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Abstract

:

Gas concentration monitoring is an effective method for predicting gas disasters in mines. In response to the shortcomings of low efficiency and accuracy in conventional gas concentration prediction, a new method for gas concentration prediction based on Particle Swarm Optimization and Long Short-Term Memory Network (PSO-LSTM) is proposed. First, the principle of the PSO-LSTM fusion model is analyzed, and the PSO-LSTM gas concentration analysis and prediction model is constructed. Second, the gas concentration data are normalized and preprocessed. The PSO algorithm is utilized to optimize the training set of the LSTM model, facilitating the selection of the training data set for the LSTM model. Finally, the MAE, RMSE, and coefficient of determination R2 evaluation indicators are proposed to verify and analyze the prediction results. Gas concentration prediction comparison and verification research was conducted using gas concentration data measured in a mine as the sample data. The experimental results show that: (1) The maximum RMSE predicted using the PSO-LSTM model is 0.0029, and the minimum RMSE is 0.0010 when the sample size changes. This verifies the reliability of the prediction effect of the PSO-LSTM model. (2) The predictive performance of all models ranks as follows: PSO-LSTM > SVR-LSTM > LSTM > PSO-GRU. Comparative analysis with the LSTM model demonstrates that the PSO-LSTM model is more effective in predicting gas concentration, further confirming the superiority of this model in gas concentration prediction.
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1. Introduction


Coal mine gas accidents are characterized by their suddenness and unpredictability. For a long time, the prevention and control of gas disasters in coal mines has been a crucial task in the safety management of high-gas coal mines. The prediction of gas concentration is of great significance for the safety and production management of coal mines. On one hand, the prediction of gas concentration holds an extremely important position in the safety production of coal mines. The accurate prediction of gas concentration enables timely implementation of measures such as ventilation and gas drainage to ensure miners’ safety and the stable operation of the mine. On the other hand, predicting gas concentrations also helps enhance the production efficiency of coal mines. By monitoring and predicting gas concentrations in real-time, production operations can be scheduled effectively, minimizing production downtime caused by gas levels exceeding the standard. This, in turn, enhances the economic benefits of coal mines. Predicting gas concentrations is a critical technical method for ensuring safe production in coal mines. Accurately predicting gas concentrations enables the timely implementation of measures such as ventilation and gas extraction to prevent gas explosions, reduce casualties, and is of great significance in safeguarding personnel safety, ensuring production continuity, and enhancing economic benefits.



The prediction of gas concentration in mine roadways is a typical nonlinear problem. This is because the generation, release, transport, and accumulation processes of gas are influenced by a variety of complex factors, such as geological conditions, gas content in coal seams, mining methods, and ventilation conditions. The interactions of these factors make the changes in gas concentration highly nonlinear, thus complicating predictions using traditional methods. To enhance the accuracy and applicability of gas concentration prediction models, experts and scholars from both domestic and international communities have endeavored to tackle this issue through various methods. They have proposed numerous prediction models, including conventional methods and artificial intelligence approaches, to offer academic support for the prevention and control of coal mine gas disasters. Conventional methods include Random Forest [1,2,3], Regression Trees [4,5], and Multiple Linear Regression [6,7]. These conventional methods for predicting gas concentrations have certain shortcomings. Firstly, conventional methods often rely on linear assumptions which makes it difficult to accurately capture the nonlinear characteristics of gas concentration changes, leading to less accurate prediction results. Secondly, conventional prediction models may rely too heavily on specific datasets, lacking sufficient generalizability. When faced with new or changing conditions, the predictive performance of the model may significantly decline. Furthermore, as mining conditions and environments change, conventional methods struggle to adapt quickly to new changes. Adjusting model parameters and structures can be challenging and time-consuming.



With the development of computer technology, methods for predicting gas concentrations have been continuously improved. In recent years, artificial intelligence technologies, especially machine learning and deep learning methods, have been increasingly applied to predict gas concentrations. These methods can handle highly nonlinear data, learn complex data patterns, and provide more accurate and robust prediction results. For example, techniques such as Artificial Neural Networks (ANN) [8,9,10], Support Vector Machines (SVM) [11,12,13], and LSTM [14] can recognize complex nonlinear relationships between gas concentration and various influencing factors through training, thereby enhancing the accuracy and reliability of predictions. Moreover, these methods exhibit good adaptability and flexibility, enabling them to continuously optimize prediction models as data are updated and accumulated. For instance, Li Huan et al. [15] proposed a gas con-centration prediction model based on an improved Ant Colony Algorithm—Least Squares Support Vector Machine (ACO-LS-SVM) using Support Vector Machines (SVM). This model addresses issues such as the LS-SVM model’s tendency to fall into local optima, slow search efficiency, and premature convergence. To address issues such as the complexity of prediction models and the demand for numerous parameters, Li Shugang et al. [16] constructed a coal mine working face gas concentration prediction model based on re-current neural networks. This model exhibited smaller training errors compared to backpropagation neural network prediction models and bidirectional recurrent neural network prediction models. Zhang Zhen et al. [17] developed a mine gas concentration prediction model using Keras Long Short-Term Memory networks, which exhibited higher prediction accuracy and a longer effective prediction step length. Fu Hua et al. [18] proposed constructing a multi-sensor gas concentration prediction model using deep LSTM networks. Liu Chao et al. [19] proposed a gas concentration prediction model based on CNN-GRU and an LSTM working face gas concentration prediction model using Pearson feature selection. This effectively addresses the challenge that traditional methods face in effectively linking gas concentration with its influencing factors when dealing with a large number of features and big data. Cao et al. categorized methane hazard levels into four categories: normal, attention, warning, and danger. They utilized a coal mine working face methane hazard prediction and early warning model based on Least Squares Support Vector (LS-SVM) multiclassifiers and regressors to forecast changes in methane concentration, achieving commendable predictive accuracy [12]. Brodny et al. proposed a diagnostic and prognostic development method capable of determining short-term methane sensitivity predictions [20].



Against the backdrop mentioned above, addressing issues such as the low prediction accuracy of conventional gas concentration prediction models and the complexity of efficient prediction model structures, research on gas concentration prediction using a Particle Swarm Optimization-Long Short-Term Memory network (PSO-LSTM) has been conducted.




2. Gas Concentration Data and Its Characteristics


When gas accidents occur, there are often noticeable anomalies in gas concentration. Gas concentration is a type of time-varying data that naturally possesses continuity over time. Exploring its time-varying patterns and predicting its trends are of significant importance for the prevention of coal mine gas accidents. To illustrate this point, let us analyze two instances of gas outburst accidents. During these accidents, gas sensors in critical areas recorded changes in gas concentration within the tunnels, and significant abnormal changes in concentration were observed before the accidents occurred.



2.1. Abnormal of Gas Concentration at the Time of Coal and Gas Outburst


	(1)

	
Case Study One. A mine in Guizhou Province was developed with an inclined shaft. Both the main and auxiliary inclined shafts connect to the main and auxiliary mine doors at the elevation of +1410 m, respectively. They are linked to the belt conveyance downhill and track conveyance downhill. The belt conveyance downhill, track conveyance downhill, and the return air inclined shaft were leveled and interconnected at the elevation of +1358 m. The coal and gas outburst accident occurred at the 11,175 open-off cut (drift) development face of the mine. At the time of the accident, the excavation of the open-off cut was progressing upward from the 11,175 transport tunnel, with an inclined length of about 5 m. The coal seam at the 11,175 open-off cut had an inclination angle of approximately six degrees and a coal thickness of around 1.7 m. The accident site was at an elevation of about +1375 m, corresponding to a ground elevation of about +1885 m, with a burial depth of about 510 m. On the day of the accident, the mine utilized a gas concentration monitoring system to gather data on gas concentration at intervals of every 5 min. For this case, 288 gas concentration data points collected from 0:00 on 29 November 2012 to 0:00 the following day were selected. The first 200 data points were used as the training set, and the remaining 88 data points were used as the test set. The PSO-SLTM model was used to predict changes in gas concentration. A typical gas concentration dataset is shown in Figure 1.







	(2)

	
Case Study 2: A mine in Guizhou Province was developed with inclined shafts, including a main inclined shaft, an auxiliary inclined shaft, and a return air inclined shaft. The elevation of the main inclined shaft’s entrance is +1234.5 m, the auxiliary inclined shaft’s entrance is +1236 m, and the return air inclined shaft’s entrance is +1240.963 m. A significant carbon monoxide poisoning incident occurred in this mine on 29 March 2012 at the 2902 transport tunnel heading face in the second mining area. On the day of the accident, the mine’s gas concentration monitoring system collected data on gas concentration at 5 min intervals. For this analysis, 288 gas concentration data points collected from 00:00 29 March 2012 to the following day at 00:00 were selected. The first 200 data points were used as the training set, and the remaining 88 were used as the test set for the predictive analysis of gas concentration changes using the PSO-SLTM model. A typical gas concentration dataset is shown in Figure 2.








2.2. Characteristics of Gas Concentration Data and the Difficulty of Prediction


Predicting gas concentration in mine roadways is a typical nonlinear problem. The generation, release, migration, and accumulation processes of gas are influenced by a variety of complex factors, such as geological conditions, gas content in coal seams, mining methods, and ventilation conditions. These factors interact with each other, making the variation in gas concentration highly nonlinear and challenging to predict using conventional methods.



The difficulties mainly lie in the following aspects: (1) Multivariate influence: Roadway gas concentration is affected by numerous variables that have complex interrelations, making it difficult to describe using simple linear models. (2) Data nonlinearity: The relationship between gas concentration and its influencing factors is often nonlinear and may vary over time and spatial location. (3) Dynamic changes occur in the gas concentration in roadways as mining activities progress, which adds complexity to predicting it because of temporal and spatial variations. (4) Data quality and availability: High-quality, high-frequency monitoring data are essential for accurate predictions. However, in practice, there may be difficulties in data collection due to missing data or noise interference.



The complexity of the coal mining environment and operational processes suggests that the variation in gas concentration at the working face exhibits the following characteristics [21]:




	(1)

	
Periodicity: The gas concentration underground is influenced by various factors, leading to periodic variations with similar magnitudes across most periods. By learning the periodic variations in gas concentration characteristics through machine learning, it can be used to predict its changes in the next period.




	(2)

	
Trend: Gas concentration data are a time series that change over time and exhibit trend characteristics, such as level, rising, and falling trends. Trend changes are one of the important foundations for making predictions.




	(3)

	
Volatility and high nonlinearity: The complex mining conditions underground lead to significant fluctuations in gas concentration monitoring data, resulting in high nonlinearity.









These characteristics indicate that models constructed using traditional statistical methods or basic machine learning techniques may not effectively capture the underlying patterns of gas concentration. Therefore, it is necessary to construct appropriate deep learning models to thoroughly analyze and understand the variation characteristics of gas concentration data. This will effectively predict gas concentration changes over a future period, enhance the predictive capability of coal mine gas safety situations, and offer decision support for routine gas monitoring and supervision at the working face.



To this end, a combined prediction model based on PSO-LSTM is proposed for precise research on coal mine gas concentration prediction, using the gas concentration data collected from a mine in Guizhou as an example. This study initially models typical time-series data using the Long Short-Term Memory Recurrent Neural Network model (LSTM). It then calculates the key parameters of the combined model using the Particle Swarm Optimization (PSO) algorithm and finally compares this model with conventional prediction models. The results show that the combined LSTM-PSO model proposed in this paper outperforms conventional models in prediction accuracy and performance.





3. Introduction to Prediction Theory and Method


3.1. PSO Algorithm


Particle Swarm Optimization (PSO) is an algorithm inspired by the study of bird flocking behavior, with its core idea being the search for optimal solutions through collaboration and information sharing among individuals within the group [22]. The algorithm uses mass-less particles to simulate individuals within a bird flock, each possessing only velocity and position attributes. Velocity represents the direction and distance of the next iteration’s movement, while position represents a potential solution to the problem being addressed. PSO initiates with all individuals foraging within their own space; when an individual finds food (the optimal solution to the problem), that solution becomes the individual’s best solution (   P  i d , p b e s t    ). The best solutions of all individuals are shared within the group, and by evaluating the quality of solutions with a fitness function, the group’s best solution (   P  d , g b e s t    ) is determined. In the next iteration, each individual updates its velocity and position based on the group’s best solution, continuing the foraging process in a cycle until a unique optimal solution is obtained.



Assuming there are N particles in a D-dimensional search space, where each particle represents a potential solution, then the position of the ith particle can be denoted as    X  i d   = {  x  i 1   ,  x  i 2   , … ,  x  i D   }  , and the velocity of the ith particle can be denoted as    V  i d   = {  v  i 1   ,  v  i 2   , … ,  v  i D   }  . The best position found using the ith particle (the personal best solution) is represented as    P  i d , p b e s t   = {  p  i 1   ,  p  i 2   , … ,  p  i D   }  , and the best position found using the entire swarm (the global best solution) is represented as    P  d , g b e s t   = {  p  1 , g b e s t   ,  p  2 , g b e s t   , … ,  p  D , g b e s t   }  . The individual historical best fitness value is denoted by    f p   , and the swarm’s historical best fitness value is denoted by    f g   . The PSO algorithm is characterized by its straightforward structure and ease of implementation, boasting advantages such as high precision and short computation time [23,24].



PSO is initialized with a group of random particles (random solutions). Then, it iteratively finds the optimal solution. In each iteration, particles update themselves by tracking two “extremes” (pbest and gbest). After finding these two optimal values, particles update their velocity and position using the following formula:


   v  i d   k + 1   = w  v  i d  k  +  c 1   r 1  (  P  i d , p b e s t  k  −  x  i d  k  ) +  c 2   r 2  (  P  d , g b e s t  k  −  x  i d  k  )  



(1)







Location update formula:


   x  i d   k + 1   =  x  i d  k  +  v  i d   k + 1    



(2)







In the formula: i represents the particle index; d represents the dimension index of the particle; k is the iteration number; w is the inertia weight; c1 is the cognitive (individual) learning factor; c2 is the social (group) learning factor; r1 and r2 are random numbers between 0 and 1;    v  i d  k    is the velocity vector of particle i in dimension d during iteration k;    P  i d , p b e s t  k    is the historical best position of particle i in dimension d during iteration k;    P  d , g b e s t  k    is the historical best position of the group in dimension d during iteration k.




3.2. LSTM Model


The LSTM network model integrates short-term memory with long-term memory through gated controls, exhibiting excellent capabilities in processing long sequential data [25]. LSTM is composed of multiple repeating structural modules, each containing three gates: the forget gate, the input gate, and the output gate. The LSTM network controls these three gates through activation functions, thereby managing the retention and forgetting of historical information. The LSTM prediction model primarily includes three steps:



The forgetting gate    f t    determined using the Sigmoid function layer is calculated by the following formula:


   f t  = σ (  W f  [  h  t − 1   ,  x t  ] +  b f  )  



(3)




where,  σ  is the Sigmoid activation function;    W f    is the forgetting gate weight matrix;  h  is neuron output;  x  is neuron input;  t  is the current moment;   t − 1   is the previous time;  b  is the offset item.



Add the input gate    i t    of the state quantity, and optionally update. The calculation formula is shown in Equations (4)–(6):


   i t  = σ (  W f  [  h  t − 1   ,  x t  ] +  b i  )  



(4)






    C ˜  t  = tanh (  W c  [  h  t − 1   ,  x t  ] +  b c  )  



(5)






   C t  =  f t   C  t − 1   +  i t    C ˜  t   



(6)




where,     C ˜  t    is the alternate update information at  t  times;   tanh ( )   is the activation function;    W c    is the weight matrix of memory cells;    C t    and    C  t − 1     were the state of memory cells at  t  and   t − 1   moments, respectively.



Output gate    O t   , the calculation formula is as follows:


   O t  = σ (  W o  [  h  t − 1   ,  x t  ] +  b o  )  



(7)






   h t  =  O t  tanh  C t   



(8)




where,    W o    is the output gate weight matrix.



The LSTM network is a type of Recurrent Neural Network (RNN) that processes input data by traversing time steps and updating the RNN state. The RNN state contains information remembered from all previous time steps. LSTM neural networks can predict subsequent values of a time series or sequence by using previous time steps as input.




3.3. PSO-LSTM Algorithm


Time series data contain a large amount of uncertain information and predictions made with a single model often are not ideal. Therefore, to improve prediction accuracy, combining the LSTM and PSO models and applying the PSO algorithm to solve for the combination coefficients can speed up the solution process and fully leverage the advantages of the combined model [26]. Compared to individual LSTM and other prediction methods, PSO-LSTM has stronger global search capabilities, adaptability, the ability to overcome local optima, and suitability for large-scale data, enhancing prediction accuracy and stability. Based on this, the paper proposes a mine gas concentration prediction model based on PSO-LSTM (as shown in Figure 3).



For illustrative purposes, we formulate the weight update formula for the LSTM algorithm part of the PSO-LSTM model as:


   W k  =  W  k  - 1    + △ W  



(9)




where Wt is the weight of the tth iteration; Wt−1 is the weight of the t−1st iteration; and ∆W is the increment of the weight.



In this paper, we have chosen to use a LSTM model for the prediction of gas concentration in the roadway. Generally, the LSTM model is highly influenced by its parameters; therefore, the LSTM needs to be optimized with the help of other methods. Here the PSO particle swarm algorithm is used to optimize the selection of this parameter, and the process is to first define the problem, i.e., the key parameters of the LSTM model need to be defined, and the objective function that needs to be optimized. In this example, we choose to optimize the accuracy of the LSTM. Then, the key parameters of the LSTM are encoded and a one-dimensional vector of the parameters is constructed, as in Section 3.1: the variable P. Next, the particle swarm is initialized, a random velocity is assigned to each particle, and the initial position of each particle is set to a random combination of parameters, and the accuracy and fitness of each type of parameter are calculated. The best position of each individual particle is compared with the global best position by constantly adjusting it. According to the formula of particle swarm optimization, the speed and position of each particle are updated until the iterative requirements are met, i.e., the optimal position is reached. The parameters selected at this time are the optimal parameters, as shown in Equation (9).



Compared to individual models, the PSO-LSTM combined model, which integrates the PSO algorithm and LSTM neural network, effectively solves the challenge of establishing key LSTM parameters and has the following advantages: a strong global search capability, high adaptability, the ability to overcome local optima, and suitability for large-scale data. This makes PSO-LSTM highly practical and scalable for real-world engineering applications.





4. Prediction Model Construction and Evaluation Method


4.1. Data Preprocessing


Based on the research presented earlier, this chapter will conduct studies from three aspects: data preprocessing, model construction steps, and model performance evaluation methods. Due to the influence of the on-site environment and gas monitoring equipment, the monitoring data often have issues such as missing values and a low signal-to-noise ratio. Data cleaning is required before prediction. The data cleaning process can be divided into two steps: missing value detection, and missing value imputation. Missing values are filled using linear interpolation, which involves setting a sliding window to calculate the average value over a certain time period and replacing the missing values with this average. Specifically, the positions of missing values in the data are identified, and the average of historical and recent data is used to fill in these gaps, obtaining complete original input data.



Due to complex underground environmental conditions and issues such as equipment failures and communication breakdowns, gas concentration data often have missing values, which can make predictions difficult. Based on the superiority of spline interpolation in filling missing values in point source time series data, spline interpolation can be used to supplement missing values in gas concentration time series data.



The Spline Interpolation Method (SIM) is a special type of piecewise cubic polynomial interpolation method. Compared to ordinary polynomial interpolation, spline interpolation typically offers a smoother fit to the dataset and results in smaller interpolation errors. Given n + 1 distinct observation times ti, satisfying t0 < t1 < … < tn−1 < tn, and n + 1 observed values Y(ti), the essence of spline interpolation is to construct an n-th degree spline function Y(ti) that approximates the observed dataset.


  Y ( t ) =        Y 0    ( t )                                   t ∈   (  t 0  ,  t 1  )                        Y 1    ( t )                                   t ∈   (  t 1  ,  t 2  )                        ⋯                                                                                                                                         Y  n − 1     ( t )                       t ∈ (  t  n − 1   ,  t n  )        



(10)







Y(t) represents a set of gas concentration data with missing values, as shown in Figure 4. After filling in the missing values using spline interpolation, the result is as shown in Figure 5. From Figure 4, it can be seen that there are multiple gaps in the data, which are related to the on-site environment and monitoring equipment. These gaps are often caused by coal mine tunnel power outages or construction activities that result in sensor disconnections. Missing data can impact the extraction of time series data features and the accuracy of predictions.



The steps for implementing the method may be briefly described as follows: Step 1, prepare relevant data, such as missing data caused by equipment failure, communication interruption, or other factors. Step 2 involves selecting relevant spline interpolation parameters, segmenting the data, and interpolating using information from neighboring data points to approximate the actual data.



To reduce the impact of this factor, preprocessing was performed using the method described above, as shown in Figure 5. This method effectively completes the supplementation of missing data (indicated by blue “×” symbols) and maintains a good fit with the original curve (red line), preserving the characteristics and trends of the original data. However, this method is limited by the sliding window parameters of the missing value filling method and further optimization is needed. The advantages of this method include the relatively smooth curve, the simplicity of the algorithm, and the accuracy of estimating missing data points.




4.2. Composite Model Building Steps


The principle of the PSO-LSTM model is to enhance the training of gas concentration data by combining the PSO algorithm and LSTM algorithm. The PSO algorithm optimizes the data, which are then used as the test set for the LSTM algorithm. This process ensures that the training results of the LSTM algorithm are more accurate. The flowchart is shown in Figure 6.



The specific process is as follows:




	(1)

	
Step 1: The sample data processed using normalization are divided into training set E1 and test set E2 of the PSO-LSTM model in a ratio of 7:3.




	(2)

	
Step 2: Start to optimize the training LSTM model with the training set E1 and PSO models. The specific process is as follows: ① initialize the PSO algorithm and form the optimization community; ② the first 70% of training set E1 is defined as the LSTM model training set E1-1 and the last 30% is defined as PSO model optimization set E1-2. ③ Data set E1-1 is used as the training set of LSTM model and the optimal solution of the data set E1-2 is used as the test set of LSTM model; ④ start the simulation prediction process to find the particle (training result) that makes the PSO optimal selection RMSE minimum. At the same time, the LSTM model is trained using data set E1-1. The Root Mean Square Error (RMSE) was selected as an evaluation index to detect whether the PSO model training reached the maximum number of iterations or the minimum difference in the adaptation values between iterations. ⑤ The optimal solution of the output data set E1-2,    Y  1 − 2      = {   Y  1 − 2  1  ,    Y  1 − 2  2  ,   ⋯ ,    Y  1 − 2  i  }  , i = {1, 2, …, n}.




	(3)

	
Step 3: Use the optimal solution Y1-2 of data set E1-2 to perform a predictive analysis on the LSTM model that has been trained.




	(4)

	
Step 4: Adjust the model parameters according to the prediction results. Predict whether the training result reaches the maximum number of iterations. If not, adjust the parameters, update the internal weights, and return to the PSO-LSTM model again for training until the training result reaches the maximum number of iterations.




	(5)

	
Step 5: After the training of the PSO-LSTM model, the test set E2 was used to conduct predictive analysis of the trained PSO-LSTM model.




	(6)

	
Step 6: Output the optimal solution of the PSO-LSTM model,    Y 2     = {   Y 2 1  ,    Y 2 2  ,   ⋯ ,    Y 2 i  }  , i = {1, 2, … n}.









In short, the PSO-LSTM time series prediction algorithm has advantages in global search, parameter adjustment, adaptive ability, scalability and easy implementation, which makes it have higher performance and efficiency when dealing with time series prediction problems.




4.3. Performance Evaluation Method


Evaluating the performance of prediction models typically requires considering multiple indicators. The choice of suitable evaluation metrics depends on the specific circumstances. Generally, RMSE and MAE are used to analyze the average magnitude of errors, with RMSE being more sensitive to outliers [27]. Additionally, the Mean Error (ME) focuses more on whether the predictions are consistently too high or too low but does not reflect the magnitude of the errors. Based on this, the performance testing of the prediction model uses MAE, RMSE, ME, and R2 as criteria to judge the quality of time series prediction, providing a comprehensive set of information to assess the performance of the prediction model. The mathematical expressions are presented in Equations (11)–(14). MAE can be expressed as follows:


  M A E =  1 N    ∑  i = 1  N     Y −   f ( X )        



(11)




where Y represents the sequence of actual values, f(X) represents the sequence of predicted values, and N is the length of the sequence.



The Root Mean Squared Error (RMSE) can be expressed as follows:


  R M S E =    1 N    ∑  i = 1  N     ( Y − f ( X ) )  2       



(12)







The Mean Error (ME) can be expressed as:


  M E =  1 N    ∑  i = 1  N     Y − f ( X )      



(13)







The coefficient of determination R2 can be described as:


   R 2  = 1 -     ∑  i = 1  N     (   y ^  i  −  y ¯  )  2        ∑  i = 1  N     (  y i  −  y ¯  )  2       



(14)







In the formula,    y i    stands for the values to be fitted, with their mean being   y ¯   and the fitted values being     y ^  i   .



Furthermore, the introduction of R2 is an important metric used to evaluate the extent to which a regression model fits the data. It ranges from 0 to 1, indicating the proportion of the variance in the dependent variable that is predictable from the independent variable(s). The closer R2 is to 1, the better the model fits the data. Conversely, the closer R2 is to 0, the worse the model fits the data.





5. Parameter Selection and Model Evaluation


5.1. Evaluation of Model Key Parameters


When constructing a PSO-LSTM model, it is crucial to consider how to establish key parameters and the impact of the data itself on prediction accuracy, in order to enhance the model’s performance [28]. Parameters within the LSTM neural network include the number of LSTM layers, the number of units, and the learning rate. Parameters for the PSO algorithm include the size of the swarm, maximum number of iterations (epochs), and inertia weight. Additionally, model training and validation parameters must be considered, including the division of training and validation sets, and the size of the time window (LSTM time steps). Establishing these parameters typically requires experimentation and tuning, with methods such as cross-validation used to assess the performance of the model under different parameter combinations, selecting the combination that performs best on the validation set. It is also important to be mindful of avoiding overfitting and underfitting to improve the model’s generalization ability.



Identifying the key parameters of the LSTM model to achieve optimal performance is an iterative process, typically involving methods such as Grid Search, Random Search, and Bayesian Optimization for evaluation and tuning. This paper considers the superior characteristics of PSO and chooses to perform parameter tuning using the PSO algorithm, thereby obtaining the optimal parameter combination for the LSTM model. Initially, a PSO-LSTM model was constructed using MATLAB, establishing key parameters for the PSO algorithm. As shown in Table 1, the initial swarm size is set to 5, the dimensionality of the swarm to 2, and the maximum number of iterations to 10, with learning factors c1 = c2 = 2, the maximum inertia weight at 1.2, and the minimum inertia weight at 0.8.



The key parameters of the LSTM network were obtained using PSO optimization calculation, and the convergence curve of the optimal fitness of the process was shown in Figure 7. The best fitness convergence curve of PSO is an important index to reflect the optimization process of the PSO algorithm, and the convergence curve can show the change trend of the fitness value of the PSO algorithm in the optimization process. As can be seen from the figure, when the epoch of the PSO algorithm belongs to the range [0, 25], the fitness of convergence curve decreases rapidly, indicating that the convergence speed is fast and the algorithm efficiency is high in the initial stage. It becomes stable after epoch = 25 with a value of 7.49 × 10−5, and remains stable in the range of 25,200 for a long period of time. Then, there will be a slight decrease at epoch = 200 and then it will enter a stable state again, when the value reaches 5.66 × 10−5. Considering the convergence rate and other factors, epoch = 50 is chosen as the global optimal solution. It can be seen from the figure that the fitness convergence curve of PSO tends to be stable and the fitness value is low, so it can be judged that the PSO algorithm has found the global optimal solution.



Therefore, the relevant parameters of the LSTM model are established. The final optimization calculation results are shown in Table 2: the dimension of the input layer is 2, the dimension of the output layer is 1, the number of neurons of the hidden layer is 10–200, the learning rate is 0.01~0.15, the iteration number is 50, and a random gradient descent algorithm is adopted.




5.2. Influence Analysis of Data Length and Sampling Frequency


To verify the reliability of the PSO-LSTM model, an analysis was conducted using actual measured data from a mine, comparing different sample data volumes and frequencies of sample data changes. The analysis from the perspectives of data sample volume and sampling frequency reveals whether these factors impact the prediction model discussed earlier.



	(1)

	
Analysis of different sample data volumes







The gas monitoring system of the working face collected gas concentration data at 5 min intervals. For this study, 288 gas concentration data points collected from 0:00 28 November 2012 to 0:00 the next day were selected as the sample data to establish a mine gas concentration time series. To study the impact of different sample data volumes on model prediction accuracy, four gas concentration datasets of 6 h, 12 h, 24 h, and 48 h in duration were selected for training and prediction from different data length perspectives. The results are shown in Figure 8a–d; the localized area on the plot is zoomed in on the top of each of these plots, so that the detailed effect of that part can be seen. As can be seen, the predicted and actual values agree well, but there are still minor differences.



The prediction performance of the four different datasets was calculated, with the Root Mean Square Error (RMSE) values being 0.0013, 0.0010, 0.0010, and 0.0029 (with four significant figures retained), respectively. According to Figure 8, the 12 h and 24 h datasets yielded the smallest RMSE values at 0.0010, while the 48 h dataset had the largest RMSE value at 0.0029. Overall, the fluctuation range of RMSE values is not significant, indicating that the model does not require a high volume of gas concentration data and can adapt to data volume changes within 6 to 48 h.



	(2)

	
Prediction analysis of sample data volume with different amplitude of change







To verify the impact of the amplitude of data variation on the prediction results of the PSO-LSTM model, gas concentration data from a mine with a smaller frequency of variation were selected as a typical sample (Sample Two) for prediction using the PSO-LSTM model. The prediction’s results are shown in Figure 9. Comparing the prediction results of Figure 9 (Sample Two) with those of Figure 8 (Sample One), it was found that the amplitude of gas concentration changes affects the accuracy of predictions. Specifically, the Root Mean Square Error (RMSE) for Sample Two, which had smaller amplitude changes, was lower than that for Sample One, with larger amplitude changes, indicating that Sample Two’s prediction error was greater than Sample One’s. In summary, when the amplitude of sample data variation is small, it is advisable to keep the total data quantity to no more than 288, meaning that for every 24 h (288 data points) as a data set the PSO-LSTM model yields higher prediction accuracy.




5.3. Predictive Performance Evaluation (Data10)


To verify the feasibility and effectiveness of the model, typical gas concentration data from a mine in Guizhou from August 2012 to November 2015 were selected for study. The original input data were first converted to a format compatible with the model’s input dimensions. The transformed dataset was then divided into training, testing, and validation sets to verify the model’s fitting effectiveness. The first 200 data points were chosen as the training set, the following 88 as the test set, and an additional 40 data points were selected as the validation set. The PSO-LSTM model was used for the gas concentration prediction study and the model’s training set loss rate was calculated. The prediction results for the training, test, and validation sets are shown in Figure 10. As shown in Figure 10, on the left side of the figure the prediction results are shown and on the right side the corresponding local zoomed-in image is shown.



To scientifically assess the model’s performance, the overall Root Mean Squared Error (RMSE) and Mean Absolute Error (MAE) were calculated for each model to verify the feasibility and effectiveness of the method. The final results showed that the PSO-LSTM model’s gas concentration prediction was validated and analyzed using the evaluation formulas for MAE, RMSE, and the coefficient of determination R2, yielding an MAE of 0.0008, an RMSE of 0.0010, and an R2 of 0.9987. The small MAE and RMSE indicate that the model has a small measurement error, and the R2 value close to 1 suggests a high degree of model fit, demonstrating the model’s practical value.




5.4. Cross Validation Analysis (Data11)


The core idea of cross-validation is to divide the original dataset into groups, using some as the training set to train the model and others as the test set to evaluate the model. The benefits of cross-validation include evaluating the predictive performance of a model, particularly how well a trained model performs on new data, which can help to reduce overfitting to some extent. It also maximizes the extraction of useful information from limited data and aids in selecting the appropriate model. This paper opts for k-fold cross-validation, which reduces variance by averaging the results of training on k different groupings, thus decreasing the model’s performance sensitivity to data division. Given the modest size of the dataset, a k value of 5 is chosen. Based on this, the MATLAB cross-validation function (such as crossvalid) is used to divide the data. A loop structure is then utilized to sequentially use each subset as the validation set and the remaining subsets as the training set for multiple cross-validations. In each cross-validation, the training set is used to train the PSO-LSTM model, and the validation set to obtain prediction results. After each validation, evaluation metrics (such as RMSE, MAE, ME, etc.) are calculated and recorded. The variation in the prediction model’s loss rate (LOSS) during this cross-validation process is illustrated in Figure 11. The LOSS is a performance metric that reflects the model’s fit to the training data. Observing the PSO-LSTM model’s loss rate reveals that, although initially high, it generally stabilizes after about 20 iterations, indicating the model’s gradual convergence to an optimal solution. The fourth cross-validation shows the lowest LOSS, suggesting the best predictive capability in this instance.



From the above the LOSS rate loss of the PSO-LSTM prediction model, it can be seen that the training process and performance of the model are good. However, it is important to note that the loss rate is only one indicator of model performance, and other factors should be considered for a comprehensive evaluation. This analysis includes evaluation metrics from the training process such as RMSE, MAE, ME, etc. By synthesizing the prediction results from each cross-validation, the model’s generalization ability and stability are assessed. The average evaluation metrics from the cross-validations can be calculated and comparison graphs of prediction results versus observed values can be drawn for visual analysis. The variation in evaluation metrics during the cross-validation process is shown in Figure 12.



As can be seen from Figure 12, R2 is generally higher than 90% when cross-validation is performed for 1–4 times, and in the first cross-validation validation, it reaches 0.9804. With the progress of cross-validation, the low value of 0.7728 appears in the fifth cross-validation, which is consistent with the results in Figure 11, and a high loss rate appears in this cross-validation. From the results of the RMSE, MAE and ME evaluation indicators, the maximum value of RMSE is 0.1032 and the minimum value of 0.0547, while the maximum value of MAE is 0.0740 and the minimum value of MAE is 0.0487. It can be seen that the value of RMSE will be greater than the value of MAE. When the error is small, they may not differ much, but as the error increases, the value of the RMSE will increase more quickly because it is more affected by the large error. Considering these indexes comprehensively, the performance of the prediction model can be evaluated more comprehensively, and the most suitable evaluation indexes can be selected according to the specific needs.





6. Case Study and Discussion


In order to verify the feasibility and validity of the model, two typical gas concentration data of a mine in Guizhou province from August 2012 to November 2015 were selected as the research object (outburst accidents occurred during the corresponding period).



6.1. Typical Case Analysis


After preprocessing the data, 70% of the data were as selected for training the model, and the remaining 30% were as used as a test set. For the typical gas concentration data of one (Figure 1) and two (Figure 2), a comparative prediction study was conducted using the PSO-LSTM model and the LSTM model. The prediction result for typical gas concentration data one is shown in Figure 13, and the prediction result for case two is shown in Figure 14. From Figure 13 and Figure 14, it can be observed that the prediction curve of the PSO-LSTM model becomes stable more quickly than that of the LSTM model, and its curve is closer to the curve of the actual values.



In summary, this paper proposes a PSO-LSTM model for predicting the time series data of gas concentration in coal mines. Experimental results demonstrate that the PSO-LSTM model offers better prediction accuracy and performance. It can more effectively capture the trends and patterns in time series data, thereby enhancing the accuracy of predictions. This research provides a new optimization method for time series data prediction, which is expected to play a significant role in practical applications.




6.2. Discussion Section


To evaluate the effectiveness and accuracy of the predictions mentioned above, the cross-validation method is employed to divide the dataset into multiple subsets. Each subset is used as the validation set in turn, with the remaining subsets serving as the training set to perform multiple rounds of model training and validation. This approach aims to comprehensively assess the generalization ability and stability of the model. The use of this method facilitates a comprehensive evaluation of the PSO-LSTM prediction model’s predictive power and accuracy, thereby providing guidance for model improvements and optimization. Under the same dataset conditions, a quantitative comparative analysis of the predictive efficacy of the combined model with common models (LSTM, SVR-LSTM, PSO-GRU) is conducted. The results, as shown in Table 3, indicate that the PSO-LSTM combined model outperforms the other models, with smaller error values between the predicted and actual values.



To observe the prediction results more intuitively, the actual values and the predicted values of the four models are visualized for comparison, as shown in Figure 13, Figure 14 and Figure 15. From these figures, it can be observed that the value of MAE is consistently lower than that of RMSE, and the trend of the R2 curve aligns with the overall trend of MAE and RMSE. Lower values of RMSE and MAE indicate a higher degree of concordance between predicted and actual values, while higher values indicate greater prediction errors. R2 evaluates the degree of fit of the curve; the closer it is to 1, the better the fit and thus the better the prediction effect. Specifically, the comparative performance of all models from highest to lowest is: PSO-LSTM > SVR-LSTM > LSTM > PSO-GRU. Among them, the PSO-LSTM combination model exhibits exceptional predictive performance, followed by the SVR-LSTM model. The LSTM model, despite experiencing significant fluctuations, performs better overall than PSO-GRU.



In summary, compared to the other three algorithms, PSO-LSTM surpasses them in prediction accuracy and maintains a more stable prediction rate, aligning with the general trend of time series data (as shown in Figure 15). Especially when facing data with more frequent fluctuations, its predictive efficiency is superior. For instance, in Case 1, despite a significant change, the data overall appears smooth (with smaller anomalies), but its prediction results are less accurate than in the more fluctuating Case 2. This indirectly suggests that the PSO-LSTM prediction model also possesses superior performance for non-stationary data.



Through the comparative analysis mentioned above, compared to individual models, the PSO-LSTM combined model, which integrates the PSO algorithm and the LSTM neural network, has the following advantages: (1) A strong global search capability: The PSO algorithm simulates the movement of particles in the search space, enabling a better exploration of the problem’s global optimal solution. In predicting nonlinear complex issues like gas concentration, PSO-LSTM can better search for potential patterns and trends in the data, enhancing prediction accuracy. (2) A high adaptability: The PSO algorithm is adaptive, allowing it to adjust the search strategy based on the complexity of the problem and the characteristics of the data. Combined with the memory and learning capabilities of the LSTM neural network, PSO-LSTM can flexibly adapt to different data features and prediction requirements, improving the model’s generalization ability. (3) Overcoming local optima: The PSO algorithm, through the collaborative search of multiple particles, helps to overcome the problem of local optima that neural network models like LSTM are prone to. This can more effectively uncover potential laws and trends in the data, increasing the accuracy and stability of predictions. (4) Applicability to large-scale data: PSO-LSTM is suitable for handling large-scale data and can effectively process and learn from large amounts of data in nonlinear complex problems like gas concentration, making PSO-LSTM highly practical and scalable in real-world engineering applications.





7. Conclusions


This paper proposes a gas concentration prediction method based on the PSO-LSTM combined model, tailored to the complex nature of coal mine gas concentration. This method leverages the adaptive PSO to automatically search for the initial input weights, recursive weights, and biases of the LSTM network, as well as the weights and biases of the FCL, for predicting gas concentration time series. Research was conducted on the principles of the prediction model, model implementation steps, data preprocessing, and prediction performance evaluation, and a comparative analysis of typical gas concentration data was carried out alongside conventional methods.



	(1)

	
Based on the characteristic patterns of typical gas concentration time series data, a combined model prediction method utilizing the PSO model and LSTM network is proposed. This model capitalizes on the high accuracy and convergence properties of the PSO algorithm to optimize key parameters of the LSTM model, determining the weight coefficients within the combined model, thereby enhancing the prediction accuracy of the LSTM model. The introduction of this method further improves the accuracy of coal mine gas concentration predictions, offering significant reference value for gas disaster monitoring, early warning, and prevention.




	(2)

	
The prediction accuracy of the PSO-LSTM model was evaluated using 24 h gas concentration data from a mine as a sample. The results show that the PSO-LSTM model performs even better, and this method successfully combines the global search potential of adaptive PSO with the local search capabilities of the Adam optimizer, enhancing model accuracy, reducing the likelihood of falling into local minima, and overcoming underfitting/overfitting issues.




	(3)

	
To verify the superiority of the PSO-LSTM model, two sets of field-measured gas concentration data were used as sample data and compared with the predictive effects of conventional models such as LSTM, SVR-LSTM, and PSO-GRU. The results indicate that the predictive performance of all models ranks as follows: PSO-LSTM > SVR-LSTM > LSTM > PSO-GRU. Compared to the other three algorithms, PSO-LSTM exhibits higher predictive accuracy and maintains a more stable prediction accuracy rate, aligning with the general trends of time series data.
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Figure 1. Typical gas concentration data one. 
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Figure 2. Typical gas concentration data two. 






Figure 2. Typical gas concentration data two.
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Figure 3. Structure diagram of PSO-LSTM model. 
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Figure 4. Raw time series with missing values. 






Figure 4. Raw time series with missing values.
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Figure 5. Gap-filled data series. 
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Figure 6. Flow chart of PSO-LSTM model. 






Figure 6. Flow chart of PSO-LSTM model.



[image: Processes 12 00898 g006]







[image: Processes 12 00898 g007] 





Figure 7. Convergence curve of the optimal fitness process. 
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Figure 8. Analysis of the effect of training sets with different monitoring data lengths on the pre-diction results: (a) 6 h; (b) 12 h; (c) 24 h; (d) 48 h. 
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Figure 9. Prediction results of sample data of gas concentration in Sample Two. 
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Figure 10. Training set, test set, validation set gas concentration prediction results. 
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Figure 11. Training set, validation set loss rate obtained from cross-validation. 
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Figure 12. Changes in evaluation indicators during cross-validation. 
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Figure 13. Gas concentration prediction results of Case 1. 
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Figure 14. Gas concentration prediction results of Case 2. 
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Figure 15. Comparison of the prediction performance of several typical algorithms. 
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Table 1. PSO algorithm parameter.
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	Parameter
	Parameter Value
	Parameter
	Parameter Value





	Example initialize the number of communities
	5
	Learning factors c2
	2



	Initialize the population dimension
	2
	Maximum inertia weight
	1.2



	Initialize the maximum number of group iterations
	10
	Minimum inertial weight
	0.8



	learning factors c1
	2
	tolerance
	10−8










 





Table 2. PSO-LSTM algorithm parameter.
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	Parameter
	Parameter Value
	Parameter
	Parameter Value





	Input layer dimension
	2
	Solver
	Adam



	Output layer dimension
	1
	Learning rate
	Self-adaptation



	Number of hidden layer neurons
	10~200
	Number of iterations
	50



	LSTM layer
	PSO optimization
	
	










 





Table 3. Evaluation and comparison of gas concentration prediction results of different models.
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Prediction Model

	
Case 1

	
Case 2




	
MAE

	
RMSE

	
R2

	
MAE

	
RMSE

	
R2






	
LSTM

	
0.0807

	
0.1050

	
0.1945

	
0.0292

	
0.0432

	
0.8605




	
SVR-LSTM

	
0.0404

	
0.0745

	
0.3473

	
0.0218

	
0.0379

	
0.8906




	
PSO-GRU

	
0.0899

	
0.1366

	
0.1410

	
0.0378

	
0.0790

	
0.4841




	
PSO-LSTM

	
0.0166

	
0.0327

	
0.9059

	
0.0077

	
0.0118

	
0.9912
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