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Tree position plays an important role in research on forest resources and ecological functions, and quickly and accurately obtaining
tree position data has long been the focus of investigators. However, the classical method is time-consuming and laborious; thus, a
convenient method of measuring tree position is needed. The primary achievements of this study include the following: (1) a
device was designed for precise location of trees; (2) a new location algorithm was proposed for pentagonal localization based on
the received signal strength indication and ultrawideband technology; and (3) a PC software application was developed for
automatically storing and uploading tree position data. The device was applied to 10 circular plots with a diameter of 24m to test
the positioning speed and accuracy. The results showed that the tree positions could be accurately estimated. On the x- and y-axes,
the biases were -3.94 and 3.36 cm, respectively, and the root mean square errors (RMSEs) were 28.39 and 28.53 cm, respectively.
The mean error (Ed) between the estimated and reference distances was 36.13 cm, and the standard deviation was 16.67 cm. The
device is inexpensive and easy to use and carry in the field; thus, it is suitable for locating trees in environments with complex terrain.

1. Introduction

Tree position measurements are of great significance in forest
resource investigations. The rapid and accurate acquisition of
tree position in sample plots is helpful for predicting the
growth of tree DBH and population development trends
and has important ecological significance for revealing the
relationship between trees and tree species [1, 2]. Traditional
measurements use a box compass combined with tapes or a
laser distance meter. The measurement process is time-
consuming and laborious, and the data are read and recorded
manually, which is inefficient and easily confounded, thus
seriously restricting the quality and efficiency of acquiring
tree positions in sample field surveys [3–7]. Developing a
method of improving the quality and efficiency of tree
position information acquisition has long been an issue for
forestry researchers [8–10].

In recent years, many devices and methods have been
developed for locating trees in sample plots. The Haglöf
Postex® Laser uses ultrasonic solution for tree position mea-
surement; however, due to the short distance of ultrasonic
measurement, the size of the sample plot will be limited
[11]. The global navigation satellite system (GNSS) [12–15]
can provide positioning coordinate information in most
environments. However, signal attenuation or even signal
disappearance occurs in stands with high canopy density,
which is also greatly affected by the density of trees in
the sample plot [16–18]. Total stations are a type of pre-
cise electronic survey system with a mapping instrument
that integrates rangefinders, electronic theodolites, and
microprocessors [19]. Such systems provide an effective
method for locating trees on the sample plot but have
some disadvantages, such as inconvenience, complicated
operation, and expensive price. Terrestrial laser scanning
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(TLS), also known as ground-based light detection and
ranging (LiDAR) [20–24], has been applied for the extrac-
tion of various forestry attributes [25–28]; however, due to
some operational and performance limitations, laborious
carrying and installation, and complex data processing,
TLS cannot be widely used [29, 30]. Close-range photo-
grammetry (CRP) [31–33] and smartphones with time of
flight (TOF) [34–36] cameras have also been applied to
obtain tree locations; however, they are highly susceptible
to stand density, surface vegetation, and light intensity
and require specialized knowledge to handle complex
point cloud computing [37]. Therefore, there are some
limitations to applying these devices and methods for
determining the position of trees.

Advances in sensing technology have led to the devel-
opment of devices for precisely locating trees in the field.
Ultrawideband (UWB) technology [38–42] is a kind of
communication technology that uses discontinuous less-
than-nanosecond pulses without carriers and has the
advantages of a high transmission rate, strong multipath
resolution, strong anti-interference ability, and strong pen-
etration ability. It has been widely used in the determina-
tion of distance and position. Compared with other
wireless communication technologies (Wi-Fi, ZigBee,
etc.), it has higher precision [43–45].

In this paper, a measurement device using UWB sen-
sors was developed for accurate positioning, rapid mea-
surement recording, automatic transmission, and
processing of trees, and it has the advantages of low cost
and ease of carrying.

2. System Design

2.1. Design of the Main Device. The device is mainly com-
posed of a base station and a mobile station, as shown
in Figure 1. The base station consists of a supporting tri-
pod and five 1m long poles with a UWB module on
top. The poles and supporting tripod can be folded and
shrunk, which facilitates the carrying of the device by sur-
vey crews in the field. Mobile station is the location tag.
Table 1 describes the components used by the device
and their main properties. The circuit of the base station
is mainly composed of a microprocessor, power module,
gyroscope module, compass module, UWB module, and
display screen. The circuit of the mobile station is mainly
composed of a microprocessor, power module, UWB
module, secure digital memory card (SD card), Bluetooth
module, button, and display screen. The device uses an
8-bit microprocessor, which is high speed and low cost
and has strong anti-interference. The power module is
composed of a lithium battery, a power management chip,
and a switch. The lithium battery is used as the supply
power to the system components, and the power manage-
ment chip can protect the lithium battery and other cir-
cuits from overcurrent. The gyroscope module is used to
collect the location information of the base station. The
compass module is used to collect the azimuth informa-
tion. The base station is equipped with five UWB modules,
and the mobile station is equipped with one UWB module

to measure the distance between the mobile station and
the base station. The display screen displays the measure-
ment information, the SD card stores the distance and
location coordinate data collected by the mobile station,
and the Bluetooth module transmits the data between
the mobile station and host computer.

2.2. Principle of UWB Ranging. To accurately measure the
distances, the UWB sensor based on the double-sided two-
way ranging (DS-TWR) principle [46, 47] was selected. Due
to the error introduced by clock deviation in single-sided
two-way ranging (SS-TWR) [48, 49] measurement, DS-
TWR adds another round of communication on the basis
of SS-TWR to compensate for the error introduced through
two communication times and increase the accuracy of rang-
ing. The principle is shown in Figure 2, and the formula is
shown in

D = c × Tprop = c ×
Tround1 × Tround2 − Treply1 × Treply2
Tround1 + Tround2 + Treply1 + Treply2

, ð1Þ

where Node A and Node B are communication nodes, D is
the distance between Node A and Node B, Tprop is the time
for the wireless pulse signal to travel in the air, c is the speed
of light, Tround1 is the total time of Node A receiving and
sending pulses in the first round of communication, Treply1
is the waiting time of Node B in the first round of communi-
cation, Tround2 is the total time required for Node B to receive
and send pulses in the second round of communication, and
Treply2 is the waiting time of Node A in the second round of
communication.

2.3. Design of Software Process. The software was designed to
acquire the distances between the base station and the mobile
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Figure 1: Main device and its components: 1: display panel; 2: keys; 3:
UWB casings; 4: metal folding pieces; 5: carbon fibers; 6: fixing knobs;
7: printed circuit board (PCB); 8: level adjusting knob; 9: rotary locks;
10: fixing card buckle; 11: limit card buckles; 12: rubber pads.
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Table 1: Descriptive statistics of the device’s components1.

Component Chip model/type Interface type Parameter Function

Microprocessor STC15W4K56S4
Digital, serial port, SPI,

etc.
SRAM: 4KB; flash: 56KB data

processing
Microprocessor

Power management
circuit

TP4056, AMS1117,
etc.

Digital, power
Input: 3.7 V-4.2 V, 5V; output: 5 V,

3.3 V
Power management

Battery Lithium battery Power 4000mAh Power supply

Gyroscope module JY901B Serial port Resolution: 0.01° Attitude measurement

Compass module GY-26 Serial port Resolution: 0.1° Azimuth measurement

UWB module D-DWM-PG1.7 Serial port Resolution: 1 cm; range: 0-50m Distance measurement

Display OLED SPI 128 × 64 pixels Data display

Keyboard PVC Digital 6 keys Data recording

SD card Micro SD SPI 2GB Data storage

Bluetooth HC-06 Serial port Range: 0-15m
COMM with upper

computer
1SPI: serial peripheral interface; SRAM: static random-access memory; KB: kilobyte; V: voltage; mAh: milliampere-hour; GB: gigabyte; COMM:
communication.
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Figure 2: Scheme of double-sided, two-way ranging (DS-TWR).

Figure 3: Host computer interface.
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station and to calculate the positioning coordinates, key con-
trol, and data management, as shown in Figure 3. The GUI
enables investigators to read device information, calculate
data statistics, and export data to facilitate data processing
and analysis. The general flow of the software is shown in
Figure 4, which is divided into three stages: preparation, mea-
surement, and upload. During the measurement, the tree
number and the corresponding position information can be
automatically completed.

3. Materials and Methods

3.1. Study Area. The test site chosen here was Zhejiang A and
F University, Hangzhou, China (30°15′N, 119°43′E). A total
of 10 circular plots with a diameter of 24m (371 trees in total)

were measured (a circular plot with a radius of 11.28m is
usually used in forest surveys in South China; therefore, we
set the radius as 12m). The surfaces were mainly covered
by leaf litter in plots 1 to 6 and denser weeds in plots 7 to
10 (Table 2).

3.2. Methods

3.2.1. Measurement Process Design. To test the positioning
accuracy, the reference data measured using theodolite with
a laser rangefinder were compared with the data measured
by the device. All measurements used the local east, north,
up (ENU) coordinate system. The measurement operation
for theodolite with a laser rangefinder and the device are
shown in Figures 5 and 6, respectively. Poles B and C of the
device pointing to the north and east were the positive y-
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Figure 4: Flowchart of the system.
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and x-axes, respectively. Pole A was the positive z-axis. The
device measurement process was as follows.

(1) The base station was placed in the center of the
circle plot. According to the gyroscope data, the
station was adjusted to the horizontal position and
then pole B was moved to the north according to the
compass data

(2) The plot ID was set on the mobile station

(3) We placed the mobile station at the measuring position
of the trees (1.3m above the ground), pressed the
record button, and recorded the position data. To
ensure that the measured value is close to the reference
value, the survey crew can press the average key for
multiple samplings. Finally, the average value is auto-
matically calculated. The actual operation is shown in
Figure 7

Table 2: Descriptive statistics of the sample plot2.

Plot Number of trees Dominant species Slope (°)

1 27 S1 0.9

2 30 S1, S2, S3 1.9

3 36 S1, S3, S4, S5, S6 4.8

4 51 S3, S4, S11, S12 5.8

5 34 S3, S5, S6 2.5

6 30 S1, S3, S6 4.9

7 45 S1, S3, S4, S7 12.6

8 37 S5, S8, S9 14.1

9 35 S3, S4, S5, S10, S13 13.8

10 46 S5, S10, S13 12.1
2S1: soapberry; S2: southern magnolia; S3: camphor tree; S4: tulip tree; S5:
Michelia alba; S6: pine tree; S7: Dalbergia hupeana; S8: Ormosia hosiei; S9:
Ginkgo biloba; S10: Chinese parasol; S11: Michelia maudiae; S12: Celtis
sinensis; S13: Zelkova schneideriana.

Figure 5: The theodolite with a laser rangefinder measurement.

Figure 6: Placement of the device.
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Figure 8: A diagram of pentagonal localization. ∣OA ∣ = ∣OB ∣ = ∣
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Figure 7: Position of the tree. On the display screen, 1 is the tree
code and sampling number, 2 is the coordinates, 3 is the distances
between the base stations and the mobile station, 4 is the delete
key, 5 is the page key, 6 is the record key, and 7 is the average key.
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(4) After measuring the position of trees in the plot, the
data were uploaded to the host computer for statisti-
cal analysis

3.2.2. Estimation Method of Tree Position. The distances
between Pn and each antenna anchor point are shown in
Figure 8.

Taking OC as the positive x-axis, OB as the positive y
-axis, and OA as the positive z-axis, the coordinates of points
A–E can be obtained:

XA, YA, ZAð Þ = 0, 0, 1ð Þ,
XB, YB, ZBð Þ = 0, 1, 0ð Þ,
XC, YC, ZCð Þ = 1, 0, 0ð Þ,
XD, YD, ZDð Þ = 0,−1, 0ð Þ,
XE, YE, ZEð Þ = −1, 0, 0ð Þ:

ð2Þ

Assuming that the Pn coordinates are ðXn, Yn, ZnÞ,
the distance between Pn and each anchor point is as
follows:

APn =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn − XAð Þ2 + Yn − YAð Þ2 + Zn − ZAð Þ2

q

=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn

2 + Yn
2 + Zn − 1ð Þ2

q
,

ð3Þ

BPn =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn − XBð Þ2 + Yn − YBð Þ2 + Zn − ZBð Þ2

q

=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn

2 + Yn − 1ð Þ2 + Zn
2

q
,

ð4Þ

CPn =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn − XCð Þ2 + Yn − YCð Þ2 + Zn − ZCð Þ2

q

=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn − 1ð Þ2 + Yn

2 + Zn
2

q
,

ð5Þ

DPn =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn − XDð Þ2 + Yn − YDð Þ2 + Zn − ZDð Þ2

q

=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn

2 + Yn + 1ð Þ2 + Zn
2

q
,

ð6Þ
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Figure 9: Position estimation using (a) pentagonal localization and (b) trilateration localization.
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EPn =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn − XEð Þ2 + Yn − YEð Þ2 + Zn − ZEð Þ2

q

=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn + 1ð Þ2 + Yn

2 + Zn
2

q
:

ð7Þ

In Equations (3)–(7), any four equations can be used
to determine the Pn coordinates.

As shown in Figure 9(a), in practical applications, the
UWB wireless signal will be obstructed and experience inter-
ference by the surrounding environment, such as the trunks,
branches, and leaves, resulting in signal attenuation [50, 51]
and slightly longer communication time; therefore, the APn,
BPn, CPn, DPn, and EPn values are slightly greater than the
actual values and do not intersect at a common point. To
achieve accurate positioning and mitigate the influence of
signal attenuation on ranging, some scholars have proposed
using trilateration and quadrilateral localization for corre-
sponding positioning depending on the received signal
strength indication (RSSI) [52, 53].

According to the principles of trilateration [54, 55] and
quadrilateral localization [56], 10 sets of pairwise intersecting
spheres can be developed from Figure 9(a) for triangular
localization. Take Figure 9(b) as an example, where three
spheres A, C, and D intersect in pairs and the intersection
is three planes (FGP1, HIP1, and JKP1). The plane equation

can be obtained by subtracting Equations (3), (5), and (6)
in pairs:

2 XC − XAð ÞXn + 2 YC − YAð ÞYn + 2 ZC − ZAð ÞZan
= APn

2 + XC
2 + YC

2 + ZC
2 − CPn

2 − XA
2 − YA

2 − ZA
2,

2 XD − XAð ÞXn + 2 YD − YAð ÞYn + 2 ZD − ZAð ÞZn
= APn

2 + XD
2 + YD

2 + ZD
2 −DPn

2 − XA
2 − YA

2 − ZA
2,

2 XD − XCð ÞXn + 2 YD − YCð ÞYn + 2 ZD − ZCð ÞZn
= CPn

2 + XD
2 + YD

2 + ZD
2 −DPn

2 − XC
2 − YC

2 − ZC
2:

ð8Þ

In addition, because the three planes intersect in pairs, three
lines L1, L2, and L3 can be obtained by pairwise combination in
Equation (8). The three lines intersect at point P1, and the coor-
dinates of P1 ðX1, Y1, Z1Þ can be obtained according to Equa-
tion (8). In the same way, the coordinates of the other nine
combinations can be obtained: P2 ðX2, Y2, Z2Þ, P3 ðX3, Y3,
Z3Þ, P4 ðX4, Y4, Z4Þ, P5 ðX5, Y5, Z5Þ, P6 ðX6, Y6, Z6Þ, P7 ðX7,
Y7, Z7Þ, P8 ðX8, Y8, Z8Þ, P9 ðX9, Y9, Z9Þ, and P10 ðX10, Y10,
Z10Þ. As trees are located according to two-dimensional coor-
dinates [33, 57], the coordinates of Pn ðXn, YnÞ only need to
be obtained to locate trees in the sample plot:

where

etc. are the weighting coefficients.

3.2.3. Accuracy Evaluation. The reference value of the tree
position was also measured and converted into the xoy plane

coordinate system. First, the DBH was measured at 1.3m
using tape. Then, half of the tree DBH values were added to
the reference and estimated position values of the plane coor-
dinates in the y-axis and x-axis directions, respectively.

Xn =

X1/ APn
2 + BPn

2 + CPn
2� �� �

+ X2/ APn
2 + BPn

2 +DPn
2� �� �

+ X3/ APn
2 + BPn

2 + EPn
2� �� �

+ X4/ APn
2 + CPn

2 +DPn
2� �� �

+ X5/ APn
2 + CPn

2 + EPn
2� �� �

+ X6/ APn
2 +DPn

2 + EPn
2� �� �

+ X7/ BPn
2 + CPn

2 +DPn
2� �� �

+ X8/ BPn
2 + CPn

2 + EPn
2� �� �

+ X9/ BPn
2 +DPn

2 + EPn
2� �� �

+ X10/ CPn
2 +DPn

2 + EPn
2� �� �

1/ APn
2 + BPn

2 + CPn
2� �� �

+ 1/ APn
2 + BPn

2 +DPn
2� �� �

+ 1/ APn
2 + BPn

2 + EPn
2� �� �

+ 1/ APn
2 + CPn

2 +DPn
2� �� �

+ 1/ APn
2 + CPn

2 + EPn
2� �� �

+ 1/ APn
2 +DPn

2 + EPn
2� �� �

+ 1/ BPn
2 + CPn

2 +DPn
2� �� �

+ 1/ BPn
2 + CPn

2 + EPn
2� �� �

+ 1/ BPn
2 +DPn

2 + EPn
2� �� �

+ 1/ CPn
2 +DPn

2 + EPn
2� �� �

Yn =

Y1/ APn
2 + BPn

2 + CPn
2� �� �

+ Y2/ APn
2 + BPn

2 +DPn
2� �� �

+ Y3/ APn
2 + BPn

2 + EPn
2� �� �

+ Y4/ APn
2 + CPn

2 +DPn
2� �� �

+ Y5/ APn
2 + CPn

2 + EPn
2� �� �

+ Y6/ APn
2 +DPn

2 + EPn
2� �� �

+ Y7/ BPn
2 + CPn

2 +DPn
2� �� �

+ Y8/ BPn
2 + CPn

2 + EPn
2� �� �

+ Y9/ BPn
2 +DPn

2 + EPn
2� �� �

+ Y10/ CPn
2 +DPn

2 + EPn
2� �� �

1/ APn
2 + BPn

2 + CPn
2� �� �

+ 1/ APn
2 + BPn

2 +DPn
2� �� �

+ 1/ APn
2 + BPn

2 + EPn
2� �� �

+ 1/ APn
2 + CPn

2 +DPn
2� �� �

+ 1/ APn
2 + CPn

2 + EPn
2� �� �

+ 1/ APn
2 +DPn

2 + EPn
2� �� �

+ 1/ BPn
2 + CPn

2 +DPn
2� �� �

+ 1/ BPn
2 + CPn

2 + EPn
2� �� �

+ 1/ BPn
2 +DPn

2 + EPn
2� �� �

+ 1/ CPn
2 +DPn

2 + EPn
2� �� �

ð9Þ

1/ APn
2 + BPn

2 + CPn
2� �

1/ APn
2 + BPn

2 + CPn
2� �� �

+ 1/ APn
2 + BPn

2 +DPn
2� �� �

+ 1/ APn
2 + BPn

2 + EPn
2� �� �

+ 1/ APn
2 + CPn

2 +DPn
2� �� �

+ 1/ APn
2 + CPn

2 + EPn
2� �� �

+ 1
APn

2 +DPn
2 + EPn

2� � + 1
BPn

2 + CPn
2 +DPn

2� � + 1
BPn

2 + CPn
2 + EPn

2� � + 1
BPn

2 +DPn
2 + EPn

2� � + 1
CPn

2 +DPn
2 + EPn

2� �
ð10Þ
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According to Equations (11), (12), and (13), the bias, root
mean square error (RMSE), and straight-line distance error
between the estimation point and the reference point on
the x- and y-axes were calculated separately to evaluate the
accuracy of the method:

BIAS = ∑n
i=1 di −Dirð Þ

n
, ð11Þ

RMSE =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑n

i=1 di −Dirð Þ2
n

r
, ð12Þ

Ed =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xi − Xirð Þ2 + Yi − Yirð Þ2

q
, ð13Þ

where di is the ith measured value, Dir is the ith reference
value, Xi and Yi are the ith estimates on the x-axis and y
-axis, respectively, Xir and Yir are the ith reference values
on the x-axis and y-axis, respectively, and n is the total num-
ber of measurements.

3.2.4. Efficiency Evaluation. To evaluate the efficiency of
measurement, the times required for traditional and device
measurement were recorded. To ensure that the two
methods worked in the same order, the trees were num-
bered prior to measurement. Using the theodolite with a
laser rangefinder measurement requires two people in a
group: one stands in the middle of the circle to operate
the theodolite with laser rangefinder correctly and then
records the distances and angles from the center of the

Estimated
Reference

(i)

Estimated
Reference

(j)

Figure 11: Comparisons of estimated and reference points: (a) plot 1; (b) plot 2; (c) plot 3; (d) plot 4; (e) plot 5; (f) plot 6; (g) plot 7; (h) plot 8;
(i) plot 9; (j) plot 10.

Table 3: Accuracy in the x-axis and y-axis directions estimated by
the device.

Plot
X (cm) Y (cm)

BIAS RMSE BIAS RMSE

1 -4.85 20.79 4.11 22.41

2 -3.97 24.10 2.23 21.09

3 -3.37 37.33 5.28 33.27

4 4.46 32.58 2.61 34.80

5 -6.99 29.19 -1.22 30.48

6 -8.05 27.85 2.74 27.90

7 -2.22 27.19 0.77 30.76

8 -6.39 28.50 1.35 30.02

9 -6.41 32.07 3.98 30.60

10 -1.65 24.34 9.34 23.93

Total -3.94 28.39 3.36 28.53

Table 4: Summary statistics of the error of the distance between
estimated and reference points.

Plot
Ed (cm)

Mean Max Min Std

1 26.63 58.53 1.39 15.01

2 29.28 59.79 1.03 12.97

3 46.63 73.55 5.27 18.05

4 43.36 80.65 12.16 19.81

5 37.86 82.73 4.33 18.66

6 35.57 77.81 8.92 17.01

7 37.54 63.60 6.03 16.63

8 37.49 77.11 7.64 17.55

9 40.72 81.30 10.75 17.52

10 31.38 71.01 8.79 13.44

Total 36.13 82.73 1.03 16.67
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circle plot (the angles to due north) and the other holds a
surveyor’s pole at the tree position. After the measurement
is completed, the data recorded on a paper form is entered
into the computer. When using the device for measure-
ments, one person performs ranging and recording
integration.

4. Results

4.1. Accuracy of Position Measurement. The error distribu-
tion and comparison results between the estimated points
and the reference points are shown in Figures 10 and 11,
respectively. The statistical results of the coordinate accuracy
on the x-axis and y-axis and the statistical results of the linear
distance errors between the estimated point and the reference
point are shown in Tables 3 and 4, respectively. The results
showed that the bias, RMSE, and total bias on the x- and y
-axes were –8.05 to 4.46 cm and –1.22 cm to 9.34 cm, 20.79
to 37.33 cm and 21.09 to 34.80 cm, and –3.94 and 3.36 cm,
respectively (Table 3). The mean Ed was 36.13 cm, the max-
imum Ed was 82.73 cm, the minimum Ed was 1.03 cm, and
the standard deviation was 16.67 cm (Table 4). The Ed range
of the estimated points and the reference points in the xoy
plane was 0 cm to 83 cm (Figure 10). Systematic error was
observed between the estimated values and the reference
values of each sample plot, although the total error was small
(Figure 11). The mean Ed values in the sample plots from 1 to
6 and 7 to 10 were 36.55 cm and 36.78 cm, respectively, indi-
cating that the slope of the measured sample plot had no sig-
nificant influence on the location.

4.2. Efficiency of Position Measurement. The measurement
times of the two methods are shown in Table 5. The results

showed that the mean measurement times were 22.37 and
69.76 s using the device and traditional methods, respectively.
The measurement efficiency can be increased more than
threefold using the proposed method.

5. Discussion

Tree position measurement is an important task in forest
resource surveys. In recent years, a large number of tree loca-
tion devices and methods have been reported. The Haglöf
Postex® Laser, which was similar to the developed device,
used an ultrasonic solution for position measurements, but
ultrasound had a short measurement range and was not suit-
able for measurements of large sample plots. In addition, the
device was not cheap [11]. Oveland et al. [18] proposed a
positioning scheme under relatively rough conditions using
a moving terrestrial laser scanner and GNSS. However, due
to the serious attenuation of GNSS signals under the crown,
this scheme was not suitable for accurate tree positioning;
moreover, the devices were also expensive. Gollob et al. [30]
located tree trunk positions using a terrestrial laser scanner;
however, the data processing was complex and the device
was hard to carry and thus was unsuitable for widespread
application in forestry. Fan et al. [33] estimated tree position
using an RGB-D smartphone combined with the simulta-
neous localization and mapping (SLAM) algorithm, and the
results showed that the biases on the x- and y-axes were the
same (-0.12 to 0.13m) while the RMSEs were 0.09m to
0.17m and 0.07m to 0.17m, respectively. Although this
method had high positioning accuracy, it was highly suscep-
tible to the influence of the surrounding environment and
requires professional training to handle the complex point
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Figure 12: Scatter plot between mean Ed and (a) stand density and (b) slope.

Table 5: Comparison of work efficiency.

Method Number of surveyors Times of measurement Total time (s) Mean time (s)

Theodolite with a laser rangefinder 2 1 25880.96 69.76

UWB device 1 1 8299.27 22.37

11Journal of Sensors



cloud processing. Our device only used the RSSI algorithm
and pentagonal localization algorithm, which could be run
on STC15 (8-bit) microprocessors (price under $1) and had
much lower complexity in both time and space.

In this study, we designed a tree positioning device (cost
of approximately $250) using UWB sensors. To test the esti-
mation accuracy, we chose 10 circular plots with a diameter
of 24m to carry out our experiment. The results showed that
the x- and y-axes had biases of -8.05 to 4.46 cm and -1.22 cm
to 9.34 cm, respectively. The RMSEs of the x- and y-axes were
20.79 to 37.33 cm and 21.09 to 34.80 cm, respectively
(Table 3). The mean error (Ed) and standard deviation of
the distance between the estimated points and the reference
points were 36.13 and 16.67 cm, respectively (Table 4). In
terms of measurement efficiency, the traditional method
required two people to complete the work and the data need
to be recorded manually. However, the proposed device
could be operated by one person and equipped with corre-
sponding host computer software that integrated data mea-
surement, recording, and uploading. The mean times
required by the traditional method and the proposed device
were 69.76 s and 22.37 s, respectively (Table 5). The device
could locate trees accurately, and the measuring efficiency
could be improved by more than three times.

Although the proposed device accurately located trees,
considerable improvements remain to be made. For example,
the maximum distance between the two anchor points was 2
m, which precludes the device’s deployment in sample plots
with high stand density. Note that using the device to mea-
sure the tree position may be affected by the plot environ-
ment. Compared with the slope, the stand density was
more influential (Figure 12 and Table 2). In future research,
we will ensure the positioning precision to reduce the size
of the base station and conduct deeper research in a variety
of complex sample environments to identify methods that
can improve the positioning accuracy and reduce the impact
of the plot environment on ranging.

6. Conclusions

This paper reports a novel device that uses UWB sensor
technology to locate trees. It has a delicate mechanical
structure and is based on trilateration and quadrilateral
localization. A pentagonal localization algorithm was con-
structed to precisely locate trees. Through the host com-
puter software, it performs data measurement, recording,
and uploading integration, which increases the measure-
ment efficiency more than three times compared to the
traditional method.
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