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Optimization of scheduling for special steel reheat furnace based on
immune-culture algorithm

SUN Xue-gang, YUN Chao, AN Zhen-gang

(School of Mechanical Engineering and Automation, Beihang University, Beijing 100191, China)

Abstract: The production of special steel features in large product-variety and small product-quantity. This leads to a

NP-hard problem of online scheduling for the reheat furnace. An optimal scheduling method based on the immune-culture

algorithm is proposed for the reheat furnace after the problem is discussed in detail. This algorithm takes advantages of

the global searching in the immune-clone algorithm and the commonly accepted guidelines constituted by the culture-

algorithm. Simulations show that the proposed method outperforms the manual method in many respects, such as the

utilization factor of the rolling mill, the mean retention time of billets and the running time of furnaces.
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2 (Problem description)
2.1 (Characteristics of spe-

cial steel reheat furnace scheduling)
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2.2 (Mathematical model)
,

.

B = struct(k, s, f, Ti, t, I, O). (1)

: k ∈ {1, 2, · · · , K} , s ∈ {1, 2, · · · ,

S} ( ) , f ∈
{1, 2, · · · , F} , Ti ,

t , I , O

.

nks,

,

NB =
K∑

k=1

S∑
s=1

nks. (2)

:

min J =α(
NB∑
i=2

(Bi.O−Bi−1.O)+

β
NB∑
i=1

(Bi.O − Bi.I−Bi.t). (3)

Bi.O − Bi.I � Bi.t,∀i ∈ {1, 2, · · · , NB}. (4)

Bi.I − Bj.I � max((Bi.Ti − Bj.Ti)/VT , C),

Bi.Ti < Bj.Ti Bi.f = Bj.f, (5)

|Bi.O − Bj.O| � h, Bi.k = Bj.k, (6)

|Bi.O − Bj.O| � tint, Bi.k �= Bj.k, (7)

nks =
F∑

f=1

nksf , nksf � 0,

∀k ∈ [1, K],∀s ∈ [1, S]. (8)

: (3) , ,

, ,

,

, α, β

; (4)

; (5)

C,

, .

, . Vi

; (6) h.

(7) tint,

. (8)

.

;

K! · S! · ∏
k∈[1,K],s∈[1,S]

CF−1
nks+F−1. (9)

2 , 2 , 3 ,

20 ,

1,029,193,452 ,

,

.

3 (Method of scheduling opti-

mization)
NP-hard ,

[6∼14].

,

(artificial immune system, AIS)

, 1

,

.

.

3.1 (Immune algorithm and

culture algorithm)
,

( 1 ), .
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Fig. 1 Process of immune evolution

:

Step 1 nP ,

– ,

B(0), k = 0;

Step 2 B(k) -

, ,

; , Step3;

Step 3 B(k),

r1, C(k);

Step 4 C(k)
r2, D′(k); B(k)

D′(k), D(k);

Step 5 D(k) , r3,

B(k). ,

;

Step 6 k + 1 → k, Step2.
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(population space)

(belief space) .

accept( ) ,

update( ) , ,

. influence( )

. 2

.

2

Fig. 2 Process of culture algorithm

3.2 (Design of scheduling op-

timization algorithm)

,

(3)∼(8).

1) . ,

, ,

,

D = (F − 1) +
K∑

k=1

nk, nk ∈ {1, 2, · · · , S}. (10)

:

b = (nk1s11, · · · , nkisj1|nk1s12, · · · , nkisj2| · · ·
|nk1s1F , · · · , nkisjF ),

ki, i∈{1, 2,· · ·, K}, Sj, j∈{1, 2,· · ·, S}. (11)

| .

,

,

.

2) . (3)

,

Ep =
1
Jp

, p ∈ {1, 2, · · · , nP}. (12)

3) .

, (10) , ,

.

κp = 2 · nP · Ep/
nP∑
p=1

Ep. (13)

4) .

.
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P s
p =

⎧⎪⎪⎨
⎪⎪⎩

1 , Ep =max(Ei),√
(

Ep

max(Ei)
· δp

max(δi)
), .

(14)

δp =min(|bp−bj|),∀i, j∈{1, 2, · · · , nP}, j �=p.

7) . ,

, .

< S1, S2, · · · , SD >, (15)

: D , k + 1
b(k+1), Accept( ) :

< h(k+1)
1

, h(k+1)
2

, · · · , h(k+1)
D

>=⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

< b(k+1), h(k)
1

, h(k)
2

, · · · , h(k)
d

>,

b(k+1) /∈ H(k) d < D,

< b(k+1), h(k)
1

, h(k)
2

, · · · , h(k)
d−1

>,

b(k+1) /∈ H(k) d = D,

< h(k)
1

, h(k)
2

, · · · , h
(k)
d >, .

(16)

8) . ,
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4 (Simulation and analysis)
2
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. 45 s, 330 mm,

,
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1

,

, 1 2 .

35 s, 15 min

.

1

Table 1 Manufacture data

K S /◦C /s

1 1 3 366 620∼790 4680∼5760

2 2 3 572 660∼800 4680∼6300

3 3 3 601 610∼800 4500∼6480

4 4 3 599 620∼800 4680∼6120

5 5 3 581 620∼800 4500∼6480

6 6 3 718 620∼800 4500∼6480

7 7 3 746 630∼800 4680∼6360
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.
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2

Table 2 Comparisons of scheduling result

/s /s /s ( )/s ( )/s ( )/s

1 35.01 24.81 37005 35.0(0.07) 24.7(0.15) 36673(474)

2 40.82 24.45 59050 37.2(0.19) 23.0(0.55) 54279(617)

3 47.52 24.81 67750 38.9(0.33) 22.0(0.82) 57651(913)

4 51.02 24.14 73275 41.5(0.30) 19.1(0.80) 60926(964)

5 55.16 23.66 75430 42.7(0.18) 20.1(0.51) 60486(690)

6 55.92 24.51 91590 44.1(0.11) 17.0(0.39) 73740(594)

7 52.73 24.56 91280 44.7(0.30) 18.4(0.92) 77395(1003)

5 (Conclution)
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, ,
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