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Purpose: This paper aims to propose a flow shop scheduling problem for equipment overhaul. This 

problem consists of three stages, the separation of the components of an equipment is done in the first 

stage. Repairs and overhaul operations are carried out on the separated parts of the first stage in the 

second stage. Finally, the overhauled parts of the previous stage are mounted on each other in the 

third stage. In the third stage, operations are performed in parallel workshops. The objective function 

of the problem is the maximum time to complete jobs, and the sequence of processing jobs should be 

done in such a way that the value of the objective function is minimized.  

Design/methodology/approach: To solve the problem, a mixed integer programming model has been 

proposed for small size, which determines the processing sequence of jobs based on the position of 

each job. A genetic algorithm has been used to solve the problem in large dimensions. By increasing 

the size of the problem and in different sizes, the results have been examined and analyzed, which 

shows the efficiency of the model and the proposed algorithm.  

Findings: To check the accuracy of the model's performance and also the effect of the presence of 

parallel machines in the third stage, an example was presented in this paper. Accordingly, while the 

accuracy of the model's performance was checked, the effect of the presence of more machines was 
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determined in the third stage. As the number of machines increased in the third stage, the value of the 

objective function did not deteriorate. The performance of GAMS in solving the problem in a small 

size was investigated. Considering that solving the problem for large dimensions is not possible in a 

reasonable time and the problem is NP-hard, then solving the problem in large dimensions was done 

using a genetic algorithm. Therefore, solving the problem on a large dimension has been done using 

the genetic algorithm. According to the obtained results, the efficiency of the genetic algorithm was 

shown. Due to its low average value, it indicated the convergence of the genetic algorithm. 

Research limitations/implications: Considering that there are not many published papers in the field 

of equipment overhaul, it is difficult to access related models and papers. Therefore, in this paper, the 

model and solution method have been written with many reviews. Also, to check and reduce costs, the 

number of third-stage machines has been determined using sensitivity analysis. 

Practical implications: The problem of equipment overhaul is used in many fields in reality. For 

example, the operations related to the maintenance, repair and overhaul of the aircraft engine have 

been investigated. Since the planning of maintenance and maintenance operations is difficult, the 

focus of research has been on improving maintenance operations by finding suitable scheduling for 

job shop operations in maintenance operations. They emphasized that scheduling can improve 

maintenance operations and presented a simulation model. 

Social implications: The purpose of creating a space to start an activity is to reduce costs, earn 

money and achieve profit. To examine the cost-effectiveness of the equipment overhaul issue, we can 

refer to the number of third-stage machines. According to the amount of equipment to perform an 

overhaul on them, the number of third-stage machines can be determined. Therefore, extra machines 

can be removed to reduce the cost. On the other hand, if the related equipment to the customers is 

different, to reduce the storage costs or increase customer satisfaction, different goals should be 

considered. Here, the objective function of maximum completion time is considered for this purpose. 

If the equipment must be available at a certain time, goals such as the total time to complete the job 

can be considered. In line with the application of the social implications in the investigated problem in 

this paper and considering that the investment costs, as well as the ability to respond to the applicants' 

requests, are related to the number of third-stage machines, the value of the objective function is 

analyzed based on the number of third-stage machines and analysis has been done.  

Originality/value: In this paper, a three-stage flow shop scheduling problem in the overhaul industry 

was studied. Accordingly, a new mathematical model based on the job processing position was 

proposed, which dealt with the exact solution of the problem in small dimensions. According to the 

type of problem in the overhaul environment, the combined flow shop problem for equipment 

overhaul was investigated. Also, the use of parallel machines in the third stage of the equipment 

overhaul problem is one of the new issues under investigation. 
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��:� ���F A: �4��: �8"7 ��  �4/�� ����� �/�0547 /� ��V0" ���� 
C G�� V�A  F�37  /� AK/�/ �2�%� �L8  �/�L0547 

�-� ��/�  A" /�3 �M��E !B� /I;�9 A: �4��: ��� N����� �-� P�;4/ 
_� 4����/�   .�3/ _� 4�� �  
o4�[ � A�/�V� )2014 (�C �� G������ ����� /�  AK/�/�4��: -3�� P�0O� A:E ����/� 2�% �� /���8  �/�L0547 

�� ����� �/�054 ��7
 �-��/�  G����/ ��C " A4�c��: A� ��:�  ,���/�054 .7
 �-��/� �/�� G����/ ���  /�L"7 
����� /���� !"��  .�3/ 90� �0423��" ��0[� /�"7 �/�0547 �-� ��/�   L3��" AL: �8 %�, �H4 ��� C  �D  AL" 

" ���F� 6 I� ��8E ��p�"7 �V!4 3��" A"� ��7 A  �B  F�4A" .��/� /I%/ ��H8��� �s���  � L6��
��   �LZ"MRO 
�" �:���� �" �X��
N :O
� I��A8 W�.-4/ �  (���7 I:��� �8:.  

o4/�� � �/��>��14 )2016 (\�3/�" G����7  �L8[  ��LV �/ L� 
7C 0" AL8   F�L37  VL�A   F�L37  /� /�L"7  �DL!�E 
���F �8"7 �/�0547
 �-�� � G����/ � �4���2 ��1� A" � I4C G�� V�A  F�3/� 7 �" 1��E ��V �/ p�" AK/�/ �4�/�  AL: 

��� M/� � ���F  �"�3/TU3 S 2�%��8 /� A" A3 �Z"  L!B�9  :�L4��:  	�L,��:  
_�L 4��� �-� L�/� �  _�L 4�� . 	�L,��: 
�-��/� N��� �C �� �8[ ���@ 	��:�8[ �" �C �� �8[ ���@ ���!> �3/.  

����  � �/��>��15 )2016 (�C BX�h  /��" W�� ��V0" ���F �8"7 ���@�� AK/�/  S�L4��:  L"A ��Ld 7 AL:  �/�LB� 
"68E ���F �>�N ����: �� ���F �8"7 ��: ��,��:
�  �L"  	��O L3/ F/  ��L5�/�9   4_ LC16 �: AL8  L��   ��L� .  @L8w��

A��4�"  ��I7 �1��/� 7 /�"7 �-� P�;4/�/�  ����� ��3 �Z" G�_��P�;4/ �4�/�. 

8!M�17 )1396 (�D!�E ���F �8"7 _� 4��  /��� �1��� ��,��:� W�.-4/  (���  AL�M�� �� 7/
    L=�b c/ iLc �L"� 
����88:�R 	����8[ u�8 � �p�bX�  /7 �� �H4 �%�,W�� <"�� .
 �D!�E " L68E  �>� ��L�F LN  � � �L���: L54�@ 
4F�� ���F N: ��7 ��c� �3/ .�M��E G�/ N��� ���@  ��7 =�b c/�   � G�/ P�L, �� L�C  L���@   P�� P�L, ��� 



���	 ��� ���� ��� ��� ����� �� !�"� #$� %��!�& !'�(&)  /��*+ !'�, �&!�7*� � /7 

�M��E ��� P�, �� N��� P��� =�b c/�  �042 .�3/�C � G���s�� � 8w��@  L�C '��  ��L> "//�%7  L8 V��  �L" 
��B4 ��Q ����� � �!1��17 3�< �!���5� W�.-4/  (��� /� AK/�/ �4��:.  
�� � �/��>��18 )2017 (�C �D!�E ���F �8"/� 7 3 \f: �� 9 L!   �L�7  �/�L0547
 �-� L�/� �  G�L���/  ALK/�/ 

�4��:. �042 �" �� �H4 @ %�, ��E AbZ6�  ��7 �:�7 F/ VQN 
_� 4��� F�"�"�� t-.Q�� 
�/��  L!���"��  ��L� M/� � 
���F��7 'F/��� ��� M/�
 �C �D!�E ���F �8"/� 7 A" �/�8� �C �D!�E V�A  F�37  A����%4��:� � "7/� A�D!� NM
 

��5�/ ���9  :��V�  /� .�4�/� AK/�//�" A�D!�7 �C A���;� F/ 
����: ���V� /�3 F/: -�@ �/���  �L���:  AL"  ��LH8� 
_� 4��� �� 	�,��: 
_� 4��� -�@ �/��� /I1/ 7/�" �-�� �� 	�,��: �-��/� � -�@ �/��� ����: 7/�" P�;4/ ����� 
_� 4�� �� �M��E _� 4��S A" ��d 7A: u��;� 4F�� ���F��7 ��c� �:A8 ���.  

^�I"�/��>�� � �/�419 )1397(
 �D!�E [��U>�E ���F �8"7 4 � ����:��7 4�!4/� /� X� ��i   ��L,��: ��L��1� 
�/�-� �2 �� A: �4�/� AK/�/7 4��7 4�!4/� ���0� �" ��7 `� Z� 
����:7 ���O �/� � ���3 �" ��7   `L� Z�  P�L;4/

���8��A�D!� W�� <"�� .
 -�@ ���F �8"7 bZ� � `� Z� NM/�� �� ����:] 4��7 4�!4/� �3/ NM/�� @�/ A"S 
A" A4�,  /7 " A:86E �>� ���FN  NQ/�M ����:�� .� @8w�� �042s��� G�� C�� .c� X= ���Y  i� Z��  L�C 

��5�/�9  ��> "//�%/� 7 :�� F/q 0" 9 ���5�/A8  F�37 V� � �/�� P�M�F/A  F�37 �V���  AK/�/��:�4.  
P�!M �/��>�� �20 )1398!� (E�D ���F �8"7  ��-% � �L���: L� �L�7  �/�L0547 �-� � L�/�  /� 3 CL� �� 9 L! 

����7  �"���@��7 F/��7 t� ���!> ��  �L8 %�, �H4
    ��L�F ��L% �L"  �L�7  'F/��L�  G�L 8:  �4�L�   G�L� CL� 

A��4�"  I��7 s���� A%���8[ /� /�"7 �:A8 ���:  u��;� AL8�I�   �L�7  A-L3��
  	��L6%   F�L37  ��L�F   �L�7  'F/��L�
 

�/�0547 �-� �
�/�  ���F �x:/�M�>�
N  AK/�/ ����:��F � ����:���
�4��: /�"7  L%���8[ G�� NME � ��08L67
 
 F/��>��� 3f:C A��4�"  I��7 4���2� "�Z 4/ �8[� � /�"7 4��4 NME   ̂ �IL" � iL3� � ��-"/ �� NK�!�
 F/  4_ LC 

q���  F�37 ��R tq��t�21  	��O 3/�4��:  .  
��� � /��>���22 )2019 (��5�/�9   '����M�F/� 0" �A8 F�37  4�L�:�  ��L5[���23  AL" /�    NLM ��LH8� �DL!�E 

���F �8"7 2�%����87 MRO 
" W�� <"�� �� �"68E �>� ���FN ���F u��;� � ��7 c��� �E� �4�/� AK/�/ ����: � 
/�" A�M�� A37 2�%��8 MRO �� :�8 %�, �H4 ��E �M�� �� /I1/E 3�F�" 
G�/� ��  
�4�� �� �M��E P�� ���F  �L8"7 

����� �-��/� �� � �3/�04�� �� M��E� P�3 
����� F�3�/F27 �� P�;4/ .���    
�� �/��>�� �24 )2020 (�C '�� 0"A8  F�37  ��L�F  �L8"7  /� /�L"7  �/�L054� 7 �-� L�/�  <"�L8�  ����Lc� �� 

�p�bX� �w	� AK/�/ �4��: A: /�@ u�s�� qV3 ��V0"  �Ls���  � L6��
��  ���"p�L" 'F�/  G�LbX� �  /IL%/�� 
I���  "�Q�� ��  ��� . �042/� "/ �D!�E ���F �8"7 ����c <"�8� �� /�� �X�N �4��: 
TU3 �C � G��� Ls�/� �  /�L"7 

�D!�E ���F �8"7 Ad�"��  N��� A: �4�/� AK/�/A3 <"�� W�� �:A8 ���: ���F ��H 4/ � 6��
��  ���L:  <"�L8�  �/F�L� � 
I:���9����: ]c�� I��8E ��>��� <"�8� �3/ .�04���� ���C     '�� \�L3/�" W�L� <"�L� AL3 F/ �L�7  4_ LC 
��V0"�
A %� '�� 0"A8  F�37 �s�q 4F�� :��V�  '�� �NSGA-II �X�N 	��  �4/.  

���M� � �/��>��25 )20202�% A: �4�B -� (��8 MRO �C A" N��   �L3�8� 
G�L 8: ��H8��� �d/ � ��L8   �L�� F/
�C 0;�I ��%�� I4��4/ .�3/7 �"��  P�0O�MRO �8= �� /��< ��%��  �DL!� .���" A �/� �H4 ��E   ���LV� ALd�"�� 
/F/ �3: 54�5[� -�@ �F�  ��� -3�� �E A��4�"  ��I7 ��/� 3/�C
 /�"7 �/�0547 �-� ��/�  L3�3/�   L6:�   �L�7 
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581� "A ��H8�  6�4�V� ,���2 F/� ����� ������BX� F/ W�� .h AK/�/  
	�� /���; �C A��4�"  ��I7  ��/� L3/�C  ��
-3��E MRO  6:� ��7 581
�  6� ��4�V� ,���2 F/� ����� ������ �3/.  
�, �/��>�� �26 )2022 A" A1�� �" ( ��V4" h"�.�@  � u/�4/�/�-� ���M/�7 �-��/� � ��-%�  ��7   L6�4�V�  ��

���F �" 	/��� 
o81 ���F �8"7 ��-%���7 �/�0547 0;�
�/I �D!�E ���F �8"7 �1��� ��,��:� W�.-4/   (L��� /� �� 
�H4 �8 %�, � G�� ���F �8"7 ��-%���7 �/�0547 0;��/I  /�\�3/�" 	��, �-��/� �/����  	�88:    .�L4��: ALK/�/
 �"E��� �4/���� � ���F � ���X�9 �-�
�/�  ALK/�/ G�� 	�L�  ��L�F  �L8"7 ��-% L�  �L�7  L�9 �-� L�/� /�  �L"  W�L� 
�:A8 ���: ���F W�=  	��  7/�"�-��/� �� �H4 �%�,. 

A" ��H8� 3��"� � �B��!E E86� 
u�s�� =fcE �p�B� v�.�  	�� �� G��1 1 ��64 	�/� 	��  �L3// �� . L�@ 
 :�p�B�1 ��B�E ���@��7 F/��7
 1  L��B�E �1 L���  ��L,��:�
 1  L��B�E   ��L,��: ��L:�
 4  L��B�E   ��L,��: ��L:�  ��

A�M�� 7/
 1 ��B�E �1��� ��,��:� A�M�� �� 7/
 1 ��B�E �1��� ��,��:� W�.-4/ (���  �2 ��B�E �1��� ��,��:�  A3
A�M��  /7 /� AK/�/ �4�/�. 

%��� 1- BCD	 �����	 =���  
Table 1- Summary of problem literature 

'!�E  0,�9���  =���  

1  8��� � �[�� 3/ )2014(  ��: ��,��:� A�M�� �� 7/  
2  o4�[ � A�/�V� )2014(  �1��� ��,��:� A3 A�M�� /7  
3  o4/�� � �/��>�� )2016(  ��: ��,��:� A�M�� �� 7/  
4  ����  � �/��>�� )2016(  ��: ��,��:� A�M�� �� 7/  
5  8!M� )1396(  �1��� ��,��:� A�M�� �� 7/  
6  �� � �/��>�� )2017(  ��: ��,��:� A�M�� �� 7/  
7  ^�I" �/�4 � �/��>�� )1397 (  �1��� ��,��:�  
8  P�!M � �/��>�� )1398 (  ���@��7 F/��7  
9  ��� ) �/��>�� �2019 (  ��: ��,��:�  

10  ���M� ) �/��>�� �2020 (  �1��� ��,��:� A3 A�M�� /7  
11  �, � �/��>�� )2022(  ��: ��,��:� W�.-4/ (���  

 

�" A1�� A"  E86�3��"�  
	�� �� /�@ BX�h �C �D!�E ���F �8"7 ��"�1 ��,��:� :��V�  AL"  ��LH8�  �/�L0547
 
�-��/� � G����/ 0;��/I �� ���/ AK/�/ ��/�c �� .�� /�@ A�D!�
 0;��/I �H4�� 7/�" ���F �8"7 �-� L�/� � 

G����/ �� �C �1��� ��,��:� A�M���8[ /7  �/�LQ  L��  , �L4�  AL:  L�M��E G�/ �2  _�L 4��� 0;� L
�/I  L�M��E P�� 
�-��/� � G����/ � �M��E P�3 _� 4�� 
�3/ .�M��E P�3
 ���@��7 F/��7 �� �H4 A %�, 	�� �3/ A: "�  AL1�� 
A" �4/� �� F/ 
A�D!� ��8:�� /�"7 �D!�E G����/ 0;��/I 3��"� 	�64 �3/  0;� G�L���/ �-8L= �� . L
�/I   G�L�

AK/�/  	�� �� /�@ A��B� ��8:�� 3��"� 	�64 .�3/ ) ��2017 
(�w	�  ���@  ���M/�  AK/�/� 	��: �M�� ��E   ��L: P��
��,��:� �3/ 	�� A %�, �H4 ��S ���= �� �A: �D!� ��E �� � �M�� ��E P�3
 ���@��7  F/�L�7    AL %�, �LH4 ��

�3/ 	��S /�"�8"�@ 9�/ ��2�47 �D!�E �3/ N�� v�� A" 
�H4��:    



���	 ��� ���� ��� ��� ����� �� !�"� #$� %��!�& !'�(&)  /��*+ !'�, �&!�7*� � /9 

1- K/�/E �C G�� ��s�� �1�� �" �8V�7 -Q��� 'F/��� ����:S  
2- "A,��:�7 �D!�E �1��� ��,��:� :��V� /�"7 0;� G����/�/IS    
3- "A,��:�7 ���@��7 F/��7 �M�� ��E �D!� P�3E 0;� G����/�/I.   

  
3- F�! G��+� ?����  

�D!�E 3��"� 	�� �� /�@ A��B�
 �C �D!�E �1��� ��,��:� A3 A�M��  /7 A" ��H8� �-��/� �  G�L���/ 0;� L�/I 
�3// �� .�@  �/�-� A�D!�n 0;�I 7/�" ��� P�;4/�� G����/
  �� L�C �1 L���  ��L,��:�   AL�M�� AL3  /7   'F/��L�

��  ��� A: �M�� ��E  �/�-� �2 P�3m /�	�5 ! 0;� �,/ .��/� ��1��/I A" 4 A�M�� �� � ��: �/�8� LI   �L84��� L�C 
���@ �D!� 
��� A %�, �H4 ��E  ����3��"
�  �C �D!�E �1��� ��,��:� A�M�� A3  /7 �3/ A: ��  NLM/�� G�/ � 
P��
 �C ���@ � �� �M��E P�3
 ���@  ��7 F/��7 ���!>  .��/� ��1�<"/��   ̀ L� Z� W�L�
  4�L-��  ���LO ��  ��

���F NK�!� �8"7 4�/�/ �� .��@ W�� <"�� A��B�
 "68E �>� ���FN  �H4 �� ����:A %�, 	�� �3/ ./�@  <"�L�  W�L� 
/�"7  ��M� ��"��: ��/� A: 0;��/I� A"��H8� G����/ A��4�"  ��I7 ��  �4�� A: A" ���= A 3�  /
7 A"  IL:/��   `L� Z�

��"��/�4 .�� /�@ ���M " 7/����: ���F �>�N N: 
����: "� 6�@  ��L�F �>� LN
 �: AL8  L��   �L6� � 0;� L�/I 
G����/ ��R ��"�� A" �C 
I:�� A" ��d 9����F
 �� ���F � �:7 �X��N ��  4���.  
  
3-1- H�I�(� %�  

G�� A�D!� �" �� �H4 @ %�, ��s��O� F��
 AK/�/ 	�� �3/:  
� �/�-� NM/�� �"�� � �"/�" �" 3 S�3/ 

� �� ���@ �� �� A�M��
 �� iB% �C AHX� ��:7 /� 'F/��� ��  �8:S 

� �m%7 '��V4/ "@ NM/��
 �/F2 �� �H4 A %�, 	�� �3/S 

� �� ��: �� �C ���F
 iB% �" �C ���@ 'F/��� ��  ���S 

� ����� �C ��: �� �� A�M��
 4��F� u��� ��  ��� A: ����� �2 �� �M��E NVQ A" P���/ 3�	� ���"S 

� �/��� 'F/��� ����: �� NM/�� G�/ � P�� ���!> �� �H4 A %�, 	�� �3/. 

 

3-2- !&J '�*,�  

�" A1�� A" s����X 	���:�
 G�� ��s�� A�D!� A" v�� F�� �3/:  
�,&�K  ��  

s �4/�T F���@6 ����: }1, 2,  ..., n{  
i  
j  
r  �4/�T ����: }1, 2,  ..., n{  

l �4/�T ���@  �� �� �M��E P�3 }1, 2,  ..., m{  
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���L&!��  

n �/�-� ����:  

� �/�-� ���@  ��7 �M��E P�3  

���  ���F  ��: 'F/���j �M�� ��E G�/  

��� ���F  ��: 'F/���j �M�� ��E P��  

��� ���F  ��: 'F/���j �M�� ��E P�3  

A �C ��� !"�� ^�I"  
ML����� *���N  

�	,� �,/  ��:i F�� ���@6 s �M�� ��E  'F/��� _� 4��� 
��� �"/�"1 � t ��� /�@ ���= .�3/ �O= �"/�"  

�	,�, �,/  ��:i F�� ���@6 s �" ���@ � �M�� ��E _� 4�� 'F/��� 
��� �"/�" 1 � �� t� /�@ ���= �"/�" �O= �3/.  

��� ���F �>�N F�� �� ��:�@6 s �M�� ��E G�/  

��� ���F �>�N F�� �� ��:�@6 s �M�� ��E P��  

���, ���F �>�N F�� �� ��:�@6 s �" ���@ � �M�� ��E P�3  
 

3-3- %� !�H��  

�" A1�� A" �-��` �4/�T  
�� ��� �/��� � z ����7 �b�
9 �p��-� G�� ��s�� A" v�� F�� �-��` ��  4�6�:  
  

Minimize ����  )1( 

� �	,�
�

���
= 1 ∀ � = 1,2, … ,    )2( 

� �	,�
�

	��
= 1 ∀ � = 1, … ,   )3( 

� �	,�!�
�

	��
≥ � ��,�

�

���
 ∀ � = 2, … ,   )4( 

� � �	,�,
�

��

�

���
= 1 ∀ � = 1,2, … ,    )5( 

� �	,�,
�

	��
≤ 1 ∀ � = 1, … ,  ;  � = 1,2, … , � )6( 

� �	,�!�,
�

	��
≥ � ��,�,

�

���
 ∀ � = 2, … ,  ;  � = 1,2, … , � )7( 

��� ≥ ���!� + � ��	 ∗ �	,�
�

	��
 ∀ � = 2, … ,  , )8( 

��� ≥ � ��	 ∗ �	,�
�

	��
  )9( 
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��� ≥ � ��	 ∗ �	,�
�

	��
  )10( 

��� ≥ ���!� + � ��	 ∗ �	,�
�

	��
 ∀ � =  2, … ,   )11( 

��� ≥ ��� + � ��	 ∗ �	,�
�

	��
 ∀ � = 1, … ,   )12( 

���, ≥ ���!�, + � ��	 ∗ �	,�,
�

	��
− ( ∗ )1 − � �	,�,

�

	��
* ∀ � = 1,2, … , � ; � = 2, … ,   )13( 

���, ≥ ��+ + ��	 ∗ �	,�, − ( ∗ ,2 − �	,�, − �	,+- 
∀ � = 1, 2, … ,  ; �, . = 1, 2, … ,  ;  �= 1,2, … , �  )14( 

���� ≥ ���, ∀ � = 1, 2, … ,  ;  � = 1,2, … , �  )15( 

�	,�Є {0,1} , �	,�Є {0,1} ∀ � = 1 . … .   ;  � = 1, . … .    )16( 

���, ��� , ���, ≥ 0  ∀ � = 1, . … .   ; � = 1, … , �  )17( 

  

."/�E 1 <"�� W�� A�D!� /� ��64 ��  ��� A: �:A8 ���: " L68E  ��L�F �>� LN ����: �L3 . ���LX��� 2  ��L64 
��  ��� �� ��: iB% A" �C F���@6 �� NM/�� G�/ � P�� bZ�] ��  ��"� .���X��� 3 ]Z6� ��  �8: A: A"  �L� 

F���@6 �� NM/�� P�� � G�/ 
n�� M �C bZ� ��:] ��  ��"� .���X��� 4 -�@ ��  �8: A: �� NM/�� G�/ � P��
 
�C F���@6 4��F� �>�N ����� A: F���@6 �VQ� �2
 i3�� �C ��: G�z�/  	�L�  �L��" . ���LX��� 5  ]ZL6� 
��  �8: A: �� �M��E P�3
 �� ��:  /�iB% �C ���@ 'F/��� ��  �8: � ��>�/ `Q�� �� 'F/��� �  L"�1A �L1��  L"@ 

���@�� ��1� ��/�4 .���X��� 6 ��64 ��  ��� A" �� F���@6 �� ���@
  �x:/�LM  L�C  ��L:  LbZ�]  L��  � �L"� .
���X��� 7 ]Z6� ��  �8: �� �M��E P�3
 �C F���@6 4��F� �>�N ��  ��� F�� A:�@6 �VQ� �2
   iL3�� L�C 

���X� .���" 	�� G�z�/ ��:�� 8  I4�>� ���FN  ����:/� �� �M��E G�/  ]ZL6�  L��   �L8: . ���LX��� 9  ��L�F 
�>�N ��:7  /��@- ��  �8: / �� A:��@ F��� @L6  L�M��E   .��/� �/�LQ G�/ ���LX��� 10  ��L�F �>� LN  ��L:  /��� 
F���� G�/  ��� �M��E P�� ]Z6� �� �8: .���X�����7 11 � 12 
13 � 14
 ���F �>�N  �L���: /� ��  L�M��E 
P�� �@- ��  88>� .���X��� 15 ��64 ��  ��� "68E ���F �>�N ��: �"�� F/ ���F �>�N �� L�C F/  �L���: " � L6 

���" .���X��� 16 z ����7 �"��87 � ���X��� 17
 ���X�R z ����7 �A 3� /� -�@ ��  �8:.  
  

4- F�! P5  

A" ��H8� NM A�D!� �� /�@ �Z"
 F/ �� '�� 	��O 3/ 	�� �3/ :1- NM Q�h A�D!� A" 3��E ��5�/�9  Ac�� � 
�/�: �� ��-"/ C[�:
 �" 	��O 3/ F/ P�4  �/I%/I�, � 2- NM A�D!� �� ��-"/ ^�I" �" 	��O 3/  F/��5�/�9   4_C.  

4-1- P5 Q'�R =���  

NM A�D!� �� ��-"/ C[�: �" 	��O 3/ F/ G�� ��>�/(��� �3// �� .�@ A��B�
 � 4�a A" G�� NM Q� ���= Lh   �L" �
 F/ 	��O 3/NM  �88:R 3T>�U  ��P�4  �/I%/ I�, 3��"� 	�� �3/ .G�� AK/�/  	�� �" �8V�7 F���@6 � A" / L�@  ���L= 
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�3/ A: F���@6 ����: �" ���@�� �� �� A�M�� ]Z6� ��  �6���!4�1 .27 )1954 ��V�/ (��: �D!� A:E �1 L��� 
��,��:� A�M�� A3  /
7 ���= �� �A: " W�� <"��68E �>� ���F LN   �L��" �L���: )�3//���� 
(� ��L!>   �LH4 ��

�/�� @ %�,� �� �� ����:E 4 NM/��I
 N��� 0" g/�1A8 ��  ��� z� A" �� �/��� �� �� ����:�C NM/�� F/
  /�L"7 
3��� 0" g/�1 A"A8 4F�7 4�!S /�"�8"�@ �,/ ��� �/�-�@  �� �� ���C  �"/�" NM/�� F/1  L��"
�    @ %�L, �LH4 ��

�C z �� /�"7 %�: G��� �3/S nfx� /�"7  iB% P�� � G�/ NM/���C z �� .�3/ 	�� A %�, �H4 ��  
A" ��H8� ���: �/�-� z ����7 A�D!� � 8w��@ ���: ���F 
NM �/��� 'F/��� ����: ��  L�M��E P�� � ��L!> 

�� �H4 A %�, 	�� �3/ ." 7/�3��"� ��>��� 
G�� ��� `Q�� /�1/ 3600 4��A �3/ � �� ���= �A:  G�L�   NLVQ
/ F/�@ 0" g/�1 A" ���FA8 �3�"
 � `Q� � /�1/� ���S t ��� /�@ ���=
 g/�1  L" A   / �L� 	�L�2 �L3� L�@   ��L�F

)3600 4��A(
 � 0"�@ g/�1 G�� �� �H4 A %�, �� ���. 

4-2- !04
&�NL L,;�S 

@[28 )1995 (/�"7 �D!�E �1��� ��,��:� A�M�� ��  7/�" ���@  ��7 F/��7 �� �C A�M�� � <"�� W�� "68E 
���F �>�N 
����: A��1�8[ ���F �" A�D!� �/� ��64 /7 NP-�Z329 �3/ .�" A1�� A" /�A>8 �D!�E 3��"�  	�L� �� 

/�@ A��B� 
�1��� ��,��:� A3 A�M��  /7 �" ���@��7 F/��7 �� �M��E P�3 � �w	�  �� F/ �D!�E  ALK/�/   	�L�  iL3�� 
) @[1995/�"�8" 
�3/ (�@ NP-�Z3 �3/ .NM NK�!� NP-�Z3 �� ��-"/ ^�I"
 �" A1�� A"  ���LX���  4�L�F� 

� %��� 	�4F/��� A" ���= Q�h ��>�/(��� 4�!S /�"�8"�@ A" ��H8�  3�"�� A" g/�1��7 0"A8 �� �I4�C A" 0"A8
 
F/ '�� ��> "//�%7 / �� .�3/ 	�� 	��O 3/�@ ��5�/ F/ A��B��9   4_C " 7/�A�D!� NM
 P�4 F/ 	��O 3/ �"    /��L1 �/IL%/

.�3/ 	�� 	��O 3/  
��5�/�9   4_C �>� F/ A c�8� 	�� ���@ ��5�/�9 ��7 ��> "//�%7 �3/ A: ��/@ ��"  �L8��30 )1975( /� �2  ALK/�/ 

�:� ./�@ ��5�/�9  �" �8V�7 -�1�31 P�0�/ � Vd F/ A %�,�- �3/ .�� g/�1 ��  A�DL!�
  L�C  P�F�L���:  A c�8L� 
�� � ��� F/ :��q �_ �� �� ��1� A" ��2 .�dF/�h /� ��L; z� L�/�
 ��  �L�  P�F�L���:  L�C  g/�L1 �1 L�� /� ��L; 

�� ��� .��5�/�9   4_C N��� ���5���7 �01 � <d�B� A" ��H8� /���; -�1� �1�� �3/  . 

��5�/�9  AK/�/  ��!Q �8[ N��� 	���3/ ���V� A: / :F/ �41- K/�/E ��4�� A" g/�1  �4�: ��LH8�� L!�  A�DL!�S 
2- 6,I����� A�D!� F/ �X4R ��4�� �� �M��E  P�33- /���; -�1� ��/A � A" L�/I 5676 S4-   %��Lb� g�LZ 4/� 

g/�1 -�1 F/ ��� ��1��
 A" ��� P�;4/ ��H8���  G�� M/ �" <d�B�89+ S5- %��b� g�Z 4/� g/�1 " �� 7/�  P�L;4/
�����  G�� M/ �" �018�: �� /�@ A��B�
 �C ��5�/�9   4_C AK/�/ 	�� �3/ .�� A�/�/
 NM/�� ��5�/�9  �� ��� L� 

g/�1 �1�� v�� 	�/� 	�� �3/. 

4-2-1- �*,�? T&0� 

�� ��5�/ �� P�F����:�9   4_C  F/ 	��O 3/ �"�C �X4R ��4�� �4�: ���!� � ]Z6�� ��� / ��L% �" .� AL>8 
 �/�-�6 ��4 
���" A �/� ��1� ��:�� ��5�/ �� g/�1�9   4_C AK/�/ / �� 	���@ A��B�
   N>L� h"�.�1 �   \�L3/�"

�/��� ����: 'F/����3 .�� /�@ ��4��
 g/�1 �/��� 'F/��� ����: �� �M��E G�/  ]ZL6�  L��  �L�� .��  L�M��E 
/ �" A1�� �" P�3�A>8 ���@  ��7 F/��7 ��1� �4�/�
 �/��� 'F/��� �" �� ���@ �" 	��O 3/ F/  �L6,I����  ]ZL6� 

�� ���  . 
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4 3 5 2 1 6 

P7+ 1- �*,�? T&0�  
Fig. 1- Solution representation 

4-2-2- �� )!�� 

T� F/ -�@ �/��� ����: �� NM/�� /G� P�� �
 �" A1�� A" /�A>8 �M��E  L��� N��� P�3@   �L�7  F/�L�7  
�L3/ 
�/��� " .��" ��/�c ���O � ����: 'F/����/ A@ ��H8�
 �-" F/   'F/��L� P���/ L�C   L�M�� �� ��L:E 
P��  L�M�� ��E 

P�3 ��: �" ���8� � 'F/����  ��� A: �/F2 ���" � �� ����F F/ ���@  ���5�� 7  �/F2��  .�  

4-2-3- U*��V 
�&�= 

A" /�1/ ��H8�7 ��5�/�9   4_
C � ���"C -�1� ��/A g/�1 F/ A" �� F/�4/R 566
 /���;  z� G�L��/ �" � L�/�  ��
-�1 
g/�1 ��� �1�� ���� ��4 A" A1�� �" .����� AK/�/ g/�1 -�1 
NVQ �Z" �� 	�� L� ��/ LA  AL"   ���L=

%��b�� ���� z� P�;4/ F/ T� ��/� A" �/�>� �� �� 
PFp 4�3�F��� ��  ���.  

4-2-4- �4�*W XY��� 

A" ��H8� /���; -�1� �1�� � ��V0" g/�1
�� �5��� <d�B� �� ��5�/�9   4_C�" 
 �� g/�1 G���/  L��   ��L� 
A: A" ���= %��b�� g�Z 4/ 	�� �4/" . 7/�<d�B� P�;4/
 / ���@    <d�LB� �L5��� F/ �Z"��  AL.B4  /7    	�L� 	��O L3/

 .�3/�� /�@ �5���
 �� A.B4 A" ���= %��b�� �" ��/��@ g�Z 4/ �� ��� .�/��/ "@ /�@ ��  AL.B4 F/  �L�/� G�/  AL" 
�4F�% P�� � F/ ��/� P�� A" �4F�% G�/ NB 8� �� ��� . /�L"7  ���L:�� B" EL F��� @L6 �L� ��  �L4F�% G�/
 F/  �L�/� G�/ 

	��O 3/ ��  8:9  .  
�� ���= �A: ��� g�Z 4/ 	�� "@ �� A.B4 
���V4 �1�	�5 �� ��  ���  � �L,/      ��L� 
�L��" A L�/� ��L1� �L-"7 

� g�Z 4/�  ��� .�C / F/ G�x��@  N>� �� <d�B� u�42 ��5�/ �� <d�B� �5��� .�3/ 	�� 	�/� ��64�9  AK/�/   �L" 	��
 G�� M/8;+�" 
 �C � P�;4/ g/�1� ���. 

    

��/� 1 5  1 3 2 6 4 

    

��/� 2 3  2 4 1 5 6 

�4F�% 1     1 5  

       

�4F�% 2     2 6  

�4F�% 1 3  2 6 1 5 4 

      

�4F�% 2 3  4 1 2 6 5 

    

P7+ 2- �*W�(� XY���  
Fig. 2- Crossover operation 
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4-2-5- �4�*W ?#� 

A" ��H8� /���; z��/� I1�K �� �� g/�1
 ��5�/�9   4_C F/ �5��� �01 	��O 3/  L��   �L8: ./ L�@  �L5��� �� 
��5�/�9   4_C
 �" G���/ z��/� �� �� g/�1
 |��" ���� g/�1 �1�� ��  ��L� . �L,/  g/�L1 �1 L��  �VL!4  AL" 

g/�1 �VQ� � 0" ���"
 �1�I5�@ �2 ��   ��L�  ��� t L� / L�@  ���L=
  g/�L1  L�VQ�  ���L" z� L�  Q�L"�  L��   �L4��. 
 
��,�8!��4���M��7 /� �4�,�4�, /�"7 P�;4/ �01 `� Z� AK/�/ 	��: �4/ .�� /�@ A��B� F/ �01  �L-��j32  L" 7/�

 	�� 	��O 3/ �01�  N>� ��3   .�3/ 	�� 	�/� ��64 

�� /�@ �01 u�4
 A" �_ �� %��b� ���=�  g�Z 4/� �" ��>��5 "�1A�1 ��  �4�� 7/�" S    N>L� h"�L.� G�Lx�3 

�_ ��7 G��3 �� ��1�� ��7 1  �4 A" %��b� ���=�  �" � g�Z 4/��>��5 "�1A	�� �1   �L4/S  4�� AL;  L�C  g/�L1 
�1�� " A�3� 	��2 �3/ .�5��� �01 �� ��5�/�9  AK/�/  	��
  G�� M/ �"8�: �" �C � P�;4/ g/�1� ���.  

  

��/� 4  3 5 2 1 6 
 

�4F�% 2  3 5 4 1 6 

P7+ 3- �*W�(� ?#�  
Fig. 3- Mutation operation 

4-2-6- =� ,�G!��!� T&0��� 

T� F/ P�;4/ ����� <d�B� � 
�01 �/�B� <"�� W�� AV3�X� �� ��� .�,/  g/�L1 �L�7  L" A �L3�  	�L�2  �L 0" F/ 
g/�1 �-%� ���"
 g/�1 �1�� �1�I5�@ g/�1 �-%� ��  ��� � �� t� /�@ ���=
 g/�1 ���" z�� Q�"� ��  �4��. 

4-2-7- ]�+ EQ0� 

A"  ��H8�`Q�� /�1/7 ��5�/�9 
 F/ ���X��� 4��F� 600 4��A 	��O 3/ 	�� �3/. 

AV� ��5�/ �:�9  GA " A��: A %�, 
	��  N>� h"�.�4 �3/.  
1- -�@ ��B��� ��/E ��� �/���7  A�D!�8�
 89+  �8�:   
2- /���; -�1� ��/A A" F/�4/R 8�  
3- P�;4/ ����� <d�B�  
3-1-  G�� M/ �" G�/ ��/� g�Z 4/89+S  
3-2-  G�� M/ �" P�� ��/� g�Z 4/89+S  
3-3- P�;4/ ����� <d�B�  �"�� ��/�.  
4- P�;4/ ����� �01  
4-1-  G�� M/ �" ��/� g�Z 4/8�:S  
4-2- ��� P�;4/�� �01S  
5- ���� -�1� �1��S  
6- 3��"� ��� `Q��S  
6-1- �� ���= �A: ��� `Q�� �" �/�Q ���"
 A" P�, 7  ��� t� /�@ ���= A" P�, 3 ��"S��  
7- �����.  

P7+ 4- !04
& �" =@+�NL GA  
Fig. 4- Pseudo code of GA algorithm 
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5- �=LI�  ��  

/ ���@ � 4 �Z"�a  ��V3�X�� AK/�/  G��
�H4�� P�4 �� I�, �/I%/33  .�3/ 	�� /�1/ L8w��@   /�L" ��VL3�X�7 
�3�I ^�I" � ��5�/ F/ 	��O 3/ �"�9   4_C  .�3/ 	�� P�;4/�"  �L�F2 A" A1���� 7�L�  P�L;4/   ��LB� 
	�L���   qL3�8�

��� �/���7 ��5�/�9   �"/�"8� = 70
 89+ = 0.7  �8�: = 0.1 /�@ �� �H4 A %�, 	�� �3/.  
��B��� /�" ��� �/��� `� Z�7 /���; A4��4 ��7 `� Z�
  G��1 ��2 .�3/ 	�� 	�/� ��64 

%��� 2- '���� E�L� ���L&!�� =�!0A� &�'�$ �G���)� E�L� =��� 

Table 2- Different values of parameters in order to create different problem sizes 

'��2^ '���� ���L&!��    
�L&!�� 

�G�) _!)�  �G�) S80" 

}40,35,30,25,20{  }4,5,6,7,9,11,13,15{ n  
}1,2,3,4,5{  }1,2,3,4{  m 

U (1,100) pf  
U (1,100) ps  
U (1,100) pt  

  
��  �Z"3 � �/�� �c2 ��% 
G�� ��s��O� ��!Q ���  ����: 'F/����� NM/�� G�/ P�� �
 ���!>   �LH4 ��
 A %�, 	�� �3/A: �" A1�� A" �B��E ) ��!4�11954AK/�/) ( 	�� �� �Z" 4(
 / L�@  ��L%  �>L6�� ��  L3���  AL" 
g/�1 0"A8 /���; �4�  �8: .A" ��@ z � �� ��H8�� A" /�  qV3-�@ �/���  ����: 'F/�����  �LH4  AL %�,  / L�9 . L�C 

z �� /�"7 -�@ �/��� ����: �� NM/�� G�/ � P�� � �C z �� " 7/�-�@ �/��� ����:  �L"  L���@ �L�7  F/�L�7 �� 
�M��E P�3 ]Z6� 	�� �3/.  

5-1- %�` '�W� 

A" ��H8� 3��"� �X= ��>��� G�� � 8w��@ ���� ��1� ���@  ��7 F/��7 �M�� �� E 
P�3�C  �/�-� �" G�x�
6 ��: 
1  �2 ���@ �M�� ��E ���F .�3/ 	�� A %�, �H4 �� P�3 ��7  G��1 h"�.� ����: 'F/���3 �3/  . 

%��� 3- ������ F�&'�� ��!�"  
Table 3- Job processing times 

!�"  =�5� 1  =�5� 2  =�5� 3  

1  93 63 86 

2 93 70 31 

3 21 29 83 

4 45 39 74 

5 10 24 40 

6 88 27 70 
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�,/ ��� �/�-�@�� �M�� ��E  �"/�" P�31 ���"
  �"/�" W�� <"�� �/�B�447 " A L� �3�� 2 L��  ���L= �� � � AL: 
��� �/�-�@�� �M�� ��E P�3
  �"/�"2 ���"
  �"/�" W�� <"�� �/�B�437 �3/ � A" �2 �/�B� A:�/I 10   ��LV0" �M/�

�� ��"�G�/ ���M �� .
 �8-� 4��F �A: ��� �/�-�@�� �M�� ��E  �"/�" P�31 �/�� 
���"�  N>� h"�.� ����: 'F/���
5   .�3/  

  
P7+ 5- 
&0�� S� V
�5 !' ��!�" F�&'�� +����   

Fig. 5- job processing sequence in single machine mode 

�" A1�� A" /�A>8 �� G�� AK/�/  	��
 z � ��� /�"7 -�@ �/���     AL %�, �LH4 �� P�L3 � P�� 
G�/ NM/�� �� ����:
 
�3/ 	��/�"7 �M��E  P�3�/��� �3/ ���O � ����:. �/��
�  N>� h"�.�6 / �� A: �3/ 	�� ]Z6��@   �L��M

4I
  �"/�" W�� <"�� �/�B�447 S�3/ /�"�8"�@ �"�� �� �H4 @ %�, �/��� 'F/��� ����: �� A3 A�M�� �"  <"�L�  W�L� 
"68E ���F �>�N 
����: ���O�� �� �/�B� 0"8E <"�� W�� ��/�4.  

  

  
P7+ 6- 
&0�� F�&'�� ��!�" !' �5�	 a0G V
�5 S� +����  

Fig. 6- Job processing sequence in the third stage of single machine mod 

 

���F��7 �>�N /�" A�M�� A3 �� ����:7 ����� �/�� \�3/�" � ����:� " A  G��L1 �� 
	��2 �3�4   	�/� ��L64
�>� ���F .�3/ 	��N �M��E A" P�3 �>� ���F �/�8�N � A %�, �H4 �� ��: ���  ��� ."� 6�@  �/�LB�  ��L"��  AL" 

��: 6 �3/ A: �/�B� ���F �>�N �2 �"/�" 447 �3/ � A" ���= o4��� ��64 /�	� 	�� �3/.  

%��� 4- ������ *7��P ��!�" &��� 3 =�5�  
Table 4- Job completion times for 3 stages 

!�*+^ !�"  
������ *7��P  

�5�	 1  �5�	 2  �5�	 3  

3  21 50 133 

4 66 105 207 

5 76 129 247 

1 169 232 333 

2 262 332 364 

6 350 377 447 

  

Aw4�8[ ��� �/�-�@�� �M�� ��E  �" �"/�" P�32 ���"
 �/��� " A  /�L" 	�L�2 �3�7   P�� � G�/ NLM/�� �� �L���:
 
 N>� h"�.�7 �3/.  

  
P7+ 7- 
&0�� F�&'�� ��!�" !' P5&� %�& � a�'/ �� '0�� 2 +��1 !' �5�	 a0G 

Fig. 7- The sequence of processing jobs in the first and second stages with the presence of 2 machines in the third stage 



���	 ��� ���� ��� ��� ����� �� !�"� #$� %��!�& !'�(&)  /��*+ !'�, �&!�7*� � /17 

���F��7 �>�N  G��1 �� P�� � G�/ NM/�� �� ����:5 .�3/ 	�� 	�/� ��64 

%��� 5- ��� ��� *7��P ��!�" !' P5&� 1 � 2  
Table 5- The completion times of the jobs in stages 1 and 2 

!�*+^ !�"  
������ *7��P  

=�5� 1  =�5� 2  

3  21 50 

4 66 105 

1 159 222 

2 252 322 

6 340 367 

5 350 391 

  
�/��� 'F/��� ����: �" ���C F/ ���@  ��7 �M��E  N>� �� P�38 .�3/ 	�� ]Z6�  

  

4 2 6

1 3 5

  

���@ 1  

���@ 2  

P7+ 8- 
&0�� F�&'�� ��!�" �� ���S �& +��1�� !' �5�	 a0G  
Fig. 8- The sequence of processing jobs on each of the machines in the third stage 

  
���F��7 �>�N �M�� �� ����:E 3  G��1 ��6 / \�3/�" .�3/ 	�� 	�/� ��64�@ " 
G��168E  �>� ��L�F LN 

 ��: A" ��"�� ����:6
  W�� <"�� �/�B� �"437 �3/.  

%��� 6- ��� *7��P ��!�" !' �5�	 a0G  
Table 6- The job completion time in the third stage 

!�*+^ +��1  !�*+^ !�"  ��� *7��P  

���@ 1  
4  179 

2 353 

6 437 

���@ 2 

1  308 

3 391 

5 431 

  
�" A1�� A" G�x� AK/�/    
	��  �" 	�f��X= ��>��� G�� 
����  ��L1�  L���@   �L�7 " � L6 ��  L�M�� E P�L3  IL4 

]Z6� �� .�" /I%/�� �/�-� ���@�� �M�� ��E P�3
 �/�B� <"�� W�� ���" �4�  ���  .  



18 / �� ����� 	��� 
����� � ���� ������14 	���� 
2 
��� �33 
 �� !"��1402 

5-2- ����	 �L,�c �G�) S80" 

A" ��H8� 3��"� � �B��!E � 4�a I�, � ��5�/�9   4_
C /�"7   �/�L-�26   �L3 �� A�DL!����I7  ̀ L� Z�
   �� G�L�
P�4  I�, �/I%/� 8w��@ ��5�/�9   4_C /�1/ �� � 4 A:�a  G��1 �� �27  NLM .�3/ 	�� 	�/� ��64 �� �  P�L4   �/IL%/

���X� �" I�,�� 4��F� 3600 4��A /�" �7 ��5�/�9   4_C
 n 4��A  .�3/ 	�� A %�, �H4 ���� A4��4 F/  ��L5�/�9  
 4_C 
I4 5 ��" /�1/ 	�� �3/ .7/�" �B��!E � 4�a NM Q� Lh �  ��L5�/�9   4_ L
C F/  ]c�L� � L�/I  W/�LX4/ F/ 

� 0"�@34 g/�1
 ."/� \�3/�"E 18 .�3/ 	�� 	��O 3/  
)18(  = = (� − ?)? ∗ 100                        

  

�� ."/�E )18 
(= ��/I � 0" F/ W/�X4/�@  
g/�1� ��5�/ g/�1�9   �? � 0"�@ " g/�1 A F/ 	��2 �3�5   ��L"
 I�, g/�1 � /�1/�3/ .��  G��17
 �� 3 CD

35 ��/I  �L 0" F/ I�, g/�1 W/�X4/�@    ��L5�/ � G�L� g/�L1�9  
 4_C � �� 3 »<"�� W��«
 �/�B� <"�� W�� " A�3� 	��2 i3�� I�, /� ��64 ��  ��� . �� L3 » ��L�F«  NLM  
IL�, 
»Min« �/�B� �:8E W/�X4/ F/ � 0"�@  
g/�L1 »Avr« � L54�@  W/�LX4/ F/  �L 0"�@  
g/�L1 »Max«  �/�LB� " L68E 

W/�X4/ F/ � 0"�@ g/�1  � �� 3»W�� <"��«
  W�� <"�� �/�B�� �� 3 »���F«  
I4���F /�1/7 ��5�/�9   4_C /� 
��64 ��  ���  . 

%��� 7- ����	 �L,�c !04
&�NL L,;�S � P5 Q'�R &��� �G�) _!)� =���  
Table 7- Comparison of genetic algorithm results and exact solution for large size problem 

=,0*,  A B 

)*  L,;�S  

CD X��� d��  ��� ),�e�=( Min  Avr Max 
X��� 

d��  
��� ),�e�=( 

1  4 2 0,000 353  1,8 0,000 0,000 0,000 353  4 

2 5 2 0,000 363  2,9 0,000 0,000 0,000 363  5 

3 5 3 0,000 363  4,3 0,000 0,000 0,000 363  5 

4 6 1 0,000 447  3,3 0,000 0,000 0,000 447  6 

5 6 2 0,000 437  16,9 0,000 0,000 0,000 437  6 

6 6 3 0,000 437  28 0,000 0,000 0,000 437  6 

7 7 1 0,000 450  4 0,000 0,000 0,000 450  7 

8 7 2 0,000 440  63 0,000 0,000 0,000 440  7 

9 7 3 0,000 440  760 0,000 0,000 0,000 440  7 

10 7 4 0,000 440  1393 0,000 0,000 0,000 440  7 

11 9 1 0,000 539  657 0,000 0,074 0,117 539  9 

12 9 2 0,000 525  728 0,000 0,000 0,000 525  9 

13 9 3 0,000 525  3600 0,000 0,000 0,000 525  9 

14 9 4 0,000 525  3600 0,000 0,000 0,000 525  9 

15 11 1 0,316 (OM) 578  1211 0,000 0,047 0,099 439  11 

16 11 2 0,000 562  3600 0,014 0,045 0,095 570  11 

17 11 3 0,000 562  3600 0,000 0,018 0,089 562  11 

18 11 4 0,000 562  3600 0,002 0,027 0,046 563  11 
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=,0*,  A B 

)*  L,;�S  

CD X��� d��  ��� ),�e�=( Min  Avr Max 
X��� 

d��  
��� ),�e�=( 

19 13 1 0,304 (OM) 745  559 0,000 0,027 0,059 571  13 

20 13 2 0,000 727  3600 0,006 0,020 0,032 731  13 

21 13 3 0,008 727  3600 0,000 0,032 0,060 727  13 

22 13 4 0,005 727  3600 0,000 0,030 0,076 727  13 

23 15 1 0,417 (OM) 792  782 0,000 0,061 0,089 559  15 

24 15 2 0,150 771  3600 0,000 0,032 0,125 771  15 

25 15 3 0,265 (OM) 771  1936 0,000 0,059 0,125 609  15 

26 15 4 0,065 771  3600 0,000 0,058 0,109 771  15 

�4,��1 0,059  -  1698,1 0,001 0,020 0,043 -  9,7 

 

�� R��"� 4�a 
I�, ������d A: �� G��1 7 	���6� ��  
��� �" /I%/�� �3�I
 �D!�E  L3� 3��  AL"  g/�L1 0" AL8 
� �: 	�� �3/
 ���X��� 4��F� )3600 4��A (|��" `Q�� /�1/ 	�� � � 0"�@ g/�1 " A�3� 	��2 �� /�@  ��L�F
 
�V� 	�� �3/ ./�@ u�s�� ��64�8��R �w,�� p�"7 �D!�E AK/�/  	�� �� /�@  AL��B�  �L3/  �NP-  �ZL3 A�DL!�
 

��V�/ �� ��� .g/�1��7 0"A8 �� G��1 7
 A" ���= o4��� ��64 	�/� �� �3/ 	� �� ���= � AL:  IL�,
  �L.c7 
AH%�M36 ��" A �/�
�  ��64 �"OM  �/�-� F/ .�3/ 	�� ]Z6� I 4/�� Nc/� ��26 �3�
I   �/�L-� �� G��4  �L3�I   �L"

�.c7 "�� AH%�MA ��f� �" A:) �3/ 	�� ��OM 	�� 	�/� ��64  �4/ �/�-� .(12 I�, A4��4
 0" g/�1 A"A8 3�	� 
� ���04��  �/�-� ��10 A4��4
 ���X��� 4��F�   .�3/ 	�� /�1/ `Q�� |��"  

A" 3��" ��H8�� Q� NM �� I�, ��>���h  /�L" A�D!� NM ���F �/���4 
A�D!�7 14  �L3�I    N>L� h"�L.� G�/9 
 .�3/ 	�� 93� �"A1�� A" /�A>8 /�"7 �3���I7 ^�I"��
 I�, �� 3600 4��A `Q� � 	�� �  L��  �L.c7  ALH%�M �� 

	�/� 
�3/ �/���4 /�"7 14 �3�I G�/ 93� 	�� �3/.  
  

  
P7+ 9-  !&'0*,����	 ��� P5 G�K7�i !' �G���)� E�L� =���  

Fig. 9- Comparison of time to solve cplex in different problem sizes 
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���� ��d A: F/ N>� 9 ]Z6� 
�3/ �" /I%/�� �3�I
 �D!�E ���F  NLM  AL"  ���L=  �L�4��  /IL%/��  L��  � �L"�S 
/�"�8"�@ /�" A�D!� NM7 ��>�/ G�B-� ���F �� ^�I" ��-"/ (��� 4�! �D!� �E NP- �� A�D!� NM T� .�3/ �Z3

^�I" ��-"/
 ��5�/ F/ 	��O 3/ �"�9   4_C   .�3/ 	�� P�;4/  
�" A1�� A" � 4�a " A�3� 	��2 �� 12 4��4E G�/
 NM Q�h  AL"  g/�L1 0" AL8  L3�	� � �� 11  AL4��4
  ��L5�/�9  

 4_C �� �� 5 ��" /�1/
 A" g/�1 �"/�" �" I�, 3�	� �3/ A: ��V �/ � 4�a /� ��64  L��   �L�� .�� �B�� AL!  �L"  �L 4�a 
��5�/�9   4_C
 �54�@ ���F NM /�"7 26 A4��4 � /�"7 NM Q�h
 �"/�" 1698,1 �  /�L"7  ��L5�/�9   4_ LC  �L"/�" 

9,7 �3/S /�@ ��64�8��R /��:�� ��5�/�9   4_C �3/ G��1 �� .7
  �� 3CD � A" A:54�@ ��/I  �L 4 W/�X4/�a 
� 0" F/ G���@ g/�1 ��"�� �� 
��� �"/�" 0,059 S�3/ ���= �� �A: /�"7 ��5�/�9   4_C   �� L3 ��Avr 
  �L"/�"

0,02  
�3//�"7 ��5�/�9   4_C � �: � ��64�8��R 6Z"��/� ��5�/�9  �3/.  
  

5-3- ����	 �L,�c �G�) _!)� 

T� ]Z6� F/ ��5�/ ��>��� ����9  �3 ���I   A�DL!� 
C[�:�� 30  AL4��4 �  �L3 ���I  ̂ �IL"
    F/ 	��O L3/ �L"
��5�/�9   4_C  A4��4 �� .�3/ 	�� NM5 � � 	�� /�1/ ��"�/I  �L 0" F/ W/�X4/�@  g/�L1
    L."/� F/ 	��O L3/ �L"E 

)18 .�3/ 	�� AV3�X� (  

%��� 8- %��� �!&���� �L,�c !04
&�NL L,;�S &��� �G�) _!)� =���  
Table 8- Evaluation table of genetic algorithm results for large problem size 

=,0*,  n  m 
��&) d&�2,& 

Min  Avr Max 

1 20 1 0,000  0,015 0,034 

2 20 2 0,000 0,013 0,028 

3 20 3 0,000 0,014 0,027 

4 20 4 0,000 0,024 0,035 

5 20 5 0,000 0,050 0,128 

6 25 1 0,000 0,011 0,044 

7 25 2 0,000 0,027 0,044 

8 25 3 0,000 0,025 0,067 

9 25 4 0,000 0,013 0,031 

10 25 5 0,000 0,033 0,086 

11 30 1 0,000 0,016 0,024 

12 30 2 0,000 0,025 0,057 

13 30 3 0,000 0,013 0,026 

14 30 4 0,000 0,012 0,037 

15 30 5 0,000 0,038 0,078 

16 35 1 0,000 0,024 0,050 

17 35 2 0,000 0,017 0,034 

18 35 3 0,000 0,027 0,055 

19 35 4 0,000 0,008 0,021 
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=,0*,  n  m 
��&) d&�2,& 

Min  Avr Max 

20 35 5 0,000 0,022 0,048 

21 40 1 0,000 0,014 0,028 

22 40 2 0,000 0,012 0,034 

23 40 3 0,000 0,010 0,024 

24 40 4 0,000 0,021 0,058 

25 40 5 0,000 0,007 0,013 

26 45 1 0,000 0,017 0,027 

27 45 2 0,000 0,006 0,015 

28 45 3 0,000 0,016 0,026 

29 45 4 0,000 0,025 0,047 

30 45 5 0,000 0,038 0,055 

�4,��1 0,000  0,020 0,043 

  
�� G��1 8 ��B��� �8
9� �54�@ � I:���9� W/�X4/ F/ � 0"�@ g/�1 /�"7 �� A4��4  ��L64 	�/�  	�L�  �L3/ .
�/�B� �54�@ W/�X4/
 30 A4��4 �"/�" 0,02 � �" A1�� "A ���@ ���" 
�2 ��64�8��R /�5���� ��5�/�9   4_C �3/  .  

������d A: nfVQ 9� 	���/ �
� �D!�E 3��"� 	�� �� /�@  AL��B�
 � u�Ls� �1 L���  ��L,��:�  AL3  AL�M��  /7  �L" 
���@  ��7 F/��7 �� �M��E P�3
 /�"7 G����/ 0;��/I �3/ .��	�,� ������ "A ��H8� /���; �C �m% /�"7 u��� 

�C ��-%�
 ���: I��
A8 q!: ��2�� �  3�"�� A" ��3 .�3/ 7/�" 3��"� "�8 ����� � � R��"� �DL!�E  G�L���/ 
0;��/I
 A" �/�-� ���@  ��7 �M��E  	���/ P�3�� ��� .�" A1�� A" 9;M 0;��/I  7/�L"     �L042 �L" G�L���/ P�L;4/
 

��� �/�-�@��7 �M��E  P�3-�@ �� S��� A" ��d 7A: ��  �/�� ���@��7 A%�s/ /� A" ��H8� ���: I�� AL8  W(LM 
� ��: �� �� ���M ���5
 �,/ 0;��/I ��"�� A" � 6���� ���O �  L��"8
�  7/�L"  ���L: I�� AL8   �L�7  '��LV4/ �  L�� 

/I%/�� �s��� � 6����
 W/��/ ���O � ��� A %�, �H4 �� .�� /��;8 <"�� W�� "68E ���F �>�N  �L���:  IL4  L" A
��@ ��H8� A %�, �/�Q �H4�� 	�� �3/ .Aw4�8[ 0;��/I �"��  ���C   �8L��" \� L3� �� )�c ���F
  L��   �/�L� 

%/��/� H4� �>� ���F u��;�N   .�%�, �H4 �� /� ����: 

  
6- j2�  

A" ��H8� �3��" ���� ����B� `� Z� ��� �/��� �� �/�B� <"�� 
W�� �/�B� <"�� W�� A" 7/F/ ����B�  ̀ L� Z�  CL� 


� �/��� �" �"�� �� �H4 @ %�, ����B� �5�� 7��� �/��� AV3�X� 	��  .�3//�"7 �3���I7 `� Z�
 A" � L�	�  �L3���I7 

^�I" �" /I%/�� �/�-� ���@  ��7 �M��E 
P�3 �/�B� <"�� W�� ��V0" ��  ��"� .�� /�@ ���M " 7/����: I��A8  ��7 

��17 � I��A8  ��7 ���3�A  �/(,7 ��/
A q3�8�  ���@ �/�-� ���@
 �" A1�� A"  W/�L�/ -� L@  	�L�  iL3��  �L����� 
]Z6� ��  �6� .�" 	��O 3/ F/ �X�N � 4�a
 q3�8�  ���@ ��� �/�-�@  g�Z 4/�� 7/�" S��� G�x�
 /�"7  �/�-�9   ��L:

 N>� h"�.�10
 �,/ �/�-� ���@��7 �M��E P�3  �" �"/�"1 ���"
   W�L� <"�� �/�B�539  �L3/  7/�L" � 2  L���
@ 
 ��V0" W�� <"�� �/�B��� �"��  �"/�" �525 �� ��� .Aw4�8[ �/�-� ���@�� �"/�" �" 3 �� 4 
���"  �/�LB�  <"�L�  W�L� 
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�"�� ��  �4��� ��V0"7 /���; �4�  ���S /�"�8"�@ A" ��H8� ���: I��A8 ��  �/�� �/�-� ���@  ��    �L" �L"/�" /�2   �LH4 ��
  .�%�,  

  
P7+ 10-  !&'0*,�ke�� '���� =� d�� X��� E�L� &�&�  '&�U�9 !�"  

Fig. 10- The effect of different values of the objective function for the number of 9 jobs 
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Fig. 11- The effect of different values of the objective function for the number of 17 jobs 
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Fig. 12. The impact of different values of the objective function for the number of different values of joba and 2 machines in the 

third stage 
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