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Scheduling of machines in parallel with different speeds based on
plant growth simulation algorithm — Taking an example of the

bottleneck in 4S auto dealership maintenance shop

YANG Qin1, ZHOU Guo-hua2, LIN Jing-jing2

(1. Business School, Sichuan Normal University, Chengdu 610101, China; 2. School of Economics and Management,
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Abstract The sheet-spraying equipment in the 4S auto dealership maintenance shop is the bottleneck in

the whole repair service system. It can improve the effiency of system effectively by making a reasonable

scheduling for the bottleneck. Firstly, with the method of triple α/β/γ, the bottleneck scheduling problem

is regarded as parallel machines scheduling problem with different speed. It has constraint limits of set-up

times and machine apply. And its goal is to minimize the total weight tardiness. Then the model was

constructed. Secondly, plant growth simulation algorithm was an available solution to this scheduling

problem. The growing point representation and iterative method, which corresponded to this scheduling

problem, was proposed. Finally, presented examples prove the feasibility and effectiveness of the algorithm.

Keywords plant growth simulation algorithm; machines in parallel with different speeds; scheduling;

bottleneck

1 Þàßáaâ
4S ãaäaå âaæaçaèaéaêaëaìaíaî äaåaïaðq�a� çañaò (bottleneck) óaô . õaö ñaòaìa÷ �aøaùaúûaüaýaþ ùaúaÿ�� ç�������� . ���a�a	 (theory of constraints, TOC)

÷�	añaòaì�
 �a�a������������ç��������
, ����� íaî �a� ç�� û [1]. ����� èaéaêaëaç�� ���� �!�"�#�$a�a��%�& , '�(�)�*�+�,�- æ ,

#�.�)�*�/�0� , 1�2 þ�3�4 #�$qïqð�5�6 . 7 ì , 8��9q�qø�:�;�<�= , >qäqå âqæ ��? ì�@�A�B�C����
(
é�Dqç�E�FHG êqëqç�I�Jqì�K�L�M�N�O ð ç�P�Q �� �+ ), R A�S�T ��U O ð��� , V�W�X�Y ç�Z�[ .

áqâ
4S ãaäaå âaæaèaéaêaëaç �� �\�]�!�"�^�_ L�`�aqë - æ�N�b�c�d ;�����e 
qç , "�f ý�g�h�i�j�k - æN�L 8� ç�l�m�n U b �� �\�] (Qm|sjk, Mj |

∑

wjTj ). 9q�q	�o�p�<�= ,
l�m�n U b �� rq S�s�truÀì

NP v�] , o�p ����wyx 9�z�{�|�}�~ ç�� ;�� [2−7].

�������
: 2010-07-28�������
: ��������������� (70902037); ����� “����� ” ��� (SC11C042); ��������������  (10ZC004)¡�¢�£�¤
: ¥�¦ (1978–), § , ����¨�©�ª , «���¬ , �® , ¯�°�±�² : ³�´�µ�¶�·���¸�¹�º�»�¼ ; ½���¾ (1966–), ¿ , À�Á�Â���Ãª , ��¬ , �®�³�Ä�Å , ¯�°�±�² : ³�´�Æ�Ç .
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20 Ò�Ó 60 Ô�Õ�Ö , Lindenmayer ×�Ø�Ù�Ú�Û ç ù�Ü�Ý�Þ�ß�~�à�áqù�â�Y , "�ã�ä ç�å�æ�Z�ç�N�è�éZ�ç�L Û�ê , ë�ì���í þ�î â ç ^�_ Gïè�ð�N {�ñ�ò�ó ç�ô |�ß�~ , õ L L- �q� [8]. 20 Ò�Ó 80 Ô�Õ x ,

Prusinkiewicz +�× L- �a�a
�ö�} b�÷�ô Y Gøè�ô Y�ù ��ú�û , ü�ý�� î âaù�þ ç�è�é ò�ÿ [9].
î â�ë�ò�o

pa����������; þ�� ��ö�} b�÷�ô Y�"�� è�ô Y���� ç \�] . 2005 Ô , 	�
�+ [10] ���� ò�ó î âaù�þ�}�~
(plant growth simulation algorithm, PGSA) ; þ���� í���Z�[ \�] . � þ PGSA ��� �aç�� ��� L ã�ä N���

, ����������Y�� ç í�� , q S 9 ê������ G! ü�"�#�$�g +�%�&�'�(�����������1�% ç :�; [11−16], )
1�Y�� ����*�+ � ;�, ��-/. %/0/1�2/3�4/5 [17]. 6�7 , 8�9�:�;�<�=�2�3�����>�?/@�A/4/5�B/C�D/E�F
)/G/H . I/J/K/L/?/M/0/N/O/0/1/P/Q/%/R/S/T/L/&/B/U/V , W/,/X/S/Y/Z/[/\/]/2/3/4/5 , ^/D/_/`/a/bc�d <�e�9�: , f�g�h�4�5�i�j�C�B�k�l�<�e�m�n�o�p�:�q�r�s�p�: , ?�8�2�3�4�5�t�\�E�F .

2 uwvwxwywzw{}|
M�0 4S ~�7�k�l�� “ ����k�� ” ������B�M�0���������a�� , ������0���� (sale) ������� (spare part) �

������� (service) ����������� (survey) `�k���B���������~ . M�0�B����� �¡�¢�N�O�£�¤�¥�S�¦�� . ��§¨�©�ª B�«�¬ , 4S ~�N�O�0�1��®�;�¯�°�±�²�³���´ , µ�¶�·�¤�¦�� . ?�¸�¹�º�»�B�¼�½�2�3�¾�����,�¿�ÀÁ B�2�3�f�Â�Ã�Ä , Å�Æ�Ç�È�N�O�¦�� , @�É�N�O�±�²�Ê�2�¼�½�q�Ë�Ì�Í�\ .

2.1 Î�Ï�Ð�ÑÒ�Ó ¦���;�¸�¹�¥���Ô�Õ�Ö�k�×�À Á . ¥/k�Ø ; ¦�k�Ù�Ú Ò ×�À Á Ô . ¥�k Ó ¦�� ; ¦���;�¸�¹�¥���ÛÜ . ¥�Ý�Þ�ß��áàãâ .

2.2 ä�å�æ�ç
E�F�^�D�è�é�ê α/β/γ p�: , ?�M�0 4S ~�N�O�0�1�P�Q�À Á B�2�3�4�5�t�\�ë�ì .

1) ]�í�º�î (α ï )

M�0 4S ~�N�O�0�1 , ��ð�ñ�òáóã\�¥�� ( ô�õ : ]áö÷�øP�ùú�øP�Q�q�û�ü�� ), 0�ý�N�O� �¡�¦���¬�þ�ÿ� ��B . ¥���R�t�\ . �ã`�,áàãB�P�Q�À Á ( ��¬�7������ ) ��	�
 , ¦���;�8�À Á�� B�S�T�Ù�1�e , À Á��
D��Ë , ����¤�������B�¸�¹ . ¦���; Ò ò�¥���¾�Å�ñ�×�]�íáàãÕ�Ö�k�×�t�\�S�T , ]�í�B�����¾�D m ��3
� . ô�õ : P�Q�¥�����ð m ×�Þ�� . ¥�Z�3�q�����B�������q������ , ¦���Ô�«�ÅáàãÕ�Ö�k�×�t�\�S�T .

2)
. ¥�����q���� (β ï )

M�0�N�O� �¡�¦���;�P�Q�¥�� ��� ¯���´�����q���� : si
jk( n�o�À Á i Å�·�¤ k ¦�����Û Ü j ¦�����«

B�Ù�1 , �ã`�Þ���0�ý�B�0� ú�"!�#���$�;�%�Y , &���'�¦���1�B�( Á Ù�1�Þ�� , )�B�( Á Ù�1�*�2�3���R�+,
) � À Á�- D�°�È Mj( n�o�¦�� j Ô���Í�D�À Á , .ãõ�������¾���D�`���¯�/� �¦�� , 6 . ¥�Ù�1�e , ���
� . ¥�Ù�1�0 , 6�Ô�j�D�`���1�a�B�¦�� ) � . ¥�Ù�1 pi

j( n�o�Í�D�À
Á

i ·�¤�¦�� j B�Ù�1 ) � ¦�� � ��·�¤
Ù�1 dj( n�o�2�3�¦�� j ��;�4�k�Ù�1�5�6�·�¤ ) � .

3) 2�387:9 (γ ï )

M�0 4S ~�N�O�0�1�;�<�h ©�ª <�= , f�Â - ©�ª §�>�B�����7�?�T�����B�@�A , Å�Ù�1 ��B , C�7�D� 
¦/�/B/·/¤/Ù/1 , EF�FG/� . H/ÄF�F� -FI , ¸/¹/º/»F&/�F'F�F�/B/»FJ , � `FK/¸/¹/º/»/B . ¥F�FLFM/°N

, Ô�¬�¸�¹�º�»�§ ¨ '�¥���¬�O , ����P�C���§ ¨ ¥���¬�O . ��� , Q���½�¦���;���ò�����B�G���4�5�¾��R ½���Q�´�½�¦���;�¸�¹�º�»�B�G���4�5 .S�T
1 U X q Xb U�V�������q�¸�¹�4�5�B�Q�¼�W , Ý�¯ Xb ≤ X .X�Y U Z q Zb n�o�����q�¸�¹�4�5�W�B�¾�\�ï , K�L�Z�[�]�í���L���� , Ý�¯ Z ⊆ Zb. \]�ã`87:9^ ��i���_���Q���½�4�5 , ��� Xb ≤ X , `�¸�¹�2�3�4�5�B�Q�¼�W�7�����4�5�Q�¼�W�B�´�a .

G���¾��]�cb�� Tj = max(Ci
j − dj , 0) 3�� , �áà Ci

j n�o�þ�d���B�S�T�e�R�1�Ý , ¦�� j ;�¸�¹�º�»
B�À Á i

� ·�¤ . ¥�B�@�A�Ù�1 , Tj n�o�¦���B�G���Ù�1 . ��Ù , �ã`�¦���I�f�B�g�h�i�3�q ©�ª B�j�¬�i
3�Þ�� , Þ���¦���B�¼�k�l�V ( C�7�m�j ωj) P�$�;�%�Y . ��� , )�n�o�¾���3���� ∑

wjTj , 2�3�B87:9�C
7�Q���½ ∑

wjTj .

2.3 p�q�r�s�t�u�Ñ�vw � ��ì , M�0 4S ~�N�O�0�1�P�Q�À Á B�2�3�4/5�¾/ë�ì/� Qm|sjk , Mj |
∑

wjTj , `�*�( Á Ù�1�q�]
í�j�D�����°�È�B , ��Q���½ . m�G���Ù�1�q��x7:9/B�Y/Z�[/\�]/4/5 . D N n�o�¦���y�z ; M n�o�¸�¹
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À Á y�z ; A �� �¡���� i, k → i, j y�z , ¿�°���À Á i k�D�`�¦�� k, <�¢�D�`�¦�� j; x(t)
i
j
n�o�;�Ù�1 t,

À Á i 7�£�Û Ü D�`�¦�� j, ¤�¥�¯�¦�l�§�¨ : x(t)
i
j

=

{

1, n�o t Ù�Ú , À Á i Û Ü D�`�¦�� j,

0, n�o�©�¿�§�¨ .

4�5�B���ª�a� �õ�´ :

min
n

∑

j=1

ωjTj (1)

s.t. Tj = max(Ci
j − dj , 0), j ∈ N, i ∈ M (2)

Ci
j = (Ci

k + si
jk + pi

j) · x(t)
i
j
, (i, k → i, j) ∈ A (3)

Ci
j ≥ pi

j , j ∈ N, i ∈ M (4)

Cmax
∑

t=0

m
∑

i=1

x(t)
i
j

= 1, j ∈ N (5)

x(t)
i
j
∈ {0 , 1} , j ∈ N, i ∈ M (6)

Cmax
∑

t=0

m
∑

i=1

n
∑

j=1

x(t)
i
j

= n (7)

wj ≥ 0 , dj ≥ 0, j ∈ N (8)

a� áà , � (1) �87:9 ^ � , ��É�'�2�3�B87:9�7�Q���½ . mFG��/Ù�1/q . � (2)–(8) ������³�� , ©áà
� (2) 3���'�¦�� j B�«�¬�Ù�1 ; � (3) 3���'�¦�� j

- D�À Á i B�@�A�·�¤�Ù�1 ; � (4) D� �¦�� j ¯ ¨ B . ¥�Ù�1 ; � (5)  �®�¯�k�����¦���Ô���°�¦�>/¸�¹/À Á �/��k/Ø , ©áà Cmax n�o�Q���±�Û�����B�¦
��B�·�¤�Ù�1 ; � (6) d�g�&�²�³���B�¤�¥�´]µ ; � (7)  �®�;���¯�¦���¶�¯�]�·�Û Ü ; � (8) °���m�j�q �
��¦���·�¤�Ù�1�B�¤�¥�´]µ .

3 |¹¸¹º¹»¹¼¹½¿¾ÁÀ
a�b c�d <�e�9�:�7�Â�z c�d B8Ã:Ä/¼�½/a�� , W c�d <�e�Å�L�ª�a���C�D�`�¼�½�4�5 , t�\�Æ�Ç�O�W

B�È�9�p�: . 8�9�:�W�¼�½�4�5�B�¾�\�ïFÉ�S c�d B/<�e/º�î , W�Q�¼�W�É�S�Ê�² , a�b�Ë�@ c�d B]ÌcÊ��
]�Í ( £�Î�Ï�Ð�3�Í I ), Ñ�Ò�Ó�Ô�;�Þ���Ê� �Õ�3�º�î�´�B/¶�Z/<�eFÖ�×�p/� (L- ��� )[10]. K�L�Ñ�Ò���<
e�1�Ý���_�Ø�B c�d ����Ö�×�p���q�� c�d ÌcÊ���Í I ��_�Ø�B�Ù��<�e�a� , @�É�Ú�¥ c�d ;�¼�½�4�5�¾
\�ïáàãÅ�Û Ü�Ü Î���·���£���B�Ý�Î ( Þ�¯�ß�B�à�Ó�<�e ) B�L�i .

3.1 t�á�â�ã�ä�å�æ�ç�è�é�ê
PGSA � L- ����S���Ú�¥ c�d B�<�e�Ö�×/p�� . ©áàã<�e�m�` c�d <�e�ë�ì , 7�a�b c�d ��� Ò k�Ø

<�e�B���í�m .
c�d <�e�L�i�7�;�<�e�m/þ 2n(n ��³���B�N�� ) ò�p]Ìã<�e�[�=�<�ß�Ó , U�Ó�e�3�;����

1�î�§�¨�´�À���� 1( ¢ N ` 1 B���� , K�����1�î�§�¨�´�¾�H�Ä�ï�3�¬�O�Õ�¤ ).

L- ����ð�W�&�'�a�b c�d <�e�B/£��/½�4/5 , 6�7�Å�ñ�ñ�<�e�máà , õ�ò�D���ß�<�e�máà , �� �®�à�Ó
ÌcQ�¼�W�p]Ìcó�« , 4�C�7 c�d ÌcÊ�����m�B�9�:�«�¬�@�É�B�4�5 .

3.2 t�á�â�ã�ô�õ�ö�ä�÷�ø�å�æ�t�uc�d B]ÌcÊ���4�5�ù�ú�< d ª�Í I àãB/£�Î�û/<�aF . 8�a� �ü�� Ò ò�ë�ì�¶�ð�¯�k�l�<�e�ýFÏ , þã£
Î�Ï . £�Î�Ï�B�Ð�3�7�a� �B�ÿ������ , &���ë�ì�B�<�e ^ ��7�£�Û Ü�� S�D , `�ë�ì�U�� , ß�Ó���g�É . ;�ñ
ë�ì����áà , ¾�����¦�>�k�ò�ë�ì�B�£�Î�Ï�Ð�3���� ph[ph ∈ (0, 1) (h = 1, 2, · · · , l)], ñ�ë�ì�£�¤���	���� ,

£�Î�Ï�Ð�3�q�
�� ( À���� 1). É�ß�B�<�e�m�=�<�� , £�Î�Ï�Ð�3�W�H�Ä�ß����F��;/º�î/B��F³ , ;�ñ�ë�ì
����j�ß�t�\�U�� , Ä�� ,

c�d n�É�g����B]ÌcÊ�����m . a�b�4�k�L�i , À�¯ l ò�Û Ü <�e�m a1, a2, · · · , al,

©�£�Î�Ï�Ð�3�� ph(h = 1, 2, · · · , l), ��<�e�m�£�Î�Ï�Ð�3�¥�� :

ph =
1/f(ah)

∑l
h=1 1/f(ah)

, h = 1, 2, · · · , l (9)

©áà f(·) �87:9 ^ ��¥ , ��I�J���ô , f(ah) =
∑

wjTj(ah), n�o�?�C�� h l�2�3�p�� ah ´�B . m�G���Ù
1�q .
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� D/�F'/£FÎFÏFÐ! F5/� , C/¾/�FÑFÒ c/d!" Ì ÊF�/]/È , `/£FÎFÏFÐ! !#/Ë "!$ e/m , W � ¯!# N!"
¼�k $ e�]�· , ©�%�&�¾�ë�ì�� : À�¯ l ò $ e�m (a1, a2, · · · , al), ©�£�Î�Ï�Ð� �¥�� (p1, p2, · · · , pl), _]�ã�
(9) ¾�' ,

∑l
h=1 ph = 1. ©�Ù��(�)�õ�* 1 ��o .

LL

!"#

0 1
2

p
lp1

p

+
1 ,.-./.0.1.2.3.4.5

����Þ�â�6 $�7�8 � , 4�9 7�8 ��C�:�Þ�â]Ì�;�) [0,1]
��<�=�" ��> , ��>�? � p1, p2, · · · , pl

" ¯�@�ò
Ù��(�)A , ��B�C "�$�D�E�F�G�H�I�J�$�D�"�K�L . M�N�O�P�Q�R�S�T , U�V�W�X "�Y�Z�[�\ L- ]�^ $�D
U�_ ��` T�aA�b�c I�d�e�f�g�h , i�j�k�l�m Z�n 6�o�p�q , M F�r PGSA.

4 sutuvuwuxuy�z�{�|�}�~������������������
������� U�V�W�X�o D�������d���� 4S ����� ����������� ( ������� )

n������� 
, ¡�B�¢ f�£ T�¤�!�!�! !n!¥!¦

, �!§!¨!o D!E!n!©!ª!«!�!¬!!®!«!� ,
£!¯ O!° ©!ª!�²±´³!µ!n!¶!· S!T!¸ � , o!¹ �!�«�º

.

4.1 »�¼�½�¾�¿�À
¢ f�£ T�¤ ���±�n o D�E ah = (yh1, · · · , Dh1, yhj · · · , Dhi, · · · , Bhi, · · · , yhn, Bhm2

), Á ± : Dhi

¬
BhiÂ�Ã�©�ª�����Ä�Å�n�¯�� ��� ( Æ�Ç�È )

¬�e ����� (
· Æ�É ), i = 1, 2, · · · , m1(m2), m1

©�ª Æ�Ç�È n�µ�Ê ,

m2

©�ª�· Æ�É n�µ�Ê , m = m1 + m2. Ë�Ì , Dhi

¬
Bhi Í�Î�Ï Â ¹ m Ð , Ñ m Ò�����Ó�Ô�¹ Î�Ï . Dhi¬

Bhi

n�Õ�Ö�× p 0, Ñ�Ø�Ò�����Ó�Ù ��n�Õ�Ö Î�Ï µ�Ê�Ú Ë�¤�Û�Ü ��Ý�Þ�ß ¤�à!o .

yhj

©�ª @�á Î�Ï , j = 1, 2, · · · , n, n
©�ª Î�Ï n�µ�Ê . B yhj â Õ�Ö�× ,

ß ¤�à�o (0, 1)
n�ã�ä�·�µ

, åæ�ç R�è , B�Á ç m â × , i�j�k�l ç R�p�q .
Ú Ë�Ø�Ð yhj

×�n�¶�· S�T Î�Ï ¸ � , B�C�é h ê ����«�º ;ë�ì
:

ah = (yh1, yh4, yh7, yh10, Dh1; yh2, yh5, yh8, yh11, Bh1; yh3, yh6, yh9, yh12, Bh2)

= (0.51, 0.42, 0.86, 0.73, 0; 0.91, 0.16, 0.46, 0.38, 0; 0.21, 0.32, 0.54, 0.29, 0)í ° ����«�º p : Ñ���� Dh1 Ó n Î�Ï ¸ � 4, 1, 10, 7; Ñ���� Bh1 Ó n Î�Ï ¸ � 5, 11, 8, 2; Ñ���� Bh2

Ó n Î�Ï ¸ � 3, 12, 6, 9.

4.2 î�ï�»�¼�¼�ð�¾�ñ�ò�ó�ô�»�¼�½�¾�õ�»
1) Dhi

¬
Bhi o D�D���n�ö�÷

Ñ �®± Dhi

¬
Bhi

n o D�D�� λ
`�ø å æ ã ê�ù�ú , û�è�ü�ý�þ�ÿ ø���� Ý�Þ�����n o D .

ù�ú�� , � Dhi

¬
Bhi

n o D�D�� p −1 è ,
í o D�E�©�ª��± , B�C���� ä���	�
 ��N�� ä , � : B�C

é i Ð ( ��� i)
n Ù � Î�Ï��� ��á , B�C�é i + 1 Ð ( ��� i + 1)

n Ù � Î�Ï�� Ù���á ;

ù�ú�� , � Dhi

¬
Bhi

n o D�D�� p 1 è ,
í o D�E�©�ª��± , B�C���� ä�����
 ��N Î�Ï � ä , � : B

C�é i Ð ( ��� i)
n Ù � Î�Ï�� Ù���á , B�C�é i + 1 Ð ( ��� i + 1)

n Ù � Î�Ï��� ��á .ë�ì
: ah = (yh1, yh4, yh7, yh10, Dh1; yh2, yh5, yh8, yh11, Bh1; yh3, yh6, yh9, yh12, Bh2)

� λDh1
= 1 è , a1

h = (yh1, yh4, yh7, yh10, yh2, Dh1; yh5, yh8, yh11, Bh1; yh3, yh6, yh9, yh12, Bh2);

� λBh1
= −1 è , a2

h = (yh1, yh4, yh7, yh10, Dh1; yh2, yh5, yh8, Bh1; yh11, yh3, yh6, yh9, yh12, Bh2);

� λBh2
= 1 è , ��� Bh2 ������� k!l Î!Ï ,

��
������
, ÿ��!à!o!m n o D!E ; � λDh1

= −1,

λBh2
= −1 è , o D�E ÿ ø���� Ý�Þ���� , �� �ý�þ . ��Ì `�! ,

Ú Ë Ý�Þ���� ,
¯ O�B���� ³�µ Dhi

¬
Bhin o D `  �à�o (2m − 3) N�m n o D�E .

2) yhj o D�D���n�ö�÷
Ñ �® O�P ± yhj

n o D�D�� p 1, B�C Î�Ï Ñ�" ×�#�$ Ó�Ù 1, % � Ú Ë�m ×�n�¶�· B�°�Ð Î�Ï S�Tç m�¸ � .ë�ì
: ah = (yh1, yh4, yh7, yh10, Dh1) = (0.51, 0.42, 0.86, 0.73, 0),

©�ª Ñ���� Dh1 Ó n Î�Ï ¸ � 4, 1,

10, 7;

� λyh1
= 1 è , a3

h = (yh1, yh4, yh7, yh10, Dh1) = (1.51, 0.42, 0.86, 0.73, 0), Ñ���� Dh1 Ó n Î�Ï ¸ �&�' p 4, 10, 7, 1;
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� λyh4
= 1 è , a4

h = (yh1, yh4, yh7, yh10, Dh1) = (0.51, 1.42, 0.86, 0.73, 0), Ñ���� Dh1 Ó n Î�Ï ¸ �&�' p 10, 7, 1, 4;

� λyh7
= 1 è , ¸ ��M�N ÿ�O . ��Ì `�! , Ø�Ò�����Ó , yhj " × c ¶�n Î�Ï ³�µ , ��P�o D�Q ÿ���R�S

°�����Ó�"�l�T�U n ¸ � , V�Ì ¯ O�W Î�Ï ³�µ yhj

n o D `  �à�o (n − m) N�m n o D�E .

3) m�o D�E�n à�oX Ë ß ¤ µ�ö�Y o D�E ah,
Ú Ë�Z ³�µ (yhj [ Dhi

¬
Bhi)

` T n o D�D�� ,
Â�Ã W�Ø�N ³�µ S�T�o D ,

û�è M�N Á�\�Z ³�µ ÿ�O , � ` G�H (n + m− 3) N�m n o D�E . ��m�o D�E�I ��"�o D�E è ,
� m�o D�E±

W�]_^a`�b µ�× c ·�n�c�® "�o D�E .
ì�d m�o E�e W�] n T�U�¸ ��f�g ��o D�E ah′ ��h�è , Í ã N�o DE�i�£

, o D�E�n�µ�Ê�j l O�p (l − 1).

4.3 k�l�m�no�i U�V�W�Xbqp�r n�s�t o D U�_ f ¢ f�£ T�¤ �� �¥!¦ , Á PGSA
n��®�u�v�ì�w

:

m�n 1
Ú Ë�����Ü ������x�y , ]�^ ß ¤�o�¹ l N�o D�E a1, a2, · · · , al;

m�n 2
��d Z�o D�E�z�{�|�}�� ( o D�s�t ), ph =

1/
∑

wjTj(ah)
∑

l
h=1

1/
∑

wjTj(ah)
;

m�n 3
X Ë Step 2 § ��o�d�~�� Z�o D�E Ñ 0–1 � ��n�s�t���� ,  ß ¤ µ�ö�Y������® o D�E ah;

m�n 4 ����W�X�o D�D�� λ, S�T�]�^�o D , à�o�m�o D�E . ��m�o D�E�I ��"�o D�E è ,
� Á ±�n cI�E�c�®

ah;

m�n 5 ��m n o D�E�� ÿ I ��"�o D�E , ��� H ��� �®���µ ,
G�H���� c I�d � ��� c I�d , ��å od

. � í���� Step 2.

5 ���
æ U�V ��� 4S ������������� n T�U�ù�ú ,

�
n × m[D(m1), B(m2)] `���Ø�N�Ð Ã ,

£ ] � Ó�� «��
S�T ��� ,

o�i��������
(GA, genetic algorithm)

¬����������
(PSO, particle swarm optimization) S�T���

. ¯ O æ�� ��� , W�����N���U� �Ñ ã�¡  !Ó , ¢�£�¤�U n���� 4S ����� ��� Ø���ü�¥�P � ���!�!� n� T Î�Ï µ�Ê�¦�§ p [12, 20], Á ± `  �P ��e ����� n Î�Ï�¨�Î�Ï�© µ�n 50%,
����ª�« © Ê�¦�§ p [3, 6].¯�� ����Æ�Ç�È n T�U�è � pA

j Ñ�¬
�

[1, 3]
±q���Â�®

,
e ����� · Æ�É n T�U�è � pB

j Ñ�¬
�

[0.5, 1]
±

���Â�®
; Z�á�T�U n�K ç Ñ�¬ � [1, 3]

± ¢ {�Â�® ; ¯���è ��f T�U�° ��±�² ,
�

ai
j

©�ª Î�Ï j Ñ ª�« i

Ó n ù�ú ,
ì�d�ª�«

i Ó Î�Ï k Ñ Î�Ï j ��� S�T�Ù � , ³�´�¯���è � si
jk = |ai

k − ai
j |, ai

j Ñ�¬
�

[0,1]
±q�

�Â�®
, Ø�N ª�«�n�Õ�Ö ¯���è ��µ p 0; p�¨�¶�·�¸� �Ô�¹�è � dj � ��G O�¹���º�O�» dj = rj + kp, p

©
ª Î�Ï Ñ�ÿ�û ` � ����Ó n�¼�� T�U�è � , k Ñ�¬ � [1, 2]

±q���Â�®
.�!�!��½

[18]
n�¾�¿�À ` , � � �!Ð ¥!¦�± û n!�!  S, Á I(I ∈ S) p!Á ± �!N�Â ë , T (H, I) p�Â ë

I
�!��Ã�Ä��!�!�

H
�!G!n

∑

ωjTj

×
.
í °�Â ë Ñ�Å!ê �!��w!n c I!d p BEST (I), Æ BEST (I) =

min{T (H, I)}. Ë�Ì , W�Ø�Ç ��  S
`  �§ ��± W�r ø À `�p :

ρ(H, S) =

∑

I∈S

T (H, I)

∑

I∈S

BEST (I)
(10)

W ��  S
�������

H
G�H�n�¼��

CPU §� è � p ACT (H, S), � ä p : È (s), Ø�Ð
à!o 10 N�É � .

e l �!���!�!� MatlabÊ P�Â æ , Ë�T�Ñ�Ì�Í�Î�Ï , Ð�Ñ 1.73GHzn § � ¤�Ó�S�T�Â�Ò�Ó�Ô , Õ�Ö o�d�ì�© 1e�ª
.

×
1 Ø,Ù,Ú,Û,Ü,Ý,Þ CPU ß,à,á,â,ã,ä

n×m[D(m1), B(m2)]
>,?,å,æ,ç,è ρ(H,S) ACT (H,S)

PGSA GA PSO PGSA GA PSO

12 × 3[A(1), B(2)] 1.000 1.017 1.004 0.209 0.721 0.472

16 × 3[A(1), B(2)] 1.000 1.024 1.012 0.252 0.843 0.586

16 × 4[A(2), B(2)] 1.000 1.028 1.017 0.278 0.952 0.638

20 × 4[A(2), B(2)] 1.000 1.043 1.038 0.298 1.019 0.671

20 × 6[A(2), B(4)] 1.000 1.051 1.042 0.339 1.255 0.761

� © Ó µ Ë ` G�H  w�o�é : ê ± W�� ��������¬���������� , U�V�W�X�o�ë ����n Ó�Ô o�d Ñ�r ø ³µ�¬ § � è � Ó µ�ì�í�I�î . ï ß��� �ð U n � ¶ , U�V�W�X�o�ë ����À `�r ø n�I�î r & p�ñ ì .
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6 þ�ÿ
��� ����� Ï�� ± ������� n Â�è ��� ,

r ¢ f�£ T�¤ ������é�n ] ����� . ¡�W�������U ±��������	�
�ð��
, �h � ë n�������� è �!¬ ��� n �!� L!��t!n!�!  ,

o�i U!V!W!X!o�ë �!� , W!M���Â�� �! 
S�T�¨ ��� .

Â�� ¨ �� �n�¥�¦ ,
~�� ¨�W�] n�I������ U�_ , Ë ��# ��U�V�W�X�o�ë ��� Â æ ¨ �� ���d .

c � ,  �Â ë�Â�� Ò���¨ ����n ` T�r ,
¯ O�W�� Â�����ª ¨ e������ Ñ I�� ^a`�b µ�× Ó n�I�î r .

�������

[1] Goldratt E M, Cox J. The Goal: A Process of Ongoing Improvement[M]. Croton-on-Hudson, NY: North River

Press, 1984.

[2] ��� , �� , !�"�# . $�%�& õ�'�(�) 8,;,<,=+*,4+,�-,>,?+.+/,8+0�1+2+3,6,7 [J]. 465�7�8�9 , 2001, 27(3): 381–386.

Liu M, Wu C, Yin W J. Solving identical parallel machine production line scheduling problem with special

procedure constraint by genetic algorithm[J]. Acta Automatica Sinica, 2001, 27(3): 381–386.

[3] �+:+; , <+=+> . .,/+?+@+A,6,7,8,;,<+B,=,>,?+.+/+C+D [J]. E,6,=+F+G+H+I,ò,ó , 2006, 12(2): 183–187.

Liu Z X, Wang S M. Research on parallel machines scheduling problem based on particle swarm optimization

algorithm[J]. Computer Integrated Manufacturing Systems, 2006, 12(2): 183–187.

[4] Sheen G J, Liao L W. Scheduling machine-dependent jobs to minimize lateness on machines with identical speed

under availability constraints[J]. Computers & Operations Research, 2007, 34(8): 2266–2278.
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