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Branch-and-price Algorithm for Rolling Batch Scheduling Problem in

Continuous-casting and Rolling Processes with Hybrid Production Mode

WANG Gong-Shu? LIU Jing-Yi? TANG Li-Xin®

Abstract This paper studies a new type of rolling batch scheduling problem arising in continuous casting and rolling pro-
cesses which are linked by the hybrid production mode of direct hot charge rolling (DHCR), hot charge rolling (HCR) and
cold charge rolling (CCR). The problem is formulated as an integer programming model with the objective of minimizing
heat energy loss due to cooling (Waiting) of HCR slabs (Hot ingots) and productivity loss caused by changeover of rolling
shelves. Since the commercial optimization software is difficult to obtain an optimal solution or even a feasible solution
of the model within a limited CPU time, the model is decomposed into a master problem and a set of subproblems using
the Dantzig-Wolfe decomposition. The master problem and subproblems are iteratively solved through column generation
algorithm to obtain a tighter lower bound of the original problem. Finally, the column generation algorithm acting as a
bounding mechanism is embedded into the branch-and-bound framework to form a branch-and-price algorithm which per-
forms the branch search process to obtain an integer optimal solution. Furthermore, key factors affecting the performance
of the algorithm are analyzed and corresponding improvement strategies are proposed. For the master problem, a solution
strategy of hybriding column generation and Lagrangian relaxation is proposed to restrain the tailing-off effect of column
generation. For the pricing subproblem, a dominance rule and label lower bound calculation based method is proposed
to eliminate non-promising state space early in the dynamic programming algorithm such that the solution procedure is
speeded up. Numerical experiments are carried out on actual production data provided by a steel company and random
instances extended from actual production data. The results show that the proposed improvement strategies can break
through the limitation of the solving ability and enable the branch-and-price algorithm to solve industrial scale problem
optimality within an acceptable CPU time.
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N FELALSE N, &E A = {(0,9), (i,n+1)]i € N}
U {(i,4)]i # j € N}. SHEEIK (4,5) € A, & X
T A 05 43T @ B 5 ARSI 2%, o,
Toi = Pi, boi = acyy — m;, Tin+1 = 0, 9i,n+1 =0,
Tij = Pi + gy 0 = acj + (1 — awpy; — 5, Vi
#7€N. % (0,i1,dg, - ,15,0) J2& M L&Ak ] T
B — 25 AT AT BE AR, 3% 0,5 rYE L] 15 B4 s o
ﬂ‘j 22:1 (acikt - ﬂ-ik) + (1 - a) ZZ; W iyigqy - EE
X (18) AMEFE H, FLHITH i1, 4s, -+ s MV HT
WEEENE RN Y, (aci — m,) + (1 — @) x
S Wiy UL, SPy T A A 454 DA R
KA 7E G ERB]— 5K MER 0 & n +
1 W58 B4R, 15 S U7 AR L, IF Brs
LI 2 H 2 A/ )N.

AT KM E R M g Ak R E R DPBE,
HABERMNAERE G BT 0 Bk, Al
TH AR BRI T B 0 T B A AR W A
/NSRAIAE R, TR DP Bk IR 2 i, e
— Sl SCRIVE T, A R 2 R - IR ) o &R a8
&), il DP Sk r e Sus .

EX 1. NGRSO BT @ HIER w RS
iajj (R‘;)7C;})a ;H\:'-JF‘, R:) = (gwayidv U ayru:) ﬂ‘j%ﬂ%
B w e AT TR, (yy, - L)
RISV AR R i (AR TR J 55 w 1
F, By =1 B0, vy = 0), CF NHISFHZE
T 55K 2% FH 2 .

EX 2. % (R, C) R(R?,CF?) AT, @
ERWARE, Y EHAY O < CF2, 6t <62yt
< Y2, Vi€ N T, HEEDEEE ARG
W, AR (R CFY) T (R, CFY) SR, 18k (R
C) < (R2,C7).

4 DP BYARPIRS A ], B E TS S
PERII) P A A i TR AR5 A PR b 4

MR 1. ¥£ DP ByEMAR-S T b, ke
RS A2 50 SP, SR 345

WEBR. kT ¢ b (R, O < (R2,C82),
WIMEMH (R, CF?) MRS 2I WS 1 9 I #6
A (R, CFY) RS2 b5 2 K,
B (R, C3?) g SP, ffiifgngikfs. O

FE L2 2 SCHR R UL AR ORI )
R 5 ARG A R AEA 5 I )
EX 3. ¥ (R, C) R (Ry?, C32) HTA i
T b EFRS, 2 HACYELAL ¢ F1j SRR
ME, C < Cp2, o <6yt <yt Vi e N B
S, R AT RS X, WFR (R, CF)
e (Ry2, CF2) &, Ak (R, CFY) < (R, C2).
FE 3 AT S8y ALS IRBRASHH 5 1) M
J. BT 3 WS RN S TR 1, 9 B
BHEZ RS BIERR. BRAn S OCRN A, A SCHE
F'g R BRI DP S0 TR 25 1]
MR 2. 44U = {j € Nlyy = 0} Itz
F(Ry,CF) XM B AE B w R T ) TR
£, XV e U, 4w = min{r;|(i,j) € A}, f;
= min{0;;|(i,j) € A}, W CF + min{}_, ;2 fil
D Wy <l =¥z € 0,1,V € Ut Zhn's
(R, C7) BT
WERR. AR5 (RS, CY) X HbRS (R, Cy)
T RAS B v AT W) S5 B, TR B T EEIC R (@ =
hoy hi,--+  hy = ])a Iy C;D = C:J + Zzzl ehsflhs'
TR 0 BARWE © =< + >0 Tho i < L
BT o Z¥%H A h € U Vs € {1,--,a}.
i f; = min{0,|(i,7) € A}, Vj € U w41, C¥ +
> ey fu, £ CF. B w; = min{7;|(i,5) € A}, Vj €
U a5, > wy, <l —<*. HIL, XS (RY,
Cy) RSB HAL W% o, #A CF > CF +
min{ZjeU 2 il ZjeU zjwj <1y —¢¥, z; € {0, 1},
Vi eU}. ZEEai B, oy A#—415
Oy >Cf +min{} 2 fil D jep ziwy <l —
¥, z; €[0,1],Vj e U}. O
MR 3. ¥ DP ByAmisS R, idin s
(Ry,CF) KRN LB(RY, CF ), QRAFAES Sh—A
b (Ry™,C¥7), % min{C¥",0} < LB(RY,CY)
AL, WINERESS (Ry, CF) S AL BRI
WERR. 24 CY° > 0 B, WA min{CY, 0}
< LB(R?,CY) Witns (RY,CF) N# LB(RY,CY)
> 0, Wl E TS (R, CF) ISR EAT
RS X I ()40 5 B 1) 2 R KT 0, A X 1
ST PR Al L, R A RLMP. ¥4 C¥™ < 0
B, A% min{CY",0} < LB(RY,CY) Htr
5 (R2,C2) Wy R LB(RY,C2) > O, Wi (RY,
Cy) T JRA5 3 W Jr A A% B B 1) 45 it 1 9l AR
F O, WakThns (R, CF) ERIHHAEART]
REN SP, mflLfig, ik, MEx (R, Cy) A
A AR R U
HETh 58 DP F3An)th s an T, Hr,
P FoRFR T RS, Ay BT @ Frs53
&, O™ ZH/IMr 3.
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Initialization
Ao < {(0,0,---,0,0)}
Forall i € N do
Ai —
End for
C™° «— oo, P «——{0}
While P # @ do
i = argminpep{c“|(R},C}) € An}
For all j|(i,j) € A do
For all (Ry,CY) € A; do
If yj’ =0 and ¢* + 7;; < [; then
(R7, CF) — (s® + 7yt yn, CF),
Hop, yf =1, yiy =i, Yh € N\{j}
) If LB(RY,C;) < min {C"°, 0} then
) If (R7, Cy) Rl Aj iy HABFR S fif then
) A < A U{(RS,C)}
) R B (R CF) AR
) C"¢ «— min {C},C™}
) End if
) End if
) End if
21) Ay — AN\(RY,CY)
)
)
)
)
)
)
)

N —H O © 00 3 O U i W N~
N 2NN N NN NSNS NN NI

ol

End for
If A; # @ then
P—PU)
End if
End for
P — P\{i}
End while

JRisE it i) DP S5k K eick S mg 2 82 T ok i
T A AR A S5 0 — 2 M 5 AL AL TR, TRk, 44T
T A [P A 81 A 8 ) AT A 45 BRI 2 A4k
)R, ASCRTHE Y DP S59E R i SR o2 A
KA, T BH G SR EL A AR B R RS AR
2.5 IR

Iy SRS, BIar AR B, A - MR
AN E W, TEEER AN 1) 1
24 B R A3 23 TR R B 43 S P4 2) RS I ay
66— TE R P SRR A B SR 3K 7 1 D D 1) B iy L,
FE XAy B AR

Bi=Y G, VieN, teT (22)
wE
L (22) A (13) WIHESHATTR KA:
/Bit = Z aiw)\w S Z Z aiuJ)\w = ]-7
weNy teT wely
VieN,teT  (23)

Horp, B FRELAL @ BIRFTEMY ¢ By o Bo, 3C (23)
& B € [0,1].

TEAT A 5 5, LMP (i X i1
B S FEAE LA T A ] RefE B

18/ 1. LMP £ALfii A XN BAREAR/INF 24
B AT BB AEXAMETE N, ANTER Y 11 M3k AT
93 3¢, Al PAEFEDY 3.

18 2. LMP [ tEf# X %R B AR/ N T 24
Al e I B, HoMR AL X (22) AHERS AR
B B #RAET 0 B L. FERXMMEIE S, TR Y Bl by
flF 5 3.

&7 8. LMP HscAiff X XV B FME/NT 24
Hilde RN, S B HL R L B AR R R 0 4. FEiX
FETE T, T X Y I T/ 3. B AR
FUEE o AR &, Bl | B¢ —0.5] = min |5, —0.5].
T8 (1) 53 A B By, FTRPIA 23 310 R

ZEHi b, A B = 0, RoRELAL o AEES
B 2] s [A)Al ¢. AR SR g [RIAE ¢ 1Y+ )
i SPP,. W}, AUFFEMA M E G MERTE i PAK
52Z R % R ag P RLMP 4k & A0 &
RLMP W2 KRR ai, = 1, w € Qe Z AN

AR, % B = 1, FoRFLAL ¢ HECH| B
[l . R R FoRARICAI [RIE (¢ # ) Wt
M8 SP, I, AFFEEMA W E G IBR TR 3 DA
K527 RIRAIHIK. 2755 s PIaGs RLMP 4k AT 5
RLMP Wi e KR ap = 1, w € Qe BYFIPA K
JERR ap, =0, we Q, t € T\{t*} W7

185 4. LMP (e tEf# X %R H AR/ N4
RS B, A Ry B H. B B ARG
A PAIERH X A E TE A 2 KAz

SI38 1. ARAERA TR BT B AR T
SEREB, B A% 53 ST R SRR L2 R, BT
PEIDNS ¢ PR e

IERA. |10 (23) A1, B € [0,1], B AR S HF 2%
BOWBLHEH 5 € {0,1}. & QF = {w € Y|\, > 0},
Ny = {i € N|fu = 1}. *HEB w € O, i € N,
H B = ZWEQZ @i = 1 Fll Zwegz Ao <1 W[,
ai, = 1. XULEH QF s Fr G I8 B S A 1R Y
FLAt. BT A 2 LMP WEAnfg, Fit QF rgirg
TR o A A, HEmUiid QF iR T4
. T Q i REEAMRE, B8 QF C Q,
2 A E—ATE, XK A —a . O

SIEE T UEBA B 1E R4y 3788 B AT AR o BN i A
[ {H XA 2B de UL, Bk 193 SRS A

3 THESG
AT 4y 3 - @ B VC++46.0

EE W, 75D AGTHEML (Intel Core (TM)2 Quad
2.83 GHz CPU #1 3.25 GB WfF) a4 PEREMIL.
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3.1 SCEMUIE

I =2 MEAB AP e SR ERE. 25 1
HAEE 2 21 DA YRR BN A B A ) S5 B A=
FEBEIAT RS R, EEA TRk DA et
TR (1) SR AR RE I RVSCR. 565 3 2H DA A 1 52 bR 4
PR SBEAE S R B A RO . AEIZ A, R 2R
A 7 K, WIELE LA R ZFL ] 3 500 MR ERA
BEE, 2970 % [RARERR ) Pl ALHLE & A — I
TR A BANIR, 2 150 Wi, — TR R0 EL = 2k
FHHELHZ) 163 ANFLAL, o S A2 113 4, 1]
B Bk R EEFLALY 50 A K i PR A
2 ~ 3 AR, BN RIS K BE 20 3 ~ 5 /N
ZVELRRS LML L e, AR EE Kk (B
JE: 160 ~ 450 mm), /N7 ER (JEE: 90 ~ 142 mm),
IR (EAR: @75~ @185 mm). A[FILALZ [A] 1AL
BRI 0~ 60 Z3-4h. 4565 bk Sepr ik
B AR R W] 2601 52 M) 7] A A 2 M 1 TR 38 2 A0 HR L
HEBCRI R . 55 1 AL/ NERESE G, LA SR
() A 5 ) 41 A5 43 Il {20, 5), (25,6), (30,7), (35,
8), (40,10)}, AF L 4b 5k CPLEX 14>
X - M EERRARRE . 55 2 RS, LAt
% {50, 60, 80,100}, BfajfE% {12,15,18,20}. Lk
WS RR A EGTET 16 Fp ] SR, 4 FhAL
BEREML= A 20 ANEE], LMK T 320 ANEGI.
FASL A 5 5 b 1) AR AR B s L SR T T,
TR 5 52 — 78 3 B vSe ot S w4 A e R v
PE. 25 3 BB 5 SLBREE, FLALECR R R
B A5k {(52,12), (56,12), (55,13), (56,13),
(58,14)}.

PR 22 HARRIRE S50 o W EUE 2 38 A 5
B 5 5 Bk A Ml R 45 BRI BRI T R E
). FETSEEE K o IEUE 2 51355E R 0, 0.05,
0.1, ---, 0.9, 0.95, 1, ShJ5RH 4 X — E M B IE S
SR A R H B e AN R S 85 R I e fe Fe
i, BIBERESR T AHLAAT Rt E]. XA [R] A BUE R 1
REFESE A AL D4 bt 1] A T B 25 SR 04T BE X 404,

KIRBER o BUELRIENN, REREDR T ZHB ), 15 o =
0.9 ZJGREFES AL ARE . T ESC bl i
FEHPBERE 2R 2 B 2 AR AR, DL D) 18] 2 K 24
i, PIBETHR BOAE o = 0.9 BB %ML 52 Fr BT
HERRIALRER.

3.2 EWERSHM

PRl b 2 CPLEX B 25K fig TP A5 A
f€ & Benchmark 8%, W& 4 52— & B 5
CPLEX /NS EBI R KMERE ). £ 1 ML
Fai ™A (LMP/LIP). fiifE/ 5 (OPT/UB).
HH AR (GAP), tHEmHA (CPU) 4551 ik —
FTHEERE. NFR 1 ATRAE t, BT 4 DEG, &
HR e AT ) ) S AU, (B2 5 BN BRI R
WHEA LS. FE W ALY K, CPLEX 115 m)
[ PR HE K, i g — AN CPLEX 7E 2 /NEF Y
RBEHR B S MUAR, 40 3 — & M B P AR A5 s A
e L B RIS /N RS ) 52 e A 7 A R ) R, ol
DEAGER A X DA R Mg, 75 4T 6F ) AR A1E 2 1)
W B REEYA. MZRMERA S T AN A R Bk &
LMP Befg3k15 1t LIP B 7, X253 - &
WA R PR RS e DL ) T2 A

Ryt A3 AT 4 3 E M BRVE R K AR BE T, B
o SE RS GIFEAT IN. THASS R 2 FoR, 4
SIMEEELRIBR (GAP), 247 54 (Nodes), T}
[8] (CPU) Kk FAyATERE. WK 2 W AE H:

1) Fr s SE 0 i T2 Bkl A R i 1.5 %,
e BRI PR AN A 1 4.0 %, B 3F T Dantzig-Wolfe
G TR Ze At A St B S J e R AL 1 T

2) 433 M EA BRI A A BT LA [A) Y
B RA BT R AT TINS5 o BB [0 8 1) se TC 1R,
Wt B 23 3 — 28 U B SR AR 2 1) R A R, HL
AT LAY e ISR AR AN 20 A5 Ak ) A

3) MAELAHCELE E iF, il AR RS, 1A
EFIRD R/, LG AT DARRRE Ry T[] 5L AE, B
() 50 ) S T A R 70 T 381 1 ) TR 1) LAk P2
BOR/D, SEAE )BT 2 5 oK AR

w1 3 ENEIRS CPLEX SRR/ NIBA BT 5451 L

Table 1 Comparison of computational results obtained by branch-and-price and CPLEX for small scale instances

P LA 933 — M CPLEX
FLAEL e TR LMP OPT GAP (%) CPU (s) LIP UB GAP (%) CPU (s)
20 5 2479.77  2483.8 0.16 0.11 2278.50 2483.8 9.01 1.17
25 6 2991.97  3011.7 0.66 0.17 2782.05 3011.7 8.25 2.76
30 7 3693.91 3726.4 0.88 0.43 3501.45 3726.4 6.42 216.72
35 8 4026.08 4047.0 0.52 0.79 3842.80  4047.0 5.31 501.53
40 10 4622.63  4634.8 0.26 1.18 4473.60 4779.6 6.84 3600.00
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Table 2 Computational results of branch-and-price for solving medium scale instances
JE] R RRLA GAP (%) Nodes CPU (s)

FLAEL I ) At %5 T ESON Ty ESIN Ty ESIN
50 12 1.49 291 21 57 2.12 7.15
50 15 1.06 1.50 13 33 1.19 5.73
50 18 0.77 1.02 10 23 0.89 3.25
50 20 1.22 3.27 11 25 0.25 0.98
60 12 0.74 2.47 26 45 12.02 81.53
60 15 1.26 3.24 27 59 8.03 46.81
60 18 1.10 2.65 21 40 4.68 22.55
60 20 1.12 3.81 19 48 3.51 10.06
80 12 1.00 2.57 24 80 196.55 497.12
80 15 0.86 1.91 31 58 119.58 254.81
80 18 1.30 2.74 18 37 40.23 150.28
80 20 0.71 1.72 11 29 10.61 76.11
100 12 0.46 1.86 66 113 233.75 714.88
100 15 0.66 2.50 24 67 185.42 325.91
100 18 0.81 3.13 40 79 100.21 255.13
100 20 1.01 3.05 22 62 51.14 190.11

4) B ARSI R, 0B S8 2, THRI
] .3 22, 32 R T R AR 91 g R A = 0 LA
A 1) R RS AR A, AT T SR A

BT 1R AR 1 ) LR ) St SR A TN
ORI RE, ST FIRARARRE ). b T Rkl
AR, AR SCEBL T 4 ARG 32— ML,
Hor S S USRI AT T I, Herb, ML 3RoR
RGIALAT S MG Y AR, M2 2R 410 £ 7
FRE T B AR SSRGS E A SR SR, M3
FOREEX T RG] TR S AR S T
FTE R IR A, M4 R [R]IA 18X 2 1m)
AT ) RUINE M. 2% 3 X b T 45 AR Bk P2
A RITRISTE]. MF 3 Wl AR i, M2 Al M3 1
I FI A R T S RIS . M1 270, SRR 3
FUAN 1 TR LAY TSt S s e A 8. X132 M1
TE 2 /NI R SR B SR AU AR R 501, M3 BEFRE f
ffE, DERAEERS T I S B RCR A, AR
TH T FRRKRIRRES. A4, M M4 5 M2, M3
VIR ] DAZE H, OUSE i i SR 210 T B — i
M, AR RHEROR 2 R R [) ABUI E eg. MAS
S B, o TAES AR B RE AR R, AR
AT R BE RS TH B KR RS, T4 T
P ATt 23 1], AR Y 24 7 1 ) A sl A AL

VARV B IR]. A 2 AR RS R B H A R AR
W SR A 3= 10 A1 A A0 3l G SRR AN, PR A R X TG
TR B S, W RE Y 2053 S I AR I ).

A3 S — M AR S BRI TR RO
PA 5 ZHSEBREE AT SC5. SR A TS AR HAN Bk A
Wit R AT THE ™ 53, BF THE F 42— 2
B R YER -SSR N 4 R, i
FER HIGT . B AR R EEE 1 10, LAY s [R] X . H
PREREES 2 T, 85 RER 0 X - EMmBERRTF L
He= s, BARME TGS 8.85 %, RERET HIATZY
8.72 %, MLEEYIHem} ] 352y 17.86 %. M SLHE A a] PA
FHRERE S H ekt B S H ARE R o . X
& T bRHE T T RERE S H 2 B H AR, O
Kl B35 G REFRE SR H AN EE R AU K, S ERERESR
e HARME P LR, FLH T3 sEAE S F IR AE DA
T REPRFE A A A A PR B LA S A AR .

4 £

PR LRIV R TR A A 7 e A T B A L )
T w5 3 AR SCEE AR 2R = 2R Ry AL
L ), AL T R BRI, B ] Dantzig-
Wolfe J e A HLA 4G 45 A i) 2 R UR -1 ).
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Table 3  Performance analysis of improvement strategies for master problem and subproblem
I R A ML (s) M2 (s) M3 (s) M4 (s)
FLAEL I A% Ty R Ty ETIN Ty ETIN Ty ESIN
50 12 4.69 17.12 3.70 14.29 2.33 7.94 2.12 7.15
50 15 3.65 12.85 2.98 10.93 1.25 7.16 1.19 5.73
50 18 2.04 8.64 1.77 7.57 1.01 4.05 0.89 3.25
50 20 0.87 2.84 0.67 2.03 0.29 1.22 0.25 0.98
60 12 48.25 191.13 36.77 149.03 14.84 100.93 12.02 81.53
60 15 29.45 114.49 24.14 85.50 10.12 60.32 8.03 46.81
60 18 12.47 64.05 10.36 56.81 5.82 28.13 4.68 22.55
60 20 10.82 36.24 8.70 32.50 4.33 11.71 3.51 10.06
80 12 1086.38 — 969.15 — 217.68 641.45 196.55 497.12
80 15 690.00 2063.25 503.93 1733.78 124.16 315.08 119.58 254.81
80 18 322.21 1067.64 257.22 938.52 42.79 175.27 40.23 150.28
80 20 86.17 737.05 62.47 610.48 12.48 90.52 10.61 76.11

100 12 3400.82 — 244417 — 265.16 801.17 233.75 714.88

100 15 2619.11 - 2006.37 - 207.73 380.22 185.42 325.91

100 18 1514.30 — 1227.72 — 111.29 319.95 100.21 255.13

100 20 702.27 2960.12 525.75 2452.29 62.02 223.47 51.14 190.11

T R 7 FORBEAE 2 /N AR TR SR RIS R
F4 - EMERE T IR SR
Table 4 Comparison results between branch-and-price and the manual planning method
I AR A H b REFEZ B4 b [

LA B TR K F LA™ 43X -2 FILA" 53— M F LA™ 933 — M
51 12 1.0915 1.0000 1.0886 1.0000 1.3074 1.0000
56 12 1.0864 1.0000 1.0842 1.0000 1.2239 1.0000
55 13 1.0944 1.0000 1.0941 1.0000 1.1181 1.0000
56 13 1.0756 1.0000 1.0744 1.0000 1.1601 1.0000
58 14 1.0947 1.0000 1.0949 1.0000 1.0836 1.0000

S35 1.0885 1.0000 1.0872 1.0000 1.1786 1.0000
SR ) A SR SR AR 2 T R S St Ay e [ R References
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