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Abstract.

Structural digital models can be effectively established by spatially obtaining digital images using an unmanned

aerial vehicle (UAV). One of the main purposes of the structural digital modeling is computer vision-based exterior damage
detection of a target structure. To investigate micro-scale damage from the digital model, high-resolution digital images obtained
with a close-up vision survey is typically required. However, serial image synthesis such as image stitching may cumulate
stitching errors as the number of scanned images increases. Therefore, in this paper, a novel loop closure-based digital image
stitching technique is proposed and experimentally validated using the close-up surveyed digital images acquired from an in-situ
dam structure located in South Korea. The test results reveal that the proposed technique outperforms a non-loop closure-based
image stitching technique, which can cause serious distortions, such as ghosting and vanishing phenomena.
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1. Introduction

With a rapid development of unmanned aerial vehicle
(UAV), structural digital modeling recently has got
limelight for effective structural reconstruction and
maintenance. By employing UAVs, the structural digital
models can be established much faster and safer than
conventional expert-dependent measurements. UAVs
facilitate the rapid acquisition of structural geometry and
surface information, even in areas inaccessible to humans.
This capability enables a significant reduction in economic
costs while ensuring high-quality data acquisition compared
to conventional methods. For example, Jiang et al. (2020)
proposed a UAV-based 3D modeling technique of a
construction site to effectively manage the construction
planning and safety. Similarly, Varbla et al. (2020) studied
3D model reconstruction of as-built construction using real-
time kinematic global navigation satellite system (RTK-
GNSS)-equipped UAVs. The reconstructed geometry can be
directly utilized as building information modeling input.
Bang et al. (2017) introduced a UAV-based approach for
generating large-scale panoramas of construction sites,
enabling timely and frequent monitoring of construction
progress. Additionally, UAV-based structural digital
modeling has been employed not only for effective
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construction process management but also for the
maintenance of existing structures such as buildings (Jhan
et al. 2021, Drescek et al. 2020, Murtiyoso and
Grussenmeyer 2017), bridges (Chen ef al. 2019, Pan et al.
2019, Khaloo et al. 2018) and dams (Zhao et al. 2021).

In terms of structural digital modeling methodologies,
various techniques based on point cloud data have been
proposed. As one of the representative techniques, light
detection and ranging (LiDAR)-based point cloud
generation is extensively employed for constructing
structural digital models. By utilizing laser pulses to
measure the precise distance between the sensor and surface
of the target structure, LIDAR can accurately generate a 3D
point cloud model through the integration of spatially
scanned distance data. For example, Vosselman and
Dijkman (2001) proposed the airborne LiDAR-based 3D
reconstruction of wurban buildings using 3D Hough
transform and ground plans. Chiang et al. (2017)
constructed a direct geo-referenced point cloud model of
terrain and buildings by integrating inertial navigation,
GNSS and LiDAR-embedded UAV. Wu et al. (2017)
applied a graph theory-based method for urban building
model reconstruction, employing hierarchical structure
analysis of building contours obtained through LiDAR-
equipped UAV. Although LiDAR-based sparse point cloud
modeling offers precise geometric information, it may lack
the resolution necessary to discern structural surface
damage. To address this technical constraint,
photogrammetry-based 3D structural digital modeling
techniques, which rely on high-resolution digital images
rather than sparse laser scanning, have been studied
(Cavalagli et al. 2020, Zollini et al. 2020, Pan et al. 2019).
By incorporating with UAV-mounted vision cameras, the
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photogrammetry software such as MetaShape (Agisoft
2021), 4DiXplorer (4DiXplorer 2021) and ColMap
(Schonberger 2021) have been considerably well
commercialized to establish structural digital models. The
photogrammetry-based digital modeling techniques initially
build meshes from dense point cloud data, which is
generated using structure-from-motion (Snavely ef al. 2008)
and a multi-view stereo algorithm (Furukawa and Ponce
2010, Shen 2013). Then, additional texturing processes are
often employed to enhance the fidelity of digital models
(Zollini et al. 2020, Dabous et al. 2023). However, it is
important to note that surface features, including damages,
may become blurred, superimposed, or even disappear
during the texturing process. Consequently, directly
inspecting and quantifying structural damages using
photogrammetric 3D models remains a challenging task.

In this paper, a novel 2D structural facade digital
modeling technique is proposed to tackle the mentioned
technical issue. For planar-like structures such as dams or
continuously wide buildings, a 2D high-resolution facade
digital model proves to be more effective than 3D
photogrammetry models for investigating exterior damage.
This effectiveness stems from its capacity to reduce data
size and acquire high-resolution images. Additionally,
employing spatial data surveying with a long working
distance for 3D digital modeling often result in insufficient
surface image resolution. With these advantages of 2D
digital modeling, Boller et al. (2015) utilized a 2D facade
digital model constructed through digital image stitching to
inspect structural surface integrity and assess the life cycle
of ageing concrete structures. Wang et al. (2021) proposed a
fast image stitching for characterizing cracks in large-scale
structures. They noted the possibility of precise damage
evaluation by combining with 2D fagade digital model-
based visual inspection and conventional non-destructive
techniques. Similarly, Cheng ef al. (2021) demonstrated
visual inspection of structures based on 2D fagade digital
model constructed via digital image stitching. Then, they
quantitatively assessed surface cracks on the target structure
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using a computer-aided method in pixel level. Jang et al.
(2021) developed a feature control-based exterior damage
mapping technique for high-rise bridge pier using
continuously obtained digital images with a ring-type
climbing robot. Similarly, Jang et al. (2024) introduces a
deep learning-based digital damage mapping on 3D model
for vertical-type tunnels, aiming to overcome the hazards
and unreliability associated with expert-dependent visual
inspection.

Additionally, Wang et al. (2020) introduced a 2D digital
model of a steel box girder for computer vision-based
automatic inspection. They synthesized spatially continuous
digital images obtained through close-up surveying with a
UAV-mounted vision camera. However, in reality, errors in
fagade digital modeling of large-scale structures might be
inevitable. It is because that stitching errors inherently
accumulate during the concatenative camera parameter
estimation in the image stitching process, resulting in
serious distortions of established fagade digital model
(Brown and Lowe 2006). To tackle these technical huddles,
this paper proposes a novel loop closure-based technique
for establishing structural fagcade digital models of large-
scale dam structures. The proposed technique aims to
minimize distortions in the established facade digital model
and reduce computational costs through feature matching
analysis and optimal image selection algorithms. This paper
is organized as follows. First, the loop closure-based digital
image stitching technique including the pre-processing of
digital images is explained in Section 2. The experimental
validation results are then shown in Section 3. Finally, this
paper is concluded with a brief discussion in Sections 4 and
5.

2. Loop closure-based fagade digital model
establishment

Fig. 1 illustrates the procedure for establishing a loop
closure-based facade digital model for a dam structure.
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Fig. 1 Overview of loop closure-based fagade digital model establishment for a dam structure: FOV, ROI and Ir
denote the field of view, region of interest and inlier ratio, respectively
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Fig. 2 Optimal image selection algorithm: (a) Feature matching analysis and (b) R calculation-based optimal image
selection. I, isthe p*™* image. uf,,, isthe k™ matching vector between I, and I,.;. 6% and a* are the
angle and magnitude values of u';,pﬂ, respectively. R is the overlap ratio, R, ; and R, , are the lower and

upper threshold values of R, respectively

First, a UAV-mounted vision camera surveys the dam
surface with a certain working distance along a pre-defined
surveying path. This path comprises multiple surveying
lines, as shown in Fig. 1. While a closer working distance
offers advantages for investigating micro-scale structural
damages, it is crucial to design the appropriate working
distance by considering factors such as UAV safety, camera
pixel resolution, data size and computational costs.

2.1 Optimal image selection for effective fagcade
digital modeling

Among the raw image surveyed from the target dam, the
selection of optimal images is crucial for digital image
stitching, as depicted in Fig. 2. Since the raw data often
contain densely surveyed, blurred or abruptly camera pose
changed images, it is necessary to filter out unwanted image
data to minimize stitching errors. Moreover, using only
optimal images can reduce computational costs.

First, image features such as points, corners or edges are
extracted and preliminarily matched between adjacent
images along each surveying line based on scale-invariant
feature transform (SIFT) (Lowe 1999). The initial
connections of the matched features are defined as the
matching vectors as shown in Fig. 2(a). Here, false
matching vectors may arise due to low image resolution,
similar or repeated surface features within the images, or a
lack of the target surface features. To eliminate these false
matching vectors and retain only inlier vectors, the
constraints on the magnitude (ay) and angle (6) of the

matching vectors are applied. A set of inlier vectors
{Upp+1} between I, and I, can be written as

{Uppir} = cFulyy, (k=1,2,3,..,%),

1, if a* € |a; —ay, a5 + ar,] and M
ck 0% € [6; — 6., 05 + 6,7 ]
0, Otherwise

where uf ., is the k™™ matching vector between I, and
Lyyq1. X is the number of initial matching vectors. c® is
the feature matching coefficient. a® and 6% are the
magnitude and angle values of u’g_pﬂ, respectively. a;,
and 6,, are the threshold values of a* and 6*. Next, R
between I, and I, is calculated by

R=(W_xp)x(H_yp)
W X H

X 100 2
where W and H are the width and height of I,,
respectively. The averaged values of x and y directional
components of {Up,,.1} are defined as X}, and Y,. By
the sequential R calculation from I; to I, , the image
satisfying the thresholds of R (R ; and Ry, p) is selected
as the first optimal images as described in Fig. 2(b). If the
selected image is I, R is then repetitively calculated
from I, with L, Ipyz, s Iy (I, <Iy) to
determine the next optimal image. The optimal images
corresponding to each surveying line can be obtained by
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Fig. 3 Mesh-based digital image stitching: Cy, C, are the grid mesh of selected optimal image I, along x, y
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repeating the above procedure.

2.2 Loop closure determination and fagade digital
model establishment

In order to achieve accurate stitching of the selected
optimal images, precise intrinsic and extrinsic camera
parameters need to be estimated. However, obtaining
reliable camera parameters from surveyed digital images is
challenging because of factors such as lens distortion,
camera noise and low image data quality resulting from
harsh outdoor conditions. To address these challenges,
bundle adjustment technique is commonly employed in
large-scale digital image stitching. This technique optimizes
camera parameters while minimizing reprojection errors
across multiple surveyed digital images (Brown and Lowe
2006). Typically, two images along the surveying path are
used to estimate and optimize the camera parameters during
the bundle adjustment process. However, employing more
related images, such as those from adjacent surveying lines,
can significantly reduce reprojection errors by leveraging
multi-view information. Therefore, the loop closure, which
is formed by determining the image pairs to be utilized for
the bundle adjustment, is proposed. In this process, it is
assumed that each surveying line is spatially close enough
to have overlapping area.

The optimal images selected in Section 2.1 are stitched
using the mesh-based natural image stitching with the
global similarity prior (NISwWGSP) is employed in this paper
(Chen and Chuang 2016). As shown in Fig. 3, each optimal
image is divided into grid meshes to guide the image
deformation. In this algorithm, as-projective-as-possible
(APAP) method is adopted for a local warp (Zaragoza et al.
2013), because a global warp is often not flexible enough to
stitch large number of images. The mesh-based stitching
algorithm attempts to find a set of deformed vertex
positions V such that an energy function ®(V) is
minimized for naturally stitching multiple images as much
as possible. To achieve this purpose, the original
perspective of each image has to be preserved locally, while
it attempts to globally maintain a good structural shape by
finding proper scales and rotations for images. Thus, ®(V)
consists of the following three terms, i.e., alignment (®,),
local similarity (®;) and global similarity (®g). First, @, is
the term that guarantees the quality of alignment after
deformation by keeping overlapped mesh vertices aligned
with their correspondences. Then, ®; provides regularize-

tion and propagates alignment constraints from the overlap
regions to the non-overlap ones. Lastly, ®, requires each
deformed image to undergo a similarity transform as much
as possible, which is essential to achieving a naturalness of
the stitched image. The optimal deformation of meshes (V)
can be determined by

V = argmin ®,(V) + 4,®,(V) + ®,(V) 3)
\%

where V denotes the set of vertices and edges in the grid
mesh for the image. 4; is the coefficient of @;(V).

Once the mesh deformation is determined, the focal
length and 3D rotation of each image are subsequently
estimated by using the improved bundle adjustment
technique. As a result of APAP, a homography is obtained
for each quad of mesh, and the corresponding focal lengths
can be calculated (Szeliski 2006). The median of these focal
lengths is utilized as the initialization of the focal length,
and the initial intrinsic matrix K; for I; is derived. Using
K;, the initial guess for 3D rotation R;; between [; and I
is calculated as

R; = arg;nin Z ||K]-RK{1VL-’? — w(V{?)HZ )

m ..
Vij €Mij

where M;; is the mesh vertices of I; in the overlapped
area between [; and I;. vi} and ¥(v{}) denote the
overlapped mesh vertices and its correspondence after
warping. Subsequently, with initial guess of K; and R;j,
the optimal focal length F; and 3D rotation R; can be
obtained by bundle adjustment.

N

e=), 2 Il

i=1 jex(i) (5)
tfy = v = bl
pi; = KiRRTK; .

where N is the number of optimal images, T(i) is the set
of images to be considered in bundle adjustment process.
pjj is the reprojection point of v;;.

Despite the enhanced bundle adjustment of NISwGSP,
misalignment of images within the panoramic domain is
still remained especially on large-scale structures. To
mitigate image misalignment, local correction of camera
parameters for each image is necessary using loop closures.
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Fig. 4 Loop closure-based facade digital model establishment

First, Ir 1is -calculated for all possible image pair
combinations between the adjacent surveying lines using
the ratio of the numbers of initial matching and inlier
vectors as shown in Fig. 4.

!

K
Ir =—x 100 6
r=orX (6)

where XK' is the number of inlier vectors. Here, a
higher Ir value signifies a stronger correlation between the
corresponding image pairs, physically meaning that they
share more image features. The image pairs satisfying the
threshold of Ir (Iry,) are then determined along the entire
surveying line, and the determined image pairs will be
included in T of Eq. (5) to locally optimize the camera
parameters of each image.

3. Experimental validation

The proposed technique was experimentally validated
using a UAV-mounted vision camera at an in-situ dam
located in South Korea, as described in Fig. 5. This concrete
dam, standing at 28 m in height and spanning 171 m in
length, possesses a total volume of 49,555 m3. First, the
target dam surface was surveyed by the UAV-mounted
vision camera (EVO2 PRO of Autel Robotics) along the

(b)
Fig. 5 Target in-situ dam structure: (a) Pre-defined surveying path; (b) UAV-mounted vision camera

pre-defined surveying path to acquire spatially continuous
digital images, as outlined in Fig. 5. In order to validate the
proposed technique for planar-like structures, the left-non-
overflow section of the dam was designated as ROI. A total
of 7 horizontal lines were established as the pre-defined
surveying path for the target structure. To keep the working
distance of 6.4 m along the normal vector direction between
the target surface and UAV, UAV was semi-autonomously
controlled by a well-trained expert. Total 146 digital images
with 5,472 x 3,648 of pixel resolution were acquired with
respect to ROI, and the corresponding ground sample
distance was 0.2 mm/pixel. Then, the optimal images were
selected by the optimal image selection algorithm, and loop
closures were identified between each adjacent surveying
line. Finally, the dam fagade digital model was established
by using the mesh-based digital image stitching algorithm.
To experimentally verify the superiority of the proposed
technique, the facade digital model with loop closure was
compared against the model established using the
NISwGSP of a previous study (Chen and Chuang 2016).
Fig. 6 shows the representative R calculation results
between I; and I,, for optimal image selection. As
depicted in Fig. 6(a), 11,409 and 8,814 image features were
extracted from I; and I,, respectively. Among them, 1,845
matching vectors were initially matched between I; and I,
as shown in Fig. 6(b). Here, ay and 6y were 1,189 pixels
and -1° along the x direction, respectively. The inlier
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(d)

Fig. 6 Representative R calculation results for optimal
image selection using I; and I,: (a) Feature
extraction; (b) initial matching vector; (c) inlier
vector; and (d) calculation of R, 61.58%

boundary of * 5% was used, and the false matching
vectors were removed using Eq. (1), resulting that 1,817
inlier vectors remained as displayed in Fig. 6(c). Using Eq.
(2), R between I; and I, was calculated to be 61.58% as
shown in Fig. 6(d), and I, was determined as the first
optimal image. By repeating the optimal image selection
procedure for each surveying line, a total of 46 optimal
images were selected, resulting in a reduction of
approximately 68.5% compared to the raw data. R, ; and
Ry n were set at 55% and 65%, respectively. Here, the
number of optimal images at each surveying line can be
varied due to inlier feature matching sensitivity as well as
UAV surveying speed variation.

Subsequently, Ir is calculated between the adjacent
surveying lines using Eq. (6). Here, I3, of 90% was used.
Based on the calculation results of Ir, a total of 125 image
pairs satisfies the Iy, along the entire surveying lines. The
representative loop closures between the surveying lines 1
and 2 are shown in Fig. 7.

Figs. 8(a) and (b) present the comparison results of the
two fagade digital models established using the proposed
technique and previous study, on the panoramic domain.
The colors of Fig. 8 indicate the warping extent and
mapping position of each stitched images. As displayed in

— Surveying path ----+ Imagc pair satisfying /73 E:j Representative
loop closure

Fig. 7 The representative loop closures and image stitching
order

(b)

Fig. 8 Mesh-based digital image stitching results:
(a) Proposed technique; (b) previous study

Fig. 8(a), each image is accurately mapped and stitched
without noticeable perspective changes, distortion or scale
variation. On the other hand, the previous study case
exhibits spatial mis-mapping, extreme distortion as well as
abnormal scale changes. In particular, as shown in Fig. 8(b),
the distortions become increasingly severe towards the
latter part of the surveying path due to the accumulation of
errors in camera parameter estimation. In the upper-left side
of Fig. 8(b), significant distortion with unnaturally warped
areas can be observed. In addition, at the bottom of Fig.
8(b), most of stitched images are spatially concentrated,
leading to excessive scale changes, vanishing and ghosting
phenomena. Here, the vanishing phenomenon refers to the
disappearance or misalignment of surface information in the
established model. The ghosting phenomenon entails the
blurring or overlapping of surface information, which seems
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Fig. 9 Dam fagade digital model establishment results of (a) Proposed technique; and (b) previous study: D is the
stitching distortion. V and G mean the vanishing and ghosting phenomena, respectively

(d)

(b)

®

Fig. 10 Local areas stitching distortions: D1 (a) ground truth; (b) proposed technique; and (c) previous study:
D2 (d) ground truth; (e) proposed technique; and (f) previous study

to be multiple entities.

Fig. 9 illustrates the results of dam fagade digital model
establishment, with representative local distortions marked
with dashed boxes. In Fig. 9(a), the proposed technique case
has no significant distortions, while a total of 8 critical
distortions appears in Fig. 9(b), the previous study case.
These representative distortions can be categorized into
three types, i.e., stitching distortions (D1 and D2),
vanishing (V1 and V2) and ghosting (Gl to G4)
phenomena.

In order to compare the modeling accuracy between the
proposed technique and previous study, local ground truth
images are extracted from original surveyed images
corresponding to the representative local distortion areas
displayed in Fig. 9. As presented in Figs. 10(a), (b), (d) and
(e), the proposed technique case shows good agreement
with the ground truth, while one can easily observe not only
extreme warps but also abnormal scale changes in the
previous study case as shown in Figs. 10(c) and (f).

Similarly, the representative vanishing phenomena
corresponding to V1 and V2 are clearly observed in the
previous study case (Figs. 11(c) and (f)), compared with the

ground truth (Figs. 11(a) and (d)). The surface features
marked with the yellow dashed lines of Figs. 11(a) and (d)
are properly reconstructed in the proposed technique case
(Figs. 11(b) and (e)), while the surface features including
damage information disappear in Figs. 11(c) and (f) due to
image mis-mapping.

The local areas where ghosting phenomena are also
compared in Figs. 12 and 13. The yellow dashed lines of
Figs. 12(c), (f) and Figs. 13(c), (f) show that the surface
efflorescence features are partially blurred and duplicated
due to ghosting phenomenon in the previous study case.
Compared to the ground truth images as depicted in Figs.
12(a) and (d) as well as Figs. 13(a) and (d), the surface
features are difficult to be distinguishable or misrecognized
as multiple entities in the previous study case. In particular,
the unexpected white features appear on the right side of
Fig. 12(c) compared to Fig. 12(a), resulting in false positive
alarm increase. Similarly, in Fig. 12(f), the original surface
efflorescence feature is duplicated compared to the ground
truth of Fig. 12(d), meaning that the wrong feature is added
on the right-hand side. In addition, the surface features are
too blurred or tilted to clearly identify the exact
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(d)

(b)

®

Fig. 11 Local areas vanishing: V1 (a) ground truth; (b) proposed technique; and (c) previous study: V2 (d) ground
truth; (e) proposed technique; and (f) previous study

Fig. 12 Local areas ghosting: G1 (a) ground truth; (b) proposed technique; and (c) previous study: G2 (d) ground
truth; (e) proposed technique; and (f) previous study

efflorescence area in Figs. 13(c) and (f). On the other hand,
there is no significant distortions that can affect to structural
damage inspection as shown in Figs. 12(b) and (e) as well
as Figs. 13(b) and (e).

4. Discussion

As it can be observed in the established fagade digital
model comparison results, the proposed technique
outperforms the non-loop-based previous study, NISwGSP
(Chen and Chuang 2016). This superiority becomes more
pronounced, particularly in spatially extensive structural
areas. As explained in Section 2, increasing the number of
digital images used for modeling escalates stitching errors

and computational expenses, especially in large-scale
structure modeling. However, stitching errors can be
significantly reduced by applying the proposed technique
compared to the previous stitching algorithms without loop
closure. As for the computational cost, the proposed
technique took 2 hours and 47 minutes with Xeon CPU E5-
2630 and 64 GB RAM in this study. Such expensive
computational cost can be reduced by controlling the
overlap ratio during the optimal image selection process and
adopting parallel computing. Nevertheless, it is the worthy
noted that the proposed technique can establish high-
resolution fagade digital models by minimizing stitching
errors.
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Fig. 13 Local areas ghosting: G3 (a) ground truth; (b) proposed technique; and (¢) previous study: G4 (d) ground

truth; (e) proposed technique; and (f) previous study

5. Conclusions

This paper proposed a loop closure-based digital image
stitching technique for facade digital model establishment
of a dam structure. The effectiveness of the proposed
technique was experimentally validated through an in-situ
dam with an unmanned aerial vehicle-mounted vision
camera. The digital modeling accuracy of the proposed
technique was compared with a conventional fagade digital
modeling technique without loop closure. The validation
test results revealed that the proposed technique precisely
established the fagade digital model while the fagade model
without loop closure was extremely distorted. It means that
the proposed technique enables to improve computer
vision-based damage detection performance using high-
resolution 2D facade digital models. As the follow-up study,
time-series damage information within the facade digital
model will be investigated for damage growth prediction by
obtaining the digital image data periodically. Furthermore,
the proposed technique will be applied to various large-
scale and planar-like structures such as building, road,
bridge and so on.
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