BHSRE

Control and Decision

0 TR TR AN R N - S B LA TR B T v

MV AR, PRELNN, 9RO, 75 213t 228k, FARHk

FIHIARSL:

TR R WRZL N, 5K SOBT, I3 3, 2R 0, AT 0 T (] ANA 2 A9 o A — 2 B B MR I AR R JBE 7 3k (). i) 55 ER 3R 2023, 38(6):
1661-1669.

TEZR 2 View online: https:/doi.org/10.13195/j.kzyjc.2021.1493

TRAT RIS HAN SO

Articles you may be interested in

R R Gz R & Al
Robust optimization model for empty vehicle scheduling in vehicle—sharing system

Pl 5Pk, 2023, 38(2): 519-527  https://doi.org/10.13195/j.kzyjc.2021.0750
PLECHESE N ANH A8 PR AN -1 St TR 8 B — Ak 7 ik 25k

A survey of integrated optimization method of batch planning and production scheduling for steelmaking—continuous casting process

under uncertainties based on Lagrangian relaxation framework

PEhil 5Pk, 2021, 36(8): 1793-1803  https:/doi.org/10.13195/j.kzyjc.2020.0876
T 0TS TRLANifG 7 B4 A A9 8 [ 3 ) o e

Solution of reentrant scheduling problem with uncertain processing time

PR 5. 2021, 36(5): 1127-1136  https:/doi.ore/10.13195/).kzyjc.2019.1036
X B m H TR i /K 4 [B) A 2 5 e D R LAk

Collaborative optimization of interval number reentrant hybrid flow shop scheduling and preventive maintenance

P 5P 2021, 36(11): 2599-2608  hitps://doi.org/10.13195/j.kzyjc.2020.0973
I i XA SUIR B 12 SR RS RY) 3 A1 2 7K et (5 0] 2 )it

Hyper—heuristic cross—entropy algorithm for green distributed permutation flow—shop scheduling problem with fuzzy processing time

Pl 5P, 2021, 36(6): 1387-1396  https:/doi.org/10.13195/j kzyjc.2019.1681


http://kzyjc.alljournals.cn
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2021.1493
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2021.0750
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2020.0876
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2019.1036
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2020.0973
http://kzyjc.alljournals.cn/ch/reader/view_abstract.aspx?doi=10.13195/j.kzyjc.2019.1681

5 38% 4 61 = # 5 & K Vol.38 No.6
20234 6 A Control and  Decision Jun. 2023

0 LR IE) A E R SN-ESF B UL AR 75 0A

MIFRL, R ®S, KAV, k2, S E kL2
(1. bR K S IR, 65T 100083; 2. R & HUT RS AR HE B
TR H L, Jb3 100083; 3. TUENERAIR A, WL 729 315807)
o B BAN-ERE A T AR IR R R AR Ak, N T )7 SR A 7 o S 3 A 1 it sl v, B T AR A A
T ) 72 N B R FBE 7 8 A DA A2 2 B 2B P T SR B X i TR R A 5 A - 3 B A i) A, SR S R Ak i,
Fait “ &7 + 2R B E A AT I T A B, 857 DLE SRR 18] /N oA B AR AN -E 4 SR 00 R AR
T o AR o A7 R A [ 208 28 e SR A (1 17 000, D 8 28 ) 4R IR AR S R 4 Y 1) e SR 4 i, 45 A
A RFFAEBE H — PR A G 8 % S0, R X G AR (TR A 4 fE 32 B I EAT E L SR STk P 5 RS TSR B
I TE RN S0 %, LR SR R R ). 5 BT AN R RS S B AR e o HEAT 07 B SR8, SR AE T B R A
VA FE RS A ARk
KRIR): HEN-E s AR B B BERE EI)EE
FESZS: THI66 XHEFRER: A gk
DOI: 10.13195/j.kzyjc.2021.1493 FHELE (RIRARSS) #RIRAD (OSID): L :
SIFAE: MR, BRARN, K508, 55, 00 I [ AS B 5 1) 0 B0 2 5 5 A 0 A U8 52 D7 95 (0], #3801 5 1 3, 2023,
38(6): 1661-1669.

Robust optimization method for steelmaking-continuous casting
scheduling with uncertain processing times

YAN Jie-chen'?, CHEN Hong-yu®, ZHANG Wen-xin"*!, SU Yi-xuan"2, LI Tie-ke''>, WANG Bai-lin'?
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2. Engineering Research Center of MES Technology for Iron & Steel Production of Ministry of Education, Beijing 100083,
China; 3. Ningbo Iron and Steel Co. Ltd, Ningbo 315807, China)

Abstract: In steelmaking-continuous casting production process, there are complex physical and chemical changes, and
processing time presents strong volatility. The scheduling scheme based on standard processing time is difficult to
satisfy the actual production needs. Aiming at steelmaking-continuous casting scheduling with uncertain processing
times, the robust optimization method is used and the combined box and polyhedral uncertain set is constructed to deal
with uncertainty. A robust optimization scheduling model is established with the objective of minimizing the total
waiting time. Aiming at its characteristics of two different types of decision variables, namely, discrete assignment
variables and continuous robust equivalent transformation variables, a hybrid encoding genetic algorithm is proposed. A
parallel evolution strategy is proposed for the hybrid coding characteristics of chromosomes. To improve its search
ability, the elitism strategy and adaptive parameter are introduced. The simulation experiments are designed based on
the actual production data of various scales, and the results show the effectiveness of the proposed model and algorithm.
Keywords: steelmaking-continuous casting; production scheduling; robust optimization; uncertainty; genetic
algorithm; proactive scheduling
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W BRI A I 58 LI TA] ¢ 2R, 35 W 45 I A
B2 RIS TR) B T 9P ORFE 1 A& I TE I T T (A
(cij > sir5), WRAANTTAT . IGISE 556 G (A4 2R 4T
NMEEERAE.

step 1: ¥ £ 1 S8R ). SR FH I 4 07 1%, 6 5 A b
HE IR SN B 5 0 IR 2 ) S R AEAE LA T . T
IR VR RBT B I B i, da, e,
MAa = n,n — 1, LARIKAIWT, 2597 IR i o 35 2
Sini < Cin_vjs WAFAE R AT R, % step 2.

step 2: BCE S A, FARFIN 40T

rule 1: XFT0 g, HAFE 55,5 < Cin_yj» WIATHT
PR AT K i1 XT@E‘JSiQ,Ij *DCia,lj;

rule 2: #7H IR i 1 VS [ 58 I [A) AN A2 45
Ry a] EPREESR, Bl s; i — cin_yj < wi, 5, R
HSE AR I 8] e /MR SE RN D9 P UK o, BRSBTS PR 026

step 3: 4% M o IR FPIEFRPUAT step 1 Ml step 2, E.
NG TR B R IR B % W EARAE R &P R 4
B e, 0 G (o ARAE T TE AR
2.5 HAERE

A HEGA SR AR B 3 . 1 264
IR w5 I S g i A 45 6 0 e e AR AT g,
FEA= AT U6 Foh A R FH G AR A2 52 5 W ) P oh 1)
ANTTAT fife AT VA B, T T E AR IS SR A, A ik B
1A R DU B i A R T R, A DU AR 2.3 K ol
FEHEAT 3% A8 XA 4V A AR B B

AR B A AR R R
[\ B 2

| Pt il A E gy
IEEE K Y R L
[

Pt kB -
IS H Y R WIah AL
]

Helf 2. 4 FOHI AR TP
VBRI, YRR B

I
!
|
! RUCEIEA, BHSTERR n MYl
|
|
|

[FRBEA AR5 19 4. By l—
I
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[ aisr s || B x5 |
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I
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I
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I
I
I
I
I
I

A, BRI n Gk,
A 2.4 715 PSR AT 471
B, W HIERE

v
[ At A o — 1% bl B |

| et e 7, Sk |

&3

3 HESe
3.1 IWWITSHE

AR LA P R B AP Ii) 1) SE B 2B 7= B A
NBIEAT S5, 1Z AN I 2 R FE 1 (BOF) 2 JAE K
$(LF\RH). 2 53N, H i [RS8 54 00 T [A] AH
[ ARG 6 AN SO Y R SR vck A mT AT PR R 5, 20l
Wit BAF 3415256,

SEEG 1 TR IO BT MR M2 T 47, AR
THWTR: 43 751 B CPLEX %27 8t %Il ¢ £F F HEGA 5v%
XoF T S 2R SR i, 2 RS 38 R 2R v A B I 24 BRI B AR A
BEATLIZE X 4 21 /NS S0 1A T A, 43R 1 TR,

FT1 RN B

RAmBIEEEERE

SEES 1 2 3 4
SRR 11 18 21 24
W 2 3 3 4

S 2 TR I A TR P e, E AR R
NS B A 7 i v g B 12 40 A [R] B8 YR IR 1) 451,
HARUNZR 2 s,

#z2 FRFERISCIGHIE
SEI% 1 2 3 4 5 6 7 8 9 10 11 12
IR AR 42 53 65 72 90 104 114 130 140 152 167 187
VEIRELE 4 4 5 6 7 9 10 11 12 13 14 17
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K F HEGA S92 14 8 ML AT M2 73 71 5K A (7]
I 5] NAERH i 22 PG AR AL 1) B A R E5 AL, 35 1 X6F
LY M2 3R fif 5 5 00 & W M EAT 20 B, ARG 22 Pt
BAKXN(fa = f1)/ fr-

SEEG 3 TR 5 HEGA BV 14 e, Ak s vt BA
AR H

1) ROS HEUSL: g 08 3F HEGA 515 1 & fift 1) &
Fe e, SR F SR [16] H £ 0 B #0040 18 B 158 1Y 4
RUBE I B R A 10 R B 579 (robust - optimization
scheduling, ROS) 1 A% LR

2) GWO SEUT: 56 IF HEGA B KA 2k, 5
SCHR [17] 52 H B IR AL 55032 (grey wolf optimizer
scheduling algorithm, GWO) {E X Lt ;

3) HEGA-E $.7%: N6 HEGA HIEHIR A YiiY
AR #R A SRS A R, Bt S L 5590 HEGA-E, BJ
Ptk AT e S 5 R RAEAT B SR A A, 72 FLEEA
X B AT SRR

4) HEGA-P 5.2 NI IE HEGA 5.9 ) H 3 M AT
X 7 S k2R SR (1) A Ve, v EE BVE HEGA-P,
For A8 SR A S W e SR B A

SRV A AT SR FH A KT (s 22 %2 45 A% (percentage
relative difference, PRD) ffii &, it 5 A A

PRD(A) = W x 100. (27)

H: O(Alg) AEE Alg RIFH HARME, O* NSHH
R/ B R A.

22k M I B, HEGA BE S B B an Mt
FUAR R 100, AR BN 600, HEGA FH P,y = 0.9, P,y
= 0.05,P. = 0.3, Pno = 0.04; % T#7 M2
A VAR SR L R, (RN 2 AR AR A e 2 AR
S = o= 2; SR AR BURS 4 I i 8] [
10 %. %} Eb 523 2 0 R : ROS A1 GWO K F J& SCiik

[ 250 (OCHR [16-17]); HEGA-E H 23 5 HEGA H
IF]; HEGA-P 38 isk 2 B0 A0 W 3, 4 [ 7 i 22 S8 S
MZEH NP, = 08,P, = 005 HhzHE
HEGA # [A]. BT A7 5032: 35 1% 4R 600 X Ji5 2 1k, A& S5
1 ARAS 3R F Matlab 15 5 g F2 52 B0, W38 58 08
AMD R5 4600U/16.0 GB/Matlab R2016a. 4= 3K 4= 3
b B A B S A T Github FF I8 AL X, FLAA R hE
N: https://github.com/yjchenen?tab=repositories.
32 I AEBIEAIITME A

BRI/ NS A, 43 7 CPLEX X HEGA
HVE R M. W E CPLEX IS 1T I [A] R 42400, 8@ 1T
HEGA K fiit v}, 5 2H 248 %1247 10 R I B 3ME. K
FH PRD ¥4 #7547 f HEGA 5032 AH X CPLEX (1) 3K fif 45
T, S g5 R WAk 3, Hoh “—7 KR CPLEX 1E
2400 s P TGS B AL

%23 CPLEX 5 HEGA K245 R 5ttt

o CPLEX HEGA PRD
M1 M2 M1 M2 M1 M2
1 50 195.50 50 196.81 0 0.67
2 30 182.40 30 183.71 0 0.72
3 75 323.50 75 325.13 0 0.50
4 — — 140 438.31 — —

I3 M 2 3 0] R BRI 4 4h, CPLEX 14 B8 78 ¥ %
1) b B P 45 B4R R ML AT M2 1) B AR, 3 B ML,
M2 A] 475 e Ah, kT Rl 3 415451, HEGA Y g3 3 M1
() B AR iR, ELSR % M2 () PRD {8 35 /N T~ 1 %0, 6 BT
F/N RSB HEGA 3% HAT R U (10 SR A vk .

33 X2 ERREEMN SR

F£ T HEGA 43 il % B 78 M1 AT M2 3R i, 45 20 %
B IBAT 10 O ICE A, Bk g R NR 4. R 4.
fi R fo 4y AR A AL ML AT M2 [ SF 35 B A ok 1,
c1 F co 3 7N MBS I 1) 58 T (8]~ 244

4 HEGARMBfhEMEEMERMRENITESER

Ml

M2

S P
f1/ min ¢/ min f2/ min ¢2/ min
1 310.00 1128.00 842.73 1151.80 1.72
2 459.00 1375.00 1368.61 1472.49 1.98
3 556.60 1756.00 1607.23 1768.10 1.89
4 964.00 2030.00 2228.01 2071.60 1.31
5 1083.00 2107.00 3228.67 2307.87 1.98
6 1197.40 3000.00 3406.11 3220.56 1.84
7 1809.40 3061.00 4093.60 3261.50 1.26
8 1910.30 3540.00 541591 3869.50 1.84
9 2314.50 3654.00 6249.78 3848.00 1.70
10 4755.40 3953.50 7619.09 4079.11 0.60
11 3493.40 4620.50 6318.35 4861.60 0.81
12 5305.20 4653.20 8733.03 4764.70 0.65
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xR %38 %

Gy M2 4 0T 5, MAH X 22 K, P B3 T 0~
2 2 (8], 2 W S WR 0iC o T TR Pt 3l 5 Ok 1 52 ), M2
3200 S PR B R AE B bR B hE RE B — E IR
2. B H bR BR B AN 58 TR 18] SR A, A X ML, AR 7R
M2 15 21 1) fe A0 A AT ORIE 7E 56 T[] 386 AR A A2 11 1
WU, AR o B B 16 in s [ LA S R AR, B 24 m
T[] H 38 Bl ELY B — e Y [ P B, AT PR IE sk
MBI B 7 AR AT AT, B2 A8 58 TR [ A 5K
SET5, BRIV AR I i MU A, BT B R AL T
TSR A S AR DL I B A A, AE SEBR A 7 o P iR
(1) SR I (]3I F- 2R 4 TR TSR W B AR E, R B T
INE LT A AT IA 2 HhAE.
34 SUIR3: EiAMEESH

G I R 5 Rl B 2 2 A [ AR 1) B A
SR A, R AR %12 4T 10 IRIF BP9 1. % 5L
PRD {8 % bn 2 138 5 B i, [RI s 3z i 7 22 90 B

(analysis of variance, ANOVA) X JLAE i & PER 560, 2
FEIKE A o = 0.05. 73126 5 0] LB H:

1) HEGA B3 B 5451 7 4b, ¥ B 43 1 PRD #4)1H &
/IME, HLEE 7 205256 8 I IME, R T GWO ik HA
ZEANK, 3R B HEGA HE [ R ffe 1t ge I T HoAth 4 Fb
S, BT S S8, T 2 5y Wi AR 200 PAE YN T
0.05, RSP E LT84 R RAMEREER. It
4h, HEGA Ft 3K PRD A5 i %2 35 9 /)N, % B HEGA
SV SR AR BE S R

2)ROS Fil GWO f] PRD 3 1f 43 %!l 4 HEGA K]
72115 434 1%, RUIA ST HEGA HL R %A
RCR 0 T B TR AS B 8 1R R - B TR R 1)
HEGA-E ] PRD ¥J{ti s HEGA [)°F- ¥ 7.12 15, & W 4
SCBETE IR G 4 L 38 AL 454 22 1T 47 1), HEGA-P 1)
PRD ¥J{H W HEGA ¥1°F-349.61 i, 38 UF T A S H &
A8 X %7 S R 2R S S [ 1

+£5 SHEEXHPRD A, frEEN ANOVA SHiER

- HEGA ROS GWO HEGA-E HEGA-P ANOVA (o = 0.05)
o
Avg Std Avg Std Avg Std Avg Std Avg Std F P

1 277 116 2439 344 1732 5.46 7.25 439 30.19 2.86 83.69 3.00 x 1072°
2 289 146 2775 615 2612  5.64 14.51 8.88 33.47 7.04 33.58 5.52 x 10713
3 397 231 9891 739 2268  6.88 106.86  10.09 13556  7.00 56773  7.14 x 10738
4 207 269 2788 352 1026  3.73 6.11 3.34 34.63 4.00 150.60  1.94 x 1072
5 135 126 1862 312 2190 520 23.78 426 24 44 3.35 61.01 1.34 x 10717
6 245 167 2823 220 17.66  4.61 8.61 3.23 36.30 494 13560  1.71 x 107**
7 8.91 136 1091 1.91 7.98 5.68 28.56 5.24 14.66 3.31 41.99 1.21 x 1074
8 356 165 7.28 327 491 2.81 12.19 4.17 9.23 223 12.16 8.78 x 1077
9 486 224 1609 3.1 1561 342 34.77 572 21.86 2.99 78.75 9.92 x 1072°
10 2.25 1.37 9.83 1.66 11.92 2.50 11.84 2.35 14.29 3.65 32.38 1.00 x 1012
11 242 115 12.19  2.04 10.12 250 17.99 4.65 18.02 3.20 43.17 7.45 x 10718
12 321 117 11.05 1.31 10.16  2.96 16.99 4.02 18.17 425 35.25 2.46 x 10713

Wl 339 1.62 2443 326 1472 428 24.12 5.03 32.57 4.07 106.33 0

NIRRT AR, A T 124K FEEEAR RS ACRECT SR M2 1 i Sl £8.

N5 APEVERIE TR A L W DU B, B AT RCR
HH = 21 JiE 2> 51 9: HEGA-P. HEGA . HEGA-E. ROS.
GWO. H T HEGA 2 1k 95 Fh B 12E 0 175 100 S A A4 B
JEE 1 22 S AN BT 1R A X AR M R AT AR I R R
i % = T HEGA-P.
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390 £ s 8k 2] £t /ME 1602, 1) ROS GWO. HEGA-E.
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3% BRI 15407 F 4510 HEGA 75 K45 1) ot & it
SHCHE JE AN 32 A7 I 8] 3 1 B4 L o PR B SR
BRI TR ST B PR DL T AR e A8 TS 1%
AN 52 PR AR 77 3 R R, R R — S I K
.

4 & ®
AR STATXof RN - U 2 i A e 4 I I T AN

R, ETERRTTE XM “&T + 2k 1

AN R B A BN T TR A S, i e A xS A

Yo 55 T B v o T T S ST 10 1 PEE AR B 4 S SRR

T T AN S 110 A R PR R e R AR R AR AR

BT 1R A g I A% SR, RN 5N TFAT HEAL 5

W K [ R 3 15 2 8075 7 LUBR iR SRVA TR e, B T

R SEPRA P HE AT 7O RS SRR A R R &

PRI A R 2L TR 45 380 14 5 DL e v MR AT o L i )

P57 K B Wi, A B 4 P A5 HEGA SR AR i

SRAE A 5T B A8 AT R T I T 4 Fox BL SRR, 55
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