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In order to seek for causes and solutions of off-post behaviors of coal miners, static and evolutionary games were utilized on
the basis of an established strategy simulation model between coal mine enterprise and coal miners. These games were used to
determine the revenue matrix of two game parties given off-post behaviors of coal miners from two levels (coal miners and coal mine
enterprise). Thus, equilibrium and dynamic evolutionary analyses of the two parties should be conducted. Results indicated that,
in the enterprise’s perspective, inspection cost and punishment intensity are important factors that influence the safety production
and economic benefit of coal mine enterprises; in the coal miners’ perspective, wage loss and the constraint degree it generates
are essential factors. Furthermore, these factors constitute a key to solving off-post behaviors of coal miners. Reasonability of the
established simulation model was analyzed and verified on the basis of off-post behaviors of workers from a coal mine that belongs
to Yanzhou Coal Mining Co., Ltd. The coal mine enterprise should enhance the inspection of safety production and establish
scientific and complete off-post punishment mechanism. Moreover, the coal mine enterprise should provide proper compensation,
treatment, and reward policies of workers to reduce the off-post behaviors of workers from a coal mine enterprise effectively.

1. Introduction
Safe production and occupational health have constantly
been the focus of attention in industrial development, especially in the coal industry with a high rate of accidents [1, 2].
Coal miners are faced with more dangerous and more severe
working environment than workers from other industries.
Frequent coal mine accidents seriously affect the safety situation of China’s coal industry and sustainable socioeconomic
development as a whole [3, 4]. In recent years, survey and
analysis reports over several coal mine accidents in China
have confirmed that off-post problems of coal miners play a
key role.
Over the years, the Chinese government has continuously
intensified the safety management of coal mine enterprises,
thus considerably improving coal mine safety production.
Many domestic and foreign experts and scholars have conducted several studies that focused on coal mine safety management and anti-accident planning simulation; Kinilakodi
and Grayson [5] found that many unsafe factors result in
accidents and occupational injuries, thereby threatening the

coal mine enterprise production. Sanmiquel et al. [6] used
Weka software in analyzing a coal mine disaster in Spain
and obtained several behavioral patterns in accordance with
certain rules to help coal mine enterprises formulate appropriate accident-prevention policies and effectively reduce
accidents and casualties. Mahdevari et al. [7] proposed an
evaluation method based on fuzzy TOPSIS and addressed
health and safety concerns of underground workers in a
coal mine. This method can support the formulation of coal
mine management measures and provide a proper balance
between different problems, such as coal mine safety and
cost.
Zheng et al. [8] studied the behavior of senior managers
toward safety in the mining industry and believed the
behavior of senior managers plays a significant role in the
safe operation of the mining industry. Wang et al. [9] utilized
the basic principles of evolutionary game to establish the exit
mechanism of regional high-energy-consuming industries
innovatively, thereby placing the emphasis on analyzing the
influencing factors of the strategy selection of game subjects
that can demonstrate the influence of decision parameters
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of evolution results through numerical simulation. Tong et
al. [10] expounded basic features and properties of unsafe
behaviors of coal miners from eight dimensions (i.e., time,
behavioral track, position, behavioral properties, behavioral
individuals, degree, unsafe behaviors, and profession); furthermore, these authors effectively improved the safe data
processing ability through clustering and correlation analyses, thus providing data support and management foundation
for safety management.
Existing studies have indicated that many domestic and
foreign scholars have emphasized the unsafe factors of coal
mines, coal mine safety production plan, and health of coal
miners. Thus, these studies have explored only empirical
statistics and analysis with strong subjectivity and have
failed to realize an in-depth dynamic analysis of causes for
off-post behaviors, including simulation studies of off-post
behaviors of coal miners. In fact, an off-post problem is
related to individual differences of off-post subjects, that
is, among specific occupational groups, where individual
interest and job demands fail to match with actual work,
thereby causing burnout and eventually off-post behaviors.
Off-post behaviors of coal miners will result in low efficiency
of enterprise safety output and a decline in economic benefit;
furthermore, off-post behaviors in several key posts will result
in safety hazards that cannot be identified and disposed of
timely, thus triggering accidents, death, personal injury, and
other severe consequences [11–13]. Therefore, analyzing the
causes of coal miners’ off-post behaviors and seeking for
solutions will be crucial to improving safety production and
economic benefit of coal mine enterprises.
From the angle of behavioral simulation, static and
evolutionary game methods were adopted in this study to
establish a game model between off-post behaviors of coal
miners and enterprise safety inspection. The remainder of
this paper is organized as follows: Section 2 establishes the
off-post behavioral simulation model between coal miners
and coal mine enterprises. In addition, a static game of the
revenue matrix of the two game parties is analyzed. Section 3
presents a dynamic analysis of the evolutionary game of coal
miners and coal mine enterprise. Based on an empirical
analysis of a coal mine enterprise that belongs to Yanzhou
Coal Mining Co., Ltd., Section 4 lists a revenue matrix of
enterprise inspection; moreover, this section determines that,
“under two off-post probabilities of coal miners, an off-post
phenomenon of coal miners will be even serious when an
enterprise’s right of safety inspection is valid or insufficient
and an overall safety production output is inefficient; when an
enterprise enhances the inspection intensity, most coal miners stand rapidly and remain at their posts and perform their
duties, and the enterprise can guarantee safety production.”
In the next Section 5, evolutionary game, compared with
static game, has advantages in coal mine safety inspection,
then we discuss the stable state between off-post behaviors of
coal miners and enterprise inspection intensity, solve the offpost problems of coal miners at the lowest cost, and provide
three constructive measures of preventing off-post behaviors
of coal miners. Section 6 provides the conclusions drawn
from this study.
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2. Static Game of Complete Information
2.1. Game Model Establishments. A stable state, under which
coal miners stick to their posts, leads to a game balance between stakeholders under certain constraint conditions. The following parameters are proposed on this
basis: (1) The game has two parties (i.e., coal miners and coal mine enterprise); (2) the game presents
two action sets (i.e., A1 = {on-post, off-post} and A2
= {inspection of coal mine enterprise, no inspection}); (3)
the total income of coal miners is T; (4) the probability for
off-post-induced accident is h, and the accident loss of offpost coal miners is L; (5) the punishment of off-post behaviors
of coal miners is P; (6) if on-post coal miners are affected by
off-post ones, then their external loss is W; (7) the normal
benefit of coal mine is N, and the inspection cost of off-post
behaviors is C; (8) when an accident occurs, enterprise loss
is B, including accident loss, governmental punishment on
the enterprise, and social influence. A cost–benefit matrix is
established on the basis of the abovementioned factors, as
listed in Table 1.
2.2. Equilibrium Analyses of the Game Model. A mixed strategy Nash equilibrium (MSNE) analysis of Table 1 is conducted
in accordance with an actual situation to determine the
influence factors of off-post behaviors of coal miners.
If hL ≤ W ≤ hL + P and C ≤ P, then the analysis is
performed under the following circumstances:
If the probability of inspecting the coal mine enterprise
is smaller than, greater than, or equal to (W − hL)/P, then
the optimal choice of coal miners is to come off, stick to, or
remain in the post, respectively.
If the on-post probability of the coal miner is smaller
than, greater than, or equal to (P − C)/P, then the optimal
choice of the coal mine enterprise is inspection, no inspection, or no influence at all, correspondingly.
𝜃 is set as the on-post probability of the coal miner, while
(1 − 𝜃) is the probability for the coal miner to select to come
off the post; 𝛾 is the probability for the coal mine enterprise
to perform the inspection, while (1 − 𝛾) is the probability for
the enterprise not to select inspection.
The mixed strategy adopted by the coal miner is set as
𝜎𝜔 = (1 − 𝜃, 𝜃).
The mixed strategy of the coal mine enterprise is 𝜎𝑖 =
(𝛾, 1 − 𝛾).
Moreover, an expected utility function of the coal miner is
vw (𝜎𝜔 , 𝜎𝑖 )
= (1 − 𝜃) [𝛾 (𝑇 − 𝑃 − ℎ𝐿) + (1 − 𝛾) (𝑇 − ℎ𝐿)]

(1)

+ 𝜃 [𝛾 (𝑇 − 𝑊) + (1 − 𝛾) (𝑇 − 𝑊)] .
The differential of the abovementioned equation is solved,
and the optimal first-order condition of the coal miner is
obtained as
𝛿𝜐𝜔
= − [𝛾 (𝑇 − 𝑃 − ℎ𝐿) + (1 − 𝛾) (𝑇 − ℎ𝐿)]
𝛿𝜃
(2)
+ [𝛾 (𝑇 − 𝑊) + (1 − 𝛾) (𝑇 − 𝑊)] .
𝛿𝜐𝜔 /𝛿𝜃 = 0 is set, and 𝛾 = (𝑊 − ℎ𝐿)/𝑃 is obtained.
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Table 1: Revenue matrix of gaming parties.
Coal mine enterprise

Item

Inspection
T − P − hL
P + N − C − hB
T − W, N − C

Off-post

Coal miners

On-post

Similarly, the expected utility function of the coal mine
enterprise is
𝜐𝑖 (𝜎𝜔 , 𝜎𝑖 ) = 𝛾 (1 − 𝜃) (𝑃 + 𝑁 − 𝐶 − ℎ𝐵)
+ (1 − 𝛾) [(1 − 𝜃) (𝑁 − ℎ𝐵) + 𝜃𝑁] .

(3)

The optimal first-order condition is
𝛿𝜐𝑖
= (1 − 𝜃) (𝑃 + 𝑁 − 𝐶 − ℎ𝐵) + 𝜃 (𝑁 − 𝐶)
𝛿𝛾

(5)

The following inequalities can be obtained by combining
Equations (3) – (5):
ℎ𝐿 ≤ 𝑊 ≤ ℎ𝐿 + 𝑃
𝐶 ≤ 𝑃.

T − W, N

rationality as the basis for game analysis [18]; the game model
is presented in Table 1.
If the coal miner’s on-post probability is 𝑥 and that of
the coal mine enterprise to inspect off-post behaviors is 𝑦,
then the utility and average expectations when the coal miner
adopts two strategies are

= 𝑇 − 𝑦𝑃 − ℎ𝐿
(4)

𝛿𝜐𝑖 /𝛿𝛾 = 0 is set, and 𝜃 = (𝑃 − 𝐶)/𝑃 can be obtained.
𝜃 and 𝛾 are probabilities, and the following inequalities
exist:

0 ≤ 𝛾 ≤ 1.

T − hL, N − hB

𝜏𝑜𝑓𝑓 𝑝𝑜𝑠𝑡 = 𝑦 (𝑇 − 𝑃 − ℎ𝐿) + (1 − 𝑦) (𝑇 − ℎ𝐿)

− [(1 − 𝜃) (𝑁 − ℎ𝐵) + 𝜃𝑁] .

0≤𝜃≤1

No inspection

(6)

The differential function is smaller than 0, and 𝜃 is
approximate to 0 when 𝛾 < (𝑇 − ℎ𝐿)/𝑃; 𝜃 is approximate to 1
when 𝛾 > (𝑇 − ℎ𝐿)/𝑃; similarly, 𝛾 is approximate to 1, and the
mixed strategy is verified when 𝜃 < (𝑃 − 𝐶)/𝑃.
The MSNE analysis requires that the two game parties
select pure strategies at specific probabilities [14–16]; that is,
either the coal miner that selects coming off the post or the
enterprise that performs the inspection has certain decisionmaking probabilities. Whether the coal miner selects coming
off the post is not decided by his/her own interest but by
inspection intensity of the enterprise.

3. Evolutionary Game
3.1. Dynamic Analyses of Coal Miners. The abovementioned
game assumes that the coal miner is completely rational and
can make the right choice according to the income maximization principle. However, realizing complete rationality and
information conditions of the participant in real economic
life is difficult [17]. Evolutionary game theory compensates
for omniscient and omnipotent defects of game parties under
complete rationality to enhance the theoretical foundation
of the whole game by taking game parties with bounded

𝜏𝑜𝑛 𝑝𝑜𝑠𝑡 = 𝑦 (𝑇 − 𝑊) + (1 − 𝑦) (𝑇 − 𝑊) = 𝑇 − 𝑊

(7)

𝜏𝑎V𝑒𝑟𝑎𝑔𝑒 = 𝜏𝑜𝑓𝑓 𝑝𝑜𝑠𝑡 (1 − 𝑥) + 𝜏𝑜𝑛 𝑝𝑜𝑠𝑡 𝑥
= (1 − 𝑥) (𝑇 − 𝑦𝑃 − ℎ𝐿) + 𝑥 (𝑇 − 𝑊) .
𝜏𝑜𝑓𝑓 𝑝𝑜𝑠𝑡 , 𝜏𝑜𝑛 𝑝𝑜𝑠𝑡 : The utility of coal miner adopts two
strategies, 𝜏𝑎V𝑒𝑟𝑎𝑔𝑒 : The average expectations of coal miner
adopt two strategies.
The replicator dynamics equation of the on-post coal
miner is
𝑑𝑥
= 𝑥 (𝜏𝑜𝑛 𝑝𝑜𝑠𝑡 − 𝜏𝑎V𝑒𝑟𝑎𝑔𝑒 )
𝑑𝑡

(8)

= 𝑥 (𝑥 − 1) (𝑊 − ℎ𝐿 − 𝑦𝑃) .
(1) A state under any 𝑥 value is identified when 𝑊 − ℎ𝐿 −
𝑦𝑃 = 0 (i.e., 𝑦 = (𝑊 − ℎ𝐿)/𝑃).
(2) 𝑥 = 1 refers to two stable states when 𝑊 − ℎ𝐿 − 𝑦𝑃 ≠ 0
(i.e., 𝑦 ≠ (𝑊 − ℎ𝐿)/𝑃).
(3) 𝑥 = 0 is a state when 𝑊 − ℎ𝐿 − 𝑦𝑃 > 0 (i.e., 𝑦 <
(𝑊 − ℎ𝐿)/𝑃).
(4) 𝑥 = 1 is a state when 𝑊 − ℎ𝐿 − 𝑦𝑃 < 0 (i.e., 𝑦 >
(𝑊 − ℎ𝐿)/𝑃).
The following equations can be obtained when 𝐹(𝑥) =
𝑑𝑥/𝑑𝑡 is set:
𝐹 (𝑥) = 𝑥 (𝑥 − 1) (𝑊 − ℎ𝐿 − 𝑦𝑃) .
𝐹 (𝑥) = (2𝑥 − 1) (𝑊 − ℎ𝐿 − 𝑦𝑃) .

(9)

According to stability theorem of the differential equation
and nature of evolutionary stability strategy, 𝑥∗ is an evolutionary stability strategy when 𝐹(𝑥∗) = 0, 𝐹 (𝑥∗) < 0. The
following equation is set:
𝑑𝐹 (𝑥)
=0
𝑑𝑥


𝐹 (𝑥) < 0.

(10)
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The positive and negative natures of 𝑊 − ℎ𝐿 − 𝑦𝑃 will be
discussed after the equation set is solved:
𝑥 = 0 is a stable state when 𝑊 − ℎ𝐿 − 𝑦𝑃 > 0 and 𝑦 <
(𝑊 − ℎ𝐿)/𝑃.
𝑥 = 1 is a stable state when 𝑊 − ℎ𝐿 − 𝑦𝑃 < 0 and 𝑦 >
(𝑊 − ℎ𝐿)/𝑃.
Under bounded rationality, the selection process of the
coal miner is a dynamic change process, and a dynamic 𝑦 of
the coal mine enterprise directly influences the coal miner’s
strategy choice; the stable state is mainly related to factors,
such as punishment degree, externality influence of on-post
behavior, and coal miner loss after an accident [19].

Proof. With the change in the position of Point E, 𝑋𝐸 =
(𝑃 − 𝐶)/𝑃 and 𝑌𝐸 = (𝑊 − ℎ𝐿)/𝑃 are set. In addition, the
position of 𝑌𝐸 in the coordinate axis will be discussed under
the following circumstances:
{0 < 𝑋𝐸 < 1
(1) {
𝑌 < 0,
{ 𝐸
{𝑋𝐸 < 0
(2) {
0 < 𝑌𝐸 < 1,
{

3.2. Dynamic Analysis of the Coal Mine Enterprise. The utility
function and average utility when the coal mine enterprise
adopts two strategies are expressed as follows:

{𝑋𝐸 < 0
(3) {
𝑌 > 1,
{ 𝐸

𝜋𝑖𝑛𝑠𝑝𝑒𝑐𝑡𝑖𝑜𝑛 = 𝑥 (𝑁 − 𝐶) + (1 − 𝑥) (𝑃 + 𝑁 − 𝐶 − ℎ𝐵)

{0 < 𝑋𝐸 < 1
(4) {
𝑌 < 0,
{ 𝐸

𝜋𝑛𝑜 𝑖𝑛𝑠𝑝𝑒𝑐𝑡𝑖𝑜𝑛 = 𝑥𝑁 + (1 − 𝑥) (𝑁 − ℎ𝐵)

(11)

𝜋𝑎V𝑒𝑟𝑎𝑔𝑒 = 𝑦𝜋𝑖𝑛𝑠𝑝𝑒𝑐𝑡𝑖𝑜𝑛 + (1 − 𝑦) 𝜋𝑛𝑜 𝑖𝑛𝑠𝑝𝑒𝑐𝑡𝑖𝑜𝑛 .
The replicator dynamics equation of the inspection conducted by the coal mine enterprise is
𝑑𝑦
= 𝑦 (𝜋𝑖𝑛𝑠𝑝𝑒𝑐𝑡𝑖𝑜𝑛 − 𝜋𝑎V𝑒𝑟𝑎𝑔𝑒 )
𝑑𝑡

(12)

= 𝑦 (𝑦 − 1) (𝐶 + 𝑥𝑃 − 𝑃) .
If 𝐹 + 𝑥𝑃 − 𝑃 = 0 (i.e., 𝑥 = (𝑃 − 𝐶)/𝑃), then it is a stable
state under any 𝑦 value.
If 𝐹 + 𝑥𝑃 − 𝑃 ≠ 0, then 𝑦 = 0, 𝑦 = 1 are two stable states.
If 𝐹 + 𝑥𝑃 − 𝑃 > 0 (i.e., 𝑥 > (𝑃 − 𝐶)/𝑃), then 𝑦 = 0 is a
stable state.
If 𝐹 + 𝑥𝑃 − 𝑃 < 0 (i.e., 𝑥 < (𝑃 − 𝐶)/𝑃), then 𝑦 = 1 is a
stable state.
The verification process is the same as the dynamic
analysis of the process of coal miners.
The coal mine enterprise will finally be at a stable state
in full consideration of the various factors. Its stable state
is related to the off-post probability 𝑥 of coal miners and
is jointly decided by inspection cost, off-post punishment,
occurrence probability of an off-post-induced accident, and
loss caused by the absence of inspection.
3.3. Evolutionary Stability Analysis of the Two Game Parties.
The following system is established in accordance with
evolutionary game analyses of coal miners and coal mine
enterprise and developed to explain the interaction between
two game parties further:
𝐹 (𝑥) =

𝑑𝑥
= 𝑥 (𝑥 − 1) (𝑊 − ℎ𝐿 − 𝑦𝑊)
𝑑𝑡

𝑑𝑦
= 𝑦 (𝑦 − 1) (𝑊 + 𝑥𝑃 − 𝑃) .
𝐹 (𝑦) =
𝑑𝑡

(13)

After solving, stable points of the system 𝐹(𝑥, 𝑦) are A
(0,0), B (0,1), and C (1,0).

{0 < 𝑋𝐸 < 1
(5) {
0 < 𝑌𝐸 < 1,
{

(14)

{0 < 𝑋𝐸 < 1
(6) {
𝑌 > 1,
{ 𝐸
{𝑋𝐸 > 1
(7) {
𝑌 > 0,
{ 𝐸
{𝑋𝐸 > 1
(8) {
0 < 𝑌𝐸 < 1,
{
{𝑋𝐸 > 1
(9) {
𝑌 > 1.
{ 𝐸
Table 2 lists the values of 𝑋𝐸 and 𝑌𝐸 inequalities.
The nonexistence of the inequalities under Circumstances (7) – (9) presented in Table 3 results in the absence
of their replicator phase diagrams. Figure 1 illustrates that
system 𝐹(𝑥, 𝑦) converges to A, B, and C, and the following
game results can be obtained:
Figure 1(a) depicts a convergence to (1, 0), and the
strategic choices of the two parties are on-post and no
inspection. Figure 1(a) demonstrates that the coal miner
comes off-post at the beginning, and the coal mine enterprise
strictly inspects the off-post event. When the enterprise
inspection department performs an effective inspection and
strictly enforce laws, off-post coal miner loss is large (W <
hL). Moreover, the coal mine with bounded rationality takes
on-post strategy through a long-term repeated game, and
the coal mine enterprise gradually turns into a stable noninspection state given a soaring inspection cost (C > P).
Figures 1(b) and 1(c) exhibit a convergence to (0, 0) (i.e.,
off-post and no inspection). The coal mine enterprise selects
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Table 2: Values of 𝑋𝐸 and 𝑌𝐸 inequalities.

Inequality condition
Inequality condition

𝑋𝐸 < 0
𝐶>𝑃
𝑌𝐸 < 0
𝑊 < ℎ𝐿

0 < 𝑋𝐸 < 1
𝐶<𝑃
0 < 𝑌𝐸 < 1
ℎ𝐿 < W < ℎ𝐿 + 𝑃

𝑌𝐸 > 1
Nonexistent
𝑌𝐸 > 1
𝑊 > ℎ𝐿 + 𝑃

Table 3: Systems of value inequalities under the nine circumstances.
Value
𝑌𝐸 < 0
0 < 𝑌𝐸 < 1
𝑌𝐸 < 1

𝑋𝐸 < 0
C>P
W < hL
C>P
hL < W < hL + P
C>P
W > hL + P

not to inspect and allow the natural occurrence of the offpost accident when the inspection cost is large (C > P);
however, the on-post coal miner is significantly affected (W >
hL and W > hL + P). Under this circumstance, the coal miner
slowly opts to come off-post, and two game parties stabilize. If
this circumstance experiences long-term development, then
it will certainly threaten the safety of coal miners and the
development of a healthy enterprise, thus prompting a change
in strategies.
Figure 1(d) displays a convergence to (1, 0), thus indicating that the coal miner is gradually turned from off-post to
on-post strategy and then reaches a stable state when the offpost loss is large (W < hL). The enterprise will opt not to
inspect to avoid wasting resources, following the reduction
off-post accidents, even if the inspection cost is small (C < P),
and the two parties reach (on-post, no inspection) a stable
state.
Figure 1(e) presents a divergence, thereby indicating that
the two game parties are unable to reach a stable state.
Figure 1(f) illustrates a convergence to (0, 1) (i.e., off-post
and inspection). The inspection cost is minimal (C < P), and
the enterprise inspects off-post behaviors, but the inspection
department fails to perform its duties with gross neglect of
duty; thus, off-post loss is smaller than on-post loss (W >
h + P). The coal miner gradually comes off-post under this
circumstance. Finally, the two parties tend to be under offpost and inspection states.

4. Case Analysis
A coal mine subordinate to Yanzhou Coal Mining Co., Ltd.
is used as an example, and the coal mine has approximately
200 coal miners with an annual income of RMB 80,000
each. The normal revenue of the coal mine is RMB 150
million, and the inspection cost of the safety inspection
department is set as RMB 150,000. Statistics demonstrate that
accidents caused by off-post behaviors account for 40% with
a total loss of approximately RMB 10 million; this coal mine
implements a punishment-centered management mode, and

0 < 𝑋𝐸 < 1
C<P
W < hL
C<P
hL < W < hL + P
C<P
W > hL + P

𝑋𝐸 < 1
Nonexistent
Nonexistent
Nonexistent

the punishment amount of off-post coal miners is calculated
at approximately RMB 300,000 [20].
Parameter values during accidents can be initially determined on the basis of the abovementioned results: T=RMB
16 million; L=RMB 15 million; h=0.4; P=RMB 300,000; W =
RMB 100,000; N=RMB 150 million; C=RMB 150,000 million;
and B=RMB 10 million. At the time, 𝑋𝐸 = (𝑃 − 𝐶)/𝑃 =0.5>
0, 𝑌𝐸 = (𝑊 − ℎ𝐿)/𝑃 < 0, and when 0 < 𝑋𝐸 < 1,
𝑌𝐸 < 0, the system converges to (1, 0) in accordance with the
abovementioned analysis (i.e., on-post and no inspection).
The inspection revenue matrix of the coal mine enterprise can
be obtained in accordance with the parameters presented in
Table 4:
According to the revenue matrix, 1510 < 1590 and 1540
< 1590. The final choice of the coal miner is “on-post,”
regardless if the coal mine enterprise performs the inspection
or not because the miner can obtain the maximum revenue
only when coming on-post. The coal mine enterprise, when
the coal miner is on-post, gains a large profit when selecting
no inspection. The profit difference is RMB 150,000. Therefore, the corresponding action combination is (on-post, no
inspection).
Based on the analysis of evolution laws, 𝑋𝐸 = (𝑃−𝐶)/𝑃 =
0.5 (i.e., 0 < 𝑋𝐸 < 1).
If 𝑥 > 𝑋𝐸 ,
and 𝑥 = 0.8 is used,

(15)

𝑑𝑦
then
= 6𝑦 (𝑦 − 1) .
𝑑𝑡
Figure 2 demonstrates that a change curve of 𝑦 with
time t is obtained after solving the integral of Equation (15),
and the coal mine enterprise has gradually turned initially
from off-post inspection to no inspection under different
initial probabilities when the on-post probability of the coal
miner is 0.8. The off-post inspection cost is minimal (C <
P), and the coal mine enterprise inspects off-post behaviors
at the beginning. However, a few off-post events remain,
and most coal miners stick to their posts and perform their
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Table 4: Inspection revenue matrix of a coal mine enterprise (unit: RMB 10000).
Coal mine enterprise

Item

Inspection
1510 14615
1590 14985

Off-post
On-post

Coal miner

Y

B

Y
B

D

1

0
A

X

1
C

D

1

0
A

(a)

Y
B

D

1

0
A

X

1
C

D

1

0
A

(c)

X

1
C
(d)

Y
B

X

1
C
(b)

Y
B

No inspection
1540 14600
1590 15000

Y
B

D

1

0
A

1
C
(e)

X

D

1

0
A

1
C

X

(f)

Figure 1: Dynamic evolutionary trends of coal miners and enterprise strategies under different conditions.
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0.05
0.04

are identical with evolution laws of the two game parties,
can interact with each other. Therefore, the established game
model is confirmed of reasonability.

0.03

5. Discussion

0.02

Static game theory is the study of strategic decision-making.
Specifically, it is a study of mathematical models of conflict
and cooperation between two decision makers. However, it
has an important assumption for the players that the players
are intelligent and rational, which is inconsistent with the
actual situation. If static game theory is used alone, the
evolution of safety behavior in equilibrium can be obtained,
but the evolution state of safety behavior in each period
cannot be better observed.
Evolutionary game theory was developed to overcome
the disadvantages of static game theory when analyzing the
bounded rationality of players and the dynamic process of
game playing. Evolutionary game theory can be summarized
as follows: It combines game theory with dynamic evolution
process analysis, which is the application of game theory
in the evolution of biological life forms. It differs from
static game theory in that it pays more attention to the
dynamics of strategic change, not only by the quality of
various competitive strategies, but also by the frequency of
various competitive strategies in the population.
In the process of coal mining safety inspection in China,
participants are bounded by rationality. They dynamically
change their strategies by observing and comparing the
returns of others and then adjust their strategies. Therefore,
evolutionary game theory is more suitable for studying the
long-term dynamic game of bounded rational participants in
China’s coal mine safety inspection system.
First, strategy choices of stakeholders fluctuate repeatedly
when the punishment strategy is static payment. Bringing the
punishment degree to a large scale can rapidly control the
occurrence of off-post behaviors of coal miners within the
short term. However, eventually, the large-scale punishment
only aggravates the fluctuation of off-post behaviors of coal
miners and complicates the control of the game process. Second, a dynamic punishment strategy can effectively inhibit
fluctuation in the game between coal mine enterprise and
coal miners. Moreover, this strategy can reduce potential
safety hazards caused by uncertainty when the punishment
strategy is dynamic payment [21].
Off-post behaviors of coal miners are mainly related to
their income and enterprise inspection intensity. An income
that is below the ideal value will make the coal miners feel
easily languid to select coming off-post; when enterprise
input is insufficient with evident inspection loopholes and
defects, the coal miners will be at the off-post state extensively,
and safety production cannot be realized. Therefore, the
following measures may be implemented to solve off-post
problems based on the abovementioned cause analysis:
Properly increase wage, treatment, and reward policies
for workers. The above-established game model implies that
coal miners will opt to come on-post when their actual
income reaches a critical value, regardless of whether the
enterprise selects safety inspection or not. At the time, the

0.01
0

0

10

20

30

40

50

60

t

Coal mine inspection probability

Figure 2: Change relation of strategy (𝑦) with time under 𝑥 = 0.8.
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Figure 3: Change relation of strategy (𝑦) with time under 𝑦.

duties. Certainly, a specialized off-post inspection is a waste
of resources. After a long-term game, the coal mine enterprise
changes its strategy and gradually tends to be at a stable noninspection state.
If 𝑥 < 𝑋𝐸 ,
and 𝑥 = 0.3 is used,
then

(16)

𝑑𝑦
= 4𝑦 (1 − 𝑦) .
𝑑𝑡

Figure 3 exhibits that a change curve of 𝑦 with time
t is obtained after solving the integral of Equation (16).
Moreover, the coal mine enterprise has gradually turned from
no inspection at the beginning to off-post inspection when
off-post probability is 0.7; on one hand, off-post problem is
severe, and most coal miners come off-post, thus severely
affecting the enterprise benefit; on the other hand, off-post
inspection cost is minimal (C < P). The coal mine enterprise
formulates measures and gradually develops into a stable
inspection state to curb the occurrence of off-post behaviors
effectively.
In summary, starting from two angles (i.e., revenue
matrix and evolution analysis), the final stable states are coal
miners coming on-post and coal mine enterprise not conducting an inspection. Furthermore, their strategies, which

8
enterprise will not inspect, and the coal miners will come onpost. Thus, the economic benefits of both game parties reach
maximum values.
Intensify enterprise inspection of safety production. Offpost loss of coal miners is large when the enterprise inspection department performs an effective inspection and strictly
enforces laws. Coal miners with bounded rationality tend to
use on-post strategy through the long-term repeated game,
whereas the coal mine enterprise tends to be at a stable noninspection state considering a soaring inspection cost.
Establish a scientific and complete off-post punishment
mechanism. The introduction of punishment variables indirectly increases the income of on-post coal miners and fills
the void of enterprise loss. Therefore, the enterprise inspection department must seriously manage off-post accident and
elevate the punishment degree.

6. Conclusion
Effective execution of the coal mine safety management
system is analyzed from the perspective of system-related
personnel to improve the safety management situation of
the coal mine. Static and incomplete information dynamic
game models are used to study whether coal mine enterprise
and coal miners select the safety management system under
different circumstances. The results indicate that coal miners
will not consciously comply with the safety management
system when the on-post loss is higher than their critical
cost. Moreover, they will demonstrate a fluke mind if it
exceeds the critical cost. In addition, workers will continuously improve their qualities and cognitive level when
the system cognition influences the remuneration. The coal
mine enterprise manager conducts a safety inspection and
encourages coal miners to implement safety production only
when the revenue caused by safety production is higher than
that caused by unsafe production. Therefore, the coal mine
enterprise must emphasize and motivate safety production
and improve safety cognition and labor skills of coal miners.
In addition, the government and society must supervise
and support the coal mine enterprise. This strategy is an
important means of improving the effectiveness of the coal
mine safety system. A simulation of the off-post behaviors
was conducted in this study under the perspective of coal
mine enterprise and coal miners. Data sources remained
lacking despite using mature static and evolutionary game
models. Therefore, realizing a comprehensive cognition of the
safety supervision level of the entire coal industry is difficult.
Future studies can further explore into other directions of the
safety management of coal mine enterprises.
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mining accidents using data mining techniques,” Safety Science,
vol. 75, pp. 49–55, 2015.
[7] S. Mahdevari, K. Shahriar, and A. Esfahanipour, “Human health
and safety risks management in underground coal mines using
fuzzy TOPSIS,” Science of the Total Environment, vol. 488, pp.
85–99, 2014.
[8] C. S. Zheng, M. S. Kizil, and Z. W. Chen, “Role of multiseam interaction on gas drainage engineering design for mining safety and environmental benefits: linking coal damage
to permeability variation,” Process Safety and Environmental
Protection, vol. 114, pp. 310–322, 2018.
[9] X. H. Wang, R. W. Lu, H. Yu, and D. Li, “Stability of the
evolutionary game system and control strategies of behavior
instability in coal mine safety management,” Complexity, vol.
2019, Article ID 6987427, 15 pages, 2019.
[10] R. P. Tong, Y. W. Zhang, and P. C. Cui, “Characteristic analysis of
unsafe behavior by coal miners: multi-dimensional description
of the pan-scene data,” International Journal of Environmental
Research and Public Health, vol. 15, no. 8, Article ID 1608, p. 18,
2018.
[11] Y. Vorobeychik, S. Kimbrough, and H. Kunreuther, “A framework for computational strategic analysis: applications to iterated interdependent security games,” Computational Economics,
vol. 45, no. 3, pp. 469–500, 2015.
[12] Q. L. Liu, X. C. Li, W. G. Qiao, X. F. Meng, X. G. Li, and T. Shi,
“Analysis of embedded non-safety regulation games in China’s
two types of coal mines through safety performance disparity,
1980–2014,” Resources Policy, vol. 51, pp. 265–271, 2017.
[13] A. Ghatak, D. Mukherjee, and K. S. M. Rao, “A spatial game
theoretic analysis of conflict and identity,” Computational Economics, vol. 52, no. 2, pp. 493–519, 2018.

Mathematical Problems in Engineering
[14] C. Y. Lee, “Mixed-strategy Nash equilibrium in data envelopment analysis,” European Journal of Operational Research, vol.
266, no. 3, pp. 1013–1024, 2018.
[15] E. Hoffmann, “On the learning and stability of mixed strategy
Nash equilibria in games of strategic substitutes,” Journal of
Economic Behavior & Organization, vol. 130, pp. 349–362, 2016.
[16] W. Liu and Y. Wang, “Quality control game model in logistics
service supply chain based on different combinations of risk
attitude,” International Journal of Production Economics, vol. 161,
pp. 181–191, 2015.
[17] T. Płatkowski, “On derivation and evolutionary classification of
social dilemma games,” Dynamic Games and Applications, vol.
7, no. 1, pp. 67–75, 2017.
[18] B. Y. Kang, G. Chhipi-Shrestha, and Y. Deng, “Stable strategies
analysis based on the utility of Z-number in the evolutionary
games,” Applied Mathematics Computation, vol. 324, pp. 202–
217, 2018.
[19] Z. Dou, J. C. Jiang, and Z. R. Wang, “Applications of RBI on
leakage risk assessment of direct coal liquefaction process,”
Journal of Loss Prevention in the Process Industries, vol. 45, pp.
194–202, 2017.
[20] J. T. Lu, N. D. Yang, and J. F. Ye, “Connectionism strategy
for industrial accident-oriented emergency decision-making: a
simulation study based on PCS model,” International Journal of
Simulation Modelling, vol. 14, no. 4, pp. 633–646, 2015.
[21] D. H. Liu, X. Z. Xiao, H. Y. Li, and W. G. Wang, “Historical
evolution and benefit–cost explanation of periodical fluctuation
in coal mine safety supervision: an evolutionary game analysis
framework,” European Journal of Operational Research, vol. 243,
no. 3, pp. 974–984, 2015.

9

Advances in

Operations Research
Hindawi
www.hindawi.com

Volume 2018

Advances in

Decision Sciences
Hindawi
www.hindawi.com

Volume 2018

Journal of

Applied Mathematics
Hindawi
www.hindawi.com

Volume 2018

The Scientific
World Journal
Hindawi Publishing Corporation
http://www.hindawi.com
www.hindawi.com

Volume 2018
2013

Journal of

Probability and Statistics
Hindawi
www.hindawi.com

Volume 2018

International
Journal of
Mathematics and
Mathematical
Sciences

Journal of

Optimization
Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

Volume 2018

Submit your manuscripts at
www.hindawi.com
International Journal of

Engineering
Mathematics
Hindawi
www.hindawi.com

International Journal of

Analysis

Journal of

Complex Analysis
Hindawi
www.hindawi.com

Volume 2018

International Journal of

Stochastic Analysis
Hindawi
www.hindawi.com

Hindawi
www.hindawi.com

Volume 2018

Volume 2018

Advances in

Numerical Analysis
Hindawi
www.hindawi.com

Volume 2018

Journal of

Hindawi
www.hindawi.com

Volume 2018

Journal of

Mathematics
Hindawi
www.hindawi.com

Mathematical Problems
in Engineering

Function Spaces
Volume 2018

Hindawi
www.hindawi.com

Volume 2018

International Journal of

Differential Equations
Hindawi
www.hindawi.com

Volume 2018

Abstract and
Applied Analysis
Hindawi
www.hindawi.com

Volume 2018

Discrete Dynamics in
Nature and Society
Hindawi
www.hindawi.com

Volume 2018

Advances in

Mathematical Physics
Volume 2018

Hindawi
www.hindawi.com

Volume 2018

