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Abstract: Unmanned aerial vehicle (UAV)-based nap-of-the-object photogrammetry techniques can be
utilized to periodically monitor the erosion of nearly vertical cliffs. However, the broader applicability
of such techniques is hindered by the necessity of deploying multiple ground control points around
collapsing walls. This study aims to accurately assess Benggang erosion before and after the rainy season
by analyzing the optimal flight proximity distance using close-range photogrammetric techniques.
The assessment centers on positioning accuracy, point cloud data, and digital surface model (DSM)
data. Nap-of-the-object photogrammetry techniques are integrated with control-free image methods
to conduct aerial surveys of Benggang, generating high-resolution three-dimensional (3D) DSMs. The
feasibility of this control-free-image-based nap-of-the-object photogrammetry technique is evaluated
based on positioning accuracy and measurement errors, comparing the generated DSMs with real-time
kinematic (RTK) measured coordinate data. The results indicate that a flight proximity distance of 20 m
is optimal for obtaining data in the Benggang area using control-free-image-based nap-of-the-object
photogrammetry. This scheme yields an average reprojection error of approximately 0.01 pixels in
data processing before and after rainfall, showing strong consistency in the spatial distribution of the
two-stage 3D models. The mean absolute error in planar accuracy is between 0.01 m and 0.02 m, and
that in elevation accuracy is approximately 0.03 m, with the lowest errors reaching the millimeter level.
Therefore, control-free images combined with nap-of-the-object photogrammetry techniques can meet
relevant demands for monitoring landslide erosional areas, providing technical support for extensive,
safe, and efficient Benggang erosion monitoring.

Keywords: Benggang; control-free images; nap-of-the-object photogrammetry; UAV; erosion monitoring

1. Introduction

Benggang, a unique erosional landform type in the red soil area of southern China,
is formed by the decomposition, accumulation, and erosion of soil or rock weathering
shells on hillsides caused by hydraulic force and gravity [1–4]. Anthropogenic activities are
important factors in the formation of Benggang, the impact of which is secondary only to
debris flow. Benggang poses threats such as land resource destruction, sediment deposition
in river channels and farmlands, ecological deterioration, various other ecological issues,
and significant harm to people’s lives and livelihoods [5,6]. In the Benggang erosion process,
the Benggang wall is a key link influencing the occurrence and progression of erosion. It is
crucial to conduct intensive, long-term observation in typical Benggang areas [7]. However,
the unique and complex topographic characteristics of Benggang make these areas difficult
to monitor in real time or over large scales using traditional methods and manual surveys.
The convenient, safe, and efficient monitoring of Benggang walls in these areas is critical in
order to safeguard them from dangerous levels of erosion.

In recent years, unmanned aerial vehicle (UAV) photogrammetry applications have
expanded across various industries [8–12]. Researchers have explored soil erosion using
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oblique photogrammetry and ground control points to monitor Benggang areas dynami-
cally. Jiang et al. [13] used UAV tilt photography for this purpose, analyzing spatial changes
in Benggang. Zhou et al. [14] used UAV oblique photogrammetry to monitor changes
in erosion and to extract comprehensive terrain information. However, steep collapse
walls and significant drops [15] render oblique photogrammetry inapplicable due to the
limited angles of overlooking imaging, particularly in monitoring collapse wall erosion. It
is important to address these limitations and enhance accuracy in capturing surface details
of nearly vertical collapse walls [16–19].

The Zuxun Zhang Academician team of Wuhan University launched nap-of-the-object
photography [17,18] using UAVs close to the research surface for image data acquisition,
thus obtaining subcentimeter high-resolution images [19]. Through the further processing
of photogrammetry software, the accurate coordinates and point cloud model of the study
area are obtained, and the fine model is generated. At present, this technology has been
used in Benggang erosion monitoring. Researchers like Li et al. [16] have utilized nap-
of-the-object photogrammetry as an alternative to oblique photogrammetry, reducing
the measurement error by up to 45.45% and improving overall elevation accuracy by
162.5%. Nap-of-the-object photogrammetry technology can be used to extract erosional
geomorphology features in Benggang areas efficiently and accurately.

However, it is necessary to establish multiple control points on a steep collapse wall to
accurately determine Benggang topography and erosional information. The complexity and
precarity of Benggang areas make this method perilous and challenging to use, particularly
at larger scales, under typical field conditions.

The development of control-free-image-based photogrammetry technology is essen-
tial to monitoring Benggang erosion. This technology has been applied successfully in
various other fields. Li et al. [20], for instance, demonstrated its utility by employing no
control points, integrating auxiliary data recorded by UAV systems, and performing fast
UAV image mosaic and correction. Zhao et al. [21] improved orthophoto image accuracy
without ground control points (GCPs) or high-precision sensors. He et al. [22] investigated
photogrammetric methods for UAVs without GCPs, comparing them with the traditional
approach and verifying their effectiveness in estimating barge inventories in dynamic
environments. Li et al. [23] used low-cost micro-drones and structure-from-motion (SFM)
photogrammetry to measure paleo-seismic offsets without GCPs. Maier et al. [24] generated
an automatic snow depth map without relying on GCPs. There have been several other
valuable contributions to this area. Zhou et al. [25] obtained and processed data for a
landslide–debris flow disaster model using control-free UAV photogrammetry images and
quickly determined landslide shape characteristics, debris flow channel characteristics, and
other related parameters from the aerial survey date. Wu et al. [26] used UAV technology to
conduct large-scale aerial surveys of islands and reefs without control points. UAV-based
control-free image technology can significantly enhance efficiency without necessitating
pre-set control points while ensuring sufficient accuracy, which may make it a highly effec-
tive approach to monitoring complex terrain changes [21,27]. However, there have been
few studies on the application of this technology in Bengang erosion monitoring.

To address this research gap, Tongluo Mountain Benggang in Yangkeng Village, Long-
men Town, Anxi County, was utilized as a case study area. UAV images were obtained
at various flight proximities; then, the optimal distance was determined in terms of posi-
tioning accuracy, point cloud data, and DSM data direction. Control-free nap-of-the-object
photogrammetry image technology was combined with this optimal flight proximity to
adjust the photogrammetric route and lens head of the point cloud model in the study area.
The shooting plane of the route parallel to the Benggang was fitted in order to obtain fine
image data. The feasibility of this approach was verified by comparing aerial survey data
with image control points and ground real-time kinematic (RTK) base station measurement
data. The findings may provide technical support for the efficient and accurate monitoring
of collapse walls.
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2. Materials and Methods
2.1. Overview of Study Area

The study area is located in Yangkeng Village, Longmen Town, south of Anxi County,
Fujian Province, as depicted in Figure 1. It is characterized by a south subtropical maritime
monsoon climate, with an annual average temperature of 20.3 ◦C and an average annual
precipitation of 1600 mm mainly occurring from March to September. The annual average
relative humidity is 77%; the annual average sunshine hours total approximately 2000; and
the frost-free period is 350 days. It is a typical area of granite Benggang development in
the south of China [16]. Benggang and gullies in the study area have both vertical and
horizontal orientations, with serious erosion and sparse vegetation.
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Figure 1. Benggang study area.

2.2. Data Acquisition
2.2.1. Layout and Acquisition of Ground Checkpoints

Ground checkpoints were deployed in the study area with reference to the optimal
ground checkpoint deployment scheme, characterized by a small number of evenly spaced
intermediate points around the perimeter and parallel to the flight path [28,29]. A total
of 10 ground checkpoints were deployed at the top, middle, and bottom of the Benggang,
respectively. Unfortunately, the ground checkpoint situated in the middle of the bottom
part of the Benggang was lost during the second test due to rainfall, resulting in 9 ground
checkpoints remaining for subsequent analysis. To ensure consistency with UAV image
position and orientation system (POS) data and the coordinate system of the ground
checkpoints, the coordinates of the study area were kept in alignment with the WGS-1984-
UTM-50N projected coordinate system.

The Trimble R2 GPS (Westminster, CO, USA), operating in RTK network CORS mode,
was employed to measure the coordinates of each ground checkpoint with an accuracy
of ±10 mm + 1 ppmRMS horizontally and ±20 mm + 1 ppmRMS vertically. Ground
checkpoints were established in the study area prior to UAV imagery collection, and the
Trimble R2 GPS was used to measure the coordinates of each ground checkpoint in RTK
network CORS mode. Each ground checkpoint was measured twice, with the difference
between the coordinates of the two measured planes not exceeding 2 cm. Simultaneous
measurements of the elevation and plane were taken for the ground checkpoints, with
elevation points being measured twice, ensuring that the difference between geodesic
heights in each measurement was no more than 2 cm. The acquisition parameters included
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observation time of 1; sampling interval of 1 s; observation calendar of 10”; and RTK
network CORS mode acquisition operation, targeting ground checkpoint data. The average
of the two measurement results served as a reference to verify the accuracy of final control-
free nap-of-the-object photogrammetry images. The layout of ground checkpoints, GCPs,
and ground checkpoint data acquisition in the study area are illustrated in Figure 2.
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2.2.2. UAV Data Image Acquisition
Data Acquisition at Different Flight Approximation Distances

The flight proximity of the UAV was set to 15 m, 20 m, 25 m, or 30 m in this study in
accordance with the characteristics of the study area. UAV image data were collected with
nap-of-the-object photogrammetry, and another flight proximity of 10 m was utilized to
create an experimental control group, as shown in Figure 3. To ensure consistent elevation
data throughout the entire monitoring process, we set up the most available route plan [30].
A uniform arrangement was adopted around the study area based on the optimal image
control point layout, and a small number of internal control points was implemented [28,29],
with 9 GCPs being positioned in the study area as shown in Figure 4.
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Control-Free-Image-Based Nap-of-the-Object Photogrammetry Data Acquisition

Two nap-of-the-object photogrammetry techniques, one based on image control and
one based on control-free images, were used to gather imagery for the study area. The
flight altitude was set to 40 m; the overlap rate of the heading image, to 80%; and the
overlap rate of the side image, to 70%. The lenses were all tilted at a 45◦ angle with respect
to the route for data acquisition. The oblique photography point cloud model collected
by nap-of-the-object photogrammetry was used to plan the flight path in the study area,
as shown in Figure 5. The flight parameters were set using DPGO 22.03.01 software. The
course image overlap rate was 80%, and the side image overlap rate was 70% [31–33]. The
optimal flight proximity was determined as shown in Figure 6.
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Image data for the study area were gathered on 22 June 2022 and on 15 July 2022. The
images were taken in the morning under clear weather conditions with minimal wind.
Notably, rainfall occurred between these two image collection periods, with a 23-day
interval between them. An RG3-M (Cape Cod, MA, USA) rainfall recorder was installed to
confirm the presence of substantial rainfall in the study area on both image collection days.
The DJI Phantom 4RTK UAV (Shenzhen, China) was selected, equipped with an autofocus
FC6310R camera and a 1-inch 2000-megapixel image sensor. The remote control included
a built-in GS RTK App for intelligent route planning to control the UAV data collection
process. The parameters of the UAV and camera are described in Table 1.

Table 1. Basic parameters of UAV and camera.

DJI Phantom 4 RTK UAV Basic Parameters of Camera
Parameter Value Parameter Value

Weight (g) 1391 Sensors (in) 1
Wheelbase (mm) 350 Effective pixels 20 million

Maximum flight speed (km/h) 50 Resolution (mm) 5472 × 3648
Maximum tilt angle (◦) 25 Aperture f 2.8–f 11

Maximum wind speed (m/s) 10 Focal length (mm) 8.8
Maximum flight time (min) 30 Equivalent focal length (mm) 24

Vision system Five-way obstacle avoidance Focusing distance (m) 1 m–∞

2.3. Research Methodology

UAV image data were obtained using nap-of-the-object photogrammetry technology.
The aerial survey data were aerial triangulation encryption with DJI Terra 3.4.4 software
to generate fine 3D models and point cloud data. The coordinate data collected from
orthophoto image Digital Orthophoto Map (DOM), point cloud data, and the digital surface
model (DSM) were utilized as reference values. ArcMAP 10.2 and DJI Terra software were
utilized to evaluate the accuracy of the measurement results and determine the optimal
flight proximity in the Benggang study area [23,24]. A comparison was made with data
obtained using image control nap-of-the-object photogrammetry, with measured RTK
coordinate data as a reference. The error source of the 3D model was analyzed; then, the
feasibility of control-free-image-based nap-of-the-object photogrammetry in analyzing
erosion and collapse walls was investigated, as depicted in Figure 7.
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2.4. Data Processing
2.4.1. UAV Data Processing

(1) Point Cloud and DSM Data

The coordinates of UAV images and GCPs (checkpoints) were imported into DJI Terra
3.4.4 software. Ground control points were marked in the images; then, point cloud and
DSM data were generated through calculation of aerial triangulation, 2D reconstruction
and 3D reconstruction.

(2) DSM Volume Difference Calculation

The acquired DSM data were imported into ArcGIS 10.2 software, followed by fill and
excavation analysis in the software’s 3D Analyst Tools. The DSM data generated under
different flight proximity conditions were superimposed with the DSM data for the control
group to analyze differences in terms of volume changes.

(3) Point Cloud Data Index Calculation

The acquired point cloud data were imported into Point Cloud Magic V2.0 (PCM V2.0)
and Cloud Compare 2.12 software to denoise the point cloud and crop the main study area,
superimpose the point cloud of the cropped main study area, and calculate the distance
from point cloud to point cloud.

2.4.2. Data Processing for Model Coordinate Extraction

DJI Terra 3.4.4 software was used to process the generated DOM image data and
DSM data, which were analyzed in ArcGIS 10.2 with 10 ground checkpoints for coordinate
data extraction. The coordinates were extracted by adding the point file, ensuring that
the coordinate system and DOM image coordinates were consistent. Spatial analysis was
then performed on the 10 ground checkpoints to extract points and obtain elevation values.
Subsequently, data management tools were employed to add X-coordinate and Y-coordinate
values, ultimately outputting the coordinates of the 10 ground checkpoints. The checkpoint
coordinates were successfully extracted, as discussed in detail below.

2.4.3. Analysis of Control-Free-Image Accuracy

To explore the feasibility of control-free-image-based nap-of-the-object photogramme-
try in monitoring Benggang, 10 ground checkpoints were installed parallel to the course
within the Benggang study area. The coordinates were collected through the RTK network’s
CORD mode, then compared with measured coordinate values extracted from the UAV
images for the corresponding ground checkpoints. As per Formula (1), the horizontal
X-coordinate error of the GCP can be expressed as ∆x; the horizontal Y-coordinate error, as
∆y; the elevation Z error, as ∆z; and the planar direction X Y error, as ∆xy. The measured
coordinates of the ground checkpoint are denoted by M (xi, yi, zi), and the computed
coordinates of the ground checkpoint are denoted by C (x’i, y’i, z’i).

The planar and elevation coordinates, labeled similarly, were obtained through nap-
of-the-object photogrammetry acquisition as DOM image data and DSM data and were
then extracted through ArcMAP software to create a model corresponding to the measured
coordinate points, which were calculated as 3D coordinates (X, Y, Z) coordinate data.
Formula (2) was used to determine the root mean square error (RMSE), or “medium error”,
of the GCP position. Measurement accuracy was then defined according to the error data
from the DOM image and DSM.

∆x = xi − x′i; ∆y = yi − y′i; ∆z = zi − z′i; ∆xy =

√
(xi − x′i)2 + (yi − y′i)2 (1)

Mx = ±
√

∑n
i=1 (∆x∆x)/n; My = ±

√
∑n

i=1 (∆y∆y)/n; Mz = ±
√

∑n
i=1 (∆z∆z)/n; Mxy = ±

√
∑n

i=1 (∆xy∆xy)/n (2)

where mx, my, mz, and mxy represent the RMSE of the ground checkpoints in m; ∆x, ∆y, ∆z,
and ∆xy represent the discrepancy between the field measurement value and the extracted
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value of the ground checkpoints in m; and n represents the number of ground checkpoints
used for accuracy assessment.

3. Results
3.1. Flight Proximity and Nap-of-the-Object Photogrammetry Accuracy
3.1.1. Positioning Accuracy Analysis

The analysis centered on the results obtained at four different flight proximities, as
depicted in Table 2. All the images were calibrated with a success rate of 100%. The
number of GCPs for each set of flight proximities was nine. The ground resolution value
increased from 0.4 cm to 1.2 cm as the flight proximity increased. The mean reprojection
error obtained from the four sets of processed data did not differ significantly, remaining
stable at approximately 0.012 pixels.

Table 2. Processing results for four sets of acquired images.

Processing Parameter 15 m 20 m 25 m 30 m

Number of images 1678 1182 1008 886
Number of calibration images 1678 1182 1008 886

Number of ground control points 9 9 9 9
Ground resolution (cm) 0.4 0.5 0.7 1.2

Mean reprojection error (pixels) 0.010 0.012 0.012 0.014

Four groups of GCP positioning errors obtained at different flight proximities were
analyzed as a measure of positioning accuracy. From the results shown in Table 3, it can be
seen that the average errors of the GCP coordinates in the X-, Y-, and Z-directions are close
to each other with the increase in flight proximity, except for the case of the distance of
30 m. At a flight proximity of 30 m, the average error of the Z-coordinate reaches −0.21 mm.
The maximum mean absolute error value, 8.78, occurs in the horizontal direction (x–y
coordinates) when the flight proximity is 30 m. In the vertical direction (Z-coordinate),
the maximum average error is 7.59 mm when the flight proximity distance is 25 m. In
other words, there is not an excessive difference in the average absolute coordinate errors
appearing in the three directions.

Table 3. Errors of four groups of GCPs.

Flight
Proximity (m)

Average Error (mm) Mean Absolute Error (mm) Root Mean Square Error (RMSE) (mm)
X Y Z X Y Z X Y Z

15 0.04 0 −0.12 8.20 6.43 7.27 9.30 8.04 8.15
20 0.05 0.06 −0.07 8.21 7.07 6.76 9.98 8.70 8.11
25 0 0 0.07 8.74 7.40 7.59 9.87 8.77 8.84
30 −0.18 0.15 −0.21 8.78 6.17 7.53 10.40 8.18 8.89

The RMSE of the Z-coordinate decreases and then increases as the flight proximity
increases, with a turning point at the flight proximity of 20 m. At a flight proximity of 30 m,
the RMSE of the Z-coordinate is the largest, 8.89 mm, and the X-coordinate error value
changes the most significantly, reaching a maximum of 10.4 mm. To summarize, the GCP
errors are more stable when the flight proximity is 15–20 m.

3.1.2. Point Cloud Reproducibility Analysis

Point cloud data processing is a crucial step in UAV photogrammetry; its outcomes
directly impact the overall quality of the results [34]. Four sets of point cloud data, collected
at various flight proximities, were imported into PCM V2.0 software and cropped (Figure 8).
The cropped point cloud data were denoised and superimposed with the point cloud data
generated for the control group (10 m). The mean and variance of the point cloud distances
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from the control group were calculated to observe the effects of different flight proximities
on the results.
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The superimposed analysis of the four groups of point cloud data generated at different
flight proximities compared with the point cloud data of the control group is illustrated in
Figure 9. In terms of distance mean and distance variance, both exhibit an overall upward trend
as flight proximity increases. The minimum distance mean and minimum distance variance
were observed at a flight proximity of 15 m. Within the flight proximity range of 15–20 m,
the overall point cloud superposition distance is closely consistent; when the flight proximity
exceeds 20 m, the point cloud distance mean and distance variance both change significantly,
reaching 0.175 m and 1.64 m, respectively, at a flight proximity of 30 m. Differences in flight
proximity evidently affect the point cloud distance mean and distance variance.
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3.1.3. DSM Accuracy Analysis

Four sets of image data acquired at different flight proximities were processed to
generate DSMs and analyzed with the DSM data generated for the control group (10 m) to
explore the relationship between flight proximity and DSM resolution. Figure 10 shows
that the DSM resolution decreases gradually as flight proximity increases. There is a close
linear correlation between the DSM resolution value and flight proximity (R2 = 0.914).
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Table 4 shows the DSM elevation errors for four sets of flight proximity schemes and
the control group at nine GCPs. The highest DSM elevation error value, 0.7 cm, occurs at
GCP No. 1 at a flight proximity of 30 m. Among the mean absolute errors of elevation for
the nine GCPs, No. 1 has the highest, 0.5 cm; No. 8 has the lowest, only 0.1 cm. The mean
absolute elevation error is lower when the flight proximity is 20 m, 0.1, and higher when
the flight proximity is 25 m, 0.2 cm. The overall impact of flight proximity on the elevation
of the DSM is approximately 0.2 cm.

Table 4. Elevation errors of DSMs for experimental groups (cm).

Control Point
Number 15 m 20 m 25 m 30 m Mean Absolute

Error

1 0.3 0.3 0.6 0.7 0.5
2 0.1 0.3 0.6 0.5 0.4
3 0.4 0 0 0.1 0.1
4 0.4 0.2 0 0.2 0.2
5 0.3 0.1 0 0.1 0.1
6 0 0.2 0.2 0.1 0.1
7 0.1 0.2 0.5 0.2 0.3
8 0.1 0 0 0.1 0.1
9 0 0.1 0.3 0.1 0.1

Mean absolute error 0.2 0.1 0.2 0.2 0.2

Concerning the resolution of the DSM, the value for the model generated by the
control group (10 m) is 1.1 cm. In contrast, the resolution of the DSMs generated for the four
different sets of flight proximities shows a minimum value of 1.3 when the flight proximity
is 15 m. Therefore, theoretically, the DSM errors between the four sets of data and the
control group at the nine GCPs could exceed 1.3 cm. However, as indicated in Table 4, the
maximum error is only 0.7 cm.

The DSM data generated from the four sets of data at varying flight proximities were
compared against the DSM data from the control group, revealing volume changes among
them. Increases would indicate precipitation, and decreases would indicate erosion. Only
decreasing volume changes were observed in this case (Figure 11). The volume differences
of the four set of data are all below 0.03 m3. With flight proximities between 20 m and 25 m,
volume changes remain relatively stable at around 0.025 m3, suggesting that the DSM data
are similar between these two flight proximities. Therefore, combining the positioning
accuracy and point cloud data analysis, the flight proximity of 20 m emerges as the optimal
scheme for nap-of-the-object photogrammetry in monitoring the Benggang study area.
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3.2. Accuracy of Control-Free Nap-of-the-Object Photogrammetry Images
3.2.1. DSM Positioning Accuracy

The processing results for images acquired after two phases of the control-free nap-
of-the-object photogrammetry image acquisition are shown in Table 5. Both acquisition
phases yielded over 1100 images, with 100% completion of in-flight operations and 100%
post-data processing image calibration. The average reprojection errors obtained from the
two sets of data are similar, both around 0.012 pixels, which is a relatively small value. The
DOM image resolution is 5 mm for both phases.

Table 5. Basic information of captured images.

Processing Parameter 22 June 2022 15 July 2022

Number of images 1184 1176
Number of dense point clouds 243,626,208 25,329,724

Number of point clouds in the Benggang area 4,412,945 4,534,858
Number of ground checkpoints 10 9

Average reprojection error (pixels) 0.013 0.012
Ground resolution (mm) 5.0 5.0

DSMs were acquired using both image control- and control-free-image-based nap-of-
the-object photogrammetry, as shown in Figure 12. Table 6 shows where the accuracy of
the DSMs before and after rainfall in both control-free images and image control scenarios
is around 0–0.05 m in the X-, Y-, and Z-coordinates. The resolution of the DSMs for both
periods is 1.9 cm. The mean absolute errors vary in the planar and vertical directions
obtained by the two photogrammetric methods and range from 0.01 to 0.02 m and from
0.01 to 0.03 m, respectively. The mean absolute error and RMSE of X- and Y-coordinates for
06.22 and 07.15 are both 0.01 m. The average error and RMSE in the vertical direction of the
Z-coordinate are larger than those of the X- and Y-coordinates. In the vertical Z-coordinate,
the absolute average error for both periods is larger than the absolute average error of the
image control scenario, with a difference of approximately 0.01 m. The maximum RMSE
is 0.03 m, and the minimum is 0.01 m, corresponding to the control-free nap-of-the-object
photogrammetry image measurements. The errors between the two periods are small, only
0.01 m and 0.02 m.
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Table 6. Results of DSM accuracy analysis for control-free-image and image control cases (unit: m).

Date CFI or IC Norm
Ground Checkpoint Name

MAE RMSE1 2 3 4 5 6 7 8 9

22 June

CFI

∆X 0.01 0.02 0 0.01 −0.02 0.01 0.01 0.01 0 0.01 0.01
∆Y 0 0 −0.01 0.01 0.02 0.01 −0.01 0 0 0.01 0.01

∆XY 0.01 0.02 0.01 0.01 0.03 0.01 0.02 0.01 0 0.01 0.02
∆Z 0.01 0.01 −0.05 −0.03 −0.03 −0.03 −0.03 −0.03 −0.04 0.03 0.03

IC

∆X 0 0.01 0 0.01 −0.02 0.01 0.01 0.01 −0.01 0.01 0.01
∆Y 0 0 −0.01 0.01 0.02 0.01 −0.01 0 0 0.01 0.01

∆XY 0 0.01 0.01 0.01 0.03 0.01 0.01 0.01 0 0.01 0.01
∆Z 0.02 0.01 −0.03 −0.01 −0.01 −0.02 −0.01 −0.01 −0.02 0.02 0.02

15 July

CFI

∆X 0.01 0.02 0.01 0.01 −0.02 0.01 0.02 0.02 0 0.01 0.01
∆Y −0.01 −0.01 −0.01 0 0.01 0 −0.02 0 0 0.01 0.01

∆XY 0.01 0.02 0.01 0.01 0.02 0.01 0.02 0.02 0 0.02 0.02
∆Z 0.05 0.05 −0.01 0.01 0.02 0.01 0.02 0.02 0 0.02 0.03

IC

∆X 0 0.01 0.01 0.01 −0.02 0.01 0 0.01 −0.01 0.01 0.01
∆Y 0 0.01 −0.01 0 0.01 0 −0.01 0 0 0.01 0.01

∆XY 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.01
∆Z 0.01 0.01 −0.02 0.01 0.01 0 −0.01 0 −0.01 0.01 0.01

Note: MAE, mean absolute error; RMSE, root mean square error; CFI, control-free image; IC is image control.

In the DSM data, there is strong consistency between the horizontal errors and the vertical
errors for the two periods. Horizontal errors are relatively stable, fluctuating around 0.01 m.
However, there is a large fluctuation the vertical errors compared with the horizontal errors,
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mainly due to the larger error values of ground checkpoints No. 2 and No. 3. The main factor
affecting the accuracy is that checkpoints No. 2 and No. 3 were located at the bottom and top
of the study area, respectively, where the 3D point error was significant. The UAV control-free
nap-of-the-object photogrammetry technology demonstrates high positioning accuracy in
terms of DSMs, with the error reaching the subcentimeter level.

The 2D error kernel density distribution was plotted based on the planimetric and
elevation errors of the DSMs generated by control-free nap-of-the-object photogrammetry
images, as shown in Figure 13. The elevation error for 22 June is mainly concentrated in the
range of −0.02 to −0.04 m, and the planar direction error is mainly concentrated around
0.1 m. The elevation error for 15 July is mainly concentrated around 0.02 m, and the planar
direction error is mainly concentrated between 0.01 m and 0.02 m.
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3.2.2. Measurement Error of DSMs

The data collected via image control nap-of-the-object photogrammetry were used as
a reference to determine the measurement accuracy of DSM data obtained through control-
free-image-based nap-of-the-object photogrammetry. The image data collected in different
sessions (22 June and 15 July 2022) were individually processed, generating mean absolute
error and standard deviation information for the DSM data of the two periods, as depicted
in Figure 14. From the figure, we can see a gradual increase in the mean absolute error and
standard error of DSM data for the two periods, before and after rainfall. However, the
maximum mean absolute error in the DSM with or without image control points, before
and after rainfall, is only 0.031 m (i.e., relatively small).
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The DSM was utilized to generate profiles of the erosion gully along the X- and Y-
directions. Line 1 represents the cross-section along the X-direction, and Line 2 is the
cross-section along the Y-direction of the erosion gully (Figure 15). Data from the two
periods before and after rainfall were used to extract profiles of the erosion gully for both
periods, as depicted in Figure 16.
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The profile analysis of Line 1 reveals a consistent trend in the profiles obtained with or
without image control points before and after rainfall. A similar trend is observable in the
profile of Line 2, indicating a high degree of coincidence. However, there is a significant
fluctuation in the section distance from 7.5 mcm to 8.5 m. The average height error for
22 June is approximately 6.94 cm, with an offset along the X-axis of approximately 11.78 cm.
For 15 July, the average height error is around 5.02 cm, with an offset along the X-axis of
about 6.41 cm. However, the deviation in elevation and X-direction observations for both
periods remains at the subcentimeter level.

4. Discussion
4.1. Reliability of Control-Free Nap-of-the-Object Photogrammetry Technique

In previous research on Benggang erosion monitoring by UAV photogrammetry, most
study areas were performed in regions with highly complex topography [8,9,15]. The
traditional method of establishing image control points is excessively time-consuming,
labor-intensive, and challenging in terms of field operations [13,14,16]. Though the accuracy
achieved by UAV measurement coupled with GNSS RTK technology can fall below the
centimeter level, it necessitates manually navigating hazardous terrain [35].

In this study, control-free-image-based nap-of-the-object photogrammetry technology
was applied to measure Benggang erosion. The positioning and measurement accuracy
errors of the obtained DSMs all reached the subcentimeter level. The planar direction error
was mainly concentrated between 0.01 m and 0.02 m, which is consistent with results for
seismogenic faults measured via orthophotography, as discussed by Liu et al. [36]. In this study,
nap-of-the-object photogrammetry was found to reduce the accuracy error through multi-
angle and close-distance photography compared with orthophotography in a single direction.
The relatively low altitude of the UAV also allowed for more accurate data acquisition.

The combination of UAV control-free nap-of-the-object photogrammetry and geologi-
cal monitoring, as evaluated by Zhou et al. [25] in the context of debris flow disasters, aligns
with the results of the present study. However, the accuracy of the results in terms of planar
and elevation errors surpasses that achieved by Zhou et al. [25]. This improvement can be
attributed to the control-free images attained through nap-of-the-object photogrammetry,
which, in contrast to the oblique photography employed in the aforementioned study,
results in a more refined system capable of reducing errors in DOM images and DSMs.
In summary, the results of this analysis demonstrate that control-free nap-of-the-object
photogrammetry imaging is well suited to the measurement of Benggang erosion.

4.2. Advantages of Control-Free Nap-of-the-Object Photogrammetry

Based on the results of image processing with and without image control, a comparative
analysis was conducted on the 22 June data obtained with the two photogrammetry methods.
This analysis centered on image data acquisition and indoor data processing efficiency.

In terms of data acquisition, control-free-image-based nap-of-the-object photogrammetry
appears to be a straightforward, rapid, and efficient approach for obtaining image data. The
equipment required only includes a UAV and flight planning software; the entire process
can be executed by a single individual. Conversely, the image control technique necessitates
additional equipment for ground image control points, in addition to the advance surveying
of the study area for the strategic placement of these points. This method involves at least two
or more personnel; therefore, it is more labor-intensive and time-consuming.

Concerning image data processing, the process primarily comprises four steps: CGP
marking, Encryption processing of aerial triangulation, DOM image processing, and DSM
processing. Figure 17 illustrates the two photogrammetric processing workflows, with
the specific processing times detailed in Table 7. The time required for the control-free
technique is markedly less than that for the image control technique, ranging from 283.84 to
216.58 min. The DSM processing step demands the most time among the four steps, ranging
from 180.05 min to 190.93 min. The complexity and technical demands of image control
processing contribute to the technique’s extended duration, especially in terms of control
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point marking, which must be meticulously executed to ensure sufficient precision. The
intricate nature of this process precludes full automation, thereby increasing the workload
for processing.
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Table 7. Internal image data processing with and without image control points (min).

With or Without
Image Control Control Point Marker Aerial Triangulation

Processing Time
DOM Image
Processing

DSM
Processing Total

Image control 58.00 13.91 21.00 190.93 283.84
Control-free images / 15.88 20.65 180.05 216.58

Image control nap-of-the-object photogrammetry required the longest processing time
among the photogrammetry methods compared in this study, 283.84 min. Control-free-
image-based nap-of-the-object photogrammetry required only 216.58 min, representing
the fastest processing efficiency. Control-free image data can be processed swiftly and
straightforwardly with a high degree of automation. The efficiency in obtaining DOM
images and DSMs is significant, streamlining the indoor processing workflow. Utilizing
this technique with UAVs in the Benggang study area would facilitate close observations
of the Benggang surface, yielding high-quality image data that meet the standards of fine
millimeter modeling. Further, this approach would enhance the accuracy of monitoring
dynamic Benggang changes pre- and post-rainfall.

As a novel aerial survey technology, control-free-image-based nap-of-the-object pho-
togrammetry satisfies relevant requirements in precision, non-contact operation, pene-
tration, and rapidity, making it potentially broadly applicable. Nevertheless, in actual
monitoring scenarios, it is currently limited to relatively small areas and exhibits other
notable constraints. While this technology excels at capturing details of collapse walls at
close range, considerations regarding safe distances limit the accurate depiction of deeper
gullies. Moreover, the significant terrain drop in large-scale Benggang poses challenges
in maintaining stable elevation errors in the 3D model. Further research is warranted
to address the planar and elevation error challenges inherent to complex 3D models of
large-scale Benggang landscapes.

5. Conclusions

This study focuses on the Benggang of Tongluo Mountain in Longmen Town, Anxi
County, Fujian Province, to explore the application of control-free-image-based nap-of-the-
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object photogrammetry for dynamic erosion monitoring. The aim is to develop an innovative
technique for advancing Benggang erosion monitoring processes. The key findings can be
summarized as follows:

(1) The resolution of DSMs gradually increases with a robust linear correlation (R2 = 0.914)
over the course of the analysis. Considering positioning accuracy, point cloud data, and
DSM analysis, the flight proximity distance of 20 m emerges as the optimal scheme for
nap-of-the-object photogrammetry to obtain data in the Benggang study area.

(2) The average reprojection errors for nap-of-the-object photogrammetry with and with-
out image control do not differ significantly, both approximating 0.012 pixels. There is
no significant difference between the two photogrammetry methods in the positioning
accuracy of the DSMs in the planar and vertical directions, which resulted to be about
0.01 m and 0.03 m, respectively. The error analysis of the DSMs indicates a consistent
trend in the profiles obtained with and without image control points before and after
rainfall. Moreover, the elevation errors along the X- and Y-axes are less than 6.94 cm
and 11.78 cm, respectively. Notably, both elevation and X-axis errors fall within the
subcentimeter range.

In conclusion, control-free-image-based nap-of-the-object photogrammetry technology
proves capable of meeting the monitoring requirements of Benggang erosional areas. It can
provide valuable technical support for large-scale, safe, and efficient erosion monitoring efforts.
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