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Abstract − Even though the efficiency of batch process is lower than that of continuous process, the batch process has

been increased in the chemical process industry over past decade. The batch process is more suitable process to meet with

the frequent changes of demands as the taste of consumers is changed within short period and life cycle of products is short-

ened. The researches have been classified the chemical batch process into two types, multi-product batch process and multi-
purpose batch process. Until now, the multi-purpose batch process had received little attention than multi-product batch pro-

cess by researchers because of several characteristics which is hard to deal with such as irregularity of production path,

existence of infeasible operation sequence and complexity of operation. Park and Jung[13-14] have studied the completion

times algorithm and the optimal scheduling for multi-purpose batch process which have no recirculation products through

the processing units. But in the case of real industry, for example the electronic semi-conductor industry, they usually have

the products with recirculation path through the processing flow. So it can't be argued without appropriate considering of

recirculation of products flow. In this paper we have developed the completion times algorithms of single line multi-pur-

pose batch process including recirculation products under consideration of the non-zero set-up times and transfer times. We

also developed the optimization method, genetic algorithm, for optimal scheduling of multi-purpose batch process includ-

ing recirculation products. Finally the performance of the proposed algorithms was tested by several randomly generated

examples and the Gantt chart results are presented. We used Genetic Algorithm for solving the scheduling problems and

optimal solutions are also presented.
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Fig. 1. Reclassification of products for multi-purpose batch process.
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 Ê� 9eí

� X�y /�� UVS��� ����8s �[m�
 /q� S

(3)�� `�� A C/.

(3)

else

�$, AÈ8s
 r�8s' [t(¡ /q� S (4)� `�y/.

(4)

else

where, 

�?�, Sβ, α, j) j9e � β�c
 α�c*.� r�8s(Set-up

Time) 0, j9e � .�  jmy �c
 �± jm� �cs� r

�8s' �¾ø/. Aα, δ) α�c. .� 9e � � 9e�� AÈ

8s(Transfer Time)' �¾ø/.

;� ¿w' ¤ôF Y¡ ±�½ �c' ëì$ /�� UVS���

����8s' ��(? ;F�) /q
 v
 Ê�� �[m�  �

Cα j, max Cβ j, CRa LRa,,( ) tα j,+=

if Qα j, 1=( ) then

Cα j, max Cβ j, CRa LRa,,( ) tα j,+=

Cα j, max Cβ j, Cα γ,,( ) tα j,+=

if Qα j, 1=( ) then

Cα j, max Cβ j, Sβ α j, , Aα δ,+ +  CRa LRa
,,( ) tα j, Aα δ 1+,+ +=

Cα j, max Cβ j, Sβ α j, , Aα δ,+ +  Cα γ,,( ) tα j, Aα δ 1+,+ +=

α Pj k,= β Pj k 1–,= δ OPjk j,
1–= γ Uα δ,=, , ,

Fig. 2. Multi-purpose process 1 including recirculation product.

Fig. 3. Multi-purpose process 2 including recirculation product.
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 P4� U4 �� jm8s(tP4, U4). v/[

1�(Z/.

Ê� 4. ±�½ ��' ��$ û �OP2 #�$ ��!5 Fig.
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O' Ù) 
�. � J./.

Ê� 5. Ê� 4�>� +
O
 S (3)' .w(¡ åP2 ��[Fig.

4(b)]� ����8s' ��& A C/.

Ê� 6. ��y ����8sO
 Fig. 4(a)� P3�c � V¥y

Fig. 4(b)� P3
 P4 �c  EF ��y J.î� .< Í? ��!

[Fig. 4(a)]  E$ ����8s�� g{(� Table 4  �¾¿b/.

��y ����8s(Table 4)' Gantt chart� �¾ø J. Fig. 5.

/. Fig. 5� Gantt chart� ����) Table 3� Pjk ÿ' �¾ø/.

\m[ Fig. 5 �) Table 4jù ��y ����8s' ±�½ �c'

Vm(? �� Í? �-� ±��() \(' Y�å[, ±�½ �c

5 P3� {�< �ñ`� �¾¿b/.

3-2. �� 2(��� ���	 ��)

Fig. 6
 æ Ë� ±�½ �c�� .©P2 /�� UVS��./.

. �� � Fig. 6(a)� P1
 9e U2 � æ Ý jma) �c.[,

P2) 2Ý 9e< Ü Ý )
() �c./. . ��  EF · QX 

� �8$ Ê�O' �ç ����8s' X() 
�
 /q
 v/.

Ê� 1. P1
 P2 êæ ±�½ �c.[ /� �cO
 °±(> É)/.

Ê� 2. Fig. 6  �¾ø Jjù Fig. 6(a)� P1' Fig. 6(b)� P1
 P2�

Fig. 4. Schematic diagram of example process 1.

Table 1. Values of Rp and Lp for example process 1

Rp Lp

Subscript P P1 P2 P3 P4 P1 P2 P3 P4

P value 0 0 0 P3 U3 U2 U4 U4

Table 2. Processing times for the process of Fig. 4(a) and Fig. 4(b)

(a)  (b)

U1 U2 U3 U4

�

U1 U2 U3 U4

P1 12 10 7 P1 12 10 7

P2 4 9 8 P2 4 9 8

P3 7 9 4 5 P3 4 5

P4 7 9 4 5

  

Table 3. Value of three variables for the process of Fig. 4(b)

Pjk Uim Oij

1st 2nd 3rd 4th 1st 2nd 3rd 4th U1 U2 U3 U4

U1 P1 P4 P1 U1 U2 U3 P1 1 2 3

U2 P1 P4 P2 P2 U4 U3 U2 P2 3 2 1

U3 P3 P2 P1 P4 P3 U3 U4 P3 1 2

U4 P2 P3 P4 P4 U1 U2 U3 U4 P4 1 2 3 4

Table 4. Completion times for the process of Fig. 4(a) and Fig. 4(b)

Cij Cij

U1 U2 U3 U4 U1 U2 U3 U4

P1 12 22 29 P1 12 22 29

P2 35 17 8 � P2 35 17 8

P3 4 13 P3 4 13

P4 20 31 35 40 20 31 35 40

Completion times for the process of Fig. 4(b). Completion times for t
initial process in Fig. 4(a)
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the
æ %�ï �cO� V¥([, Fig. 6(a)� P2) Fig. 6(b)� P3, P4, P5�

Ü �c�� V¥$/. .£ gA Rp� Lp� ÿ
 /q
 v/.

Ê� 3. Table 6
 åP2 Ð� 2� Í? jm8s
 ±�½ �c'

Vm$ û< �¾¿) Fig. 6(b)� ��!  F²a) jm8s' �¾

ø J./. . {:! Ð� 1 �� v. ±�½ ��' µ) ���

�c. æ Ý .� jma) 9e �� jm8sO
 �� v/[ 1

�(Z/.

Ê� 4. ±�½ ´�' ��$ ��![Fig. 6(b)]� Ü gA(Pjk, Uim,

Oij)� ÿ
 /q
 v/. åP2 z�< `�(? ;F .O gA "

Pjk) ��� ú%(Z/.

Ê� 5. Ê� 4�>� +
O
 S (3)' .w(¡ åP2 ��[Fig.

6]� ����8s' ��& A C/.

Ê� 6. ��y ����8s' Í? ��!  *¨ ±��(¡ /q

Table 8
 v
 N¤ ����8s' �' A C/.

Fig. 7
 ��y ����8s(Table 8)' Gantt chart� �¾ø J.

/. Fig. 7� ����(Pjk)) Table 7  �¾¿b/. Fig. 7 � �c 1

� {�) +ú �ñ`� �¾¿b[, �c 2� {�) kú �ñ`�

�¾¿b/.

4. ��  !"#
 �
 Genetic Algorithm(GA)

±�½ �c' µ) /�� UVS��
 NL �,' �[ C) �

��� � �å Y.) ����./. ?°� UVS��O
 . ±�

½ �c' µ) /�� UVS��� =.k
 :ú \ �cA � Ù

' A C/. Y) �� �� �� ±�½
 $ ��y ��dc' �

�(? ;F 10-30U �!� ±�½' () J. ���.�[ �t-

C/. 0 1Ë� �c. z�< Î.(? ;$ modeling Ê� � 10-

30Ë� �c. a[, �. ./ �c. 5Ë1 C/¡, ��' ;F �

P2 Ae� �c ËA ��) 50-150Ë� �c' µ) ���	 z

�1 y/. 50-150Ë 10� �c1�� /�c ��� ���	 z�

< Î �! A�� Formulation  �$ Optimal Solution' Ù?)

P2[ z�Î.�= 3O A C) �?� z�1 y/. · QX �

) .D$ z�< ��(? ;F �� N�F< Y9(>) 4(>�

7: 3
�5 N�� ���� 5�a[ C) Genetic Algorithm'

Fig. 5. Gantt chart for the result of example process 1�

Fig. 6. Schematic diagram of example process 2.

Table 5. Values of Rp and Lp for example process 2

Rp Lp

Subscript P P1 P2 P3 P4 P5 P1 P2 P3 P4 P5

P value 0 P1 0 P3 P4 U1 U2 U3 U1 U2

Table 6. Processing times(tij) for the process of Fig. 6(a) and Fig. 6(b)

(a)  �b)

U1 U2 U3 � U1 U2 U3

P1 7 6 9 P1 7 6

P2 4 12 8 P2 6 9

P3 12 8

P4 4 12

P5 12

Table 7. Value of three variables for the process of Fig. 6(b)

Pjk Uim Oij

1st 2nd 3rd 4th 5th 1st 2nd 3rd U1 U2 U3

U1 P1 P4 P1 U2 U1 P1 2 1

U2 P3 P1 P4 P2 P5 P2 U3 U2 P2 2 1

U3 P3 P2 P3 U2 U3 P3 1 2

P4 U2 U1 P4 2 1

P5 U2 P5 1

Table 8. Completion times for the process of Fig. 6(a) and Fig. 6(b)

Cij Cij

U1 U2 U3 U1 U2 U3

P1 25 18 P1 25 18

P2 40 34
�

40 34

P3 12 20 P2 12 20

P4 36 32 36 32

P5 52 52

Completion times for the process of Fig. 6(b). Completion times for 
initial process in Fig. 6(a)
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/�� UVS��  �ô(!� �|i Ë_(� *w(Z[, Ë_y

GA� �� z�< Î.F YÚ/.

NL combinatorial N�� z�  EF� «� �[m�. 7: 3


�5 N�� �[m��� �,�[ C/[27]. Jung[1] �
 /c¤

UVS�� � makespan� N��� ���	z�< «��[m�'

.w(� Îb[,\ +
 RAES(Rapid Access Extensive Search)[22]

� SA(Simulated Annealing)[23]Y/ :A$ +
< �¾¿b�Ì >

��> 19 3
�.[ 5B$ �[m�.�) J' Y�åb/. «�

�[m�
 ±�, K» 6Qg.� 31> ?·Q��� � 1> [fQ

��O� X�y/. ±� Q��) � Ë7� �ô!  �À(� /q

ÜE  \O� «�,�' 12 �8' ±� �) ��() Q��.

/. K»Q��) �8 ¨ dê� «�,�' ô�(�   9
 �8

' ��() Q��.[, 6Qg. Q��) ºI;� Ë7� «��<

g,8�) Q��./. N�� �[m� � K»Q��) >% :;

' A~([ 6Qg. Q��) uphill movement< 1¯(¨ ì���

>%:;�� 5$ ód N�ÿ' ��(� �7 N�F< X& A C

¨ $/. . «� �[m�. /� N�� �[m�  �F æ<D2

´Û
 �=:;?�' .w$/) J
 �.�B  E$ �ï' �¨

�)/) J./.

· ¸z �) Jung[1]�� Genetic Algorithm' ?· >?�� (�

@2í
 sigmoid �ô! ìA< ?Í� ±� Q���ã A%B[ K»

Q�� EF�) PMX(Partially Matched-up Exchanger)� OX(Ordered

Exchanger)< KE� *wB/. �Ü$ GA �[m�
 Jung[1]�  �

¾� C�Ì · ¸z �) · ¸z' ;F Ëúy GA� moduleO


CH� moduleO� ¿w�' sDi �¾¿?� (E/.

±� Q��) �Q!-� 5;� ËF��� XÜE�dÓ dê<

ú%([ #�$ Ë7< ��() ú%|=./. . Q��  EF �

E7 ð�G� H¥ú%(Goldberg[25])' *wB/. ±�� � �*·

� ËA� �|. ´i "#(/. GA< 2~F �}  ö� Ë7 I

J �ô!) Ë7 N� �ô!  1�K2/. ./ .«� �ô! �

L�M. @#([ sigmoid �L�M. Ë_N/. Sigmoid �L�M


S (5)  �¾�[ . S � 1�O
 �ô!� IJ�ô!� P=(f-

favg).[ Ü�O
 �L�y �ô!(f ')/. �?� Q) �L�y �ô!

� NEÿ' +�() ?R?.[ f 'max) ?R?< +�(? ;F [�

y/. \m[ f'max) EË 1.2� 1.9*.� S;  C/. · ¸z �

f 'max) ê� z�  EF 1.5� ÿ' 12/.

(5)

K»Q��) dê� �ô!Y/   �
 �ô!< 12 �8' ��

(? ;F dê� �Y< dV��� K½() J./. · ¸z �

Goldberg� Lingle[26]� PMX� Davis� OX< *wB[ ��� K»

Q�  �F @2Õ<� X�y æ �8' ��B/. Ê� K»Q�

 � æ Ë� ú%y dê) $Ý� K»� æ Ë� �8' ��B

/. . Ê�K») :�
 í�� æ �8' ��$/.   9
 �8

' Y9(? ;F :A$ 5� �â' Ë_B/. . �â �, æ d

ê1 æ Ë� K»Q��  �F æ �8' ��& £, PMX� OX

æ Ë �� � /� JY/ �
 �8. ú%y/. �7 
�' �

ô(¡ /q
 v/.

1 Ê�: K» ;e< ºI;� ú%

2 Ê�: PMX  �F æ �8 ��

3 Ê�: æ Ë" :A$ �8 ú%

4 Ê�: K» ;e< ºI;� ú%

5 Ê�: OX  �F æ �8 ��

6 Ê�: æ Ë" :A$ �8 ú%

f ' 2
1 λ x⋅( )–[ ]exp+
---------------------------------------= λ  

2 f 'max–( ) f 'max⁄[ ]log

xmax

------------------------------------------------–=

Fig. 7. Gantt chart for the result of example process 2.

Fig. 8. Schematic diagram of example process 3.
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6Qg. Q��) ºI;� ú%y í� ;e  C) ÿ' g�8

T/. í� ;e  C) ÿ
 @2í `� � U �ßK½  �F g

.y/. .D$ Ê� �ßK½ 6Qg. Q��) Vº �ä. W� «

��� X�< �¨ g{8�? £z  �ä' ".!� () �^�

� 5��ßK½
 X�.Ö �ßK½' 6Qg. Q��� �^$/.

. Q��O
 · ¸z� +Y � U �ßK½Y/ :AB/. \M�

6Qg. ���� 5� �ßK½
 X�.Ö �ßK½� �ô' ú%

B/.

GA� �¯' ï�8�? ;F De Jong[24]. �^$ elitist model,

expected value model, elitist expected value model
 crowding factor model

�' *w(Z/. ´i Crowding Factor êZ� {:, �[$ \;7<

ú%(? ;$ ���� Crowding sub-population� ÿ
 3, Crowding

Factor) 2< *wB/.

Table 9. Set value of parameter for example process 3

Pjk

1st 2nd 3rd 4th 5th 6th 7th 8th

U1 P1 P3 P6 P7 Rp 0 0 0 P3 P4 0 P6 P7 P8 P9

U2 P1 P3 P6 P2 P4 P7 P8 P9

U3 P2 P3 P4 P6 P5 P8 P9 P10 Lp U4 U2 U4 U2 U4 U3 U1 U4 U2 U4

U4 P2 P1 P3 P8 P10 P5

Tij Oij Uim Aip

U1 U2 U3 U4 U1 U2 U3 U4 1st 2nd 3rd 4th U01 U12 U23 U34 U45

P1 10 20 30 P1 1 2 3 P1 U1 U2 U4 P1 4 3 6

P2 30 35 15 P2 3 2 1 P2 U4 U3 U2 P2 3 5 2

P3 40 35 15 10 P3 1 2 3 4 P3 U1 U2 U3 U4 P3 6 5 7

P4 25 20 P4 2 1 P4 U3 U2 P4 3 3 6

P5 35 40 P5 1 2 P5 U3 U4 P5 6 7 9

P6 15 10 20 P6 1 2 3 P6 U1 U2 U3 P6 7 6 5

P7 30 35 P7 2 1 P7 U2 U1 P7 4 4 6

P8 20 20 30 P8 1 2 3 P8 U2 U3 U4 P8 6 5 6

P9 15 25 P9 2 1 P9 U3 U2 P9 4 7 9

Set-Up Time on 1st Unit Set-Up Time on 2nd Unit

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

P1 5 8 8 P1 3 4 4 5 5 5 5

P2 P2 3 6 6 7 7 7 7

P3 5 7 7 P3 4 6 4 4 4 4

P4 P4 4 6 4 4 4 4

P5 P5

P6 8 7 P6 5 7 4 4

P7 8 7 P7 5 7 4 4

P8 P8 5 7 4 4

P9 P8 5 7 4 4

P10 P10

Set-Up Time on 3rd Unit Set-Up Time on 4th Unit

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

P1 P1 2 3 3 6

P2 3 3 3 4 4 4 4 P2 2 4 4 5

P3 3 5 5 5 5 P3 3 4 7

P4 3 5 5 5 5 P4

P5 3 5 5 5 5 P5 3 4 7

P6 4 5 5 5 P6

P7 P7 6 5 7 7

P8 4 5 5 5 P8

P9 4 5 5 5 P8

P10 4 5 5 5 P10 6 5 7 7
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5. GA$ %
 �� !"# ���

5-1. �� 3(
��
��)

N�� ����< Ù? ;F Fig. 8
 v
 ��' [t(� Y�.

Fig. 8(a) � Y) ý� v. �c P3
 P4) ±�½ �c�' � A

C/. .D$ ±�½ �c� ±�½ ´�' ��F å¡ Fig. 8(b)�

v. Fig. 8(a)� P3
 Fig. 8(b)� [P3-P4-P5]�, P4) [P6-P7-P8-P9-P10]�

� V¥y/.

· QX � �8$ Ê�  ö� åP2 /�� UVS��  E$

gAO' Table 9� v. ��$/. . Ð�� {:) AÈ8s
 r�

8s' [t$ J��ã ±�½ �c5 Fig. 8(a)� P3. Vmy �c5

Fig. 8(b)� [P3-P4-P5]O
 ]�$ �c.î� ²Qi �cs� r�8s

. ][, AÈ8s
 �± �c� �;�c. � 9e< �ç / jma

[ 
 & �1) � ^m) AÈ8s. _ \ �c. jq jma) 9

e� OP̀ ) AÈ8s
 ]�(î� 0,$ Ð�ã Fig. 8(b)� P31 U4

 � jmy û �1) 8s
 P41 jq�� jma? ;F U3� O

P`) 8s' ]�(¨ ��$/. Åa1>� /� ±�½ �c � V

my �cO  EF� v
 �B�� ��Få¡ Table 9  �¾� C)

r�8s(Set-up Times)
 v. �¾
/. �$ . Ð� �) �[m�

. ���5 �b �! �wa) J' Y�å? ;F ±�½ �c.

Vmy �c. �! � 9e �� jm8s' �� /!¨ å[ AÈ

8s
 r�8s' [t$ S (4)< .w(� ����8s' ��$/.

GA< .w(� N�� ����< Ù? ;F Í?� ����< �

�� Table 9� Pjk� v. �O[ \ �dV' ºI;� 5��ßK½

' F� ����< g�8c Ë7A�d� ����< ��/. �?�

Ë7A� 6Qg. �e
 z�� �?  *¨ �|i ú%F¼ GA�

N�ÿ' Ù) �¯. Y/ ï�� J�� ��()� .  E$ QX

1 f  2~aP¼ & J./. .g¨ �� � Ë7O  E$ ���

�8s, 0 Ë7� Fitness< S (4)� �[m��� ��$/. \/ û

GA� ��$ +
, ÜE< �h(¡�   �
 N�� ����< Ù

' A Cb[, \ +
< Table 10  �¾¿b/. Table 10
 ��y

����8s' Í?� ��! *̈ ±��() J' �¾¿[ Optimal

Sequence Pjk< Y�r/.

Table 10� N�� ����� ����8s' 1>[ Fig. 8� ��

  E$ Gannt Chart< Fig. 9  �¾¿b/.

�?� 	E ^� i�) �c' �ª$/. Fig. 9) ±�½ �c �

Vmy �c5 Fig. 9(a)� [P3-P4-P5]� [P6-P7-P8-P9-P10]' jM� ±�

½ �c5 Fig. 9(b)� P3
 P4� ±��$ J' Y�r/. kú�� �

¾ø J
 P3� jm{�.[, +ú�� �¾ø J
 P4� jm{�./.

5-2. �� 4(
��
��)

Fig. 10
 ���� � Æi ¢ A C) «,� ����ã �D Ë

� ±�½ �c�� .©P2 /�� UVS��� Ð./. . �� 

� Fig. 10(a)� P1, P2, P3, P4) êæ ±�½ �cO�ã Fig. 10(b)j

ù ±�½� ��' ��$/. 0 Fig. 10(a)� P1
 Fig. 10(b)� [P1-

P2-P3]�� V¥a[, P2) [P4-P5]�, P3
 [P6-P7-P8-P9]�, P4) [P10-

P11-P12-P13-P14-P15-P16]�� �� V¥y/. . Ð�� {: AÈ8s


r�8s' [t$ S (4)< *w(� ����8s' ��(Z/.

· QX � �8$ Ê�  ö� åP2 /�� UVS��  E$

gAO' Table 11
 v. ��$/. . Ð�� {:! AÈ8s
 r

�8s' [t$ J��ã Ð� 3
 v. ±�½ �c  EF AÈ8

s
 r�8s' ��$/.

Ð� 3
 v. ����8s �[m�(S 4)
 GA� ��y ���

�8s
 N�� ����< Table 12  �¾¿b/.

Table 12� N�� ����� ����8s' 1>[ Fig. 10� ��

 E$ Gannt chart< Fig. 11  �¾¿b/. Fig. 11� Gantt chart�

����) Table 12� Optimal Sequence Pjk ÿ' �¾ø/. �?�

Table 10. Completion times and optimal sequence for the process of Fig. 8(a) and Fig. 8(b)

Cij Cij Optimal Sequence Pjk

U1 U2 U3 U4 U1 U2 U3 U4 1st 2nd 3rd 4th 5th 6th 7th 8th

P1 167 276 327 P1 167 276 327 U1 P6 P3 P7 P1

P2 315 113 23 P2 315 113 23 U2 P6 P7 P3 P8 P4 P1 P2 P9

P3 86 157 176 189 P3 86 157 176 189 U3 P6 P2 P3 P4 P8 P5 P9 P10

P4 243 212 243 212 U4 P2 P3 P8 P1 P5 P10

P5 301 386 � 301 386 Makespan=422

P6 28 43 67 P4 28 43 67

P7 142 106 142 106

P8 192 248 282 192 248 282

P9 366 342 366 342

P10 397 422 397 422

Completion times for the process of Fig. 8(b). Completion times for the initial process in Fig. 8(a)

Fig. 9. Gantt chart for the result of example process 3.
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Fig. 10. Schematic diagram of example process 4.

Table 11. Set value of parameter for example process 4

Pjk

1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th 11th 12th 13th 14th 15th 16th

U1 P4 P10 P6 P1

U2 P4 P1 P5 P2 P7 P3 P12 P8 P13 P15

U3 P7 P1 P4 P2 P5 P13 P8 P14 P3 P16

U4 P11 P4 P7 P5 P9 P13 P16 P3

Rp 0 P1 P2 0 P4 0 P6 P7 P8 0 P10 P11 P12 P13 P14 P15

Lp U3 U3 U4 U4 U4 U1 U2 U2 U4 U1 U4 U2 U2 U3 U2 U4

Tij Oij Uim Aip

U1 U2 U3 U4 U1 U2 U3 U4 1st 2nd 3rd 4th U01 U12 U23 U34 U45

P1 5 10 10 P1 1 2 3 P1 U1 U2 U3 P1 3 4 3 5

P2 5 15 P2 1 2 P2 U2 U3 P2 5 3 3

P3 5 5 7 P3 1 2 3 P3 U2 U3 U4 P3 3 4 6 3

P4 15 5 10 5 P4 1 2 3 4 P4 U1 U2 U3 U4 P4 5 3 5 5 6

P5 8 5 4 P5 1 2 3 P5 U2 U3 U4 P5 6 3 3 4

P6 7 P6 1 P6 U1 P6 5 4

P7 15 10 5 P7 3 2 1 P7 U4 U3 U2 P7 4 3 4 2

P8 5 7 P8 2 1 P8 U3 U2 P8 2 5 3

P9 10 P9 1 P9 U4 P9 3 5

P10 5 P10 1 P10 U1 P10 5 3

P11 15 P11 1 P11 U4 P11 3 4

P12 5 P12 1 P12 U2 P12 4 3

P13 15 10 7 P13 3 2 1 P13 U4 U3 U2 P13 3 5 5 4

P14 15 P14 1 P14 U3 P14 4 3

P15 10 P15 1 P15 U2 P15 3 6

P16 5 10 P16 1 2 P16 U3 U4 P16 6 5 3

	E ^� i�) �c' �ª$/.

±�½ �c � Vmy �c5 Fig. 11(a)� [P1-P2-P3], [P4-P5],

[P6-P7-P8-P9], [P10-P11-P12-P13-P14-P15-P16]' jM� ±�½ �c5 Fig.

11(b)� P1, P2, P3, P4� ±��$ J' Y�r/. ú�� �¾ø J


 ±�½ �c P4� jm{�< �¾ø/.

6. � �

NL UVS��
 /c¤ �0��� #X  Y/ «Qi Ej& A

C) /�� UVS����� �½. æ<D>[ C�� ?°� /c¤

UVS��' /�� ���� *w() $��S
 N���� QX1
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Table 11. Continued

Set-Up Time on 1st Unit

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16

P1 3 4 2

P2

P3

P4 2 5 3

P5

P6 3 3 5

P7

P8

P9

P10 5 4 3

P11

P12

P13

P14

P15

P16

Set-Up Time on 2nd Unit

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16

P1 4 4 3 3 5 5 5

P2 4 4 3 3 5 5 5

P3 4 4 3 3 5 5 5

P4 3 3 3 2 2 4 4 4

P5 3 3 3 2 2 4 4 4

P6

P7 2 2 2 5 5 3 3 3

P8 2 2 2 5 5 3 3 3

P9

P10

P11

P12 3 3 3 4 4 2 2

P13 3 3 3 4 4 2 2

P14

P15 3 3 3 4 4 2 2

P16

Set-Up Time on 3rd Unit

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16

P1 2 2 3 3 4 4 4

P2 2 2 3 3 4 4 4

P3 2 2 3 3 4 4 4

P4 4 4 4 3 3 3 3 3

P5 4 4 4 3 3 3 3 3

P6

P7 2 2 2 5 5 2 2 2

P8 2 2 2 5 5 2 2 2

P9

P10

P11

P12

P13 3 3 3 4 4 2 2

P14 3 3 3 4 4 2 2

P15

P16 3 3 3 4 4 2 2
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Table 11. Continued

Set-Up Time on 4th Unit

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16

P1

P2

P3 4 4 5 5 3 3 3

P4 3 4 4 2 2 2

P5 3 4 4 2 2 2

P6

P7 4 3 3 4 4 4

P8

P9 4 3 3 4 4 4

P10

P11 5 4 4 3 3

P12

P13 5 4 4 3 3

P14

P15

P16 5 4 4 3 3

Table 12. Completion times and optimal sequence for the process of Fig. 10(a) and Fig. 10(b)

Cij Cij

U1 U2 U3 U4

�

U1 U2 U3 U4

P1 12 25 40 P1 12 25 40

P2 48 83 48 83

P3 184 206 216 184 206 216

P4 58 68 105 116 P2 58 68 105 116

P5 127 163 171 127 163 171

P6 32 P3 32

P7 91 60 40 91 60 40

P8 142 122 142 122

P9 157 157

P10 74 P4 74

P11 93 93

P12 106 106

P13 169 148 133 169 148 133

P14 188 188

P15 208 208

P16 224 239 224 239

Completion times for the process of Fig. 10(b). Completion times for the initial process in Fig. 10(a)

Optimal Sequence Pjk

1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th 11th 12th 13th 14th 15th 16th

U1 P1 P6 P4 P10

U2 P1 P2 P4 P7 P12 P5 P8 P13 P3 P15

U3 P1 P7 P2 P4 P8 P13 P5 P14 P3 P16

U4 P7 P11 P4 P13 P9 P5 P3 P16

Makespan=239
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Cij : completion time of i product on j unit

tij : processing time of i product on j unit

Uim : unit at which i product was processed mth

Oij : order of i product on j unit

Pjk : product which is processed kth on j unit

A ip : time that i product is transferred from pth unit to p+1th unit

Si,i+1,j : set-up time between i product and i+1 product on j unit

Ri : upper product of i product

Li : last unit on which i product was processed
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