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Abstract

:

Coal still occupies a key position in China’s energy consumption structure, and ensuring safe production in coal mines is a key focus for ensuring energy security. Spontaneous combustion fires in coal mines are a serious threat to the sustainability of safe production in coal mines. In order to prevent coal mine fire risk scientifically and effectively and to assess the level of disaster risk effectively and rationally, a study was conducted on the risk of spontaneous combustion fires in underground coal mines. An evaluation cloud model of spontaneous combustion fire risk in coal mines integrating the interval gray number with the Decision-Making Trial and Evaluation Laboratory (DEMATEL) was established. Seventeen representative risk evaluation indicators were selected, and a coal mine spontaneous combustion fire risk evaluation index system was constructed based on four aspects: personnel, machinery, environment, and management. The interval gray number theory was introduced to improve the classical DEMATEL analysis method, which fully expresses the expert empirical knowledge and solves the problem of ambiguity and randomness in the semantic expression of expert evaluation. The relative importance of each indicator was determined by analyzing the influence relationships between risk evaluation indicators through the improved DEMATEL. A cloud model capable of transforming quantitative descriptions and qualitative concepts was used for comprehensive evaluation of risk, and based on the results of DEMATEL analysis, a comprehensive evaluation cloud model of coal mine spontaneous combustion fire risk was formed. Finally, the validity and practicality of the model were verified by using a mine in Shenmu City, Shaanxi Province, China as an example. This study provides a powerful tool to prevent spontaneous combustion fires in coal mines and makes a positive contribution to the sustainable development of coal mine safety management.
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1. Introduction


Coal still accounts for a large proportion of China’s energy consumption structure, and coal mine spontaneous combustion fires threaten the sustainability of safe production in coal mines [1,2]. Large amounts of coal are frozen due to mine fires, disrupting rational mining deployments and causing serious economic and human casualty losses [3,4]. Scientific and effective risk evaluation of coal mine spontaneous combustion fires is the key to prevent spontaneous combustion fires in coal mines [5,6]. Therefore, it is necessary and practical to study comprehensive evaluation of the risk of spontaneous combustion fires in coal mines, which provides a positive contribution to the sustainable development of coal mine safety management.



In order to evaluate the risk of spontaneous combustion fires in coal mines in a more scientific and reasonable manner, it is first necessary to establish an evaluation index system that can fully characterize the overall risk level. Yu et al. proposed an evaluation system containing 11 indicators to analyze the main factors affecting the risk level in five aspects, including the fire-prone nature of coal, foal seam occurrence, mining technique, fire prevention and control measures [7]. Guo et al. established an evaluation index system containing five aspects, such as underground electromechanical equipment and fuel, coal spontaneous combustion tendency, coal structure failure, safety management, and fire control systems [8]. More scholars have constructed the corresponding evaluation index system from the perspectives of personnel, mechanical equipment, environment, and management [9,10,11]. In general, it shows that it is reasonable to analyze the evaluation indexes of coal mine spontaneous combustion fire risk from these four aspects.



Different risk evaluation indicators have different degrees of influence on the overall risk level of the evaluation object, i.e., there is variability in the importance of the indicators [12,13]. Therefore, how to reasonably determine the weights of each indicator in the index system is the second problem that needs to be solved [14,15]. Experts’ empirical knowledge is still the key means to judge the importance of indicators, and the commonly used methods for determining indicator weights include hierarchical analysis, network hierarchy analysis, etc. [16,17,18]. However, such methods cannot fully characterize some fuzzy semantic expressions of experts’ opinions. The interval gray number is derived from the gray theory proposed by Chinese scholar Deng Julong in 1982, which can effectively represent the evaluation behavior with certain fuzziness in the form of intervals and fully express the experts’ judgments as a certainty index [19,20,21]. The DEMATEL model was proposed by American scholars in 1971 for making full use of expert knowledge in complex systems to accurately identify and analyze the relationships among various factors within the system [22,23]. The method has obvious advantages and important uses, but it also has the limitations of inadequate expression of experts’ empirical knowledge and inaccurate expression of experts’ fuzzy judgments. Therefore, introducing the interval gray number into the traditional DEMATEL model can effectively attenuate the limitations of the original method and improve the accuracy and credibility of the analysis model. Combining the interval gray number with the DEMATEL method, which is suitable for analyzing the influence relationships between factors in complex systems, can better represent the relative importance of each indicator in the index system.



The third problem to be faced is how to get the comprehensive risk evaluation level of the evaluation object by combining the weights of each index while considering different experts’ evaluation opinions. In terms of comprehensive risk evaluation, scholars commonly use fuzzy comprehensive evaluation (FCE), TOPSIS, and machine learning evaluation methods. The FCE method is a mathematical method based on the ideas and methods of fuzzy mathematics, which enables comprehensive evaluation of fuzzy defined objects [24]. The TOPSIS method is an evaluation method that ranks a finite number of evaluation objects according to their proximity to an idealized target by detecting the distance between the evaluation object and the optimal solution and the worst solution [25]. The machine learning evaluation method mainly uses artificial intelligence algorithms such as artificial neural networks, support vector machines, and random forests to classify and evaluate evaluation objects with the support of large-scale data [26]. The above methods have the limitations of being more subjective, complicated to calculate, less sensitive, or having a larger sample data requirement [27,28,29,30]. The cloud model theory is intended to realize the transformation of quantitative evaluation data and qualitative expression by calculating the distribution of index data and forming a cloud map of converging cloud drops [31,32]. It is a composite uncertainty mathematical theory model based on probability statistics and fuzzy mathematics, which can fully reflect the evaluation opinions of several experts and take into account the randomness and fuzziness of the evaluation system while realizing the transformation between quantitative description and qualitative concepts [33,34,35].



This study involved constructing a coal mine spontaneous combustion fire risk evaluation index system, introducing gray theory to realize the quantitative transformation of experts’ fuzzy evaluation opinions so as to determine the risk evaluation index weights, adopting cloud model theory to realize the transformation between quantitative evaluation data and qualitative evaluation levels, and finally forming a cloud model of coal mine spontaneous combustion fire risk evaluation integrating the interval gray number and DEMATEL. The objective of this study is to help coal mines evaluate the level of spontaneous combustion fire risk accurately and effectively through the established evaluation index system and the proposed new coal mine spontaneous combustion fire risk evaluation model in order to advance safety control measures to prevent spontaneous combustion fire accidents and promote the sustainable development of coal mine safety and production capacity. The main contributions of this study are as follows:




	(1)

	
An evaluation index system that can comprehensively reflect the level of spontaneous combustion fire risk in coal mines was constructed from four aspects: personnel, mechanical equipment, environment, and management.




	(2)

	
The influence relationship between risk evaluation indicators was analyzed by fusing the interval gray number and DEMATEL, and the weights of the risk evaluation indicators were determined based on the centrality of the indicators.




	(3)

	
The effectiveness and practicality of the proposed evaluation model were verified by comparing different evaluation methods with a mine as a case study.










2. Materials and Method


2.1. Construction of Coal Mine Spontaneous Combustion Fire Risk Evaluation Index System


Spontaneous combustion fires in coal mines are a serious threat to safe production in coal mines, and the construction of a scientific and reasonable index system for evaluating the risk of spontaneous combustion fires in coal mines is of great significance to the evaluation and prevention of this type of disaster. In order to select a reasonable index that can fully reflect the level of spontaneous combustion fire risk in coal mines, this paper analyzed the main influencing factors affecting the risk of spontaneous combustion fires in coal mines from the perspective of the system in four aspects: personnel factors, equipment factors, environmental factors, and management factors. Combined with the research results of related literature [6,7,36,37], the indicators with high repetitiveness or meaninglessness were combined or deleted, and finally four first-order indicators as well as 17 s-order indicators were identified. The details are shown in Figure 1.




2.2. Construction of the Evaluation Cloud Model of Coal Mine Spontaneous Combustion Fire Risk by Fusing Interval Gray Number and DEMATEL


2.2.1. DEMATEL Model Incorporating Interval Gray Number


	(1)

	
Construction of the interval gray number relationship matrix







Based on the fire risk evaluation index system established above, experts were invited to evaluate the interactions between different indicators based on their own experience. The experts compared the indicators two by two, and the semantic variables evaluated by the experts and the corresponding interval gray numbers are shown in Table 1.



	(2)

	
Construction of the direct influence matrix







The evaluation data of experts are transformed by the interval gray number to form the gray relation matrix, and then defuzzification is carried out on the expert survey data according to Table 1. The specific steps are as follows:



① Standardization of the upper and lower bounds of the interval gray number:


   ⊕ _    a ˜   i j  k  =    ⊕ _   a  i j  k  − min  ⊕ _   a  i j  k     Δ  min   max      



(1)






   ⊕ ¯    a ˜   i j  k  =    ⊕ ¯   a  i j  k  − min  ⊕ ¯   a  i j  k     Δ  min   max      



(2)






   Δ  min   max   = max  ⊕ ¯   a  i j  k  − min  ⊕ _   a  i j  k   



(3)




where    ⊕ ¯   a  i j  k    and    ⊕ _   a  i j  k    denote the upper and lower bounds of the k-th expert’s evaluation of the influence of factor i on factor j, respectively, after being transformed into the interval gray number,    ⊕ ¯    a ˜   i j  k    and    ⊕ _    a ˜   i j  k    denote the upper and lower bounds after normalization.



② Calculation of clear values:


   b  i j  k  =    ⊕ _     a ˜    i j  k   (  1 −  ⊕ _     a ˜    i j  k   )  +  (   ⊕ ¯     a ˜    i j  k  ⋅  ⊕ ¯     a ˜    i j  k   )    1 −  ⊕ _     a ˜    i j  k  +  ⊕ ¯     a ˜    i j  k     



(4)






   c  i j  k  = min  ⊕ _   a  i j  k  +  b  i j  k   Δ  min   max    



(5)







③ Establishment of the direct influence matrix:


  C =     ∑ 1 k    c  i j  k     k   



(6)







	(3)

	
Construction of the comprehensive influence matrix







① Normalization of the direct influence matrix:


  G =  C    max   i ≤ n     ∑  j = 1  n    C  i j        



(7)







② Establishment of the comprehensive influence matrix:


  X = G   ( I − G )   − 1    



(8)







	(4)

	
Calculation of centrality and cause degree







① Calculation of influence degree and influenced degree of indicators:


   {       d i  =   ∑  j = 1  n    x  i j            r i  =   ∑  i = 1  n    x  i j            



(9)







② Calculation of the centrality and the cause degree of each indicator:


   {       f i  =  d i  +  r i         e i  =  d i  −  r i         



(10)







	(5)

	
Plotting the distribution of cause degree and centrality







The value of centrality indicates the importance of the indicator. If the value of cause degree is greater than zero, it means that the indicator influences other indicators as the cause, and if it is less than zero, it means that the indicator is influenced by other indicators. With the centrality as the horizontal coordinate and the cause degree as the vertical coordinate, the distribution of risk evaluation indexes by cause degree and centrality can be drawn.



	(6)

	
Calculation of the comprehensive weight of indicators







The centrality values calculated from the interval gray number DEMATEL model are normalized to obtain the corresponding weights of the evaluation indexes.


   W i  =    f i      ∑ 1 n    f i       



(11)








2.2.2. Cloud Model for Spontaneous Combustion Fire Risk Evaluation in Coal Mines


The cloud model was proposed by a Chinese scholar, Deyi Li, in 1993 [38,39]. It is a method that can represent the spatial state of a concept by numerical features and that can realize the mapping and conversion work between qualitative and quantitative representations, i.e., forward cloud generator and backward cloud generator. The cloud model can solve the problem of linguistic randomness and fuzziness in evaluation representation. Considering the above characteristics of expert empirical knowledge in coal mine spontaneous combustion fire risk evaluation, the cloud model was chosen to be used for the transformation assessment.




	(1)

	
According to the established index system, m experts are invited to score the n indicators, forming an evaluation matrix  V  with m rows and n columns, where    V  i j     represents the score of the i-th expert for the j-th indicator.   i = 1 , 2 , 3 , ⋯ , m ; j = 1 , 2 , 3 , ⋯ , n  .




	(2)

	
The core of cloud model theory is to use the three values of expectation The core of cloud model theory is to use the three values of expectation (  E x  ), entropy (  E n  ), and super entropy (  H e  ) to describe the characteristics of clouds, reflecting the overall characteristics of qualitative problems. The numerical characteristics of clouds can generate cloud drops, which are accumulated and formed as clouds to realize the mapping between qualitative representation and quantitative description. The discourse domain (U) is divided into five corresponding subintervals according to the evaluation criteria level. The numerical characteristics of the standard cloud corresponding to the subintervals are calculated as follows:











  E x =    x  max   +  x  min    2   



(12)






  E n =    x  max   −  x  min     2   2 ln 2      



(13)






  H e = s  



(14)




where    x  max     and    x  min     denote the upper and lower boundaries of the interval, respectively;  s  is a constant, and the larger the value, the greater the dispersion of the cloud droplets; here, the value is 0.5.




	(3)

	
Calculate the numerical characteristics of the evaluation cloud corresponding to the j-th index value.











  E  x j  =  1 n    ∑  i = 1  n    V  i j      



(15)






  E  n j  =    π 2     1 n    ∑  i = 1  n    |   V  i j   − E  x j   |     



(16)






   S j 2  =  1  n − 1     ∑  i = 1  n      [   V  i j   − E  x j   ]   2     



(17)






  H  e j  =    S j 2  − E  n j 2     



(18)




where   E  x j  , E  n j  ,  S j 2    and   H  e j    are the expectation, entropy, variance, and hyperentropy of the j-th indicator, respectively.




	(4)

	
Combining the index weights    W j   , the numerical characteristics of the comprehensive evaluation cloud are calculated.











  E x =     ∑  j = 1  n    W j    E  x j      ∑  j = 1  n    W j       



(19)






  E n =     ∑  j = 1  n    W j 2    E  n j      ∑  j = 1  n    W j 2       



(20)






  H e =     ∑  j = 1  n    W j 2    H  e j      ∑  j = 1  n    W j 2       



(21)









2.3. Basic Information about the Case Mine Site


Coal spontaneous combustion fire is an important threat to coal mine safety. In this study, eight industry experts were invited to analyze and score the indicators of the established index system based on a coal mine located in Shenmu, Shaanxi Province, China.



2.3.1. Determine the Standard Cloud Feature Parameters


According to the project data material, combined with the knowledge of the coal mine and referring to relevant literature, the risk evaluation domain of coal mine spontaneous combustion fires is divided into five subintervals: low risk, relatively low risk, medium risk, relatively high risk, and high risk. The evaluation value range of the subintervals is shown in Table 2, and the characteristic parameters of the risk evaluation standard cloud of the project can be calculated according to as Formulas (12) to (14), and the standard cloud graph can be drawn using MATLAB programming; see Figure 2.




2.3.2. Basic Data for DEMATEL Analysis


Eight experts in the industry were invited to score the 17 risk evaluation indicators based on the project data information as well as their judgment of the situation. The specific scoring is shown in Table 3.






3. Results


3.1. Determining the Comprehensive Weights of Indicators


3.1.1. Calculation of DEMATEL Analysis Data Based on Interval Gray Number


Eight experts in the industry evaluated the impact relationships between the 17 indicators based on their own experiences. The direct influence matrix of the indicators was established based on Formulas (1) to (6). The calculation results are shown in Table 4.



The comprehensive influence matrix is established according to Formulas (7) and (8), and then the influence degree, influenced degree, cause degree and centrality of each index are calculated according to Formulas (9) and (10). The calculation results are shown in Table 5 and Table 6. Figure 3 shows the distribution of the cause degree and centrality of the evaluation indicators.




3.1.2. Calculation of the Comprehensive Weight of Indicators


Based on the analytical calculation results of the interval gray number DEMATEL, the comprehensive weights of the indicators are calculated based on the centrality of the indicators. The comprehensive weights of the indicators are calculated according to Formula (11). The calculation results are shown in Table 7.





3.2. Determine the Affiliation State of the Comprehensive Evaluation Cloud


The cloud characteristic parameters of each index were calculated according to Formulas (15) to (18), and the calculation results are shown in Table 8.



After the weighted calculation of Formulas (19) to (21), the final comprehensive evaluation cloud characteristic parameters can be obtained as (14.50, 3.61, 1.22), and the final generated comprehensive evaluation cloud diagram is shown in Figure 4. The risk level of spontaneous combustion fire in this mine is between low risk and relatively low risk, which is closer to relatively low risk.





4. Discussion


4.1. Analysis of Impact Relationships among Indicators


From the analysis of the above calculation results, the degree of mutual influence between disaster-causing indicators is different, and the influence relationship between indicators can be quantified by the cause degree    e i   . When the cause degree    e i  ≥ 0  , the indicator i has a greater influence on other indicators and is called the cause indicator. When the cause degree    e i  ≤ 0  , the indicator i is influenced by other indicators to a greater extent and is called the result indicator. From Figure 2, we can see that the cause degree of V13 (emergency rescue and self-rescue capability), V33 (natural fire period of coal seam), and V43 (reasonableness of escape route design) are higher, among which the cause degree of V13 is the highest, indicating that “emergency rescue and self-rescue capability” is the key to the change of the risk level of spontaneous combustion fire in coal mines. It is important to pay attention to strengthening relevant control measures from this perspective to reduce the overall risk level. Among the result indicators, V12 (level of training in fire prevention-related standards and regulations), V42 (compliance with standards for rectification of potential hazards), and V44 (availability of management personnel) have a low cause degree and are most likely to be influenced by other indicators. The centrality fi reflects the overall importance of the indicator in the index system. As can be seen in Figure 2, V13 (emergency rescue and self-rescue capability), V41 (the degree of completeness of the safety management system), V42 (compliance with the standards for rectification of hidden hazards), and V44 (availability of management personnel) have the highest centrality, indicating that these four indicators are the four most important indicators of spontaneous combustion fire risk causation in coal mines.




4.2. Robustness Analysis of Evaluation Results under Different Evaluation Methods


The choice of evaluation method is very important in the evaluation process. Therefore, in order to verify the accuracy of the results, a fuzzy comprehensive evaluation method can be used to verify the evaluation results of the cloud model. The FCE method is based on the ideas and methods of fuzzy mathematics and is a mathematical method capable of comprehensive evaluation of objects that are difficult to define. In this study, the FCE method was used to evaluate the spontaneous combustion fire risk status of a coal mine, where the indicator weights follow the results of the improved DEMATEL calculation established in this study. The evaluation results were obtained based on the data of the experts’ assessment of each indicator, calculated by the FCE method.


  B = [ 0.306 , 0.587 , 0.081 , 0.023 , 0.003 ]  











According to the principle of maximum affiliation, the calculated result is relatively low risk. It can be seen that the evaluation results obtained using the FCE method are consistent with the results obtained from the cloud model established in this study, indicating that the cloud model evaluation results are robust.





5. Conclusions


Accurate evaluation of spontaneous combustion fire risk in coal mines is the key to ensuring sustainable and safe production in coal mines. To fully characterize the mapping of expert knowledge in risk evaluation, this study fused the interval gray number with the DEMATEL method to analyze risk evaluation indicators, and constructed an affiliation cloud model based on the analysis results. The main conclusions of the study are three points as follows:




	(1)

	
Based on research of the literature and on expert consultation, a coal mine spontaneous combustion fire risk evaluation index system containing four secondary indicators and 17 tertiary indicators was constructed. In evaluating risk of an actual mine, the results show that the index system can reflect the level of spontaneous combustion fire risk in coal mines comprehensively and effectively.




	(2)

	
In order to accurately characterize the results of experts’ assessment of the influence relationships among the indicators, the interval gray number representation method was incorporated into DEMATEL to analyze the influence relationships among the indicators. The results show that “emergency rescue and self-rescue capability” has the highest cause degree and is the key indicator for the change in the level of risk of spontaneous combustion fires in coal mines. The three indicators of “emergency rescue and self-rescue capability”, “completeness of safety management system”, and “achievement of the standard of hidden danger rectification” have the highest centrality, or highest relative importance, and should be given priority attention in the establishment of appropriate prevention and control measures.




	(3)

	
Based on the index centrality calculated by the improved DEMATEL method analysis, the weights of each index in the index system were calculated and a cloud model of coal mine spontaneous combustion fire risk evaluation was constructed. By examining a mine in Shenmu City, Shaanxi Province, China as a case, the final risk level of spontaneous combustion fire in the mine was determined to be relatively low risk from the analysis of the constructed cloud model. The robustness analysis of the obtained evaluation results was carried out using different evaluation methods. The results showed that the constructed model is valid and practical.









In this study, the interval gray number was used to improve the DEMATEL method to determine the weights of evaluation indicators. This weight determination method fully expresses the judgment of experts regarding risk factors based on their years of experience in the field, but the method also has the limitation of being more subjective. The next step is to establish a more scientific and reasonable weight determination method from the perspective of the objectivity of the index data and then combine the cloud model to visualize and analyze the evaluation results.
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Figure 1. Coal mine spontaneous combustion fire risk evaluation index system. 
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Figure 2. Standard cloud state diagram. 






Figure 2. Standard cloud state diagram.
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Figure 3. Distribution of evaluation indicators cause degree and centrality. 
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Figure 4. Comprehensive evaluation cloud diagram. 
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Table 1. Optimization results of three algorithms on test functions.






Table 1. Optimization results of three algorithms on test functions.





	Serial Number
	Semantic Variable Interval
	Semantic Expression
	Relative Interval Gray Number Range





	1
	[0,1)
	Extremely weak impact
	[0,0]



	2
	[1,2)
	Weak impact
	[0,0.25]



	3
	[2,3)
	Moderate impact
	[0.25,0.5]



	4
	[3,4)
	Strong impact
	[0.5,0.75]



	5
	[4,5)
	Very strong impact
	[0.75,1]
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Table 2. The interval range of the discourse domain and the characteristic parameters of the standard clouds.
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Evaluation Level

	
Range of Interval

	
Characteristic Parameters of Standard Clouds




	
Ex

	
En

	
He






	
low risk

	
[0,10)

	
5

	
4.25

	
0.5




	
relatively low risk

	
[10,25)

	
17.5

	
6.37

	
0.5




	
medium risk

	
[25,55)

	
40

	
12.74

	
0.5




	
relatively high risk

	
[55,90)

	
72.5

	
14.86

	
0.5




	
high risk

	
[90,100)

	
95

	
4.25

	
0.5
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Table 3. Expert assessment scores for the case coal mine.
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Indicators

	
Expert Evaluation Scores




	
No. 1

	
No. 2

	
No. 3

	
No. 4

	
No. 5

	
No. 6

	
No. 7

	
No. 8






	
V11

	
8

	
12

	
13

	
2

	
8

	
2

	
9

	
10




	
V12

	
15

	
22

	
12

	
19

	
13

	
16

	
21

	
11




	
V13

	
9

	
4

	
10

	
2

	
10

	
16

	
9

	
16




	
V14

	
26

	
26

	
23

	
22

	
29

	
23

	
28

	
24




	
V21

	
23

	
21

	
16

	
25

	
23

	
27

	
17

	
26




	
V22

	
20

	
26

	
26

	
24

	
22

	
17

	
16

	
14




	
V23

	
8

	
6

	
2

	
9

	
9

	
6

	
1

	
10




	
V24

	
15

	
14

	
16

	
21

	
11

	
15

	
21

	
14




	
V31

	
50

	
54

	
46

	
43

	
56

	
47

	
49

	
53




	
V32

	
20

	
21

	
19

	
24

	
14

	
13

	
25

	
15




	
V33

	
30

	
35

	
29

	
29

	
34

	
28

	
30

	
35




	
V34

	
26

	
25

	
25

	
19

	
22

	
20

	
24

	
25




	
V35

	
10

	
7

	
14

	
13

	
7

	
9

	
5

	
4




	
V41

	
9

	
12

	
8

	
5

	
15

	
11

	
11

	
7




	
V42

	
8

	
2

	
10

	
6

	
6

	
7

	
13

	
4




	
V43

	
7

	
5

	
7

	
7

	
1

	
7

	
2

	
11




	
V44

	
8

	
13

	
6

	
5

	
14

	
13

	
7

	
10
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Table 4. Direct influence matrix C.
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	Indicators
	V11
	V12
	V13
	V14
	   ⋯   
	V41
	V42
	V43
	V44





	V11
	0.0000
	0.1667
	0.2969
	0.4531
	  ⋯  
	0.2917
	0.2969
	0.0000
	0.2083



	V12
	0.2578
	0.0000
	0.8333
	0.5000
	  ⋯  
	0.5469
	0.6500
	0.1406
	0.4141



	V13
	0.2917
	0.3333
	0.0000
	0.4625
	  ⋯  
	0.2917
	0.2083
	0.5078
	0.5000



	V14
	0.2500
	0.1667
	0.6667
	0.0000
	  ⋯  
	0.0000
	0.0000
	0.0000
	0.0000



	  ⋮  
	  ⋮  
	  ⋮  
	  ⋮  
	  ⋮  
	  ⋱  
	  ⋮  
	  ⋮  
	  ⋮  
	  ⋮  



	V41
	0.3333
	0.5375
	0.5859
	0.2917
	  ⋯  
	0.0000
	0.3359
	0.4141
	0.7422



	V42
	0.0000
	0.2500
	0.5859
	0.0000
	  ⋯  
	0.4141
	0.0000
	0.4531
	0.2500



	V43
	0.0000
	0.0000
	0.7031
	0.0000
	  ⋯  
	0.2500
	0.3750
	0.0000
	0.0000



	V44
	0.2917
	0.3359
	0.7500
	0.2917
	  ⋯  
	0.3333
	0.5750
	0.2917
	0.0000
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Table 5. Comprehensive influence matrix X.






Table 5. Comprehensive influence matrix X.





	Indicators
	V11
	V12
	V13
	V14
	   ⋯   
	V41
	V42
	V43
	V44





	V11
	0.0312
	0.0639
	0.0660
	0.4531
	  ⋯  
	0.0482
	0.0491
	0.0163
	0.0380



	V12
	0.0214
	0.1522
	0.0819
	0.5000
	  ⋯  
	0.0913
	0.1030
	0.0516
	0.0757



	V13
	0.0558
	0.0604
	0.0755
	0.4625
	  ⋯  
	0.0641
	0.0539
	0.0951
	0.0803



	V14
	0.0269
	0.0952
	0.0103
	0.0000
	  ⋯  
	0.0092
	0.0085
	0.0110
	0.0097



	  ⋮  
	  ⋮  
	  ⋮  
	  ⋮  
	  ⋮  
	  ⋱  
	  ⋮  
	  ⋮  
	  ⋮  
	  ⋮  



	V41
	0.0846
	0.1421
	0.0612
	0.2917
	  ⋯  
	0.0355
	0.0749
	0.0919
	0.1149



	V42
	0.0449
	0.1260
	0.0181
	0.0000
	  ⋯  
	0.0766
	0.0257
	0.0925
	0.0517



	V43
	0.0096
	0.1029
	0.0093
	0.0000
	  ⋯  
	0.0413
	0.0548
	0.0155
	0.0130



	V44
	0.0590
	0.1504
	0.0576
	0.2917
	  ⋯  
	0.0711
	0.0966
	0.0743
	0.0256
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Table 6. Centrality and cause degree of indicators.
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	Indicators
	Influence Degree di
	Influenced Degree ri
	Centrality fi
	Cause Degree ei





	V11
	0.3097
	0.4429
	0.7526
	−0.1332



	V12
	0.3937
	0.9263
	1.3199
	−0.5326



	V13
	1.5641
	0.9179
	2.4820
	0.6462



	V14
	0.4810
	0.2996
	0.7805
	0.1814



	V21
	0.1639
	0.2438
	0.4077
	−0.0798



	V22
	0.2274
	0.2185
	0.4459
	0.0089



	V23
	0.7407
	0.5713
	1.3120
	0.1694



	V24
	0.7526
	0.7259
	1.4785
	0.0267



	V31
	0.1171
	0.4498
	0.5669
	−0.3327



	V32
	0.3106
	0.5464
	0.8570
	−0.2357



	V33
	0.7241
	0.6984
	1.4225
	0.0258



	V34
	0.8692
	0.2427
	1.1119
	0.6264



	V35
	0.8427
	0.5487
	1.3914
	0.2940



	V41
	0.7167
	1.1682
	1.8850
	−0.4515



	V42
	0.6635
	0.9753
	1.6388
	−0.3118



	V43
	0.9047
	0.3268
	1.2315
	0.5779



	V44
	0.5223
	1.0019
	1.5242
	−0.4796
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Table 7. Calculation results of comprehensive weights of indicators.






Table 7. Calculation results of comprehensive weights of indicators.





	
Secondary Indicators

	
Weights

	
Tertiary Indicators

	
Weights






	
Personnel factors

	
0.2589

	
Basic quality level of operators

	
0.0365




	
Fire prevention related standards and norms training level

	
0.0640




	
Emergency rescue and self-rescue capability

	
0.1204




	
Familiarity with the underground operating environment

	
0.0379




	
Equipment factor

	
0.1768

	
Underground electrical machinery and equipment

	
0.0198




	
Fire prevention structures

	
0.0216




	
Completeness of fire prevention and extinguishing system

	
0.0637




	
Completeness of monitoring system

	
0.0717




	
Environmental factors

	
0.2596

	
Spontaneous combustion tendency of coal seam

	
0.0275




	
Coal mining method and process

	
0.0416




	
Coal seam spontaneous combustion period

	
0.0690




	
Airtightness of mined-out area

	
0.0540




	
Ventilation method and equipment

	
0.0675




	
Management factors

	
0.3047

	
Completeness of safety management system

	
0.0915




	
Achievement of the standard of hidden danger rectification

	
0.0795




	
Reasonable design of escape routes

	
0.0598




	
Management staffing situation

	
0.0740











[image: Table] 





Table 8. Expert scoring results and cloud feature parameters of each index.
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Indicators

	
Cloud Feature Parameters




	
Ex

	
En

	
He






	
V11

	
8.00

	
3.76

	
1.65




	
V12

	
16.13

	
4.27

	
0.98




	
V13

	
9.50

	
4.39

	
2.31




	
V14

	
25.13

	
2.66

	
0.83




	
V21

	
22.25

	
3.99

	
0.50




	
V22

	
20.63

	
4.86

	
1.48




	
V23

	
6.38

	
3.29

	
0.55




	
V24

	
15.88

	
3.25

	
1.25




	
V31

	
49.75

	
4.39

	
0.34




	
V32

	
18.88

	
4.58

	
0.77




	
V33

	
31.25

	
3.21

	
1.35




	
V34

	
23.25

	
2.74

	
0.85




	
V35

	
8.63

	
3.60

	
0.38




	
V41

	
9.75

	
3.13

	
0.33




	
V42

	
7.00

	
3.13

	
1.38




	
V43

	
5.88

	
3.02

	
1.01




	
V44

	
9.50

	
3.76

	
1.36
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