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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 effectigdely applie
to general multipurpose processes. The performances of the model and the solution method are illustrated through examples.
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Fig. 1. Layout of a pipeless plant.
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Fig. 2. Discrete time representation.
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Fig. 5. State-task-network for example 1.

Table 1. Processing times for example 1

. Product
Unit

1 2 3 4 5 6
1 5 16 4 3 - -
2 14 6 - 4 -
3 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

Setup times at each unit
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 04 0.5
5-1 0.6 04 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 05 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 04 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 04 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 03 05
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 05 0.2 0.2 04 0.6 0.4
3-6 0.3 0.6 0.6 0.3 0.3 04 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
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& {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} =l
{T2, T4, T5, Tepl Hd(taskis AXA =3, T10A T6e] ehe]
2ol Fedshs A= A7 {1}, §2) {3, j4} 5, 6} {i7h
e fjg}olrt. 7RAI FHIAIE ) ol eIk thgk ElojEl=
Table 1,2 223 I 22 014 Qlar, oldl] tig A= Table 4
¢k Fig. & LERA 1.

Table 3. Transferring times for example 1

Product- Transferring time at each unit
stage 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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Table 4. Computational statistics of example 1

vk
A

dg

Table 5. Processing times for example 2

0._1 Constraints Cont'lnuous Makespan  CPU[s] lterations Unit Processing time for each production
variables variables 2 3 4 5

155 652 251 78.53 314.54 18850 1 18.1 23.0 18.1 20.0 17.0

2 18.1 23.0 18.1 20.0 17.0

Unit 3 18.1 23.0 18.1 20.0 17.0
i q 4 18.1 23.0 18.1 20.0 17.0
', ) 5 18.1 23.0 18.1 20.0 17.0

# I 6 18.1 23.0 18.1 20.0 17.0
8 7 14.0 14.0 14.0 11.0 14.0
i ) 8 5.0 5.0 5.0 5.0 5.0
I 9 5.0 5.0 5.0 5.0 5.0
" 10 12.0 12.0 24.0 12.0 12.0
. o 11 12.0 12.0 24.0 12.0 12.0
! 2 12 12.0 12.0 24.0 12.0 12.0
" 13 12.0 12.0 24.0 12.0 12.0
0 10 20 3 4 E N g 80 14 12.0 12.0 24.0 12.0 12.0

Product 1 [___] Product 2 Product 3 product 4 R eroduct 5 Product 6 15 12.0 12.0 24.0 12.0 12.0
Fig. 6. Gantt chart for example 1 16 12.0 12.0 24.0 12.0 12.0

9.6 ple & 17 12.0 12.0 24.0 12.0 12.0

18 - 12.0 - - -

5-2. Of|H|-2 19 - 12.0 - - -

2 dAelie 5HAE AH Tl FRe) gES nEe YE ¥ 20 95 - 9.3 7.9 125
Wiz el et clAlolnh. T AA 29 dAelN Fol # 2 e 93 e 128
APehE o Yo 2AE PSS $YN0E (9] Ho) 3 21 N ” 24 1
HE ARSI, o710 EHIAZER ol FAIS Flekdivh. 4 & 24 24 - 24 24 24
ARE d9se AR A {1, 2, j6}, {7, i8, 9} {j10, 25 - 48.0 24 24 24
f11;, j19}, {20, j21, j22}, Z& L {23, j24, j25}= FoIA STt
AgzACEE ANE 20 A% 1, 2, BAS AX 4AHE #7 A Table 8} Fig. P14 HelFa 9t
j22, sAlIN = 25l A RE Q0] THEEha, UHA] AAkES 1, 2,

IHAE AA 4, BAANA o5 FAE AQe FX ST =Y 6. &4 =

o] olFolzlo} githz Holth. Table &= F4AIZH HlolE], Table €

FHIAIZE, Table 2 o SAIZF HolHE WYeplL vt Aol tig 2 =M oA e FHAE 23she Wi gle 3

Table 6. Setup times for example 2

Uni Production sequences
nit
-1 31 41 51 12 32 42 52 13 23 43 53 14 24 34 5-4 15 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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Table 7. Transferring times for example 2

Processing time at each unit
j7-j9 j10-j17 j18-j19 j20-j21 j22

Production-
stage

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

146
0.1
0.1
0.2
0.3
0.2

2324 j25

0.1

0.3

0.2

0.3

0.3
0.2
0.4
0.1
0.2
0.2

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

0.4 0.1

0.3 0.3
0.4
0.2

0.2

0.2
0.3
04

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

0.3

Table 8. Computational statistics of example 2
Continuous

0-1 .
. Constraints .
variables variables

206 353

Makespan  CPU[s] Iterations

928 189.2 8.3 2540

Product

22
| | 25

60 80 100 120 140 180 180 200

Time

Product 1:| Product 2 m Product 3- Product 4@ Product 5
Fig. 7. Gantt chart for example 2.
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2 Agsor #7] Wi

E e 537
& FHINZES ABlske Aol Tasith AEAQ AEES ¢
3 ASAIIEEYE o83, ol MILP RHE YeRHICE. 7]
] AFEe] U FHAE Elsk] QE olWFE AMEA
4SRRI 2 mdoA s =EHRl A o83l o8 EFE
T ATk 53], 72 ArEe] e ARE 2 He tEA 3R
2 30 HEAFOEA 2 EEHS BT
2z A
B Ave s A4 $5 A7Ae 23ne] A5
B3 ATAEE B2 Ashte] REAA AEALe 5 S
oz old g =¥y
==
i, " :product
i S unit
k : time slot for equipment
kj  :last time slot defined for unit |
I,I" :processing stage
l; : last stage for product i
| : set of products
I : set of products which can be processed in unit j
J : set of units
J : set of units which can process product i
J : set of units which belongs to stalge
K :set of time slots
K; :setof time slots for unit j
L  :setof stages
L; :set of stages involved in product i
L; :set of stages corresponding to unit |
Ci : completion time of time slot k at unit j
M :number of units
MS : makespan
N :number of products
Py  :processing time of stageof product i in unit j
Sij - changeover time for production stegef product i immediately
after i in unit
TE; :start time for product i in stade
TS, :end time for product i in stade
TRy :transferring time of product i to unit j which belongs to stage
U  :upper bound on start times
Wiy : binary variable that assigns stdgef product i to time slot k of
unit j
Xy :binary variable that assigns product i to time slot k
Y :slack variable for Eq. (2)
Zi :binary variable that productfollows product i at time slot k

€ : very small number
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