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Abstract: Predicting the oil-gas-bearing distribution of unconventional reservoirs is challenging
because of the complex seismic response relationship of these reservoirs. Artificial neural network
(ANN) technology has been popular in seismic reservoir prediction because of its self-learning and
nonlinear expression abilities. However, problems in the training process of ANNSs, such as slow
convergence speed and local minima, affect the prediction accuracy. Therefore, this study proposes a
hybrid prediction method that combines mutation particle swarm optimization (MPSO) and ANN
(MPSO-ANN). It uses the powerful search ability of MPSO to address local optimization problems
during training and improve the performance of ANN models in gas-bearing distribution prediction.
Furthermore, because the predictions of ANN models require good data sources, multicomponent
seismic data that can provide rich gas reservoir information are used as input for MPSO-ANN
learning. First, the hyperparameters of the ANN model were analyzed, and ANNs with different
structures were constructed. The initial ANN model before optimization exhibited good predictive
performance. Then, the parameter settings of MPSO were analyzed, and the MPSO-ANN model
was obtained by using MPSO to optimize the weights and biases of the developed ANN model.
Finally, the gas-bearing distribution was predicted using multicomponent seismic data. The results
indicate that the developed MPSO-ANN model (MSE = 0.0058, RMSE = 0.0762, R? = 0.9761) has
better predictive performance than the PSO-ANN (MSE = 0.0062, RMSE = 0.0786, R? = 0.9713)
and unoptimized ANN models (MSE = 0.0069, RMSE = 0.0833, R? = 0.9625) on the test dataset.
Additionally, the gas-bearing distribution prediction results were consistent overall with the actual
drilling results, further verifying the feasibility of this method. The research results may contribute to
the application of PSO and ANN in reservoir prediction and other fields.

Keywords: multicomponent seismic data; artificial intelligence; mutation particle swarm optimiza-
tion; artificial neural network; hyperparameter analysis; unconventional gas reservoir; gas-bearing
distribution prediction

1. Introduction

Unconventional or dispersed gas is stored in unconventional reservoirs with complex
geology. Compared with conventional gas reservoirs, they have more diverse types and
forms of occurrence, with wider distribution ranges and much larger potential resources.
Owing to the particular accumulation and occurrence conditions of unconventional gas
reservoirs, their seismic response characteristics are complex and unclear, making reservoir
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characterization and prediction based on seismic information difficult. Therefore, develop-
ing new methods to predict unconventional gas reservoirs is extremely important [1-3].

A large amount of data has been generated to explore unconventional reservoirs and
must be effectively utilized to establish data-driven reservoir prediction methods [4,5].
Data-driven models are expected to derive several highly nonlinear and multifactorial
interaction relationships between inputs and outputs from the obtained data [6,7]. Com-
pared with conventional process-driven models, they focus more on data analysis and
applications, and it is not necessary to oversimplify or ignore most factors, as required by
physical modeling [8]. Machine learning (ML) can process nonlinear data and automatically
learn highly nonlinear relationships between the target and input parameters from the
input data. Therefore, data-driven models rely on ML methods. Using the self-learning
characteristics of various ML methods, patterns hidden in the data can be mined to predict
unknown situations using the learned patterns. Various ML methods have been applied
to reservoir prediction, including artificial neural networks (ANNSs) [9,10], support vector
machines [11,12], decision trees [13,14], cluster analysis [15,16], and deep learning [17,18].

Among them, ANNs are most typically used and are widely used for reservoir pre-
diction [19-21] because they can accurately model fuzzy and nonlinear problems [22-25].
Wang et al. [26] used an ANN to reveal the internal relationship between the reservoir
physical parameters and rock physical logging to predict reservoir porosity accurately.
Zheng et al. [27] extracted the complex relationship between the logging curve and total
organic carbon (TOC) value using an ANN and established an accurate TOC prediction
model. Despite the accurate predictions of ANNSs, the large randomness in their initial
value selection causes problems in practical applications, such as a slow convergence
speed and long training time, resulting in low accuracy. Therefore, the neural network
requires optimization. Various optimization algorithms are used for this purpose, such as
the backpropagation algorithm [28], particle swarm optimization (PSO) algorithm [29-31],
genetic algorithm (GA) [32,33], and imperialist competitive algorithm [34,35]. Ouadfeul
and Aliouane [36] used the Levenberg—-Marquardt algorithm (LMA) to optimize an ANN,
which was then used to predict the TOC content of the Barnett Shale gas field. Chanda
and Singh [37] used a GA to optimize an ANN to predict the gas production potential of
methane hydrate reservoirs. Mahmoodpour et al. [38] used a PSO-ANN to predict the ce-
mentation coefficient of a low-permeability carbonate reservoir. Among these optimization
algorithms, PSO is easy to implement and has a fast convergence speed while ensuring
high prediction accuracy.

As mentioned above, various ANN models (with or without optimization) are used
for reservoir prediction, but they are unsuitable for some purposes, in particular multi-
component seismic reservoir prediction. Additionally, PSO tends to fall into local extreme
values, affecting its optimization ability. Therefore, this study proposes a hybrid prediction
method that combines mutated PSO (MPSO) and ANN (MPSO-ANN) for gas reservoir
prediction. In addition, the structure of ANN also significantly affects model performance.
Therefore, this study first analyzed the hyperparameters of the ANN to determine the
network structure of the unoptimized initial ANN. Then, its weights and biases were
optimized using MPSO to obtain the MPSO-ANN. Finally, the MPSO-ANN was used for
multicomponent seismic gas-bearing prediction. This method can compensate for the
shortcomings of the ANN and PSO algorithms in the learning process, and the constructed
MPSO-ANN model showed a higher prediction accuracy and faster convergence speed in
gas-bearing distribution prediction.

2. Materials and Methods
2.1. Artificial Neural Network

An ANN is a mathematical operational model capable of information processing. Its
structure consists of numerous interconnected neurons (Figure 1) with learning, memory,
and induction capabilities [39]. ANNs have been applied in system recognition, pattern
recognition, and data mining [40]. The learning and recognition of an ANN depend on the
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dynamic evolution of the weight coefficient of each neuron connection [41]. Each neuron is
a nonlinear computing unit with multiple inputs and a single output. It receives informa-
tion from other neurons to produce its output and provides inputs for multiple neurons.
Neurons have their own local memory that stores the connection weights obtained from
network learning. The output of a neuron is related to all its inputs, the corresponding con-
nection weights, its internal threshold, and its activation function. Each neuron responds to
the information it receives according to the time of its own conversion function, irrespective
of the activity of surrounding neurons.
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Figure 1. Schematic of ANN structure.

2.2. Mutation Particle Swarm Optimization

PSO is a random optimization algorithm for swarm-intelligence-based global
searches [42,43]. It generates swarm intelligence through mutual cooperation and com-
petition among particles in the swarm and uses it to optimize the search. PSO has been
widely applied because it is easy to describe and implement and has a small swarm
size and high convergence speed.

For example, if the swarm consists of N particles, the D-dimensional vectors
xj = (X1, Xip,- -+, xip) and v; = (vj1,Vjp, - - -, Vip) represent the position and flight speed
of the ith particle in the search space, respectively. In addition, p; = (pi1, pi2,- - - , pip) and
Ps = (P41, Pg2, -+, PgD) are the optimal positions searched by the ith particle and the entire
swarm, respectively. The PSO algorithm adopts the following particle operation formula.

vig(t+1) = w(t)vig + Crra(pia(t) — xia(t)) + Cara(pga(t) — xia(t)) (1)

Xig(t +1) = x;4(t) +vi4(t) 2)

wherei=1,2,--- ,N;d =1,2,---,D; w(t) is the inertial weight; C; and C; are the velocity
coefficients; x;;(t) and p;(t) represent the position and individual optimal position of
the ith particle after f cycles, respectively; po,(t) represents the optimal group position
after t cycles; 1 and rp are random numbers in [0, 1]; v;4 is the particle velocity, and each
dimensional particle is limited by a non-negative maximum velocity.

To effectively prevent the PSO from falling into local optima, the MPSO is obtained
by mutating the PSO; some particles are reinitialized with a certain probability during
optimization. A random function r(t) is set, and a threshold is established to analyze
r(t). When r(t) exceeds a certain threshold, the position of particles is adjusted randomly,
as follows:

x(t) = Rmax * 7(t) 3)
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where Rmax is the maximum tracking range of particles; Rmax = Xmax — Xmin, Where Xmax
and xpin are the maximum and minimum of the parameter to be determined, respectively.
A threshold of 0.9 was used to ensure a 10% mutation probability.

Mutations expanded the swarm search space, which constantly shrank in the iterations
and enabled particles to jump out of the optimal value position previously searched and
search in a larger space. Swarm diversity was maintained, and the possibility of obtaining
a better value was improved.

2.3. MPSO-ANN Framework

The MPSO-ANN model was obtained by using MPSO to optimize the weights and
biases of the ANN model. The weights and biases were set as position vectors in the MPSO,
and the root mean square error (RMSE) (Equation (5)) was used as the fitness function.
After multiple iterations, the fitness reached the setting accuracy, and training ended, and
the optimal result was obtained, as follows (Figure 2).

Step 1: Initialize particles

l

Step 2: Fitness evaluation

l

Step 3: Train ANN

l

Step 4: Update particles

]

Step 5: Mutate particles

Step 6: Check
termination

Step 7: ANN model with
optimal hyperparameters

Figure 2. Flowchart of MPSO-optimized ANN.

Step 1: Initialize the swarm size, inertial weight, velocity coefficients, maximum
iterations, and velocity and position of each particle.

Step 2: Evaluate the fitness, and select the best position with the lowest fitness.

Step 3: For each candidate particle, train the ANN model with the corresponding parameters.

Step 4: Update the velocity and position of each particle according to Equations (1) and (2).

Step 5: If r(t) > 0.9, mutate the particles that satisfy the requirements according to
Equation (3).

Step 6: Check the stop criteria. If the accuracy requirement is not satisfied, return to
Step 2. Otherwise, iteration is stopped, and the optimal parameters are obtained.

Step 7: The obtained optimal results are assigned to the key parameters of the ANN.

2.4. Performance Evaluation of the Model

The model performance was evaluated using the mean square error (MSE), RMSE,
and determination coefficient (R?), as shown in Equations (4)—(6).

1 n
MSE :; Z (ypredicted - yreal)2 4)
i=1
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1M
RMSE :\/1’12 (ypredicted - yreal)z ®)
i=1

Z?:l (}/predict - yreal)z
Z?:l (m - yreal)2

where Y, is the real value, Y egicreq is the predicted result, ., is the average .., and n
is the total number.

RP=1-

(6)

3. Study Area and Available Data

The multicomponent seismic data used in this study are from the Fenggu structural
area in the Western Sichuan Depression (WSD) (Figure 3). The WSD has experienced
multistage tectonic movement associated with the Indosinian, Yanshanian, and Himalayan
events and has always represented a passive subsidence environment controlled by the
uplift and compression of the surrounding mountain systems [44,45]. The deep Xujiahe
Formation contains a rich gas reservoir, but its exploration and development are diffi-
cult, owing to its complex geological conditions, tight low-permeability sandstone, high
heterogeneity, and abnormal ultrahigh fluid pressure [46].
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Figure 3. Location of the study area. The blue rectangle represents the Fenggu structural area.

Furthermore, the tight low-permeability sandstone of the Xujiahe Formation contains
effective matrix pores and fractures, which control the distribution of natural gas and its
enrichment and production, respectively. Multicomponent seismic exploration technology
can effectively predict high-quality reservoirs, detect fractures, and identify gas-bearing
horizons; thus, it is suitable for exploring tight sandstone gas reservoirs. The work areas of
multicomponent seismic exploration and available drilling are shown in Figure 4. Figure 5
illustrates the horizon calibration results of the synthetic seismic record of well M3. Figure 6
shows the well-tie seismic profiles of P1, N4, N3, and M3, where T3X4° is the target horizon.

Seismic attribute analysis has become an effective method for reservoir prediction [47,48].
Compared with the use of single longitudinal wave seismic attribute data, the comprehensive
utilization of the sensitivity difference between the multicomponent seismic attributes as
underground reservoir information is helpful in reducing the multi-resolution caused by single-
component seismic attributes. However, it is challenging to extract hydrocarbon-sensitive
features from multicomponent seismic attributes effectively. Unlike longitudinal wave seismic
attributes, multicomponent seismic attribute data include converted shear wave attribute data,
making it difficult to utilize these data to obtain effective gas reservoir information completely.

We optimized three composite attributes (Fy, Fy, F3) (Figure 7) from the multicompo-
nent seismic attributes for gas-bearing prediction. The detailed optimization process and
constituent attributes of the three composite attributes are available in the literature [49].
These three composite attributes effectively extracted information on gas-sensitive charac-
teristics and provided good data sources for the ANN. In addition, because of the complex
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relationship between seismic attributes and gas reservoirs, it is challenging to make full use
of the complex nonlinear relationship between them to achieve accurate prediction. There-
fore, in this study, three composite attributes consistent with a previous study were selected
as the input to verify whether the proposed method can improve the prediction accuracy.
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Figure 4. Acquisition work area and drilling distribution. There are 11 wells in the study area (7 gas
wells and 4 dry wells). (Dotted line indicates the profiles of the connecting wells; it corresponds to
the seismic profiles in Figure 6).
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Figure 5. Horizon calibration by logging curve in well M3: (a) longitudinal wave and (b) converted
shear wave horizon calibration results. The synthetic seismic record corresponds to side-seismic data,
showing that the well calibration results meet the requirements. Note: T3X* and T3X® represent the
fourth and fifth members of the Xujiahe Formation, respectively, and the target is the sixth sand layer
of the fourth member of the Xujiahe Formation.
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Figure 6. Well-tie seismic profiles of P1, N4, N3, and M3 (the red dotted line in Figure 4): (a) longitudinal
wave and (b) converted shear wave well-tie seismic profiles. The green line represents the top and bottom
of the fourth member of the Xujiahe Formation, and the yellow line represents the target layer, T3X4°.
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Figure 7. Composite attributes: (a) Fy, (b) Fy, (c) Fs.
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The gas-bearing probability was considered as the prediction output of the ANN
model. It was obtained using a correlation calculation [50,51]. Finally, 230 sample points
were obtained from 11 wells (Figure 4) as the sample dataset. The training and test
datasets were divided into a 7:3 ratio. The sample dataset characteristics are shown in
Figure 8, where the abscissa shows the sample value, and the ordinate shows the frequency
probability. The attributes of F;, Fp, and F3 were mainly concentrated between 0 and
0.2, 0.2 and 0.6, and 0.4 and 0.8, respectively. This difference in the characteristics of the
three attributes reflects the diversity of the sample dataset. The gas-bearing probability is
between 0 and 1, in agreement with the actual situation of different wells.

(b)
025+

a)
050+

0. 40

ity
-

0300

0. 20

Probabil
Probability

0. 10k 0.05F

Probability

0.2 0.4 0.6 0.8
Gas-bearing probability

Figure 8. Sample data characteristics: (a) Fy, (b) Fy, (¢) F3, and (d) gas-bearing probability.

4. Analysis and Design of MPSO-ANN Model Parameters

The MPSO-ANN model was designed in three steps. (1) The hyperparameters of the
ANN were determined, and an ANN model with better gas-bearing probability prediction
performance was obtained. (2) The initial parameters of the MPSO were determined.
(3) The MPSO-ANN model was obtained by using the MPSO to optimize the developed
ANN model.

4.1. ANN Architecture

The ANN was designed by selecting the hyperparameters according to their effects
on model performance; some affect the prediction accuracy, whereas others affect the
computational efficiency. Hyperparameter selection is a complex process. The most
challenging part of this process is determining the number of hidden layers and neurons
(Figure 1). Their number is not fixed, and a larger number makes the network overfitted,
resulting in low accuracy and increased computation time. A smaller number makes the
network underfitted, resulting in reduced accuracy. Therefore, this study experimentally
determined these numbers.

The training dataset was used to determine the optimal number of hidden layers and
evaluate the gas-bearing prediction ability of ANNSs with different numbers of hidden
layers (Figure 9). At the beginning of network training, all the ANNs had large errors,
which decreased as training progressed. The errors of network models with more hidden
layers decreased rapidly, whereas those of models with fewer hidden layers decreased
slowly. The fastest decrease in errors was observed for ANNs with 7-9 hidden layers, and
the accuracy requirement was met at ~15,000 iterations. Further increases in iterations
did not significantly change the errors of the three ANNs, and they remained stable. A
slight increase in errors was observed for an ANN with 10 hidden layers, indicating the
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presence of too many hidden layers at this time, and the network was overfitted. Although
the errors of ANN models with 8 and 9 hidden layers were slightly lower than that of a
model with 7 hidden layers, the latter already met the target value requirements, with little
difference depending on the iterations. Considering the duration, the optimal number was
determined to be 7.

Number of Hidden Layers

1
2
3
4 e 9
5

e+ Target value

100 5000 10,000 15,000 20,000 25,000 30,000
Iterations

Figure 9. Performance of ANN with different numbers of hidden layers.

Next, we used the training dataset to analyze the prediction ability of networks with
seven hidden layers and different numbers of neurons. It was determined by a trial-and-
error method, and the model performance was evaluated using the RMSE. Figure 10 shows
the errors for different numbers of neurons in the first hidden layer, which indicates that
this characteristic significantly impacts the accuracy. When the number reached 15, the
error became significant. When the number is five, the RMSE is the lowest; thus, the optimal
number of neurons in the first hidden layer was determined to be five.

0. 50
—£— 1000 iterations

0. 451

0. 40

0. 351

0. 30

RMSE
ai

0'050 1 2 3 4 5 6 7 8 9 10 11 12 13 1415

Neurons number

Figure 10. Performance of ANNSs with different numbers of neurons in the first hidden layer.

To determine the number of nodes in a hidden layer, those in other hidden layers were
not changed. Figure 11 shows the process of error analysis used to determine the number
of nodes in the seventh hidden layer. In this process, the number of nodes in the first six
hidden layers (5, 5, 5, 7, 9, and 11) were unchanged, and only that in the seventh hidden
layer was changed; the error of different models was then analyzed.
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Figure 11. Performance of ANNSs with different numbers of neurons in the seventh hidden layer.

The network error increased significantly when the number of nodes exceeded 15,
for example, when it was 17 and 19 (Figure 11), indicating a complex network structure
and low accuracy. If the number of nodes is not carefully selected and the neural network
structure for gas-bearing prediction is blindly determined, the prediction will not only be
time-consuming but will also fail to yield the desired effect. The RMSE was the lowest with
13 nodes; thus, the number of neurons in the seventh hidden layer was determined to be
13. Finally, the number of hidden layers in the network was determined to be seven, and
the numbers of neurons in the hidden layers were 5, 5, 5, 7, 9, 11, and 13.

4.2. Design of MPSO Algorithm Parameters

After the initial ANN model was determined, the same network structure was followed
as that in MPSO parameter selection, that is, (3-5-5-5-7-9-11-13-1). The precise selection
of MPSO parameters is helpful for efficiently optimizing the ANN model and obtaining
a model with good predictive performance for the gas-bearing probability. These MPSO
parameters include the swarm size, velocity coefficients, and termination criteria. However,
these parameters cannot be determined simultaneously. The control variable method was
adopted to select parameters to obtain the optimal values.

First, the swarm size was selected. The velocity coefficients (C; = C; = 2) were fixed,
and the inertia weight was set to 0.8. Figure 12 displays the RMSE of MPSO-ANN for
different swarm sizes after 100 iterations. When the swarm size was relatively small (e.g.,
25 and 50), the RMSE of the model was relatively large, indicating that a small swarm
size cannot satisfy the accuracy requirements. However, even large swarm sizes (e.g.,
275 and 300) showed large model errors and were time-consuming. The lowest RMSE was
obtained at a swarm size of 200, indicating better prediction performance of the model.
Therefore, the swarm size was set to 200.

Subsequently, the velocity coefficients C; and C, (Equation (1)) were studied.
C1 determines the local range of the searchability of the particles, and C, determines
how quickly particles converge to the optimal value. C; = 2 and C; = 2 are often used in
PSO studies, but these are not necessarily the best velocity coefficient values [52]. Here,
the swarm size was set to 200, the inertial weight was 0.8, and iterations was 100. Table 1
lists the C; and C; values and RMSE of various combinations. The velocity coefficient
combination of C; = 1.75 and C, = 2.25 had the lowest RMSE; therefore, this coefficient
combination was used in this study.
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—£- 100 iterations

RMSE

0[)4 1 ] 1 ] 1 ] ] ] 1 ! ! 1
0 25 50 75 100 125 150 175 200 225 250 275 300

Swarm size

Figure 12. Performance of MPSO-ANNSs with different swarm sizes.

Table 1. RMSE of different velocity coefficient (C; and Cy) combinations.

Combination of

Cl Cz Cl and C2 RMSE Rank
0.5 2.5 3 0.0686 6

1 2 3 0.7126 8
1.25 2.75 4 0.0642 3
15 2.5 4 0.0654 5
1.75 2.25 4 0.0606 1

2 2 4 0.0623 2

2 3 5 0.0692 7
2.5 2.5 5 0.0645 4

Finally, the termination conditions of the model were determined. Increasing the
iterations reduced the error but increased the training time. When the model achieved a
certain accuracy, its error became stable with training. In this case, continuing the training
process did not significantly improve accuracy but increased the calculation cost. Therefore,
this study determined the optimal number of iterations by comparing the RMSE. Figure 13
shows the RMSE with various numbers of iterations for different swarm sizes. The error
decreased rapidly during the first 500 iterations, after which the RMSE of the model with
a small swarm did not change, and the error was large. As training progressed, the error
decreased slowly. When the number of iterations reached 1000, the error became stable,
and the model error with a swarm size of 200 was low. Therefore, the number of iterations
was set to 1000.

0. 35

? — Swarm size 50

0. 30k Swarm size 100

) Swarm size 150

0. 25+ Swarm size 200

Swarm size 250

ﬁ 0.20f Swarm size 300
~ 0. 15F
0. 10
0. 05}

00 1 1 1 1 1 1 1 L 1
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Iterations

Figure 13. Performance of MPSO-ANNSs with different iterations.
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4.3. Determining the MPSO-ANN Model

The MPSO-ANN model parameters were determined by designing the initial ANN
model and selecting the MPSO algorithm parameters. The network structure was (3-5-5-5-
7-9-11-13-1), swarm size was 200, velocity coefficients were C; = 1.75 and Cp = 2.25, and
maximum number of iterations was 1000.

The MPSO-ANN continuously adjusted its weights and biases during optimization
(Figure 14) to gradually reduce the error. Finally, the MPSO-ANN model for gas-bearing
distribution prediction was determined (Figure 15). Figure 16 shows the RMSE of MPSO-
ANN, PSO-ANN, and ANN on the training dataset with increasing iterations. The three
network models achieved a low MSE, but the optimization speed of MPSO was better
than that of ANN. The error of ANN stabilized after ~15,000 iterations, whereas that of
the MPSO stabilized after ~1000 iterations, and the error was lower in the latter, indicating
that the MPSO-ANN model significantly outperformed the ANN model. The MPSO-ANN
model also has fewer iterations and lower error than the PSO-ANN model (Figure 16),
which shows that MPSO can optimize the ANN model more quickly and accurately.
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Figure 14. Proposed MPSO-ANN model for gas-bearing distribution prediction.
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Figure 15. Structure of proposed MPSO-ANN model (after optimization) for gas-bearing
distribution prediction.
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Figure 16. Comparison of the performance of ANN, PSO-ANN, and MPSO-ANN models on the
training dataset. Red, blue, and brown dotted lines represent the number of iterations at which the
MPSO-ANN (~1000 iterations), PSO-ANN (~1100 iterations), and ANN models (~15,000 iterations)
become stable, respectively.

5. Results

The determined neural network model (Figure 15) was applied to the test dataset, and
the prediction result had a high fit (R? = 0.9761). In addition, the predicted gas-bearing
probability of MPSO-ANN (Figure 17) is close to the ideal line (dotted black line), indicating
that the predicted result is highly consistent with the measured result. Then, the MPSO-
ANN model was used to predict the gas-bearing distribution of the target layer (Figure 18).
The obtained results were validated using actual drilling data, which showed that four dry
wells are predicted to be dry wells. Moreover, all gas wells (except for N3) are all predicted
to be gas-bearing, in agreement with drilling information, and the gas-bearing distribution
varied greatly. N3 was inaccurately predicted because even though it is a gas well, its gas
content is lower than that of the others; thus, the obtained gas-bearing probability was
lower, leading to differences in the prediction result.
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Figure 17. Test results of MPSO-ANN model.
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Figure 18. Prediction result of MPSO-ANN model.

To check the validity of the developed model, the prediction results of the MPSO-ANN,
PSO-ANN, and ANN models (without optimization) were compared. The probability
density function (PDF) of the error percentage of the three models on the test dataset was
compared (Figure 19). The error of MPSO-ANN was small; specifically, the error of most
MPSO-ANN data was the smallest (<5%), and there were no data with large errors (>10%).
Moreover, the data points predicted by the MPSO-ANN model were more consistent with
the actual results (i.e., the error was 0) than those of PSO-ANN and ANN models, indicating
it has better prediction performance. To intuitively compare the prediction errors, Figure 20
shows the absolute relative error (ARE) of the three models on the test data. The AREs of
the three models were <10%, indicating that no data points had particularly large errors.
In ascending order, the error of the MPSO-ANN model was the smallest, followed by that
of the PSO-ANN model and, finally, that of the ANN model. The error comparison of the
three models shows that MPSO-ANN had higher prediction accuracy.
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Figure 19. PDF of error percentage of the results predicted by different models on the test dataset:
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Figure 20. Maximum ARE versus cumulative frequency percentage for different models.

Further analysis of the performance indicators of the three models on the test dataset
(Table 2) revealed that of the three models, the MPSO-ANN model has the lowest error
(MSE = 0.0058, RMSE = 0.0762) and the best fit (RZ = 0.9761). The PSO-ANN model has
the next-highest error (MSE = 0.0062, RMSE = 0.0786) and the next-worst fit (R? = 0.9713),
and the ANN model has the highest error (MSE = 0.0069, RMSE = 0.0833) and the worst fit
(R? = 0.9625). Further comparison showed that the MSE and RMSE of MPSO-ANN were
6.45% and 3.05% smaller than those of PSO-ANN and 15.94% and 8.52% smaller than those
of ANN, respectively. According to Figures 19 and 20 and Table 2, MPSO-ANN shows
better predictive performance on the test dataset. In addition, the performance of the three
models on the training dataset (Figure 16) reveals that of the three models, MPSO-ANN
required fewer iterations to stabilize more quickly and had lower errors in the training
process. These results show that the MPSO-ANN model developed can achieve higher
prediction accuracy with fewer iterations compared to the PSO-ANN and ANN models,
verifying the effectiveness of the MPSO-ANN model.
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Table 2. Performance of different models for the test dataset.

Performance Indicators

Model

MSE RMSE R?
ANN 0.0069 0.0833 0.9625
PSO-ANN 0.0062 0.0786 0.9713
MPSO-ANN 0.0058 0.0762 0.9761

Moreover, we also compared the predicted results across the entire area using the
three models (Figure 21). The prediction result of the PSO-ANN model (Figure 21b) was
consistent overall with that of the MPSO-ANN model (Figure 18), and both were relatively
accurate. However, the predicted gas-bearing probability of the former was slightly lower
than that of the latter (Figure 18), which is consistent with the AREs (Figure 20). The
gas reservoir distribution boundary output by the ANN model (Figure 21a) was fuzzy,
and some gas-bearing probabilities were observed for the dry wells O2 and N4, which
were inconsistent with the real data (i.e., 0). Therefore, the ANN had a higher error
than MPSO-ANN and PSO-ANN. This analysis further verifies the effectiveness of the
developed model.

Inline Inline
(b) 600 800

o

Crossline

T 3

[+ Gas well [©] bry well Well name [+ Gas well [©] bry well Well name

Figure 21. Prediction results of ANN and PSO-ANN models: (a) ANN, (b) PSO-ANN.

6. Discussion
6.1. Comparison with ANN Training Algorithms

To evaluate the performance of MPSO-ANN, we compared it with commonly used
training algorithms. Figure 22 shows the iterations required by different algorithms to
satisfy the preset error (i.e., MSE < 0.001) on the training dataset. Many training algorithms
are used to adjust the weights and biases of ANNs [53], such as the gradient descent
and Newton methods. The gradient descent method is simple and convenient, but its
convergence speed is slow, and it easily falls into local minima. The Newton method
converges more rapidly than the gradient descent method, but the calculation process is
complex, and the calculation cost is high [29]. The LMA is a comprehensive algorithm
combining the fastest descent and Gauss-Newton methods. It combines the advantages of
the gradient descent and Newton methods by combining coefficients, significantly reducing
the occurrence of local minimum problems and improving computational efficiency [54].
Therefore, among these training algorithms (except for the MPSO algorithm), the LMA
uses fewer iterations to satisfy the preset error.

However, the MPSO-ANN model met the error requirement in less than 1000 itera-
tions, whereas the LMA that decreased the fastest compared to other training algorithms
(except MPSO) did not meet the error requirement until ~15,000 iterations. The reason is
that, compared with the other training algorithms, PSO could carefully search for the global
optimal solution without relying on the gradient of the target or any differential form.
Therefore, it has the advantages of easy implementation and fast convergence while ensur-
ing high prediction accuracy. In addition, this study decreases the diversity loss caused by
the excessive concentration of particles by adding the particle mutation operation to the
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PSO and alleviates the problem of falling into the local optimal solution, which gives the
MPSO algorithm clear advantages over these training algorithms. This analysis suggests
that the MPSO-ANN model has a better search ability than other algorithms.

Training algorithms
= Stochastic gradient descent (SGD)
= Gradient descent with momentum (GDM),
. BFGS quasi-Newton (BFGS)
e Scaled conjugate gradient (SCG)
== Levenberg-Marquardt (LM)
= MPSO

............ Target value

10"

107

MSE

10°

0 1000 5000 10,000 15,000 20,000 25,000
Iterations

Figure 22. Comparison of the performance of different training algorithms. The black dotted line
indicates the preset error (i.e., MSE < 0.001).

Figure 23 shows the RMSE and R? values of different algorithms on the test dataset.
The ANN model optimized with MPSO (MPSO-ANN) showed the lowest RMSE and
highest R?, indicating better prediction results than those of the ANN model obtained with
the above training algorithm. Furthermore, a comparison of different algorithms on the
training dataset (Figure 22) showed that some optimization algorithms (e.g., SGD) required
more iterations during model development but had larger errors on the test dataset. Thus,
these algorithms cannot efficiently optimize the weights and biases, resulting in inaccurate
information transfer between them. Among them, the MPSO algorithm required the fewest
iterations in ANN model development (i.e., MPSO-ANN) and had the highest accuracy on
the test dataset, indicating that it provides a powerful search and optimization scheme for
determining the weights and biases of the ANN.

(a) (b)
0.30 1.00
0.25— 0.98
0.207 0.96 7
m [}
E e
0.157 0.947
R~
0.107 0,927
0.05— 0.90—
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Training algorithm Training algorithm

Figure 23. Comparison of the performance of different training algorithms: (a) RMSE, (b) R?.
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6.2. Comparison with Single-Component Seismic Data

To verify the influence of multicomponent seismic data on the prediction results of
the MPSO-ANN model, we analyzed the prediction results obtained using only single-
component seismic attributes as input data. The obtained prediction results (Figure 24) were
not consistent with the drilling data; thus, it was inferred that good prediction results could
not be obtained using single-component data. Compared with the multicomponent seismic
gas-bearing prediction results of MPSO-ANN (Figure 18), the gas reservoir boundary
obtained by single-component seismic gas-bearing prediction using MPSO-ANN was
fuzzy, and the accuracy was low.

Inline Inline

Crossline

e

[+ Gas well [©] bry well

s

Well name

st
[+] Gas well [©] bry well

Figure 24. Prediction results of MPSO-ANN model using single-component seismic data: (a) longitu-
dinal wave, (b) converted shear wave.

The study area was a tight sandstone gas reservoir with complex seismic response
characteristics. Sample data can be obtained by using the response of multicomponent
seismic attributes to gas reservoirs, from which sensitive information on the gas reservoir
can be extracted to provide high-quality samples for ANN model and improve prediction
accuracy. The input data significantly impacted the prediction ability of MPSO-ANN.
Multicomponent seismic data can provide good information for MPSO-ANN prediction.
However, the use of good data sources alone is insufficient. For example, an unoptimized
ANN can also be used for gas-bearing prediction (Figure 21a); however, the prediction
results have a large error. Not only is good data information needed to predict unconven-
tional reservoirs, but network models with good predictive performance are also required
to learn the data characteristics. Therefore, the proposed MPSO-ANN model meets this
requirement well and achieves good prediction results.

6.3. Application to Other Datasets

The above research verifies the validity of the MPSO-ANN model constructed in this
study through a case study. There are differences in the real data available for gas-bearing
prediction applications in different regions, and it is impossible to test the validity of the
MPSO-ANN model on all real datasets. Therefore, to further verify the effectiveness and
generalizability of the constructed MPSO-ANN model, we applied it to a synthetic dataset
for gas-bearing distribution prediction. To increase the universality of the numerical model,
the structure of the numerical model is obtained from the Marmousi2 model [55], which
has been widely used in the testing of seismic inversion, imaging, and other methods. In
addition, the Marmousi2 model itself contains reservoir information, which is very suitable
for testing reservoir prediction methods. Figure 25a shows part of the Marmousi2 model,
which includes a gas reservoir (blue area). We obtained the seismic records of longitudinal
wave and converted shear wave by wave equation forward modeling, and obtained the
composite attributes through composite operations [49] to construct the sample dataset.
During the label making process, we selected three seismic traces as pseudo-wells (as
shown by the white dotted line in Figure 25b). The gas reservoir and non-gas reservoir
characteristics were marked on the data of the pseudo-well seismic traces, and labels
were made.
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Figure 25. Synthetic data example. (a) Part of the Marmousi2 model, where the blue area is a gas
reservoir; (b) actual reservoir distribution. The yellow region represents the tight sandstone gas
reservoir, the blue region represents gas-free mudstone, and the white dotted line is the pseudo-well
seismic trace.

The ANN, PSO-ANN, and MPSO-ANN models were applied to the synthetic data
for training and prediction, and the obtained results are shown in Figure 26. The predic-
tion error was obtained by comparing the predicted results with the actual gas reservoir
distribution. Among the three models, the ANN model has the largest error, followed
by the PSO-ANN model, and the MPSO-ANN model has a smaller error, indicating that
the prediction results of the MPSO-ANN model are more consistent with the actual gas
reservoir. The effectiveness of the model is further verified by the synthetic data.
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Figure 26. Prediction results and prediction errors of ANN, PSO-ANN, and MPSO-ANN models
on synthetic data. (a) Prediction results and (b) prediction errors of ANN; (c) prediction results and
(d) prediction errors of PSO-ANN; (e) prediction results and (f) prediction errors of MPSO-ANN.

In this study, we verified the effectiveness of the developed MPSO-ANN model using
a case study and a universal numerical model. In future work, we will consider testing
in more regions or datasets to verify its generalizability further. In general, the results of
this study apply not only to the gas-bearing distribution but also to other problems, such
as optimizing the hyperparameters of conventional ML models [56] and deep learning
models [57]. This study can provide a reference for the parameter setting of the PSO
algorithm. In addition, when applying ANNs to other prediction problems, such as
slope stability identification using remote sensing images [58] and smallholder irrigated
agriculture mapping using remote sensing techniques [59], the results of this study can be
used to set the hyperparameters of the ANN model in a targeted way to reduce computing
costs. The results of this study provide a reference for the parameter setting of PSO and
ANNEs in other applications.

7. Conclusions

A new method for predicting the gas-bearing distribution of unconventional reservoirs
was proposed using an MPSO-ANN model with multicomponent seismic data, and a
prediction model with high prediction accuracy was established by carefully evaluating the
MPSO-ANN parameters. The results indicate that the optimization ability of the MPSO-
ANN model is much better than that of PSO-ANN and ANN models. Moreover, the
MPSO-ANN model met the error requirement (MSE < 0.001) in less than 1000 iterations,
whereas the LMA that decreased the fastest among other conventional training algorithms
(except MPSO) did not meet the error requirement until ~15,000 iterations. These results
suggest that MPSO can achieve a low RMSE and high R? in only a few iterations, providing
a powerful search and optimization scheme for determining the weights and biases of
the ANN.

In general, the research results could contribute to the application of ANNSs in un-
conventional reservoir prediction and also have reference significance for the application
of PSO and ANNSs in other fields. Inevitably, the method developed in this study also
has some limitations. This study applies the mutation operation in the PSO algorithm to
address the lack of diversity caused by the excessive concentration of particles. However,
the inertia weight and velocity coefficients of the PSO algorithm also affect its searchability.
In future work, attempts may be made to automatically adjust them during training to
alleviate local optimization problems effectively. Additionally, in our subsequent work,
we will consider testing the MPSO-ANN model in more regions or datasets to validate its
generalizability and effectiveness further.
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