
 

 

 
Abstract—The growth of coarse tree root systems is extremely 
complex as well as the cross-growth in three dimensions is very 
difficult, it is clear that the quantitative recognition and the observation 
are difficult to detect in situ. Previously, coarse tree root systems are 
usually detected by destructive methods such as excavation and 
profiling. In this paper, we used ground penetrating radar (GPR) to 
detect coarse root systems according to the GPR principle that forming 
clear hyperbolic reflections on the GPR radargram when 
electromagnetic waves travel across two surfaces with different 
dielectric constants. First, we use GprMax 3.0 to simulated the 
hyperbola of root reflection with different root directions based on 
finite-different time-domain method (FDTD).Then, the coordinates of 
coarse root systems are readily inversed by Symmetry Algorithm and 
Hough Transform. To demonstrate the viability of two algorithms, the 
inversion of coordinates is compared with the actual coordinates in the 
forward condition and the relative error is obtained. Furthermore, the 
detection and in situ recognition of the coarse tree root systems can 
achieved in the simulation experiment and field experiment. The 
results show that the root localization is quite accurate. Research 
results can also provide a solid basis for the three-dimensional 
reconstruction of ancient and famous trees and intersecting trees, as 
well as nondestructive testing means in the safety maintenance of 
trees. 
 

Keywords—coarse root systems, in situ recognition, Symmetry 
Algorithm, Hough Transform.  

I. INTRODUCTION 

Coarse root systems, which are responsible for most root 
carbon storage, play a significant role in plant ecosystem 
functioning as they transfer water and nutrient [1]. But the 
study of coarse root system is not profound enough because of 
the difficulty of underground observation and sampling. 
Meanwhile, traditional methods have many disadvantages in a 
large number of experiments [2]. Thus, non-destructing testing 
(NDT) methods are becoming popular for the root system 
testing [3], due to their high efficiency and overall reliability of 
the information produced [4]. Among these techniques, the 
ground penetrating radar (GPR) is particularly imports that 
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based on the scattering of electromagnetic waves that are 
radiated from a transmitting antenna [2-4]. Further, according 
to the difference of the electrical parameters between root and 
surrounding soils, the hyperbolic diffraction parameters 
(two-way time delay, amplitude areas, pixels within the 
threshold range, mean pixel intensity and reflector tally, etc.) 
were formed to locate the roots, evaluate the biomass and draw 
the root configuration [5-7]. 

Currently, the great achievements have been made in the 
field of root detection, such as the root biomass detection and 
the automatic 3D reconstruction of roots [5-20]. Fang et al 
described a root growth system in which the roots grow in a 
solid gel matrix that was used to reconstruct 3D root 
architecture in situ and dynamically simulate [19]. Liu et al 
build a functional relationship between the hyperbolic signal 
and relevant parameters of the root orientation based on the 
principle of EM wave propagation [21]. Zhu et al establish a 
feasible detection method to delineate the root distributions 
from the acquired 3D data by 3D GPR, and propose some 
reasonable indexes for estimating root biomass (including the 
biomass of a single root and total biomass in the specific depth 
ranges) in field conditions [13]. In a word, there is no doubt that 
the importance of the spatial distribution of roots in GPR 
detection. Furthermore, these researches have analyzed the 
influence of roots system spatial distribution on radar waves 
[15].  

In some ways, the use of GPR for root detection seems to be 
maturing. However, the previous work on the detection of tree 
roots using ground-penetrating radar has indicated that there 
are many limiting factors that included dielectric constants of 
soil and roots, the direction and diameter of roots, and the 
spatial distribution of roots [22-23]. Moreover, they rarely 
consider the direction of the coarse root systems. The spatial 
distribution of roots is the problem that has received the most 
attention among these factors as there are many branches of the 
tree, and the cross-growth in three dimensions is very difficult 
[24]. 

 Under these conditions thereupon, the emphasis of this 
paper is to study the GPR signal characteristics of tree root and 
in situ identification of its roots. To this purpose, we build 
many different forward models to simulate real situations, as 
well as inversed the GPR data obtained from a simulation 
experiment and a controlled experiment in the field. Surely, the 
results can provide theoretical basis and knowledge carrier for 
in situ identification of tree roots, meanwhile, it can provide 
theoretical basis and knowledge carriers for the theoretical 
studies of root system biology, forestry and underground 
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ecology. 
 To achieve this aim, this paper is divided into four parts. 

First, we put forward a mathematical model about signal 
hyperbola and received the forward image of coarse root 
systems in different orientations with the use of GPRMax 3.0 
[25]. Then, we obtained the location of the vertex of root profile 
hyperbola by the Symmetric Algorithm and Hough Transform. 
Lastly, we can identify and locate the GPR hyperbola where 
exist root in simple level, combining control experiment with a 
field experiment. 

II. PROCEDURE FOR PAPER SUBMISSION 

A. Simulation Experiment Of Different Root Orientation 

In natural conditions, roots generally develop in a radial 
pattern, with the taproot centered and tilted slightly downward 
owing to its geotropism [26]. Thus, the root systems are going 
to grow at different angles. The root orientation can been 
described by two parameters in the coordinate system: the 
horizontal orientation angle α and the vertical inclination angle 

β, as shown in Fig.1 [21]. The vertical inclination β is defined 

as the angle of the projection of the root onto the y-z plane and 
z-axis. The azimuth angle α is defined as the acute angle 
between the projection of the buried root onto the ground plane 
(x–z plane) and the direction of the scanning line of the GPR 
[27]. 

Next, we built the above models with GPRMax 3.0 that a 
GPR signal simulating software, to create simulated data [25]. 
The model boundary lengths were 0.24m and 0.20m and the 

scan number was 60 [28]. The dx, dy and dz（PML boundary 

condition）were all 0.002m. The root center was in the center of 

the model, and the root direction changes as the root rotate. The 
dielectric constant permittivity of the soil and the root 
respectively were 5 and 10. The root was set in the form of 
cylinders with diameters of 0.01 m. That worth mentioning that 
the center frequency of the radar is 900MHZ means that the 
depth to been detected needs to be less than 0.5m.  The depth 
we have choice is reasonable [29].  

 
Fig. 1 Illustration of the root orientation in spatial rectangular 

coordinate system. 
In our experiment, the time window was set to 3 ns [29], and 

the step of the antenna in per scan number was 0.002 m. In 

addition, the radar transmitter was placed in the 0.02 m and the 
radar receiver in 0.06 m. Based on these factors, we obtained 
radar reflection images in different directions of the root. These 
images can really well simulate the scene of different root 
directions. 

Additionally, the simulated images need to visualized by the 
imaging command in MATLAB and underwent imagery 
preprocessing [7] (first arrival time pickup, temperature shift 
error correction, background removal, gaining, and 
signal-to-noise ratio evaluation) to enhance the quality of the 
images. 

B. GPR Hyperbolic Mathematical Model 

When the radar that is sent and received in parallel is close to 
the ground or almost close to, let’s make an assumption that the 
propagation path in the soil that is homogeneous medium 
becomes relatively simple that only reflected back to the 
receiving antenna after the target. The projection point of a 
target on a radar detection line is x0 as shown in Fig.2 [30]. In 
addition, the t0 is a two-way travel time of x0. The velocity of 
the wave is constant for the reason that homogeneous medium. 
According to the triangle Pythagorean Theorem, the hyperbola 
is represented by the following equation: 

 
ሺݖሻଶ െ ሺݔ െ ሻଶݔ ൌ ሺݖሻଶ                    (1) 
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Therefore, the formula (1) becomes: 
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                                                (b) 
Fig 2 (a) Hyperbola model under ideal conditions, (b) Hyperbola 

model in the presence of target radius. 
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You can see that the time delay of target conforms to the 
constraint equation of the standard hyperbola from equation 
(2). However, the diameter of a tree's root system can not be 
ignored in most experiments. As well as, the GPR wave 
propagation path will change as shown in Fig. 2(b), so the 
formula (1) transform into: 

 
ሺz୧  rሻଶ െ ሺx െ xሻଶ ൌ ሺݖ   ሻଶ                       (3)ݎ

 
Finally, put the zi and z0 in in the equation (3): 
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Similarly, it fit with the constraint equation (
௫మ

మ
െ ௬మ

మ
ൌ 1) of 

the standard hyperbola from in the function (4). In other words, 
the signal presents a hyperbolic model because of the ellipse 
characteristic of root. Actually, the hyperbola contains the 
information of electromagnetic wave velocity and dielectric 
constant of medium. So we need to pay attention to this point. 

C. Symmetry Algorithm And Hough Transform Algorithm 

The vertex coordinates of hyperbolic can obtained from 
Symmetry Algorithm that based on the principle that the target 
hyperbolic signal is symmetric about the vertex and shows a 
monotone decreasing trend on both sides of the vertex. 
Symmetry curve equation can been indicated as [31-32]: 

 

Sሺjሻ ൌ ∑ ∑ |݂ሾ݅, ݆ െ ݉ሿ െ ݂ሾ݅, ݆  ݉ሿ|
ୀଵ

௬௦௭
ୀଵ                (5) 

 
The f [i, j] is pixels of two-dimensional scan image get from 

GPR. The image array is defined by ysize and k. 
Moreover, the procedure for extracting the vertices of the 

GPR hyperbola as follows: 
1) removal the direct wave of GPR image use Matgpr 

[33-34]. 
2) judge the extreme point of the GPR hyperbola, the number 

of extremum points is the same as the number of roots when the 
symmetry curves is not intersect, or otherwise, we need analyze 
if the intersection of the Symmetry curve match the 
characteristics of the root or not. 

3) get the minimum point of Symmetry Curve use Matlab 
algorithm: 

 
ሾm, nሿ ൌ min	ሾSሺjሻሿ                                    (6) 

 
m is indicated as the horizontal position of hyperbola vertex. 

4) extract A-scan where the hyperbola vertex is located after 
extracting the horizontal position of hyperbola vertex. The 
maximum energy of the target echo in the ROI is the time delay 
direction coordinate of the hyperbolic vertex [31].  

Then, the electromagnetic wave velocity in the medium 
should be known for the extraction of root hyperbolic vertex. In 
order to gain electromagnetic wave velocity by Hough 
Transform, there is the preprocessor that extract the hyperbolic. 
That is needed to extract the contour of the hyperbola. We can 

get a focal point in the parameter space on the basis of 
point-line duality of Hough Transform. As far as the value of 
the focus point can represent the accuracy of electromagnetic 
wave velocity estimation, we can extract the velocity 
information from the hyperbola. So in order to do that, we first 
have to transform the equation of the hyperbola as depicted in 
Fig.3(a): 

 
ሺ
௩

ଶ
ൈ ݐ∆ ൈ ሻଶݕ ൌ ሾሺݔ െ ሻݔ ൈ ሿଶݔ∆  ሺ௩
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And the final transform is given by (8):  

																				 
U ൌ െKሺxሻ ൈ V  x 		               

ሺ8ሻ 
 

 
(a) 

 
(b) 

Fig. 3 (a) the mathematical form of the Hough Transformation of a 
hyperbola, (b) the form of the hyperbola in the V-U domain of the 

Hough Transform. 
 
Among in the (8), 
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So we can get one y’(x) as long as we take a point on the 
GPR B-scan graph, as a result, it's a lot easier to get K(x). 
Meanwhile, there's going to be a line with a slope of -K(x) and 
an intercept of x that in the V-U domain of the Hough 
Transform as shown in the Fig.3(b). As well as, the V can be 
indicted as the intersection of many straight lines in the hough 
coordinate system. Thus, the electromagnetic velocity v can 
been calculated by formula (9) [34-35].  

 
Fig. 4 Images of simulated data in different situations. 

III. RESULTS 

A. Effects Of Root Orientation On The Reflecting Signal’s 
Shape And In Situ Identification 

Fig.4 shows the alteration of the angle between the root and the 
GPR survey line lead to the change in the shape of the B-scan. 
Actually, the horizontal angle α and the vertical inclination β 
can influence respectively the shape of the hyperbolae. 
Obviously, the hyperbolae become more and more flatter when 
the α diminishes (from the top to the bottom in Fig.4. Likely, as 
β increase, the asymmetry of hyperbolae appears more and 
more clearly. Furthermore, the coordinate information of 
hyperbolic vertex has been acquired by the symmetry algorithm 
as shown in Fig.5 , of course, it can be seen that the position of 
hyperbolic vertex tended to higher with the increment of β in 
Fig.4. As shown in the Fig.5, to facilitate the use of the 
algorithm, we remove the direct wave in GPR hyperbolae by 
Matgpr3.0. Also the essential information of hyperbolae vertex 
can be inversion by symmetry algorithm and Hough algorithm. 
As shown in Fig.5, the blue part respectively express scanning 
number (n) and the echo time delay (t) as well as the relative 
error that can reflect the accuracy of data to large extent are 
shown in the white part. The scanning number is influenced by 
the α and β, so the hyperbolic vertex coordinates calculated by 
inversion data are expressed as: 

 
ܺ ൌ ݊ ൈ ݔ∆  ݀                      

ܻ ൌ ݒ   (12)                                           ݐ
 
Where the Δx denotes the space step of the radar scanning, and 
the d denotes the spacing between the transmitting antenna and 
the receiving antenna. V is the electromagnetic wave velocity 
and t is shown in Fig.4. 
As well as, the coordinate of hyperbolae vertex calculated by 
the forward model can using following equation: 

 
ܺଵ ൌ ݔ  ሺ݄ െ ሻݕ ൈ sinߚ ൈ cos ߚ ൈ cos  (13)              ߙ

 
In (13).x and y respectively denotes the horizontal and vertical 

coordinates of the center of the root. As well as the h is the 
height of GPR. 
Compared to x, the calculation formula of y is much simpler. 

The inversion coordinate of y is the product of time delay and 
wave velocity. The theory coordinate of y can be expressed as: 
 

ଵܻ ൌ ሺ݄ െ ሻݕ ൈ sin 	ሺ14ሻ																						ߚ2
 

The effect on the hyperbola is also reflected in the symmetry 
curve as shown in Fig.6. In an ordinary way, symmetry 
algorithm can directly reflect the degree of symmetry of 
hyperbola. The x-coordinate of the curve will shift to the right 

as β goes from 0° to 45°,in the meantime, it also became 

increasingly asymmetrical. However, under the same β, there is 

almost no difference in the scan position at the vertex of a 
hyperbola. In conclusion, the regularity of symmetry curve and 
hyperbola is one - to - one correspondence. 

There is another index that more directly reflects the change 
in the hyperbola vertex, that is the coordinates numerical. Only 
we gain the velocity of the electromagnetic wave, can we get 
the coordinate of the vertex of the hyperbola. With the help of 
the Hough Transform Algorithm, we get the value of V (0.001) 
in the Fig.3(b). As shown in the Table 1, this table summarized 
the data collected during the experiment of the inversion. To 
make it more intuitive, the abscissa is represented by the 
number of scan channels of the radar directly above the root, 
while the vertical axis is shown in millimeters. Obviously, the 
abscissa of hyperbolic vertex is affected by horizontal angle 
and vertical inclination, similarly, the ordinate of hyperbolic 
vertex is influenced by vertical inclination β. In addition to the 
coordinates of these targets, the relative error (the white box 
shown in figure 5) also can provided a more comprehensive 
data interpretation. 

In fact, in order to recognize coarse roots in situ, we combine 
the hough transform with the symmetry algorithm, which is a 
simple and typical. On the other hand, the reflection hyperbola 
of the root contains a lot of information, so that we can just use 
the random hough transform to automatically recognize the 
hyperbola, but that's a later story. 

Overall, the results have proven that the positions of the 
hyperbolic vertex will move as the change of the root direction. 
In our study, to some extent, we can discern the signal of root 
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reflection hyperbola although the in situ recognition of  root is 
affected by a number of factors. 

 
 

Fig. 5 The coordinate inversion in different root directions and relative 
error calculation  

 

 
 

Fig. 6 The symmetry curve of the hyperbola of GPR in 49 root 
directions. 

B. Detection Of Root Hyperbola In Simulation Experiment 
And Field Experiment 

To illustrate the quality of the recognition results of the 
algorithm, we applied the above detection algorithm to the 
simulation experiment and field experiment [36-37]. Fig.7 and 
Fig.8 show the result of detection in the GPR image. In the 
Fig.8, the feature points are represented by red and green dots. 
The vertices of the hyperbola are marked with red dots, while 
the two wings of the hyperbola is indicated by green dots. Thus 
we can identify the vertex position and curve contour of the 
GPR hyperbola. Then, as shown in the right side of Fig.7, we 
can draw the outline of the hyperbola. In each figure, the 
hyperbola contour and the vertex position are not identical 
because of the complexity of roots growing underground. As 
shown in the Fig.8, we set up four detection circles that is 
respectively 0.3m, 0.45m, 0.6m and 0.75m. A detection circle 
indicates that the GPR goes around the tree in the specified 
radius. If there's something underground that's different from 
the permittivity of the soil, a hyperbola will be produce. Of 
course, there is no root if not have a hyperbola in GPR image. 
Furthermore, the Fig.8 shows root reflected signal in four 

detection circles that a circle around the tree, the red box is the 
hyperbola of the root. A notable question is there are many 
hyperbolics, but not always a reflection of the root. Because the 
underground is particularly complex that includes lots of cracks, 
pipes, foreign matters and so on.  
 

Table 1: GPR hyperbola vertex coordinates in 49 root directions. 

 

 
Fig. 7 Hyperbola vertex discern of forward models and identification 

of hyperbolic contour 
 

 
R=0.3m 

 
R=0.45m 

 
R=0.6m 

  
R=0.75m 

Fig.8 The GPR reflection images of root in the four detection circles, 
respectively are 0.3m, 0.45m, 0.6m and 0.75m. 

 

No root 

No root 

No root 

No root 
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On the other hand, if we determine that the hyperbola is 
produced by the root system, we can draw them in three 
dimensions based on their location. That is to say 
three-dimensional reconstruction of root systems. Three- 
dimensional root reconstruction is a huge task, the detection of 
the hyperbola is just a small part of it. 

IV. DISCUSSION AND CONCLUSION 

Previous studies are focused on the root biomass detection, 
the automatic 3D reconstruction of roots, and has made a lot of 
achievements. However, it still exist many factors that affect 
the results of GPR detection in these processes, such as center 
frequency of GPR, the diameter, the dielectric constant, the 
moisture content of the root and so on. That is to say what we 
are doing is only one aspect. Though these factors restrict the 
detection of root to some extent, our research still has 
significant science value. It's worth mentioning that the coarse 
root is use to experiment because coarse roots are easier to 
detect than thin roots.  
This study elaborated the effect of root direction on the 

hyperbola of GPR signal, the main aim of the research was to 
provide effective and high-precision location of tree root 
systems. For this purpose, we put forward a feasible algorithm 
for locating root systems based on two different algorithms. In 
different directions of single root growth, we summarize the 
change rule of hyperbola vertex with root direction and get its 
coordinates relative error. In the end, we propose a part of 3d 
reconstruction of root systems. There is no doubt that it 
provides a foundation for future 3d reconstruction. 
However, coordinate inversion of root systems is more or less 

inaccurate because our hyperbola model is idealized. As shown 
in Fig.5, the relative error in the horizontal and vertical 
coordinates averages less than 20 percent. And the relative 
error of the ordinate is generally greater than that of the 
abscissa. In addition, the accuracy of the results is limited by 
many factors, such as, the GPR frequency, the radius of roots, 
the moisture content of soil and roots and so on. As for the 
practicability of this paper, we will continue to do further 
research. 
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