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Abstract

:

Coal has played an important role in the economies of many countries worldwide, which has resulted in increased surface and underground mining in countries with large coal reserves, such as China and the United States. However, coal mining is subject to frequent accidents and predictable risks that have, in some instances, led to the loss of lives, disabilities, equipment damage, etc. The assessment of risk factors in underground mines is therefore considered a commendable initiative. Therefore, this research aimed to develop an efficient model for assessing and predicting safety risk factors in underground mines using existing data from the Xiaonan coal mine. A model for evaluating safety risks in underground coal mines was developed based on the optimized particle swarm optimization-backpropagation (PSO-BP) neural network. The results showed that the PSO-BP neural network model for safety risk assessment in underground coal mines was the most reliable and effective, with MSE, MAPE, and R2 values of 2.0 × 10−4, 4.3, and 0.92, respectively. Therefore, the study proposed the neural network model PSO-BP for underground coal mine safety risk assessment. The results of this study can be adopted by decision-makers for evaluating and predicting risk factors in underground coal mines.
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1. Introduction


Coal mining is a vital industry that provides a significant portion of the world’s energy supply. However, it is also an industry that poses significant safety risks to workers. The unique conditions and hazards in coal mines make the work challenging [1], and the potential for accidents and injuries is high [2]. Coal mines, in particular, are susceptible to several hazards, including fires, explosions, cave-ins, and exposure to toxic gases. These hazards can lead to serious injuries, illnesses, and even fatalities among mine workers [3]. There has been extensive research demonstrating that underground coal mines are prone to frequent accidents, leading to the loss of lives and property [4]. Therefore, managing safety risks in coal mines is critical to ensuring workers’ health and welfare and maintaining the industry’s productivity and sustainability. Effective risk management requires a comprehensive understanding of the hazards and risks associated with coal mining and the implementation of sound safety policies, procedures, and controls to minimize these risks [5]. The goal of a coal mine safety risk assessment is to protect workers, equipment, and the environment from harm caused by coal mining operations [6]. To this effect, potential sources of hazards must be identified, and the likelihood and severity of potential consequences must be assessed. It is important to conduct regular risk assessments in coal mines to effectively identify and manage hazards and ensure that workers know the risks associated with their work [7]. By taking a proactive approach to risk assessment, mining companies can minimize the likelihood of accidents and injuries, protect their workers, and ensure compliance with relevant safety regulations [8].



In recent times, machine learning has become a promising tool that has supported this process. Machine learning can be used to analyze huge volumes of data from various sources, such as sensors, equipment logs, and worker behavior, to identify patterns and anomalies that could pose a risk to miners [9]. These algorithms can also predict potential hazards in real-time and provide early warning systems for miners and operators to take preventive measures [10]. With machine learning, data from various sources, such as geospatial data [11], seismic data [12], and mine ventilation systems, can be analyzed to assess the risk of geological hazards such as rock outbursts, mine collapses, and gas explosions [13]. In addition, data from mining equipment such as conveyors, drill rigs, and loaders can be analyzed to detect abnormal behavior that may lead to failures or accidents [14]. Additionally, machine learning algorithms can analyze worker behavior to identify unsafe practices and provide feedback to improve safety [15]. By incorporating machine learning into coal mine safety risk assessment, mine operators can gain a more accurate and comprehensive understanding of the risks associated with mining operations [16]. This approach can improve the efficiency and effectiveness of risk assessment and enable mine operators to take proactive measures to mitigate risks, prevent accidents, and protect miners’ health and safety [17].



Backpropagation neural networks (BPNNs) have gained popularity in recent years as a tool to predict and analyze coal mine safety risks [18]. BP neural networks are artificial neural networks that use a supervised learning algorithm to train the network on a data set to learn and make predictions based on the input data [19]. This iterative forward and backward propagation process continues until the error is minimized and the network can accurately predict outputs for new inputs [20]. The BP neural network has been used in various applications related to coal mine safety, such as gas prediction [21], rock burst prediction [22], and personnel safety risk assessment [23]. Artificial neural networks (ANNs) are gaining popularity for solving complex real-world problems [24]. However, the traditional backpropagation neural network (BPNN) has some limitations that affect its performance and efficiency [25]. One of the most important limitations of the BP neural network is that it can easily get stuck in local optima, meaning it may not find the global optimal solution. This limitation affects the accuracy and reliability of the results obtained with the BPNN model [26]. It may be prone to overfitting, which means it performs well on training data but poorly on new, unseen data. Additionally, it requires a large amount of training data and can take a long time to converge [27].



The assessment and prediction of risk factors in underground coal mines are therefore considered important mechanisms for reducing or preventing mine accidents. In this study, we aimed to develop an efficient model for assessing and predicting safety risk factors in underground coal mines using existing data from the Xiaonan coal mine. Currently, we are not aware of any study in which the PSO-BP neural network model was proposed for the assessment and prediction of safety risk factors in underground coal mines. To overcome the limitations of the traditional BP neural network, an improved hybrid PSO-BP neural network was developed for the first time for the evaluation and prediction of safety risk factors in underground coal mines. The empirical analysis showed that the PSO-BP neural network model was the most reliable and effective method for the assessment and prediction of safety risks in underground coal mines.




2. Material and Methods


2.1. The BP Neural Network Model


A backpropagation neural network (BP) is a type of artificial neural network that uses a supervised learning algorithm for training [28]. It consists of multiple layers of interconnected processing units called neurons that work together to process information and make predictions [29]. The BP neural network uses a feedforward architecture where information flows in one direction from the input layer to the output layer through the hidden layers. During the training process, the network receives input data and produces an output based on the weights assigned to each neuron [30]. The difference between the predicted and actual output is measured by a loss function [31], and the weights are adjusted in the opposite direction of the gradient of the loss function using a technique called backpropagation. The backpropagation algorithm is used to update the weights of the neurons in the hidden layers and the output layer, and it uses the chain rule of calculus to propagate the error from the output layer back to the input layer [32].



This allows the network to learn from its errors and improve its predictions over time. BP neural networks are widely used for pattern recognition [33], classification [34], and regression tasks in fields such as image processing [35], natural language processing [36], and finance [37].



Suppose that X1, X2, X3…, Xn are the independent variables in the BP neural network, which represent the faction that influences safety risk in the underground coal mine. Ө1 is the output corresponding to the building model for predicting the safety risk in an underground coal mine. In addition, T1 is the actual value of the safety risk for the corresponding training data; wij is the weight for each node in the hidden layer; and wjk is the weight for each node in the output layer. The number of input nodes in the neural network is n, and g is the number of hidden nodes. The number of output nodes is S, and the threshold of each node is c.



	
In feed-forward propagation in the BP neural network, the output of the hidden layer is described as follows:







     O   j   = f     ∑  i = 1   n      w   i j     x   i   −   c   j         j = 1 , 2 , … , g   



(1)





The output of the output layer is as follows:


    T   k   = f     ∑  j = 1   g      O   j     w   j k   −   c   k         k = 1 , 2 , … , s  



(2)







Currently, the performance function in most BP network modeling toolboxes employs the Mean Squared Error (MSE) between the actual output and desired output. The learning approach of the BP network is to quickly reduce the weights and thresholds in the direction of the performance function [38]. The function is defined as follows:


    E   k   =   1   2     ∑  k          T   1   −   Ө   1       2      



(3)







	b.

	
BP neural network Error







By substituting Equations (1) and (2) into (3). The error performance function is obtained as follows:


    E   k   =   1   2    ∑  k     T   k       T   k   − f     ∑  j = 1   g      W   j k   f     ∑  i = 1   n      w   i j   −   c   j           −   c   k   )        



(4)







By deriving the error function from the weight and threshold of the output, we have the following:


    ∂   E   k     ∂   w   j k     = −     T   k   −   Ө   k       f   ′       ∑  j = 1   g      O   j     w   j k   −   c   k         O   j    



(5)






    ∂   E   k     ∂   c   k     =     T   k   −   Ө   k       f   ′       ∑  j = 1   g      O   j     w   j k   −   c   k        



(6)







The error of the output node is obtained as follows:


    δ   k   =     T   k   −   Ө   k       f   ′       ∑  j = 1   g      O   j     w   j k   −   c   k        



(7)







By substituting Equation (7) into Equations (5) and (6), the following equations are described as follows:


    ∂   E   k     ∂   w   j k     = −   δ   k     O   j    



(8)






    ∂   E   k     ∂   c   k     =   δ   k    



(9)







The weight and threshold adjustment formulas are described as follows:


    w   j k     e + 1   =   w   j k     e   + Δ   w   j k   =   w   j k     e   + η δ   O   j    



(10)






    c   k     e + 1   =   c   k     e   + η   δ   k    



(11)







In the hidden layer nodes, the weight and threshold are described as follows:


    w   i j     e + 1   =   w   i j     e   + Δ   w   i j   =   w   i j     e   + η   δ   j     x   i    



(12)






    ω   j     e + 1   =   ω   j     e   + η   δ   j    



(13)







η is the learning rate of the BP neural network in Equations (10), (11), and (13).



Simulation


The evaluation object of the BP neural network is the overall safety of the coal mine; the number of neurons in the input layer is the same as the number of indicators in the index system for evaluating the safety risk in the underground coal mine, and a total of 46 secondary evaluation indicators were used as nodes in the input layer. In developing the predictive models, the input data were normalized before training the network to ensure the accuracy of the predicted results. This was performed to minimize the magnitude effect on the prediction results. The data sets were normalized to the range 0–1 using the following equations:


    X   n o r m   =   X −   X   m i n       X   m a x   −   X   m i n      



(14)




where X represents the original data, Xnorm represents normalized data, and Xmax and Xmin are the maximum and minimum values, respectively, before normalization. The transformed data provides the risk evaluation value corresponding to the index, which satisfies the model’s requirements. Of the data sets, 329 were selected for the training and testing data sets. Illingworth et al. suggested that 70–80% of the whole data set should be used as a training set. Therefore, 264 and 65 data sets were used in this study to develop the underground coal mine safety risk assessment prediction models.



	
Activation function selection: The transfer function selection between the layers of the BP neural network is an important part of the network. The coal safety risk assessment depends on various factors, such as the problem’s complexity, the data set’s size, and the desired output. In this study, the hyperbolic tangent (tanh) and sigmoid functions were adopted for the hidden and output layers, respectively.



	
Training function: The training function in the BP neural network is responsible for adjusting the network weights during the training process. The goal of the training function is to minimize the difference between the network’s output and the desired output for a given input. This study used the Levenberg–Marquardt algorithm as the best and optimal training function to adjust the connection weight and reduce the mean square error.



	
Determination of the number of hidden layer nodes: the hidden layer node is determined based on the complexity of the problem being solved, the amount and quality of the available data, and the desired level of accuracy. Therefore, in this study, a trial-and-error approach was used. A different number of nodes was adopted, and the performances of the networks were compared. The performance was measured in terms of the mean square error (MSE). The number that performed best on the validation set was optimal, as shown in Figure 1.






To make the network training results more in line with the ideal results, this paper determines the number of hidden layer neurons by selecting the number of neurons in different hidden layers and comparing the network error when the number of hidden layer neurons is different. Therefore, 14 was selected as the optimal number for the hidden layer nodes.



	4.

	
Learning rate and lower momentum factor: The choice of the parameters in the BP neural network plays a critical role in the training process. A high learning rate can help the model converge quickly, but it may also cause the optimization algorithm to overshoot the optimal weight values and result in poor performance. A low learning rate, on the other hand, may cause the model to converge slowly or get stuck in local minima. The momentum factor can address these issues by helping the optimizer move more smoothly through the weight space and avoid getting stuck in local minima. A higher momentum factor can help the optimizer overcome local minima and reach the global minimum more quickly. In comparison, a lower momentum factor can help prevent overshooting and oscillations in the weight updates. In this study, to choose the best values for η and α, several BP neural network models were developed with η values of 0.02, 0.04, 0.06, 0.08, 0.01, and 0.2, respectively, and α values of 0.1, 0.2, 0.3, 0.4, 0.7, and 0.9, respectively. The MSE evaluation chose the optimal η and α values as 0.01 and 0.9, respectively.









2.2. Particle Swarm Optimization Algorithm


Particle Swarm Optimization (PSO) is a population-based metaheuristic optimization algorithm inspired by the social behavior of birds flocking or fish schooling. Kennedy and Eberhart first proposed the algorithm in 1995 [39]. The main aim of the PSO algorithm is to maintain a group of particles in a search space, where each particle represents a potential solution. A position vector and velocity vector characterize each particle. The position vector represents the potential solution in the search space, and the velocity vector determines the direction and speed of the particle’s movement in the search space [40,41]. The best-known position of the swarms has been widely used to solve various optimization problems in recent years due to its simplicity, effectiveness, and ability to handle non-linear, non-convex, and multi-modal problems [42]. Recent research in PSO has focused on improving its performance, scalability, and applicability to various optimization problems. Hybrid algorithms combine the strengths of multiple algorithms to overcome their limitations. For example, PSO has been combined with the genetic algorithm (GA) to form a hybrid algorithm called PSO-GA [43], which has been shown to improve the performance of both algorithms. Similarly, PSO has been hybridized with Differential Evolution (DE) [44], which has been applied to solve complex optimization problems. [45] proposed an improved PSO algorithm that used a novel local search strategy to enhance its search performance for large-scale optimization. The proposed algorithm employs a guide search strategy that combines PSO with a local search method to accelerate the convergence and improve the diversity of the swarm. Ref. [46] presented a PSO algorithm that used a surrogate-assisted framework to solve multi-objective optimization. The proposed algorithm employs a surrogate model to approximate the objective functions, which can significantly reduce the computational cost and enhance the search performance. PSO has also been extended to solve multi-objective optimization problems using multi-objective PSO algorithms. Recent work has focused on improving the performance of multi-objective PSO algorithms by incorporating adaptive strategies, using Pareto dominance, and combining multi-objective PSO with other optimization algorithms [47]. Moreover, parallel PSO algorithms have been developed to take advantage of modern parallel computing architectures. One approach is to use parallel evaluation to speed up the evaluation of fitness functions [48]. Another is to use parallel population evaluation to accelerate the selection process.



The PSO algorithm starts by initializing a population of particles randomly in the search space. Each particle evaluates its fitness value based on the objective function to be optimized. A fitness function is defined to evaluate the fitness of each particle based on its position in the search space. The fitness function measures how well the particle’s position solves the optimization problem and is used to determine the quality of the candidate solutions [49]. The particles update their position and velocity vectors based on their own best solution (personal best) and the best solution found by any particle in the swarm (global best). The velocity vector determines the direction and speed of the particle’s movement, while the position vector determines the particle’s new position in the search space [50]. In PSO, a swarm of particles is used to explore a search space in search of an optimal solution to an optimization problem. Each particle in the swarm represents a candidate solution to the problem and is located in a D-dimensional search space, where D is the number of problem variables [51]. The particles are initialized randomly within the search space, and their positions and velocities are updated iteratively based on their own best position and the best position of their neighbors in the swarm [50]. During the optimization process, the swarm of particles moves through the search space, with each particle adjusting its position and velocity based on its own experience and the experiences of its neighbors. This collective behavior allows the swarm to effectively explore the search space and converge towards an optimal solution [52]. The velocity     V   i   k     and the position     X   i   k     of the ith particle are updated as follows [50]:


    V   i   k   ←   V   i   k   + C 1 ∗ r a n d   1   i   k   ∗   p b e s   t   i   k   −   X   i   k     + C 2 ∗ r a n d   2   i   k     g b e s   t   k   −   X   i   k      



(15)






    X   i   k   ←   X   i   k   +   V   i   k    



(16)




where Xi is the position of the ith particle, Vi is the velocity of the particle i, pbest i represents the best position yielding the best fitness value of the ith particle, and gbest is the position discovered by the whole population. C1 and C2 are acceleration coefficients that control the influence of pbest and gbest on the particle’s movement. rand1 and rand2 are used to introduce randomness into the particle’s movement. The values of rand1 and rand2 are multiplied by the acceleration coefficients C1 and C2, respectively [53]. Since its debut by Kennedy and Eberhart in 1995, PSO has attracted significant attention [54]. Numerous researchers have sought to improve its performance in a variety of ways, resulting in the development of many intriguing varieties. One of the variants [55] introduces an inertia weight parameter to the basic PSO algorithms as follows:


    V   i   k   ← w ∗   V   i   k   + C 1 ∗ r a n d   1   i   k   ∗   p b e s   t   i   k   −   X   i   k     + C 2 ∗ r a n d   2   i   k   ∗ ( g b e s   t   k   −   X   i   k   )  



(17)






  W =   w   m a x   − i t e r ·     w   m a x   −   w   m i n     / i t e   r   m a x    



(18)




where iter and itermax are, respectively, the current iteration and maximum iteration, and wmin to wmax is the range of inertia weight [0.4, 0.9], commonly. If w is too high, particles will move too quickly and may overshoot the optimal solutions. On the other hand, if w is too low, particles will move too slowly and may get trapped in local optima [56]. A range of values for w between 0.4 and 0.9 has been found to work well in many applications [39,57,58,59]. The lower bound of this range, 0.4, corresponds to a high degree of exploration, meaning that particles are more likely to explore new regions of the search space. The upper bound of the range, 0.9, corresponds to a high degree of exploitation, meaning that particles are more likely to converge towards the best solutions found. This is useful in the later stages of the search process, when the algorithm has already explored much of the search space and has a good idea of the problem landscape [60,61].



At each iteration, the particles adjust their position based on a combination of their best-known position and the best-known position of the swarm. The algorithm continues to iterate until a stopping criterion is met, such as a maximum number of iterations or a satisfactory solution is found. PSO has been used to solve a variety of optimization problems, including function optimization [62], neural network training, and image segmentation [63]. One advantage of PSO is its simplicity and ease of implementation, making it a popular choice for researchers and practitioners.





3. Network Optimization of the Coal Mine Safety Risk Assessment


3.1. Modeling


3.1.1. The GA-BP Neural Network


The traditional BP neural network can easily get stuck in local minima and converge slowly, especially for large networks or complex problems. To overcome this limitation, this section introduces the neural network GA-BP, which can accelerate convergence through a more efficient optimization method. Figure 2 shows that the GA-BP neural network consists of three components: BP neural network structure determination, genetic algorithm optimization, and BP neural network prediction. The BP neural network structure determination section is based on the number of input and output parameters of the fitting function and the length of each one. The fitness function based on the prediction error (MSE) of the BP neural network is used to evaluate the performance of each individual. For the individual fitness value, the genetic algorithm finds the optimal fitness value that matches the individual through selection, crossover, and mutation operations. The BP neural network prediction uses a genetic algorithm to select the optimal individual and assign the initial weights and thresholds. The network is trained to predict the output of the function [64].



Taking the MSE value of the prediction error of the training set as the individual fitness value, the smaller the fitness value, the better the individual at each iteration.




3.1.2. The PSO-BP Neural Network


In the BP neural network, the network learns by adjusting the weights and biases of its neurons in response to the training data [65]. The objective is to minimize a cost function that measures the error between the network’s predicted and actual outputs. However, a common problem with BP neural networks is that they can get stuck at local minima. Local minima are points in the weighting space where the cost function has a lower value than in surrounding areas but may not be the global minimum, which is the best set of weights for the network [66]. If the network is stuck at a local minimum, it may not be able to improve its performance further, even if there is a better set of weights that could lead to a lower error. The PSO-BP neural network algorithm is robust to noisy and incomplete data [67]. This is because the PSO algorithm can effectively deal with noisy data by exploring the entire search space and finding the optimal set of weights that minimizes the error even in the presence of noise [68]. To develop the neural network PSO-BP, the PSO algorithm was used to find the optimal initial weights and thresholds for the BP neural network. The particles in the swarm represent different sets of weights, and their positions are updated based on their own and the global best positions. The fitness of each particle was evaluated based on the error between the predicted and actual outputs of the neural network with the corresponding weights. Using the optimal structure of 46 × 14 × 1, the coal mine safety risk evaluation model based on the PSO-BP neural network structure is shown in Figure 3.



The initialization of weights and thresholds was randomly selected. A total of 1673 weights were used to determine the length of particles in the initial population. The fitness function of the particles was evaluated at each iteration by training the BP neural network with its weights and calculating its performance on the training datasets. The velocity of each particle is updated by iterating its pbest and gbest. After the PSO algorithm updated the weights and thresholds of each particle, the BP algorithm was used to train the network with the updated weights and thresholds. The BP algorithm uses the error between the predicted output and the actual output to adjust the weights and thresholds of the neural network. The PSO-BP algorithm terminates when a termination criterion is met, such as reaching a maximum number of iterations or a certain accuracy level. In this study, MSE was used to evaluate the fitness function of the BP neural network on the training dataset for the i-th particle. The smaller the fitness value of a particle, the better the particle. The flowchart of the learning algorithm is shown in Figure 4.



The Optimized Parameters of the Network Model


In order to verify the optimization methodology and the accuracy of the observed values, the process was performed based on the results provided in the developed MATLAB (R2019a) code. The initialization of the PSO algorithm involves setting various parameters that govern the behavior of the swarm. These parameters include the number of particles in the population, the number of iterations, the inertia weight, and the parameters that control the update of the velocity and position vectors. As shown in Table 1, the initialization parameters were described as follows.




Number of Particles in the Population


The number of particles in the PSO population is an important hyperparameter that can affect the performance and convergence speed of the algorithm. Generally, a larger population size can increase the diversity of the search and reduce the chance of getting stuck in local optima, but it also requires more computational resources and may lead to slower convergence [69]. Selecting the number of particles in the PSO population can be a challenging task that requires careful consideration of the problem characteristics, the available resources, and the desired performance [70]. A good practice is to perform a sensitivity analysis to evaluate the effect of different population sizes on the optimization results and to choose a reasonable value based on the trade-off between exploration and exploitation [71].




The Number of Iterations


Iterations refer to the number of times the population of particles is updated before the algorithm terminates. The more iterations an algorithm has, the more thoroughly the search space can be explored, but it also requires more computing resources and may result in slower convergence [72]. Similar to the selection of the population size, there are different approaches to determining the number of iterations in PSO. One common approach is to set a fixed number of iterations based on prior experience or a rule of thumb [73]. For example, a common rule of thumb is to run PSO for 500–2000 iterations for most optimization problems.




Inertia Weight


The role of the inertia weight is to balance the global and local search behaviors of the particles. A higher inertia weight favors global exploration, allowing the particles to move faster and cover a larger search space [74]. A lower inertia weight favors local exploitation, allowing the particles to converge more tightly around the best solutions found. In this study, the adaptive approach has been used. The equation is described as follows:


   v i  ( t + 1 )   = p h i ∗    v i  ( t )   + C 1 ∗ r 1 ∗ ( p b e s  t i  −  x i  ( t )   ) + C 2 ∗ r 2 ∗ ( g b e s t −  x i  ( t )   )    



(19)




where phi is the sum of the cognitive and social learning factors.




The Inertia Weight Damping Ratio


The inertia weight damping ratio is a parameter used in some adaptive approaches for setting the inertia weight in PSO. The damping ratio is used to adjust the rate at which the inertia weight changes over iterations in order to balance exploration and exploitation and improve convergence [75]. According to the formula below, the damping ratio is the ratio of the current and maximum inertia weights.


  d =    w  ( t )      w  max      



(20)




where w(t) is the current inertia weight at iteration t, and Wmax is the maximum inertia weight allowed in the optimization.




Acceleration Coefficients


The acceleration coefficients C1 and C2 are typically constant during the optimization process and can be set to different values depending on the problem characteristics and the desired convergence behavior [76,77]. For example, setting C1 = 2.5 and C2 = 2.5 gives equal importance to the personal best and global best positions, while setting C1 = 1 and C2 = 2 gives more weight to the global best position.






3.2. Model Evaluation Indicators


For a comprehensive assessment of safety risk in underground mining, three statistical metrics (coefficient of determination R2, mean square error MSE, and mean absolute percentage error MAPE) were used to determine the average performance of the optimal model and the accuracy of the prediction. The coefficient of determination (R2) is the percentage of variance of the dependent variable that can be predicted using the independent variables [78]. The coefficient of determination (R2) was used to measure the effectiveness of the neural network model, and therefore the optimal model was determined based on this principle. The coefficient of determination (R2) can have values between 0 and 1. An R2 value closer to 1 indicates higher correlation and better agreement between the predicted results and the target values [79]. MSE is the mean or average square of the difference between actual and estimated values. This means that the MSE is obtained by dividing the square of the difference between the predicted and actual target variables by the number of data points. Positive values are always preferable, while values close to zero are optimal. The smaller the values of MAPE and MSE, the better the accuracy of the prediction model [80]. The equations for the three statistical metrics are given below.


    R   2   = 1 −     ∑  i = 1   n          X   i   −   Y   i       2         ∑  i = 1   n        Ȳ −   Y   i       2        



(21)






  M A P E =     ∑  i = 1   n        X   i   −   Y   i         n   ∗ 100  



(22)






  M S E =   1   n     ∑  i = 1   n          X   i   −   Y   i       2      



(23)




where n is the total number of the data points, Xi is the actual value of the ith sample, Yi is the predicted value of the ith sample, and Ȳ is the mean value of the actual values.





4. Result and Analysis


Primary and secondary data were used in carrying out this report. A questionnaire survey was used to collect the primary data from the Xiaonan coal mine company. MATLAB software (64-bit (win64), R2019a) was used to train and test the network. Of the data sets, 329 were used to train and test the performance of the optimal model, with an optimal structure of 46 × 14 × 1. In order to show the prediction accuracy of the neural network models, a comparative analysis of the error between the predicted values of the traditional BP neural network, the GA-BP neural network, and the PSO-BP neural network is implemented in Figure 7. The comparison curves between the predicted and actual values of the coal mine safety risk for each model are shown in Figure 8.



4.1. Results Analysis


Predictive accuracy ensures timely intervention and the possible prevention of accidents. Therefore, developing precision models is paramount to promoting miner and equipment safety in underground coal mines worldwide. As mentioned earlier, the BP neural network can get stuck at a local minimum when trying to find the global minimum during training. This happens because the gradient descent algorithm used in training the BP neural network tries to find the direction of the steepest descent to minimize the error function. However, it may get stuck at a local minimum instead of reaching the global minimum. In addition, the convergence speed of BPNN decreases with large data, and the real-time performance of its inhibition becomes poor. In this research, the BP neural network was used and then optimized to build a more efficient and accurate prediction model for the prediction of safety risk factors in the Xiaonan coal mine. The BP neural network was optimized with the GA neural network to form the GA-BP neural network. The BP neural network was also optimized with the PSO neural network to form the PSO-BP neural network. Therefore, the particle swarm optimization (PSO) algorithm, with its simple implementation and high convergence speed, was investigated to optimize the BP neural network. The PSO technique does not require complex encoding and decoding processes like genetic algorithms do. The real number denotes a particle whose internal velocity is updated for the optimal solution [79]. Therefore, the PSO algorithm was combined with the BP neural network to build an efficient model for predicting safety risk factors in underground coal mines. The assessment indicators for the PSO-BP neural network are shown in Table 2.



Ten repeated optimization models were run for the PSO-BP neural network to determine the best fitness (see Table 2). In each iteration, a new population was continuously generated, and the optimal weights and biases of the BP neural network were determined. Figure 5 shows the best global fitness of the ten models. MSE, MAPE, and R2 were used as the main evaluation indicators, as shown in Table 2.



It can be seen that the fifth model had the lowest value of 2.5 × 10−4, while the second model had the highest value of 4.0 × 10−4 among all the ten models. This shows that the 5th model had the best predictive accuracy compared to the 2nd model, which had the highest global fitness value. This is because a lower global fitness value indicates that the model has the best prediction accuracy. In addition, it can be seen from Table 2 that the error values when testing the 5th model were 2.0 × 10−4. Additionally, the mean absolute percentage value of the fifth model for testing was 2.6, which is the lowest value compared to the results obtained by the other models. On the other hand, the second model, which had the worst values for prediction accuracy, achieved an error value of 5.5 × 10−4 and a mean absolute percentage value of 5.1 for the testing of the data sets. Accordingly, low MSE and MAPE values indicate a high-performing model [80]. Apart from this, the results of the regression analysis for the training and testing of the fifth and second models are shown in Figure 6. The R2 value of the testing for the fifth model was 0.92 compared to the second model, which achieved a predictive accuracy of 0.80. This shows that the fifth model has a good correlation with the actual value and is therefore favorable and reliable. Therefore, the fifth model was considered the neural network model (PSO-BP) for further analysis.




4.2. Comparative Analysis of Models


Three indicators were used to evaluate these models to determine their predictive accuracy. A comparison of the three models was made to determine the best model for predicting the safety risk factors in the Xiaonan coal mine. The MSE, MAPE, and R2 values were used to compare the performance of the optimized models with that of the BP neural network, as shown in Table 3.



Comparing the GA-BP neural network with the BP neural network, it can be seen that the MSE and MAPE values for the tests of the GA-BP neural network were 4.2 × 10−4 and 5.1, respectively, compared to the testing of the BP neural network, which achieved 1.5 × 10−3 and 9.7, respectively, as shown in Table 3. Lower MSE and MAPE values show more efficient prediction accuracy of the models, so the GA-BP neural network had better prediction accuracy than the BP neural network. More importantly, the R2 value of the model GA-BP for the tests was 0.78 compared to the BP neural network model, which was 0.50. This shows that the predicted values of the GA-BP neural network model had a good correlation with the actual values compared to the BP neural network model. This makes the GA-BP neural network model more favorable and reliable than the BP neural network model [81]. Furthermore, comparing the PSO-BP neural network model with the BP neural network model, the PSO-BP neural network model turns out to be better. For example, the MSE and MAPE values for testing the PSO-BP neural network model were 2.0 × 10−4 and 4.3, respectively. The testing values of the MSE and MAPE for the BP neural network model were 1.5 × 10−3 and 9.7, respectively. In comparison, the PSO-BP neural network model had lower MSE and MAPE values, indicating improved prediction accuracy. In addition, the R2 value of the PSO-BP neural network model for the testing was 0.92 compared with the BP neural network model, which had 0.50. Higher R2 values indicate that the predictive accuracy of the PSO-BP neural network model had a good correlation with the actual values compared to the BP neural network model [82,83]. This shows that the PSO-BP neural network model is more favorable and reliable than the BP neural network model. Figure 7 shows the error comparison of the three models for training and testing data sets.



Again, a comparison was made between the GA-BP neural network model and the PSO-BP neural network model to determine the most efficient and reliable model. The MSE of the testing for the GA-BP neural network model was 4.2 × 10−4, whereas the PSO-BP neural network model was 2.0 × 10−4. The MAPE value of the testing for the GA-BP neural network model was 5.1, whereas the PSO-BP neural network model was 4.3%. Smaller MSE and MAPE values indicate a better-performing model, so the PSO-BP neural network model has higher prediction accuracy than the GA-BP neural network model. In addition, the R2 value of the testing for the GA-BP neural network model reached a value of 0.78 compared to the PSO-BP neural network, which was 0.92. This also indicates that the output of the PSO-BP neural network model has a good correlation with the actual values compared to the GA-BP neural network model, as a higher R2 value indicates a model with high precision. The prediction improvement of the PSO-BP neural network model over the BP neural network model was 85.2% compared to the GA-BP neural network model, which was 65.7%, indicates that the PSO-BP neural network model has a better prediction improvement in comparison, as indicated in Table 4.



Figure 8 shows a comparison curve between the predicted values and the actual values of the BP, GA-BP, and PSO-BP neural network models. From Figure 8c, it can be seen that the predicted values of the PSO-BP neural network almost match the actual values, making it the best prediction model. The analysis of the MSE, MAPE, R2, and global best fitness shows that the PSO-BP neural network model has the highest prediction accuracy. Therefore, in this paper, the PSO-BP neural network model is proposed as an improved model for the prediction and assessment of safety risk factors in underground mines. This study is in line with other studies that have also proposed the PSO-BP neural network model for the assessment and prediction of various issues. The PSO-BP neural network model has better robustness and accuracy in the assessment and prediction of risk factors compared to the other models [84]. Furthermore, in addition to having a simple algorithm, the PSO-BP neural network model is highly evaluative and intelligent [85]. For example, Deng et al. proposed a model for the prediction of the number of coliform bacteria in Dai’s Special Snacks, Sapie, based on the PSO-BP neural network model. Ma et al. also proposed a thermal error model of the spindle system based on the PSO-BP neural network.




4.3. Limitations of the Study


It is important to note that this study, like any other, has some limitations. For example, it was difficult to collect the data for this study because the responses to the questionnaires took a long time to come in. Furthermore, compiling the data was a tedious process that took a lot of time. We believe that minimal errors could have occurred at any of these stages that would have been reflected in the results. Again, we believe that the parameters used in the evaluation of the neural network proposed in this study for PSO-BP did not produce the best result due to these minimal errors. Nonetheless, we believe that these errors are minor and do not affect the overall conclusions of this study.





5. Conclusions


Coal has played an important role in supplying energy to the economies of many countries, but it also poses various risk factors to miners, equipment, and others. Risk assessment and identification are very important, as unrecognized risks can lead to accidents resulting in minor to severe injuries or even fatalities. Accurate risk assessment provides reliable information for taking timely safety measures. To this end, a total of 329 datasets were gathered from the Xiaonan coal mine to aid in the development of a novel and efficient model for the assessment and prediction of risk factors. A novel approach to underground coal mine assessment (PSO-BP) that combines particle swarm optimization (PSO) and BP neural networks has been proposed for evaluating and predicting safety risk factors in underground coal mines. Three indicators including, the MSE, MAPE, and R2, were used to evaluate the models, and a comparison was made between the PSO-BP, BP, and GA-BP models. The values of the MSE, MAPE, and R2 of the testing for the PSO-BP neural network were 2 × 10−4, 4.3, and 0.92, respectively, which were the best-performing values compared to the other models. Therefore, the study proposed the PSO-BP neural network model as an effective model to evaluate the safety risk of underground coal mining.
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Abbreviations




	OK
	The output vector of the network in the k-ith layer



	netk
	The summation weighted at the output layer k



	Wjk
	The weight of hidden layer j and output layer k



	yj
	The output of the hidden layer j



	xi
	The input at the nodes in layer i



	νij
	The weight of the input layer and hidden layer



	netj
	the summation of the weighted input



	wjk
	The transfer function in the jth layer node



	   E   
	The neural network error



	   − η   
	The learning constant



	     δ   k   O     
	The error signal for the output layer O and hidden layer k



	Δwjk
	Deviation error of the weight in the hidden layer j and output layer k



	Δνiij
	Derivation error of the weight in input layer I and hidden layer j



	Xi
	The position of the ith particle



	Vi
	The velocity of the particle



	C1
	The personal learning coefficient



	C2
	The global learning coefficient



	   W   
	The inertia weight parameter in the PSO algorithm



	Xnorm
	Normalized data



	     R   2     
	Coefficient of determination



	   M A P E   
	Mean absolute percentage error



	   M S E   
	Mean squared error
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Figure 1. The number of hidden layer nodes. 
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Figure 2. GA-BP neural network algorithm process. 
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Figure 3. Coal safety risk assessment based on the PSO-BP neural network’s optimal structure. 
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Figure 4. PSO-BP neural algorithm process. 
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Figure 5. The evolution of the global best’s fitness. Best and average fitness based on the error (MSE) of the BP neural network models 1–10. 
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Figure 6. The regression plot and the fitted line between the actual and predicted values of the PSO-BP neural network model. (a) the smallest accuracy; (b) highest accuracy. 
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Figure 7. Error comparison between the predicted values of the BP neural network, the GA-BP neural, and the PSO-BP neural network. (a) Training data sets (b) Testing data sets. 
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Figure 8. Comparison curves between the predicted and actual values of each model. (a) BP neural network, (b) GA-BP neural network and (c) PSO-BP neural network. 
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Table 1. PSO initial optimization parameters.
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	Optimization Parameters
	Values





	The number of particles in the population (SwarmSize)
	50



	The maximum number of iterations
	500



	Inertia weight (W)
	0.60



	The inertia weight damping ratio
	0.40



	The personal learning coefficient (C1)
	2.5



	The global learning coefficient (C2)
	2.5










[image: Table] 





Table 2. Assessment indicators of the PSO-BP neural network.






Table 2. Assessment indicators of the PSO-BP neural network.





	
Model

No.

	
MSE [×10−4]

	
MAPE (%)

	
R2






	

	
Train

	
Test

	
Train

	
Test

	
Train

	
Test




	
1

	
2.9

	
3.7

	
4.1

	
4.7

	
0.84

	
0.83




	
2

	
5.4

	
5.5

	
5.0

	
5.1

	
0.83

	
0.80




	
3

	
3.5

	
2.6

	
3.6

	
4.9

	
0.86

	
0.84




	
4

	
3.5

	
3.0

	
4.3

	
4.2

	
0.85

	
0.86




	
5

	
1.1

	
2.0

	
1.2

	
2.6

	
0.94

	
0.92




	
6

	
3.7

	
3.8

	
3.6

	
4.8

	
0.87

	
0.91




	
7

	
3.5

	
4.3

	
4.3

	
4.2

	
0.88

	
0.87




	
8

	
2.1

	
2.3

	
4.0

	
3.7

	
0.85

	
0.81




	
9

	
2.4

	
3.9

	
3.7

	
4.1

	
0.87

	
0.83




	
10

	
2.2

	
2.3

	
3.7

	
4.7

	
0.83

	
0.85
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Table 3. Performance of each of the models.
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Model

	
MSE

	
MAPE (%)

	
R2






	

	
Train

	
Test

	
Train

	
Test

	
Train

	
Test




	
BPNN

	
1.3 × 10−3

	
1.5 × 10−3

	
6

	
9.7

	
0.64

	
0.50




	
GA-BPNN

	
3.2 × 10−4

	
4.2 × 10−4

	
4.2

	
5.1

	
0.82

	
0.78




	
PSO-BPNN

	
1.1 × 10−4

	
2.0 × 10−4

	
3.1

	
4.3

	
0.94

	
0.92
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Table 4. Models’ prediction improvement over the traditional BP neural network.
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Model Prediction Improvement






	

	
Train

	
Test




	
GA-BPNN

	
58.9%

	
65.7%




	
PSO-BPNN

	
89.3%

	
85.2%
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