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Abstract: This paper analyzes the management system of safety partnership in coal mining enter-
prises through the methods of evolutionary game and optimized behavioral propagation of SEIR,
considering the miners’ benefits and losses, as well as the influencing factors from miners and
enterprises. It is found that, under the influence of the management system of safety partnership
within miners, after the evolutionary game between miner partners, the behavioral strategies and
personal benefits of the two miners are both consistent. Moreover, the benefits of individual miner
and overall benefits of two miner partners, will affect the miners’ choice of safe behavioral strategies,
as a result of which, the coal mines could improve the miners’ benefits through the management
system of safety partnership to stimulate the implementation of miners’ safe behavior. Additionally,
under the incentive of the management system of the safety partnership, the number of miners
implementing unsafe behavior is decreasing, while the number of miners who are not easily affected
by unsafe behavior is increasing. When the rewards and punishments of miners are strengthened,
the propagation of miners’ safe behavior is accelerated. Finally, the propagation of miners’ safe
behavior has a certain spillover effect within a certain range. The results of this paper provide a
theoretical basis for the implementation of the management system of safety partnership in coal
mining enterprises, which helps enterprises in guiding miners to take up safe behavior, which is
better for enterprises’ safe development.
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1. Introduction

In 2014, President Xi Jinping put forward a new energy security strategy about the
energy revolution and cooperation. As the most important energy supply in China at the
present stage, the safe development of the coal industry always receives the attention of the
government departments. However, due to the complex environmental uncertainty in the
process of coal mining, the unsafe behavior of workers, the unsafe state of machines, and
the defects of management all will lead to risks or hidden dangers, even safety accidents
in the process of coal mine production [1-3], as a result of which, the problem of coal
mine safety is not effectively solved. In 2020, 122 accidents occurred in coal mines in
China with a death toll of 225, among which, many accidents were caused by weak safety
awareness and miners’ unsafe behavior [4]. It is seen that workers’ unsafe behavior is
the important influencing factor causing coal mine safety accidents [5,6]. In coal mining
enterprises, the unsafe behavior more refers to the unsafe behavior of miners, specifically,
any behavior with which a miner may negatively affect the safety of organizations and
individual workers, which is manifested, as miners do not abide by the organizational rules
and regulations, and is an important reference indicator to evaluate the safety performance
of miners [7].
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There are many studies on the unsafe behavior of workers, which can be divided into
four categories. First, these studies are about the identification and prediction of unsafe
behavior. In the case that the complex working environment has a negative impact on
the identification of workers’ behavior, there are some problems to identify the workers’
unsafe behavior [8]. In order to improve the accuracy of behavior recognition, scholars
adopted some methods for relevant research, such as convolutional neural network [8],
long and short-term memory network [9], and the knowledge graph [10]. Second, these
studies are about the relationship between regulators, managers, and workers. Particularly,
in the process of safety management of coal mining enterprises in China, there are certain
conflicts of interest between external government regulations, internal governance of
enterprises, and miners’ personal behavior, which is commonly studied by the method
of evolutionary game [11,12]. Third, these studies are about the influencing factors of
unsafe behavior and the consequences of unsafe behavior. The influencing factors can be
divided into two levels, personal factors and organizational factors [13,14]. The former
includes work stress [15], education and training level [16], as well as physical and mental
health [17], while the later includes site environment [18], safety culture, management
system [19], performance awards [14], as well as the managers’ working skills and working
style [20]. As to the consequences of unsafe behavior, workers’ unsafe behavior may create
behavioral risks and spread widely among workers [21], which will affect other workers
and the safety of the whole work [22]. Fourth, followed by the analysis of the influencing
factors and the consequences of unsafe behavior, scholars may put forward the control
intervention strategies [23,24]. Babette Bronkhorst (2015) proposed to increase the safe
behavior of workers by strengthening the internal safety environment of the organization
after analyzing the impact of the safety environment and other factors on safe behavior [25].
Some scholars focus directly on the control strategies for the unsafe behavior. Cao et al.
(2012) proposed to classify the unsafe behaviors of coal miners, and to establish databases of
unsafe behaviors and safety countermeasures, respectively, in order to manage the miners’
unsafe behaviors [26].

It is a fact that the perspective of scholars’ research on unsafe behavior is constantly
deepened and the methods used in research are constantly updated, but the existing
research still has two shortcomings. One of the shortcomings is that the existing research
focuses more on the relationships in evolutionary game between regulators, managers, and
miners, but few scholars pay more attention to the game of safe and unsafe behavior among
miners. The other is that, although some scholars focused on the propagation of unsafe
behavior [27,28], the relevant literature is still scarce. Therefore, this paper, taking the
miners’ behavior as the research object, deeply analyzes the management system of safety
partnership in the actual production of the coal mining enterprise, through the models of
evolutionary game and behavioral propagation, to study the phenomenon about the game
and the propagation of behavior among miners. Finally, a realistic simulation is carried out
through Python in order to provide reference for better management to miners and safety
work in coal mines.

2. The Construction of Evolutionary Game
2.1. Theoretical Analysis and Basic Propositions

There are two miners forming partners in the management system of safety partner-
ship, where the one may have a stronger awareness of safe behavior while the other has
a relatively weak awareness of safe behavior. Further, due to the information asymmetry
between the two miners, and the changes in the personal working mood and physical state,
the productive behavior of the two miners may be inconsistent. At this point, when one of
them performs safe behavior, the other will consider the results of the behavior, and decide
whether to choose to follow or resist the former’s behavior [29]. Therefore, we propose
Proposition 1.
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Proposition 1. The individual strategic collection of the miner A or B within a safety
partnership is ST = (follow, resist), when one of them carries out safe behavior and the
other need to choose his behavior strategy. The probability of A following the safe behavior
of B is a, and the probability of A resisting the safe behavior of B is 1 — a. In a similar
manner, the probability of B following the safe behavior of A is b, and the probability of B
resisting the safe behavior of Ais 1 —b.

In the management system of safety partnership, two partners, A and B, will be
punished at the same time when one of them commits some safety error, and the degree
of punishment will vary depending on the size of the problem, such as fine, shutdown,
and training. In addition, once punished for the safety problems, they will be rejected
by other miners when choosing safety partners the next year, but they will be rewarded
simultaneously when there are no safety problems from them within the month. Further, a
continuous and steady safety state helps two miners within a safety partnership to receive
annual safety rewards, simultaneously. Therefore, under this regulation, two miners within
a safety partnership will reach the same behavior choice and it is uncertain that the results
of the choice may or may not bring safety problems. Based on this, Propositions 2-5 are
proposed.

Proposition 2. The first situation is that miner A follows safe behavior, and B also follows
the safe behavior strategy. At this time, A and B will not have any loss, so the loss is 0.
However, taking safe behavior is more time-consuming and laborious than taking unsafe
behavior, so taking safe behavior will be accompanied by costs c. When both partners
adopt safe behavior, both A and B will obtain safety benefits d. Moreover, they identify
more with each other when they adopt a consistent strategy, thus receiving additional
psychological benefits e from the partnership. As a result, the composite benefits of A and
B are, respectively:

Up=d+e—c 1
Ug=d+e—c 2)

Proposition 3. The second situation is that miner A follows the safe behavior strategy, but
B resists the safe behavior strategy. There are some differences in opinions between A and
B, but due to their partnership, they finally need to choose the consistent behavior, safe
behavior, or unsafe behavior. When they choose the safe behavior, they may face the losses
of f, with the probability of p. Similarly, the safe behavior will be accompanied by fixed
costs ¢, as well as the safety benefits d. However, because A and B hold different opinions,
they will not obtain the psychological benefits. However, the final decision adopts the
strategy of A, so A will obtain the additional psychological benefits k compared to B. When
they choose the unsafe behavior, they may face the losses of i with the probability of g.
Moreover, they do not need to pay any cost and receive no benefits. Similarly, they will
not obtain the psychological benefits because they hold different opinions. However, the
final decision adopts the strategy of B, so B will receive additional psychological benefits
k compared to A. Here, we assume that when A and B produce a disagreement, the final
scheme is consistent with A or B with equal probability of 0.5, respectively. At this point,
the benefits of A and B are, respectively:

Up=(d+k—c—1fp) x05+(—iq) x0.5=(d+k—c—fp—iq) x 0.5 3)

Up=(d—c—1fp)x05+ (k—iq) x05=(d—c—fp+k—iq) x05. 4)
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Proposition 4. The third situation is that miner B follows the safe behavior strategy, but A
resists the safe behavior strategy. Similarly to Proposition 3, the benefits of A and B are,
respectively:

Up=(d—c—1fp)x05+(k—iq) x05=(d—c—fp+k—iq) x05 5)

Up=(d+k—c—fp) x05+ (—iq) x05=(d+k—c—fp—iq) x 0.5. (6)

Proposition 5. The forth situation is that miner B resists safe behavior, and A also resists
the safe behavior strategy. At this time, they may receive the losses of i with the probability
of g. Since both of them adopt an unsafe behavior strategy, there are no additional costs
nor safety benefits. Additionally, because they choose the same strategy, they will obtain
psychological benefits e. At this point, the benefits of A and B are, respectively:

Up =e—iq 7)

Ug =e—iq (8)

It is easy to see that in the above propositions, the losses i accompanied by unsafe
behavior strategy are significantly higher than the losses f of the safe behavior strategy.
Likewise, the probability q of the losses of unsafe behavior strategy is significantly higher
than the probability p of the losses of the safe behavior strategy. From the above analysis,
the matrix of the comprehensive benefits after the evolutionary game between miners A
and B is shown in Table 1.

Table 1. The comprehensive benefit matrix of the evolutionary game between A and B.

Miner A .
Miner B Follow(F) Resist(R)
B B (d+k-c-fp—iq) x 05,
Follow(F) d+e—c¢d+e—c (d-c—fp+k—iq) x 0.5
. (d-c-fp+k—iq) x 0.5 R
Resist(R) (d+k-c—fp — ig) X 0.5 e —ig, e —iq

As can be seen from Table 1, whether the opinions of miner A and miner B are different
or not, the final benefits of miners A and B are consistent under the unified strategy, which
reflects the characteristics of the management system of safety partnership.

2.2. Model Construction

In order to better present the speed and direction of the evolutionary game of the
behavior between A and B, the replication dynamic equations are used for analysis [30].
According to Table 1, the expected benefits of miners A and B under two strategies of
following and resisting safe behavior, respectively:

Efl =b(d+e—c)+(1-Db)(d+k—c—fp—iq) x05 )
ER =b(d—c—fp+k—iq) x 0.5+ (1 —b)(e —iq) (10)
Ef=a(d+e—c)+(1—a)(d+k—c—fp—iq) x0.5 (11)
ER —a(d—c—fp+k—iq) x 05+ (1—a)(e—iq). (12)

The combined expected benefits of A and B are obtained, respectively, after averaging
the expected benefits of the two strategies of following and resisting safe behavior:

Ex = aEL + (1 —a)ER (13)

Eg = bEL + (1 — b)ES. (14)
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Further, according to the replication dynamic equation of Weibull, the replication
dynamic equations of the strategy of following safe behavior of miners A and B can be

obtained:
F(a) = ff = a(Ei —EA) = a(1—a)(Eg—E§) =a(l—a)b(2e+fp—k)+05d+k—c—fp+iq)—e] (15
F(b) = ?:T}: ~b(Ef —Eg) =b(1—b)(Ef — Ef) =b(1-b)[a(2e + fp —k) +05(d +k—c—fp+iq) —e.  (16)

Combining the replication dynamic equations of A and B under the strategy of follow-
ing safe behavior, we can obtain the replication dynamic differential equation set.

When F(a) = F(b) = 0, five local equilibrium stability points of the system of equa-
tions are as follows, respectively:

ESP; = (0,0)7; ESP, = (0,1)%; ESP; = (1,1)"; ESP, = (1,0)"; ESP5 = (ag,by)"
where a, =by = [e —0.5(d +k —c —fp +1iq)]/(2e + fp — k).

2.3. Equilibrium Analysis of the Evolutionary Game

The stability analysis of the system at the local equilibrium stability points can be
judged by analyzing the positive or negative properties of the determinant and the trace of
the Jacobian matrix, which is an important method to determine the evolutionary stability
strategy of the whole system [31]. The systematic Jacobian matrix can be obtained by
finding the partial derivatives of a and b in the system of replica dynamic differential
equations, separately,

(1—2a)@, a(l—a)(2e+fp—k)

Jac = 1,1 _b) (2e + fp — k) (1= 2b)p

(17)

where ¢, =b(2e +fp —k) +05(d+k—c—fp+iq) —e, @p = a(2e +fp —k) +0.5(d + k
—c—fp+iq) —e.

Further, the determinant det(J) and the trace tr(J) of the Jacobian matrix Jac can be
obtained, respectively:

det(]) = (1 —2a)(1 — 2b) @a@p — ab(1 —a)(1 — b)(2e + fp — k)? (18)

(J) = (1 - 2a)ga + (1 2b) gy 19)

According to the determination criteria of the evolutionary stability strategy, bringing
the local equilibrium stability point into the determinant and trace of the Jacobian matrix,
if det(J) > 0 and tr(J) < O, this local equilibrium stabilization point is the evolutionary
stabilization strategy of this game system, while if tr(J) = 0, this local equilibrium stability
point is the saddle point, which means that in the differential equation, it is stable in one
direction, and in the other direction, it is an unstable singularity [32]. Taking the five
local equilibrium stability points into the determinant and trace, respectively, we make
& =05(d+k—c—fp+iq) —eand d = 2e + fp — k to facilitate intuitive analysis, then,
the results of determinants and traces are shown in Table 2. Further, we judge the stability
of the local equilibrium stability points by comparing the positive or negative properties of
the determinants and traces in the different cases of & and §, and the results obtained are
shown in Table 3.

As obtained from Table 3, when & < 0, whether § < 0 or > 0, only the condition
for the system evolution stability strategy is met at the point ESP; = (0, O)T. This means
that when the net benefits of the miner within the safety partnership from following safe
behavior is less than the psychological benefits from performing the behavior consistent
with the partner, the final convergence point is ESP1(0,0); In another word, the miners will
resist to follow the other’s safe behavior.
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Table 2. The determinants and traces corresponding to the local equilibrium points.

Local Equilibrium Point Determinant Trace
ESP; = (0,0)" &2 2¢
ESP, = (0,1)T —(5+ &)E, 5
ESP; = (1,1)T 6+ &) —2(5+ &)
ESP, = (1,0)T —E(5+¢) 5

ESP5 = (ag,bg)" —[&(6 + &)]? /82 0

Table 3. Stability judgment of local equilibrium stability points.

£<0,6<0 £<0,6>0 £>0,6<0 £>0,6>0

Local Equilibrium Point

Determinant Trace Determinant Trace Determinant Trace Determinant Trace

ESP; = (0,0)"
ESP, = (0,1)7
ESP; = (1,1)T
ESP; = (1,0)"

ESP5 = (ag, by)”

+ - + - + + + +
— - \ + \ — +
+ + + \ + \ + —
— - \ + \ - - +
— 0 - 0 — 0 - 0

When & > 0 and & > 0, there is a unique system evolution stabilization point,
ESP; = (1,1)". It means that when the miner within the safety partnership receives a
smaller net personal benefit from adopting a strategy of following safe behavior than the
psychological benefits of acting out behavior consistent with the partner, at the same time,
the total psychological benefits they receive from the consistent strategy is higher than the
net benefits obtain when they hold different opinions, but his opinion is chosen, and the
final convergence point is ESP3 = (1, 1)T. At this point, both miners A and B will adopt the
strategy of following safe behavior.

Regardless of how the & and & change, ESP5 = (ao,bo)T is always the saddle point.
Further, the situation of “\” in Table 3 means that the determinants and traces are affected
by the size of the absolute value of £ and §, and the results of the system evolution stability
cannot be determined. It can be found form the deeper analysis that £ and 6 represent the
benefits of the individual miner and the partners’ total benefits during the evolutionary
game, respectively.

In the actual process of the coal mine production, the enterprise will reward the miners
within the safety partnership when they carry out safe behavior. They will be given a
certain degree of rewards, and as time goes by and the miner partners carry out more
safe behaviors, the rewards will accumulate continually. However, if one of the miners
within the partnership performs unsafe behavior, especially when his unsafe behavior
causes safety risks, both of the miners within the partnership will be punished together
to some extent. At the same time, miners who are being punished economically will be
excluded later when looking for their safety partners. Therefore, in the actual production,
the managers will improve the overall interests of the two miners through the management
system of the safety partnership, so as to stimulate the improvement of personal benefits,
making the & and § in the model greater than 0, as a result of which, the miners will be
promoted to implement the safe behavior.

3. The Propagation of Safe Behavior in Evolutionary Game

On the one hand, it can be found from the analysis of the evolutionary game that it is
easy to analyze when the miners within the safety partnership hold the same opinion. When
the partners hold different opinions, the analysis of the evolutionary game is relatively
complicated. At this time, among miner partners, the non-decisive partner will be more
likely to be infected by the other partner’s behavior than the will-determined miner, which
will influence his choice of behavior strategy. On the other hand, within the management
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system of the safety partnership in the coal mining enterprise, the reward and punishment
from the manager are also more likely to affect the safety partners, so that the miners with
unsafe behavior are constantly infected by the safety partners with safe behavior and finally
convert to the safe behavior. It is clear that there exists the phenomenon of the propagation
of miners’ safe behavior in evolutionary game, which is the content this paper will further
analyze in the following pages.

When studying the propagation of miners’ safe behavior, many scholars borrowed
from the model of infectious disease: susceptible—exposed—infected—removed (SEIR) [33].
In this model, S refers to the sate in which people are safe but easily affected by the disease;
E refers to the sate in which people touched the disease but are not affected by the disease
now; I refers to the state in which people were affected by the disease and had the attributes
to propagate the disease; R refers to the sate in which people experienced the disease but
are cured and have the immune ability to the disease. Figure 1 shows the traditional model
of SEIR, where x;-x3 represent the conversion rate between the anterior and posterior
states, respectively.

X1 X9 X3
s - E BT 1 Y R

Figure 1. The traditional model of SEIR.

This paper draws lessons from the model of SEIR to study the propagation of safe
behavior among coal miners. From a theoretical point of view, in an ideal state, both the
starting point and the end point of miners’ behavior should be the implementation of
safe behavior, and the emergence and existence of unsafe behavior should be a link in the
process of behavior propagation and should be corrected in time. Therefore, it is defined
that: S refers to miners that are carrying out safe behavior but are easily affected by the
unsafe behavior; E refers to the miners who know the unsafe behavior but never carried out
the unsafe behavior; I is the sum of miners who performed unsafe behavior at the present
stage, including spontaneous unsafe behavior from individual miners and unsafe behavior
affected by others’ unsafe behavior; and R refers to the miners who have the will to perform
unsafe behavior or performed unsafe behavior but were corrected and continue to perform
safe behavior. Further, considering the actual propagation of miners’ safe behavior, under
the assumption that the state R is steady, means that miners who are immune to unsafe
behavior will not perform the same unsafe behavior again, which is also an ideal state. We
optimized the traditional model of SEIR to present the propagation of miners’ safe behavior
between different states more clearly and completely. The optimized model is shown in
Figure 2.

“> S 'Yl_> E
‘ Y6 Y5 ‘
Y4 Y2
R .— 3 I

Figure 2. The optimized model of SEIR for the propagation of miners’ safe behavior.
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In Figure 2, y1—y¢ are the conversion rates between the different states. It should be
explained that when the start and end points are both safe behavior and R is the stable
state referring to the immune status for unsafe behavior, the propagation between the four
nodes in the optimized model of SEIR can only be one-way and cannot pass in reverse.
However, in the forward propagation process, the current node can pass directly across the
neighboring nodes to the latter node or even the end node. In practice, although the miners
in the node of S are carrying out the safe behavior, they are very susceptible to unsafe
behavior. On the one hand, these miners may carry out unsafe behavior unconsciously. On
the other hand, affected by other miners” unsafe behavior, these miners may also choose to
carry out unsafe behavior speculatively. Therefore, these miners may directly change from
node S to node I. Under the influence of the incentives and punishment measures in the
management system of the safety partnership, the miners in the state of nodes S and E may
directly choose to resist and immunize unsafe behavior and implement the safe behavior
strategy, going directly to the node of R.

Particularly, due to the variety of miners” working behaviors, when the miners in
the state of node R, who were immune to this unsafe behavior but do not know the
requirement about the other behaviors, they may get into the node of S about the other
behaviors. Moreover, each state will have a fixed change rate of y,. Further, the realistic
significance of yy—y is explained.

The fixed change rate of each state vy, is mainly related to the miner’s own safety
literacy and safety consciousness (SC) [33]. Therefore, v is set to:

Yo = Bo1SC + By (20)

71 is the conversion rate of node S passing to node E. The most obvious change from
node S to node E is that the miners at node S are exposed to, and even affected by, the
unsafe behavior. Therefore, the most important factor affecting v, is the rate of miners who
carried out unsafe behavior at this stage (UR), and it is also related to the miner’s safety
literacy and safety consciousness, so that the explanation of v is,

Y1 = B11UR + B15SC + B4. (21)

The conversion rate is v, from node E passing to node I, which is affected more by the
benefits that the miners can get from their safe behavior. It can be seen from the analysis of
evolutionary game that the benefits the miners received from safe behavior was opposite
to the losses incurred by unsafe behavior. Furthermore, implementing unsafe behavior
saves the cost ¢ of implementing safe behavior. For simple analysis, regardless of the
psychological benefits of miners, v, can be explained as:

Y2 = B21iq + Borc + B2 (22)

In the propagation from nodes S, E, and I to node R, the conversion rates are more
determined by the miner’s benefits from the safe behavior. Similarly, from the analysis
of evolutionary game, the net benefits of miners implementing safe behavior without
considering the psychological benefits, mainly include the safety benefits d, the cost c of
implementing safe behavior, and the possible losses fp of implementing safe behavior; thus,
we can obtain the definitions of y3—ys:

Y3 = B31d — Bspc — Basfp + B3 (23)

Y4 = Bard — Byoc — Bysfp + By (24)
Y5 = Bs1d — Bspc — Bsafp + Bs (25)
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Ys is the conversion rate of the miners changing directly from node S to node I over
node E, so its influencing factors should be the combination of factors affecting v, and y»,
including UR, SC, iq, and ¢, which is explained as follows;

Yo = Be1UR + B62SC + Pe3iq + Besc + P (26)

According to the above theoretical analysis, assuming that there are only Sy miners
in the initial state, the differential kinetic equations for the propagation of miners” safe
behavior can be established.

ds;

I So — 7115t — vaSt — Y6St — Y05t (27)
dE
T; = 715t — 12Et — vsEt — yoE¢ (28)
dl;
T Y2Et +v6St — v3lr — yolt (29)
dR
7; = 3l + v4St + v5Et — YoR: (30)

Further, the corresponding Jacobin matrix is obtained.

—Y1—Y4— Y6 — Y0 0 0 0
Jac = g¢! 127570 0 0 (31)
Y6 Y2 -v3—7 0
Y4 Y5 & —7Y0

4. Numerical Analysis
4.1. Numerical Analysis of Evolutionary Game about Miners” Behavior

According to the theoretical analysis and the interview results of experts, referring to
previous studies [34,35], the questionnaire of evolutionary game and propagation of miners’
behavior was designed. The miners of a coal mine that implemented the management
system of safety partnership were requested to do the questionnaire, with the obtained
results collected in the interval of [1,5].

When ¢ = 3.10,d = 437, e = 364, fp = 094, k = 429, iq = 458, then
£E=05(d+k—c—fp+iq) —e = 096 and b = 2e + fp —k = 3.93, it is satisfied that
& > 0and & > 0; here, the only stabilization point of the evolutionary system is ESP3
(1,1), which means that the final choice of miners A and B is to follow the safe behavior
strategy. It shows that, under a certain condition, there is some costs about safe behavior,
when the miners obtain the most benefits from safe behavior and the most losses from
unsafe behavior, considering the psychological benefits of miners, if the total benefits of
the miners within the safety partnership are more than 0 and higher than his own benefits,
the two miners will eventually tend to choose the safe behavior strategy with consistent
opinion. This result also shows that the implementation of the management system of
safety partnership brought the effect of 1 + 1 > 2 to the miners’ safe behavior in the process
of production.

4.2. Numerical Analysis of the Propagation about Miners” Behavior

Based on the results of the interviews with the experts, as of 1 August, there are a total
of 635 miners in this coal mine, with 39 new miners employed in 2022. Moreover, according
to the results of the questionnaire, we measured that the number of miners who performed
the unsafe behavior was 546, so we defined the rate of the new increase in miners as equal
to 0.06 (the ratio of the number of new miners to the total number of miners).

Under the management system of safety partnership, miners will adopt the propa-
gation strategy of safe behavior, driven by the policy of rewards and punishments, as a
result of which, theoretically, the number of miners who perform unsafe behavior should
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decrease, while the number of miners who are not easily affected by unsafe behavior should
increase. Figure 3a was obtained under a normal circumstance, when vy = 0.06, y; = 0.2,
v, =0.3,v3 =0.3,v4 =02, y5 = 0.2, and yg = 0.2. Obviously, during the simulation time,
the number of miners who performed unsafe behavior remained unchanged after declining
to a certain extent. While the number of miners who performed safe behavior but were
susceptible to unsafe behavior and those who were exposed to unsafe behavior but did not
perform unsafe behavior remained stable after a small increase. In addition, the number of
miners who are immune to and not susceptible to unsafe behavior is rising.
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Figure 3. Numerical results for the behavioral propagation. (a) Normal circumstance. (b) Increase
management efforts.

If the enterprise increases the implementation of the management system of safety
partnership, which would mean that the miners are more affected by the incentive policy of
rewards and punishments, the changing trend of the propagation of miners’ safe behavior
will also change. The change in the number of miners was analyzed, as shown in Figure 3b,
when vy = 0.06, y; = 0.2, v, = 0.3, y3 = 0.5, v4 = 04, v5 = 04, and vy, = 0.2. It can be
found from Figure 3b that the trend of the number of miners in the four states is consistent
with the trend in Figure 3a. However, it is different that, compared to Figure 3a, the number
of miners who perform unsafe behavior decreased faster and the number of miners who
are not susceptible to unsafe behavior increased faster in Figure 3b.

From Figure 3, we can also find that the total number of miners who are not susceptible
to unsafe behavior is more than the total number in the coal mine, which means that under
the management system of the safety partnership, there is a certain spillover effect of the
propagation of miners’ safe behavior. The reasons for this result maybe that, on the one
hand, from a data perspective, v, is taken as the increasing rate of new miners, while if it is
taken as the separation rate of miners, then the results will be changed. On the other hand,
from a practical point of view, there is usually more than one coal mine under a coal mining
enterprise, and the influence of the management system of safety partnership is usually
not limited to only one coal mine, thus resulting in the spillover effect of the management
system in the whole coal mining enterprise. Moreover, the long-term simulation results
show that the total number of miners who are not susceptible to unsafe behavior will
eventually convert to the steady state. In other words, the total number of miners in all four
states will eventually convert to the steady state, which means that with the propagation of
miners’ safe behavior exists a certain range of spread.

5. Discussion

In order to reduce the occurrence of miners” unsafe behavior, which seriously restricts
the safe development of a coal mine, coal mining enterprises explored the management
system of safety partnerships to manage the miners” work. This paper analyzed the
theoretical basis and practical significance of this management system from a theoretical
perspective.
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Firstly, the theoretical model of the game between miner partners’ behaviors was
constructed based on the evolutionary game. Then, it was found that in the evolutionary
game of miners’ behavior, since the behavioral strategy choice of miner partners needs
to maintain final consistency, the benefits they obtained as safety partners were also con-
sistent. Compared with other studies, it is unique that the evolutionary game model in
this paper is different from others, because the behavior strategies of both participants
in the evolutionary game can be inconsistent eventually in other studies. Further, after
the theoretical analysis, it can be found that, when the net individual benefits from safe
behavioral strategy are less than the psychological benefits from consistent behavior with
his partner, and when the psychological benefits from the consistent strategy are higher
than the net benefits when the partners hold different opinions but his own opinion was
adopted, the miners within the safety partnership will both take the strategy of following
safe behavior. In another word, whether a miner conducts safe behavior or not is related
to the miner’s individual benefits and the overall benefits of the miners within the safety
partnership. Therefore, in the actual production, coal mining enterprises can carry out
the management system of safety partnership widely by improving the overall benefits of
miners within the safety partnership to further stimulate the improvement of the miner’s
personal benefits, so as to encourage the miners to choose safe behavior in production.

Secondly, compared with the chain model of behavior propagation in tradition, this
paper optimized the model and proposed the ring model of safe behavior propagation,
integrating the factors affecting the evolutionary game of miners’ behavior under the man-
agement system of safety partnership, which is more consistent with the actual situation.
The results show that, under the influence of the management system of safety partnership,
in the propagation of miners” behavior, the number of miners who performed unsafe
behavior was gradually decreasing, while the number of those who were not susceptible
to unsafe behavior was constantly increasing. Moreover, when increasing the rewards
and punishments for miners’ behavior in the management system, the propagation of
behavior could accelerate. Finally, the number of miners in the four states would stabilize.
In addition, under the influence of the management system of safety partnership, the
spread of miners’ safe behavior had a certain spillover effect within a certain range. So, in
the actual production, coal mining enterprises can moderately increase the implementation
of the management system of safety partnership, to accelerate the spread of miners’ safe
behavior, so as to make more miners give up unsafe behavior and choose safe behavior.

In addition, according to the theoretical analysis and questionnaire results compre-
hensively, the miner’s safety literacy and safety consciousness have an important impact
on the game and propagation of miners’ safe behavior. Therefore, coal mining enterprises
should strengthen the publicity of safety production and carry out miners’ safety education
and training actively, in order to lay a good foundation for the implementation of the
management system of safety partnership.

This paper is based on the basic theory of safety and behavior management, and
also draws on the basic theory model of evolutionary game and behavior propagation,
and fully refers to previous studies in the variable selection. Meanwhile, there exist some
unique innovations in this paper. First, the evolutionary game model used to analyze
the management system of safety partnership was considered with the consistency of
both miner partners’ behavior and income, which is more consistent with the actual
situation. Second, the traditional model of behavior propagation was optimized to a
circular propagation model, and considered the impact of factors influencing evolutionary
game on the behavior propagation, which is more realistic.

In general, this paper considered the phenomenon of the game and propagation of
behavior among miner partners, and combined traditional methods with real needs to
improve and optimize these models, which complemented the related research, theoretically.
Further, this paper took the management system of safety partnership in the actual coal
mine production as the research object, which provided the theoretical basic analysis for the
application of this management system, and also provided the relevant countermeasures
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and suggestions for the actual production of coal mining enterprises, contributing to the
improvement of their production management.

There are also some shortcomings in this paper. First, in the theory analysis about
behavior evolutionary game and behavior propagation, some propositions and assumptions
were put forward to simplify the variables and factors in the models. In reality, the factors
affecting the game and propagation of miners’ behavior are more complex, so we can
explore the impact of different factors on the management system of safety partnership
more comprehensively in the future. Second, in the analysis of the behavioral propagation,
we proposed an ideal state of the model, especially with the stable state of R, but the ideal
and stable state may not be realized due to the uncertainty of the miner’s behavior. So
in the future, on the one hand, the propagation of miners’ behavior in the unstable state
is worth our consideration, and on the other hand, coal mining enterprises also need to
promote the stability of miners’ safe behavior through training and education. Finally,
as more and more enterprises implement the management system of safety partnership,
we can expand the scope of the questionnaire and conduct in-depth research to make our
research results even more convincing.

6. Conclusions

In order to reduce the unsafe behavior of miners and help the safe development of coal
mining enterprises, this paper analyzed the impact of the management system of safety
partnerships on miners’ behavior game and propagation in the actual coal mine production
through the evolutionary game model and the optimized behavioral propagation model.
The results show that the management system of safety partnership could change the
behavior of miners, which is specifically reflected in that it could help miners to choose
safe behavior and conduct the wide propagation of safe behavior. The research provides
a theoretical basis for coal mining enterprises to implement the management system of
safety partnership, and also provides relevant suggestions for the development of coal
mine safety.
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