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Abstract: Steelmaking-refining-continuous casting is one of the key manufacturing processes in steel production, for
which the optimal scheduling is an effective way for reducing the energy consumption and improving the production
efficiency. By considering the required processing time and the technical constrains, we proposed a hybrid two-phase
algorithm for the steel production, based on the scatter search (SS) method and the mathematical programming. In the first
phase, the SS algorithm determines the order of the steelmaking-refining process and the technical sequence for each of
them, based on the normal processing time. In the second phase, the solution obtained in the first phase is transformed
into a temporal constraint network graph, and a mixed integer programming model with controllable processing time is
built. The machine waiting time, the heat waiting time and the maximum completion time are minimized by using CPLEX.
Totally, 14 different sets of randomly data collected from a Chinese iron and steel plant are used to test the model and
the hybrid algorithm, and the results are compared with the practical results of the plant. The impact of the different
weights for the waiting time on the effectiveness and efficiency of the hybrid algorithm is analyzed and compared with that
of the combined genetic local search (GLS) algorithm and mathematical programming. Computational results show that
the mathematical model and the two-stage algorithm are effective for solving the steelmaking-refining-continuous casting
scheduling problem.

Key words: steelmaking-refining-continuous casting schedule; controllable processing time; scatter search algorithm;
genetic local search algorithm; mathematical programming
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{tlj tl7,>pl]7 l Z)?(LJ)) ED, (4)
tl] tlz+plza
(1,4 ) €D, l=lnax, Caz—Caj, 5)
ty; +sz 2ttt a2 P
(1,1 ) €D, l=lnax, Ca;=Ca;, ©
tlj >tlz+plz+5
(lz 7)) € D)l = lmax, Ca; # Caj, (7)
plj gpljgpl] ,]:1,2,"',7’L, (8)

o HARBR BRI ITE LA 55 K 58 i i)
e/, B AR R E(2)FR R A5 I IR S Ry B4 I ) S %

SERE U 1] 2 R gDy R R(3) R AR A —
aaﬁifﬁéﬁirﬂaﬂﬁﬂ‘ml‘mﬁ%ﬁ%iiﬁiﬁﬂaﬂd\ﬁ%k

SEREITA], 2R ()RR A BCAE [ — % L
/\JM\T B[R] I I0 5 20 R X (5) % s 0 2 7 B
[ii] — 58 VR R 41 R 7 1 a0 20036 R S B A 2R
(6) R NTE RS M B T AR 254 N T s 1 ) i
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— 45 E A Bk AR (TR R EH N B T
AN TRV G IR P RHAR B 4 K (a1 A — 0 () B I (] &4
R (8) 7 P AL B T HL AP Y 1

KT CPLEXANRESKMF 22 H A [l IR 5, AL
KA 7 20 LR 45 £ H bR EeA i
AL A L H BR. IR T 7 BE 7 4 PRI AN [R) 4N
BRASME S T AF () 5 T TR) S AR S5 A5 I 1) R 52 4%
S A I TR) () EE AR AN I, B H AR IR RN A

4 SEE5 25 B (Experimental results)
4.1 X} ML (Comparative algorithm)

SEEG TR, O T B ARSSELVE TN AU BRI T 1k A
G A TR P B B B2 ) A ST ) SR A e, A
AR E T bR JR 8548 & (genetic local search,
GLS)H 1% R 27 0K S0k A1 &5 6 1) SR i 50
GLSH V5K FH 5 SSHI R 1) g i 1) 77 2. A8 XH ¥
SR FH B ARS8 R AT SUBE R I, S ACARANA TR
TF—EPm B = 1, lma) AT W R S X
R T, B P AARAN R A I B
T8 TR A AR LA (n 4 my) I —4E 4
A JLIR, BEHLAE A SR, 6 I AR 4L s
(RHE ST B SRS SO R PRI, 88 UG = AR 1)
BB AR B A (R A1, AR i 14 G 5 B AT 40 i
B PR g L) TSRS e, RS X
A IR AN A S 4R B B I 4 I 1) 1B 4T T e HE
H1), BIVEf 2 25 28 I L A P 29 2 A e Ak
B, R AARAAREE— L7 B = 1, -+ lmax)
PAT W 1A e R A, B Bl A i L
TAFSEG AT E A oKk, BEALAE AR e 4 R
A7, 0 4R S A B . PR, BT R A T
rhORH R PR 2 i RN HE P i R R A X RS R
R N A ST M AN | ST s = M R R N7
T304 IR R 1 kA R H AL
BB WE T, A0 A R R R S AARRT R TR AL ot
RS I I AR S 3 — AR, AR 5
B 7L A K GLS AR W 1) S A A N FH 3. 2745 A
R E RN T VEEAT SR AR E & TAF R aa it
[F] S i 1.
4.2 SER W UE K 8 S B E (Experimental de-

sign and parameter settings)

W AN M3 5 U i) R 08 A7 s oA 1 0 3K
P, A DLy R F A SRR AR Sk G e
AR 28 7 52 4 25 i Bl B AR R R DAk 56 48] 56
ST Ko P i B SREVE AT MU, MR T M L RS
Wi R B 26 0 Tk, S R kTR 1)

FEH S T EC I DX TR[7, 15), K 4 -5 3% 5 (1) A% Jiel 15 (1]
M5, TN (H. BENLA R S50k E: % T
PRI R AE A I T A AE BRI |5 = 20 min, j =
Loooyn, I=1,- lpax — 1, WEINTELS = 5min,
WER B Pr = 3min. LAFAE &A= B Be it dscok,
e/ NN T [R]ZE 2R 145t (R DX 1) N B AL 2, A TR
AR Jam s TR DX TR [ /N o N TR], g oK hn I
(AN [, ] 4 T PR A S H 1R 79 i B A9 AR
E AR A R A R 204

1 BB IARK. & A LA X 4]

Table 1 Minimum and maximum processing time

interval
1 2 3
plillln plinax pr2n1n pglax pglll’l plgnax

(35,40) (50,55) (15,20) (55,60) (35,40) (50,55)

FRAE B — GRS P B L1024 5, AR A
[ B P 7 4L R 28 A Hon, = {32, 48, 54},
ng = {45,66}. WA H Tmyxmoxmg = {2x242, 3%
3%2,3%3%3, 3x4%3, 3x5%3, 3x6%3}, 4145 (MR
FH ({25252, 3%3%2}), ({32, 45, 54}), ({3*
3%3,3%4%3,3%5%3,3%6x3}),({48,66}), & L
114n, = 54, B EEHHLIN TINBERIN, HRFE
B h g RN F 2N Ba IR, W — 3L A B4
TR

SSEILSH W B R Fyk &b 4040 0
KB Hmax Tter = 1008 5 A A% 1 H brl &
L3O AT AR, WIHEFTHEP IR/ K100, 2754
D = 10. ZESLK P, GLSHVESH BN N 5
VR 2800 4 A A B R IEARAREL R 10088 5 {0 il 1)
H AR & S230 B AT A4k, BB/ 420, B A8
N MEE R 0.85, A SRR 0.1
43 P By BB VE X AE AR R AR A 2 R

(Effectiveness of two-stage algorithm for wait-
ing time)

AT T BN A 1Y BN I SS L VE N E 2 B
FHCPLEXCK it 1) 55 455 INF [R] E AT %) LE 23 #r. SSHLK
AR M ETRY BOI T 5e s S Bisfm s T —r
BOIAT I, B A R4 ) TR A B iy LA )
SEAFIN Tl B /N, R A JR) AR 26 1 2 A AN
FHH WM. CPLEXCK i [ Bt Ak T SSH k4 1 T
AP I A R A 0 TR, AR o T TR] ] 45
PEBVRE /L, ZRA 75 18 A 18] B9 AR T W LAt — 25
AE AR, AP PR 5 A T R 8 2% S5 A7 IS TR A SR 1B B
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5 N H 29 %

SSRAT [ Fe AL A oF WL ) 55 A B H) A WL, 382 B

KA CPLEX U S AR I o W 2, b LB
W2/W1.

CPLEXR A3 (1) 55 A B[R] 15 SS A1 SR A3 (1) S5 A5 B (1]

(R ECAEL /N U A P A5 1) P IR S5 A e 2% ] TR) 2D, BT EA]

PR SR BRI IEE B R D 2) WA S IR
[F] /L, B0 T B e s £ A1 FH . se e v B
PR Y BE SR 0 A AN W 8 48 SR AR 10IK, Ze vt B
SEAF) A VR PR 25 A5 I 18] B AR, DA R 109k EARL IR~ 34
fH. giit 4 K2R,

R 2 PN BI R AR B 4G 5 A5 B 1)

Table 2 Waiting time of optimal solutions obtained by the two-stage algorithm

n=32(2) n =54(3) n =48(2) n=45(2) n =66(2)

Num 2¥Q¥D 3EFED QADKD FHBRY FHBEF FrAER4 FRSEZ FREHR3 2FQ¥D 3D 3A3A3 FHR4R4 FH5*FF 3#6*3
1 0.0089 0.0134 0.1007 0.1583 0.2069 0.2104 0.1816 0.1645 0.1049 0.0855 0.1902 0.2454 0.2467 0.2455
2 0.0692 0.0882 0.1504 0.2739 0.2098 0.2232 0.1881 0.1921 0.1657 0.1370 0.2537 0.2581 0.2513 0.2522
3 0.1310 0.1361 0.1790 0.2868 0.2128 0.2604 0.2169 0.2083 0.1701 0.1461 0.2546 0.2592 0.2556 0.2676
4 0.1476 0.1496 0.2151 0.3061 0.2268 0.2753 0.2387 0.2300 0.1789 0.2847 0.2757 0.2794 0.2733 0.2795
5 0.1556 0.1645 0.2232 0.3174 0.2292 0.2885 0.2455 0.2502 0.1821 0.2938 0.2885 0.2820 0.2770 0.2799
6 0.1599 0.1709 0.2290 0.3214 0.2345 0.2892 0.2706 0.2698 0.1896 0.2967 0.2917 0.2850 0.3152 0.3106
7 0.1717 0.1807 0.2302 0.3267 0.2570 0.2893 0.2755 0.2961 0.1979 0.3022 0.3020 0.3026 0.3162 0.3238
8 0.1779 0.2436 0.2329 0.3316 0.2576 0.2927 0.2762 0.3261 0.2011 0.3041 0.3021 0.3051 0.3204 0.3240
9 0.1885 0.2641 0.2337 0.3342 0.2669 0.2953 0.2819 0.3323 0.2139 0.3052 0.3066 0.3108 0.3232 0.3682
10 0.2124 0.2895 0.2441 0.3387 0.2749 0.2962 0.2820 0.3387 0.2324 0.3347 0.3150 0.3397 0.3245 0.3694
Avg 0.1423 0.1700 0.2038 0.2995 0.2376 0.2721 0.2457 0.2608 0.1837 0.2490 0.2781 0.2867 0.2903 0.3021

R4 F2n] LAfF DL F 4518 1) AR & s 4l &
T, BEAE TAREU Y 2, SSHY Bt FICPLEX T B 1)
B A A Ko I P 25 A s i) AR08 K. e Al
2% 2% 2, A Hn = 32005545 I ) LLAEL T 3 (H
BT Lin = 45 I LLAE /. 2) A [ L (E S
REIEHHL LN TG s 06, WAL
SIS TR] LU AR BOR. B 215 N2 * 2 % 205, Xf24
Gelkn = 32 MR L FI34N P kn = 5411 S
AT LA, J5 3 S5 Ao I ) LA By 3 B 2 RAR 2.
3) B B £ B TR, 25455 B () EU AR 5 94
RS MR BE S B R EEC &R Tin = 321, BE4%
A3 % 3 2K S AF S 0] ELAE EL R £ 2H A2 % 2 % 217
SEAF I TR) B ARLOR. 4) S5 T I 0% 5 T 25 BOAH 5
I DL, R M v 2% 1 22 S5 R I ) LU ARDBR K. 24
n = 48K, ZERFI ] LL A Mkme = 3,4, 5,6 2 161

. DA, S5 I ] 5 AR5, Be EORT % B Be
(BN T8 4% B0 5%, AR 2547 I 1) B DA BCR 1)
1 75 18, CPLEXH SR fiff 45 2R 5 G5 S 9D ik
SIS )R ¥ 46 S5 AR5 IR T £ H (1.

4.4 PIB BCE R o R AL SR g #r
(Optimal effectiveness on steel plan of two-
stage algorithm)

AR5 I FH 1 B BT A S SR A R 2 AN ) A
PR B G R A S G B AT 0 EE A 52
B 4 R K3 PR, Horbreast sizesh th T A4E /= 1l
G IEREHUIN T 158 A AR e 5 (K 4Pk
B, wi{{15,11}, {10, 13} }Rn & G EHHL & N T
AR, B IEFHLI S 1R IR E 15K
TWT, MWTZ3 53l 3 713 7 IR S8 A 15 4% IS 1) 18 6 55
(Epatvimalip

A3 BN E R ALR G ek R

Table 3 Optimal effectiveness of the two-stage algorithm and practical results

G PIBY BOR R E
n cast size
makespan JWT MWT makespan JWT MWT
49  {{15, 11}, {10, 13}} 2032 584 1055 1223 161 154
67 {{15}, {3,20,20,9}} 2894 541 1164 2295 18 1887
79 {{15,21, 25}, {18}} 3245 609 2320 2676 42 2239
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MR E3 AT AR BU R &5 1) AScgs i wy
B B DA ST 06T P U 55 AR R 95 I i) R 3¢ 6 58 A
RIS T FR D0 A 5 R W] A8 2 AN Ak Al 0y 2 7 52
S DN TRy 2 Ry 78 20 ORAIE T kD A RS
Fr B BT, R 1 DR A5 AR 5 1 A B R8T
2) PR AEAF B I AL LR PR AW T H] (g,
NTMWT, B RCRAE T S AR5 15 4% I Th) /)
P4 H bR, 3) M B B 7% Xrmakespan A0 A6 34
KRBT A LS K, ARSI P BOK il
SRV T 5 N AN A S
4.5 PR BUE B o i AR AL BCR 2 #r
(Impact on performances of different waiting

time weights)

FEF AR LT X6 R S5 ARy v 2% IS 1) R 8¢ 4 56

AP U T) PR ) AN [i), AR ST IR S AR IR
N [ PR A o 5 5 585 AR 7 O T [A] R AY EE B EY 341
B, 2D a =030 =073 a= 0.6,
b=04,® a=0.8,b=0.2 5 PXA K145
D S 450 N FH PR B BG4 SR SRR 109K, 4t T
FEAN S 1OUR SR AR 45 1013 H AR E S P17
N TR] 9 B B e 0 A 140 b AR 1) B AR 7R~ 34
DL S A5 A IS 18] FE AR )P S804, 53 1 227 AyavgObyj,
avgCPU, avgPerO, avgPerW. A5 525G [F] I 45 11 T
I GLS - 2= K 77 V2 AH 45 5 10 SR AR S5V
AT B PR A S P IRAS R T A 5 R 3K
fift Pk fig. e SSHER 7~ . FHSS 55 £ 2% ML K1 77 V2 4H 2
B SRR 5%, GLSHZR 7R I H GLS 5 2= Fi kil 5
LRSS G SRS, girt &5 k4R,

F 4 TR AR AR E 2 H kA A6 r

Table 4 Performances of the two-stage algorithm with different waiting time weights

a=03,b=07

a=06,b=04 a=038, b=02

AT _
avgObj avgCPU avgPerW avgPerO

avgObj avgCPU avgPerW avgPerO

avgObj avgCPU avgPerW avgPerO

45

54

54

48

66

2%2%2

3*3%2

2%2%2

3#3%2

2%2%2

3%3%2

3%3%3

344%3

3%5%3

3%6*3

3%3%3

3%4%3

3#5%3

3%6*3

SSH
GLSH
SSH
GLSH

SSH
GLSH
SSH
GLSH

SSH
GLSH
SSH
GLSH

SSH
GLSH
SSH
GLSH
SSH
GLSH
SSH
GLSH

SSH
GLSH
SSH
GLSH
SSH
GLSH
SSH
GLSH

823.12
923.72
814.68
939.24

1155.68
1359.37
1166.51
1338.59

1487.41
1650.69
1370.42
1646.87

1042.74
1201.01
1035.34
1186.91
979.50

1172.34
968.94

1186.03

1635.65
1746.83
1504.04
1759.16
1423.85
1744.41
1415.94
1738.05

34.83
20.79
27.08
51.65

111.05
43.76
62.98
121.99

149.10
55.36
100.56

200.88

149.10
87.43
163.33
136.20
175.43
140.41
188.80
121.93

314.41
201.24
371.73
376.69
420.03
300.92
463.52
313.58

0.2267
0.3894
0.2182
0.3453

0.2660
0.4287
0.2731
0.3661

0.3338
0.3893
0.2501
0.3896

0.3544
0.4307
0.3582
0.4058
0.3300
0.4116
0.3346
0.4060

0.4789
0.4975
0.3985
0.4580
0.3633
0.4242
0.3668
0.4515

0.6552
0.6622
0.6437
0.6128

0.6580
0.7095
0.6378
0.6053

0.6631
0.6658
0.6353
0.6142

0.6357
0.6594
0.6552
0.6218
0.6481
0.6330
0.6541
0.6282

0.6899
0.6899
0.6453
0.6353
0.6285
0.6101
0.6428
0.6398

790.66
881.92
737.70
868.59

1171.68
1292.68
1048.1
1281.49

1384.54
1597.74
1370.36
1583.50

1000.46
1157.30
1000.44
1152.24
978.44

1147.99
986.24

1134.34

1472.98
1680.72
1470.84
1662.12
1474.9
1669.04
1455.74
1657.86

36.53
24.49
35.20
56.93

98.59
55.55
50.76
99.35

175.17
83.11
63.53
147.73

162.65
88.64
175.60
115.65
203.04
138.05
170.79
148.85

363.67
182.08
431.44
280.72
437.08
301.66
413.69
322.15

0.1539
0.2369
0.1293
0.3695

0.2077
0.2396
0.2127
0.3779

0.2181
0.2883
0.3319
0.3815

0.2376
0.2853
0.2466
0.3209
0.2531
0.3175
0.2517
0.3291

0.2893
0.2884
0.2772
0.3383
0.2817
0.3242
0.2735
0.3302

0.6460
0.6143
0.6912
0.6717

0.5970
0.5754
0.6662
0.6351

0.6115
0.5438
0.6776
0.6273

0.5295
0.5319
0.5594
0.5546
0.5710
0.5557
0.5719
0.5664

0.5529
0.5113
0.5357
0.5460
0.5337
0.5270
0.5307
0.5422

768.66
836.56
716.62
816.86

1088.24
1199.22
1014.34
1156.04

1346.54
1406.36
1254.42
1385.74

957.12
1086.20
970.56
1076.90
927.84
1067.20
919.62
1033.90

1354.74
1521.98
1345.7
1485.04
133252
1460.89
1314.42
1457.28

35.07
34.83
19.61
48.29

119.32
51.18
41.20
98.58

148.45
96.24
61.61

144.47

171.77
74.61
160.79
95.15
210.68
131.79
172.73
126.69

386.84
230.75
404.64
249.54
458.02
284.06
447.02
347.43

0.1146
0.1509
0.1032
0.3976

0.1096
0.1338
0.2746
0.4144

0.1387
0.1341
0.3301
0.3729

0.1363
0.1732
0.1593
0.2015
0.1688
0.2644
0.1603
0.2366

0.1680
0.1896
0.1634
0.2252
0.1911
0.2088
0.1758
0.2327

0.6437
0.5643
0.7448
0.7188

0.5483
0.4921
0.7389
0.7008

0.5432
0.5085
0.7353
0.6847

0.4421
0.4375
0.4860
0.4606
0.5093
0.5265
0.5065
0.5074

0.4520
0.4415
0.4417
0.4709
0.4875
0.4516
0.4695
0.4895
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1) Bt 0 0 S A 1 % I TR) L EE () 398 in % 16 4%
S RN TR A EE 1R sk 2D, SSHER A5 (1) °F- 34 H b
18+ IS A5 I A) HCAR RT3 B bR E A b, 24
n = 32, WAHE N2 2 x 2, ZEFFIF RN FEa =
0.3, b = 0.71°F¥) H b fE 551 i 18] ELAELFD H A
ik A] e I B Eba = 0.6, b = 0.4Fa = 0.8, b = 0.2
K.

2) SSHELVET-H4IE 47 I 1) B 1 V% S5 A5 1 4 It
BB (R KT K. 24n = 66, W& 414 33+
30, SSHELVE T iE47 i il #ka = 0.3, b = 0.7,
a=0.6,b=0.4%a = 0.8, b= 0.2 FH K.

3) ARSI RIRCEE T, A 250 (R 1 3k
S, A TR B S R 1) H AR kb, 7853 1
T AR5 € SR AR R, 58 B[] Bl A 18
FH I T, e = 32, WA G N
3x3%3,3%4%3,3%x5%3,3x6x3, FRFH A E
a = 0.3, b= 0.7, P35 56 T 8] B v 2% 2801
NI

4) FHF A AU, SSHA VL -4 12 17 i
Ti) B A B0 K K. Ma = 0.3, b = 0.7 & 7%
HE K3 %33, n = ASH Pz 4TI 18] B {2 b
n = b4[FIBAT I /MR 2.

5) A [F) 5 A s 1) B AN A %0, SSHE v
(R ~F- 2032 47 IS 1) Bt RS e 162 9% TR 38 22 1T 9 0K, B K
P 2% PR AN 1 & I3 2 kb, e = 0.3, 0 =
0.7, n = 32, WA LLA2 « 2 x 2035 4T I 7] B 12 LE.
3% 3% 2K, Mn = 48K}, FILIISAT I [A] bifi 15 £ 41
Hr3 % 3% 3, 3% 4« 3TURE R A I T3 K.

X 43 5 N SSHL 2 « GLSH. ¥ 5 CPLEXAH 45
B SR AR SIE AR A S5 AT 70 #r, AR R4 ] LA
LI

1) % F SSH 3k 15 1 s A8 H b 308 T M H
GLSH&A VLR AF I A B AR, X5 T-AH [F] 1 152 25 55
AR IR T AP o S5 A I T A A, BB o T 0 ik
3G 0, N GLSHRAS (1) 5 A B F5{E 5 SSHaK
13 1R S5 DAL TR) (1) 22 BE 3 K. TR ISF, P 5 1 22 R4
a=030b=07a=06 b= 04Fa = 0.8,
b = 0.2)l 7 kb

2) N GLSHK fif (1) 56 45 I 1] LU A 3 KT
FH SSHIFI A5 e 1] LU A, 158 B 58— SR AR B A
L H R S ST e 2% S5 A5 o [H) I R S5 AR5 I [1)
FRIAAL 28R L GLS PRI AL 23 R -

3) GLSH&H VLIS AT I T T SSHR i 5% 1)
I 5], (PR 2 9 22 BE AN B 2. 0% T 3R445 H A
[F) S A7 I TR BE T, PR B S A I TR) LU ARLAR /DS, H
FRAE 1) EEAE AR AR K, SR 7RCPLEXCK fift [ B It %
EEPS RN A= N N N | RS W S o) TR W TRV &
DX (] A PR B /MEL. DRLIE, AR SCES HA IR PR i B SR i 4
LR DRAIE T SR A 0 R BETE R B R e . i i xS
LU 20 #7285 — SR A A B S FH GLS RIS ST Bl AN [ 859
(=R fgPE R, 19t 2518 N SSHIM L AL VL B S A
SRARAS SO FE 1) 1) .

5 458 (Conclusions)

WA R -1 5 AN AR P v I S LAY,
SEIUARAN | T L — A A AR R A T ) T
WVE R A SO S B A 77 vl R ) m) 2 f e
R VT T SSHRVE RN 2 LRI AH 25 6 1 W o B SR
fil Sk, T DR A LA H ) PR Y B Sk AR 7R
(DA, AR A Ak Al A= 7= i B Bt AL A= it
T 14 BT S5, SEg 45 R B

1) JE T ek Ta) ] 42 PR o e, 002 R SR A
By BT S5 A5 ] ) PRI A0 & SR B 5t LSS i Ak
P

2) W B Sk SR A I B LR FEEAT
N i) 5 7 O S5 AR TR % BN ] PR ARl S EE PR O 2R

3) P B K il 557 6 makespan T 45 45 B (1] F)
PEACRL S B B 0 T B AR =52 4

4) FH—RARKY BN FHSS TR & SR AR FL VL AR
AR T 5510 BEN. FGLS VR & 53 11 3K g
g
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