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Abstract Aiming at the problem of uncertain scheduling of molten steel hit rate
in the steel refining process, taking into account the multi-stage, multi-equipment,
and multi-constrained production process conditions of refining production and the
process of refining process due to the uncertainty of molten steel hit rate during
the refining process, in order to obtain a scientific and feasible approximate optimal
scheduling plan in a short period of time, the system state and system state transfer
rules of the steel production process are defined, and the randomevolution scheduling
optimization system model of steel production refining based on the discrete-time
Markov chain is established.At the same time, in the refining process scheduling opti-
mization problem, the complexity of the solution will increase exponentially with the
increase of the number of reprocessing processes, and a stochastic dynamic program-
ming algorithm based on heuristic simulation strategy and improved Q learning is
designed to solve the problem. Aiming at the uncertain scheduling problem ofmolten
steel hit rate under different process production paths, simulation experiments using
actual production data of a large domestic steel mill verify the effectiveness of the
proposed model and algorithm.

Keywords Production scheduling · Molten steel hit rate · Markov chain · Q
learning

1 Introduction

The typical steel production process includes iron making, steelmaking-continuous
casting, and rolling [1]. Steelmaking-continuous casting production is the bottleneck
of the entire steel production which includes three stages of steelmaking, refining,
and continuous casting. The refining stage consists of RH, CAS, KIP, and other
refining stations [2].
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As the refining process of the steelmaking-continuous casting intermediate link,
from the perspective of the process, the process undertakes the ironmaking produc-
tion process and closely follows the rolling production process, and its productivity
is weaker than other production processes [3], so it is considered to be steel produc-
tion bottleneck link; from the perspective of management level, not only Enterprise
Resource Planning (ERP) and Process Control System (PCS), but also the core link
of Manufacture Executive System (MES) [4]. In the refining stage, steel production
enterprises usually arrangemolten steel into refining equipment for different impurity
removal methods for production according to customers’ requirements for molten
steel composition. The steel scheduling in the refined production process is based on
the number of furnaces. According to the corresponding production process paths
obtained by different furnaces in different attributes of the batch planning process
in daily units, considering the constraints of the steelmaking-continuous casting
production process, select each types of refining equipment corresponding to the
production time of each furnace and the different equipment serial numbers under
the same type of refining equipment [5]. As the core link of steel production, the
steelmaking-continuous casting production process is disturbed by many uncertain
factors [6]. After the occurrence of the molten steel hit rate that does not meet the
standard with a high frequency occurs, it is necessary to determine the content of
sulfur, phosphorus, and carbon in the molten iron in the unit of the furnace after the
production of a certain equipment is completed at a certain stage. If the content of
the component meets the standard, the next process is processed according to the
established process path and static scheduling compilation rules; if the content of
the component does not meet the standard, the accurate content of the component
needs to be judged. However, due to the difficulty of guaranteeing the stability of
the molten steel component treatment with the furnace as the production unit in
the refining production equipment (RH type, CAS type, KIP type, etc.), the steel
hit rate may not reach the standard (the composition of molten steel from a certain
refining process in units of furnace times does notmeet the established requirements).
As a result, the molten steel needs to be returned to one or more of the previous
processes for refining. If a batch of refining occurs due to unqualified molten steel
quality, it will seriously affect the normal production of subsequent batches. As a
result, the refining production process cannot be produced in strict accordance with
the production scheduling plan formulated before production, which is difficult to
guarantee. The entire steelmaking-continuous casting production rhythm affects the
efficiency of steel production, increases the energy consumption of steel production,
and increases the use of personnel costs. To this end, this paper proposes a study on
the uncertain scheduling method of molten steel hit rate in the refining production
process to ensure the smooth progress of steel production.
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2 Scheduling Modeling

In general, when defining the system state of the refining production process
scheduling problem, it is necessary to consider the number of furnaces that the steel
production enterprise simultaneously performs refining production on the same set
of refining equipment, the production status of each furnace at a certain time, and the
number ofways for each refining process to complete the production task and the situ-
ation of each type of refining equipment being occupied at a certain time. According
to the above requirements for the definition of the status of the scheduling system of
the steel-refining production process, we assume that a steel production enterprise
simultaneously carries out D refining production tasks on the same set of refining
production equipment, and the completion of D refining production tasks requires E
types refining equipment, the number of each refining equipment is Hk(k ∈ {1 . . . E}
(which is a positive integer). The state of the refining production process scheduling
system is defined as follows:

X = [s1, s2, . . . , sD, q1, q2, . . . , qD, R1, R2, . . . ,RE , t]T (1)

where si is a positive integer, indicating the current refining production status of the
i-th heat, i ∈ {1, . . . , D}; qi is an integer which represents the number of ways to
complete production tasks in a refining production process of the i-th furnace; R j

represents the number of refining and processing equipment of the j-th type that
is not occupied at the current moment, and R j ∈ {

0, . . . , Hj
}
is a positive integer

( j ∈ {1, . . . , E}, j is a positive integer).
In general, before defining the execution status of the refining production process

in the refining production process, it must be ensured that at least one refining produc-
tion and processing equipment required to execute this refining production process is
available to execute this refining production process. According to the above require-
ments for the execution status of the production process in the refining production
process, we define the execution status of the production process in the refining
production process as:

U = [β1, β2, . . . , βD]
T (2)

where U represents the production execution state of each furnace process in the
refining production process; βi represents the execution state of a production process
of the i-th furnace, βi = 1 or 0, (i ∈ {1, . . . , D}, i is positive Integer), βi = 1 means
to execute a certain process of the i-th heat and βi = 0 means not to execute a certain
refining production process of the i-th heat.

During the refining production process, when a certain refining production process
within a certain furnace is started or the task of a refining production process is
completed, the state of the refining production process scheduling system will shift.
If in the same state of refining production scheduling system, the production task
of a production process of a certain batch of refining production is completed first,
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the state of refining production scheduling system will be transferred to the state of
temporary refining production scheduling system. We assume that the initial state of
the refining production scheduling system is:

x(0) = [1, . . . , 1, 0, . . . , 0, R1, . . . , RE , 0]T (3)

where x(0) represents the initial state of the refining production scheduling system; 1
represents the state of the production scheduling system where each furnace is ready
to perform the first refining process; 0 represents the completion of each furnace
performing the first refining process; R j ∈ {

0, . . . , Hj
}
, ( j ∈ {1, . . . , E}, j is a

positive integer, R′
j is a positive integer), which represents the number of the j-th

refining and processing equipment that is not occupied at the current moment.

x(0) = [1, . . . 1, 0, . . . , 0, R1, . . . , RE , 0]T (4)

Make reasonable arrangements for the refining equipment required for each
refining production and the start processing time of each refining production process
in each furnace. Therefore, in this paper, ‘the minimum sum of the waiting time of
the processing in each process of the refining production process’ and ‘the minimum
difference between the ideal opening time and the actual opening time of each furnace
in the steel-refining production process’ are taken as the optimization goals, with
‘the same refinement equipment handles adjacent furnaces at the same time without
conflicting furnaces’ as a constraint, and establishes the following mathematical
objective function, Q(x(k), u(k)) means that refining is performed in the refining
production state x(k). The starting processing time for processing by the produc-
tion action is u(k), where Q(x(k + 1), u(k + 1)) represents the set of all refining
production actions that can be selected for the refining production state x(k + 1). The
starting processing time for production, g(x(k), u(k), x(k + 1)) is the steel-refining
production action u(k) from the refining production state x(k) to the steel-refining
production. Time of state x(k + 1):

Min(Qx(k), u(k)) = αMinu(k+1)∈Ux(k+1)E[Q(x(k + 1), u(k + 1))]

+ (1 − γ )Q(x(k), u(k)) + γ {[g(x(k), u(k), x(k + 1)}
+ |Q(x(k), u(k)) − Ti | (5)

where MinQ(x(k), u(k)) represents the minimum processing time for the refining
production system to perform the refining production action u(k) in the refining
production state x(k); Q(x(k), u(k)) represents the processing time for the
current refining production system to perform the refining production action
u(k) in the refining production state x(k); g(x(k), u(k), x(k + 1)) represents the
time from the refining production state x(k) to perform the refining produc-
tion action u(k) for refining production to the refining production state x(k + 1);
Minu(k+1)∈Ux(k+1)E[Q(x(k + 1), u(k + 1))] means to perform the refining produc-
tion action u(k + 1) processing in the refining production state x(k + 1), the
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minimum value of the expected value of timemathematics; γ represents the discount
factor (γ ∈ {0, . . . , 1}); α represents the learning coefficient (α ∈ {0, . . . , 1});
|Q(x(k), u(k)) − Ti || means that the refining production system performs refining
in the refining production state x(k), the difference between the ideal opening time
of the production action u(k) and the actual opening time; Ti represents the furnace
i ideal opening pouring time (k ∈ {1, . . . , E}, i ∈ {1, . . . , D}, k and i are positive
integers), and the ideal opening time of furnace i needs to meet:

Ti > Tϕ + Tω. (6)

Tϕ represents the processing time of the heat on the refining equipment; Tω repre-
sents the sum of the waiting time of the adjacent processes of the heat on the refining
equipment. Through Eq. (5), the performance indexes ‘sum of waiting times of
refining production process heat in each process’ and ‘difference between the ideal
opening time and actual opening time of each heat in refining production process’
are converted into optimization goals, Next, another performance index, ‘processing
adjacent furnaces on the same refining equipment within the same time without
‘operation conflict,’ is converted into constraint conditions by Eq. (7).

Q(x(k + 1), u(k + 1)) > Q(x(k), u(k)) + g(x(k), u(k), x(k + 1)),

k ∈ {1, . . . , E}; i ∈ {1, . . . , D} (7)

In Eq. (7), g(x(k), u(k), x(k + 1)) is the refining production action u(k) from the
refined state x(k) to the refined state x(k + 1)’s production time.

3 Solution Methodology

The problem of refining production scheduling under the uncertain environment
of molten steel hit rate is a large-scale flow shop scheduling problem, which is to
solve the NP problem. Considering that the Q learning algorithm in reinforcement
learning has adaptive, greedy search, and can quickly search for the optimal solution,
but the traditionalQ learning algorithm has the disadvantage that it cannot accurately
select the next optimal state. Taking this problem into consideration, improvements
are made on the basis of the traditional Q learning algorithm. Iterative calculation
using the improved Q learning algorithm will save processing time in the refining
production stage, improve the efficiency of refining production scheduling, and be
able to better cope with actual refining production scheduling during the process,
and a sudden situation occurs that the steel composition cannot meet the production
requirements and need to be reprocessed. According to the scheduling mathematical
model built in this paper, a method for solving the uncertain scheduling problem
of molten steel hit rate in the refining production process using the improved Q
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learning method is proposed. The following is the procedure of improving the Q
learning algorithm.

Step 1: Define the state action pair of refining production process
(x(k), u(k)), x(k) represents the production state of each furnace in the refining
production stage, u(k) represents each furnace in the refining production stage for
the same kind of refining production and processing equipment selection status
(k ∈ {1, . . . , E} is a positive integer); and need to build a matrix of uncertain
molten steel hit rate in the refining production process, the refining production process
experience matrix R and refining production process learning matrix Q.

Step 2: Initialize the learning matrix Q of the refining production process and set
the learning coefficient α;

Step 3: Select the state action pair (x(1), u(1)) of the first refining process in the
refining production process as the initial state;

Step 4: Use the objective function formula to calculate;
Step 5: When refining production occurs on the same refining production equip-

ment at the same time for adjacent processes of different times, select the probability
by calculating the action, such as Eq. (8), arrange the order in which adjacent refining
processes of different furnace times enter the refining equipment for production

P(ai/St ) = Q(xk, uk)/
∑

j

Q(xk, uk) (8)

where Q(xk, uk) is the processing time matrix for production on the refining equip-
ment uk in the production state xk ;

∑

j
Q(xk, uk) means that in the j-th furnace

production state xk is selected in the refining equipment. The sum of the processing
time matrices of all the processes performed on uk , uk ∈ {U };

Step 6: Determine the update status of the learning matrix Qmatrix in the refining
production process. If the objective function is greater than 0, the learning matrix
Q in the refining production process is updated. Otherwise, it will go back to step
4 and use the selected next production state as the initial state to perform iterative
calculation using the objective function;

Step 7: Determine the convergence of the learning matrix Q in the refining
production process. The conditions for the learning matrix Q to converge are:

max
j

∣∣∣(Qi+1
j − Qi

j )/Q
i
j ≤ 1

∣∣∣.

Step 8: Obtain the learningmatrixQ for the condensed refined production process,
then the algorithm ends.

At end of improved Q learning algorithm, it enters the manual online decision-
making process, the dispatcher uses theQ learning algorithm to obtain the condensed
refined production learning matrix Q. The molten steel produced by each process
is individually selected according to the different production requirements of each
furnace:

u∗(k) = arg max
u(k)∈Ux(k)

Q(x(k), u(k)) (9)
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where u∗(k) represents the optimal refining production equipment selection state;
arg max

u(k)∈Ux(k)
Q(x(k), u(k)) indicates the state action pair that maximizes the value of

Q(x(k), u(k)).

4 Simulation Study

A steel production enterprise simultaneously undertakes three refining production
tasks with different process paths and furnaces. The equipment and corresponding
quantities used by the enterprise to complete this refining production task are: two
RH refining equipments, two KIP refining equipments, two LF refining equipments,
and one CAS refining equipment, and steel production enterprises simultaneously
undertake three different process paths for refining production flowcharts.

The improved Q learning algorithm solution strategy proposed in this paper is
used to verify and solve the problem of uncertain scheduling optimization of molten
steel hit rate in the refining production process of different process paths, and the
learning matrixQ of the convergent refining production process is obtained. When it
is necessary to carry out refining, the condensed refining production process learning
matrixQ is used formanual online decisionmaking to obtain a scientific and effective
scheduling plan.

Using heuristic strategy simulation, the refining production process, the furnaces
in each process have a small waiting time, and the small furnace production process
first enters the refining production equipment for production and the furnace process
with early opening time first enters the refining production equipment for production.
Each time 1000 simulations are performed, and 2000 refining production process
paths can be obtained. The simulation results are shown in Figs. 1 and 2.

In Figs. 1 and 2, the simulation strategy 2 is that the furnace process with the
early opening time first enters the refining production equipment for production. The

Fig. 1 Simulation results 1

0
5

10
15
20
25
30
35
40
45
50

1.
8

3.
8 6

8.
2

10
.2

12
.2

14
.2

16
.2

18
.2

20
.2

22
.2

O
oc

cu
re

nc
es

 ti
m

es

Refining production process path
production time/hour



156 L. Sun et al.

Fig. 2 Simulation results 2
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simulation results are concentrated around the average production time of the refining
production process path and the refining production process path in the simulation
process. The average production time is 4.6 h ahead of simulation strategy 1.

5 Conclusion

This paper first describes the two performance indicators ‘the sum of thewaiting time
of the furnace process in each process is the smallest’ and ‘the deviation between
the ideal opening time and the actual opening time is small’; the Markov chain is
used to describe the hit rate of molten steel uncertainty, define the refining produc-
tion state, refining production process execution status, and refining production state
transfer rules; establish a scheduling optimization mathematical model for the uncer-
tain scheduling problem of molten steel hit rate in the refining production process.
Then, a solution strategy for the refining production scheduling problem under uncer-
tain environments of molten steel hit rate is proposed. First, the solution strategy is to
use heuristic strategy simulation to reduce the optimal process path selection range
and obtain the initialQ value of the iterative calculation of the subsequent improvedQ
learning method; second, using improved Q learning method to iteratively solve the
refining production scheduling problemunder uncertain environments ofmolten steel
hit rate. In order to overcome the problem that the traditional Q learning algorithm
cannot accurately select the optimal state action pair for each iteration calculation
when solving the scheduling problem, use the Pareto solution set optimization solu-
tion idea introduces the action selection probability; finally, manual online decision
making is used to obtain a scientific and feasible production scheduling scheme for
the refining stage under the uncertain environment of molten steel hit rate. At the
end of the paper, the solution strategy proposed in this paper is used to verify the
case of molten steel hit rate uncertain scheduling under different process production
paths. The verification results show that the proposed solution is feasible to solve
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the problem of scheduling optimization in the uncertain environment of molten steel
hit rate in the refining production process, which promotes the research of industrial
scheduling theory with the characteristics of large-scale mixed flow shop scheduling
problems.
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