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71 F3l HAed sl7be- A8 oy glrk 1980%dd] w7tx]+= F& BAB(branch and bound) o]t
AP o] FFE o)Foy, A Kugl Karimi[9]& 24 $ o 74 mt=& @33 (annealing) o] &
274 & 2ukste] ThE Simulated Annealing(SA)¥& A 4HA Z-EA) o £l sle] wf§ 53 AFE do F3 S
28 g3l wl qlok Zeu AAAAEAE 9% SAHY wheryd Al X7l B AR Jelyr) &
AT-o 2 o] SAYY FAHE FEs) ¢l8), FA Ao R A eyl Rapid Access Extensive Search
(RAES)¥ o 2 Awl4-E & &3] 223 Metropolis Simulated Annealing'] ] £3§}0.2 o]Fo}l Modified Sim-
ulated Annealing(MSA)-& Pisigdc). MSAY-S 204 HaWeos A ohAdlA RAESHE <43 Hoh
258 27148 ol F FuiA A SAYe] 2N 244E B #Ha% 3 searchE FIFE
§el 4 el annealing simulation® 8%tk o2 7|2 2alo el $442 whEoldl wj$ thekgt

2AE Hashe] 27k Foldl  Ash MSAHol SAYRY $4ehe wch

Abstract—As a trend toward multi-product batch processes is increasing in Chemical Process Industry
(CPI), multi-product batch scheduling has been actively studied. But the optimal production scheduling prob-
lems for multi-product batch processes are known as NP-complete problems. So the methods which can
obtain not exact optimal solution but near optimal solution have been studied. Heuristic methods have been
used frequently for near optimal solutions but recently Ku and Karimi[9] have studied the Simulated Annea-
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ling(SA) which acquires outperformed results in scheduling problems. But SA method can be improved
for better results of batch process scheduling problems. In this paper, we suggest the Modified Simulated
Annealing(MSA) which is composed of two stage search algorithms. At the first stage, Rapid Access Extensive
Search(RAES) algorithm was used for better location of initial state. At the second stage, a modified Metropo-
lis algorithm with adjusted control parameter was developed and used for better solution. A variety of examp-
les are tested to evaluate the performance of MSA and to be compared with the SA method. From these

tests we can show that the MSA is superior to the SA.
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Fig. 1. Flowchart of Metropolis simulated annealing algo-
rithm.
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Table 1. Processing times for example 1

Product Unit 1 Unit 2 Unit 3
1 61 2 56
2 42 32 42
3 1 31 71
4 46 98 42
5 11 14 20
6 35 89 75
7 66 8 25
8 25 46 44
560
540 —
c 520
a
]
®* 500
=
480 —
460

T 1 T T 14 I
10 20 30 40 SO 60
Rearrangement Number

Fig. 2. Performance of simulated annealing algorithm on
example 1.
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F2 NIS $7kA el z0] EAlo A 4] (6) o2 Fith

P.(AE) =exp{—(E.—E)/k*t) }
=exp{— (E2~E1)/0.9*(‘2 IAEI)/BOOO}
~0.329 (6)

%27] up-hill movemente] &-go°] 0329 & < 1/3 #A
52 5t AArh-EHy HEe HELS o A (D
o] =k

Pn(AE) =0.36%exp{ — (E;:—E.- 1) /k*t)}
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3000
=036%xp{— (Ei—E;_y) /0.9*( > IAE,-I)

C,;(UIS) =max[Cq-j, Cij-nl+t;

759

®
C;i(NIS) =max[Ci-1y, Cig-n, Ci-ng+n—til+t;

/3000}~0.119 (7N
€]
2AFS2 AT UIS §4 9 NIS g4 ohEE
84 299 RRAT AAE AT HAR 29 24 4. ofx| 0| X Zo
(recurrence relation)-& Ku $[3]=} Ku®} Karimi[11]
of veht ol ok A ()3 (9F olgshsich B ATA cHFelzl FAlE $4 AE £dg
Table 2. The result and evaluation for small size problems with UIS policy
# of . . #of % of RAES SA MSA
Size Optimal - - -
prob. opt. opt. sol. dist. % sol. dist. % sol. dist. %
1 6X3 29 1 0.14 29 0.0 29 0.0 29 0.0
2 6X3 100 2 0.28 102 2.0 100 0.0 100 0.0
3 6X5 138 1 0.14 138 0.0 138 0.0 138 0.0
4 6X5 295 3 0.42 305 34 295 0.0 295 0.0
5 6X8 192 1 0.14 192 0.0 192 0.0 192 0.0
6 6X8 274 1 0.14 281 2.6 274 0.0 274 0.0
7 6X10 224 1 0.14 229 2.2 224 0.0 224 0.0
8 6X10 452 2 0.28 469 38 452 0.0 452 0.0
9 7X3 70 13 0.26 74 5.7 70 0.0 70 0.0
10 7X3 104 8 0.16 105 1.0 104 0.0 104 0.0
11 7X5 150 12 0.24 150 0.0 150 0.0 150 0.0
12 7X5 234 1 0.02 243 39 237 1.3 237 13
13 7X8 177 12 0.24 183 34 177 0.0 177 0.0
14 7X8 450 7 0.14 479 6.4 450 0.0 450 0.0
15 7X10 256 1 0.02 256 0.0 257 04 256 0.0
16 7X10 454 1 0.02 502 10.6 456 04 454 0.0
17 8X3 84 7 0.02 92 9.5 84 0.0 84 0.0
18 8X3 411 3 0.007 411 0.0 411 0.0 411 0.0
19 8X5 66 4 0.01 67 15 66 0.0 66 0.0
20 8X5 284 6 0.02 290 21 289 18 284 0.0
21 8X8 118 6 0.02 119 0.9 118 0.0 119 09
22 8X8 229 78 0.19 241 5.2 229 0.0 229 0.0
23 8X10 155 2 0.005 165 6.5 157 1.3 155 0.0
24 8X10 456 3 0.007 464 18 456 0.0 456 0.0
25 10X3 146 84 0.002 147 0.7 146 0.0 146 0.0
26 10X3 338 41 0.001 342 1.2 341 09 338 0.0
27 10X5 176 8 - 184 46 176 0.0 176 0.0
28 10X5 318 3 - 330 38 324 1.9 319 03
26 10X8 202 35 0.001 209 35 205 15 202 0.0
30 10X8 289 2 - 315 9.0 294 1.7 289 0.0
31 10X 10 243 8 - 248 2.1 248 2.1 243 0.0
32 10X10 371 4 - 396 6.7 378 19 374 0.8
probability of optimal solution(%) 18.8 65.6 875
mean distance from optimal(%) 33 05 0.1
max. distance from optimal(%) 10.6 19 1.3
SA(Simulated Annealing), MSA(Modified Simulated Annealing)
distance from optimal(%) :( solution of each 'method —.optimal solution %1 00)
optimal solution
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B8 GRHAH3,9 11] FAEE AHEstdz 1 9
9 FAEL FAYE oAl FAIES Folsidch
TA¢ Z7)= AFST Nel 6, 7, 8, 109] v]z2d 22
FAs} 15, 20, 309 & FAERZ FAE, unit FE
z+ FAe il 370, 570, 87, 10/0& 247+ Fol3tsch
e 27N (NXM) 9 FA% F /2 e, v
A 7 unitl| A 22 5= 2HAINEY Ha) opA
2 FA9 32 FAlEolth & FAgE 56-A7F H
ol FAHES Z7kel w2 2 (RAES, SA, MSA) &
olalo] 1 AF-§ wlmsle] Hglr)

7t Wi g Aee EAE] 9 A2 2AE9
749 HA s-S exhaustive search& FHAHE Q
I A E 7| EAE Agte, HHsY T HxE
e 7] sl oFg-o 4 (10)& AME-38le] FAd5hgdc)

(solution of each method — optimal solution)

: ; X100
optimal solution

10

2 FAEY A HANE & 7 UBR V|EAE
RAES sl2 F9x, 2 vpdel siga tolE ofs 4
(D4 4 B4 %2 Jehz ok

(solution of RAES—solution of each method)

solution of RAES
X100 (11

A 2R FA B4 A% HA A s 4
0 o}Ate] 27} =& 2 gho] 0ofl M8 £
A S & 4 9len, & A £48 A% Y=
%< - L STE EFE T Uy 2o E 3E
vehie wyle] FAEsL autd 954 AYE o
ebdich 7t FA ol gt A#r) UISAl A% 2
FAoll 3] Table 20| el 3, & FAl s} Ta-
ble 3ol Ytehidrl =3 NISS AS$-= wlidsiA g

2t A 2] 7% Table 40l Vebligla, & #4119 A5
Table 50l 77z Jepulich o] A3E& Fig 3-60 z2+7}
ot zH =2 eldigle)

Table 2-5¢} Fig. 3-69} velt A5 & of -4 Ul
A9 FA9 A £ ATl AlUF Wl MSA
Wl Azl AW A A Jebdeh £ 4
Foll A oHEd FAe W9 Jel A, SAH S 754011
nla] MSAH e ZAzrt o] viwmA Jebd Hse &
FAldl 2asld, of 58 437t 2E29 A4 27
e FAv =k 2oe) FAME e A"
dojuz glrh AlFo] 107fe)dte] =& Aol FH
A5 Fohfe FE(%)°], RAESH S 4§ 188%,
SAH Y] 7S 65.6%7) Hrt, MSAW 2] % 87.5%=24

U)

S8t =8 H32A Hi6d 19944 129

Joh g - ol

Table 3. The result and evaluation for large size problems
with UIS policy

Size Solution Solution Super. Solution Super.
# of of of of to of to
prob. RAES RAES

prob. RAES  SA %) MSA %

33 15x3 114 114 0.0 114 0.0
34 15X3 230 230 0.0 230 0.0
35 15X5 306 306 0.0 306 0.0
36 15X5 469 458 23 443 55
37 15X8 156 153 19 150 39
38 158 503 460 8.6 49 107
39 15X10 312 298 45 289 74
40 15X10 373 374 —03 360 3.5
41 20X3 164 164 0.0 164 0.0
42 20X3 336 336 0.0 336 0.0
43  20X5 319 309 31 306 4.1
4 20X5 411 411 0.0 408 0.7
45 208 340 313 79 309 9.1
46 20X8 530 472 109 472 109
47 20X10 377 360 45 350 72
48 20X10 755 681 9.8 676 105
49 30X3 466 466 0.0 466 0.0
50 30xX3 1011 998 1.3 998 13
51 30X5 526 507 36 498 5.3
52  30X5 974 948 2.7 939 3.6
53 30X8 616 574 6.8 568 78
54 30X8 1314 1197 89 1182 101
55 30X10 668 654 21 650 27
56 30X10 1497 1389 72 1376 8.1

mean super. to RAES(%) 36 4.7
probability of best sol.(%) 33.3 100.0
SA(Simulated Annealing), MSA(Modified Simulated An-
nealing)

superiority to RAES(%)

___(RAES solution—solution of each method

RAES solution X 100)

¢ & HEZ HAHNE R ULSE & F ok
w3 7 W) &) FalAE slge] HHxe} o=
Hxu} Wold & HAAUNE d7] ) HTF A
s)2ke) Ae)(%) & ol A}, RAESHS] %% 3.3%,
SAH ] A% 0.5%, MSAH 2] A 0.1%0] 3, 7}3 v
2] 7% RAESE A9t oF 106% z}olo] &g
Ho|n, SAWL2 19%, MSAHS 13% ALY {de
vheh 2 gleh b4 kel whe}l 7o) RAESHS] A
x)9}e] 23 HLqAY) ¢ 10%Y=Pe] A7) g
ZH 3 glojd E A Ee] AE] Aol &
BojZch AE 157 o]ate] £ EAdA+= HAAE
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Table 4. The result and evaluation for small size problems with NIS policy.
# of . . #of % of RAES SA MSA
Size Optimal p : -
prob. opt. opt. sol. dist. % sol. dist. % sol. dist. %
1 6X3 30 1 0.14 31 33 30 0.0 30 0.0
2 6X3 103 1 0.14 108 49 103 0.0 103 0.0
3 6X5 140 1 0.14 140 0.0 140 0.0 140 0.0
4 6X5 303 3 042 306 10 305 0.7 303 0.0
5 6X8 201 1 0.14 207 3.0 201 0.0 201 0.0
6 6X8 275 1 0.14 275 2.6 275 0.0 275 0.0
7 6X10 229 1 0.14 229 0.0 229 0.0 229 0.0
8 6X10 461 1 0.14 469 1.7 461 0.0 461 0.0
9 7X3 77 3 0.06 80 39 77 0.0 77 0.0
10 7X3 119 2 0.04 126 59 123 34 119 0.0
11 7X5 150 1 0.02 150 0.0 150 0.0 150 0.0
12 7X5 252 1 0.02 261 3.6 252 0.0 258 24
13 7X8 181 4 0.08 183 11 183 11 181 0.0
14 7X8 463 1 0.02 485 48 463 0.0 463 0.0
15 7X10 271 2 0.04 271 0.0 271 0.0 271 0.0
16 7X10 462 1 0.02 518 12.1 472 22 462 0.0
17 8X3 89 1 0.003 95 6.7 90 11 91 22
18 8X3 452 2 0.005 481 6.4 452 0.0 456 0.9
19 8X5 72 4 0.01 72 0.0 72 0.0 72 0.0
20 8X5 300 1 0.003 314 4.7 302 0.7 303 1.0
21 8X8 122 11 0.03 122 0.0 122 0.0 122 0.0
2 8X8 236 1 0.003 243 30 237 04 237 04
23 8X10 161 1 0.003 170 5.6 164 1.9 165 25
24 8X10 463 1 0.003 478 3.2 466 0.7 466 0.7
25 10X3 153 - 166 8.5 153 0.0 153 0.0
26 10X3 341 - 364 6.8 343 0.6 341 0.0
27 10X5 197 - 234 18.8 205 4.1 203 31
28 10X5 335 - 402 20.0 342 21 338 0.9
29 10X8 211 - 233 104 213 1.0 213 1.0
30 10X8 306 - 334 9.2 311 1.6 315 29
31 10X10 252 - 269 6.8 252 0.0 252 0.0
2 10X 10 393 - 453 153 399 1.5 395 0.5
probability of optimal solution(%) 219 53.1 62.5
mean distance from optimal(%) 53 0.7 0.6
max. distance from optimal(%) 20.5 4.1 3.1
SA(Simulated Annealing), MSA(Modified Simulated Annealing)
distance from optimal(%)= ( solution of each method —optimal solution %1 00)

€ g 7l dEel 7 uidiol] WidF AlA =S
el vlasigdnh 22 D2 o] vlue X7 F
& 3tk F £A7 0%0)|H RAESH 3 T
AeE vERdth £ 5 91, 37 A3 +F RAES
ol vls) 2 FARHF o 03 AFE BUdE B3
SAe] A% HF 36% W= RAESHT} $5:51w) MSAE
52% A% S AR vepgr) £ o|E WY E F
714 F& g ol #-F(probability of best solu-

optimal solution

tion(%)}-& AEs & 2z SAE 333%0|H MSAE
100% 2. et 3$-Fads 5 o] sAlel 73
4 9lenmz &E8g §siw 100%7) dv A7) gk

NISe| F4&= UIS #4198 7399 cia & A7}
vebgel NIS BAlell A, A ¢lo] 44 224 MSA
Wol e Ao vehd UISH$-o= e, 2
FA ol A= MSAHo] $-4-3F Ao vjepytot

& A% 243 MSAS]) $540] H% 2 e,

2w
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Table 5. The result and evaluation for large size problems
with NIS policy

Size Solution Solution Super. Solution Super.
# of o of of to of to
prob. RAES RAES
. A
prob. RAES S %) MSA @)

33 15X3 131 126 38 124 53
34 15X3 292 262 10.3 258 116
35 15X5 369 345 6.5 353 43
36 15X5 546 545 0.2 524 4.0
37 15X8 180 172 44 173 39
38 15X8 576 540 6.3 537 6.8
39 15X10 350 341 26 338 34
40 15X10 478 451 7.7 451 77
41 20X3 201 177 11.9 177 119
42  20X3 368 349 5.2 356 33
43  20X5 422 381 9.7 377 107
44  20X5 834 567 320 520 377
45 20X8 438 385 12.1 381 130
46 20X8 886 636 282 631 288
47 20X10 466 421 9.7 423 9.2
48 20X10 1024 804 215 784 234
49 30X3 595 496 16.6 487 182
50 30X3 1257 1129 10.2 1117 111
51 30X5 748 622 169 604 193
52 30X5 1300 1151 115 1158 10.9
53 30X8 716 682 48 655 85
54 30X8 1605 1397 130 1388 135
55 30X10 870 768 11.7 753 135
56 30X10 1975 1732 12.7 1636 17.2
mean super. to RAES(%) 112 124
probability of best sol.(%) 29.2 79.2
SA(Simulated Annealing), MSA(Modified Simulated An-
nealing)
superiority to RAES(%)

:( RAES solution—solution of each method

RAES solution X 100)

AFEF 100]54e) 22 EAlol A HAsHE Fohl= &
Foll gloj2] RAESH-& 21.9%, SA H-2 53.1%, MSA
42 625%017, Ha 3 A ) 9le] x}o)ol A x RAESY
& 53%, SAH-E 0.7%, MSAYH-& 06%E MSAYe]
oA 5 ARE fAstn sk A e e
739 RAESE= 20.0% 2 A 2| 2}2] z}o] & Ho|u}, SAH-S
4.1%, MSAY 2 3.1%E Ho|i glch o|F% ze =
712] FAlo 4= RAESH ulsl SA® % MSA¥o]
25 Abrs) 48 A2E Vel o gla SAY ) B8
MSAHo] 43ty RAAE F e A7t =8
v gk shAul, -Ae z2o)s) emy &, A&

Harast K323 HM6s 19944 123
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Fig. 3. Diagram of distance from optimal for small size
problems with UIS policy.
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Fig. 4. Diagram of superiority to RAES for large size prob-
lems with UIS policy.
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Fig. 5. Diagram of distance from optimal for small size
problems with NIS policy.
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Fig. 7. The conceptional figure of search space and search
trajectory.
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W3lel A Bof & 3he 38 P 9o}, & F49
749 AbFEE A)7he] AFE A4 Folx A$ search
space®] A¥-EuhE 3= AT el B3 Rorh 13 7]
o F-oll RAES A@8YH A& z7]d] o] 43l AF3] ¢
3 Az RAUE 7hsAde] B A9E ZAeohuef,
2 9L FA o2 annealing Al EHo)AL PFshe=
MSAY o] 7]&2] SAY ¥t} ¢33 AHE 4L F UL
Aot AiHAE FA 54 F shyH(Ee F¥H
HZ Eof| 4 2}F ¥.of 2| 2 912 9h) 5] 9] search space

gL FL o] gl& rheAdel Mg Hw, & e
E 9] search spacedlt £& o) 2L 7b5

Aol Frhe AL R4, o]F HH3d o]43F Aol MSA
2tz B 4 2ot ohwk up-hill movementPJ FEH, =
2395 TE dvhd 2 22 24 & AR+ w42
Alate A oo o8 Ao & ik 7 AFHA
Apgutalel] el o] W4E apFrolo} sy, B ATFE

3] @& ol5 2AHF Y A 23 searchyb o 93t
Azt g $5e o2 vebdo.

4 A

¥ Are BFeARY 5 ATAEL T

aedel AsAHEs AFAE] Al ol ofsted
o] F1Al Ao, qdyulg A Yds F4 d-FAlE 3}
A= e,

A2
C; : completion time of product i from unit 1 to

unit j including transfer time t;

Cw  :completion time of final product N from unit
1 to final unit M

E; : makespan as an energy function

k : Boltzman constant

spstast H32# H6d 19944 128

3z -

S5 - o]l

M :number of units

N : number of products

P(AE) : probability for up-hill movement

T; : temperature as a control parameter

t; : processing time of product i on unit j

HoFE#

1. Reklaitis, G. V.: AICKE Symp. Ser., 78, 119(1982).

2. Reklaitis, G.V.: Proceedings of 4th International
Symp. on PSE, Montebello, Canada(1991).

3. Ku, H.M,, Rajagopalan, D. and Karimi, 1.: Chem.
Engng. Prog, August, 35(1987).

4. Johnson, S. M.: Naval Research Logistics Quarterly,
1, 1(1954).

5. Campbell, H. G,, Dudek R.A. and Smith, M. L.
Management Science, 16, B-630(1970).

6. Dannenbring, D. G.: Management Science, 23, 1174
(1977).

7. Wismer, D. A.: Operations Research, 20, 689(1972).

8. Rajagopalan, D. and Karimi, .: In Computer-Aided
Proc. Oper., CACHE and Elsevier, New York, 679
(1987).

9. Ku, H. M. and Karimi, L.: Ind. Eng Chem. Res,
30, 163(1991).

10. Das, H., Cummings, P. T. and LeVan, M. D.: Com-
put. Chem. Engng, 14, 1351(1990).

11. Ku, H. M. and Karimi, L: Ind. Eng. Chem. Res.,
27, 1840(1988).

12. Metropolis, N., Rlsenbluth, A., Rosenbluth, M., Te-
ller, A. and Teller, E.: /. Chem. Phys., 21, 1087
(1953).

13. Aarts, E. and Korst, J.: “Simulated Annealing and

Boltzmann Machines”, John Wiley and Sons,
(1989).



