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Abstract: Ground penetrating radar (GPR) detection is a popular technology in civil engineering.
Because of its advantages of non-destructive testing (NDT) and high work efficiency, GPR is widely
used to detect hard foreign objects in soil. However, the interpretation of GPR images relies heavily
on the work experience of researchers, which may lead to problems of low detection efficiency and a
high false recognition rate. Therefore, this paper proposes a real-time detection technology of GPR
based on deep learning for the application of soil foreign object detection. In this study, the GPR
image signal is obtained in real time by the GPR instrument and software, and the image signals are
preprocessed to improve the signal-to-noise ratio of the GPR image signals and improve the image
quality. Then, in view of the problem that YOLOv5 poorly detects small targets, this study improves
the problems of false detection and missed detection in real-time GPR detection by improving the
network structure of YOLOv5, adding an attention mechanism, data enhancement, and other means.
Finally, by establishing a regression equation for the position information of the ground penetrating
radar, the precise localization of the foreign matter in the underground soil is realized.

Keywords: ground penetrating radar (GPR); signal processing; YOLOv5; real-time detection; foreign
object location

1. Introduction

Against the background of the current development of unmanned farms, the automa-
tion of agricultural machinery is the future trend of agricultural development [1]. Before
automatic agricultural production, it is necessary to check underground for hard foreign
matter that would be harmful to agricultural machinery and tools, as well as humans and
livestock, especially when using the land for the first time; this is a necessary prerequisite
for the safe operation of agricultural machinery and tools. Obviously, these hard foreign
objects cannot usually be observed by the human eye or cameras [2]. To better understand
the characteristics of these foreign objects, researchers have developed an efficient method
to detect hard objects buried in soil in real time.

Because electromagnetic wave detection has the advantages of non-destructive de-
tection, a fast detection process, and high detection accuracy, it is widely used for the
detection of underground foreign objects [3,4], urban pavement [5–7], bridge safety [8,9],
and tunnel cavities [10,11], as well as in archaeological exploration [12,13] and other sur-
vey experiments. Researchers can use the characteristic components of common GPR
two-dimensional cross-sectional images, which specifically appear as images similar to
hyperbolic features, allowing researchers to quickly identify whether there is foreign matter
in the underground medium [14]. However, raw GPR radar images rarely provide geo-
metric information about buried objects. Moreover, original GPR radar images are often
disturbed by noise, such as experimental noise and reflected waves from other materials on
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the ground surface [15], which is not conducive to researchers determining and interpreting
the geometric shape and specific burial location of hard foreign objects. A large portion of
GPR images require human assessment by professional researchers [16].

A small amount of GPR data can be well explained by relying on the work experience
of researchers, but when a large amount of GPR data is involved, it is very likely to reduce
the identification efficiency and is prone to misinterpretation and omission [17]. Therefore,
some researchers use deep learning to automatically identify the features of interest in
GPR images [18,19]. Algorithms based on a YOLO series neural network framework have
good detection speed performance. Yuanhong Li et al. [20] realized a real-time pattern
recognition GPR image of YOLOv3 using the TensorFlow framework developed by Google.
Compared to YOLOv3 and YOLOv4, YOLOv5 has also made significant progress in small
data sets, and the model of YOLOv5 has better robustness and can better distinguish
features in GPR images [21].

The main shortcomings of the current GPR instruments include difficulty in synchro-
nizing the process of GPR image data acquisition, GPR image preprocessing, and detection
and identification. Although the approximate location of buried foreign objects can be
directly determined through GPR images [22,23], it is a very challenging task to determine
the location of steel bars and the shape of foreign objects in real time [24]. Therefore, this
paper proposes a method to obtain the ground penetrating radar data in real time in the
experimental process, preprocess the ground penetrating radar data, and use the improved
YOLOv5 network structure to detect and identify foreign objects.

2. Methodology

We used MALA Controller, software developed by the MALA Company, to obtain
GPR signal data in real time. On this basis, we filtered GPR data through two-dimensional
continuous wavelet changes and gains through the attenuation law of electromagnetic
wave amplitude in the underground lossy media so as to improve the SNR of GPR images,
and through the improved YOLOv5 network structure to detect and identify the detected
foreign object, after the detection of the foreign object at the precise location. In this paper,
the GPR real-time detection system based on the improved YOLOv5 network structure is
shown in Figure 1.
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2.1. Signal Acquisition

We used the MALA GX 750 HDR ground penetrating radar instrument developed by
the MALA Company to obtain experimental data, and we used MALA Controller, mobile
phone software developed by the MALA Company, to help us understand and interpret
the detection results more accurately.

The original signal file of the GPR was saved on the SD card of the mobile phone. We
used the Android Debug Bridge (ADB) tool to enhance the Android mobile phone and
obtain the GPR file in the SD card folder in real time. This file records a series of A-scan
files, which are binary data. We processed the data by removing the spaces, dividing the
characters, and rearranging the data according to the content of the protocol to convert
it into decimal data, which is convenient for subsequent data processing and imaging
technology research.

2.1.1. Time Zero Correction

The ground penetrating radar calculates the burial depth of the target according to the
receiving time of the reflected signal, so whether the receiving time of the reflected signal is
accurate will determine whether the burial depth is accurate. According to the working
principle of the ground penetrating radar, the propagation time of the ground penetrating
radar includes the propagation time of the signal in the host, the cable, and the antenna,
the coupling propagation time of the signal between the antenna and the ground, and the
propagation time of the signal underground. When analyzing the burial depth of foreign
objects, we only used the propagation time of the signal in the ground, so we needed to
correct the starting point of the radar propagation time.

When the ground penetrating radar is being used for measurement, since the antenna
is close to the ground, the positions of the direct wave and the ground reflected wave
are relatively close, especially for antennas with a low frequency and long wave. In the
entire waveform scanning curve of GPR, the direct wave and the ground reflected wave
are combined into one. At this time, the first peak or trough is usually calibrated as time
zero to complete more accurate depth positioning, as shown in Figure 2.
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2.1.2. Filtering and Gain

The GPR signal obtained through the above operation includes the electromagnetic
wave reflected from the foreign object in the underground soil, the underground clutter,
and the electromagnetic wave directly reflected through the air and the surface, namely
the direct wave and other signals. However, the direct wave had strong energy and large
amplitude, and the reflected signal of the shallow target was easily covered by the direct
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wave, making it difficult to detect the target signal located on the shallow surface, as shown
in Figure 3. It was therefore necessary to perform direct wave removal processing on the
reflected echo signal.
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In this study, two-dimensional continuous wavelet transform was used to remove the
direct wave of the ground penetrating radar signal. On the time-space two-dimensional
scale, when the spatial scale becomes larger, the two-dimensional continuous wavelet
function transform appears flat on the image, as does the direct wave. Therefore, the
two-dimensional continuous wavelet transform of the GPR signal can solve the direct wave
signal, and then subtract the direct wave signal from the original GPR signal to achieve
the effect of filtering the direct wave. Compared to the traditional methods of removing
direct waves by means of mean filtering and median filtering, the removal of direct waves
by two-dimensional continuous wavelet change will not damage the effective signal. The
filtering effect is shown in Figure 4.
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Due to the phenomenon of emission and refraction of electromagnetic waves propa-
gating in the soil medium, the reflected echo signal amplitude of the deeply buried target
will be small, and it is even difficult to distinguish it in the signal imaging image. Therefore,
in a real detection scenario using ground penetrating radar, we needed to amplify the weak
echo signal to compensate for the energy attenuation value of the electromagnetic wave
propagating in the lossy medium.

In this study, according to Maxwell’s equation, the attenuation law of electromagnetic
wave amplitude in the underground lossy medium was deduced, and the gain function
was obtained. The amplified echo signal can be obtained by multiplying the gain function
as a weight and the reflected echo. The gain function is shown below. The effect of gain
processing after the GPR image was filtered is shown in Figure 5.
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√
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In the formula, E is the electromagnetic wave intensity,ω is the angular frequency, µ
is the magnetic permeability, ε is the permittivity, and σ is the electrical conductivity.

Then, we can obtain the gain function G as follows:

G = eαze(ωt−βz) (3)

2.2. Improve the YOLOv5 Network Structure

After preprocessing the ground penetrating radar signal and converting it into an
image, this study used YOLOv5 for ground penetrating radar target detection. The training
flow chart of YOLOv5 in this study is shown in Figure 6:
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2.2.1. YOLOv5s Architecture

YOLOv5 is an open-source project that was announced by Ultralytics LLC on GitHub
in June 2020. Although it has not published relevant papers, it has been accepted and
recognized by many relevant personnel, and its code is still being updated. Compared
to YOLOv4, YOLOv5 is built on the PyTorch framework, with simpler support, easier
deployment, and fewer model parameters. It also supports conversion to ONNX and
CoreML, which is convenient for users to deploy on mobile terminals and embedded
devices. It is an engineering version of the YOLO series algorithms and has unmistakable
detection performance. Therefore, for the GPR real-time detection in this study, YOLOv5 is
more competent than other algorithms of the YOLO series and other series of algorithms.

This study adopted the fifth version of YOLOv5s released by YOLOv5. The basic
framework of this version of YOLOv5 can be divided into four parts—Input, Backbone,
Neck, and Head. The Input section enriches the dataset through data augmentation. The
Backbone part is mainly composed of the Focus, C3, and SPP modules for feature extraction.
FPN+PANet is used in the Neck section to aggregate the image features at this stage. The
Head section makes target predictions and outputs through the predictions.

The Focus module is used to sample the original image at double intervals in the
horizontal and vertical directions. For example, a 640 × 640 RGB three-channel image is
directly output to 320 × 320 × 12, which is equivalent to down sampling, and a 3 × 2 convo-
lution layer is performed. This is to reduce the amount of calculation, improve the receptive
field without losing feature information, and prepare for subsequent feature extraction.

At first, YOLOv5 did not use the C3 module to extract features but the BottleneckCSP
module. The BottleneckCSP module is a combination of the Bottleneck and SCP modules.
Bottleneck was proposed by Kaiming He [25]. It first goes through a 1 × 1 convolution
kernel, then a 3 × 3 convolution kernel, and then a 1 × 1 convolution kernel, and finally
adds the unconvoluted features and the convolutional features. Its role is to improve the
depth of the model. The SCP module was proposed by Jianyao Wang [26]. It divides the
input into two parts; one part is calculated by a block (such as Bottleneck), and the other
part is directly passed through a 1× 1 convolutional layer, and then joined. The C3 module
eliminates a 1 × 1 convolution layer in the BottleneckCSP module and simplifies the
network structure to reduce the computational load.

The SPP module [27] is used to first perform a 1 × 1 convolutional layer on the input
convolutional layer, then perform three pooling layers of different sizes, and combine the
pooling results with the previous 1 × 1 convolutional layer. Finally, the 1 × 1 convolution
layer is used to reduce the dimensionality of the joint results. The function of the SPP
module is to fuse more features of different resolutions to obtain more information.

Suppose we input a 640 × 640 RGB three-channel image; after passing through the 0th
layer Focus module of YOLOv5, a feature map f0 with a size of 320 × 320 and a channel
number of 32 is output. The feature map f0 passes through the 3 × 2 convolutional layer of
the first layer of YOLOv5 and the C3 module of the second layer and outputs a feature map
f1 with a size of 160 × 160 and a channel number of 64. Then, the feature map f1 passes
through the 3 × 2 convolutional layer of the third layer of YOLOv5 and the C3 module
of the fourth layer and outputs a feature map f2 with a size of 80 × 80 and a channel
number of 128. The feature map f2 then passes through the 3 × 2 convolutional layer
of the fifth layer of YOLOv5 and the C3 module of the sixth layer and outputs a feature
map f3 with a size of 40 × 40 and a channel number of 256. The feature map f3 passes
through the 3 × 2 convolutional layer in the seventh layer of YOLOv5, the SPP module in
the eighth layer, and the C3 module in the ninth layer, and outputs a feature map f4 with a
size of 20 × 20 and a channel number of 512. At this point, YOLOv5 has completed the
feature extraction, which is also the entire content of YOLOv5’s Backbone.

Next is the content of YOLOv5’s Neck. The feature map f4 passes through the
1 × 1 convolution layer of the 10th layer of YOLOv5 and outputs a feature map f5 with
a size of 20 × 20 and a channel number of 256. Then, the feature map f5 passes through
the up sampling layer of the 11th layer of YOLOv5 and outputs a feature map f6 with a
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size of 40 × 40 and a channel number of 256. Then, the Concat module of the 12th layer of
YOLOv5 splices the feature map f6 with the feature map f3 and outputs a feature map f7
with a size of 40 × 40 and a channel number of 512. Similarly, the feature map f7 passes
through the C3 module of the 13th layer of YOLOv5 and the 1 × 1 convolutional layer of
the 14th layer and outputs a feature map f8 with a size of 40 × 40 and a channel number of
128. The feature map f8 passes through the up sampling layer of the 15th layer and outputs
a feature map f9 with a size of 80 × 80 and a channel number of 128.

Then, the Concat module of the 16th layer of YOLOv5 splices the feature map f9 and
the feature map f2 and outputs a feature map f10 with a size of 80 × 80 and 256 channels.
Then the feature map f10 passes through the C3 module of the 17th layer of YOLOv5 and
outputs a feature map f11 with a size of 80 × 80 and a channel number of 128. The feature
map f11 passes through the 1 × 1 convolution layer of the 18th layer of YOLOv5 and
outputs a feature map f12 with a size of 80 × 80 and a channel number of 18. The feature
map f12 will be used for small-scale object detection.

The feature map f11 passes through the 3 × 2 convolutional layer of the 19th layer of
YOLOv5, and the output a feature map f13 with a size of 40 × 40 and a channel number of
128. Then, the Concat module of the 20th layer of YOLOv5 splices the feature map f13 and
the feature map f8 and outputs a feature map f14 with a size of 40 × 40 and 256 channels.
Then, the feature map f14 passes through the C3 module of the 21st layer of YOLOv5 and
outputs a feature map f15 with a size of 40 × 40 and a channel number of 256. The feature
map f15 passes through the 1 × 1 convolution layer of the 22nd layer of YOLOv5 and
outputs a feature map f16 with a size of 40 × 40 and a channel number of 18. The feature
map f16 will be used for mesoscale object detection.

The feature map f15 passes through the 3 × 2 convolutional layer of the 23rd layer
of YOLOv5 and outputs a feature map f17 with a size of 20 × 20 and a channel number
of 256. Then, the Concat module of the 24th layer of YOLOv5 splices the feature map f17
and the feature map f5 and outputs a feature map f18 with a size of 20 × 20 and a channel
number of 512. The feature map f18 passes through the C3 module of the 25th layer of
YOLOv5 and outputs a feature map f19 with a size of 20 × 20 and a channel number of
512. The feature map f19 passes through the 1 × 1 convolution layer of the 26th layer of
YOLOv5 and outputs a feature map f20 with a size of 20 × 20 and a channel number of 18.
The feature map f20 will be used for large-scale object detection. The network structure of
YOLOv5 is shown in Figure 7.

Remote Sens. 2022, 14, x FOR PEER REVIEW 8 of 26 
 

 

 
Figure 7. YOLOv5s network structure diagram. 

2.2.2. Improve the YOLOv5s Network Structure 
When we actually used YOLOv5 to detect targets in ground penetrating radar im-

ages, we found that its detection accuracy was poor, and false and missed detections often 
occurred, especially for small targets. 

In terms of the appeal phenomenon, our guess is that the environment of the under-
ground soil is relatively complex, and there is underground clutter that cannot be filtered. 
Some underground soil foreign matter targets are displayed in the image closer to this 
clutter and background, such as some small iron rods, which interfere with the target de-
tection. Therefore, in response to the above problems, we have made some improvements 
to YOLOv5 to improve its detection performance. 

Based on the original YOLOv5, in this study, we replaced the FPN+PANet network 
with a weighted bidirectional feature pyramid network Bi-FPN, and added the SE atten-
tion mechanism. The improved YOLOv5s network structure is shown in Figure 8. 

 
Figure 8. Improved YOLOv5s network structure diagram. 

Figure 7. YOLOv5s network structure diagram.



Remote Sens. 2022, 14, 1895 8 of 25

2.2.2. Improve the YOLOv5s Network Structure

When we actually used YOLOv5 to detect targets in ground penetrating radar images,
we found that its detection accuracy was poor, and false and missed detections often
occurred, especially for small targets.

In terms of the appeal phenomenon, our guess is that the environment of the under-
ground soil is relatively complex, and there is underground clutter that cannot be filtered.
Some underground soil foreign matter targets are displayed in the image closer to this
clutter and background, such as some small iron rods, which interfere with the target detec-
tion. Therefore, in response to the above problems, we have made some improvements to
YOLOv5 to improve its detection performance.

Based on the original YOLOv5, in this study, we replaced the FPN+PANet network
with a weighted bidirectional feature pyramid network Bi-FPN, and added the SE attention
mechanism. The improved YOLOv5s network structure is shown in Figure 8.
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In the convolution process, since large objects have many pixels and small objects have
few pixels, the features of the large objects are easily retained, and it is easier to ignore the
features of the small objects that are further back. Like YOLOv1, the image is subjected to
multiple convolutions and the target is detected with the result of the last convolution. It is
difficult to effectively identify targets of different sizes with this method [28,29], as shown
in Figure 9a.
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YOLOv3 introduces the FPN network structure [30,31] into the original network
structure. After multiple convolution down sampling to obtain high semantic information,
it is re-up sampled, and the feature layers with the same scale in the up- and down sampling
processes are superimposed. Finally, the target is detected by three scale feature layers with
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different sizes, which ensures the characteristics and information of the target, as shown in
Figure 9b.

On the basis of FPN, YOLOv5 uses PANe to aggregate image features [32]. On the
basis of FPN’s deep-to-shallow unidirectional fusion, PANet adds secondary fusion from
the bottom to the top and uses accurate low-level localization signals to enhance the entire
feature hierarchy and promote the flow of information [33], as shown in Figure 10.

Remote Sens. 2022, 14, x FOR PEER REVIEW 9 of 26 
 

 

In the convolution process, since large objects have many pixels and small objects have 
few pixels, the features of the large objects are easily retained, and it is easier to ignore the 
features of the small objects that are further back. Like YOLOv1, the image is subjected to 
multiple convolutions and the target is detected with the result of the last convolution. It is 
difficult to effectively identify targets of different sizes with this method [28,29], as shown in 
Figure 9a. 

YOLOv3 introduces the FPN network structure [30,31] into the original network 
structure. After multiple convolution down sampling to obtain high semantic infor-
mation, it is re-up sampled, and the feature layers with the same scale in the up- and down 
sampling processes are superimposed. Finally, the target is detected by three scale feature 
layers with different sizes, which ensures the characteristics and information of the target, 
as shown in Figure 9b. 

  

(a) (b) 

Figure 9. (a) Single feature layer structure; (b) FPN structure. 

On the basis of FPN, YOLOv5 uses PANe to aggregate image features [32]. On the 
basis of FPN’s deep-to-shallow unidirectional fusion, PANet adds secondary fusion from 
the bottom to the top and uses accurate low-level localization signals to enhance the entire 
feature hierarchy and promote the flow of information [33], as shown in Figure 10. 

 
Figure 10. FPN + PANet structure. 

However, PANet is only a simple two-way fusion. Since different input features have 
different resolutions, their contributions to output features are usually unequal. In addi-
tion, when PANet performs feature fusion, it only adds different input features directly, 
which will lead to unbalanced output features, as shown in Figure 11a. 

Figure 10. FPN+PANet structure.

However, PANet is only a simple two-way fusion. Since different input features have
different resolutions, their contributions to output features are usually unequal. In addition,
when PANet performs feature fusion, it only adds different input features directly, which
will lead to unbalanced output features, as shown in Figure 11a.
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In this study, BiFPN was used to replace the FPN+PANet network [34] of the original
YOLOv5, which improved its ability in multi-scale target recognition and the recognition
rate of small targets in GPR images without increasing the computational cost [35]. BiFPN
uses a fast normalized fusion algorithm, which gives different weights to the features of
each layer for fusion so that the network pays more attention to important layers and
reduces the node connections of some unnecessary layers. In addition, when the input
and output nodes are of the same scale, BiFPN adds an additional input channel to fuse
more features without increasing the computational cost, as shown in Figure 11b. The fast
normalized fusion algorithm is as follows:

Ptd
i = Conv

(
ω1·Pin

i +ω2·Resize(Pin
i+1)

ω1+ω2+ε

)
Pout

i = Conv
(

ω1
′ ·Pin

i +ω2
′ ·Ptd

i +ω3
′Resize(Pin

i−1)
ω1+ω2+ω3+ε

) (4)

After using BiFPN, the recall rate of YOLOv5 was greatly improved, which meant that
the missed detection phenomenon of our ground penetrating radar image target detection
was greatly reduced compared to before optimization. For the same image, YOLOv5
could find more targets and improve the detection performance of the target detector. The
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precision and recall obtained in training with YOLOv5 before and after using the BiFPN
network are shown in Figure 12a,b.
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In comparing Figure 12a,b it can be seen that after using BiFPN for ground penetrating
radar target detection, although the accuracy of YOLOv5 did not change much at nearly
0.8, the recall rate was improved by 0.1, which shows that the performance of ground
penetrating radar target detection in BiFPN-YOLOv5 is better compared to FPN+PANet-
YOLOv5. This means that compared to before the optimization, the missed detection of our
ground penetrating radar image target detection was greatly reduced. For the same image,
YOLOv5 can find more targets and improve the detection performance of the target detector.

In addition, we added the SE attention mechanism, which is a channel attention
mechanism that was announced by the autonomous driving company Momenta in 2017 [36];
its definition is shown in Figure 13.
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The SE attention mechanism divides a bypass branch after the normal convolution op-
eration. First, the Squeeze operation is performed, which compresses the spatial dimension;
that is, each two-dimensional feature map becomes a real number, which is equivalent to
keeping the number of feature channels unchanged for the pooling operation of the global
receptive field. Then there is the Excitation operation, which generates weights for each
feature channel via the parameter r, which is learned to explicitly model the correlation
between the feature channels. After the weight of each feature channel is obtained, the
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weight is applied to each original feature channel. Based on a specific task, the importance
of different channels can be learned.

After YOLOv5 introduces the SE attention mechanism, the network can automatically
learn where each feature channel of the ground penetrating radar image needs attention,
that is, on the target. Instead of evenly distributing features across all pixels of the image, it
assigns more features to noteworthy points for different task inputs.

In comparing Figure 14a,b, it can be seen that after adding the SE attention mechanism,
although the loss function curve had a slower convergence speed, it was more stable,
especially the loss function of objection. Before the SE attention mechanism was added,
although the obj_loss converged, there were large fluctuations. After adding the mechanism,
it was very stable and there were no large fluctuations, which means that our improved
YOLOv5 has stronger stability and robustness.
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2.2.3. Data Augmentation

YOLOv5 uses many effective data processing methods to increase the accuracy of the
training model and reduce the training time, including image perturbation, brightness,
contrast, saturation, hue, adding noise, random scaling, random cropping, flip, rotate,
random erase, and mosaic data enhancement.

In addition to the above data enhancement algorithm, this study will also enable a
hybrid data enhancement method and add the data enhancement method of copy–paste.
Copy–paste data augmentation means, just like its name, copying and pasting the target
from one sample to another sample so that the richness of the data set can be increased
without changing the size of the data set, which improves the robustness and anti-jamming
ability of object detection, which is simple but effective [37].

In addition, according to the characteristics of the ground penetrating radar images,
the hyperparameters are adjusted accordingly. The hyperparameter settings are shown in
Figure 15a,b.

After we turned on the hybrid data enhancement, increased the copy–paste data
enhancement method, and adjusted the hyperparameters, we found that the loss function
curve was more stable and the value was smaller, which means that our optimized model
has stronger robustness and higher accuracy for GPR image target detection. The loss
function curves before and after modification are shown in Figure 16a,b.
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2.2.4. Improved Prediction Box Regression Loss Function

When using YOLOv5 for target detection, we can easily see that when the IoU thresh-
old was less than or equal to 0.5, the MAP performed well. When it was greater than 0.5,
the performance dropped rapidly with the increase in the IoU threshold, which indicates
that it is difficult for YOLOv5 to perfectly align the detection box with the target—which is
actually a common problem of single-stage target detection algorithms—and the regression
accuracy is not enough.

IoU loss is currently the most widely used regression loss algorithm [38], and most
detection algorithms use this algorithm. IoU calculates the side length of the intersection of
the detection box and the ground-truth box divided by the side length of the union. The
definitions of IoU and IoU loss are as follows:{

IoU =
|B⋂ Bgt|
B
⋃

Bgt

LossIoU = 1− IoU
(5)

where Bgt represents the ground-truth box and B represents the predicted box.
However, IoU loss cannot optimize the situation where the prediction box and the

target box do not intersect, and IoU = 0. When two boxes intersect, the IoU value cannot
reflect where the two boxes intersect.

GIoU is proposed to overcome the shortcomings of IoU and make full use of its
advantages [39]. GIoU adds a penalty function of the overlapping area scale between the
detection box and the ground-truth box [40], which is defined as follows: GIoU = IoU − |C{(B

⋂
Bgt) |

|C|

LossGIoU = 1− IoU +
|C{(B

⋂
Bgt) |

|C|

(6)

where C represents a box that can contain both the predicted box and the ground-truth box.
Compared to IoU, GIoU can completely avoid the problem of the detection frame and

the real frame not intersecting, when the gradient will be 0, which cannot be optimized.
Secondly, it can also distinguish the alignment of the box. The regression loss function
of the prediction box of YOLOv5 adopts GIoU. However, GIoU also has its shortcomings.
When the detection frame has an inclusive relationship with the real frame, GIoU will
degenerate into IoU, which cannot reflect the intersection position. Moreover, GIoU relies
too much on IoU, and its convergence rate is slow.

In order to overcome the problems of the slow convergence of GIoU and the insufficient
accuracy of the detection box regression, this study adopted CIoU. CIoU adds a penalty
function for the scale of the overlapping area, center point distance, and aspect ratio [41].
CIoU is defined as follows:

LossCIoU = 1− IoU +
ρ2(b,bgt)

c2 + αv

v = 4
π2

(
arctan wgt

hgt − arctan w
h

)
α = v

(1−Iou)+v

(7)

where wgt and hgt represent the width and height of Bgt, respectively, and w and h
represent the width and height of B, respectively.

Compared to GIoU, in the actual training iteration process of CIoU, the center point
distance between the detection box and the prediction box is closer, the overlapping area
is bigger, and the convergence speed is faster, which indicates that CIoU’s regression loss
function has better predictive performance.

In comparing Figure 17a,b, it can be seen that when using the CIoU function, the loss
function curve converged faster and was more stable, which means that CIoU has stronger
robustness and higher accuracy, and fewer iterations are required to train the same model.
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It can be seen in Table 1 that after using the CIoU loss function, the mAP obtained by
YOLOv5 for different IoU non-maximum suppression in GPR target detection was larger
than that of GIoU, which shows that under different IoU NMS, CIoU-YOLOv5 has better
regression accuracy. That is to say, in the detection of ground penetrating radar targets,
it has higher positioning accuracy, which lays the foundation for us to accurately locate
foreign objects in underground soil.

Table 1. mAP values of GIoU-YOLOv5 and CIoU-YOLOv5 under different IoU NMS.

IoU0.5 IoU0.6 IoU0.7 IoU0.8 IoU0.9 IoU0.95

GIoU 0.609 0.598 0.567 0.484 0.311 0.227
CIoU 0.653 0.643 0.616 0.546 0.382 0.264

2.2.5. Ablation Experiment

For the above improvements, we did ablation experiments to compare the effects
before and after the improvements. The dataset used in this study includes 483 GPR images
with a total of 2124 labels. We divided these labels into a training set, validation set, and
test set at a ratio of 7:2:1 and trained and tested them on a server with a Tesla V100 graphics
card. The number of iterations was 300 epochs.

Here, we chose the average precision (AP), which is defined as follows:

P =
TP

FP + TP
(8)

R =
TP

FN + TP
(9)

AP =
∫ 1

0
P(R)dR (10)

where TP is the number of correctly detected targets, FP is the number of non-targets
that the detector considers to be targets, and FN is the number of non-targets that the
detector considers.
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It can be seen in Table 2 that after the improvement, the recall rate was greatly im-
proved compared to that before the improvement. Specifically, it was improved by 0.18, and
the average accuracy was also improved by nearly 0.15, which means that our improved
detector will better reduce the phenomenon of missed detection and false detection in the
GPR image target detection task.

Table 2. Performance comparison before and after using different improvements.

None BiFPN SE Data Augmentation CIoU P R mAP
√

0.860 0.494 0.610√ √
0.757 0.682 0.732√
0.783 0.542 0.609√ √
0.776 0.599 0.653√ √ √ √
0.826 0.680 0.757

2.3. Ground Penetrating Radar Target Precise Positioning

After the target detection of the underground hard foreign matter in the soil, we
needed to excavate it, so we needed to know the real-world coordinates and buried depth
of where the target was detected. However, according to the GPR signal storage file,
the abscissa of the coordinate axis of the GPR signal on the image only had the relative
displacement from the starting point, and displayed all the targets on the path, that is,
when we use the improved YOLOv5 to detect the targets in the GPR image, we can only
obtain the pixel coordinates of all foreign objects on the path. This cannot meet the needs
of a real application. Through the conversion of world coordinates, we judged whether
there was a foreign object directly below, and obtained the position of the GPR GPS. When
YOLOv5 detects a foreign object directly below, the system immediately records the buried
depth of the foreign object and the GPS position.

2.3.1. Obtaining a GPS Signal

We used the ADB tool to enhance Android phones and obtain the ground penetrating
radar CorTmp file in the SD card folder in real time. The file records the date, time,
latitude and longitude, mode, and thread of the ground penetrating radar at that time.
We preprocessed the data, deleted spaces, split characters, and obtained the latitude and
longitude information.

2.3.2. Determining Whether There Is a Foreign Object Directly Below

When YOLOv5 detects a foreign object in the ground penetrating radar image, it will
generate a prediction box (the coordinates of the upper left corner, the coordinates of the
lower right corner). We needed to find the vertices of the foreign object image according to
the prediction box, that is, the vertices of the hyperbola, and then compare the coordinates
of all hyperbolic vertices and find the one with the largest pixel coordinates. Then the same
method was used to detect the next frame of the image to obtain the largest hyperbolic
vertex in the pixel coordinates of the next frame of the image. If the distance in the pixel
coordinates of the hyperbolic vertex coordinates at this time was larger than that of the
previous frame, it meant that there was a foreign object below. To sum up, the flowchart of
this study for judging whether there is a foreign object directly below is shown in Figure 18.

However, because the signal receiving end of the ground penetrating radar has a
delay, that is to say, when the ground penetrating radar image detects a foreign object
directly under the above operation, it has actually passed the foreign object, so we needed
to compensate for it. At first, we wanted to establish a ternary regression equation (x, y, t)
from the starting point to the latitude and longitude of this frame. According to the delay
time at the receiving end of the GPR, we calculated the longitude and latitude of crossing
foreign objects and conducted the compensation. However, it failed because the longitude
and latitude are two independent variables. Therefore, we decided to establish a regression
equation between the longitude and dimension and time alone.
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x = b1t + a1

b1 = ∑n
i=1 tixi−ntx

∑n
i=1 t2

i −nt2

a1 = x− b1t

(11)


y = b2t + a2

b2 = ∑n
i=1 tiyi−nty

∑n
i=1 t2

i −nt2

a2 = y− b2t

(12)

Because the ground penetrating radar adopts a time-triggered method, in the real
survey, we fixed the ground penetrating radar onto an all-terrain vehicle, and then let
the all-terrain vehicle drive at a constant speed. The all-terrain vehicle was in a state of
acceleration for a period of time when it started and was in a state of constant speed behind,
so we needed to iterate the regression equation. However, the amount of data was too large
after driving for a period of time. If it continues to iterate, it requires a large amount of
calculation. At the same time, because the delay distance of the ground penetrating radar
signal receiving end was relatively short compared to the distance the vehicle traveled, this
study adopted the method of reading the last 50 frames of the GPS coordinates used to
establish the regression equation. In this way, the moving equation of the current speed of
the all-terrain vehicle could be approximated, and the amount of calculation was reduced.

2.3.3. World Coordinate Transformation

The ordinate of the pixel coordinates of the ground penetrating radar image corre-
sponds to the depth of the ground penetrating radar signal in the soil. In order to know the
specific buried depth of the foreign object, it was necessary to convert the pixel coordinates
into world coordinates. Here, we could easily find that the pixel coordinates of the image
had a proportional relationship with the real-world coordinates, so we took the direct
wave of the ground penetrating radar image as the starting point of the world coordinates,
and did experiments to determine them, including burying a foreign object at 50 cm and
determining its position in the image pixel coordinates to establish its corresponding rela-
tionship. Assuming that the pixel coordinate of the foreign object in the image is z, and the
world coordinate is Z, then its proportional relationship is as follows:

k =
Z
z

(13)
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Then, the real depth of the foreign object is as follows:

H = kh =
Z
z

h (14)

Of course, there are errors in this method. For this reason, we performed multiple sets
of experiments and averaged the proportional coefficients obtained from these experiments
to reduce errors.

2.4. Ground Penetrating Radar Experiment

The experiment of this study was completed in the Key Laboratory of Key Technology
of Agricultural Machinery and Equipment in the Southern Ministry of Education. In the
experiment, a common farmland soil platform in southern China was built. The dimensions
of the soil platform were 6 m in length, 2 m in width, and 1.5 m in depth, and it included
a batch of iron experimental materials, such as steel bars, iron plate materials, and so
forth, as shown in Figure 19a. The detection experiment in this study adopted the high
dynamic ground penetrating radar MALA GX 750 HDR instrument developed by the
MALA Company. It collected 412 samples in each channel with a sampling spacing of
0.015 m. The coupling spacing of the GPR antenna was 0.14 m, and the diameter of the
ranging wheel of the GPR instrument was 17 cm. At the same time, we used MALA
Controller, a software developed by the MALA Company, to help us understand and
interpret the detection results more intuitively. The real-time detection system of the GPR
instrument built is shown in Figure 19b.
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Since sand is a non-transparent material, the sand on the experimental platform needed
to be leveled before the experiment was carried out, which not only provided a reliable
guarantee for the accuracy of the buried depth of the steel bars in our later measurement but
also ensured the measurement accuracy of the distance measuring wheel. After the sand
surface was leveled, the steel bars were buried in the sand according to the pre-designed
experimental plan. At this time, we recorded the burial depth as the distance between the
steel bars and the sand surface. After burying the rebars at a known distance, we filled the
sand surface to the same level as before burying the rebars.

It is worth noting that, before the experiment started, we chose to set the propagation
speed of the electromagnetic waves in different media according to our research experience.
However, in real soil, there are many factors that interfere with the propagation speed of
electromagnetic waves in the medium. Therefore, we also performed a pre-experiment,
in which we used the Hyperbola fitting function of MALA Controller to fit the hyperbola
feature in the GPR image based on the GPR image obtained in the MALA Controller
software, which more accurately obtained the propagation speed of the electromagnetic
waves in the current detection medium, which also ensured good detection accuracy for
the real-time detection experiments. As shown in Figure 20, the propagation velocity of the
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electromagnetic waves in this medium was quickly obtained at the scene by fitting with
the hyperbolic curve of the measured object, which was 184 (m/µs).
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However, the images in the mobile phone MALA Controller software did not undergo
preprocessing methods, such as filtering and enhancement of the original signal, and their
signal-to-noise ratio was poor, often masking the target signal. Moreover, the recognition of
the ground penetrating radar image on the mobile phone screen was affected by the pixels
of the mobile phone, which led to poor image quality. Fortunately, MALA Controller saved
the original signal file during the experiment, so we processed the original signal. The
real-time detection results of ground penetrating radar based on the improved YOLOv5
network structure are shown in Figures 21 and 22.
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3. Results and Discussion
3.1. Detection Effect

We used YOLOv5 in Section 2.2 and our improved YOLOv5 to analyze ground pene-
trating radar images, and compared their detection of the subsurface soil foreign objects
under a single category of effects, including the correct recognition rate, missed detection
rate, and false detection rate. Below is a comparison between our detector and YOLOv5 in
a real detection scenario.

In Figure 23, there are seven foreign object targets in the ground penetrating radar
image, including two small targets and a hyperbolic overlapping target. Regarding missed
detection, it can be seen that YOLOv5 only detected five foreign object targets, and missed
a small target and an overlapping target, but our improved target detector detected all
seven foreign object targets. Both the YOLOv5 algorithm and our improved detector had
no false detections.
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In Figure 24, there are eight foreign object targets in the ground penetrating radar
image. Regarding missed detection, the YOLOv5 algorithm and our improved target
detector detected all eight foreign object targets. Both the YOLOv5 algorithm and our
improved detector had no false detections.

In Figure 25, there are eight foreign object targets in the ground penetrating radar
image. Regarding missed detection, it can be seen that the YOLOv5 algorithm only detected
six foreign object targets and missed a small target and a target with an overlapping
phenomenon, but our improved target detector detected all eight foreign object targets.
However, regarding false detection, our improved detector falsely detected two targets.
This may be because, from the perspective of the local view, the part boxed out by our
improved detector had similar characteristics to the hyperbolic feature, and there may
have been here. However, in this experiment, we did not train samples on the void
phenomenon, which shows that our improved detector has a stronger generalization ability
and robustness.
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In Figure 26, there are several small foreign object targets and two large foreign object
targets in the ground penetrating radar image. Regarding missed detection, it can be seen
that the YOLOv5 algorithm only detected one large foreign object target and missed another
large target. However, our improved target detector detected all of the foreign objects.
Regarding the false detection phenomenon, our improved detector detected a false target.
We assumed that the small target boxed out by the improved detector may have been a
foreign object that we ignored in the beginning, such as an iron rod small in diameter. This
shows that our improved detector has a stronger generalization ability and robustness.

In comparing these four sets of graphs, on the whole, our improved detector had
higher confidence and regression accuracy than the YOLOv5 algorithm, and the predicted
box of the improved detector had a higher degree of coincidence with our expected real
box. In the subsequent processing, we needed to use the prediction box of the detector for
depth positioning, and the excellent regression accuracy provided certain conditions for us
to accurately locate foreign objects in the underground soil.
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3.2. Model Comparison

In addition, we compared other excellent target detectors, such as fast RCNN and SSD,
under the same training scenario to verify that the improved YOLOv5 we used is more
suitable for real-time detection of our ground penetrating radar.

3.2.1. Model Evaluation Metrics

In this study, we selected some commonly used metrics to evaluate the model, includ-
ing precision (P), recall (R), average precision (AP), F1 score, inference time, and model size.
These metrics are defined as follows:

P =
TP

FP + TP
(15)

R =
TP

FN + TP
(16)

AP =
∫ 1

0
P(R)dR (17)

F1 =
2P·R
P + R

(18)

where TP is the number of correctly detected targets, FP is the number of non-targets
that the detector considers to be targets, and FN is the number of non-targets that the
detector considers.

3.2.2. Detector Comparison

We used the same data set in this study to compare the performance of the better
two-stage and single-stage target detection algorithms at the current stage, such as fast
RCNN and SSD, with our improved YOLOv5 algorithm. The comparison results are shown
in Table 3.

Table 3. Performance comparison of detection algorithms.

Fast RCNN SSD YOLOv5 Ours

P 0.558 0.905 0.86 0.826
R 76.2 0.473 0.496 0.68

AP 0.731 0.656 0.63 0.757
F1 0.64 0.62 0.68 0.73

Inference time 56.2 ms 8.14 ms 9.5 ms 9.1 ms
Weight 108 MB 90.6 MB 13.6 MB 16.1 MB

Compared to the original YOLOv5, although the memory space occupied by the
improved YOLOv5 model is a little larger, all aspects of performance indicators have been
greatly improved, and compared to fast RCNN and SSD, the increase in the memory space
of the model can be ignored. In comparing the improved YOLOv5 model to fast RCNN,
the recall rate is lower, but it has higher accuracy and detection speed. Compared to the
SSD, although it is inferior in accuracy and detection speed, the recall rate and average
accuracy are far superior. Overall, the detection speed of our improved YOLOv5 meets the
standard of real-time detection and has more balanced recall and accuracy compared to
fast RCNN and SSD, which means that it has better detection performance in the target
detection task of a GPR image. It can reduce the phenomenon of false detection and missed
detection, and is more suitable for the needs of real-time detection of GPR image targets.
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4. Conclusions

In this study, through the preprocessing of the original signal of ground penetrating
radar, the improved YOLOv5 was used for target detection, the target was accurately
positioned after the detection, and the real-time detection and positioning of the ground
penetrating radar were realized. The contributions of this paper are as follows:

(1) We improved the network structure of YOLOv5, used BiFPN instead of FPN+PANet,
added a smaller target detection layer, used the CIoU loss function instead of the
GIoU loss function, and added copy–paste data enhancement methods to the data en-
hancement, which had better accuracy and robustness than without the improvement,
and reduced the false detection and missed detection rate.

(2) After we detected the target, we used the regression equation and the supervision
function to compensate for the inaccurate positioning caused by the signal delay of
the ground penetrating radar receiver, and realized that when a foreign object in the
underground soil is detected, the global longitude, latitude, and burial depth of the
foreign object can be known in real time, which is convenient for the subsequent
processing of an unmanned farm.

(3) We solved the problem of unsatisfactory GPR image quality obtained by taking
screenshots with MALA’s mobile phone software, which are easily affected by the
screen resolution of the mobile phone. After we obtained the ground penetrating
radar image signal, we filtered out the interference of the direct wave and enhanced
the filtered signal so as to obtain a better ground penetrating radar image, which is
convenient for subsequent target detection.
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