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Abstract − A practical scheduling problem for multipurpose pipeless processes where sequence dependent setup time should

be considered is addressed. Setup times for production at units are dependent on the immediately previous production in mul-

tiple production processes as well as on the unit. A two-coordinate is presented for efficient continuous time representation

where each product has deterministic processing stage blocks with duration for unit allocation and each processing unit has cor-

responding time slot. Instead of introducing transition 0-1 variables of which the number becomes enormous in multipurpose

cases, we enforce the relation between the productions at units with logic-based constraints. While the existing models are

restricted to multiproduct or sequential multipurpose processes in their applications, the proposed model is effectively applied

to general multipurpose processes. The performances of the model and the solution method are illustrated through examples.
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��� ��� � !" #$. %&'( )*��, +,-.� /$
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	3� !�> ��� ?@AB CD 5$.  < ED< F;� G�

�H� IJ K-B L5 MNO�B P!�Q RS GTU1B �

VD WX� YA!< *Z[ \]!" #$.  �5 �^�� 9�

!D _ ��� K`� GT  a� bc d< GT $. bc d<

GT
 e f�� gh5 bc A-� ij� k" #< ��G��

� bc� dlmn f oB pqr st3�u vw xy ]� �

z{(Flexible Manufacturing System, FMS)� |}B kD 5$. �

�� ~ ���w ��< �, o�� �', bc� ��5 ��� �

�o�4 AGV(Automated Guided Vehicle)� f ��� !D _$.

Fig. 1
 bc d< GT  �!< �|�4 bw[B n��" #$.

�Y5 ��-E
 'q�< station� m�3�u  ���D �"

~ station��  �
 �� �B 0� < AGVB L'  ��($.

:�/�< �� 6�x, �4�, �� 9� ��� ��5 GT� k

" #< ���, ]��  ��" #3�, ���< R� f F� 

K\��  5 p} $. Niwa[1, 2]< ¡¢3� £¤3� bc d<

GT� 8K!¥" ¦U��, xy ]�, ��, MN��� F�!"

#$. ir, §� -	 ¨4 p}� GT� ©�� �ª «¬
, ­F

¦U ��  m�5 ®� -	��  :¯r s�°$< ^� ±-

!" #$.  < $+² 8³]�� GT *Z, ~ ]��  a´ µ

v$ F; bcGT��< �w ¶ R·� bc ¸¹3� 45 ��

  º ®�, bc d< GT��< 'q x��wQ� ¸¹!F µ¡

� -	��� 78 
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532 �������
� �D �", -	 p� §o� 45 +,¯!�°� Á"� Â[B

�D s� o #$. )*� �5 ��� Ã� Ä~'Å �< pÆ�

�< ½Ç  �5 GT� [È  �o� � � o #É$. 

bc d< GT  $+² 8³]�� �Ê5 |} F µ¡� ]Ë

n< ¡�< a� ~ ]�� �5 zÌÍÎ �" � o #$. Pan-

telides 9[3]
 bc d< GT� �,o�Ï� "ÐB L' 1¿�

4 zÌÍÎ� �5 o�� WÑÏ� �Ò!¥$. �Ò_ WÑ
 z

ÌÍÎ� �Ó ÔÕ�,� Ö 
 ]��� Ö� «T� L' × -

	 ��� Ø8�5 %&5 WÑ4 ®�  ���Ù:Ú(discrete time

representation)3� A:Û$< WÑÎ p� �ÜÝ  #$.  ���

Ù:Ú� �Ó ¡�^
 2Þ�� U¸!D $�[ß !É$. Realff

9[4]
 bc d< GT� zÌÍÎ� H¿à �8bw�¿(layout)�

� áâ "Ð'ã !< ¨YÝ� m¬!�� WÑÏ� �Ò!¥$.

  WÑÏ� aä3� Gonzalezà Realff[5]< å�( MILP� «æ

B  �Á. WÁF(discrete event simulator)B  �' A:!¥$.

ç5 f�[6]
 ç $Ó «æÝè é�B �'� dispatch rule� �

Ò'�  B MILP� �5 «æà ��!¥$. ��� 8K_ yA<

Lee 9[7]  ¨� ¯�-B "Ð5 ��� WÑ� ��!¥", x 9

[8]
 ]�¿êæ GT AÝ� ��� "Ð5 ëbc GT� Ø� H

¿ ¡�B $�ì$. Lee 9[7]  ��5 WÑ
 WÑÎ  í� $+

² GT�Q �� �è!$< 5¿� #", x 9[8]� WÑ
 �o

� oB =  s F< Û�Q ��r  ���Ù:Ú3� 45 �

o Ko� ¡�B k" #$.  ���Ù:Ú� �^� îï!"U

�Ò_ K`  yð��Ù:Ú(continuous time representation) $.

ir Øñ�< cò_ �� ó�� yð��Ù:Ú� L' º �W

� ¡�B ô"U !< õÀ  (ö ¨ $[9, 10]. ir Bokæ Park

[10]
 yð��Ù:Ú� bc d< GT� Mæ�3� ��!¥$.

$+² ÷
 $ø� GT� #�� ®ù� "Ð��ã � Áú ¨

!n� �w�� ]�� �5 û��� $. û��� ü ~ �w�

� -	'ã� ]��  aýF µ¡� ��� ]��� -	� �

' �Y5 �� $. îL� *Z ¡�� �«Ý� �' û����

�w�Q �;5$" �T!< *Z� =$. !�Q =
 þJÏ G

T� *Z û���
 :� -	� 'q�< �w ¶ R·� f �

w�� ��� oö5 ]��[ óÿ� áwD _$. SB �� X�

  ��5 ]��� �� £âÛ$� �Y5 û���
 s�ù< ®

�, f � � =  n< ]��� £â5 *Z< ��� -	� �

' ½ =
 ��� û�� �Y!D � � $.  �5  x� ]�

��B "Ð5 û���� �	5 �T¿ê� �5 yA«æ� = 

\Ù�� 
$. :�/� \Ù_ WÑ�
 $+² GT� �5 WÑ

 mn ���4 $ø� GT(sequential multipurpose process)� �5

�  �I¥$. û���� �	!< WÑ� �5 yA< 3Þ�� �

� îF� 5$.


 �¡��< ��� �;5 û���� "Ð5 bc d< GT�

�5 Mæ�4 �T¿êWÑ� ��!"U 5$. û���� n��

F �' ��� 0-1�oB [È!Fî$< �â�4 �5Ï�  �!

� WÑ� MNÝ� P!¥", ��Ù:[ yð��Ù:Ú�  �	

3�u º �W� ¡�� �� �è![ß !¥$.

2. ����	
�

�T¿ê ¡�� o�� WÑÏ� L5 �ñÚ3� �� cÄ� �

<  x� ��Ù: µ¡ $[9]. ��Ù:� n��< �Ú�< �

� ��� ��[ WÑÎ� #�� � Ý� k<  ���Ù:Úæ

 B îï!"U !< yð��Ù:Ú  #$.  ���Ù:Ú
 Fig.

2�� n�n< aà �  ��( �� ��(horizon)B ��5 �&

� k[ß n��� ~ ���� Á.  ���� n��<  (�

oB [È	3�u n�� o #$.  µ ��B � K� n� �4

�< ��( ¡�� ����B n�� s o #< Ø�GÜo� «

T�D _$. �� �G��  ]�� �� {20J, 30J, 25J}, û

���  {5J, 10J, 5J} � �&  5J� k[ß �1 �� ��

B n�� �D �< � $. ��� ¡�� ²�� ���< f �

&  pqr s�� o #", �� ��B n�< ��� o� ��

�� �� ~ ���� Á. \]� Ù:!<  (�o� �U� %

�nD ��Ã o #$< �^  #$.

Fig. 3
 yð��Ù:Ú� î� �" #$[9, 10]. yð��Ù:Ú�

Fig. 1. Layout of a pipeless plant.

Fig. 2. Discrete time representation.

Fig. 3. Continuous time representation.
���� �37� �4� 1999� 8�
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�< Á.� �Eæ  Q� «T!<  (�oQ  �Y!D _$.

Fig. 3�� î� �! , ~ ]��  mwD �< !n� �� G

T
 product"� !n� stage� Ù:� o #$. f�� ~ ]��

v$, ïÝ� µ/� mwD �< �� GT� KoQ# stage� o

B kD � � $. ��5 �wB $� mwD �< *Z[ product

"��< !n� $Ó stage� Ù:_$. SB ��, ]�� 1� *Z,

1�, 2�, 3�, 4�, $� 3�, 5�, 6�� m$� ïÝ  _$. !�

Q % �& mwD �< 3�
 �� $Ó % K� stageB L' A

J  �è'($. ]�� 2� *Z[ v'���  '� o #$. �

w� È��� 
 �
 unit"3� Ù:5$. ~ �w��< £â!D

�< !n� ��GT� unit"� !n� time slot3� Ù:5$. ~

~� �w< £â!< ��GT� o, ( mwD �< ]��� oQ

#� time slot  �Y!D _$. zÌÍÎ� 5$< �
 product"

� stageB £â� o #[ß unit"� time slot3� �q!< ��

�á5$. f)�� ]�� 1� * +, stage< time slot k1�, ]

�� 3� * +, stage< time slot k2� �q�< �
, ]�� 1

æ 3  �w 1� L' �G   ��($< �� �á5$. �F�

% "�� y«!<  (�o� [È� L' ~ Á.�� �Eæ  

� «T' s o #$. ]�� i� stage l  �w j� time slot k�

�q� µ,  (�o Wijkl
 1� -� �·D _$. ]�� i� stage

l� �E��æ ²«��
 $¤æ �
 Ï3� n�� o #� � $.

.i, l (1)

]��� stage� �w� time slot� �q � µ(Wijkl=1), ²«��


 �E��� -	��� ½!D _$. �w j� time slot k���

²«��[ ��!D å�($.

.i, k (2)

]�� i� stage læ y«�< �w j� time slot k� �E��


�Rã !</  < $¤� Ï� L'  ��($.

.i, j, k, l (3)

.i, j, k, l (4)

]��� stage� �w� time slot� �q� µ(Wijkl=1), % �E�

�
 �R��Q f  0� *Z� �'�< ï�(relaxed)_$.

~ ]��� stage� �'�< �w� time slot  5 K y«��

ã !< -.
 $¤� Ï3� Ù:_$.

.i, l (5)

!�Q, stage� 'q!< �w� Ko� =� µ(multiple-unit pro-

cess)< 5 stage�� !n� �wQ -	� 1�!2� time slot�

¨�< ]��æ y«�< �  #" f3�  5 �  ;�� � 

$. f�2� �w� time slot� ���< $¤æ �
 Ï3� n�

��($.

.j, k (6)

Fig. 3��� ��Ù< Ø�� WÑ� L' ]�� "� stage� �

w "� time slot� y«�ì� µ� 5 SB n��< � $. Pinto

à Grossmann[9]
 !n� stage� 'q� o #< �w� �U� �

� K4 $¨ �w¡�(multiple-unit problem)B $�ì�Q, ~ ]�

�  ��5 ]�*�B ���� W° stageB m$ã 5$< �T

� %ì$. Bokæ Park[10]
  �5 �5Ý� dl�� �®�4 $

ø� ]�GT� �� �è![ß WÑ� oT!¥$. Fig. 3��� 5

+ stage< 3+ stageB $� mwD �< �(È |}(re-entrant flow)

 �Q stage� +4B 5â 	3�u Ù:  �è!" «æ�3�<

67� ��Ù£8 y«�< «æB å�� o #$.

3. �
��� ��

þJÏ GT� #�� û���� "Ð5 ¡��� J�' î�, �

D ���w �qWÑ(single-unit assignment model)æ $¨�w �

qWÑ(multiple-unit assignment model)� J�� o #$[11]. Fig.

4�� î��! , �U� *Z< ~ stagev$ ��� oö!< �w

� Ko� !n4 *Z " 9U� *Z< % K  p4 *ZB �	

!< ¡� $.

Z7 ���w �qWÑ� �5 û��� "Ð WÑ� �� îU.

Sahinidisà Grossmann[12]
 time slot k� 7ö ]�� ià 9ö

]�� i'� �q� n��<  (�o Zii' kB [È!¥$. f:� ~

]�� i� time slot k� �q� n��<  (�o Xikà� c¿B

$¤æ �  n��ì$.

Zii'k;X ik+Xi'k+1−1 �i, i', k (7)

( ]�� i� time slot k� �q�" ]�� i'� f a� $¤ time

slot4 k+1� �q�ì� µ, Zii� k� 1� -� �·D �< � $.

��5 �á� $¤æ �  n�� o[ #$.

.i', k (8)

.i, k (9)

 (�o Zii'k� [È3� �� �; û���
 <D "Ð� o #

$. �w j�� ]�� i� =B �>< ]�� i'� û���� Sii' j

 �" !� �w j� time slot k��� ²Õ��
 $¤æ �  n

��� , � $.

.j, k (10)

Jung 9[13]
 ïÕ�� ?"â@(completion time algorithm)�  

�!� �� �; û���� "Ð!¥$. �w j� time slot k��

� ïÕ��� Cjk �" !" ]�� i� time slot k�� y«�

�á!<  (�oB Xik�" !� ïÕ��� �ÜÏ� L' û��

�� �	�A o #$.

.j, k (11)

TEIil TSIil
j

∑
k
∑ Wijkl Pij+=

TEjk TSjk
i

∑
l

∑ WijklPij+=

TSjk TSIil U– 1 Wijkl–( )≥–

TSjk TSIil U 1 Wijkl–( )≤–

j
∑

k
∑ Wijkl 1=

i
∑

l
∑ Wijkl 1≤

i
∑ Zi i ′k X i ′k 1+=

i ′
∑ Zi i ′k X ik=

TEjk TSjk Zii ′k Pij Sii ′j+( )
i ′
∑

i
∑+=

Cjk Cj k 1–,
i

∑ Pij X ik Sii ′jX i k, 1– X i ′k
i ′
∑

i
∑++≥

Fig. 4. (a) Single-unit assignment model, (b) multiple-unit assignment
model.
HWAHAK KONGHAK Vol. 37, No. 4, August, 1999



534 �������
!�Q  (�o�� B  �	�� #F µ¡� WÑÏ  �7|Ý

� kD �� �� C^� �ÅD o #$.  � Byun 9[14]
 time

slot k�� ��� mE ]��æ :� mw< ]��� c¿B n�

�<  (�o Zii'kB [È	3�u �7|Ý� dF$. (,  (�o

� $¤� -.� QG!�,

.i, i', k (12)

$¤æ �  �7|Ý� dl�� û���� "Ð� o #$.

.j, k (13)

$¨�w �q¡�< Sahinidisà Grossmann[12]� WÑ� Pinto[11]

� H�!� \Ù!¥$. �w� time slot��� ]���B "Ð!

F �!� Zii'jkB [È!¥$. (, �w j� time slot k�� ]��

i� time slot k+1�� ]�� i'� �q�� �� �o< 1� -�

kD _$. ]�� i� �w j� time slot k� �q�� 1� -� k

<  (�o XijkB  �!� $¤æ �
 c¿Ï3� Ù:� o #$.

.i', k (14)

.i, k (15)

f�� ²Õ��æ �E��� c¿Ï� L' û���� "Ð� o

#$.

.j, k (16)

Gooding 9[15][ $¨�w �q¡��� û���� "Ð5 WÑ�

\Ù!¥�Q  ���Ù:Ú� �MNÝ3� 
 �¡��< f� �

5 HI
 ]J!F� 5$.

4. ���


 �¡�� ��!< WÑ
 $ø� GT� $¨�w �q¡�B

�5 � $. Bokæ Park[10]  �Ò5 WÑ� H�!� û����

"Ð![ß !¥$.

ø�Ï
 Makespan4 MSB Ø8�!F �5 �3� $¤æ � 

n�� o #$.

Minimize  MS (17)

.i (18)

Ï (18)
 MS� �� ��� K
 ]��� �5 Ø² stage���

²Õ��æ �$< �� �á5$.

$¨�w �q¡���< ��5 '� ®g�< binary degeneracy

� Ø�'B C</ ��� �y�LD _$[9].  M  x� ø�Ï

� $¤ ú� N�!D _$[9, 10].

�F� ε
 R� E
 oB �á5$.

fM *Z� ø�Ï
 $¤æ �  Ù:� � $.

Minimize  (17')

W° ]��� stage< �w� time slot ̈  !n� ®ù� y«��

ã 5$. f�2�,

.i, lO(L iPL j) (19)


 WÑ  $�"U !< ¡�< $¨�w �q¡� F µ¡� �

Q �w� time slot
 ]��� stage� y«��  !< *Z[ \

]� o #$.

.jO(JiPJl), kOKj (20)

QÜ ~ �w� time slot� oB áâ TH!D ¿�� o #$�

I9Ï
 9Ï3� a´ � $. ç5, �� �w� #� time slot�

y«
 7ö time slot  y«_ 9� �è!$" 
$� $¤� %

Ï� L' Ù:  �è!$.

.jO(JiPJl), kOKj (21)

.jO(JiPJl), kOKj (22)

²Õ��
 �E��� �G��� N�	3�u Ù:� o #$.

.j, lO(LiPLj) (23)

Bokæ Park[10]  HIÛ!  stage� �5 TîB N�	3�u

�(È  #< GT/� $R o #< WÑ� n�� o #$. ��

$Ó ²�� ]��  ���� �� �wB �nD �� û���

� "Ð' ��ã 5$. ]�� i� stage l  �w j� time slot k

� y«�", ç $Ó ]�� i'� stage l'� �w j� time slot

k+1� y«_$" !� ]�� i'� stage l'� �E���� û���

Sii'l'jB N�!D _$. f8 Ï (23)æ �  n�� o #� � $.

.i, i', lO(LiPL j), l'O(L i'PLj), jO(JiPJlPJi'PJl') (24)

Ï (24)B L' �w�� ]��� ��B "Ð5 û���  �	�

o #$< ^� �ø'ã 5$.  < [11, 12, 14]� WÑ£8 ���

�oB [È!< �  R·" �â�4 �ÜÏ� L' n��" #

$. QÜ $ø� GT�� ��� �oB [È!D �� Zii'jkll'� �

o� �Y!D �"  < ¿�p� gh[B �D �S � $. ��

5 ¿�Q3�[ (]��� o)T(�w� o)T(time slot� o)T(stage

� o) Q#� 0-1 �o ÷
 yð�o� O�!F µ¡ $.

�F� U< º -� po� Ï (24) î$ tight!F �'� $¤�

-3� 5$.

(25)

��5 ]��� #��, ��� K
 stage� �E��
 7ö stage

� ²Õ�� î$ K�ã 5$.

.i, lOL i, l'OLi (26)

�w�� time slot� KoB THr SU'� WÑ� ¸ZD ��

yjk� �Y dD �", ���w� 7ö time slot  V¯ y«��ã

5$< Ï (22)� d��D �2� $¤� Ï3�  B ��5$.

.jO(JiPJl), kOK j (27)

�o� ó�� �5 �5 -.
 $¤æ �$.

WijklO{0, 1} (28)

(29)

(30)

Ø�� WÑ
 GAMS[16]B L' A:�ì", MILP solver�<

OSL[17]�  �!¥$. 
 WÑ
 SUN SPARC10� WXYB  �

Zi i ′k X ik X i ′ k 1+, 1–+≥

Cjk Cj k 1–,
i

∑ PijX ik Sii ′jZii ′k
i ′
∑

i
∑++≥

i
∑ Zi i ′jk X i ′ik 1+=

i
∑ Zi i ′jk X ijk=

TEjk TSjk
i

∑  
i ′
∑ Zi i ′jk Pij Si i ′j+( )+=

MS TEIili≥

ε    Wijkl
k Kj∈
∑

j Ji Jl∩( )∈
∑

l Li Lj∩( )∈
∑

i I j∈
∑

MS ε    Wijkl
k Kj∈
∑

j Ji Jl∩( )∈
∑

l L i Lj∩( )∈
∑

i I j∈
∑+

 Wijkl
k Kj∈
∑

j Ji Jl∩( )∈
∑ 1=

 Wijkl 1≤
l L i Lj∩( )∈

∑
i I j∈
∑

 Wijkl yjk 1=+
l L i Lj∩( )∈

∑
i I j∈
∑

yik yj k 1+,≤

TEil TSil  Wijkl Pijl TRijl+( )
k Ki∈
∑

J Ji Jl∩( )∈
∑+=

TSi ′l ′ TEil Sii ′l ′j U 2 Wijkl Wi ′j k 1 l ′,+,––( )–+≥

U     max
l L i Lj∩( )∈

 Pijl{ }
j Ji∈
∑

i I j∈
∑=

TEil TSil *≤

 Wi* j k 1 l*,+,
 Wijkl
l Li Lj∩( )∈

∑
i I j∈
∑≤

l* L* i Lj∩( )∈
∑

i* I j∈
∑

yjk 0≥
TSil TEil 0≥,
���� �37� �4� 1999� 8�
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!� S��� ���ì$.

5. � �

5-1. ��-1


 S�< Fig. 5�� ���!  ~ ]��� ]�*�� gh5

bc d< GT $. !n� ]��� £â5 moving vessel
 $¤

]��� £â!F �' ¸¹GT(T6)B m$ã 5$. 6K� ]��


 {T1, T4, T3, T5, T6}, {T1, T2, T3, T4, T5, T6}, {T1, T2,

T3, T5, T6}, {T1, T3, T5, T6}, {T2, T4, T3, T5, T6}, fâ"

{T2, T4, T5, T6}� E	(task)� mwD �", T1�� T6� 6K�

E	� 1�!< �w< ~~ {j1}, {j2}, {j3, j4}, {j5, j6}, {j7},

fâ" {j8} $. �G��æ û��� 
  ���� �5 / Y<

Table 1, 2 fâ" 3� ~~ ��Å #",  � �5 «æ< Table 4

à Fig. 6� n��ì$.
Fig. 5. State-task-network for example 1.

Table 1. Processing times for example 1

Unit
Product

1 2 3 4 5 6

1 5 16 4 3 - -
2 - 14 6 - 4 -
3 5 16 - - - -
4 - - 4.5 7.5 - -
5 7.5 - - - - 6.5
6 - 5 - - 6 -
7 5 5 5 5 5 5
8 5 5 5 5 5 5

Table 2. Setup times for example 1

Sequence
Setup times at each unit

1 2 3 4 5 6 7 8

2-1 0.3 0.2 0.4 0.7 0.6 0.6 0.6 0.4
3-1 0.4 0.3 0.4 0.2 0.6 0.4 0.6 0.4
4-1 0.3 0.3 0.5 0.3 0.4 0.3 0.4 0.5
5-1 0.6 0.4 0.6 0.3 0.3 0.6 0.3 0.6
6-1 0.5 0.6 0.6 0.4 0.4 0.7 0.4 0.6
1-2 0.3 0.4 0.4 0.5 0.4 0.2 0.4 0.4
3-2 0.4 0.3 0.3 0.2 0.5 0.6 0.5 0.3
4-2 0.4 0.6 0.6 0.3 0.6 0.6 0.6 0.6
5-2 0.5 0.7 0.7 0.3 0.6 0.4 0.6 0.7
6-2 0.6 0.2 0.2 0.4 0.4 0.3 0.4 0.2
1-3 0.6 0.5 0.6 0.6 0.3 0.4 0.7 0.6
2-3 0.4 0.6 0.6 0.4 0.3 0.4 0.2 0.4
4-3 0.3 0.6 0.4 0.3 0.5 0.5 0.3 0.3
5-3 0.6 0.4 0.3 0.6 0.2 0.6 0.3 0.6
6-3 0.7 0.6 0.6 0.7 0.3 0.6 0.4 0.7
1-4 0.2 0.7 0.7 0.2 0.3 0.4 0.5 0.2
2-4 0.3 0.2 0.2 0.6 0.4 0.3 0.2 0.6
3-4 0.3 0.3 0.3 0.6 0.4 0.6 0.3 0.6
5-4 0.4 0.3 0.3 0.4 0.5 0.7 0.3 0.4
6-4 0.4 0.5 0.4 0.3 0.6 0.2 0.4 0.3
1-5 0.5 0.2 0.5 0.7 0.7 0.3 0.6 0.3
2-5 0.6 0.3 0.2 0.2 0.2 0.3 0.4 0.3
3-5 0.6 0.3  0.3 0.3 0.3 0.5  0.3 0.5
4-5 0.4 0.4 0.3 0.3 0.3 0.2 0.6 0.2
6-5 0.6 0.4 0.4 0.4 0.4 0.3 0.7 0.3
1-6 0.7 0.5 0.4 0.5 0.5 0.3 0.2 0.3
2-6 0.2 0.6 0.5 0.2 0.2 0.4 0.6 0.4
3-6 0.3 0.6 0.6 0.3 0.3 0.4 0.6 0.4
4-6 0.3 0.4 0.6 0.3 0.3 0.5 0.4 0.5
5-6 0.5 0.6 0.4 0.4 0.4 0.6 0.3 0.6

Table 3. Transferring times for example 1

Product-
stage

Transferring time at each unit

1 2 3 4 5 6 7 8

1-1 0.05
2-1 0.05
3-1 0.05
4-1 0.05
5-1 0.05
6-1 0.05
1-2 0.05
2-2 0.05
3-2 0.05
4-2 0.05
5-2 0.05
6-2 0.05
1-3 0.05 0.05
2-3 0.05 0.05
3-3 0.05 0.05
4-3 0.05 0.05
5-3 0.05 0.05
6-3 0.05 0.05
1-4 0.05 0.05
2-4 0.05 0.05
3-4 0.05 0.05
4-4 0.05 0.05
5-4 0.05 0.05
6-4 0.05 0.05
1-5 0.07 0.08
2-5 0.07 0.08
3-5 0.07 0.08
4-5 0.07 0.08
5-5 0.07 0.08
6-5 0.07 0.08
1-6 0.05
2-6 0.05
3-6 0.05
4-6 0.05
5-6 0.05
6-6 0.05
1-7 0.01
2-7 0.01
3-7 0.01
4-7 0.01
5-7 0.01
6-7 0.01
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 S���< 5�¿B m$ 5�� ²�� ]��� Q�� �< ë

bc GT� �5 S� $. $¨ �w �q S�[9]�� ��( ¡

�|}B ëbc |}� ¡�B AÝ!¥$. GT��
 [9]� / 

YB Á�!¥", �F� û���æ  ���� N�!¥$. ~ �

¿�� �q�< �w� ZÊ
 {j1, j2,[, j6}, {j7, j8, j9}, {j10,

j11,[, j19}, {j20, j21, j22}, fâ" {j23, j24, j25}� ��Å #$.

�5-.3�< ]�� 2� *Z 1, 2, 3�¿B m$ 4�¿��<

j22, 5�¿��< j25��Q -	  �è!", n\� ]��
 1, 2,

3�¿B m$ 4, 5�¿��  �� �wB �05 �w���Q -	

   ��Åã 5$< � $. Table 5< GT�� / Y, Table 6


û���, Table 7
  ��� / YB n��" #$. S�� �5

Ø� «æ< Table 8æ Fig. 7�� î��" #$.

6. � �


 �¡��< �� �; û���� �	!< bc d< GT�

Table 4. Computational statistics of example 1

0-1
 variables

Constraints
Continuous
variables

Makespan CPU[s] Iterations

155 652 251 78.53 314.54 18850

Fig. 6. Gantt chart for example 1.

Table 5. Processing times for example 2

Unit
Processing time for each production

1 2 3 4 5

1 18.1 23.0 18.1 20.0 17.0
2 18.1 23.0 18.1 20.0 17.0
3 18.1 23.0 18.1 20.0 17.0
4 18.1 23.0 18.1 20.0 17.0
5 18.1 23.0 18.1 20.0 17.0
6 18.1 23.0 18.1 20.0 17.0
7 14.0 14.0 14.0 11.0 14.0
8 5.0 5.0  5.0  5.0 5.0
9 5.0 5.0 5.0 5.0 5.0

10 12.0 12.0 24.0 12.0 12.0
11 12.0 12.0 24.0 12.0 12.0
12 12.0 12.0 24.0 12.0 12.0
13 12.0 12.0 24.0 12.0 12.0
14 12.0 12.0 24.0 12.0 12.0
15 12.0 12.0 24.0 12.0 12.0
16 12.0 12.0 24.0 12.0 12.0
17 12.0 12.0 24.0 12.0 12.0
18 - 12.0 - - -
19 - 12.0 - - -
20 9.5 - 9.3 7.9 12.5
21 9.5 - 9.3 7.9 12.5
22 - 100.0 - - -
23 24 - 24 24 24
24 24 - 24 24 24
25 - 48.0 24 24 24

Table 6. Setup times for example 2

Unit
Production sequences

2-1 3-1 4-1 5-1 1-2 3-2 4-2 5-2 1-3 2-3 4-3 5-3 1-4 2-4 3-4 5-4 1-5 2-5 3-5 4-5

1 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2
2 2 3 2 3 2 3 2 3 2 3 2 3 2 3 2 3 2 3 2 3
3 4 3 2 1 4 3 2 1 4 3 2 1 4 3 2 1 4 3 2 1
4 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
5 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1
6 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
7 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2
8 3 2 3 2 3 2 3 2 3 2 3 2 3 2 3 2 3 2 3 2
9 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2

10 2 3 2 3 2 3 2 3 2 3 2 3 2 3 2 3 2 3 2 3
11 4 3 2 1 4 3 2 1 4 3 2 1 4 3 2 1 4 3 2 1
12 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
13 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2  1  2  1
14 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
15 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2
16 3 2 3 2 3 2 3 2 3 2 3 2 3 2 3 2 3 2 3 2
17 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2
18 - - - - - - - - - - - - - - - - - - -
19 - - - - - - - - - - - - - - - - - - - -
20 - 2 2 2 - - - - 2 - 2 2 2 - 2 2 2 - 2 2
21 - 1 2 1 - - - - 2 - 2 1 2 - 2 1 2 - 2 1
22 - - - - - - - - - - - - - - - - - - - -
23 - 2 3 1 - - - - 3 - 2 3 1 - 3 1 2 - 1 2
24 - 2 3 2 - - - - 3 - 3 2 3 - 3 2 3 - 3 2
25 - - - - - - - - - - - - - - - - - - - -
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4).
�5 �T¿ê WÑ� ��!¥$. bc d< GT��< �� ��

� ]��� ���3� £â'ã �F µ¡� ~ �w�� ���

�;5 û���� "Ð!< �  ¨Y!$. MN�4 ��Ù:� �

' yð��Ù:Ú�  �!¥",  < MILP WÑ� n��ì$. F

;� yA�  �IJ û���� "Ð!F �'  (�oB �VD

[È!¥�Q 
 WÑ��< �â�4 �5Ï�  �'  B �	�

o #ì$. ir, ~ ]��  $Ö5 *�B kD �< $ø� þJ

Ï GT� ���]3�u f MNÝ� î¥$.

� �


 yA< 5�æ��� �T Zo yA^Y4 �úG�� �èU

�� yA^YB L5 æ���� IJ�4 �T�Ô� �' oö�

ì32�  � 7ÁB ù_·$.

����

i, i* : product 

j : unit

k : time slot for equipment

kj : last time slot defined for unit j

l, l* : processing stage 

li : last stage for product i

I : set of products

I j : set of products which can be processed in unit j

J : set of units

Ji : set of units which can process product i

Jl : set of units which belongs to stage l

K : set of time slots

K j : set of time slots for unit j

L : set of stages

L i : set of stages involved in product i

L j : set of stages corresponding to unit j

Cjk : completion time of time slot k at unit j

M : number of units

MS : makespan

N : number of products

Pijl : processing time of stage l of product i in unit j

Sii'lj : changeover time for production stage l of product i immediately

after i' in unit j

TEil : start time for product i in stage l

TSil : end time for product i in stage l

TRijl : transferring time of product i to unit j which belongs to stage l

U : upper bound on start times

Wijkl : binary variable that assigns stage l of product i to time slot k of

unit j

X ik : binary variable that assigns product i to time slot k

yjk : slack variable for Eq. (2)

Zii'k : binary variable that product i' follows product i at time slot k 

ε : very small number

����
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1-5
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3-5
4-5
5-5

Table 8. Computational statistics of example 2

0-1
variables

Constraints
Continuous
variables

Makespan CPU[s] Iterations

206 928 353 189.2 8.3 2540

Fig. 7. Gantt chart for example 2.
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