Ê 9 Í ��� .
ì�í�î�ï�ÿ���������ñ���Í

(the Wilcoxon signed ranks test)
� (�Õ M�N *�Í r�� (�è��

F�G Ê���Ô Õ�» .

û ì	¹ Ê 9 Í þ , ä î ï "	#	$	%	&	'	(	Õ	8 é	�	È CARP è	�	É	Ê	¨ ,
?	a	b	c % Ê C
	 AntSize��� ô

50
Ç

;
? Ú É�.�/ "�# ��� ��Ú É�Û�Ü "�# ��� þ6��� "�# Ê�y�z���k û���� [1, 100] �� ;

ö�÷ �
£ þ�Ê ç�©�<�� ñ�C MI

��� ô
200

ñ
, ®�¯�<�� ñ�C SI

��� ô
50
ñ

.ô�O * HHEA , MMAS � KACO
� (�K�� Ù�� ( Ê è���F�G ó�0 465�����Ï���� ,

� ÿ î�ï ç�© Ô '
¨���Õ k�l K�i � ( Ê�ö�÷ ø�ù .

�� ��� , ä î�ï � Ù�� (�8�é�� Ç�Ë Ñ	9�:	¨ , ÿ ��� w k�l�Ê���Ë Ñ
9�: Ê ç�© Ô '�¨�� «�¬	M� , ��� � ú ��÷ ä�å Ê�Ô ' ü ý������ ä å Ê è	���	� . û ì�í þ ,

Ë Ñ�9�:
C1-C29

Ê ç�© Ô '�¨�� = ��� ô 250 � ;
Ë Ñ�9�: C30-C63

Ê ç�© Ô '�¨�� = ��� ô 1000 � ;
Ë Ñ�9�:

C64-C87
Ê ç�© Ô '�¨�� = ��� ô 2000 � .î�ï
HHEA , MMAS � KACO

� (�8�é 87
Ç�Ë Ñ�9�: Ê�z Þ Ô '�Ú�Û���� 2 ��� 3 @�� . û�8�é��Ë Ñ�9�:�¨ , ��� ����� ( Ê è�����������è�W� ��� ( Ê è������ (

� S�! ô 0.95),
ù û�K�i�� þ6?����� ( Ê�z Þ Ô '�Ú�Û î�ï�"�#�$ Õ�%�& .

4.2 HHEA Ä KACO '�À�Á�(�)
Ý�� 1

Ê 9 Í ��� þ Í�*�+�, , KACO
Ê�- # è���F�G�����.�W HHEA

Ê�- # è���F�G . û�8�é�ÿ�i/ j�0 Ê�Ë Ñ�9�: ( :�� Ë Ñ�9�: C1-C23) ¨ , HHEA � KACO û - # è���F�G ��1�Ê Û�2 � Í���3���� ;

û�8�é�ÿ�i�©�j�0 Ê�Ë Ñ�9	: ( :�� Ë Ñ�9�: C64-C87) ¨ , HHEA � KACO û - # è���F�G ��1�Ê Û�24�5 ��� ; K�ÿ�6���� O KACO
� (�1�7 E W�8�é�©�j�0 Ê�Ë Ñ�9�: .8 Ö HHEA � KACO


�9 W Q � x [ V�� ( , :�ç ö�Ê 9 Í ������� , KACO 4 HHEA 1�7 E W�8
é���È CARP è���É�Ê . ;�< Q�R Ê�=�>�?�@�N � , %�&�'�(�A�Ì�7 E W�û�B�C�è	��É	Ê Ê é�D	� ó	0 >
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^N_ �N` HHEA KACO
^N_ �N` HHEA KACO

^N_ �N` HHEA KACO

C1 0.285 0.254 C23 0.528 0.215 C45 0.710 0.354 C67 3.497 1.531

C2 0.082 0.077 C24 0.396 0.362 C46 1.240 0.631 C68 2.809 1.130

C3 0.164 0.177 C25 0.529 0.223 C47 0.723 0.354 C69 4.612 2.337

C4 0.646 0.308 C26 0.595 0.262 C48 0.789 0.323 C70 3.919 1.631

C5 0.063 0.062 C27 1.810 0.931 C49 1.206 0.655 C71 2.412 1.236

C6 0.049 0.046 C28 2.023 0.954 C50 0.806 0.424 C72 4.056 1.760

C7 0.984 0.469 C29 1.819 0.754 C51 0.821 0.454 C73 4.346 1.866

C8 1.253 0.754 C30 0.561 0.262 C52 1.839 0.962 C74 4.277 2.567

C9 2.311 0.992 C31 1.546 0.885 C53 0.784 0.439 C75 6.511 3.438

C10 0.116 0.108 C32 1.640 0.885 C54 1.049 0.554 C76 1.879 0.930

C11 0.742 0.354 C33 0.185 0.169 C55 2.189 1.093 C77 2.859 1.289

C12 0.295 0.285 C34 0.245 0.231 C56 0.138 0.139 C78 3.178 1.536

C13 0.121 0.139 C35 3.147 1.648 C57 0.807 0.447 C79 3.543 1.807

C14 0.163 0.154 C36 0.221 0.200 C58 1.032 0.393 C80 4.295 2.208

C15 0.072 0.069 C37 0.225 0.223 C59 0.643 0.331 C81 4.000 2.519

C16 0.276 0.277 C38 2.479 1.578 C60 0.682 0.347 C82 2.323 1.195

C17 0.019 0.015 C39 0.699 0.385 C61 0.373 0.246 C83 3.152 1.689

C18 0.164 0.162 C40 0.519 0.246 C62 0.166 0.169 C84 4.149 2.302

C19 0.091 0.085 C41 0.697 0.416 C63 1.061 0.477 C85 3.697 1.572

C20 0.826 0.354 C42 0.800 0.377 C64 2.674 1.501 C86 5.174 2.290

C21 0.075 0.046 C43 0.632 0.362 C65 2.821 1.601 C87 5.566 2.272

C22 0.086 0.085 C44 0.564 0.270 C66 2.392 1.083
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^N_ �N` MMAS KACO
^N_ �N` MMAS KACO

^N_ �N` MMAS KACO

C1 0.296 0.254 C23 0.417 0.215 C45 0.371 0.354 C67 1.972 1.531

C2 0.078 0.077 C24 0.417 0.362 C46 1.008 0.631 C68 2.053 1.130

C3 0.182 0.177 C25 0.412 0.223 C47 0.690 0.354 C69 4.640 2.337

C4 0.559 0.308 C26 0.317 0.262 C48 0.341 0.323 C70 1.659 1.631

C5 0.058 0.062 C27 1.355 0.931 C49 1.237 0.655 C71 2.249 1.236

C6 0.056 0.046 C28 1.031 0.954 C50 0.467 0.424 C72 2.853 1.760

C7 0.799 0.469 C29 1.396 0.754 C51 0.484 0.454 C73 2.911 1.866

C8 1.148 0.754 C30 0.309 0.262 C52 1.187 0.962 C74 3.193 2.567

C9 1.917 0.992 C31 1.168 0.885 C53 0.849 0.439 C75 6.264 3.438

C10 0.105 0.108 C32 1.217 0.885 C54 0.589 0.554 C76 1.175 0.930

C11 0.413 0.354 C33 0.215 0.169 C55 1.382 1.093 C77 2.260 1.289

C12 0.315 0.285 C34 0.317 0.231 C56 0.213 0.139 C78 2.549 1.536

C13 0.143 0.139 C35 1.769 1.648 C57 0.517 0.447 C79 2.194 1.807

C14 0.203 0.154 C36 0.240 0.200 C58 0.388 0.393 C80 3.538 2.208

C15 0.074 0.069 C37 0.234 0.223 C59 0.415 0.331 C81 4.043 2.519

C16 0.291 0.277 C38 2.472 1.578 C60 0.580 0.347 C82 1.983 1.195

C17 0.016 0.015 C39 0.413 0.385 C61 0.287 0.246 C83 1.999 1.689

C18 0.205 0.162 C40 0.314 0.246 C62 0.198 0.169 C84 3.767 2.302

C19 0.089 0.085 C41 0.465 0.416 C63 0.795 0.477 C85 1.840 1.572

C20 0.443 0.354 C42 0.667 0.377 C64 1.698 1.501 C86 3.526 2.290

C21 0.056 0.046 C43 0.398 0.362 C65 1.754 1.601 C87 3.688 2.272

C22 0.096 0.085 C44 0.492 0.270 C66 1.099 1.083
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