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Abstract

:

To reduce the workload and misjudgment of manually discriminating microseismic events and blasts in mines, an artificial intelligence model called PSO-ELM, based on the extreme learning machine (ELM) optimized by the particle swarm optimization (PSO) algorithm, was applied in this study. Firstly, based on the difference between microseismic events and mine blasts and previous research results, 22 seismic parameters were selected as the discrimination feature parameters and their correlation was analyzed. Secondly, 1600 events were randomly selected from the database of the microseismic monitoring system in Fankou Lead-Zinc Mine to form a sample dataset. Then, the optimal discrimination model was established by investigating the model parameters. Finally, the performance of the model was tested using the sample dataset, and it was compared with the performance of the original ELM model and other commonly used intelligent discrimination models. The results indicate that the discrimination performance of PSO-ELM is the best. The values of the six evaluation indicators are close to the optimal value, which shows that PSO-ELM has great potential for discriminating microseismic events and blasts. The research results obtained can provide a new method for discriminating microseismic events and blasts, and it is of great significance to ensure the safe and smooth operation of mines.
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1. Introduction


As the exploitation and utilization of mineral resources and underground space have entered deeper into the earth, rock bursts and other ground pressure disasters have become more and more frequent, so the safety of deep geotechnical engineering has attracted more and more attention [1]. The microseismic monitoring system has the characteristic of real-time monitoring. It can effectively monitor the micro-fracturing inside the rock mass which may expand into macroscopic instability and failure, and the failure evolution process inside the rock mass can also be revealed by it. People can obtain the precursors of ground pressure disasters based on the monitored microseismic data, and take appropriate measures in time to avoid hazards to personnel or equipment, which is of great significance in the smooth progress of the project. Therefore, it has been widely applied in underground mines [2,3], the slope of hydropower stations [4,5], underground caverns [6,7] and tunnels [8,9].



Due to the complexity of the on-site environment of mining activities in mines [10], the monitored microseismic signals tend to be mixed with other signals, including blast signals, drilling signals, electrical signals and mechanical vibration signals [11]. At present, discriminating signal categories is usually done manually, which not only requires an operator with extensive practical experience and deep professional knowledge [1], but also causes problems such as a heavy workload of discriminating events, strong subjectivity due to it depending on an operator’s experience, and delays in discriminating results [12]. In addition to the blast signal, other interference signals mentioned above have a significant difference in waveform from the microseismic signal, and so it is relatively easy to distinguish them from microseismic signals. However, for the blast signal, its waveform is very similar to the microseismic signal, which greatly increases the probability of misjudgment in manual discrimination. Therefore, an efficient and reliable method is urgently needed for discriminating the huge number of microseismic records in mines.



Researchers worldwide have conducted many studies to differentiate seismic events from human-made explosions, including nuclear explosions and mining blasts [12,13], and many different techniques have been proposed. For example, Derr [14] discriminated earthquakes and underground explosions in the Western United States by means of the Rayleigh-wave spectral ratio of short- to long-period energy, which belongs to the waveform spectrum analysis method. Zeiler et al. [15] used magnitude and amplitude ratios to discriminate small earthquakes and blasts at local distances, and obtained a good discrimination performance. Kim et al. [16] used the method based on the spectral amplitude ratio of the vertical components of P-waves and S-waves in a specified frequency range to discriminate earthquakes and blasts. Ford et al. [17] utilized aftershock characteristics to differentiate explosions from earthquakes. Among them, artificial intelligence techniques are widely reported and effective, and have been used in many other fields, such as the prediction of blast-induced rock movement [18], the optimization of postblast ore boundary determination [19], the prediction of rockbursts [20], the prediction of blast-induced air overpressure [21], and the prediction of the strength of the fiber-reinforced cemented paste backfill [22].



For signal discrimination, support vector machines [23], neural networks [13], logistic regression [24], hidden Markov models [25], the Gaussian classifier [26], the Fisher classifier [27] and the naive Bayesian classifier [28] have been widely applied. Usually, some characteristic parameters obtained from the events are selected to represent the original signal and then are used as the input parameters of the models established by intelligent algorithms to discriminate events. For instance, Kortström et al. [23] proposed an automatic classification method for seismic records in areas with few seismographs which makes use of support vector machines (SVM). According to this method, the seismic records are divided into four phase windows after they were filtered by 20 filters. Subsequently, the short-term averages of all filter channels and phase windows are computed. The dataset consists of 80 parameters that play the role of training the SVM model will be assigned to each event station pair. Vallejos and McKinnon [24] adopted logistic regression and neural network classification techniques to classify seismic records based on 14 parameters obtained from the ESG microseismic monitoring system and achieved a relatively high classification accuracy. Bui Quang et al. [25] presented a new method for the detection and classification of seismic events at an array station which combined the progressive multi-channel correlation detector and a statistical time series classifier based on hidden Markov models. Malovichko [26] used a multivariate maximum-likelihood Gaussian classifier technique to discriminate microseismic events and mine blasts. It utilizes four seismic event characteristics and quantifies a probability that a particular event belongs to a population of blasts. Zhao et al. [27] chose spectral characteristics, the event time in hours and two physical characteristics of waveforms as discrimination features, and then developed a model based on statistics through the use of Fisher discriminant analysis which achieved a high discrimination accuracy. Dong et al. [28] selected nine ratios of the energies contained within predetermined velocity windows and average distance as feature parameters and then uses nonlinear methodologies including naive Bayesian classifier to discriminate seismic events and nuclear explosions. Shang et al. [13] adopted an artificial neural network for the classification of microseismic events and mine blasts. Twenty-two seismic parameters from the microseismic monitoring system were selected as characteristic parameters, and the effect of each parameter on classification was analyzed by principal component analysis.



However, the discrimination accuracy of some of the above intelligent algorithms is not very high, and there is still potential for improvement. In addition, no algorithm is suitable for all problems and all field sites are based on the well-known ‘no free lunch’ theorem, and the combination of the extreme learning machine and the particle swarm optimization algorithm has not been used to discriminate seismic events and blasts. In this paper, an artificial intelligence model called PSO-ELM based on the extreme learning machine optimized by the particle swarm optimization algorithm is applied to discriminate microseismic events and blasts in underground metal mines. In order to check the discrimination performance of PSO-ELM, experiments were also carried out with the original extreme learning machine model and other commonly used intelligent discrimination models, including the backpropagation neural network, the naive Bayesian classifier and Fisher discriminant analysis. All the algorithms were implemented in MATLAB R2016b. The discrimination performance of the five intelligent discrimination models above is compared and analyzed. The research results obtained can provide a new method for the discrimination of microseismic events and blasts, and this is helpful to promote the safe and smooth operation of mines.




2. Data


2.1. Outline of the Mine and Microseismic Monitoring System


The experimental data were obtained from Fankou Lead-Zinc Mine (see Figure 1) in Shaoguan, Guangdong Province, China, using the Institute of Mine Seismology (IMS) system, which was installed in 2016. Two mining methods, the large-diameter longhole (LDL) mining method and the upward horizontal cut and fill stoping method, are used to extract the ore underground. The deepest mining depth is close to 900 m underground. The IMS system contains 6 triaxial geophones and 26 uniaxial geophones (see Figure 2), which are distributed at five levels of −280, −360, −455, −550, and −650 m. Both triaxial and uniaxial geophones hold a natural frequency of 14 Hz, and their frequency response is 9 to 2000 Hz.



The continuous voltage signal is recorded by the geophone and then transmitted to the eight-channel network analogue-to-digital converter (NetADC) via the customized eight-core signal cable for analog-to-digital conversion—that is, the analog signal is sampled by NetADC at a 6000 Hz sampling frequency to be converted into a digital signal. Then, the network seismological processor (NetSP) performs noise reduction and amplification processing on digital signals. After that, the signal data from each NetSP are transmitted to the data exchange center through the network communication cable, and are modulated into an optical signal by the fiber converter. Finally, the signal data are transmitted to the microseismic monitoring server on the ground through the optical fiber, so as to realize event location, statistics, analysis of rock mass stability, etc.




2.2. Discriminant Parameters and Sample Dataset


The microseismic event can be regarded as the sudden release of potential or stored energy in the rock, which is then radiated in the form of seismic waves [29,30]. Development or production blasting in mines is a rapid chemical reaction of an explosive substance which causes crushing and fracturing in the surrounding rock mass or the cemented paste backfill [31,32]. It initiates a disturbance that propagates outwards, predominantly in the form of a compressional seismic wave [26]. Blasts or explosions usually radiate waves of higher frequency than microseismic events [33], and various combinations of seismic parameters, such as the ratio between seismic moment and corner frequency, apparent stress, etc., can be used to obtain the difference in frequency components between blasts and microseismic events [26]. The seismic wave radiation pattern of microseismic events is also different from that of blasts. A blast radiates predominantly P-waves from the source, while the microseismic event caused by shear cracking or slip on a contact face radiates P-waves that are weaker than S-waves [26,30]. The amplitude relationship between P-waves and S-waves can be obtained by comparing    M p    with    M s   , which are the seismic moments estimated based on P-waves and S-waves, respectively. This means that the ratio of    M s    to    M p    and its equation, such as the ratio of    P s    to    P p   , can be used as the characteristic parameters of the seismic wave radiation pattern, where    P s    and    P p    are the total potency of S-waves and P-waves, respectively. In addition, generally, mines conduct blasting operations within a relatively fixed period of time. Therefore, an event that occurred during this period of time is more likely to be a blast than a microseismic event [26]. Based on the above differences between blasts and microseismic events, and combined with previous research results [13,24], 22 seismic parameters, including the longitudinal direction coordinates of the event location (E), the latitudinal direction coordinates of the event location (N), the depth direction coordinates of the event location (D), the associated vectorial error sum (  Δ r  ), the origin time of seismic records (t), apparent stress (   σ a   ), apparent volume (AV), corner frequency (   f c   ), dynamic stress drop (  Δ  σ d   ), total radiated energy (   E 0   ), S-wave radiated energy (   E s   ), P-wave radiated energy (   E p   ), S-wave to P-wave energy ratio (   E s  /  E p   ), the number of sensors used in the location of the event (   N s   ), the source radius (   r 0   ), static stress drop (  Δ σ  ), seismic moment (   M 0   ), moment magnitude (   M w   ), the total potency of the P- and S-wave ( P ), the total potency of the S-wave (   P s   ), the total potency of the P-wave (   P p   ) and the S-wave to P-wave potency ratio (   P s  /  P p   ), were selected as the preliminary characteristic parameters for discriminating microseismic events and blasts in this work. One thousand six hundred events, 50% of which were microseismic events, while the remaining 50% were blasts, were randomly chosen from the IMS database as the sample dataset to ensure the applicability of the PSO-ELM method to different microseismic signal data. These 1600 events were recorded from 2016 to 2020, and the number of events in the sample dataset is considerable, which is helpful in avoiding the overfitting phenomenon. The values of the above 22 parameters of the 1600 events were calculated with the help of the built-in software of the IMS system after the P-wave arrival picking and S-wave arrival picking performed manually on the recorded events, and their distribution is shown in Figure 3. The correlation coefficients between 22 seismic parameters are shown in Figure 4. Among them, the correlation coefficients between    E 0    and    E s   ,    M 0    and  P ,    M 0    and    P s   ,    M 0    and    P p   ,  P  and    P s   ,  P  and    P p    are 0.99, 1, 0.96, 0.95, 0.96 and 0.95, respectively, which are greater than the threshold value (0.85) suggested by Rovini et al. [34]. Maintaining one of the two or more parameters with a high correlation coefficient can reduce the amount of calculation and avoid overfitting. So,    E 0   ,  P ,    P s   , and    P p    were discarded, and the remaining 18 seismic parameters were adopted as the final characteristic parameters for discrimination in this paper. In addition, many researchers [35,36,37] suggest that the ratio of training data to testing data can be 8:2. Additionally, in this paper, 80% of the sample dataset was randomly allocated to the training set and the remaining 20% to the testing set.





3. Methodology


3.1. Backpropagation Neural Network (BPNN)


BPNN is a multi-layer feedforward neural network proposed in 1986 [1]. Its main structure comprises an input layer, one or more hidden layers and an output layer. The training process of BPNN includes two processes: signal forward propagation and error backpropagation. For the forward direction, the signal from the input layer is transmitted to the output layer through the hidden layer. If the actual output is different from the expected output, the error between the actual output value and the expected output value will be propagated back. Neural networks modify the weights of neurons by the sum of the squares of gradient descent on the errors. Training and adjustments are repeated in this way until the error between the actual output and the expected output reaches the minimum and is acceptable. After reviewing the previous study, BPNN has been used in many fields, including the path recognition of automated guided vehicles [38], air quality prediction and assessment [39], and stability analysis of underground mine hard rock pillars [40].




3.2. Naive Bayesian Classifier(NBC)


NBC is a discrimination technique derived from the probability model, which is a special form of Bayesian Network. It acquires the conditional probability of each attribute given a category label from the training data. Given an instance of a specific attribute, the Bayesian rule is used to calculate the category probability, and the category prediction is implemented by recognizing the category with the highest posterior probability [41]. The reason why this classifier is naive is that it assumes that the attributes are independent of each other. This assumption means that the conditional probability that an object to be classified belongs to a specific category given some attribute values has nothing to do with the values of other attributes [42]. Although this assumption is inconsistent with the reality, research by Domingos et al. [43] shows that it has no significant impact on the prediction performance of NBC. Moreover, a small amount of abnormal data will not greatly affect the results [44]. So, NBC has many applications, including tunnel face stability prediction [45], traffic accident duration prediction [42], and the classification of rockbursts in underground projects [46].




3.3. Fisher Discriminant Analysis (FDA)


FDA is a linear discriminant method proposed in 1936. It is a classic supervised learning method often used for dimensionality reduction and feature extraction. It projects the data points that are highly dimensional onto a low-dimensional space (such as a one-dimensional straight line) to make the data points denser and then determines the discriminant analysis function according to the principle of maximizing the distance between classes and minimizing the distance within classes, and finally classifies the new samples [47]. The primary target of FDA is to find the optimal linear approximation of the object feature vectors, which can be used effectively and reasonably in various classification tasks [48]. The discriminant performance of the FDA model is closely related to the information provided by the labeled dataset. It can separate the labeled training data into different categories by using the best projection vectors found by utilizing the label information [49]. FDA has been widely used in many areas including text classification [48], bioprocess monitoring [50], and predicting pillar stability for underground mine [51].




3.4. Extreme Learning Machine (ELM)


ELM was presented in 2004 by Huang et al., and belongs to the single-hidden layer feedforward neural network (SLFN) learning algorithms [52]. It can learn quickly with few training parameters, achieve good generalization, and has strong applicability [52]. ELM has the salient feature that the input weights and bias of hidden layer nodes (HLNs) are randomly generated using random algorithms and the only variable that needs to be calculated is the output weights, which is obtained through the least-square method. Therefore, compared with the conventional intelligent algorithms, it can learn faster while achieving better generalization [53].



Generally, an ELM network includes three parts: an input layer, a hidden layer and an output layer (see Figure 5). For  N  arbitrary different samples   (   x  i  ,   t  i  )  , where     x  i  =   [  x  i 1   ,  x  i 2   , … ,  x  i n   ]  T  ∈  R n   ,    t i  =   [  t  i 1   ,  t  i 2   , … ,  t  i m   ]  T  ∈  R m   , a standard SLFN, of which the number of HLNs (NumHLNs) is  l  and the activation function is   g ( x )  , can be expressed mathematically as follows [52,54]:


    ∑  j  = 1   l     β  j    g (   w  j  ⋅   x  i  +   b  j  ) =   o  i   



(1)




where   i = 1 , … , N   and   j = 1 , … , l  .     w  j  =   [  w  j 1   ,  w  j 2   , … ,  w  j n   ]  T    is the input weight which connects the  j th hidden node with the input nodes,     β  j  =   [  β  j 1   ,  β  j 2   , … ,  β  j m   ]  T    is the output weight which connects the  j th hidden node with the output nodes,     b  j    is the bias of the  j th hidden node, and     w  j  ⋅   x  i    is the inner product of     w  j    and     x  i   .



When the above standard SLFN infinitely approximates the  N  samples and the error is equal to 0, i.e.,     ∑  i = 1  N    ‖    o  i  −   t  i   ‖    = 0  , there exist     β  j   ,    w  j   ,    b  j   , so that:


    ∑  j  = 1   l     β  j    g (   w  j  ⋅   x  i  +   b  j  ) =   t  i   



(2)







The simplified form of Equation (2) is


   H β  =  T   








where


   H  (   w  1  , … ,   w  l  ,   b  1  , … ,   b  l  ,   x  1  , …   x  N  ) =  [    g (   w  1  ⋅   x  1  +   b  1  )     ⋮     g (   w  1  ⋅   x  N  +   b  1  )        ⋯     ⋯     ⋯          g (   w  l  ⋅   x  1  +   b  l  )     ⋮     g (   w  l  ⋅   x  N  +   b  l  )    ]    N × l    



(3)






   β  =    [      β  1 T      ⋮       β  l T     ]    l × m    



(4)






   T  =    [      t  1 T      ⋮       t  N T     ]    N × m    



(5)




where   H   is the output matrix of the hidden layer in ELM.



The difference between the ELM algorithm and the general SLFN algorithm is that the input weight   w   and hidden layer bias b of the former are given randomly at the beginning of the algorithm and accordingly calculating the output matrix   H  . Then, what needs to be done is to determine the parameter   β  . Training feedforward neural network can be regarded as seeking out the solution of    H β  =  T    by the least-square method. The output weight matrix   β   can be obtained through solving this equation:


   β  =   H  +   T   



(6)




where     H  +    is the Moore–Penrose generalized inverse of   H  .




3.5. Particle Swarm Optimization (PSO)


PSO was presented in 1995 by Eberhart et al., belongs to the global optimization technique derived from the population [55], and has been applied in many fields, such as the evaluation of TBM tunneling rate [56], the evaluation and prediction of slope stability [57], and the prediction of ground vibration caused by blasting [58]. Its inspiration comes from the information-sharing behavior of social animals, such as birds. The PSO algorithm finds the best solution to the problem by sharing the information of the individuals in the swarm [54,59].



Suppose there are  n  particles in the space, the dimension of which is  D , and they form a swarm. Each particle has two properties, position and speed, and the former stands for a possible solution to the problem. In the  t th iteration, the position and the velocity of the  i th particle are represented by    x i  ( t  ) = [   x  i 1   ,  x i    2  , … ,  x  i D   ]   and    v i   = [   v  i 1   ,  v i    2  , … ,  v  i D   ]  , respectively. Whether a particle has reached a good position can be judged by calculating the fitness value of its current position. At every iteration of PSO, the particle will adjust its speed and position based on these formulas:


   v  i j   ( t  + 1 ) =  w  v  i j   ( t  ) +   c 1   r  j 1   [  p  i j   ( t ) −  x  i j   ( t ) ] +  c 2   r  j 2   [  g  i j   ( t ) −  x  i j   ( t ) ]  



(7)






   x i  ( t  + 1 ) =   x i  ( t  ) +   v i  ( t  + 1 )   



(8)




where   j ∈ [ 1 , 2 , … , D ]  ,  w  denotes the inertia weight,    p  i j   ( t )   denotes the personal best position of the  i th particle at iteration  t , and    g  i j   ( t )   denotes the global best position of the swarm.    c 1    and    c 2    are acceleration constants.    r  j 1     and    r  j 2     are random numbers between [0, 1]. The position and velocity of particles are limited to [Xmin, Xmax] and [Vmin, Vmax] to prevent the blind search for particles.



In the research of Shi and Eberhart [54,60], they found that the goal of balancing global search and local search is achieved by the inertia weight  w . If the value of  w  is larger, it can help particles to avoid falling into the local minima. If the value of  w  is smaller, it can promote the algorithm to converge. So, an adaptive inertia weight is introduced which means that  w  will decrease linearly based on the following formula as the iteration goes on.


  w ( t ) =  w  m a x   − t ×   (  w  m a x   −  w  m i n   )    t  m a x      



(9)




where    w  m a x     and    w  m i n     are the initial inertia weight and the final inertia weight, respectively,  t  is the current iteration number, and    t  m a x     is the maximum of iterations.




3.6. PSO-ELM Algorithm


As mentioned above, the input weights and bias of HLNs in the ELM algorithm are randomly generated. So, there may be some input weight matrices and bias of HLNs that are 0—that is, some HLNs are invalid [59]. This will reduce the accuracy of the prediction. In order to overcome this shortcoming, this paper combines PSO and ELM, called PSO-ELM. It uses the PSO algorithm to adjust the input weight matrices and bias of HLNs in ELM to make them better and then obtain an optimal network [59]. The flow of the PSO-ELM algorithm is shown in Figure 6.





4. Experimental Study


4.1. Development of the BPNN Model


The artificial neural network (ANN) with only one hidden layer can estimate almost all problems [61]. So, a single hidden layer BPNN was adopted in this paper. For the ANN architecture, NumHLNs is very important, and the determination of it is widely regarded as the most critical task. Caudill pointed out in his research that the upper limit of NumHLNs is 2 n + 1, where n denotes the number of input layer nodes [62]. So, 37 BPNN models with NumHLNs from 1 to 37 were developed according to n equals 18 in this paper. To avoid overfitting, the training set was randomly split into the training subset and the validation subset, which account for 75% and 25% of the training set, respectively. Then, the above 37 BPNN models were used to predict the training subset and the validation subset, and each was run 5 times (see Figure 7), which is also helpful to avoiding overfitting. Acctrain and Accvalidate in Figure 7 represent the average overall accuracy of each model predicting the training subset and the validation subset, respectively. The same is true in other figures.



The phenomenon that the prediction performance of the training subset significantly exceeds that of the validation subset is usually considered as the overfitting phenomenon; otherwise, it is called the underfitting phenomenon. Both overfitting and underfitting indicate that the model is unreliable. The prediction performance in Figure 7 shows that the differences between Acctrain and Accvalidate in the 37 BPNN models are all less than 5%, and the values of Acctrain and Accvalidate do not change much after NumHLNs exceeds 3. To find the optimally performing BPNN model among these 37 models, a ranking method proposed by Zorlu et al. [63] was adopted in this paper. Firstly, the Acctrain, Accvalidate and their difference abs|Acctrain−Accvalidate| of the 37 BPNN models were sorted from smallest to largest, respectively. Then, these three parameters were scored, and the model with the smallest Acctrain received 1 point, and the second smallest one received 2 points. In this order, the model with the largest Acctrain received 37 points. For Accvalidate, the models were also scored according to this rule. However, for abs|Acctrain−Accvalidate|, the opposite is true. The model with the smallest abs|Acctrain−Accvalidate| received 37 points and the largest one received 1 point. Finally, the three scores of each model were summed, and the model with the highest total score is optimal. It is obvious in Figure 7 that the model with 25 HLNs achieves the optimal performance, whose average Acctrain and average Accvalidate are 0.9577 and 0.9388, respectively. So, 25 was chosen as NumHLNs.




4.2. Development of the NBC Model


The development of the NBC model is relatively simple, because the parameters required for discrimination, including the mean and variance of each attribute and the prior probability of each class, only need to be estimated based on the training data. So, the NBC model was established after calculating the parameters required for discrimination based on the training set in this paper.




4.3. Development of the FDA Model


Similarly to the NBC model, the development process of the FDA model was relatively simple, and almost all parameters were calculated based on the training data. It should be noted that the threshold was calculated by multiplying the sum of the Fisher scores of the microseismic event and the blast by 0.5.




4.4. Development of the ELM Model


NumHLNs is related to whether ELM can achieve the expected prediction performance, and so it is necessary to investigate NumHLNs first to develop an optimal model. Two hundred ELM models with NumHLNs from 1 to 200 were developed, and each was run five times to predict the training subset and the validation subset (see Figure 8). As shown in Figure 8, 71 was chosen as NumHLNs after both considering the model performance and the thresholds of 5% between the overfitting and underfitting phenomenon, with an average Acctrain of 0.9425 and an average Accvalidate of 0.9238.




4.5. Development of PSO-ELM Model


Similarly to ELM, NumHLNs of PSO-ELM also needs to be investigated. So, 250 PSO-ELM models with NumHLNs from 1 to 250, with a number of particles in the swarm of 250 and a maximum iteration of 1000, were developed. Then, each model was run five times to predict the training subset and the validation subset (see Figure 9). The reason why models with more than 250 HLNs were not developed is that the computational load of the model increases sharply as NumHLNs increases. The prediction performance in Figure 9 shows that differences between Acctrain and Accvalidate in the 250 PSO-ELM models are all less than 5%, and when NumHLNs exceeds 100, the values of Acctrain and Accvalidate do not change much. To find the optimally performing PSO-ELM model among these 250 models, the ranking method presented by Zorlu et al. [63] was again adopted. It is obvious in Figure 9 that the model with 246 HLNs achieves the optimal performance, whose average Acctrain and average Accvalidate are 0.9915 and 0.9994, respectively. So, 246 was chosen as NumHLNs.



After NumHLNs in PSO-ELM was determined, the number of particles in the swarm (NPS) and the maximum number of iterations also need to be investigated. Hence, 10 PSO-ELM models with the maximum number of iterations of 1000 and the number of particles from 20 to 350 were established and run five times to predict the training subset (see Figure 10). As shown in Figure 10, there are no significant changes in these accuracy curves after 800 iterations, and 200 is the optimal NPS with the highest prediction accuracy. Thus, 800 and 200 were chosen to establish the final PSO-ELM model for discriminating microseismic events and mine blasts.




4.6. Quality Measures


To evaluate the performance of the discrimination models, six indicators were calculated, including the accuracy of the prediction (  A C C  ), predictive positive value (  P P V  ), negative predictive value (  N P V  ), sensitivity (   S n   ), specificity (   S p   ) and Matthew’s correlation coefficient (  M C C  ). The classification confusion matrix used to explain the above indicators is shown in Table 1, and microseismic events were assigned as positive, while blasts were assigned as negative.



These six indicators are defined as follows:


  A C C =   T P + T N   T P + F N + F P + T N    



(10)






  P P V =   T P   T P + F P    



(11)






  N P V =   T N   T N + F N    



(12)






   S n  =   T P   T P + F N    



(13)






   S p  =   T N   T N + F P    



(14)






  M C C =   T P × T N − F P × F N     ( T P + F P ) ( T P + F N ) ( T N + F P ) ( T N + F N )      



(15)







  A C C   represents the overall prediction accuracy, which reflects the overall discrimination performance.   P P V   can be understood as the proportion of examples that are truly positive among all examples that are predicted to be positive.   N P V   can be understood as the proportion of examples that are truly negative among all examples that are predicted to be negative.    S n    can be understood as the proportion of examples predicted to be positive among all the true positive examples.    S p    can be understood as the proportion of examples predicted to be negative among all the true negative examples. These four indicators reflect the discrimination performance of positive and negative examples.   M C C   belongs to the index describing the relationship between the observation and prediction in binary classification problems which can evaluate the reliability of the algorithm [1]. Its value is between −1 and 1, where 1 indicates that the prediction performance is perfect, 0 indicates that the prediction performance is worse than that of random prediction, and −1 indicates that prediction totally disagrees with the observation [64]. Obviously, the higher the values of these six indicators, the better the discrimination performance of the model.





5. Results and Discussions


Based on the above investigation of optimal model parameters, the optimal models of five intelligent algorithms were established and used to predict the testing set after being trained by the training set. The discrimination results are shown in Table 2 and Figure 11. To better show the discrimination performance of the five models, a ranking method proposed by Zorlu et al. [63] was adopted in this paper. Firstly, each quality measuring indicator of the five models was sorted from smallest to largest. Then, they were scored, and the model with the smallest indicator value received 1 point, and the model with the second smallest indicator value received 2 points. In this order, the model with the largest indicator value received 5 points. Finally, the scores of the above six indicators of each model are summed, and the higher the total score, the better the discrimination performance. As shown in Table 2, the total score of PSO-ELM is the highest, followed by BPNN, ELM, FDA, and NBC. This shows that the discrimination performance of PSO-ELM is the best, followed by BPNN, ELM, FDA, and NBC. The values of the six indicators of PSO-ELM above are the highest, close to or equal to 1, which is almost perfect. This shows that PSO-ELM has an excellent performance in discriminating microseismic events and mine blasts.



Although some achievements have been obtained in this research, there are still some limitations. First of all, only the PSO-ELM algorithm was discussed and there are other intelligent algorithms that need to be tested for discriminating microseismic events and mine blasts. Secondly, in addition to these 22 seismic parameters, the impact of other seismic parameters on the performance of discrimination remains to be investigated. Finally, since the data of only one mine were used to check the performance of PSO-ELM, its universality is not yet clear.




6. Conclusions


Based on the differences between microseismic events and mine blasts, and combined with previous research conclusions, a new discrimination method for microseismic events and blasts is presented in this paper. In this method, 22 seismic parameters were selected as the discrimination feature parameters, and their correlation was analyzed. Then, the artificial intelligence model called PSO-ELM was used to discriminate microseismic events and mine blasts. After the development of the optimal model, this method was applied to the discrimination of microseismic records in Fankou Lead-Zinc Mine and compared with the original ELM and commonly used BPNN, NBC, and FDA to check its performance. The results show that PSO-ELM has the best discrimination performance regarding microseismic events and mine blasts, followed by BPNN, ELM, FDA, and NBC. In addition, the values of all quality measuring indicators of PSO-ELM are the highest. Specifically, the   A C C  ,   P P V  ,   N P V  ,    S n   ,    S p    and   M C C   of PSO-ELM predicting the training set are 0.9844, 0.9890, 0.9799, 0.9797, 0.9891 and 0.9688, respectively. The   A C C  ,   P P V  ,   N P V  ,    S n   ,    S p    and   M C C   of PSO-ELM predicting the testing set are 0.9969, 1, 0.9938, 0.9938, 1 and 0.9938, respectively. The values of these indicators are close to or equal to 1, which is almost perfect and shows that PSO-ELM has outstanding performance. In summary, PSO-ELM has great potential for the discrimination of microseismic events and blasts, and it is of great significance to ensure the safe and smooth operation of mines.
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Figure 1. Fankou Lead-Zinc Mine. (a) Mine’s position in China; (b) a view of the mine; (c) mine’s position in Guangdong province. 
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Figure 2. The IMS system in Fankou Lead-Zinc Mine. 
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Figure 3. Violin plots of the distribution of the 22 seismic parameters in the sample dataset. The box in each plot indicates the lower (  Q 1  ) and upper (   Q 3    ) quartiles, and the red circle indicates the median value. The value of    Q 3    minus   Q 1   is defined as the interquartile range (  IQR   ). The range of whiskers at both ends of the box represents the upper and lower bounds, which are defined as    Q 3 + 1   . 5  ∗ IQR   and    Q 1 - 1   . 5  ∗ IQR  , respectively. Cyan represents the distribution of data points. 






Figure 3. Violin plots of the distribution of the 22 seismic parameters in the sample dataset. The box in each plot indicates the lower (  Q 1  ) and upper (   Q 3    ) quartiles, and the red circle indicates the median value. The value of    Q 3    minus   Q 1   is defined as the interquartile range (  IQR   ). The range of whiskers at both ends of the box represents the upper and lower bounds, which are defined as    Q 3 + 1   . 5  ∗ IQR   and    Q 1 - 1   . 5  ∗ IQR  , respectively. Cyan represents the distribution of data points.



[image: Applsci 11 06474 g003]







[image: Applsci 11 06474 g004 550] 





Figure 4. Heatmap of the correlation coefficients between 22 seismic parameters. 
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Figure 5. ELM network structure. 
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Figure 6. Flowchart of PSO-ELM Algorithm. 
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Figure 7. Prediction results of the BPNN models with various HLNs. 
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Figure 8. Prediction results of the ELM model with various HLNs. 
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Figure 9. Prediction results of the PSO-ELM model with various HLNs. 
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Figure 10. Accuracy curves of 10 PSO-ELM models with 1000 iterations and various NPS. 
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Figure 11. Discrimination results for different discrimination models. (a) the training set; (b) the testing set. 
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Table 1. A typical binary classification confusion matrix.
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True

	
Predict




	
Positive Example

	
Negative Example






	
Positive example

	
True positive (TP)

	
False negative (FN)




	
Negative example

	
False positive (FP)

	
True negative (TN)
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Table 2. Discrimination results for different discrimination models.
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Model

	
Dataset

	
Results

	
Score

	
Total Score




	
ACC

	
PPV

	
NPV

	
Sn

	
Sp

	
MCC

	
ACC

	
PPV

	
NPV

	
Sn

	
Sp

	
MCC






	
BPNN

	
Training

	
0.9672

	
0.9687

	
0.9657

	
0.9656

	
0.9688

	
0.9344

	
4

	
4

	
4

	
4

	
4

	
4

	
46




	
Testing

	
0.9500

	
0.9500

	
0.9500

	
0.9500

	
0.9500

	
0.9000

	
4

	
4

	
3

	
3

	
4

	
4




	
NBC

	
Training

	
0.7688

	
0.6933

	
0.9410

	
0.9641

	
0.5734

	
0.5839

	
1

	
1

	
2

	
3

	
1

	
1

	
21




	
Testing

	
0.8031

	
0.7215

	
0.9802

	
0.9875

	
0.6188

	
0.6522

	
1

	
1

	
4

	
4

	
1

	
1




	
FDA

	
Training

	
0.9156

	
0.9080

	
0.9236

	
0.9250

	
0.9063

	
0.8314

	
2

	
2

	
1

	
1

	
2

	
2

	
22




	
Testing

	
0.9000

	
0.9000

	
0.9000

	
0.9000

	
0.9000

	
0.8000

	
2

	
2

	
2

	
2

	
2

	
2




	
ELM

	
Training

	
0.9492

	
0.9528

	
0.9457

	
0.9453

	
0.9531

	
0.8985

	
3

	
3

	
3

	
2

	
3

	
3

	
31




	
Testing

	
0.9031

	
0.9108

	
0.8957

	
0.8938

	
0.9125

	
0.8064

	
3

	
3

	
1

	
1

	
3

	
3




	
PSO-ELM

	
Training

	
0.9844

	
0.9890

	
0.9799

	
0.9797

	
0.9891

	
0.9688

	
5

	
5

	
5

	
5

	
5

	
5

	
60




	
Testing

	
0.9969

	
1.0000

	
0.9938

	
0.9938

	
1.0000

	
0.9938

	
5

	
5

	
5

	
5

	
5

	
5
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