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Abstract: Forest fires have a significant impact on terrestrial ecosystems, leading to harm to biodi-
versity and environment. To mitigate the ecological damage caused by forest fires, it was necessary
to develop prediction models of fire risk. In this study, by evolving the optimal architecture and
parameters using the particle swarm optimization (PSO) algorithm, a convolutional neural network
(CNN) deep learning model was proposed to predict forest fire risk on a national scale. Utilizing
fire data and fire risk factors from 2001 to 2020 in China, the PSO-CNN-based deep learning model
(PSO-CNN) was utilized and tested. Compared to logistic regression, random forest, support vector
machine, k-nearest neighbors, and CNN models, the PSO-CNN model exhibited superior perfor-
mance with an accuracy of 82.2% and an AUC value of 0.92. These results clearly highlighted the
effectiveness of the PSO-CNN model in enhancing the accuracy of forest fire prediction. Furthermore,
the forest fire risk prediction level estimated by the proposed model on a national scale for the entire
country was mostly consistent with actual fire data distribution, indicating its potential to be used as
an important direction for deep learning in forest fire prediction research.

Keywords: forest fire; convolutional neural network; particle swarm optimization; nighttime
lights; China

1. Introduction

Forests play an irreplaceable role in maintaining ecosystem safety [1]. Unfortunately,
the increased prevalence of global warming and extreme weather conditions has led to
frequent forest fires, resulting in significant ecological damage to forested areas [2,3].
Especially in China, an average of about 1900 forest fires occurred per year during the
period 2017-2021, leading to the destruction of around 13,000 hectares of forest. Therefore,
researchers have made significant efforts in the field concerning forest fires, including
research on forest fire prediction [4,5], forest fire spread [6,7], and burn severity of forest
fires [8,9]. This study aimed to carry out research related to forest fire prediction in order to
mitigate the ecological losses caused by fires.

In general, forest fire was influenced by various risk factors, e.g., combustible mate-
rials, meteorological variables, and human activities [10,11]. These factors were typically
characterized by multiple sources and formats, making it challenging to create quantitative
models for characterizing fire risk. As a result, current research efforts have focused on the
development of advanced quantitative methods. For example, Lozano et al. [12] applied
multi-temporal Landsat data to model fire occurrence probability using a logistic regression
model in Mediterranean ecosystems. Similarly, in order to improve the effectiveness of fire
prediction, Catry et al. [13] used logistic regression models to determine the likelihood of
wildfire ignition in mainland Portugal, revealing that human activities, land cover, and
elevation were critical determinants of fire ignition. Furthermore, based on a study of
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the density of forest fire occurrence, Wu et al. [14] combined historical ignition and ker-
nel density estimation to deduce fire-occurrence density in Chinese boreal forests based
on random forest. And then, the effect of differences in space on the occurrence of fires
was taken into account. Rodrigues et al. [15] introduced geographically weighted logistic
regression to model the varying spatial relationships between variables, recognized as
spatial heterogeneity.

As machine learning continues to advance, it has garnered significant attention from
numerous researchers in the forest fires field, e.g., Tien Bui et al. [16] presented a hybrid
artificial intelligence approach using a GIS database to consider the forest fire susceptibility
of tropical forests in the province of Vietnam. Moreover, Ngoc Thach et al. [17] conducted
an analysis of three advanced models (support vector machine classifier, random forest,
multilayer perceptron neural network) in wildfire spatial pattern. Unlike the above mod-
els, Sevinc [18] employed the k-means clustering algorithm using 11 risk factors for the
preparation of forest fire risk assessment in Turkey. Zheng et al. [19] further proposed a
new machine learning model based on the ant-miner algorithm to solve multivariable and
non-linear problems.

Deep learning has emerged as a powerful tool in forest fire research. For instance,
Satir et al. [20] used artificial neural network model to map forest fire probability in Upper
Seyhan Basin (USB) in Turkey. Similarly, Zhang et al. [21] and Zhang et al. [22] utilized
convolutional neural networks to predict fire occurrences. Additionally, Nguyen et al. [23]
employed hybrid models (deep neural network, hunger games search and grasshopper
optimization algorithm, etc.) to conduct sensitivity analysis on forest fires. As an advanced
deep learning model, the convolutional neural network (CNN) has gained widespread
popularity due to its effective handling of data from multiple sources. Previous studies have
successfully used it for fire detection [24-26], remotely sensed image classification [21,27],
and water quality prediction [28]. Consistent with this trend, the CNN model was supposed
to be well-suited for predicting forest fire risk as well.

However, the network parameters of traditional CNN model were trained based on
researcher experience, leading to a high potential for errors during the training process. As
an automated method for optimizing parameters, particle swarm optimization (PSO) was
preferred for optimization problems due to its simple formulation, few parameters, and
ease of computation [29]. It utilized a chaos-based initialization technique to generate uni-
formly distributed particles and applies inertia-like weights to balance the exploration [30].
Therefore, the PSO algorithm was employed in this study to improve the efficiency of
traditional CNN model. The main purposes of this study were as follows:

(1) A model based on the traditional CNN deep learning algorithm was used for predict-
ing forest fire risk in this study.

(2) By utilizing the PSO algorithm to optimize the structure and parameters of CNN
model, a PSO-CNN-based model (PSO-CNN) was proposed to predict forest fire risk
on a national scale.

(3) The performance of PSO-CNN was further tested over a long time period (from
2001 to 2020 year) and compared with certain models (i.e., logistic regression model,
random forest model, support vector machine and k-nearest neighbors).

The rest of the article is structured as follows. Section 2 outlines the study area and
data. We describe the methodology of this study in Section 3. Results are presented in
Section 4 and the discussion is given in Section 5. Section 6 provides conclusions based on
the results and discussion.

2. Data and Data Processing
2.1. Study Area

We conducted the study in China, a vast country located in the eastern region of Asia
and along the west coast of the Pacific Ocean. The terrain in China varies with a stepped
distribution, being higher in the west and lower in the east. The country covers an area
of approximately 9.6 million km? and spans approximately 5000 km from the east to the
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west, resulting in diverse temperature and precipitation patterns. There are two major
climate types: the monsoon climate in the eastern region and the temperate continental
climate in the northwestern region. China’s vegetation comprises temperate grasslands,
temperate deserts, tropical rain forests, evergreen broad-leaved forests, deciduous broad-
leaved forests, and alpine meadows. Given the vast size of China, the great climatic
variation, and the fact that it is home to the largest subtropical forests in the world, forest
fires occur frequently in the country [31-33].

2.2. Fire Data

The input of this study requires long-term, continuous, and stable monitoring data,
and only moderate resolution imaging spectroscopy (MODIS) products are able to fulfill
this condition. Therefore, we employed the daily fire mask product of MOD14A1 in China
from the year 2001 to 2020. The MOD14A1 product was widely used for modeling the forest
fire risk [34-39]. This product provides the spatial distribution of forest fires at a resolution
of 1 km, along with other information such as fire time and confidence levels. There were
138,664 forest fires recorded from 2001 to 2020. However, those with a confidence level of 9
were filtered to ensure data reliability. The filtered data were then overlaid with land cover
type datasets (MCD12Q1) to exclude temperature anomaly data from non-forested areas.
Thus, 25,434 forest fires during the period from 2001 to 2020 were analyzed in this study.

In order to train the model effectively, it was necessary to partition the fire data
into two distinct segments: one comprising 70% of fire data for training, and the other
comprising 30% of fire data for testing. During the partitioning process, non-fire segments
were also generated at a 1:1.5 ratio, providing balance to the dataset required for this
proposed model [40]. The final dataset contains a total of 63,586 samples. A more detailed
visualization of fires’ spatial distribution from 2001 to 2020 and the number of fires per year
in China were displayed (see Figure 1).
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Figure 1. Forest fire in China from 2001—2020. The red dots in (a) show the distribution of all fire
points in the China region from 2001 to 2020. The bars in (b) represent the number of fire point data
for each year.

2.3. Fire Risk Factors

In some reported studies [41-44], fire risk factors commonly include topography,
climate, combustibles and human activity. Therefore, eleven variables were taken into
consideration for this study. These variables included elevation, slope, aspect, normalized
difference vegetation index (NDVI), normalized multi-band drought index (NMDI), land
cover, temperature, relative humidity, precipitation, wind and nighttime lights. Detailed
information about the variables could be found (Table 1). Additionally, due to the challenges
of obtaining natural fire variables, such as long-term thunderstorm activity, the effect of
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these were not considered in this study. In summary, there are a total of 63,586 sets of
risk factors, which is the same as the fire data. The distribution of these data can be
observed (see Figure 2). In addition, Figure 3 provides a visual representation of the spatial
distribution of these variables.

Table 1. Unit and preprocessing methods and sources for the fire risk factors dataset.

Data Unit Method Source
Topography GIS mapping
Elevation m .
Geospatial Data Cloud
Slope degree
Aspect degree
Climate IDW interpolation
Temperature °C . .
P -1 o National Meteorological
Relative Humidity Yo )
Precipitati Information Center
recipitation mm
Wind m/s
Combustibles GIS mapping
NDVI - Geospatial Data Cloud
NMDI -
Land Cover - - LAADS DAAC
Human activit Euclidian distance
onan acivey DMSP/OLS; VIRRS
Nighttime lights degree
15,000 15,000 T
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Figure 2. Distribution of risk factor data. Each of these bars represents the distribution of data for the
corresponding risk factor and the corresponding number of bars.

Topographical factors have a significant impact on forest fire ignition conditions [45,46].
Hence, three topography variables including elevation, slope, and aspect were taken as
inputs to develop the proposed model in this study. These variables were calculated using
the digital elevation model (DEM) of China. The DEM data with a spatial resolution of 90 m
were obtained from the “Geospatial Data Cloud” platform (https://www.gscloud.cn/),
accessed on 1 July 2021.

Climate variables also play a crucial role in the occurrence of forest fires [47,48]. In
this study, the variables of average temperature, average relative humidity, precipitation,
and average wind speed were used. The climatological data from 2001 to 2020 for China
were acquired from the National Meteorological Information Center (http://data.cma.cn/),
accessed on 13 August 2021. The climate variables obtained from discrete stations were
transformed into surface data using the inverse distance weighting interpolation.
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Figure 3. The spatial distribution of variables on 30 May 2020. In (a—j), different values of the spatial
distribution of fire risk factors were projected onto the study area.

Combustible variables were chosen to include land cover [49,50], NDVI [51], and
NMDI [52]. The land cover data consist of 17 different land cover types with a resolution of
500 m. Specifically, we focused on the first seven land types (evergreen needleleaf, evergreen
broadleaf, deciduous needleleaf, deciduous broadleaf, mixed forests, closed shrubland,
open shrublands), which represent forest areas. To assess the health and water content
of vegetation, NDVI and NMDI were used. NDVI quantifies vegetation by analyzing the
disparity between near-infrared and red spectral bands using Equation (1). Additionally,
the NMDI was utilized to monitor the moisture content of both soil and vegetation through
spatial remote sensing methods using Equation (2).

NDVI — Rgsonm — Reasnm
Rgeonm + Reasnm

)

Rgeonm — (R1640nm — R2130nm)
NMDI = 2
Rg6onm + (R1640nm + R2130nm) @)

where R is reflectivity of each band and the subscripts correspond to the surface reflectance
at the central wavelengths of 645, 860, 1640, and 2130 nm bands in the MODO9GA product.

Typically, fires have a higher chance of occurring near urban forest borders where
human activity was more concentrated [53-55]. In this study, we chose to utilize nighttime
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light data, which was correlated with social indicators and can easily be processed to show
spatialized results [56]. Specifically, annual stable light images from DMSP/OLS for the
years 2001-2013 and annual average nighttime light images from VIRRS for the years
2014-2020 were utilized. With these data, the nearest non-zero pixel to the historical fire
was located using proximity analysis. Then, the Euclidean distance between the fire and
the light was calculated as the nighttime light value.

3. Methodology
3.1. Convolutional Neural Network (CNN)

The convolutional neural network (CNN) was originally proposed to solve the speech
recognition problem [57]. With hidden layers, it is able to identify simple patterns within
original data, then use these simplified patterns to compute more complex patterns in
advanced layers. To be specific, CNN was an input-to-output mapping network, consisting
of input, hidden, and output layers [28]. The network was proficient in learning a vast array
of mapping relations, despite the lack of a precise mathematical representation of the hidden
layer lying between inputs and outputs. Hidden layers include several common types of
constructs, such as convolutional layers, pooling layers, and fully connected layers [58].
The convolutional layer automatically extracted features from various regions across the
input, performing operations like local sensory field and weight sharing to reduce the
memory consumption of the deep network [59]. The pooling layer preserves features while
compressing data [60]. The fully connected layer distributes high-level features from the
convolutional layer, like a basic classification neural network, resulting in the final output.
Furthermore, as a feedforward neural network, CNN ensures that the three operations
of local sensory field, weight sharing, and pooling layer work cohesively. They are able
to reduce the number of network parameters and preventing overfitting. In this study,
we utilized 11 feature functions as the input data. With the aim of predicting forest fire
occurrence probability, the output layer produces a binary classification result. Figure 4
illustrates the convolutional neural network architecture. Therefore, a one-dimensional
convolutional neural network was employed for our research.

Input layers Hidden layers Output layers

convolutional pooling layers fully connected
layers layers

xl —

x2 —

x3 —

N |
T o 250 N |
b Fa P ¢ _+"2

Figure 4. Convolutional neural network architecture. The input layer has 11 feature functions
(corresponding to risk factors), the output is the probability result of the binary classification problem.
Same color does not mean same object.

3.2. Particle Swarm Optimization (PSO)

Particle swarm optimization (PSO) is an evolutionary computation technique based
on group collaboration and random search algorithms [61]. It was developed to simulate
the foraging behavior of a flock of birds using massless particles with only velocity and
position properties [62,63]. The algorithm has explicit upper and lower limits for each
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particle. Each particle individually searches for an optimal solution in the search space
and records it as the current personal best value (pbest). These particles then share their
individual best with other particles in the swarm, and the optimal individual best value
is selected as the current global best value (gbest) for the entire swarm. Based on the pbest
and gbest values sharing throughout the search space, all particles iteratively update their
velocity and position [64]. This is repeated many times until the global extreme value
(Gbest) is found. The particle updates its velocity and position to find these two optimal
values which follows the standard Equations (3) and (4) [65]:

VIt = wV} + cyry (xBest! — x!) + corp(gBest! — xi) 3)

it =t Vit (4)

where t refers to number of iterations. V! represents the velocity of the ith particle in tth
iteration, and xf is the position of the ith particle in tth iteration. w, c1, ¢3, 1, and r; are,
respectively, inertia weight, two learning rate values, and two random parameters within
[0, 1]. The introduction of w tunes the global and local search capability.

3.3. PSO-CNN Method

In the application of CNN, the main challenge was selecting its architecture and
parameters. Empirical parameters often only apply to specific research data and have
limited generalization. To optimize CNN, a novel approach has been developed, which
uses the random but guided mode of the PSO algorithm to evolve both the architecture and
parameters of the CNN. By training the dataset in the designated search space, parameters
were effectively optimized. In addition, human intervention was required to determine the
search space.

The optimization principle of the methodology was using the configuration of CNN as
the particle of the PSO. Each particle iteratively obtains the configuration of CNN with the
best accuracy. During the training of the PSO-CNN, the CNN extracted features from training
data and calculated the classification probability in its final Softmax layer, corresponding to
the probability of fire occurrence. The accuracy obtained corresponds to the fitness value of
each particle. The specific flowchart of PSO-CNN is shown (see Figure 5).

Step 1: In the data pre-processing, based on the dimensionality requirements of
one-dimensional CNN, we binarized and incremented the dimensionality of the dataset.

Step 2: Initialize and generate CNN architecture as particles of PSO. The training run
times m_max of CNN is 4 and epoch is 100. The particle number and the iteration number
of PSO is 5.

Step 3: Train and iterate each initialization particle to obtain Gbest, and the CNN model
S; corresponding to Gbest is the best model before optimization.

Step 4: Employ PSO to optimize the architecture parameters, then update the position
and architecture of each particle in turn. Equation (5) is used to evaluate the fitness and
loss value of each particle in each iteration. When the fitness value A, is greater than the
value of the last iteration A;_;, it would update the pbest of each particle. When pbest is
greater than the current gbest value, update the gbest value until the global extreme value
(Gbest) is obtained.

Fitness — %Z\t(i) — (5)

where N refers to the number of samples in the training data; ¢(i) and y(i), respectively, refer
to the actual and predicted data.

Step 5: Finally, Gbest is obtained, and the evolved model will be trained for 100 epochs,
so that it can improve the fitness value.
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Figure 5. The flowchart represents how this model works. The blue box indicates the data part. The

yellow box shows the PSO optimization search process. S; in the figure is the structure of each CNN,

and the subscripted i is the particle. Gy, is the global extreme value. A; is the fitness value.

To ensure a balanced distribution and avoid an excessive number of similar samples
after splitting, we utilized the train_test_split function with the shuffling option set to
True and a fixed random_state value [66-68]. For the fire probabilities obtained from the
test group (30%). We spatially visualized them as a national fire risk map. To be specific,
the forest fire probability is classified into five levels risk: very low (0-0.2), low (0.2-0.4),
medium (0.4-0.6), high (0.6-0.8), and very high (0.8-1).
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3.4. Evaluation Metrics

In order to get details about the impact of different risk factor on the model predic-
tion [67], we used shapely values (SHAP) to quantitatively evaluate the contribution of the
input factors to the prediction of PSO-CNN model. For this technique, the core idea is to
compute the marginal contribution of features to the model output, which is widely used
in the literature [67].

In this study, the proposed model was evaluated using accuracy (the correct prediction
rate) and ROC (receiver operating characteristic curve) for our dataset [13]. The ROC was
plotted with dichotomous coordinates, and the model’s accuracy was determined by the
AUC (area under the curve) [69]. Typically, a model that has an AUC greater than 0.9 was
considered to fit extremely well [70]. Additionally, the performance of PSO-CNN model
could be compared with that of other models such as logistic regression (LR) [69,71,72],
random forest (RF) [72,73], support vector machine (SVM) [17,74], k-nearest neighbor
(KNN) [75], and CNN.

4. Results
4.1. The Architecture of Optimized CNN Using PSO

As depicted in Figure 6, the architectural configuration of the best model was derived
from five independent runs. The model comprised a well-organized six-layer structure.
The initial three layers were convolutional layers, followed by one pooling and one fully
connected layer, and finally another convolutional layer. This structural distribution
showed the best training results. This model, as presented in Table 2, consists of a total of
687,280 parameters. Notably, 685,320 parameters have already been trained, accounting for
99.7% of all parameters. Only a mere 1960 parameters remain untrained.

Number of Pooling Layers Number of Convolution Layers
Number of Convolution Layers Number of fully connected Layers
nC nP nF nC
3 1 1 1

Figure 6. Architecture of the optimized model. Order of the layers obtained from left to right.

Table 2. The table represents the parameters of the CNN structure that were trained by the PSO as
well as the parameters that were not trained.

Total Parameters Trainable Parameters Non-Trainable Parameters

687,280 685,320 1960

4.2. The Performance of Traditional CNN and Optimized CNN

Based on Section 4.1, the comparison of results obtained from PSO-CNN models and
CNN was shown as Figure 7. The conventional CNN model achieved accuracy rates of
79.66% at its peak and 77.11% at its lowest point. On the other hand, the PSO-optimized
CNN model demonstrated higher levels of accuracy, with a maximum rate of 83.73% and
a minimum rate of 82.92%. During the same run time, the disparity in accuracy between
these two models reached a maximum of 6%, with a minimum of over 4%. Furthermore,
the optimized model consistently maintained an accuracy of approximately 83%.
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sponds to m in Figure 5. The red dash is the accuracy of the PSO-CNN. The black dash is the accuracy
of the CNN.

4.3. Impact of Risk Factors on Model Prediction

SHAP technique allows for global or local interpretation of model prediction. In this
study, only the summary_plot method was used to find the importance of risk factors for
PSO-CNN model. This result (Figure 8) showed that NDVI and land cover have the highest
contribution to the predictions of this model. These results are reasonably consistent with
results reported in the literature [76].

NDVI

Land Cover
Temp

RH

Elevation
Precipitation

NMDI

Slope

v
wind [l

Aspect I

0.

=)

0 0.02 0.04 0.06 0.08 0.10

Figure 8. The importance of risk factors for PSO-CNN model. The x-axis represents the average of
each variable’s absolute SHAP value, with variables ranked vertically based on their impact. The
y-axis represents the input risk factors in this study.

4.4. Accuracy Comparison of Different Models

We evaluated the performance of the proposed model against other models trained
using the same training group. As presented in Table 3, the PSO-CNN model demonstrated
a prediction accuracy of 82.2%, exceeding RF by approximately 9%, LR by about 11%,
SVM by about 8%, and KNN by about 11%. The ROC curves of these models, as shown
in Figure 9, demonstrated that PSO-CNN exhibits the highest AUC of 0.92. Our analysis
suggested that PSO-CNN was the best prediction model among CNN, LR, RE, SVM, and
KNN, with an AUC of 0.89, 0.82, 0.84, 0.86, and 0.81, respectively. Moreover, PSO-CNN
improved AUC performance by about 4% compared to CNN.
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Table 3. Comparison of training and testing accuracies of the six models.

Accuracy
Models . 1 ..
Training Validation
Logistic Regression 73.0 715
Random Forest 74.5 72.9
Support Vector Machine 75.5 74.7
K-Nearest Neighbor 72.6 70.9
CNN 79.6 774
PSO-CNN 83.7 82.2
ROC Curve
[}
T
- 0.6
2
g
S o
=
/ ,/ Logistic Regression (AUC=0.78)
02 / // ~—— Random Forest (AUC=0.84)
[ ,’ = Support Vector Machine (AUC=0.86)
,’ K-Nearest Neighbors (AUC=0.81)
,’ CNN (AUC=0.89)
4 —— PSO-CNN (AUC=0.92)

08 10

04 0.6
False Positive Rate

Figure 9. ROC curves comparison for the six models. The area under each curve represents the AUC
value. the AUC is defined as a value from 0 to 1.

4.5. Spatial Distribution of Different Models

Figure 10 presented the percentages of each model’s risk level on 30 May 2020, for
selected data based on their prediction results. The proposed model’s risk levels were
interpolated into a forest fire risk distribution map utilizing the Kriging method from
ArcGIS 10.8 software, utilizing forest cover data from 2020. The PSO-CNN model has the
highest prediction rate (57.1%) for very high risk fires, while the other three models have
only 11.8%, 3.8%, and 0, respectively. This suggests that the proposed model can improve
the effectiveness of forest fire protection in real situations.

Figure 11 assessed the distribution of fire on 30 May 2020, accompanied by a predicted
fire risk distribution area and local zoom-in maps of fire. In particular, compared to
the other models’ predictions of medium-low risk, the PSO-CNN model predicted the
Xiaoxing’an Mountain region and the Liangshan region of Sichuan as medium-high risk
areas. In addition, it was possible to visualize the fire risk level of the image element units
through the local zoomed-in map of fires in northern Yunnan, and there were variations
in the prediction results of different models for the same fire. For instance, the PSO-CNN
model predicted a very high risk, while the other four models predicted medium risk, and
the traditional CNN results indicated high risk. Overall, the PSO-CNN model demonstrated
a remarkable level of accuracy and detail in dividing forest fire areas, highlighting its high
practical potential.
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Figure 10. Proportion of each risk class predicted by the four models. The dark green bars are very
low risk, the light green bars are low risk, and the yellow bars are medium risk, and the orange bars
are high risk and the red bars are very high risk.
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Figure 11. Spatial distribution of forest fire risk in China according to different models. In (a—f), the
large figure on the left shows the results of the risk level distribution predicted by each of the six
different models. The meanings represent by the colors are shown in Figure 10. The two small figures
on the right are local zoomed-in images of different places, and the area where the fire falls indicates
that it is predicted to be of the corresponding risk level. The starting point of the arrow is the location
of the specific fire.

5. Discussion
5.1. Results Discussion

Forest fires generally exhibit non-linear relationships with various risk factors [77].
To effectively quantify this non-linear relationship, advanced deep learning models (e.g.,
CNN) are suitable [22]. In previous research conducted within this study area, the accuracy
values obtained are on average 73% [40], 80% [73], and 82% [41], respectively. In this study,
the proposed PSO-CNN model exhibited superior performance (training accuracy = 83.7%,
validation accuracy = 82.2%).

A conventional CNN model was developed in this study and the network parameters
were trained using Adam’s optimizer. However, the outcomes obtained were not up to the
desired level of satisfaction. Consequently, we suggested employing a more efficient opti-
mization technique (i.e., PSO) [29]. Compared to other swarm intelligence (SI) algorithms
for optimization problems, PSO and ant colony optimization (ACO) performed well [78].
According to Mavrovouniotis et al. [79], PSO was more effective than other evolutionary
methods like differential evolution (DE) and genetic algorithm (GA) in optimizing the
network and parameters. Therefore, PSO is an outstanding optimization tool. Previous
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research has successfully used PSO to optimize neural networks in various applications,
such as adaptive improved PSO-based RBF (AI-PSO-RBF) [80], nonlinear-time-varying
evolutionary PSO (NTVE-PSO) [81], particle swarm optimization-sliding mode control
(PSO-SMC) [82], and multi-objective particle swarm optimization algorithm with com-
petitive mechanism (MOPSO-CM) [83], and so on. These studies also demonstrated the
effectiveness of PSO as an optimization tool.

The optimal configurations of the proposed model were automatically determined
within a given search space. Specifically, PSO deployed particle velocity and position up-
dates to identify optimal parameters. The results obtained from this research demonstrated
that optimization performance was influenced by the number of particles and epochs.
It was possible to deduce that increasing these two parameters could generate a more
efficient CNN architectures. However, this process would consume more computational
memory and time. Therefore, finding a middle ground between accurate predictions and
efficient computation was crucial. Even though deep learning is more computationally
complex than machine learning, it was more adaptable and better suited to handling
nonlinear problems, particularly in the context of large datasets. As the most popular
CNN in deep learning, its 1D CNNSs offered excellent training performance while retaining
low computational complexity in many applications [84,85]. Additionally, deep learning
architecture was prone to instability due to minor data or parameter changes [86]. However,
the PSO-CNN model’s prediction stability, demonstrated by its consistently smooth results
in five consecutive independent runs averaging approximately 83%. This demonstrated
the potential for stability development.

In order to validate the effectiveness of the model, we established used forest fire
prediction models, such as LR [12,13,71], RF [14,17], SVM [17,74], and KNN [75]. The PSO-
CNN model outperformed the other three models, including CNN. It was hypothesized
that the reason may lie in the former’s insufficient ability to train and extract information
from multi-source and non-linear data [17], but our proposed method was better able to
take full advantage of its strengths in dealing with such problems. Moreover, the PSO-
CNN model demonstrated a higher prediction rate for very high risk levels, indicating its
heightened sensitivity to risk factors. Due to the large forest cover and high vulnerability
to climate extremes, the southwest and northeast regions are particularly prone to higher
fire risk. Consequently, these regions were prioritized for fire prevention and management
efforts, ensuring the efficient allocation of management resources.

While other risk factors associated with human activity are frequently used in pre-
dicting wildfire risk, nighttime light is not routinely considered. However, the presence
of nighttime lights was frequently linked to public safety [87]. Some research studies also
have demonstrated the usefulness of nighttime lights in pollution disaster assessment [88]
and armed conflict monitoring [89]. To accurately characterize human activity, this research
computed the proximity between lights and fire. This key operation helped to eliminate
the nighttime lights data of non-forested areas and ensures the accurate characterization of
the data. Importantly, most of the human activity indicators often used, such as distance
from roads and distance from settlements [90], are usually static and do not change rapidly.
However, human activity is not constant. Therefore, nighttime lights are able to respond to
the degree of social prosperity [91], which is consistent with the dynamic nature of human
activities. Therefore, nighttime lights are useful for perfecting data on forest fire risk factors.

5.2. Improvement Strategies

Although this study has provided valuable insights, it is essential to recognize certain
limitations. Firstly, due to the broad research area and limited daily data, spatial inter-
polation may produce imprecise predictions in some regions, and this may reduce the
overall accuracy. In addition, we have encountered certain issues with risk factors selection
process, such as the absence of thunderstorm activity data and restrictions of the nighttime
light in expressing human activity (e.g., railways characterized by weak lighting). Similarly,
the interpretability of the impact factors in the black box has not been considered in this
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paper. In future, we are committed to enhancing our factor selection and research of impact
mechanisms to address these challenges effectively.

Moreover, there was a strong correlation between forest fire incidence and geographic
distribution, but this study did not take into account the spatial heterogeneity of fire
locations or utilize relevant spatial information. To solve these limitations, future research
could integrate spatial heterogeneity with deep learning, so that a combined prediction
model can be built.

6. Conclusions

To address the exploration of optimization algorithms in deep learning, we used parti-
cle swarm optimization algorithms to optimize CNN. Without much human intervention,
the process of searching for the CNN'’s configuration in a certain search space is automated.
Based on the forest fire data of mainland China from 2001 to 2020, including 11 forest fire
risk factors (such as meteorology, topography, combustibles, and human activities), we used
the obtained PSO-CNN model for forest fire risk prediction. The prediction accuracy of
this model was compared with logistic regression, random forest, support vector machine,
k-nearest neighbor, and CNN. The following conclusions were drawn:

(1) The established conventional CNN model can be utilized for forest fire prediction,
and it exhibits greater potential.

(2) The optimized CNN of PSO algorithm outperformed the traditional CNN in predic-
tion, representing a novel approach in the realm of forest fire research.

(3) Through testing and comparison with other models (such as logistic regression, ran-
dom forest, support vector machine and k-nearest neighbor), it has been determined
that the different evaluation metrics (accuracy, ROC) demonstrate superior perfor-
mance. Furthermore, when mapping the fire risk in the study area, there is a height-
ened sensitivity to fire risk.

In summary, this PSO-CNN model can effectively predict the occurrence of forest fires.
It plays a positive leading role in the research of forest fire prediction based on evolutionary
deep learning.
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