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Abstract: This study proposes a UAV-based remote measurement method for accurately locating
pedestrians and other small targets within small reservoir dams. To address the imprecise coordinate
information in reservoir areas after prolonged operations, a transformation method for converting
UAV coordinates into the local coordinate system without relying on preset parameters is introduced,
accomplished by integrating the Structure from Motion (SfM) algorithm to calculate the transfor-
mation parameters. An improved YOLOvVS8 network is introduced for the high-precision detection
of small pedestrian targets, complemented by a laser rangefinder to facilitate accurate 3D locating
of targets from varying postures and positions. Furthermore, the integration of a thermal infrared
camera facilitates the detection and localization of potential seepage. The experimental validation
and application across two real small reservoir dams confirm the accuracy and applicability of the
proposed approach, demonstrating the efficiency of the proposed routine UAV surveillance strategy
and proving its potential to establish electronic fences and enhance maintenance operations.

Keywords: computer vision; noncontact measurement; small reservoir dam; unmanned aerial vehicle;

structural health monitoring; deep learning

1. Introduction

Reservoirs and dams are essential infrastructures for flood protection, water supply
storage and distribution, energy generation, and other purposes. Small reservoir dams
have consistently represented a substantial portion of hydraulic infrastructures given their
construction cost advantages, applicability to certain locations, and convenient access due
to proximity [1]. During long-term operation, the safety of the dam is often affected by
several factors, such as structural aging and loading [2]. To monitor dam health and plan
operational responses accurately, many researchers have conducted numerical simulations
or model experiments for dam maintenance analysis [3,4]. However, these methods mainly
focus on large hydraulic facilities, and, considering the cost constraints and efficiency, small
reservoir dams have received limited attention [5]. Due to the lack of sufficient automated
monitoring systems or inspection personnel, numerous small reservoir dams are often
considered vulnerable structures in flood defense systems.

The safety of pedestrians in the reservoir dam area is a focal point for managers [6].
However, unlike conventional damage, pedestrians exhibit both spatiotemporal random-
ness and mobility. Furthermore, in contrast to large-scale hydraulic structures, small
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reservoir dams often serve as thoroughfares, leading to frequent appearances or crossings
by pedestrians. During routine inspections, it is essential to promptly detect and locate
pedestrians, issuing timely warnings when they venture into areas outside the designated
pathways. In the event of changes in water levels, the prompt determination of pedestrian
presence in areas like river channels becomes imperative. Identifying areas with frequent
pedestrian activity allows management to implement targeted measures. Although de-
ploying an extensive array of cameras could accomplish these objectives, the associated
construction and maintenance costs are impractical for small reservoir dams. Therefore,
efficiently achieving accurate pedestrian detection and three-dimensional (3D) positioning
is a crucial measure for ensuring the safety of individuals in reservoir areas. Seepage has a
significant impact on the structural safety of small reservoirs, primarily those composed
of earth-rock dams [7]. Due to the concealed and spatiotemporal randomness of seepage,
the conventional methods struggle to identify it. Recently, several contact measurement
methods have been adopted to explore the internal features, including ground-penetrating
radar [8], electrical resistivity measurement [9], and other sensing techniques [10]. How-
ever, for small reservoir dams, the cost of detection is a significant consideration. More
importantly, rapidly and accurately pinpointing the location of leaks in the dam is also
challenging. Consequently, an efficient and cost-effective method is needed to address both
seepage and pedestrian detection and localization in small reservoir dams.

Recently, computer vision has been recognized as an important method for structural
health monitoring, and, with the development of both aerial and terrestrial vehicles to
carry the requisite instruments and sensors, computer vision has been widely applied in
the fields of damage detection and noncontact measurements [11-13]. Jiang used a single
panoramic camera to measure full-field structural deformation and accurately calculate the
displacement of specified nodes, proving the practicality of computer vision in noncontact
measurements [14]. Xu proposed a visualization method for simulating the seismic dynamic
responses of buildings based on aerial photography, and the resulting realistic visualization
results provide a basis for decision making during sudden disasters [15].

To obtain images more flexibly and comprehensively, unmanned aerial vehicles
(UAVs) are widely adopted and integrated with positioning systems to monitor struc-
tural health [16,17]. Narazaki applied a comprehensive inspection method to automatically
recognize and localize critical structural components, and the results confirmed the sig-
nificant potential of image processing methods for efficient post-earthquake structural
inspection [18]. Xu proposed a 3D reconstruction method for bridge geometry measure-
ments based on UAV images that improved the computational efficiency without reducing
the accuracy [19]. For construction safety, Chen presented a homography-based method
for measuring the vibration of a bridge model, and the effectiveness was validated against
the fixed-camera-based method [20]. In addition to visible light, infrared thermography
can also enable the detection of temperature fields. Zhou combined passive infrared ther-
mography and deep learning to identify embankment leakages automatically; the results
indicated the practicality and flexibility of UAVs for seepage detection [21]. Qin conducted
research on urban evapotranspiration using UAVs, demonstrating the potential of UAVs for
urban environmental planning applications [22]. Zhong also used UAVs to analyze urban
temperatures at the microscale and proposed a method for analyzing the spatial variations
in urban thermal environments [23]. These studies demonstrate the valuable utility of
UAVs in facilitating high-precision noncontact measurements, and the introduction of 3D
reconstruction methods enables damage localization and change detection [24-26].

A key challenge for UAV-photogrammetry-based structural health monitoring in-
volves the accurate estimation of the relative pose and position between the image and
the target, such as the registration from a 2D image to 3D coordinates [27-29]. Chen fine-
tuned the rough pose estimated by photogrammetry and solved the challenging indoor
localization problem [30]. Tan presented a simplified coordinate transformation method
to transform damage positions in the real world to coordinates in a building information
modeling (BIM) model, enabling an efficient method for detecting and locating structural
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damage in high buildings [31]. Ren proposed a method to reduce the systematic errors in the
vertical axis direction of the 3D reconstruction results based on GPS data [32]. Coordinate
transformation is a crucial technique for achieving target localization and measurements.
Lasers are often incorporated into noncontact measurement methods and introduce an-
other dimensional constraint [33-35]. Zhuge developed a method for precisely measuring
bridge deflection with a laser combined with a UAV [36]. Xu combined laser scanning
data to monitor the dimensional accuracy of prefabricated components and enhance the
quality management efficiency [37]. In summary, compared with the traditional methods,
UAVs equipped with different measurement and sensing devices can efficiently detect
and accurately locate multiple types of targets in a noncontact manner. The flexibility and
efficiency of UAVs integrated with sensors have been demonstrated in various applications,
and they can provide rapid and automated structural assessment as well as route planning
in advance [11].

Small reservoir dams possess distinct characteristics. Due to inadequate recognition
of the emphasis and limited financial resources, they often lack automated monitoring
systems, necessitating UAVs as a supplementary measure. However, the absence of control
points and terrain deformation complicate the establishment of a correspondence between
UAV positions and the coordinates of small reservoir dams. Consequently, this limitation
obstructs the precise 3D localization of observed entities such as pedestrians, which is
elaborated upon subsequently:

1.  UAVs typically rely on the World Geodetic System-1984 (WGS-84) coordinate system,
which uses longitude (L), latitude (B), and altitude (H). This coordinate system is not
commonly utilized in dam construction. While conversion parameters are publicly
available, within the scope of small reservoirs, the transformation precision may be
insufficient for precise positioning.

2. Coordinate transformations typically require simultaneous measurements of the
coordinates in both coordinate systems for multiple control points. However, the
control points for small reservoir dams that have been in operation for many years
may not have been adequately preserved, making it difficult to accurately determine
their positions in the dam coordinate system.

3. Both the pedestrian and seepage locations in small reservoirs are highly random,
requiring methods capable of accurately determining the 3D positions of targets from
2D images photographed in arbitrary positions and angles, as shown in Figure 1.

. Localization problems
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Figure 1. Target 3D localization challenges with UAV inspection.




Appl. Sci. 2024, 14, 9156

40f31

Moreover, the accurate identification of pedestrians is crucial during UAV inspections,
but the small pixel size of pedestrians can lead to poor accuracy using the conventional
detection algorithms. Therefore, achieving rapid target localization in the dam coordinate
system and accurate pedestrian detection need to be guaranteed during UAV inspection.

This study introduces an effective method for coordinate transformation and non-
contact measurement to detect and localize pedestrian targets. UAV coordinates are de-
composed into planar coordinates projected onto the Gauss—Kriiger plane and altitude
coordinates. By incorporating ground control points (GCPs) to establish a local coordinate
system, a correspondence between the UAV coordinates and local dam coordinates is
proposed using the Structure from Motion (SfM) algorithm. Subsequently, a combination of
a four-parameter model and the altitude fitting method is introduced, establishing a rapid
and accurate approach for coordinate transformation. Integrated with laser rangefinder
measurements, this methodology enables the 3D localization of targets regardless of the
photographing position and posture. To enhance pedestrian detection accuracy, an im-
proved YOLOvS8 network incorporating attention modules is introduced, bolstering the
feature extraction capability for small targets. The precision of the proposed method is
validated by applying it to two existing earth-rock dams. By comparing the 3D point
cloud generated after the coordinate transformation with the laser scanning results, it
accurately identified and positioned various seepage locations and pedestrians. The results
of this study provide both the theoretical and technical frameworks required for the routine
inspection of small reservoir dams using UAV photogrammetry.

The remainder of this paper is organized as follows. Section 2 describes the theory
and method of coordinate transformation. Section 3 discusses the coordinate calculation
method based on the SfM algorithm and the detection method for pedestrians and dam
seepages. The experimental results and application case studies are analyzed in Section 4.
Finally, the conclusions are presented in Section 5.

2. 3D Localization of UAV Targets in the Dam Local Coordinate System

The objective of UAV inspection is to identify and locate different objects, thereby
determining the structural locations of these objects based on the coordinate system of the
dam. Therefore, an efficient and convenient coordinate transformation and positioning
method suitable for small reservoir dams must be developed.

2.1. Coordinate Transformation Methods

Since UAVs use WGS-84 coordinate system while local coordinate system or spatial
Cartesian coordinate system is often employed during dam construction, coordinate trans-
formation methods are required to convert between different coordinate
systems [38,39]. As shown in Figure 2, WGS-84 coordinate system can be transformed into
the spatial Cartesian coordinate system through the seven-parameter method expressed in
Equation (1), which is generally employed when the conversion range is large. The UAV
coordinate system can then be projected onto the dam planar coordinate system using the
reference parameters, as shown in Figure 3a.

1 —x —¢ AX
Pi=(1+m)| x 1 -—w |Pi+| AY (1)
¢ w 1 AZ

where P; (X;, Y;, Z) and P; (Xj, Y}, Z;) are the 3D coordinate points matched in the two
coordinate systems; m; indicates a scale factor; (w, ¢, ) and (AX, AY, AZ) represent three
Euler angle rotation parameters and three translation parameters, respectively. It can be
observed that a minimum of three high-precision control points with two sets of coordinates
are required for computation when employing the seven-parameter method. Furthermore,



Appl. Sci. 2024, 14, 9156

50f 31

when calculating plane and altitude conversions separately, the four-parameter method
can be adopted, as depicted in Figure 3b and described as

cosf) —sinf Ax

p]-—(l—i-mz){ sinf  cosf ] i { Ay ] @

where p; (x;, y;) and p; (xj, y;) represent the planar coordinate points; m; also indicates
a scale factor; 6 denotes the rotation angle of the coordinate axis. Meanwhile, altitude
h; and h; can be transformed based on the altitude anomaly Ak, as shown in Figure 3c
and expressed as

hj = h; — Ah. 3)

Coordinate
transformation,

Projection X

transformation,

WGS-84 coordinate system Space Cartesian coordinate system Dam plane coordinate system

Figure 2. Conventional coordinate transformation process between UAV and dam coordinate systems.

Target plane

Figure 3. Geometric models for coordinate transformation in different dimensions. (a) Seven-
parameter model. (b) Four-parameter model. (c) Altitude conversion.

The altitude anomaly Ah is a variable that varies from one geographic location to
another due to the non-uniform nature of Earth’s surface. Then, coordinate transforma-
tion can be achieved when there are a sufficient number of control points with precision
coordinates in both coordinate systems.

However, despite the efficiency of the seven-parameter method in achieving coordinate
transformation, it presents challenges when the center of the local coordinate system is
established at the dam crest, which is significantly distant from the center of the reference
ellipsoid. In such scenarios, the rotation (w, ¢, x) and translation (AX, AY, AZ) parameters
tend to become relatively large when using the seven-parameter method. This can lead to a
singularity in the coefficient matrix when attempting to solve for these parameters using the
least-squares method, resulting in suboptimal and biased solutions, along with substantial
errors post-conversion [40]. Simultaneously, in the conventional altitude transformation
method, there is a reliance on altitude anomaly Ah. However, as the planar position
undergoes changes, the height difference between the reference ellipsoid and the geoid also
varies. This renders the fixed altitude anomaly Al inadequate for accurately representing
altitude transformation in the reservoir area. Hence, it becomes imperative to explore
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coordinate transformation methods and frameworks tailored to the distinctive environment
of small reservoir dams.

2.2. 5fM-Based UAV to Dam Coordinate Registration

While UAVs are equipped with positioning capabilities, the absence of a sufficient
number of high-precision control points results in the lack of a reference for conventional
coordinate transformation methods. The SfM algorithm can calculate the spatial relation-
ship between a UAV and target points through multiple images in a noncontact manner,
thereby generating a 3D point cloud or a real scene model [18,41]. The coordinates of a
point P (X, Y, Z) in space can be calculated by multiple cameras using the principle of
triangulation:

Un
S| vn | = Kaxa[R[E]gy
1

(4)

=N X

84

where u;, (u,, v,) is the projection of point P in image n; K and [R | t] are the intrinsic matrix
and extrinsic matrix, respectively; and s, is a scale factor. To calculate the relationship
between images, the pixel points u,, should be constrained by the fundamental matrix F
with u, T Fu, 1 = 0 according to the epipolar constraint, and further decomposed into u,, "
K TEK ! u,_1 =0 to resolve the essential matrix E when K is known. Finally, bundle
adjustment is employed to optimize the camera parameters and positions by minimizing
the reprojection error [42]:

all  all
2(C,X) = Z Z Womn ||ttnm — project(Cn,Pm)H2 (5)

n=1m=1

where ||u,-project(Cy,, Py,)|| represents the difference between the pixel point m from
image n and the projection position of space point P, C;, includes several parameters;
wym = 1 indicates the point is observed. With a sufficient number of images captured by a
UAV, the 3D coordinates of the target point can be calculated.

However, the 3D points generated by the SfM algorithm have no corresponding
spatial relationship with respect to the location of the small reservoir dam, and the lack of a
sufficient number of high-precision control points hinders the application of traditional
coordinate transformation methods [33], as shown in Figure 4a. This paper introduces the
ground control points (GCPs) associated with dam local coordinate system to establish
the foundation for transformation. GCPs are usually measured by a total station or other
equipment to obtain the 3D coordinates in a specific coordinate system. Corresponding to
each UAV image capturing a GCP with location (Xy;av, Yuav, Zuav), the projection point
(4, v) and GCP position (Xgcp, Yocp, Zgcp) are on a single line and expressed as

+ b1 (Yoer — Yuav) +a1(Zeep — Zuav) _ _f
+b2(Yocp — Yuav) + c2(Zgep — Zuav)
+ b3s(Yoer — Yuav) +e3(Zoep — Zuav) _ f
+b2(Yocp — Yuav) + c2(Zgep — Zuav)

Xecp — Xuav
Xoep — Xuav
Xoep — Xuav
Xeep — Xuav

a1
a
as

NI

u—ug+ky=—f

(6)

NI=I

v—0y+ky=—f

—~|—~ —~|—
~—_— |

az

where (19, vp) is the center point of image; (k;, k) denotes the correction values for system

ay dp 4as
errors such as distortion; f represents focal length; and R= | b; by b3 | is the direction
€1 2 €3

cosine for the three external orientation angles (w, ¢, ¥). Meanwhile, given the offset
between the camera photographic center and the GPS position, there exists a displacement
described as At = [AX, AY, AZ]T, as shown in Figure 4b. When using UAVs to capture
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several GCPs, the internal and external parameters can be calculated based on the StM
algorithm, and Equation (6) simplifies to

u:(uo—f%—ku)—l—DX ()
Z 7
o= rL k),

where Dx and Dy are the correction factors for the true values during iterative process.
Therefore, the first-order term resulting from the Taylor series expansion of Equation (7) is
expressed as

AX
ou ou ou al ai ou AY X ‘
aXUAV aYUAV BZUAV dw ago oK AZ . “o f? " (8)
v v v al ELU 81 Aw Y ‘ ’
0Xyay  uyav 9Zyay Odw d¢ Ok Ag % - f z
Ak
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Figure 4. The registration process between UAV and dam coordinates based on the SfM algorithm.
(a) UAV image-based SfM processes without GCPs. (b) UAV coordinates transformed to local
coordinate system.

For a massive collection of UAV images, the average of the correction factors can serve
as a representative value for the discrepancy between the computed external orientation
elements using GCPs and the UAV GPS data. Thus, multiple sets of coordinates (B, L,
H) from the UAV internal positioning system can be matched with their corresponding
coordinates (X, Y, Z) within the local coordinate system of the small reservoir dam, which
provides precise and low-cost spatial referencing.

The correspondence between UAV coordinates and small reservoir dam coordinates
can be established by deploying GCPs and utilizing SfM algorithms. Two transforma-
tion modes can be considered, including GCP-coordinate-based transformation and UAV-
coordinate-based transformation. The GCP-coordinate-based transformation is based on
the coordinates of GCPs in both systems. However, GCPs are typically placed at the dam
crest, leading to minimal vertical changes, and the GCP-coordinate-based approach might
become trapped in a local optimum for vertical transformations, which could result in
an increase in overall errors, as shown in Figure 5. Consequently, for a comprehensive
coordinate transformation, this paper adopts the UAV-coordinate-based method, which
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involves the transformation of the UAV coordinate system at various altitudes and positions
into the local coordinate system.

After applying the SfM algorithm, corrections were made to the UAV parameters,
and multiple control points with coordinates in two coordinate systems were established.
This process laid the foundation for proposing the coordinate transformation method in
the subsequent steps.

— GCP coordinates-based

-=- Extension line ! s
— UAY coordinates-based //
= @ GCP height
‘% @ UAV height S
<
oP
8 Local optimum —»
E Enlarging
% Error enlarge Y |
g5 2 iy 3“ Minimal vertical _ !
= i V7| changes |
K |
i ~ !
. ol o T

Height in dam local coordinate system
Figure 5. Altitude conversion methods and corresponding error trends.

2.3. Proposed UAV Inspection and Localization Framework

In the distinctive environment of small reservoir dams, precise locating of targets
on the surface is paramount based on UAV coordinates and collected data. This section
introduces a framework for high-precision noncontact measurement of targets, combining
established coordinate transformation formulas with the previously identified challenges.

2.3.1. Projection from WGS-84 to Plan Coordinate

B and L represent spatial positions on the surface of a three-degree sphere and are
measured in degrees, in contrast to the typical linear units commonly employed in the local
coordinate system. The process of projection onto a plane is introduced to determine the
relationship between the UAV system and the local reference [39]. The Gauss—Kruger projec-
tion method is widely adopted in topographic surveys given its minimal distortion in terms
of length and area. Hence, this study employs the Gauss—Kruger method to project (B, Lo)
of the UAV into a planar Cartesian coordinate system (X, ¥pro;j) before transformation:

Xproj B
proj — . N, e |: 0 ] 9
| = )| ©
where N is the radius of the Meridian circle and e is the first eccentricity of the reference ellip-
soid. The process is shown in Figure 6b. By using the projection method, the 3D coordinates
can be separated into both plane and elevation components. This alighment corresponds to
the GCP coordinates measured using a total station on the small reservoir dam.
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Figure 6. The process of transforming UAV WGS-84 coordinates to dam local coordinates. (a) WGS-
84 coordinate system. (b) Projection to plane. (c) Convert to local. (d) Altitude transformation.
(e) Altitude adjustment. (f) UAV transformation coordinates.

2.3.2. Transforming UAV Coordinate to Dam Coordinate

After projection conversion, coordinate registration can be achieved by including the
UAV altitude information, as described in Section 2.2. Considering image distortion and
other influences, based on the four-parameter model in Equation (3), the scale factor m; is
revised by applying m, and m, separately in different directions [31], and the transforma-
tion parameters are calculated based on coordinates in both coordinate systems, as shown
in Figure 6¢:

XUAV
Yuav

1+ my 0 cosf —sinf Xproj Ax
_{ 0 1+my}{sin9 cos 6 }[yzroj’]—i_[Ay} {10)

The altitude anomaly mainly consists of two parts: the elevation difference between
the geoid height used by the UAV and the normal height and the height difference between
the reference surface of the dam local coordinate system and the normal height reference
surface. However, considering the influence of the gravity field, the altitude difference
between the reference ellipsoid and the geoid varies with the topography, which can have
a minor impact on the altitude conversion. Additionally, since GCPs have relatively small
changes in the vertical direction, some parameters are required to correct the converted
altitudes. Therefore, as shown in Figure 6e, for small reservoir dams, the altitude fitting
method is introduced to perform polynomial fitting for the altitude anomaly Ah [43,44],
and Equation (3) can be expanded as

zuav(H,x,y) = H + ag + a1x + apy + azxy + agx? + asy? (11)

where ap~us5 are the conversion fitting coefficients from WGS-84 altitude H to local altitude
Zyav in the small reservoir dam area. Finally, through the modified four-parameter
method and the altitude fitting method, the transformation from UAV WGS-84 to dam
local coordinate system can be achieved as shown in Figure 6f. The developed method
establishes the correspondence between the UAV and the dam structural position in space,
enabling target localization.
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2.3.3. Target 3D Localization

After obtaining the coordinates of the UAV in the dam local coordinate system, the po-
sition of specific targets within the small reservoir dam can be determined. However,
during routine inspections, it is difficult for UAVs to maintain a strictly vertical orientation
relative to the target plane, and a spatial angle between UAV and the target is introduced.
Furthermore, the target 3D spatial position cannot be solely determined based on 2D projec-
tion coordinates (1, v) [27,45,46]. To address this complexity, the use of a laser rangefinder
is introduced in this study, adding an additional constraint that establishes the connection
between the UAV optical center and a pixel point on the image. The position of target point
(Xtar, Ytar, Ztar) can be calculated as

Xtar XUAY —sinfBcosy
Yir | = | yuav | +d| cospcosy (12)
Ztar ZuAv —sin‘y

where d refers to the measurement distance of the laser rangefinder; § and vy are the
capturing angles, as shown in Figure 7. Meanwhile, as UAV inspections often involve
vertical photography, a single capture combined with distance measurements can determine
the 3D positions of any pixel point (u;, v;) within the dam coordinate system. This approach
is particularly advantageous for flat areas such as the dam crest, and the pixel point position
can be expressed as

Xtar—i | _ di/\ (”i — Ll()) X sin :| [ Xtar :|
[ Yiar—i } B f [ (vi —vp) X cos P * Ytar (13)

where A is the unit pixel length; (1, vg) is the position of pixel center; ¢ is the angle between
the u-axis of the image and the x-axis of the dam coordinate system. Finally, the position of
the target point within the dam coordinate system can be rapidly measured using the UAV
integrated with a rangefinder.

. o _: Safe area
S \
= /// s \
e
' /

(Xyavs Yuavs Zuav)

Laser
(tars Viar> Ztar)

.\
Reservoir dam

Figure 7. Target 3D localization using a UAV integrated with a laser rangefinder.

Overall, when the calculation of conversion parameters is inaccurate, the proposal is
to use a combination of plane and altitude transformations to improve accuracy. For alti-
tude transformations, altitude fitting method can be effective in addressing inaccuracies.
A method for target localization based on ranging results during noncontact measurements
is established. The approach proposed in this section enables accurate positioning of target
points through UAV photogrammetry.
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3. Small Pedestrian Target Intelligent Detection Algorithm

To achieve UAV automatic inspection and 3D localization, in addition to the proposed
noncontact measurement method, it is also necessary to implement fast and intelligent
pedestrian identification algorithms. However, unlike conventional targets, pedestrians
captured by UAV cameras usually occupy a small portion of the pixel and lack facial
features, and the relevant datasets are smaller, making target detection very challenging for
conventional methods. Therefore, it is necessary to develop pedestrian detection methods
tailor-made for UAV inspections of small reservoir dams.

3.1. YOLOuS Detection Algorithm Basic Architecture

The YOLO network is one of the most widely adopted object detection algorithms
for UAV image detection, and it is suitable for deployment on UAV platforms to achieve
real-time detection [47,48]. YOLOVS, like YOLOVS5, was developed and continues to be
updated by Ultralytics and provides about notable enhancements in detection speed and
accuracy [49]. The input image with size of (w, i, c) is down-sampled five times in the
backbone, resulting in dimensions of (w/32, /32, cset). These features are then transferred
to the neck structure, which is primarily employed for feature fusion and up-sampling.
This facilitates the amalgamation of features from different scales, leading to a more
comprehensive understanding of the target. The detection part is the head structure, which
can classify the target, predict the bounding box, generate three scale detection results,
and finally describe the position of the target in image.

YOLOVS is composed of a similar network architecture to YOLOv5, making it possible
to directly compare their performance when using similar parameters. This also enables
an effective evaluation of how newly added modules enhance the network's capabilities.
Furthermore, compared with YOLOVS5, several improvements are adopted in YOLOVS.
A C2f module is used to replace the C3 module to obtain more abundant gradient flow in-
formation while maintaining a lightweight architecture. At the end of backbone, the spatial
pyramid pooling fast (SPPF) module is retained from original YOLOV5 to ensure running
speed during the fusion of global and local features. The feature pyramid network (FPN)
and path aggregation network (PAN) are also introduced in the neck, but one convolution
operation is removed to achieve a lightweight model. The head is designed as a decou-
pled structure, which separates the prediction of target classification and bounding box
regression into different branches. The advantage of this structure lies in simplifying the
training and optimization process of the network, enhancing the model trainability and
inference efficiency. In the context of object detection, the model directly learns to predict
object locations and scales without relying on predefined anchors. With these improve-
ments, YOLOVS achieves higher detection speed and accuracy, making it more suitable for
real-time detection in UAV routine inspections [50].

3.2. Proposed Pedestrian Detection Network

To enhance the detection of small pedestrians lacking distinct facial features, some
improvements should be implemented in the YOLOv8 model. In this study, the ConvNeXt
v2 [51,52] module and ODConv (Omni-Dimensional Dynamic Convolution) [53] module
are introduced to enhance feature extraction capabilities. The network architecture is
modified to incorporate a tiny detection head, and the Wise-IoU loss function is added to
comprehensively improve the network ability in detecting small pedestrians. The specific
details are described as follows.

3.2.1. Additional Modules

The ConvNeXt module is a pure convolutional neural network that performs bet-
ter in terms of accuracy than a transformer and is widely adopted by various detection
tasks [54]. ConvNeXt v2 is proposed by adding a global response normalization (GRN)
step to increase the feature contrast between channels and enhance performance. Effective
detection of small targets typically requires a model with a good receptive field and strong
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representation capabilities for small-sized objects. The improvements in ConvNeXt v2
primarily focus on the depth structure of the network, which may contribute to improving
the receptive field and enhancing the detection capabilities for small targets. Based on Con-
vNeXt, a global response normalization (GRN) step was added to ConvNeXt v2, which can
increase the feature contrast between channels and enhance performance. The architecture
of ConvNeXt v2 is shown in Figure 8. In contrast to conventional bottleneck structures,
a7 x 7 depthwise convolution is adopted in the first step, followed by layer normalization.
Then, features are passed into convolutional layers and a GRN block applied on each patch.
The module ultimately concludes with the convolutional layer and drop path. ConvNeXt
can maintain the efficiency of convolution without complex modules, and the weights of
small objects are increased to make the network focus more on training.

Depthwise Conv2d
7X7
[ Layer Norm ]
l GRN
[ — |
[ C;)I>1<V12d J Il Global feature ||
{ aggregation |
1 [
[ ceu | | I i
[
l‘—: Feature !
Convad ! normalization i
1X1 | I |
1 N [
[ Droppan ] {{[Feotur clibraton J

—

Figure 8. The ConvNeXt v2 module architecture.

This study also modifies the convolutional part of YOLOvS8. Considering the charac-
teristics of low resolution and limited information content, small targets are susceptible to
being overlooked or falsely detected during the detection process, thus requiring the dig-
ging of deeper image features. ODConv adopts a parallel strategy and multi-dimensional
attention mechanism of the convolutional kernel space, which provides an advantage
when dealing with low-resolution images that contain limited information, thus obtaining
full-dimensional convolutional kernel attention, as shown in Figure 9. This allows the
network to better understand target features and improve detection accuracy for small
targets. Specifically, in addition to the conventional assignment of dynamic attributes to
convolution through the number of kernels («,,;), attention is also introduced in the spatial
dimension (as;), input channel dimension («.;), and output channel dimension (a;), which
can be expressed as follows:

fout = fin 2(“101‘ Oy @i ® g ® Wi) (14)

where W; is the convolutional kernel i; f;;, and f,+ denote the input and output features,
respectively. The four types of attentions are complementary to each other, providing
rich contextual clues and significantly enhancing the feature extraction capability of con-
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volutional operations; therefore, it is introduced into the detection network for small
pedestrian targets.

_________________________________________________________________

Figure 9. Schematic representation of the ODConv architecture.

3.2.2. Architecture of the Proposed Network

Although the YOLOVS8 network performs well on most datasets, specific modifications
are needed to further improve detection accuracy, particularly when dealing with small
objects that occupy a low number of pixels in images captured by UAVs. The most widely
adopted and effective method is the addition of another detection head specifically for
tiny objects, preventing their features from being overwhelmed by continuous convolution
operations [55-57]. Meanwhile, given the imperative to preserve the real-time detection
performance of the network, this study refrained from adding too many complex modules
to every layer in the backbone and neck.

The architecture of the proposed network is shown in Figure 10. In the shallow
layers of the backbone, the conventional convolution and C2f modules are replaced by
ODConv and ConvNeXt to enhance the detection of small targets in large images. In the
neck structure, layers 15, 18, and 21 are replaced with ConvNeXt to improve the fusion of
shallow and deep features, making the small head and the newly added tiny head more
sensitive to small targets. The proposed network is primarily designed for small targets in
UAV images, and it enhances the ability to extract features from shallow layers without
significantly increasing the number of parameters, making it more suitable for real-time
detection in UAV inspections.
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Figure 10. Architecture of the proposed small pedestrian detection network with a tiny head.
The main modified part is enclosed in the red box. Modules 0 to 9 are the backbone of the network,
while modules 10 to 27 are the Neck structure of the network.
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3.2.3. Loss Function

The loss function is a crucial component in the training process of deep learning
models. The loss function reduces gradients so that the model parameters can be upgraded.
An appropriate loss function can significantly enhance the detection accuracy of a network.
YOLOVS8 adopts CloU (Complete Intersection over Union) to calculate the regression loss
of bounding boxes. However, for pedestrian targets captured in UAV images, where the
pixel proportion is relatively small, CloU does not consider the balance between hard and
easy samples, leading to the inability to learn some useful information [58].

To address this issue, a modified loss function called WIoU (Wise Intersection over
Union) is introduced [59]. WIoU v3 incorporates a dynamic non-monotonic mechanism
and includes a well-designed gradient gain allocation strategy. This strategy reduces the
occurrence of large gradients or harmful gradients in extreme samples. The loss method
focuses more on samples of moderate quality, thereby improving the network model
generalization ability and overall performance, expressed as

___ Bw (x —xgt)* + (v —vgt)*\
Lwiouvs = SoamuaPra—ta &P (W1 E) (1—IoU) (15)

where a3, By3, 653 are the parameters indicating the quality and dynamically optimizing
the anchor boxes; (W, Hy) is the smallest size of the bounding box; and (x, y) and (xgt, ygt)
are the center of the predicted box and truth box, respectively. The addition of WloU v3
into the network training process allows the network to focus more on recognizing and
challenging small targets, and dynamically optimizes the loss weights, thereby improving
the detection performance.

3.3. Evaluation Metrics

To evaluate the performance of the developed network, the mean average precision
(mAP) is calculated and represents the average precision when the IoU threshold is 50%.
Moreover, some indexes including Precision, Recall, and F1 are introduced and expressed as

. TP
Precision = TP FP (16)
TP

_ 2Precision x Recall
" Precision + Recall

F1 (18)

where TP refers to the true positives that have been correctly predicted; FP represents the
true negative sample; FN indicates the number of incorrect predictions.

3.4. Coordinate Transformation and Target Localization Procedure

First, GCPs are established and measured at the dam crest, and then images are
captured by the UAV camera. The SfM algorithm is subsequently applied to create a
correspondence between the UAV planar projected coordinates and altitudes within the
local dam coordinate system. The developed method is then introduced to calculate
the parameters for the plane and altitude transformation. Finally, small pedestrians are
detected by the improved YOLOVS algorithm and located, with the laser rangefinder
ascertaining their presence within potentially hazardous areas. The entire procedure
effectively translates 2D pixels into 3D coordinates through coordinate transformation,
target detection, and localization. The main steps are processed on Windows workstation;
details are as follows and summarized in Figure 11:

Step 1:  Data acquisition. Gathering GCP coordinates through instruments and capturing
small reservoir dam images using UAV photography.
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Step 2:  Coordinate registration. Employing the SfM algorithm to align the Gauss—Kruger
planar projected coordinates and altitudes with dam local positions.

Step 3:  Coordinate transformation. Calculating the transformation parameters of the
four-parameter model and applying the altitude fitting formula using the devel-
oped method.

Step 4:  Pedestrian detection. Utilizing the improved YOLOVS algorithm to detect pedes-
trians in UAV inspection images.

Step 5:  Target localization. Locating pedestrians within the dam coordinate system by
combining captured angles and distances using a laser rangefinder.

Step 6:  Position analysis. Determining if pedestrians are within hazardous areas based
on their position in the local coordinate system of the small reservoir dam.
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Figure 11. UAV coordinate transformation and detected target 3D localization in a small reser-
voir dam.

4. Experimental Performance Analysis and Practical Implementation
4.1. Accuracy Analysis of UAV Coordinate Transformation

To analyze and evaluate the impact of the developed coordinate transformation
method on the 3D localization accuracy of targets, random point coordinate measure-
ments and analyses were conducted. The images were captured using a DJI M300 RTK
UAV, and the SfM algorithm was applied using Agisoft Metashape version 2.0.1 [60].
A workstation running on Windows with an Intel i7-13700F CPU was used, which can
integrate its computational power with pre-defined spatial coordinates of the inspection
area and produce inspection results directly.

As shown in Figure 12a, six GCPs are placed in the measurement area and their 3D
coordinates in the local coordinate system are measured using a total station. A total of
53 images were captured, and, after using the common Gauss-Kruger projection parameters
in the transformation library (PROJ), the planar coordinates and altitudes were registered
using the SfM algorithm. The parameters described in Section 2.3 could then be calculated.
Subsequently, utilizing the transformation parameters and laser rangefinder measurement
values, the UAV was used to capture and measure the 3D coordinates of GCPs at various
locations. Each GCP was measured nine times from different directions at the same
elevation, and these measurements were conducted at three distinct elevations, as shown
in Figure 12b. To obtain the most accurate results, professional operators precisely aligned
the center of the image with the center of the control point during each measurement.
Although this process is time-consuming, it ensures more accurate outcomes. The error



Appl. Sci. 2024, 14, 9156

16 of 31

of each measured GCP is shown in Figure 13; the overall in-plane error is generally less
than 20 cm, with most values not exceeding 10 cm, and the error remains consistent across
the different measurement positions, as in Figure 13a. For altitude, the errors fluctuate
greatly, but the average values are less than 10 cm, as in Figure 13b. Some measurement
results exhibit larger errors, attributed to significant angles or longer distances during
capture, as well as inaccuracies in laser rangefinding. The measurement results in different
directions are shown in Table 1, where the errors in the planar directions, x and y, are
about 5 cm, while the average error in the altitude direction z is 7.868 cm. This is mainly
influenced by the accuracy of the SfM algorithm in calculating the feature points in the
altitude direction and the accuracy of the UAV self-positioning. It can be seen that the
proposed method can accurately measure the 3D coordinates of the target point in the
local coordinate system in a noncontact manner. However, it should be noted that the
experiment only used six GCPs in a small area and did not fully exploit the advantages of
the altitude fitting method. In a larger-scale measurement process where more GCPs are
introduced, the developed method would produce better results.
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Figure 12. Evaluation scenario and measurement process of the developed method. (a) 3D model of

experimental area with 6 GCPs. (b) Target measurements in 27 various positions.
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Figure 13. GCP errors measured from each position. (a) Errors in planar measurement. (b) Errors in
altitude measurement.

Table 1. The measurement errors of the 6 GCPs in each direction (cm).

Point Mean AX Mean AY Mean AZ Mean AXYZ
GCP1 3.343 5.140 7.425 10.829
GCP 2 5.080 5.128 6.789 11.403

GCP3 5.010 4217 8.312 11.767
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Table 1. Cont.
Point Mean AX Mean AY Mean AZ Mean AXYZ
GCP 4 5.473 5.075 7.807 11.999
GCP5 5.017 5.943 8.464 12.709
GCP 6 4.679 6.912 8.414 12.999
Total 4.767 5.402 7.868 11.951

4.2. Small Pedestrian Detection Results Based on the Developed Improved YOLOvS

To accurately detect small pedestrian targets on the dam, the developed network
was trained and compared with the other networks. A total of 22,400 annotated images
were included in the dataset, which were derived from several public datasets, such as
WiderPerson [61], VisDrone [62], and COCO [63], and cropped to the appropriate size.
The dataset was divided into training, validation, and testing with a ratio of 7:2:1, resulting
in 15,680 images for training, 4480 images for validation, and 2240 images for testing.
The dataset includes multi-scale targets, ranging from small pedestrians captured from a
distance to larger ones photographed up close. The image sizes used during training and
testing vary, further enhancing the robustness of the network. Meanwhile, considering
the dataset conditions, the training image size was modified to 960 x 960 for improved
detection accuracy and better performance. The initial learning rate was set to 0.01, the SGD
optimization algorithm was adopted, and the optimizer weight decay was 0.0005. The entire
training process was conducted using a Linux system equipped with an RTX 2080 Ti GPU
and 128 GB of RAM.

The training process is shown in Figure 14; four other networks are involved, including
YOLOV5s, original YOLOvVS8s, and YOLOvS8s with tiny detection heads. All the networks
were trained using 200 epochs to ensure convergence. The evaluation results for each
trained model are presented in Table 2, and the developed algorithm exhibited the best F1
and mAP values, reaching up to 70.4 and 78.4%, respectively. These values represent F1
and mAP improvements of 1.5 and 2.3%, respectively, compared to the original YOLOvS8s
network. Additionally, with the introduction of the WIoU loss function, the mAP value
increased by 0.3%. Some detection results are shown in Figure 15, where the developed
network excels in accurately identifying pedestrians of various sizes as well as small
targets that were ignored by the other models. The developed network can cover targets
of all sizes, as shown in Figure 15a, significantly improving the detection accuracy for
small targets in Figure 15b—e and reducing the false positives in Figure 15f. These results
substantiate the effectiveness of introducing additional modules for enhancing detection
capabilities. Moreover, to objectively assess the network generalization ability, the K-
Fold Cross-Validation method was utilized, dividing the data of 15,680 images into five
parts. The proposed method was then iteratively trained on four parts and validated on
the remaining part. The results of the five training iterations are presented in Table 3,
with an average mAP of 78.2 and F1 of 70.5. Additionally, the training results showed
no significant differences across the different folds, indicating that the proposed model
exhibits a strong level of generalization. To further analyze the robustness of the proposed
method, the trained model was utilized to detect the background images, as shown in
Figure 16. Although these background images do not contain pedestrians, they feature
other disturbances of similar size. The test results confirm that the proposed network did
not generate any false detections, further indicating its robust performance.

To evaluate the effectiveness of the proposed method, all the compared networks were
kept consistent in terms of the parameters. Additionally, since the Ray Tune method did
not significantly improve the network's accuracy during hyperparameter optimization, this
study employed the default hyperparameters of YOLOvS8. The experimental results are
expressed in Table 4; it can be seen from the table that all three modules have a positive
impact on the model optimization. With the adoption of ConvNeXt v2, mAP increased by
0.9%, and the use of ODConv and a tiny head resulted in a further mAP improvement of
1.2%. This is attributed to the fact that ConvNeXt v2 is mainly applied to the backbone
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YOLOVS8s

YOLOv8s-tiny head  Proposed-WIoU YOLOv8s

network, contributing more to feature extraction. Additionally, while the tiny head alone
only increased mAP by 0.3%, it is evident that combining it with ODConv yields better
performance. Finally, to analyze the network sensitivity, some layers are replaced with
1 x 1 convolutional modules. Despite the variations in texture among the different images,
the results from a substantial number of validation images indicate that replacing all
the layers from zero to six in the backbone significantly hampers the detection of small
pedestrian targets within the images.
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Figure 14. Training process mAP curves for the different networks.

Table 2. Comparison of comprehensive evaluation results of different models (%).

Network Precision Recall F1 F1 Improved mAP  mAP Improved
YOLOV5s 70.6 67.1  68.8 - 75.3 -
YOLOV8s 68.3 69.5 689 - 76.1 -
YOLOv8s-tiny head 68.8 692  69.0 0.1 76.4 1.3
Proposed 69.7 70.7 702 1.3 78.1 2.0
Proposed-WIoU 70.0 708 704 1.5 78.4 2.3

YOLOvV8s-tiny head

RIS

Proposed-WIoU

RIS

Figure 15. Small pedestrian detection results of different networks. To visually demonstrate the de-
tection performance, the relevant confidence values are not displayed. Some large target pedestrians
appear in (a,b), while smaller targets appear in (c—f).
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Table 3. Cross-validation results with k =5 (%).

Evalua.t ton Division1 Division2 Division3 Division4 Division5 Average
Metrics
F1 70.6 71.0 70.2 70.3 70.2 70.5
mAP 78.1 78.6 77.9 78.0 78.4 78.2

Figure 16. Examples of added background images.

Table 4. Results of ablation experiments (%).

ConvNeXtv2 ODConv  Tiny Head  Precision Recall F1 mAP  Speed (ms)

- - - 68.3 69.5 689  76.1 10.3
Vv - - 68.8 70.1 694 770 14.4
Vv i - 69.1 70.2 69.6 777 14.8
- i - 69.0 69.2 69.1 76.7 10.5
- i Vv 68.9 70.3 69.6 773 16.0
- - Vv 68.8 69.2 69.0 764 15.7
Vv i i 69.7 70.7 702 781 18.2

Note: ,/ means adopting the module; - means without the module.

Moreover, to further verify the performance of the proposed network, multiple one-
stage and two-stage object detection models were trained in this study, and the results are
described in Table 5. In general, the one-stage object detection models exhibit superior
performance compared to the two-stage models. On one hand, this superiority is attributed
to the effective structures and modules utilized by single-stage algorithms; on the other
hand, this might be due to the incorporation of supervised signals regarding relationships
directly into the feature maps, which made the learned context information richer.

Table 5. Comparison of comprehensive evaluation results of different models (%).

Category Network Precision Recall F1  mAP Speed (ms)
One-stage YOLOv5s 70.6 67.1 68.8 753 11.4
YOLOV8s 68.3 695 689 761 10.3
Proposed-WIoU 70.0 70.8 704 784 18.2
SSD 61.5 624 619 708 13.7
Two-stage Faster-R-CNN 48.4 52.4 503 573 47.5
Mask R-CNN 51.9 572 544 615 62.4
Cascade R-CNN 60.1 58.7 594 642 56.7

4.3. Small Reservoir Dam Inspection and Localization Using UAV—Case 1
4.3.1. Analysis of UAV Measurement Accuracy after Coordinate Transformation

The developed method was first applied to a small earth-rock dam, as shown in
Figure 17a. The dam has a height of 13 m, and the length of the crest is 75 m. Moreover,
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the dam serves as a road that can support traffic. After prolonged operation, the down-
stream surface of the dam was covered with weeds, and there was a lack of comprehensive
monitoring data. To establish the local coordinate system of the dam efficiently and eco-
nomically, 14 GCPs were set up on the dam crest, and their 3D coordinates were measured
using a Leica total station (Figure 17b). The UAV used is a DJI M300 RTK (Figure 17c)
equipped with an H20T camera that consists of optical imaging, infrared thermal imaging,
and laser ranging capabilities. To enhance the positioning accuracy, the UAV network RTK
mode was implemented.

Laser range finden

A

Zoom Camera Thermal infrared camera

(b) (0)

Figure 17. Photos of the small reservoir dam and measurement equipment for Case 1. (a) Overall
scene of the dam. (b) Total station and one GCP. (¢) M300 RTK UAV and H20T camera.

To adapt to a larger range of UAV inspections, a total of 1215 images were taken
to calculate the coordinate transformation parameters, including images from locations
far from the dam. The 14 GCPs were then remeasured from 14 random positions, and
the results are presented in Table 6. Similar to the experimental results, the errors in
the planar direction are smaller than those in the altitude direction, measuring 7.47 cm
and 9.49 cm, respectively, verifying the broad applicability of the developed method.
However, the measurement error for GCP 4 is significantly high and is attributed to water
accumulation on the ground causing significant errors in the laser ranging results.

Table 6. Measurement errors of 14 GCPs on the dam crest for Case 1 (cm).

No AX AY AXY AZ
GCP1 -3.49 —8.92 9.58 —10.56
GCP 2 —4.77 —0.04 477 —6.77
GCP3 —-10.12 0.05 10.12 7.67
GCP 4 15.77 —2.80 16.01 —16.00
GCP5 —7.63 —6.07 9.75 12.68
GCP 6 —-0.28 5.47 548 2.82
GCP7 —7.53 —6.64 10.04 —6.12
GCP 8 —8.18 —9.85 12.80 0.31
GCP9 —10.02 2.37 10.29 7.67
GCP 10 —-2.17 —7.71 8.01 8.70
GCP 11 —-3.27 —-11.73 12.18 9.96
GCP 12 1.28 —-3.28 3.52 -5.22
GCP 13 —3.43 —11.20 11.72 6.66
GCP 14 —8.36 —1.65 8.52 3.42

Mean |A| 6.16 5.56 7.47 9.49

A 3D reconstruction of the dam area was created to further evaluate the accuracy of
the developed method. The point clouds generated before and after applying coordinate
transformation are compared with the results from laser scanning, as shown in Figure 18.
To eliminate noise interference, the point cloud data from the trees near the dam were
removed. It can be observed that the point cloud generated after coordinate transformation
is closer to the laser scanning results, as shown in Figure 18b, with most of the points
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having distances within 10 cm. However, there are still some large errors, mainly caused by
the poor performance of the SfM algorithm in generating point clouds on the downstream
surface covered with weeds. The point cloud comparison results indicate that the coordinate
transformation method can improve the localization accuracy and enable a UAV-based
routine inspection method.

Cloud distance

Figure 18. Point clouds generated from UAV images of a laser scan for Case 1. (a) Laser scan.
(b) Transformed points. (c) No transformation.

4.3.2. 3D Localization of Pedestrians in Small Reservoir Dams

The developed noncontact method in combination with an improved YOLOVS detec-
tion algorithm enables the analysis of whether pedestrians are present in hazardous areas.
Some detection and localization results are shown in Figure 19. Based on the measured
coordinates in the dam coordinate system, it is possible to determine the structural positions
of pedestrians. For example, if a pedestrian appears near the downstream surface close
to the reservoir area, an alert can be triggered. Additionally, virtual electronic fences can
be constructed to promptly detect pedestrians in hazardous situations [64]. Compared to
manual inspection, the proposed method offers the advantages of efficiency and low cost
and is particularly suitable for small reservoir dams without automated monitoring devices.

4.3.3. Potential Seepage Detection and Localization

For small earth-rock dams, seepage is a major cause for alarm. Given that the data
collection occurred during the summer, the temperature in the deeper layers of the reservoir
is expected to be lower than the ambient temperature. Based on this, the primary criterion
for determining seepage occurrence in this study is the manual identification of whether
low-temperature areas appear on the downstream face. The UAV camera is equipped with
an infrared thermal imaging sensor, capable of detecting the temperature field on the dam
surface. A total of 770 infrared images were captured within the dam area, and a 3D model
was generated as shown in Figure 20a. It can be observed that there are two anomalous
areas on the dam surface, as indicated by the infrared image, where the temperature
is lower than the surrounding environment, as shown in Figure 20b,c. However, not
all the low-temperature areas can be conclusively identified as seepage. For instance,
the temperature at the drainage channels at the bottom of the dam is also low due to the
presence of accumulated water in Figure 20d. Combining the proposed method enables the
3D localization of this position. Nevertheless, certain locations may display temperature
anomalies, as shown in Figure 20e. By incorporating their positional information, it can be
analyzed that these locations do not fall within the dam area, thus avoiding false alarms.
Considering that the detection of seepage still requires further analysis of the internal
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conditions of the dam, to maintain rigor, in the absence of additional measurements such
as osmotic pressure, this study refers to the occurrence of seepage as potential seepage.
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Figure 19. The 3D localization of pedestrians in the dam coordinate system and the analysis of their
positions within the dam structure for Case 1.

| XD B0

Figure 20. Detection and localization of potential seepage regions based on infrared thermography
for Case 1. (a) Overall image. (b—e) Details of visible light and infrared images.
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4.4. Small Reservoir Dam Inspection and Localization Using UAV—Case 2
4.4.1. Coordinate Transformation and Measurement Accuracy Analysis

To validate the broad applicability of the proposed method, the coordinate transfor-
mation approach was applied to another earth-rock dam. This dam has a maximum height
of 21.12 m and a length of 108 m (Figure 21). Similarly, 14 GCPs were placed on the dam
crest, utilizing the same UAV and measurement equipment as in Case 1. The origin of the
dam local coordinate system was established at the crest.

Figure 21. Photograph of the small reservoir dam for Case 2.

A total of 1688 UAV images were captured for the purposes of coordinate trans-
formation and 3D reconstruction. Following the coordinate transformation, noncontact
measurements were carried out on the 14 GCPs from 14 distinct positions. The resulting
measurement errors are detailed in Table 7. The average error in the plane is 7.19 cm,
while the average error in the altitude direction 8.44 cm, demonstrating a consistent trend
where the accuracy of the planar positioning surpasses that of the vertical positioning.
The measurement results for Case 2 indicate that the proposed method is applicable to
different dam environments.

Table 7. Measurement errors of 14 GCPs on the dam crest for Case 2 (cm).

No AX AY AXY AZ
GCP 15 0.22 —0.01 0.22 3.07
GCP 16 7.59 —4.81 8.98 6.62
GCP 17 12.67 -7.11 14.53 8.59
GCP 18 7.58 —3.94 8.55 8.22
GCP 19 1.51 1.57 2.17 2.50
GCP 10 6.28 —-1.90 6.56 14.64
GCP 21 —0.51 —7.40 7.41 4.17
GCP 22 3.31 —2.06 3.89 9.80
GCP 23 —2.88 -2.19 3.62 5.71
GCP 24 —7.20 —1.98 7.47 11.76
GCP 25 —4.43 241 5.04 11.02
GCP 26 —11.54 6.84 13.41 14.85
GCP 27 —10.53 1.63 10.66 9.65
GCP 28 —7.84 2.23 8.15 7.56

Mean |A| 6.01 3.29 7.19 8.44
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The dam laser scanning data are shown in Figure 22a, with the point cloud of trees
near the reservoir removed. Using the scan results as a reference, the results between the
point clouds generated by the SfM algorithm before and after coordinate transformation can
be compared, as shown in Figure 22b,c. Although the model generated directly from the
GCPs can depict the shape and structural dimensions, the point cloud generated after the
coordinate transformation is noticeably closer to the scanning results. Most of the distances
are less than 20 cm, and the errors are distributed relatively evenly from the dam crest to
the bottom. In addition, there are some high error points near the crest, mainly caused by
noise points such as weeds. Overall, accurate measurement results can be obtained after
coordinate transformation for Case 2.

Figure 22. Point clouds generated from UAV images and a laser scan for Case 2. (a) Laser scan.
(b) Transformed points. (c) No transformation.

4.4.2. Pedestrian Detection and Localization in Local Coordinate System

Combined with the improved YOLOvVS detection algorithm, several pedestrians at
various locations on the surface of the dam can be detected and localized within the local
coordinate system and specific structural positions, as shown in Figure 23. Based on the
calculated 3D coordinates, it was determined that some pedestrians were present near
the reservoir. When the UAV is equipped with a speaker, it can be used to promptly
emit an alert. Additionally, since the dam serves a road, pedestrians detected on the crest
will not trigger an alarm, thereby establishing a virtual electronic fence. With continuous
monitoring, the system can record the prolonged presence of pedestrians, enabling safety
management in small dam environments.
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Figure 23. 3D localization of pedestrians in the dam coordinate system and the analysis of their
positions within the structure for Case 2.

4.4.3. Potential Seepage Detection Using Infrared Thermography

Infrared thermal images of the dam area were collected by the UAV to assess the
surface seepage. A total of 875 infrared images were used to generate the 3D model, as
shown in Figure 24a. There are a total of three areas with lower temperatures, which were
manually identified as potential seepage points, as shown in Figure 24b—d, all distributed
near the bottom of the dam. Comparing the thermal infrared imaging with the water-
filled channel reveals similar temperature values, indicating that this area requires special
attention. After multiple data collections by the UAV, it is possible to determine whether
an area has experienced anomalies by analyzing the temperature or texture variations at
the same location at different time periods. These two cases demonstrate the applicability
of the proposed method for long-term UAV inspection and localization.
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Figure 24. Detection and localization of potential seepage regions based on infrared thermography
for Case 2. (a) Overall image. (b—e) Details of visible light and infrared images.

5. Conclusions

This paper proposed a UAV coordinate transformation and pedestrian localization
method designed for small reservoir dams. It effectively addressed the problems associated
with the absence of sufficient control points and terrain deformation, which complicate
the establishment of a coordinate system due to the absence of geographic information.
The precision and applicability of the proposed method were verified by experimental
validation and application in two case studies, demonstrating its cost-effectiveness in
accurately detecting pedestrians and identifying structural anomalies within small reservoir
dams. The major contributions of the study include the following:

1. A coordinate transformation method for converting two coordinate systems without
reference points using the SfM algorithm was developed. The UAV 3D coordinates
were projected onto a plane using the Gauss—Kruger method and then transformed to
the local coordinate system of the small reservoir dam through four-parameter plane
transformation and an altitude fitting. The coordinate registration was calculated by
the SfM algorithm with the introduction of several GCPs. After the transformation,
the dam point cloud generated from the UAV images closely matched the laser
scanning results, with errors mostly below 0.2 m and minimal sensitivity to changes
in altitude.

2. An improved YOLOVS algorithm for the accurate detection of small pedestrians
in UAV images was also conceived. To detect targets with a limited number of
pixels, a tiny head channel was introduced into the original structure. Additionally,
ConvNeXt v2 modules and the ODConv algorithm were integrated into the small
target detection sections of the backbone, thereby enhancing the feature extraction
capability. The mAP value of the improved YOLOVS network can reach up to 78.4%,
an improvement of 2.8% compared to the original network. Therefore, the method is
more accurate and efficient at detecting small pedestrians in practical scenarios.

3. Combined with laser rangefinding, the developed method enables noncontact 3D mea-
surement of the target by UAV photogrammetry. To convert 2D coordinates to actual 3D
coordinates, the capturing distance and camera pose were determined, and the coordi-
nates of the target point were calculated based on the UAV position. The experimental
results indicate an overall positioning error of less than 0.2 m, and, in two case studies,
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the measured plane and altitude average errors were both less than 0.1 m. Moreover,
both pedestrians and potential seepage points can be accurately located.

Compared to the current UAV inspection approaches, the proposed method in this
study is suitable for small reservoir dams. From a methodological perspective, unlike 3D
reconstruction [25], the proposed method does not require excessive time to capture 3D
coordinates in complex structural areas or rely on other structural features for coordinate
transformation. The proposed approach only requires a single coordinate transformation,
making it more suitable for evaluating the safety of identified individuals in small reser-
voir dam inspections. In terms of accuracy, the proposed method incorporates a laser
rangefinder, effectively converting 2D pixels into 3D coordinates. When relying solely
on measurement methods based on the spatial relationship between the image and the
structure, the error could be around 1 m. However, in this study, the positioning error was
within 0.2 m, which meets the inspection positioning requirements for small reservoir dams.
For practicality, the method developed in this research requires minimal additional equip-
ment. The coordinate system of the small reservoir dam does not need to be pre-established;
the UAV coordinates can be transformed using ground control point coordinates alone.
This is particularly important for meeting the low-cost demands of small reservoir dam
inspections. Additionally, the proposed method enables the creation of a virtual electronic
fence for small reservoir dams, as illustrated in Figure 25. Thus, compared to the current
state-of-the-art methods, the proposed approach is more suitable for small reservoir dams,
supporting safety management and guiding disaster prevention strategies [65,66].

::‘: _ ((!)) =
(!) ; | hmf‘« =
. ( ) - re >
o /
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/

[)
Dangerous

I
Electronic fence

Small reservoir dam

Figure 25. Schematic diagram of electronic fence for small reservoir dams using UAVs.

However, the method presented in this paper still has some limitations. First, the posi-
tioning accuracy of the UAV is dictated by satellite signals. Although the study adopted
the network RTK mode to enhance the signal strength, fluctuations in positioning can lead
to significant measurement errors [67]. Second, the localization results for pedestrians were
determined at their midpoint and do not correspond to their positions on the dam surface.
This could introduce interference when assessing the critical positions of pedestrians in
danger zones. Finally, the detection of seepage is still based on empirical judgment and
lacks a theoretical baseline and standardized discernment criteria based on temperature
anomaly recognition [68].

In future research, detection algorithms for various types of damages should be
developed, and they should be mapped to real-time digital models [69]. For network
optimization, significant computational resources should be invested to fine-tune the
network architecture and hyperparameters while also increasing the dataset size to further
enhance the pedestrian detection accuracy. Additionally, methods that integrate image
and LiDAR data should be considered to quickly detect targets while simultaneously
determining the corresponding point cloud locations, thereby enabling the detection of
multiple targets on complex geometric surfaces. In the application of edge devices, ensuring
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smooth data transmission is a crucial issue that needs to be addressed. Additionally, there
is a need to consider and mitigate the problem of data transmission delays caused by
network instability. Moreover, inspection results for different time periods should be
compared, and the progression of damages should be analyzed [70] to identify the rate of
change without requiring initial conditions [71], enabling long-term dam health monitoring.
With sufficient data, it should be possible to predict the dam response and the evolution of
damages [72].
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