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Abstract: Computer vision technology has promoted the rapid development of forest observation
equipment, and video photography (videogrammetry) has provided new ideas and means for forestry
investigation. According to the characteristics of videogrammetry, a spiral observation method is
proposed. Meanwhile, a new point cloud data processing method is proposed, which extracts a
point cloud at the diameter at breast height (DBH) section and determines the DBH of trees through
cylinder fitting and circle fitting, according to the characteristics of the point cloud model and the
real situation of occlusion in the sampled area, and then calculates the biomass. Through a large
number of experiments, a more effective and relatively high-precision method for DBH extraction
is obtained. Compared with the field survey data, the bias% of DBH extracted by videogrammetry
was —3.19~2.87%, and the RMSE% was 5.52~7.76%. Compared with the TLS data, the bias% of
—4.78~2.38%, and the RMSE% was 5.63~9.87%. The above-ground biomass (AGB) estimates from the
videogrammetry showed strong agreement with the reference values with concordance correlation
coefficient (CCC) and the RMSE values of 0.97 and 19.8 kg. Meanwhile, the AGB estimate from TLS
agrees with the CCC values and the RMSE of 0.97 and 17.23 kg. Videogrammetry is not only cheap,
low cost, and fast, but also can be observed in a relatively complex forest environment, with strong
anti-interference ability. The experimental results prove that its accuracy is comparable to TLS and
photogrammetry. Thus this work is quite valuable in a forest resources survey. We believe that the
calculation accuracy of our new method can fully meet the needs of the forest survey.

Keywords: videogrammetry; point cloud; DBH; above-ground biomass

1. Introduction

Forests are the backbone of terrestrial ecosystems. Scientific research on the monitoring
and assessment methods of the quantity, quality, spatial distribution and annual changes in
forest resources is the basis for tackling major issues such as global climate change, forestry,
ecological environment construction, forest rights reform and trading, forest resources
management, and the production of timber and forest byproducts. Individual tree diameter
at breast height (DBH), individual tree height, individual tree volume, average stand
volume, stand height, and stand density are important forest structure factors [1-3]. The
measurement of forest structures could directly influence the evaluation of the land quality
and forest growth [3-5]. Due to unpredictable field observation conditions, it is difficult
to reach some plots, and forestry observation faces many challenges. Therefore, portable
and efficient measuring equipment and reasonable observation schemes are significantly
necessary.
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DBH calipers are commonly used tools to measure the DBH of trees in various stud-
ies [6-8]. It is difficult to accurately find the 1.3 m position each time by manual measure-
ment. This problem can be resolved well by terrestrial photogrammetry [9,10], which can
precisely measure the breast height and DBH; in addition, images of a tree can be saved
for comparison with the subsequent year’s images. Terrestrial laser scanning (TLS) [11,12]
is extremely effective for obtaining tree factors, which is mainly used to obtain three-
dimensional (3D) information in forests. The fitness of laser scanning techniques and
simple geometric modeling can characterize the structure of trees in a forest environment.
It also provides new insights into tree carbon sequestration, growth monitoring, and
bioenergy assessments [13]. Besides, TLS can automatically and quickly build precise
3D tree models from point clouds of branches and trunks [14]. Tree DBH, tree height,
and tree volume can all be accurately measured and documented with laser technology.
Recently, TLS has been proven to be able to obtain high-precision tree attributes, such as
high accuracy stem volume and biomass, which are indispensable but cannot be directly
measured in forest resource surveys. DBH is the most commonly measured and utilized
tree parameter, which is considered to be the most important parameter in forestry [15-18].
Yao and Lindberg et al. used TLS to extract the DBH values of trees in their study. The
root mean square error (RMSE) and the bias of the DBH from Yao's report estimation was
7.6 cm and 2.4 cm, respectively [19]. The bias of the DBH estimation in Lindberg’s study
was 0.2 cm, and the RMSE was 3.8 cm [20]. Marin-Buzoén et al. studied the tree crown
volumes and discussed the effectiveness of various methods, including Google Maps, TLS,
and photogrammetry [21]. In the last decade, the system for precise forest inventory using
TLS has become more and more consummated. The 3D point cloud obtained through TLS
is dense enough to extract almost all forest factors, and its accuracy has been accepted by
researchers [22-24]. The system used for forest resources investigation is relatively effective.
However, the expense of equipment, the time of data collection, and the processing of point
clouds are still the most challenging problems to overcome. So the TLS technology cannot
be widely used by all Chinese foresters due to the high cost [24].

Three-dimensional reconstruction is a research hotspot in the field of computer vision
and photogrammetry. Its workflow is to convert the projection of objects in the real world
into digital forms and then process it with computer methods to obtain information [25,26].
Currently, with the available algorithms and applications, we can utilize close-range pho-
togrammetry to gain the parameters of plot or stand. Compared to traditional methods,
close-range photogrammetry has many advantages, such as high convenience, good accu-
racy, and high sensitivity. Photogrammetry of forest parameters, due to recent advances
in structure from motion (SfM) photogrammetry and dense image matching, has become
more attractive in recent years, reducing the level of expertise required to obtain dense and
accurate 3D point clouds. In most recent studies, a single still camera has been utilized
on photogrammetric forest parameters, which is ordinarily handheld or associated with a
few frames of a tripod. Under normal circumstances, the observation plot is based on the
forest parameters of interest (section area, tree height, tree diameter) to obtain images. In
any case, securing numerous pictures, particularly at distinctive levels, requires different
shade discharges, which can be time-consuming and difficult. The securing time generally
depends on the photographic way, standard, gear (such as central length), and the point
cloud zoom strategy utilized. Liu’s study [27] proposed a framework that combines two
pole-mounted cameras with an RTK GNSS for ceaseless capturing. Compared with total
station measurements, their automatic determination of tree position, height, and DBH
achieved RMSEs of 0.16-0.2 m, 2.41-2.51 m, and 0.92-1.13 cm, respectively. Piermattei
et al. [28] were taken in scene arrange with a Nikon D800 advanced SLR camera to capture
the covering digital terrestrial pictures. They utilized a tripod to guarantee high picture
quality. Both of these studies have carried out innovations on the surveyed equipment and
recommended the use of lightweight and portable equipment for forest resource surveys.
It can be seen that the photogrammetric method solves the problems that TLS equipment is
bulky and inconvenient to carry. At the same time, photogrammetry requires an expensive
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SLR camera for data collection to ensure the quality of the photos. And the long time
on field data collection is a shortcoming, which does not satisfy our original intention of
saving time in the field survey.

Videogrammetry is a type of close-range photogrammetry. The emergence of this
technology has solved the time-consuming problem of photogrammetry in field data
collection. By observations of the motion state and spatial position of an object, we can
record the object in the form of a video or a sequence of thousands of images [28-31]. Based
on the rule of close-range photogrammetry, we analyzed and processed the recorded data
and established a 3D point cloud model to conduct quantitative and qualitative analyses of
the characteristics of the objects by obtaining high-precision 3D spatial coordinates of its
feature points. At present, the number of researchers applying 3D point cloud models to
forestry is increasing.

The purpose of this study is as follows: (1) to propose a method to obtain forest
factors by videogrammetry; (2) to obtain the DBH and above-ground biomass (AGB) of
trees and compare with the result by ground survey and TLS; (3) to explore the potential
for the application of videogrammetry in forest surveys. In order to diminish the taken
cost of timberland asset studies while ensuring the accuracy and efficiency of the survey,
this study combines photogrammetry with computer vision for proposing a method to
obtain forest-mensuration factors through videogrammetry, forming a complete system of
forest-mensuration factors. The survey system is a new breakthrough on the forest resource
survey method.

2. Materials and Methods
2.1. Study Area

The investigation in this paper was carried out in Beijing’s Bajia Country Park, Haidian
District. The geographic coordinates were approximately 40°00'30”'N, 116°19'50”E. The
study area occurred in a semi humid and semiarid continental monsoon climate, with
obvious climate change, hot summers, cold winters, and small precipitation. The main
tree species in this area were Sophora japonica, Fraxinus pennsylvanica, and Ginkgo biloba.
The understory environment was relatively simple, and there were only a small number
of understory herbs without bushes. The planting density of trees in this area was not
high, the tree spacing was about 3-6 m, and the number of trees per hectare was about 350.
Figure 1 shows the geographical location of the study area and the under-forest condition
of the forest sample plot.
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Figure 1. The location of the study area and the situation under the forest.
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2.2. Experimental Instruments

To improve the efficiency and quality of video observations, the stability of the equip-
ment during video shooting must be ensured. We chose the Osmo Pocket for videogram-
metry, which was newly released by the SZ DJI Technology Co., Ltd. (Shenzhen, China)
and comes with the three-axis mechanical stabilization holder. This smart camera is light
and portable, which greatly reduces the consumption of manpower and saves working
time. Its appearance (Figure 2.) and some parameters (Table 1) are shown below.

Figure 2. The appearance of the camera.

Table 1. The camera parameters.

Type Parameter Type Parameter
Model OT110 Lens FOV 80° F20
Size 121.9 x 36.9 x 28.6 mm Battery life 140 min
Weight 116 g Video resolution 4K Ultra HD: 3840 x 2160

Cradle head jitter

. +0.005° ISO range Video: 100-3200
suppression

2.3. Study Methods

The method comprises three fundamental steps: data collection, data processing, and
data analysis. First, the camera utilized to obtain parameters was calibrated to guarantee the
exactness of the information preparing and conducted video observations to obtain basic
data according to the designed observation scheme. Then, video data were preprocessed to
generate 3D point cloud to obtain the DBH and the tree location of the stand used as the
sample plot. Finally, the method was compared and analyzed based on the field data and
TLS data, which verified the effectiveness and accuracy of the method. The detailed flow
chart is shown in Figure 3.
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Figure 3. Workflow diagram exhibiting the stepwise processing of the data.

2.4. Acquisition of the Observational Data

In the test area, we selected 10 rectangular samples of 20 m x 20 m for the experiment.
After the selection of the sample plot, all the trees with a DBH more than 5 cm within the
sample plot were numbered; their DBH values were measured with a DBH ruler, and tree
species and location information were recorded at the same time.

2.4.1. Spiral Collection of Video Data

We tried a few strategies of navigating a forest plot and captured a steady and complete
video path in the process. When observing the forest samples, we proposed a spiral
observation method to finally acquire the video data. The spiral curve as a route is shown
in Figure 4. We chose the HD resolution of 4K 30 p to capture every detail of the samples
and to guarantee the accuracy of the point cloud restoration. Before shooting, we placed a
standard measuring rod next to the most central tree in the sample field for scale reference.
In the process of shooting, our handheld device was kept in front of chest about 1.4 m and
moved slowly. The center of the lens pointed to the most central tree at all times to ensure
the overlap of the photos when the images were matched.

When shooting the video, four key factors need to be considered. (1) The sample
size needs to be determined. In the shooting process, if the observed sample area is small,
the data quality of the final generated point cloud is high; if the observed sample area is
large, the density of the point clouds will be reduced, resulting in low accuracy of the tree
factor extraction. To ensure that all trees in the selected field are represented in the original
cloud model, the maximum spiral radius of the video shooting should be more than 4-5 m
so that the outermost trees are photographed. (2) The appropriate shooting route needs
to be selected. The chosen route should avoid shade between each of the trees as much
as possible; and, at the same time, ensure that all the trees in the sample area are well
covered. (3) The camera needs to be kept vertical when shooting. We used the cradle head
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of the Ling Mou Osmo Pocket camera to ensure that the camera pose was vertical during
shooting, which can simplify the transformation process of the coordinate system during
image matching. In the event that a target outline is obscured, comparing focuses in each
outline match cannot be identified, and it becomes to be troublesome to coordinate picture
sets. (4) The appropriate shooting distance needs to be determined. It should be noted
that the distance between the camera and the tree needs to be controlled when shooting.
The resolution of an object in a picture diminishes as the separation between the camera
and the object increments, which may result in the disappointment of 3D reproduction
and lead to estimation blunder within the structural parameters and the number of trees
perceptible within the 3D pictures. Meanwhile, shooting too close to the trees may lead to
partial occlusion, while shooting too far from the trees can reduce the available information
in the frame and induce noise generation, increasing the workload during data processing
at the later stage.

“E E
] v AN i

20

e ' e

1 1 1 1 »
>
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Figure 4. Image matching sequence diagram.

2.4.2. TLS Data Acquisition

We collected TLS information employing a FARO Center S 150 terrestrial laser scanner
delivered by FARO Advances Company (Orlando, FL, USA), a phase-based scanner with
a field of view of 360° in the horizontal plane and approximately 300° in the vertical,
with a minimum horizontal and vertical step of 0.009° (For a full hemispherical filter,
approximately 40,000 laser beats). When we performed TLS data scanning, we deployed a
total of 12 target balls in the sample plots. In order to ensure the accuracy of multi-site data
matching, we require that each site can see more than 5 target balls. Because the selected
sample plots are better under the forest and have a wider field of view, we set checking
positions at four corners of the plot and the center to perform five successive checks of the
trees in a clockwise grouping in arrange to induce more rich information.

2.5. Data Processing
2.5.1. Camera Calibration

For the videogrammetry, we used a non-measuring camera. To ensure the accuracy
of image matching and the restoration of the 3D point cloud, we calibrated the camera
in advance. In this study, the Camera Calibrator tool of MATLAB software was used to
calibrate the camera. This calibration tool is by far the most commonly used and high-
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precision calibration method, which is very convenient and efficient. The calibration
parameters of the Ling MoU Osmo Pocket obtained by the Camera Calibrator tool are
shown below (Table 2).

Table 2. The calibration parameters of the Osmo Pocket camera.

No. Attribute Parameter
1 Center x 0 1346.4
2 Centery 0 10,262,000
4 Radial distortion factor K1 0.0173
5 Radial distortion factor K2 0.0099
6 Radial distortion factor K3 00061
7 Tangential distortion coefficient P1 0.0021
8 Tangential distortion coefficient P2 0.00070178

According to the calibration results, the average reprojection error of each image is
shown in Figure 5. From Figure 5, we can see that the overall average error is 0.47 (less
than 0.5), so the accuracy of the camera calibration is considered to be better.

Mean Reprojection Error per Image
09 T T

Mean Error in Pixels

0 50 100 150
— — Overall Mean Error: 0.47 pixels

Figure 5. Mean reprojection error per image.

2.5.2. Video Data Processing

The videogrammetry proposed in this research is based on computer vision, a method
of three-dimensional reconstruction of plot information. Since it is a passive technology;,
the result is greatly affected by the input picture information. Videogrammetry uses an
automated process through computer vision recognition and feature matching, which is
fundamentally dependent on the quality of the image. So in the process of data processing,
the input of the image is very important. Therefore, the video data of the forest plots
should be preprocessed before usage. Pictures we require can be obtained by partitioning
video clips into video frames. And we used Pix4D mapper software to obtain the frames
from the videos which observed the forest sample plots. To ensure the quality of cloud
information at the sample location, we need to extract the appropriate number of frames,
and the number of frames is critical. Too few frames will result in insufficient information
to match, and it is difficult to generate complete point cloud data. Too many frames will
cause data redundancy and increase data processing time.
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In the process of shooting video, our camera can obtain 30 frames of images per second,
which ensures that information omission did not occur in the process of data collection. In
order to obtain a high-precision point cloud data of the plot, it is necessary to ensure that
the overlap of adjacent photos is greater than 50% during the 3D reconstruction. Due to
the differences in the terrain conditions and surface vegetation of each plot, the speed at
which the cameraman took the plot was also different, so the length of the video obtained
by shooting the plot of the same size was different. Therefore, according to the length of
the video and the size of the sample plots, we extracted 300-500 frames of information for
each plot. It is inevitable that there will be slight jitter or occlusion during the shooting,
and this part of the data is useless for us to build a 3D point cloud model. Therefore, we
also need to manually remove these redundant data.

2.5.3. Establishment of the Point Cloud Model

The point cloud model of the forest plot was created and processed by Pix4D mapping
software. Before the image is initialized and preprocessed, the quality parameters are set to
a higher level during matching and programmed focal point calibration is performed at the
same time. The point cloud is produced after the picture is matched, and the point density
is set to low with the point density setting set to low. The results are shown in Figure 6.

Figure 6. 3D point cloud of the observed plots.

When the spiral method is used to observe the forested sample area by video, data
cannot be obtained for the tops of trees due to the viewing angle of the camera, so we can
only observe the trunks of trees. Based on this, we processed the point cloud data of the
tree trunks in the sample plot and extracted the DBH of the trees.

Because the video was shot in a sample stand, all objects in the area were sampled,
including the surface vegetation and shrubs. But in this study, our research goal is trees.
Therefore, after obtaining the point cloud of the sample stage, we use Lidar360 software
for the initial sampling and processing of the point cloud data. Since the obtained point
cloud contains all the feature information captured by the video, there is a large amount
of redundant data, so we only keep the range of the sample plot we divided by cutting,
and the part outside the sample plot is deleted. To accurately display the tree trunks, we
further processed the point cloud data using Lidar360 software. First, the point cloud data
were denoised to eliminate the outliers and other types of noise. Here, we find that one
de-noising is not very effective, and when we perform two denoisings, the quality of the
data obtained is better. Then, we classified the ground points and obtained the DEM of
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the ground points after filtering. At last, the point cloud data were normalized based on
the ground points. The elevation value (Z) of each point was subtracted from the height
esteem of the nearest ground point to dispense with the effect of topographic variance on
the point cloud data and the point clouds of all the trees were put within the same even
plane. At this point, we have obtained the preprocessed point cloud model. In arrange to
calculate the outright scale, the measure of one scene within the video must be known, so a
fixed-length rod, which we put in progress, is utilized to perform preparatory processing
on the point cloud shown to adjust the scale show.

2.6. Extraction of DBH Data

Generally, there are two methods to extract DBHs from point cloud data: circle fitting
and cylinder fitting. In order to obtain higher extraction accuracy, we applied the two
methods to one of the sample plots, compared their accuracy, and then selected the method
with better extraction accuracy. This method was used to extract the DBH of trees in all
sample plots.

In the process of shooting video, some point cloud data were missing in the generated
tree point cloud data because trees would block the camera’s perspective. That was, some
trees lacked point cloud data in a certain direction. In order to eliminate the influence
of incomplete trunk point cloud on DBH extraction, we intercepted the point cloud data
with a thickness of 5 cm (1.27 m to 1.32 m) and obtained the DBH values through cylinder
fit-ting and circle fitting. The point cloud data with this thickness can not only effectively
eliminate the impact of point cloud information generated by branches and upper canopy
on DBH extraction but also effectively avoid the impact of surface vegetation and shrubs
on DBH extraction. Figure 7 shows the results of reconstructing the model at DBH using
5 cm thick point cloud data.

(a)

~ 30

15 N\ 0
y/em 20 N\ 15 xfem
N 10 RN A
30 5 25 N\ 10

a J 0 5

Figure 7. DBH fitting based on point cloud data. (a) The point cloud data of all trees of one sample plot between 1.27 m and

1.32 m; (b) diagram of the trunk points in three-dimensional coordinates; (c) reconstructed cylinder model.

The specific steps of DBHSs extraction were as follows: (1) we intercepted the point
cloud data between 1.27 m and 1.32 m on the trunk (there were no branches below 1.5 m
in the sample field) and used the point cloud data for cylinder and circle fitting; (2) we
calculated the volume of the reconstructed cylinder and the circumference of the circle
obtained by model fitting; and (3) we calculated the DBH of the trees by using Formulas (1)
and (2) and obtained the value of DBH.

D=2y (1)
C
D= @)

where V is the reconstructed cylinder volume, C is the circumference of the circle, D is the
DBH value of the tree, and / is the intercepted point cloud thickness.
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2.7. TLS Data Processing

When we process TLS data, we first use FARO Scene desktop software (FARO Tech-
nologies, Inc., version 7.1.0, www.faro.com, accessed on 1 October 2020) to match the TLS
data obtained from multiple sites to obtain a complete point cloud data of a sample site.
For the further processing of TLS data, we choose to use Lidar360 software, which is similar
to the way of processing videogrammetry data. After evaluated the quality of the point
cloud information and channel out “ghost points” and discrete points, we utilized the
work of “Clear Sky” and “Clear Contour” to obtain more reliable 3D spatial information
for advance demonstrating. The results of a part of the point cloud are shown in Figure 8.

Figure 8. The 3D point cloud from TLS.

2.8. Estimation of AGB

The appraisal of forest biomass incorporates the estimation of both above-ground
biomass (AGB) and underground biomass. However, the calculation of below-ground
biomass is difficult, and the effect is small relative to AGB. Therefore, only the biomass
above the ground of the tree was discussed in this study. When estimating tree biomass,
the errors caused by the measurement tool itself and manual operation are negligible. The
most common method of AGB estimation in China Forest Resources Survey is based on
one-variable individual tree biomass models [27]. In this study, we basically adopt the
one-variable individual tree biomass models to obtain the AGB. The biomass models of
ten tree species used in this study were obtained from published literature and references
or national standards (Table 3). Only the Fraxinus pennsylvanica uses the two-variable
individual tree biomass models. Therefore, the tree height of this tree species is calculated
with the method proposed by Lai [32] to obtain the biomass. The tree height of Fraxinus
pennsylvanica calculation model is shown in Formula (3).

H =5.425D — 39.0758 (©)]

where H is the tree height in meters, D is the DBH value in centimeters, and the unit is cm.
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Table 3. Accuracies of the DBH estimation.

Species Model Source Model R?
Sophora japonica Wang et al. [33] Wagp = 0.171D>112 -
Koelreuteria paniculata Zhang et al. [34] Wagp = 0.12238D>13793 0.95
Salix matsudana Zeng [35] Wogp = 0.1323D7/3 -
Ginkgo biloba Liu et al. [36] Wogp = el 2:56+240InD) 0.98
Fraxinus pennsylvanica Lietal. [32,37] Wagp = 0.0495502(D2H)"-952453 -
Robinia pseudoacacia Zeng [35] Wogp = 0.2022D7/3 -
Populus tomentosa Zeng [38] Wagp = 0.09198D%4490 -
Juniperus chinensis SFAC [39] Wagb = 0.2479D20333 -
gl%etiﬁizzgfggs Zhuang et al. [40] W,gp = 0.06291D24841 0.972
Pinus tabulaeformis LY [41] Wogp = 0.086112D246157 0.954

2.9. Precision Evaluation

In this study, we use the bias, root mean square error (RMSE), and relative bias
for validation of measurement accuracy while calculating concordance correlation coef-
ficient (CCC) [41] to further verify the accuracy of biomass estimation. Calculated as
follows [42,43]:

. 1¢&
Bias = . Z(yi — Vi) 4)
i=1
~(vi —yn)°
RMSE = || =521 )
Relative bias = st (6)
Yr

Relative RMSE = RAESE 7)

Yr
Relative RMSE = RA;S E 8)

r

where 7 is the number of estimations, y; is the ith estimation, y,; is the ith reference, ¥, is
the mean of the reference values, and p is Pearson’s correlation coefficient.

3. Results

To confirm the achievability of the videogrammetry method for the extraction of tree
measurements, we selected 10 sample plots, each being 20 m x 20 m, in the study area to
carry out our experiment. The videos of each sample taken by the camera were processed
according to the methods described in Section 2.5.

3.1. Point Cloud Data

Through experiments, the data quality of the 3D point cloud model, which is estab-
lished by videogrammetry to extract keyframes, is relatively high. According to the process
of video data processing, we have obtained high-density point cloud data. Due to the
keyframe matching effect is better, the generated noise points are relatively few, and a
single tree can be distinguished very clearly, which provides a valid basis to extract the
diameter at breast height. The relevant data are shown in Table 4.
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Table 4. Detailed parameters of videogrammetry.

Sample No. Video Duration Number of Number of 3D Processing
(min) Selected Frames Points Time (min)

1 4.6 701 3,466,149 201

2 3.7 630 3,214,592 206

3 4.3 583 4,965,126 254

4 3.9 519 3,158,812 218

5 4.1 625 4,215,669 221

6 3.8 532 3,120,035 237

7 3.5 571 3,694,914 212

8 4.7 679 5,789,210 251

9 3.5 561 5,248,952 203

10 3.9 496 4,329,894 237

3.2. Acquisition of DBH
3.2.1. Accuracies of Cylinder Fitting and Circular Fitting

In order to ensure that the DBH extracted in the videogrammetry is more accurate, we
selected a part of all the sample data to compare and verify the accuracy of the diameter at
breast height extracted by the circle fitting and the cylinder fitting method. To evaluate the
accuracy of the tree DBH extraction, we used bias, bias%, RMSE, and RMSE%. As shown
in Table 5, the bias% of the cylinder fitting DBH is 3.14%, the RMSE% is 5.52%, the circle
fitting DBH is —0.04%, and the RMSE% is 4.03%. Therefore, in the process of DBH extract
by videogrammetry, circle fitting has higher accuracy than cylinder fitting in DBH extract.
Therefore, all the breast diameter extraction in this study will adopt the method of circle
fitting.

Table 5. Accuracies of the DBH estimation.

Bias Bias% RMSE RMSE%
Cylinder fitting
extracted DBH (cm) —0.62 —3.14 1.08 5.52
Circular fitting
extracted DBH (cm) —0.01 —0.04 0.79 4.03

3.2.2. Accuracies of Videogrammetry

We obtained the conclusion from Section 3.2.1 that the accuracy of circle fitting is
higher than cylinder fitting when extracting DBH. Therefore, the other nine sample plots
are selected in the research area to verify the accuracy of the videogrammetry circle fitting
method for extracting the tree factors of stand measurements. At the same time, we used
TLS to carry out the same explore within the same test plots and extracted the DBH of
trees for comparison. A total of 134 trees belonging to the 10 samples were effectively
extracted. Although cases of incomplete point cloud data of trees at the edge of the plot
occurred during extracted trees, the errors of commission or omission did not occur. The
DBH estimated by videogrammetry measurement and TLS was compared with the DBH
reference value, which was measured with a diameter ruler (Figure 9).
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Figure 9. Comparison of the (DBH) from circle fitted data and field survey (reference DBH). (a)
Comparison of the fitted DBH values of 134 trees with the reference values; (b) comparison of the
TLS DBH values of 134 trees with the reference values; (c) comparison of the fitted DBH values of
134 trees with the TLS values; (d) residuals of DBHs from 134 trees. Comparison of the DBH data
fitted with the data from survey; (e) residuals of DBHs from 134 trees. Comparison of the DBH data
from TLS with the data from survey; (f) residuals of DBHs from 134 trees. Comparison of the DBH
data fitted with the data from TLS.

Figure 9 shows the accuracy evaluation of the three sets of data. They are the accuracy
comparison between DBH from circle fitted and DBH from field survey data (a), the
accuracy comparison between DBH from TLS data and DBH from field survey data (b),
and the accuracy comparison between DBH from circle fitted and DBH from TLS data. Our
estimated result shows that most of the DBHs are near the 1:1 dashed line.

The R? of the linear regression model describing the consistency of circle fit with
the measured DBH values was 0.89 (Figure 9a). The R? of the linear regression model
describing the consistency of TLS with the measured DBH values was 0.93 (Figure 9b). The
R? of the linear regression model describing the consistency of circle fit with the measured
DBH values was 0.85 (Figure 9¢c). We can see in Figure 9d—e that most of the residuals of
the DBH values of the trees are around the straight line y = 0, which is consistent with the
results in Figure 9a—c.

Table 6 shows the accuracy of the DBH estimates from the 10 sample plots claimed
by the bias, bias%, RMSE, and RMSE%. The bias% of DBH extracted by videogrammetry
is —3.19~2.87%, and the RMSE% is 5.52~7.76% (Table 6). The bias% of DBH extracted
by TLS data is —2.96~1.68%, and the RMSE% is 4.49~6.23%. The DBH extracted by
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videogrammetry estimates reveal comparable precision with regard to TLS with the bias%
of —4.78~2.38%, and the RMSE% was 5.63~9.87%.

Table 6. The precision of the DBH from circle fitting and TLS point clouds.

Sample Circle Fitting vs. Survey TLS vs. Survey Circle Fitting vs. TLS Number

No. Bias Bias% RMSE RMSE% Bias Bias% RMSE RMSE% Bias Bias% RMSE RMSE% of Trees
1 —0.62 —3.14 1.08 5.52 —0.05 —0.27 0.94 4.80 —0.61 —2.88 1.26 5.96 13
2 —0.17 —1.02 1.121 6.81 —0.38 —2.34 0.84 5.16 0.22 1.35 1.58 9.87 12
3 —0.64 —-3.19 1.24 6.20 —-0.3 —1.50 1.1 5.47 —0.34 —-1.72 1.48 7.47 15
4 —0.42 —2.20 1.07 5.68 -0.15 -0.79 0.85 4.49 -0.27 —1.42 1.58 8.41 12
5 —0.59 —3.08 1.45 7.53 0.26 1.37 1.04 5.42 —0.86 —4.40 1.51 7.74 14
6 —0.51 —2.39 1.38 6.47 —0.25 —1.19 0.98 4.59 -0.25 —-1.21 1.19 5.63 11
7 —0.32 —1.43 1.74 7.70 0.21 0.95 1.19 5.26 —0.54 —2.35 2.07 9.12 14
8 0.42 2.87 1.07 7.36 —0.12 —1.46 0.91 6.23 0.24 1.78 1.02 7.55 16
9 —0.48 —-3.19 0.88 591 0.23 1.68 0.74 4.94 —0.73 —4.78 1.33 8.80 12
10 —0.12 —0.65 143 7.76 —0.55 —2.96 1.05 5.70 0.43 2.38 1.64 9.15 15

In order to further verify the accuracy of tree DBH extracted by videogrammetry, we
cross-validated the results of both videogrammetry vs. TLS data and videogrammetry vs.
field measurements. We randomly selected the data of 7 plots out of 10 plots to establish
a linear regression model. The relationships between DBH from videogrammetry and
TLS and the established linear regression model are shown in Figure 10a. The relation-
ships between DBH from videogrammetry and field survey and the established linear
regression model are shown in Figure 10c. After obtaining the linear regression model,
we used the remaining three plots for cross-validation. The R? of the linear regression
model describing the agreement of videogrammetry with the prediction values is 0.84
and 0.90. Meanwhile, the RMSE are 1.39 and 0.38, which provides a very good accuracy
(Figure 10b,d). At the same time, we conducted a SWOT analysis on these three data
acquisition methods (Table 7).

We sorted the 134 trees by diameter at breast height from small to large and calculated
the relative error of fitting vs. survey, TLS vs. survey, and fitting vs. TLS. Both the DBH
data obtained by videogrammetry and TLS show a high degree of consistency. We can see
from Figure 11 that, except for individual special data, the accuracy decreases as the overall
DBH increases. This is mainly produced in the process of circle fitting. When the tree has
a larger DBH, the circle we fit based on the point cloud data will be larger. It resulted in
the DBH being slightly larger than the actual value within the error range, but the overall
accuracy can still be maintained. Therefore, all of these meet the requirements of forest
resource surveys in China. And the method of extracting DBH of trees by videogrammetry
can be widely used in forestry investigations in China.
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Figure 10. Cross-validation between videogrammetry and TLS. (a) Established linear regression model based 7 random
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videogrammetry and survey. (c) Established linear regression model based 7 random plots. (d) Comparative analysis of the

DBH based on videogrammetry and model prediction.

Table 7. SWOT analysis.

Strengths

Weaknesses

Opportunities

Threats

Videogrammetry

TLS

Field survey

1.Lightweight
equipment;

2. Fast data collection;
3.

Low labor costs.

High precision.

High precision.

1. Indoors data

processing takes more

time;
2. Need a scale.

1.Heavy equipment;

2. Well-designed
collection plan;

3. Time-consuming.

1.High labor cost;
2. Long time in the
field.

Provide new ideas for
forest resource survey
methods.

Has been recognized by
the industry.

Data processing
algorithms need to be
further optimized.
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Figure 11. Relative error with the DBH.

3.3. Estimation of Above-Ground Biomass

We calculate the biomass of all the trees through the DBH calculated in Section 2.7 and
the corresponding biomass models of each tree species. The comparison between the AGB
obtained from the videogrammetry and the reference values is shown in Figure 12. This
group data indicates that the entire RMSE of the AGB obtained by means of videogram-
metry was 19.8 kg. The AGB from the videogrammetry approach and regional AGB from
survey DBH are highly consistent at the 95% confidence interval level (CCC = 0.97). Also,
there was no significant systematic deviation from the 1:1 line. As a result, there is no
propensity for videogrammetry methods to overestimate or belittle the AGB of huge trees.
Figure 12b shows the dispersion of the AGB residuals from distinctive tree species. Com-
pared with the reference, the AGB from videogrammetry has not methodically tended to
overestimate nor belittle the AGB of a specific tree species for diverse tree species.

100

g
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CCC=0.97(95% C1:0.95-0.98)
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Figure 12. Comparison of AGB obtained through videogrammetry and AGB derived from the survey.
(a) Comparison of AGB and reference values for trees of different tree species; (b) residuals of AGB
of trees of different species.

The comparison of the AGB of each tree from reference data and AGB from terrestrial
laser scanning (TLS) is shown in Figure 13. This group data indicated that the entire RMSE
of the AGB obtained by means of TLS was 17.23 kg. The AGB from the TLS approach
and regional AGB from survey DBH were highly consistent at the 95% confidence interval
level (CCC = 0.97). Also, there was no significant systematic deviation from the 1:1 line.
As a result, there is no propensity for TLS methods to overestimate or belittle the AGBs
of huge trees. Figure 13b shows the dispersion of the AGB residuals from distinctive tree
species. Compared with the reference, the AGB from TLS has not methodically tended to
overestimate nor belittle the AGB of a species for diverse tree species.
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Figure 13. Comparison of the tree AGB obtained through TLS data and AGB derived from the survey.
(a) Comparison of tree AGB and references values for trees of different tree species; (b) residuals of
AGB of trees of different tree species.

3.4. Comparison of Work Efficiency

Obtaining forest survey factors information with high accuracy and least taken a toll
and shortest time is a key objective in forestry research. It is effective and cost-effective
to use the videogrammetry method for sample surveys. Since no control points are set in
advance, only a benchmark is required, so this method saves a lot of on-site work time.
This not only greatly reduces the investment of workers but also greatly reduces labor costs.
Additional investment requirements for data acquisition equipment or external expert
knowledge can be minimized to a large extent. Table 8 is a comparison of the efficiency of
the method proposed in this study and the two related methods. The first two methods
were tested in plots of 20 X 20 m, and the third method was tested in a 30 m circular
sample plot. We can intuitively see that the method of videogrammetry has saved a lot
of time, whether it is in field survey or internal processing time. Therefore, the proposal
of videogrammetry reduced the time of forestry workers working in the field, and more
work will be completed on the computer. At the same time, videogrammetry provides
forestry workers with a new forest survey method, which is easier and more interesting
than field measurements. This contributes to the intelligent and informed development of
forest survey work.

Table 8. Comparison of efficiency of three related methods.

Method Field Survey Internal Processing Overall Work
Average Time (min) Average Time (min) Average Time (min)
Videogrammetry 4 224 230
Liu et al. [28] 14 416 430
Piermattei et al. [29] 30 600 630

4. Discussion

At present, point cloud data are widely used in forest inventory, but research on mod-
eling data collection utilizing point clouds is still based on direct measurement technology.
The application of image-based point clouds in forest resource surveys has just begun.
Point clouds based on terrestrial imagery have become a new source of data during forest
resource surveys, which was proposed in a pilot study in 2014 [42]. Liang et al. mentioned
that we could generate ground point cloud data of a forest area from overlapping pho-
tographs taken around a certain path in the forest area. These point clouds can be scaled
and transferred to a local engineering coordinate reference system, which can then be used
for individual tree measurement. The accuracy of experimental ground photogrammetry
in tree detection and DBH estimation was comparable to the results of single-scan TLS [43].
Videogrammetry-based point cloud data are theoretically the same as TLS data because
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they both provide 3D points. The high quality of TLS point cloud data acquired by field
acquisition scanning has good accuracy. But the equipment for TLS is expensive, bulky, and
inconvenient to carry. The extracted video frames need to be matched, and the generated
point clouds need to be transferred to the geographic coordinate system by coordinate
transformation. It may take several hours to generate and process point clouds currently.
Thanks to the rapid development of computing hardware (such as CPUs and GPUs), the
reconstruction of the point cloud from images has been greatly improved in terms of
efficiency. Therefore, more indoor work will be better than more outdoor work. Meanwhile,
the point cloud from videos has its characteristics, which are related to the camera model,
photographing path, lighting conditions, video data processing method, etc. These key
factors present both advantages and challenges to the process of estimating tree properties.

The route taken by the surveyor is also a critical issue in the acquisition of data. The
effect of the photographic route on the accuracy of forest metrics obtained from terrestrial
SfM point clouds was first investigated by Liang et al. in 2014 and 2015, followed by Mokros
et al. in 2018 for this issue [44]. We proposed a spiral observation method to acquire the
video data. By taking video shots along this path, we can not only observe the external
information of the sample plot but also obtain the internal information of the sample plot.
It can capture many photos with overlapping ranges in a short time, thus ensuring the
imaging network with good geometry, complete coverage, enough intersection angles, and
enough overlapping image similarities to automatically match their homologous points.
The information collected through this route shooting is more comprehensive than the
method proposed by Liang et al. [43] and more complete. Moreover, we can take a complete
sample plot along one route at a time without going through several routes to achieve the
purpose of covering the entire sample plot.

The results reported in this paper illustrate that videogrammetry has a certain potential
to provide accurate estimates of tree attributes in forest surveys. We can obtain point cloud
data of forest plots through videogrammetry. Since no facilitated data were included within
the inquiry about preparation, the generated point cloud lacks a measurable conversion
relationship with the real world. Therefore, this research uses a standard measuring rod to
correct the proportional relationship of the point cloud during the video-shooting process.
The scaling factor is estimated by the scale between the standard measuring rod in the
video and the real-world space. When we perform a coordinate transformation, we need
to convert the image-based point cloud from the camera space to the real-world space
by scaling the values. At the same time, within the handle of obtaining information to
guarantee the exactness of information collection, the information ought to be analyzed
entirely in understanding with the depiction in Section 2.3. The information is a key
component within the exact calculation of video pictures.

The advantage of videogrammetry to extract DBH of trees is that it simplifies the
process of field data acquisition. In the process of collecting information in the field, the
observer only needs to hold the camera to take a video of the sample along the spiral path,
which greatly saves the manpower and material resources of the fieldwork and reduces the
cost of the field investigation. Through the content of this study, the DBH data obtained by
videogrammetry are compared with the data obtained by the current mainstream survey
methods. As a result, the accuracy has a certain degree of reliability, which means the
method can be applied to the work of forest resources survey. While reducing the workload
in the field, more time needs to be spent on data processing indoors, which will make
people choose different ways of working. At the same time, during the application of
videogrammetry, only the DBH and the position of the trees can be extracted. The reason is
that when the lens is vertical, due to the limitation of the angle of view, the captured video
cannot cover the top of the tree, which is also the reason we can only use the univariate
model when calculating AGB.

With the development of forest resource survey methods, more and more methods
will be proposed by researchers and applied in their work. This is an opportunity and a
challenge for videogrammetry. The proposal of the videogrammetry method conforms to
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the development trend of the informatization and intelligence of forestry. However, it still
needs to be further studied as to how to optimize the methods and routes of data collection
and how to improve the efficiency of internal data processing.

However, several questions are worth our attention. Videogrammetry can greatly
reduce on-site working hours and labor costs, but data processing takes more time. There-
fore, besides upgrading equipment for processing data, there is still a lot of room for
optimization in the algorithm for generating point cloud models. In addition, DBH is the
most important data that needs to be obtained in the forest survey. At the same time, if
other information such as tree height can be obtained, we can further explore the structure
of the forest and carry out the precise operation and management of the forest. On the
basis of this research, we can also explore obtaining more forest parameters. We believe
that video photogrammetry has great potential in the development of forest surveys.

5. Conclusions

Obtaining tree factors such as tree height, DBH, volume, and AGB of trees in the forest,
in particular, is an important subject in forest resource surveys. In this work, we proposed
a novel strategy for extracting sample plot parameters based on videogrammetry. We build
up 3D point cloud models by using Osmo Pocket instrument and commercial software
to extract the DBH of trees and estimate the AGB. Compared with previous studies, the
foremost critical contribution of this technique is to supply a novel, high-precision, and
stable method for extracting parameters of forest sample plots, thereby saving labor costs.
Compared with surveys, the RMSE of DBH is 1.25 cm. Compared with TLS, the RMSE of
diameter at breast height is 1.47 cm. At the same time, the RMSE of AGB is 19.8 kg. These
are all within a relatively small error. This method may be a convenient and fast alternative
to land field surveys, especially focusing on speed, which can accurately determine the
attributes of each tree and stand in the forest. This method is not only simple and feasible
but also can be used for observations in a relatively complex forest environment with
strong anti-interference ability.

Nevertheless, there is still room for improvement. The method is theoretically suitable
for forest sample surveys in various environments, but the study area of this study has
certain limitations. Additionally, we need to further verify and promote it in more complex
forests. At the same time, it is suggested that the next stage of research could focus on the
optimization of point cloud data processing algorithms and the accuracy of the stem curve
estimation using videogrammetry-based point cloud data.
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