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Abstract: This study examines the effects of differences in structure from motion (SfM) software on
image processing of aerial images by unmanned aerial vehicles (UAV) and the resulting estimations
of tree height and tree crown area. There were 20 flight conditions for the UAV aerial images,
which were a combination of five conditions for flight altitude, two conditions for overlap, and two
conditions for side overlap. Images were then processed using three SfM programs (Terra Mapper,
PhotoScan, and Pix4Dmapper). The tree height and tree crown area were determined, and the
SfM programs were compared based on the estimations. The number of densified point clouds for
PhotoScan (160 × 105 to 50 × 105) was large compared to the two other two SfM programs. The
estimated values of crown area and tree height by each SfM were compared via Bonferroni multiple
comparisons (statistical significance level set at p < 0.05). The estimated values of canopy area showed
statistically significant differences (p < 0.05) in 14 flight conditions for Terra Mapper and PhotoScan,
16 flight conditions for Terra Mapper and Pix4Dmapper, and 11 flight conditions for PhotoScan
and Pix4Dmappers. In addition, the estimated values of tree height showed statistically significant
differences (p < 0.05) in 15 flight conditions for Terra Mapper and PhotoScan, 19 flight conditions
for Terra Mapper and Pix4Dmapper, and 20 flight conditions for PhotoScan and Pix4Dmapper. The
statistically significant difference (p < 0.05) between the estimated value and measured value of
each SfM was confirmed under 18 conditions for Terra Mapper, 20 conditions for PhotoScan, and
13 conditions for Pix4D. Moreover, the RMSE and rRMSE values of the estimated tree height were
5–6 m and 20–28%, respectively. Although the estimation accuracy of any SfM was low, the estimated
tree height by Pix4D in many flight conditions had smaller RMSE values than the other software.
As statistically significant differences were found between the SfMs in many flight conditions, we
conclude that there were differences in the estimates of crown area and tree height depending on the
SfM used. In addition, Pix4Dmapper is suitable for estimating forest information, such as tree height,
and PhotoScan is suitable for detailed monitoring of disaster areas.
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1. Introduction

In recent years, unmanned aerial vehicles (also known as UAVs and drones) and
related technologies have been developed rapidly and are expected to play an active role
in many fields. UAV aircraft can have rotary wings [1,2] or fixed wings [3,4]. Moreover,
depending on the UAV model, they can have not only one RGB camera but also laser
scanners [1,5] and multispectral cameras [6–8]. Thus, the user can select from various
models based on their objectives. The advantages of UAV are (1) high-resolution and
high-density data, (2) flexible operation performance, (3) high frequency observation, (4)
low cost, and (5) safety [9–15].
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Torresan et al. [11] summarized the use cases for UAVs in forests as follows: (1) esti-
mation of dendrometric information, (2) classification of tree species, (3) determination of
forest spaces, (4) post-fire observation and measurements, (5) forest protection and health
cartography, and (6) post-harvest stand damage. In particular, there are active discussions
on UAV applications in (1) the estimation of dendrometric information [2,16–20] and (2)
classification of tree species [21,22]. Most use cases for UAVs in forestry, as classified by
Torresan et al. [11], use structure from motion (SfM) technology. As a technology to recover
the 3D shape of an object from multiple images, SfM is a concept that has been cultivated
in computer vision and robot vision. In other words, SfM technology is the same concept
as classical photogrammetry. SfM can be automatically processed using SfM software, but
it requires skills associated with capturing UAV aerial images and SfM processing. Based
on 3D data, forest information, such as tree height and volume, can be acquired.

To utilize the UAV and SfM technologies, setting various parameters related to im-
age capture is important. Previous studies have pointed out that setting these parame-
ters (e.g., UAV, camera, flight conditions, environmental conditions, analysis tools, and
ground point controls (GCP)) has a significant impact on the final accuracy of the terrain
model [9,23,24]. Moreover, there are infinite parameter combinations for data collection
settings when used for forest monitoring, rendering the existence of an optimal method am-
biguous [25]. A uniform approach has not been proposed that can serve as a framework for
future research and ensure meaningful output compatibility; most previous studies vary in
terms of the equipment used, size of the surveyed area, flying altitude, number and overlap
of images, capturing strategy, spatial and temporal resolution, and processing specifics.
Moreover, in some publications, such details were not fully specified [23,26]. In addition,
for example, in Japan, flights at altitudes above 150 m are generally not permitted [27].
Hence, UAV flights may be limited by local laws and regulations.

Some previous studies have actively discussed accuracy verifications of forest infor-
mation using UAV aerial images taken under different flight conditions [25,28–30]. Further-
more, not only the flight parameters but also the SfM processing are often implemented
using different software packages (e.g., Pix4Dmapper [17,24,31], PhotoScan [2,16,18,19],
Bentley ContextCapture [32], and MicMac [33,34]). SfM software can be divided into com-
mercial and open packages [12,25,35,36], where commercial packages offer a standardized
workflow and “black box” type operation (with correspondingly negligible insight for
researchers on its internal workings) while open packages contain complex workflows that
allow for internal inspection [23]. Previous studies have pointed out that the details of SfM
software are akin to black boxes [26,37,38]. In Ueno [39], as the analysis process of the SfM
software is a black box, an understanding of the characteristics of the software based on
repeated usage is necessary. The black-box nature of SfM software packages, including
PhotoScan Pro, highlights the challenge of isolating exact sources of error [40]. From a
user’s perspective, evaluating the optimal software settings is difficult because there is a
lack of comparative studies that evaluate the products against a consistent baseline [41].

Previous studies have used multiple SfM software programs. Chikatsu et al. [37]
evaluated the performance of each software. Smart3DCapture is recommended when
there is a large vertical movement at the shooting altitude and the overlap is small while
Pix4Dmapper is recommended when there is little vertical movement at the shooting
altitude and a large overlap rate can be set [37]. Sugai et al. [38] verified the accuracy
of photogrammetry using Pix4Dmapper, PhotoScan, and Smart3Dcapture, stating that
the effects of the number of control points and the distribution of points on the analysis
results differed depending on the software. Kitagawa [42] extracted features from two
experiments, and compared their differences. PhotoScan produced a clearer image, but
had weak displacement extraction, while Pix4Dmapper had a z-value fluctuation, but
strong displacement extraction [42]. Sona et al. [43] processed images with Erdas-LPS,
EyeDEA, PhotoScan, Pix4UAV, and PhotoModeler Scanner to evaluate their characteristics,
capabilities, and weaknesses. The results obtained in terms of a Digital Surface Model
(DSM) and orthomosaic with PhotoScan were the most reliable [43]. Villanueva et al. [44]
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found that the DSM obtained with Pix4Dmapper was slightly more accurate than that
obtained with PhotoScan. Jaud et al. [45] compared the DSM computed from the same sets
of images using PhotoScan and MicMac. Both software packages provided satisfactory re-
sults: PhotoScan was more straightforward to use, but its source code is not open; MicMac
was recommended for experimental users owing to its flexibility [45]. Benassi et al. [46]
conducted an empirical study on the accuracy and repeatability of a UAV block orien-
tation by GNSS-AT using three software packages. They showed that the treatment of
the observation weights between the three packages is different [46]. Turner et al. [31]
compared PhotoScan, Pix4D web service, and an in-house Bundler method and evaluated
each software. PhotoScan exhibited the best performance, as it was the fastest and easiest
to use and had the best spatial accuracy [31]. In Casella et al. [47], five software packages
were compared: PhotoScan, UAS Master, Pix4Dmapper, ContextCapture, and MicMac.
The results obtained with PhotoScan, Pix4Dmapper, UAS Master, and MicMac were al-
ways good and comparable to each other [47]. Fraser et al. [48] compared the PhotoScan
and Pix4Dmapper software packages across 235.2 ha of forested land. They found that
PhotoScan generated more exhaustive UAS-SfM outputs.

To summarize the current literature, the details of the software used are akin to black
boxes; in many cases, the processing tendency differs depending on the software [26,37,38].
In addition, if we check the manuals of some software packages, the recommended setting
values for the flight parameters tend to be different. The process for SfM differs in many
respects, such as the parameter items and input methods, depending on the software. In
addition, when observing a forest, the number of images should be greater and different
flight parameters should be set compared to when observing other landscapes. Therefore,
we can infer that the specific software used has a significant impact on the SfM. Furthermore,
to verify the influence of software in estimating forest information using UAV and SfM
technology, we must provide abundant information for users on the introduction of UAVs
in future forest areas. However, although there are many studies on flight parameters in
forests, to the best of our knowledge, there are few findings regarding the differences due
to software packages, despite the importance of the topic.

Therefore, the objective of this study is to examine the effects that the differences in
SfM software have on the processing of aerial images, as well as the estimation results of
crown area and tree height at a small survey site. Aerial images were taken under various
flight conditions (flight altitude and degree of overlap in photography). These aerial images
were processed using three SfM software packages; the tree height and tree crown area were
estimated, and the SfM software packages were compared based on the estimation results.
In addition, the SfM software used in this study (especially Pix4Dmapper and PhotoScan)
has been used in many previous studies; thus, the results from this study are versatile.
Therefore, showing the differences in the estimated values based on different software
packages is important as it expands knowledge on the use of UAV and SfM technologies.

In this study, image processing was performed using the same aerial images used in a
previous study by Kameyama et al. [49]. Kameyama et al. [49] investigated the effect of
different flight conditions on the estimation accuracy. In this paper, we verify the effect of
different SfM software using aerial images taken under various flight conditions. However,
as this paper uses the same image dataset as that used in Kameyama et al. [49], similar
descriptions regarding the materials and methods can be found (e.g., survey site, UAV, and
flight conditions).

2. Materials and Methods

This study was conducted in the following sequence: (1) aerial image capture by UAV,
(2) SfM processing of aerial images and estimation of crown area and tree height, and (3)
statistical analysis of estimated crown area and estimated tree height.

(1) The aerial images captured by UAV were the same aerial images used in Kameyama
et al. [49]. Therefore, in this study, the method is briefly described. In addition, Kameyama
et al. [49] used Terra Mapper for aerial image processing and estimation. In this study,
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(2) SfM processing of the aerial images and the estimation of the crown area and tree height
were performed using PhotoScan and Pix4Dmapper, in addition to Terra Mapper, and a
software comparison was performed. The image processing method with Terra Mapper
differed slightly from that adopted in Kameyama et al. [49]. For (3), a one-way analysis of
variance (ANOVA) and multiple comparisons were used as statistical methods to verify the
estimated value due to differences in the SfM software packages. Details of the conditions
and analytical methods used are provided below.

2.1. Survey Site

The selection criteria for survey site were (1) a large open space in the sky for safe flight,
(2) survey site and target tree that can be easily read from the SfM processed image, and
(3) flat land with little change in flight altitude and degree of overlap in the photography
(overlap and side overlap). Therefore, the study was set up in a 0.16-ha test site (located at
approximately 42.3014◦N, 140.1587◦E) within 144 compartments and 23 sub-compartments
of the Yakumo Practice Forests of Nihon University, located in Yakumo-cho, Futami-gun,
Hokkaido (Figure 1). Finding a large open space around the survey site was difficult.
Therefore, the study was performed based only on the position information attached to the
captured image without setting the GCP. However, at the four corners of the survey site,
we installed aerial targets to render the confirmation of the survey area easier in the aerial
images captured by the UAV (Figure 1).

Figure 1. (a) Location of the survey site. Source Google earth; (b) the general landscape of the survey site. Source [49].

The terrain of the survey site was generally flat, and the stand was a 46-year-old
Sakhalin fir plantation. Aerial imaging of the site was performed during November and
December 2018. We ensured that aerial imaging was carried out during sunny weather,
with wind speeds of 0 to 3 m/s, between 9:00 and 11:00 a.m. We also conducted a tree
survey at the survey site during the same period. The tree survey parameters included tree
height and the position of the trees within the survey site. Tree height measurements were
taken to verify the accuracy of the UAV estimates. Tree positions were logged to match
trees in the SfM-processed image with the measured trees. Tree height was measured using
Vertex III (Haglof). Tree height was measured three times for each tree, and the mean was
used as the value of the tree height. The position of the trees within the survey site was
collected by compass surveying. The tree survey showed that there were 72 target trees
with a mean height of 25.2 m (Min: 16.9 m, Max: 38.9 m, SD: 4.73 m).

2.2. UAV Flight Conditions

The UAV used was a Phantom3 Advanced (Figure 2) produced by DJI in China. The
standard camera of the Phantom3 Advanced was used for aerial image. The Phantom3
advanced has a weight of 1280 g (including the battery and propeller), dimensions of
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350 mm (excluding the propellers), maximum flight speed of 16 m/s, maximum flight
time of approximately 23 min, and a GNSS of GPS/GLONASS. The camera has a SONY
EXMOR 1/23” sensor, FOV of 94◦, a 20 mm (35 mm conversion) lens, and maximum still
image size of 4000 × 3000 [50].

Figure 2. Phantom3 Advanced unmanned aerial vehicle (UAV, or drone). Source [49].

Table 1 lists the flight conditions and aerial imaging conditions for the UAV. The flight
conditions were set to 80 conditions, which is a combination of five conditions for the flight
altitude, four conditions for the overlap, and four conditions for the side overlap. We used
the DJI GS PRO [51] to set these flight conditions and operate the UAV. Each condition is
described below.

Table 1. Flight conditions and aerial imaging conditions for the UAV.

Item Value(s) Condition

Flight altitude (m) 60 (GSD: 2.6 cm), 80 (GSD: 3.5 cm), 100 (GSD: 4.3 cm),
120 (GSD: 5.2 cm), 140 (GSD: 6.1 cm) 5

Overlap (%) 80, 85, 90, 95 4
Side overlap (%) 80, 85, 90, 95 4

Flight speed 15.0 m/s 1
Photography method Hovering 1

Total flight conditions 80

Note: Source [49]. Added additional information. GSD = ground sample distances of aerial image (i.e., image resolution).

The Ministry of Land, Infrastructure, Transport, and Tourism [27] has published safety
guidelines for UAVs (drones and radio-controlled aircraft, among others) in Japan. In
general, the flight altitude must be maintained at 150 m or less above the ground level.

The recommended values for degree of overlap in the photography based on the user
manual were Terra Mapper at 80–90% overlap and 60% side overlap; and PhotoScan at 80%
or more overlap and 60% side overlap. The recommended values for the degree of overlap
in the photography in the Pix4D user manual were at least 75% overlap and at least 60%
side overlap for general case, but at least 85% overlap and at least 70% side overlap for a
forest case. In addition, the recommended values for the Manual for Public Survey Using
UAV were 80% or more overlap and 60% or more side overlap. Therefore, the overlap was
set to the same value or higher, and the side overlap was set higher than the recommended
values in the user manuals of the SfM software used in this study [52–54] and the Manual
for Public Survey Using UAV [55]. Moreover, when comparing the flight conditions of this
study with those of previous studies [19,38] in Japan, the same differences were found as
in the various manuals [52–55].
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The flight speed was the maximum speed for the DJI GS PRO flight application [51]
to shorten the flight time. For the DJI GS PRO, setting the camera to shoot by hovering
stabilizes image capture [51]. Therefore, the photography method selected was hovering to
minimize distortion and blur in the captured aerial images.

2.3. Processing of Aerial Images and Estimation Methods

The SfM software packages used were Terra Mapper Desktop version (version 2.5.1)
from TerraDrone, PhotoScan (version 1.3.2.4205) from Agisoft, and Pix4Dmapper (ver-
sion 4.5.6) from Pix4D. The specifications of the computer used for Terra Mapper and
Pix4Dmapper were as follows: Windows 10 Home OS, 64 bytes with 32 GB memory, and
an Intel core i7-7700HQ processor. The specifications of the computer used for PhotoScan
were as follows: Windows 10 pro OS, 64 bytes with 16 GB memory, and an Intel core
i7-6700 processor.

Kameyama et al. [49] performed image processing using Terra Mapper; when the im-
age processing was NG (incomplete) at each step, they changed the processing parameters
and re-executed the image processing. By comparing the medium- and high-resolution
workflows in Photoscan, the high-resolution processing workflow experienced a 371%
increase in point cloud density and the final planimetric models (planimetric ground
sampling distance) were only marginally impacted at 3.33 and 3.32 cm for the high- and
medium-resolution processing, respectively [48]. The parameter changes in the SfM pro-
cessing step differ in the results for the SfM processing of the aerial and generated images.
Therefore, using the same image processing method to compare the three software pack-
ages is desirable. However, SfM software has different parameter setting methods and
processes depending on the software. Therefore, we were unable to set them to consistent
workflows and parameters to compare the different SfM software. Ordinary users (in
this case, field workers with no specialized knowledge) may have trouble focusing on the
details of the parameters and establishing the settings. Therefore, the parameters in the
treatment process were set with reference to the user manual [52–54] because we specu-
lated that the results would be more versatile if the manual was used as a reference. Terra
Mapper was also set to the recommended value or default value in the user manual, and
image processing was performed again. In the previous study [49], when a processing error
was displayed at each step, “high speed” was changed to “low speed”, and the minimum
number of overlaps was changed from 3 to 2, resulting in a loose process (less likely to fail
at processing the image). However, in this study, the processing was more severe than in
the previous studies because the parameters were not changed when a processing error
was displayed at each step. Therefore, in this study, we used exact parameters at each step
of the process, which may have made it more robust than previous studies [49]. Figure 3
shows the detailed procedure for all three software packages.

Based on the prepared 3D point clouds, DSM images, and orthomosaic images, the
UAV estimations were performed. The tree height was estimated using the position of
the trees and the point cloud data. The estimation procedure was as follows: (1) Treetops
were detected from the standing position of the trees and point cloud data; (2) the Z-axis
value of the treetops was calculated in the software as the DSM; (3) as the study area is flat,
the height of the aerial target set in the survey site was calculated as the Digital Elevation
Model (DEM) value; and (4) the tree height was estimated by subtracting the DEM from
the DSM.

For the crown area, we used the position of the trees, orthomosaic images, and the
polygon creation function in the software. The estimation procedure was as follows: (1)
The crown area of each target tree was marked with the polygon function by referring to
the position of the trees and tree top detection, and (2) the crown area was estimated by
calculating the area of the polygon using the area calculation function of the software.
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Figure 3. Image processing steps for each SfM software. Note: Terra Mapper is on the left, PhotoScan is in the middle, and
Pix4Dmapper is on the right.

For the flight conditions where the process could not be completed successfully at
each step or where the 3D point clouds, orthomosaic images, and DSM images estimations
for the majority or part of the survey site were insufficient, we did not take any further
estimations or verify the accuracy. In Kameyama et al. [49], the overlap and side overlap
values were required to be 90% or more. Similar to Terra Mapper, even with PhotoScan
and Pix4Dmapper, there is a possibility that image processing cannot be performed unless
the overlap and side overlap are 90% or more. In this study, we verified the accuracy of
the estimated forest information (tree height and crown area) results from SfM processing
based on different SfM software. Therefore, the accuracy of the estimated value cannot be
verified under flight conditions where image generation and estimation were not possible.
Furthermore, if most of the flight conditions, with overlaps and side overlaps of 80 and
85%, respectively, were not SfM-processed by the three software packages, the estimations
and verifications were performed only for the flight conditions that combining 90 and 95%
overlap and side overlap, respectively.

Kameyama et al. [49] used the method devised by the Ministry of Agriculture, Forestry,
and Fisheries [56] to estimate Diameter at breast height (DBH) and then calculated the
volume. However, the calculation for volume proposed by the Ministry of Agriculture,
Forestry, and Fisheries [56] is significantly affected by the accuracy of the tree height and
crown area estimations. At present, there are no methods other than estimation using an
estimation formula because the DBH cannot be measured directly from UAV aerial images.
Moreover, as our study used the same aerial image dataset as Kameyama et al. [49], the
volume accuracy is expected to be low similar to previous studies. Therefore, we estimated
and verified the crown area and tree height, which can be directly estimated from the SfM
processed image.

2.4. Statistical Analyses

To compare the estimated crown areas from the three SfM software, the analysis of
paired one-way variance (ANOVA) was used. If the ANOVA was significant at p < 0.05,
post hoc analyses were performed with the Bonferroni multiple comparisons. The statistical
significance level of multiple comparisons was set at p < 0.05. The estimated tree heights
were subjected to ANOVA and Bonferroni multiple comparisons to compare the estimated
values produced by the three SfM software and the measured values. The ANOVA and
Bonferroni multiple comparisons were performed using R (version 4.0.0). In addition, to
verify the estimated and measured values, we performed a normality test and a T-test to
calculate the root mean square error (RMSE). A Kolmogorov–Smirnov goodness of fit test
was performed to determine whether the data were normally distributed. The statistical
difference was determined by a two-sided paired t-test. Differences with p < 0.05 were
considered significant. The Kolmogorov–Smirnov goodness of fit test and a two-sided



Remote Sens. 2021, 13, 626 8 of 21

paired t-test were performed using Reviewer, produced by the Data Science Institute, Japan.
In this case, the true values (actual values) were obtained from the tree survey, where
the difference, i.e., the RMSE and relative root mean square error (rRMSE), between the
values measured with the UAV and the actual values were used. The RMSE and rRMSE
calculations were performed using Excel (version 2019) as follows:

RMSE =

√
∑n

i=1(yi − ýi)
2

n
(1)

rRMSE =
RMSE

y
∗ 100 (2)

where n is the total number of trees, yi is the predicted value, ýi is the observed value, and
y is the mean of n observed values.

3. Results
3.1. Image Processing by Each SfM Software

Table 2 shows the results of image processing using the SfM software. From Table 2,
27 flight conditions in Terra Mapper and 1 flight condition in PhotoScan were marked as C.
There were no flight conditions marked as C in Pix4Dmapper. Thirteen flight conditions in
Terra Mapper, 29 flight conditions in PhotoScan, and 29 flight conditions in Pix4Dmapper
were marked as B. Forty flight conditions in Terra Mapper, 51 flight condition in PhotoScan,
and 51 flight conditions in Pix4Dmapper were marked as B. The flight conditions marked
as C or B in any SfM software often included 80 or 85% of the degree of overlap in
the photography.

Table 2. Results of image processing by each SfM software.

Overlap–Side
Overlap Flight Altitude (m)

(%) 60 80 100 120 140

T Ph Pi T Ph Pi T Ph Pi T Ph Pi T Ph Pi

80–80 C B B C B B C B B C B B C B B
80–85 C C B C B B C A B C A B C B B
80–90 C A A C A B B A A A A A B A A
80–95 A A A A A A A A A A A A A A A
85–80 C B B C B B C B B C B B C B B
85–85 C B B C B B C B B C B B C B B
85–90 B A A B A A B A A A A A A A A
85–95 A A A A A A A A A A A A A A A
90–80 C B A C B B C B B C B B C B B
90–85 B A A B A A B A A B B A B B B
90–90 A A A A A A A A A A A A A A A
90–95 A A A A A A A A A A A A A A A
95–80 B A A A A B B B A A B B A B B
95–85 B A A A A A A A A A A A A B A
95–90 A A A A A A A A A A A A A A A
95–95 A A A A A A A A A A A A A A A

Note: “A” indicates SfM processing (steps 1 and 2 for Terra Mapper, steps 1 to 3 for PhotoScan, and steps 1 and 2 for Pix4Dmapper
(Figure 3)) and image generation (step 3 for Terra Mapper, step 4 for PhotoScan, and step 3 for Pix4Dmapper (Figure 3)), which were
completed perfectly in the SfM software, such that the generated images were also perfect. “B” indicates SfM processing (steps 1 and 2 for
Terra Mapper, steps 1 to 3 for PhotoScan, and steps 1 and 2 for Pix4Dmapper (Figure 3)) and image generation (step 3 for Terra Mapper, step
4 for PhotoScan, and step 3 for Pix4Dmapper (Figure 3)), which were completed perfectly in the SfM software, but the generated images
were not perfect images because some or most of them were missing. “C” indicates that SfM processing (steps 1 and 2 for Terra Mapper,
steps 1 to 3 for PhotoScan, and steps 1 and 2 for Pix4Dmapper (Figure 3)) failed in the SfM software. T = Terra Mapper; Ph = PhotoScan;
and Pi = Pix4Dmapper.
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The combined flight conditions of 90 and 95% overlap and side overlap, respectively,
completed SfM processing and image generation (A in Table 2) with each SfM software. In
addition, most flight conditions with a combination of 80 and 85% overlap and side overlap,
respectively, did not complete SfM processing or image generation (B or C in Table 2). In
some cases, as the flight altitude increased, SfM processing and image generation became
insufficient for each SfM software depending on the combination of overlap and side
overlap (80–85% PhotoScan, 80–90% all software, 90–80% Pix4Dmapper, 90–85% PhotoScan
and Pix4Dmapper, 95–80% all software, 90–85% PhotoScan). SfM processing and image
generation in flight conditions with 95% side overlap were completed successfully with
all software.

Thus far, this study used aerial images captured by 80 conditions combining the flight
altitude, overlap, and side overlap, comparing the SfM processing and image generation
in each SfM software. However, from Table 2, there were many flight conditions (C and
B in Table 2) in which SfM processing failed or did not generate perfect images in flight
conditions that included 80 or 85% overlap and side overlap, respectively. The flight
conditions marked C and B in Table 2 do not allow a comparison of the generated images
(tie points and number of dense point clouds) in the software because some software does
not generate reports of SfM processing. Furthermore, for the incomplete image (B and C in
Table 2), we cannot find 72 target trees and cannot estimate the crown area and tree height;
therefore, we cannot perform a comparison of the estimates in the SfM software.

The subsequent comparison of the SfM processing results, estimates of the tree height
and crown area, and verification of the estimates were not performed for 80 conditions,
but only for 20 flight conditions (five flight conditions at 60, 80, 100, 120, and 140 m for the
flight altitude, and two conditions of 90 and 95% for overlap and side overlap, respectively)
for which the SfM processing and image generation (A in Table 2) were completed by all
SfM software in any flight condition from Table 2.

3.2. Comparison of Images Generated by Each SfM Software

Table 3 lists the results of the image matching, camera location error, and reprojection
error by SfM processing in each SfM software. The success rate of camera calibration for
the number of taken images by any software was 100% (camera calibrated is successful
in all images). For the camera locations error, the Z error is often larger than the X and
Y errors in each SfM software. In addition, there is no significant difference in each SfM
software between the X and Y errors. However, the Z error often differs depending on the
software. Therefore, the camera location error was more dependent on Z than X and Y. The
error recorded on Z depends on the barometric measurement of the UAV. Therefore, the
value of Z added to the Exchangeable image File Format (EXIF) information added to the
UAV was prone to deviation, resulting in an error. The reprojection error had the highest
value in Terra mapper, followed by PhotoScan and Pix4Dmapper. Therefore, there was a
large difference between the feature points extracted from the terra and projected points.

Figure 4 shows the number of tie points for each software. The number of tie points
was in the range of 1000 to 8000 for Terra Mapper, 8000 to 110,000 for PhotoScan, and 4200
to 17,000 for Pix4Dmapper. Therefore, PhotoScan generated more tie points than the other
software. In addition, if the flight altitude is the same, the number of tie points will increase
as the number of aerial images increases in each SfM software. For the same degree of
overlap in the photography, the tie points tend to decrease as the flight altitude increases in
each SfM software.

Figure 5 shows the number of densified point clouds in the images generated by
each SfM software. The number of densified point clouds of Terra Mapper ranged from
4 × 105 to 22 × 105, i.e., extremely small compared with those of the other SfM software.
The number of densified point clouds for PhotoScan ranged from 46 × 105 to 166 × 105,
i.e., significantly more than those of the other SfM software. The number of densified
point clouds for Pix4Dmapper ranged from approximately 8 × 105 to 86 × 105. The
number of densified point clouds decreased with an increasing flight altitude for all SfM
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software packages and increased with the photo overlap rate (an increase in the number of
photographs taken).

Figure 6 shows example images after successful processing by each SfM software.
The image shown was taken under the flight condition of 140-95-95 (altitude-overlap-side
overlap). There was no difference in the orthomosaic images among the images generated
by the three SfM software. However, PhotoScan’s 3D point clouds and Pix4Dmapper’s
DSM images produced images that were different from the other two software. In addition,
over-exposure of the generated images derives from the effect that sunlight has on the
aerial images. the resolution of the images generated by each SfM software. The ground
resolution of the generated images (DSM images and orthomosaic images) for each flight
condition ranged approximately from 2 cm/pix to 5 cm/Pix for all SfM software.

Table 3. Results of image matching, camera locations error, and reprojection error.

Flight
Conditions

(FA–OL–
SL)

Terra Mapper PhotoScan Pix4Dmapper

NC/NT
CLE (m) RE

(pix) NC/NT
CLE (m) RE

(pix) NC/NT
CLE (m) RE

(pix)X Y Z X Y Z X Y Z

60-90-90 51 / 53 0.135 0.097 0.109 0.948 53/53 0.209 0.149 0.137 0.392 53/53 0.198 0.177 0.305 0.155
60-90-95 85/85 0.114 0.122 0.128 0.982 85/85 0.142 0.148 0.183 0.552 85/85 0.125 0.112 0.193 0.163
60-95-90 92/93 0.133 0.252 0.324 0.942 93/93 0.164 0.313 0.383 0.424 93/93 0.129 0.116 0.119 0.155
60-95-95 191/191 0.178 0.528 0.439 1.066 191/191 0.216 0.559 0.511 0.822 191/191 0.105 0.092 0.161 0.191
80-90-90 30/32 0.114 0.109 0.147 0.937 32/32 0.637 0.149 0.172 0.339 30/32 0.272 0.247 0.422 0.126
80-90-95 63/63 0.206 0.204 0.389 1.057 63/63 0.289 0.256 0.489 0.695 63/63 0.156 0.141 0.241 0.175
80-95-90 50/50 0.157 0.164 0.200 0.964 50/50 0.194 0.194 0.237 0.509 50/50 0.164 0.146 0.252 0.141
80-95-95 93/93 0.142 0.154 0.240 1.067 93/93 0.178 0.209 0.281 0.746 93/93 0.101 0.089 0.155 0.18
100-90-90 21/21 0.176 0.138 0.122 0.898 21/21 0.197 0.121 0.123 0.514 21/21 0.259 0.23 0.398 0.133
100-90-95 41/41 0.215 0.205 0.225 1.037 41/41 0.269 0.240 0.286 0.723 41/41 0.172 0.156 0.267 0.167
100-95-90 36/36 0.122 0.074 0.158 0.979 36/36 0.172 0.101 0.201 0.594 36/36 0.159 0.14 0.243 0.143
100-95-95 64/64 0.140 0.109 0.224 1.052 64/64 0.175 0.141 0.308 0.751 64/64 0.123 0.11 0.189 0.174
120-90-90 14/14 0.107 0.090 0.346 1.197 14/14 0.194 0.115 0.405 1.470 14/14 0.519 0.462 0.799 0.172
120-90-95 30/30 0.131 0.071 0.095 1.022 30/30 0.175 0.089 0.127 0.704 30/30 0.196 0.177 0.303 0.163
120-95-90 25/25 0.097 0.083 0.098 0.993 25/25 0.122 0.107 0.137 0.591 25/25 0.203 0.181 0.313 0.14
120-95-95 51/51 0.116 0.074 0.217 1.047 51/51 0.138 0.096 0.262 0.740 51/51 0.128 0.116 0.198 0.164
140-90-90 12/12 0.106 0.086 0.283 1.128 12/12 0.152 0.122 0.321 0.683 12/12 0.476 0.44 0.745 0.155
140-90-95 26/26 0.164 0.122 0.345 1.264 26/26 0.196 0.132 0.448 1.280 26/26 0.263 0.239 0.407 0.181
140-95-90 21/21 0.120 0.066 0.306 1.319 21/21 0.179 0.091 0.370 1.250 21/21 0.333 0.3 0.515 0.187
140-95-95 40/40 0.167 0.093 0.418 1.229 40/40 0.210 0.121 0.512 1.360 40/40 0.172 0.154 0.265 0.183

Note: FA = flight altitude; OL = overlap; SL = side overlap; NC = number of camera calibrated aerial images; NT = number of taken aerial
images; CLE = camera location error; and RE = reprojection error.

Figure 4. The number of tie points for each SfM software.
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Figure 5. Number of densified point clouds in the image generated by each SfM software.

Figure 6. Example of the 3D point clouds, orthomosaic images, and DSM images generated by each SfM software.

3.3. Estimation of Crown Area

Figure 7 shows the estimated value of the crown area from each SfM software.
Pix4Dmapper exhibited a tendency to underestimate the crown areas (nine flight condi-
tions) compared with the other two SfM software packages, whereas PhotoScan exhibited
a tendency to overestimate the crown area (seven flight conditions) compared with the
other SfM software packages. Terra Mapper did not exhibit a clear tendency toward over-
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estimation or underestimation when compared with the other SfM software packages,
but we can infer that the crown area values obtained with Terra Mapper tended toward
underestimation when compared with PhotoScan.

Figure 7. Estimated value of the crown area from each SfM software package: (a) flight altitude = 60 m; (b) flight
altitude = 80 m; (c) flight altitude = 100 m; (d) flight altitude = 120 m; and (e) flight altitude = 140 m.

ANOVA and Bonferroni multiple comparisons were performed on the 20 flight con-
ditions. As a result, a statistically significant difference (p < 0.05) was confirmed under
19 flight conditions. No statistically significant difference was confirmed for one flight
condition (100-95-95). Therefore, the Bonferroni multiple comparisons between groups
were examined only under 19 flight conditions, in which statistically significant differences
(p < 0.05) were confirmed by the ANOVA. The Bonferroni multiple comparisons for the
100-95-95 flight condition were not conducted because the ANOVA did not confirm a
statistically significant difference. As a result, a statistically significant difference (p < 0.05)
was confirmed under 14 flight conditions for Terra Mapper and PhotoScan, 16 flight con-
ditions for Terra Mapper and Pix4Dmapper, and 11 flight conditions for PhotoScan and
Pix4Dmapper (Table 4). Therefore, we can infer that the estimated values of the crown area
derived from different SfM software are statistically different.
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Table 4. Statistical results of multiple comparisons of the estimated crown area.

Flight altitude (m)-Overlap (%)-side overlap (%)
60-90-90 60-90-95 60-95-90 60-95-95

T Ph 0.53 0.08 0.03 * 0.02 *
T Pi 0.001 ** 0.05 <0.001 *** 0.32

Ph Pi 0.001 ** <0.001 *** 0.04 * 0.99

Flight altitude (m)-Overlap (%)-side overlap (%)
80-90-90 80-90-95 80-95-90 80-95-95

T Ph 0.009 ** 0.02 * 0.002** <0.001 ***
T Pi <0.001 *** 0.008 ** 0.02* <0.001 ***

Ph Pi 0.02 * 1 <0.001*** 1

Flight altitude (m)-Overlap (%)-side overlap (%)
100-90-90 100-90-95 100-95-90 100-95-95

T Ph 0.001 ** 0.42 1 —
T Pi <0.001 *** <0.001 *** <0.001 *** —

Ph Pi <0.001 *** <0.001 *** <0.001 *** —

Flight altitude (m)-Overlap (%)-side overlap (%)
120-90-90 120-90-95 120-95-90 120-95-95

T Ph 1 <0.001 *** 0.003 ** <0.001 ***
T Pi 0.02 * <0.001 *** 0.02 * <0.001 ***

Ph Pi 0.07 1 1 0.22

Flight altitude (m)-Overlap (%)-side overlap (%)
140-90-90 140-90-95 140-95-90 140-95-95

T Ph 0.005 ** <0.001 *** <0.001 *** <0.001 ***
T Pi <0.001 *** <0.001 *** <0.001 *** 0.28

Ph Pi <0.001 *** <0.001 *** <0.001 *** 1

Note: * = p < 0.05; ** = p < 0.01; *** = p < 0.001; T = Terra Mapper; Ph = PhotoScan; and Pi = Pix4Dmapper.

3.4. Estimation of Tree Height

Figure 8 shows the Comparison of estimated and measured tree heights and regression
line for each SfM software. The tree height estimates from each SfM software were under-
estimated compared with the measured values. Pix4Dmapper exhibited a tendency toward
overestimation of the tree height compared with the other SfM software packages. This
tendency is often observed at higher flight altitudes. In addition, there was no significant
trend in the estimated tree height between PhotoScan and Terra Mapper.

As a result of executing the ANOV and on the estimated tree height and measured
values for each flight condition in each SfM software, a statistically significant difference
(p < 0.05) was confirmed under all flight conditions. Therefore, as a result of executing the
Bonferroni multiple comparisons under all conditions, the statistically significant difference
(p < 0.05) in the estimation of the SfM software for each flight condition was confirmed
under 15 flight conditions for Terra Mapper and PhotoScan, 19 flight conditions for Terra
Mapper and Pix4Dmapper, and all flight conditions for PhotoScan and Pix4Dmapper
(Table 5). In addition, the statistically significant difference (p < 0.05) between the estimated
and measured values from each SfM software was confirmed under 18 conditions for Terra
Mapper, 20 conditions for PhotoScan, and 13 conditions for Pix4Dmapper (Table 6).

We observed that the estimated tree height differs from the measured value under
many flight conditions. However, Pix4Dmapper had a large number of flight conditions
that did not show a statistically significant difference compared with the other software.
Moreover, as with the crown area, we can infer that the values of the estimated tree height
from different SfM software were also statistically different.
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Figure 8. Comparison of estimated and measured tree heights and regression line for each SfM software.

The normality of the estimated values of the tree height was performed to calculate
the RMSE using a Kolmogorov–Smirnov goodness of fit test; the normality was confirmed
under all flight conditions. Statistical differences were confirmed by two-sided paired
t-tests, and a significant difference was observed in all cases (p < 0.05). The RMSE was
calculated to clarify the error between the estimated tree height and measured value at
the survey site. Figure 9 shows the RMSE of the estimated tree height results by each
SfM software. The RMSE was 5–6 m, and the rRMSE was 20–28% for all SfM software
packages. Therefore, the tree height estimations were not accurately obtained from any of
the SfM software packages. The RMSE of Pix4Dmapper under 12 flight conditions with
flight altitudes of 100, 120, and 140 m exhibited low values (high accuracy), followed by
PhotoScan and Terra Mapper. In addition, the RMSEs of Pix4Dmapper were low, even at
flight altitudes of 80 and 60 m. While the results for the RMSE index were good, the RMSE
of Pix4Dmapper was relatively better.
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Table 5. Results of multiple comparisons of estimated tree height between different software.

Flight altitude (m)-Overlap (%)-side overlap (%)
60-90-90 60-90-95 60-95-90 60-95-95

T Ph <0.001 *** <0.001 *** <0.001 *** 0.02 *
T Pi <0.001 *** <0.001 *** 0.002 ** <0.001 ***

Ph Pi <0.001 *** <0.001 *** <0.001 *** <0.001 ***

Flight altitude (m)-Overlap (%)-side overlap (%)
80-90-90 80-90-95 80-95-90 80-95-95

T Ph <0.001 *** 0.006 ** <0.001 *** <0.001 ***
T Pi <0.001 *** 0.3 <0.001 *** <0.001 ***

Ph Pi <0.001 *** <0.001 *** <0.001 *** <0.001 ***

Flight altitude (m)-Overlap (%)-side overlap (%)
100-90-90 100-90-95 100-95-90 100-95-95

T Ph 0.4 <0.001 *** <0.001 *** <0.001 ***
T Pi <0.001 *** <0.001 *** <0.001 *** <0.001 ***

Ph Pi <0.001 *** <0.001 *** <0.001 *** <0.001 ***

Flight altitude (m)-Overlap (%)-side overlap (%)
120-90-90 120-90-95 120-95-90 120-95-95

T Ph 1 0.24 <0.001 *** 1
T Pi <0.001 *** <0.001 *** <0.001 *** <0.001 ***

Ph Pi <0.001 *** <0.001 *** <0.001 *** <0.001 ***

Flight altitude (m)-Overlap (%)-side overlap (%)
140-90-90 140-90-95 140-95-90 140-95-95

T Ph <0.001 *** 0.34 <0.001 *** <0.001 ***
T Pi <0.001 *** <0.001 *** <0.001 *** <0.001 ***

Ph Pi <0.001 *** <0.001 *** <0.001 *** <0.001 ***

Note: * = p < 0.05; ** = p < 0.01; *** = p < 0.001; T = Terra Mapper; Ph = PhotoScan; and Pi = Pix4Dmapper. Tables 5 and 6 are results from
the same analysis, but Table 5 focuses on between software.

Table 6. Results of multiple comparisons using estimated tree height and measured values for each SfM software.

Flight altitude (m)-Overlap (%)-side overlap (%)
60-90-90 60-90-95 60-95-90 60-95-95

MV T <0.001 *** 0.005 ** 0.006 ** 0.001 **
MV Ph <0.001 *** 0.002 ** <0.001 *** 0.002 **
MV Pi <0.001 *** <0.001 *** 0.01 * 0.01 *

Flight altitude (m)-Overlap (%)-side overlap (%)
80-90-90 80-90-95 80-95-90 80-95-95

MV T 0.07 0.02 ** 0.01 ** 0.01 *
MV Ph 0.01 ** 0.001 ** 0.003 ** 0.001 **
MV Pi 0.29 0.05 0.04 ** 0.13

Flight altitude (m)-Overlap (%)-side overlap (%)
100-90-90 100-90-95 100-95-90 100-95-95

MV T 0.02 * <0.001 *** <0.001 *** <0.001 ***
MV Ph 0.02 * <0.001 *** 0.001 ** 0.001 **
MV Pi 0.63 0.01 * 0.008 ** 0.005 **

Flight altitude (m)-Overlap (%)-side overlap (%)
120-90-90 120-90-95 120-95-90 120-95-95

MV T 0.002 ** <0.001 *** <0.001 *** <0.001 ***
MV Ph 0.002 ** <0.001 *** <0.001 *** <0.001 ***
MV Pi 1 0.003 ** 0.01 * 0.004 **

Flight altitude (m)-Overlap (%)-side overlap (%)
140-90-90 140-90-95 140-95-90 140-95-95

MV T 0.22 0.002 ** <0.001 *** <0.001 ***
MV Ph 0.04 * 0.002 ** <0.001 *** 0.001 **
MV Pi 0.19 0.08 0.008 ** 0.04 *

Note: * = p < 0.05; ** = p < 0.01; and *** = p < 0.001. T = Terra Mapper; Ph = PhotoScan; Pi = Pix4Dmapper; and MV = Measured values.
Tables 5 and 6 show the results from the same analysis, but Table 6 focuses on the software and the measured values.
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Figure 9. RMSE (root mean square error) of the estimated tree height results by each SfM software:
(a) flight altitude = 60 m; (b) flight altitude = 80 m; (c) flight altitude = 100 m; (d) flight altitude = 120 m;
and (e) flight altitude = 140 m.

4. Discussion

At low flight altitudes, the image processing results tended to differ depending on the
SfM software. If the degree of overlap in the photography was low (the number of images
was small), incomplete images were generated in each SfM software. For the degree of
overlap in the photography, the user manuals [52–54] and previous studies [25] recommend
setting a high overlap and side overlap and to increase the number of aerial images taken.
Therefore, the degree of overlap in the photography showed the same tendency in each
SfM software as in previous surveys and manuals. Therefore, we speculate that all of
the software is based on fundamental photogrammetry principles. Under similar flight
conditions, the number of densified point clouds and tie points in the generated images
differed significantly depending on the SfM software. When the number of tie points is
large, the number of densified point clouds is also large. However, no significant difference
in the resolution of the generated images was observed. The resolution of the generated
images is a function of the sensor size, focal length, and flight height, not depending on
the software solution. Therefore, low altitude is recommended for the image resolution
in all SfM software. Based on the results from all of the SfM software packages, the
resolution of the generated images was high compared to the resolution of the aerial
photographs taken by aircraft. High-resolution data [9–14] was acquired from all SfM
software packages, which is one of the advantages of UAVs. In addition, this study was
not able to utilize the same PC to run the three SfM software processes due to capacity
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issues. SfM processing depends on the CPU and GPU of the PC, which may affect the
reproducibility and repeatability of the results. However, the estimated values of all SfM
software tended to be underestimated compared to the measured values. In addition, the
generated images were similar to the results of previous studies [31,42–44,48], which used
different SfM software. Therefore, although the SfM process was performed using different
PCs, the results of this study show little influence.

The estimated values of the tree crown area and tree height varied depending on the
SfM software used. However, the task of estimation was easy because a high-resolution
image had already been generated by all SfM software packages. In addition, for the
surrounding road network or relatively “sparse” forests, such as the survey site in this
study, the target trees can be easily identified. However, in contrast to the survey site in
this study, we predict that identifying trees in “dense” stands or stands where there are
no landmarks near the site will be difficult. Therefore, as “dense” forests are complex
structures, we speculate that there will be variations in the estimated values and difficulties
with the identification of individual trees.

In addition, verification of the estimated values of the canopy area and tree height
revealed that there are differences in the estimated values depending on the SfM soft-
ware. The estimated value of the tree height tends to be underestimated when compared
with the measured value; the verification of the estimated value and the measured value
showed a difference in many flight conditions. The RMSE of the estimated tree height in
Kobayashi [57] without using GCP was 1.6–7.1 m, which may be higher than that of this
study. Therefore, the results of the analysis without GCP were not significantly different
from the RMSE values reported in previous studies [57]. However, for the evaluation of
the estimated values of the tree height based on the RMSE and rRMSE, we could not obtain
an estimate close to the measured value with any of the SfM software packages. Moreover,
it is also possible that the estimated tree height at the site is inaccurate. Estimation using
Vertex may result in estimation error, i.e., depending on the experience and skill of the mea-
surer [16,58]. However, as this study represents only a single case, we did not investigate
the cause of the estimation error in each SfM software. Although the estimations had low
accuracy, a statistically significant difference was confirmed among the values obtained
from different SfM software packages.

Based on the results of this study, the results of the SfM processing of the aerial images
and image generation were not entirely different when using Pix4Dmapper and PhotoScan.
By setting the image duplication rate to 90% or more in any SfM software, there was
no difference in the results of image SfM processing and image generation. In addition,
PhotoScan was superior in terms of image processing while Pix4Dmapper was superior in
terms of forest information estimation. The analysis of different SfM software packages in
previous studies has shown that PhotoScan is superior for image generation [31,42,43,48]. In
addition, Villanueva et al. [44] found that the DSM obtained with Pix4Dmapper was slightly
more accurate than that obtained with PhotoScan. Therefore, we consider that the results
of the analysis by the SfM software showed the same tendency as some previous studies.
However, it is difficult to recommend one SfM software over another as this selection
depends on a number of other factors. The three SfM software packages have different
characteristics (e.g., the functions and operation performances built into the SfM software),
and commercial SfM software incurs an initial cost. There are also other issues, such as the
availability of experienced staff members and the large capacity of computational resources
required, that affect the complete utilization of an SfM technology [59]. Furthermore, many
UAV and camera models are available, and it is impossible to set the exact flight parameters
under the same conditions. Many factors can also impact SfM processing as has been
pointed out in many studies [9,23,24], such that this is considered an immutable matter.
At present, owing to the development of UAV and SfM technology, more SfM software
packages are available that can utilize the SfM technology. Therefore, as each SfM software
has different advantages and disadvantages, we must identify and introduce suitable SfM
software for different applications [16,41]. Although the estimation accuracy of any SfM
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was low, the estimated tree height by Pix4D in many flight conditions had smaller RMSE
values than the other software. As statistically significant differences were found between
the SfMs in many flight conditions, we conclude that there were differences in the estimates
of crown area and tree height depending on the SfM used. Based on the results of this
study, we consider that Pix4Dmapper is suitable for estimating forest information, such as
tree height, while PhotoScan is suitable for the detailed monitoring of disaster areas.

Identifying the cause of the difference in the results from the three SfM software
packages was difficult because each SfM software algorithm was similar to a black box;
the processing steps and methods for setting the processing parameters were all differ-
ent [26,37,38,40,41]. We summarize the image processing results and important observa-
tions and issues when using UAV and SfM technology in forests.

Image processing may be affected by the image processing parameters. Previous
studies have reported that the result of image processing changes when the parameters
of image processing are changed [48,49]. In this study, we conducted a survey using the
recommended and default values of the parameters; however, we cannot judge whether
they lead to the same image processing. The type of image processing being performed
becomes clear at each step of the software’s SfM processing. However, as the processing
parameters are marked as “high” and “low,” it is challenging to assess their impact. We
speculate that users will, in many cases, adopt the default values. In particular, it may be
difficult for SfM software users, whose native language is different from the language of
the user manual, to understand the details and set parameters. In addition, we speculate
that few users will understand the details of SfM software in the case of forestry enterprises.
For this reason, we suggest that it is necessary to verify the impact of various parameters
and accumulate a database of knowledge for SfM software that can be used in the future.
The reasons for the estimates not being similar to the measured value (when the RMSE
value is high) and the differences between the estimated values can be attributed to image
distortion due to wind, light, and the GCP. These factors likely contributed to insufficient
SfM processing, which resulted in inaccurate estimations. In this study, we did not analyze
these as parameters, but we considered their effects.

GCP is often used in field surveys that utilize UAVs and SfM. However, in this study,
simple image processing was performed based on the GPS information of the image without
GCP. Previous studies have confirmed that the horizontal and vertical accuracy increases
with the number of GCPs [3]; in terms of the accuracy, increasing the number of GCPs and
their regular spatial distribution has a positive effect [60]. Therefore, image processing can
be considered insufficient without GCPs. However, there are many restrictions in forest
areas, and the places where GCPs can be installed tend to be limited. Installing GCPs in
open areas facing the sky at two or more locations is standard practice [61]. However, from
a practical perspective, a simple increase in the number of GCPs renders the survey more
labor-intensive and less effective, particularly in forests where the application of GNSS for
GCP estimations is complicated [60]. Due to the dense canopy and surrounding terrain, it
was difficult to receive accurate GPS information for the site [19]. Therefore, the user must
consider the estimation accuracy and final product to be obtained, as well as the manner
in which to appropriately determine whether a GCP needs to be installed. We must also
examine the arrangement and the optimal number of GCPs in forests for accurate results.

The weather at the time of the survey was mild; however, in some cases, the wind
disturbed the trees. In addition, over-exposure of the generated images may have been
a consequence of sunlight on the aerial images. Previous studies have pointed out that
meteorological conditions (especially wind and light intensities) can cause image artifacts
and errors in processing, which can affect the quality of the generated images [18,23,62,63].
Therefore, experiments in strong light should be avoided and, if possible, images should
be acquired on a cloudy day when the wind speed is low, or when the influence of wind is
at a minimum [23,59,64]. In this study, we targeted complex forests, which are significantly
affected by meteorological conditions. Therefore, we can assume that the image processing
results were also significantly affected. In addition, weather conditions, especially bad
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weather, such as strong winds and rain, may cause the aircraft to malfunction or crash.
Hence, vigilance of the weather conditions during the survey is necessary.

5. Conclusions

The purpose of this study was to examine the results of image processing and estima-
tions of the tree height and tree crown area using three different SfM software on aerial
images from a small survey site. Although this study is a single example, we can infer from
our results that the processing of aerial images and estimation of the tree height and crown
area tend to differ depending on the SfM software used. A previous study [49] analyzed
the effects of different flight conditions (flight altitude, side overlap, and overlap); in this
study, we examined the effect of different SfM software on the estimated values. A previous
study pointed out that the optimal flight conditions are not known when utilizing UAV
and SfM in a forest survey [25]. In addition, unifying the flight parameters when capturing
UAV images is difficult. There is a substantial scope for future research as studies can
explore various types of equipment and factors, such as diagonal images [32,65], tree
species, and camera models. Therefore, in the future, carrying out verifications using
various flight parameters at multiple test sites and accumulating a database of knowledge
will be necessary.
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