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Tree parameter measurement is an important part of forest resource monitoring. Smartphones play an important role in forest
resource surveys. Although sensors inside smartphones, such as gyroscopes and angle sensors, can meet the needs of the public for
entertainment or games, the measurement accuracy in professional forest resource monitoring is slightly insufficient. In this
paper, a method of collecting tree measurement factors based on personal smart space fusion with a variety of high-precision
sensors is proposed. First of all, a high-precision attitude sensor measurement module and a laser ranging module are organically
integrated and packaged in a black box. +e smartphone is then connected to the sensor box using a magnet sheet, and the
working personnel can determine key parameters in the forest stand by holding it. Finally, in order to verify the accuracy of the
method, the measured values in this paper are compared with the reference values.+e root mean square error (RMSE) of the tree
position in the X and Y directions was 0.114m and 0.147m, the relative deviations (rBias) were 0.95% and 0.39%, and the average
RMSE was 0.186m.+e RMSEsmeasured by tree height and diameter at breast height (DBH) were 0.98m and 2.24 cm, the relative
root mean square error (rRMSE) was 5.87% and 13.46%, and the relative deviations (rBias) were −1.40% and −1.06%, respectively.
+erefore, the method of forest stand parameter measurement based on personal smart space fusion multitype sensors proposed
in this paper can be effectively applied to forest resource data collection.

1. Introduction

Forests play an important role in maintaining ecosystem
balance, protecting the environment, responding to climate
change, sequestering carbon, maintaining soil and water,
and providing forest products [1–3]. Mastering and un-
derstanding detailed forest information can help us
strengthen forest protection. Some researchers took ad-
vantage of smartphones with various sensors such as angle
sensors, orientation sensors, and gyroscopes and applied
smartphones to forest resource monitoring [4, 5]. Some
researchers proposed to measure key tree measurement
factors such as tree species, diameter at breast height (DBH),
tree height, and tree position based on smartphones and
store the measured tree measurement factors in the database

of the smartphone [6, 7]. Some researchers developed tree
height measurement software running on smartphones
using the principle of trigonometric functions. +ese studies
can theoretically measure accurate geometric lengths, but
many smartphones have large deviations in sensor accuracy
such as angle sensors and direction sensors [8–10]. In
general, smartphones can meet the accuracy requirements of
mass entertainment or game consumption. However, when
applied to professional fields such as forest resource mon-
itoring, the sensitivity of the sensors built in the smartphones
will cause unstable measurement errors [11]. Some re-
searchers have used the Global Navigation Satellite System
(GNSS) function of smartphones in forest stand positioning,
but suchmethods have significant limitations and are greatly
affected by stand density [12–14]. Especially in some forest
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areas where the GNSS signal is weak or there is no signal, the
positioning accuracy of the smartphone is low or the po-
sitioning function cannot be used. Some researchers com-
bined smartphones, laser rangefinders, and tripods to work
in the forest [15]. Although this method can meet the
functional requirements of forest resource survey, it can also
lead to the problem of poor portability in practical work,
especially in the face of hillside fields, which will affect the
observation of workers.

At present, UAV, light detection and ranging (LiDAR),
remote sensing, and photogrammetry have gradually be-
come important technologies for forest resource monitoring
[16–18]. A forest resource monitoring system integrating sky
and ground and air has been formed and is applicable to
different work scenarios [19]. Among the existing forest
ground monitoring methods, in addition to the traditional
tree measuring instruments, terrestrial photogrammetry,
ground-based LiDAR, and other technologies have also
emerged, which can not only obtain accurate tree location,
tree height, DBH, and other basic tree measurement factors
but also promote the computerization of forestry [20–22].
LiDAR technology also has some problems in forest resource
monitoring, such as complicated operation, high investi-
gation cost, poor portability, and large computation [23].
Photogrammetry is relatively cheap compared with LiDAR,
but photogrammetry requires multiple independent digital
cameras, and the measurement results need to be returned to
the office for postprocessing [24], which cannot be solved in
real time on work field. +erefore, LiDAR technology has
many limitations in small-scale or low-cost forest surveys
[25]. +e tree position is necessary to accurately calculate
and measure the characteristics of the forest and describe the
changes in the forest [26]. Especially in the work of estab-
lishing a fixed plot, it is necessary to obtain accurate tree
positions [27,28]. In the early investigation stage, the relative
position of the trees was mainly determined by using the
compass to obtain the azimuth and the rope to obtain the
horizontal distance [29]. With the application of GNSS in
forestry, GNSS-based stand positioning technology has
gradually matured. +erefore, GNSS positioning technology
based on smartphones will also produce large measurement
errors in dense forest stands [30]. It is necessary to develop a
relative positioning method to measure the position of trees
based on smartphones. +e DBH and tree height of standing
trees are important contents of forest resource surveys and
are also the basic factors for estimating forest accumulation
and biomass [31, 32]. Taking advantage of the relatively low
price of photogrammetry, it is necessary to develop a
smartphone-based photogrammetry method to obtain the
DBH and height of trees. In the current research on forest
resource monitoring based on smartphones, there are
problems of unstable measurement errors due to low ac-
curacy of the sensor, as well as problems of single function or
poor portability [4, 8, 33].

In the measurement of tree attributes, we need to obtain
the key parameters of the standing tree (including factors
such as position, DBH, and tree height). In order to make
smartphones more convenient to obtain high-precision
azimuth and horizontal distance, this paper proposes a

method for measuring tree attributes based on personal
smart space fusion with multiple sensors. Considering the
existence of hillside fields in forest resource monitoring,
from the perspective of portability, a variety of high-pre-
cision sensors (including angle sensors, orientation sensors,
gyroscopes, and laser ranging modules) are integrated into a
small box that is easy to carry, and this paper defines it as
“sensor box.” +e “sensor box” is tightly connected to the
back of the smartphone through a magnet sheet, which
makes it easier for forest workers to carry around. +e
purposes of this paper are as follows. (1) In view of the lack of
accuracy or sensitivity of the sensors of smartphones in
forest resource monitoring, a method of measuring key
parameters of forest stands by integrating a variety of high-
precision sensors based on smart space is proposed. (2) +e
position, DBH, and the height of the tree are determined
using a relative position positioning algorithm and a
standing tree photo processing algorithm. In order to im-
plement the method in this paper, smartphone-based forest
stand measurement software was developed to verify the
accuracy of the method and the applicability of the method
was discussed.

2. Materials and Methods

2.1. Sensor Box. In order to improve the problem of low
sensitivity of the sensor due to different hardware config-
urations of the smartphone, this paper has designed a
multifunctional sensor called “sensor box” for forest re-
source monitoring. +e sensor box has an attitude mea-
surement function and a distance measurement function. It
is mainly used to obtain high-precision 3D data (accelera-
tion, gyroscope, Euler angle, and magnetic field data) and
distance measurement data. It can send various types of
sensor data to smartphones via Bluetooth. +e sensor box
overcomes the problem that the accuracy of the sensors built
in many smartphones cannot meet the needs of investiga-
tion. It differs from the conventional laser rangefinder in the
following two aspects. (1) Ordinary laser rangefinders focus
on acquiring distance data and cannot acquire gyroscope
attitude data.+e sensor box designed in this article not only
has the function of laser ranging but also has the function of
attitude measurement. (2) +e ordinary laser rangefinder
cannot be physically connected to the smartphone and is
considered as a whole. It is necessary for the workers to
operate the rangefinder and the smartphone separately. +e
volume of the sensor box is 80.3∗ 47∗ 30mm3, which is 1/2 of
the volume of a conventional laser rangefinder. It can be
seamlessly connected to a smartphone through a magnet
sheet, and their combination can be considered as a whole.

In this article, a variety of high-precision sensor modules
on the market are organically integrated and packaged in a
small black box (see Figure 1). +e sensor box is mainly
composed of an attitude measurement module and a laser
ranging module. +e attitude measurement module uses the
gyro angle measurement module BWT901BLE5.0 provided
by WitMotion ShenZhen Co., Ltd. Its X-axis and Y-axis
angle measurement accuracy is 0.01°, and the Z-axis angle
measurement accuracy is 0.05°. +e operating frequency is
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168MHz, the acceleration is ±16 g, the X-axis and Z-axis
angle measurement range is −180°∼180°, and the Y-axis
measurement range is −90°∼90°. +e baud rate is
2400∼921600 bps, and the magnetic field accuracy is 1mG
(milligauss). +e return rate is 0.1∼200Hz. +e model of the
laser rangefinder module is L4-RS232, which has a mea-
suring range of 0.02–100 meters, a measurement accuracy of
±2mm, and a laser wavelength and power of 620–690 nm. In
Windows 10 operating system, based on Arduino 1.8.5
development environment, C++ programming language is
used for serial debugging and secondary development. +e
sensor box uses a 3.3 v power supply and is equipped with a
display to show sensor data.

2.2. Development of Software for Measuring Tree Attributes
Based on Personal Smart Spaces. +is article has developed
software that runs on a smartphone to measure the stand. It
can accept and process sensor data in the “sensor box” and
can calculate the relative position, DBH, and tree height of
standing trees. Under Windows 10 operating system, an
application development environment based on Android
Studio 3.3 +Android SDK (Java Development Kit) + Java
JDK 8 (Java Development Kit) +ADT (Android Develop-
ment Tool) is built. +e stand measurement software was
written in Java language.+e software runs on a smartphone
based on the Android operating system (Android 4.4 or
higher). +e application uses the distance and azimuth
provided by the sensor box to calculate the relative position
of the trees and uses the gyroscope data to calibrate the
smartphone’s camera and obtain a fixed focal length. +is
paper is based on the principle of single image solution and
uses the software’s “standing tree measurement” module to
calculate the tree height and DBH.+is article designs a way
to connect the sensor box with a smartphone. +e mea-
surement personnel can carry out the forest parameter
measurement by holding it.

2.3. Research Area. +e research in this paper was con-
ducted in an artificially regenerated forest located in

Haidian District (40°0′40″N, 116°20′20″E), Beijing, China.
It is planted with poplar, willow, and locust trees, with little
or no undergrowth grass and shrubs. +e study area is
48.7m above sea level and the terrain is flat. It belongs to
the temperate humid monsoon climate zone, with four
distinct seasons, hot summers, cold winters, and low
precipitation. As shown in Figure 2, this paper has verified
the accuracy of the smart space-based method of fusing
multiple sensors to measure stands in two temporary
sample plots of 40 × 40m. +e tree density of plantation
stands is around 900 trees/ha. To verify the accuracy of the
tree location measurement, a total of 67 standing trees
were measured. To verify the accuracy of DBH and tree
height measurements, a total of 96 standing trees were
measured.

2.4. Tree Key Parameter Measurement Principle Based on
Smart Space. +e sensor box provides a variety of high-
precision sensor data for the determination of tree position,
DBH, and tree height in this paper. +e relative position
determination algorithm and standing tree image mea-
surement algorithm are used to process the sensor data
collected by the smartphone, and the position, DBH, and
height of the standing tree are calculated, respectively. In
forest areas with high stand density or severe canopy cover,
the GNSS signal strength will be severely affected, resulting
in low forest positioning accuracy or inability to meet actual
work requirements. Since the GNSS signal of the smart-
phone into the forest will be severely weakened, it is im-
possible to directly obtain the absolute position of the trees.
Under the guidance of traditional tree position measure-
ment methods [29], this paper provides a new option for
forestry investigators to determine the relative position of
trees based on smart space fusion with multiple sensors.
Based on the principle of close-range photogrammetry
[34, 35], this paper uses the fixed focal length of a smart-
phone and the horizontal distance obtained by the sensor
box. +en, the height and DBH of the tree can be measured
by taking a picture containing the complete information of
the standing tree.

Bluetooth

Figure 1: Sensor box and personal smartphone.

Mobile Information Systems 3



2.4.1. Principle of Standing Tree Position Measurement.
First, the surveyor should set the position to the origin (the
origin is the initial observation point, whose coordinates are
known or assumed), and the location of the origin should be
selected as far as possible to the place with wider sur-
rounding field of view. +en, the surveyor opens the “forest
stand measurement” software in the smartphone and enters
the camera shooting interface of the “standing tree mea-
surement” function and clicks the “Bluetooth” icon in the
upper right corner to search and connect the sensor box.
According to the actual requirements of the work, if there is
a need to measure DBH and tree height, the laser emitted
horizontally by the induction box can be projected to DBH
(1.3m) of the trunk by visual judgment. If you just need to
measure the position of the tree, you can project the laser
horizontally onto the tree trunk anywhere. When the laser
point appears in the camera interface, click the “OK” button
and keep the arm as stable as possible.

In Figure 3, the tree position coordinate system O-xy is
established, and the origin O of the coordinate system is the
first observation point. +e red triangle represents the ob-
servation point, whileOx andOy represent the coordinates of
the observation point. +e green dots represent trees, and x
and y represent tree coordinates. L represents the distance
from the observation point provided by the calculation box
to the tree. α is the azimuth calculated by the induction box.
+e coordinates of each tree can be calculated using trig-
onometric functions. For example, the plane coordinates of
the first tree are calculated as follows, and the coordinates of
other trees are calculated using a similar method.

x1 � L1∗ cos π − α0( 􏼁,

y1 � L1∗ sin π − α0( 􏼁.
􏼨 (1)

When measuring trees at the parcel level, surveyors may
encounter situations in which trunks or treetops are blocked
due to the density of trees, and some trees are partially visible

or completely invisible. In this paper, an observation mode
of “observation point transfer” is designed for surveyors.+e
measured stands can be divided into two or four plots of
similar size according to the density of trees or artificial
segmentation markers. +e observation principle is to
transition from low-density plots to high-density plots.
When dividing into two plots, the plot with less dense trees
should be observed first. Each plot occupies a quadrant when
divided into four cells. Firstly, the plot with the lowest
density of trees was taken as the first quadrant, and the
observation sequence of anticlockwise or clockwise was
determined according to the density of trees in adjacent
plots. When the entire stand is divided, the surveyor can
start the determination of each stand. If the laser emitted by
the sensor box cannot be projected onto the trunk, the
surveyor can change the standing position and set up a
second observation point. +e selection of the second ob-
servation point is the same as the first observation point.
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Figure 3: Schematic diagram of tree position observation scheme.
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Using the distance data L provided by the sensor box, the
coordinates of the second observation point can be inverted
according to the coordinates of the previous tree or the
coordinates of the measured tree nearby, and then continue
the observation. According to the actual needs, the third or
fourth observation points are set in the same way.

2.4.2. DBH and Tree Height Measurement of Standing Trees.
DBH and tree height are the key parameters for stand de-
termination. In this paper, the software’s “measuring tree”
function is used to calculate the chest diameter and tree height
of the tree to be measured (see Figure 4). +e observation
schemewas similar to the observation scheme of tree position.
+erefore, this paper realizes the synchronization of mea-
suring the position, DBH, and height of the tree in the actual
working process, and the sensor box can provide the data
required for calculation at the same time. +e tree height and
DBH can be calculated based on the method of solving single-
tall photos. +is is a method of single photo in photo-
grammetry. After entering the “standing tree measurement”
module of this software, the surveyor selects the “Image
Capture” function. +e surveyor will project the laser emitted
by the sensor box to the chest diameter (1.3m) of the trunk by
visual judgment and click the “OK” button. +e image of tree
will be automatically loaded into the software interface and a
red “+” symbol will appear in the center of the smartphone
screen. To obtain the exact image plane coordinates of the tree
top position, the image of the tree can be moved so that the
position A1 of the tree is aligned with the “+” symbol, and
click the “OK” button in the lower right corner. +en, the
image is moved to align the bottom of the tree A2 with the “+”
symbol. Click the “OK” button to get the image plane co-
ordinates of the point in the image. At this time, the measured
value of tree height will appear on the screen. +e mea-
surement process of DBH is similar to that of tree height. +e
location of DBH is determined by the position of laser point in
the photo.+en, by zooming in the image andmoving the red
“+” symbol, A3 to the left of DBH and A4 to the right of DBH
are determined to complete the acquisition of corresponding
coordinates of the image plane. Finally, the DBH measure-
ment value will also appear on the screen.

+is algorithm is a special form of collinear equations in
photogrammetry and is suitable for calculation of a single
image [35–37]. +is paper studies the application of this
algorithm to smartphones. +e measurement principle is
shown in Figure 5.
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where x and y are the image plane coordinates of the image
points, f is the focal length of the camera of the smartphone, X,
Y, and Z are the object space coordinates of the observation
points, and ai, bi, and ci (i �1, 2, 3) are the 9 direction cosines
composed of three external azimuth elements of the tree image.

In this scenario, the origin of the object space coordinate
system and the origin of the image space coordinate system
coincide, and the photography center S, the image space
coordinate point, and the object space coordinate point are
on a straight line to simplify the rotation matrix, as shown in
the following formula:
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+e object space point coordinates of space point A1 is
set as (XA, YA, ZA). Formula (4) can be used to calculate the
object-side coordinates of the image points on the standing
tree image.

Figure 4: Software interface of tree height and DBHmeasurement.
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Figure 5: Schematic diagram of standing tree measurement.
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where (Xi, Yi, Zi) is the object space coordinates of the
standing tree, L represents the horizontal distance between
the observation point and the standing tree, xi and yi are
image plane coordinates (2D), and f is the focal length of the
camera. +e tree height calculation formula is obtained by
combining the following formula:
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and the tree height is
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where xiyi corresponds to the image plane coordinates of
DBH and height of the tree. +e tree top A1 and the tree
bottom A2 are selected, respectively, on the image of the tree
to be measured. +e corresponding image plane coordinates
on the image are (x1, y1) and (x2, y2), respectively at S.Zi is
the scale parameter (L/f), f is the focal length of the
smartphone’s fixed-focus camera, and L is the horizontal
distance between the observation point and the tree to be
measured.

Similarly, by selecting the left pointA3 and right pointA4
of DBH on the image, the corresponding image point co-
ordinates (plane coordinates of the image) at s of the image,
namely, (x3, y3) and (x4, y4), are obtained, respectively.
+en, we use the following formulas to calculate the DBH:
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In the study of measuring standing tree with smart-
phones, some researchers measured tree based on the
principle of trigonometry. In this paper, photogrammetry
algorithm was used to measure tree height and DBH. +is
algorithm requires a known external variable (horizontal
distance L between the observation point and the tree) as a

“ruler,” and its advantages are reflected in the following two
points. (1) +e trigonometric function tree measurement
algorithm needs to measure the observation point and the
tree top and bottom, respectively. +e angle of the smart-
phone’s angle sensor is relatively low, and the angle error
fluctuates greatly. +e laser rangefinder only needs to
measure the horizontal distance between the observation
point and the stand. +e accuracy of the distance mea-
surement is very high and the error fluctuation is relatively
small. (2)+e algorithm in this paper can be used to measure
the DBH and the tree height at the same time by using a
smartphone to take a photo containing the complete in-
formation of the standing tree. However, the method based
on the trigonometric function principle needs to find the tree
height before using other algorithms to calculate the DBH.

2.5. Precision Evaluation. In order to verify the validity of
this method [38, 39], the measurement accuracy of tree
position, DBH, and tree height was analyzed in this paper. In
terms of tree position measurement, we take the tree po-
sition measured with a total station (KTS-44R4LCN total
station, South Surveying &Mapping Technology Co., Ltd) as
a reference value. +is paper uses the CGQ-1 direct reading
altimeter and DBH tape used in forestry to measure the
height and DBH of each tree and uses these data as the
reference value of the method in this paper. +is paper uses
Bias, RMSE, rBias, and rRMSE to check the accuracy of tree
position, tree height, and DBH.
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1
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(9)

3. Results

3.1. Analysis of Tree Position Results. In this paper, 67 trees
were measured to verify the accuracy of tree position
measurements. During the measurement, the “observation
point transfer” scheme in 2.4.1 section was used to solve the
problem of trunk occlusion. +e total station was used to
measure the coordinates of 67 trees and took them as ref-
erence values. +e position coordinates of trees measured by
the fusion of multiple sensors based on personal smart
spaces were taken as the measured values.

Figure 6(a) shows a schematic diagram of the distri-
bution of trees under test in the sample plot. It can be clearly
seen from Figure 6(b) that the measured value of tree po-
sition in this paper can better correspond to the reference
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value within the scope of sample land. Table 1 shows the
Bias, rBias, RMSE, and rRMSE of X and Y, respectively.

+e average RMSE of tree position in this experiment is
0.186m, which can better express the distribution of tree
position in forest resource monitoring. In practical work, in
addition to external factors such as topography and mag-
netic field, the measurement accuracy of tree position will be
affected by the way the surveyors operate. +erefore, the
measurement operators should regulate the operation of the
instrument, avoid bad measurement environment, and carry
out accurate positioning and measurement according to the
instructions for the use of the software. +e experimental
results show that this method can be used to measure the
position of trees in forest resource monitoring.

3.2. Analysis of DBHandHeight of Standing Tree. In order to
verify the accuracy of this method in measuring the DBH
and height of standing trees, 96 living standing trees were
measured and these results were taken as measured values.
+e height and DBH of the standing tree were measured
using the CGQ-1 direct reading altimeter and diameter tape,
and these results were used as reference values. Figure 7
shows that the measured values of DBH and tree height are
evenly distributed on both sides of the reference value, and
the measurement effect is better overall.

+e four precision indexes in Table 2 show the mea-
surement results of tree height and DBH. +e experimental
results show that the stand measurement method based on
smart space fusion of multiple sensors can meet the pre-
cision requirements of forest resource survey.

In terms of measurement accuracy, although the method
in this paper has no obvious advantages compared with
existing methods such as LiDAR and photogrammetry, it
still provides valuable reference for forest resource moni-
toring. +erefore, the technology based on smart space
fusion of multiple sensors can still be used as an effective

solution for the measurement of tree attributes. +e mea-
surement of tree height is directly related to stand density
and canopy occlusion.When the stand density is small or the
canopy is sparse, the determination accuracy of tree height is
high. +e accuracy of DBH measurement is mainly affected
by picture shooting, finger movement, and other factors.
When operating the software, accurately determining the
DBH position is the key to improve the DBH measurement
accuracy.

4. Discussion

Intelligent, efficient, and accurate method for measuring tree
attributes has always been the focus of forest resource
monitoring. Nowadays, with the advantage of multiple
sensors, smartphones not only provide a variety of enter-
tainment and consumption-level functions for the public but
also have gradually become an important tool in professional
fields such as forest resource monitoring [14, 33, 39, 40].
However, the sensor accuracy of many smartphones can still
meet the entertainment needs, while the accuracy of pro-
fessional resource detection needs to be improved [39]. In
this paper, a high-precision, small sensor box is designed,
and it can be seamlessly connected to a smartphone. +e
sensor box integrates the attitude gyroscope module with the
laser rangefinder module to provide high-precision attitude
data and horizontal distance data for smartphones. +e
sensor box has two advantages over the conventional laser
rangefinder. (1) +e conventional laser rangefinder focuses
on the acquisition of distance data but cannot acquire the
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Figure 6: (a) +e distribution of trees in the real world and (b) the comparison of tree position measurements.

Table 1: +e comparison of tree position measurement based on
relative positioning and total station measurement.

Tree position Bias rBias (%) RMSE rRMSE (%)
X (m) 0.05 0.95 0.114 2.10
Y (m) −0.11 0.39 0.147 −0.53
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attitude data. +e sensor box designed in this paper has not
only the function of laser ranging but also the function of
attitude measurement. (2) +e conventional laser range-
finders cannot be seamlessly connected to smartphones, so
surveyors need separate smartphones and laser rangefinders.
Such a combination cannot be taken as a whole. At
80.3∗ 47∗ 30mm, the sensor box is half the size of a
conventional laser rangefinder and can be seamlessly con-
nected to a smartphone via a magnet sheet. Workers can
combine the sensor box with the smartphone as a whole. It is
easy to carry, easy to operate, and less affected by terrain.

In order to verify the effectiveness of this method, the
position, DBH, and height of the tree were compared and
analyzed. Although the method presented in this paper has
no obvious advantage over LiDAR and photogrammetry in
terms of accuracy [17, 23, 24], the measurement method is
more flexible and less affected by topographic environment.
LiDAR technology is greatly affected by the terrain, it also
requires a lot of data processing in the office, and its cal-
culation cost is high. +is paper supports foresters to carry
out preharvest measurements in the field. A method that
combines a sensor box with a smartphone to measure tree
properties can be used as an input parameter for a specific
tree growth model and can automatically estimate wood
volume or stand stock. Compared with the LiDAR tech-
nology which is more suitable for large-scale operation, this
paper can provide a more flexible method for the investi-
gation of rare tree protection. +e detailed attributes of
precious trees need to be recorded during the operation.+is
paper presented a method which measures the properties of

these precious trees and records the data in real time and
stores it in the database of smartphones. In this paper, a
scheme of “observation point transfer” is designed in the
surveying work of plot level, but it takes a lot of space to
describe the measurement of individual plant elevation. In
terms of tree position measurement, mobile phone GNSS
signal is greatly affected in some stands with high density of
trees, resulting in low positioning accuracy. Also, the oc-
cluding GNSS signal of tree canopy is affected to varying
degrees, and the absolute positioning technology based on
GNSS signal may not be suitable for all stand positioning
work [28, 30]. +e relative positioning technology of tree
position in this paper makes up the problem that the
smartphone-based GNSS absolute positioning technology
cannot locate in the forest with weak signal. +is method
shows high accuracy, and it is less affected by terrain and tree
density. Due to the difficulty of absolute positioning with
smartphones in stand measurement, the relative positioning
with smartphones is rarely studied to determine the position
of trees. In the measurement of tree height and DBH of
single tree, although some researchers have also used
smartphones to measure tree height, most of the phones
have simple principles and single functions with poor
universality. Some researchers have developed smartphone
software to measure tree height or DBH based on trigo-
nometric principles [5, 7, 9, 41], but this method uses the
phone’s built-in angle sensor to get the angle of the ob-
servation point to the top and bottom of the tree. Because
smartphone angle sensor sensitivity is different, the mea-
surement error is unstable. In the actual work, because the
sensor accuracy is insufficient, the result will have a large
measurement error. In this paper, a high-precision sensor is
attached to the smartphone to improve the measurement
accuracy, and a single photo solution method of photo-
grammetry is applied to the monitoring of forest resources
based on smartphone. Compared with other forest resource
monitoring methods based on smartphones [26, 42–45], this
method can directly measure the position, DBH, and height

Table 2: Comparison of tree measurement based on this method
and traditional method.

Category Bias rBias (%) RMSE rRMSE (%)
Height (m) −0.23 −1.40 0.98 5.87
DBH (cm) −0.18 −1.06 2.24 13.46

y = 0.9623x – 0.3164
R2 = 0.8949
RMSE = 0.98
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Figure 7: (a) +e comparison of tree height measurement and (b) the comparison of DBH measurement.
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of trees. +e measurement accuracy will not be affected by
different configurations of smartphones, so this method has
the advantage of strong universality. Compared with the
traditional method [46, 47], this method has computer
power, does not need to touch trees, reduces the physical
consumption of the surveyors, and saves the time and cost of
the survey.

In order to give full play to the advantages of smart-
phones as microcomputers, this paper provides a low-cost
and portable tool for current forest survey based on the
method of measuring tree attributes based on smart space
fusion of multiple sensors. Although surveyors can turn
their smartphones into a professional tool for monitoring
forest resources, there are still some problems that need to be
further solved in this paper. +e laser beam from the laser
rangefinder module projects onto the tree trunk as a spot of
light. When the light around the working environment is too
weak or too strong, the visibility of the laser points in the tree
trunk will be affected. In future research, this paper intends
to change the geometry of the laser beam projected on the
tree trunk from point to line. Finally, the laser beam is
projected onto the tree trunk to form a laser line perpen-
dicular to the tree trunk. Laser lines are more convenient for
forest investigators than laser points. Compared with the
way of setting up a smartphone by using a tripod in existing
studies, the method in this paper is more convenient for the
measurement personnel to carry and operate the smart-
phone, but it increases the instability of the attitude sensor in
the sensor box to obtain the angle and direction data. During
the collection process, the shaking of the arm will cause the
measurement error, which will affect the accuracy of the tree
position to some extent. In this paper, an image containing
the complete information of standing trees is taken to
calculate the DBH and tree height, which can complete the
collection of sensor data in a very short time. +e laser point
is projected onto the tree trunk to minimize the error caused
by the shaking of the arm. In this paper, on the premise of
ensuring measurement accuracy, it is worthwhile to sacrifice
less accuracy for the improvement of working efficiency and
is more convenient to carry measurement tools. +e sensor
is still susceptible to electromagnetic interference, which
reduces the measurement accuracy. +e visibility of trees in
forests remains the focus of further research in the future.
Although we have designed an observation scheme of
“observation point transfer” for the method in this paper,
tree height cannot be directly measured for some totally
closed stands. +erefore, the method of this paper is more
suitable for small-scale, low-density, or medium-density
forest resource monitoring with lower cost.

5. Conclusions

+is paper presents a method of measuring key parameters
of stand based on personal smart space fusion sensor. +is
paper designs a sensor box for personal smartphones that
integrates various types of sensors and makes it easy to bind
the two to each other. In order to verify the effectiveness of
the method in this paper, the relative positioning algorithm
and the standing tree image measurement algorithm can be

used to measure the position, height, and DBH of the tree.
And this software was developed to process the data col-
lected by the sensor. Finally, the experimental results were
analyzed and discussed. +is paper has solved the problems
of poor universality, low precision, and single function in the
previous forest resource monitoring methods based on
smartphones, so it has higher flexibility and better porta-
bility. Forest investigators can turn their smartphones into
professional forest resource monitoring tools in the work
field, which provides valuable help for forest resource
monitoring. In the future, more forest resource monitoring
factors, such as volume, crown width, and the height of
living crown, need to be determined based on personal smart
spaces. In general, this paper provides a new forest resource
monitoring method. Based on personal intelligent space
fusion of various high-precision sensors, this method can
basically meet the precision requirements of forest resource
monitoring and can be popularized in forestry survey.
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accuracy and applicability of smartphone GNSS positioning
in forests,” Forestry, vol. 90, no. 2, pp. 187–198, 2017.

[15] G. Fan, F. Chen, Y. Li, B. Liu, and X. Fan, “development and
testing of a new ground measurement tool to assist in forest
GIS surveys,” Forests, vol. 10, no. 8, p. 643, 2019.
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