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Abstract: A full understanding of the growth and distribution of tree roots is conducive to guiding
precision irrigation, fertilization, and other agricultural work during agricultural production. Detect-
ing tree roots with a ground-penetrating radar is a repeatable detection method that does no harm
to the earth surface and tree roots. In this research, a rapid and accurate automatic detection was
conducted on hyperbolic waveforms formed by root targets in B-scan images based on YOLOvb5s.
Following this, the regions of interest containing target hyperbolas were generated. Three or more
coordinate points on the hyperbola were selected according to the three-point fixed circle (TPFC)
method to locate the root system and estimate the root diameter. The results show that the accuracy
of hyperbola detection using YOLOv5s was 96.7%, the recall rate was 86.6%, and the detection time
of a single image was only 13 ms. In the simulation image, the TPFC method was used to locate the
root system and estimate the root diameter through three different frequency antennas (500 MHz,
750 MHz, and 1000 MHz). A more accurate result was obtained when the antenna frequency was
1000 MHz, with the average distance error of root system positioning being 3.17 cm, and the slope
and R? of the linear fitting result between the estimated root diameter and the actual one being
1.029 and 0.987, respectively. Verified by the pre-buried root test and wilderness field test, both
root localization and root diameter estimation in our research were proved to gain good results and
conform to the rules found in simulation experiments. Therefore, we believe that this method can
quickly and accurately detect the root system, locate and estimate the root diameter, and provide
a new perspective for the non-destructive detection of the root system and the three-dimensional
reconstruction of the root system.

Keywords: ground-penetrating radar; YOLOV5Ss; root localization; root diameter estimation;
three-point fixed circle

1. Introduction

The roots of trees can not only take in water and nutrients for the plants but also serve
as the trees’ mechanical support [1,2]. Efficient and non-destructive in situ quantitative
detection and study of root morphology, functional structure, and distribution charac-
teristics can provide accurate irrigation and fertilization of trees and improve resource
utilization. At the same time, during agricultural production, it is necessary to understand
the growth and development of trees and to provide guidance for root health monitoring
of trees [3,4]. By the traditional root detection methods, such as excavation method and
soil auger method, plant roots and soil environment can be damaged, and a long-term and
repeatable detection and research cannot be carried out on the root system [5]. However,
by using some detection techniques that cause little or no destruction, such as micro-root
window tube method, nuclear magnetic resonance imaging, X-ray tomography, capacitance
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method, and resistivity imaging technique, the detections can only be conducted within a
small range and are very possibly limited by field conditions [6-9].

Compared with the above techniques, the ground-penetrating radar (GPR) is increas-
ingly being applied to the nondestructive detection of plant roots at home and abroad
due to its advantages of causing no destruction to the ground surface and the tree’s root
system, as well as its wide detection range and conduciveness to performing repeatable
tests at the same location [10-12]. According to the research by Yamase et al. [13] on using
GPR to estimate the diameter of coarse plant roots in the forest field, the detection rate
of root diameter that is greater than 5 mm was 47.7%, and the root diameter size and the
root depth would affect the accuracy of detection. The manual detection of targets from
B-scan images is often time consuming and somewhat subjective, and thus the automated
detection of hyperbolas formed by root targets is of great significance to our research [14].
The traditional methods for automatic detection of targets include the Hough transform
method and least squares method [15]. Li et al. [16] used the stochastic Hough transform
algorithm based on the GPR dataset from the control experiments and in situ experiments
in order to identify root targets detected at different antenna frequencies, with an accu-
racy of about 80% and a false alarm rate of less than 1.5/m. There are some deficiencies
in traditional target detection methods: for example, a large amount of computation is
required, and simultaneous detection of multiple targets cannot be conducted. Many
scholars tried detecting target hyperbolas through combining machine learning methods.
Maas et al. [17] used the V] (Viola-Jones) algorithm to reduce the computational amount by
narrowing the target hyperbolas region so as to reduce the Hough transform input amount.
However, the quality of the detection results depends largely on the quality of the training
samples. Wang et al. [18] proposed a semi-automatic detection method based on the genetic
algorithm to identify buried steel bars in GPR data, whose average false positive rate and
missed detection rate were 9.08% and 11.98%, respectively, and decreased with the gradual
increase in the antenna frequency. In recent years, the deep learning technology has been
widely used for automatic detection of target features in GPR scanned images [19-21].
Pham et al. [22] used Faster-RCNN for target detection of B-scan images of GPR, but the
training samples were mainly from the simulated images created by GprMax simulation
software, and there was insufficient quantity of real image samples. Hou et al. [23] used
the MS R-CNN (mask scoring R-CNN) framework to detect the target while solving the
problem of insufficient quantity of training samples by migration learning.

A synthesis of previous studies revealed that the detection of target hyperbolas using
manual methods is often laborious and somewhat subjective. Traditional automatic target
detection methods and machine learning methods lack a high degree of automation or
tend to have increasingly limited detection capability as the amount of data increases. To
address these problems, this paper proposes a deep learning and ground-penetrating-radar-
based method for root localization and root diameter estimation. YOLOv5s was selected as
the detection model to frame the target hyperbola in B-scan images, and the root system
localization and root diameter estimation were conducted by the three-point fixed circle
(TPFC) method.

2. Materials and Methods
2.1. GPR Detection Methods and Imaging Principles

Generally speaking, the root system grows towards all directions in a radial way with
the tree stump as its center. In order to maintain an as-perpendicular-as-possible detection
direction of the ground-penetrating radar to the growth direction of the root system for
more accurate detections, several concentric circles with equal spacing were selected as the
detection route of the ground-penetrating radar for tree root detection, and its schematic
diagram is shown in Figure 1.
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Figure 1. Detection method.

The principle of GPR imaging is shown in Figure 2. The left figure shows the cross-
sectional view of GPR root detection, while the right figure shows the ground-penetrating
radar detection process, in which high-frequency pulses are sent and echoes are received at
every segment distance to obtain A-scan data. Multiple A-scan data are stacked to form
two-dimensional cross-section echo data, namely, B-scan. As shown in the middle figure,
the vertical axis of B-scan is based on the dual travel time, i.e., the time length starting from
sending a high-frequency pulse to receiving its echo, while the number of A-scan channels
is shown on the horizontal axis, and the distance between two adjacent A-scan channels is
the channel spacing, i.e., the forward progress length of GPR detection. The GPR detection
was conducted from far to near distance and then from near to far distance, so as to present
a hyperbolic wave with a downward opening in the B-scan.

Bed rock

Schematic diagram of GPR detection root GPR B-scan GPR A-scan
Figure 2. GPR imaging principle.

2.2. Model Training
2.2.1. Data Pre-Processing

The dataset used for the deep learning network model training was divided into real
measurement images and simulation images. Among 2069 total images, there were 997 real
images and 1071 simulated ones. According to the ratio of 4:1, the dataset was divided into
the training set and testing set. The data set was manually labeled using Labellmg software,
with the labeling method shown in Figure 3. For the hyperbola framing, the hyperbola’s
vertices were placed in the middle of the rectangular box to enclose the whole hyperbola
as much as possible, and a label file was generated corresponding to the image after the
hyperbola framing is completed. The red area indicates the framed hyperbola that needs to
be labeled, while the yellow area indicates that the label was not generated because the
hyperbola was blurred or there was only a small part of the hyperbola waveform.
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Figure 3. Schematic diagram of hyperbolic labeling. The red area indicates the framed hyperbola
that needs to be labeled, while the yellow area indicates that the label was not generated because the
hyperbola was blurred or there was only a small part of the hyperbola waveform.

2.2.2. YOLOv5s Network Model

The YOLO (You Only Look Once) series of algorithms belong to the single-stage target
detection algorithms. They have evolved to the YOLOVS5 series, which is more efficient and
lighter in terms of detection speed and accuracy compared to the previous versions [24],
and the YOLOV5 network has a total of four versions: x, 1, m, and s, whose weights, model
depth, and width are increased sequentially. Due to the relatively simple shape and color of
the target to be detected, the YOLOv5s model that is smaller and faster was chosen as the
detection model in the study. The entire network structure of YOLOVS5 consists of four parts:
the input layer, backbone network, connection network, and output layer, with its structure
shown in Figure 4. First, the input image was resized to be in 640 x 640 pixels, and the
Mosaic data enhancement was performed at the input side. Then, the slicing operation was
performed at the Focus layer in the backbone network, followed by the feature extraction
through a series of cross stage partial (CSP) structures, and spatial pyramid pooling (SPP)
was used to fuse more features of different resolutions to obtain more information. The
multi-scale fusion of features was developed by combining the feature pyramid network
(FPN) and path aggregation network (PAN) in the connection network. At the output side,
GIOU_Loss was used as the loss function to obtain 17 x 17,20 x 20, and 23 x 23 feature
maps at different scales through different convolutional layers in the network for the final
successful target detection.

Backbone '
CSP1_3 y '
CSP1 3
CSP1 1 '
Focus FPN 4 panN
Neck Prediction

- A AN
Network image Testset weight Detection result
input size

Model training

Trainset

Figure 4. YOLOvb5s network structure diagram.

2.2.3. Model Evaluation Indicators

Following the model training, the Precision (P) and Recall (R) of the model in the test
set were used as the precision evaluation metrics. Precision is the proportion of samples
that are proved to be positive in the actual evaluation in all samples predicted to be positive.
Recall is the proportion of all samples that are predicted to be positive in all samples that



Agronomy 2023, 13, 344

50f18

are proved to be positive in the actual evaluation. The calculation of these metrics is shown
in the Equations (1) and (2). The average detection time is used as the index of evaluating
the detection speed, and its calculation formula is shown in Equation (3).

TP 5
TP
R = ——— x100% 2
o+ En < 100 @)
Ttest
T ==t 3
Ntest ( )

where TP is the positive samples correctly predicted by the model, FP is the negative sam-
ples incorrectly predicted as positive by the model, FN is the positive samples incorrectly
predicted as negative by the model, T;.s is the time required to detect all images in the test
set (in ms), and Nis; is the number of images in the test set.

2.2.4. Experimental Environment and Parameter Settings

The computer used to train the model included the Windows10 operating system with
an Intel (R) Xeon (R) Gold 6240 CPU@2.60 GHz with 36 cores, with a 2TB solid state drive.
The graphics card was a dual-channel Nvidia GeForce GTX 3090, and the GPU memory
was 48 GB. The programming language used to implement the model was Python3.8, and
the training was based on the PyTorch deep learning framework, version 1.8. The unified
computing device architecture was CUDA11.3.

Transfer learning is used to improve the training speed of the model. The batch size
was set to 8, the number of training epochs was 200, the input image size was uniformly
adjusted to 512 x 512, the initial learning rate was 0.001, the initial learning rate momentum
was 0.937, and the weight attenuation coefficient was 0.0005; Adaptive Moment Estimation
(ADAM) was used as the optimizer for model training.

2.3. Root System Localization and Root Diameter Estimation Using the TPFC Method
2.3.1. Principle of TPFC Method

The main principle of the three-point fixed circle (TPFC) is as follows: at least three
sampling points were selected in the GPR detection process—these sampling points needed
to be located on the same measuring line, which had to be as perpendicular as possible to
the root growth direction. Then, the geometric relationship between the sampling points
and the root target was applied to locate and estimate the root diameter [25]. The principle
of the TPFC method is shown in Figure 5, where three or more equations can be derived on
the basis of the horizontal position of the selected sampling points, the two-way travel time
of the electromagnetic waves, and the geometric relationship among the root target. This
set of equations can be used to calculate the coordinates of the coarse root and its radius,
whose system of equations is shown in Equation (4).

(x—x1)* = (y—m)* = (r+n)’

(x—x2)* = (y —'1/2)2 = (r+r) @

(1= (g =y = (1)

where i is greater than or equal to 3; x, y are the coordinates of the center of the coarse
root; and vy, Y2 ---y; are the vertical heights of the probe points. When the detection
mode of GPR is a horizontal one that is conducted close to the ground, it is believed that
Y1 =Y = - - - = y;, where r is the radius of the coarse root and r1, r, - - - r; are the distances
from the three detection points to the wall of the root system, respectively. Figure 6 is
the diagram displaying the TPFC method, with the horizontal coordinates representing
the number of acquisition channels and the vertical coordinates representing the two-way
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travel time of the electromagnetic wave. When the two-way travel time and the distance
from the sampling point to the wall of the root system satisfies r; = vt; /2 and the coordinate
information of the sampling point is substituted into Equation (4), we can obtain

(x—dm = -1 = (r+ %)’
(x—dm) — (y— o = (r+ %) 5

2

(x—dn)’ = (y—yi)* = (r+ %)

Figure 5. TPFC method schematic diagram.

n n, . n Number of traces

Two way travel time/ns

Figure 6. Select coordinate point.

B-scan consists of several A-scan traces. In the Equation (5), d refers to the trace spacing
in the unit of m, ny, ny, ... n; indicates the number of acquisition traces that is also the
serial number of A-scan, f1,t; ... t; indicates the two-way travel time of electromagnetic
waves in the unit of ns, and v is the propagation speed of electromagnetic waves in the soil
medium in the unit of m/s. The calculation formula is

VR —— = 6)
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where c is the propagation velocity of electromagnetic waves in vacuum, and its value is
about 3 x 108 m/s, and ¢, is the relative dielectric constant of the medium. Combining
with Equation (6), Equation (5) can be transformed into

2

(x—dm) = (y—y)* = (r+ %)
dn)2 2 cty \2
(x—dm) = (y— )" = (r+ £%)

@)

' 2
2 2_ Ct,‘
(x—dn) = (y =) = (r+ %)

The number of equations in Equation (7) is greater than the number of unknowns and
can be calculated iteratively using the Levenberg-Marquardt algorithm to solve for the x, y,
r optimal solutions, i.e., the central location of the roots as well as the root diameter [24].

2.3.2. Experimental Design

1. Simulation test

During the root localization experiment using the simulation data created by GprMax
2D, the specific parameters of the simulation model were set by writing an input file. The
size of the simulation space range was set to be 3 x 0.8 m?, and the time window was
set to 10 ns. Set according to those of dry sandy loam, the relative permittivity of the soil
medium parameters was set to be 3, its relative permeability was 1, and its conductivity was
0.001 S/m. Since dry sandy soil is a non-ferromagnetic substance, its relative permeability
was 1. The movement step of the antenna was set to be 0.02 m, the depth of the root was
controlled within 0.5 m, the distance between adjacent roots was 0.5 m, the root diameter
was set to 2 cm, and the relative dielectric parameter of the roots was set to be 20. The
effects of different antenna frequencies (500 MHz, 750 MHz, 1000 MHz), different root
depths, and different root diameters on root localization and root diameter detection results
were quantitatively analyzed.

In the root diameter detection experiment, the range size of the simulation space, the
parameters of the soil medium, and the dielectric constant of the roots were kept the same
as those in the previous experiment, while the diameter of the roots was selected from 0.5
to 8 cm, and the depth was set at 20 cm.

2. Pre-buried root test

In order to verify the feasibility of applying the method proposed in this paper in
actual detection, the PulseEKKO PRO ground-penetrating radar produced by the Canadian
Sensor&Software Company was used in the soil trough laboratory of the Engineering
College of South China Agricultural University to conduct a pre-burial test under controlled
conditions. The size of the soil tank was 8 x 2 x 1.5 m3. The soil type of dry sandy loam
has evenly distributed and stable physical properties that can be simulated easily to avoid
the formation of clumps and voids by the reflection images of the ground-penetrating
radar. According to the results of the simulation test, it can be found that when the antenna
frequency was 1000 MHz, the results of positioning and root diameter estimation were
more accurate than those by using antennas with two other different frequencies. Therefore,
the antenna frequency of GPR was chosen to be 1000 MHz in the root pre-burial test. Fresh
branches with relative dielectric constants close to those of the roots were selected as the
test materials. There are two kinds of experiments under different experimental conditions.
The first one targets the tree roots with same diameter buried at different underground
depths, as shown in Figure 7a. Five branches with close diameters, numbered 1 to 5,
were selected for the experiment, whose diameters ranged from 26 to 28 mm. They had a
spacing of about 30 cm between their adjacent branches. They were buried underground
at a depth ranging from 10 to 50 cm with each buried with a depth difference of about
10 cm. The second kind of experiment targets the tree roots with different diameters
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30 cm

30 cm

30 cm 30 cm

buried at the same underground depth, as shown in Figure 7b. Five branches of different
diameters, numbered 6 to 10, were selected for the experiment. Their diameters ranged
from 0.5 to 8 cm, and the spacing between their adjacent branches was 50 cm. They
were buried at an underground depth of 20 cm. Before the detection of roots starts, it is
necessary to measure the propagation velocity of electromagnetic waves in the soil. Since
the physical properties of the soil in the soil tank remain stable and evenly distributed, the
velocity of electromagnetic waves can be calculated according to the propagation theory of
electromagnetic waves when the depth of the target object is known [26], The formula is
shown in Equation (8).

2h
== ®)
where v is the propagation speed in the electromagnetic wave soil,  is the depth of the
target object, and ¢ is the two-way travel time of the electromagnetic wave.

[

40 cm

No.1

0cm i

274mm 1) 20 cm

No.2

280mm

Ground

E 20 cm
o Hem 26.4 mm
0 50 cm
: No.8
26.2mm |
No.4 ;
27.2 mm
No.5

(a)

(b)
Figure 7. Schematic diagram of pre-buried root test: (a) different depth; (b) different root diameters.

3. Field test

In order to further verify the feasibility of the method proposed in this paper, field
detection experiments were conducted in the woods near the College of Engineering, South
China Agricultural University, Guangzhou (113°28'06" E, 23°12/51” N). The test subject
was Bauhinia. The equipment used in the test was the pulseEKKO PRO ground-penetrating
radar, and the center frequency of the antenna was 1000 MHz. The GPR detection route
is shown in Figure 8a, being eight concentric circular tracks centered on the tree in total,
with the innermost detection route being 30 cm from the center of concentric circle and the
spacing of adjacent routes being 15 cm. The starting point of each detection route and the
center of concentric circle were on the same straight line. Each detection route was repeated
three times. In order to alleviate the damage to the tree, only a quarter of the detection area
was excavated for result verification, and the excavation depth was 40 cm, as shown in
Figure 8b. Then, the root nodes on the detection route were marked and numbered, and
the depths, diameters, and coordinate positions were measured. In the vicinity of the test
object, a target object was buried at a depth of 30 cm and detected by GPR, as shown in
Figure 9. When its two-way travel time was recorded, the electromagnetic wave velocity
was determined according to the electromagnetic wave velocity determination method
mentioned in Section 3.2.2.
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(@) (b)

Figure 9. Field electromagnetic wave velocity measurement.

2.4. Root System Localization and Root Diameter Estimation Method for Trees Using
Ground-Penetrating Radar

On the basis of the above methods and principles, a new method was proposed in

this paper for root localization and root diameter estimation of trees using GPR, and the
complete implementation process is shown in Figure 10:

1.

2.

Acquisition of B-scan image data collected by ground-penetrating radar, whose spe-
cific steps are shown in Section 2.1.

Image pre-processing. Its main purpose is to reduce the noise related information in
the ground-penetrating radar data, and its main operations include zero correction,
background removal, and image gain and filtering [27,28], with the related operations
mainly completed on EKKO_Project4 software and MATLAB. In the zero correction,
the time point was calibrated when the electromagnetic wave emitted from the radar
antenna reached the ground; in the background removal, the mean reference value
was gained by subtracting the background noise date from all B-scan trace data. The
image gain mainly adopted automatic gain and spherical wave index compensation,
and the image filtering mainly refers to Gaussian filtering, etc.

The trained YOLOv5s were used to detect the target hyperbolas in the B-scan images,
which generated the region of interest (ROI) containing only one root target hyperbola,
and sent back the coordinate information of the target borders. The specific training
method is shown in Section 2.2.

The image was processed within the region of interest to extract the feature informa-
tion of the hyperbolas. Its main operations include image clustering, image segmenta-
tion, and edge detection [29]. Image clustering was to cluster independent hyperbolas
and separate the intersecting hyperbolas using the column connection clustering (C3)
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algorithm [30] proposed by Dou et al. Image segmentation refers to the binarized
image segmentation using the OSTU algorithm, and after the segmented image was
obtained, the Canny operator or Sobel operator was used to perform edge detection
on the segmented image.

5. After three or more coordinate points on the hyperbola were selected, the center point
(x, y) of the root was located and the root diameter was estimated using the TPFC
method, as shown in Section 2.3.

Start

Y
Acquisition of GPR B-scan >
image —_——

Original image

y

Image pre-processing

A 4

Detect hyperbola by
YOLOvV5s and generate ROI

Hyperbolic detection

N

ROI Image Edge
segmentation ~detection

A 4

Image processing in the ROI

A 4
Root positioning and
diameter estimation by TPFC

A 4

End

Figure 10. Implementation process of the method.

Through the above steps, the tree root system was localized, and the root diameter
was estimated.

3. Results
3.1. Experimental Analysis of Root Detection Based on YOLOub5s

The detection results by this model on the validation set are shown in Figure 11a,
where all the root target hyperbolas can be framed with a confidence level of 0.92 or even
higher. Figure 11b shows the variation of the accuracy and recall rate of using the model in
200 epochs, with the accuracy rate reaching 96.7% and the recall rate 86.6%. It is obvious
that the accuracy rate is rather satisfactory, while there is still some room for improvement
in the recall rate. The average detection time per image was 13 ms, which is much less than
the time required for manual detection. All these results show that the YOLOv5s model
can be used to detect the hyperbola of objects in B-scan images quickly and accurately.
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Figure 11. YOLOV5s results: (a) YOLOv5s detection results; (b) change curve of the evaluation index
of using the YOLOv5s model.
3.2. Root System Localization and Root Diameter Estimation Results
3.2.1. Simulation Test Results
The simulation model and results are shown in Figure 12a,b.
Ground 50cm 50cm 50cm 50cm
E 10cm i E
2cm 20cm i E
30cm ' 0
I 40cm :
i 0 50cm
2cm E :
‘2cm :
‘ 2cm
0 05 1 1.5 2 25
Antena Position (m)
(a) (b)

Figure 12. Simulation results at different depths: (a) simulation model; (b) simulation image.
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The experimental data were recorded and organized using Excel 2019 and graphically
plotted using Origin 2021. The experimental results of root localization are shown in Table 1.
Overall speaking, when the depth was less than 50 cm, the distance error for root localiza-
tion using this method was kept within 5 cm, and the average distance errors were 3.93 cm,
3.49 cm, and 3.17 cm each when using three different frequency antennas. At the frequency
of 1000 MHz, the distance error was the smallest, and when the frequency was 500 MHz,
its distance error was relatively larger, which indicates that different antenna frequencies
had certain effects on the distance error of root localization. The higher frequency of the
ground-penetrating radar antenna will lead to more accurate results of root localization
using the TPFC method.

Table 1. Root location results.

Antenna Frequency: 500 MHz  Antenna Frequency: 750 MHz  Antenna Frequency: 1000 MHz

True Location/(x, y) Estimated Distance Estimated Distance Estimated Distance
Location/(x, y) Error/cm Location/(x, y) Error/cm Location/(x, y) Error/cm
(0.5,0.10) (0.526, 0.119) 3.22 (0.476, 0.118) 3.00 (0.478, 0.107) 2.26
(1.0, 0.20) (1.029, 0.219) 3.45 (0.978, 0.114) 3.26 (0.970, 0.198) 3.02
(1.5,0.30) (1.524,0.322) 3.25 (1469, 0.312) 3.34 (1.489, 0.324) 2.64
(2.0, 0.40) (2.036, 0.416) 3.94 (1.980, 0.381) 2.79 (1.978, 0.430) 3.72
(2.5, 0.50) (2.520, 0.539) 438 (2.469, 0.467) 451 (2.492, 0.535) 3.61
The simulation model and results are shown in Figure 13a,b, respectively. The results
of the root diameter estimation in the TPFC method using GPRs with three different
frequency detection antennas (500 MHz, 750 MHz, and 1000 MHz) are shown in Table 2.
The linear fit of the root diameter estimation results is shown in Figure 14.
0
1
2
3
Ground 50 cm 50 cm 50 cm 50 cm 50 cm 50 cm 50 cm 50 cm 4
20 cm g 5
o e ® @@ @G =
0.5 cm 1cm 2cm 3cm 4om 5cm Gam 7 em S 6
7
8
9
0 05 1 15 2 25 3 35 4 45
Antena Position (m)
(a) (b)

Figure 13. Simulation of different root diameters: (a) simulation model; (b) simulation image.

For root diameters greater than 1 cm, the estimates were very close to the actual
values, with the slopes of the fits being 1.392, 1.042, and 1.029, and R2%s being 0.902, 0.880,
and 0.987. It can be seen that the root diameter estimation result was closest to the real
value at the antenna frequency of 1000 MHz. The relative errors of the estimation results
are compared in Figure 15. Under these three circumstances, the maximum value of the
relative error was obtained at the minimum value of the root diameter, and the relative
error gradually decreased with the increase in the root diameter. The relative error of root
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diameter estimation by using the 1000 MHz radar antenna was smaller than that using
other two antennas, which was kept within 10% for root diameters greater than 2 cm. These
results demonstrate the feasibility of estimating the root diameter of trees using the TPFC
method.

Table 2. Root diameter estimation results.

True Value of Root

Antenna Frequency: 500 MHz  Antenna Frequency: 750 MHz  Antenna Frequency: 1000 MHz

Diameter/cm Estimated Relative Estimated Relative Estimated Relative
Value/cm Error/% Value/cm Error/% Value/cm Error/%
0.5 —2.809 661.8 —2.809 558 —2.809 204.2
1 —0.69 169 1.597 59.7 0.81 19
2 3.349 67.45 1.594 20.3 1.792 10.4
3 4.033 34.43 3.882 14.7 2.735 8.83
4 3.295 17.63 3.341 16.48 4.286 7.15
5 5.968 19.36 4415 11.7 4.73 5.4
6 6.656 10.93 5.416 9.73 6.325 5.42
7 7.949 13.56 6.692 44 7.318 4.54
8 8.996 12.45 7.373 7.84 7.622 4.23
£ E g
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Figure 14. Linear fitting of root diameter estimation results: (a) estimated root radius at an antenna
frequency of 500 MHz; (b) estimated root radius at an antenna frequency of 750 MHz; (c) estimated
root radius at an antenna frequency of 1000 MHz.

According to the results of root localization and root diameter estimation by TPFC
method in the simulation test, it can be seen that there were rather small margins of errors
in the root localization and root diameter estimation at 1000 MHz antenna frequency, but
in the specific application, not only should the appropriate antenna frequency be selected
according to the depth of the detection target, but also the electromagnetic characteristics
of the underground medium and the diversity of the measured environment should be
considered.

3.2.2. Pre-Buried Root Test Results

The test results on the pre-buried root are shown in Table 3. It can be seen from the
root number 1~5 in the table that the distance error of root localization detection results
was kept within 6 cm. In other words, the higher depth would cause a greater distance
error. For the branches with different diameters, their roots were numbered from 6 to 10.
When their diameters were less than 1 cm, there were larger relative errors in their diameter
estimation results, and the figure decreased accordingly as the root diameter increased.
Opverall speaking, satisfactory results were achieved in root localizations and root diameter
estimations. However, there were still relatively larger margins of errors compared with
those in the simulated experiments, as the results may have been affected by clutter waves
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generated due to different soil densities caused by uneven compaction during the soil
filling, or because the relative permittivity of the roots that is not very different from that of
the soil resulted in less obvious hyperbolic features.

700
Antenna frequency
500 MHz 750 MHz 1000 MHz
600
30
500 2 20
e\@ E -\_A
= b
© 400 g 109
= = ~—
St =
b5) 2 o4
5]
> 300 ]
=
] -10 T T 1
é’ 200 - 4 5 6 7 8
True value of root diameter/cm
100
O —
T T T T T T T T T
0 1 2 3 4 5 6 7 8

True value of root diameter/cm

Figure 15. Change of relative errors of root diameter estimation.

Table 3. Pre-buried root test results.

Actual Actual Predicted Predicted Distance D1a1}1e.ter

Root - . A . Prediction
Position (x, y) Diameter/mm Position (x, y) Diameter/mm Error/cm Error
1 (0.282,0.11) 27.4 (0.303, 0.136) 22.64 3.45 17.37
2 (0.558, 0.21) 28.0 (0.570, 0.245) 24.12 3.70 13.86

3 (0.870, 0.30) 26.5 (0.861, 0.325) 23.32 2.66 12

4 (1.170, 0.39) 26.2 (1.195, 0.361) 22.80 3.83 12.98
5 (1.405, 0.49) 27.2 (1.418, 0.542) 23.44 5.36 13.82
6 (0.503, 0.207) 9.3 (0.524, 0.210) 18.58 3.11 106.4
7 (0.933, 0.199) 17.2 (0.929, 0.169) 10.83 3.03 36.2
8 (1.345,0.192) 26.4 (1.329, 0.177) 232 2.19 10.77
9 (1.410,0.182) 58.6 (1.422,0.193) 65.72 1.62 13.31
10 (1.833,0.185) 75.3 (1.804, 0.214) 67.44 4.10 10.08

In summary, the results of the simulation and pre-buried root tests prove the feasibility
of the TPFC method for root localization and root diameter estimation. In the real-scene
field test, excavation and measurement is required after root detection is completed, and
then the detection effect can be analyzed.

3.2.3. Field Test Results

The B-scan images obtained from ground-penetrating radar detection were pre-
processed, and the operation procedure was referred to Section 2.4, with the pre-processed
results shown in Figure 16.
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Figure 16. Image pre-processing: (a) before image pre-processing; (b) after image pre-processing.

In the field test, a total of 70 root nodes were marked, among which there were
48 root nodes with root diameter above 1 cm. There were 42 hyperbolic waveform targets
on B-scan images, and 37 hyperbolic waveform targets were successfully detected by the
YOLOv5s detection model, with a detection rate of 88.09%. This indicates that the detection
model based on YOLOv5s had a high detection rate for hyperbolic waveform in B-scan
images detected in the field. From the results in Table 4, it can be seen that the maximum
error of diameter estimation was 34.18% and the minimum error was 6.83%. The minimum
and maximum distance between the predicted position of root positioning and the actual
position were 0.67 cm and 8.73 cm, respectively. The error of root location and diameter
estimation in the inner circle was larger than that in the outer circle. When the root diameter
was small, the error of the root diameter estimation results was large, which is consistent
with the test results on the simulation diagram, indicating that the method proposed in this
paper had a certain feasibility in the field test.

Table 4. Pre-buried root test results.

Root Route Predicted Predicted Actual Actual Distance 11,2 ;Zlill:itz:\

Node Number Position (x,y) = Diameter/cm  Position (x,y)  Diameter/cm Error/cm Error
1 L-1 (86.4,17.2) 10.97 (85.4,18.5) 15 1.58 25.88
2 L-1 (105.4,9.5) 4.48 (105.7, 6.0) 6.8 3.51 34.18
3 L-2 (149.3,17.8) 1.75 (157.5,15.8) 2.1 8.73 16.48
4 L-2 (178.3,9.3) 1.70 (183.7, 6.8) 2.0 597 15.05
5 L-3 (168.1, 15.6) 3.73 (167.6, 8.5) 4.0 7.11 6.83
6 L-3 (175.5,12.7) 6.23 (175.8,9.0) 5.5 3.72 13.24
7 L-4 (193.0,17.9) 5.29 (184.9, 15.0) 4.5 8.56 17.53
8 L-5 (218.0,17.5) 4.87 (218.4,18.0) 4.2 0.67 15.86
9 L-5 (341.2,20.8) 1.40 (345.1,16.0) 1.1 6.16 27.54
10 L-6 (392.8,20.7) 1.02 (386.1,19.0) 0.8 6.91 27.50
11 L-7 (266.3,15.5) 2.03 (267.8,10.5) 2.6 5.26 21.92
12 L-7 (296.0,14.1) 2.79 (291.7,14.0) 3.4 424 17.94
13 L-8 (365.9,9.2) 2.67 (360.1, 6.5) 3.0 6.40 11.10
14 L-8 (381.7,10.1) 2.91 (376.7,8.5) 3.2 5.20 9.16

4. Discussion
4.1. Discussion on Root Detection Test Results Based on YOLOv5s

The test results of root detection based on YOLOv5s show that the hyperbola in a
B-scan image can be quickly detected by YOLOv5s with a high confidence coefficient and
accuracy. Compared with the detection methods based on mathematical models or machine
learning, as well as traditional manual detections, the method of deep learning used in our
research in this paper has greater advantages in detection accuracy and speed [31-33], but
there is still some room for improvement, such as improving the quality of data samples or
further optimizing the model structure to improve the performance of the network model.
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4.2. Discussion on Root Positioning and Root Diameter Estimation Results

The antenna frequency of GPR has a direct relationship with the results of root lo-
calization and root diameter estimation. The higher antenna frequency means the higher
resolution, which will lead to more accurate root localization. This is because the higher
the antenna frequency of the ground-penetrating radar, the higher its spatial resolution. In
addition, the electromagnetic wave emitted by the antenna with a high frequency has more
concentrated energy and better direction, and thus the echo intensity of the electromagnetic
wave is better, presenting a clearer and more accurate hyperbola in the B-scan of a ground-
penetrating radar. In the TPFC method, the more accurately the sampling points can be
obtained, the more accurate the estimation results will be. However, the detection depth of
the antenna with a high frequency will be relatively low, and the noise and clutter in the
detection image will increase correspondingly, which may bring about more challenges to
image processing. Therefore, in practical applications, the appropriate antenna frequency
should be selected according to the depth of the detection target. During the propagation
of electromagnetic waves in the soil, its energy will gradually decay, thus affecting the
definition of hyperbola waveform in a B-scan image. The definition of the hyperbola has
a significant impact on whether accurate sampling points can be obtained in the TPFC
method. The deeper the depth is, the more blurred the hyperbola formed by the target
echo may be, resulting in the failure to obtain accurate sample points in the TPFC method,
which will affect the estimation result with greater error. For roots with small diameters,
their upper and lower surfaces cannot be distinguished due to the vertical resolution of the
GPR, resulting in the failed B-scan images of their hyperbolas [27].

In the pre-buried root test, overall speaking, satisfactory results have been achieved
in root localizations and root diameter estimations. However, there were still relatively
larger margins of errors compared with those in the simulated experiments, as the results
may have been affected by clutter waves generated due to different soil densities caused by
uneven compaction during the soil filling, or because the relative permittivity of the roots
that is not very different from that of the soil resulted in less obvious hyperbolic features.

The results of the field test show that the proposed method is also somewhat credible
in field conditions, but there are still inadequacies in this field test. First, the horizontal
angle of a root crossing a scanning line is a factor that affects both root detection and
waveform parameter values [34]. The large angular variation of the detection direction
during the inner circle detection resulted in the distortion of the hyperbola presented on
the B-scan. Secondly, the reflected waves of the roots close to the surface are easily affected
by the ground waves, resulting in the failure in taking B-scan images of some roots located
at the surface. In addition, the heterogeneous soil texture and the presence of other foreign
materials in the soil also bring some challenges to field detection.

5. Conclusions

This paper proposes a method based on YOLOv5s and ground-penetrating radar
technology to realize the fast and accurate detection of hyperbolas in B-scan images, with
the TPFC method applied to accurately locate and estimate root diameters. This study
quickly and accurately detected root systems and performed localization and root diameter
estimation, providing some ideas for nondestructive root detection and three-dimensional
reconstruction of root systems. However, there are some problems and inadequacies that
need to be solved in future work. First, due to the complex soil environment, complexity of
field tests and the inability to distinguish whether the collected data are those of roots or
other foreign objects, further research is needed to investigate the differences in hyperbolic
characteristics between roots and non-root targets. Secondly, further research is needed on
the removal of clutter and methods to enhance the hyperbolic signal.
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