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ABSTRACT 

Most container terminals use transfer cranes to stack containers in higher 
tiers to enhance their capacities. Hence, more containers may be stacked in the 
yard and picking complexity of loading them onto vessels may increase. 
According to the properties of transfer cranes, the problem of arranging their 
working sequence while picking export containers from the yard can be divided 
into two sub-problems: finding the optimal routing path for the crane to move 
among different bays, and arranging picking sequences for the trolley and the 
spreader of the transfer crane when the crane stays at a specific bay. This 
article focuses on the latter, and uses constraint programming, which accepts 
both logical and mathematical constraints, to develop a model to solve the 
sequencing problem for trolley and spreader. This model is verified with some 
cases. 

Key Words: Container terminals; Transfer cranes; Picking sequence of 
export containers; Constraint programming 
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��"�����1��
X�����VW��������c�����c��

"#1����|���b8*9>?�n�DE"#�� ���GH¡���r¢£

Z/o��1��
�¤¥�¦§}¨©ª«���¬­�1�®[\w�DE¯
°

±�>²³´��_�µ¶$·¸�&¹º»?�w�_��DE'R���GHM¼½

¾P>?xm1�w�¿À'ÁÂ�Ã=0Ä­��)Å!N�R�h�Æ
���b8

*9'w�µ¶�XY��_�DE'»?$ 

�Ç
0ÈÉÊ�ËÌ���nÍD'Î���b8*90ÏÐÑ�-�8*9 ( 

(¹ÒÑÓÔ/;)�ÕÖ×; (trolley) XØÙ�Ú (spreader) ÈÛ- (Ü 1)�ÝÞ��3

4»?1���ÍD$sÜ 2 ¡ß�à�b8*9á�&����Ñ"F�/;âã X

ä"åRæ34�Xç&¨©W���èéêëjìíÕÖ×;á�&/;Ñ"�î=ã

Y ä"åïð34�0¨©W���èéêëjìíà/;�ÕÖ×;ñò
êëój

æ�ÕÖôMXõö÷øùúÙ�Ú'�É (Zä"å)�û<�n��$ 
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¹ÒÑËÌ1����nF�%&/;()./üèéêëjìæ56ýùój�¸

DERMþ®aêëjì'è4lÀ�"å>?ÁÂ�X��¹ºDEF/;'êëjì

èél����34�� [1,2]$��/;	lêëFZ[\ËÌ���nÍD�ª«
�

���MÆ
��1&©�W��
�¸à/;èéêëjìæ (Ü 2 ' X ä"å)�s

tY�ÕÖ×;�Ù�Ú�n�� (Ü 2' Y�Zä"å)�y
����ÁÂ«���`

a0w�_�F���M01�ª«
����U��wx*�_����Û�rF�w

�¿À'��Mø�fg1�w���«$ 
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��Ñ�/;�ÕÖ×;ØÙ�ÚDE�«�
æ��b8*9xm1�w�¿ÀÁ

Â��Z-��/;34��ÁÂ�ÕÖ×; Ù�Ú (XhÓÔ!;) w�¿ÀÁÂ"

#$%����&âþ®æJ>?'�$©F��!;w�¿ÀÁÂ(Ø)�*+�,-

./�¸�&01Y�,-#ÁÂD�23"4�56Ð7!;xmw�¿ÀÁÂ8#$

�&Xh9-�:;�<=;->xm1�!;w���'
�í<È;'�!;»?x

m1�w�DEF�¡(Ø'?@�A�,-./�|7B!;xmw�¿ÀÁÂ8#í

<:;>?CD->íÏE�7FGúÌ&uæ�;$ 

��������	
�� 

�;9-�È$!;�2.1;->xm��>1�_�'�«í2.2;H8*9���

�IÉ�JK!;DEF56LM�,-./í2.3 ;GNOR#!;P�x!;xmw

���'
��|'�¹ÒÑ !'ËÌ@Q$ 

2.1 ��������	
�� 

�R9QÇ�úS�û�·xm��>1GH�u/�«$%&©�TGHKLMU

Ò�.VW����	k��Xó_Å'xm��YZ [°$Cm��r�0GHæW

'xm1�U�M	)�¨©ª« (sÎ�C�*
�\]) ���0¨©F�^_\>

1�r`aÔ�xm��'�R9>1�$0xm��¹º>1R���GH'1�ÁÂ

ôMX�S1�Â-
[°$%-� (preferred area) [4]��XTU1W�óª«����

XYæ\�b8*9/;vd[\w�_�$ 

bc���1��GH'	,de�0xm���R9>1��fgh�[S1�Â

-�f�'%-��0��>1F�Spq�b8*9/;èéêëjì'g¶�34�

��ü�hijk�b8*9�É����'�^$�r����1���µ¶|���

b8*9/;'34�1�%��'XÂKLMX��¡ª'�l�Vl�Î�C (vessel, 

voyage and destination�ÓÔ VVD) D� !-
mO�]&��*
"nGL���l

!-
mO$éo'�p1�DE�IÉ²o�VVDÝ©�xm��M�q
TU�1�

aU*
"n¨©���Gr)�¬­�1�¨s�?tX�u�X��1�v+���

É�|��/;34$bc���£w��*
�1����1'l!-
mO�wp�

�)ÅÁÂ (stowage planning) ²o���*
®&��V?xóÉ¤�	?ó«�f

g$¸&¹ºw�_�R�)ÅÁÂôyzmO\]�Î�Cm"ª«����_�¿À

'{�|6����*
'�}�A�~������ (trim) �ó��É (GM) " !

)Å¼�$��²o�0a�ª«Ý©���h�h*���KLMÆ
��&��
'

�Û�U�jì (Ü 3) [5]�X��h�'V?xóÉ (stability)$ 

NOÑ�'�Z��xm��>1F���R9>1��fg�}�¨©*
"n'
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��&1�U¬­�1�w�Nch�'���V«�h*���56���1�Uw

x�XY_���
���Û�U��jì��r�0w�f�U�L�»?ùú���

�jì��¨S��wx1����4D (¹ÒÑÔ����)�XY��wx*�$²s

t��w�¿Àq
����4D�Y=Ä­�*�����w��G���!;w��

�'ÁÂÎ�$ 

������������������������(bay)
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2.2 
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���b8*9'ÕÖ×;â¼XÕÖô�-�� �Ýz9����aD�0&�

�ÕÖô�$�����Ê��|ZY��-��Û'õ 0/;¡¢õ£Ñ34��­

õö¤É'ùú�XÙ�Ú>?���nÍD (Ü 1)$0���b8*9�1�U���

âX�����c�����c��"#1��X��1��
$�zS��ì�¥wx

1���b8*9567%/;�ÕÖ×;êëjì'èé¦ùúÙ�Ú�jì�XÇ�

Z®	$1Wjì>?���n�Î�$ÕÖ×;�î=&/;¡¢õ£Ñ34�¸aê

ëjì'èé"å�1�U%W��¡Ð
'�É (Ü 2 ' Y ä"å)�èé§¨G�/

;��¡©ª'¡	W��¡
�T­$w¹ÒÑ>?w�¿ÀÁÂF��}�§¨yz

ÕÖ×;�«&/;Ñêëjìèé{�|6��ÕÖ×;êëF�stùú�Ûõö¤

É®¨©�É�1Wjì>?Ww (Ü 2' Zä"å)��r�'�w�¿ÀÁÂ��F�

���§¬Z W���W��#$�É$ 

�b8*9'!; !�&»?���8 (S��%1Wjì�8�ÓÔ����)�

XØ���ì (S��ì�­1Wjì�ÓÔ�ì��) #�®�4D�7%r#�®�

4D�¯­��b8*9<Z°±1�U²����nDE'�N$w®&DE���


XØ9³ÏÐ"�A�!;&1�>?���nÍDF�56�}Xh´��«µ 
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1. /;¶·�!;<=DE 

®&���
�0/;ò
ój|ò�¶·���h�!;<Z>?���nÍD�

éo'�à/;&²W���34F�!;56Y�õöSÙ�Ú�]u��ü¨cÙ¸

¹t���Xº»j¼½¾�¿À�	Á&r�����34/;¡Â
�!;DEUÃ�

ª«Ý©'����M�q
�ì&©�W��U�XY/;	lêëF�!;Z[\>

?w�$NOr��«�xm1�!;w���''�§¨ZÄó�à/;&­W��ê

ë¶·F�stÁÂ!;&ÅW��
'wx���¿À$ 

2. »?����4DF�î=�8�ì&uÑ���� 

����4D�!;DE�®�4D'��aÎ�0&S��%­1Wjì÷ø�

8��\4D�S�8'��ì���1Wjì�¥·S��Æ%:;Å�1�$!;»

?����4DF�ÕÖô56�ÕÖ×;êë&Î���¡0W��'ÇÑ"�÷hõ

ö|Y�Ù�ÚÈ¸Î���¡ÛÉÊ�sË@õöS���8�¸	lî=�8�ì&

uÑ����$sÜ 4¡ß�!;îZþ®�� A�B�C¥ D»?����4D���

îr:$��ª&�ì&uÑ����$ 

3. »?�ì��4DF�î=S����&uÑ� 

!;DE����®�4D��ì��4D���S��ì�1�U­�1Wjì�

aRì4D5� 1$����4D$©Ì·Í&Ù�Úî=È¸��¡Û�!;»?�ì

��4DFÎZS���ì&­W��U'uÑ�$¦o'�[ÅW��U��|Ï��

1��GZS���ì&ÅW��'Ð�1WÑ (ground slot)�[ÅW��U�	��1

��G!;ÎZS����&­ÅW��U'uÑ�$56ÒÓ�·�[W��U��1

��Ç�ÉÑ, (sÜ 4'W�� 1)�G!;¨Zs&ÅW��U»?�ì��4D�5

6�?ÔÕ�à�W���ì��$ 

A

B

C

F

E

D

������� 1 ��� 2 ��� 3 ��� 4
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2.3 ����
�����
����� 

H 2.1;Z��0�R9>1��D�h�Ï4Ö×*
¨©���>1F��Y�

zØ-jk�b8*9�É�����=~�GHÙIJ��r)Ú*��¬­�1$�

p��)Å²o�xm��_�FÛ���1�Uwx*��_������Û�U��

jì�XÜch�'V?xóÉ (Ü 3)$�z0Ú*��¬­���1�U��wx*

��Z=MÝÞß¼�à¨�¼ß~�����4D²á�1�w�µ¶$ 

à/;&­W��êëF�[	�$W��U¡	h*���+�ì&hÚ��'Ñ 

(Ü 5a)�G!;w���SâL�¦ËÌ�î�Lã�*������GS��wx�Zí

w0�R9>1��fgh�¹ÒÑä�	rÌå�1���æç�è/Û-Mj¼Ú�

*�¬­���� $̄p¹t�W��²o�[W0Ú��ì&*�'Ñ�� �̄M®�*

�����w��G¯
°± (¹ÒÑÔ��é��)�s0Ü 5bU�yW�� 2Ïé�

æç{�aê²W��+W0�é���æç�rF!;w���Sh�*+���®&

W0�é��æç�W��²o�56�S*�Ñ"�Ú�VF3]a�W�� (¹ÒÑ

Ô�����)�XY��wx*�$ 

����4D��y�é��æç'5!4D$�$����4D¹ºÑZ-���

$����4D��$�ì��4D���XÙ�ÚS­�W��uÑ�����8�[

©ÕÖ×;�834æ�sS����&��W��'uÑ�$%&����4D|¨=

wx��Æ%:;_��¹ÒÑS'Ô�¨�¼ß~�4D (unproductive movement) [6]$ 

2

2

3

3

3 2

2

1

1

2

�������1 ���2 ���3 ���4

�� ��

3

2

3

1

3 3

2

2

2

1

�������1 ���2 ���3 ���4

����1

����2

����3

����4
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w²�0�*�����w�R�h�W��U[W0�é��æç�G¨c¨7%��

��4DqX�y�0r��h�!;w�¿ÀÁÂ��Zóë�st0�*�����

w�R�h�X����4Dl�u��"#S��wx�X��xm1�w�µ¶$ 

¹ÒÑ�!;w����ËÌ@Q !Z-
#
�<�
�S�w�������

-ûËÌ��Y���QCR�Êì�X�X1�8*9»?����4D�q
�y²

W��'é�æç�XY��QCæZ[\»?�w��4D���1�w���Éí<

=
·©FËÌ�w���������01�8*9�
¨±�¥8*96»?a��

�ÍD"Ï4X�»?����F�!;w���56©F�}�w���������

�0��w�¿À�©F�[íé�æç�56»?¨�¼ß~�����4D�ø�¡

	��ñ�wx�·$ 

pîï_�DE'µ¶²o�<�
@Q��X�»?�����¸¹ºDEFZ&

1�U[\»?�w����]ðñ_����_�DE'�É¿�«$�r@Q56&

��QCR�Êì���1�8*9»?�����ü��ò��ó»?�w��²��

¨è�Z=Mpq����DE'*+Éí<=
@Q¨~������¸¨�ô{õ�

1�8*9DEF���¹º�w��FM�����4D°±�á�1��w��'¿

�«�Z=M³´ðñ_�DE'>?�w²����ò
MRö�w��²_\���

!;w���'*+É�SRö��ò
��²á�$ 

023"4Ñ�)÷ø [7] ùXFÊú�8#'�<�
!;X����@Q�w%

&w����¿À��¡(Ø',-#h�*+�Å&X�ûüýú�S¨©ª«���

qX�u�©F���¯Ýq,-# (side constraints) þßw����'²�DE,-$

s0Ü 5b U��(ØÈ�*
"n����[Xú�->'�aw����¿À���

56Ð7È�Ý®Û�FÊú��|���Ýq,-#þß�*���wx���îuÑ

���Z��8�XØ���îZì&����'Ñ�",-./�8#'7Bh�*+$ 

	Á&r��&01Y��,-#ÁÂ��23"4�7B!;w�¿ÀÁÂ8#$

��,-#ÁÂ !÷�ayZ������ÁÂ'"#�¨"#{�|Z©F��a�

¯#�,-#�s[G (if..than) '��./�Y&Ð7,-./h��+�8#�s	

F
" [2]���
 [8] ËÌxm1��Û/;34������Y�,-#ÁÂ¡��'
"#�¨"#�XØ��./"�=�ËÌ�Û/;©FDE'²�¹Ò«,-�µ�¨

���23��
��,-#ÁÂ56->!;w���$ 

sÜ 5b ¡ß�%&!;w�	lî=wxuÑ�����¥�8uÑ�����|

ì�a�W���uÑ��[=Y�®��W«��#��[G��./#þÇ���Z

/oÓc8#7B'*+É�|Z��!q�¥ùú²¯,-./�pq8#ËÌ��'

�«$r{�¹ÒÑ���w���������DE���<=
@QËÌ!;w��

��¸�&01���,-#ÁÂ�56Ð78#�|þ®©FËÌ�w�������

�<=
@QqX'�$ 
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�;�0NO<=;¡�'���«7B,-#ÁÂ8#�56ÁÂxm1�!;w

�¿Àí3.1 ;�->���«�OX�E7B,-#ÁÂ��'ËÌ�À�D�7B8

#'mOí3.2 ;GNO 3.1 ;'ËÌ�À�JK�23Y�,-#ÁÂ¡7B'xm1

�!;w�¿ÀÁÂ8#$ 

3.1 ��������	 

�!;�0þ®<=;¡�'xm1�!;w������aU¡(Ø'N�Î��

,-./�?@�A�D�7B,-#ÁÂ8#'mO$��Ñ�!;w���'ÁÂ�

G�Ói�aÎ��S­W��
���ò�wx���,&	lw�F�560W��


ÎR�)���Uwxu*J�[íu*�����é��²Ï4wx�G56�\»

?����4D�ø�u*���Z�wx�·��ös&|ówx���U�Ôh�$

u*����|�
·�Z�¿Ywx�sr**�ø�¡	���ñ�wx$ 

NOÑ��G��23��óë�w�������#$~/ (event)�OX2�Ë

Ì�G$¡��w��~/�¼�·Y�!;0W��Uwx�$���Æ%:;�]�

^_�$r~/j¼'R��`	�����U�]�	�$W���uÑ���ª&Î

Ru*�*
"n$��j¼�w��~/�G	�$?@�A56?ó��%tW��

w�í�ózw�W��'æ�î	ÅW��'uÑ���S���1��aê��'�


�jìñ��¨è$]&����~/�¼�·Y�!;0W��U»?����4D 

( <=;)�aÎ�0&�y­W��'�é��`a$������~/j¼�a?@

�A(Ø#$W����tW���uÑ�����8�XØ��8���Å�ì&tW

���uÑ�í0��~/U�yz��4���'{�aê��'�
�jìñ��¨

è$ 

0óëÑ�#$~/'æ��23¡�x'ËÌ�G÷Sú$!;w�¿ÀÁÂ��

-�
[°$!"�	$!"î=j¼�w��~/¥����~/$sÜ 6¡��[W

��U#	���G56�$ÎRu*���·�Zø�wx�[ZXG%?j¼�w��

~/�SÎRu*���wxí[Ï4ø�wx*��G&'j¼����~/��Xè

4�$�����jì�ò
'æsl�$ÎRu*���·�Zø�wx�[ZXGj

¼�w��~/wx*��[#Ï4wx*��G6j¼����~/|sl�$�sr

()*+�ø�¡	���ñ�wx�·$NOr�ËÌ�À��23X,-#ÁÂ�Ô

¡	�Z?��²Xò��l�u��w�"#D�8#'u��$ 
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3.2 
��
������ 

,-#ÁÂZ-�,-#°±�� (constraint satisfaction problem) �,-#u�c

�� (constraint optimization problem) #/
�RJâY��,-�vd�1W
/��

«��Ô°±,-#�¡	Z?�íæJG��óë�Î�.��|þ®¡	Z?�¡®

Û'Î�b>?1�/h�²®ÛÎ�bu��?@è�¯­��8#'u�� [9,10,11]$

��&¡'�'!;w���y6°±²�DE,-'{�|6Õx��l�u����

wx¿À�¸ª&,-#u�c����r�7B8#F�yzóëè�'bç�b�X

Ø,-#{�|6óëÎ�.��XYN�'>?$Xh�&SNO,-#u�c��'

!N�þ®!;w�¿ÀÁÂ��óëè��|20Î�.��,-#$ 

�Y&JK��&��ó max_stage, max_stack, max_height, weight_class:$1��

-23þ8#U¡�}�ò!"��©�W��UZ 'W����u/���É�XØ

��*
"n-
�$NO 3.1;¡7B�ËÌ�À�|��@�b�Ê�XY�¢-�

'�
��&9�-È$?@è��#$45è����Î�.��È¯,-#�OX7

B!;w�¿ÀÁÂ��',-#ÁÂ8#�Xh-2p?@è��45è��Î�.�

�,-#qXJKµ 

1. ?@è�µ 

(1) x (t, i, h) = {0, 1.., weight_class}µ��W�è���Xþß!" tF�W�� iU��

É h'1Wjì¡W�'���
í�b6/3þ6*����[ab� 0þßÅ

jìÏ��W�$XÜ 7 �D�	�$!"U�	�$1Wjìñ	a®Û���

W�è��s x (1,3,2) = 3þß!" 1'W�� 3�< 2$W��¡�1�·*
"

n 3���$ 

(2) pick_from(t) = {0, 1.., max_stack}µw�?@è���Xþßw�~/'?@�Aí

[r?@è��b� 0�þß!" tój¼w�~/í[r?@è��b/& 0�þ
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ß!" tj¼w�~/�ür?@è��b��!" t�ó�w�W��$ 

(3) change (t, i, j) = binaryµ��?@è���Xþß��~/'?@�Aí®¹�$!

" t²o�+W0 max_stack (max_stack−1) $ change (t, i, j)�[¡	� change (t, i, j) 
ñ� 0�þß!" tój¼��~/í[­�$ü]�î=	�$ change (t, i, j) � 1�

þß!" tj¼��~/��W�� i'uÑ���S��x�²&!" t+1Uì&

W�� j 'uÑ�$sÜ 7 ¡ß�0	$!"U�¹�W��ñZSuÑ����

�]a�W���¸	$!"9	 6$��?@è�$ 

height(1,1), height(1,2), height(1,3)

x(1,1,1)

x(1,1,2)

x(1,1,3)

x(1,2,1)

x(1,2,2)

x(1,2,3)

x(1,3,1)

x(1,3,2)

x(1,3,3)

�������

picked_ctnr(1)

�	�����

���1

change(1,3,1)

pick_from(1)

�	
����

height(2,1), height(2,2), height(2,3)

x(2,1,1)

x(2,1,2)

x(2,1,3)

x(2,2,1)

x(2,2,2)

x(2,2,3)

x(2,3,1)

x(2,3,2)

x(2,3,3)

�������

picked_ctnr(2)

�	�����

���2

change(2,3,1)

pick_from(2)

�	
����

height(T,1), height(T,2), height(T,3)

x(T,1,1)

x(T,1,2)

x(T,1,3)

x(T,2,1)

x(T,2,2)

x(T,2,3)

x(T,3,1)

x(T,3,2)

x(T,3,3)

�������

picked_ctnr(T)

�	�����

���T

change(T,3,1)

pick_from(T)

�	
����

������ ������ ������

 

� 7  �������	
��
���� (� max_stack = 3, max_height = 3)  

2. 45è�µ 

(1) picked_ctnr(t) = {0, 1.., weight_class}µw�45è���X45!" tF�wx��

�*
"ní[!" tój¼w�~/Gab� 0$ 

(2) height(t,i) = {0, 1.., max_height}µ�É45è���X45!" tF�²W��'�

��É$ 

3. Î�.�µ7!c¡	!"'��l�ò8$ 

Minimize ∑ ∑ ∑
∈ ∈ ∈STEPt STACKi STACKj

jitchange ),,(   (1)  

aUµSTEP�¡	!"¡
�T­íSTACK�¡	W��¡
�T­$ 

4. ,-#µ--94,-#�w�,-#XØ��,-#"È¯�²¯,-#'D��:



������� �	
	�� �	�� 
��
	����

�460� 

;ÁGÓ�s<µ 

(1) 94,-#µ�X�-²!"~/'j¼í®¹�!"²o�[�Ï��W0�G

¨j¼¹t~/�[#	��|ówx�G&'j¼w�¥��~/�a:;ÁG

�XhÈ�µ 

a. ®¹�!" t²o�[W��U�Ï���G¨j¼¹t~/í 

b. ®¹�!" t ²o�[W��U#	���ü]�	�$W��'uÑ����

ÎR*
"nu�����Gj¼�w��~/í 

c. ®¹�!" t ²o�[W��U#	���ü¡	ÎR*
"nu����ñâ

uÑ�����Gj¼����~/$ 

(2) w�,-#µ�X=Ã·�r)j¼w�~/�XØ��!" t j¼w�~/�!

" t+1 ²è�56Lã'./í�w�Fî%�$W��w��¸�,-#'?@

�Aî(Ø�$W���a:;ÁG !�Xh:�µ 

a. ®¹�!" t²o�[W�� iU�Ï���G¨c%W�� iw�í 

b. ®¹�!" t²o�[W�� i'uÑ�â!" tU*
"nu�����G¨c

%W�� iw�í 

c. ®¹�!" t²o�[�ó%W�� iw��G45è� pick_ctnr (t)"&W�� i

'uÑ���U�*
"nµ 

d. ®¹�!" t²o�[�ó%W�� iw��G!" t+1'?@è��45è�5

6Lãh�./µ 

(a) W�� i'�É45è�� 1í 

(b) W�� i'uÑ���W�è�P 0í 

(c) !" tU�W�� i'âuÑ���W�è�'b*³]!" t+1í 

(d) !" tU�yW�� iX{�¡	W��'¡	��W�è�'b+*³]!

" t+1$ 

(3) ��,-#µ�X=Ã·�r)j¼��~/�XØ��!" t j¼��~/�!

" t+1 ²è�56Lã'./í���F6%�$W���x���sì���$

W��U�¸�,-#'?@�A(Ø#$W���a:;ÁG !�Xh:�µ 

a. ®¹�!" t²o�[W�� iU�Ï���G¨c%W�� i�x��í 

b. ®¹�!" t ²o�[W�� j �Ç���ÉÑ,�G¨cS����W�� j

Uí 

c. ®¹�!" t²o�[�ó%W�� i�x���G!" t+1'?@è��45è

�56Lãh�./µ 

(a) W�� i'�É45è�� 1í 

(b) W�� i'uÑ���W�è�P 0í 
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(c) !" tU�W�� i'âuÑ���W�è�'b*³]!" t+1$ 

d. ®¹�!" t²o�[�óS����W�� j�G!" t+1'?@è��45è

�56Lãh�./µ 

(a) W�� j'�É45è�q 1í 

(b) W�� j 'uÑ���W�è�"&!" t U�W�� i 'uÑ���W�è

�í 

(c) !" tU�W�� j'âuÑ���W�è�'b*³]!" t+1$ 

e. ®¹�!" t²o�[�ó%W�� i�x���|S����W�� j�G!"

tU�yW�� i, j{'¡	W��'��W�è�'b+*³]!" t+1$ 

0N�Ñ��&âY�>( OPL [9] :;,-#ÁÂ8#|N�$,-#ÁÂâX��

¢�D� !N�9-$�r0?@è���-Ñ�56��q
@�è�$��b�Ê

���
�XY�¢N��[?@è��$�f�¥b�Ê�f/�S�pq�¢¡�F

�²á�N�µ¶ [8]$Ds�w�?@è���-Z� pick_from(t) ¥ pick_from(t,i)�R

J	$!"î��$?@è��b�Ê�� 0 ] max_stack��X?ó!" t ¨w�¥%

tW��w�íæJ	$!"G� max_stack $?û (binary) ?@è���X?ó!" t

²W��·�wx���Spq�¢-î�Î�h@ABCÊ��N�F���r�®&

N�µ¶'�
�7F�� pick_from(t) D�w�?@è�$ 

������ 

�;S>?CD->��XJKxm1�!;w�¿ÀÁÂ8#'7B�N�$4.1

;-2þ®È$�É¨©�CD>?8#7B�N�í4.2 ;GNO 4.1 ;'N�ÙD�

�xY�,-#ÁÂËÌ!;w���'{c$ 

4.1 ��������	
�� 

�!;9Z È$CD��XJKstY��&¡Ð7',-#ÁÂ8#�56ÁÂ

xm1�!;w�¿À$CD�-	È$W���È$W���u�Z�1E$���0

û<��w�¿À'R���1 6$���F<��æçsÜ 8'!" 1$�G18#'

­Ì«��D�-�1&W�� 1,2'��+W0�Ú�0Ñ�*�0h��é�`a�

Xz�8#®&w����¿À'��$�&Y�>( OPL :;CD�',-#ÁÂ8

#�aUZ ?@è��45è�9- 252$�,-# 2,323¯�ÙX OPL»?N�æ�

ÝzdHúÌsþ 1$%þ 1 Z��CD�'N�9IF 13 J�Üc 896 ¯Î�.�b

Ý©�Kc���¢N�mÀ��?@è�F9ß¼-î^ 2,509$�/h�¢Î�bF

91�LM 1,614l$ 

0N�Ï�"��CD�9Ùf 10$!"S¡	���wx�Ü 8¡ß�u��U
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'�¯$%&0F<æç (!" 1) U�W�� 1,2 'u*��� (NO 3) +�Ú� (N

O 1,2) PQ²ß¼é�`a�Ï4ø�wx�¸!" 1,2 +j¼��~/�SW�� 2

Ñ�'#$Ú��4]W�� 3�X�yW�� 2'é�`a$N�f�ø�!" 3<j

¼w�~/��W�� 2U�x*� (NO 3)�ò
'æ�¡	��Uu*J��1&�

� 1'uh��� (!" 4)��Ä­�*�����w��G�!" 4,5+56»?j¼

��~/�X�yW�� 1'é�`a$�!" 68�ú$���Ïé�`a�W0�¸

!" 6] 10+j¼w�~/�m�*�����G��¡	��'wx¿À$bc���

~¹ÑN�]!" 6��ò��y��U¡	�é�`a�æ\w�¿Àî�m�*��

���G���Z���Ï4X�N��¯ü��Á8h!�¸�DN�]!" 10�X

z�8#®&!;w���'ú(ËÌ�¯���©FpqzN�F��Kc���Î$ 

� 1  �������	
 

���� ����� ��	
 ��
 �� ��� ���� 

10 896� 13� 2,323� 252� 2,509� 1,614� 

 

�� 1���

change(1,2,3) = 1

1

2

3

2

3

1

2

3 3 1

1

2

3 1

2

1

2

3

2

13

2

1

1

2

1

2

change(2,2,3) = 1 change (4,1,2) = 1pick_from(3)  = 2 change(5,1,3) = 1

pick_from(6) = 1 pick_from(7) = 3 pick_from  (8)  = 3 pick_from(9) = 3 pick_from (10) = 2

1

2

�� 2��� �� 3���

3

�� 4���

1

������

2

�� 6���

3

�� ���� �� 8��� �� 9��� �� 10���

1

2

1

2

1

2

1 11 1

 
 
��1. ���� !"#$��� %"& 
' ' 2. ()�*�+",-�./�*012�,-0,& 

� 8  ������
 

�z��&8#ËÌÁ8h/��'=~��;�\®CD=>?->$CD=-	

4 $W��� 4 $W���u�Z�1 16 $���0û<��w�¿À'R���1 7
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$���F<��æçsÜ 9'!" 1$%&W���W��'�Îh/�8#U	$!

"¡®Û'W��w����"È
?@è��Spq�rF[SN�!"ò��óf

��S/opq?@è�'�ÎXØ561��$�,-./�á��¢N�µ¶$	Á

&r�CD=�lN�F�01�óN�]!" 5�XRS8#�x�¯$�D#X>(

OPL :;,-#ÁÂ8#��óN�]!" 5 æ�9Z ?@è��45è�9- 176

$�,-# 2,205¯�X OPL»?N�æ�ÝzdHúÌsþ 2$%þ 2Z��CD=N

�]!" 59IF 5J�Üc 720¯Î�.�bÝ©�Kc���¢N�mÀ��?@è

�F9ß¼-î^ 1,427$�/h�¢Î�bF91�LM 708l$ 

CD=�lN�Ï�úÌsÜ 9 (îN�]!" 5)$%Ü 9Z��F<æç (!" 1) U

u*��� (NO 3) 	#$�-2��&W�� 1,4'uÑ��Z�¿Ywx$©F�W

�� 1W0#$Ú� (NO 1) ��&�$*� (NO 2) Ñ"�é�`a�aê²W��

GÏé�`a�W0$Ùf!" 1] 3[\»?w�4Dæ�!" 4Uu*��� (NO

2) �é�²Ï4wx�56»?#$��4D (!" 4,5)��yW�� 1'é�`aæ�

]!" 6<ZSNO 2�*�wx$ 

� 2  �������	
 

���� ����� ��	
 ��
 �� ��� ���� 

5 720 � 5� 2,205� 176 � 1,427� 708� 

6 19,259 � 1,066� 2,751� 215 � 25,512� 10,340� 

pick_from (1) = 1

change(4,1,3) = 1 pick_from (6) = 1

1

1

2

2

1 3

�� 1���

3

1

1

2

2

1 3

1

1

2

2

1

�� 4���

�� 2��� �� 3���

1

1

2 1 1

1

2 1

�� 5��� �� 6���

12 1

pick_from(2) = 4 pick_from(3) = 2

change(5,1,3) = 1

1

 

��3( 8&  

� 9  ������
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bcÒÓ�·�%&��(Ø'?@è��,-#h��CD=��01N�]!"

5�·�N�F�T 5J$[SN�!"pq� 6�X>( OPL:;,-#ÁÂ8#æ�

?@è��45è�Spq� 215$�,-#pq� 2,751¯�²Kc���N�F��

-î^�1´LMl�"+/opq (þ 2)í[>�!SN�!"�ó� 7�GM�?@

è��,-#U��§}N�F�f¤ (Vf,!F) ²Ï4ËÌ$ 

%CD='->Ï�Z��à��Á8h/F�¨W�l�óf��N�!"��G

SÏ4N�$w²�%&­à�� (`a·h�Û���) 0N�f�U|¨M�è1W

jì��r�0û<N�/Á8��'R�ZXX�����1Wæç�®&­à���

jìtXXó�X��N�µ¶$�JKY�-YN���X�Xó­à��jì�Zj

4��;uæ®���Á8h/�CD>?->$¹ÒÑ��b8*9â�������

c�����c����1W"#DE��b8*9KL�� 4] 5�����[ÉG�

4] 5$��[ (()h/�£\#�b8*9�a (u/[É£ZÇ 10$��[��

L�ó 5] 6$��[D��1ª«Ý����®�ij)�� 5 × 5��É�¹ÒÑL]

���Á8�¸CDÈâþ®r�É¡(Ø�w���qX->$ 

0û<��w�¿À'R�W��U��1 22 $���F<��æçsÜ 10a '!

" 1$%&�DÁ8h/ü���Îh��¨Y&ø�N��¸&N�'R�S­à��

1WjìtXXó�X��¨5!'�¢-�$�D'N�9-�#$^Y�<�^Y�

ËÌu*��� (NO 3)�_Å"n������wxæ�s`��¦®&��jìXó

�,-�a\>?<=^YN�$ 

Ü 10a�<�^YN�Ï��aUbc"d3þjìXó'���0	$N�!"U

jì¨Mè4$��^Yî�SNO 3���wx�¸0!" 1U����Ûüj&NO

3��h"���+�Xójì$r{�W�� 3�Ç�1Ñ, (5�)�|�*� (NO

2) ����&Ú� (NO 1) Ñ"²Ïé�`a�¸SÅ� 5$��+tXójì$éo

'�0N�û<'R�9S 10$���jì��Xó$�D<�^Y�óN�]!" 10�

X OPLN�æ�ÝzdHúÌsþ 3$%Ü 10aZ��F<æç (!" 1) Uu*��� (N

O 3) 	:$��î	��&W�� 4'uÑ�JZ�¿Ywx�¸!" 1ø�j¼w�

~/í!" 2,3+j¼��~/�XY!" 4SNO 3���wxí!" 5]!" 10G

mÀj¼#l�����lw��~/�S¡	NO 3���wx$ 

<�^YN�ò
æ�îehNO 1� 2������w�¿À$Ü 10b�<=^Y

N�Ï��%&0N�û<R	 6$NO 2���Zø�wx�¸�¼ówxÅ 6$�� 

(!" 0 U�bc"d)�X@���Á8$<=^Y�óN�]!" 8�aU9>?Èl

���S¡	NO 2���wxí0!" 8U�îeh 7$NO 1�Ú��Z¨���S

'wx$ 
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� 3  �������	
 

 ��	
 ��
 �� ��� ���� 

4567 2,622� 7,685� 454 � 180,994� 180,983� 

4867 83,503� 7,912� 436 � 134,660� 134,655� 

pick_from(1) = 4

3

2

2

1

2

�� 1���

1

2

3

2

2

2

1

1

3

1

2

2

1

2

3

2

1

change(2,4,5) = 1

3

2

2

1

2

�� 2���

1

2

3

2

2

2

1

1

3

1

2

2

1

2

2

1

change(6,2,4) = 1

3

2

2

1

2

������

1

2

3

2

2

2

1

1 1

2

2

2

2

1

1

pick_from(7) = 2

3

2

2

1

2

������

1

2

3

2

2

2

1

1 1

2

2

2

2

1

1

change(8,1,4) = 1

3

2

2

1

2

��	���

1

2

2

2

2

1

1 1

2

2

2

2

1

1

change(9,1,4) = 1

3

2

2

1

2

��
���

1

2

2

2

2

1

1 1

2

2

2

2

1

1

pick_from(10) = 1

3

2

2

1

2

�������

1

2

2

2

2

1

1 1

2

2

2

2

1

1

change(3,4,5) = 1

3

2

2

1

2

��
���

1

2

3

2

2

2

1

1

3

1

2

2

1 2

2

1

pick_from(4) = 4

3

2

2

1

2

������

1

2

3

2

2

2

1

1

3

1

2

2

2

2

1

1

change(5,2,5) = 1

3

2

2

1

2

������

1

2

3

2

2

2

1

1 1

2

2

2

2

1

1

 

��1. ���� !"#$��� %"& 
' ' 2. ()�*2�+",-�./�*012�,-0,& 
' ' 3. 9:;<2�=>?@A+"/BC�����)=>D�E& 

� 10a  ������
 (����)  

4.2 ������ 

��������	
��
����������� 

1. �������� !"#$% OPL
&' 3.2()����
	*+,-./012

,-./�34056789:
;<8�(1)=>?@A/
B&' 3.2()����

CDE�FGHI��DE�
���	
JK�
LMNOPQRSTDEUV
B

WXY�Z[8\] 
̂_`�ab !8DE�Hcdef�ghY[ij����

kl0Rmln 
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2

2

1

2

��������

1

2

2

2

2

1

1 1

2

2

2

2

1

1

1

2

��	�
�

1

2

21

1 1

2

2

1

1

1

2

������

1

2

21

1 1

2

2

1

1

1

2

������

1

2

21

1 1

2

1

1

change(1,5,3) = 1 pick_from(2) = 5 pick_from(3) = 5

1

2

��
�
�

1

2

21

1 1 1

1

change(4,4,3) = 1

1

2

������

1

2

21

1 1 1

1

pick_from (5) = 4

1

2

������

1

21

1 1 1

1

pick_from(6) = 4

1

2

����
�

1

1

1 1 1

1

change(7,2,1) = 1

1 2

������

1

1

1 1 1

1

pick_from(8) = 2  

��1. ���� !"#$��� %"& 
' ' 2. ()�*2�+",-�./�*012�,-0,& 
' ' 3. 9:;<2�F@!GA+"& 

� 10b  ������� (	
��)  

2. �ijH����_opqrs>DE�Hc�tuLMvE
wijH� (�,-.

/�/?056xDE��/?) yzg{|}~�LM)�<�n��������

���q0�����
ijH�B�z
�� 13���LM��� 10����I�

��q0���S�z>�
��o�����
����� t�
,-./�z��

7
��[��./ x (t,s,h) _ 9��> 16���[,-./ change(t,i,j) _ 6��>

12��Y[,-./ pick_from(t) _ 3��> 4�n_`��
 �7LM��<
,

-./0¡¢£¤�DE�¥�z��7
�"oDE�Hc¦kqr§Kn 

3. �LM¨©���_��	
��
,-./��/8��ª«y56¬�ªDE�H

c���LM­|}y~�n®�
¯°,-./y±J�²
ijH�yzg���

q/? (max_stack)x³z´µ¶· (max_height) 8�¸LM�� (max_stage) ¹¹


¥{~�LM¨©
ijH��z�º{»¼LM<��½�¾¿Àm
8�Á��Â

ÃÄijH��-Å
#8ÁÆ��LM¨©
Ç�º¾¿L�Èij�ÉÊ³ËM 

(exact optimal solution)� 

(1) ÃÄ��q/? (max_stack) 0³z´µ¶· (max_height)  

_Ì 7��
��q/? (max_stack) 0³z´µ¶· (max_height) |},9gh

Y[ij�,-.//?
ÍÎY[,-./ pick_from(t) = {0, 1.., max_stack}x�

[��./ x(t,i,h) 8��[,-./ change(t,i,j)�ÏÐ�
;���Ñ����q
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/?0³z´µ¶·ÒÓ3ÔZv�Õ��9
�Ö��
×Ø�Ó3ÔZv��

�q/?0³z´µ¶·P> 4 ÙÚ�ÛÜ�Ó3ÔZv���q/?I�Ý 10

ÙÚ
³z´µ¶·�Ý 5 �n�LM<ÞijH��z
�ßà�Ó3ÔZv�

��qáâ	ã
äkLMn 

(2) åXæ9çè�[yéê
ÃÄij�ëì· 

 !)���ghY[ij��í�WXY�Z[
BÃÄ¸�[â/
&'`È

I
�8�LMîïðåX£ñ�[´µò4
Þ�­çèZó¹ô�¶y�[õ

´êoçè��qy³��
�«XöY�
8ÃÄ�÷qr	ø (branch) �/

?�ùúçè�û�y�[éê¥�Xö8æ9
8ÁÆLM¨©n��ijH�

�z����
�ü#`�-ÅLMn 

(3) 8	ýLMþ��âLM
ÃÄ¸LM�� (max_stage)  

&' 4.1 (��	
�LM��
ghY[ij��y��/?ªLM¨©�~�

�>��
Þ�â±9��y��
	{»¼LM<��½ (
�/g<)
�¾¿

��³ËMn�`
 ijH��z�LM
�<
���X±9�Äy��/?


B�R"#��æ9çè�[éêy����´µò4
äkLM
Ç`���º

{0ÉÊ³ËM����n 

������� 

+ü#Ó3ÔZvy����
���[]^���_Ó3ÔZvx�h8�^��

�v�ú)f�y 4l=!"#
$_%&¦k��Y[]hx�[�^�x^�'[

]^8�¬�h()��¹*=+,
����y�[]-.9y^/
Þ0��1��

2(3�45
P{~��÷*=y¦k
¦�67�[]^=!��%¨©n�8L^

��[]9¨©<
¯°��S�Ï:=!2(¡¢É	§=²
;Zu<;=~�>y

?@�A�o=!ð�Y[B,Hc0CÑn !"#DE�Hc������ghY[

B,Hc��
Dº�E�gh=!Fl0DEUVyðÁ�
deHc�[â/³Äy

����Y[B,n8�Á� !�NG0�H
8\ÏÐIé��÷JKLß� 

5.1 �� 

1. +ijFl��
Ó3ÔZv����Y[ij)���,-�A� �
¯zh0g

hyM NO0Y[B,²
PÍÎ�QÓ3v��R8�Y[*=ó�PS¹¹n 

!T^/UVHcyW·
XªÓ3ÔZvghY[Yij78Z[
'8\9ijL

M?@0DEUV
B"#DE�Hc����
deHc����ghY[B,
�

\¦��]^Ó3ÔZv����Y[ij�Lßn 

2. ���_5��
�ÏÐ�ghY[B,�CÑY,o`aby��
0Y[B,c®
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���[Y�
de¡�¸�[â/³Äy³ËM� !í�f�ghy/m	
�

¿
f���deHcp¸�[â/³ÄsyY[B,
8D�Ï:ikY[<
�8

jóÃÄ�=��>y�[ =
ÁÆ=!¨©n 

3. �JK�¿�
_oghY[ij��k�lmlyDEUV
�p�³���[�õ

Y�sxp�[¡¢êon�ù´µ0o�[��
��p¬s8�pZ[WXsY�

¹
w !��"#pDE�Hcs
qÝ`rDEUV��,-./y±J��
�

ÏÐ�ªo�[Zó���	>���r (�[��./�56)
<��q0���

�H�¥­D
"oü#pDE�Hcs¦kLMn_��	
NO�ab8DE�H

cdef�ghY[���Rml
Ç ��q0����H��z<
�s�â±9

��yLM��
8tu~�LM¨©n 

5.2 �� 

1. ÏÐ�ªopY[s =0p�[s =yÀm-Åtu�	�Rvik0	îikw

r
S­0Fl0Wx�n !8RvikpY[s =0p�[s =>ðÁ
��

ghY[B,Hc��
�Hey�+wÂ-Å¦k;z-y{�	
n 

2. T|}W·y~
���[]^=!��	�´�o������Ñ (yard bay) �y

�[]-��^���Ñ (vessel bay) �
�op�ª�sHcl�j
0�����

�ÔZv8�^���v�zxghyM 0�[¹ij��	ëìn !�ij�S

>������Ñ0��^���Ñyp�ª�sHc�j
B�-��ÔZv�gh

=!Fl78]^n�÷JK�¦��Xªp�ª�syY[Hc�j78]^
��

;}�ÏÐ=!y	
��n 
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