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Abstract

A multi-product, multi-stage, and multi-period scheduling model is proposed in this paper to

deal with multiple incommensurable goals for a multi-echelon supply chain network with uncer-

tain market demands and product prices. We set up fuzzy sets, with monotonic increasing mem-

bership functions, to describe the sellers’ and buyers’ preference on sales prices, respectively. The

scenario-based approach will be adopted for modeling the uncertain market demands, however, the

realization of objective values might be unacceptably low for certain scenarios.That is, the related

decisions lack robustness. Thus, we propose the lower partial mean as the measure of robustness,

and include it as part of objectives.

The supply chain scheduling model is constructed as a mixed-integer nonlinear programming

problem to satisfy several conflict objectives, such as fair profit distribution among all participants,

safe inventory levels, maximum customer service levels, and robustness of decision to uncertain

product demands, therein the compromised preference levels on product prices from the sellers

and buyers point of view are simultaneously taken into account.

For purpose that a compensatory solution among all participants of the supply chain can be

achieved, a two-phase fuzzy decision-making method is presented. In phase one, use the minimum

operator to maximize the degree of satisfaction for the worst situation.Then, apply the product

operator to maximize the overall satisfactory level with guaranteed minimal fulfillment in phase

two. Several numerical examples illustrate that the proposed two-phase method can provide a

better compensatory solution. And the inclusion of robustness measures as part of objectives can

significantly reduce the variability of objective values to product demand uncertainties.
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1.1 ���

�����	��
���
 W������ Y�������� ^ S���������� ��! S�T W ^�"�#�$�%�&�'�(
) �+*-,�.-/�0-1�
-2�3-46587-9�a-:�d-;�<6�+/�0-1�q-=�>�W�?A@B<��-C�D-EGF#W��
T�Z-3-H�I�T�J�W�/-0�g-K6�8L-��M-N��-O�P-Q-R�b�j�S-T��+U��-V-W�W-X� �Z�Y-Z� 
�\[-]-'�^���/-0�1-C�_�W�U�V6`8a-W��+N��-b-O�P-c�d-e�f�W�g-h�Z��-i�\����+j�k
lnm-o Z�p-q�r-s�t-U�u�W-v��-w�x�Z �-
�y `+z�{-|�N-��Z-N��-b�W�}�\��6� ]-~�a
� |�� � ����� W�\ �6�+��z-���-��a���� ���-��� (Supply Chain Management, SCM) W
�n�

[49] [50] `

1.2 �����������������
��� ����� m-� (Supply Chain Council) � �����-s���[-��f�T6  ������¡-?-¢-£�¤��

�n�-¥-¦�§���b6� q�\���S�T�W�^�S�Z�¨�����[�\�©-ª� �!�`¢q�\�W�[�\-©�ª� �!-«�¬
pn­�® ��¯�b W�°�± g�²�  ³�´ (Plan) 58µ�¶ (Source) 58·�¸ (Make) 58¨�� (Deliver) � f
Tn�-¯�b��-¹�Z�U�V�W��-�658º-X�»-µ�¶658·-¸�Z�¼-¨�5+½�¾�Z�¿-À�W�Á-Â�5¢e�i-��Ã
Z�e�i-���-[�Ä-U�u������-.�W-¨��-Å�[�\�©-ª���¯�b� �!�`+Æ�Ç �-� ����� m�� W�f
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�
1.1 ������������	�
��

¤u


°t¾P


¹s°
 ÅU


ÅU


ÅU

¹s°


¹s°


­Ü


°t¾P


°t¾P


­Ü

¤u


¨ÑÀ


¨ÑÀ


¨ÑÀ


°t°e
»s³
¨ÑÀ


T � �����-���-?�����^�S�Z�¨�����	�S�T�q-i�W�
 y �¢r�����¤������-¥�¦-§��¢rM�
W � k l���
 5+Ä���W�Y-Z� �ª6�8[-Ä��-.�q�\�a�:���b�����W m-o ¨��6�8�-¦�§���!
� 
�W�S�T�Z-H�I���������!���\�W����-j���������a���`
� 1.1 ­�� � � � � � 	 
 � � ��� z�� � � � � � ��«�p ­�� ��S! �"�# [49] [50] �

¢ £   � ��� (suppliers) 5 ·�¸ ��$ q�� (manufacturers/plants) 5 [�Ä�¨ ��%!& (distribution

network) �\[���'�(-��M�)-i ��* i�+�,� 

ä ���-�� 
� ����s ��M-) S T 5 º�X�»-$�H�I�¹-.-/ ^ S-$�²�¼ W-��� ` W-0 W � ���-1
2 ?�3�4�5����-� (immediate suppliers) �76�4�5�'�r�º�X-»�s���¹�����16`

ä ·n¸-��$�q��� 
· ¸-��$�q��-S� �?-k l�8 f�W ^ S�!�9 �:'-.�; ����� q�s�� W�M�)�<�=�>�? a
�@	 W S T!$ 1�? H I � «�¢!A · ¸�� � (fabrication plants) 5CB ²�¼!D (subassembly

plants) [nÄ���	�²-¼�D (final assembly plants) Å�Å�`

ä ¨���%�&� 



3

% &�¨���¢�A��-¨��G� � (distribution centers) 5���k�� (retailers) [nÄ�	���¦�§ (end

customers) ÅnÅ��¢r�S� �q-i�?�'���^�S���a�W�S�T�$�H-I�>�	�¥�	��-¦�§�W�
��
�\[ ��� r�U�V6`

� ��� � � ������M-"�# ��b W�\ � ��
�O�P�����M ��N���q-0 W ��
 j���­�� `
� ��\����-N���� y ���-¥ � [����-U��������6��
������G�#r�s��-u��-±���������1
W��� ��8V�W�b�W�\���!�[���i�"��8{-|�������u�#�«->�­��G� K�W������ (centralized

supply chain) `%$�z�� ����& � W�^ S�� Y���C�?G��' ��� ��º�» 5)( ��^ S 5�*-��²
¼ �,+ � ��-�*�.G�0/ � ����B�.�/�S�T-¨��6�+a�W������G�01����-u�r�2�?-[ � |�[
3 $�4�5�W�\���6�¿�7��+V-W��-b�k l �-i�$-g-h��+��8-¢�£-X� 65,9� 658Y-Z� -Å�^
S���:��-U��6�8W�|�������u�#-«�>-­�p�;�K�W������ (decentralized supply chain) `

1.3 <>=@?BA
� ��� ������C�D � \�E�C�F�1�s��HG�I�J�K�L ��M�N�O�P�Q�R�S�TVU�W-0���X�T

Y�Z J�[�O�\�N�]�O�PVU,^�_�`�a�b�cVd
Clark e Scarf(1960)[14] fhgHi�j�k�l�m�n�coU�p�q�r�s�t�u�v�w�]�x�yVz�{�|�}�~

����� ]�������x�y�U�����������������j�k�l�]����VU���������[�x�yVz
Cohen J Moon (1990)[15]� � Z �h�����H]h�������h��_ Z��h� PILOT ]��hF�x�y

U�����[��� �¡�¢ ��£ �0¤�yVU,¥�¦�y�§�¨�©�ª�«�¬�]�­�®V¯,��°�¯,±�²�³Vz,¢�´�µ¶g
i�Q�·0]�¸�¹�c�\���j�º�»�¼�½�¾�¿�À�������]���[�U £ ��Á�Â���[�i � Z ������]��
[h�0Ã £�Ä�Å�Æ�Ç ]�È�É�z

Vakharia ³�Ê (1991)[57]��Ë�Ì�������x�y�K�L�]�����¢�_�`�Í ��Î U�¨�©�������]
Ï�Ð ¯,m�n�¯�Ñ�Ò�Ó�Ô���Õ�Ö�×�¢�l�Ø�]�Ù�Ú�Û ��Ü�Ý ±�J�Þ�ß�à�á�x�y�]�â�yVã,}�ä
å�æ�ç ]�x�y�è�n�â�yVU,é�ê�Ë�Ì���j�ë�´�ì�f�g�]�������x�y�K�L�í�î�]�ï�ðVz,r�ñ
}�µ�g0ò�Û�������K�L�����]�â�óVU,ô�b�d�b�õ�·�ö ��Ü�÷ Z ��ø�] ��ù r�s�ú�v�U�û
~�ü�¥�i ÷ ��ø ÷¶ý r�s�ú�v�]�þ�ÿ�z
� ��¡���±�����������Ë ��Ü ������Ñ�Ò�p���	�j�]�
��oU�º�W���
�ÛoU�\���j��
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����� � ��â���]�ë�´
	��
� Z�

� z�T�ô�b�c�d

Gupta J Maranas(2000)[24] f g�_ Z�� k������hàhá (stochastic programming) x yhÛ
� Î ��������±���­�®�]�Q�� Ï�� z £ â�y � d,� � Z ������à�á���� Ý ±�J�Þ�ß�à�á
��Z k��VU,i
��_�k��
� � Î�Ý ±�à�áVU��
��i��
��k
��·�ö � Î Þ�ß�à�á�J�±
��­�®
]HQ � Ï � z }�! Ó�± ��­ ® � æ�" ��# (normal distribution) U%$�& '�] â�y (�g)��� k
��]
*�+���[oU�|�ñ�������à�á�þ�ÿ�,�-���M�³�] Ï�. à�á (deterministic programming)

þ�ÿ�z�r �VU Gupta / Maranas(2003)[25] 0�� £�1 �
2�j
3�*�]�à�áVz
Bose / Pekny(2000)[4]45$
6�7�x�y�8�9
:�¦�����Û�;�< Ý ±�/�Þ�ß�à�á�U £ ��è�=

_ Z 8�9�x�y�e�_ Z à�á�x�yVU,}
> ��Z x�y�i�_ Z ¨�©�Q
� Ï
� ]�x
?�@
A�� U,_��
_�ñ�B�Á�¢�z � 8
9�x�y�Ô�C�ò�Û
3�*�]�D
E . UGF���à�á�x�y���Ë�r
H�¡
4�ò�Û�]
D
E .�I À�8
9�í
D
E . z

Zhou ³HÊ (2000)[60] f�g0_ Z ��J�K L�M�N����0¤ ]�������x�y z�O .�P ½�¯QL�R�¯
S�T /�@
A�³
J�K
L�M¶�0¤�UGU���_ Z j���¤�à�á�þ�ÿVU,|�ñ�4
$��0¤�à�á
V�®�q�r
H
& z

Applequist ³HÊ (2000)[2]fhg�_ Z µ�¤�Û
W�X�i�Q
� Ï ¸�¹�cVU�������Ó�Ô
/�â
Y�à
á�]�Z
[�z�W�Z
[�µ�¤�����¢ � Î � B
\�]
	 S p�
�*
+
^�/
_�ð . í�`
a�z

Shah ³HÊ (2001)[20] f�g0_ Z O�b�j Z l�Ø�í�î ÷ Z ��������ø�c�\ 
 �
��Þ�]�x�y
U } d�O�� � L�R�ë�ë ´ Nash[38]ìHf�g0] e�f Î ê (Game Theory) ÛHè�= £ �0¤�g ��U
bHy (1.1) ì5h�U�i i ÷ j ¥�¦ y�í�c d,ô b�U�D E�¥�¦ ¯ Ý ±�¥�¦ U,��� ¤�g � Ï�� �
���¶� ÷ ��ø�]�k���g�� πm l Ì�r�m�k���c�¥ πLm ñ�]�n
o�}�®�� £ r�p�¡oã £ � m
q�r �����¶�0��ø�]�s
t�z

maxΦ = Πm(πm − π
L
m) (1.1)

Grossmann ³�Ê (2001)[21]èu=�ª�_ Z � " x�?
��'�] Ý ±�/�Þ
v�x�yoU���w � ���
x 4�$�]
y�ô
:�¦
/�8
9 � :�¦�Ù���Ó�Ô�D
E�z Î
{ vVU,}�é�ê�i�Q�·�]�D
E�z Î�{ v
/�Q�·|U�y�]
}�~�­�®
_���c
���
����[�¯�Á�ß���[�¯�t�u���[
/����
����]�¾�¿�z�{
|�i�����O�P¶�0}�~�����ë�à�á�â�y�Û�®�q � Z��
� ]�r�s�¡�d���U,� � £ ��}
~��
�
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����X
��O
b�]�â�y�U�� ���
$�i�[�������¢ � O . ��¤
g���í�_Vz
Pantelides ³HÊ (2001)[39]fhg0_ Z ��r� �¡ Ý ±�¯,Á�Â�¯QD�E�³���[���e ��� _��0¤

gH��í�j�ö�*�¯,j�±���¯�� Ï d���]�� Ü�� ��� � à�á�x�y�U	��$�¸�A � `�a (scenario-

based) ]�â
V�Û�
�a�Q
� Ï í�±
��­�®Vz ��Ë�x�y�]�Á
CVU�ú Ï ���V¯�t��V¯�Þ�ß¶��

]�� . /��
��������Õ�Þ�ß�â�y�z

Grossmann ³�Ê (2003)[22]4u$�x�y�8
9�:�¦�]�v�w�Û�(¶gHr�s�ú�v�_��VU���r�p�¡
_ Z ¨�©�j�±
��¯�j�k�l�Þ�ß�Ñ�Ò�Õ���� ����]������
k �Vz £ x�y � _ Z ö�î�Q��
K
]�� Ü�� ��� � � " à�á�þ�ÿVU,}
y�������y�/�����y�������]
< � U £ �����
h��¶�
y�z Î ²�q�À�����]�k���z

1.4 �����! !"$#&%

iHË�Ì�]������ æ ����[�r� �¡�'�k ��r�p�¡ ��� _�O . �0¤�]�â�y)(,b�*�+ [15] ¯
[24] ¯ [39]Õ [22] ³�³�z,|�û�,.-0/�1�´�2�3�4 " f��)(	5�\�6�7�f�8
}�~���������9 �
: � Ý D�] 

`�z�º�;<(,[������
}�~
���
����=
��O
b�í¶�>(?;�@)( ��A m�±
��­�®
6�� Ï
� ì�B�Û�]�¾�¿<(	C¶·�ö�O .�D�E D
E
���Vz
F ,�\���j������ �HG ���H��y
z Î ( ��I � £ ��}HJHK�õ : ��íHL . p�ÀHM��HN

: � Z �����<(	O
2�P�\���Þ
k ��]�ú Ï�Q z ÷ ��ø�d
/�������Ñ�Ò�í¶�0] � *
+ ��Ü
R ;�]�S�²)(���®���[�T�r�p�] 
���z�º�;<(	U�J
V�\�V���Þ 
��)( : ��d
/�2�W�X�|
c A (	O
2�Y¶g0�����Vz,û�²�Z�[ ÷ ��ø�î
c�\�k�����Þ�í������)(	��|�²�\�]�	�j�]
: ��^
�<(�û
4 � Z ������	�_�`�a�LVz Shah ³�Ê (2001)[20] ��$
e
f Î ê�Û � Î c
\
k ����Þ�]�þ�ÿ<(�� £�b Ú�\�c�d

1. Xed � ú�v�´�Â���r�m�k���c�¥f(�û��������hg�_���ø�] Ü�ÎHi ��]�r�m�k���c
¥�j�j�k���Ô
C�'�d�L ��l�m û�qVz

2. n �H��$�k���ï�n�o�r�p�¡�]�â�yf(�º�� . Ø�]H6�·o( ��²HJ�V I ÀHpHq�\HV�k
��]���]Vz
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3. J�V�·�ö
O .�£�� ~���������¤�z

º�;)(����������
$ � k���x���r
H�¡
V)(���	�
 x a�] b ÚVz
i�����]
���
@�A��o(��
�
��¹
/�}�~�]
*�+H� � 6H7�B
	
_f( � ;�\���j�]�ë�´

� L����H��iH6�� Ï @�A�c�]�������z Î z�ô�bf( Gupta / Maranas(2000)[24] � æ�" �
#�e����
\�V
^
/�¤
��ï�Û�
�a�6
� Ï ]�±
��­�®oz Pantelides ³�Ê (2001)[39]§������
¸�A�e������ Ý ����Û�
�a�6
� Ï ]�±
��­�®)(,� ����� \
O . À�i�±
��­�®�6
� Ï c
ú�v�]�� � (robustness) z
\�ö�{�|��H¤�]�*�+�^�� Ü ú�v�´�í�*
�<(�|�û��������
����¸�A�ö<( �H¤�^ � _

q���ï)(�û���Ê�J
V�����z,ì��)(�b�õ A m¶�0¤�^�i�6¶·0¸
A���]�_��<( ��I �� ^�ú
v�]�� � ("!�� � 6�#�$�%�]�þ�ÿVz,º�;)(���������&�'���¸�A � `�a�í�â
V�Û�
�a�6
� Ï ]�±���­�®<(�}�·�ö�O . i�±
��­�®�6
� Ï c�ú�v�]�� � z
� ��x(�H� Ü _�\ � Î*)�+ r�I ÕH6�� Ï þ�ÿhí
,HL (�ì�� Petrovic(1998)[42] 4 $

x-��� Ü Û � Î ±���­�®�/�@
.�«�¬�í�6�� Ï�� (�}�i�í�ñ�]H��� [43] ��;�_�/�O
bH6
� Ï ����Þ�ß�í�þ�ÿoz Giannoccaro(2003)[18]C ��$�x
�H� Ü�Î ê�ÛH
�a
�
��­�®�/�D
E�����6�� Ï í�þ�ÿ�z
± ��]
0
1�{�_�\ i ��]�� l � � /H6�� Ï�� (���i�Ë�Ì�]��H���57�2
�
3�O
b £

6�� Ï�� (	��4�B<(,±
��0�1�5 æ ¼�6�% ��7�Ï d���z�º�;<("����������x���� Ü�Î ê
Û � Î ±���0�1�í�6�� Ï�� z
�-8�� x ì�a<(9�H�H��í��H] ��: +�è�n�_
��i�±
��­�®�/�0
1H6�� Ï c�í�j¶�H¤

����� Ý ±�;���/�Þ�ß�à�á�x�y)(�}�O
b�À�j���������<�=�µ�¤�b�d���Z ÷ ��ø�î�]
c
\�k ����Þ�¯G}�~
���
����¯ D�E D�E
���V¯,i�±
��­�®�6
� Ï c�ú�v�]�� � ��Õ ÷ �
ø�����±
��0�1�]�>�2�?�z,r�ñ)(?��$ � k
��x���j���¤�à�@�V�® ����A�B l í�r�H
&
z

1.5 CEDGFIH

��*�J
� ��K ��L�M)(�¨�©�d
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��_�L ��ê�d
�	� ������z Î (�}�

}�����]�*�+<(,Ö¶�0ä å g �����
��/�����]�â�VVz

����L jh�0¤ Ý ±�/�Þ�ß�à�á�í�������x�y�è�nVd
`�Í
� i è�n�x�y�]
�
�o¯ !�Ó
�
�o¯�ì�4�$
�
��to¯ d���/�_�����Õ��H¤�g�y
/�¥�¦�yVz

��c�L x���j¶��¤�r
H�¡Vd
��� x
��j��H¤�r�H�¡�â�Vf(�}

�}�Ë�Ì�j j � Î x
��j��H¤�à�á
��â�Vf(�i�Ö
����é
H Ü ��������â
VVz

�	��L x�y�¸
A�x�?
��'
/�é�êVd
i�Ó�Ô
��¸�A�c���ì�è�n
��x�y�;�<�x�?f(�}����Hc
L��Hé�ê
� � k���x
��j��
¤�V�®
&�}�é�ê�����8��Vz

�	��L i�±���0�1�6
� Ï c�í�������Ñ�Ò�r
H�¡Vd
��x�� Î ê�
���0�1�6
� Ï (���;
<���?
/�é�ê�����8����

 	! L "	#�$�%�&�'�0�1�6�(�)�*�+�,�-�.�/�0�1�2�3�4
5	6�7�8�9�: +�;�<�=�>���6�(�)���#�$�%�&<(���?�@���A�B�C�D�E�F�G����

 	H�I G	D�'�J�=�K�LM�
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2.1 ������������	�
��

"
�����
,
-�.���������������#����
'������� �!�"�#$�&% 5�'�( 1�)
3�*�+�,
1.-�3 8�/10�2135476 �981:�; 5�<1=�>1?�@ �1��11A��1 �G1BC�9D1E�;1F�G1H ' ,�-
.I�7J1K '1L�'1(�M1N *1+1,�*1OCP9Q�R1E�ST�9U�;1F�V1W�X1Y�Z1[\�^]1_ '1L �1`�,
� =1a '�>1? ,�-�.1��11A�3CP9b�cT�&�1d�e�"1f�g1h 31i ����j1� 2�3 *C�9G�k 3�l
m > h i �1��;1j�n�#�$ i1o *1p�q1eC� 5 O1r i � '�(Ts&t1u5v7w ��`1,��9D�E�"��
� >1? ,�-�.��1 ���#��1��'��1���1 �!1"�#T� 8�x a =1>�? ,�-�.1� '1( 11)�31*�+
,	11-�3C�9;�F1y�z1��d1e1{�< 5 f1g�h 3�| j > h i �1��;1j�=1�1�C�9}�~1� x1���
� 3 �1���1���T�&�1H ' �1d�e (�w1i � '�(1M1N �9O�r1+�,M�&�1�T�&c1B��1F M\�^0
� U1�1���1� @ �C�9F5�7# >�� ,�-�.5�7� ?1'1L �1����'�a =�� �1���1� '1( *1+�,
_.�T�9;�F1G�H ' ,�-�.\�7� '1L E1� �1� �1�1��O1rC�9z <1>��1>1? ,�-�. @ �1���
� 476��1���1� �
�
�C��� �¢¡�£�¤���¥�¦�§ M�N ���
D�¨�H�©�*�ª�«�©�¬�­�­ 5�®�¯ ª�«
+�°�± 8

².³ �9´�U1��µ M�¶1®�¯ ª1«�·1¸�¹1E�º1©��1»1��` 9 �9¼ 5 " >1�1>�? ,�-�.��1 ��
9
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2.1 ��������+������

¤u


°t¾


¹s°
 ÅU


ÅU


ÅU
¹s°


¹s°

°t¾


°t¾


¤u


¨ÑÀ


¨ÑÀ


¨ÑÀ


 �\� �&Q�-�!1n ®1¯ ª1«1·�¸�"�# 2�$ +5�&%9D�E�'��1����,�-�.1���\��� 5�'1( 1
)	31*1+�,�1�-�3 81/�012135476 ��;�jT�&{�<�(�)�*�E ®�¯ ª�«1·1¸�+ 0�,1��5�-�.
/ ( 3 3�0 3 � 4^6�1 �2%9���T�43�5�,�-�. | j�����61E 5�7�8 � ®�¯ %�&�?�@1�� 
� (1| j 8 O�r ®�¯ %�&1��(�)1¼�9�=���:�;T�9��# x�<�= »�>�·1¸ ��812�3 ��?1��@
6 + 0 %&z <�A�B E�' 7�8 ��%�& 3 U�C�D�#T� @ ��E�F�F�U�G�H�=�I�ª�+�K�C�D1¼�9
=.��:�;J%9���T� (1| j1n l�K 5 476 �1 �<�= >�� ,�-�.���L��1��'��1���1 �!1"C�
M x1213�>�N +1,�11A�3 5 �C� 0�O12�$ ,�-�.\�^� ?�P ' '1L �1�1+�,1_��1��!1"C�
5 B ®1¯�Q ��R�' <�= »�>�R�S1[�T�U 3 ,�-�.�?��1��@ 6 %9���T�V'�W�X (1| j1#C�
Q 2�$1=�Y�Z�[ ©�\\�^%�]1��f1g�h 3 d�^�'1f1g�h 3�i ��;1jC� 5 B [ q�h1� 3 L��
_ H2%

2.2 ���������a`cbcdaecfag
8
x�h 3�!�"C� ( �i����nijik�l��
,
-�ei"i# 2�$ P � #�minioip�' [ q���qir

s�t �Vu � � 01? º1©C�9¼ 5 o�p�Q1��"�# 213 %�C�D�����E�v�¨1H�w =1®�¯ wC�9c��
2.1 �yx�z�]�_1¼��2%
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'�W�X | j
	C�9V�W � *�"1��m�n�4
1. ��L�����d�^

�^
��6�E
�����T�&��G1��E�:�;J%
2. � 0��
� ¬���U <�= »�> 3�5 O1r�L
���
�1�
�
�1��:�;J%
3.
[ q���h��1��L���j1¨�H�L��C��� 0
��� F1��L 0�� L��J%

4. � 0�� �iL��iL��� 4�!�" #$��U�#���$iz�¨�H '�( P&% [ q��iLiz�'�($�&)�U
#*��'
( '1( %

5. +�3���, [ #��iLi! ��- % [ #�¼in����iL��iL��$�&.�U�/i5���,�0�����
�1�2
�*,1���
3�4J%

6. � 2�$ j�k�l�� l
5 p�»�!1"C��.�n�j�k�l1� l
51'�(�O #1¨�H '1( �&%
7. � 0�� ��L�6�L���f  0
� ����L�¨�HT�4'�7 0
���
8�9�' %
8. L*�1�
�
� 3
:�7�8 %
9. U*/1r ®�¯ ª�«1·�¸�3
4J%

10.
2�$ � �
��;�i ��¼����
	�(�# ; %

11.
[ q�
���d\� ³ ;Cs ��d5� ³ 
 � ^�e ; E l�K f1g�h 3 d�^

�f1g�h 3�i �2%

12. L*��^
�

1d�^ 3 ��F
< : �
1�2�z�H (piecewise linear)
| jJ%

13.
i � '�( 
 i � 3 ��F
< : �
1�2�z�H | j2%

14. � 0��
� F�=
> 0
� f�g�h 3 d�^
��j2%
15. � 0�� /�5 � F�=
> 0
� f1g�h 3�i ����j2%
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�.� >�?1| j�;�������c
7��
1. �.�1¤ M�� �

(a) ��L�¨�H��ilC��b�c - % [ #�
��
, [ #���h�����L 3$s ��,��iL
0 � ���
3*4�S�SJ%

(b)
i �1��lC�9b�c i �1¼
����	
(1# ;Cs9i � 3 3
4�S�S2%

(c) »�>1��lC�9b�c1»�> 3 3
4 s4<�= »�> 3 S�SJ%
(d) �* '�(�P �C�9b�c1¨�H s »�> s L
�1����S�SJ%
(e) L*�1� 7�8 �
� 3 %
(f) L*��^
�J%

2. � | j���� � �
(a) � [ q�����L��1���1 J%
(b) � [ q

��1d5� ³ � i ���1 J%
(c) � � ^�e��1d�^ 3 %
(d) � ��� ��»�> 3 %
(e) � ��� ���� '1( %

3.
| j1� 4^6 E5�7# >1����	�
 � 5 ?
����'1L ��L�
��1���1 ����1�C�
�.a ' �

(a) ���1� '�L�; �1���1+�,�_1�J%
(b) 
 31M�¶�®1¯ ª1«�·1¸
��B <�= »�>�·1¸J%
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2.3 ��������� ��������	�
�������	
(Index, Parameters, and Variables)

W � | j��
��X��
��R�E���� @ ��� ���
� s P ���
B " �$� (�� n�_��i" � 2.3.1

∼ 2.3.3� %
2.3.1 ������� (Index)

��� � � 0.� k.��� �
c ∈ C [C] = C c

: ®�¯
! �CP C :.®1¯ � � P C :.®�¯ 0��2%
d ∈ D [D] = D d

: ��d5� ³ ! �CP D : ��d\� ³ � � P D : ��d\� ³
0.�J%

i ∈ I [I] = I i
: L
� ! �CP I : L��
� � P I : L��
01�J%

k ∈ K [K] = K L*��v1��d\� ³ i �
" � ^�e1#C�9;
=
>1��f1g�h 3i �
�1jC�9[5� k : f1g�h 31i ����j ! �CP K : f�g
h 3�i �
�1j
� � P K : f1g�h 3�i ����j�0��2%

k′ ∈ K′ [K′] = K ′ L*��v [ q i �
"1��d\� ³ #T�&;�=
>��1f�g1h 3i �
�1jC�9[5� k′ : f�g1h 3�i �
�1j ! �CP K′ : f1g
h 3�i �
�1j
� � P K ′ : f1g�h 31i ����j
01�J%

` ∈ L [L] = L �.d5� ³ ^ # � ^1e�L���#C�9;
=�>���f1g�h 3 d�^
�.jC�9[5� ` : f�g�h 3 d�^
��j ! �TP L : f1g�h 3
d�^
�1j
� � P L : f1g�h 3 d�^
��j�0��2%

`′ ∈ L′ [L′] = L′
[ q�^ #��1d5� ³ L
�1#C�&;�=
>1��f�g1h 3 d�^
�.jC�9[5� `′ : f1g�h 3 d�^���j ! �CP L′ : f�g1h 3d�^
�1j
� � P L′ : f1g�h 3 d�^���j
01�J%

m ∈ M [M] =M m
:I476
! �TP M :I4^6 � � P M :I4^6 0��2%

p ∈ P [P] = P p
:�[ q ! �TP P :�[ q
� � P P :�[ q
01�J%

r ∈ R [R] = R r
:.� ^�e ! �TP R :.� ^1e
� � P R : � ^�e�0��2%

t ∈ T [T ] = T t
: �1 
$ � ! �TP T : �1 
$ � � � P T : �1 
$ � 01�J%
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2.3.2 ������� (Parameters)

( ��n���	 | j�� ¼�������
$� A ��X�����¤�¼���#�� P �J% (�� m � 0�?��
��

��� 0�?�
�� ��� :�P �����$�&b�c � 7�8 � ®�¯ �
� (Forecast Customer Demand) � [
��� : FCD %

P � ∗ ∈ k.�1�
�
FCDi∗t {rc}

7�81� ^�e r '�� t � #C����� ®�¯ c � � L�� i �*�
� 3 %
FICi∗ {p}

[ q p '�� t � #T�&��L�z���n
� � ¨1H�L
� i �*'�(�#
�*#��
'
( '�( %

FMCi∗ {p}
[ q p '�� t � #T� $�z�¨1H�L
� i �*#���¨1H '�( %

FMQi∗ {p}
[ q p �*- % [ #1h���¨1H�L�� i � 3 %

FTCk∗ {dr} �.d\� ³ d n�L�� i�o1� ^1e r �&z K � k � f1g�h 3�i �
�.j1#��
#�� i � '1( %

FTCk
′

∗ {pd}
[ q p n�L
� i�o ��d5� ³ d �&z K � k′ � f1g�h 3�i �
�.j1#��
#�� i � '1( %

MIC∗ {p, d, r}
[ q p s ��d\� ³ d s&� ^1e r ��/�-�»�> 3 %

MITC∗ {d} �.d\� ³ d n�L�� i�o ¼�U � ^�e1�
0 i�3�� 3J%
MOTC∗ {d} �.d\� ³ d n�L���v�¼1U [ q���>1�
0 i�3�� 3J%

MTO∗ {p}
[ q p �*,���L
0 � ��� � 32%

N
[ q�/�5�;�1
21�
,1� � �2%

OMCi∗ {p}
[ q p '�� t � #T�&��, [ #�¨�H�L
� i � /�� ¨�H '�( %

OMQi∗ {p}
[ q p � �
, [ #1h���¨1H�L�� i � 3 %

SIQi∗ {p, d, r}
[ q p s ��d\� ³ d s&� ^1e r L�� i � <�= »�> 3 %

SQLi∨∗ {p, d} L*� i z K � `′ (`)
� f1g�h 3 d�^���j��1� 3�� 3T�

(∗,∨) ∈ {(p, `′), (d, `)} %
UHCi∗ {p, d, r}

[ q p s ��d\� ³ d s&� ^1e r ��L
� i /�� ��� '1( %
UICi∗ {p, d, r}

[ q p s ��d\� ³ d s&� ^1e r ��L
� i /�� »�> '1( %
UMCi∗ {p}

[ q p '�� t � #T� - % [ #�¨�H�L
� i � /�� ¨�H '�( %
USPi∨∗ {pd, dr} '�� t � #C�9z K � `′ (`)

� f�g1h 3 d�^
�1jC�
L*� i � /�� ^��C� (∗,∨) ∈ {(pd, `′), (dr, `)} %

USPi∗ {rc}
� ^1e r ^�# ®�¯ c L*� i � /�� ^��J%

UTCk∗ {dr} �.d\� ³ d n�L�� i�o1� ^1e r �&z K � k � f1g�h 3�i �
�.j1#�� /���i � '1( %

UTCk
′

∗ {pd}
[ q p n�L
� i�o ��d5� ³ d �&z K � k′ � f1g�h 3�i �
�.j1#�� /���i � '1( %

TCLk∗ {dr} �.d\� ³ d n�L�� i�o1� ^1e r �&z K � k � f1g�h 3�i �
�.j1#��
/1- i13 %

TCLk
′

∗ {pd}
[ q p n�L
� i�o ��d5� ³ d �&z K � k′ � f1g�h 3�i �
�.j1#��
/1- i13 %

TLT∗ {pd, dr} v [ q p = �1d5� ³ d s v1��d\� ³ d =.� ^�e r i ��L��
�*	�(�# ; %
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2.3.3 ���
��� (Variables)

0,1
" ��E��i� 0�?���� »i'�*���»i'������ " �$��b�c ��� αipt = 1 ��� [ q p �

- % [ #1U�¨1H�L
� i � αipt = 0 )�������U1¨�H�L�� i %
0,1
" � ∗ ∈ ��S � 1 #.��k��1�
�

Vi`∗t {dr} �.d\� ³ d '�� t � #C�9�
��z K � ` � f�g1h 3 d�^
�.j1n�L���^
# � ^1e r %

Vi`
′

∗t {pd}
[ q p '�� t � #C�&����z K � `′ � f1g�h 3 d�^���j
n�L���^ #���d\� ³ d %

Yk∗t {dr} �.d\� ³ d '�� t � #C�9�
��z K � k � f1g�h 3�i �
�.j1n�L�� i�o1� ^1e r %

Yk
′

∗t {pd}
[ q p '�� t � #C�&����z K � k′ � f�g1h 31i �
�1j
n�L�� i1o ��d\� ³ d %

αi∗t {p}
[ q p �*��'�� t �.��- % [ #�h1��¨1H�L�� i %

βi∗t {p}
[ q p �.��L�z � � t � #�n
� : ¨�H�L
� i %

γi∗t {p}
[ q p �*� � � t � #��
$1��L�z�n
� : ¨1H�L
� i %

oi∗t {p}
[ q p �*��'�� t �.� �
, [ #�h1��¨1H�L�� i %
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Z � " � ∗ ∈ k.��� �

Bi∗t {r}
� ^�e r � � t ��� ��L�� i ��> 3 %

Di∗t {p, d, r}
[ q p s �1d5� ³ d s&� ^�e r � � t ��� ��L�� i<�= »�>���� 3 %

Ii∗t {p, d, r}
[ q p s �1d5� ³ d s&� ^�e r � � t ��� ��L�� i »�> 3 %

J∗ {m}
4 6

PSP∗t {p, d, r}
[ q p s �1d5� ³ d s&� ^�e r � � t � �
0�d�^�+1,J%

SQi∗t {pd, dr, rc}
[ q p ^�#1��d\� ³ d s ��d\� ³ d ^�# � ^�e r s� ^�e r ^�# ®1¯ c L*� i � � t � �1d�^ 3 %

TIC∗t {p, d, r}
[ q p s �1d5� ³ d s&� ^�e r � � t � �
0�»�> '1( %

THC∗t {p, d, r}
[ q p s �1d5� ³ d s&� ^�e r � � t � �
0��1� '1( %

TMC∗t {p}
[ q p � � t � �
01¨�H '�( %

TPC∗t {d, r} �.d5� ³ d s&� ^�e r � � t � �
0 5���'1( %
TQk∗t {dr} �.d5� ³ d n�L
� i1o�� ^�e r �9z K � k � f�g1h 3i �
�1j�� Z���i � 3 %
TQk

′

∗t {pd}
[ q p n�L�� i1o ��d\� ³ d �&z K � k′ � f�g1h 3i �
�1j�� Z���i � 3 %

TQ∗t {pd, dr}
[ q p n�L�� i1o ��d\� ³ d s �1d5� ³ d n�L�� i1o� ^�e r �*0 i � 3 %

TTC∗t {p, d}
[ q p s �1d5� ³ d � � t � �
0 i � '�( %

USPi∗t {pd, dr}
[ q p ^�#1��d\� ³ d s ��d\� ³ d ^�# � ^�e r
L*� i � /�� ^
�J%

SIL∗t {p, d, r}
[ q p s �1d5� ³ d s&� ^�e r � � t � � <�= »�>1·�¸2%

CSL∗t {d}
� ^�e r � � t � � ®�¯ ª�«1·�¸J%

Z∗t {p, d, r}
[ q p s �1d5� ³ d s&� ^�e r � � t � ����+1,J%
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2.4 ������	�
������ (Objective Functions and Constraints)

'�+�]�_�n	��
 2.2 �5� M�= ��m�n�
 ��	�
��	
 � '�L � _ HC�4W
����F��
3
4�j

 476�1 �J%
2.4.1 ����������������� (Manufacture Constraints for Plants)

'.��L�¨�H����C� 2.2 �5�^����� ? m�n
3
4 [ q
� 0
�
� Fin
��¨�H 0
� L
�C�&}
βipt = 1 #���� [ q p � � t � n
��¨1H�L
� i � β ipt = 0 )���� �1U�¨�H2%&���T�4'
� 0
� � 01?�[ q��7¼�U�L
�1� β ipt 0��1V�W1X�S � 1 �&c1j (2.1) ¼��2% j (2.2) 3*4 [ q p
�.��L�z�V�W�n
� : ¨�H _ � /�0 L
� i 6���¹�F�����E� �
- % [ #��iLC�&}�!�V�W
�*- % [ #�L 3 ��"$�&¹�;�� � ��, [ #���LJ% '�j (2.3) � ��� β ipt − βip,t−1 : 1 # �
A ��� [ q ���10�� .��1U�n��1¨1H�L�� i � }�+ 0���!�: n��1¨1H L�� i �9Q1R1E [ q
U $�z��iL$�&¼�� γ ipt S � 1 % ' 2.2 �5� ����# ? min M�= /i5���,�0�����
�1�2���,
�.��3
4T�&[$��%�&�3
4$'�(�' (2.4) ��' (2.5) ¼��J%

∑

∀i∈I

βipt = 1 (2.1)

oipt ≤ α
i
pt ≤ β

i
pt (2.2)

γipt ≥ β
i
pt − β

i
p,t−1 (2.3)

∑

∀i∈I

∑

∀t∈T

oipt ≤ MTOp (2.4)

∑

∀i∈I

N
∑

n=0

oip,t−n ≤ N (2.5)

∀p ∈ P, i ∈ I, t ∈ T
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2.2 ������� (TC) ������� (TQ) 6�%
<������

TCL
1
 TCL
2
 TCL
3


FTC
1


FTC
2


FTC
3


TC


TQ
0


2.4.2 �����! ���� (Transportation Constraints)

"
2.2 �$# &�� 11 %�&�'$#)(�* �+� ��,�-�.���/�0�1 ������2�'43+���$&���5�643

7 � ���8����985�:43<;�=8>����82$'�?8@��8���$& ��A �8B A 3+C A8D '$( ' (2.6) �
' (2.7) EF�HGJI 15 %F&K' AKD ;K=MLKNK6KOMPKQKRM=K>K�K�M2	'S3UTKV Yk

′

pdt = 1 W
3YXK�KQKRKI k′ >F�K�K2	'S3JZK[S3J;K=KLKEK@K�K�K2	'	& Yk

′

pdt \ �K]K^K_K`KaKbK`
1 3 (	' (2.8) EF�SGcI 13 %F&K'�#�(K*edJ�K���K�K���K���	&	%�fKgKh�iKj�kKlKm�'
GnC�o�p$(�� 2.2 E��43cq�%���r�s�&�t�u \�v @�w�> /�0�1 ������2$'�x�y�Q�ReG '

(2.9) g{zK|}#�~ d �{�K� p �{� \ �K�M�MbK`M�K� p �{�KzM|}#�~ d E{@M�M�	& \ �
� ' (2.10) g�z�|$#�~ d ��������� r \ ������b�`�z�|�#)~ d ��������� r E�@����
& \ � � ' (2.11) gFz�|!#�~ d ��EK@��K���K� \ ���K��h�PK���KC��K���K�

A � '
(2.12) g�z�|�#)~ d ����E�@������ \ ������h�P�����C��������

A G
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TCLk
′−1
pd Yk

′

pdt < TQk
′

pdt ≤ TCLk
′

pdY
k′

pdt (2.6)

TCLk−1dr Ykdrt < TQkdrt ≤ TCLkdrY
k
drt (2.7)

∑

∀k′∈K′

Yk
′

pdt ≤ 1
∑

∀k∈K

Ykdrt ≤ 1 (2.8)

TQpdt =
∑

∀k′∈K′

TQk
′

pdt =
∑

∀i∈I

SQipdt (2.9)

TQdrt =
∑

∀k∈K

TQkdrt =
∑

∀i∈I

SQidrt (2.10)

∑

∀p∈P

TQpdt ≤ MITCd (2.11)

∑

∀r∈R

TQdrt ≤ MOTCd (2.12)

∀p ∈ P, d ∈ D, r ∈ R, k′ ∈ K′, k ∈ K, t ∈ T

2.4.3 ���
	��

��
"

2.2 �$# &�I 11 %�&�'$#)(�*ed+��� ,�-�. > /�0�1 ��|���2$'e3����$&���5�643
��� 7�� ���89 58: 3<; =8> |8� 2 ' ?8@ | �8� &8� A � B A 3<C A8D ' ( ' (2.13) ∼

' (2.16) E��4G<I 14 %�&8' A8D ;8=�L�O8P�Q8R�=8>����82$' 3+T8V Vi`
′

pdt = 1 W 3+X8�
Q)R I k′ >)| � 2 ' 3 Z [ 3 ; = L8E @ | �82 ' & Yk

′

pdt \�� ] ^8b ` 1 3 ( ' (2.17) E
� G<I 12 %�&8'$# (�*4d<��� 7�� �����8|��8�$&$%8f�g8h�i�j8k�l8m$' G+C�o8p$(8�
2.3 E��e3cq�%���r�s�&�t�u \�v @�w�> /�0�1 ��|���2�'�x�y�Q�R4G ' (2.18) ����;
=�L���� i ����� p ����z�|�#�~ d W 3c��� i & 7�� ��� � ' (2.19) ����;�=�L���� i
��z�|�#)~ d ��������� r W 3c��� i & 7�� ��� �



20 � � ��������������������	�
�����
��
�

2.3 ��� 7�� ��� (USP) ��|���� (SQ) ��%�f������

SQL
1
 SQL
2
 SQL
3


USP
3


USP


SQ
0


USP
2


USP
1


SQL
i,`′−1
pd Vi`

′

pdt ≤ SQipdt < SQL
i,`′

pd Vi`
′

pdt ∀`
′ ∈ {1, 2, . . . , L′ − 1} (2.13)

SQL
i,`−1
dr Vi`drt ≤ SQidrt < SQL

i,`
drV

i`
drt ∀` ∈ {1, 2, . . . , L− 1} (2.14)

SQL
i,L′−1
pd ViL

′

pdt ≤ SQipdt ≤ SQL
i,L′

pd ViL
′

pdt (2.15)

SQL
i,L−1
dr ViLdrt ≤ SQidrt ≤ SQL

i,L
dr ViLdrt (2.16)

∑

∀`′∈L′

Vi`
′

pdt = 1
∑

∀`∈L

Vi`drt = 1 (2.17)

USPipdt =
∑

∀`′∈L′

Vi`
′

pdtUSPi`
′

pd (2.18)

USPidrt =
∑

∀`∈L

Vi`drtUSPi`dr (2.19)

∀p ∈ P, d ∈ D, r ∈ R, `′ ∈ L′, ` ∈ L, t ∈ T
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2.4.4 ���

�� (Inventory Constraints)

EF@����K���czK|�#�~ � �K����@	%�&��K� AKD '�xKy����	(�Bed�' (2.20) gF�K�
� r ;�=�L�L
	�&������
��b�`���=�L�L�	�&�����������
�L�L�����E�@�z�|�#�~$&��
�F������
KL��K�KEK@����	&K�S3JC�# TLTdr � g 2.2 �KI 10 %F&K'!#�(K*	&K�K�����
W�� � z�|$#�~������
��@
�
��� A�D
� 3! � (2.21) �

�
(2.22) E�� � � (2.20) ∼

�

(2.21) � ,�- � `��8�"�
�8W"��T"#"$
�8�8��� � � (2.23) g��8�8� r ;�=8L�L"	"�
%8�
����b�`���=�L�L�	
��%���������
�L��
���
&
'��
���

�L
���)��� � T�( A�D "�)
* W
+���N�,�=�Le3cI T L���%�����-�g 0 � � (2.24) g�N�.������ A�D � � (2.25) g
AFD V��K��.K`�/�0����KWe3!/�0��K��1�%K��g 0 � T�V����K_�`�/�0��K��We32/�0��
��1
%���g�/
0�������������3 � � (2.26) g�4
����5 A�D
� G

Iirt = Iir,t−1 +
∑

∀d∈D

SQidr,t−TLTdr
−
∑

∀c∈C

SQirct (2.20)

Iidt = Iid,t−1 +
∑

∀p∈P

SQipd,t−TLTpd
−
∑

∀r∈R

SQidrt (2.21)

Iipt = Iip,t−1 + FMQipα
i
p,t−1 + OMQipo

i
p,t−1 −

∑

∀d∈D

SQipdt (2.22)

Birt = Bir,t−1 +
∑

∀c∈C

FCDirct −
∑

∀c∈C

SQirct, BirT = 0 (2.23)

∑

∀i∈I

Ii∗t ≤ MIC∗ (2.24)

Di∗t ≥ SIQi∗ − Ii∗t (2.25)

Ii∗t,SQi∗t,B
i
∗t,D

i
∗t ≥ 0 (2.26)

∗ ∈ {p, d, r}

∀p ∈ P, d ∈ D, r ∈ R, i ∈ I, t ∈ T
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2.4.5 ��������� (Costs and Revenues)

�F���	�	
K��� �JzK|�#�~K�K���K��� ���K�K� �cEK@������K�K�K�����K�K��� �
������������
$�  �Bed " � (2.27) # 3 \ ��
�����g�������k���
������������
���
��y��������8W��
���8��W���
��8�
� \�� �

�
(2.28) g�z�| #)~������8�
�����8���

� �
(2.29) g �������43+T � (2.30) ∼

�
(2.32) ����g���� �+z�|$#)~ � �����
�����

� ����� � � (2.33) gF���!�������K���K�e3cC!# \ ���K���	����I k′ >
/�0K1 �K�

��2 � ����������������I k′ > /�0�1 ������2 � � 7�� ����������y������
� \�� �

T � (2.34) g�z�|$#)~��)�
��������� � � (2.35) g���� �+z�|$#)~ � �����
� \ |��
��� �

TMCpt=
∑

∀i∈I

[

FMCipγ
i
pt + FICip(β

i
pt − α

i
pt) + UMCipFMQipα

i
pt + OMCipOMQipo

i
pt

]

(2.27)

TPCdt =
∑

∀p∈P

∑

∀i∈I

USPipdtSQipdt, TPCrt =
∑

∀d∈D

∑

∀i∈I

USPidrtSQidrt (2.28)

TIC∗t =
∑

∀i∈I

UICi∗I
i
∗t ∗ ∈ {p, d, r} (2.29)

THCpt =
∑

∀i∈I

UHCip

(

FMQipα
i
p,t−1 + OMQipo

i
p,t−1 +

∑

∀d∈D

SQipdt

)

(2.30)

THCdt =
∑

∀i∈I

UHCid





∑

∀p∈P

SQipd,t−TLTpd
+
∑

∀r∈R

SQidrt



 (2.31)

THCrt =
∑

∀i∈I

UHCir

(

∑

∀d∈D

SQidr,t−TLTdr
+
∑

∀c∈C

SQirct

)

(2.32)

TTCpt =
∑

∀k′∈K′

∑

∀p∈P

(

FTCk
′

pdY
k′

pdt + UTCk
′

pdTQk
′

pdt

)

(2.33)

TTCdt =
∑

∀k∈K

∑

∀r∈R

(

FTCkdrY
k
drt + UTCkdrTQkdrt

)

(2.34)

PSPpt =
∑

∀d∈D

∑

∀i∈I

USPipdtSQipdt, PSPdt =
∑

∀r∈R

∑

∀i∈I

USPidrtSQidrt,

PSPrt =
∑

∀c∈C

∑

∀i∈I

USPircSQirct (2.35)

∀p ∈ P, d ∈ D, r ∈ R, t ∈ T
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2.4.6 ������� (Objective Fuctions)

���
	���W , �KwK%���
Sd��K�
����� ��� ������/�0��K�
���K���
�������
���
� 3��
��=
���� �B4d

� 
�=ed!�)W�N
.
"����
�
�
� ���

��#K`KN�.�"��K%�$�%�&�'�(���� �	� 3J����	�)�*K`�+ �	��, ��-	�Kz�.�$�%
&/'�(��
��%����eG�� ��� g \ |��

��� �
�
��>����4G
Zp =

∑

∀t∈T

(PSPpt − TMCpt − TTCpt − TICpt − THCpt) ∀ p ∈ P

Zd =
∑

∀t∈T

(PSPdt − TPCdt − TTCdt − TICdt − THCdt) ∀ d ∈ D

Zr =
∑

∀t∈T

(PSPrt − TPCrt − THCrt − TICrt) ∀ r ∈ R

(2.36)

� 
�0edcN
.
"��
�
/�0����
���
/ 0��K�����KxKy�1K:�����&�'Kh�2 �KE�3�4���5�6S3�7�8KZ�&�'K��9�:�;�<KT
%��43cZ�[43c���
+�C�=
> , �
�?��
4Gc����� r " I t L��
/�0
�������e3+C��
5�g

�L�E�@����
/�0����
@����
�
A � /�0
����@�g 1 ����/
0�����1�%�� Dirt
B y
/�0������ SIQir �/C�@eG!�
������5
��x
D�E�`���� � z�|$#�~eG

SIL∗ =
100

I T

∑

∀t∈T

∑

∀i∈I

(

1−
Di∗t

SIQi∗

)

%, ∗ ∈ {p, d, r}

∀p ∈ P, d ∈ D, r ∈ R

(2.37)

� 
�wedcN
.
"��
�
���
���
���
F�GIHKJKLKM `"�"���K�K�K�
�"-"'�N / (K<�O86 3+Z8[KP8@�hKQ8(�RK�K���K�KS
�UTWVWX � �WYWZ 3 E y8���W+ CW=W> , � �[�\
 G � � � r " I t L � � �W�W�W�
� 3cC���5�g�
�L�E�@��������
@��
�
�
A � �������
@�g \ |����

∑

∀c∈C SQirct
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B y
��� \ &�'��

∑

∀c∈C FCDirct ����=�L��
%���� Bir,t−1 � \�� G

CSLr =
100

I T

∑

∀t∈T

∑

∀i∈I









∑

∀c∈C

SQirct

Bir,t−1 +
∑

∀c∈C

FCDirct









% ∀ r ∈ R (2.38)

2.4.7 � ���
	� 
�
�
�
�
�
�
�
�
�
�
+ ��� 2.4.1 � 2.4.2 � 2.4.3 � 2.4.4 � 2.4.5 � 2.4.6��E������ AKD�� ��� 
�� . ���K�

= %��Y6 ��
 � ��� . ! k�l ) * " #%$ (Multi-Objective Mixed-Integer Nonlinear Pro-

gramming, MO-MINLP) 3  � (2.39) EF�HG " � (2.28) �
�

(2.35) # � USP ipdtSQipdt �
USPidrtSQidrt 3ny��

�
(2.38) ��m � # ! k�l'&
�'(
-
4')4G

CM# x g��'*'+ . 3 Ω g���%�m � #�E�@ A�D
�', �'-��
��x/.'0/1'2eG

max
x∈Ω

(J1(x), . . . , JM (x)) =

(

Zp, Zd, Zr; SILp, SILd, SILr; CSLr;
∀p ∈ P, d ∈ D, r ∈ R

)

x =















αipt, β
i
pt, γ

i
pt, o

i
pt;SQipdt,SQidrt,SQirct;USPipdt,USPidrt;

TQk
′

pdt,TQkdrt,Y
k′

pdt,Y
k
drt;V

i`′

pdt,V
i`
drt; I

i
∗t;B

i
rt;D

i
∗t;

∗ ∈ {p, d, r}; i ∈ I, p ∈ P, d ∈ D, r ∈ R,
`′ ∈ L′, ` ∈ L, c ∈ C, k′ ∈ K′, k ∈ K, t ∈ T















(2.39)
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Ω =































































































































































































































































































































∑

∀i∈I

βipt = 1

oipt ≤ α
i
pt ≤ β

i
pt

γipt ≥ β
i
pt − β

i
p,t−1

∑

∀i∈I

∑

∀t∈T

oipt ≤ MTOp

∑

∀i∈I

N
∑

n=0

oip,t−n ≤ N

TCLk
′−1
pd Yk

′

pdt < TQk
′

pdt ≤ TCLk
′

pdY
k′

pdt

TCLk−1dr Ykdrt < TQkdrt ≤ TCLkdrY
k
drt

∑

∀k′∈K′

Yk
′

pdt ≤ 1
∑

∀k∈K

Ykdrt ≤ 1

TQpdt =
∑

∀k′∈K′

TQk
′

pdt =
∑

∀i∈I

SQipdt

TQdrt =
∑

∀k∈K

TQkdrt =
∑

∀i∈I

SQidrt

∑

∀p∈P

TQpdt ≤ MITCd
∑

∀r∈R

TQdrt ≤ MOTCd

SQL
i,`′−1
pd Vi`

′

pdt ≤ SQipdt < SQL
i,`′

pd Vi`
′

pdt ∀`
′ ∈ {1, 2, . . . , L′ − 1}

x SQL
i,`−1
dr Vi`drt ≤ SQidrt < SQL

i,`
drV

i`
drt ∀` ∈ {1, 2, . . . , L− 1}

SQL
i,L′−1
pd ViL

′

pdt ≤ SQipdt ≤ SQL
i,L′

pd ViL
′

pdt

SQL
i,L−1
dr ViLdrt ≤ SQidrt ≤ SQL

i,L
dr ViLdrt

∑

∀`′∈L′

Vi`
′

pdt = 1
∑

∀`∈L

Vi`drt = 1

USPipdt =
∑

∀`′∈L′

Vi`
′

pdtUSPi`
′

pd

USPidrt =
∑

∀`∈L

Vi`drtUSPi`dr

Iirt = Iir,t−1 +
∑

∀d∈D

SQidr,t−TLTdr
−
∑

∀c∈C

SQirct

Iidt = Iid,t−1 +
∑

∀p∈P

SQipd,t−TLTpd
−
∑

∀r∈R

SQidrt

Iipt = Iip,t−1 + FMQipα
i
p,t−1 + OMQipo

i
p,t−1 −

∑

∀d∈D

SQipdt

Birt = Bir,t−1 +
∑

∀c∈C

FCDirct −
∑

∀c∈C

SQirct, BirT = 0

∑

∀i∈I

Ii∗t ≤ MIC∗

Di∗t ≥ SIQi∗ − Ii∗t Ii∗t,SQi∗t,B
i
∗t,D

i
∗t ≥ 0

∗ ∈ {p, d, r};∀i ∈ I, p ∈ P, d ∈ D, r ∈ R, c ∈ C, k ′ ∈ K′, k ∈ K, t ∈ T
































































































































































































































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
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


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3
�F=�����XK���KzK� ) * $�%�&�m � gK=�%K6�� 
 "�# 3J@�wK%�� 
ed��K�������

, � ��� ��z�� �����
������y���/
0����
���4Gcq����U
 �
�����
� "���� [ ����	
$ ��
�fe3  �� " q����U

���
'�=�%�����
��
��N��'043��/-�����=�%�6��U
�N�D
"
"�# G+T����
�/(��������/��6?�U
8N�D�" "/# �
' 0�2��4G " ���$# 3 3.1 ��+K����6
� 
�N�D�"�����5K�����Kw��K6���4K6���
 )�� "�# ����������'�0K2��SG 3.2 ��# +
y�m� �6��U
 )�� �
�'�/��g'(43����
����C�Z���!
��� 0���l�" �$#�%�&'� . �/- �
�('�)�*�m� �6���
 )�� ��''0�+�,�b � 3.3 ��-�g�m� �6?��
 )�� �
��.�/�0�t4G

3.1 132547678:97;7<:=

=(> M�?�@�A �
��6?��
�N�D
" "'# x�y�X�B�g

max
x∈Ω
[J1, ..., JM ] = [f1(x), ..., fM (x)] (3.1)

Ω =







h(x) = 0
x g(x) ≤ 0
xL ≤ x ≤ xU







(3.2)
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28 ����� � �������
� �KsK6�� 
��	���KN�D�" "�#�
 3���� 
 J1 ,...,JM �
��.�A��	��� ����� [���	

�(
�f�T�������� � =��43 ��9�������h�P��)W�����N
D/0eG+q�9
&
- � ���?��

��N
� 0 �
���/.�
��e3 �����$��D�V���+e3+y������������
�������4G+q���� 7 ��
� �!
� 
�N�D
"�N'(
-���h��#" � L�$�%�& N�D'0'"+T�, L -�����( $�%�& N�D'04G)!?��

N/D/0�*�+�g Pareto N/D'0'" �
5� �,4d
〈 -/. 3.1〉 0 $�&�1 0 x∗ ∈ Ω +�g � (3.1) � Pareto 02")0
(
P�0�h�� ��3 & 0 x̃, 4/�

Jm(x̃) ≥ Jm(x
∗), ∀m ∈ {1, 2,··· ,M}

Jj(x̃) > Jj(x
∗), j ∈ {1, 2,··· ,M}

5 t�4��'"76�8
 �9 3.1 � '�� �U

��N�D�"�:/-4G � x/./0/1
�<;="$'��?�U

��N
D�0K��h�P����4G?>A@��
5 3.1 "<`�'��?�U
�NKD/0�E�B�C
�/1"��D�%�`�[�N�D�" "/# �
Pareto 0 G+Z Pareto 0 + $ �AE�!��F"+E $ � Pareto 0�E�GAH
� 0�I
�A+�g Pareto 0 , �
G
� ` ! k�l "'# N
D�"�O�P�J�K�����L�M'0'")N 3 .��
5�L�M Pareto 0  �,ed

〈 -/. 3.2〉 0 $�&	1 N
D�0 x∗ ∈ Ω +Fg � (3.1) �
L	M Pareto 0O"�-	0�(�P�0�h�� � &
0/� δ > 0 4/� x̃ � Ω ∩N(x∗, δ) 
 g Pareto 0P")Q 
 N(x̃, δ} X(B x̃ �/R�S δ T/UV; �
0 , �W"���5�g {x̃ ∈ Ω | ||x̃− x∗|| < δ}
� `�!�� 
KN
D�"���0 � �	XK��h	Y $ ����C�#���ZKl["JT�&�- ��* L �	\ �W" �

[�x��
''0�!��U
�N�D
" "/# +
�
C % �U
�N�D�" "/#�$ #�!
��6�]'"!'/0�W
��^�&��
#/<'"+T�!?��
�N
D�"�������_�:�h�`W"?a�b������ M Z�� "/# �
'/0�c�d
��h���eW"
, ��+�f�g�h�i����
��!?��
�N�D
" "'# ��''0����4G
j/k�l

(Weighting method)

[ � Zadeh(1963) E/m��#"cg�N�n�o�p��U4���!��U
 )�� � � & " ����N�Z�q
� & i
�/r��'"c[�����g
+����U
/������� & ��s���Z�uW"��
+
��s
,����?��

���'")4�!��

 "/#�t "�H % ��
 )�� "'#Wu

max

M
∑

m=1

wmJm (3.3)
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�
3.1 '/�?��
/����� Pareto 0 , ��B���9

6

-

..........

..........

..........

..........

..........

..........

..........

..........

..........

...........

...........

...........

...........

...........

...........

...........

...........

...........

...........

...........

..........

..........

...............................

............................................. x

J1

x ./0�I
�

Pareto 0 1
�

J2

Q 
 wm g�� m ��� 
'�	� Jm � ��sKf��["
	 � �	s�f����'+��W"2'�� Pareto 0 , �
"ny�$��/* L�
��Wu
s
������.������	����p�� % ")N��Kg	4
E[" a�%���(�- $ 0["�� & ����D�E�`�0

, ��g�� , � (convex) � "�# "
��-�+����	����b�� Pareto 0 u ��0�����* L���� �
	
g/����!��
��s�f��'"
��g��� ����
��s�!�����"�� &�#�$�% ��&'"('�Q t �
,��U
'�
�2"("�)�Y�*�+���,�-�.���/W"(0�1�2�^�3�4���5�6�,87:9�;'"
"�<�=�>�?�@�A�s�!��
" D�B�C�D�b�E���F�G u

ε- HJI l (ε-constraint method)

K�L�M E�N	Q�OP7�9�Q�2	,	E � b	Z�R�G�S�T���F�U	b %	& 7�9 u 	8V�E�N	Q�OP7
9 � "8W�7�9�G�3�2W"(S�X�� &�A�Y , %�& 7�9���F�ZW"
3 1 H Pareto Z�[�\ u
] ���
^ ��n8V Marglin(1967) m`_ "(a�b�c�d�e�f�g�h�i�j u

max Jr (3.4)

s.t. Jm ≥ εm m = 1, 2,··· ,M k m 6= r

Q`l:m 3.4 ,n7:9�o�p�q�+�r�s�R u
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��
� ����
�q���.�Z�[�\ M ��[�\ (convex) ����[�\ (concave) ,�i�j�����������E��

N����
q���B�� L X� � Z��
k�!#"�$#%�&#'�(
)�*,+�-#.

(utility function method)

]�/#0 L 
�1�c�2�3�4#5�6�,�$�c�o�p�7#8�9�2�3#:�;<��=# �>P7�9#?�@�A M#B 7
9�?�@�, 0 L � � 7:9#
�C#D�U�E#$�c�o�p U (

maxU(J1, J2,··· , JM ) (3.5)

��F�S�G��H!�"�,#$�c�o�p#
�& $�% X� �,��JI�3�K�L#M�3�Nn7�9�$�c�Q�E#O�7�P�Q�(

U(J1, J2,··· , JM ) =

M
∑

m=1

Um(Jm) (3.6)

�J= K ��7#R�� L#S N87:9�o�p�T�,�U#V��#W#X�Y�(
Z�[,\�] .

(lexicographic method)

^ X#Y�NP7�9�,�_�`�a#b�&PWc�J��C�F�U#d�aPl�e#f�b�g�X#Y�h�`P7�9<��)PW�;�i
j�k `n7�9��Jh�`87:9 L�l 
�3 K�M�m#n ,#��. 0 m�(Jo�g#p�q�Xn_r�#&�X#Y � On7�9
s ��,�t#u����HN87:9�o�p�Q#C�F�G��
)nVv2�3�4#w � :�; S N / 7:9�o�p#x � _�`#y
z Y � S C�_#`�,87:9#{n_|�Jf�}#w k Xn_vN B 7�9�o�p�,#��N#C�F�G�� ] ; S#� O87
9�o�p�~#��Q���C#'�����,#X�Y�����F�0�,�C�F�G�����G��H� M#��� ��N#����,���.�(
\�]#��� .

(Goal programming method)

]�/�0 L V Charnes O Cooper(1961) 5�_��H
#>n7�9�?#@ L l:b�c�C#��, 0 L (H��

c�7`X`Z�> 7J9���y�?�@`i`j�����}���N 0 ����=`c�( �������`^ 
�����  / 7J9�¡
¢ �n7:9�G��J£�X#��¤�r�Z�=# �  / 7�9�¥87:9�G#:�¦#E�O M C#§�(H¨#R�
#©�R87:9�G
Ĵm � a S 7�9�o�p Jm A�2�� / D�d�ª�,�«�:#¦�¬�p d−m ­�® D��

/ D�d�ª�,#¯�:�¦#¬
p d+m �°=� Jm + d−m − d+m = Ĵm (°~��P7�9�o`p�,�u�m<��� f�±�²�³�9�´�u`m<��=�P
3.1 I�Q�(
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�
3.1 7 9�?#@�Q#²#³�9#´�u�m

7 9�o�p 7 9#?�@#u�m :�¦#¬�p
Jm ≥ Ĵm Jm + d

−
m − d

+
m = Ĵm d+m

Jm ≤ Ĵm Jm + d
−
m − d

+
m = Ĵm d−m

Jm = Ĵm Jm + d
−
m − d

+
m = Ĵm d−m + d

+
m

	�
 ��� .
(compromised programming)

��
 ?#@ L 
8V Yu ¥ Leitmann(1973,1974) 5�_�, ��
 2#3 ��^ S#A�� �#m�n 
#2�3
4JB���������.���Z�C���,��#� M ��
 ,�~#��(H¨#R�
���2#3�4�����I#±�,87:9#&��8W
;�����C�F�G�,���N����(B�����d#��  / 7�9�M�����`�X�� ���#A M q�!�, 0�" M�# �
S�U�$#
�����.��#C���,�R�/ M >&% �#³��#��'�(�,�p�)�m�q�*�A

min
M
∑

m=1

{
J∗m − Jm
J∗m

}
p

, p = 1, 2, ... (3.7)

�

min [
M
∑

m=1

{
J∗m − Jm
J∗m

}
p

]1/p, p = 1, 2, ... (3.8)

� l J∗m M 7:9 m QJ.���Z (ideal solution) ( ^ X�Y#&nW�7:9�,�_#`�y��,+�q�-�.�/#_ L

� ��  / 7�9���A�0�A�/�V�p

min
M
∑

m=1

{wm
J∗m − Jm
J∗m

}
p

, p = 1, 2, ... (3.9)

� l wm M�1 m / 7:9�o�p (Jm ) ,JA�/#V�p ^ M = 2 k p = 1 �2+���� M�3�4 ,�����S
5 �#��� p = 2 + M �#������� p = ∞ ¨�R#
 max−min ��+�( 6�7�8 wm 8�P�8#2#3
4�9�:#;�:�� p 9�2�R ��; ¨�
#��³#:#;�9#©�R�(

�<
 ?�@ L ¥87�9�?�@ L ±>=�>�4>.�Q�����=�2�3�Z>?>@>A�B>'>�>C��>���P7�9�G
� &�d�¨#±�&8W:Q#��( 7:9�?#@ L 9�C����#
nVr2#3�4#w ��D ;#I�5�6��(S8VFE�m�7#2
R�����9�G�B 0 mIH ��
 ?�@ L 9�C�����+#
nVFE�m� ����
S�2#3�4�5#6�9�J�
#�����

9�G�B 0 m�( K :��,K#4�������9�G�B 0 m�L�±�I#&nW�� 7�9�?#@�M�c#��y�A�/ 0 m��
S ��
 ?�@�+ 5 (J���#�>N�� S�O <>9�E>P#>P7�9#?�@ L l�9>Q�[ (aggregation) R<S>T
��; ¨#
��#³�����9�G�B�(
3 K�� Q�� ] ²#³�Z L�; ±�UWV�W�X�Q#��(
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3.2 ����������	�
��

 f 2�3�4�K�L ������> 9 Pareto Z�lF�n_r¤�r 9�Z��H� 
�`��n_rI ±�9 Pareto Z��

4J0���;�( ^ =�c � O 0 m�������'� ���¤�r�Z�����=87:9#?�@ L�� ��
 ?#@ L���� �
��³�³�&���R�9�������� ��=87:9�9�_#`�y�!�!�"�#�$���9�3�p�G�P����(A�/���T � 2
3&%�p�9#&�'���� ��� � !�!#=� #2�3#4�� L�5 L�$���(�2�R�C�F�U�d#a�I���c�9�%�p
(*)

� 1965 + Zadeh[59] 5`_FE�P�[�\�C�<�}�� S 3�!�2#3�4�J���c-, ¤�r/.r¥-, &�¤
r0.21�3�4�5�9 0 m�¬#A�q�6#=�c-,7"#&�¤�r/. � ,78�S�¤�r/. � , ¤�r/. � , 5 L#¤
r0. ��� 9/9;:�U�<�3#7�=�!�1�3�( ]�> 9 0 m�?�@�F�\�1�3�2#3�;�9#&���R�A�B�(J&C Q�} Zadeh ¥ Bellman[3] D 
FE S E>P�[�\>C�<FGFHFI�2�3>9�c0J<� K L M E>P�[�\
C�< C�K�9�b�c�( Tanaka(1974)[54] o�g 5n_FE�P�p�) ?�@�9�L�M�( S 1 ��N�b�c E�P�2
3 L d#>/O;P�?#@�i�j�9�Q�+�
 Zimmermann(1978)[61] � O S E�P#>RO2P#?�@�b�c�d�Z
>FOSP�� y�? @�9 i�j ( Slowinski(1986)[51]̈�b�c�E P�>TO2P ��y ?�@ ��C 6�UV4�5 9
C�F�U�i�j�(��#��y�WFX�4F5�9�C�F�U 0 �<� Sakawa(1996)[48]

S i�jFY�Z M�[ 5#��y
?�@�i�j���a#=�c Simplex \�X�Z<(�] 5 ��y�4F5 0 �<� Chiampi(1996)[12] 1�c 5 �#y
?�@�^�\�E�P�>RO;P�2#3�Z�_�`�)�9�©#��i�j�(
��F�7����J�#��a�K�³#t�b����H=�c�E�P#>/O;P�2#3�$�e�c�d [ 5�9#>/O;P�2#3ed

1. 2�3�4�IFf�±>9�hFg�K�L�&FhFi�!<�j6Fk�d�&F' S i�jF1F3FlFm<�j]�=�c>E>P�>
OnP�2#3#&�o#2�3#4�I�p�q�9�h�g#>�r���s��# ���tIH

2. ��dFuFvF#>9�i�jxwy�FzFWFX�CF{F|���D�?>E>9F4F5~} ���F� [ 5�?�@F\>@F��c
9���S#A ����� d�E�P#?#@�\�(

3.2.1 ���R���R���R�����R�
EFP >�O�P ? @�\ 9�A�� � R 
 2 3 4�6 E P�O�P Jm ¥r� / q ' ( 9���� [J0m , J1m] �

7;1V3   / O2PV� p Jm (�@TOSPV� DV� J1m � � 2 3 4�� 5 L ¤ r H�]�@TOSPV� §V� J0m
� � +#�F\�'�(<(���6#� /���� bF��p µJm (Jm(x)) ∈ [0, 1] 1&3�z�� S O;P�� Jm(x) Y
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Z�A���E�PRO2P Jm 9�¤�r�b��JA�����9#>RO2P#C�{�|�����(
max
x∈Ω

[µJ1(J1(x)), ..., µJM (JM (x))] (3.10)


 f�±�=#>�q�����9 ��� b���p��J��
 ������S M����#y ��� b���p�������	�
�����"
>
�����#����$�q# ����#;�9�t (Liu and Sahinidis, 1997)[35] (°�#7�9#>RO;P#C�{�|����
� ��
���¬#A�£�������2#3�¬�p x =� �I�±�E�P/O;P�9�E�P���� J1 ∩ . . .∩JM ��±�C�D
9�¤�r#b�( E�P#2#3���� FD q�6��#7�P#Q�I#±�E�PRO2P�9�E�P�����(

FD = J1 ∩ J2 ∩ · · · ∩ JM (3.11)

Bellman ¥ Zadeh[3] ����q�1���E�P�����R�S�T t-norm 7�Q��#I#±�E�PRO;P�9�¤�r#b
µJm(Jm(x)) � 6����r!#"�9#¤�r�b µFD (x) (

µFD = T(µJ1 , µJ2 ,··· , µJM ) (3.12)

���
T �
��r�9 t-norm R�S�T�(
±�C�D������ (firing level) µFD(x

∗) 9&t�� l ���#>/O;P#C�{�|�����9�C�{�t�(
µFD(x

∗) = max
x∈Ω

µFD(x) (3.13)

��F�K#³�C#L�=���9 t-norm � minimum ¥ product � �� �! z#�
T(µJ1 , µJ2 ,··· , µJM ) =

{

min(µJ1 , µJ2 ,··· , µJM ) T = minimum

µJ1 × µJ2 ×··· ×µJM T = product

"$#&%('()(*�+(,(-(.�/(0(1(2�#3%('()�*(+(,(46587(9(:�;(-(<(=�>(?A@B5C1(D
E�F�G�H 5

Sakawa [46] IKJ�L Pareto M�N(O�P 1(Q (3.10) R�S�O(P M-Pareto( T Fuzzy-

Pareto) M <�U�V M-Pareto( W U�V Fuzzy-Pareto) M3X�Y6Z

〈 [
\ 3.3〉 ]�^�_(`(M x∗ ∈ Ω a 1(Q (3.1) b M-Pareto M 5 ](c(d(] ?(e(f�g _(M x̃ 5
h
i

µJm(x̃) ≥ µJm(x
∗), ∀m ∈ {1, 2,··· ,M}

µJj (x̃) > µJj (x
∗), j ∈ {1, 2,··· ,M}
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�
3.2 
������������

µJ1

µJ2

µJM

-

-

-

J1

J2

JM

T

.....................

.....................

.....................

......................................................

....................................

...................-
µD���������

�������
......... �! ���

〈 [
\ 3.4〉 ]
^�_�`�M x∗(t) ∈ Ω a 1�Q (3.1) b�"�# M-Pareto M 5%$ ]�c�d�] ?�e�f _
&��

δ > 0
h
i

x̃
f
Ω ∩N(x∗, δ) ' 1 M-Pareto M 5%( ' N(x̃, δ) )�* x̃ b�+�, δ -�.0/

b
M�1�2 5 O�P 1 {x̃ ∈ Ω | ||x̃− x∗|| < δ}
3 Y�4�5 7�9�6�7�8�f�9 � t-norm b ����:�; Y 5Ci�< M-Pareto M3N�=�>

〈 ?�@ 3.1〉 A T 1�9 � t-norm
5 ] x∗ 1
Q (3.13) b
d�_ '�) M 5B$ x∗ 1 M-Pareto MDC

E�FHG

] x∗ 13Q (3.13) b '�) M�I�J M-Pareto M 5%$�K O e�f _ x̃ 5 h�i

µJm(x̃) ≥ µJm(x
∗), ∀m ∈ {1, 2,··· ,M}

µJj (x̃) > µJj (x
∗), j ∈ {1, 2,··· ,M}

L 3
µFD (x̃) ≥ µFD(x

∗) C

I�M�N�O < x∗ K�P�Q d(_�M�R�S�TVU%W x̃ ?
e�f U%X x∗ K O�Y M-Pareto M
C
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〈 ?�@ 3.2〉 A T Y�������	 t-norm∗ U ] x∗ Y Q (3.13) b�
����HU c µJm (x∗) 6= 0 ∀m U $

x
∗ Y M-Pareto � C
E�FHG

] x∗ Y�
 (3.13) b�
�����I�J M-Pareto �DU $�K���e�f _ x̃ U h�i

µJm(x̃) ≥ µJm(x
∗), ∀m ∈ {1, 2,··· ,M}

µJj (x̃) > µJj (x
∗), j ∈ {1, 2,··· ,M}

�
T Y�������	 t-norm U L 3 µFD (x̃) > µFD(x∗) C

I M�N�O�� x∗ K P Y�
 (3.13) b�
�����R�S�T U W x̃ � e(f U X x∗ K�� Y
M-Pareto �DC

min ����������������������	��� U!�� �" 3.2#�$�%�J�&�' 8�( ��(��(d�_��VU
) $�* ��&�+�' ( ��Y�"�# M-Pareto �-,�R�.�/ U product ����� $ ����������	�/� 
" U _�0 i ��1�2 6 #�+3' ( Y�" # M-Pareto � C54�6 U71�23.�8:9<;�
��3=�>���b?9
/ Y�> i Pareto ��6�J M-Pareto � UA@�B Pareto � 1�2�C Q M-Pareo � 1�2�/���1�6�D
UE� 3�F  �"HUA1�2�# 3�G .�H�( ��I ��J�K -HUAL�M M-Pareto ��W�Y Pareto �DC

〈 ?�@ 3.3〉 ] x∗ Y�
 (3.1) '5M�2 µJm (x∗) ∈ (0, 1) ∀m b M-Pareto � UCc L ^(b µJm N
Y�����O�P I � U $ x∗ Y Pareto �DC
E�FHG

] µJm N Y�����O�P I � UCc x∗ ��Y Pareto �DU $�K���e�f _ x̃,
h
i

Jm(x̃) ≥ Jm(x
∗), ∀m ∈ {1, 2,··· ,M}

Jj(x̃) > Jj(x
∗), j ∈ {1, 2,··· ,M}

W

µJm(x̃) ≥ µJm(x
∗), ∀m ∈ {1, 2,··· ,M}

µJj (x̃) > µJj (x
∗), j ∈ {1, 2,··· ,M}

∗ ������	 t-norm : if a1 < a2 and b1 < b2→ Q (a1, b1) < Q (a2, b2)
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I�����O�� µJm (x̃) < µJm(x∗) ∀m ��2HU%X
i 'VC

L� 3" 3.2 ' L OHU ]���� min ���������HU � � ( �����������3	��� HU7#�&�^ J�d�_
"�#�
���� e�f C%X�.���M�� K�P G
	�3
��� ( d�_� HU h�i min ����� L�i�< /���Y
M-Pareto � C�
�.���5���� Lee � Li(1993)[33] ���&_�5�4
���
� (Two Phase Method) �
> i M-Pareto �DC

ä ����_ (Phase 1)

��� min �������3��� µmin �����! �"�#%$'&�(!) 3.2 �!*+$-,/. min 0�1!2�3�4!5
6�7 (8$�9�:
;�<
=�>
?
@�A
B�#
C
D+$�E�F
G
H�I
J�#
K M-Pareto #L�

max
x∈Ω

µFD =max
x∈Ω

min(µJ1 , µJ2 ,··· , µJM )

= µmin

(3.14)

ä M�N�O (Phase 2)

P M�N >��!�� �" µmin $�Q!K�R�S�T�U�V�W�X µJm "�Y�Z+�'[�A�\�]���;!T�U�V�W
X^"�_
X�`�a�X ∑M

m=1 µJm/M $b& 
 (3.15) �^c8�d,�.�_�X�`
a�X�e�_�f 1
2�3
4�5 6
7 (+$���g
�� 
"
#�h
K M-Pareto #L�

max

x∈Ω
+
µFD = max

x∈Ω
+

1

M

M
∑

m=1

µJm (3.15)

Ω
+ = Ω ∩ {µJm ≥ µmin| ∀m} (3.16)

〈 ?�@ 3.4〉 i x∗ K�j M
N G
k�A
B
#+$�l x∗ K M-Pareto #L�
m�n+o

p�q
x
∗ K�j M�N G�k
A
B�#
r�< M-Pareto #L$�l
h�s
C�D
> x̃ $ut
 

µJm(x̃) ≥ µJm(x
∗) ≥ µmin, ∀m ∈ {1, 2,··· ,M}

µJj (x̃) > µJj (x
∗) ≥ µmin, j ∈ {1, 2,··· ,M}
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E
1

M

M
∑

m=1

µJm(x̃) >
1

M

M
∑

m=1

µJm(x
∗)

���
x
∗ K^j M�N G
A�B�#
k p�q������ $	� x̃ 0 C�D $�E x∗ h^K M-Pareto

#L�

Sakawa
�

Yano(1985)[47]l�

� t
� & 
 (3.17) "����
�
� max−min � g
�
� max−min $
��������� ,/#������ max−min � 9� � M-Pareto #L�

µFD = min(µJ1 , µJ2 ,··· , µJM ) + ρ

M
∑

m=1

µJm (3.17)

J"! ρ K�#�$�%
f+$ Sakawa 
���&
K 10−3 ' 10−5 k�(+�

〈 ?�@ 3.5〉 i x∗ K)����� max−min *�+ k�A
B
#+$�l x∗ K M-Pareto # �
m�n+o

p q
x
∗ K,�"�"� max−min *�+ k A B # r < M-Pareto # $ l�h s C D >

x̃ $ut
 
µJm(x̃) ≥ µJm(x

∗), ∀m ∈ {1, 2,··· ,M}
µJj (x̃) > µJj (x

∗), j ∈ {1, 2,··· ,M}

E

min {µJ1(x̃), µJ2(x̃),··· , µJM (x̃)} ≥ min {µJ1(x
∗), µJ2(x

∗),··· , µJM (x
∗)}

�

ρ

M
∑

m=1

µJm(x̃) > ρ

M
∑

m=1

µJm(x
∗)

�

min
{

µJ1(x̃), µJ2(x̃),··· , µJM (x̃)
}

+ ρ

M
∑

m=1

µJm(x̃)

> min {µJ1(x
∗), µJ2(x

∗),··· , µJM (x
∗)}+ ρ

M
∑

m=1

µJm(x
∗)



38 ����������	�
��
���

x
∗ K��"��� max−min *�+ A�B�#�k p q������ $	� x̃ 0 C�D $ E x∗

h�K M-Pareto #L�
��� $�����.������ max−min "���� $ Werners(1988)[58] �
	 >�S 1���� (�"�
���e
_�f (Compensatory fuzzy operator) $b& 
 (3.18) ��c8$ � 9
 � M-Pareto #L$�J�(
) �
��� ��������� max−min $uE�D ����� �

µFD = (1− γ)min(µJ1 , µJ2 ,··· , µJM ) + γ
1

M

M
∑

m=1

µJm (3.18)

J"! γ K ��� V8$�J�&���. 0 ' 1 k�(8�
, g���"�����9�g���� $ K � #��
t�� min e^_
f���#��8$ F�G�� � �
 �k�#�K
=

>�?�@�A
B�#
" *�+ $������� �!	 "�"�#�$�G !�A�\
"�%!&('�)�* P T�U
V�W
X�&
"
_�X�`
a�X�+�,!-/.�W
X ! ��0�1�$�G
;�2
S�&� �3�4
"�5�$76

ä Sakawa
�

Yano � �8	 " ��� � max−min $�G%$ J !(9;:!" #�$ %!f (ρ = 10−3 ∼

10−5) 9=<�K Werners � �!	 " 1���� (�
���e�_
f�$�G ! ��� V γ > :�"
>�S 7
? ��0�j�S�$�G�D�@�A ��� V�B�*�#�$�%�f�"�&�� ��C�D�E ��F� �"���s $	% �

h=G�H�I
#���F� 
"�J�K8�

ä Lee
�

Li �
	 "�j M�N G $ l�*�g min e^_
f�L�_ 	 "�T�U�V�W�X�&
K�M�N $ [
A^\�]�O�P�T�U�V�W�X�&�"�_�X�`�a�X ��Q�R�S�T���L�_�>�U $ r�*�V�R���;�

�=�W-/.�X�Y
G 0 h�Z�H�I�#���F� �J�K
"�[�'8�

�^*
"�$�G�\ � T�U�V
W�X�&�"
_�X�`�a
X�;�] $�^�_�X�`
a�X�" 7 '�)�* 1 ; 3
4^5 6 "
(�)
r�*�_�`�a�b�T�U
V�W
X�&�c�d 0 a � t-norm e^_
f product � ;����
"
7 ' � r�* ��e .�A�\�]�T�U�V�W X�"�_�X�`�a�X $ D�A�\�]�T�U�V�W�X " product �
$uJ�f�S�g�"
T�U
V�W
X�h�]�i�j�k+$���g
D ��l S�g
"�T
U�V
W�X�$�m+$�;�n e K
"
oqp � % � Chen r=s (2003)[10] ��	 >�S�t�u�A�v���"�j�w t-norm $ min � product "q"
#���j M�N Gx6

ä M�N >
&zy�{���g min e^_�f
��#�"�$�|�}�L�_ 	 " M�N�O !�T�U�V�W
X�"�Y�Z $ & 
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(3.19) ��c+� � M�N
	 T
"!-/"�*�A
\�]
��4�V
A
�
"!-(.8�
max
x∈Ω

µFD =max
x∈Ω

min(µJ1 , µJ2 ,··· , µJM )

= µmin

(3.19)

ä M�N�O
D/+;,!T�U!V!W!X!Y�Z!"!Z��!Y%$'& 
 (3.20) $ A!\!]!T!U�V!W!X!" product $ & 

(3.20) � % product 1 ; 3!4�5 6 "!(�)%$'�!g
����9!g�H!I��!  �"!#�K M-Pareto

# † � � M
N
	 T
"!-�"�*
D
;
A�:
��4
V
"�� � Y8$��
� ��l S�g
T
U
V
W
X
"
&L�

max

x∈Ω
+
µFD = max

x∈Ω
+
(µJ1 × µJ2 ×··· ×µJM ) (3.20)

Ω
+ = Ω ∩ {µJm ≥ µmin| ∀m} (3.21)

3.2.2 ���������������� �!�"

min #%$�&('*),+�-�.�/�0�1�2�3�4�5�6�7�8�9�:�;('*<�=�>�? min #%$�&�@�A�B
CED
F 5
G
HI'KJ
L
M
N
O
8
P
Q
5SRUTV'�W
X
Y
Z
[
\
]
^
_
P
`
a
5
b
c
d
eVf�g
product #�$
&
)�A
Z
B C
D
F 5
H�hV'K+�i
j
.�k M-Pareto al'm<
n
o�p
q
r�6
7
8�9
:Es
t
P
u
5
G
HI'�v
w
x
y
z
6
7
8
9
:
;
/
0
@
4If�W
X Chen {E| (2003)[10] }E~
�E�
� #
$
&V'�����] �
�
�
�
�
�
� R�T
�
�
�I'K�
�
�
�If

��� 1: /E�
� D ]SRUT
p
�
P
�
�
5
a J1m � P
�
�
5
a J0m
max
x∈Ω

Jm = J1m

min
x∈Ω

Jm = J0m

J1m � J0m � 2�R�T
9
: Jm � 5
�I�����If��
�
� J0m ≤ J0m < J1m ≤ J1m 5E�
 
¡
¢ �
£
¤
¥SRUT
9
:
5
+
¦
§
¨
© [J0m , J1m] f

† ªE«
¬
­
®
¯
°
±
²I³K´
µ
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3.2 �	�
a�

���
J1(x

∗
i ) J2(x

∗
i ) . . . J

M
(x∗i )

Ji(x
∗
1) J11 (x

∗
1) J2(x

∗
1) . . . J

M
(x∗1)

Ji(x
∗
2) J2(x

∗
2) J12 (x

∗
2) . . . J

M
(x∗2)

...
...

...
. . .

...

Ji(x
∗
M
) J

M
(x∗
M
) J2(x

∗
M
) . . . J1M (x

∗
M
)

]	�
g
�I'�+���� J0m = J0m � J1m = J1m f����
+S>�� � D ]�R�T
P
�
�
5
aV'��� ����a�
���� (Pay-Off Table of Ideal Solution) ' ��� 3.2 W��If*� ¢ �
£����
`
 5
;�!
2
+
¦
§
¨
© [J0m , J1m] f

��� 2: "E¥
# �
� RUT
5
6
7
9
:

µJm(Jm(x)) =











1; for Jm(x) ≥ J
1
m

Jm(x)−J0m
J1m−J

0
m
; for J0m ≤ Jm(x) ≤ J

1
m

0; for J0m ≥ Jm(x)

∀m ∈M (3.22)

��� 3: $ �
� ]&% X min #E$
&
P
u�'
N
O
8
P
Q
5�R�TIf
max
x∈Ω

µFD =max
x∈Ω

min(µJ1 , µJ2 ,··· , µJM )

= µmin

(3.23)

(�)
4: * °
±�+&,.-�/�0�1�2�3�4�5
6�7
«�8I³�9 product :�;�<�=�>�?�@�A�B�C�D 5�E
F 6
GIH

max

x∈Ω
+
µFD = max

x∈Ω
+
(µJ1 × µJ2 ×··· ×µJM ) (3.24)

Ω
+ = Ω ∩ {µJm ≥ µmin| ∀m} (3.25)

3.3 JLKNMPO
Q	R
S�T
U�V�W
X�Y
Z�[�\
]�^
_�`
a�bdcfe�g
h�i�Y
j�k
l�mon

3.3.1
R

:
bpc�e
q�r
g�h

(Multi-objective linear programming)

3.3.2
R

:
bpc�e
q�r
s�t�u
v�g
h

(Multi-objective mix-integer linear programming)
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3.3.1 ��� . 	�

�
���
���
���
������� bdc�e
q�r
g�h������

max
x∈Ω

J1 = 2x1 + 5x2 + 7x3 + 1x4

J2 = 4x1 + 1x2 + 3x3 + 11x4
J3 = 9x1 + 3x2 + 1x3 + 2x4

min
x∈Ω

J4 = 1.5x1 + 2x2 + 0.3x3 + 3x4

J5 = 0.5x1 + 1x2 + 0.7x3 + 2x4

(3.26)

Ω =

{

x h1 : 3x1 + 4.5x2 + 1.5x3 + 7.5x4 = 150
x1 , x2 , x3 , x4 ≥ 0

}

(3.27)

 �!
1
�#"�$�%

J1 ∼ J5 &�'�( �
� Y�) � ( �
� Y�)
J11 J12 J13 J14 J15
700 300 450 30 25

J01 J02 J03 J04 J05
20 33.3 40 75 70

�	� J0m = J0m � J1m = J1m
 �!

2: "E¥
# `�a c�e
Y�*�+�,�v

µJm(Jm(x)) =











1; for Jm(x) ≥ J
1
m

Jm(x)−J0m
J1m−J

0
m
; for J0m ≤ Jm(x) ≤ J

1
m

0; for J0m ≥ Jm(x)

∀m ∈M (3.28)

 �!
3: -�.�/

max
x∈Ω

µFD =max
x∈Ω

min(µJ1 , µJ2 , µJ3 , µJ4 , µJ5)

= µmin

(3.29)

Ω =



























µJ1 = (J1 − J
0
1 )/(J

1
1 − J

0
1 )

...
...

x µJ5 = (J5 − J
0
5 )/(J

1
5 − J

0
5 )

h1 : 3x1 + 4.5x2 + 1.5x3 + 7.5x4 = 150
x1 , x2 , x3 , x4 ≥ 0



























(3.30)

021
min :	;�<�3 /
0�4�5�6�6�7�8V³:9�;�<�9�=�>�?�@�6V³�ªBADC
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Solution I

J1 J2 J3 J4 J5
395.52 230.52 245 52.5 47.5

µJ1 µJ2 µJ3 µJ4 µJ5
0.552 0.739 0.5 0.5 0.5

x1 x2 x3 x4
20.71 3.51 48.05 0

ª�A <�9��
	 µmin = 0.5
³�� µJ1 × µJ2 ×··· ×µJ5 = 0.0510

Solution II

J1 J2 J3 J4 J5
371.36 248.64 245 52.5 47.5

µJ1 µJ2 µJ3 µJ4 µJ5
0.517 0.807 0.5 0.5 0.5

x1 x2 x3 x4
21.59 0 46.59 2.05

ª�A <�9��
	 µmin = 0.5
³�� µJ1 × µJ2 ×··· ×µJ5 = 0.0522


�� ³������ 0 °
±
+���������=�6�6���4�5�1���6IH
(�)

4: °E±
+

max

x∈Ω
+
µFD = max

x∈Ω
+
(µJ1 × µJ2 ×··· ×µJM ) (3.31)

Ω
+
=























































µJ1 ≥ µmin

...
...

µJ5 ≥ µmin

x µJ1 = (J1 − J
−
1 )/(J

∗
1 − J

−
1 )

...
...

µJ5 = (J5 − J
−
5 )/(J

∗
5 − J

−
5 )

h1 : 3x1 + 4.5x2 + 1.5x3 + 7.5x4 = 150
x1 , x2 , x3 , x4 ≥ 0























































(3.32)
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J1 J2 J3 J4 J5
400 250 275 52.5 47.5

µJ1 µJ2 µJ3 µJ4 µJ5
0.599 0.813 0.573 0.5 0.5

x1 x2 x3 x4
25 0 50 0

ª A�< 9 � 	 � 5 ApC D 5 3p4 5 µ ��� 1 µmin = 0.5
³���� 0�1�	 +�°,± 1 �



product :�;�< 6���
������ = µJ1 × µJ2 ×··· ×µJ5 = 0.0651 H ����� 1 °�± 5
A�������� min : ; < ��=���6 ³ °,± + A�6���� E F J1 , J2, J3 6 C D 5 E F
µJ1 , µJ2 , µJ3 ��� � ?
@ H

3.3.2 ��� . 	�

�
��� �"! #"$
���
�
�
������� bdc�e
u�v
q�r�g
h������

max
x∈Ω

J1 = 0.4x1 + 0.3x2 − 100x3 + 50x4

max
x∈Ω

J2 = 0.3x1 + 0.5x2 + 150x3 − 100x4

Ω =















g1 : 2x1 + x2 + 100x3 − 100x4 ≤ 500
x g2 : x1 + x2 − 200x3 + 50x4 ≤ 400
x1 , x2 ≥ 0
x3 , x4 = 0 or 1















(3.33)

 �!
1
�#"�$�%

J1 , J2 &�'�(&%&' Y�))( (&*)' Y�)
J11 J12
180 350

J01 J02
−100 −100

�	� J0m = J0m � J1m = J1m
 �!

2: "E¥
# `�a c�e
Y�*�+�,�v

µJm(Jm(x)) =











1; for Jm(x) ≥ J
1
m

Jm(x)−J0m
J1m−J

0
m
; for J0m ≤ Jm(x) ≤ J

1
m

0; for J0m ≥ Jm(x)

∀m ∈M (3.34)
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3: -�.�/
max
x∈Ω

µFD =max
x∈Ω

min(µJ1 , µJ2)

= µmin

(3.35)

Ω =































µJ1 = (J1 − J
0
1 )/(J

1
1 − J

0
1 )

µJ2 = (J2 − J
0
2 )/(J

1
2 − J

0
2 )

x g1 : 2x1 + x2 + 100x3 − 100x4 ≤ 500
g2 : x1 + x2 − 200x3 + 50x4 ≤ 400
x1 , x2 ≥ 0
x3 , x4 = 0 or 1































(3.36)

9�;�<�9�=�>�5�@�6 C
J1 J2
100 300

µJ1 µJ2
0.714 0.889

x1 x2 x3 x4
0 500 1 1

ª�A <�9�� 	 µmin = 0.714
³ � µJ1 � µJ2 3 ����� 
 ��- � �
E F A � 0,1 � F��

-	9�� 1 � ��E F 3���	 ³ ��9�

²&� µJ1 � µJ2 ���IH
(�)

4: °E±
+

max

x∈Ω
+
µFD = max

x∈Ω
+
(µJ1 × µJ2 ×··· ×µJM ) (3.37)

Ω
+
=















































µJ1 ≥ µmin

µJ2 ≥ µmin

µJ1 = (J1 − J
−
1 )/(J

∗
1 − J

−
1 )

x µJ2 = (J2 − J
−
2 )/(J

∗
2 − J

−
2 )

g1 : 2x1 + x2 + 100x3 − 100x4 ≤ 500
g2 : x1 + x2 − 200x3 + 50x4 ≤ 400
x1 , x2 ≥ 0
x3 , x4 = 0 or 1















































(3.38)
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4.1 �������������
4.1.1 	�
��
�
��������������� � #���� Q���v�� �������� �! Y�"�# ���%$'&�(�)�*�+ ' $',- #/./0 / V�\
]�Y
Z�[ ! `�1 $32/��4/5 n Q/6�798;:/<�= / V/>/?�Y/@�A/B�C/D $

EGFIH/J�K U�L/M�NPO�U
V/Q�R F;S O3T
V�U/V/W �/X�Y ��Z n - @/A�B
T�[/\ �/] �^ $ M�N "�$�<�_�[ Fa`�b M !�c
(p = 1)

(ed�f�g�h�M !�c
(p = 2)

$ji�k ��l�m�n�o
(d = 1)

(pd�f�q�r
(d = 2)

YpQ�R F;S t ! $s�at�u S�v�w�j�x�y�z � [�{�| (r = 1)
O

}p~ |
(r = 2)

O�[ F |
(r = 3)

(pd�f�|
(r = 3)

Yp��R�WIn�U�L�M�N�Y�<�������T ���
��/ Y ��Z n � K W ' ��� $ Q/6�7
S # ^ c Y/���/��� � X / �/�on�u
V �/��� m&(Qax g
h/�/�

4 �a�P�����/� Y (/� �/�/�/�/���/�/� � 0.7 � �/�/�
Y��/�/�/�
j�x/�� � X�Y ([K] = [K′] = 3) � ������Y����/����R�V�� �/� � X�Y ([L] = [L′] = 3) �¡ �¢
£p¤�Y � v )�¥�¦ l�U�§ (N = 2)

n ��Z Y�¨�©�ª & � ��« 4.1 ¬p­ $ E®F U�V�W r = 1
¬a¯ %
Y/�/��% �/° 1 Y �/Z Y/ª & ��� ° 1 �p± 1106 V � ° 2 �a± 1298 V � ° 3 �a±
1339

V � ° 4 �p± 651 V n « 4.2 ²G³I¬ ��Y � Q���v $ E®F;H�J/K X�Y )9´ j�x/� �Y	X/z�j/x � Q&(�µ/¶�j/x � Qon3Q/x F;S d = 1 jpx�v/w�y�U/V�W r = 1 $ �/� ° 1 Y
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4.1
`p1
Z�[
Y�@�A/B�
�� ­����

‚ß—Û¯R”£


jex�� � $ X�z�j�x � Q � 6 $ µ�¶�j�x � Q � 3600 � ��� ° 2 Y j�x�� � $ X�z�j�x
� Q � 5 $ µ/¶
j/x � Q � 6000 � �/� ° 3 Y j�x/� �P$ X/z
j�x � Q � 4 $ µ/¶ j/x �Q �

7200
n ��Z X�z�V�� ��«

4.3 ¬p­ $ E®F;H�J�K X�Y )®´ R�V�� � Y���� $ E t �v�� ² � « 4.4
$ E®F Q/x F;S

d = 1
jpx�v�w/y�U/V�W

r = 3 ¬ ª�Y�������� � 0 �p�
$���� ±���� ��¥ S�v�w�x�y�U�V�W � Q�x F;S d = 1 jex�v�w�y�U�V�W r = 4 ¬ ª�Y
������� �

1 �a� $3��� ±���� ��y � /���� ¥ S/v�w/x�yon
- bdc�e ��� (�Q�x�g�h�` � H�J

2198
Vp��m � O

1081
V  �¢� v�! 672 V 0-1  

v n

4.1.2 "$#&%('&)
Q�6�7+*+, /+-$.+/ Y�d - ` �+0+1$2+3 $ Generalized Algebraic Modeling System

(GAMS, Brooke et al., 1988 [5])
$54 & ) (7678 ��� n �p� GAMS 9 @pY MINLP solver

F $
DICOPT :�; 6 t�<�= 0-1  v ; b�Y���� $3, - $ Q�>��/��?�@ ��A #�Y MINLP

solver
$'´ �����

SNOPT
@ �

NLP solver
n
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�
4.1
�pZ Y�¨/©�ª & �

FCDirct
r = 1 2 3 4

c = 1

i = 1 2 3 1 2 3 1 2 3 1 2 3

t = 1 1106 518 483 735 462 411 810 400 410 918 906 455
2 1298 507 423 681 685 372 1000 501 305 966 1051 307
3 1339 745 491 811 722 599 773 401 395 1618 1154 536
4 651 866 479 1110 513 512 1086 409 422 902 700 444

4.2 ���������
bpcfe �/� (�Q/x�g
h�` � & )
Y�l
m $ �
u�= ��� �

 �!
1:
" $ %�X / c�e & + (�%�' Y ) J1m ( (�*�' Y ) J0m $�i
	
� =
� )�

� « $ �«

4.5
! «

4.6 ¬a­ n���� $ �/� cfe�,
v�Y/��������� [J0m , J1m] $ �/« 4.7 ¬a­ n
Qa6/7��/¶����
T

J1m
@ � ¬ � cfe
Y��/� J1m n �I����� Y J0m � /��/±���� $�i) 6 t�@ � � � $3, - ����=���)�
�� «®F $ (�� Y� � @ � J0m n ´ � � ����=

��)�
�� «9F Y (�� � @ �P$"!�#�$ v/����!����/���/���
Y � � J0m n
 �!

2: % -�.�/'& T min j	k�[ (�(�8�) ��* (�� Ydcfe $ µmin = 0.52 +
,.-

3: /10�2�3'465�7�8�9�:�;�<�=�>�?�@�ACB"D product E.F�G�H�I�J�K�L�M�N�O�=�P
Q >�RC+
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�
4.2 �������	 z�
/x ��� µp¶�
�x ��� 	 z $ v ��� 	 z���= ���

k p d r $ k p d r $ i p d r $ i p d r $

1 1 1 6 1 1 1 3600 1 1 14 1 1 8
2 1 1 5 2 1 1 6000 1 2 11 1 2 5
3 1 1 4 3 1 1 7200 1 3 12 1 3 6
1 1 2 10 1 1 2 4800 1 4 13 1 4 7
2 1 2 8 2 1 2 7680 2 1 24 2 1 12
3 1 2 6 3 1 2 8640 UICir 2 2 18 UHCir 2 2 9
1 1 3 15 1 1 3 5400 2 3 20 2 3 10
2 1 3 12 2 1 3 8640 2 4 22 2 4 11
3 1 3 9 3 1 3 9720 3 1 36 3 1 18
1 1 4 26 1 1 4 7800 3 2 30 3 2 15
2 1 4 22 2 1 4 13200 3 3 32 3 3 16

UTCkdr 3 1 4 18 FTCkdr 3 1 4 16200 3 4 34 3 4 17
1 2 1 28 1 2 1 10080 1 1 10 1 1 6
2 2 1 24 2 2 1 17280 1 2 9 1 2 5
3 2 1 20 3 2 1 21600 UICid 2 1 17 UHCid 2 1 9
1 2 2 21 1 2 2 8400 2 2 15 2 2 8
2 2 2 18 2 2 2 14400 3 1 26 3 1 14
3 2 2 15 3 2 2 18000 3 2 24 3 2 13
1 2 3 18 1 2 3 7920 1 1 6 1 1 3
2 2 3 15 2 2 3 13200 1 2 5 1 2 2
3 2 3 12 3 2 3 15840 UICip 2 1 10 UHCip 2 1 5

1 2 4 7 1 2 4 4480 2 2 9 2 2 4
2 2 4 6 2 2 4 7680 3 1 16 3 1 10
3 2 4 5 3 2 4 9600 3 2 14 3 2 9

1 1 1 15 1 1 1 6600
	 z���
 ��� µp¶����

/ � � ���
2 1 1 12 2 1 1 10560 i p $ i p $

3 1 1 9 3 1 1 11880 1 1 30 1 1 180000
1 1 2 18 1 1 2 7200 1 2 26 1 2 208000
2 1 2 15 2 1 2 12000 UMCip 2 1 50 FMCip 2 1 200000

UTCk
′

pd 3 1 2 12 FTCk
′

pd 3 1 2 14400 2 2 42 2 2 210000

1 2 1 26 1 2 1 11700 3 1 70 3 1 175000
2 2 1 22 2 2 1 19800 3 2 80 3 2 240000
3 2 1 18 3 2 1 24300 1 1 45 1 1 18000
1 2 2 5 1 2 2 4000 1 2 39 1 2 20800
2 2 2 4 2 2 2 6400 OMCip 2 1 75 FICip 2 1 20000

3 2 2 3 3 2 2 7200 2 2 63 2 2 21000
3 1 98 3 1 17500
3 2 112 3 2 24000
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�
4.3 ��� 	��	� �

i p d r ` $ i p d r ` $ i p d r `′ $ i p d r c $

1 1 1 1 267 2 2 1 1 473 1 1 1 1 211 1 1 1 340
1 1 1 2 260 2 2 1 2 461 1 1 1 2 203 1 2 1 325
1 1 1 3 253 2 2 1 3 449 1 1 1 3 194 1 3 1 330
1 1 2 1 272 2 2 2 1 464 1 1 2 1 215 1 4 1 335
1 1 2 2 265 2 2 2 2 451 1 1 2 2 207 2 1 1 570
1 1 2 3 258 2 2 2 3 439 1 1 2 3 200 USPirc 2 2 1 540
1 1 3 1 276 2 2 3 1 460 1 2 1 1 211 2 3 1 550
1 1 3 2 270 2 2 3 2 447 1 2 1 2 202 2 4 1 560
1 1 3 3 264 2 2 3 3 433 1 2 1 3 192 3 1 1 885
1 1 4 1 285 2 2 4 1 477 1 2 2 1 207 3 2 1 855
1 1 4 2 279 2 2 4 2 466 1 2 2 2 197 3 3 1 865
1 1 4 3 274 2 2 4 3 454 1 2 2 3 186 3 4 1 875
1 2 1 1 280 3 1 1 1 749 2 1 1 1 364
1 2 1 2 272 3 1 1 2 732 2 1 1 2 350
1 2 1 3 265 3 1 1 3 715 2 1 1 3 336
1 2 2 1 271 3 1 2 1 753 2 1 2 1 375
1 2 2 2 263 3 1 2 2 737 2 1 2 2 361

USPi`dr 1 2 2 3 254 USPi`dr 3 1 2 3 720 USPi`
′

pd 2 1 2 3 346

1 2 3 1 267 3 1 3 1 757 2 2 1 1 369
1 2 3 2 258 3 1 3 2 741 2 2 1 2 352
1 2 3 3 249 3 1 3 3 725 2 2 1 3 335
1 2 4 1 284 3 1 4 1 765 2 2 2 1 360
1 2 4 2 277 3 1 4 2 751 2 2 2 2 342
1 2 4 3 270 3 1 4 3 736 2 2 2 3 325
2 1 1 1 461 3 2 1 1 757 3 1 1 1 606
2 1 1 2 449 3 2 1 2 740 3 1 1 2 574
2 1 1 3 438 3 2 1 3 723 3 1 1 3 542
2 1 2 1 465 3 2 2 1 749 3 1 2 1 615
2 1 2 2 454 3 2 2 2 731 3 1 2 2 586
2 1 2 3 443 3 2 2 3 713 3 1 2 3 557
2 1 3 1 470 3 2 3 1 745 3 2 1 1 606
2 1 3 2 459 3 2 3 2 726 3 2 1 2 574
2 1 3 3 448 3 2 3 3 707 3 2 1 3 542
2 1 4 1 478 3 2 4 1 762 3 2 2 1 596
2 1 4 2 468 3 2 4 2 745 3 2 2 2 562
2 1 4 3 459 3 2 4 3 728 3 2 2 3 528
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�
4.4 �������� (�� � � ! #�$�� � � ( 
/� �p§���
/�

i p d ` i p d r k p d r i p

1 1 1 600 1 1 600 1 1 600 1 1 6000
1 1 2 1200 1 2 450 2 1 1200 1 2 8000
1 1 3 1800 1 3 500 TCLkdr 3 1 1800 FMQip 2 1 4000

2 1 1 600 1 4 550 1 2 800 2 2 5000
2 1 2 1200 2 1 350 2 2 1600 3 1 2500
2 1 3 1800 SIQir 2 2 300 3 2 2400 3 2 3000
3 1 1 600 2 3 250 1 1 800 1 1 1200
3 1 2 1200 2 4 400 2 1 1600 1 2 1600

SQLi`d 3 1 3 1800 3 1 250 TCLk
′

pd 3 1 2400 OMQip 2 1 800

1 2 1 800 3 2 225 1 2 1000 2 2 1000
1 2 2 1600 3 3 175 2 2 2000 3 1 500
1 2 3 2400 3 4 200 3 2 3000 3 2 600
2 2 1 800 1 1 1600


���������� � ( $�� �
2 2 2 1600 1 2 1800 p d r p d r
2 2 3 2400 SIQid 2 1 1200 1 1 0 1 1800
3 2 1 800 2 2 1400 1 2 0 MICr 2 1500
3 2 2 1600 3 1 800 1 3 0 3 1400
3 2 3 2400 3 2 900 TLTdr 1 4 1 4 1700
1 1 1 800 1 1 1200 2 1 1 MICd 1 6000
1 1 2 1600 1 2 1500 2 2 1 2 7000
1 1 3 2400 SIQip 2 1 800 2 3 1 MICp 1 2000

2 1 1 800 2 2 1000 2 4 0 2 3000
2 1 2 1600 3 1 600 1 1 0

� (	� ³ � �
2 1 3 2400 3 2 800 TLTpd 1 2 1 d
3 1 1 800

� (	
 £�¤ ��� 2 1 1 MITCd 1 5000
3 1 2 1600 p 2 2 0 2 7000

SQLi`
′

p 3 1 3 2400 MTOp 1 3 MOTCd 1 5000

1 2 1 1000 2 3 2 7000
1 2 2 2000
1 2 3 3000
2 2 1 1000
2 2 2 2000
2 2 3 3000
3 2 1 1000
3 2 2 2000
3 2 3 3000
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�
4.5 �����������

Jm(x
∗)

Zp=1 Zp=2 Zd=1 Zd=2 Zr=1 Zr=2 Zr=3 Zr=4
Zp=1 4, 611, 859 1, 936, 800 803, 827 −405, 805 1, 058, 620 860, 384 754, 485 983, 195
Zp=2 1, 473, 326 5, 227, 369 673, 014 525, 249 1, 182, 755 514, 859 55, 342 940, 917
Zd=1 1, 621, 561 592, 141 3, 339, 963 2, 013, 973 479, 515 −180, 097 −114, 513 231, 431
Zd=2 1, 757, 580 2, 662, 021 1, 574, 273 3, 796, 692 −105, 796 −181, 526 −103, 504 −387, 264
Zr=1 2, 291, 202 1, 945, 335 1, 494, 116 1, 890, 276 1, 275, 169 −535, 381 −15, 891 886, 840
Zr=2 1, 385, 548 499, 773 1, 742, 297 1, 846, 492 1, 200, 284 951, 075 330, 679 543, 949
Zr=3 1, 208, 118 1, 681, 443 715, 671 1, 055, 400 507, 426 858, 521 882, 529 1, 044, 036
Zr=4 1, 915, 605 2, 206, 688 450, 924 1, 015, 853 922, 160 708, 391 489, 683 1, 165, 653

SILp=1 2, 496, 919 2, 162, 608 1, 405, 657 387, 090 1, 092, 530 627, 232 511, 748 1, 076, 951
J(x∗m) SILp=2 935, 082 1, 664, 066 525, 110 1, 696, 667 977, 000 819, 403 794, 030 798, 571

SILd=1 942, 752 1, 181, 656 363, 044 1, 972, 677 1, 104, 858 825, 559 684, 191 922, 872
SILd=2 1, 492, 147 2, 202, 045 1, 701, 155 665, 230 1, 132, 351 629, 033 772, 483 526, 118
SILr=1 1, 939, 132 2, 118, 274 844, 713 1, 811, 389 276, 450 550, 027 540, 225 1, 055, 294
SILr=2 866, 827 2, 502, 754 1, 353, 158 2, 317, 544 636, 077 260, 365 595, 639 1, 015, 822
SILr=3 1, 283, 845 1, 756, 533 835, 454 834, 171 1, 040, 910 745, 600 345, 702 1, 051, 313
SILr=4 1, 562, 466 2, 620, 876 1, 566, 301 1, 578, 320 1, 163, 608 853, 688 −40, 942 455, 164

CSLr=1 1, 969, 925 2, 420, 132 1, 162, 189 2, 335, 341 1, 090, 717 −85, 178 −200, 923 608, 680
CSLr=2 1, 920, 973 2, 138, 831 1, 254, 425 2, 009, 819 957, 617 243, 683 566, 218 438, 707
CSLr=3 1, 708, 211 2, 402, 481 799, 331 1, 985, 398 454, 634 836, 654 655, 559 944, 759
CSLr=4 2, 401, 197 2, 199, 182 774, 977 1, 006, 927 1, 163, 909 325, 197 762, 646 1, 047, 542

�
4.6 	�
�����
��

Jm(x
∗)

SILp=1 SILp=2 SILd=1 SILd=2 SILr=1 SILr=2 SILr=3 SILr=4 CSLr=1 CSLr=2 CSLr=3 CSLr=4
Zp=1 0.03 0.00 0.22 0.46 0.19 0.08 0.33 0.23 0.78 0.80 0.82 0.85
Zp=2 0.10 0.11 0.16 0.52 0.04 0.21 0.27 0.17 0.88 0.81 0.84 0.78
Zd=1 0.25 0.03 0.00 0.17 0.26 0.58 0.54 0.46 0.78 0.80 0.78 0.84
Zd=2 0.01 0.07 0.27 0.09 0.46 0.47 0.22 0.62 0.81 0.82 0.78 0.82
Zr=1 0.13 0.00 0.17 0.54 0.01 0.38 0.35 0.51 0.83 0.78 0.78 0.82
Zr=2 0.25 0.21 0.39 0.22 0.09 0.08 0.33 0.15 0.88 0.78 0.81 0.78
Zr=3 0.00 0.02 0.22 0.43 0.28 0.37 0.00 0.13 0.78 0.81 0.79 0.78
Zr=4 0.04 0.00 0.51 0.47 0.08 0.27 0.19 0.01 0.78 0.88 0.81 0.80

SILp=1 0.83 0.00 0.14 0.42 0.17 0.25 0.40 0.10 0.88 0.85 0.83 0.82
J(x∗m) SILp=2 0.17 0.85 0.34 0.28 0.11 0.17 0.00 0.08 0.80 0.81 0.83 0.79

SILd=1 0.27 0.00 0.99 0.27 0.09 0.49 0.01 0.15 0.86 0.86 0.82 0.82
SILd=2 0.00 0.10 0.12 0.93 0.08 0.42 0.28 0.17 0.78 0.79 0.78 0.78
SILr=1 0.00 0.08 0.29 0.18 1.00 0.37 0.23 0.33 0.78 0.84 0.84 0.79
SILr=2 0.17 0.05 0.38 0.29 0.32 1.00 0.10 0.09 0.78 0.86 0.79 0.79
SILr=3 0.00 0.06 0.36 0.54 0.33 0.42 1.00 0.24 0.78 0.78 0.80 0.80
SILr=4 0.14 0.17 0.03 0.39 0.17 0.14 0.54 1.00 0.80 0.78 0.85 0.78

CSLr=1 0.28 0.00 0.23 0.17 0.26 0.38 0.40 0.10 1.00 0.80 0.80 0.78
CSLr=2 0.00 0.14 0.39 0.16 0.06 0.62 0.57 0.11 0.81 1.00 0.85 0.81
CSLr=3 0.17 0.00 0.31 0.31 0.18 0.21 0.46 0.11 0.83 0.83 1.00 0.78
CSLr=4 0.00 0.00 0.44 0.22 0.00 0.38 0.26 0.22 0.79 0.89 0.84 1.00
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4.7 ���������
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��������������

m Jm J0m J0m J1m J1m
1 Zp=1 −1, 541, 375 866, 827 4, 611, 859 4, 611, 859
2 Zp=2 −1, 162, 174 499, 773 5, 227, 369 5, 227, 369
3 Zd=1 −3, 672, 758 363, 044 3, 339, 963 3, 339, 963
4 Zd=2 −3, 495, 402 387, 090 3, 796, 692 3, 796, 692
5 Zr=1 −2, 218, 241 276, 450 1, 275, 169 1, 275, 169
6 Zr=2 −2, 162, 659 243, 683 951, 075 951, 075
7 Zr=3 −2, 163, 569 55, 342 882, 529 882, 529
8 Zr=4 −1, 759, 862 231, 431 1, 165, 653 1, 165, 653
9 SILp=1 0.00 0.00 0.83 0.83
10 SILp=2 0.00 0.00 0.85 0.85
11 SILd=1 0.00 0.00 0.99 0.99
12 SILd=2 0.00 0.09 0.93 0.93
13 SILr=1 0.00 0.00 1.00 1.00
14 SILr=2 0.00 0.08 1.00 1.00
15 SILr=3 0.00 0.00 1.00 1.00
16 SILr=4 0.00 0.01 1.00 1.00
17 CSLr=1 0.78 0.78 1.00 1.00
18 CSLr=2 0.78 0.78 1.00 1.00
19 CSLr=3 0.78 0.78 1.00 1.00
20 CSLr=4 0.78 0.78 1.00 1.00
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���� ����������	���� 4.8 ������������� ��!�"�#�$
%'&�(�)+*�,+-�./&�0+1�2�3+4�5+-�.+6 �
	����+7 
 ������
�����7/8�9+:��<;��+=
>@?+A �<B 0+C+D+E 4.2 8GF+�+�+B 0+H �JI+K min �@
+L+M �<B 0ON+P+Q 
 A+R ���
��
����+S�T+U�V+W�X/��Y�Z+V�[ A ;+\�]�������
�����^+_�8<��`�Z+a��<!��
	����
� 
�����7�b+c�d�e 0.52 f�g�8�h�i/� min �@
�L�j�k�l�m��+n ��o�p���q+r�s�t ��u
vxwOy � �OzO{O|O}~8�IOK product

�x
OLOM ���O� k r lOm��On �OpO�~��B 0O� VOt
�xw+y �~��h+�O�O�O"�� � 
 ���O7O^O_ j ] �OzO{/8��O�O� p = 2 
x�O� �J� d = 1
�
d = 2 �@$ % � 0�1+��� �J� d = 1 � d = 2 � (�)�*+,�-�. ��b+� R �<Z����+���+$

%@� ���/8��+���+���/� 
 
+� � V��
	��+�����+������� Q r������/8�Z ���+���+	

��� w+y��+� � � B 0 e k+�+w R P�Q 
 0.52 �@�+ �¡/��V+[+¢�£ P�Q �+������8
� 4.9 �O� �+����¤���¥�¦�8���� p = 1 e�§ ��¨�© }+ª�ª�« i = 1 �­¬+®�¯�§�° ¨�©

±@² }+ª+}+ª+ª+« i = 3 ³GZ+§+´ ¨+©+µ�¶ }+ª+ª+« i = 3 �·§+¸ ¨+©+�+¹+º 8<9�:/�<�
� p = 2 e@§ ��¨+© r+»�¼+}+ª�8
E

4.3
� E
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min Product 
��������� ����� ����� ����� ����� ����� �����
p = 1 2, 819, 679 0.52 2, 881, 564 0.54 2, 862, 855 0.53
p = 2 2, 964, 984 0.52 2, 472, 184 0.42 2, 965, 214 0.52
d = 1 1, 915, 362 0.52 1, 700, 828 0.45 1, 915, 507 0.52���
d = 2 2, 165, 031 0.52 1, 794, 977 0.41 2, 165, 197 0.52
r = 1 840, 971 0.57 1, 114, 879 0.84 822, 201 0.55
r = 2 624, 760 0.54 839, 690 0.84 649, 280 0.57
r = 3 504, 635 0.54 760, 117 0.85 495, 793 0.53
r = 4 773, 109 0.58 1, 041, 992 0.87 819, 165 0.63
p = 1 0.43 0.52 0.40 0.48 0.43 0.52
p = 2 0.44 0.52 0.49 0.58 0.44 0.52
d = 1 0.52 0.52 0.34 0.34 0.52 0.52�������� �!
d = 2 0.53 0.52 0.43 0.41 0.53 0.52
r = 1 0.52 0.52 0.58 0.58 0.52 0.52
r = 2 0.56 0.52 0.72 0.69 0.56 0.52
r = 3 0.52 0.52 0.71 0.71 0.52 0.52
r = 4 0.53 0.52 0.58 0.58 0.58 0.58
r = 1 0.89 0.52 1 1 0.9 0.54"�#�$�%� �!
r = 2 0.89 0.52 1 1 0.9 0.53
r = 3 0.89 0.52 1 1 0.99 0.96
r = 4 0.89 0.52 0.97 0.85 0.98 0.93

�
4.9 &('*),+*-,.

p = 1 2

t = 1 2 3 4 1 2 3 4

i

1 1 0 0 0 0 1 0 0
αipt 2 0 0 0 0 1 0 0 0

3 0 1 1 0 0 0 0 0

1 1 0 0 0 0 1 1 1
βipt 2 0 0 0 0 1 0 0 0

3 0 1 1 1 0 0 0 0

1 0 0 0 0 0 1 0 0
γipt 2 0 0 0 0 0 0 0 0

3 0 1 0 0 0 0 0 0

1 0 0 0 0 0 0 0 0
oipt 2 0 0 0 0 1 0 0 0

3 0 0 0 0 0 0 0 0
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� � � � � � � � � � � � � � �� � � � � � � � � � � � � � �� � � � � � � � � � � � � � �

� � � � � � � � � � � � �� � � � � � � � � � � � �� � � � � � � � � � � � �

� � � � � � � � �� � � � � � � � �� � � � � � � � �

� � � � �� � � � �� � � � �� � � � �

� � � � �� � � � �� � � � �

� � � � � � � � �� � � � � � � � �� � � � � � � � �

� � � � � � � � � � � � �� � � � � � � � � � � � �� � � � � � � � � � � � �

� � � � � � � � � � � � � � �� � � � � � � � � � � � � � �� � � � � � � � � � � � � � � � �
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� � � � � � � � � � � � � � � � � � �
T-norm = min T-norm = product Two phase method
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y

Product 1 218 0 799 1 

Product 2 583 0 0 0 

Product 3 0 0 0 0 

t1 t2 t3 t4

�����	� d = 2 � � ��� r = 1 ������� d = 2 � � ��� r = 2

100
0 0 0

666

0 0 0

800

0 0

407

0

800

1600

2400

Time

Q
u
a
n
t
i
t
y

Product 1 800 0 0 407 

Product 2 666 0 0 0 

Product 3 100 0 0 0 

t1 t2 t3 t4

455
307

415 424

785
1246

458

1224

799

847

1527

752

0

800

1600

2400

Time

Q
u
a
n
t
i
t
y

Product 1 799 847 1527 752 

Product 2 785 1246 458 1224 

Product 3 455 307 415 424 

t1 t2 t3 t4

�����	� d = 2 � � ��� r = 3 ������� d = 2 � � ��� r = 4
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5.1 ������������	

���
����������������������������� �!���"�#�$�%&�('�)�*�������+�,�-/.10

24365626768696:6;6< $6�>=@?6A6
6B6C6D6E6FG�H�@I6J6K6L6�6�6�6�6"6#6$6M60 5
N 2 � 96:686O �@-6P6Q6"6R6S6T6�6U6V>=@P6QXW6Y6� 26Z -6[6\6]6^6_6`6�6a6b6c
d4e6f6g6h �@i6j6K6L6"6#6$6�6�6�6�6�>=@k6-Xl6m Z6n6o W6p6q6�6r6s6a6b6t>�@u
Q 26Z �6W6v6%6w6"6x>=@y6z6{6|6}6~6�6�6�60 5 N 2 �@�6z6�6�6�6�6�6�6�6"����
����=(j 5�2 ����V�'����(l���������x�z���P�Q���$��

(USP)1S
t�� 5�2����������

� '�l�����������z���P�Q���$��
(USP)0S

t�� 5�2�� m Z���� �('�"�� ��5�� ���&=
542 �6z6�6�6�6�6� �6�6�6�6� \6�6�6�6x6'6�X�>=@ 6¡6K6L6�6�6�6� 36562 �6��¢
£�¤¦¥¦§©¨«ª©¬ "�­ ���¯®±°/¬ ��V ���¯®³²¦²µ´ �¦���¶��{¦l�·¦¸¦c d P�Q¦E�¹¦`�¸
SP º P¦Q¼»¦�¦½ :¦¾¼¿ �¦À¼Á �¦g¼h µSP (USP)

;1Â¦Ã¼5¦2 �¼z¦�¼�¦�¦�¼�¦�¼�¶=ÅÄÆ�
µSP(USP ≤ (USP)0S) = 0

�
µSP (USP ≥ (USP)1S) = 1

=Ç�1È���É�Ê&����z�0 2 �(Ë�W�j
i�P�Q�E�¹�`�¸

BP º P�Q�»���½ :�¾�¿ ��À�Á ��g�h µBP (USP)
;�Â�Ã 0 2 ��z����

���¦���¦��=ÅÄ/�
µBP (USP ≤ (USP)1B) = 1

�
µBP (USP ≥ (USP)0B) = 0

=
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5.1
5�2

(a)
3 0 2

(b)
��E¦¹����¦À�Á ��g¦h

USP


1


0


SP
(
USP
)


(
USP
)

S

0
 (
USP
)


S

1


USP


1


0


BP
(
USP
)


(
USP
)

B

1
 (
USP
)


B

0


(a) (b)

< $��¦i¦J��¦À¦Á �¼g¦h � +¦,¦-���� <���� �� ¼��!�" =
Leberling (1981) [32]

c�#
��i�$�%�&

(hyperbolic tangent)
g�h �Å'

Hannan (1981) [26]
�('�) "�*�+�,¦%

(piece-wise

linear)
g�h =Åu�-�.�,�% g�h�/ ��Y��/¢ £�¤�0 ��B�1�2�3���K�L¶��k�{�������w�4�5

6�7�8¦0 2¦3¦5¦2 �¦z¦�¦�¦���¦��9¦� O¦�
(Sakawa, 1993 [46])

=;:�<�,¦% g¦h "�=¦W¦j
>(?¦a¦b�4�@���A�B¶��Ë¦"�C�z�D�E�F�Y¶=�?¦A¶�HG�I�J�K�L�M �¦�¦� j�N�O�P f¦¾�¿
Q(>�?SRUT�V¦i�,�W¦À�Á ��g�h¦;�X¦¤���Y�Z s�[SRÅI�\

5.1
3 F

(5.1) ](^`_

µSP(USP) =











1 for USP ≥ (USP)1S
USP−(USP)0S
(USP)1S−(USP)0S

for (USP)0S ≤ USP ≤ (USP)1S

0 for (USP)0S ≥ USP

µBP(USP) =











1 for (USP)1B ≥ USP
(USP)0B−USP

(USP)0B−(USP)1B
for (USP)1B ≤ USP ≤ (USP)0B

0 for USP ≥ (USP)0B

(5.1)

a(b�c Y�Z ��d�egf�h�i�j�k�l�m¦|�{�n�o Z�p ¹��¦��q�r�O`RHq�5�s�[
SP º BP

Z(p ¹�t�u�v�w�e���x
t-norm T y [�z _H{�|�}�~���� RHG�I�J�K�����V�x min y [�z

�� 
t-norm y [�zSRU� ��]�^`_

µSP∩BP(USP) = min (µSP(USP), µBP(USP)) (5.2)

������� h�i�j�k Z���� � Z�����p ¹���d�À�Á ����� ��\
5.2 ](^ R�q���� |��

�(����� � Ã�����Z�p ¹¦½�����d¦À�Á ����� R � ��\
5.3

R�������z���� ��  ��¡�¢
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�
5.2 ���������	�	
��
�������	�����	���
�	���	���
���

USP


1


0


(
USP
)


(
USP
)

S

0
 (
USP
)


S

1
(
USP
)


B

1
 (
USP
)


B

0


� Ã � ��k	���	 �:�< _
5.2 !#"%$'&'(%)'*'+%,'-%.'/'0%1'2'3%4

{ a�b�d	5	6	7�O �	8	9;:	< p � �;= 2 > ] � Z�p �	?;@	A � R�= � | -;B	C	D
R�K�E	F�G	H�� �S_

5.2.1 IKJ
LNM
O �

∗ ∈ P Ê�Q	R
(

USPi∨∗
)•

+
{pd, dr, rc} S

O p ¹¦½�����d�À¦Á	T ��� ] 4 Z O �
+ ∈ {S,B}, • ∈ {0, 1}, (∗,∨) ∈ {(pd, `′), (dr, `), (rc, 1)}

5.2.2 IKJ
UNM
V �	W��

∗ ∈ P Ê�Q	R
(

USPi∗
)•

+
{pdt, drt} S

O p ¹�½�����d¦À�Á�T ��� ] 4 Z	W�� _
+ ∈ {S,B}, • ∈ {0, 1}

USPi∗ {pdt, drt, rc} X�Y p ��Z	[ �
\�] d ° [ �
\�] d ��Z	^��	_ r °^(��_
r
�`Z	a	b

c
a(b

i
Z ½�����d _

p ¹ W��
∗ ∈ P Ê�Q	R

BPi∗ {pd, dr, rc}
Â�Ã h�k�c	d�a�b���d	e	f Z�p ¹�u¦¸ _

SPi∗ {pd, dr, rc}
Â�Ã i�k�c	d�a�b���d	e	f Z�p ¹�u¦¸ _
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�
5.3
�(� � Ã�����Z�����p ¹¦½�����d�À¦Á	T ���

SQ


USP


SQL
1


SQL
2


1


0


(
USP
)


(
USP
)
S

0


(
USP
)

B

0
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5.2.3 ������������	
{ 6 � Z � � Ã � R�h�k � i�k	c � | ��d;5 Z�
 Q;T���
	6 | È _ h�k���h Ã��

6 RUi�k�������Q	 �1�� Z d	5�i�� _���� RUh�k º i�k�������� Z d	5`R  �����E 

Q Z d�5SR���
 ��� � Ã�Z 6� ��� _ q���!�E�"�#�� 8%$ Z R���e�5�r�O { 6 � Z �
�(k	� � RHi�k�������� Z d;5 (USP)0S º �	E 
 Q Z d	5 (USP)1S

R  ���h�k��������
Z d�5

(USP)0B
� �	E 
 Q Z d	5

(USP)1B _

SQL
i,`′−1
pd Vi`

′

pdt ≤ SQipdt < SQL
i,`′

pd Vi`
′

pdt ∀`
′ ∈ {1, 2, . . . , L′ − 1} (5.3)

SQL
i,`−1
dr Vi`drt ≤ SQidrt < SQL

i,`
drV

i`
drt ∀` ∈ {1, 2, . . . , L− 1} (5.4)

SQL
i,L′−1
pd ViL

′

pdt ≤ SQipdt ≤ SQL
i,L′

pd ViL
′

pdt (5.5)

SQL
i,L−1
dr ViLdrt ≤ SQidrt ≤ SQL

i,L
dr ViLdrt (5.6)

∑

∀`′∈L′

Vi`
′

pdt = 1
∑

∀`∈L

Vi`drt = 1 (5.7)

(

USPipdt
)•

+
=

∑

∀`′∈L′

Vi`
′

pdt

(

USPi`
′

pd

)•

+
(5.8)

(

USPidrt
)•

+
=

∑

∀`∈L′

Vi`drt

(

USPi`dr

)•

+
(5.9)

+ ∈ {S,B}, • ∈ {0, 1}

∀p ∈ P, d ∈ D, r ∈ R, `′ ∈ L′, ` ∈ L, t ∈ T

� !�E�K�&�' 2.4.3 ( \ � (2.13)
C��

(2.19) _

5.3 !#"%$'&'(%)'*'+%,*),+*-*.,/*0*1
243�6�7�8�a�b�d;5;6	7�O;c;d 9;:;<�5�6 Z�7�8 R:9 � �	6 ����;�<�=�> Z�?�@

ACB�E�[ED a	b�F�G�H�I� ���J�K�L�M�H�I�N $PO RUq�Q�R�S { a�b�d	5�6	7�O � RHc
TCU�V�W�A�B Z 9	:�<�5�6 c�X�U�Y�Z _ f�d�[ ��� c�T�U�V�W�A�B ��\ � <�= c�d�a
b(d�5 Z�
 Q	T`R ]  �V�� 9	:�<�]�^ e | �`_ba $PO�c�d V ��e�f W�g�h�Y�Z�i�RH�
�

(5.10) ](^S_
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max
x
′∈Ω

J(x) =
∑

∀t∈T





∑

∀p∈P

Zpt +
∑

∀d∈D

Zdt +
∑

∀r∈R

Zrt





and max
x
′∈Ω

µSPi∗
(

USPi∗
)

and max
x
′∈Ω

µBPi∗
(

USPi∗
)

∗ ∈ {pdt, drt, rc},∀p ∈ P, d ∈ D, r ∈ R, c ∈ C, i ∈ I, t ∈ T

x
′ =











αipt, β
i
pt, γ

i
pt, o

i
pt;SQipdt;SQidrt;SQirct;USPipdt;

USPidrt;USPirc;TQk
′

pdt,TQkdrt,Y
k′

pdt,Y
k
drt;

Vi`
′

pdt,V
i`
drt; I

i
pt, I

i
dt, I

i
rt;B

i
rt;D

i
pt,D

i
dt,D

i
rt;

∣

∣

∣

∣

∣

∣

∣

i ∈ I, p ∈ P, d ∈ D, r ∈ R,
c ∈ C, t ∈ T , `′ ∈ L′,
` ∈ L, k′ ∈ K′, k ∈ K











(5.10)

�����;Q���e�����3;^� ;_ � a	b > ��a�b� �d�!�� 9;:;<#" !��� �d W�$ Q�
 7
8 ;�<�=�> ��A�B	E�[��&%�6�
 7�8 V�W�A�B _�����9	:�<#" !��' �d�� �	 gf���F��
h(i�j�k)(�*�r�+��&,���e�d	5

USPi∗
�� '-��gf �'. �	��z�r'+ _

max
USPi∗

min
(

µSPi∗
(

USPi∗
)

, µBPi∗
(

USPi∗
))

∗ ∈ {pdt, drt},∀p ∈ P, d ∈ D, r ∈ R, i ∈ I, t ∈ T
(5.11)

�0/'1�x
min y02 z�3�s 2 h�i�j�k�� p�4 e	f�t�u _���� � { � (5.10)

\ ��Q�5 � ^
 �_ � a�b > ��a�b' �d)6�7�r'+��&8�U'9���Y�Z����

(5.12) ](^`_

max
x∈Ω

J(x) =
∑

∀t∈T





∑

∀p∈P

Zpt +
∑

∀d∈D

Zdt +
∑

∀r∈R

Zrt





and max
x∈Ω

µSPirc
(

USPirc
)

and max
x∈Ω

µBPirc
(

USPirc
)

∀r ∈ R, c ∈ C, i ∈ I

x =











αipt, β
i
pt, γ

i
pt, o

i
pt;SQipdt;SQidrt;SQirct;

USPirc;TQk
′

pdt,TQkdrt,Y
k′

pdt,Y
k
drt;

Vi`
′

pdt,V
i`
drt; I

i
pt, I

i
dt, I

i
rt;B

i
rt;D

i
pt,D

i
dt,D

i
rt;

∣

∣

∣

∣

∣

∣

∣

i ∈ I, p ∈ P, d ∈ D, r ∈ R,
c ∈ C, t ∈ T , `′ ∈ L′,
` ∈ L, k′ ∈ K′, k ∈ K











(5.12)

��:�V�W�A�B
J(x) ;0< < c p'4 A�B $PO J � 
 Q	T=� < 2'>���a $PO p�4 c�X�U

YCZ _ ��� c p'4 A�B $PO'? ^' 	_ � a�b > � p�4  �d=�H� p�4 t�u y'2 �&��@ p�4
r0A�u d FD _

FD = J ∩ SP irc ∩ BP
i
rc ∀i ∈ I, r ∈ R, c ∈ C (5.13)
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VCW'� 
 Q	T
µFD (x)

� ��¡gf
t-norm y02 z���u	c p'4 A�B $PO � 
 Q�T ? ^� �_

� a�b	c' �d'� 
 Q�T�3�r�+ _

µFD(x) = T

[

µJ ; µSPirc , µBPirc

∣

∣∀i ∈ I, r ∈ R, c ∈ C
]

(5.14)

{ � (5.14)
\ � ��	 @ � { s 2 V�W'� 
 Q�T � � � d�d�5�e�f'��
 $ � 2IRC � �

� A�B ��� ��
 $�� Q � | ����
	@��	d���m�d�5	e�f�����[�� _���� ��2�3 @�� ���
d�5�e�f � A�B'����[��=��������: p�4 t�u�E <�� ����� _U] � ^' 	_ � a�b���d	5
e f ��� ��� { = | ����¡ f t-norm y�2 z T1 � u _:^ 9 � { =�� ��� ��¡ f t-norm

y02 z T2 �(u p�4 A�B�� 
 Q�T �	= | ������@'��d�5	e�f��H� ����� �

µFD(x) = T2

[

µJ ,T1

(

µSPirc, µBPirc

∣

∣∀i ∈ I, r ∈ R, c ∈ C
)]

(5.15)

 @�� ��� ��� q�! �
T1 ? T2 "$# X d 1�x 2 ��@�% s 2 z �'&�( 2 ��@�% s 2

z*)�+�, <�-�. T ��� ��E�/	6 % � �  �������0�1�2�x � ����3 4 a $PO g�4�� �H{
= | ���=� T1 ? T2 5 1�x min y02 z��76�T�U 
 Q�T�6��'� $PO �

µFD(x
∗) = max

x∈Ω
min

[

µJ ;µSPirc , µBPirc

∣

∣∀i ∈ I, r ∈ R, c ∈ C
]

= µ
min

(5.16)

{ =�� ��� � T1 ? T2 5 1�x 2 ��@�% s 2 z � {�8�9 6�� 
 Q;T���:�; � �'< �
=*> �	F -�. T ��� ��� �

µFD(x
∗) = max

x∈Ω
+

1

2

[

µJ +
1

2IRC

∑

∀i∈I

∑

∀r∈R

∑

∀c∈C

(

µSPirc + µBPirc
)

]

Ω
+ = Ω ∩

{

µJ ≥ µmin
;µSPirc ≥ µmin

, µBPirc ≥ µmin

∣

∣∀i ∈ I, r ∈ R, c ∈ C
}

(5.17)

5.3.1 ��	@?BA��BC@DBEBF@GBH
I$J�3�K�:�L�M�N�O > ��P�Q � A�R��;O�S�T�+�U	ABV � S

+�3 4�W�X  �Y -�. T
Z*S ��[ �	O�S�\ . d�] 5.1 ^ ] 5.2

�`_ \ . ��a	6@V�b� �c�d�e��7f�c����������



76 ������������	�
�����
��������������
Y`5

(USP)0S ?
��E 
 Q'� Y�5

(USP)1S
� � ����c ��� ��� ��Y 5

(USP)0B ^ ��E 
 Q �Y�5
(USP)1B �

��� F@GBH
�	�'����
�����V�
���e��

���
1: � V�W�A�B���&�6�������� J1 ^ 6�������� J0 �

J1 = 14, 559, 034 and J0 = 5, 765, 355 (5.18)

^ 9=����+�V�W�A�B -�.�� Z�S�e �

µJ (J) =







1 for J ≥ 14, 559, 034
J−5,765,355
8,793,679 for 5, 765, 355 ≤ J ≤ 14, 559, 034

0 for 5, 765, 355 ≥ J

(5.19)

���
2: � ����O�� � min � 2 Q�6�T�U��� � 6�!'�#" O � µmin = 0.6 $

%�&
3: ')(+*+,.-0/+1+2+3+4+5+6+7+8+9+:+;=<?>+@+A+B+C+D+@+E+F+G+H+I+J+K+L+M+7
N A�8�O�$
]

5.3 P+QSR�T�3�U�V�W�X�Y�Z\[]$_^�`�a�3�b�V�J�K�5�6�7�Y�W�c\d�e�f�g�h�i�j
k	l�m 8�n�o�h�p�<rqts�u�v�h�G�j�p�w�x�y�z�e�f]<�u�{�|�}�~���f�����$_������3
b	V�{���<_��������8�~���3���V�u����]<����������������_���������_D������]��>
�	��� ����$_3���8�u�{���5�6�7���� µJ = 0.9 $�^�`�a�@�A�B�C�D�@�E�����<_u����
j¡ ��+J�W+X+¢#£¤<?¥��+¦�>+§+¨�u+{+|�©+`+ª�u+{��+5+6�7+H+«�¬ µJ = 0.94 $­H�«
g	h�i�h�® k�l 8�n�o�p�w]<�¯�¦�§�¨�u�{�|]<_¥�}�°�±�² k�l ��5�©�³�4�´�µ�6�¶�$
^ k�l 8�5�6�7�·�4]<�¸�°���¹�º�»�¼�Y�½�<_����¾�¿�U�À�8 k�l 5�6�7���Á���8]$�©
Â (�*�Ã�Ä�3�U�V+X�<�Å�Æ�¦�>�H�Ç+3�4�5�6�7�8�9�:�$?��È�<Éq ] 5.3 Ê	¦�>�Ë�Ì�Í
Î `�a min D	@�E���ª�8�u�����Z�`�a�@�A�B�C�D�@�E�8�Ï�Ð�«ÑQtÒ�Ó�<�Ô�����Õ min
D	@�E���1�Ö�w�×�Ø�8�Ù�Ú�<�Û�>�°�ª�Í�Ü�����Ý�Þ�3�U��]$
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�
5.1
������� W�X�� Y���� � Z�S�� [���� Sf*c ��c f�c �*c
• i p d r ` (•)0S (•)

1
S (•)

1
B (•)

0
B • i p d r ` (•)0S (•)

1
S (•)

1
B (•)

0
B

1 1 1 1 259 273 267 276 2 2 1 1 458 484 469 488
1 1 1 2 254 264 260 267 2 2 1 2 449 470 458 473
1 1 1 3 248 256 253 258 2 2 1 3 440 456 447 459
1 1 2 1 263 274 268 281 2 2 2 1 451 472 461 477
1 1 2 2 258 267 262 273 2 2 2 2 441 458 448 462
1 1 2 3 253 260 256 264 2 2 2 3 430 444 436 447
1 1 3 1 266 283 275 286 2 2 3 1 448 463 454 472
1 1 3 2 262 275 269 278 2 2 3 2 437 449 442 457
1 1 3 3 257 268 263 270 2 2 3 3 426 436 429 441
1 1 4 1 273 288 278 296 2 2 4 1 461 481 470 493
1 1 4 2 270 282 274 289 2 2 4 2 453 469 460 479
1 1 4 3 267 276 269 281 2 2 4 3 444 457 450 465
1 2 1 1 269 288 277 290 3 1 1 1 728 762 748 770
1 2 1 2 264 279 270 281 3 1 1 2 715 742 731 749
1 2 1 3 258 270 263 271 3 1 1 3 702 723 714 728
1 2 2 1 262 276 268 280 3 1 2 1 731 757 744 775
1 2 2 2 255 267 260 270 3 1 2 2 719 740 729 755

USPi`dr 1 2 2 3 248 258 253 260 USPi`dr 3 1 2 3 706 723 715 734
1 2 3 1 258 269 262 275 3 1 3 1 734 772 754 780
1 2 3 2 251 260 254 265 3 1 3 2 723 754 739 760
1 2 3 3 244 250 246 254 3 1 3 3 711 735 724 740
1 2 4 1 273 287 279 295 3 1 4 1 740 771 750 790
1 2 4 2 268 279 273 286 3 1 4 2 730 756 738 771
1 2 4 3 263 272 267 277 3 1 4 3 720 740 726 752
2 1 1 1 448 468 460 473 3 2 1 1 731 778 751 784
2 1 1 2 439 455 449 459 3 2 1 2 719 757 735 762
2 1 1 3 430 442 437 445 3 2 1 3 706 736 719 740
2 1 2 1 453 468 460 478 3 2 2 1 724 763 742 774
2 1 2 2 444 456 450 465 3 2 2 2 711 743 725 751
2 1 2 3 435 444 439 451 3 2 2 3 697 722 708 728
2 1 3 1 456 479 468 483 3 2 3 1 723 752 734 768
2 1 3 2 448 466 457 470 3 2 3 2 708 732 717 745
2 1 3 3 439 454 447 457 3 2 3 3 693 711 700 722
2 1 4 1 462 482 468 494 3 2 4 1 734 768 750 789
2 1 4 2 455 471 460 481 3 2 4 2 723 751 736 768
2 1 4 3 448 461 452 469 3 2 4 3 711 733 721 746
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�
5.2
������� W�X�� Y���� � Z�S�� [���� Sf*c �*c f*c �*c
• i p d r `′ (•)0S (•)

1
S (•)

1
B (•)

0
B • i p d r c `′ (•)0S (•)

1
S (•)

1
B (•)

0
B

1 1 1 1 202 213 207 220 3 1 1 1 577 614 594 636
1 1 1 2 195 204 199 210 3 1 1 2 550 580 564 599
1 1 1 3 188 196 192 200 3 1 1 3 523 547 534 561
1 1 2 1 204 221 212 225 3 1 2 1 583 634 607 648
1 1 2 2 199 212 205 216 3 1 2 2 560 602 579 613

1 1 2 3 193 203 198 206 USPi`
′

pd 3 1 2 3 537 569 552 578

1 2 1 1 198 216 203 224 3 2 1 1 568 620 581 645
1 2 1 2 191 205 195 212 3 2 1 2 543 585 554 606
1 2 1 3 184 195 187 200 3 2 1 3 518 551 526 567
1 2 2 1 196 213 207 219 3 2 2 1 557 616 593 635
1 2 2 2 188 202 196 206 3 2 2 2 530 579 560 594

USPi`
′

pd 1 2 2 3 179 190 186 194 3 2 2 3 503 541 526 553

2 1 1 1 347 368 357 382 1 1 1 320 344 332 360
2 1 1 2 336 354 344 365 1 2 1 305 337 310 345
2 1 1 3 325 339 332 348 1 3 1 310 335 322 350
2 1 2 1 359 385 371 391 1 4 1 315 341 325 355
2 1 2 2 348 368 357 374 2 1 1 540 577 557 600
2 1 2 3 336 352 343 356 USPi1rc 2 2 1 510 546 528 570
2 2 1 1 348 376 356 390 2 3 1 520 558 535 580
2 2 1 2 335 358 341 369 2 4 1 530 578 552 590
2 2 1 3 322 339 326 348 3 1 1 840 898 863 930
2 2 2 1 340 370 358 379 3 2 1 810 866 836 900
2 2 2 2 326 351 341 358 3 3 1 820 874 847 910
2 2 2 3 312 331 324 337 3 4 1 830 901 863 920
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�
5.3 R	T�3�U�V�W�X�Y�Z�[������� �	��
�����
������

min �	����������� �	�����
i r USP µBPirc µSPirc USP µBPirc µSPirc USP µBPirc µSPirc USP µBPirc µSPirc
1 1 339 0.77 0.77 343 0.60 0.96 352 0.33 1.00 343 0.60 0.96
1 2 324 0.60 0.60 324 0.60 0.60 332 0.40 1.00 324 0.60 0.60
1 3 329 0.75 0.75 333 0.60 0.92 336 0.48 1.00 333 0.60 0.92
1 4 333 0.72 0.72 337 0.60 0.86 340 0.47 1.00 337 0.60 0.86
2 1 568 0.75 0.75 574 0.60 0.92 577 0.53 1.00 574 0.60 0.92

USPirc 2 2 538 0.77 0.77 545 0.60 0.97 546 0.57 1.00 545 0.60 0.97
2 3 548 0.72 0.72 553 0.60 0.86 559 0.48 1.00 553 0.60 0.86
2 4 563 0.70 0.70 567 0.60 0.78 578 0.33 1.00 567 0.60 0.78
3 1 882 0.72 0.72 890 0.60 0.86 900 0.40 1.00 890 0.60 0.86
3 2 852 0.75 0.75 862 0.60 0.92 866 0.53 1.00 862 0.60 0.92
3 3 862 0.77 0.77 873 0.60 0.97 878 0.48 1.00 873 0.60 0.97
3 4 880 0.70 0.70 886 0.60 0.78 901 0.33 1.00 886 0.60 0.78�	���

17, 227, 300 17, 397, 600 17, 579, 200 17, 397, 600�	�
199, 000 487, 300 199, 000 199, 000 	!
1, 210, 600 1, 361, 200 1, 210, 600 1, 210, 600"	# �	$ 727, 500 1, 122, 100 727, 500 727, 500%	&
1, 438, 000 3, 159, 000 1, 438, 000 1, 438, 000'	(
3, 575, 100 6, 129, 600 3, 575, 100 3, 575, 100�	��)
13, 652, 200 11, 268, 000 14, 004, 100 13, 822, 500

µJ 0.90 0.63 0.94 0.92
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5.4 ������������	�
�����
��������������������
����� � ! "�# $ � %�& ' ( )�*,+.- /�0 1 2 34+.5 6 7�8 2 3 9�: ; < "�# =

>@?BA�C�D ��EBF�G4HJI "BK <MLONQPSR�T�U�V�WBX�Y�Z�[�\B]�^Q_`HJaBb (5.20)
�@c

d
max
x∈Ω

(J1(x), . . . , JM (x)) = (Zp, Zd, Zr; SILp, SILd, SILr; CSLr)

and max
x∈Ω

µSPi∗
(

USPi∗
)

and max
x∈Ω

µBPi∗
(

USPi∗
)

∗ ∈ {pdt, drt, rc},∀p ∈ P, d ∈ D, r ∈ R, c ∈ C, i ∈ I, t ∈ T

x =











αipt, β
i
pt, γ

i
pt, o

i
pt;SQipdt;SQidrt;SQirct;USPipdt;

USPidrt;USPirc;TQk
′

pdt,TQkdrt,Y
k′

pdt,Y
k
drt;

Vi`
′

pdt,V
i`
drt; I

i
pt, I

i
dt, I

i
rt;B

i
rt;D

i
pt,D

i
dt,D

i
rt;

∣

∣

∣

∣

∣

∣

∣

i ∈ I, p ∈ P, d ∈ D, r ∈ R,
c ∈ C, t ∈ T , `′ ∈ L′,
` ∈ L, k′ ∈ K′, k ∈ K











(5.20)

egf�h i jlknm � � C�o p q r�s ! " #�$ ' ( )�*,H.t "�# $ � %�& ' ( )�* f
P�R�u K H � 9 v�w <�xlynz {�| }Q~�� � � dJ� � P�R Jm(x) �g� " = � � P�R Jm
�@EBFBG4H " fB� �BNQPSR ���B���B� ]B^ d �S��=B! ��� PSR�� ��� � C������B���
�@� HJ�B� ��� ��� � U FD d

FD = Jm ∩ SP
i
pdt ∩ SP

i
drt ∩ SP

i
rc ∩ BP

i
pdt ∩ BP

i
drt ∩ BP

i
rc

∀m ∈M, i ∈ I, p ∈ P, d ∈ D, r ∈ R, c ∈ C, t ∈ T
(5.21)

V@����E�F�G µFD (x) H�����y t-norm
�@���B� � =�! ��� PnR���E�F�GB��z�{�|B}

= � C �BE�FBG���� � d

µFD(x) = T
(

µJm ;µSPi
pdt
, µSPi

drt
, µSPirc;µBPipdt

, µBPi
drt
, µBPirc

∣

∣

∣
∀m, i, p, d, r, c, t

)

(5.22)

� b (5.22) �����BFB� H �B¡ � VB�BEBF�G � H£¢ KB= zB{B|B} H¤aB¥B¦ p ¢�*B§��
¨
d ©g* §Q� ¨ d ¢gª ��« r HJ¬ ­�� C�D ® ¯�° P�¬ 2IT < d.±�² HJ¢ ³ K�= z {�|

}´HJaBª ��« r ¢@-�/ c HJ¬�­�� C�DB®�¯�° Pnµ�¬ 2I < d 9�¶�·�¸�¹�º >�»�¼�C�D�®
¯ �B½B¾�Z H e ± fB¿ &BÀ ���B! PSR�¢ C�DB®B¯ �B½�¾BZ4H£Á�ÂBÃ � �����B� ) "�Ä
<gÅ�Æ,Ç � � !�= z {�| } � C D ®�¯ H ��È K Å�Æ �ly t-norm

�g���
T1
� � d.É�Ê
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>gÈ	� Å�Æ,H.�Qy t-norm
�g���

T2
� � ! ��� PnR � E�F G ¢ È K Å�Æ � ��� ! = z

{@|B} CBD�®B¯ HJa�
 �Bc d

µFD(x) = T2

[

µJm ,T
pd
1

(

µSPi
pdt
, µBPi

pdt

∣

∣

∣∀i ∈ I, t ∈ T
)

,

T
dr
1

(

µSPi
drt
, µBPi

drt

∣

∣

∣∀i ∈ I, t ∈ T
)

,

T
rc
1

(

µSPirc , µBPirc

∣

∣∀i ∈ I
)∣

∣

∣∀m, p, d, r, c
]

(5.23)

9g& À�Z � � � t��,H T1 � T2 
�� � U	��� � W &�� ¡ � � d���� � W &	� ¡ ���������" ��� G	�BW	�B)���v��4H � 9BÁ�ÂBÃ��	���	� Ä ÅBÆ ��� NQPSR�[� 	! d �
È K Å�Æ H T1 � T2 ¹��	� min �@�B� H ��"�� E�FBG �	#�$ PSR d
max
x∈Ω

µFD = max
x∈Ω

min
(

µJm ;µSPi
pdt
, µSPi

drt
, µSPirc ;µBPipdt

, µBPi
drt
, µBPirc

∣

∣

∣∀m, i, p, d, r, c, t
)

≡ µmin

(5.24)

%�&�'	(�)+*
T1 , T2 -�.�/�0�1�2�3�4	0�5 *�%�6�7�8	9�:�;�<�=�>�?�@A*�B�C

D�E�F	G�H	I <	J 1 =	KML

µFD(x
∗) = max

x∈Ω
+





















∑

∀m∈M

µJm +
∑

∀p∈P

∑

∀d∈D

(

1

2IT

∑

∀i∈I

∑

∀t∈T

(

µSPi
pdt
+ µBPi

pdt

)

)

+
∑

∀d∈D

∑

∀r∈R

(

1

2IT

∑

∀i∈I

∑

∀t∈T

(

µSPi
drt
+ µBPi

drt

)

)

+
∑

∀r∈R

∑

∀c∈C

(

1

2I

∑

∀i∈I

(

µSPirc + µBPirc
)

)





















2P + 2D + 3R + PD +DR+RC

Ω+ = Ω ∩
{

µJm , µSPi∗ , µBPi∗ ≥ µmin

∣

∣ ∗ ∈ {pdt, drt, rc};∀m, i, p, d, r, c, t
}

(5.25)

5.4.1 NPORQTSRNTURVTWTXRYTZ
[�\	]�^ ��_ ��` K�a $�b � Hdc ­ $�e W�f�g�h	c � d t	i�g ]�j	k�l�m C	n�o

G���W	p	q $	e W µ�¢�¶ K	r $	b � c � HJa	s 5.1 p c dJ± NQPnR	t ? ¢�*	u�[�\ ]
b�v�w 3878 <@}�x�b + 1268 <�y�z o WB� 672 < 0-1 o W d
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N PSR	t ? ¢�*�u�[B\ ] b���� $ º�x4HJ�BV��Ba	
4Ç
���

1: �gx � k K P�R � ! � " #�$ � J1m ¢ � $ #�$ � J0m %'& � ( � ) ��* +�s % a
s 5.4 ��s 5.5 p c d ¸�, %.-�/1032 ��4 $ � É�5�6�7 [J0m , J1m] % a�s 5.6 p c d
Á�ÂBÃB��g�8 É�9 J1m � f pB¬ 032 $ ¶�: J1m d y3;�<�= $ J0m ¬�>�? ��@ � %.&
v ��A�� f 
�: % e ± -�/ ��)���*�+	sQ� % �	#	$�B � � f J0m dDC�E�F -�/ �
)G��*�+	s�� $B�	# � � f %IH�J�K�L�M�N ��O�P�Q�R M�N $ 
�: J0m d

���
2: S ÅBÆ�>UT 9 min �@��� �	"���V�W�X��	#�$ 032Y% µmin = 0.45

L

Z�[
3: \ (�)�'^] %�6�7�8�9�:�;�<�=�>�?�@+*D_ 0�1�2�3 `�0�5 B�C D�E�F�G�H�I <
J 1 =	KAL
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�
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Jm(x
∗)

Zp=1 Zp=2 Zd=1 Zd=2 Zr=1 Zr=2 Zr=3 Zr=4
Zp=1 4, 849, 095 1, 392, 088 835, 871 711, 353 −418, 710 422, 245 382, 578 781, 712
Zp=2 1, 548, 669 5, 620, 679 388, 390 −118, 023 703, 231 1, 018, 242 172, 273 824, 353
Zd=1 1, 525, 554 833, 513 3, 985, 165 2, 177, 910 209, 691 218, 340 −474, 074 −1, 084, 046
Zd=2 1, 772, 353 2, 565, 585 1, 460, 226 4, 527, 048 −34, 329 −925, 524 −64, 148 −790, 186
Zr=1 1, 527, 911 1, 971, 963 1, 290, 209 1, 149, 489 1, 589, 110 412, 772 329, 874 712, 442
Zr=2 1, 707, 349 1, 252, 812 256, 818 1, 680, 242 998, 564 1, 243, 161 641, 713 927, 382
Zr=3 905, 009 2, 435, 253 1, 190, 986 1, 173, 928 775, 899 660, 459 1, 149, 759 590, 261
Zr=4 1, 141, 475 2, 204, 287 477, 373 1, 179, 252 1, 009, 334 592, 584 530, 503 1, 536, 114

SILp=1 2, 091, 514 1, 931, 575 1, 300, 668 617, 668 692, 525 680, 942 307, 722 874, 457
J(x∗m) SILp=2 981, 674 1, 435, 844 1, 256, 368 1, 168, 157 646, 954 580, 299 199, 895 834, 640

SILd=1 1, 913, 951 1, 778, 674 133, 739 1, 758, 280 1, 228, 621 762, 155 652, 427 940, 490
SILd=2 1, 589, 030 1, 315, 910 1, 574, 933 −47, 696 937, 585 522, 190 574, 477 590, 433
SILr=1 1, 819, 707 2, 067, 451 1, 318, 174 1, 542, 665 393, 944 548, 688 484, 819 488, 992
SILr=2 1, 752, 525 2, 365, 488 1, 118, 015 1, 293, 645 1, 231, 264 507, 630 453, 109 767, 448
SILr=3 1, 666, 705 2, 107, 644 312, 436 1, 810, 847 969, 989 607, 206 620, 090 871, 204
SILr=4 2, 040, 176 2, 168, 252 1, 610, 188 762, 386 1, 248, 058 1, 038, 630 262, 442 292, 120

CSLr=1 1, 963, 295 1, 954, 689 1, 132, 485 1, 604, 497 798, 665 588, 271 422, 746 452, 462
CSLr=2 1, 018, 479 1, 874, 597 501, 286 2, 165, 219 870, 175 403, 943 −137, 849 697, 678
CSLr=3 1, 682, 603 2, 295, 894 1, 360, 029 1, 462, 137 387, 240 485, 056 695, 237 131, 355
CSLr=4 1, 952, 586 1, 496, 203 1, 573, 880 1, 611, 047 1, 303, 508 423, 042 −235, 752 1, 130, 103

�
5.5 
�����
����

Jm(x
∗)

SILp=1 SILp=2 SILd=1 SILd=2 SILr=1 SILr=2 SILr=3 SILr=4 CSLr=1 CSLr=2 CSLr=3 CSLr=4
Zp=1 0.06 0.07 0.32 0.27 0.19 0.17 0.08 0.07 0.83 0.78 0.90 0.78
Zp=2 0.11 0.03 0.27 0.40 0.25 0.28 0.31 0.15 0.78 0.78 0.82 0.80
Zd=1 0.00 0.06 0.00 0.31 0.12 0.60 0.58 0.42 0.80 0.82 0.87 0.84
Zd=2 0.02 0.10 0.15 0.11 0.23 0.32 0.15 0.66 0.78 0.80 0.78 0.93
Zr=1 0.00 0.00 0.30 0.35 0.00 0.17 0.20 0.33 0.80 0.85 0.78 0.85
Zr=2 0.18 0.20 0.34 0.28 0.31 0.00 0.35 0.19 0.90 0.82 0.82 0.80
Zr=3 0.00 0.18 0.38 0.25 0.17 0.17 0.00 0.00 0.85 0.80 0.78 0.79
Zr=4 0.00 0.00 0.51 0.27 0.13 0.25 0.18 0.14 0.85 0.82 0.82 0.78

SILp=1 0.82 0.08 0.28 0.34 0.21 0.24 0.32 0.13 0.78 0.78 0.78 0.82
J(x∗m) SILp=2 0.08 0.90 0.31 0.27 0.00 0.25 0.15 0.06 0.78 0.82 0.80 0.78

SILd=1 0.11 0.04 0.99 0.19 0.09 0.31 0.17 0.16 0.80 0.81 0.82 0.78
SILd=2 0.09 0.00 0.21 0.99 0.17 0.06 0.37 0.15 0.81 0.78 0.87 0.79
SILr=1 0.19 0.08 0.29 0.33 1.00 0.25 0.12 0.08 0.80 0.86 0.81 0.78
SILr=2 0.00 0.05 0.17 0.11 0.45 1.00 0.25 0.17 0.78 0.78 0.80 0.82
SILr=3 0.00 0.00 0.34 0.21 0.00 0.18 1.00 0.00 0.83 0.81 0.86 0.81
SILr=4 0.00 0.14 0.28 0.31 0.45 0.35 0.23 1.00 0.83 0.83 0.85 0.78

CSLr=1 0.19 0.00 0.33 0.23 0.42 0.42 0.08 0.29 1.00 0.79 0.80 0.82
CSLr=2 0.00 0.16 0.31 0.25 0.07 0.18 0.50 0.28 0.78 1.00 0.84 0.88
CSLr=3 0.10 0.11 0.21 0.29 0.27 0.21 0.24 0.37 0.80 0.78 1.00 0.79
CSLr=4 0.10 0.00 0.25 0.40 0.29 0.09 0.15 0.42 0.78 0.78 0.78 1.00
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m Jm J0m J0m J1m J1m
1 Zp=1 −1, 437, 784 905, 009 4, 849, 095 4, 849, 095
2 Zp=2 −1, 297, 977 833, 513 5, 620, 679 5, 620, 679
3 Zd=1 −3, 936, 082 133, 739 3, 985, 165 3, 985, 165
4 Zd=2 −3, 868, 513 617, 668 4, 527, 048 4, 527, 048
5 Zr=1 −2, 664, 441 209, 691 1, 589, 110 1, 589, 110
6 Zr=2 −2, 557, 497 218, 340 1, 243, 161 1, 243, 161
7 Zr=3 −2, 503, 984 172, 273 1, 149, 759 1, 149, 759
8 Zr=4 −2, 172, 127 131, 355 1, 536, 114 1, 536, 114
9 SILp=1 0.00 0.00 0.82 0.82
10 SILp=2 0.00 0.00 0.90 0.90
11 SILd=1 0.00 0.00 0.99 0.99
12 SILd=2 0.00 0.11 0.99 0.99
13 SILr=1 0.00 0.00 1.00 1.00
14 SILr=2 0.00 0.00 1.00 1.00
15 SILr=3 0.00 0.00 1.00 1.00
16 SILr=4 0.00 0.00 1.00 1.00
17 CSLr=1 0.78 0.78 1.00 1.00
18 CSLr=2 0.78 0.78 1.00 1.00
19 CSLr=3 0.78 0.78 1.00 1.00
20 CSLr=4 0.78 0.78 1.00 1.00
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$&%�'�(*)�+*,�-.%�/*0�1�2*3�4*,�-*5 �
	����*6 
 ������
�����6.7�8*9��;:��*<
=?>*@ �;A /*B*C*D 5.4 7FE*�*�*A /*G �IH*J min �?
*K*L �;A /NM*O*P 
 @*Q ���
��
����*R�S*T�U*V�W.��X�Y*U�Z @ :*[�\�������
�����]*^�7;��_�Y*`��; ��
	����
� 
�����6�a*b�c�d 0.45 e�f�7�g�h.� min �?
�K�i�j�k�l��*m ��n�o���p*q�r�s ��t
u?v�w ����x*y�z*{�7;H�J 
 ��[*\ �*
�K*L ��|*� j q k*l��*m ��o*}��;A /*� U*s
�~v*w ����g*�N�N�N!�� � 
 ���N6N]N^ i \ �NxNy.7��N�N� p = 2 
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min ������������� �! �"�#$&% $&%�' (�)�* $+%�' (�)�* $&%�' (�)�*
p = 1 2, 664, 071 0.45 2, 890, 304 0.50 2, 749, 585 0.47
p = 2 2, 968, 589 0.45 2, 543, 579 0.36 2, 968, 589 0.45
d = 1 1, 851, 475 0.45 1, 725, 350 0.41 1, 851, 475 0.45,�-
d = 2 2, 361, 251 0.45 1, 920, 544 0.33 2, 361, 251 0.45
r = 1 824, 912 0.45 1, 084, 524 0.63 824, 912 0.45
r = 2 675, 410 0.45 917, 038 0.68 702, 890 0.47
r = 3 608, 232 0.45 819, 040 0.66 624, 698 0.46
r = 4 812, 220 0.48 1, 015, 641 0.63 898, 116 0.55
p = 1 0.39 0.48 0.43 0.52 0.47 0.57
p = 2 0.40 0.45 0.49 0.54 0.40 0.45
d = 1 0.44 0.45 0.35 0.35 0.44 0.45.�/�0�1�2�3
d = 2 0.50 0.45 0.40 0.33 0.50 0.45
r = 1 0.45 0.45 0.57 0.57 0.47 0.47
r = 2 0.49 0.49 0.71 0.71 0.52 0.52
r = 3 0.45 0.45 0.71 0.71 0.56 0.56
r = 4 0.46 0.46 0.66 0.66 0.62 0.62
r = 1 0.88 0.45 1.00 1.00 0.94 0.744�5�6�7�2�3
r = 2 0.88 0.45 1.00 1.00 0.96 0.83
r = 3 0.88 0.45 1.00 1.00 0.99 0.96
r = 4 0.89 0.48 0.98 0.92 1.00 1.00
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� � � � � � � � � �� � � � � � � � � �� � � � � � � � � �

� � � � � � � � �� � � � � � � � �� � � � � � � � �

� � � �� � � �� � � �� � � �

� � � �� � � �� � � �

� � � � � �� � � � � �� � � � � �

� � � � � � � � � � � � � �� � � � � � � � � � � � � �
� � � � � � � � � � � � �� � � � � � � � � � � � �� � � � � � � � � � � � � � �

0

0.2

0.4

0.6

0.8

1
Profit P1

Profit P2

Profit D1

Profit D2

Profit R1

Profit R2

Profit R3

Profit R4

 CSL R1

 CSL R2

CSL R3

CSL R4

SIL P1

SIL P2

SIL D1

SIL D2

SIL R1

SIL R2

SIL R3

SIL R4

� � � � � � � � � � � � � � � � � � �
T-norm = min T-norm = Average Two phase method
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i p d r t µBP µSP i p d r t µBP µSP i p d r t µBP µSP
1 1 1 1 1.00 0.47 1 1 1 1 1.00 0.59 2 2 1 1 0.99 0.45
1 1 1 2 1.00 0.47 1 1 1 2 1.00 0.59 2 2 1 2 0.99 0.45
1 1 1 3 0.53 1.00 1 1 1 3 1.00 0.59 2 2 1 3 0.99 0.45
1 1 1 4 0.53 1.00 1 1 1 4 1.00 0.59 2 2 1 4 0.99 0.45
1 1 2 1 1.00 0.46 1 1 2 1 0.57 1.00 2 2 2 1 0.45 0.9
1 1 2 2 1.00 0.46 1 1 2 2 0.57 1.00 2 2 2 2 1.00 0.46
1 1 2 3 1.00 0.46 1 1 2 3 0.57 1.00 2 2 2 3 1.00 0.46
1 1 2 4 1.00 0.46 1 1 2 4 0.57 1.00 2 2 2 4 1.00 0.46
1 2 1 1 0.45 0.95 1 1 3 1 1.00 0.53 2 2 3 1 0.48 1.00
1 2 1 2 0.45 0.95 1 1 3 2 1.00 0.53 2 2 3 2 0.48 1.00
1 2 1 3 0.45 0.95 1 1 3 3 1.00 0.53 2 2 3 3 0.48 1.00
1 2 1 4 0.45 0.95 1 1 3 4 1.00 0.53 2 2 3 4 0.48 1.00
1 2 2 1 0.91 0.67 1 1 4 1 0.47 1.00 2 2 4 1 0.53 1.00
1 2 2 2 1.00 0.61 1 1 4 2 0.47 1.00 2 2 4 2 0.53 1.00
1 2 2 3 0.45 1.00 1 1 4 3 0.47 1.00 2 2 4 3 0.53 1.00
1 2 2 4 1.00 0.61 1 1 4 4 0.47 1.00 2 2 4 4 0.53 1.00
2 1 1 1 1.00 0.47 1 2 1 1 0.99 0.45 3 1 1 1 1.00 0.59
2 1 1 2 0.53 1.00 1 2 1 2 0.99 0.45 3 1 1 2 1.00 0.59
2 1 1 3 0.53 1.00 1 2 1 3 0.99 0.45 3 1 1 3 1.00 0.59
2 1 1 4 0.53 1.00 1 2 1 4 0.99 0.45 3 1 1 4 1.00 0.59
2 1 2 1 1.00 0.46 1 2 2 1 1.00 0.46 3 1 2 1 0.57 1.00
2 1 2 2 1.00 0.46 1 2 2 2 1.00 0.46 3 1 2 2 0.57 1.00
2 1 2 3 1.00 0.46 1 2 2 3 1.00 0.46 3 1 2 3 0.57 1.00

USPipdt 2 1 2 4 1.00 0.46USPidrt 1 2 2 4 1.00 0.46USPidrt 3 1 2 4 0.57 1.00

2 2 1 1 0.45 0.95 1 2 3 1 0.48 1.00 3 1 3 1 1.00 0.53
2 2 1 2 0.45 0.95 1 2 3 2 0.48 1.00 3 1 3 2 1.00 0.53
2 2 1 3 0.45 0.95 1 2 3 3 0.48 1.00 3 1 3 3 1.00 0.53
2 2 1 4 0.45 0.95 1 2 3 4 0.48 1.00 3 1 3 4 1.00 0.53
2 2 2 1 0.45 1.00 1 2 4 1 0.53 1.00 3 1 4 1 0.47 1.00
2 2 2 2 0.45 1.00 1 2 4 2 0.53 1.00 3 1 4 2 0.47 1.00
2 2 2 3 1.00 0.61 1 2 4 3 0.53 1.00 3 1 4 3 0.47 1.00
2 2 2 4 1.00 0.61 1 2 4 4 0.53 1.00 3 1 4 4 0.47 1.00
3 1 1 1 1.00 0.47 2 1 1 1 1.00 0.59 3 2 1 1 0.99 0.45
3 1 1 2 0.53 1.00 2 1 1 2 1.00 0.59 3 2 1 2 0.99 0.45
3 1 1 3 1.00 0.47 2 1 1 3 1.00 0.59 3 2 1 3 0.99 0.45
3 1 1 4 1.00 0.47 2 1 1 4 1.00 0.59 3 2 1 4 0.99 0.45
3 1 2 1 1.00 0.46 2 1 2 1 0.57 1.00 3 2 2 1 1.00 0.46
3 1 2 2 1.00 0.46 2 1 2 2 0.57 1.00 3 2 2 2 1.00 0.46
3 1 2 3 1.00 0.46 2 1 2 3 0.57 1.00 3 2 2 3 1.00 0.46
3 1 2 4 1.00 0.46 2 1 2 4 0.57 1.00 3 2 2 4 1.00 0.46
3 2 1 1 0.45 0.95 2 1 3 1 1.00 0.53 3 2 3 1 0.48 1.00
3 2 1 2 0.45 0.95 2 1 3 2 1.00 0.53 3 2 3 2 0.48 1.00
3 2 1 3 0.45 0.95 2 1 3 3 1.00 0.53 3 2 3 3 0.48 1.00
3 2 1 4 0.45 0.95 2 1 3 4 1.00 0.53 3 2 3 4 0.48 1.00
3 2 2 1 0.45 1.00 2 1 4 1 0.47 1.00 3 2 4 1 0.53 1.00
3 2 2 2 1.00 0.61 2 1 4 2 0.47 1.00 3 2 4 2 0.53 1.00
3 2 2 3 1.00 0.61 2 1 4 3 0.47 1.00 3 2 4 3 0.53 1.00
3 2 2 4 1.00 0.61 2 1 4 4 0.47 1.00 3 2 4 4 0.53 1.00
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i r USP µBPirc µSPirc
1 1 344 0.57 1.00
1 2 329 0.45 0.77
1 3 335 0.53 1.00
1 4 341 0.48 1.00
2 1 577 0.53 1.00

USPirc 2 2 546 0.57 1.00
2 3 559 0.48 1.00
2 4 573 0.45 0.90
3 1 898 0.48 1.00
3 2 866 0.53 1.00
3 3 874 0.57 1.00
3 4 895 0.45 0.90

�
5.10 �����������

p = 1 2

t = 1 2 3 4 1 2 3 4

i

1 1 0 0 0 0 1 0 0
αipt 2 0 0 0 0 1 0 0 0

3 0 1 1 0 0 0 0 0

1 1 0 0 0 0 1 1 1
βipt 2 0 0 0 0 1 0 0 0

3 0 1 1 1 0 0 0 0

1 0 0 0 0 0 1 0 0
γipt 2 0 0 0 0 0 0 0 0

3 0 1 0 0 0 0 0 0

1 0 0 0 0 0 0 0 0
oipt 2 0 0 0 0 1 0 0 0

3 0 0 0 0 0 0 0 0
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Product 3 402 161 599 599 

USP 748 748 748 748 

t1 t2 t3 t4

216

1200

520

760

462

0

599

441411

15

599 599

0

600

1200

1800

Time

Q
u
a
n
t
i
t
y

Product 1 216 1200 520 760 

USP 274 260 274 267 

Product 2 462 0 599 441 

USP 468 468 468 468 

Product 3 411 15 599 599 

USP 757 757 757 757 

t1 t2 t3 t4

� ���	� d = 1 � � 	�
 r = 1 � ����� d = 1 � � 	�
 r = 2

391

726

0

191

400

0 0
68

410

0

599

422

0

600

1200

1800

Time

Q
u
a
n
t
i
t
y

Product 1 391 726 0 191 

USP 275 269 275 275 

Product 2 400 0 0 68 

USP 468 468 468 468 

Product 3 410 0 599 422 

USP 754 754 754 754 

t1 t2 t3 t4

0 0 0 00 0 0 00 0 0 0
0

600

1200

1800

Time

Q
u
a
n
t
i
t
y

Product 1 0 0 0 0 

USP 288 288 288 288 

Product 2 0 0 0 0 

USP 482 482 482 482 

Product 3 0 0 0 0 

USP 771 771 771 771 

t1 t2 t3 t4

� ���	� d = 1 � � 	�
 r = 3 � ����� d = 1 � � 	�
 r = 4
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�
5.11 � �
����	�
�����	����

349

0

800

603

257

0 0
83

0 0 0 0
0

800

1600

2400

Time

Q
u
a
n
t
i
t
y

Product 1 349 0 800 603 

USP 277 277 270 277 

Product 2 257 0 0 83 

USP 469 469 469 469 

Product 3 0 0 0 0 

USP 752 752 752 752 

t1 t2 t3 t4

0 0

640

0

685

0 0 045 0 0 0
0

800

1600

2400

Time

Q
u
a
n
t
i
t
y

Product 1 0 0 640 0 

USP 268 268 268 268 

Product 2 685 0 0 0 

USP 470 461 461 461 

Product 3 45 0 0 0 

USP 742 742 742 742 

t1 t2 t3 t4

� ���	� d = 2 � � 	�
 r = 1 � ����� d = 2 � � 	�
 r = 2

193

773
895

0

501
401

219

0
101

0 0 0
0

800

1600

2400

Time

Q
u
a
n
t
i
t
y

Product 1 193 773 895 0 

USP 269 269 260 269 

Product 2 501 401 219 0 

USP 463 463 463 463 

Product 3 101 0 0 0 

USP 752 752 752 752 

t1 t2 t3 t4

949 935

1265
1144

799

1158

799 799

455

307 336
457

0

800

1600

2400

Time

Q
u
a
n
t
i
t
y

Product 1 949 935 1265 1144 

USP 279 279 279 279 

Product 2 799 1158 799 799 

USP 481 469 481 481 

Product 3 455 307 336 457 

USP 769 769 769 769 

t1 t2 t3 t4

� ���	� d = 2 � � 	�
 r = 3 � ����� d = 2 � � 	�
 r = 4
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�
5.12 �����������	�������
���������

600

0

2000
2162

600

0

0

0

1200

2400

0

237

0

800

1600

2400

Time

Q
u
a
n
t
i
t
y

Product 1 1200 2400 0 237 

Product 2 600 0 0 0 

Product 3 600 0 2000 2162 

t1 t2 t3 t4

600

0

2000
2162

600

0

0

0

1200

2400

0

237

0

800

1600

2400

Time

Q
u
a
n
t
i
t
y

Product 1 1200 2400 0 237 

Product 2 600 0 0 0 

Product 3 600 0 2000 2162 

t1 t2 t3 t4

� � p = 1 � �����	� d = 1 � � p = 1 � �����	� d = 2

0 0 0 00

2199

0 00

101

3000

00

1000

2000

3000

Time

Q
u
a
n
t
i
t
y

Product 1 0 101 3000 0 

Product 2 0 2199 0 0 

Product 3 0 0 0 0 

t1 t2 t3 t4

601

199
0 0

1000

2801

0

500

1399

0

3000

500

0

1000

2000

3000

Time

Q
u
a
n
t
i
t
y

Product 1 1399 0 3000 500 

Product 2 1000 2801 0 500 

Product 3 601 199 0 0 

t1 t2 t3 t4

� � p = 2 � �����	� d = 1 � � p = 2 � �����	� d = 2
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�
5.13 � ����� d = 1 � � 	�
������
���������

402

161

599 599

518

250

745

516

593

1199

456

685

0

600

1200

1800

Time

Q
u
a
n
t
i
t
y

Product 1 593 1199 456 685 

Product 2 518 250 745 516 

Product 3 402 161 599 599 

t1 t2 t3 t4

411

15

599 599

462

0

599
441

216

1200

520
760

0

600

1200

1800

Time

Q
u
a
n
t
i
t
y

Product 1 216 1200 520 760 

Product 2 462 0 599 441 

Product 3 411 15 599 599 

t1 t2 t3 t4

� ���	� d = 1 � � 	�
 r = 1 � ����� d = 1 � � 	�
 r = 2

410

0

599
422

400

0

0

68

391

726

0 191

0

600

1200

1800

Time

Q
u
a
n
t
i
t
y

Product 1 391 726 0 191 

Product 2 400 0 0 68 

Product 3 410 0 599 422 

t1 t2 t3 t4
0 0 0 00 0 0 00 0 0 00

600

1200

1800

Time

Q
u
a
n
t
i
t
y

Product 1 0 0 0 0 

Product 2 0 0 0 0 

Product 3 0 0 0 0 

t1 t2 t3 t4

� ���	� d = 1 � � 	�
 r = 3 � ����� d = 1 � � 	�
 r = 4
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�
5.14 � ����� d = 2 � � 	�
������
���������

0 0 0 0

257

0 0 83

349

0

800 603

0

800

1600

2400

Time

Q
u
a
n
t
i
t
y

Product 1 349 0 800 603 

Product 2 257 0 0 83 

Product 3 0 0 0 0 

t1 t2 t3 t4
45 0 0 0

685

0 0 0

0

0

640

00

800

1600

2400

Time

Q
u
a
n
t
i
t
y

Product 1 0 0 640 0 

Product 2 685 0 0 0 

Product 3 45 0 0 0 

t1 t2 t3 t4

� ���	� d = 2 � � 	�
 r = 1 � ����� d = 2 � � 	�
 r = 2

101
0 0 0

501

401
219

0

193
773

895

00

800

1600

2400

Time

Q
u
a
n
t
i
t
y

Product 1 193 773 895 0 

Product 2 501 401 219 0 

Product 3 101 0 0 0 

t1 t2 t3 t4

455
307 336

457

799 1158

799
799

949

935

1265
1144

0

800

1600

2400

Time

Q
u
a
n
t
i
t
y

Product 1 949 935 1265 1144 

Product 2 799 1158 799 799 

Product 3 455 307 336 457 

t1 t2 t3 t4

� ���	� d = 2 � � 	�
 r = 3 � ����� d = 2 � � 	�
 r = 4



100 ������������	�
�����
��������������



6

6.1 ������������	

���
���������������������� �"!�#�$�%�&�'�()�+*�,�$�-���#�.�/�0�1�2�3�4

56�87:9�;:<�=:>�?:@�A:BDCFE:G�H:I�J:K�LD�8<�=:>�M:N�O:��PRQSL�T:U�V:WYXZ���
-6[8\:]�$:-�^:_Y`Za��:b:(�9:2)�8<�=:>��:c:d�e:P�f:g�h:i)�8$:-�c:d�
:j�0lkm�
ion:p:\�q:r�OD�FM:s�
:t:u�v:w�x:y�#:$�z:{:|�}:~�fD�F�:���:�:���:��TD[F�:��\
������J�9���u�v�w����Y���F��N�����(�����P�����\�������J����������

(Gupta and

Maranas, 2003 [25])
[��:��1:���:�����:���:��g��:�)�

1.
s����� �¡�¢�£�¤

(distribution-based)
����¥¦�+s���§� �¡�¨�©�ª�«�¬�­�z�®�¯�°

±o�:��\��:���:J)[

2.
s"�:²´³:µ:¢:£:¤

(fuzzy-based)
�"�:¥D�8*:�´�:²:J:¨:©:ª´¶:·:¸:¹:J:±:�´�:\:�

�o�:J)[

3.
soº:��¢:£�¤

(scenario-based)
�o��¥D�F»:��J:¼�º:�

(scenarios)
¨o©�ª:½�#:���:±

�o�:\����:��JD[
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���	��
���s º ��¢ £ ¤	
 ��¥ ± ��� \ ��� ��$ - c�d [���¼ � ¥������ ( ��P
� � ����� ½ # � º � ¨ © ª � ½ # � � �

PPDs, s ∈ S
� � � ∑

∀s∈S

PPDs = 1
[����

� M g i J���� i H z º � g ª ��� i J � 0�� ­ � H ¢�� º � © ª ­ ��� N « ¬ [
� ��P	�¦� ��!�i�J

v
�F���	!	"�`"��
	��º��	#���­

vs , s ∈ S
�$�
v
��0	��­��	%�!

∑

∀s∈S

PPDsvs
[+�Z!´i:J&�&':9D�8H´¢&(:�:T

(deterministic)
�"�:�

S ) �+*&,:¢&-/.:n&0
16�8�&2�f:\��&3��&465:T&768D�FM:s�$:-68&9&:�z&768:T6;:ª)[8
:$�-:c�d:z69&<�\
�o�&#6
:u�v:w�x�y:���:�6=��&>6#D[
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6.2 ��������� �
	�����
���	�����

6.2.1 �������

z
2.3.1 � ©��D���/-����´z&�&
/�&
:�&4/5:T&7/8:�:�:g´ª:�

`′
z
` � � c&':9&#��

�! �")[
 !" #!$ %"J &o³:?('
s ∈ S [S] = S s

¢oº���)("+*
S
¢oº���#($+*

S
¢oº:�(%�JD[

6.2.2 ,�-�.�/
z

2.3.2 � ©0�)�1�6-0�(��z��	465�T67	8�����g�ª�����J
SQL � �32�g6#(����¼��

Jog:M�\54 [
�oJ

∗ ∈
&o³:?('

FCDi∗ts {rc}

!6

s
¼oº��l� ��768:�

r

!6

t
0of)��8(9�:(;

c�o!:$�-
i
�oc:d�T)[

PPD∗ {s}
ºo�

s
½o#��:���D[

(

USPi∗
)•

+
{pd, dr, rc} <

���:²(=(>&869:¶�·:¸�¹�J:M�c:����JD[
+ ∈ {S,B}, • ∈ {0, 1}

6.2.3 ,�-�?�/
s�º���¢�£�¤6
���¥�±�����\����0@�f¦�FM�g�i�J6�	��i�H�z�º���g�ª¦� >	#(��M

A [
0,1
ioJ

∗ ∈
­�%�!

1
f"�(&�³:?('

Yk∗ts {dr}

B6

s
¼oº:�Y� �F{67l�DC

d

!6

t
0of)�8����*:�(6

k
���465�T:»�|:�����:$�-:»(E�768��

r
[

Yk
′

∗ts {pd}

B6

s
¼oº:�Y� �1F(G

p

!6

t
0"f)�F�:��*:�(6

k′
���465�T:»�|:�����:$�-:»(E:{67Y�HC

d
[

αi∗ts {p}

B6

s
¼oº:�Y� �1F(G

p
�o��
�6

t
0o!�I���F�f(J�K�$:-

i
[

βi∗ts {p}

B6

s
¼oº:�Y� �1F(G

p
�o#�$�L�!�6

t
0of�M���¢�J(K:$�-

i
[

γi∗ts {p}

B6

s
¼oº:�Y� �1F(G

p
�o��!�6

t
0of:e(N:#�$(L�M��:¢

JBK�$�-
i
[

oi∗ts {p}

B6

s
¼oº:�Y� �1F(G

p
�o��
�6

t
0o!:9(O�F�f(J�K�$:-

i
[
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�"J�i:J

∗ ∈
&o³�?�'

Bi∗ts {r}

!6

s
¼oº��l� �17&8��

r
!!6

t
0����:$�-

i ��� TD[
Di∗ts {p, d, r} � 6 s ¼oº���� �1F�G p CF{&7!�HC d C�768�" r #6

t
0��%$�&�-

i '�(%)�� j � T)[
Ii∗ts {p, d, r} � 6 s ¼oº���� �1F�G p CF{&7!�HC d C�768�" r #6

t
0��%$�&�*

i )�� T)[
J∗ {m} + ®�$:06�:­

PSP∗ts {p, d, r} � 6 s ¼oº���� �1F�G p CF{&7!�HC d C�768�" r #6
t
0�$�%6768%,�-D[

RI∗ {m′} + ®�$%.�W%/�®D[
SQi∗ts {pd, dr, rc} � 6 s ¼oº���� �1F�G p 8�0�{67��DC d CF{&7!�DC d 8�07 8�"

r
C17&8�"

r
8�0(:�;

c
&�*

i # 6 t 0�$&768:T)[
TIC∗ts {p, d, r} � 6 s ¼oº���� �1F�G p CF{&7!�HC d C�768�" r # 6 t 0$!% )%� H&�)[

THC∗ts {p, d, r} � 6 s ¼oº���� �1F�G p CF{&7!�HC d C�768�" r # 6 t 0$!%�1:³�H&�)[
TMC∗ts {p} � 6 s ¼oº���� �1F�G p # 6 t 0�$(%�J(K:H6�D[
TPC∗ts {d, r} � 6 s ¼oº���� �F{&7!�HC d C1768�" r # 6 t 0�$%�2�3:H6�D[

TQk∗ts {dr} � 6 s ¼oº���� �F{&7!�HC d ��&�*:»(E(7&8�" r �54��6
k
�o�64&5�T�»:|��:��$%��6�»:|�TD[

TQk
′

∗ts {pd} � 6 s ¼oº���� �1F�G p ��&�*�»�E�{&7!�DC d �74:�6
k′
�"�6465:T�»:|����%$��%6�»:|�T)[

TQ∗ts {pd, dr} � 6 s ¼oº���� �1F�G p ��&�*�»�E�{&7!�DC d C{ 7!�HC
d
��&�*:»(E�768�"

r
$!%:»�|�TD[

TTC∗ts {p, d} � 6 s ¼oº���� �1F�G p CF{&7!�HC d # 6 t 0�$�%»o|�H&�)[
USPi∗s {pd, dr, rc} � 6 s ¼oº���� �1F�G p 8�0�{67��DC d C{ 7!�HC

d
8�0(7&8�"

r
&�*

i
$!=(>&869D[

SIL∗t {p, d, r}
F!G

p
C8{67!�HC

d
C1768%"

r # 6 t 0�$�0&�
'�(�)%��8 ¯)[

CSL∗t {d}
7 8�"

r # 6 t 0�$�0&�(:�;�9�: 8 ¯D[
Z∗t {p, d, r}

F!G
p
C8{67!�HC

d
C1768%"

r # 6 t 0�$�0&��;%,�-)[�"²�i:J
∗ ∈

&o³�?�'
BPi∗ {pd, dr, rc} < T�3:�6� # &%*6869%=�>%$���²�#($D[
SPi∗ {pd, dr, rc} < T�?:�6� # &%*6869%=�>%$���²�#($D[
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6.3 ������
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2.4 ����� ©�4 �3�6-������
�6�6��������º�����ª ���
��
����
$o©:ª6���6:������:���

6.3.1 �! #"%$#&%'#(%)%*

∑

∀i∈I

βipts = 1 (6.1)

oipts ≤ α
i
pts ≤ β

i
pts (6.2)

γipts ≥ β
i
pts − β

i
p,t−1,s (6.3)

∑

∀i∈I

∑

∀t∈T

oipts ≤MTOp (6.4)

∑

∀i∈I

N
∑

n=0

oip,t−n,s ≤ N (6.5)

where i ∈ I, p ∈ P, t ∈ T , s ∈ S


	�:��$:©�ª&���6�:��+
2.4.1 � �
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6.3.2 &������#)%*

TCLk
′−1
pd Yk

′

pdts < TQk
′

pdts ≤ TCLk
′

pdY
k′

pdts (6.6)

TCLk−1dr Ykdrts < TQkdrts ≤ TCLkdrY
k
drts (6.7)

∑

∀k′∈K′

Yk
′

pdts ≤ 1
∑

∀k∈K

Ykdrts ≤ 1 (6.8)

TQpdts =
∑

∀k′∈K′

TQk
′

pdts =
∑

∀i∈I

SQipdts (6.9)

TQdrts =
∑

∀k∈K

TQkdrts =
∑

∀i∈I

SQidrts (6.10)

∑

∀p∈P

TQpdts ≤ MITCd (6.11)

∑

∀r∈R

TQdrts ≤ MOTCd (6.12)

∀d ∈ D, p ∈ P, r ∈ R, k′ ∈ K′, k ∈ K, t ∈ T , s ∈ S


	�:��$:©�ª&���6�:��+
2.4.2 � �

6.3.3 ���#)%*

Iirts = Iir,t−1,s +
∑

∀d∈D

SQidr,t−TLTdr,s
−
∑

∀c∈C

SQircts (6.13)

Iidts = Iid,t−1,s +
∑

∀p∈P

SQipd,t−TLTpd,s
−
∑

∀r∈R

SQidrts (6.14)

Iipts = Iip,t−1,s + FMQipα
i
p,t−1,s + OMQipo

i
p,t−1,s −

∑

∀d∈D

SQipdts (6.15)

Birts = Bir,t−1,s +
∑

∀c∈C

FCDircts −
∑

∀c∈C

SQircts, BirTs = 0 (6.16)

∑

∀i∈I

Ii∗ts ≤ MIC∗ (6.17)

SIQi∗ − Ii∗ts ≤ Di∗ts (6.18)

Ii∗ts,SQi∗ts,B
i
∗ts,D

i
∗ts ≥ 0 (6.19)

where ∗ ∈ {p, d, r}, and p ∈ P, d ∈ D, r ∈ R, i ∈ I, t ∈ T , s ∈ S
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6.3.4 	�

���
�

TMCpts =
∑

∀i∈I

[

FMCipγ
i
pts + FICip(β

i
pts − α

i
pts) +UMCipFMQipα

i
pts

+OMCipOMQipo
i
pts

]

(6.20)

TPCdts =
∑

∀p∈P

∑

∀i∈I

USPipdsSQipdts, TPCrts =
∑

∀d∈D

∑

∀i∈I

USPidrsSQidrts (6.21)

TIC∗ts =
∑

∀i∈I

UICi∗I
i
∗ts ∗ ∈ {p, d, r} (6.22)

THCpts =
∑

∀i∈I

UHCip

(

FMQipα
i
p,t−1,s + OMQipo

i
p,t−1,s +

∑

∀d∈D

SQipdts

)

(6.23)

THCdts =
∑

∀i∈I

UHCid





∑

∀p∈P

SQipd,t−TLTpd,s
+
∑

∀r∈R

SQidrts



 (6.24)

THCrts =
∑

∀i∈I

UHCir

(

∑

∀d∈D

SQidr,t−TLTdr ,s
+
∑

∀c∈C

SQircts

)

(6.25)

TTCpts =
∑

∀k′∈K′

∑

∀p∈P

(

FTCk
′

pdY
k′

pdts + UTCk
′

pdTQk
′

pdts

)

(6.26)

TTCdts =
∑

∀k∈K

∑

∀r∈R

(

FTCkdrY
k
drts + UTCkdrTQkdrts

)

(6.27)

PSPpts =
∑

∀d∈D

∑

∀i∈I

USPipdsSQipdts, PSPdts =
∑

∀r∈R

∑

∀i∈I

USPidrsSQidrts,

PSPrts =
∑

∀c∈C

∑

∀i∈I

USPircsSQircts (6.28)

∀p ∈ P, d ∈ D, r ∈ R, t ∈ T
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6.3.5 ���	��/
+�

��� 4����
���&�����%$�;%,�-

Z∗ =
∑

∀s∈S

PPDsZ∗s ∗ ∈ {p, d, r}

where

Zps =
∑

∀t∈T

(PSPpts − TMCpts − TTCpts − TICpts − THCpts) ∀ p ∈ P, s ∈ S

Zds =
∑

∀t∈T

(PSPdts − TPCdts − TTCdts − TICdts − THCdts) ∀ d ∈ D, s ∈ S

Zrs =
∑

∀t∈T

(PSPrts − TPCrts − THCrts − TICrts) ∀ r ∈ R, s ∈ S

(6.29)

+�

��� �
���
��� '�(�)%��8
�

SIL∗ =
∑

∀s∈S

PPDsSIL∗s, ∗ ∈ {p, d, r}

where SIL∗s =
100

I T

∑

∀t∈T

∑

∀i∈I

(

1−
Di∗ts
SIQi∗

)

%, ∀s ∈ S
(6.30)

+�

��� �
���
����:(;�9%: 8
�

CSLr =
∑

∀s∈S

PPDsCSLrs, ∀r ∈ R

where CSLrs =
100

I T

∑

∀t∈T

∑

∀i∈I









∑

∀c∈C

SQircts

Bir,t−1,s +
∑

∀c∈C

FCDircts









%, ∀s ∈ S
(6.31)

+�

��� �
��� ���
� ���
 �! +�
 $%.�" (robustness)

� ��4�# �$! � +�
$% �$&$'
�
�
��4 � �$�$($) +�
 $$*$+ %  0$$,$-$.$/$*
0 �21 � � 608$3$4$5$# �$� � +�
$%$6 �$7$8$9 �2:$;$<	;$=$>$? �2@$A � >
BDC$E +�
$% � ��4�# � ��$
�$F �2G$H$I$J$K$,$- $ .$" � :
�$L$M$0$N$, $
ODP$Q 1 �23 # P �$�$� $ +�
 �2,$-$.$R
�$' �$S � # *$+ % $ +�
$% �2@$A
TDU$V�WYX �$Z�<$[ .$" $�/ 
 �2!$\�]
�$�$� % (lower partial mean)

� 2$^�_$`
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# *
+ % Jm′ $ +�

% Jm′ s � R���#�� ��� $����
L�� O @����

RIm′ =
∑

∀s∈S

PPDsmin{0, Jm′s − Jm′}, ∀m′ ∈M′ (6.32)

	 �
M′
I � � (6.29) ∼

�
(6.31)

� / +�
 $0#($ � 	 ��`�L [M′ ] = M ′ = 2P +

2D + 3R
�

6.3.6 $!&
��
�����
����������������
���08

6.3.1 � 6.3.2 � 6.3.3 � 6.3.4 � 6.3.5 � ����� $


� �
� +�
�� ���0$
� �$Z! 
" +�
�# $�����$(L
"�%�& Q�')( �+*�� (6.34)

� A �

max
x∈Ω

(J1(x), . . . , JM (x)) =

(

Zp, Zd, Zr; SILp, SILd, SILr; CSLr; RIm′ ;
∀p ∈ P, d ∈ D, r ∈ R, m′ ∈M′

)

(6.33)

x =















αipts, β
i
pts, γ

i
pts, o

i
pts;SQi∗ts;USPi∗s;TQk

′

pdts,TQkdrts,

Yk
′

pdts,Y
k
drts; I

i
pts, I

i
dts, I

i
rts;B

i
rts;D

i
pts,D

i
dts,D

i
rts

∗ ∈ {pd, dr, rc}; i ∈ I, p ∈ P, d ∈ D, r ∈ R,
c ∈ C, k′ ∈ K′, k ∈ K, t ∈ T , s ∈ S















(6.34)

6.4 ,.-0/21230,24
+�5�6 �$Z�7�89�;:$Z�<�= �?> �;:$Z�@�A�B � :�C�D *�E���F�G�H�I�J�K � 	�L

<M= L > d1 NMO  �L � %�P�Q
` ( R�S�[T�VU�W�[ Q�` )
1 R�S�X�Y ( Z * S�[ )

F <�=
L > �+\�� Z G�H�I�]�^ L � X�Y�<�S \��T_+� D�`�a�7�8�R�S�b�@�A�B _���c�\ @�A
B�d 3 D�`$�$��e )$J$K$�9_;f$&�g�6 <�= L > d1 X�Y�h ��F <�S�i 7 D�` _ ��j�k
�  �F�l�m�n � �2: <�= L > d2 �D� [�R�S \ ��3 @�A�B�o�p�<�S _ ��q�k�r�s�t [
R?Svu�w�x�R�S �
Ty_ 1�z ��{�|�}
� P 1 *?F R�S ��~ � } � <�= L > d1 (�)���� X
YM<�S F����y_ R�S ��T 6�� Q����
� Z � D���� � <�S %�&���� 5 � *T�Vz � *�F�� E���� l�m�n � 
���L 0.7 � ���

� Fvr�s�t [vR�S \���� ��C ([K] = [K′] = 3)
����� K���F
* ���
&���� :�� (N = 2)

�
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6.1 DM`
��� F�#���������F ��� ���
#��

s 1 2 3 4 5 6 7

PPDs 0.15 0.2 0.12 0.24 0.09 0.13 0.07

i r t FCDirts
1 1 1 160 160 160 160 160 160 160
1 1 2 170 170 170 160 150 150 150
1 1 3 180 180 180 160 140 140 140
1 1 4 190 180 170 160 150 140 130
1 1 5 200 180 160 160 160 140 120

1 2 1 180 180 180 180 180 180 180
1 2 2 200 200 180 200 160 160 160
1 2 3 220 220 180 220 140 140 140
1 2 4 220 240 180 200 140 120 160
1 2 5 220 260 180 180 140 100 180

2 1 1 240 240 240 240 240 240 240
2 1 2 240 270 210 210 270 270 210
2 1 3 240 300 180 180 300 300 180
2 1 4 240 270 210 150 330 300 180
2 1 5 240 240 240 120 360 300 180

2 2 1 280 280 280 280 280 280 280
2 2 2 320 240 320 320 240 240 280
2 2 3 360 200 360 360 200 200 280
2 2 4 320 200 400 360 160 240 280
2 2 5 280 200 400 360 120 280 280

DM`���� F�#���� ����F ��� ����*��
6.1 ��� _ �"! @�A�B���d 3�F ����# / D�`��

� _ �
&�' ��$ J�K�%�&
J
K�)�'�k
��%�&�J
K
)�'�(�)�%�&�(�)
)�'�J
K�%�&�(�)�)
'�k���%�k���(�)+* ,�- ��Z #��$L�. � 	���� F����$L 0.15 _ @�A�B r = 1 ��d 3�F
DM` i = 1 / ��� _ /�0
� } :�J�KT� @�A�B r = 2 �Md 3�F D�` i = 1 / ��� _ 1�&�J
KD)�'�k$�2*43$T���5�� 	�6 ��5�7�8�9�:��

6.2 ; � 6.4
_ :�<$ �P�=�>�? A�@�A�B

C � 5 �
� F���5�1�*��
6.3 ���

� Z "ED 
 � D � <�S %�&�P ��F�G
5702 Z \ � � � 4079 Z ����H�5 ; 910 Z 0-1

H�5I*
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�
6.2

3 T���5
>�? U�W 3�T >�? R�S 3�T �� R�S 3�T
i p d r $ k p d r $ k p d r $

1 1 50 1 1 1 60 1 1 1 1800
UICir 1 2 40 2 1 1 45 2 1 1 2700

2 1 30 3 1 1 33 3 1 1 3200
2 2 24 1 1 2 50 1 1 2 1500
1 1 45 2 1 2 37 2 1 2 2200

UICid 1 2 20 UTCkdr 3 1 2 27 FTCkdr 3 1 2 2600
2 1 27 1 2 1 25 1 2 1 3000
2 2 12 2 2 1 18 2 2 1 5250

UICip 1 1 15 3 2 1 14 3 2 1 6750

2 1 9 1 2 2 30 1 2 2 2000>�?
	
��3�T
2 2 2 22 2 2 2 3500

1 1 15 3 2 2 16 3 2 2 4500
UHCir 1 2 12 1 1 1 40 1 1 1 2000

2 1 9 2 1 1 30 2 1 1 3000

2 2 7 UTCk
′

pd 3 1 1 20 FTCk
′

pd 3 1 1 3500

1 1 12 1 1 2 20 1 1 2 3200
UHCid 1 2 6 2 1 2 15 2 1 2 5600

2 1 7 3 1 2 10 3 1 2 7200
2 2 4

>�?
�
��3�T �  
�
�
/ � ~�3
T

UHCip 1 1 5 i p $ i p $

2 1 3 UMCip 1 1 60 FMCip 1 1 48000

2 1 30 2 1 36000
OMCip 1 1 90 FICip 1 1 4800

2 1 45 2 1 3600

�
6.3

<  �P�=�>�? A�@�A�B C � 5 �
� F���5
� \ � \ � \ � \

• i p d r (•)0S (•)
1
S (•)

1
B (•)

0
B • i p d r (•)0S (•)

1
S (•)

1
B (•)

0
B

1 1 1 1350 1450 1400 1500 1 1 1 850 950 900 1000
1 1 2 1400 1500 1450 1550 USPipd 1 1 2 750 850 800 900

1 2 1 1250 1350 1300 1400 2 1 1 400 500 450 550
USPidr 1 2 2 1200 1300 1250 1350 2 1 2 300 400 350 450

2 1 1 650 750 700 800 1 1 1650 1750 1700 1800
2 1 2 700 800 750 850 USPirc 1 2 1600 1700 1650 1750
2 2 1 600 700 650 750 2 1 1000 1100 1050 1150
2 2 2 550 650 600 700 2 2 950 1050 1000 1100
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�
6.4
	�6 ��5

R?S ��~�� } ����U�W�[ � � R
[
p d r i p d r k p d r

1 1 0 1 1 150 1 1 1 60
TLTdr 1 2 0 SIQir 1 2 150 2 1 1 120

2 1 1 2 1 250 3 1 1 180
2 2 1 2 2 250 1 1 2 60

TLTpd 1 1 0 1 1 200 2 1 2 120
1 2 1 SIQid 1 2 300 TCLkdr 3 1 2 180� � U�W
[ 2 1 300 1 2 1 220
p d r 2 2 500 2 2 1 440

MICr 1 600 SIQip 1 1 400 3 2 1 660

2 800 2 1 600 1 2 2 220
MICd 1 1000

t � �
� [ 2 2 2 440
2 4000 i p 3 2 2 660

MICp 1 2500 FMQip 1 1 1200 1 1 1 100� ���
K��
*�5
2 1 1500 2 1 1 200

p OMQip 1 1 300 TCLk
′

pd 3 1 1 300

MTOp 1 3 2 1 400 1 1 2 400
2 1 2 800
3 1 2 1200� � o X W�[

d d
MITCd 1 300 MOTCd 1 300

2 1200 2 1200
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6.5 ���������
" D 
 � D � <�S %�&�P�� � N�F�� � _ ���
��*�! �

�
	
1:
7 8$3�> � D 
$��� ��
���F$N J1m �D������F$N

J0m
* )�'9_;� � D 
�� 5�F �

>D?����
[J0m , J

1
m]
_ *��

6.6 � � *4&���� ����N�������*��
6.5 � � * $ >�,
�

�DN�������F���� % ���$` % _��$L � ��U�W n�� ; ��� l�m�n���F��$>$?����
* @
L�� ��F�H
F � Q��y_ @
A�� !�,
���
N � ��� L � � % �
L�" # J1m _ :�,
� E F�$������
L�%�#

J0m
* L�&�' (�)�*�+�,�F�-�.�*T_/��!�,
� ��0������ L

_ - 1�2�F 3�� 4�% #
J0m
_65�, ��
���F�0

0
�74 "�#

J1m
*

�
	
2: 8:9 ;�<>= , min R7?�@ ����A B�C C ��2�F"DD,T_

µmin = 0.53

E
F
3: G:H�I�J>KML�N�O�P�Q�R�S�T U�V�W�XZY/[ product \
]�^�_�`�a�b�c�d�e�f�T�g
h U iZj
kml�n�o�p�q�r�s�t�u�v Y�w�[ r�x�y�z�{�|�p�q R�S�T�} v U�~��
���������
Y k�� ������������] h���� \�]�^Zj/� product \7] ^ | c�d�U�e�f�T�g h����
�m����� Y�L�a�b�c�d�U�e�f�T�g h {�� Y�} ����� U�����Y�w�[���c���^����
product \
]�^Zj
�
� �   ¡£¢ ¤ ¥ ¦ ¢ ¤ § ¨ © ª « ¬ ­ ® ¯ ° ± �

6.7 ²
³µ´·¶¹¸»º¹¼D½ ¾ ¿ À Á
ÂÄÃ·Å Æ�Ç È�É ÊZÃ·Ë�Ì Í Î�É Ê�Ï Ð�Ñ Ò�Ó Ô Õ×ÖDÔ�Ø Ù�Ú ¥ ¶ Û Ü�Ý Ø�Ù ÚZÞ·ß�à
´âá£½ ã£ä å æç´·è Ï é ê£ë 6.1

Ð
ë
6.2
Þâì£­ ® è Ï í ¼Dî£ï min §
¨£ð ñ ´òè Ï£ó

ô7õ Ý æ�ö ¬ Û Ü�Ý Ø�Ù ÷ ø�ù ú�û ü�ý þ ´·ÿ�� ü�� æ á���� ¬ Û Ü�Ý Ø�Ù����µÞ/¯
� ��	µ´·¾ Ö Ô ¬ Û Ü Ý Ø Ù�Ú ÷�
���� 0.53 
�� Þ���� ´ min §
¨ ð��������  �� ¬
� Ò ´�������� ¡��� �!�" «�#�$�%�&�'µÞ î ï product

§
¨£ð ñ ´)(£¶ � � ���  ��£¬
Ò+* ´�è ª�ü � ¡�!,"�« ´ �,-�.,/ ¿�Û�Ü�Ý Ø�Ù�Ú,���,� � ¬�$,%ZÞ�±�0,1�2 r = 1
¥+3�4 ¸�5 d = 1 ¬ Á Â ´ Ï�Ð,3�4 ¸65 d = 2 ¬mÅ�Æ�Ç�È�É�Ê�÷,7 ö Þ�8,9�¬�­�® ´
¥;:�< ª�ü¹Ö Ô�=�>�?�@�A «�¬�B�õ ��²�C�D Þ·��� ¦�¢ ¤�E�F�!�"�G�© ´�H è ü���I
J7ô õ�¬�@�A «ZÞ
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6.5 �������� �!

Jm(x
∗)

Zp=1 Zd=1 Zd=2 Zr=1 Zr=2 SILp=1 SILd=1 SILd=2 SILr=1 SILr=2 CSLr=1 CSLr=2
Zp=1 4, 623, 672 −290, 481 −467, 993 −66, 190 378, 442 0.09 0.89 0.38 0.69 0.45 0.80 0.79
Zd=1 2, 578, 221 1, 104, 309 928, 878 −331, 591 −107, 931 0.50 0.07 0.50 0.67 0.58 0.86 0.86
Zd=2 2, 334, 497 178, 486 3, 155, 891 −797, 333 −755, 271 0.32 0.59 0.02 0.56 0.53 0.84 0.82
Zr=1 2, 338, 916 37, 429 762, 862 1, 345, 449 348, 385 0.47 0.73 0.38 0.06 0.53 0.86 0.80
Zr=2 2, 399, 587 −114, 566 840, 698 114, 141 1, 553, 022 0.43 0.76 0.39 0.62 0.04 0.83 0.84

J(x∗m) SILp=1 2, 273, 758 306, 059 814, 994 639, 630 498, 635 0.92 0.49 0.35 0.54 0.39 0.78 0.77
SILd=1 2, 442, 893 149, 166 760, 583 241, 220 568, 705 0.42 0.97 0.38 0.70 0.49 0.80 0.76
SILd=2 2, 478, 343 260, 017 888, 137 66, 280 455, 904 0.38 0.72 0.95 0.48 0.36 0.77 0.77
SILr=1 2, 348, 545 173, 654 1, 109, 662 −124, 708 648, 639 0.42 0.71 0.39 0.94 0.42 0.81 0.78
SILr=2 2, 664, 123 570, 869 892, 511 −41, 741 276, 206 0.44 0.66 0.29 0.74 0.93 0.83 0.80

CSLr=1 2, 533, 777 107, 139 866, 952 28, 323 597, 719 0.39 0.82 0.40 0.53 0.48 1.00 0.78
CSLr=2 2, 484, 884 192, 277 855, 998 29, 145 596, 632 0.45 0.76 0.42 0.67 0.32 0.81 0.96

RIZp=1
RIZd=1

RIZd=2
RIZr=1

RIZr=2
RISILp=1

RISILd=1
RISILd=2

RISILr=1
RISILr=2

RICSLr=1
RICSLr=2

Zp=1 −178, 497 −71, 420 −94, 462 −73, 922 −170, 170 −.066 −.073 −.012 −.020 −.085 −.017 −.026
Zd=1 −172, 497 −101, 687 −169, 495 −200, 097 −84, 493 −.044 −.073 −.045 −.086 −.024 −.022 −.025
Zd=2 −160, 485 −9, 135 −138, 878 −76, 272 −244, 216 −.048 0.00 −.024 −.027 −.071 −.032 −.025
Zr=1 −46, 935 −75, 487 −20, 799 −47, 447 −107, 369 −.034 −.069 −.006 −.028 −.069 −.036 −.022
Zr=2 −9, 226 −63, 297 −159, 639 −130, 202 −113, 714 −.005 −.026 −.057 −.057 −.044 −.012 −.015

J(x∗m) SILp=1 −204, 289 −81, 035 −154, 748 −59, 715 −139, 514 −.048 −.067 −.025 −.034 −.076 0.000 −.007
SILd=1 −129, 519 −62, 691 −193, 525 −149, 626 −128, 164 −.039 −.060 −.028 −.022 −.066 −.011 −.019
SILd=2 −40, 559 −61, 627 −188, 704 −78, 999 −198, 440 −.046 −.058 −.049 −.018 −.063 −.012 −.013
SILr=1 −95, 039 −43, 324 −148, 899 −94, 324 −97, 162 −.059 −.044 −.034 −.034 −.008 −.023 −.017
SILr=2 −73, 047 −41, 060 −193, 354 −117, 435 −204, 592 −.048 −.019 −.039 −.056 −.063 −.014 0.000

CSLr=1 −66, 775 −65, 029 −104, 873 −109, 680 −113, 246 −.028 −.038 −.016 −.055 −.035 −.006 −.007
CSLr=2 −78, 853 −47, 335 −145, 368 −128, 402 −125, 506 −.006 −.027 −.039 −.034 −.015 −.011 −.003

�
6.6 "7��#�$¹��%�e f�T g h w�&�U�' h
m Jm J0m J0m J1m J1m m Jm J0m J0m
1 Zp=1 242, 032 2, 273, 758 2, 664, 123 4, 623, 672 13 RIZp=1 −204, 289−129, 519
2 Zd=1 −824, 650 37, 429 570, 869 1, 104, 309 14 RIZd=1 −101, 687 −75, 487
3 Zd=2 −3, 242, 066 762, 862 1, 109, 662 3, 155, 891 15 RIZd=2 −193, 525−159, 639
4 Zr=1 −1, 142, 110 28, 323 639, 630 1, 345, 449 16 RIZr=1 −200, 097−117, 435
5 Zr=2 −1, 358, 013 276, 206 648, 639 1, 553, 022 17 RIZr=2 −244, 216−139, 514
6 SILp=1 0.00 0.09 0.92 0.92 18 RISILp=1 −0.066 −0.048
7 SILd=1 0.00 0.07 0.97 0.97 19 RISILd=1 −0.073 −0.060
8 SILd=2 0.00 0.02 0.95 0.95 20 RISILd=2 −0.057 −0.039
9 SILr=1 0.00 0.06 0.94 0.94 21 RISILr=1 −0.086 −0.034
10 SILr=2 0.00 0.04 0.93 0.93 22 RISILr=2 −0.085 −0.066
11 CSLr=1 0.76 0.80 1.00 1.00 23 RICSLr=1 −0.036 −0.017
12 CSLr=2 0.76 0.77 0.96 0.96 24 RICSLr=2 −0.026 −0.019
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min Product 
��������� ����� ����� ����� ����� ����� �����
p = 1 2, 479, 891 0.53 2, 537, 108 0.67 2, 502, 549 0.59
d = 1 319, 114 0.53 279, 356 0.45 327, 660 0.54���
d = 2 945, 991 0.53 1, 029, 761 0.77 987, 458 0.65
r = 1 351, 125 0.53 295, 882 0.44 351, 482 0.53
r = 2 472, 870 0.53 575, 933 0.80 565, 329 0.78
p = 1 0.53 0.53 0.57 0.58 0.53 0.53
d = 1 0.55 0.53 0.73 0.73 0.65 0.64�����������
d = 2 0.51 0.53 0.43 0.44 0.51 0.53
r = 1 0.52 0.53 0.57 0.58 0.52 0.53
r = 2 0.51 0.53 0.61 0.64 0.55 0.57 �!�"�#����
r = 1 0.91 0.53 1.00 1.00 0.95 0.74
r = 2 0.87 0.53 0.96 1.00 0.96 0.97
p = 1 −58, 681 0.55 −22, 277 0.83 −34, 298 0.74
d = 1 −35, 626 0.53 −1, 798 0.98 0 1.00����$�%�& �
d = 2 −75, 341 0.53 −52, 334 0.67 −44, 178 0.72
r = 1 −55, 423 0.53 −9, 851 0.92 −6, 895 0.94
r = 2 −61, 992 0.56 −27, 046 0.81 −16, 963 0.88
p = 1 −0.02 0.53 −0.001 0.99 0.00 1.00
d = 1 −0.03 0.53 0.00 1.00 0.00 1.00�����������
d = 2 −0.02 0.53 0.00 1.00 0.00 1.00$�%�& �
r = 1 −0.02 0.53 0.00 1.00 0.00 1.00
r = 2 −0.03 0.53 −0.001 0.98 0.00 1.00 �!�"�#����
r = 1 −0.01 0.53 0.00 1.00 0.00 1.00$�%�& �
r = 2 −0.01 0.53 0.00 1.00 0.00 1.00

�
6.8 '�(  �)�1�*�¥
+�,
- ã ¬�ô�õ Ý

i p d r USP µBP µSP i p d r USP µBP µSP
1 1 1 1425 0.75 0.75 1 1 1 926 0.74 0.76
1 1 2 1475 0.75 0.75 USPipd 1 1 2 826 0.75 0.75

1 2 1 1326 0.74 0.76 2 1 1 476 0.74 0.76
USPidr 1 2 2 1276 0.75 0.75 2 1 2 375 0.75 0.75

2 1 1 725 0.75 0.75 1 1 1728 0.72 0.78
2 1 2 775 0.75 0.75 USPirc 1 2 1678 0.72 0.78
2 2 1 676 0.74 0.76 2 1 1079 0.72 0.78
2 2 2 626 0.74 0.76 2 2 1031 0.69 0.81
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T-norm = min T-norm = product Two phase method
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p = 1 d = 1 d = 2 r = 1 r = 2 p = 1 d = 1 d = 2 r = 1 r = 2 r = 1 r = 2
1 2709353 353342 1300455 657240 288886 0.60 0.64 0.43 0.60 0.53 1.00 1.00
2 2036686 413862 821158 852790 917316 0.47 0.82 0.50 0.74 0.53 1.00 1.00
3 2806934 250369 1196849 79628 736006 0.49 0.71 0.57 0.50 0.62 0.99 1.00

RI 4 2447388 375178 936194 234508 756312 0.61 0.97 0.57 0.59 0.75 0.99 0.85
not 5 2648390 421579 1159809 210789 −271410 0.65 0.84 0.55 0.68 0.74 1.00 1.00

included 6 2760923 123027 1053518 229115 46819 0.64 0.91 0.57 0.62 0.67 1.00 1.00
7 2387742 318640 772951 −253262 853122 0.69 0.95 0.60 0.63 0.75 1.00 0.99�� �!

2502362 332101 1023055 366009 538010 0.58 0.84 0.53 0.62 0.65 1.00 0.96
RI −114353 −37930 −78733 −141041 −152013 −.033 −.050 −.021 −.025 −.046 −.004 −.026

1 2627463 327660 987458 396451 637799 0.53 0.65 0.51 0.52 0.55 0.95 0.96
2 2580353 327660 1034208 350482 595791 0.53 0.65 0.51 0.52 0.55 0.95 0.96
3 2502549 327660 1151319 350482 565329 0.53 0.65 0.51 0.52 0.55 0.95 0.96

RI 4 2502549 327660 1050643 350482 565329 0.53 0.65 0.51 0.52 0.55 0.95 0.96
included 5 2485710 327660 817240 299611 452736 0.53 0.65 0.51 0.52 0.55 0.95 0.96

6 2451158 327660 765471 332659 528373 0.53 0.65 0.51 0.52 0.55 0.95 0.96
7 2129671 327660 987458 350482 536394 0.53 0.65 0.51 0.52 0.55 0.95 0.96�� �!

2502549 327660 987458 350482 565329 0.53 0.65 0.51 0.52 0.55 0.95 0.96
RI −34298 0 −44178 −6895 −16963 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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供應鏈網路整合性多目標模糊決策規劃研究 
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計畫主持人：陳誠亮 
執行單位：  國立臺灣大學化學工程學系 
 

本計劃提供主持人出席國際學術會議，研究期間主要的出席會議包括美

國化工年會、電腦輔助程序操作會議等，共計三次，開會地點包括美國邁阿密、

舊金山、辛辛那堤。本人共計發表與供應鍊網路相關的論文三篇，其中，一篇

有關供應鏈網路整合性多目標模糊決策規劃研究的論文更獲得電腦輔助程序

操作會議的最佳論文(最佳論文共計三篇)，備感榮性。 

電腦輔助程序操作會議每五年舉行一次，規模雖然不大，但是大會通常

會安排二十位左右的知名學者或工業界人士依規劃的主題作專題演講，除了檢

討近來主要研究成果，也相當強調未來研判方向，同時，每場演講之後也很注

重出席人員間的討論，因此，整體呈現的內容相當紮實，與會者多能有深刻的

體會和學習，本人首次參加後的感受是很震撼，更加深了作一流研究的期許了。 

美國化工年會的規模相當龐大，每年出席人數都有五千人之多，內容包

羅萬象，如果不謹慎篩選規劃，很容易在會場迷路，錯失有興趣的演講。本人

通常會將想聽的場次依時間記錄起來，再依序跑攤，也就是說通常並不會出席

固定的議題，而是滿場換教室，可以學習到新點子，也可以觀摩不同國家人士

的演講技巧，雖辛苦但是也很有趣，記得一位博士班學生跟我開會幾天後，表

示以後不敢當教授，因為太辛苦了！ 

出席國際學術會議，一方面可以發表自己最新研究成果，另一方面也是

最好的學習機會，相信自己在國際間的表現，沒有辜負國科會的要求與期望。 
 



Multiobjective Optimization for a Multienterprise Supply Chain
Network

Cheng-Liang Chen,* Bin-Wei Wang, and Wen-Cheng Lee
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The problem of a fair profit distribution for a multienterprise supply chain network is investigated
in this paper. To implement this concept, we construct a multiproduct, multistage, and
multiperiod production and distribution planning model to achieve multiple objectives such as
maximizing the profit of each participant enterprise, the customer service level, and the safe
inventory level and ensuring a fair profit distribution. A two-phase fuzzy decision-making method
is proposed to attain a compromise solution among all participant companies of the supply chain.
One numerical example is supplied, demonstrating that the proposed two-phase decision-making
method can provide an improved compensatory solution for multiobjective optimization problems
in a multienterprise supply chain network.

1. Introduction

Given industry structure in recent years, all indus-
tries are gradually becoming more global and special-
ized. To face global competition, companies have to pay
more attention to increasing customer service in its
entirety. Thus, in addition to having good internal
management and controls, companies should be oriented
toward maintaining good strategic partners and coop-
eration. A company can create the best operating
efficiency by working with other companies through
communication and specialization. This new type of
relationship between companies has developed into a
“supply chain” relationship, and the concept of supply
chain management has evolved. Recently, issues con-
cerning supply chain management in chemical indus-
tries have attracted many researchers.1-7

In traditional supply chain management, minimizing
costs or maximizing profit as a single objective is often
the focus when considering the integration of a supply
chain network.8 For example, Cohen and Lee9 formu-
lated the problem of making resource allocation deci-
sions in a global supply chain system and solved a
single-objective mixed-integer linear programming model
with different scenarios. Tsiakis et al.10 proposed a
multiproduct, multiperiod deterministic single-objective
linear programming model for a supply chain network
design problem. The objective function included produc-
tion, transportation, and inventory costs. By solving this
model, the locations and numbers of plants, warehouses,
and distribution centers can be determined under
uncertainties in customer demand.

Although these strategies can create an optimal result
for the entire system, they can also increase costs or
decrease profits for some members in the supply chain
system. For example, under the economies of scale for
transporting goods, distributors will try to ship an entire
shipment downstream to its customers at one time to
minimize costs and protect their profit margins. How-
ever, when one focuses on minimizing costs or maximiz-
ing profit for the entire supply chain system as a whole,
the best overall result could force a distributor to
increase his transporting frequency, making him unable

to take advantage of economies of scale in shiping his
goods. This could certainly increase the costs while
lowering profit margins of this particular distributor.
Therefore, members would be unwilling to cooperate if
an efficient decision-making process that organizes and
manages the resources of all members in the supply
chain, while evenly guaranteeing that costs and profits
be fairly distributed, cannot be created. For this reason,
Gjerdrum et al.11 proposed a mixed-integer linear
programming model for a production and distribution
planning problem and solved the fair profit distribution
problem by using a Nash-type model as the objective
function. However, this approach could also encounter
two problems in guaranteeing a fair profit distribution.
First, the lower bound of each member’s profit might
be difficult to determine because of the inherent uncer-
tainty. Obviously, it would be influenced by decision
maker’s favor and cause different solution as the case
might be. Second, directly maximizing the production
of profits might cause an unfair profit distribution
because of the different scales of profits. Furthermore,
today’s consumers are demanding better customer
service, whether it be in the manufacturing or service
industry. A company can only benefit by constantly
improving its customer service. Thus, customer service
should also be taken into consideration when formulat-
ing a supply chain system. In the traditional supply
chain management approach of minimizing costs or
maximizing profit as a single objective, however, it is
difficult to quantify customer service as a monetary
amount in the objective function. To solve this problem,
the model presented here uses multiple-objective opti-
mization to formulate the production and distribution
planning problem of a supply chain system. In addition
to maximization of profit for the entire system, we also
consider fair profit distribution for its members, cus-
tomer service, and safe inventory levels as objectives.
The model presented here also considers the problem
in light of the economies of scale for manufacturing or
shipping faced by most firms today. Binary variables
are added to the model to act as policy decisions on
whether to use economies of scale for manufacturing or
shipping. This model is then formulated as a multi-
objective mixed-integer nonlinear programming (MO-
MINLP) problem.

* To whom correspondence should be addressed. Fax: 886-
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Many methodologies have been proposed for treating
multiobjective optimization problems. Among them, the
weighted-sum method, the ε-constraint method, and the
goal-programming method are all rooted in the conver-
sion of vector objectives into a scalar objective.12 The
resulting problem can then be solved by using any
existing optimization technique. If the algorithm does
not converge to a suitable solution or the decision maker
(DM) does not agree with the result, the DM can adjust
the related parameters used in the algorithm, such as
weighting factors in the weighted-sum method. The
computation can then be repeated until a satisfactory
solution is obtained. This is inherently an interactive
process, and the DM is constantly involved in the
decision. Because the optimization of a multiobjective
problem is a procedure looking for a compromise policy,
the result, called a Pareto-optimal or noninferior solu-
tion, consists of an infinite number of options. Methods
for finding a Pareto-optimal solution are thus filled with
subjective and fuzzy properties.

To overcome the difficulty of describing fuzzy at-
tributes, Zadeh13 proposed the fuzzy-set concept. By
using multivalued logic to replace the traditional Bool-
ean logic, one can quantitatively elucidate unclear
information or knowledge. Subsequently, Bellman and
Zadeh14 further extended the fuzzy concept to the idea
of decision making under a fuzzy environment. Tanaka
et al.15 introduced the concept of fuzzy mathematical
programming and demonstrated that fuzzy mathemati-
cal programming can be reduced to a conventional
nonlinear programming problem. A two-phase method
has also been studied to guarantee uniqueness of the
optimal solution by a max-min approach.16 In this
paper, we attempt to establish a production and distri-
bution planning model that can fairly distribute profit
and also take several performance indices, such as
customer service and safe inventory level, into consid-
eration and that can then be turned into a multiobjec-
tive programming problem. Then, we proposed a modi-
fied two-phase method for solving the multiobjective
programming problem, so that we can guarantee that
each member of the supply chain system can strive for
its own maximum profit on the basis of the minimum
required profit.

In the rest of this article, the problem statement and
assumptions are outlined in section 2. The formulation
of production and distribution planning model is de-
scribed in section 3. The procedure for grouping the
vector objectives into a scalar objective using the fuzzy-
set concept is described in section 4. A numerical
example demonstrating the usefulness of the proposed
method is given in section 5. Section 6 shows the results
and provides a discussion of the illustrative numerical
example. Finally, some conclusions and discussions are
made in section 7.

2. Problem Description

A general supply chain is considered, as shown in
Figure 1, that consists of three different level enter-
prises. The first-level enterprise is the retailer or market
from which the products are sold to customers subject
to a given lower bound of customer service. The second-
level enterprise is the distribution center (DC) or
warehouse, which uses different types of transportation
with different capacities to deliver products from the
plant side to the retailer side. The third-level enterprise
is the plant or manufacturer that batch manufactures

one product during one particular period. If the produc-
tion line is changed over to manufacture another
product, then the manufacturer encounters a fixed
manufacturing cost. Also, if the production line is set
up to manufacture product i but actually the production
line remains idle, then the manufacturer encounters a
fixed idle cost. The plant has options of manufacturing
in regular time or overtime to satisfy the customer
demand. To simplify the problem here, we do not
consider the raw material purchasing and inventory
problems for plants, and we include the purchasing cost
in the manufacturing cost. Therefore, the research
region of this paper is from manufacturer to customer,
as indicated by the region enclosed in the dashed line
in Figure 1.

In addition, the following assumptions have been
made: (1) Products are independent of each other, in
terms of marketing and sales price. (2) All required
information is available for the entire supply chain
system. (3) The customer demand is forecasted for the
entire planning period. (4) The optimal decisions will
be made on the basis of the forecasted customer
demand. (5) Each enterprise has its own safe inventory
quantity to reduce the influence of uncertainty caused
by demand forecasting. (6) Each cost is different for each
different location and character of each enterprise.

The overall problem can thus be stated as follows:
Given
(1) each cost parameter, such as manufacturing,

inventory, etc.;
(2) manufacturing data, such as batch manufacturing

quantity of regular time and overtime, overtime number
constraint, etc.;

(3) transportation data, such as lead time, transporta-
tion capacity, etc.;

(4) inventory data, such as inventory capacity, safe
inventory quantity, etc.; and

(5) forecasted customer demand and product sales
price,

determine
(1) the production plan of each plant,
(2) the transportation plan of each distribution center,
(3) the sales quantity of each retailer,
(4) the inventory level of each enterprise, and
(5) each kind of cost.
The targets are to (1) integrate the multienterprise

decisions simultaneously, so as to generate a fair profit
distribution, and (2) increase the customer service level
and safe inventory level as much as possible.

3. Mathematical Formulation

3.1. Indices, Sets, Parameters, and Variables.
According to the assumptions listed in section 2, we can

Figure 1. Research region.
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design the indices, sets, and parameters of the supply
chain model, as shown in Table 1. In this table, the
parameters are divided into two categories: the cost
parameters, including inventory costs, transportataion
costs, etc., and other parameters describing the system
information, such as inventory capacities, transporta-
tion lead times, etc. Furthermore, relevant variables,
including binary ones, which act as policy decisions on
whether to use economies of scale for manufacturing or
shipping, and other continuous variables are listed in
Table 2.

3.2. Constraints and Objective Functions for
Retailer r. All mathematical relations concerning
retailer r ∈ R are itemized in Table 3, for which some
details are stated below.

3.2.1. Constraints. 1. Inventory Balance. The inven-
tory level of product i of retailer r during period t, Irt

i , is
equal to the amount at period t - 1, Ir,t-1

i , plus the
amounts received from all DCs, ∑dSdr,t-TLTdr

i , less the
amounts sold to customers during period t, Srt

i . Nota-
bly, Sdr,t-TLTdr

i is the quantity of product i shipped from
distribution center d to retailer r, considering the
delayed shipment caused by the transportation lead
time TLTdr. Also note that all inventories should be

greater than the safe inventory quantities for last
period. Similarly, the backlog level of product i at
retailer r during period t, Brt

i , is equal to the amount at
period t - 1, Br,t-1

i , plus the amount of customer de-
mand forecasted for period t, FCDrt

i , less the amounts
sold to customers during period t, Srt

i . Also, the backlog
at last period should be 0 for the purpose of fulfilling
customer demand. Finally, all physical variables should
be greater than 0.

2. Maximum Inventory Capacity. The amounts of all
products at retailer r during period t, ∑iIrt

i , cannot
exceed the maximum inventory capacity of retailer r,
MICr.

3. Safe Inventory Quantity. By using safe inventory
quantity constraints, we can make the shortage in the
safe inventory level of product i at retailer r during
period t, Drt

i , be 0 if the inventory level Irt
i is greater

than the safe inventory quantity SIQr
i, or we can make

it be the less of safe inventory quantity and inventory
level if the inventory level is smaller than the safe
inventory quantity. Notably, the requirement of all
inventories being greater than the safe inventory quan-
tities at the last period implies that there should be no
shortage in safe inventories at t ) T, i.e., DrT

i ) 0 for all
retailers r.

3.2.2. Costs, Revenues, Customer Service Levels,
and Safe Inventory Levels. 1. Total Purchase Cost.
The total purchase cost of retailer r during period t is
equal to the sum of the unit sales revenue of product i
for DC d selling to retailer r, USRdr

i , multiplied by the
quantity of product i sold by DC d to retailer r during
period t, Sdrt

i , for all DCs and all products.
2. Total Inventory Cost. The total inventory cost of

retailer r during period t is equal to the sum of the unit
inventory cost of product i for retailer r, UICr

i, multi-
plied by the product i inventory level of retailer r at the
end of period t, Irt

i , for all products.

Table 1. Indices, Sets, and Parameters

index/set dimension physical meaning

r ∈ R [R] ) R retailers
d ∈ D [D] ) D distribution centers
p ∈ P [P] ) P plants
i ∈ I [I] ) I products
t ∈ T [T] ) T periods
k ∈ K [K] ) K transportation capacity level, from

DC to retailer
k′ ∈ K′ [K′] ) K′ transportation capacity level, from

plant to DC

parameter x ∈ physical meaning

USRx
i {pd, dr, r} unit sale revenue of i, sold from

p to d, etc.
UICx

i {p, d, r} unit inventory cost of i for p, d, r
UHCx

i {p, d, r} unit handling cost of i for p, d, r
UTCx

k′ {pd} k′th-level unit transportation cost,
from p to d

UTCx
k {dr} kth-level unit transportation cost,

from d to r
FTCx

k′ {pd} k′th-level fixed transportation cost,
from p to d

FTCx
k {dr} kth-level fixed transportation cost,

from d to r
UMCx

i {p} unit manufacturing cost of i
OMCx

i {p} overtime unit manufacturing cost of i
FMCx

i {p} fixed manufacturing cost for changing
p to make i

FICx
i {p} fixed idle cost to keep p idle

FCDx
i {r} forecasted customer demand for i

TLTx {pd, dr} transportation lead time, from p to d
or from d to r

SIQx
i {p, d, r} safe inventory quantity in p, d, r

MICx {p, d, r} maximum inventory capacity of p, d, r
TCLx

k′ {pd} k′th transportation capacity level,
from p to d

TCLx
k {dr} kth transportation capacity level,

from d to r
MITCx {d} maximum input transportation

capacity of d
MOTCx {d} maximum output transportation

capacity of d
FMQx

i {p} fixed manufacturing quantity of i
OMQx

i {p} overall fixed manufacturing quantity
MTOx {p} maximum total overtime in

manufacturing period

Table 2. Binary Variables and Other Continuous
Variables for t ∈ u

binary x ∈ meaning when value ) 1

Yxt
k′ {pd} k′th transportation capacity level, from p to d

Yxt
k {dr} kth transportation capacity level, from d to r

Rxt
i {p} manufacture with regular-time workforce

âxt
i {p} set up plant p to manufacture i

γxt
i {p} change p over to manufacture i

oxt
i {p} manufacture with overtime workforce

real x ∈ physical meaning

Sxt
i {pd, dr, r} sales quantity of i, from p to d, etc.

Qxt
k′ {pd} k′th-level transportation quantity,

from p to d
Qxt

k {dr} kth-level transportation quantity,
from d to r

Qxt {pd, dr} total transportation quantity, from p to d
or from d to r

Ixt
i {p, d, r} inventory level of i in p, d, r

Bxt
i {r} backlog level of i in r at end of t

Dxt
i {p, d, r} shortage in safe inventory level in p, d, r

TMCxt {p} total manufacturing cost of p
TPCxt {d, r} total purchase cost of d, r
TICxt {p, d, r} total inventory cost of p, d, r
THCxt {p, d, r} total handling cost of p, d, r
TTCxt {d, pd, dr} total transportation cost of d, from p to d

or from d to r
PSRxt {p, d, r} product sales revenue of p, d, r
SILxt {p, d, r} safe inventory level of p, d, r
CSLxt {d} customer service level of r
Zxt {p, d, r} net profit of p, d, r
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3. Total Handling Cost. The total handling cost of
retailer r during period t is equal to the sum of the unit
handling cost of product i for retailer r, UHCr

i, multi-
plied by the total amount of product i handled during
period t, ∑dSdr,t-TLTdr

i + Srt
i , for all products.

4. Product Sales Revenue. The product sales revenue
of retailer r during period t is equal to the sum of the
unit sales revenue of product i for retailer r, USRr

i,
multiplied by the quantity of product i sold by retailer
r to customers during period t, Srt

i , for all products.
5. Customer Service Level. Considering all products,

the customer service level of retailer r during period t
is defined as the average percentage ratio of actual sales
quantity of product i from retailer r to customer during
period t, Srt

i , to the total demand quantity. The total
demand quantity is the sum of the forecasted customer
demand for product i from retailer r during period t,
FCDrt

i , and the backlog level of product i of retailer r at
the end of period t - 1, Br,t-1

i .
6. Safe Inventory Level. The safe inventory level of

retailer r during period t is defined as the average
percentage of 1 minus the ratio of the shortage in the

safe inventory level of product i for retailer r during
period t, DrT

i , to the safe inventory level of product i for
retailer r, SIQr

i, for all products.
3.2.3. Objectives over T Periods. Some conflicting

objectives, including the overall profit, the average
customer service level, and the average safe inventory
level, are considered simultaneously, as stated in Table
3. Therein, the overall profit is equal to the sum of the
sales revenue less each kind of cost. The customer
service level and the safe inventory level are average
values for all products over the whole forecasting period.

3.3. Constraints and Objective Functions for
Distribution Center d and Plant p. The consider-

Table 3. Mathematical Relations Relevant to Retailer
r ∈ R

Constraints
inventory and

backlog levels
Irt

i ) Ir,t-1
i + ∑

d

Sdr,t-TLTdr

i - Srt
i

IrT
i g SIQr

i

Brt
i ) Br,t-1

i + FCDrt
i - Srt

i

BrT
i ) 0, Irt

i , Brt
i , Srt

i g 0
maximum inventories ∑

i

Irt
i e MICr

shortage in safe SIQr
i - Irt

i e Drt
i e SIQr

i

inventories Drt
i g 0 (DrT

i ) 0)

Costs
purchase cost TPCrt ) ∑

d
∑

i

USRdr
i Sdrt

i

inventory cost TICrt ) ∑
i

UICr
i Irt

i

handling cost THCrt ) ∑
i

UHCr
i(∑

d

Sdr,t-TLTdr

i + Srt
i )

Revenue
product sales PSRrt ) ∑

i

USRr
i Srt

i

Service Level
customer service level

CSLrt (%) )
100

I ∑
i

( Srt
i

FCDrt
i + Br,t-1

i )
Inventory Level

safe inventory level
SILrt (%) )

100

I ∑
i

(1 -
Drt

i

SIQr
i)

Objective Functions
overall profit max

x∈Ω
∑

t

Zrt ) PSRrt - TPCrt - TICrt

- THCrt

average customer
service level max

x∈Ω

1

T ∑
t

CSLrt

average safe
inventory level max

x∈Ω

1

T ∑
t

SILrt

Table 4. Mathematical Relations Relevant to
Distribution Center d ∈ D

Constraints
inventory balance Idt

i ) Id,t-1
i + ∑

p

Spd,t-TLTpd

i - ∑
r

Sdrt
i

IdT
i g SIQd

i , Idt
i , Sdrt

i g 0
maximum

inventories ∑
i

Idt
i e MICd

shortage in safe SIQd
i - Idt

i e Ddt
i e SIQd

i

inventories Ddt
i g 0 (DdT

i ) 0)
output

transportation
Qdrt ) ∑

k

Qdrt
k ) ∑

i

Sdrt
i

TCLdr
k-1 Ydrt

k < Qdrt
k e TCLdr

k Ydrt
k

∑
k

Ydrt
k e 1

∑
r
∑

k

TCLdr
k Ydrt

k e MOTCd

input
transportation

Qpdt ) ∑
k′

Qpdt
k′ ) ∑

i

Spdt
i

TCLpd
k′-1 Ypdt

k′ < Qpdt
k′ e TCLpd

k′ Ypdt
k′

∑
k′

Ypdt
k′ e 1

∑
p
∑

k′

TCLpd
k′ Ypdt

k′ e MITCd

Costs
purchase cost TPCdt ) ∑

p
∑

i

USRpd
i Spdt

i

inventory cost TICdt ) ∑
i

UICd
i Idt

i

handling cost THCdt ) ∑
i

UHCd
i (∑

p

Spd,t-TLTpd

i + ∑
r

Sdrt
i )

transportation
cost

TTCdt ) ∑
k
∑

r

(FTCdr
k Ydrt

k + UTCdr
k Qdrt

k )

+ ∑
k′

k

∑
p

r

(FTCpd
k′ Ypdt

k′ + UTCpd
k′ Qpdt

k′ )

Revenue
product sales PSRdt ) ∑

r
∑

i

USRdr
i Sdrt

i

Inventory Level
safe inventory level

SILdt (%) )
100

I ∑
i

(1 -
Ddt

i

SIQd
i )

Objective Functions
overall profit max

x∈Ω
∑

t

Zdt ) PSRdt - TPCdt - TICdt

- THCdt - TTCdt

average safe
inventory level max

x∈Ω

1

T∑t

SILdt
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ations for the distribution centers and plants are similar
to those for the retailers, so we will not repeat the
descriptions. The relevant mathematical formulations
are listed in Tables 4 and 5, respectively. Therein, some
output constraints exist for DC d to transport product
i at different economic scales to retailers. The quantity
of each product i shipped to retailer r during period t,
∑iSdrt

i , is translated into a total quantity shipped to
retailer r, Qdrt ) ∑kQdrt

k . There are upper/lower bounds
for each type of transportation. DC d can choose only
one mode of transportation to retailer r during period
t, and DC d cannot exceed its maximum transportation
energy to transport products to all retailers. Similar
constraints for transportation from plants to distribu-
tion centers also exist. The transportation cost is the
sum of the input and output transportation costs. For
instance, with output transportation quantity Qdrt )
Qdrt

k ∈[TCLdrt
k-1, TCLdrt

k-1], the output transportation
cost from d to r during period t is a composite of
the transportation-level-dependent fixed cost, FTCdr

k ,
and a transportation-quantity-dependent carrying cost,

UTCdr
k Qdrt. This would cause a piecewise linear output

transportation cost from d to r, TTCdrt, as a function of
the distribution center’s output shipment quantity,
TCdrt, as shown in Figure 2, where the subscripts have
been omitted. This relation applies for input transporta-
tion costs and shipment quantities.

Notably, we pose six constraints on manufacturing,
as shown in Table 5. First, the plant must be set up to
manufacture product i (only one of the variables âpt

i

can have value 1). The second constraint, Rpt
i e âpt

i ,
restricts the plant to manufacture product i in regular
time only after it has been set up to manufacture
product i. Third, when âpt

i - âp,t-1
i ) 1, the plant can

change over to manufacture product i during period t.
Fourth, the plant is able to manufacture product i in
overtime only when regular time production is not
sufficient. The fifth constraint implies that the total
number of overtime periods should be less than the
maximum allowable number of overtime periods, MTOp;
the last restriction also says that the number of con-
tinuous overtime periods should be less than N. The
manufacturing cost is the sum of the fixed manufactur-
ing and idle costs, plus the regular and overtime
manufacturing costs. The equation for manufacturing
cost can help explain the meanings of Rpt

i , âpt
i , γpt

i , and
opt

i . For example, the γpt
i value (to measure whether

the production plan is going to be changed to produce
product i) will be either 0 (if âpt

i - âp,t-1
i ) 0, continue

to produce or to not produce product i) or 1 (if âpt
i -

âp,t-1
i ) 1, change over to start producing product i).
3.4. Integration of Production and Distribution

Models. We integrate three different levels of enter-
prises to establish a mixed-integer nonlinear program-
ming model. Then, we can solve this model using the
fuzzy approach, which is discussed in section 4. The
numbers of objectives, constraints, and variables are
summarized as follows: (1) The number of objective
functions is 3R + 2D + 2P; (2) the numbers of con-
straints are (a) for retailers, (2I + 2T + 7I × T) × R,
(b) for DCs, [I × D + (3 + 2R + K × R + 2P + K′ ×
P + 5I) × T] × D, and (c) for plants: (2 + I + 2T +
8I × T) × P; and (3) the numbers of variables are (a)

Table 5. Mathematical Relations Relevant to Plant p ∈ P

Constraints
inventory

balance
Ipt

i ) Ip,t-1
i + FMQp

i Rp,t-1
i

+ OMQp
i op,t-1

i - ∑
d

Spdt
i

IpT
i g SIQp

i , Ipt
i , Spdt

i g 0
maximum

inventories ∑
i

Ipt
i e MICp

shortage in safe SIQp
i - Ipt

i e Dpt
i e SIQp

i

inventories Ddp
i g 0 (DpT

i ) 0)
manufacturing ∑

i

âpt
i ) 1 Rpt

i e âpt
i

γpt
i g âpt

i - âp,t-1
i opt

i e Rpt
i

∑
i

∑
t

opt
i e MTOp

∑
i
∑

n

op,t-n+1
i e N - 1

Costs
manufacturing

cost
TMCpt ) ∑

i

[FMCp
i γpt

i + FICp
i (âpt

i - Rpt
i )

+ UMCp
i FMQp

i Rpt
i + OMCp

i OMQp
i opt

i ]
inventory cost TICpt ) ∑

i

UICp
i Ipt

i

handling cost THCpt ) ∑
i

UICp
i (FMQp

i Rp,t-1
i

+ OMQp
i op,t-1

i + ∑
d

Spdt
i )

Revenue
product sales PSRpt ) ∑

d
∑

i

USRpd
i Spdt

i

Inventory Level
safe inventory

level SILpt (%) )
100

I ∑
i

(1 -
Dpt

i

SIQp
i )

Objective Functions
overall profit max

x∈Ω
∑

t

Zpt ) PSRpt - TMCpt - TICpt

- THCpt

average safe
inventory level max

x∈Ω

1

T∑t

SILpt

Figure 2. Piecewise linear relationship (solid lines) between
transportation cost, TC, and shipment quantity, Q.
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(K × D × R + K′ × P × D + 4I × P) × T binary variables
and (b) (K × D × R + K′ × P × D + 3I × R + 2I × D +
2I × P) × T continuous variables.

4. Fuzzy Approach for Multiobjective
Optimization

Consider the multiobjective mixed-integer nonlinear
programming problem defined below

where x is the variable vector and Ω denotes the feasible
searching space. The objective functions Ji(x) usually
conflict with one another in practice. It is thus impos-
sible for every objective function to attain its own
optimum, Js, s ∈ S ) [1, ..., S], simultaneously. The
optimization of one objective implies the sacrifice of
other targets. Therefore, the decision maker (DM) must
make some compromise among these goals. In contrast
to the optimality used in single-objective optimization
problems, Pareto optimality characterizes the solutions
of multiobjective optimization problems.12

Several methods for solving multiobjective optimiza-
tion problems can be found in the literature. Among
them, the weighted-sum method is used most often. On
the basis of a subjective understanding of each objective,
the DM can weigh these objectives and assemble them
into a scalar form. However, as the possible ways of
combining weighting factors are numerous, this method
becomes tedious, and the solution might still be invalid.
Moreover, it is difficult for the DM to assign a set of
incompatible objectives, such as cost, economic ef-
ficiency, and service level, without knowledge of the
possible levels of attainment for these objectives. The
physical meaning of the final scalar objective function
is thus usually vague.

One method of relaxing parallel comparisons of objec-
tives with different units is to scale each of the objectives
directly onto the range [0, 1] or some other interval by
suitable factors. Then, one can optimize the weighted
sum of the scalar functions or a product of them, such
as the Nash-type function. However, we adopt the fuzzy-
set concept13 in the following because it can provide a
clearer theoretical analysis. By considering the uncer-
tain property of human thinking, it is quite natural to
assume that the DM has a fuzzy goal, Js, to describe
the objective Js in an interval [Js

/, Js
-]. The sth maxi-

mum objective is quite satisfied if the objective value
Js g Js

/, and it is unacceptable if Js e Js
-. A strictly

monotonically increasing membership function, µJs(x) ∈
[0, 1], can be used to characterize such a transition from
objective value to degree of satisfaction

where F(Js,Js
-,Js

/) is a monotonically increasing mem-
bership function for which a value of 1 denotes abso-
lutely satisfactory and a value of 0 means unacceptable.
The original multiobjective optimization problem is now
equivalent to looking for a suitable decision that can

provide the maximum overall degree of satisfaction for
the multiple fuzzy objectives

Under circumstances of incompatible objective, a DM
must make a compromise decision that provides a
maximum degree of satisfaction for all of the conflicting
objectives. The new optimization problem, eq 3, can be
interpreted as the synthetic notation of a conjunction
statement (maximize jointly all objectives). The result
of this aggregation, D, can be viewed as a fuzzy
intersection of all fuzzy goals Js, s ∈ S, and is still a
fuzzy set

The final degree of satisfaction resulting from a certain
variable set, µD(x) can be determined by aggregating
the degree of satisfaction for all objectives, µJs(x), s ∈ S,
via a specific t-norm, T

As the firing level for each policy is determined by the
above procedure, the best solution x* with the maximum
firing level, µD(x*), can be selected

Now the original problem, eq 1, has been modified into
the new multiobjective problem, eq 3. Using the t-norm,
this new problem is converted into a single-objective
problem, eq 6. Several t-norms can be chosen for T, for
which the two most popular selections are shown
below17

Selecting the product of scaled objective functions can
guarantee a compensatory solution, but the drawback
is that product operator might cause an unbalanced
solution between all objectives by the inherent character
of product. This also conflicts with the original purpose
of obtaining a compromise solution for multiobjective
programming. The minimum operator represents the
worst situation. However, the minimum operator might
result in a noncompensatory solution.16 We thus propose
a modified two-phase method by combining the advan-
tages of these two t-norms. The minimum operator is
used first in phase I to maximize the satisfaction of the
worst situation; then the product operator is applied in
phase II to maximize the overall satisfaction with
guaranteed minimal fulfillment for all fuzzy objectives
as additional constraints. Notably, we have substituted
the average operator in the original two-phase method16

with the product for phase II, because the average is
not a t-norm and its physical meaning is vague. Such a
modification can provide the best achievable perfor-
mance, as demonstrated in section 6. The merit of the
proposed method is that we can not only obtain the
unique optimal solution by using the product operator
but also guarantee each objective to go after their own
maximum on the basis of the least degree of satisfaction

max
x∈Ω

(J1(x), ..., JS(x)) (1)

µJs
(x) ) {1 for Js g Js

/

F(Js,Js
-,Js

/) for Js
- e Js e Js

/, s ∈ S

0 for Js e Js
-

(2)

max
x∈Ω

(µJ1
(x), ..., µJs

(x)) (3)

D ) J1 ∩ J2 ∩ ‚‚‚ ∩ Js (4)

µD(x) ) T(µJ1
(x), µJ2

(x), ..., µJs
(x)) (5)

µD(x*) ) max
x∈Ω

µD(x) ) max
x∈Ω

T(µJ1
(x), µJ2

(x), ..., µJs
(x))
(6)

T(µJ1
, µJ2

, ..., µJs
) )

{min(µJ1
, µJ2

, ..., µJs
) T ) minimum

µJ1
× µJ2

× ‚‚‚ × µJs T ) product
(7)
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as the lower-bound constraint. Thus, now we can
summarize the procedure of the fuzzy satisfying ap-
proach for the multiobjective optimization problem,
eq 1.

Step 1. Determine the ideal solution and the anti-
ideal solution by directly maximizing and minimizing
each objective function, respectively

Notably, if an objective function being maximized is
minimized, its value could sometimes be negative or
zero. In such a case one can also choose a meaningful
expected lower-bound as the anti-ideal solution of its
objective.

Step 2. Define membership functions for those fuzzy
objectives. To simplify treatment of the problem, we
adopt a linear function for F, although optimal fuzzy
membership functions exist for specific problems. It is
noted that the use of a linear membership function
results in simple scaling of all objective values onto the
interval [0, 1]

Step 3 (Phase I). Obtain the maximum degree of
satisfaction for the worst situation, µmin, by the mini-
mum operator

Step 4 (Phase II). Maximize the overall satisfaction
of the problem by using the product operator with
guaranteed minimal fulfillment for all objectives

where

5. Numerical Example

Considering a supply chain consisting of one plant,
two distribution centers, two retailers, and two products.
The first distribution center is a smaller-scale but faster-
delivery-service distributor. This means that the first
DC can rapidly respond to suddenly increasing customer
demand to maintain a retailer’s customer service level,
but it also implies higher operating costs. The second
DC, on the other hand, is a large-scale but slower-
delivery-service distributor. This means it can use

economies of scale for transporting goods to lower its
operating costs, but on the other hand, it cannot provide
prompt delivery. We assume that the transportation
lead time between each level for the second DC is 1
week. Thus, the distribution channels between plants
and retailers are complementary, with faster, smaller
shipments and slower, larger shipments. In addition,
to simplify the problem, we neglect the fluctuating rate
of cost parameters. The whole planning horizon is 10
periods (weeks) based on a forecasted customer demand
with a normal distribution with a mean and standard
deviation.

Other indices and sets are [N] ) 5, [K] ) 3, and
[K′] ) 2. We assume values of all parameters as listed
in Tables 6 and 7. By way of parameter design, there
are only two effective selections for the smaller but
faster distributor (d ) 1), although the allowable
number of output transportation levels is [K] ) 3. To
solve this mixed-integer nonlinear programming prob-
lem for the supply chain model, the generalized alge-
braic modeling system (GAMS),18 a well-known high-
level modeling system for mathematical programming
problems, is used as the solution environment. The
MINLP solver used is SBB, which employs a standard
branch-and-bound strategy, and the NLP solver is
CONOPT. We used a personal computer with an Intel
Pentium III 866 CPU for all computational runs with a
tolerance of optimality of 5%.

max Js ) Js
/

(ideal solution of Js, totally acceptable value)
(8)

min Js ) Js
-

(anti-ideal solution of Js, unacceptable value)
(9)

µJs
) {1 Js g Js

/

Js - Js
-

Js
/ - Js

- Js
- e Js e Js

/, ∀ s ∈ S

0 Js e Js
-

(10)

max
x∈Ω

µD ) max
x∈Ω

min(µJ1
, µJ2

, ..., µJs
)

) µmin (11)

max
x∈Ω

µD ) max
x∈Ω+

(µJ1
× µJ2

× ‚‚‚ × µJs
) (12)

Ω+ ) Ω ∩ {µJs
g µmin, ∀ s ∈ S} (13)

Table 6. Cost Parameters of Illustrative Example

unit sales
revenue

unit
transportation cost

fixed
transportation cost

i p d r $ k p d r $ k p d r $

USRir UTCd
kr FTCd

kr

1 1 1700 1 1 1 45 1 1 1 7000
1 2 1700 2 1 1 27 2 1 1 10 000
2 1 1700 3 1 1 27 3 1 1 10 000
2 2 1700 1 1 2 50 1 1 2 7000

USRd
ir 2 1 2 30 2 1 2 10 000

1 1 1 1600 3 1 2 30 3 1 2 10 000
1 1 2 1600 1 2 1 45 1 2 1 3000
1 2 1 1250 2 2 1 30 2 2 1 4600
1 2 2 1200 3 2 1 18 3 2 1 7200
2 1 1 1600 1 2 2 35 1 2 2 2500
2 1 2 1600 2 2 2 25 2 2 2 4000
2 2 1 1250 3 2 2 15 3 2 2 6000
2 2 2 1200

USRpd
i UTCpd

k′ FTCpd
k′

1 1 1 900 1 1 1 60 1 1 1 10 000
1 1 2 800 2 1 1 40 2 1 1 16 000
2 1 1 900 1 1 2 25 1 1 2 12 000
2 1 2 800 2 1 2 15 2 1 2 15 000

unit
inventory cost

unit
handling cost

unit
manufacturing cost

i p d r $ i p d r $ i p $

UICr
i UHCr

i UMCp
i

1 1 50 1 1 15 1 1 80
1 2 50 1 2 15 2 1 40
2 1 50 2 1 15 OMCp

i

2 2 50 2 2 15 1 1 120
UICd

i UHCd
i 2 1 60

1 1 60 1 1 20 fixed manufacturing/
1 2 20 1 2 10 idle cost
2 1 60 2 1 20 FMCp

i

2 2 20 2 2 10 1 1 32 000
2 1 64 000

UICp
i UHCp

i FICp
i

1 1 30 1 1 10 1 1 3200
2 1 30 2 1 10 2 1 6400
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6. Results and Discussion

According to the problem description, mathematical
formulation, and parameter design provided above, we
solved the multiobjective mixed-integer nonlinear pro-
gramming problem for a production and distribution
planning problem by using the fuzzy procedure dis-
cussed in section 4.

Step 1. Obtain the ideal and anti-ideal solutions by
directly maximizing and minimizing each objective
function, respectively; the results are reported in Table
8. As we have mentioned previously, one can also
subjectively select ideal and anti-ideal solutions for each
objective if meaningful upper and lower bounds can be
expected. Alternatively, the DM can also adjust these
values according to subjective judgment if not satisfied
with the final result. Without loss of generality, we
adopt the computed ideal and anti-ideal solutions
directly without any adaptation.

Step 2. Establish each linear membership function
and the overall degree of satisfaction µD as described
in the preceding section.

Step 3 (Phase I). Obtain the least degree of satisfac-
tion for all objectives, µmin, by the minimum operator.
For this example, the result is µmin ) 0.66.

Step 4 (Phase II). reoptimize the problem with new
constraints of maximized satisfaction for the worst
situation. The results are shown in the following figures
and discussed below. In these figures, the results
obtained by using only the minimum or product t-norms
and results obtained using a Nash-type objective and a
single profit-based objective are also provided. In the
latter two cases, the service levels and safe inventory
levels have been ignored.

As shown in Figure 3, by selecting the minimum as
the t-norm, we can obtain more balanced satisfaction
among all objectives, with an overall degree of satisfac-
tion of around 0.66. By using the product operator to
guarantee a unique solution, however, the results are
unbalanced, with the lowest degree of satisfaction for
the profit and safe inventory level of distributor d ) 2
and the profit of plant p ) 1. On the other hand, higher
performance objectives or goals are given a very high
emphasis. Obviously, this is not desirable for a compro-
mise solution. To overcome the drawbacks of a single-
phase method, the proposed modified two-phase method
can combine the advantages of these two t-norms. The
minimum operator is used in phase I to find the
maximum satisfaction for the worst situation, and the
product operator is applied in phase II with a guaran-
teed satisfaction level for all fuzzy objectives. The results
of the original two-phase method, where the average
operator is applied in phase II optimization, are also
provided for comparison. To summarize, the resulting
satisfaction levels for all fuzzy objectives are greater
than 0.66, which is the maximized worst fulfillment
obtained by phase I, and the modified two-phase method
can provide the best achievable performance, as depicted
in Figure 4.

We can also compare these results to the single-
objective programming method of maximizing the over-
all profit summed over all participants, the most
common method in the traditional approach to supply
chain planning in which only profit-related terms are
considered, because it is difficult to quantify customer
service and other nonmonetary goals into monetary
amounts in the objective function. We can also project
the result caused by single-objective programming on
the membership functions, as shown in Figure 5.
Obviously, the satisfaction levels are extremely unbal-
anced, because the objective function is taking only the
sum of the overall profit into consideration. We can also
compare the results of the two-phase approach to the
use of a Nash-type model as the objective function.11 The
lower bound on the profit of each member might be
difficult to determine because of the inherent uncer-
tainty, so we use the lower bound on the membership
function in the fuzzy approach instead. As the single-
objective programming, we can also project the result
caused by Nash-type model on the satisfaction levels,
as shown in Figure 5. The satisfaction levels are
extremely unbalanced, because the objective function
is taking only profits into consideration. The results of
modified two-phase method are also shown for compari-
son.

By the computation results of the modified two-phase
method, we can also obtain all decision variables, such
as the production schedule, transportation plan, etc., to
achieve the goal of fair profit distribution. For example,
the transportation quantities from DCs to retailers,
Qdrt

k , are showed in Figure 6.

Table 7. Other Parameters of Illustrative Example

transportation
lead time

safe
inventory quantity

transportation
capacity level

p d r i p d r k p d r

TLTdr SIQr
i TCLdr

k

1 1 0 1 1 100 1 1 1 50
1 2 0 1 2 100 2 1 1 100
2 1 1 2 1 100 3 1 1 100
2 2 1 2 2 100 1 1 2 50
TLTpd SIQd

i 2 1 2 100
1 1 0 1 1 100 3 1 2 100
1 2 1 1 2 600 1 2 1 150

maximum 2 1 100 2 2 1 300
inventory capacity 2 2 600 3 2 1 600

MICr SIQp
i 1 2 2 150

1 400 1 1 400 2 2 2 300
2 400 2 1 400 3 2 2 600

MICd fixed manuf quantity TCLpd
k′

1 800 FMQp
i 1 1 1 100

2 6000 1 1 800 2 1 1 200
2 1 800 1 1 2 600

MICp OMQp
i 2 1 2 1000

1 3200 1 1 1 200
total overtime # 2 1 1 200

MTOp max input/output transportation capacities
1 5 MITCd MOTCd

1 200 1 200
2 1200 2 1200

Table 8. Ideal and Anti-Ideal Solutions of Each Objective

objectives

p d r
ideal

solution
anti-ideal
solution

profit 1 1, 378, 004 -142, 710
2 1, 570, 641 92, 130

1 944, 700 -365, 523
2 2, 856, 482 224, 354

service level 1 5, 305, 600 2, 964, 022
safe inventory level 1 0.99 0.73

2 0.99 0.73
1 0.94 0.00
2 0.95 0.00

1 1.00 0.00
2 0.97 0.00

1 0.98 0.00
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It can be seen that the DCs will select the proper
economical transportation capacity level, such as 150,
300, and 600 products from DC d ) 2 to retailer r ) 1
in Figure 6c, to transport products. This is caused by
the noncontinuous piecewise linear transportation cost
function, which is composed of fixed and variable
transportation costs for different levels of capacities.
Analyses of other variables are omitted due to space
limitations and can be found elsewhere.19

7. Conclusion

In this paper, we investigate the problem of a fair
profit distribution for a typical supply chain network.
The range is from manufacturing plant to customer site,
including factories, distribution centers or warehouses,
and retailers or markets.

To implement this concept, we construct a multiprod-
uct, multistage, and multiperiod production and distri-

Figure 3. Comparison of satisfaction level of each objective using single-phase optimization by selecting minimum or product as t-norm.

Figure 4. Comparison of satisfaction level of each objective by single-phase minimum operator and original and modified two-phase
methods.

Ind. Eng. Chem. Res., Vol. 42, No. 9, 2003 1887



bution planning model to achieve objectives such as
maximizing the profit of each participant enterprise,
maximizing the customer service level, maximizing the
safe inventory level, and ensuring a fair profit distribu-
tion. The model is then formulated as a multiobjective
mixed-integer nonlinear programming (MOMINLP) prob-
lem.

The fuzzy-set theory is used to attain a compromise
solution among all participant companies of the supply
chain. Therein, each objective function is viewed as a
fuzzy goal. The ideal and anti-ideal solutions are
determined by maximizing and minimizing each indi-
vidual objective function, respectively. A linearly in-
creasing membership function is used to denote the

Figure 5. Comparison of satisfaction level of each objective by single-objective programming method, Nash-type method, and modified
two-phase method

Figure 6. Plans for transportation from DCs to retailers.
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degree of satisfaction of each objective by using the ideal
and anti-ideal solutions as upper and lower bounds,
respectively. The final decision is interpreted as the
fuzzy aggregation of multiple objectives, and the best
compromise solution can be found by maximizing the
overall degree of satisfaction for the decision. Two
popular t-norms, the product and the minimum, are
studied for implementing the fuzzy intersection. It is
found that using the product operator might cause an
unbalanced solution among all objectives, whereas using
the minimum operator might result in noncompensatory
solutions. We proposed a modified two-phase method
by combining the advantages of these two t-norms to
reach a fair profit distribution solution. The minimum
operator is used in phase I to find the maximum
satisfaction for the worst situation, and the product
operator is then applied in phase II with a guaranteed
minimal degree of fulfillment for all fuzzy objectives.
One case study is discussed, demonstrating that the
proposed two-phase decision-making method can pro-
vide an improved compensatory solution for multi-
objective problems in a supply chain network.
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Multi-objective optimization of multi-echelon supply chain networks
with uncertain product demands and prices
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Abstract

A multi-product, multi-stage, and multi-period scheduling model is proposed in this paper to deal with multiple incommensurable goals
for a multi-echelon supply chain network with uncertain market demands and product prices. The uncertain market demands are modeled
as a number of discrete scenarios with known probabilities, and the fuzzy sets are used for describing the sellers’ and buyers’ incompatible
preference on product prices. The supply chain scheduling model is constructed as a mixed-integer nonlinear programming problem to satisfy
several conflict objectives, such as fair profit distribution among all participants, safe inventory levels, maximum customer service levels, and
robustness of decision to uncertain product demands, therein the compromised preference levels on product prices from the sellers and buyers
point of view are simultaneously taken into account. The inclusion of robustness measures as part of objectives can significantly reduce the
variability of objective values to product demand uncertainties. For purpose that a compensatory solution among all participants of the supply
chain can be achieved, a two-phase fuzzy decision-making method is presented and, by means of application of it to a numerical example,
proved effective in providing a compromised solution in an uncertain multi-echelon supply chain network.
© 2003 Elsevier Ltd. All rights reserved.

Keywords:Supply chain management; Uncertainty; Robustness; Multiple objectives; Mixed-integer nonlinear programming; Fuzzy optimization

1. Introduction

Industries around the world are now all rushing the ter-
ritory of globalization and specialization. Cooperating with
good strategic partners is the sure way to tackle the po-
tential problems arising from competition. Companies can
achieve the optimum operating efficiency by working with
other companies through communication and specialization,
which evolve a new type of relationship, the supply chain
relationship, among these companies and further foster a
new concept in management: the supply chain management
concept. A great variety of companies, those in chemical
industry included, can also take advantage of this novel
management scheme. Therefore, many researchers in pro-
cess systems engineering (PSE) society devote themselves
to this interesting field (Applequist, Pekny, & Reklaitis,
2000; Bose & Pekny, 2000; Chen, Wang, & Lee, 2003;
Garcia-Flores, Wang, & Goltz, 2000; Gupta & Maranas,
2000; Gupta, Maranas, & McDonaldet, 2000; Perea-Lopez,

∗ Corresponding author.+886-2-23636194; fax:+886-2-23623040.
E-mail address:CCL@ntu.edu.tw (C.-L. Chen).

Grossmann, & Ydstie, 2000; Pinto, Joly, & Moro, 2000;
Zhou, Cheng, & Hua, 2000; to name a few).

In traditional supply chain management, the focus of the
integration of supply chain network is usually on single
objective, minimum cost or maximum profit. For example,
Gjerdrum, Shah, and Papageorgiouet (2001)proposed a
mixed-integer linear programming model for a production
and distribution planning problem and solve the fair profit
distribution problem by using the Nash-type model as the
single objective function. However, there are no design tasks
that are single objective problems. The design/planning/
scheduling projects are usually involving trade-offs among
different incompatible goals(Cheng, Subrahmanian, &
Westerberg, 2003). Recently, a multi-objective production
and distribution-scheduling scheme for a supply chain sys-
tem is formulated byChen et al. (2003). In this method,
in addition to maximizing profit for the entire system, fair
profit distribution among all members, customer service
levels, and safe inventory levels are taken into account
simultaneously. All the problem parameters are determin-
istically known in the model. In practice, however, this is
rarely the case as it is usually difficult to foretell prices
of chemicals, market demands, and availabilities of raw
materials, etc., in a precise fashion (Liu & Sahinidis, 1997).

0098-1354/$ – see front matter © 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/j.compchemeng.2003.09.014
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A number of works have devoted to studying supply chain
management under uncertain environments. For example,
Gupta and Maranas (2000), Gupta et al. (2003)incorporate
the uncertain demand via a normal probability function and
propose a two-stage solution framework. A generalization
to handle multi-period and multi-customer problems is re-
cently proposed (Gupta & Maranas, 2003). Tsiakis et al.
(2001)use scenario planning approach to describe demand
uncertainties. Therein a number of demand scenarios with
assigned non-zero probabilities is used as discrete stochastic
demand quantities. All scenarios are simultaneously taken
into account in the supply chain network design. However,
the robustness of decision to uncertain product demands is
not considered in these studies. Due to the potential of deal-
ing with linguistic expressions and uncertain issues (Zadeh,
1965; Petrovic, Roy, & Petrovic, 1998) use fuzzy sets to
handle uncertain demands and external raw material prob-
lems, and further considering uncertain supply deliveries in
a later work (Petrovic, Roy, & Petrovic, 1999). Giannoccaro,
Pontrandolfo, and Scozzi (2003)also apply fuzzy sets the-
ory to model the uncertainties associated with both market
demand and inventory costs. The product price, despite with
their obvious negotiable and uncertain characteristics in
real businesses, seems seldom to be taken into account as a
source of uncertainty in previous works. Instead, the prod-
uct prices at selling points are usually treated as determined
parameters.

In this paper, we incorporate two kinds of uncertain-
ties including the market demands and product prices. The
scenario-based approach will be adopted for modeling the
uncertain market demands, and the product prices will be
taken as fuzzy variables where the incompatible preference
on prices for different members are handled simultaneously.
The whole supply chain scheduling model would turn into
a mixed-integer nonlinear programming (MINLP) problem
ultimately. The compromised solution for ensuring fair profit
distribution, safe inventory levels, maximum customer ser-
vice levels, decision robustness to uncertain product de-

Fig. 1. Research region.

mands, and simultaneously considering incompatible prefer-
ence of product prices for all participants will be determined
by applying the fuzzy multi-objective optimization method.

In the rest of this article, the problem statement and
assumptions are outlined inSection 2. The considered
uncertain issues in supply chain scheduling are de-
scribed inSection 3. The formulation of a production and
distribution-scheduling model is set out inSection 4. The
procedure for grouping the scenario-dependent multiple
conflict objectives and uncertain fuzzy product prices into
a scalar one using the fuzzy sets concept is presented in
Section 5. The contents of a numerical example, used to
demonstrate the usefulness of the proposed method, are
given in Section 6. Finally, some concluding remarks are
drawn inSection 7.

2. Problem description

A general supply chain that consists of three different lev-
els of enterprises is considered and showed inFig. 1 (Chen
et al., 2003): the first level enterprise is retailer or market
from which the products are sold to customer under the con-
ditions subject to a given low bound of customer service; the
second level enterprise is distribution center (DC) or ware-
house using different type of transport capacity to deliver
products from plant side to retailer side; and the third level
enterprise is plant or manufacturer that batch-manufactures
one product at one period. The fixed manufacture/idle costs
are also employed: on one hand, if the production line is
changed over to manufacture another product, manufacture
cost would be remained fixed; on the other hand, if the pro-
duction line is set up to manufacture one specific product
but actually is idle, the idle cost, also fixed. Furthermore,
the plant has options of manufacturing in regular time or
overtime to satisfy the customer demand. To simplify the
problem here, we do not consider the problem of purchase
and inventory of the raw material in plants nor incorporate
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the purchasing cost into manufacturing cost. The research
region of this paper, therefore, is from manufacturer to cus-
tomer, like the dash line region showed inFig. 1. And the
following assumptions have been made:

1. Products are independent to each other, related to mar-
keting and sales price.

2. Each enterprise has its own safe inventory quantity to
reduce the influence of uncertain product demand.

3. Several scenarios of product demands with known proba-
bilities are forecasted over the entire scheduling periods.

4. The buyer’s acceptability for product price can be quite
different from the provider’s.

The overall problem can thus be stated as follows:

• Given:
1. Manufacture data, such as batch manufacturing quan-

tity of regular time and overtime, overtime number
constraint, etc.

2. Transportation data, such as lead time, transport ca-
pacity, etc.

3. Inventory data, such as inventory capacity, safe inven-
tory quantity, etc.

4. Each cost parameter, such as manufacturing, inventory,
etc.

5. The buyers’ and providers’ acceptable levels for prod-
uct prices.

6. Several scenarios of forecasted product demands with
known probabilities.

• Determine:
1. Production plan of each plant.
2. Transportation plan of each DC.
3. Sales quantity and compromised product price of each

participant.
4. Inventory level of each enterprise.
5. All kinds of cost.

• The target is to integrate the multi-echelon decisions si-
multaneously to:
1. Guarantee a fair profit distribution among all partici-

pants.
2. Elevate the customer service levels, the safe inventory

levels, the product-prices satisfaction levels, and the
robustness of all considered objectives to product de-
mand uncertainties as much as possible.

3. Uncertainties in the supply chain scheduling

In the market, the participants of a supply chain not only
face the uncertainties of product demands and raw mate-
rial supplies but also faces the uncertainties of commodity
prices and costs (Liu & Sahinidis, 1997). The first concern
in incorporating uncertainties into supply chain modeling
and optimization is the determination of suitable repre-
sentation of the uncertain parameters (Gupta & Maranas,
2003). Three distinct methods are frequently mentioned
for representing uncertainty (Liu & Sahinidis, 1997; Gupta

& Maranas, 2003): first, the distribution-based approach,
where the normal distribution with specified mean and
standard deviation is widely invoked for modeling uncer-
tain demands and/or parameters; second, the fuzzy-based
approach, therein the forecast parameters are considered as
fuzzy numbers with accompanied membership functions;
and third, the scenario-based approach, in which several dis-
crete scenarios with associated probability levels are used
to describe expected occurrence of particular outcomes. We
will address issues of demand uncertainty and uncertain
product prices in the following.

To simplify the subsequent mathematical calculations, we
will adopt the discrete scenario-based approach for model-
ing uncertain product demands. For applying the discrete
cases representation for modeling uncertain demands, sev-
eral possible outcomes with known probabilities, PPDs, s ∈
S where

∑
∀s∈S PPDs = 1, should be determined at first.

Then all variables will become scenario dependent, and the
expected value of any variable will be the weighted average
of those scenario-dependent values. That is, for any vari-
ablev, we have to solve for several scenario-dependent val-
ues,vs, s ∈ S, and the expected value ofv can be taken
as
∑

∀s∈S PPDsvs. In such a case the deterministic supply
chain model can be easily extended to cope with uncertain
demand conditions, as shown in the next section.

Due to the obvious negotiable and uncertain characteris-
tics of products’ prices at various selling sites in real busi-
nesses, the final product prices are usually result of com-
promised considerations. When contemplating the compet-
itive positions hold between sellers and buyers in settling
sales/purchase prices for a specific product, the preference
of the price would be very different from each one’s point of
view. For example, the retailer would be fully satisfied if the
selling price to customers is higher than an expected high
value, say(USP)1S ; on the other hand, it would be totally un-
acceptable for a price less than a lower minimum(USP)0S ;
and the degree-of-acceptability will increase in accordance
with the increase of price between these two bounds. To de-
scribe such a transition from numerical price value to linguis-
tic preference expression, it is quite suitable to set up a fuzzy
set,SP, with some kinds of monotonic increasing member-
ship function,µSP(USP) whereµSP(USP≤ (USP)0S) = 0,
µSP(USP ≥ (USP)1S) = 1, andµSP((USP)0S < USP <

(USP)1S) = Finc(USP; (USP)0S, (USP)1S) ∈ [0,1], to mea-
sure the seller’s preference for product price. The buyer side,
on the other hand, has its own fuzzy preference of purchase
price,BP, and corresponding monotonic decreasing mem-
bership function,µBP(USP)whereµBP(USP≤ (USP)1B) =
1, µBP(USP≥ (USP)0B) = 0, andµBP((USP)1B < USP<
(USP)0B) = Fdec(USP; (USP)1B, (USP)0B) ∈ [0,1]. The de-
termination of membership functions are usually based on
decision maker’s subjectivity. It has been shown that use
of linear membership functions can provide similar solu-
tion quality to that using more complicated nonlinear mem-
bership functions (Delgado, Herrera, & Verdegay, 1993;
Sakawa, 1993; Liu & Sahinidis, 1997). Thus, we will assume
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Fig. 2. Membership functions for seller’s (a) and buyer’s (b) fuzzy product prices.

Fig. 3. Typical membership functions for fuzzy product prices when
simultaneously considering the seller’s and buyer’s viewpoints.

constant rate of increased/decreased membership satisfac-
tion and will adopt linear membership functions, as shown
below andFig. 2.

µSP(USP)

=




0 for USP≤ (USP)0S
USP− (USP)0S
(USP)1S − (USP)0S

for (USP)0S≤USP≤(USP)1S

1 for USP≥ (USP)1S
µBP(USP)

=




1 for USP≤ (USP)1B
(USP)0B − USP

(USP)0B − (USP)1B
for (USP)1B≤USP≤(USP)0B

0 for USP≥ (USP)0B
(1)

The final product price is determined by a compromising
procedure taken place between these conflicting fuzzy pref-
erences. Some typical final membership functions of the
fuzzy product price—incorporating both the seller’s and
buyer’s—are depicted inFig. 3.

4. Supply chain modeling with demand uncertainty

A general supply chain that consists of three different
levels of enterprises is considered here: the first level en-
terprise is the retailer from which the products are sold

to customers; the second level enterprise is the distribu-
tion center (DC) or warehouse using different type of trans-
port capacity to deliver products from plant side to retailer
side; the third level enterprise is the plant or the manufac-
turer that batch-manufactures one product at one period. In
the following, we develop an integrated multi-echelon sup-
ply chain model for optimal decisions (Chen et al., 2003).
The scenario-based representation for uncertain product de-
mands is considered in the modeling.

4.1. Indices, sets, parameters, and variables

The indices, sets and parameters, designed to model the
supply chain network with product demand uncertainty are
shown in the nomenclature. Therein, parameters are divided
into two categories: the cost parameters, including inventory
cost and transport cost; and other parameters describing the
system information, such as inventory capacity, transport
lead time, etc. Two kinds of scenario-dependent variables are
used: the binary variables that act as policy decisions to use
economies of scale for manufacturing or transportation, and
continuous variables that include manufacturing quantities
and product prices.

4.2. Manufacture constraints

Six constraints on manufacturing are set up for all prod-
ucts and plants over concerned periods.∑
∀i∈I

βipts = 1 (2)

oipts ≤ αipts ≤ βipts (3)

γipts ≥ βipts − βip,t−1,s (4)∑
∀i∈I

∑
∀t∈T

oipts ≤ MTOp (5)

∑
∀i∈I

∑
∀n∈N

oip,t−n+1,s ≤ N − 1 (6)

wherei ∈ I, p ∈ P, t ∈ T, s ∈ S.
Eq. (2)denotes that the plant can be setup for manufactur-

ing one product.Eq. (3)states that the plant is able to manu-
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facture a product in regular time only after the plant has been
setup to produce it, and the plant is able to manufacture the
product in overtime only when the regular time production
is insufficient. InEq. (4), γipts = 1 only if βipts−βip,t−1,s = 1,
thus the plant can be changed to manufacture producti at
periodt. Eq. (5)implies total number of overtime periods is
less than the maximal allowable overtime periods, MTOp.
And Eq. (6) says the number of continuous overtime peri-
ods should be less than a specified valueN. Notably, these
constraints are scenario dependent.

4.3. Transportation constraints

The transportation constraints at considered periods,t ∈
T, in different economic scales are given below.

TCLk
′−1

pd Yk
′

pdts< TQk
′

pdts ≤ TCLk
′

pdY
k′
pdts (7)

TCLk−1
dr Ykdrts < TQkdrts ≤ TCLkdrY

k
drts (8)∑

∀k′∈K′
Yk

′
pdts ≤ 1,

∑
∀k∈K

Ykdrts ≤ 1 (9)

TQpdts =
∑

∀k′∈K′
TQk

′
pdts =

∑
∀i∈I

SQipdts (10)

TQdrts =
∑
∀k∈K

TQkdrts =
∑
∀i∈I

SQidrts (11)

∑
∀p∈P

TQpdts ≤ MITCd (12)

∑
∀r∈R

TQdrts ≤ MOTCd (13)

∀d ∈ D, p ∈ P, r ∈ R, k′ ∈ K′,
k ∈ K, t ∈ T, s ∈ S
Eqs. (7)–(9)imply that several transport-capacity levels with
various unit transport costs can be used, as depicted inFig. 4
for a three-level case, and at most one transport capacity can
be chosen at each period. InEqs. (10) and (11), the transport
quantities of each product from plants to DCs or from DCs to
retailers at each period are respectively translated into total
transport quantities, andEqs. (12) and (13)are constraints
on these total transport quantities.

4.4. Inventory constraints

All relevant inventory constraints in all plants, DCs, and
retailers can be summarized as follows:

Iirts = Iir,t−1,s +
∑
∀d∈D

SQidr,t−TLTdr,s
−
∑
∀c∈C

SQircts (14)

Iidts = Iid,t−1,s +
∑
∀p∈P

SQipd,t−TLTpd,s
−
∑
∀r∈R

SQidrts (15)

Fig. 4. Piecewise linear relation (solid lines) between transport cost (TC)
and shipment quantity (TQ).

Iipts= Iip,t−1,s + FMQipα
i
p,t−1,s

+ OMQipo
i
p,t−1,s −

∑
∀d∈D

SQipdts (16)

Birts = Bir,t−1,s + FCDirts −
∑
∀c∈C

SQircts, BirTs = 0 (17)

∑
∀i∈I

Ii∗ts ≤ MIC∗ (18)

SIQi∗ − Ii∗ts ≤ Di∗ts (19)

Ii∗ts,SQi∗ts, B
i
∗ts,D

i
∗ts ≥ 0 (20)

where∗ ∈ {p, d, r}, p ∈ P, d ∈ D, r ∈ R, i ∈ I, t ∈ T,
s ∈ S.

Here, Eq. (14) states that inventory level of one prod-
uct of a retailer at each period equals the amounts at pre-
vious period plus the amounts received from all DCs and
less the amounts sold to customers. Similar constraints ap-
ply for DCs and plants, as shown inEqs. (15) and (16).
Eqs. (14) and (15)also consider delayed transport quantity
caused by transport lead time.Eq. (17)means that backlog
level of one product equals the amounts at previous period
and added to the amounts of forecasting customer demand,
less the amounts sold to customer; and the backlog at the
last period should be zero for fulfilling expected customer
demand.Eq. (18)says that the amounts of all products can
not exceed the maximal inventory capacity. By using safe
inventory quantity constraints, we can make the short safe
inventory level of a product to be zero if inventory level is
greater than safe inventory quantity, or to be the difference
of safe inventory quantity and inventory level if inventory
level is smaller than safe inventory quantity, as shown in
Eq. (19).
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4.5. Costs and revenues

The plants’ manufacturing costs, purchasing costs for
DCs, retailers and customers, all inventory and handling
costs, and the transportation costs are listed in the following
for all p ∈ P, d ∈ D, r ∈ R, t ∈ T, ands ∈ S.

TMCpts=
∑
∀i∈I

[FMCipγ
i
pts + FICip(β

i
pts − αipts)

+ UMCipFMQipα
i
pts + OMCipOMQipo

i
pts] (21)

TPCdts=
∑
∀p∈P

∑
∀i∈I

USPipdsSQipdts,

TPCrts =
∑
∀d∈D

∑
∀i∈I

USPidrsSQidrts (22)

TIC∗ts =
∑
∀i∈I

UICi∗I
i
∗ts ∗ ∈ {p, d, r} (23)

THCpts

=
∑
∀i∈I

UHCip

×
(

FMQipα
i
p,t−1,s + OMQipo

i
p,t−1,s +

∑
∀d∈D

SQipdts

)

(24)

THCdts =
∑
∀i∈I

UHCid


∑

∀p∈P
SQipd,t−TLTpd,s

+
∑
∀r∈R

SQidrts




(25)

THCrts =
∑
∀i∈I

UHCir

(∑
∀d∈D

SQidr,t−TLTdr,s
+
∑
∀c∈C

SQircts

)

(26)

TTCpts =
∑

∀k′∈K′

∑
∀p∈P

(FTCk
′

pdY
k′
pdts+ UTCk

′
pdTQk

′
pdts) (27)

TTCdts =
∑
∀k∈K

∑
∀r∈R

(FTCkdrY
k
drts + UTCkdrTQkdrts) (28)

PSPpts=
∑
∀d∈D

∑
∀i∈I

USPipdsSQipdts,

PSPdts=
∑
∀r∈R

∑
∀i∈I

USPidrsSQidrts,

PSPrts =
∑
∀c∈C

∑
∀i∈I

USPircsSQircts (29)

In Eq. (21), the manufacturing cost is a composite obtained
by fixed manufacture and idle cost plus regular and overtime
manufacturing costs. Here, theγipts value (measured if we

are going to change production plan to produce producti)
will be either zero (ifβipts − βip,t−1,s = 0, continuing to

produce or not to produce producti) or 1 (if βipts−βip,t−1,s =
1, changeover to start producing producti). Eq. (22)gives
the purchasing costs for DCs and retailers;Eq. (23) is the
inventory cost, andEqs. (24) and (26)are handling costs for
plants, DCs, and retailers, respectively;Eqs. (27) and (28)
are transport costs for plant and DC, respectively. Here, the
transport cost is a composite of transport level-dependent
fixed cost and a transport quantity-dependent carrying cost.
This would cause a discontinuous piecewise linear transport
cost, as illustrated inFig. 4with skipped subscripts. Notably,
the discontinuities in the transport cost make the model more
general than the continuous one proposed byTsiakis et al.
(2001). Finally, Eq. (29)is product sales for all plants, DCs,
and retailers.

4.6. Multiple objectives

The conflict objectives such as each participant’s profit,
the average customer service level, and the average safe
inventory level are considered simultaneously, as stated in
the following.

Objective1: to simultaneously maximize participants’ ex-
pected profits forp ∈ P, d ∈ D, and r ∈ R.

Instead of directly maximizing the overall profit of
the integrated supply chain network, we intend to fairly
distribute the profit to all members within scheduling
periods. The profits of all participants to be maximized
are considered separately, where the profit at periodt

is equal to the product sales less all kinds of costs.

Z∗ =
∑
∀s∈S

PPDsZ∗s, ∗ ∈ {p, d, r} (30)

where

Zps=
∑
∀t∈T

(PSPpts − TMCpts − TTCpts

− TICpts − THCpts) ∀p ∈ P, s ∈ S

Zds=
∑
∀t∈T

(PSPdts − TPCdts − TTCdts

− TICdts − THCdts) ∀d ∈ D, s ∈ S

Zrs =
∑
∀t∈T

(PSPrts − TPCrts − THCrts − TICrts)

∀r ∈ R, s ∈ S.
Objective2: to maximize average safe inventory levels for
p ∈ P, d ∈ D, r ∈ R.

The safe inventory level of retailerr at periodt for
scenarios is defined as the expected average percentage
of 1 less the ratio of short safe inventory level of product
i of retailerr at periodt, Dirts, over the safe inventory
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quantity of producti of retailerr, SIQir, for all products.
Similar definitions are also applied to plants and DCs.
All participants’ safe inventory levels are concerned as
objectives for simultaneous optimization.

SIL∗ =
∑
∀s∈S

PPDsSIL∗s, ∗ ∈ {p, d, r} (31)

where

SIL∗s (%) = 100

IT

∑
∀t∈T

∑
∀i∈I

(
1 − Di∗ts

SIQi∗

)
, ∀s ∈ S

Objective3: to maximize average customer service levels
for r ∈ R.

Under the condition of taking all products into con-
sideration, the customer service level of retailerr at
period t is defined as the expected average percentage
ratio of actual sales quantity of producti from retailer
r to customers at periodt,

∑
∀c∈C SQircts, over the ex-

pected total demand quantity. The expected total de-
mand quantity is the sum of backlog level of product
i for retailerr at the end of periodt − 1, Bir,t−1,s, and
forecasting customer demand of producti to retailerr
at periodt,

∑
∀c∈C FCDircts.

CSLr =
∑
∀s∈S

PPDsCSLrs, ∀r ∈ R (32)

where

CSLrs (%)= 100

IT

∑
∀t∈T

∑
∀i∈I

×
( ∑

∀c∈C SQircts

Bir,t−1,s +∑
∀c∈C FCDircts

)
, ∀s ∈ S.

Objective4: to maximize robustness of selected objectives
to demand uncertainties.

It has been mentioned that all variables are scenarios
dependent when the explicit scenario-based approach
is applied to the uncertain product demand. However,
the profit realization might be unacceptably low for cer-
tain scenarios with especially low probabilities (Suh &
Lee, 2001). It is thus significant to reduce the variabil-
ity of above-mentioned objective values for any real-
ization of scenarios. An important issue in enforcing
robustness to uncertainties is the choice of variabil-
ity metric (Ahmed & Sahinidis, 1998). For those ob-
jectives to be maximized as mentioned previously, the
decision-maker usually does not care if the objective
value is greater than the expected one. We thus propose
the lower partial mean as the measure of robustness,
where only objective values less than the expectation
are penalized and are weighted by probabilities of re-
lated scenarios.

RIm′ =
∑
∀s∈S

PPDs min{0, Jm′s − Jm′ }, ∀m′ ∈M′

(33)

Here,M′ is the index set of objectives inEqs. (30)–(32)
with dimension [M′] = M ′ = 2P + 2D+ 3R.

In summary, the feasible searching space,Ω, are
composite of all constraints mentioned above. The
multiple objectivesJm(x),m ∈ M, whereM is the
index set of all objectives including the robustness
indices with [M] = M = 2M ′, and the decision
vector x are shown below. Notably, further to the
scenario-dependent product prices, the decision vector
x includes all production, transportation, sales quanti-
ties and inventory levels during considered periods.

max
x∈Ω

(J1(x), . . . , JM(x))

= (Zp, Zd, Zr; SILp,SILd,SILr; CSLr; RIm′ ;
∀p ∈ P, d ∈ D, r ∈ R,m′ ∈M′) (34)

x = {αipts, β
i
pts, γ

i
pts, o

i
pts; SQi∗ts; USPi∗s; TQk

′
pdts,TQkdrts,

Yk
′

pdts, Y
k
drts; Iipts, I

i
dts, I

i
rts;Birts;Dipts,D

i
dts,D

i
rts;

∗ ∈ {pd,dr, rc}; i ∈ I, p ∈ P, d ∈ D, r ∈ R,
c ∈ C, k′ ∈ K′, k ∈ K, t ∈ T, s ∈ S} (35)

5. Supply chain optimization with uncertain demands
and prices

By considering the uncertain property of human thinking,
it is quite intuitive to assume that the DM has a fuzzy goal,
Jm, to describe the maximizing objectiveJm with an ac-
ceptable interval [J0

m, J
1
m]. It would be quite satisfactory as

the objective value is greater thanJ1
m, and unacceptable as

the profit is less thanJ0
m, the minimum acceptable objective

value such that the company would like to enter to negotia-
tion for a fair deal in the multi-enterprise network. A strictly
monotonic increasing membership function,µJm(Jm(x)) ∈
[0,1], can be used to characterize such a transition from nu-
merical objective valueJm(x) to degree-of-satisfaction for
Jm. Without loss of generality, we will adopt the linear
membership function since it has been proved in providing
qualified solutions for many applications (Liu & Sahinidis,
1997).

µJm(Jm(x))

=




1; for Jm(x) ≥ J1
m

Jm(x)− J0
m

J1
m − J0

m

; for J0
m ≤ Jm(x) ≤ J1

m ∀m ∈M

0; for J0
m ≥ Jm(x)

(36)

Here,x denotes the argument vector as shown inEq. (35).
The effective range of the membership function, [J0

m, J
1
m],

can sometimes be subjectively defined by company’s deci-
sion makers. Some procedures can also follow for providing
reasonable limiting values for the objective. For those ob-
jectives such as profits and inventory levels and customer
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service levels,Jm′ , m′ ∈ M′, one can use the most op-
timistic expectation as the upper limit,̄J1

m′ = Jm′(x∗
m′),

where x∗
m′ is the optimal solution of the single objective

maximizing problem, maxx∈Ω Jm′(x). And choose the most
pessimistic expectation,J

¯
0
m′ , as the lower limiting value

(Zimmermann, 1978; Sakawa, 1993), where

J
¯

0
m′ = min{Jm′(x∗

i ), i ∈M′}, ∀m′ ∈M′ (37)

As for objectives measuring robustness to uncertainties, the
reasonable upper limit is zero (i.e., absolute robustness),
J̄1
M′+m′ = 0, and the lower limiting value can be found

similar toEq. (37).

J
¯

0
M′+m′ = min{JM′+m′(x∗

i ), i ∈M′}, ∀m′ ∈M′ (38)

One can thus subjectively determine the effective range for
membership functions with the restriction ofJ

¯
0
m ≤ J0

m <

J1
m ≤ J̄1

m. The original multi-objective optimization prob-
lem is now equivalent to look for a suitable decision vector
that can provide the maximal degree-of-satisfaction for the
aggregated fuzzy objectives,J1 ∩ . . .∩JM . When simulta-
neously considering the incompatible fuzzy preference on
product prices from sellers and buyers viewpoints, the final
fuzzy decision,FD, can be interpreted as the fuzzy intersec-
tion between all fuzzy objectives and fuzzy product prices.

FD = Jm ∩ SPipd ∩ SPidr ∩ SPirc ∩ BPipd ∩ BPidr ∩ BPirc
∀m ∈M, i ∈ I, p ∈ P, d ∈ D, r ∈ R, c ∈ C (39)

Noted that the expected product prices, USPi∗ = ∑
∀s∈S

PPDsUSPi∗s, ∗ ∈ {pd,dr, rc}, should be used in evaluating
the degree-of-acceptability of various fuzzy preferences.
The final overall satisfactory level,µFD(x), can be de-
termined by aggregating the degree-of-satisfaction for all
objectives,µJm(Jm(x)), and sellers’ and buyers’ prefer-
ence on product prices,µSPi∗(USPi∗) andµBPi∗(USPi∗), via
specifict-norm,T.

µFD(x)= T(µJm;µSPipd
, µSPidr

, µSPirc
;

µBPipd
, µBPidr

, µBPirc
| ∀m, i, p, d, r, c) (40)

The best solutionx∗ with the maximal firing level,µFD(x∗),
should be selected.

µFD(x
∗) = max

x∈Ω
µFD(x) (41)

Several t-norms can be chosen forT, therein two most
popular selections are shown below(Klir & Yuan, 1995).

T(µJm;µSPipd
, µSPidr

, µSPirc
;µBPipd

, µBPidr
, µBPirc

) (42)

=




min(µJm;µSPipd
, µSPidr

, µSPirc
;

µBPipd
, µBPidr

, µBPirc
),

T = minimum

µJm × µSPipd
× µSPidr

× µSPirc
×µBPipd

× µBPidr
× µBPirc

,
T = product

(43)

The minimum operator concerns the worst situation
only, and the product operator results in a Nash-type objec-
tive. Maximizing the single worst scenario may end in a
non-compensatory solution, and maximizing the Nash-type
objective can guarantee a compensatory solution (Li & Lee,
1993). But the drawback is that product operator may cause
an unbalanced solution between all fuzzy terms by the in-
herent character of product. We thus propose a two-phase
method to combine advantages of these two operators, as
summarized in the following (Chen et al., 2003).

Step 1. Determining membership function for each fuzzy
objective based on expected upper/lower bounds for the ob-
jective value, as shown inEq. (36), where

J
¯

0
m ≤ J0

m ≤ J1
m ≤ J̄1

m, ∀m ∈M.

Step 2 (Phase I). Considering all fuzzy objectives and fuzzy
product prices and using the minimum operator, maximizing
the degree of satisfaction for the worst situation.

max
x∈Ω

µFD = max
x∈Ω

min(µJm;µSPipd
, µSPidr

, µSPirc
;

µBPipd
, µBPidr

, µBPirc
) ≡ µmin (44)

Step 3 (Phase II). Applying the product operator, maximiz-
ing the overall Nash-type satisfactory level with guaranteed
minimal fulfillment for all fuzzy objectives and sales pref-
erences.

Table 1
Scenarios (s = 1,2,3,4,5,6 and 7) of forecasting product demands and
probabilities of illustrative example

i r t FCDirts

0.15a 0.2a 0.12a 0.24a 0.09a 0.13a 0.07a

1 1 1 160 160 160 160 160 160 160
1 1 2 170 170 170 160 150 150 150
1 1 3 180 180 180 160 140 140 140
1 1 4 190 180 170 160 150 140 130
1 1 5 200 180 160 160 160 140 120

1 2 1 180 180 180 180 180 180 180
1 2 2 200 200 180 200 160 160 160
1 2 3 220 220 180 220 140 140 140
1 2 4 220 240 180 200 140 120 160
1 2 5 220 260 180 180 140 100 180

2 1 1 240 240 240 240 240 240 240
2 1 2 240 270 210 210 270 270 210
2 1 3 240 300 180 180 300 300 180
2 1 4 240 270 210 150 330 300 180
2 1 5 240 240 240 120 360 300 180

2 2 1 280 280 280 280 280 280 280
2 2 2 320 240 320 320 240 240 280
2 2 3 360 200 360 360 200 200 280
2 2 4 320 200 400 360 160 240 280
2 2 5 280 200 400 360 120 280 280

a PPDs.
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max
x∈Ω+

µFD(x)= max
x∈Ω+

(µJm × µSPipd
× µSPidr

× µSPirc

×µBPipd
× µBPidr

× µBPirc
) (45)

where

Ω+ =Ω ∩ {µJm, µSPi∗ , µBPi∗ ≥ µmin|∗ ∈ {pd,dr, rc};
∀m, i, p, d, r, c} (46)

6. Numerical example

Considering a small-scale but typical supply chain con-
sists of one plant, two DCs, two retailers, and two prod-
ucts. The first DC, a smaller scale but faster delivery service
distributor, can rapidly respond to the suddenly increasing
customer demand to keep retailer’s customer service level,
but this also implies a higher operational cost; the second
one, a large scale but slower delivery service distributor, on
the other hand, can use the economies of scale to transport
goods at lower operational cost, but the prompt delivery is
not available, however. We assume one period of transport
lead time between each level for the second DC. So, the
distribution channel between plants to retailers is comple-
mentary with the faster, smaller shipment and slower, larger
shipment. And in order to simplify the problem, we neglect

Table 2
Cost parameters of illustrative example

Table 3
Parameters for defining fuzzy product prices in illustrative example

• i p d r Seller Buyer

(•)0S (•)1S (•)1B (•)0B
USPidr 1 1 1 1350 1450 1400 1500

1 1 2 1400 1500 1450 1550
1 2 1 1250 1350 1300 1400
1 2 2 1200 1300 1250 1350
2 1 1 650 750 700 800
2 1 2 700 800 750 850
2 2 1 600 700 650 750
2 2 2 550 650 600 700

USPipd 1 1 1 850 950 900 1000
1 1 2 750 850 800 900
2 1 1 400 500 450 550
2 1 2 300 400 350 450

USPirc 1 1 1650 1750 1700 1800
1 2 1600 1700 1650 1750
2 1 1000 1100 1050 1150
2 2 950 1050 1000 1100

the fluctuating rate for cost parameters. The whole schedul-
ing horizon is five periods. The product demand scenarios
and the assigned probabilities are shown inTable 1for the
case study. Other indices and sets are [N] = 3, [K] = 3, and
[K′] = 3. Values of all cost parameters are listed inTables 2
and 3, and other parameters,Table 4. Notably,Table 3gives
the required parameters for defining fuzzy product prices

Table 4
Other parameters of illustrative example
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Table 5
Parameters for defining membership functions for objectives

m Jm J
¯

0
m J0

m J1
m J̄1

m

1 Zp=1 2, 273, 758 2, 273, 758 2, 664, 123 4, 623, 672
2 Zd=1 −290,481 37, 429 570, 869 1, 104, 309
3 Zd=2 −467,993 762, 862 1, 109, 662 3, 155, 891
4 Zr=1 −797,333 28, 323 639, 630 1, 345, 449
5 Zr=2 −755,271 276, 206 648, 639 1, 553, 022
6 SILp=1 0.09 0.09 0.92 0.92
7 SILd=1 0.07 0.07 0.97 0.97
8 SILd=2 0.02 0.02 0.95 0.95
9 SILr=1 0.06 0.06 0.94 0.94

10 SILr=2 0.04 0.04 0.93 0.93
11 CSLr=1 0.80 0.80 1.00 1.00
12 CSLr=2 0.77 0.77 0.96 0.96
13 RIZp=1 −204,289 −129,519
14 RIZd=1 −101,687 −75,487
15 RIZd=2 −193,525 −159,639
16 RIZr=1 −200,097 −117,435
17 RIZr=2 −244,216 −139,514
18 RISILp=1 −0.066 −0.048
19 RISILd=1 −0.073 −0.060
20 RISILd=2 −0.057 −0.039
21 RISILr=1 −0.086 −0.034
22 RISILr=2 −0.085 −0.066
23 RICSLr=1 −0.036 −0.017
24 RICSLr=2 −0.026 −0.019

for sellers and buyers, respectively. Membership functions
shown inFig. 3 are respectively adopted for all aggregated
fuzzy product prices.

The problem includes 5702 equations, 4079 contin-
uous variables, and 910 binary variables. To solve this
mixed-integer nonlinear programming problem for the sup-
ply chain model, the Generalized Algebraic Modeling Sys-
tem (GAMS,Brooke et al., 1998), a well-known high-level
modeling system for mathematical programming problems,

Fig. 5. Radar plots by using minimum or productt-norms (single-phase optimization) and proposed two-phase optimization method. (a) Objectives such
as profits, inventory levels, and service levels; (b) robustness measures.

Table 6
The compromised product prices of the illustrative example

i p d r USP µBP µSP

USPidr 1 1 1 1425 0.75 0.75
1 1 2 1475 0.75 0.75
1 2 1 1326 0.74 0.76
1 2 2 1276 0.75 0.75
2 1 1 725 0.75 0.75
2 1 2 775 0.75 0.75
2 2 1 676 0.74 0.76
2 2 2 626 0.74 0.76

USPipd 1 1 1 926 0.74 0.76
1 1 2 826 0.75 0.75
2 1 1 476 0.74 0.76
2 1 2 375 0.75 0.75

USPirc 1 1 1728 0.72 0.78
1 2 1678 0.72 0.78
2 1 1079 0.72 0.78
2 2 1031 0.69 0.81

is used as the solution environment. The MINLP solver
used is DICOPT and the NLP solver, CONOPT.

According to the problem description, mathematical for-
mulation, and parameter design mentioned previously, we
solve the multi-objective mixed-integer non-linear program-
ming problem for a production and distribution scheduling
by using the fuzzy procedure discussed inSection 5.

Step 1. Select suitable ranges for defining membership
functions. Relevant lower/upper limits,J

¯
0
m and J̄1

m, and
selected effective ranges, [J0

m, J
1
m], for membership func-

tions are shown inTable 5. As mentioned previously, one
can subjectively select values forJ0

m andJ1
m for each ob-

jective if meaningful lower/upper bounds can be expected.
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Table 7
Variability of scenario-dependent objective values

Scenario Profit Safe inventory level Service level

p = 1 d = 1 d = 2 r = 1 r = 2 p = 1 d = 1 d = 2 r = 1 r = 2 r = 1 r = 2

RI not included 1 2709353 353342 1300455 657240 288886 0.60 0.64 0.43 0.60 0.53 1.00 1.00
2 2036686 413862 821158 852790 917316 0.47 0.82 0.50 0.74 0.53 1.00 1.00
3 2806934 250369 1196849 79628 736006 0.49 0.71 0.57 0.50 0.62 0.99 1.00
4 2447388 375178 936194 234508 756312 0.61 0.97 0.57 0.59 0.75 0.99 0.85
5 2648390 421579 1159809 210789 −271410 0.65 0.84 0.55 0.68 0.74 1.00 1.00
6 2760923 123027 1053518 229115 46819 0.64 0.91 0.57 0.62 0.67 1.00 1.00
7 2387742 318640 772951 −253262 853122 0.69 0.95 0.60 0.63 0.75 1.00 0.99

Expected 2502362 332101 1023055 366009 538010 0.58 0.84 0.53 0.62 0.65 1.00 0.96

RI −114353 −37930 −78733 −141041 −152013 −0.033 −0.050 −0.021 −0.025 −0.046 −0.004 −0.026

RI included 1 2627463 327660 987458 396451 637799 0.53 0.65 0.51 0.52 0.55 0.95 0.96
2 2580353 327660 1034208 350482 595791 0.53 0.65 0.51 0.52 0.55 0.95 0.96
3 2502549 327660 1151319 350482 565329 0.53 0.65 0.51 0.52 0.55 0.95 0.96
4 2502549 327660 1050643 350482 565329 0.53 0.65 0.51 0.52 0.55 0.95 0.96
5 2485710 327660 817240 299611 452736 0.53 0.65 0.51 0.52 0.55 0.95 0.96
6 2451158 327660 765471 332659 528373 0.53 0.65 0.51 0.52 0.55 0.95 0.96
7 2129671 327660 987458 350482 536394 0.53 0.65 0.51 0.52 0.55 0.95 0.96

Expected 2502549 327660 987458 350482 565329 0.53 0.65 0.51 0.52 0.55 0.95 0.96

RI −34298 0 −44178 −6895 −16963 0.00 0.00 0.00 0.00 0.00 0.00 0.00

We thus directly use [J
¯

0
m, J̄

1
m] as the effective range for

defining fuzzy objectives such as inventory levels and
customer service levels. Due to the wide variability of
scenario-dependent profits, it is suggested using the lowest
positive profit as the lower bound, and the second largest
value as the upper bound. For emphasizing robustness mea-
sures, we suggest adopting the second lower value as the
lower bound, and the zero as the upper bound.

Step 2 (Phase I). To maximize the degree of satisfaction
for the worst objective by using the minimum operator. The
result isµmin = 0.53.

Step 3 (Phase II). Re-optimize the problem with new con-
straints of guaranteed minimum satisfaction for all fuzzy ob-
jectives and fuzzy product prices. The results will be shown
and discussed in the following.

The radar plots for profits, safe inventory levels, customer
service levels, and the robustness measures are shown in
Fig. 5, and the resulting compromised sales prices are listed
in Table 6.

Form the results obtained by selecting minimum as
t-norm, we can get a more balanced satisfaction among all
objectives where the degrees of satisfaction are all around
0.53. By using product operator to guarantee a unique solu-
tion, however, the results are unbalanced with lower degree
of satisfaction for profits ofr = 1 andd = 1, and the safe
inventory level ofd = 2. On the other hand, the high profit
of r = 2 and service levels ofr = 1 andr = 2 are given very
high emphasis. Obviously this is not desirable for obtaining
a compromise solution. Overcoming the drawbacks of the

single phase method, the proposed two-phase method can
incorporate advantages of these twot-norms. The minimum
operator is used in phase I to find the maximal satisfaction
for worst situation, and the product operator is applied in
phase II to maximize the overall satisfaction with guaran-
teed minimal fulfillment for all fuzzy objectives and fuzzy
product prices.

Resulting objective values for all scenarios either consid-
ering robustness measures or not are listed inTable 7. It can
be found that the variability of scenario-dependent objec-
tive values is quite high if the robustness measures are not
included as objectives. In such a case, some profit realiza-
tions are unacceptably low for certain scenarios especially
for retailersr = 1 andr = 2. When simultaneously consid-
ering the robustness measures as objectives, i.e., objective
values less than the expectation are penalized, the vari-
ability of scenario-related objective values is significantly
reduced.

7. Conclusion

This paper investigates the simultaneous optimization of
multiple conflict objectives and the uncertain product prices
problem in a typical supply chain network with market
demand uncertainties. The demand uncertainty is modeled
as discrete scenarios with given probabilities for different
expected outcomes, and the uncertain product prices are
described as fuzzy variables. The problem is formulated as
a MINLP model to achieve fair profit distribution among
whole network’s participants, safe inventory levels, max-
imum customer service levels, maximum robustness to
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demand uncertainties, and to guarantee maximum accept-
ability levels of sellers’ and buyers’ preference on product
prices. Considering the robustness measures as part of
multiple objectives can significantly reduce the variability
of other objective values to product demand uncertainties.
To find the degree of satisfaction of the multiple objec-
tives, the linear increasing membership function is used;
the final decision is acquired by fuzzy aggregation of the

Nomenclature

Index/set Dimension Physical meaning
c ∈ C [C] = C customers
d ∈ D [D] = D distribution centers
i ∈ I [I] = I products
k ∈ K [K] = K transport capacity level, DC to retailer
k′ ∈ K′ [K′] = K′ transport capacity level, plant to DC
m ∈M [M] = M all objectives
m′ ∈M′ [M′] = M ′ objectives 1–3
n ∈ N [N] = N counter for overtime manufacturing
p ∈ P [P] = P plants
r ∈ R [R] = R retailers
t ∈ T [T] = T periods
s ∈ S [S] = S scenarios

Parameters ∗ ∈ Physical meaning
FCDi∗ts {r} forecast customer demand ofi
FICi∗ {p} fix idle cost to keepp idle
FMCi∗ {p} fix manufacture cost changed to makei
FMQi∗ {p} fix manufacture quantity ofi
FTCk∗ {dr} kth level fix transport cost,d to r
FTCk

′
∗ {pd} k′th level fix transport cost,p to d

MIC∗ {p, d, r} maximum inventory capacity ofp, d, r
MITC∗ {d} maximum input transport capacity ofd
MOTC∗ {d} maximum output transport capacity ofd
MTO∗ {p} maximum total overtime manufacture period
OMCi∗ {p} overtime unit manufacture cost ofi
OMQi∗ {p} overall fix manufacture quantity
PPD∗ {s} probability for scenarios
SIQi∗ {p, d, r} safe inventory quantity inp, d, r
SQLi∨∗ {p, d} sales quantity levels ofi, (∗,∨) ∈ {(p, %′), (d, %)}
UHCi∗ {p, d, r} unit handling cost ofi for p, d, r
UICi∗ {p, d, r} unit inventory cost ofi for p, d, r
UMCi∗ {p} unit manufacture cost ofi
(USPi∗)•+ {pd,dr, rc} parameters for defining piecewise unit sale prices,+ ∈ {S,B}, • ∈ {0,1}
UTCk∗ {dr} kth level unit transport cost,d to r
UTCk

′
∗ {pd} k′th level unit transport cost,p to d

TCLk∗ {dr} kth transport capacity level,d to r
TCLk

′
∗ {pd} k′th transport capacity level,p to d

TLT∗ {pd,dr} transport lead time,p to d (d to r)

Binary variables ∗ ∈ Meaning when having value of1
Yk∗ts {dr} kth transport capacity level,d to r
Yk

′
∗ts {pd} k′th transport capacity level,p to d
αi∗ts {p} manufacture with regular time workforce
βi∗ts {p} setup plantp to manufacturei

fuzzy goals and the fuzzy product prices, and the best com-
promised solution can be derived by maximizing the overall
degree of satisfaction for the decision. The implementation
of the proposed fuzzy decision-making method, as one can
see in the case study, demonstrates that the method can pro-
vide a compensatory solution for the multiple conflict ob-
jectives and the fuzzy product prices problem in a supply
chain network with demand uncertainties.
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γi∗ts {p} p changeover to manufacturei
oi∗ts {p} manufacture with overtime workforce

Real variables ∗ ∈ Physical meaning
Bi∗ts {r} backlog level ofi in r at end oft
Di∗ts {p, d, r} short safe inventory level inp, d, r
Ii∗ts {p, d, r} inventory level ofi in p, d, r
J∗ {m} objectives
PSP∗ts {p, d, r} product sales ofp, d, r
RI∗ {m′} robustness index of objectives
SQi∗ts {pd,dr, rc} sales quantity ofi from p to d, d to r, r to c
TIC∗ts {p, d, r} total inventory cost ofp, d, r
THC∗ts {p, d, r} total handling cost ofp, d, r
TMC∗ts {p} total manufacture cost ofp
TPC∗ts {d, r} total purchase cost ofd, r
TQk∗ts {dr} kth level transport quantity,d to r
TQk

′
∗ts {pd} k′th level transport quantity,p to d

TQ∗ts {pd,dr} total transport quantity,p to d or d to r
TTC∗ts {d; pd,dr} total transport cost ofd; p to d or d to r
USPi∗s {pd,dr, rc} unit product price ofi, p to d, d to r, andr to c
SIL∗t {p, d, r} expected safe inventory level ofp, d, r
CSL∗t {r} expected customer service level ofr
Z∗t {p, d, r} expected net profit ofp, d, r

Fuzzy variables ∗ ∈ Physical meaning
BPi∗ {pd,dr, rc} fuzzy sets to measure buyer’s preference for product price
FD fuzzy set for final decision
Jm fuzzy set for objectivem, m ∈M
SPi∗ {pd,dr, rc} fuzzy sets to measure seller’s preference for product price
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Abstract

This study considers the planning of a multi-product, multi-period, and multi-echelon supply chain network that consists of several existing plants

at fixed places, some warehouses and distribution centers at undetermined locations, and a number of given customer zones. Unsure market demands

are taken into account and modeled as a number of discrete scenarios with known probabilities. The supply chain planning model is constructed as a

multi-objective mixed-integer linear program (MILP) to satisfy several conflict objectives, such as minimizing the total cost, raising the decision

robustness in various product demand scenarios, lifting the local incentives, and reducing the total transport time. For the purpose of creating a

compensatory solution among all participants of the supply chain, a two-phase fuzzy decision-making method is presented and, by means of

application of it to a numerical example, is proven effective in providing a compromised solution in an uncertain multi-echelon supply chain network.

# 2007 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

Keywords: Supply chain management; Uncertainty; Multiple objectives; Mixed-integer linear program (MILP); Fuzzy decision making

1. Introduction

The supply chain is an integrated process wherein a number

of business entities (suppliers, manufacturers, distributors and

retailers) work together in an effort to acquire raw materials,

convert them into specified final products and deliver these final

products to retailers (Beamon, 1998). The supply chain further

fosters a new concept in management: the concept of supply

chain management.

Over the past decade the world has changed from a

marketplace with some large independent markets to an

extremely integrated global market. The increase in compe-

titive pressures in the global marketplace coupled with the rapid

advances in information technology have brought supply chain

planning into the forefront of the business practices of most

manufacturing and service organizations (Gupta and Maranas,

2003). A great variety of companies, those in chemical industry

included, can also benefit from this novel management scheme.

Therefore, many researchers in the process systems engineering

(PSE) society devote themselves to this interesting field

(Applequist et al., 2000; Bose and Pekny, 2000; Chen et al.,

2003; Cheng et al., 2003; Garcia-Flores et al., 2000; Gupta and

Maranas, 2000; Gupta et al., 2000; Perea-Lopez et al., 2000;

Pinto et al., 2000; Zhou et al., 2000, etc.).

Traditionally, the integration of supply chain networks is

usually based on deterministic parameters. In practice, however,

this is rarely the case as it is usually difficult to foretell prices of

chemicals, market demands, availabilities of raw materials, etc.,

in a precise fashion (Liu and Sahinidis, 1997). A number of works

are devoted to studying supply chain management under uncer-

tain environments. For example, Gupta and Maranas (2000)

incorporate uncertain demand via a normal probability function

and propose a two-stage solution framework. A generalization to

handle multi-period and multi-customer problems was recently

proposed by Gupta and Maranas (2003). Tsiakis et al. (2001) use

a scenario planning approach to describe demand uncertainties.

Therein a number of demand scenarios with assigned non-zero

probabilities is used as discrete stochastic demand quantities. All

scenarios are simultaneously taken into account in the supply

chain network design. However, the robustness of decision for

uncertain product demands is not considered in these studies. In

this paper, one of the major concerns is market demand

uncertainty. The scenario-based approach will be adopted for

modeling the uncertain market demands.
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The location of manufacturing and warehousing facilities

has received considerable attention from academics and

practitioners alike over the past four decades. Location models

have been developed to answer questions such as how many

facilities to establish, where to locate them, and how to

distribute the products to the customers in order to satisfy

demand and minimize total cost (Melachrinoudis et al., 2000).

However, when making location decisions, in addition to the

total cost, one should also consider some other conditions such

as the influence of local incentives and transport time.

In this article, the mid-term planning problem of locating

warehouses and distribution centers in a supply chain network

will be addressed, where multiple conflict objectives will be

considered simultaneously including minimizing the total cost,

raising the decision robustness to various product demand

scenarios, lifting the local incentives, and reducing the total

transport time. This problem can be further formulated as a

multi-objective mixed-integer linear program. So the two-

phase fuzzy optimization solution strategy proposed by Chen

and Lee (2004a,b) can be adopted directly.

In the rest of this article, the problem statement and

assumptions are outlined in Section 2. The considered uncertain

issues in supply chain planning are also described. The

formulation of a production and distribution–planning model is

set out in Section 3. The procedure for grouping the scenario-

dependent multiple conflict objectives into a scalar objective

using the fuzzy sets concept is presented in Section 4. The

contents of a numerical example, used to demonstrate the

usefulness of the proposed method, are given in Section 5.

Finally, some concluding remarks are given in Section 6.

Index/set Dimension Physical meaning

c2C ½C� ¼ C Customer zones

d 2D ½D� ¼ D Distribution centers

i2I ½I� ¼ I Products

k2K ½K� ¼ K Transport capacity level

m2M ½M� ¼ M All objectives

n2N ½N � ¼ N Resources

p2P ½P� ¼ P Plants

s2S ½S� ¼ S Scenarios

t2T ½T � ¼ T Periods

w2W ½W� ¼ W Warehouses

Parameters *2 Physical meaning

FCDi
�ts {c} Forecasting customer demand of i for customer c

FTCk
� f pw;wd; dcg kth level fix transport cost, p to w;w to d, d to c

LI� fw; dg Local incentive of w, d

PPDs Probability of product scenario s

PQ�i ps {max, min} Maximum, minimum manufacturing quantity of product i

Qmax
�s f pw;wd; dcg Maximum transport quantity of p to w;w to d, d to c

Qmin
�s f pw;wd; dcg Minimum transport quantity of p to w;w to d, d to c

R*nts {p} Total resource n at p

SQþ� fw; dg Maximum, minimum capacity of w, d, + 2 {max, min}

TCLk
� f pw;wd; dcg kth transport capacity level, p to w;w to d, d to c

TT� f pw;wd; dcg Transport time of p to w;w to d, d to c

UEC� fw; dg Unit establishing cost of w, d

UHCi
� fw; dg Unit handling cost of product i for w, d

UPCi
� {p} Unit production cost of product i for plant p

UTCk
� f pw;wd; dcg kth level unit transport cost, p to w;w to d, d to c

ai
� fwg Coefficient relating the capacity of d to flow of product i handled

bi
� {d} Coefficient relating the capacity of w to flow of product i handled

ri
�nts {p} Coefficient for resource m used in plant p for product i

Real var. *2 Physical meaning

J* {m} Objectives

OTT Total transportation time

PQi
�ts {p} Manufacture quantity of i

Qi
�ts f pw;wd; dcg Total transport quantity, p to w;w to d, d to c

SQ� fw; dg Capacity of w, d

TCO Total cost

TEC Total establishment cost of all warehouses and distribution centers

THCts Total handling cost of scenario s in period t

TLI, LD Total local incentive and an overall index on distribution centers

TPCts Total production cost of scenario s in period t

TTCts Total transportation cost for scenario s in period t

C.-L. Chen et al. / Journal of the Chinese Institute of Chemical Engineers 38 (2007) 393–407394
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2. Problem description for locating warehouses and

distribution centers in a supply chain network

The researchers consider a typical multi-product, multi-

echelon and multi-period supply chain network originally

studied by Tsiakis et al. (2001). The revised supply chain

network consists of several existing multi-product plants at

fixed places, some candidate warehouses and distribution

centers at specific but undermined locations, and a number of

known customer zones, as showed in Fig. 1. In this mid-term

supply chain-planning problem, each customer zone places

demands for one or more products. The candidate warehouses

and distribution centers are described by the upper and lower

bounds on their handling capacity. The establishment of

warehouses and distribution centers will result in a fixed

infrastructure cost. Operational costs include those associated

with production, handling of material at warehouses and

distribution centers, and transportation. The numbers and the

locations of selected warehouses and distribution centers are

left to be determined for establishment of a cost–effective

supply chain network. The following assumptions are made for

subsequent modeling and optimization: the whole system is

operated steadily; therefore, there is no stock accumulation or

depletion, and inventory can be ignored; the production

capacity of each plant is related linearly to resources; the

capacities of warehouses and distribution centers are related

linearly to the materials that they handle; the transportation

costs are piecewise linear functions of the actual flow of the

product from the source stage to the destination podium; several

scenarios of product demands with known probabilities are

forecast over the entire planning periods. The overall problem

can thus be stated as follows. Given are the manufacturing data,

such as product capacity and resource constraints; the basic

data for candidate warehouses and distribution centers, such as

capacities and local incentives; the transportation data, such as

transport time and transport capacity; all cost parameters, such

as manufacturing and handling costs; and several scenarios of

forecasted product demands with known probabilities. The

authors are going to determine the production plan of each

plant; the number, location, and the capacity of warehouses and

distribution centers to be set up; the transportation plan of each

warehouse and distribution center; and all types of costs. The

target is to integrate the multi-echelon decisions simultaneously

to minimize the total cost and the transport time, and to elevate

local incentives and the robustness of all considered design

objectives to product demand uncertainties as much as possible.

In the market, the participants of a supply chain not only

faces the uncertainties of product demands and raw material

supplies but also faces the uncertainties of commodity prices

and costs (Liu and Sahinidis, 1997). The authors will also

TTC�ts f pw;wd; dcg Total transportation cost of * for scenario s in period t

TTQk
�ts f pw;wd; dcg kth level transport quantity, p to w;w to d, d to c

mJmðJmðxÞÞ The membership function of fuzzy objective J m

Binary var. *2 Meaning when having value of 1

X� f pw;wd; dcg A link between p and w;w and d, d and c exists

Y� fw; dg Warehouse w or distribution center d is to be established

Zk
�ts f pw;wd; dcg kth transport capacity level, p to w;w to d, d to c

Fuzzy var. Physical meaning

FD Fuzzy set for final decision

J m Fuzzy set for objective m

Fig. 1. The studied supply chain network.
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address issues of demand uncertainty in the mid-term planning

problem. The first concern in incorporating uncertainties into

supply chain modeling and optimization is the determination of

suitable representation of the uncertain parameters (Gupta and

Maranas, 2003). Several distinct methods are frequently

mentioned for representing uncertainty. For example, the

fuzzy-based approach (Giannoccaro et al., 2003; Liu and

Sahinidis, 1997; Petrovic et al., 1998, 1999), wherein the

forecast parameters are considered as fuzzy numbers with

accompanied membership functions; the scenario-based

approach (Gupta and Maranas, 2003), in which several discrete

scenarios with associated probability levels are used to describe

expected occurrence of particular outcomes. To simplify the

subsequent mathematical calculations, the discrete scenario-

based approach for modeling uncertain mid-term product

demands is adopted. Previous experience concerning uncertain

product demands in short-term supply chain management

problems (Chen and Lee, 2004a,b) gives strong support for

applying the scenario-based approach. The mid-term planning

problem considering multiple conflict objectives, including

uncertain product demands, will be addressed in this article.

For applying the discrete cases representation for modeling

uncertain demands, several possible outcomes for demand

forecasting, FCDs; s2S, with known probabilities, PPDs,

should be determined at first with the restriction ofP
8 s2SPPDs ¼ 1. Then, all variables will become scenario-

dependent, and the expected value of any variable will be the

weighted average of those scenario-dependent values. That is,

for any variable n, one has to solve for several scenario-

dependent values, vs; s2S, and the expected value of n can be

taken as
P
8 s2SPPDsns. In such a case the deterministic supply

chain model can be easily extended to cope with the uncertain

demand conditions (Chen and Lee, 2004a,b).

3. Supply chain modeling with demand uncertainty

A general supply chain that consists of three different levels

of enterprises is considered. The first level enterprise is the

retailer from which the products are sold to customers. The

second level enterprise is the distribution center (DC) and/or

warehouse using different types of transport capacity to deliver

products from the plant side to the retailer side. The third level

enterprise is the plant or the manufacturer that batch-

manufactures one product over one period. In the following,

the integrated multi-echelon supply chain model of Tsiakis

et al. (2001) is extended for optimal decisions. The scenario-

based representation for uncertain product demands is

considered in the modeling. The indices, sets and parameters

designed for modeling the supply chain network with product

demand uncertainty are given in the nomenclature. Therein,

parameters are divided into two categories: the cost parameters,

including product cost, handling cost and transport cost; and

other parameters describing the system information, such as

handling and transport capacity or forecasting customer

demand. Two kinds of variables are used: the binary variables

that act as policy decisions to establish warehouses and

distribution centers, along with using economies of scale for

manufacturing or transportation, and the continuous variables

that include manufacturing quantities, handling capacity and

transport quantities.

3.1. Network structure constraints

All relevant network structural constraints between all

plants, warehouses, DCs and customer zones can be

summarized as follows.

X pw � Yw; Xwd � Yw (1)

Xwd � Yd; Xdc � Yd (2)

X
8w2W

Xwd ¼ Yd;
X
8 d 2D

Xdc ¼ 1

8 p2P;w2W; d2D; c2C

Eq. (1) denotes that a link between a plant p and a warehouse

w or between a warehouse w and a DC d can exist only if

warehouse w exists. Similar constraints can apply to the link

between DCs and customer zones, as shown in Eq. (2). To

simplify the problem, it is assumed that a DC can only be served

by a single warehouse, and a customer zone can only be served

by a single DC, as shown in Eq. (3).

3.2. Transport constraints

The transportation constraints at considered periods, t2T ,

in different economic scales are given below.

TCLk�1
� Zk

�ts <TTOk
�ts � TCLk

�Z
k
�ts (4)

X
8 k2K

Zk
�ts � 1 (5)

X
8 i2I

Qi
�ts ¼

X
8 k2K

Qk
�ts (6)

Qmin
�s X� �

X
8 i2I

Qi
�ts � Qmax

�s X� (7)

Qi
�ts� 0 (8)

where � 2 f pw;wd; dcg;
8 p2P;w2W; d2D; c2C; i2I ; t2T ; s2S

Eqs. (4) and (5) imply that several transport capacity levels

with various unit transport costs can be used, as depicted in

Fig. 2 for a three-level case, and at most one transport capacity

can be chosen at each period. In Eq. (6), the transport quantities

from plants to warehouses, from warehouses to DCs, or from

DCs to customer zones at each period are respectively

translated into total transport quantities. Eq. (7) says that the

total transport quantities have lower/upper bonds, for all the

existing links.

(3)

C.-L. Chen et al. / Journal of the Chinese Institute of Chemical Engineers 38 (2007) 393–407396
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3.3. Material balances constraints

For mid-term design, it is assumed that the operation is in a

constant state. Therefore, there is no stock accumulation or

depletion. All material balance constraints can thus be

summarized as follows.

PQi
pts ¼

X
8w2W

Qi
pwts (9)

X
8 p2P

Qi
pwts ¼

X
8 d 2D

Qi
wdts (10)

X
8w2W

Qi
wdts ¼

X
8 c2C

Qi
dcts (11)

X
8 d 2D

Qi
dcts ¼ FCDi

cts (12)

PQt
i ps� 0;

8 p2P; i2I ; t2T ; s2S

Eq. (9) says that the production of a product i by a plant p

must be equal to the total flow of the product i to all warehouses.

Eq. (10) states that the total flow of a product i from all plants to

a warehouse w must be equal to the total flow of the product i

from the warehouse w to all DCs.

Similarly, Eq. (11) means that the total flow of a product i

from all warehouses to a DC d must equal to the total flow of a

product i from the DC d to all customer zones. Eq. (10) denotes

that the total flow of a product i from all DCs to a customer zone

c must equal to the forecast customer demands.

3.4. Production resource constraints

An important issue in designing the network is the ability of

the plants to satisfy the demands of customers. The production of

each product at any plant thus has some limitations as follows.

PQmin
i ps � PQi

pts � PQmax
i ps (14)

X
8 i2I

ri
pntsPQi

pts � R pnts;

8 p2P; n2N ; i2I ; t2T ; s2S

Here, Eq. (14) states that each plant has its own maximum

and minimum product capacities. Many plants may apply the

same resources (equipment, utilities, manpower, etc.) to

produce different products at different production stages.

The limitations of resource utilization can be seen in Eq. (15).

3.5. Capacity constraints

All capacity constraints for warehouses and DCs are listed in

the following.

SQmin
w Yw � SQw � SQmax

w Yw (16)

SQmin
d Yd � SQd � SQmax

d Yd (17)

SQw�
X
8 i2I

X
8 d 2D

ai
wQi

wdts (18)

SQd �
X
8 i2I

X
8 c2C

bi
dQi

dcts;

8w2W; d 2D; c2C; i2I ; t2T ; s2S (19)

Eq. (16) means that the capacity of a warehouse w has its

lower bounds SQmin
w and upper bounds SQmax

w , if the warehouse

is established. Similar constraints apply to the capacities of the

distribution centers, as shown in Eq. (17). It is assumed that the

capacities of the warehouses and the distribution centers are

related linearly to the materials that they handle, as expressed in

Eqs. (18) and (19).

3.6. Costs

The establishment costs of warehouses and distribution

centers, production costs, all material handling costs, and

transportation costs are given below.

TEC ¼
X
8w2W

UECwYw þ
X
8 d 2D

UECdYd (20)

TPCts ¼
X
8 i2I

X
8 p2P

UPCi
pPQi

pts (21)

THCts ¼
X
8 i2I

X
8w2W

UHCi
w

� X
8 p2P

Qi
pwts

�

þ
X
8 i2I

X
8 d 2D

UHCi
d

� X
8w2W

Qi
wdts

�
(22)

TTC�ts ¼
X
8 k2K

ðFTCk
�Z

k
�ts þ UTCk

�TTQk
�tsÞ (23)

Fig. 2. Piecewise linear relation (solid lines) between transport cost, TTC, and

shipment quantity, TTQ.

(15)

(13)
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TTCts ¼
X
8 p2P

X
8w2W

TTCt
pws þ

X
8w2W

X
8 d 2D

TTCt
wds

þ
X
8 d 2D

X
8 c2D

TTCt
dcs;

where � 2 f pw;wd; dcg; 8 p2P;w2W; 2D;
c2C; i2I ; t2T ; s2S

Eq. (20) gives the establishment costs of warehouses and

distribution centers at candidate locations. In Eq. (21), the total

production costs are the summations of the production quantity

of product i multiply the unit production cost UPCip. Eq. (22)

states that the total material handling costs can be expressed as a

linear function of each product being handled at warehouses and

distribution centers. Eq. (23) denotes transport costs for the plant

and DC, respectively. Here, the transport cost is a composite of

transport level-dependent fixed cost and a transport quantity-

dependent carrying cost. This would cause a discontinuous

piecewise linear transport cost, as illustrated in Fig. 2 with

skipped subscripts. Finally, Eq. (24) is the total transportation

cost (Gjerdrum et al., 2001).

3.7. Multiple objectives for optimal planning

Several conflicting objectives such as minimizing the total

cost, maximizing the robustness of selected objectives to

demand uncertainties, maximizing the local incentives, and

minimizing the total transport time can be considered

simultaneously for the supply chain network design, as stated

in the following.

3.7.1. Objective 1: minimizing the total cost

The total cost is a summation of the total establishment

costs, the total production costs, the total handling costs, and

the total transportation costs, such as

min
x2V0

TCO ¼ TEC

þ
X
8 t2T

X
8 s2S

PPDsðTPCts þ THCts þ TTCtsÞ

Where V0 is the feasible searching space which is a composite

of all constraints, Eqs. (1)–(24), and x denotes the decision

vector

x ¼ fYw; Yd;X�; Qi
�tsTTQk

�ts; Z
k
�ts; PQi

i ps; SQw; SQd;

� 2 f pw;wd; dcg; 8 i2I ; p2P;w2W;
d 2D; c2C; k2K; t2T ; s2Sg

3.7.2. Objective 2: maximizing the robustness to various

scenarios

It has been mentioned that all operating variables are

scenario-dependent when the explicit scenario-based approach

is applied to model the uncertain product demands. However,

the total cost realization might be unacceptably high for certain

scenarios with especially low probabilities (Suh and Lee,

2001). It is thus significant to reduce the variability of objective

values Js for any realization of scenarios. An important issue in

enforcing the robustness to uncertainties is the choice of a

variability metric (Ahmed and Sahinidis, 1998). For the total

cost to be minimized, the decision maker usually does not care

if the objective value Js is lower than the expected mean value J.

Thus, the upper partial mean (UPM) is used as the measure of

robustness where only costs above the expectation are

penalized and are weighted by probabilities of related

scenarios, PPDs.

UPM ¼
X
8 s2S

PPDsmaxf0; Js � Jg

As the upper partial mean decreases, the robustness of total

cost will increase, thus one can define the robustness index (RI)

as below, where the nonlinear objective function is further re-

formulated to equivalent linear form with additional constraint,

Eq. (25).

max
x2V00

RI ¼ �UPM ¼ �
X
8 s2S

PPDsUPMs

where

UPMs� 0; UPMs� Js � J; 8 s2S (25)

Notably, there is an additional constraint in the new feasible

searching space, V00 = V0\{Eq. (25)}.

3.7.3. Objective 3: maximizing the local incentives

When dealing with the location–allocation problem, there

are many factors worth being considered, such as traffic

facilities, labor quality, tax breaks, laws, etc. More traffic

facilities such as highways, railroads, harbors, airports, etc.,

will decrease transport risks. Higher labor quality will have

higher work efficiency. A meaningful local incentive can be

defined by first identifying all important factors which cause

great impact on the location–allocation problem, and second,

giving weight to each factor according to its importance, and

subjectively scoring the factors of each candidate location. The

weighted average of these scores can be defined as the local

incentive of each candidate location. Although the target is to

maximize the average local incentive of all chosen locations, it

will cause the nonlinear term as shown below.

max
x2V0

TLI ¼
P
8w2WLIwYwP
8w2WYw

þ
P
8 d 2DLIdYdP
8 d 2DYd

Thus the following model will be applied to simplify the

solution procedure.

max
x2V0

TLI ¼ minfLIw þ Uð1� YwÞj 8w2Wg

þminfLId þ Uð1� YdÞj 8 d 2Dg

The model raises the minimum local incentives of the

warehouses and the distribution centers as high as possible,

where U is a large positive value. For those candidate locations

of warehouses or distribution centers that are not chosen, their

local incentives will be ignored. The above nonlinear objective

(24)
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can be re-formulated as the following linear form.

max
x2V000

TLI

where V000 = V0 \ {Eq. (26)}.

TLI � LIw þ Uð1� YwÞ þ LD 8w2W
LD � LId þ Uð1� YdÞ 8 d 2D (26)

3.7.4. Objective 4: minimizing the total transport time

Decreasing the transport time cannot only reduce the

inventory levels, but can also increase the customer service

levels. So, reduction of transport time is an important topic when

coping with allocation–location problems. One can set the total

transport time as the objective to be minimized, as shown below.

min
x2V0

OTT ¼
X
8 p2P

X
8w2W

TT pwX pw þ
X
8w2W

X
8 d 2D

TTwdXwd

þ
X
8 d 2D

X
8 c2C

TTdcXdc

In summary, the mid-term supply chain-planning model can

be constructed as a multi-objective mixed-integer linear program

(MILP). Notably, all objectives expressed below are set to a

maximum for simplifying the discussion. The feasible searching

space V is a composite of all constraints, Eqs. (1)–(26)

max
x2V
ðJ1ðxÞ; . . . ; JMðxÞÞ ¼ ð�TCO;RI;TLI;�OTTÞ (27)

4. Supply chain optimization with uncertain demands

The conventional approaches for solving the multi-objective

optimization problems are usually searching for efficient

(Pareto-optimal) solutions that can best attain the prioritized

objectives. Users, on the whole, have to provide a subjective

account of each objective. The fuzzy optimization approach, on

the other hand, can supply a single, yet unprejudiced final

decision as stated in the following.

By considering the uncertain property of human thinking, it is

quite intuitive to assume that the decision maker has a fuzzy goal,

J m, to describe a maximizing objective Jm with an acceptable

interval ½J0
m; J

1
m�. It would be quite satisfactory as the objective

value is greater than J1
m, and unacceptable as the profit is less than

J0
m, the minimum acceptable objective value such that the

company would like to enter to negotiation for a fair deal in the

multi-enterprise network. A strictly monotonic increasing

membership function, mJmðJmðxÞÞ 2 ½0; 1�, can be used to

characterize such a transition from maximizing a numerical

Table 1

Scenarios of forecasting product demands and probabilities of an illustrative example

FCDi
cts

i c t s i c t s i c t s i c t s

1 2 3 1 2 3 1 2 3 1 2 3

1 1 1 10 18 28 2 3 1 105 145 105 3 5 1 32 72 82 4 7 1 40 80 88

1 1 2 8 18 30 2 3 2 82 143 125 3 5 2 22 73 92 4 7 2 35 82 92

1 1 3 5 19 46 2 3 3 55 143 145 3 5 3 12 72 98 4 7 3 24 82 98

1 2 1 0 0 0 2 4 1 0 0 0 3 6 1 0 0 0 4 8 1 35 49 55

1 2 2 0 0 0 2 4 2 0 0 0 3 6 2 0 0 0 4 8 2 31 50 75

1 2 3 0 0 0 2 4 3 0 0 0 3 6 3 0 0 0 4 8 3 25 49 81

1 3 1 0 0 0 2 5 1 0 0 0 3 7 1 0 0 0 5 1 1 0 0 0

1 3 2 0 0 0 2 5 2 0 0 0 3 7 2 0 0 0 5 1 2 0 0 0

1 3 3 0 0 0 2 5 3 0 0 0 3 7 3 0 0 0 5 1 3 0 0 0

1 4 1 9 13 15 2 6 1 0 0 0 3 8 1 0 0 0 5 2 1 51 70 76

1 4 2 5 15 17 2 6 2 0 0 0 3 8 2 0 0 0 5 2 2 41 71 86

1 4 3 4 17 20 2 6 3 0 0 0 3 8 3 0 0 0 5 2 3 23 72 96

1 5 1 0 0 0 2 7 1 9 14 17 4 1 1 226 276 283 5 3 1 0 0 0

1 5 2 0 0 0 2 7 2 8 14 27 4 1 2 180 277 293 5 3 2 0 0 0

1 5 3 0 0 0 2 7 3 8 16 37 4 1 3 150 277 316 5 3 3 0 0 0

1 6 1 45 50 60 2 8 1 0 0 0 4 2 1 103 173 203 5 4 1 0 0 0

1 6 2 40 51 70 2 8 2 0 0 0 4 2 2 80 174 223 5 4 2 0 0 0

1 6 3 32 52 80 2 8 3 0 0 0 4 2 3 50 174 233 5 4 3 0 0 0

1 7 1 0 0 0 3 1 1 0 0 0 4 3 1 80 236 266 5 5 1 0 0 0

1 7 2 0 0 0 3 1 2 0 0 0 4 3 2 54 231 282 5 5 2 0 0 0

1 7 3 0 0 0 3 1 3 0 0 0 4 3 3 38 231 298 5 5 3 0 0 0

1 8 1 0 0 0 3 2 1 55 105 155 4 4 1 0 0 0 5 6 1 0 0 0

1 8 2 0 0 0 3 2 2 40 101 125 4 4 2 0 0 0 5 6 2 0 0 0

1 8 3 0 0 0 3 2 3 20 100 215 4 4 3 0 0 0 5 6 3 0 0 0

2 1 1 0 0 0 3 3 1 0 0 50 4 5 1 0 0 0 5 7 1 0 0 0

2 1 2 0 0 0 3 3 2 0 0 71 4 5 2 0 0 0 5 7 2 0 0 0

2 1 3 0 0 0 3 3 3 0 0 83 4 5 3 0 0 0 5 7 3 0 0 0

2 2 1 199 399 499 3 4 1 126 141 150 4 6 1 0 0 0 5 8 1 0 0 0

2 2 2 150 398 519 3 4 2 100 142 161 4 6 2 0 0 0 5 8 2 0 0 0

2 2 3 120 397 549 3 4 3 76 144 182 4 6 3 0 0 0 5 8 3 0 0 0
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objective value JmðxÞ to degree-of-satisfaction for J m (Zadeh,

1965). It is noted that the design performance of the fuzzy method

completely depends on the membership function. Different

membership functions will have different outcomes. For prac-

tical consideration, a reasonable unprejudiced procedure is

expected for providing reasonable limiting values for the objec-

tive. Without loss of generality, the authors first adopt the linear

membership function since it has been proven in providing

qualified solutions for many applications (Liu and Sahinidis,

1997).

mJm
ðxÞ ¼

1; for JmðxÞ� J1
m

JmðxÞ � J0
m

J1
m � J0

m

for J0
m � JmðxÞ � J1

m 8m2M

0; for J0
m� JmðxÞ

8>><
>>:

(28)

Here, x denotes the argument vector. The effective range of

the membership function ½J0
m; J

1
m�, can be determined dis-

passionately as follows. For those objectives, Jm;m2M, one

can use the most optimistic expectation as the upper limit,

J1
m ¼ Jmðx�mÞ, where x�m is the optimal solution of the single

objective maximizing problem, maxx2V JmðxÞ, and choose the

most pessimistic expectation, J0
m, as the lower limiting value

(Zimmermann, 1978; Sakawa, 1993), where

J0
m ¼ minfJmðx�i Þ; i2Mg; 8m2M (29)

One can, thus, impersonally determine the effective range of

membership functions with the restriction of J0
m � J0

m <
J1

m � J1
m. The original multi-objective optimization problem

is now equivalent to looking for a suitable decision vector that

can provide the maximal degree-of-satisfaction for the

aggregated fuzzy objectives, J 1ðxÞ \ . . . \J mðxÞ. When

simultaneously considering all fuzzy objectives, the final fuzzy

decision, FDðxÞ, can be interpreted as the fuzzy intersection

between all fuzzy objectives.

FDðxÞ ¼ J 1ðxÞ \ . . . \J MðxÞ (30)

The final overall satisfactory level, mFDðxÞ, can be

determined by aggregating the degree-of-satisfaction for all

Table 2

Fixed transport costs of an illustrative example

FTCk
pw; FTCk

wd

k p w d $ k p w d $ k p w d $ k p w d $

1 1 1 100 1 1 2 700 1 2 4 550 1 3 6 1250

2 1 1 200 2 1 2 1400 2 2 4 1100 2 3 6 2500

3 1 1 300 3 1 2 2100 3 2 4 1650 3 3 6 3750

4 1 1 400 4 1 2 2800 4 2 4 2200 4 3 6 5000

1 1 2 700 1 1 3 700 1 2 5 1300 1 3 7 800

2 1 2 1400 2 1 3 1400 2 2 5 2600 2 3 7 1600

3 1 2 2100 3 1 3 2100 3 2 5 3900 3 3 7 2400

4 1 2 2800 4 1 3 2800 4 2 5 5200 4 3 7 3200

1 1 3 700 1 1 4 200 1 2 6 800 1 4 1 250

2 1 3 1400 2 1 4 400 2 2 6 1600 2 4 1 500

3 1 3 2100 3 1 4 600 3 2 6 2400 3 4 1 750

4 1 3 2800 4 1 4 800 4 2 6 3200 4 4 1 1000

1 1 4 300 1 1 5 600 1 2 7 800 1 4 2 600

2 1 4 600 2 1 5 1200 2 2 7 1600 2 4 2 1200

3 1 4 900 3 1 5 1800 3 2 7 2400 3 4 2 1800

4 1 4 1200 4 1 5 2400 4 2 7 3200 4 4 2 2400

1 2 1 800 1 1 6 300 1 3 1 900 1 4 3 500

2 2 1 1600 2 1 6 600 2 3 1 1800 2 4 3 1000

3 2 1 2400 3 1 6 900 3 3 1 2700 3 4 3 1500

4 2 1 3200 4 1 6 1200 4 3 1 3600 4 4 3 2000

1 2 2 100 1 1 7 150 1 3 2 950 1 4 4 100

2 2 2 200 2 1 7 300 2 3 2 1900 2 4 4 200

3 2 2 300 3 1 7 450 3 3 2 2850 3 4 4 300

4 2 2 400 4 1 7 600 4 3 2 3800 4 4 4 400

1 2 3 900 1 2 1 700 1 3 3 100 1 4 5 800

2 2 3 1800 2 2 1 1400 2 3 3 200 2 4 5 1600

3 2 3 2700 3 2 1 2100 3 3 3 300 3 4 5 2400

4 2 3 3600 4 2 1 2800 4 3 3 400 4 4 5 3200

1 2 4 600 1 2 2 100 1 3 4 600 1 4 6 550

2 2 4 1200 2 2 2 200 2 3 4 1200 2 4 6 1100

3 2 4 1800 3 2 2 300 3 3 4 1800 3 4 6 1650

4 2 4 2400 4 2 2 400 4 3 4 2400 4 4 6 2200

1 1 1 100 1 2 3 750 1 3 5 1200 1 4 7 300

2 1 1 200 2 2 3 1500 2 3 5 2400 2 4 7 600

3 1 1 300 3 2 3 2250 3 3 5 3600 3 4 7 900

4 1 1 400 4 2 3 3000 4 3 5 4800 4 4 7 1200
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objectives, mJm
ðxÞ, via specific t-norm, T .

mFDðxÞ ¼ TðmJ 1
ðxÞ; . . . ;mJ m

ðxÞÞ (31)

The best solution x� with the maximal firing level, mFDðx�Þ,
should be selected.

mFDðx�Þ ¼ max
x2V

mFDðxÞ (32)

Several t-norms can be chosen for T, wherein the three most

popular selections are shown below (Klir and Yuan, 1995).

TðmJ 1
ðxÞ; . . . ;mJM

ðxÞÞ (33)

¼
minðmJ 1

ðxÞ; . . . ;mJM
ðxÞÞ T ¼ minimum

mJ 1
ðxÞ � . . .� mJM

ðxÞ T ¼ product
1

M
ðmJ l
ðxÞ þ . . .þ mJM

ðxÞÞ T ¼ 00average00

8><
>: (34)

Therein the minimum t-norm concerns the worst scenario

only, but it may result in a non-compensatory solution (Li and

Lee, 1993). On the other hand, both the product t-norm and the

average operator can provide a compensatory result; however,

they may cause an unbalanced solution between all fuzzy terms

due to their inherent character. In order to avoid numerical

difficulties caused by a highly nonlinear property of product t-

norm, Chen and Lee (2004a,b) adopt the average operator,

although it is not a t-norm. The successful application

experience of combining the advantages of minimum and

average operators for calculating the satisfactory level of fuzzy

decisions in a short-term supply chain problem (Chen and Lee,

2004a,b) is thus applied to solving multi-objective mid-term

planning problems.

Step 1. Determining the membership function for each fuzzy

objective based on the expected upper/lower bounds for

the objective value, as shown in Eq. (28), where

J0
m � J0

m � J1
m � J1

m; 8m2M.

Step 2. (Phase I) Considering all fuzzy objectives and using the

minimum operator, maximizing the degree of satisfac-

tion for the worst situation.

max
x2V

mFD ¼ max
x2V

minðmJ 1
;mJ 2

; . . . ;mJM
Þ�mmin

(35)

Step 3. (Phase II) Applying the average operator, maximizing

the overall satisfactory level with guaranteed minimal

fulfillment for all fuzzy objectives.

max
x2Vþ

mFDðxÞ ¼ max
x2Vþ

1

M
ðmJ 1

ðxÞ þ . . .þ mJM
ðxÞÞ

(36)

Fig. 3. Radar plots using single objective (a), or minimum (b) and average operator (c) (single-phase optimization) and proposed two-phase optimization method (d).
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where

Vþ ¼ V\fmJ m
�mminj 8mg (37)

It is noted that, in the proposed two-phase optimization

approach, parameters in these objective functions are not usually

independent and they cannot be completely separated. Though a

global solution is not guaranteed, the proposed strategy can

provide a definite procedure to reach a single compensatory

solution among all participants of the supply chain.

5. Numerical example

Consider a typical supply chain consisting of 2 plants, 4

candidate warehouses, 7 candidate distribution centers, 8

customer zones, and 5 products. Two plants manufacture 5

different types of products and are located in two different

locations. Each plant produces several products using a number

of shared production resources. There are 4 candidate locations

of warehouses and 7 candidate locations of distribution centers.

Each candidate warehouse and distribution center has its own

establishing cost, capacity, and local incentive. The whole

planning horizon is 3 periods. The product demand scenarios

are shown in Table 1 and the assigned probabilities are

PPDs=1 = 0.4, PPDs=2 = 0.3 and PPDs=3 = 0.3, for the case

study. Also, in order to simplify the problem, the fluctuating

rate for cost parameters is neglected. Other indices and sets are

½K� ¼ 4 and ½N � ¼ 6.

Values of all fixed transport cost parameters are listed in

Tables 2 and 3, unit transportation cost and transportation time

are shown in Table 4, resource coefficients are listed in Table 5,

and other parameters in Table 6.

The problem includes 11,478 equations, 7,622 continuous

variables, and 3,415 binary variables. To solve this mixed-

integer linear programming problem for the supply chain

model, the Generalized Algebraic Modeling System (GAMS,

Brooke et al., 2003), a well-known high-level modeling

system for mathematical programming problems, is used

as the solution environment. The MILP solver used is

CPLEX 7.5.

One can first apply the single objective programming method

to minimize the total cost, the most common method in the

traditional supply chain planning. Then, the result is projected,

caused by single objective programming, to the membership

functions, such as shown in Fig. 3 and Table 8. Obviously, the

satisfaction levels are extremely unbalanced, since the objective

function is only taking the total cost into consideration. So,

one should consider all objectives simultaneously, and use

Table 3

Fixed transport costs of an illustrative example

FTCk
dc

k d c $ k d c $ k d c $ k d c $ k d c $ k d c $ k d c $

1 1 1 100 1 2 1 700 1 3 1 700 1 4 1 300 1 5 1 600 1 6 1 300 1 7 1 200

2 1 1 200 2 2 1 1400 2 3 1 1400 2 4 1 600 2 5 1 1200 2 6 1 600 2 7 1 400

3 1 1 300 3 2 1 2100 3 3 1 2100 3 4 1 900 3 5 1 1800 3 6 1 900 3 7 1 600

4 1 1 400 4 2 1 2800 4 3 1 2800 4 4 1 1200 4 5 1 2400 4 6 1 1200 4 7 1 800

1 1 2 700 1 2 2 100 1 3 2 800 1 4 2 600 1 5 2 1300 1 6 2 1000 1 7 2 900

2 1 2 1400 2 2 2 200 2 3 2 1600 2 4 2 1200 2 5 2 2600 2 6 2 2000 2 7 2 1800

3 1 2 2100 3 2 2 300 3 3 2 2400 3 4 2 1800 3 5 2 3900 3 6 2 3000 3 7 2 2700

4 1 2 2800 4 2 2 400 4 3 2 3200 4 4 2 2400 4 5 2 5200 4 6 2 4000 4 7 2 3600

1 1 3 500 1 2 3 700 1 3 3 200 1 4 3 600 1 5 3 1000 1 6 3 900 1 7 3 700

2 1 3 1000 2 2 3 1400 2 3 3 400 2 4 3 1200 2 5 3 2000 2 6 3 1800 2 7 3 1400

3 1 3 1500 3 2 3 2100 3 3 3 600 3 4 3 1800 3 5 3 3000 3 6 3 2700 3 7 3 2100

4 1 3 2000 4 2 3 2800 4 3 3 800 4 4 3 2400 4 5 3 4000 4 6 3 3600 4 7 3 2800

1 1 4 100 1 2 4 700 1 3 4 500 1 4 4 200 1 5 4 700 1 6 4 400 1 7 4 300

2 1 4 200 2 2 4 1400 2 3 4 1000 2 4 4 400 2 5 4 1400 2 6 4 800 2 7 4 600

3 1 4 300 3 2 4 2100 3 3 4 1500 3 4 4 600 3 5 4 2100 3 6 4 1200 3 7 4 900

4 1 4 400 4 2 4 2800 4 3 4 2000 4 4 4 800 4 5 4 2800 4 6 4 1600 4 7 4 1200

1 1 5 700 1 2 5 1200 1 3 5 1000 1 4 5 800 1 5 5 100 1 6 5 100 1 7 5 600

2 1 5 1400 2 2 5 2400 2 3 5 2000 2 4 5 1600 2 5 5 200 2 6 5 200 2 7 5 1200

3 1 5 2100 3 2 5 3600 3 3 5 3000 3 4 5 2400 3 5 5 300 3 6 5 300 3 7 5 1800

4 1 5 2800 4 2 5 4800 4 3 5 4000 4 4 5 3200 4 5 5 400 4 6 5 400 4 7 5 2400

1 1 6 300 1 2 6 800 1 3 6 1000 1 4 6 600 1 5 6 700 1 6 6 100 1 7 6 500

2 1 6 600 2 2 6 1600 2 3 6 2000 2 4 6 1200 2 5 6 1400 2 6 6 200 2 7 6 1000

3 1 6 900 3 2 6 2400 3 3 6 3000 3 4 6 1800 3 5 6 2100 3 6 6 300 3 7 6 1500

4 1 6 1200 4 2 6 3200 4 3 6 4000 4 4 6 2400 4 5 6 2800 4 6 6 400 4 7 6 2000

1 1 7 200 1 2 7 800 1 3 7 600 1 4 7 300 1 5 7 500 1 6 7 500 1 7 7 100

2 1 7 400 2 2 7 1600 2 3 7 1200 2 4 7 600 2 5 7 1000 2 6 7 1000 2 7 7 200

3 1 7 600 3 2 7 2400 3 3 7 1800 3 4 7 900 3 5 7 1500 3 6 7 1500 3 7 7 300

4 1 7 800 4 2 7 3200 4 3 7 2400 4 4 7 1200 4 5 7 2000 4 6 7 2000 4 7 7 400

1 1 8 1100 1 2 8 1100 1 3 8 400 1 4 8 1000 1 5 8 1200 1 6 8 1600 1 7 8 1200

2 1 8 2200 2 2 8 2200 2 3 8 800 2 4 8 2000 2 5 8 2400 2 6 8 3200 2 7 8 2400

3 1 8 3300 3 2 8 3300 3 3 8 1200 3 4 8 3000 3 5 8 3600 3 6 8 4800 3 7 8 3600

4 1 8 4400 4 2 8 4400 4 3 8 1600 4 4 8 4000 4 5 8 4800 4 6 8 6400 4 7 8 4800

C.-L. Chen et al. / Journal of the Chinese Institute of Chemical Engineers 38 (2007) 393–407402



Author's personal copy

multi-objective programming methods to elevate satisfaction

level of individual objectives.

According to the problem description, mathematical

formulation, and parameter design mentioned previously,

one can solve the multi-objective mixed-integer linear program

by using the fuzzy procedure discussed in Section 4.

Step 1. Select suitable ranges for defining membership func-

tions. Relevant lower/upper limits, J0
m and J1

m, and

selected effective ranges, ½J0
m; J

1
m�, for membership

functions are shown in Table 7. As mentioned

previously, one can subjectively select values for

J0
m and J1

m for each objective if meaningful lower/

upper bounds can be expected. One can, thus, directly

use ½J0
m; J

1
m� as the effective range for defining fuzzy

objectives such as local incentives. Using J1
m as the

upper bound is suggested, and the second lower value

as the lower bound such as the total cost and transport

time. Apply the second largest value as the upper bound

and the second lower value as the lower bound for

robustness measurement.

Step 2. (Phase I) To maximize the degree of satisfaction for the

worst objective by using the minimum operator. The

result is mmin = 0.55.

Table 4

Unit transportation costs and transportation times of an illustrative example

UTCk
pw;UTCk

wd;UTCk
dcð$Þ and TT pw;TTwd;TTdcðhÞ

p w d $ h w d c $ h d c $ h d c $ h

1 1 5 40 3 1 45 30 2 1 32.5 50 5 1 30 40

1 2 35 70 3 2 47.5 20 2 2 42.5 60 5 2 65 80

1 3 35 30 3 3 5 60 2 3 30 70 5 3 50 70

1 4 15 40 3 4 30 30 2 4 35 80 5 4 35 60

2 1 40 10 3 5 60 10 2 5 60 40 5 5 42.5 10

2 2 5 60 3 6 62.5 30 2 6 40 50 5 6 35 30

2 3 45 20 3 7 40 30 2 7 40 50 5 7 25 40

2 4 30 30 4 1 12.5 40 2 8 55 10 5 8 60 20

1 1 5 20 4 2 30 50 3 1 35 20 6 1 35 30

1 2 35 10 4 3 25 50 3 2 40 40 6 2 50 30

1 3 35 30 4 4 5 70 3 3 30 60 6 3 45 70

1 4 10 20 4 5 40 20 3 4 25 40 6 4 20 30

1 5 30 40 4 6 27.5 10 3 5 50 60 6 5 30 10

1 6 15 50 4 7 15 30 3 6 50 60 6 6 30 60

1 7 7.5 80 1 1 50 40 3 7 30 20 6 7 25 20

2 1 35 40 1 2 35 30 3 8 52.5 60 6 8 52.5 20

2 2 5 70 1 3 25 10 4 1 37.5 30 7 1 35 20

2 3 37.5 40 1 4 37.5 30 4 2 30 20 7 2 45 50

2 4 27.5 50 1 5 35 70 4 3 30 10 7 3 35 20

2 5 65 30 1 6 30 50 4 4 37.5 50 7 4 25 30

2 6 40 80 1 7 25 70 4 5 40 70 7 5 30 70

2 7 40 20 1 8 50 20 4 6 30 40 7 6 25 10

4 7 25 50 7 7 40 60

4 8 50 60 7 8 60 40

Table 5

Resource coefficients of an illustrative example

Resource coefficient ri
pnts

i p n i p n i p n i p n i p n

1 1 1 0.0 2 1 1 0.4 3 1 1 0.3 4 1 1 0.2 5 1 1 0.3

1 1 2 0.0 2 1 2 0.4 3 1 2 0.4 4 1 2 0.5 5 1 2 0.2

1 1 3 0.2 2 1 3 0.0 3 1 3 0.4 4 1 3 0.1 5 1 3 0.0

1 1 4 0.3 2 1 4 0.0 3 1 4 0.0 4 1 4 0.1 5 1 4 0.4

1 1 5 0.4 2 1 5 0.2 3 1 5 0.0 4 1 5 0.0 5 1 5 0.3

1 1 6 0.5 2 1 6 0.3 3 1 6 0.2 4 1 6 0.0 5 1 6 0.0

1 2 1 0.6 2 2 1 0.4 3 2 1 0.3 4 2 1 0.2 5 2 1 0.0

1 2 2 0.0 2 2 2 0.1 3 2 2 0.1 4 2 2 0.7 5 2 2 0.2

1 2 3 0.0 2 2 3 0.7 3 2 3 0.1 4 2 3 0.0 5 2 3 0.1

1 2 4 0.2 2 2 4 0.0 3 2 4 0.3 4 2 4 0.0 5 2 4 0.3

1 2 5 0.1 2 2 5 0.0 3 2 5 0.0 4 2 5 0.0 5 2 5 0.1

1 2 6 0.4 2 2 6 0.2 3 2 6 0.0 4 2 6 0.2 5 2 6 0.4
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Step 3. (Phase II) Re-optimize the problem with new con-

straints of guaranteed minimum satisfaction for all

fuzzy objectives. The results will be shown and

discussed in the following.

The radar plots for the total cost, robustness measure, local

incentives, and transport time are shown in Fig. 3, where the

numerical value of each objective indicates its satisfaction

level, and the resulting objective and membership function

values are listed in Table 8.

As shown in Fig. 3(a) and Table 8, when one make a decision

by considering a single objective such as minimizing the total

cost (J1), the satisfaction levels for other conflict objectives

would be quite low (0.39, 0.43, 0.39) though the satisfaction

level concerning total cost can be as high as 1. From the results

obtained by directly selecting ‘‘minimum’’ as the t-norm (see

Fig. 3(b)), one can get a more balanced level of satisfaction

among all objectives where the degrees of satisfaction are all

around 0.55. It means that the overall satisfaction levels are not

concerning, though one can maximize the minimum satisfac-

tion level of the worst objective. By using ‘‘average operator’’

to guarantee a unique solution, however, the results are

unbalanced with a lower degree of satisfaction for local

incentives (0.43, as shown in Fig. 3(c). On the other hand, the

high robustness measure is given very high emphasis.

Obviously this is not desirable for obtaining a compromise

solution. Overcoming the drawbacks of the single-phase

method, the proposed two-phase method can incorporate

advantages of these two t-norms. The minimum operator is

used in phase I to find the maximal satisfaction for the worst

situation (0.55), and the average operator is applied in phase II

to maximize the overall satisfaction with guaranteed minimal

Table 6

Other parameters of an illustrative example

Unit handling cost, UHCi
� Max prod. PQmax

i ps Unit estab. cost, UEC* Loc. Inc. LI*

I w d $ i w d $ i p w d $ w d

1 1 15 2 1 3 1 1 150 1 190000 1 1 30

1 2 15 2 2 3 2 1 600 2 80000 2 60

1 3 2 2 3 15 3 1 400 3 100000 3 70

1 4 2 2 4 15 4 1 1000 4 120000 4 40

2 1 15 2 5 8 5 1 100 1 80000 1 70

2 2 15 2 6 8 1 2 200 2 70000 2 30

2 3 2 2 7 8 2 2 700 3 80000 3 90

2 4 2 3 1 3 3 2 400 4 110000 4 50

3 1 15 3 2 3 4 2 700 5 110000 5 80

3 2 15 3 3 15 5 2 150 6 70000 6 40

3 3 2 3 4 15 7 110000 7 60

3 4 2 3 5 8 Max cap. SQmax
� Unit prod. cost, UPCi

p
Resource Rpnts

4 1 15 3 6 8 w d

4 2 15 3 7 8 1 2700 i p $ p n

4 3 2 4 1 3 2 1500 1 1 140 1 1 600

4 4 2 4 2 3 3 1800 2 1 140 11 2 800

5 1 15 4 3 15 4 2000 3 1 100 11 3 300

5 2 15 4 4 15 1 1200 4 1 60 11 4 150

5 3 5 4 5 8 2 1000 5 1 40 11 5 200

5 4 2 4 6 8 3 1000 1 2 130 11 6 340

1 1 3 4 7 8 4 1500 2 2 130 22 1 310

1 2 3 5 1 3 5 1400 3 2 100 22 2 300

1 3 15 5 2 3 6 1000 4 2 60 22 3 200

1 4 15 5 3 15 7 1400 5 2 40 22 4 150

1 5 8 5 4 15 k TCLk
� Qmax

�s 22 5 350

1 6 8 5 5 8 1 500 2000 22 6 200

1 7 8 5 6 8 2 1000 Qmin
�s ai

w

SQmin
w SQmin

d
3 1500 1 1

1 1 4 2000 Note : �2 f pw;wd; dcg b1
d

1

Table 7

Parameters for defining membership functions for objectives

m Jm J0
m J0

m J1
m J1

m

1 –TCO �1,913, 513 �1,584, 529 �1,219,554 �1,219,554

2 RI �189, 103 �163, 203 �124, 319 0

3 TLI 60 60 130 130

4 –OTT �1270 �800 �290 �290
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fulfillment for all fuzzy objectives. The average satisfaction

level is increased from 0.56 (by applying the minimum

operator) to 0.63, as shown in Fig. 3(d).

The optimal network structures are shown in Figs. 4 and 5,

where triangle means plant, square means warehouse, hexagon

means distribution center, and circle means customer zone. The

values in the network structures are the total transport quantities

through the whole planning horizon. Fig. 4(a) is the result of

considering total cost, where other objectives are not taken into

account. The transport time is quite large in this case, as shown

Fig. 4. Optimal network structure using single objective (a) and minimum

operator (b).

Fig. 5. Optimal network structure using average operator (a) and two-phase

optimization method (b).

Table 8

Resulting objective and membership function values

Operator TCO RI TLI OTT

Single objective (J1) Jm 1, 219, 554 �151, 557 90 610

mJm 1.00 0.39 0.43 0.37

Minimum Jm 1, 330, 728 �144, 736 100 510

mJm 0.55 0.55 0.57 0.57

Average Jm 1, 315, 214 �133, 465 90 450

mJm 0.74 0.80 0.43 0.69

Two-phase Jm 1, 323, 772 �143,685 100 460

mJm 0.71 0.57 0.57 0.67
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in Table 8. The result of ‘‘average operator’’, Fig. 5(a), also

does not care about the worst objective, where the local

incentive is quite low. The results of ‘‘minimum operator’’ and

the two-phase method are quite similar, where customer zone 6

is serviced by distribution center 3 and 7, respectively. The

supply chain network designed by the two-phase method can

provide superior overall performance.

6. Conclusion

This paper investigates the simultaneous optimization of

multiple conflict objectives problem in a typical supply chain

network with market demand uncertainties. The demand

uncertainty is modeled as discrete scenarios with given

probabilities for different expected outcomes. In addition to

the total cost, the project considers the influence of local

incentives and transport time to location decision. The problem

is formulated as a mixed-integer linear programming (MILP)

model to achieve minimum total cost, maximum robustness to

demand uncertainties, maximum local incentives, and mini-

mum total transport time. To find the degree of satisfaction of

the multiple objectives, the linear increasing membership

function is used; the final decision is acquired by fuzzy

aggregation of the fuzzy goals, and the best compromised

solution can be derived by maximizing the overall degree of

satisfaction for the decision. The implementation of the

proposed fuzzy decision-making method, as one can see in the

case study, demonstrates that the method can provide a

compensatory solution for the multiple conflict objectives

problem in a supply chain network with demand uncertainties.
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出席國際學術會議心得報告 

 

供應鏈網路整合性多目標模糊決策規劃研究 
計畫編號：  NSC 95－2214－E－002－001－ 
計畫主持人：陳誠亮 
執行單位：  國立臺灣大學化學工程學系 
 

本計劃提供主持人出席國際學術會議，研究期間主要的出席會議包括美

國化工年會、電腦輔助程序操作會議等，共計三次，開會地點包括美國邁阿密、

舊金山、辛辛那堤。本人共計發表與供應鍊網路相關的論文三篇，其中，一篇

有關供應鏈網路整合性多目標模糊決策規劃研究的論文更獲得電腦輔助程序

操作會議的最佳論文(最佳論文共計三篇)，備感榮性。 

電腦輔助程序操作會議每五年舉行一次，規模雖然不大，但是大會通常

會安排二十位左右的知名學者或工業界人士依規劃的主題作專題演講，除了檢

討近來主要研究成果，也相當強調未來研判方向，同時，每場演講之後也很注

重出席人員間的討論，因此，整體呈現的內容相當紮實，與會者多能有深刻的

體會和學習，本人首次參加後的感受是很震撼，更加深了作一流研究的期許了。 

美國化工年會的規模相當龐大，每年出席人數都有五千人之多，內容包

羅萬象，如果不謹慎篩選規劃，很容易在會場迷路，錯失有興趣的演講。本人

通常會將想聽的場次依時間記錄起來，再依序跑攤，也就是說通常並不會出席

固定的議題，而是滿場換教室，可以學習到新點子，也可以觀摩不同國家人士

的演講技巧，雖辛苦但是也很有趣，記得一位博士班學生跟我開會幾天後，表

示以後不敢當教授，因為太辛苦了！ 

出席國際學術會議，一方面可以發表自己最新研究成果，另一方面也是

最好的學習機會，相信自己在國際間的表現，沒有辜負國科會的要求與期望。 
 


