
O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K
O��U—–¬+�{�ö �û�ÜS�Ï�Æ >&Æ�

October 9, 2015



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

8¹
1 ¬+�{�g�å
2 ¬+�{�Ä�µe
3 Ä�¬+�{
4 ;.U?¬+�{
5 ìè½�¯K
6 õ���¯K



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

é¬� 1Ǒ



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

é¬� 1Ǒ
é¬´�«�¬5&Á



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

é¬� 1Ǒ
é¬´�«�¬5&Áé¬ Ô|¢1Ǒäk�~p�Æ�5"



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

é¬� 1Ǒ
é¬´�«�¬5&Áé¬ Ô|¢1Ǒäk�~p�Æ�5"�é¬3¬ÇÚ Ô�m1r�§3´þº��«¡Ǒ&&&EEE����Ô�



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

Goss¢�
Nest Food60°

15 cm

(a)

Nest Food1 2

(b)



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

Goss¢�
Nest Food60°

15 cm

(a)

Nest Food1 2

(b)

3¬Ç� Ô�me��©|x"



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

Goss¢�
Nest Food60°

15 cm

(a)

Nest Food1 2

(b)

3¬Ç� Ô�me��©|x"zg£Ä�§é¬�UÀJü�©|Ù¥�� �u¬Ç� Ô"



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

Goss¢�
Nest Food60°

15 cm

(a)

Nest Food1 2

(b)

3¬Ç� Ô�me��©|x"zg£Ä�§é¬�UÀJü�©|Ù¥�� �u¬Ç� Ô"¢�*	uy§3éá�mS§�õêé¬ò¬ÀJ´»�á�x"



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

Goss¢�
Nest Food60°

15 cm

(a)

Nest Food1 2

(b)

3¬Ç� Ô�me��©|x"zg£Ä�§é¬�UÀJü�©|Ù¥�� �u¬Ç� Ô"¢�*	uy§3éá�mS§�õêé¬ò¬ÀJ´»�á�x"Ó�uy§¬+ÀJá©|�VÇ�Xü�©|�m��Ý'~O\O�"



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

Goss¢�
Nest Food60°

15 cm

(a)

Nest Food1 2

(b)

3¬Ç� Ô�me��©|x"zg£Ä�§é¬�UÀJü�©|Ù¥�� �u¬Ç� Ô"¢�*	uy§3éá�mS§�õêé¬ò¬ÀJ´»�á�x"Ó�uy§¬+ÀJá©|�VÇ�Xü�©|�m��Ý'~O\O�"é¬Æ�µ�´ÏÕ�Nº�&E�NyÙé¤?�¸�ÔnG��?�¶�´&E��U��¯TÛÜG��ÏÕNaA�"ù«±�¸G��Ôn?�Ǒx0§��U�ÛÜ�Â�ÏÕ�ª¡Ǒ”Stigmergy”"



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

Dorigo¢�
�X&E��È\§é¬ª�uÀJm>�´»



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

� �.



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

<óé¬��O<óé¬ý�Ü©1ǑAÆ5uý¢é¬§§�����ÓÓÓAAAÆÆÆÌ�k±eA:µ<<<óóóééé¬¬¬ÚÚÚýýý¢¢¢ééé¬¬¬ÑÑÑ´́́���+++���pppÜÜÜ���������NNN§��±ÏL�Û��S�pÜ�éÑ¯K���)"Ǒ,z�<óé¬�E�1)�1Ǒ�U�E,§�´p�þ�)Ñ´��¬+Ü��(J"



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

<óé¬��O<óé¬ý�Ü©1ǑAÆ5uý¢é¬§§�����ÓÓÓAAAÆÆÆÌ�k±eA:µ<<<óóóééé¬¬¬ÚÚÚýýý¢¢¢ééé¬¬¬ÑÑÑ´́́���+++���pppÜÜÜ���������NNN§��±ÏL�Û��S�pÜ�éÑ¯K���)"Ǒ,z�<óé¬�E�1)�1Ǒ�U�E,§�´p�þ�)Ñ´��¬+Ü��(J"<<<óóóééé¬¬¬ÚÚÚýýý¢¢¢ééé¬¬¬ÑÑÑÏÏÏLLL&&&EEE���???111mmm���ÏÏÏÕÕÕý¢é¬3²L�´»þ3e&E�§<óé¬UCÙ²L´»þ�;�êi&E§T&EP¹
é¬�)Ú{¤)�5UG�§��±�±�²LT´»�é¬Ö�"¬+ÏLù«�6�ªUC
�<óé¬¤²L�´»±���¸§Ó�ǑUC
��¬+¤�;�{¤&E",	§¬+�{¥�k��&E��uÅ�§§�[ý¢&E��u§ÅìUC&E�"�uÅ���<óé¬Úý¢é¬���±Åì#P{¤¢3&E§l��<óé¬3?1´»ÀJ�ØÛ�u±é¬¤�3�²�"



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

<óé¬��O<óé¬ý�Ü©1ǑAÆ5uý¢é¬§§�����ÓÓÓAAAÆÆÆÌ�k±eA:µ<<<óóóééé¬¬¬ÚÚÚýýý¢¢¢ééé¬¬¬ÑÑÑ´́́���+++���pppÜÜÜ���������NNN§��±ÏL�Û��S�pÜ�éÑ¯K���)"Ǒ,z�<óé¬�E�1)�1Ǒ�U�E,§�´p�þ�)Ñ´��¬+Ü��(J"<<<óóóééé¬¬¬ÚÚÚýýý¢¢¢ééé¬¬¬ÑÑÑÏÏÏLLL&&&EEE���???111mmm���ÏÏÏÕÕÕý¢é¬3²L�´»þ3e&E�§<óé¬UCÙ²L´»þ�;�êi&E§T&EP¹
é¬�)Ú{¤)�5UG�§��±�±�²LT´»�é¬Ö�"¬+ÏLù«�6�ªUC
�<óé¬¤²L�´»±���¸§Ó�ǑUC
��¬+¤�;�{¤&E",	§¬+�{¥�k��&E��uÅ�§§�[ý¢&E��u§ÅìUC&E�"�uÅ���<óé¬Úý¢é¬���±Åì#P{¤¢3&E§l��<óé¬3?1´»ÀJ�ØÛ�u±é¬¤�3�²�"



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

<óé¬��O<<<óóóééé¬¬¬ÚÚÚýýý¢¢¢ééé¬¬¬ÑÑÑ|||^̂̂


������"""ÅÅÅ���<óé¬Éý¢é¬� 1Ǒ�éu§§|^
��"Å�£gxzÅ�¤Ú)�Û5µd£implicit solution evaluation¤[39]")�Û5µd¿�X´»�áK�±�¯/�<óé¬²L§l�á�´»�Â
�õ�&E�"��"¿�X´»�áK&E��õ§l�õ�é¬À��á/´»"XJÜn/|^§��"�±¤ǑÄu+N�`z�{��rkå�Å�"�´§3A^��"��;��ÙÂñ"



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

<óé¬��O<<<óóóééé¬¬¬ÚÚÚýýý¢¢¢ééé¬¬¬ÑÑÑ|||^̂̂


������"""ÅÅÅ���<óé¬Éý¢é¬� 1Ǒ�éu§§|^
��"Å�£gxzÅ�¤Ú)�Û5µd£implicit solution evaluation¤[39]")�Û5µd¿�X´»�áK�±�¯/�<óé¬²L§l�á�´»�Â
�õ�&E�"��"¿�X´»�áK&E��õ§l�õ�é¬À��á/´»"XJÜn/|^§��"�±¤ǑÄu+N�`z�{��rkå�Å�"�´§3A^��"��;��ÙÂñ"<<<óóóééé¬¬¬ÚÚÚýýý¢¢¢ééé¬¬¬ÑÑÑkkk���������ÓÓÓ���???ÖÖÖ§§§¿¿¿������UUUÛÛÛÜÜÜ£££ÄÄÄ!<óé¬Úý¢é¬��ÑkX�Ó�?Ö§�Ò´Ïéë�å:£¬Ç¤�ª:£ Ô¤��á£���d¤´»"ý¢é¬ØUa�§§��U÷X��«��G�1r"<óé¬Ǒ�U�ÚÚ/÷X¯K���G�£Ä"



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

<óé¬��O<<<óóóééé¬¬¬ÚÚÚýýý¢¢¢ééé¬¬¬ÑÑÑ|||^̂̂


������"""ÅÅÅ���<óé¬Éý¢é¬� 1Ǒ�éu§§|^
��"Å�£gxzÅ�¤Ú)�Û5µd£implicit solution evaluation¤[39]")�Û5µd¿�X´»�áK�±�¯/�<óé¬²L§l�á�´»�Â
�õ�&E�"��"¿�X´»�áK&E��õ§l�õ�é¬À��á/´»"XJÜn/|^§��"�±¤ǑÄu+N�`z�{��rkå�Å�"�´§3A^��"��;��ÙÂñ"<<<óóóééé¬¬¬ÚÚÚýýý¢¢¢ééé¬¬¬ÑÑÑkkk���������ÓÓÓ���???ÖÖÖ§§§¿¿¿������UUUÛÛÛÜÜÜ£££ÄÄÄ!<óé¬Úý¢é¬��ÑkX�Ó�?Ö§�Ò´Ïéë�å:£¬Ç¤�ª:£ Ô¤��á£���d¤´»"ý¢é¬ØUa�§§��U÷X��«��G�1r"<óé¬Ǒ�U�ÚÚ/÷X¯K���G�£Ä"<<<óóóééé¬¬¬ÚÚÚýýý¢¢¢ééé¬¬¬ÑÑÑæææ^̂̂���ÅÅÅ���!!!CCCÀÀÀ���£££myopic¤¤¤GGG���===£££üüüÑÑÑ�ý¢é¬aq§<óé¬3�E)�Uì�«�ÅûüüÑ3��G�m£Ä§�§��´|^
ÛÜ&Evk|^Ç55ýÿ�5G�"Ïd§§�¤æ^�üÑ3�mÚ�mþÑ´ÛÜ�"ù�üÑQ�¯KAkk�&Ek'q�dé¬Úå��¸ÛÜUCk'"



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

<óé¬��O<óé¬�äký¢é¬¤Øä��1ǑAÆ§Ì�k±eA:µ<<<óóóééé¬¬¬)))¹¹¹333������lllÑÑÑ���mmm¥¥¥§��£Ä´d��lÑG��,��lÑG���[¶ý¢é¬´3��ëY��m÷1"



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

<óé¬��O<óé¬�äký¢é¬¤Øä��1ǑAÆ§Ì�k±eA:µ<<<óóóééé¬¬¬)))¹¹¹333������lllÑÑÑ���mmm¥¥¥§��£Ä´d��lÑG��,��lÑG���[¶ý¢é¬´3��ëY��m÷1"<<<óóóééé¬¬¬äääkkk���½½½���PPPÁÁÁUUUååå§U��é¬L��G�"ý¢é¬vkLyÑù�¡�Uå"



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

<óé¬��O<óé¬�äký¢é¬¤Øä��1ǑAÆ§Ì�k±eA:µ<<<óóóééé¬¬¬)))¹¹¹333������lllÑÑÑ���mmm¥¥¥§��£Ä´d��lÑG��,��lÑG���[¶ý¢é¬´3��ëY��m÷1"<<<óóóééé¬¬¬äääkkk���½½½���PPPÁÁÁUUUååå§U��é¬L��G�"ý¢é¬vkLyÑù�¡�Uå"<<<óóóééé¬¬¬ººº���&&&EEE���������ÅÅÅ���±±±���âââäääNNN¯̄̄KKK½½½ý¢é¬´3£Ä�Ó�º�&E�"



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

<óé¬��O<óé¬�äký¢é¬¤Øä��1ǑAÆ§Ì�k±eA:µ<<<óóóééé¬¬¬)))¹¹¹333������lllÑÑÑ���mmm¥¥¥§��£Ä´d��lÑG��,��lÑG���[¶ý¢é¬´3��ëY��m÷1"<<<óóóééé¬¬¬äääkkk���½½½���PPPÁÁÁUUUååå§U��é¬L��G�"ý¢é¬vkLyÑù�¡�Uå"<<<óóóééé¬¬¬ººº���&&&EEE���������ÅÅÅ���±±±���âââäääNNN¯̄̄KKK½½½ý¢é¬´3£Ä�Ó�º�&E�"<<<óóóééé¬¬¬���±±±OOO\\\���


���			������+++Ǒ
JpXÚ�`z5U§XýÿUå!ÛÜ`z!£ò�"ù
�+´ý¢é¬¤Øä��



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

<óé¬��O<óé¬�äký¢é¬¤Øä��1ǑAÆ§Ì�k±eA:µ<<<óóóééé¬¬¬)))¹¹¹333������lllÑÑÑ���mmm¥¥¥§��£Ä´d��lÑG��,��lÑG���[¶ý¢é¬´3��ëY��m÷1"<<<óóóééé¬¬¬äääkkk���½½½���PPPÁÁÁUUUååå§U��é¬L��G�"ý¢é¬vkLyÑù�¡�Uå"<<<óóóééé¬¬¬ººº���&&&EEE���������ÅÅÅ���±±±���âââäääNNN¯̄̄KKK½½½ý¢é¬´3£Ä�Ó�º�&E�"<<<óóóééé¬¬¬���±±±OOO\\\���


���			������+++Ǒ
JpXÚ�`z5U§XýÿUå!ÛÜ`z!£ò�"ù
�+´ý¢é¬¤Øä��o�§¬+�{´ý¢¬+� 1Ǒ����«««ÄÄÄ���¶Ó�§Ǒ
Uk�)û¢S`z¯K§§D�
<óé¬�
ý¢é¬¤ØØØäää���������+++"



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

|Ü`z¯K�£ã|Ü`z¯KÏ~�±dn�|(S, f,Ω) L«§Ù¥S´ÿÀ)�8Ü¶f´8I¼ê§éu?¿s ∈ Sk8I¼ê�f(x)¶Ω ´�å^�8Ü"Ù`z8I´Ïé�Û�`�1)"



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

|Ü`z¯K�£ã|Ü`z¯KÏ~�±dn�|(S, f,Ω) L«§Ù¥S´ÿÀ)�8Ü¶f´8I¼ê§éu?¿s ∈ Sk8I¼ê�f(x)¶Ω ´�å^�8Ü"Ù`z8I´Ïé�Û�`�1)"|Ü`z¯K(S, f,Ω) �±N�ǑäkXeAÆ�¯Kµ£1¤k�8Üς = {c1, · · · , cNC} L«`z¯K�|¤��£component¤"£2¤�â¤k��US�x =< ci, cj , · · · , ck, · · · >½Â¯K�k�G�8Üχ§Ù¥ci, cj , · · · , ck ´ς ���"S���Ý½ÂǑ|x|§L«S�¥����ê§���l <∞ "£3¤ÿÀ)8ÜS´k�G�8Üχ �f8§=S ⊆ χ"£4¤�1G�8Üχ̃ ⊆ χ §d÷v�å^�8ÜΩ �S�x ∈ χ �¤"£5¤��8ÜS∗´�`)|¤�8Ü§S∗ ⊆ χ̃ �S∗ ⊆ S"



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

|Ü`z¯K�£ã|Ü`z¯KÏ~�±dn�|(S, f,Ω) L«§Ù¥S´ÿÀ)�8Ü¶f´8I¼ê§éu?¿s ∈ Sk8I¼ê�f(x)¶Ω ´�å^�8Ü"Ù`z8I´Ïé�Û�`�1)"|Ü`z¯K(S, f,Ω) �±N�ǑäkXeAÆ�¯Kµ£1¤k�8Üς = {c1, · · · , cNC} L«`z¯K�|¤��£component¤"£2¤�â¤k��US�x =< ci, cj , · · · , ck, · · · >½Â¯K�k�G�8Üχ§Ù¥ci, cj , · · · , ck ´ς ���"S���Ý½ÂǑ|x|§L«S�¥����ê§���l <∞ "£3¤ÿÀ)8ÜS´k�G�8Üχ �f8§=S ⊆ χ"£4¤�1G�8Üχ̃ ⊆ χ §d÷v�å^�8ÜΩ �S�x ∈ χ �¤"£5¤��8ÜS∗´�`)|¤�8Ü§S∗ ⊆ χ̃ �S∗ ⊆ S"ÏL±þ�£ã§|Ü`z¯K�±ÏLã�/ªL«ǑG = (ς, L)§Ù¥§ςL«(:8Ü§L L«¤k(:�ë�l8Ü"l§��)�¯K=zǑ3��ã¥|¢���d´»¯K"¯K�)éAuGþ��1S�£�1´»¤"§��`)=ǑGþ÷v�å^���á´»§=8I¼ê��`)"



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

¬+�{�Ì�6§



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

<óé¬�A:
é¬XÚ£AS¤´���¬+�{§Ǒ´Ä�¬+�{"3Ä�¬+�{¥§<óé¬äk±eAÆµ£1¤é¬3¢½�â&E�Úéu&EÀJe��¢½j"£2¤3l¢½i�¢½j£ÄL§¥½´3�¤�gÌ��§é¬3>(i, j)þº��½þ�&E�τ(i, j)"£3¤Ǒ
÷v¯K��å^�§3�gÌ�¥§Ø#Né¬ÀJ®²�¯L�¢½"



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

G�=£5K3�©�Ǒ§é¬�ÅÀ���(:",�é¬l��(:£Ä�,��(:§��²L¤k�(:"�1k�é¬�¤3�(:Ǒi§KlT(:£�(:j�VÇǑ
pij =







τ(i,j)αη(i,j)β∑
u∈Ni

k
τ(i,u)αη(i,u)β

XJj ∈ N i
k

0 ÄK (1)Ù¥η(i, j)´l(i, j)þ�éu&E"3TSP¯K¥§η(i, j) ��À�Ǒl���ê"N i
k´d¤k�²L�:|¤�8Ü§α, β©OL«&E�Úéu&E�é�ëê§§���τ(i, j)Úη(i, j)3ûü¥¤Ó�'"dþª��§�
äk�õ�&E���á�lã§�ÀJ�VÇ��"
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²Ln − 1gÀJ§é¬�¤��£´§ǑÒ´¯K����1)"�é¬�´�£�§3§¤²L�lãþ3e&E�§^∆τkijL«1k�é¬3lã(i, j)þ���þ"§����§�E��1)Tk�þk'"�LkL«T£´��Ý§w,§Lk��§)��þ��§3¤²L�lãþ3e�&E�∆τkij��"?¿lã(i, j)þ&E�o�UCþǑ

∆τ(i, j) =

m
∑

k=1

∆τkij (2)Ù¥m´é¬ê"
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&E��#5K
�âäN�{�ØÓ§∆τkij�L�/ª�±ØÓ"Dorigo[2]Q�Ñn«ØÓ��.§©O¡ǑAnt Cycle System!Ant
Quantity System!Ant Density System"3Ant Cycle Sys-
tem¥∆τkijǑµ
∆τkij =

{

Q
Lk

XJ1k�é¬3�gÌ�¥²Ll(i, j)

0 ÄK (3)Ù¥QǑ~ê¶LkL«1k�é¬3�gÌ�¥¤r´»��Ý"
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&E��#5K
3Ant Quantity System¥∆τkijǑµ
∆τkij =

{

Q
dij

XJ1k�é¬3�gÌ�¥²Ll(i, j)

0 ÄK (4)
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&E��#5K
3Ant Density System¥∆τkijǑµ
∆τkij =

{

Q XJ1k�é¬3�gÌ�¥²Ll(i, j)

0 ÄK (5)Ù¥dijǑ¢½i�¢½j�ål"�ü«�{�Ant Cycle System�«O3u§é¬zr�ÚÑ��#&E��rÝ§Ø´��¤ké¬�¤��)��E±�"3Ant Quantity System¥§&E�rÝ�OþǑQ/dij§d�Oþ¬�X¢½�mål�~�O�"3Ant Density System¥§l¢½i�¢½j�é¬3´»þº��&E�rÝ´���l��'�~êQ"Ant Cycle System|^�Û&E5�#&E�§§3�)TSP¯K�5U��"
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&E��#5K
d	§Ä�¬+�{Ú\&E��uÅ�"�&E���±XêǑρ§K&E��uXêǑ1− ρ"&E�UeªN�µ

τ(i, j)← ρτ(i, j) + ∆τ(i, j) (6)�d�gS�(å§?\e�gS�"E?1þãL§§��÷v,�Ê�^�"
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Ä�¬+�{�`³§§§äääkkk���rrr������ÛÛÛ|||¢¢¢UUUååå3�{¥§�+é¬ÏL�pÆ�5��/·A�¸§±¼����5U¶�^é¬+NØ´ü�é¬§���{é��Û�`)�VÇO\¶,	§�^VÇ5KØ´(½55K��|¢§���{�U<lÛÜ�`"DÚ`z�{é��!S�Ú��ÀJ�¯a§���\ÛÜ�`ÒéJ<l"§§§äääkkkddd333���¿¿¿111555¤ké¬Ó�Õá/3)�m¥|¢§�~·Üu¿1¢y§Ïd§��þ´�«p��¿1|¢�{"��¡é¬�|¢1Ǒ´ÕágÌ�§ØI�8¥��¶,��¡§=���½öA�é¬�ÑØ��ÀJ§��¬+XÚE,U
�±�~õU"ù«©Ùª¿1�ª��Jp���{�$1�Ç!°�5"ØØØ���666uuu`̀̀zzz¯̄̄KKK���������êêêÆÆÆ555���XëY5!��5±98I¼êÚ�å^��°(êÆ£ã��"§§§äääkkkÆÆÆSSSUUUååå3E,�!Ø(½�!�C��¸¥§ÏLg·ÆSØäJpé¬�·A5"
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Ä�¬+�{�Øv���¢¢¢DDD���{{{������'''§§§TTT���{{{������III������������|||¢¢¢���mmmù´ÏǑ¬+¥�N�£Ä´�Å�§Ǒ,ÏL&E��6U
�X�`´»?z§�´�+N5����§éJ3�á�mSlE,�Ù�´»¥éÑ�^���´»§)��EL§Ǒ¬Ó^�þ�O��m"ù�":´¬+�{��û½�§éJk��þ�U?§��ÏLæ^ÛÜ|¢��{5Jp�{Âñ5U§~��{|¢�÷¿)��m"NNN´́́ÑÑÑyyyÊÊÊ¢¢¢yyy���Ê¢y�´���{|¢��½§Ý�§¤ké¬ØU�E#�)§±�ØUé|¢�m�?�Ú&¢�y�"é¬o´��÷X&E�rÝp�lã£Ä§d&E��#5K��§��²L�lã��¹3`)¥�lã�'§&E�rÝ��É�5��§§��ÀJ�VÇǑÒ�5��§l���{k��U3&E��#¥�`)NC?1|¢"ù«&E��#5K¢y
��"Å�§�´Ê¢y�´ù«�ª�;����Øv�?"kkk


`̀̀zzz¯̄̄KKKJJJ±±±^̂̂���EEEããã£££ãããǑ,�Eã3�½§Ýþ*�
¬+�{�A^��§�Nõ�E,�¢S¯KE,J±^�Eã£ã"
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Ä�¬+�{�U?å»
�éÄ�¬+�{�Øv§�l±e�¡5U?µ&&&EEE���ººº������ªªª&&&EEE������###555KKK´́́»»»ÀÀÀJJJüüüÑÑÑëëëêêê���ÀÀÀ���¿¿¿111¢¢¢yyyÚÚÚOOO������ÇÇÇKKKÜÜÜÙÙÙ������{{{
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Ä�¬+�{�U?å»
<�JÑ
NõU?�¬+�{§�)µ¬¬¬+++XXXÚÚÚ £ACS¤!ÄÄÄuuu`̀̀zzzüüüSSS���ééé¬¬¬XXXÚÚÚ!������������ééé¬¬¬XXXÚÚÚ£££MMAS¤¤¤�"
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Ä�¬+�{�U?å»
<�JÑ
NõU?�¬+�{§�)µ¬¬¬+++XXXÚÚÚ £ACS¤!ÄÄÄuuu`̀̀zzzüüüSSS���ééé¬¬¬XXXÚÚÚ!������������ééé¬¬¬XXXÚÚÚ£££MMAS¤¤¤�"§��AS�Ì�«O3uG�=£5KÚ&E��#5K"
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Ä�¬+�{�U?å»
<�JÑ
NõU?�¬+�{§�)µ¬¬¬+++XXXÚÚÚ £ACS¤!ÄÄÄuuu`̀̀zzzüüüSSS���ééé¬¬¬XXXÚÚÚ!������������ééé¬¬¬XXXÚÚÚ£££MMAS¤¤¤�"§��AS�Ì�«O3uG�=£5KÚ&E��#5K"
ACSÚMMAS´üaA^2��¬+�{"
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¬+XÚ-G�=£5K3ACS¥§G�=£5KXeµ�� u(:i�é¬Uìeª�Ñ�5KÀ�e��ò����¢½
j =

{

argmaxu∈J(i){τ(i, u)αη(i, u)β} XJq ≤ q0

S ÄK (7)Ù¥q´��[0,1]�m�Ñlþ!©Ù��Åê§q0´��ëê£q0 ∈ [0, 1]¤§S´Uìª£1-1¤�Ñ�VÇ©ÙÀÑ����ÅCþ,J(i)´�À¢½8Ü"
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¬+XÚ-G�=£5K3ACS¥§G�=£5KXeµ�� u(:i�é¬Uìeª�Ñ�5KÀ�e��ò����¢½
j =

{

argmaxu∈J(i){τ(i, u)αη(i, u)β} XJq ≤ q0

S ÄK (7)Ù¥q´��[0,1]�m�Ñlþ!©Ù��Åê§q0´��ëê£q0 ∈ [0, 1]¤§S´Uìª£1-1¤�Ñ�VÇ©ÙÀÑ����ÅCþ,J(i)´�À¢½8Ü"þª�Ñ�G�=£5K¡Ǒ������ÅÅÅ'''~~~GGG���===£££555KKK(pseudo random-proportional

state transition rule)"Ú���ÅÅÅGGG���===£££555KKK(random-proportional state transi-

tion rule) ��§Ñ��uÀJ�á��k�õ&E��>�Ǒ£Ä��"
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¬+XÚ-G�=£5K3ACS¥§G�=£5KXeµ�� u(:i�é¬Uìeª�Ñ�5KÀ�e��ò����¢½
j =

{

argmaxu∈J(i){τ(i, u)αη(i, u)β} XJq ≤ q0

S ÄK (7)Ù¥q´��[0,1]�m�Ñlþ!©Ù��Åê§q0´��ëê£q0 ∈ [0, 1]¤§S´Uìª£1-1¤�Ñ�VÇ©ÙÀÑ����ÅCþ,J(i)´�À¢½8Ü"þª�Ñ�G�=£5K¡Ǒ������ÅÅÅ'''~~~GGG���===£££555KKK(pseudo random-proportional

state transition rule)"Ú���ÅÅÅGGG���===£££555KKK(random-proportional state transi-

tion rule) ��§Ñ��uÀJ�á��k�õ&E��>�Ǒ£Ä��"ëêq0 û½
&¢Úmu��é�5µ��� u(:i�é¬Uìª�Ñ�5KÀ�e��ò����¢½�§§k�)���Åêq¶XJq ≤ q0§K�âªÀ���>§ÄK�â�ÅG�=£5KÀ��^>"
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¬+XÚ-�Û&E��#5K3ACS¥§�k�Û�`�é¬â�#Nº�&E�"TüÑ±9��Å'~5K��^§��é¬äk�r�muUåµé¬�|¢Ì�8¥3�S�Ǒ�¤éÑ���´»���S"
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¬+XÚ-�Û&E��#5K3ACS¥§�k�Û�`�é¬â�#Nº�&E�"TüÑ±9��Å'~5K��^§��é¬äk�r�muUåµé¬�|¢Ì�8¥3�S�Ǒ�¤éÑ���´»���S"3z�é¬Ñ�E���)��§�Û&E��#5KUìeª�1µ
τ(i, j)← ρτ(i, j) + ∆τ(i, j) (8)Ù¥µ

∆τij =





(Lgb)
−1 XJ(i, j) ∈ �Û�`´»

0 ÄK (9)Ù¥ω´&E��uëê(0 < ω < 1)§Lgb´�Û�`´»�Ý"
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¬+XÚ-�Û&E��#5K3ACS¥§�k�Û�`�é¬â�#Nº�&E�"TüÑ±9��Å'~5K��^§��é¬äk�r�muUåµé¬�|¢Ì�8¥3�S�Ǒ�¤éÑ���´»���S"3z�é¬Ñ�E���)��§�Û&E��#5KUìeª�1µ
τ(i, j)← ρτ(i, j) + ∆τ(i, j) (8)Ù¥µ

∆τij =





(Lgb)
−1 XJ(i, j) ∈ �Û�`´»

0 ÄK (9)Ù¥ω´&E��uëê(0 < ω < 1)§Lgb´�Û�`´»�Ý"�k�
áu�Û�`´»�lãþ�&E�â��Or"
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¬+XÚ-�Û&E��#5K3ACS¥§�k�Û�`�é¬â�#Nº�&E�"TüÑ±9��Å'~5K��^§��é¬äk�r�muUåµé¬�|¢Ì�8¥3�S�Ǒ�¤éÑ���´»���S"3z�é¬Ñ�E���)��§�Û&E��#5KUìeª�1µ
τ(i, j)← ρτ(i, j) + ∆τ(i, j) (8)Ù¥µ

∆τij =





(Lgb)
−1 XJ(i, j) ∈ �Û�`´»

0 ÄK (9)Ù¥ω´&E��uëê(0 < ω < 1)§Lgb´�Û�`´»�Ý"�k�
áu�Û�`´»�lãþ�&E�â��Or"Ǒ�±�S���`)5�#&E�"3ù«üÑ¥§þª¥^�S���`´»�ÝLib�OLgb"
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¬+XÚ-�Û&E��#5K3ACS¥§�k�Û�`�é¬â�#Nº�&E�"TüÑ±9��Å'~5K��^§��é¬äk�r�muUåµé¬�|¢Ì�8¥3�S�Ǒ�¤éÑ���´»���S"3z�é¬Ñ�E���)��§�Û&E��#5KUìeª�1µ
τ(i, j)← ρτ(i, j) + ∆τ(i, j) (8)Ù¥µ

∆τij =





(Lgb)
−1 XJ(i, j) ∈ �Û�`´»

0 ÄK (9)Ù¥ω´&E��uëê(0 < ω < 1)§Lgb´�Û�`´»�Ý"�k�
áu�Û�`´»�lãþ�&E�â��Or"Ǒ�±�S���`)5�#&E�"3ù«üÑ¥§þª¥^�S���`´»�ÝLib�OLgb"ùü«a.é¬+XÚ5UKǑ�Oé�§�Û�`�5U����
"
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¬+XÚ-ÛÜ&E��#5K
3�E)�§é¬A^eª�Ñ�ÛÛÛÜÜÜ���###555KKKé§�¤²L�>5�#&E�µ

τ(i, j)← (1− r)τ(i, j) + r∆τ(i, j) (10)Ù¥r(0 < r < 1) ´��ëê"
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¬+XÚ-ÛÜ&E��#5K
3�E)�§é¬A^eª�Ñ�ÛÛÛÜÜÜ���###555KKKé§�¤²L�>5�#&E�µ

τ(i, j)← (1− r)τ(i, j) + r∆τ(i, j) (10)Ù¥r(0 < r < 1) ´��ëê"�∆τ(i, j) = τ0�£Ù¥τ0´��~ê¤§�{U3�á��mS¼����)"555µµµ 3TSP ¯K¥§τ0 = (nLnn)−1§Ù¥Lnn´d�C��éu�{��´»��Ý§n´¢½�ê8"
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¬+XÚ-ÿÀLüÑ
GGG���===£££555KKK���OOO���þþþ¬¬¬ééé���
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¬+XÚ-ÿÀLüÑ
GGG���===£££555KKK���OOO���þþþ¬¬¬ééé���¬+XÚ´�«�Eª�Å�{§3z�Ú§XJé¬3ÀJe��¢½��Ä¤k�À�¢½"
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¬+XÚ-ÿÀLüÑ
GGG���===£££555KKK���OOO���þþþ¬¬¬ééé���¬+XÚ´�«�Eª�Å�{§3z�Ú§XJé¬3ÀJe��¢½��Ä¤k�À�¢½"ÿÿÿÀÀÀLLL
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¬+XÚ-ÿÀLüÑ
GGG���===£££555KKK���OOO���þþþ¬¬¬ééé���¬+XÚ´�«�Eª�Å�{§3z�Ú§XJé¬3ÀJe��¢½��Ä¤k�À�¢½"ÿÿÿÀÀÀLLLÿÀL´��L§§P¹l�¢½Ñu �§Ý�p�¢½£preferred cities¤"��ÿÀL�k��¯L�¢½§é¬Ò¬UìG�=£5KlÿÀL¥À���¢½"�ÿÀL¤k¢½Ñ��¯L�§é¬â¬�ÄØ3ÿÀL¥�¢½"
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����é¬XÚ
StjtzleÚHoos32000JÑMMAS"§�AS��ÉÌ�Ny3&E��#5Kþµ
1¤§§§æææ^̂̂°°°===üüüÑÑÑ555���###&&&EEE���"äNó§3z�é¬�E���)��§�O\�`)éAlã�&E�"ù�)�U´��`)£best-so-far solution¤§Ǒ�U´�S���`)£iteration-best solution¤"
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����é¬XÚ
StjtzleÚHoos32000JÑMMAS"§�AS��ÉÌ�Ny3&E��#5Kþµ
1¤§§§æææ^̂̂°°°===üüüÑÑÑ555���###&&&EEE���"äNó§3z�é¬�E���)��§�O\�`)éAlã�&E�"ù�)�U´��`)£best-so-far solution¤§Ǒ�U´�S���`)£iteration-best solution¤"|^��`)5�#&E�§��¬+¼��r�muUå§|^�S���`)5�#&E�§��¬+¼��r�&¢Uå"
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����é¬XÚ
StjtzleÚHoos32000JÑMMAS"§�AS��ÉÌ�Ny3&E��#5Kþµ
1¤§§§æææ^̂̂°°°===üüüÑÑÑ555���###&&&EEE���"äNó§3z�é¬�E���)��§�O\�`)éAlã�&E�"ù�)�U´��`)£best-so-far solution¤§Ǒ�U´�S���`)£iteration-best solution¤"|^��`)5�#&E�§��¬+¼��r�muUå§|^�S���`)5�#&E�§��¬+¼��r�&¢Uå"���^��`)�§|¢�U¬L¯/8¥�ù�)�±�§l��
é#)�|¢§$��U¬�uÛÜ�`)"|^�S���`)5�#&E��±~�ù��ºx"
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����é¬XÚ
StjtzleÚHoos32000JÑMMAS"§�AS��ÉÌ�Ny3&E��#5Kþµ
1¤§§§æææ^̂̂°°°===üüüÑÑÑ555���###&&&EEE���"äNó§3z�é¬�E���)��§�O\�`)éAlã�&E�"ù�)�U´��`)£best-so-far solution¤§Ǒ�U´�S���`)£iteration-best solution¤"|^��`)5�#&E�§��¬+¼��r�muUå§|^�S���`)5�#&E�§��¬+¼��r�&¢Uå"���^��`)�§|¢�U¬L¯/8¥�ù�)�±�§l��
é#)�|¢§$��U¬�uÛÜ�`)"|^�S���`)5�#&E��±~�ù��ºx"···ÜÜÜüüüÑÑÑ: 3S�L§¥O\�^��`)?1&E��#�ªÇ§Uk�Jp�{5U"
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����é¬XÚ
2¤&&&EEE������������������333«««mmm[τmin, τmax]"""
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����é¬XÚ
2¤&&&EEE������������������333«««mmm[τmin, τmax]"""§ÏLò�Ñù�����r���Ǒτmin½τmax§;�ØÓlã�&ErÝ�ÉL�§l��;�Ê¢�8�"
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����é¬XÚ
3¤§§§òòò&&&EEE������©©©zzzǑǑǑτmax"""3MMAS¥§&E���31�gS���Ñ���Ǒτmax(1)"
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����é¬XÚ
3¤§§§òòò&&&EEE������©©©zzzǑǑǑτmax"""3MMAS¥§&E���31�gS���Ñ���Ǒτmax(1)" ÏLò&E���©���Ǒ,��~��ê�5¢y"
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����é¬XÚ
3¤§§§òòò&&&EEE������©©©zzzǑǑǑτmax"""3MMAS¥§&E���31�gS���Ñ���Ǒτmax(1)" ÏLò&E���©���Ǒ,��~��ê�5¢y"Ù�^´µé¬3�{��©�ãU
äk���&¢Uå"
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����é¬XÚ
4¤MMAS���|||^̂̂&&&EEE������²²²wwwÅÅÅ���555JJJpppÙÙÙ555UUU"�MMAS®²Âñ½�CÂñ�§ù«Å�ò&E��XeN�:

τ(i, j)∗ ← (1− δ)τ(i, j) + δ(τmax − τ(i, j)) (11)Ù¥0 < δ < 1§τ(i, j) �τ(i, j)∗´&E�N���&E��"
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����é¬XÚ
4¤MMAS���|||^̂̂&&&EEE������²²²wwwÅÅÅ���555JJJpppÙÙÙ555UUU"�MMAS®²Âñ½�CÂñ�§ù«Å�ò&E��XeN�:

τ(i, j)∗ ← (1− δ)τ(i, j) + δ(τmax − τ(i, j)) (11)Ù¥0 < δ < 1§τ(i, j) �τ(i, j)∗´&E�N���&E��"²w?nÅ��Ä�g�´ÏLO\ÀJkX�$&E���)���VÇ5JJJppp|||¢¢¢###)))���UUUååå"
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����é¬XÚ
4¤MMAS���|||^̂̂&&&EEE������²²²wwwÅÅÅ���555JJJpppÙÙÙ555UUU"�MMAS®²Âñ½�CÂñ�§ù«Å�ò&E��XeN�:

τ(i, j)∗ ← (1− δ)τ(i, j) + δ(τmax − τ(i, j)) (11)Ù¥0 < δ < 1§τ(i, j) �τ(i, j)∗´&E�N���&E��"²w?nÅ��Ä�g�´ÏLO\ÀJkX�$&E���)���VÇ5JJJppp|||¢¢¢###)))���UUUååå"duδ < 1§§U;���¿�3�{$1L§¥¤È\�&E"�δ = 1�§§��&E��#�©z"�δ = 0�§TÅ�Øu��^"
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����é¬XÚ
4¤MMAS���|||^̂̂&&&EEE������²²²wwwÅÅÅ���555JJJpppÙÙÙ555UUU"�MMAS®²Âñ½�CÂñ�§ù«Å�ò&E��XeN�:

τ(i, j)∗ ← (1− δ)τ(i, j) + δ(τmax − τ(i, j)) (11)Ù¥0 < δ < 1§τ(i, j) �τ(i, j)∗´&E�N���&E��"²w?nÅ��Ä�g�´ÏLO\ÀJkX�$&E���)���VÇ5JJJppp|||¢¢¢###)))���UUUååå"duδ < 1§§U;���¿�3�{$1L§¥¤È\�&E"�δ = 1�§§��&E��#�©z"�δ = 0�§TÅ�Øu��^"²wÅ���^µUõ�{�&¢Uå¶ü$MMAS é&E�e��¯a§Ý¶k|u3�Û��S|¢#�)§Ó�;�L�ÂñuÛÜ`)"
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k�?&E�¬+�{
ÄÄÄÅÅÅµµµ3¬+�{¥§&E���KǑX��|¢L§"3&E��#�|^�8I¼ê�"
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k�?&E�¬+�{
ÄÄÄÅÅÅµµµ3¬+�{¥§&E���KǑX��|¢L§"3&E��#�|^�8I¼ê�"�8I¼ê��Cz5ÆJ±ý�§ù��{�ëê���5é��(J"
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k�?&E�¬+�{
ÄÄÄÅÅÅµµµ3¬+�{¥§&E���KǑX��|¢L§"3&E��#�|^�8I¼ê�"�8I¼ê��Cz5ÆJ±ý�§ù��{�ëê���5é��(J"éuü�¤~ê'~�8I¼ê§=�Ä�¬+�{æ^���Ó�ëê§�{5U%�UØÓ"
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k�?&E�¬+�{–�{£ã
MMASÚACSäk±e�ÓA:µëê���´�6¯K�§A�vk5Æ�Ì§��{éëê'�¯a"
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k�?&E�¬+�{–�{£ã
MMASÚACSäk±e�ÓA:µëê���´�6¯K�§A�vk5Æ�Ì§��{éëê'�¯a"3�{�$1L§¥§&E�´Uì�êeü�§ù´�{´u�Ù����Ï"
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k�?&E�¬+�{–�{£ã
MMASÚACSäk±e�ÓA:µëê���´�6¯K�§A�vk5Æ�Ì§��{éëê'�¯a"3�{�$1L§¥§&E�´Uì�êeü�§ù´�{´u�Ù����Ï"3�{�$1L§¥§�þ�&E��Ó½�C"¢Sþ§XJlþ�&E��C§§��À��VÇ�É�~�§�±Cq/r§�w¤´�Ó�"
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k�?&E�¬+�{–Ì�6§
ÌÌÌ���ggg���µµµ
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k�?&E�¬+�{–Ì�6§
ÌÌÌ���ggg���µµµr&E�©¤k��?O§^��ØÓ��ª�#&E�§¿�&E���#þ�8I¼ê��'"
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k�?&E�¬+�{–Ì�6§
ÌÌÌ���ggg���µµµr&E�©¤k��?O§^��ØÓ��ª�#&E�§¿�&E���#þ�8I¼ê��'"���{{{���ÌÌÌ���666§§§ǑǑǑµµµÚ½1µ�½ëê§�©z&E�"Ú½2µUì´»ÀJ5K�E¯K�)"Ú½3µUì&E��#5K�#&E�"Ú½4µ�äÊ�^�´Ä÷v§e÷v§�{ª�¶ÄK�£�Ú½2"
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k�?&E�¬+�{–&E��#5K
&E��©¤k��?O§ØÓ�?OUì�½�N�'XéAØÓ¢ê�§ù��Ó?O�l�&E��Ó"
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k�?&E�¬+�{–&E��#5K
&E��©¤k��?O§ØÓ�?OUì�½�N�'XéAØÓ¢ê�§ù��Ó?O�l�&E��Ó"&E��#ÏL?O�CÄ5¢y§éu��`l§JpÙ?O§éuÙ��l§ü$Ù?O"
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k�?&E�¬+�{–&E��#5K
&E��©¤k��?O§ØÓ�?OUì�½�N�'XéAØÓ¢ê�§ù��Ó?O�l�&E��Ó"&E��#ÏL?O�CÄ5¢y§éu��`l§JpÙ?O§éuÙ��l§ü$Ù?O"�#��^\!~{"Ph(i, j) ´l(i, j)þ�?O§g(x)´üNO��¢¼ê§§¢yl?O�&E��N�'X"
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k�?&E�¬+�{–&E��#5K&E��#5KXeµ£u1¤∀(i, j) : h(i, j)← h(i, j)− r1¶£u2¤XJf(ŵ) > f(wt)§Kŵ = wt¶£u3¤éuŵ§∀(i, j) ∈ ŵ, h(i, j)← h(i, j) + 2¶£u4¤∀(i, j) : h(i, j)← max(h(i, j), 1)¶£u5¤∀(i, j) : h(i, j)← min(h(i, j),M)¶£u6¤∀(i, j) : τ(i, j)← g(h(i, j))¶"Ù¥ŵ´��`)§wt´�gS���`)§ëêr1!r2´��ê§r1 < r2§¡r1Ǒ¨v?Oê§r1 = 1§r2Ǒøy?Oê§ëêM´��?Oê"τmax´&E�þ."�½g(M) = τmax§g(1) = 1"
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k�?&E�¬+�{–&E��#5K&E��#5KXeµ£u1¤∀(i, j) : h(i, j)← h(i, j)− r1¶£u2¤XJf(ŵ) > f(wt)§Kŵ = wt¶£u3¤éuŵ§∀(i, j) ∈ ŵ, h(i, j)← h(i, j) + 2¶£u4¤∀(i, j) : h(i, j)← max(h(i, j), 1)¶£u5¤∀(i, j) : h(i, j)← min(h(i, j),M)¶£u6¤∀(i, j) : τ(i, j)← g(h(i, j))¶"Ù¥ŵ´��`)§wt´�gS���`)§ëêr1!r2´��ê§r1 < r2§¡r1Ǒ¨v?Oê§r1 = 1§r2Ǒøy?Oê§ëêM´��?Oê"τmax´&E�þ."�½g(M) = τmax§g(1) = 1"
g(x)��À�Ǒ:
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k�?&E�¬+�{–&E��#5K&E��#5KXeµ£u1¤∀(i, j) : h(i, j)← h(i, j)− r1¶£u2¤XJf(ŵ) > f(wt)§Kŵ = wt¶£u3¤éuŵ§∀(i, j) ∈ ŵ, h(i, j)← h(i, j) + 2¶£u4¤∀(i, j) : h(i, j)← max(h(i, j), 1)¶£u5¤∀(i, j) : h(i, j)← min(h(i, j),M)¶£u6¤∀(i, j) : τ(i, j)← g(h(i, j))¶"Ù¥ŵ´��`)§wt´�gS���`)§ëêr1!r2´��ê§r1 < r2§¡r1Ǒ¨v?Oê§r1 = 1§r2Ǒøy?Oê§ëêM´��?Oê"τmax´&E�þ."�½g(M) = τmax§g(1) = 1"
g(x)��À�Ǒ:�5¼ê:

τmax− 1

M − 1
(x− 1) + 1
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k�?&E�¬+�{–&E��#5K&E��#5KXeµ£u1¤∀(i, j) : h(i, j)← h(i, j)− r1¶£u2¤XJf(ŵ) > f(wt)§Kŵ = wt¶£u3¤éuŵ§∀(i, j) ∈ ŵ, h(i, j)← h(i, j) + 2¶£u4¤∀(i, j) : h(i, j)← max(h(i, j), 1)¶£u5¤∀(i, j) : h(i, j)← min(h(i, j),M)¶£u6¤∀(i, j) : τ(i, j)← g(h(i, j))¶"Ù¥ŵ´��`)§wt´�gS���`)§ëêr1!r2´��ê§r1 < r2§¡r1Ǒ¨v?Oê§r1 = 1§r2Ǒøy?Oê§ëêM´��?Oê"τmax´&E�þ."�½g(M) = τmax§g(1) = 1"
g(x)��À�Ǒ:�5¼ê:

τmax− 1

M − 1
(x− 1) + 1℄¼ê: √

τmax2 − 1

M − 1
(x− 1) + 1"
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k�?&E�¬+�{–&E��#5K&E��#5KXeµ£u1¤∀(i, j) : h(i, j)← h(i, j)− r1¶£u2¤XJf(ŵ) > f(wt)§Kŵ = wt¶£u3¤éuŵ§∀(i, j) ∈ ŵ, h(i, j)← h(i, j) + 2¶£u4¤∀(i, j) : h(i, j)← max(h(i, j), 1)¶£u5¤∀(i, j) : h(i, j)← min(h(i, j),M)¶£u6¤∀(i, j) : τ(i, j)← g(h(i, j))¶"Ù¥ŵ´��`)§wt´�gS���`)§ëêr1!r2´��ê§r1 < r2§¡r1Ǒ¨v?Oê§r1 = 1§r2Ǒøy?Oê§ëêM´��?Oê"τmax´&E�þ."�½g(M) = τmax§g(1) = 1"
g(x)��À�Ǒ:�5¼ê:

τmax− 1

M − 1
(x− 1) + 1℄¼ê: √

τmax2 − 1

M − 1
(x− 1) + 1"©O��&E��X?OeüP~�ÝØC½ÅìCú"
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k�?&E�¬+�{–&E��#5K
���###���ªªªµ ÏL¼êg(x)!øy?Oê!¨v?Oê5ÆN��?O�Cz§?��&E��Cz"
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k�?&E�¬+�{–&E��#5K
���###���ªªªµ ÏL¼êg(x)!øy?Oê!¨v?Oê5ÆN��?O�Cz§?��&E��Cz"���^̂̂1µ��¬+Uk�/3�`)���|¢¶,��¡§��¬+äk�½�&¢#«��Uå"
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k�?&E�¬+�{–&E��#5K
���###���ªªªµ ÏL¼êg(x)!øy?Oê!¨v?Oê5ÆN��?O�Cz§?��&E��Cz"���^̂̂1µ��¬+Uk�/3�`)���|¢¶,��¡§��¬+äk�½�&¢#«��Uå"���^̂̂2µµµ du�#þ�8I¼ê��'§Ïdéuü�¤~ê'~�8I¼ê§XJ�{æ^���Ó�ëê§�{5Uò�Ó"
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k�?&E�¬+�{–&E��#5K
���###���ªªªµ ÏL¼êg(x)!øy?Oê!¨v?Oê5ÆN��?O�Cz§?��&E��Cz"���^̂̂1µ��¬+Uk�/3�`)���|¢¶,��¡§��¬+äk�½�&¢#«��Uå"���^̂̂2µµµ du�#þ�8I¼ê��'§Ïdéuü�¤~ê'~�8I¼ê§XJ�{æ^���Ó�ëê§�{5Uò�Ó"k�?&E�¬+�{�´»ÀJ5K�Ä�¬+�{��"
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&E�Úéu&E�½Â�âìè½�¯K�½Â§§�±L«Ǒ���Eã£construction graph¤§Ùº:Ò´�¯K�º:"?¿>i, jÑDk�½þ�&E�τ (i, j)§^uLÆl��º:=£�e��º:� �£desirablity¤"b�é¬� �Ǒi§éu&Eη(i, j)^5LÆ�«k�� �"5¿�ìè½�¯K�`z8I´35½�mS§��ìè�oÂ���z§Ïdé¬�\ �u�
äk�pÂ��li�C�:"
1 n 

j 

 

j* 

 

i 

 

 ã: ∠jin�«¿.
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&E�Úéu&E�½Âù�*	éu·��Ä:j�±e5�µ
1¤Â�rj¶
2¤i Új�m�ålcij¶
3¤XJ¤k:Ñ uÓ�²¡�?¿ü:����, d��±�Ä∠jin�Ýê§=arccoswij§Ù¥wij = (c2ij + 2

in − c2jn)/2cijcin"3eã¥§�Ñ
∠jin�«¿ã":jÚj∗éA�ÆÝ©OǑθÚθ∗§�θ < θ∗"dã��§XJÀ�j∗§K��ý l:n§XJÀ�j§K��ý �u:n"�Ä��m�å§:j£lÛÜ5w¤`u:j∗"�âù
5�§éu&E�½ÂXeµ
η(i, j) =

rj

cij
exp(γwij) (12)Ù¥γ´�ëê£γ ≥ 0¤§§û½wij��5"�γ = 0§d�Ø�Äwij
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)��E
d�å��§��eª�:�½´Ø�1:"

ci1 + cin ≤ Tmax(2 ≤ i ≤ n− 1) (13)XJ¯k�Kù
Ø�1:§Ò�±~�I��Ä�:ê"Ǒ�Bå�§Ø���5§b½¤k�:Ñ÷vª£5-
10¤"
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)��E
���ååå���???nnn´�E)���'�:"�«�1�{´ò�¯K=zǑ��å¯K§~���{kv¼ê{£�)S:{!	:{¤"�´vÏf�À�´�J:"¬+�{´�a�E5�{§§U3z��EÚ�KØ�1:§ùǑ?n�åJø
�B"333���EEE)))���LLL§§§¥¥¥§§§ééé¬¬¬������uuu������äääkkk{{{üüü���UUU���ûûûüüüööö"§KIǑz��ýÀ��^�1´»£=35½�mSlå:Ñu��ª:�´»¤"äNó§3z��EÚ§é¬À���ý¿ǑT�ýÀ����1:§��¤k��ýÑ��ª:"
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)��E
�©�Ä±e�{µ
1) G1{"3ù«�{¥§é¬k����ýÀJ�^�1´»§,�2�e���ýÀJ�^�1´»§��¤k�ýÑSü
�^�1´»"
2¤ÓÚ{"3ù«�{¥§é¬Uì�½gS�z��ýÀJ��1:§ù�L§�E?1§��¤k�ýÑSü
�^�1´»"�Äü«Sü�ý�gSµ�«´(½5gS§=��ýÀJ:�gS´�½ØC�¶,�«´�Å5gS§=��ýÀJ:�gS´�Å�"�A/§ùü«gSéA��{©O¡Ǒ(½5ÓÚ{Ú�Å5ÓÚ{"I�5¿�´§XJ,��ývk�1:§K3±���EL§¥Ø2�Ä"
3¤Ó�{"3ù«�{¥§é¬lë�z��ý�¤3:�¤k�1:�>¥ÀJ��>"T�{Ó�(½��ýÚ���1:"
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)��E
�Ä��o:ênǑ7§��ýêmǑ2�ìè½�¯K"eã©O�Ñ
o«�E�{�«¿�J"3z�ã¥§>þ�êiL«�EÚ�SÒ"
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)��E
Ǒ
3¬+�{�µee£ãùo«�{§æ^±ePÒµ
ui: 31k��EÚ§1i��ý¤?�:(1 ≤ i ≤ m ); Cui

:d¤k��²L�÷vª£5-11¤�:|¤�8Ü"=
∀v ∈ Cui

L(ti) + cuiv + vn ≤ Tmax (14)Ù¥L(ti)´1i��ý²L�£��¤¤´»ti��Ý"XJCui
´�8§=vk�1:§Kª:�À�¿�1i^´»�¤"vk: 31k�EÚÀ��:; qk: 31k�EÚÀ���ý"
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)��E
2

4

1 7

3
6

5

1

2

3

7

6
5

4ã: G1{«¿ã£:êǑ7§�ýêǑ2¤"¢�´�ý1�´»§J�´�ý2�´»">þ�êiL«�E�gS.



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

)��E
2

4

1 7

3
6

5

1

3

5

7

6
4

2

ã: (½5ÓÚ{«¿ã£:êǑ7§�ýêǑ2¤"¢�´�ý1�´»§J�´�ý2�´»">þ�êiL«�E�gS.
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ã: �Å5ÓÚ{«¿ã£:êǑ7§�ýêǑ2¤"¢�´�ý1�´»§J�´�ý2�´»">þ�êiL«�E�gS.
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)��E
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2ã: Ó�{«¿ã£:êǑ7§�ýêǑ2¤"¢�´�ý1�´»§J�´�ý2�´»">þ�êiL«�E�gS.
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)��E
3G1{!(½5ÓÚ{Ú�Å5ÓÚ{¥§é¬Uì±eVÇÀJe�:µ

P (vk+1 = v, qk+1 = j|Cui
, 1 ≤ i ≤ m, qk, τ) = (15)





τ(uj ,v)
αη(uj ,v)

β

∑
w∈Cuj

τ(uj,w)αη(uj ,w)β
XJv ∈ Cuj

0 ÄKÙ¥§αÚβ´ëê"5¿�3G1{¥�ýqkÚqk+1´�Ó�§3ü«ÓÚ{¥§��U´ØÓ�"Ǒ,ù�VÇûü5K�Ä�¬+�{��ÅVÇ5K/ªþk¤ØÓ§�´§§3À�e��£Ä���Ñ �uÀ�éu&EÚ&E����>§ÙÄ�g��Ä�¬+�{��ÅVÇ5Kaq"
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)��E
3Ó�{£�ã5¤¥§é¬Uìª£5-13¤�Ñ�VÇÀJe��:µ

P (vk+1 = v, qk+1 = j|Cui
, 1 ≤ i ≤ m, qk, τ) = (16)





τ(uj ,v)
αη(uj,v)

β

∑
m
i=1

∑
w∈Cui

τ(ui,w)αη(ui,w)β
XJv ∈ Cuj

0 ÄKdu3z��EÚ�k���ýÚ��:�À�§ª£5-13¤�±ÏL��∑
w∈Cui

τ(ui, w)αη(ui, w)β(1 ≤ i ≤ m)5¯�/O�"b½�ýjÚ:v�À�§Kéu�ýi(i 6= j), §¤éA��1:8CǑCui
{v}"
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&E���#5K��¤k�é¬Ñ�E
��)§Uì����é¬XÚ�Ñ�5K�#&E�£=ã5-1¥PheromoneUpdate¤µ
τ(u, v)l+1 ← ρτ(u, v)l +∆τ(u, v), (17)XJτ(u, v)l+1 < τminKτ(u, v)l+1 = τmin (18)XJτ(u, v)l+1 > τmaxKτ(u, v)l+1 = τmax (19)Ù¥τ(u, v)l´>(u, v)31l���&E�"XJ(u, v)31l���`é¬²L§K∆(u, v) �uF (sbest), ÄK§∆(u, v) = 0"�`)sbest�U´�gS�¼���`)sibǑ�U´��`)sgb"´�þ¼ê£quality function¤[113]§§deª�Ñµ

F (x) =
n−1∑

i=2

m∑

k=1

riyik/
n−1∑

i=2

ri (20)



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

&E��þe.
τmaxÚτmin©O´&E��þe."��þe.�8�´Ǒ
;�Ê¢"§�Uìeª��Ǒµ

τmax =
F (sgb)

(1− ρ)
(21)

τmin = (1− n
√

Pbest)/((avg − 1) n
√

Pbest)τmaxÙ¥avg�un/2§Pbest´ëê£0 ≤ Pbest ≤ 1¤"
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ÛÜ|¢
ÛÜ|¢~^5Uõ¬+�{�5U§�´3A^¥�ò¥�Ä)�þÚO��m"Ǒ,8®k�
k��ÛÜ|¢§�©|^©z¥�ÛÜ|¢"ÙÄ�g�´µk^2-
opt{ á)¥z^´»��Ý§2�\��Uõ��1:"ù�L§�E?1§��´»�ÝØU á½öØU2�\�1:�ª�"3�{¥§ÛÜ|¢éz��E)?1U?§§3¤ké¬Ñ�E�)���3&E����#��1"
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ÿÁêâ`²
�!^¢�5©Û©¥¤JÑ��{¿'�o«�E{"¤k�è^C��¢y§$1�¸Ǒµ3GHZ CPU§1G Ram§windows XPö�XÚ"æ^©z[145]¥�387�ÿÁ�~§§�©Oáu7�êâ8"ù
êâ8�º:ê8©OǑ32!21!33!100!66!64!102"3z�êâ8¥§z�:��IÚéA�Â�ØÓ"z�êâ8dn|êâf8�¤§z�êâf8��ýê©OǑ2!3!4"3êâf8¥§z��~�«O=3u"z�êâf8^L«§Ù¥L«Têâf8¤3êâ8�SÒ§L«�ýê"z��~^L«§Ù¥L«T�~¤3êâ8¥�SÒ§L«�ýê§L«T�~3�Aêâf8¥�SÒ"�©^·ÜüÑ�#&E�µz�5�§��`)�^5�#&E�§3Ù��¥§Ñ^�gS�¼���`)5�#&E�"éuz��~§ÿÁ10 g"



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

ëê��
3ÿÁ�{�§Äk(½�{�ëê"�Ä�O��m�O�(J§��$1�êNCǑ2000§é¬êǑ20"Nni =
250"ê�(JL²�α§βÑ�Ǒ0.5 �§�{5U��"
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o«�E{�'�
L�Ñ
o«�E�{3ü�5���êâ8£=14�êâ8¤¥�O�(J"du3Ù�êâ8¥o«�E�{��ÉØ�§�[O�(J3N¹¥�Ñ"d(J��§G1{ÚÓ�{��"(½5ÓÚ{��Å5ÓÚ{�O�(J��§öÑ�"3�õê�~¥§G1{����`uÙ�n«�{"314êâ8¥§Ó�{�²þ���"
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o«�E{�'�LLL: o«�E�{321�êâf8¥�²þO�(JG1{ (½5ÓÚ{ �Å5ÓÚ{ Ó�{êâf8 ��� ²þ� ��� ²þ� ��� ²þ� ��� ²þ�
p4.2.a 206 206.0 206 206.0 206 206.0 206 206.0

p4.2.b 341 338.7 341 338.0 341 338.7 341 340.2

p4.2.c 452 447.9 452 448.8 452 449.4 452 448.0

p4.2.d 531 527.5 531 528.7 530 528.4 531 528.2

p4.2.e 618 596.9 600 595.6 600 597.0 613 599.5éz�«�{§L¥�Ñ
z�|����!²þ�"dL�(J��§3êâ81¥§o«�{�O�(J���Ó§�3z�gÿÁ¥Ñé���)"3Ù�êâ8¥§(J2gL²§G1{¼��(J��§Ó�{g�",	¢�uy§G1{I��O��m��§�´§§U351.1sS£²þ¿Âe¤�)z��~"Ïd§G1{U3)�þ£solution quality¤ÚO��m�m��/ò¥"±�§=?ØG1{"
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¢�©Û
LLL: o«�E�{321�êâf8¥�²þO�(JG1{ (½5ÓÚ{ �Å5ÓÚ{ Ó�{êâf8 ��� ²þ� ��� ²þ� ��� ²þ� ��� ²þ�

7.2 642.7 637.4 641.5 637.7 641.0 637.1 641.2 637.4

7.3 599.9 597.1 599.4 595.5 598.6 594.6 599.2 596.0

7.4 519.1 517.0 518.2 516.3 518.4 516.2 518.4 516.3



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

¢�©Û
�©¤JÑ��{�e��{?1
'�µ
CGW: Chao�[145]JÑ�ÊÚ{;

TMH: Tang ÚMiller-Hooks [150]JÑ�BR�{;

GTP: Archetti�[151]JÑ�Äuv�{�BR�{;

GTF: Archetti�JÑ�Äu�1�{�BR�{;

FVF: Archetti�¯�C���{;

SVF: Archetti�úC���{§§�FVF�Ì�«O3uëê�À�"duþã©z¥��Ñ
�A�{���z��~���Â�£���¤§�©�'���Â�"
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o«�E{�'�
3ê�¢��§´»�Ý�°Ý´��7L�Ä�¯K"3CGW¥§Chao�<vkæ^¢ê°Ý§´r´»�Ýo�Ê\��ê:�1� "Ù�©zvk²(�Ñ§��ê�°Ý"w,/§�æ^¢ê°Ý�¤���(J�U��"Ǒ
�yk�{�'�§�©¥��{Ì��Ä¢ê°Ý"éuz��{§z�êâf8�£²þ¤��oÂ�3L4¥�Ñ"��ACO-

TOPÚSVF�O�(J��§GTFÚFVFg�§GTP'±þ�{(JÑ�§CGWÚTMH�(J��"ACO-TOPÚSVF©O315�êâf8¥¼�`uÙ��{�(J",	ACO-TOPUé�347��~®���Â�§¿�§Ué�12��~#���oÂ�£�[(J3L5-6¥�Ñ¤"d±þ'�(J��§ACO-TOPäk���5U"
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¢�©Û LLL: 7«�{�O�(Jêâf8 ACO-TOP CGW TMH GTP GTF FVF SVF
7.2 642.7 637.4 641.5 637.7 641.0 637.1 641.2
7.3 599.9 597.1 599.4 595.5 598.6 594.6 599.2
7.4 519.1 517.0 518.2 516.3 518.4 516.2 518.4L??�Ñ
z��{�²þO��m"5¿�CGW 3SUN 4/730 Workstation

25 MHzþ$1, TMH 3DEC Alpha XP1000 computer 667 MHz$1§Ù��{32.8GHZ PCþ$1"ù
�{�$1�¸Ø��§J±��'��m"5¿�SVF$1�PC5U��Ù�{$1�PC�C§§3ü�5����êâ8¥�$1�mÑ���L�©¨"SVF 314�êâ8¥�O��mǑ1118s£òC20©¨¤§317�êâ8¥�O��mǑ911s£òC15©¨¤"ACO-TOP314�êâ8¥Ñ���£51.1s¤§�´§U3�©¨S�)z�¯K§Ïd�©JÑ��{�±3Ün��mS¼�-<÷¿�)"
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¢�©Û
LLL: 7«�{3z�êâ8þ�Ñ�O��mêâ8 ACO-TOP CGW TMH GTP GTF FVF SVF

Set1 7.9 15.4 N.A. 10.0 5.0 1.0 22.0
Set2 3.8 0.9 N.A. 0.0 0.0 0.0 1.0
Set3 8.5 15.4 N.A. 10.0 9.0 1.0 19.0
Set4 51.1 934.8 796.7 612.0 324.0 121.0 1118.0
Set5 25.2 193.7 71.3 147.0 105.0 30.0 394.0
Set6 20.3 150.1 45.7 96.0 48.0 20.0 310.0
Set7 44.7 841.4 432.6 582.0 514.0 90.0 911.0
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¯K`²
õ���¯K´��;.�f8¯K"3f8¯K¥`z8I´l�Ô¬8¥À��|�`�1Ô¬"5µÙ�f8¯Kk�å÷v¯K!bin packing and cutting stock!\�>k- ³ä¯K±9��ì¯K�"�À1û¯K�'§f8¯K'5uÀÀÀ���===


ÔÔÔ¬¬¬ØØØ555ÔÔÔ¬¬¬���ÀÀÀ������gggSSS"
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�Eã
3�)õ���¯K�§kò¯Kï�Ǒ���Eã§ã�º:éAuz�Ô¬§z�>éAuü�º:£Ô¬¤�m�ë�"é¬3ù�ã¥1r±�E¯K�)"
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&E�º��ªb½s´��)§�S = {o1, o2, · · · , o|S|}´�ÀÔ¬8§Ù¥|S|´S�Äê"§�æ^�&E�º��ªXeµr&E�º�3�ÀÔ¬þ"3ù«�ª¥§&E�^5LÆéÔ¬� �"§�Ä�g�´O\�ÀÔ¬� ���ù
Ô¬3±��)�EL§¥��U�À¥"
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&E�º��ªb½s´��)§�S = {o1, o2, · · · , o|S|}´�ÀÔ¬8§Ù¥|S|´S�Äê"§�æ^�&E�º��ªXeµr&E�º�3�ÀÔ¬þ"3ù«�ª¥§&E�^5LÆéÔ¬� �"§�Ä�g�´O\�ÀÔ¬� ���ù
Ô¬3±��)�EL§¥��U�À¥"r&E�º��ë�zék��ÀÔ¬(ou, ou+1�>þ"ÙÄ�g�´�þ���ÀÔ¬´ou �§O�ÀJou+1 ��U5"3ù«�ª¥§&E�L«l��º:£Ô¬¤Ñu�e��A½º:£Ô¬¤� �"
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&E�º��ªb½s´��)§�S = {o1, o2, · · · , o|S|}´�ÀÔ¬8§Ù¥|S|´S�Äê"§�æ^�&E�º��ªXeµr&E�º�3�ÀÔ¬þ"3ù«�ª¥§&E�^5LÆéÔ¬� �"§�Ä�g�´O\�ÀÔ¬� ���ù
Ô¬3±��)�EL§¥��U�À¥"r&E�º��ë�zék��ÀÔ¬(ou, ou+1�>þ"ÙÄ�g�´�þ���ÀÔ¬´ou �§O�ÀJou+1 ��U5"3ù«�ª¥§&E�L«l��º:£Ô¬¤Ñu�e��A½º:£Ô¬¤� �"r&E�º��ë�zé�À�Ô¬�>þ"ÙÄ�g�´O\Ó�À�S¥?¿ü�Ô¬��U5"



O��U—–¬+�{�û�8¹¬+�{�g�å¬+�{�Ä�µeÄ�¬+�{;.U?¬+�{ìè½�¯Kõ���¯K

&E�º��ªb½s´��)§�S = {o1, o2, · · · , o|S|}´�ÀÔ¬8§Ù¥|S|´S�Äê"§�æ^�&E�º��ªXeµrrr&&&EEE���ººº���333���ÀÀÀÔÔÔ¬¬¬þþþ"3ù«�ª¥§&E�^5LÆéÔ¬� �"§�Ä�g�´O\�ÀÔ¬� ���ù
Ô¬3±��)�EL§¥��U�À¥"r&E�º��ë�zék��ÀÔ¬(ou, ou+1�>þ"ÙÄ�g�´�þ���ÀÔ¬´ou �§O�ÀJou+1 ��U5"3ù«�ª¥§&E�L«l��º:£Ô¬¤Ñu�e��A½º:£Ô¬¤� �"r&E�º��ë�zé�À�Ô¬�>þ"ÙÄ�g�´O\Ó�À�S¥?¿ü�Ô¬��U5"
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éu&E�½Â
Ä�éu&E§=3�{$1L§¥éu&E�6u�®�E�Ü©)§ÙêÆL�ªǑµ

ηSk
(j) =

pj
∑m

i=1 rij/dSk
(i)

(22)Ù¥dSk
(i) = bi −

∑

g∈Sk
rig§Sk´®�À¥�Ô¬|¤�8Ü"
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éu&E�½Ân«·�éu&E§=éu&E3�{$1L§¥�±ØC"§�©OXeµ1�«éu&Eµηj = pd1j (23)Ù¥d1´ëê"1�«éu&Eµηj =

{

pd1j /sd2j ifsj 6= 0

pd1j K
(24)Ù¥sj = max

1≤i≤m
(rij), d1Úd2´ëê"1n«éu&Eµηj =

{

pd1j /sd2j ifsj 6= 0

pd1j K
(25)Ù¥sj =

∑m
i=1 rij , d1Úd2´ëê"
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éu&E�½Â
éu&E´eª½Â�[�^Ç(pseudo-utility ratio)µ

η(j) =
pj

∑m
i=1 wirij

(26)Ù¥wi´1i��å3�¯Ktµ�55y�Kfd�£éóCþ¤§©1L«Ô¬j�;�5£tightness¤"
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éu&E�½Â
éu&E´eª½Â�[�^Ç(pseudo-utility ratio)µ

η(j) =
pj

∑m
i=1 wirij

(26)Ù¥wi´1i��å3�¯Ktµ�55y�Kfd�£éóCþ¤§©1L«Ô¬j�;�5£tightness¤"��§é¬ �u|dp�;�5��Ô¬"
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)��E
3�E)�§é¬^����þ5IPÔ¬´Ä�À�§§éAu��)"ù��þ�z�©þÑ�©zǑ0"31�EÚ§é¬�âeª½Â�VÇ5ÀJÔ¬

P (ck = j|τ) =





τ(i,j)αη(i,j)β
∑

u∈Uk
τ(i,u)αη(i,u)β

XJj ∈ Uk

0 ÄK (27)Ù¥Uk(1 ≤ k ≤ n)´d÷v�å���ÀJ�Ô¬|¤�8Ü"α, β´�Këê§§���&E�Úéu&E��é�5"dþª��§é¬ �u�
äk�p&E�Úéu&E�Ô¬"b�Ô¬j�À�§K�þ�1j�©þ��¤1"�EL§3UkǑ�8�ª�"
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)��E
3)�EL§¥§�ÀÔ¬8�(½é�{�Ýk�KǑ"ÏǑrij ≥ 0§¤±��,�Ô¬��
�å§§3±���EL§Ñ´Ø�À�§ùÒ´`Uk ⊃ Uk+1"b�31k�EÚ§XJÔ¬o ∈ Uk÷vrio ≤ bi −

∑n
j=1 rijxj(i =

1, · · · ,m)§KTÔ¬Ò´�ÀÔ¬"
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)��E
3)�EL§¥§�ÀÔ¬8�(½é�{�Ýk�KǑ"ÏǑrij ≥ 0§¤±��,�Ô¬��
�å§§3±���EL§Ñ´Ø�À�§ùÒ´`Uk ⊃ Uk+1"b�31k�EÚ§XJÔ¬o ∈ Uk÷vrio ≤ bi −

∑n
j=1 rijxj(i =

1, · · · ,m)§KTÔ¬Ò´�ÀÔ¬"5¿���bi −
∑n

j=1 rijxj(i = 1, · · · ,m)���JJJpppOOO������ÝÝÝ"
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&E���#3z�é¬�E���)�§��^�`)�#&E�"äNó§&E�Uì±e�ª�#:

∀u ∈ J, τ (u)l+1
← ρτ (u)l +∆τ (u), (28)XJτ (u)l+1 < τminKτ (u)l+1 = τmin (29)XJτ (u)l+1 > τmaxKτ (u)l+1 = τmax (30)Ù¥τ (u)l´Ô¬u31l���&E�, ρ´&E��±Ç£pheromone

persistence¤(1− ρ´&E���uÇ)"-s̃bestǑ�`)§§�U´��`)sgbǑ�U´�gS���`)sib"XJs̃best�1u�©þ�u1§K∆τ (u)�ug(s̃best)§Ù¥g(x) = 1/
∑n

j=1 pj(1− xj)¶ÄK∆τ (u)Ǒ0"
τmaxÚτmin©O´&E��þe."3&E��#�§�
��`é¬À¥�Ô¬ò�É�õ�&E�§Ïd§�� �Ý£desirability¤O\
"&E��þ.���Ǒg(sgb)/(1− ρ)"±��[?Ø&E�e.�À�"
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ÛÜ|¢
ÛÜ|¢Uk�;��{�uÛÜ4�:§Ïd§~^5U?¬+�{"
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ÛÜ|¢
ÛÜ|¢Uk�;��{�uÛÜ4�:§Ïd§~^5U?¬+�{"Ä�g�Ǒµ^?ü���ÀÔ¬O����ÀÔ¬§zg£�1�¤O�¼��½�Â�§��é�Â����O�"Ǒ
JpÛÜ|¢�O��Ý§�±é¤kÔ¬UìÂ�?1üSü�"du3(½1����ÀÔ¬�§XJ�gO��Â��u���Â�§ÒØ^}ÁÙ���ÀÔ¬"ÏdüSü�Uå�~�O�þ�8�"
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ÛÜ|¢
ÛÜ|¢Uk�;��{�uÛÜ4�:§Ïd§~^5U?¬+�{"Ä�g�Ǒµ^?ü���ÀÔ¬O����ÀÔ¬§zg£�1�¤O�¼��½�Â�§��é�Â����O�"Ǒ
JpÛÜ|¢�O��Ý§�±é¤kÔ¬UìÂ�?1üSü�"du3(½1����ÀÔ¬�§XJ�gO��Â��u���Â�§ÒØ^}ÁÙ���ÀÔ¬"ÏdüSü�Uå�~�O�þ�8�"§Uì±e�ª$1µ3z��§��,�é¬�E
��)§A^ÛÜ|¢5U?ù�)"
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&E�e.�À�
StjtzleÚHoosïÆò&E��e.À�Ǒ

τmin = ǫτmax (31)Ù¥ǫ = (1− n
√
Pbest)/((avg−1) n

√
Pbest), avg�un/2, Pbest(0 <

Pbest < 1)´ëê"Ǒ{üå�§¡ù«�{ǑSH {£SH
method¤"3A^T�{�§'�3uÀ�Ü·�Pbest"
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&E�e.�À�Ǒ
©ÛPbestéué¬|¢Uå�KǑ§æ^±eü��Iµ
1¤�qÇ£similarity ratio¤µù��I�2�^uþzõ�5§¿�§®²3?z�{¥A^"�©�Ä©z¥JÑ��Iµ

∑n
j=1

∑na
i=1 s

i
j(
∑na

i=1 s
i
j − 1)

(na − 1)
∑n

j=1

∑na
i=1 s

i
j

(32)dþª��§�¤k�E�)�Ó�§�qÇǑ1¶XJé¬�E�)��ØÓ�§�qÇǑ0"
=�Pbest�Ǒ0.005ù���é��þ§�qÇO\�é¯§3150���0.98"
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&E�e.�À�
2¤Ä�Ç£re-sampling ratio¤µ§^5Ǒx�{3|¢�m¥Ä��k�5"-DiffNumǑ�8Ǒ�é¬�E�ØÓ)�ê8§TotalNumǑ�8Ǒ�é¬�E�)�oê"Ä�Ç½ÂǑ

TotalNum−DiffNum

TotalNum
(33)Ä�Ç�Cu0¿�X¬+�E�)�É�§|¢Uår¶Ä�Ç�Cu1¿�X¬+�E�)�É�§|¢�CÊ¢"

3 �Ǒ �§Ä�ÇO\�Ǒé¯§3 ��� "ùL²é¬3��é��«�|¢¿�  �)®3±�S�¥�é¬�EL"3ù«�/e§7L�é¬�|¢1Ǒõ�z"·���éu&E3�E)�åXé���^§ªvk�Äéu&E"ùÒ�XÛÜ·/À� �5(J"AO/§�ù«�{^�ØÓ5��¯K�§À�ù�����ëêò´éØ�B�"
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&E�e.�À�
2. g·A�{d&E��º��ª��§?¿ü�)�m��Éþ=Ǒ)�m�Hammingål£PǑd¤"�þ�gS�¥^5�#&E���`)Ǒ§K²þ�ÉþǑ

avgD =
∑na

i=1
d(si, sbest)/na (34)du3õ���¯K¥�Éþ´��ål§ÏdǑ¡²þ�ÉþavgDǑ²þål£average distance¤§na´é¬ê§si´1i�é¬�E�)"
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&E�e.�À�
e¡5©Û²þ�Éþ�ìC5�"X¤ã§²þ�Éþ´Ï"�Éþ�� �O"-T1 = {τ(u)αη(u)β |sbest(u) = 1, u ∈ J}�T1 = {τ(u)αη(u)β |sbest(u) =

0, u ∈ J}"b�T1����Ǒτ1§T2����Ǒτ2"��&E���#§τ1/τ2O\"AO/§�τ1/τ2 → ∞§K3e���E�`)sbest�VÇòªCu1§=z��Å�E�)Ú�m�HammingålªCu0"=e¡�5�¤á:
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&E�e.�À�
e¡5©Û²þ�Éþ�ìC5�"X¤ã§²þ�Éþ´Ï"�Éþ�� �O"-T1 = {τ(u)αη(u)β |sbest(u) = 1, u ∈ J}�T1 = {τ(u)αη(u)β |sbest(u) =

0, u ∈ J}"b�T1����Ǒτ1§T2����Ǒτ2"��&E���#§τ1/τ2O\"AO/§�τ1/τ2 → ∞§K3e���E�`)sbest�VÇòªCu1§=z��Å�E�)Ú�m�HammingålªCu0"=e¡�5�¤á:555���1. -sÚsbest�m�Hammingål�Ï"ǑE(d(s, sbest)),KE(d(s, sbest))→

0 ��=�τ1/τ2 →∞.y². PO = {j ∈ J |sbest(j) = 1}§K = |O|"b�3�Es�§1k��À¥Ô¬´ak(1 ≤ k ≤ K)"5¿�E(d(s, sbest)) → 0��=�P (ak ∈ O) → 1(1 ≤ k ≤

K)"dus Uì3.5.2 ¥�L§�E§(Ø¤át
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&E�e.�À�
555���1LLL²²²XXXJJJÏÏÏ"""���ÉÉÉþþþLLL���§§§KKK&&&EEE���������ÉÉÉééé���UUULLL���"""3ù«�/e§k7�~�&E��m��É"�â3.2 !�g·A�{§&E�e.Uì±e�{À�µ�é���#�sgb�§τmin��©zǑ��é���"ù�±ÏL��τminǑǫτmax�Pbest�����é��ê£XPbest > 0.5¤5¢y"d�§XJ²þ�ÉþL�§ù¿�X&E��É�UL�"Ǒ
;�ù«�/§�^Xe�ª5?�&E��e.µ XJavgD < γ,Kτmin := λτmin (35)Ù¥γ´���ëê£1 < γ < n¤§λ(λ > 1)´��ëê"
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&E�e.�À�
�SH{ØÓ�´§¤JÑ��{U3²þ�ÉþL��g·A/�#&E��e."3ù«�{¥§&E�e.��©zǑ��é���§ù�3�{$1��&E��þe.�É��"��ª£3-18¤�J^�÷v§τmax/τminÅÚ~�"�§τmax/τminUv
�±�&E�Uå�Ú�é¬|¢��^"K�γû½&E��þe.�É"�§��Ǒ��é���§&E��þe.�É¬3�½�ê��C�é�"�§��Ǒ0 �§&E��e.ØUC"
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&E�e.�À�

ã: ²þ�Éþ£average difference quantity¤�üC£g·A�{£the adaptive method¤ÚSH{3�~10.100.00þ�²þ(J)"ëê��Ǒµna = 50, α = 1, β = 20, ρ = 0.95, γ = 8, λ =
2, Pbest = 0.9.
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&E�e.�À�
�qÇÚÄ�ÇǑ^5©Ûg·A�{"3g·A�{¥§ùü�þÑ'SH{¥��§ùL²é¬k���|¢Uå"ã3-3�Ñ
g·A�{ÚSH{�²þ�ÉþCz�"éug·A�{§²þ�Éþ©ª�u½�Cuγ £Ù¥γ = 8¤"éuSH{§²þ�Éþ3m©��ÿ��§3150�±�§²þ�Éþé�£�u1¤§ù2�gL²é¬=3é��«�|¢"
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¢�êâ9�{�O`²
Ǒ
u�AMMASÚÛÜ|¢�5U§æ^©z¥Jø��~?1¢�"z�¯KL«Ǒm.n.z§Ù¥mÚn©O´�åÚÔ¬�ê8§zL«T�~3äk�Óê8�Ô¬Ú�å��~|¥�SÒ"�âStjtzle ÚHoos�ïÆ§^·ÜüÑ5NÝ��`)Ú�gS��`)5�#&E�"-f gbL«z�f gb�sgb�^5�#&E�"NÝüÑǑµ39�§f gbǑ3§l110��124�§f gbǑ2§l125�å§f gbǑ1"&E���©�Ǒ,��~���"Ǒ
ÚO©Û§éz��~ÿÁ50g"
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5Uµd
éu�Å�{§µdO�(J´��J:"Ǒ,�{�Âñ5�y
�{3�¡��mSoUé��`)§�´¢�¥O��m´k��"�Ùæ^©z¥��{§§kÏL�)õ���¯K��55ytµ¯K¼��¯K��þ.§2ÏL'��Å�{���(J�¯K�þ.��å£gap¤?1µd"du©z¥�GA�{O�(J�¯Kþ.��åé�§ÏdGA´�����{"¤±�§?1'�§U�äAMMAS�O�k�5"
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ëêÀ�9�^
AMMAS3�E10000 �)��Ê�"e¡^ê�¢�©Ûëê�KǑ"3¢�¥§ëê�"��Ǒµna = 50, α = 1, β = 20, ρ = 0.95, γ = 8, λ = 2, Pbest =

0.9"3zg¢��§=��ëêCz§Ù�ëê�±ØC§�ÿÁ�ëê��Ǒna ∈10, 20, 50, 100, α ∈0.5, 1, 2, 4, β ∈1, 5, 10, 20, 40, ρ ∈0.7, 0.8, 0.9,

0.95, 0.98, γ ∈2, 4, 8, 16, λ ∈1.5, 2, 2.5, 3, Pbest ∈0.6, 0.7, 0.8, 0.9"·�^10.100.00Ǒ~5?1©Û"éuz�ëê�§k50 ���£=50�oÂ�¤"
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ëêÀ�9�^

ãw«�´é¬êéu�{5U�KǑ"l��m£=l11��/ã�14��/ã¤§o��/ã�g�Ñ�´é¬êǑ10!20!50Ú100��¢�(J"���ééé¬¬¬êêêǑǑǑ50���§§§¥¥¥   êêê������¿¿¿������������ÚÚÚ������������ååå������§§§ddd���OOO���(((JJJ©©©ÙÙÙ���888¥¥¥§§§LLL²²²���{{{UUU������///ÂÂÂñññ"XJÀ�Ǒ���ê§)��þeü"�é¬êǑ10�§¥ ê��¿����Ú����å��§d�O�(JlÑ§Ý��"�Xé¬ê�O\§z���E�)Oõ§ù�3z�¼����)��U5O�"�´§du�E)�oêØC§XJé¬ê��§)��þ¬C�"�é¬êǑ �§O�(J8¥§ÝÑ�ué¬êǑ ��O�(J"
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SH{Úg·A�{�¢�©Û
LLL: g·A�{�SH{�¢�(J"���~�Ô¬êǑ100§�åêǑ5¶¥m���Ô¬êǑ100§�åêǑ10¶��Ê��Ô¬êǑ500§�åêǑ5"²þ�^o�Ê\��

SH{ g·A�{�~ ®���� ��� ²þ� IO� ��� ²þ� IO�
5.100.00 24381 24381 24354 26.1 24381 24362 23.8
5.100.01 24274 24274 24268 15.9 24274 24273 6.2
5.100.02 23551 23551 23531 8.5 23551 23540 7.2
5.100.03 23534 23534 23477 13.1 23534 23482 14.9
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�©z¥�¬+�{�'�
LLL: AMMAS!Ant-knapsackÚACOLM¢�(J"���~�Ô¬êǑ100§�åêǑ5¶¥m���Ô¬êǑ100§�åêǑ10¶��Ê��Ô¬êǑ500§�åêǑ5"²þ�^o�Ê\��

AMMAS Ant-Knapsack�~ ®���� ��� ²þ� IO� ��� ²þ� IO� ��� ²þ�
5.100.00 24381 24381 24362 23.8 24381 24342 29.3 24381
5.100.01 24274 24274 24273 6.2 24274 24247 38.5 24274
5.100.02 23551 23551 23540 7.2 23551 23529 8.0 23551
5.100.03 23534 23534 23482 14.9 23534 23462 32.6 23527
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�©z¥�¬+�{�'�
L6�Ñ
n«�{�(J"d(J��§AMMAS�(J��§Ant-knapsackg�",��¡§AMMAS!ACOLMÚAnt-knapsack�E)�oê©O´µ10000!10000Ú " Ú �E)�oê��"Ïd§AMMASUé¯/é�p�þ�)"
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�©z¥�¬+�{�'���©Û·ÜAMMAS�5U"ÀJ©z[121]¥���90��~5ÿÁ�{5U"ù90��~d500�Ô¬ÚØÓê8��å�¤"z30��~Ǒ�|§z|^PÒL«Ǒ"éu5.500!10.500Ú30.500§��$1�m©O´100�!200 �!400 �£CPUǑ2.8GHZ¤"Ï¢�L²§�{U3�A��mS¼��)´-<÷¿�"I�`²�´§Ǒ
ú²'�·ÜAMMASÚAMMAS§ò��$1�m�ǑÊ�^�"Äk§©ÛÛÜ|¢é�{�KǑ"L7�Ñ
AMMASÚAMMAS+ls�¢�(J§¿��Ñ
Ø�Ä&E��£d�¤AMMAS+ls�¢�(J"d(J��§ÛÜ|¢Uk�UõAMMAS�5U§AMMAS+ls3¤k�~¥Ñ�����)¶¿�§�^&E�UÚ�é¬é����)§AMMAS�5U`uvk�^&E��·Ü�{"LLL: AMMAS+lsÚAMMAS�¢�(J"Ô¬êǑ500§�åêǑ5"²þ�^o�Ê\��
AMMAS+ls (α = 1) AMMAS+ls (α = 0) AMMAS�~ ��� ²þ� ��� ²þ� ��� ²þ�

5.500.00 120148 120111 119860 119648 120116 120056
5.500.01 117879 117841 117494 117360 117857 117786
5.500.02 121131 121097 120708 120526 121109 121043
5.500.03 120804 120776 120473 120293 120785 120715
5.500.04 122319 122303 121988 121812 122319 122254
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�ü�`D�{�'�L8�Ñ
�n��{�¢�(J"�GA�'§AMMAS+ls3z�|Ñé�
���)¶�z*�'§AMMAS+ls38|¥é�
���)"LLL: AMMAS+ls§GAÚZ*�¢�(J"O�(J^o�Ê\���~| TightnessÇ AMMAS+ls GA z*
5.500 0.25 120629 120616 120623
5.500 0.5 219509 219503 219507
5.500 0.75 302362 302355 302360
10.500 0.25 118603 118566 118600
10.500 0.5 217309 217275 217298
10.500 0.75 302588 302556 302575
30.500 0.25 115541 115470 115547
30.500 0.5 216223 216187 216211
30.500 0.75 302406 302353 302404
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