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Abstract: Monitoring and early warning technology for forest fires is crucial. An early warn-
ing/monitoring system for forest fires was constructed based on deep learning and the internet
of things. Forest fire recognition was improved by combining the size, color, and shape characteristics
of the flame, smoke, and area. Complex upper-layer fire-image features were extracted, improving
the input conversion by building a forest fire risk prediction model based on an improved dynamic
convolutional neural network. The proposed back propagation neural network fire (BPNNFire)
algorithm calculated the image processing speed and delay rate, and data were preprocessed to re-
move noise. The model recognized forest fire images, and the classifier classified them to distinguish
images with and without fire. Fire images were classified locally for feature extraction. Forest fire
images were stored on a remote server. Existing algorithms were compared, and BPNNFire provided
real-time accurate forest fire recognition at a low frame rate with 84.37% accuracy, indicating superior
recognition. The maximum relative error between the measured and actual values for real-time online
monitoring of forest environment indicators, such as air temperature and humidity, was 5.75%. The
packet loss rate of the forest fire monitoring network was 5.99% at Longshan Forest Farm and 2.22%
at Longyandong Forest Farm.

Keywords: forest fire monitoring; deep learning; convolutional neural network; back propagation
neural network; internet of things (IoT)

1. Introduction

Forest fires destroy numerous trees and cause the death or displacement of wild
animals. They cause the destruction and modification of forest vegetation and structure,
and of the ecological environment, climate, and soil properties, reducing the ability of
the forest to prevent water and soil loss and to regulate the weather. Concurrently, they
reduce the vegetation area, allowing the ground to receive direct solar radiation, making
the surface temperature rise too quickly, further damaging ground creatures, and causing
desertification and other hazards [1]. Traditional forest fire monitoring is time-consuming
and labor-intensive. Forest fire prevention has gradually shifted from manual patrols,
lookout monitoring, air forest protection, satellite remote sensing, and other monitoring
methods to early monitoring and warning systems for forest fires. Early warning systems
and the timely detection of forest fires are crucial measures to reduce fire loss. Wireless
sensor networks (WSNs) are a relatively stable technical means to obtain environmental
information on combustibles under forests, monitor changes in the environmental mi-
crometeorology before forest fires, and provide early warnings of imminent fires [2,3].
Therefore, the WSN, as an early monitoring tool for forest fires, has become an effective
means of real-time forest fire monitoring. Deep learning methods that analyze the forest
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canopy image information from images collected above the forest have also been applied
for dynamic forest fire monitoring/early warning systems. Both techniques are described
in detail below.

Before a forest fire, environmental information under the forest canopy can be collected
using WSN technology, and changes in the forest environment micrometeorological data
can be recorded and used to perceive signs of forest fires at an early stage. The generation
of flame and smoke above the forest can be identified by applying deep learning to forest
canopy images to realize fire-monitoring sampling and identify early warnings, reducing
firefighting time and preventing major fires [4-6].The WSN monitors the meteorological fac-
tors of the forest environment and the moisture content of undergrowth combustibles, using
this data to simulate the spread and propagation of forest fires. A forest fire early warning
model was built, verified, and modified in an actual forest environment by analyzing these
factors [7-10].

Moussa et al. [11] built a forest fire-monitoring WSN system using temperature, hu-
midity, and smoke concentration sensors to collect real-time forest environmental infor-
mation. This system improved the DV-Hop location algorithm and the accuracy of the
traditional iteration algorithm; optimized the distance estimation, node location, and model
performance; and conducted field verification to meet the needs for early monitoring
and positioning.

Saeed [12] employed flame, smoke, temperature, and humidity sensors to monitor
forest fires. In combination with the technical characteristics of ZigBee and long-range
radio (LoRa), Zigbee technology was used for data transmission in the sensing area of
the forest. By improving the LoRa relay—group network communication agreement and
conducting field tests, Saeed collected and transmitted data for an intelligent forest fire
early warning system.

Sinha [13] applied WSN nodes to monitor the characteristic signals of forest fires and
fused temperature, carbon monoxide concentration, and smoke information to obtain the
trust function generated by forest fires. The field test analyzed the probability of a forest fire.
The results demonstrated that the system can reliably set off an alarm when the collected
information exceeds a set threshold, quickly and accurately identifying the probability of a
forest fire.

Moreover, WSNs can collect real-time information, but using them to perceive the
current fire situation in a forest canopy promptly is difficult. Humans have difficulty
reaching and deploying WSN monitoring nodes in certain forest environments, such as
steep terrains. When the tree crown catches fire, monitoring the state of the forest fire under
the trees is challenging. Therefore, many scholars have used deep learning methods to
recognize the forest canopy image information from fire images collected above the forest
to identify fire danger as early as possible [14]. Uncrewed aerial vehicles (UAVs) and video
surveillance can obtain forest canopy image information using deep learning methods for
fire monitoring. The complex features of the forest fire image, such as smoke and flame, are
analyzed to build a forest fire monitoring/early warning model [15-18].

Furthermore, forest fire risk prediction models have been created to predict the time
of fire occurrence, fire-spread direction, and fire intensity using deep learning to analyze
various factors affecting forest fire [19-23]. Park et al. [24] proposed a semi-supervised
classification model using support vector machine technology to divide forest areas into
high, medium, and low activity based on the likelihood of a forest fire in an area. The
model’s forest fire identification is satisfactory, with a prediction accuracy of 90%.

Sousa et al. [25] determined a forest fire risk index based on the forest area and
vegetation at Mount Tai, and divided the monitoring area into high-, medium-, and low-
risk areas on a fire-risk rating map. Based on the sensitive characteristics of chaotic systems,
the theory of differential flatness was adopted to track and control UAVs, realizing random
path planning.

Elshewey et al. [26] employed data enhancement technology to enhance the data
features of forest fire images and mark candidate boxes on target detection datasets. Three
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convolutional neural networks(VGG16, Inception V3, and ResNet50)were applied to build
a forest fire early warning model using migration technology. The model parameters were
gradually optimized, and their accuracy was verified. This method can accurately detect
the fire area in an image and provide fire location information.

Shreya et al. [27] combined cellular automata with existing forest fire models to build
an improved forest fire spread model. The model calculates the speed change rate index
according to meteorological factors affecting the forest fire spread, and adaptively adjusts
the time steps of the cellular automata through a speed change rate index. The model
can be used to simulate and predict forest fire spread. The experimental data reveal that
the fire-prediction accuracy of the model output reaches the fire-detection accuracy of
real-time prediction.

Thus, deep learning methods are highly suitable for forest fire identification [28-33].
However, in practical applications, most deep learning methods suffer from low accuracy
in identifying forest fires. The low efficiency of complex upper-layer feature extraction of
fire images results in low robustness of input conversion [34-38]. This study researches
forest fire monitoring using the WSN, deep learning, and existing research in this field,
providing critical technical support for enriching and innovating the current forest fire
prevention and control technologies and management methods, considering the limitations
of the WSN and deep learning-based methods.

The main contributions of this study are the construction of a forest fire monitoring and
early warning system based on deep learning and the internet of things (IoT). A forest fire
recognition method based on image segmentation processes the collected forest fire images.
Forest fire recognition is improved by combining the size, color, and shape characteristics
of the flame, smoke, and area. Complex upper-layer features of fire images are efficiently
extracted, improving the robustness of input conversion by building an improved dynamic
convolutional neural network (DCNN) forest fire risk prediction model. The proposed
back propagation neural network forest fire identification (BPNNTFire) algorithm calculates
the processing speed and delay rate of the video images. The data are collected and
preprocessed to remove noise. The model recognizes the forest fire images, and the classifier
classifies them to distinguish between images with fire and those without fire. A fire image
is classified locally for feature extraction of forest fire images and is transmitted to a remote
server for storage.

2. Materials and Methods
2.1. The Dataset Description

A total of 7690 forest fire images of diverse types were collected from Guangdong
Province and the internet to build a dataset. The dataset contains top-view image informa-
tion for trees, lakes, roads, and other forest environments captured using a UAV from the
air, collected under sufficient light and low-illumination conditions.

The dataset was divided into training and testing sets in an 8:2 ratio (i.e., 6152 image
samples for training and 1538 images for testing, collected with the same background). The
rotation angle method increased the number of training set samples. Six angles were used to
rotate the training set images: 30°, 75°, 180°, 210°, 255°, and 300°. This approach increased
the training sample diversity, prevented overfitting during training, and improved the
model detection accuracy. Forest fire images were recognized as different images in the
training network using various rotation angles. The original image dataset can be increased
six-fold through rotation angles. The number of samples before the dataset expansion
was 7690, and the number after the expansion was 53,830. The expanded sample data
were divided into training and validation sets. Table 1 presents the data distribution of the
training, verification, and testing sets.
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Table 1. Distribution of forest fire image datasets.
Catego Number of Training Verification Testing
gory Dataset Samples Set Samples Set Samples Set Samples
Fire image 53,830 43,064 5237 5529

This study constructed a dataset with 3840 images from the internet and forest fire
images collected in Longshan Forest Farm (23°12'N, 113°22’E), which is located in Lechang
City, Shaoguan, Guangdong Province, China. The forest farm mainly grew Chinese fir,
as well as Lechang Michelia, camphor, and various local broad-leaved trees. The gener-
alizability of model training and the effectiveness and efficiency of extracting relevant
features from images were ensured. The dataset was divided into training and testing
sets. The training set consisted of 3072 images, including 320 images with fire and 2752
without fire. The testing set had 768 images: 384 with fire and 384 without fire. The training
set distribution was unbalanced, but the testing set distribution was balanced; therefore,
whether the model could be used in real-world scenarios could be assessed. The dataset
contained images of various scenes, such as forest fires with various sizes and varying
lighting intensity at night and in the morning. Non-fire images were captured in bright
light, during early morning, and at sunset. Figure 1 depicts representative images of forest
fire datasets in diverse environments.

AN 5 .21°'E
e .

113.38°N, 23.20%'E

Figure 1. Images in one forest fire dataset.

2.2. Network Structure

This section describes the improved BPNNFire algorithm. Figure 2 illustrates the early
warning structure of the forest fire monitoring network. The upper part represents the
image information regarding fire over the forest monitored by a UAV, and the image is
recognized using deep learning technology. Finally, the forest fire image is recognized and
predicted at the output layer. The lower part represents identifying forest environmental
information through the WSN to provide a timely warning of forest fires. The collected
data are stored in the database.
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Figure 2. Structure of a forest fire monitoring network.

The forest fire monitoring/early warning system is depicted in Figure 3, with a
forest environment information collection node, UAV, camera, sensor, solar power supply
module, BPNNFire algorithm and DCNN model deployment platform, and forest fire
online monitoring system. The forest environmental information collection nodes deployed
in the field were powered using solar panels. The nodes include various sensors, such
as air temperature, humidity, soil moisture, illumination, and wind speed sensors. The
forest environmental information monitoring node collects forest environmental data
within its area and transmits data to the gateway node in multi-hop form to a remote
server through the network node. The data in the server are connected to the forest
fire monitoring/early warning system through the interface, which can display real-time
monitored forest environment data. The UAV collects forest fire image data over the forest
and transmits the monitored image signal to the BPNNFire algorithm and DCNN model
deployment platform. The forest fire online monitoring/early warning system can display
and process the monitored forest fire images online and promptly detect a forest fire.

UAV Forest fire image
Camera
«— _— _
o
NS
//6 Algorithm and model
B deployment platform

Air temperature and
humidity sensor

Forest fire online
E ¢ ﬁ monitoring and warning

0

lithrum

Soil moisture ¥ battery

sensor | W Charging
controller

Figure 3. Measurement equipment and processes in the experiment.

2.3. BPNNFire Algorithm

We propose the improved BPNNFire algorithm. Figure 4 presents the steps of the
BPNNFire algorithm. First, data were collected and preprocessed to remove noise. The
model recognized the forest fire image after input, and the classifier distinguished between
images with and without fire. An image with fire was classified locally for feature extraction



Remote Sens. 2023, 15, 2365

6 of 15

and transmitted to a remote server for storage. Figure 4 displays the framework of the
forest fire recognition algorithm.

Fire/Smoke

A

y

Fire suppression
system

Alarm

Classification

Local Analyzer

Deep Learning
Model

Y

Non-fire

A

Evacuation path
display

Information
gateway

Health service
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Figure 4. Framework of the forest fire recognition algorithm.

<

Fire safety
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The following steps are performed in the improved BPNNFire algorithm:

The checked window is divided into 16 x 16 parts;
Each pixel is compared to the neighboring pixel;

If the value of the neighbor is smaller than the focal pixel value, the pixel value is set
to 0; otherwise, it is 1, generating an 8-bit binary number;
The frequency histogram generated by each member number is calculated in the entire cell;
Histograms can be normalized according to the use-case authenticity, and the his-
togram of each cell is normalized to obtain the feature vector;

When the DCNN model provides an early warning, the forest fire risk prediction
model generates region of interest (ROI) particles in rectangles, constantly moving in
various directions and changing positions. In this case, the size of the ROI is updated over
time. Step 1 explains each point of ROI formation in detail, and the similarity of fire or
smoke can be identified. The following are the model parameters: object weight Wi, object
height Hi, central coordinates Ci(x, y), and rectangles of each coordinate described by the
ROI (RCq(x,y),RCa(x,y), RC3(x,y), RC4(x,y)). The derivation process is as follows:

Cror = Ci—1(x,y)

WROI = Wi—l x 1.2

HROI = Hi—l x 1.2

RCl(x,y) = CRO[[X — (WROI - 1.5),]/ — (HROI - 1.5)]

RCz(x,y) = CROI[x + (WROI - 1.5),y + (HROI =+ 1.5)]

RC3(X,]/) = CROI[x — (WROI -+ 1.5),]/ + (HROI - 15)]

RC4(x,y) = Cror [x + (WROI - 1.5),y — (HROI - 1.5)]

Image = Corp(RCq, RCyp, RC3, RCy)

Among them, H; 1, W;_1, and C;_1(x,y) are inputs.

)
@
®)
4)
©)
(6)
@)

®)
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2.4. Construction of the DCNN Prediction Model

Next, we build a forest fire risk prediction model based on the improved DCNN and
BPNN algorithm to extract complex upper-layer features of fire images and improve the
robustness of input conversion. Figure 5 details the DCNN prediction model network
architecture. The last layer is the high inference classification for the DCNN.

Leaky Leaky Leaky
-Rel.U - -RelL.U
' Convl c Conv2 Bell Conv3
96 256 384
Max- f Max- j Max-
pooling pooling pooling
Leaky Leaky
-ReLUW -ReLU]
Output |, FC2 |, FCl1

2x2x 1 ‘J 4096 J 4096
Drop6 Drop6

Figure 5. Structure of the deep convolutional neural network prediction model.

(1) Convolutional layer

The convolutional layer applies convolution to the input of an image, and the result is
transferred to the next layer. Each point in the convolutional layer is an acceptance region,
a collection of units in the previous layer. Neurons can acquire basic visual features of local
perception, and this layer has various feature maps and can display multiple feature maps.
The form of the convolutional layer is expressed by Equation (9):

Xh= FIX e}kl 4 0] ©

where the X! output denotes a feature map of a specific convolutional layer, M j represents
a set of input maps, k indicates the core size determining the contribution of the model to
the image, and b is a deviation value;

(2) Sampling layer

The subsampling or pooling layer performs subsampling and local averaging to reduce
the complexity resolution of the feature map. It also eliminates output sensitivity. The form
of the subsampling layer can be expressed as follows (10):

X]l‘ =f |:ﬁ§‘d0wn (X;-fl) + bf} (10)

where B, denotes a subsampling function. Generally, the subsampling (down) function

provides n by n blocks in the input image to calculate the final output, offering an n-times
smaller normalized output. In addition, § represents the multiplication deviation, and b is
the additive deviation. The proposed DCNN model follows;

(3) DCNN model

The model has five convolutional layers, five max-pooling layers, and two fully
connected layers, each of which has 4096 neurons. The softmax classifier is implemented
for the last level of high inference classification, and the rectified linear unit activation
function is employed, as presented in the following formula:

xifx>0

ax x <0 (11)

) = {
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An image is input into the model, adjusting its size to 256 x 256 x 3. The convolu-
tional layer performs 11 operations on the input image of size 11 x 11 x 3 with 96 core
filters, in Step4.Then, in the second volume-building layer, there are 256 cores with a size
of 5 X 5 x 64. In Step 2, the output is transferred to the pooling layer. On the third convo-
lutional layer, the convolutional operation is reapplied. There are 384 cores with a size of
3 x 3 x 256 but no pooling process. The remaining two volume layers use filters with 256
and 384 cores in Step 1. After the fifth roll-up layer, the pooled layer is reused, and a single
3 x 3 filter is used. Finally, there are two fully-connected layers for final classification, each
with 4096 neurons. Figure 6 displays the schematic diagram of flame-area extraction using
the neural network.

Figure 6. Schematic diagram of flame-area extraction using the neural network.

3. Results
3.1. Performance Comparison Test and Analysis of the BPNN Algorithm
3.1.1. Model Performance Test

Table 2 lists the specific training environment parameters, including the processor
parameters, graphics card parameters, memory, development environment, and other
specific information used in this experiment.

Table 2. Training environment parameters.

Name Training Environment
CPU Inter® Xeon® Gold 6240@2.59 GHz
GPU NVIDIA GTX 3090@24 GB
RAM 128 GB
PyCharm version 2020.3.2
Python version 3.7.10
PyTorch version 1.6.0
CUDA version 11.1
cuDNN version 8.0.5

The convolutional layer realizes a highly-active DCNN by training the convolutional
filter. More convolutions result in more complex characteristics. The convolutional kernel
is trained to form a better combination mode, obtain optimal parameters through the
proposed model, and effectively classify the test samples by optimizing the parameters.
The training and testing loss function curves of the algorithm are presented in Figure 7.
These curves reveal that the value of the loss function gradually decreases, and the curve
tends to converge as the number of training and testing iterations increases. Figure 7
depicts the test accuracy iteration curve, revealing that the testing accuracy increases as the
number of training iterations increases, and the curve reaches the maximum value with
500 iterations.



Remote Sens. 2023, 15, 2365 9 of 15

1.8 \ﬁ'u —— Test Loss

% ' Train Loss
Test accuracy

1.4

200 L300
Iterations
Figure 7. Training and testing loss function curves.

3.1.2. Forest Fire Image Recognition Effect Test

Various algorithms are used to compare the forest fire image data processing speed
and to process videos with a duration of 4 min and 16 s. The video has 29 images/s, and
the size of each frame is 960x540, for a total of 7424 images. The processing speed and
delay rate are calculated using the BPNNFire algorithm, BPNN, interframe difference,
background elimination, and Vibe algorithm, presented in Figure 8.

8

120.00%
—_
2L 7.54 T« —
=) 7.26 7.13 100.00%
86
§ L
5 80.00%
o5 | P 5 -
E 73.02% 74.85% 75.50% \ 2
—4 t \ 4 60.00%
3 \ g
] \ )
a3 r \ =
o 1 40.00%
3=
g2
[ \
2 \ 4 20.00%
& 1 r » 0.87
0 0.00%
BPNNFire algorithm  BPNN algorithm  Interframe difference Background Vibe algorithm

algorithmn elimination algorithm

Figure 8. Processing speed and delay rate of the algorithms.

Figure 8 indicates that the processing speed is 7.54 fps for the BPNNFire algorithm,
7.26 fps for the BPNN algorithm, 7.13 fps for the interframe difference algorithm, 6.79 fps
for the background elimination algorithm, and 0.87 fps for the Vibe algorithm. When the
flight speed of the UAV is constant, owing to the limited change-of-scene information
recorded in the video, preprocessing during video frame capture can reduce the number of
frames to achieve a real-time data processing effect. When the video frame is set to 5 fps, the
interframe difference algorithm and background elimination method are used to increase
the processing speed to verify the accuracy of the forest fire recognition algorithm at a low
frame rate. The test data in Figure 8 reveal that, under the same conditions, the BPNNFire
algorithm has the lowest delay rate, and its processing speed can meet the real-time usage
and accuracy requirements. Regarding algorithm processing results, other algorithms are
used to process images. Figure 9 presents the recognition results of various algorithms.
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(a) (b)

(d)

(f)

Figure 9. Recognition results of various processing algorithms. (a) Original image; (b) BPNNFire
algorithm; (c) BPNN algorithm; (d) Interframe difference algorithm; (e) Background elimination
algorithm; (f) Vibe algorithm.

Figure 10 displays the accuracy of fire-image determination using various algorithms,
revealing that the BPNNFire algorithm can meet real-time accurate forest fire recognition
requirements under a low frame rate. The recognition accuracy rate reaches 84.37%, indicat-
ing that the BPNNFire algorithm is superior to other algorithms in recognition accuracy.

100.0%

Relative determination accuracy
84.37%

Determination accuracy
80.0% I 7
70.35%

o
e
=)
3
S
T

53.02% 53.95%
45.89%

Accuracy

=
(=]
(=1
2
53

T

20.0% | ;
11.80% 9.479% 9.08%

321% 5.04%

0.0%

BPNNFire algorithm BPNN algorithm Interframe difference Background elimination Vibe algorithm
algorithmn algorithm

Figure 10. Fire determination accuracy of various algorithms.
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3.2. Internet of Things Monitoring System Test and Analysis

By monitoring environmental forest data, the hidden dangers that may lead to a forest
fire can be perceived early, providing an advanced warning to minimize the occurrence
of disasters. When a forest fire is about to occur, the micrometeorological information of
the forest environment changes. By setting a threshold in the online forest fire monitoring
system, an early warning of a forest fire can be realized to prevent it. When a forest fire
occurs, the environment forest information around the fire also initially changes. When the
monitored forest environment parameters exceed a certain threshold, the online forest fire
monitoring and warning system initiates an alarm. The UAV is applied to collect the forest
fire image data over the forest and transmit the monitored image signal to the BPNNFire
algorithm and DCNN model deployment platform in real time. From May to August 2021,
WSN:s for online forest fire monitoring were deployed in Guangdong Shaoguan Longshan
and Guangdong Longyandong Forest Farmsto verify the function of the forest fire moni-
toring/early warning system and conduct real-time online monitoring of environmental
indicators, such as air temperature, humidity, soil moisture, and illumination. The online
forest fire monitoring/early warning system processed the monitored forest fire image
online to detect a fire promptly.

3.2.1. System Packet Loss Rate Test

The forest fire monitoring data from two forest farms from 1 July 2021 to 30 September
2021 were downloaded onto the monitoring data management platform to perform a
statistical analysis. According to the 30 min collection cycle, the number of monitoring
data packets was 3572, and the number of data packets received by the platform was 3358
for Longshan and 2725 for Longyandong. As the SIM card of Longyandong Forest Farm
gateway was not recharged in time, 785 data were lost between 0:00 on 15 July 2021 and
10:00 on 5 August 2021. Table 3 presents the statistics for the packet loss rate data. The
packet loss rate of the forest environment monitoring network of Longshan Forest Farm
was calculated at 5.99%, and the packet loss rate of the forest environment monitoring
network of Longyandong Forest Farm was 23.7%. If the data loss period of Longyandong
Forest Farm had not been considered, the gateway of Longyandong Forest Farm would
have sent 2787 packets, with a packet loss rate 0f2.22%.

Table 3. Packet loss rate statistics.

Forest Farm Longshan Longyandong
Number of local packets sent 3572 3572
Number of packets received by the platform 3358 2725
Packet loss rate 5.99% 23.7%

The analysis found that the packet loss rate for Longshan Forest Farm was higher
than that of Longyandong Forest Farm. The environment data monitoring node for Long-
shan Forest Farm was deployed close to the gateway node. However, due to the dense
tree growth in the deployment environment, the difference in geographical locations and
altitudes between the two nodes, and the weak signal strength of the SIM card, the gateway
node was often disconnected and lost several data packets. However, although a height
drop and housing block occurred between the environment information monitoring node
and gateway node in Longyandong Forest Farm, many nodes were deployed, improving
the data transmission link, overcoming the effect of geographical factors, and effectively
reducing the packet loss rate. The results indicate that the hardware device and embed-
ded routing protocol can be applied to an unattended situation in a forest environment
monitoring field to ensure long-term stable system operation.
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3.2.2. Fire-Monitoring Network Deployment of Longyandong Forest Farm

Several sets of WSN nodes were deployed on the Maofeng Mountain forested land at
Longyandong Forest Farm during the experiment, and the network deployment method
was consistent with that for Shaoguan Longshan Forest Farm. The air temperature, humidity,
soil moisture, light intensity, and other indicators of the forest environment were collected.

The relative error test on the forest environmental data was conducted from 1 to 30
August 2021. The maximum temperature humidity data measured in this period and the
maximum temperature humidity data measured on the platform were used for relative
error statistics. The error calculation formula is as shown:

|Platform data — measured data|
measured data

relative error =

x 100% (12)

The data measurement tool recorded the maximum temperature and humidity data

daily, fitting and analyzing the monthly monitoring data and generating the data curve in
Figures 11 and 12.
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Figure 11. Maximum temperature and humidity monitoring data.
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The results indicate that the designed forest fire monitoring/early warning system is
stable. Figure 12 displays the actual and platform maximum temperature data measured in
the period, and it also depicts the actual and platform maximum humidity data measured
in the period. Figure 11 demonstrates that the maximum relative error of temperature and
humidity is 5.75%, whereas the minimum relative error is zero.

4. Conclusions

This study conducted comprehensive tests and analyses in Longshan and Longyan-
dong Forest Farms to verify system stability and functionality. The research results are
as follows:

e  The system can typically transmit the forest environment data monitored by the
ground WGSN, and the UAV can generally return fire images above the forest and
provide a prompt early warning, meeting the needs of forest fire monitoring;

e  Multiple algorithms compared the processing speed of a video with a processing
time of 4 min and 16 s. The video had 29 images/s, and the size of each frame was
960 x 540, for a total of 7424 images. The processing speed and delay rate of the video
images were calculated using the BPNNFire algorithm and other algorithms. The test
results revealed that the BPNNFire algorithm’s judgment accuracy rate was 84.37%,
indicating that this algorithm was superior to other recognized algorithms;

e  The real-time online monitoring of forest environmental indicators for three months
indicates that the packet loss rate of the forest fire monitoring network was 5.99%for
Longshan Forest Farm and 2.22% for Longyandong Forest Farm. The constructed hard-
ware equipment and embedded routing protocol could be applied to an unattended
situation in the forest fire monitoring field to ensure long-term stable system opera-
tion. The maximum relative error between the measured temperature and humidity
values and the actual value was 5.75%, indicating that the forest fire monitoring/early
warning system could stably receive and transmit forest environmental data, and that
the system connectivity was good.

Although the improved BPNNFire algorithm, as applied to forest fire detection,
achieved good results, the detection accuracy and performance of the forest fire recognition
model must still be improved for further optimization. Future research could explore how
to reduce the model complexity, simplify the model structure, and optimize the model
parameters, ensuring a lightweight model the calculation efficiency.
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