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Abstract: With the gradual maturity of the terrestrial laser scanners (TLS) technology, it is widely
used in the field of deformation monitoring due to its fast, automated, and non-contact data acqui-
sition capabilities. The TLS technology has changed the traditional deformation monitoring mode
which relies on single-point monitoring. This paper analyzes the application of TLS in deformation
monitoring, especially in the field of ground surface, dam, tunnel, and tall constructions. We divide
the methods for obtaining ground surface deformation into two categories: the method based on
point cloud distance and the method based on displacement field. The advantages and disadvantages
of the four methods (M2M, C2C, C2M, M3C2) based on point cloud distance are analyzed and
summarized. The deformation monitoring methods and precisions based on TLS for dams, tunnels,
and tall constructions are summarized, as well as the various focuses of different monitoring objects.
Additionally, their limitations and development directions in the corresponding fields are analyzed.
The error sources of TLS point cloud data and error correction models are discussed. Finally, the
limitations and future research directions of TLS in the field of deformation monitoring are presented
in detail.
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1. Introduction

With the development of human activities, there are more and more constructions.
At the same time, disasters caused by construction deformation occur from time to time
(such as building collapse, landslide, debris flow, tunnel collapse, etc.), causing great losses
to human life and property safety. Therefore, the monitoring and analysis of the ground
surface and constructions deformation has become increasingly important. It is necessary
to regularly monitor the constructions to reasonably ensure and maintain their safety [1].
Continuous observation and analysis of deformation phenomena of deformed bodies by
using special instruments and methods, and prediction of deformation trends can avoid
serious consequences caused by construction deformations. The traditional deformation
monitoring techniques mainly use level, total station, or GNSS (global navigation satellite
system) for single-point observation [2]. However, these observation methods have few
monitoring points and cannot provide comprehensive monitoring of objects. Moreover, it
is difficult to lay control points in complex terrain areas because of the heavy field work
and the long period to obtain results, which greatly affects the monitoring efficiency [3,4].

Three-dimensional (3D) laser scanning is an emerging measurement technology, which
is used to quickly and accurately capture points on the object surface with its advantages
of fast speed, automation, non-contact, and high precision [5]. Its appearance has changed
the traditional single-point deformation observation, and it is a whole-based deformation
monitoring method. The acquired data points are generally defined based on X, y, z
coordinates associated with attributions, such as the intensity of the laser beam reflected
from the observed object. Over the last two decades, geomatics experts, researchers, and
practitioners have witnessed a dramatic change in the way surveying is conducted. Point
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clouds are the most viable kind of data, representing various objects at different scales and
levels of complexity [6]. During data acquisition, laser scanning units can be classified
based on the position of the laser sensors; these classifications are aerial, mobile, and
terrestrial laser scanning corresponding to air (e.g., helicopter, plane, or drone), mobile
equipment (e.g., vehicle, train, or boat) and the ground [7]. Each method has its own
advantages, but TLS does not need a carrier as it can work when mounted on a tripod. TLS
technology has been used more commonly and is popular. Therefore, its applications to the
field of deformation monitoring has great significance and research ability [8]. TLS also
has great potential in the inspection processes due to its ability to capture objects in high
speed with accuracy up to sub-millimeter, and its low cost compared to other traditional
inspection methods.

In the past decade, a large number of studies have proved the feasibility of TLS in
deformation monitoring, and deformation monitoring has been applied in surface, building,
dam, tunnel, and other scenes [9]. For the literature search, the main source of information
was considered to Web of Science. Moreover, a supplementary literature search was also
conducted in Google Scholar and PubMed. We obtained 527 articles by searching for
the keywords terrestrial laser and deformation. Keywords are important to present the
fundamental concepts/concerns and subject areas of the published work, and demonstrate
a quick overview of the research horizons [10]. Co-occurrence of keywords analysis is
presented in Figure 1.
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Figure 1. Network of co-occurring keywords.

In view of the keyword association in Figure 1, we chose to summarize the deformation
methods of ground surface, dams, shield tunnels, and tall constructions. In this paper, we
review the deformation monitoring methods of ground surface and constructions based on
TLS. Section 2 introduces the applications of TLS technology in ground surface and slope
monitoring. Section 3 summarizes the applications of TLS in deformation monitoring of
constructions (including dams, shield tunnels, and tall constructions). Section 4 analyzes
the influencing factors of TLS deformation monitoring, including registration, filtering,
and data quality. Section 5 summarizes the whole paper and proposes the future research
directions of TLS in deformation monitoring.
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2. Research and Applications of TLS in Ground Surface Deformation Monitoring

Under the influence of long-term geological processes and human factors, the original
stress state of natural or artificial surface slopes will change, leading to stress redistribution
and stress concentration, which will cause the surrounding rock and soil to experience
different forms and even deformation, thus endangering the safety of nearby infrastructure
and people. Therefore, it is important to monitor the safety and stability of slopes. The
traditional monitoring methods include manual measurement, total station, GNSS, and
close-range photogrammetry [11]. Although TLS generally cannot measure the same point
twice as opposed to other techniques, which resulted in a loss of single-point accuracy,
deformation monitoring based on TLS can provide discrete 3D data of the surface, avoiding
the locality and unilaterality of stress-strain analysis based on single-monitoring-point
data. At the same time, it can improve the efficiency, accuracy, and diversity of data types,
which ensures that the surface slope deformation monitoring based on TLS has a wide
application prospect.

The surface slope deformation monitoring mainly calculates two types of quantities:
(i) distance measurement between point clouds based on the variation difference with time;
(if) displacement field calculation based on the identification of corresponding elements in
continuous point clouds.

2.1. Deformation Monitoring Method Based on Point Cloud Distance

Methods for calculating point cloud distance have been developed for model-to-model
(M2M), cloud-to-cloud (C2C) [12], cloud-to-mesh/model (C2M) [13], multi-scale model-
to-model cloud comparison (M3C2) [14], and their optimizations. In point cloud distance
measurement, for point-based strategies, point cloud is reduced to a subset of salient
points, also known as features or key points, which have unique characteristics considering
their local neighborhood. This means that they can be found in point clouds of different
measurement periods and matched between point clouds without the need to pre-register
the point clouds in a common coordinate system and use the neighborhoods in Euclidean
space [15]. Grid-based methods require the creation of models from one or two point clouds,
respectively, but are more robust to outliers than C2C, which finds the nearest points based
only on Euclidean distance [14,16]. In addition, multi-temporal datasets must be registered
prior to change analysis, which is usually performed using signal markers or defined
stability regions where the difference between the two datasets is minimized [17]. The
M3C2 algorithm is currently a common technique for change analysis based on geomorphic
point clouds, providing accurate measurements at multiple scales in a simpler workflow
that works in two steps: (1) the surface normal estimation in 3D at a scale consistent with
the local surface roughness, and (2) the measurement of the mean surface change along the
normal direction with explicit calculation of a local confidence interval [18].

Many researchers use the method of point cloud distance measurement to obtain defor-
mation information. In the study of the seasonal deformation on the Qinghai-Tibet plateau,
TIN (triangulated irregular network) has the advantage of representing the digital elevation
features by topographic feature points, and continuously calculating differences between
multi-temporal TINs to obtain the elevation fluctuation of the Qinghai-Tibet plateau [19].
The information on surface changes of a slow-moving landslide in the Austrian Flysch zone
was also obtained based on M2M [20]. This method was also applied to the subsidence
basin of the Wangjiata mining area, which was obtained by DEM subtraction in two phases,
with an accuracy up to 67 mm [21]. The surface DEM is established by using the point
clouds after coordinate transformation, and the dynamic subsidence value and subsidence
basin during the observation period are obtained by DEM subtraction. When monitoring
the fissure of the ground surface, the differences between point cloud registration are used
as the global displacement [22]. Due to the complexity and heterogeneity of the ground
fissure disaster evolution, it is difficult to obtain a reasonable global registration result to
express the characteristics of deformation and damage by best-fitting methods. Therefore,
control points are set in the non-deformation area, and point clouds in different periods
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are registered by using control points to obtain surface subsidence. The C2C method
was applied to landslide monitoring to calculate landslide displacement [23]. Then, an
upgraded method on C2C was proposed, which used a combination of point distance
and statistical sampling to measure deformation directly from point cloud data without
mesh or curve fitting to maximize data integrity and minimize errors [16]. C2M is the most
common technique in inspection software. Surface change is calculated by the distance
between a point cloud and a reference 3D mesh or theoretical model [13,24,25]. The M3C2
algorithm was used to obtain the rock glacier surface deformation and orientation of the
landslide at different intervals [26,27]. It found that higher temporal resolution will play an
important role in the future observation of glacier rocks, the average distance of boulder
movements during the 3-week period is 0.08 m (23 mm, standard deviation) [26]. How-
ever, M3C2 relies on position averaging in the reference and data point clouds to reduce
noise, which may cause undesired artifacts in high roughness surfaces or around occluded
points. Therefore, a point cloud denoising and calibration method is proposed to solve this
problem [17], which used the point redundancy in space and time, calculates the distance
using the multi-scale normal distance method, and uses a set of calibrated point clouds to
eliminate the systematic error. The median value is used to filter the distance value of the
neighborhood in space and time to reduce random type errors and improve the ability of
monitoring and detecting small changes. Additionally, a method for change detection and
change quantification using 3D point clouds was presented [28], which extends the state-
of-the-art M3C2 method by incorporating knowledge about the uncertainty of individual
points. It applied the error propagation theory to the M3C2 algorithm and upgraded it
to M3C2-EP to reduce the quantization difference of LoDetection (level of detection) in
the M3C2 algorithm and the number of false alarms. However, it was difficult to interpret
changes measured using the M3C2 method when: (1) change occurs in directions different
to the direction of change computation, or (2) the quantified magnitudes of change are
exceeded by the associated uncertainty due to a rough surface morphology. The approach
named correspondence-driven plane-based M3C2 approach was presented, to quantify
the small-magnitude (<0.1 m) 3D topographic change of rough surfaces by reducing the
uncertainty of quantified change [29]. The advantages and disadvantages of point cloud
ranging methods are compared in Table 1.

Table 1. Comparison of point cloud ranging methods.

Method Reference Advantage Disadvantage
Point clouds with rough surfaces cannot be
M2M Direct comparison of terrain models, simple and finely meshed, and it is difficult to describe
[19-21] . . .
easy to understand. rough and vertical surfaces, which are essentially
limited to 2D surfaces.
Simple and fast, direct comparison of 3D point Sensitivity to point cloud roughness, outliers,
c2C [12,16,22,23] clouds, no need to mesh and planarize point and point spacing, and dependence on spatial
clouds, and no need to calculate surface normal. sampling rate.
For rough and occluded point clouds, mesh
oM [13,24,25] Good for flat surfaces. Cr.ea’Fion is inc.onvenient, and int.erpolation of
missing data introduces uncertainties that are
difficult to quantify.
It is more robust to deal with missing data of Long calculation time, relies on the average
M3C2  [14,17,26,28,29] point cloud, does not need to mesh the point position in the reference point cloud and data

cloud, and can reduce the influence of noise and

point cloud to reduce noise, insensitive to

outliers in the point cloud. deformation of flat areas.

2.2. Deformation Monitoring Method Based on Displacement Field

It is a common method to construct a 3D displacement field to represent the deforma-
tion direction of the surface area. The displacement field contains displacement vectors with
corresponding directions, which represent the displacement change trend of the surface of
the survey area. The displacement field operation often uses a sliding window to register
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the regional point cloud to obtain the displacement vector. In other words, the difference in
the method based on displacement field is the different way of point cloud registration.

The cross-correlation-based particle image velocimetry (PIV) method was applied to
derive a surface deformation field [30]. Point clouds in different periods are gridded
on the XY plane; the first stage point clouds were fixed, and the second stage point
clouds were registered with the first stage point clouds by using a correlation window
and inquiry window and calculating the correlation matrix. The disadvantages are that
significant surface damage between continuous scans will reduce the correlation, and a
single PIV parameter is not applicable for complex landslide deformation. When extracting
landslide displacement, the ICP (iterative closest point) algorithm [31] deduced a 3D
displacement vector with a maximum 3D deviation of about £7 cm [32]. To simplify
computation time, the point clouds are divided into unit elements of selectable size and an
ICP matching algorithm is applied to each voxel. The correspondence between points and
surfaces is calculated [33], and the transformation matrix derived for each voxel is used
to connect each point of the primary point cloud with the corresponding surface of the
secondary point cloud, and the generated connections can describe the motion between
point clouds. A method called PCSC (point cloud set conflict) was proposed for giant
landslide displacement analysis to acquire the surface changes from two temporal point
clouds [34]. In this method, the surface displacement results, including magnitude and
directions, are calculated by the PCSC technique based on terrain roughness. However,
the deviations between PCSC and InSAR (interferometric synthetic aperture radar) results
are at a centimeter level (1.18 cm). The confidence of a centimeter could be acceptable in
study of an oversized landslide. The coarse registration method of point cloud based on
SIFT (scale-invariant feature transform) feature points and the fine registration method
based on an improved ICP algorithm of K-D tree were applied to slope deformation
monitoring [35]. It constructs a prism with the normal vector of the reference point cloud
as the axis, determines the position of the comparison point cloud by calculating the center
of gravity in the prism, extracts 3D deformation information along the normal line, and
determines the optimal model parameters through model tests. The mobile registration
window technique is used to determine the displacement field of underground mining. The
accuracy of the proposed method to automatically determine the displacement field, when
taking into account the georeference error, was within the range of a few centimeters [36].
The technology divides the reference point cloud and the point cloud to be registered into
multiple segments. The corresponding segments are then consecutively registered, and
for each registration window, the corresponding displacement vector is determined using
the transformation parameters between the base segment and the registered point cloud.
In the process of registration, the size of the window is critical. Some people have made
breakthroughs in the field of deformation monitoring using deep learning. For the previous
algorithm, the displacement vector only represents the distance between surfaces, rather
than the actual displacement of points on the surface. Therefore, the derived vector does not
represent the real 3D displacement, and the result is usually interpreted and visualized only
on the basis of its amplitude. Furthermore, it mainly represent deformations orthogonal to
the surface, and does not reflect or significantly underestimate the actual displacements in
the case of motions/deformations parallel to the surface or more complex motions [37,38].
A novel deep learning framework was proposed to compute realistic 3D displacement
vectors, called F253 (feature-to-feature supervoxel-based spatial smoothing) [38,39]. The
main idea of F253 is to establish corresponding points in each period based on the proximity
in the feature space spanned by local feature descriptors, rather than the proximity in
Euclidean space. The local feature descriptors describe the geometric information of the
local neighborhood around the point of interest in the form of a high-dimensional vector.
By establishing the corresponding points in the feature space, F253 is also sensitive to the
displacement along the surface to produce a complete 3D displacement vector.

The two methods based on point cloud distance and displacement field are the most
commonly used methods in surface slope monitoring. The method based on point cloud
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distance is used more frequently than the method based on displacement field. Except for
C2C and M3C2 that directly compare point clouds, other methods all need to establish dif-
ferent types of models. This requires selecting appropriate models for different monitoring
scenarios. Simple triangular meshes can be established for those with small fluctuations,
while polynomial fitting is often used for those with surface irregularity. At present, there
is a lack of unified evaluation of model accuracy, in addition, there is not much research
that gives appropriate type correspondence for selecting fitting methods. The displacement
field technology does not need to face this problem. The core of the displacement field
technology is the matching of point cloud features. Through sliding windows, roughness,
and other point cloud features, it is possible to match the differences in features of point
clouds at different periods. The key is the method of feature extraction, which is more
difficult than point cloud distance measurement. From the above analysis, it can be seen
that the average accuracy of TLS in surface deformation monitoring is basically at the
centimeter level. This is because the surface deformation area is large, and the point cloud
data quality decreases with the increase of distance when TLS scans over long distances.

3. Research and Applications in Constructions Deformation Monitoring
3.1. Deformation Monitoring of Dam

As an important part of river flood control projects, dams realize the reasonable
regulation and optimal allocation of water resources through water storage, which is very
important to produce electricity, water supply, and irrigation. They play an important role
in the lifeblood of society and economy [40]. However, with the progression of time and
the evolution of the natural environment, some dams have serious safety hazards. The
collapse of a dam will cause serious threats to the safety of people’s lives and property,
and social and ecological damage. Therefore, the safety of dams is crucial for the normal
operation of water engineering systems. Continuous monitoring is important in order to
prevent any hazardous effects of dams [41].

A reconstruction algorithm based on spherical projection was proposed [42], which
used the triangulation algorithm to construct a 3D surface model. The test vector algorithm
was used to gradually search for the best local vector along the surface of the object in
a similar forward wave manner and propagated down until all points had the correct
vector. At the same time, a partial spherical projection unit was generated at each point to
express the discrete sampling points and the geometric information of the contained local
neighborhood. The overall dam deformation was obtained by comparing the cloud data of
different reference points with the reference surface model. NURBS (non-uniform rational
B-splines) technology was used to model the point cloud data of the dam and create a high
spatial resolution model of the earth rock dam with sufficient accuracy (£2 mm) [43]. As the
model was created from a series of continuous monitoring exercises at different times, the
deformation characteristics of the earth rock dam are explained more completely. Others
used the point cloud registration method to obtain dam displacement. Two-step point
cloud registration and contour model comparison method was applied to an arch dam dis-
placement change detection, which can reach millimeter level accuracy [44]. A customized
processing procedure for deformation extraction was proposed [45], the core idea of which
was to achieve high accuracy registration of the point cloud in an iterative manner using
the ICP algorithm for different time periods in the reference region, displaying the features
and undeformed geometry at stable locations at each time period. Then, the alignment
transformation matrix was applied to the point clouds of each upstream surface in each
period, and the multiple adjusted point clouds were compared pairwise for deformation
evaluation. The minimum detectable deformation was in the range of below £10.0 mm if
the numerical errors of surface generation were removed. A registration algorithm based
on a normal distribution was proposed [46], which improved the original progressive
encryption triangulation filter algorithm. Researchers used the C2M method to compare
and analyze the patterns of the monitored dam shape variables, and developed a source
program to realize the processing, comparative analysis, and modeling of the integrated
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monitoring point cloud data. The mean square error in dam subsidence displacement was
about £1.98 mm.

In dam deformation monitoring, deformation information should be extracted from
the model rather than the point cloud. First, a complete dam model was constructed from
the point cloud, including triangulation model, contour model, and function fitting model.
Since the point cloud data will inevitably encounter the situation of leakage holes and noise
points, it was necessary to interpolate the point cloud data during modeling, which reduced
the influence of point cloud roughness. At the same time, the question of whether the point
cloud obtained by interpolation was consistent with the actual surface condition deserved
consideration. As a means to obtain deformation information, the accuracy of the model
affected the accuracy of the final deformation monitoring results directly. The current stage
is to explore the improvement of model accuracy, from TIN, the linear contour model, and
then to the function fitting model. The high accuracy of the dam surface model is the key
goal we pursued. Due to the dam being monitored over a smaller area, the accuracy in
deformation monitoring of the dam was at millimeter level.

3.2. Deformation Monitoring of Shield Tunnel

With the development and utilization of urban underground space, tunnels are be-
coming more and more common. Laser scanning technology for deformation monitoring
in the tunnel engineering application has caused some concern [47], especially for shield
tunnels, which are formed by the assembly of tube pieces, which are regular in shape and
facilitate deformation monitoring of their whole using point cloud data. As a key to the
construction and maintenance of tunneling projects, traditional monitoring technology
only measures a small number of data points, which is not sufficient to understand the
deformation of the entire tunnel [48]. With the gradual maturity of TLS technology, when
used for tunnel surface survey, the overall deformation distribution of the tunnel can be
obtained, overcoming the shortcomings of the traditional survey. The main difficulties
include: (1) tunnel central axis extraction, (2) tunnel cross-section extraction, (3) tunnel 3D
model construction, (4) water leakage, segment dislocation, and crack identification.

Aiming at the problem of how to effectively obtain 3D models and accurately extract
the feature information of large-scale composite structures such as tunnels, a surface-based
nondestructive measurement method was proposed and developed, and its accuracy falls
within the millimeter range [49]. The method focused on extracting feature sections and
central curves for tunnel deformation monitoring. The innovation of this method lies
in the projection and iterative filtering of the ring data and rasterization of the point
clouds for vertical and horizontal lines. The standard deviation of distances between
the central points and central curve was about 3.5 mm. A new method was proposed
to extract the tunnel central axis based on the 3D invariant moments and best-fit ellipse,
and it can be with an accuracy of 2 mm for cross-section measurement [50]. To enable
fast registration of the point cloud, a method of locating the base was proposed, and an
improved moving least-square method was proposed to reconstruct the tunnel center
line from the unorganized point cloud. After fitting an optimal circle, the cross-sections
were estimated by the proposed method. The RMSE of the TLS method was estimated as
4.7 mm. The convergence of the tunnel cross-section was analyzed based on each point
cloud slice to determine the safety state of the tunnel [51]. Since the original point cloud
collected by TLS cannot show tunnel deformation, a 3D modeling method based on the
elliptical fitting algorithm (EFA) was proposed to analyze the settlement deformation,
segment dislocation and cross-section convergence of the tunnel. Compared with the
results of numerical simulation, the maximum error of the convergence deformation was
about 1 mm [52]. To extract the shield tunnel cross-sections from point clouds, a new
framework was proposed [53]. It consisted of two steps: tunnel central axis extraction
and cross-section determination. A slice-based method was proposed to obtain the initial
central axis, which was further divided into linear and nonlinear segments. The circular
segment algorithm based on enhanced random sample consensus (RANSAC) tunnel axis
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segmentation solved the problem of linear and nonlinear hybrid segment extraction. The
cross-sectional fitting error was only 1.69 mm. Compared with the designed radius of
the metro tunnel, the RMSE of extracted cross-section radius only keeps 1.6 mm. A high-
precision interpolation and filtering algorithm was introduced to extract the continuous
tunnel profile of the entire tunnel, which was further refined by solving the constrained
nonlinear least-squares method. In view of the difficulties in extracting cross-section
information and the lack of applicable deformation analysis based on the point cloud,
an adaptive cross-section extraction algorithm for deformation analysis was proposed
and the deformation analysis accuracy was less than 3 mm [54]. Boundary points were
extracted along the point cloud route direction, and the central axis was determined using
a bidirectional projection algorithm. After a comprehensive analysis of the curve fitting
algorithm, the cubic B-spline curve was selected to fit the cross-section points. Finally,
the radial and diametric divergence were used to analyze the local deformation position
and overall deformation trend. The technique of acquiring the 3D shape of tunnel surface
was proposed for the first time [55], and the 3D deformation reconstruction technology
method was based on the ellipse fitting algorithm, coordinate transformation, and the
M3C2 algorithm. There are many methods to detect the cracks, water leakage, and other
diseases in the shield tunnel. A tunnel surface parameterization algorithm based on a
harmonic map was proposed, which reconstructed a triangle mesh model of the tunnel
and then generated a harmonic map depth map of the tunnel inner wall on the triangle
mesh [56]. It is able to obtain the spatial distribution and location information of the
appendages and detect whether there are cracks, water leakage, falling pieces, and other
diseases by the depth images. An automatic tunnel monitoring method based on the image
data collected by the motion vision measurement unit composed of camera arrays was
studied [57], combined with the deep learning algorithm to identify cracks through the
Mask R-CNN network. Using the reflection intensity value of the point cloud data, the
combination of expansion and the Canny algorithm can realize the automatic intelligent
identification and extraction of fractures [58]. A new method for underground tunnel
leakage detection was proposed [59]; the reference target was used to correct the influence
of distance and incident angle on the intensity based on piecewise linear interpolation.
After corrections of distance and incident angle effects, the corrected intensity data were
used to detect the water leakage regions in the underground tunnels.

In recent years, the application of TLS technology in engineering surveys has become
a technology for large-scale applications in the tunnel engineering environment, due to its
advantages of non-contact, fast speed, high precision, and large-scale data acquisition. In
order to obtain satisfactory scanning data, this section briefly introduces the application in
tunnel monitoring. In tunnel deformation monitoring work, the first thing to do is to extract
the central axis, and then slice the tunnel point cloud to fit the cross-sectional analysis. In
tunnel deformation analysis, the accurate extraction of the axis is particularly important,
and how to fit the central axis accurately and quickly is the key research direction. From
the above research, it can be seen that the accuracy of TLS in tunnel axis extraction and
section fitting is very high, at the millimeter level. In addition, the geometric deformation
of the tunnel is monitored during excavation, and the accuracy and reliability of the 3D
reconstruction of the tunnel scene are also to be studied. The real scene in the tunnel is 3D,
and the regular monitoring modeling comparison is to determine the deformation trend of
the tunnel. Moreover, the recognition of tunnel cracks or leakage areas should also rely on
deep learning and image recognition algorithms, after all, image recognition algorithms
are more mature, and point cloud intensity information can also be used to monitor water
leakage and cracks. TLS has not yet become a common tool for tunnel measurements, but
it still has great potential for exploitation.
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3.3. Deformation Monitoring of Tall Constructions

Some scholars have used TLS to monitor the deformation of some tall constructions.
The most common characteristics of these constructions is that they are very tall. Most tall
constructions have complex multi-story structures, such as cooling towers, wind turbine
towers, and chimneys. The cross-sections of these constructions are usually circular or ellip-
tical. The long-term influence of external loads on these structures causes different degrees
of deformation of the structure. This not only affects the stability of the construction itself,
but also threatens the security of people’s lives and property. Monitoring the deformation
of tall constructions can do a good job of risk transfer and early warning before the risk
occurs. Therefore, it is important to monitor the deformation of tall constructions.

Cross-sectional method: surveyors generally use the line scanning mode of observation
to fit circles at different heights, and to fit the center coordinates of circles of thin point
cloud slices at multiple levels. By comparing the center coordinates of the upper levels
with those of the lowest levels, the 2D displacement deviations of the tower moving in the
axial and lateral directions can be determined. Some researchers used TLS to conduct line
scans of cooling towers, wind turbine towers, and chimneys to analyze axial deformation
monitoring [60], and used a least-squares circle fitting method [61,62] to fit a circle from
cross-sectional surveying points in the same horizontal plane, the center of the circle and
the deviation of the circle were calculated, a comparison of TLS, and classical deformation
measurement of two chimneys in a similar way was presented [63]. By continuously
measuring the coordinate values on the horizontal plane, the deflection of the object axis
can be calculated, and the deviation from the center is the deviation from the vertical line of
the measured object. To monitor the verticality of chimneys, two methods were proposed
to estimate the center at different levels [64]. The first solution is a manual method using
traditional CAD software, where the circular fitting is performed manually by point cloud
slicing. The second method is to automatically fit the circle using the least-squares method,
which provides not only the central coordinates but also statistics to assess the metric quality
and shows a precision better than 2 mm. In monitoring the verticality of a wind power
tower and the deformation monitoring of the wind turbine blade, the point cloud data
was processed using Bentley MicroStation V8i software for the graphical representation
and geometrical measurements [65]. The measurements were used to determine the basic
dimensions of the examined facility, deflection of the vertical axis of the stationary support,
and blade geometry. The point cloud of the chimney was cut into horizontal rings of 25 mm
width by CloudCompare software, vertical cylindrical segments to each ring were fitted
by the least-squares method, and then the x, y coordinates and average adjustment errors
of the cylindrical axes could be calculated. By comparing the x and y coordinates of the
higher layer with those of the lowest layer, the deviation of the chimney axis from the
vertical direction was calculated [66]. For the assessment of industrial chimney geometry,
TLS and structure from motion (SFM) were integrated with an average error of 13 mm,
after the registration of point clouds obtained by the two methods, the center of the circle
was piecewise fitted to obtain the axis deviation [67].

Surface parametric modeling: Gauss—-Helmet nonlinear model was used to estimate
the surface parameters of a cylinder for 3D parametric modeling [68]. This method is much
more complex than the traditional cross-sectional method in determining the inclination
angle of the structure, but it is more advantageous in obtaining the inclination angle of the
structural axis directly, avoiding blind spots between the cross-sections, and performing
advanced analysis of structural deformation compared with the modeling surface. By
establishing a 3D model of the building point cloud data, the inclination of the building can
be monitored [69], comparing the angle between the y axis of the building’s central axis
and the horizontal x axis, and determining whether the building is inclined due to ground
subsidence by the degree of the angle. An angle of 90° indicates no inclination and less
than 90° indicates that the building has been inclined.

In addition, some scholars have used not only TLS, but also combined it with other
technologies to monitor the deformation of tall constructions. Based on the TLS technology,
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the video measurement was also used [70], with the camera placed face up at the bottom of
the generator, video observation of the nacelle using point tracking software to measure the
movement of the nacelle, and the laser scanner tilted upward to measure the deformation
at the top end of the tower. The measurements were compared in time and frequency
domains under different operating conditions, such as low/strong winds and turbine
start/brake. There was a high correlation between the laser-based signal and the reference
measurement signal in the time domain, and the same peak of the main tower oscillation
was determined in the frequency domain. The TLS technology was proved to be a capable
tool for the structural health monitoring of wind turbine towers. The GB-RAR (ground-
based real aperture radar) interferometer can also be used in combination with the TLS
for coordinate positioning [71], and the high resolution of the TLS and the advantages
of GB-RAR can be used to capture and measure the vibration frequency of the higher
oscillation mode to monitor the wind tower. The joint use of co-located TLS and GB-RAR
can provide richer information on the dynamical behavior of the structure. Model-based
processing is based on the use of interpolation to reduce noise and improve the accuracy
of displacement monitoring [72]. After the joint registration of TLS and GB-RAR, the
vibration spectra obtained by TLS and GB-RAR can be compared by spectral analysis of
distance—time series. This method is especially suitable for linear structures such as wind
towers. The oscillation profile can be estimated, the spectral characteristics of the tower can
be adequately described, the vibration amplitude of the wind tower can be described, and
the structural deformation monitoring of the wind tower can be ensured.

The TLS technology with rapid survey, large number of points, and high recognition
accuracy is very effective in surveying the geometry of objects that change rapidly over
time. However, its limitation is the repeatability, which requires the identification of
new points on the surface each time. The advantage of the cross-section method is the
simplicity of the algorithm and its wide application. However, its limitation is that it is not
global monitoring, but uses the coordinate difference of the center of the fitting circle of
the point cloud cross-section at different heights to determine the axial deviation of the
object, and does not use all the point cloud data. The advantage of the surface parametric
modeling method is that it directly obtains the inclination angle of the structure axis,
avoids the blind spots between the cross sections, and provides a more advanced analysis
of the structural deformation compared with the modeling surface. Both methods are
more effective when the shape of the monitored object is regular and can be expressed by
functions. In addition, other means (such as video measurement, amplitude measurement,
etc.) can be combined to achieve more comprehensive monitoring when monitoring the
deformation of tall constructions.

4. Key Issues in the Application of TLS Technology
4.1. Data Acquisition

As numerous studies and applications have been conducted in the field of defor-
mation monitoring, data acquisition is the premise and basis of deformation analysis. It
includes inspection of instruments, field survey, control network layout, and scanning
plan formulation. It is necessary to check whether the scanner can work normally and
whether its accuracy can meet the engineering requirements; then, to go to the site to survey
the terrain. For different terrain conditions, the subsequent deployment of the control
network and determination of the scanning position of the scanner should be considered
in advance. After investigating the terrain, the control network can be established, which
is not necessary but recommended. Control points can improve the registration accuracy,
which is conducive to transform the local coordinate system of the point cloud into the
unified coordinate system. Finally, the scanning plan is formulated, and operators acquire
the point cloud data according to the scanning plan.
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4.2. Data Preprocessing

In the application of TLS technology, data preprocessing is also an extremely important
aspect [73]. The first stage of point cloud processing is preprocessing. As part of the
processing of the point cloud, the data must be prepared for further use. The two main
steps are: registration and filtering. When acquiring point cloud data from TLS, the
deformation monitoring range is usually large. It is necessary to scan the monitoring
area using multiple stations to obtain the complete point cloud data of the deformation
monitoring area. Since the coordinate system of each station is independent, we need to
convert the scanning data of different stations to the same coordinate system, and then
perform registration operation on the point clouds of different stations. The point clouds
of different stations are spliced together to form a complete regional point cloud, which is
convenient for later analysis of deformation using point clouds of different periods [74].
In addition, point cloud data may contain some noise points [19,22] due to the occlusion
of surrounding objects and the influence of the instrument’s own factors. In addition, the
volume of point cloud data is extremely large, and there will be millions or even tens of
millions of points in the scanning data of one station. Data redundancy is not conducive to
the subsequent deformation analysis. First, the point cloud should be filtered to remove
noise points and reduce data redundancy, to meet the data volume of deformation analysis
and reduce the consumption of data processing time.

In deformation monitoring projects, multi-station splicing of point clouds in the
same period is usually done through white balls or checkerboard markers [15,21], which
are placed in the overlapping area scanned twice by the scanner, and then point cloud
splicing is carried out by identifying markers through the built-in commercial software.
In addition, the algorithm can be used to register point clouds. Registration is divided
into two categories: pairwise registration and multi-view registration [75]. Among them,
the pairwise registration method is divided into two steps: coarse registration and fine
registration. Coarse registration methods include the following categories: hand-selected
features, 4PCS (4-points congruent sets), probabilistic registration, and deep learning
registration. Fine registration is divided into ICP and NDT (normal distributions transform)
and their improvements. Multi-view registration methods are divided into sequential
registration-based methods and joint registration-based methods. Point cloud registration is
also a hot research topic, and many scholars have proposed different registration algorithms
in recent years. For cases where the local registration methods rely on sufficient initialization
or converge easily to local minima and the global registration methods rely on the accurate
extraction of geometric primitives, a CPD (coherent point drift) algorithm using geometric
information and structural constraints for point cloud registration is proposed [76]. The
algorithm considers the survey geometry and the intrinsic characteristics of the scene to
simplify points and incorporates geometric information as well as structural constraints in
the probabilistic model to optimize the so-called matching probability matrix, improving
the efficiency and robustness. A novel 3D registration framework was proposed that
transformed the point cloud into a mid-level structure space, designed a robust method
to find the effective original combination corresponding to the 6D pose of the original
point cloud, and then constructed a descriptor based on the hybrid structure [77]. The
registration was completed by matching descriptors and calculating rotation and translation
parameters. The whole process of this method was performed in the structure space. The
advantage of this method is that it can capture geometric structures and semantic features
in a larger domain, and it can robustly and effectively reconstruct urban, semi-urban, and
indoor scenes. An improved registration method based on a point cloud voxel grid was
proposed [78]. The voxel grid structure and index structure of point cloud were established
to eliminate the uneven density of the point cloud. Then, based on the distribution of
point clouds in the voxel grid, the key points were calculated to represent the whole
point cloud. RANSAC was used to find the quaternary basis in the target point cloud
according to the overlap rate and the size of the point cloud range. The corresponding
quaternion candidate set was determined by matching the affine transformation ratio, and
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the candidate transformation matrix was calculated by SVD (singular value decomposition)
for each candidate quaternion. By choosing a suitable point cloud registration method, the
efficiency and accuracy of deformation monitoring can be improved.

In the process of laser scanning, point clouds of unwanted objects such as vegeta-
tion and electric wires will inevitably be collected and treated as noise points, which will
affect deformation monitoring and analysis [59,79]. Correct filtering of noise points and
outliers has also become a prerequisite for the credibility of deformation monitoring results.
A new LiDAR point cloud filter [80] was proposed, which was based on mathematical
morphological geodesic transformation, and has the advantages of simple concept and
easy implementation by morphological filtering method. Compared with the traditional
morphological transformation, the geodesic transformation only uses the basic structural
elements and converges after a finite number of iterations, which can effectively filter
the non-ground points. A multiscale noise removal overall filtering algorithm was pro-
posed [81]. According to the comparison of surface change factors, the point cloud was
divided into mutation area and flat area. Finally, the statistical filtering algorithm was
used to remove large scale noise in the flat area, and the bilateral filtering algorithm was
additionally used to remove small scale noise in the mutation area. In addition to the
self-developed algorithm, the point cloud processing software integrated various filtering
algorithms to process the data scanned by the corresponding manufacturer’s instruments.

As a common step in all deformation monitoring projects, the registration and filtering
of point clouds are sufficient to prove their importance in deformation monitoring studies.
The registration speed and accuracy are important indicators for evaluating the registration
method, and they are also the directions of future research. Faster point cloud registration
can reduce the preprocessing time of point clouds, and higher registration accuracy can
build a model that is more consistent with the surface and obtain higher shape variables.
Point cloud filtering is required to improve the degree of automation and the accuracy.
Nowadays, some projects still use the manual method to remove noise, which undoubtedly
increases the time of data processing. How to completely and accurately remove noise
points to ensure that the real surface data is not removed is a key issue. Currently, many
algorithms can meet the basic requirements, but the presence of noise point outliers is
fatal for more precise deformation monitoring projects. It is also a factor restricting the
application of TLS in high-precision deformation monitoring. In the future, the filtering
algorithm should be developed in a fast and accurate way to promote the application of
TLS technology.

4.3. Data Quality Assurance

Millimeter accuracy is often required in the deformation monitoring industry. There-
fore, data quality is one of the most important factors for the effective use of TLS in the
deformation monitoring industry. As with traditional techniques, TLS is subject to different
sources of uncertainty during surveying. In this case, it is crucial to identify potential
sources of errors which affect the data quality and assess their impact on the results.

When using TLS, the accuracy of point cloud data can be affected by instrument mech-
anisms, atmospheric conditions, object surface properties, and scan geometry [82,83], and
other systematic and random errors can also lead to noise. Many studies have addressed
error analysis and performance evaluation of laser scanners, which are essential to ensure
adequate data quality and reliability. Several factors affecting accuracy are discussed,
including laser incidence angle, object height, surface material, and point cloud density [79].
The larger the scanning distance and incident angle, the greater the influence on the scan-
ning quality. The higher the point cloud density is, the more accurate the deformation
results will be. At the same time, the disadvantage is that the data volume becomes larger
and the scanning time increases. The impact of the incidence angle on the point cloud
data was tested, and it was found that about 80% of the data would be lost when the laser
incidence angle was greater than 70 degrees [84]. The presence of high incidence angles
in TLS measurements has limited the capability to identify the significant displacement
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of the targets [85]. Systematic and random errors affect the coordinates of each point in
the point cloud, which is directly related to the data quality and subsequent processing of
the point cloud. The errors affecting the quality of point cloud data are classified, and the
document standard summary is formulated for the performance evaluation of TLS, and
the performance methods for evaluating TLS are summarized [86]. A robust target-based
TLS self-calibration method was proposed at the algorithm level [87]. The solution was
obtained by normalizing the residual vector and calculating the method based on the
equivalent covariance matrix, which effectively eliminated the random errors and gross
errors related to the observation, and improved the point accuracy from the centimeter
to millimeter level. The point cloud registration errors that affect the final deformation
estimation were studied [88], appropriate segmentation methods for extracting deformed
surface data points were determined, methods for identifying undeformed or reference sur-
faces for deformation estimation were investigated, and a method for minimizing outliers,
noisy data, and/or mixed pixels that affect the deformation estimation was proposed. In
addition to the analysis of the influence of the errors, there are also studies to put forward
the corresponding error model to offset part of the influence of errors. An error model
for TLS measurement was proposed [89], where the error was estimated based on the
distance to the object and the incident angle. A stochastic model for TLS observations
was proposed in reference [90]. The current error model was extended by classifying
atmospheric parameters as randomly correlated basic errors. Others integrated the external
models related to atmospheric refraction, beam drift, and incident angle into the seven
parameter similarity transformation model to introduce the combined model to detect
external errors and record multiple scans [91]. Instrument specification, plane residual
accuracy, required point spacing, target color, and target gloss are also factors which users
should consider when selecting scanning positions [92]. Moreover, two methods were
applied for radiometric correction of laser scanning intensity data [93]. It should be noted
that there is still a lack of standardized tests for quantifying the impact of various error
sources, as well as uniform accuracy requirements. Therefore, the quality and reliability of
acquired point cloud data will still face challenges.

In the future, the impact of various errors on the accuracy of point cloud data should be
solved from following two aspects. Firstly, research and development of the TLS equipment
should be conducted to improve the scanning distance of the TLS, reduce the scanning
limitation caused by the incidence angle, improve the scanning distance and accuracy
of the TLS, and select a laser that is less affected by environmental factors as the light
source. Secondly, the error correction models should be studied, and the algorithm model
should be applied to improve the point cloud data quality. The error models of atmospheric
refraction, point cloud reflection, and other influencing factors should be established. The
correction model of temperature and humidity should be improved through experiments
and analysis.

5. Summary and Prospect

With the development of TLS technology, the proportion of its application in deforma-
tion monitoring has gradually increased. In this paper, we reviewed the latest development
of deformation monitoring based on TLS, especially the deformation monitoring methods
used in the fields of surface, tunnel, dam, and tall constructions. We summarized the
differences in the methods and the focus of extracting deformation information in differ-
ent domains. In ground surface and slope monitoring, there are two methods based on
point cloud distance measurement and characteristic displacement. Most dam monitoring
methods are based on the difference of models. In tunnel monitoring, we should pay
attention to the extraction of the central axis, segment dislocation, and leakage cracks. In
tall constructions monitoring, the cross-sectional method and surface parametric modeling
are used to analyze their tilt and offset. Then, we presented the main steps of point cloud
preprocessing, including registration and filtering, and analyzed the factors that affect the
quality of point cloud data, as well as the factors limiting the development of TLS were
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discussed. Finally, we can see from the above research that the accuracy of the TLS is
unfixed for different monitoring objects. When monitoring the surface displacement or
settlement, the observation range is often large and some places are far away from the
scanner, resulting in incomplete point cloud data, which reduces the final overall accuracy.
This is the limitation of the application of TLS. However, when monitoring in a small range,
objects can be scanned in detail, and the accuracy can mostly be within the millimeter level,
so TLS can play an efficient role in short distance and small range observation.

In order to promote the development and application of TLS in deformation monitor-
ing, this paper analyzes and proposes the following future research directions:

(1) Improve the accuracy of the data acquired by the instrument. From the above
analysis, we can know that TLS acquires very detailed data in short distance and small
ranges, but with the increase in the observation distance, data quality becomes more and
more poor, which limits the widespread application. Instrument manufacturers should
develop more precise scanners suitable for remote measurement to adapt to deformation
monitoring in different scenarios.

(2) Improve the data processing capability. Although a lot of research has been con-
ducted on data processing, there is still a considerable gap between the existing technology
and its application requirements. There is great potential in improving the processing
efficiency, robustness, and automation of algorithms. In addition, the developed algo-
rithms should be oriented to practical applications and have universal applicability in
the field of deformation monitoring. Finally, a standard system should be established to
evaluate the performance of the algorithms in order to select appropriate methods for
different applications.

(3) Establish a high-precision point cloud model. When TLS is used for deformation
monitoring, the scanning point cloud modeling is used to obtain the overall information
of the object surface. When the point cloud data is lost [94], the selection of different
modeling methods and the precision of the model establishment are particularly impor-
tant [95]. Five categories are presented to establish a preliminary systematization of these
methods: (I) point-based models: single points; (II) point-cloud-based model: point cloud;
(III) surface-based model: grid structure; (IV) geometric-based model: continuous surface;
(V) parameter-based model: parameters that approximate the surface [96]. An overview of
research activities dealing with the modelling of point clouds with regard to the derivation
of deformations is provided [97]. It is subdivided according to the measured objects and
conveys an application-orientated state-of-the-art areal deformation analysis of these ob-
jects. The current application fields are systematically summarized to provide modeling
reference for different research fields.

(4) Artificial intelligence (Al) is adopted. At present, Al has been widely used in
all walks of life. As a branch of computer science, it has great advantages in processing
and analyzing a large amount of data. There is no doubt that Al will become one of the
main trends in the field of deformation monitoring in the future. In recent years, various
Al techniques, especially deep learning, have been found in previous studies proving its
great potential in object detection and quality assessment [98-100]. In the future, problems
such as project planning, scanning planning, and deformation prediction can be solved
with the assistance of Al In this case, it is urgent to generate point cloud training datasets
for deformation monitoring, train network models, and apply them to the deformation
monitoring industry.

(5) Use BIM (building information modeling) technology. It is also a trend of point
cloud application. Through the construction of building model information, the charac-
teristics of objects and their surrounding environment can be intuitively seen. To achieve
an integrated project, i.e., integrate and manage each project phase and management (sur-
veying, architectural design, restoration project, the design of the different installations,
the construction project, resource management, management of the result) a BIM approach
becomes indispensable [101]. In addition, BIM draws attention from the field of heritage
documentation and conservation and has generated a new issue of heritage/historic build-
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ing information modeling (HBIM) [102]. The HBIM model is no longer just a virtual
representation and geometric reconstruction of heritage, but the sub-elements have become
advanced objects with rich information, including the quantitative and qualitative descrip-
tion and strict relationship information [103]. The advantages of detailed point cloud data
can be combined with its BIM/HBIM to produce a broader application prospect.

(6) Combined with VR/AR (virtual reality/augmented reality) technology. In the
current workflow of using point cloud data for architectural applications, the acquisition of
point cloud data is usually separated from the visualization and processing of point cloud
data. Due to process fragmentation, engineers are unable to obtain meaningful construction
activity information from point cloud data in time. Its delay prevents the timely identi-
fication and processing of on-site problems, especially those related to geometric quality
inspection and construction progress tracking. Due to this limitation, future research needs
to develop methods for real-time visualization and processing of point cloud data for
practical applications. One possible solution is to combine point cloud acquisition and
processing tools with VR/AR technology [104]. Taking the deformation monitoring of
building components as an example, once the point cloud data of building components are
obtained, the point cloud data can be input into the VR/ AR system for visualization, where
the point cloud data of different periods can be compared and the deformation differences
between them could be viewed. In this way, engineers can visualize and identify geometric
quality problems in the field after obtaining point cloud data, and immediately take neces-
sary measures to solve the problem [105]. Future research needs to develop methods for
real-time visualization and processing of point cloud data for architectural applications,
which can be combined with VR and AR technologies.

Author Contributions: Conceptualization, Y.S.; investigation, ].T.; writing—original draft prepara-
tion, ]J.T. and H.W,; writing—review and editing, Y.S. and J.W. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was partially funded by National Natural Science Fund of China (No. 41971415)
and Natural Science Fund of Jiangsu Province, China (BK20201387).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mukupa, W.; Roberts, G.W.; Hancock, C.M.; Al-Manasir, K. A Review of the Use of Terrestrial Laser Scanning Application for
Change Detection and Deformation Monitoring of Structures. Surv. Rev. 2016, 49, 99-116. [CrossRef]

2. Holst, C,; Kuhlmann, H. Challenges and Present Fields of Action at Laser Scanner Based Deformation Analyses. J. Appl. Geod.
2016, 10, 17-25. [CrossRef]

3. Berberan, A.; Ferreira, I; Portela, E.; Oliveira, S.; Oliveira, A.; Baptista, B. Overview on terrestrial laser scanning as a tool for dam
surveillance. In Proceedings of the 6th International Conference on Dam Engineering, LNEC, Lisboa, Portugal, 15-17 February 2011.

4. Tsakiri, M,; Lichti, D.; Pfeifer, N. Terrestrial Laser Scanning for Deformation Monitoring. In Proceedings of the 3rd IAG/12th FIG
Symposium, Baden, Austria, 22-24 May 2006.

5. Wu, C; Yuan, Y,; Tang, Y.; Tian, B. Application of Terrestrial Laser Scanning (TLS) in the Architecture, Engineering and
Construction (AEC) Industry. Sensors 2021, 22, 265. [CrossRef]

6.  Di Stefano, F.; Chiappini, S.; Gorreja, A.; Balestra, M.; Pierdicca, R. Mobile 3D Scan LiDAR: A Literature Review. Geomat. Nat.
Hazards Risk 2021, 12, 2387-2429. [CrossRef]

7. Rashidi, M.; Mohammadi, M.; Sadeghlou Kivi, S.; Abdolvand, M.M.; Truong-Hong, L.; Samali, B. A Decade of Modern Bridge
Monitoring Using Terrestrial Laser Scanning: Review and Future Directions. Remote Sens. 2020, 12, 3796. [CrossRef]

8. Abellan, A.; Derron, M.-H.; Jaboyedoff, M. “Use of 3D Point Clouds in Geohazards” Special Issue: Current Challenges and Future
Trends. Remote Sens. 2016, 8, 130. [CrossRef]

9.  Kaartinen, E.; Dunphy, K.; Sadhu, A. LiDAR-Based Structural Health Monitoring: Applications in Civil Infrastructure Systems.

Sensors 2022, 22, 4610. [CrossRef]


http://doi.org/10.1080/00396265.2015.1133039
http://doi.org/10.1515/jag-2015-0025
http://doi.org/10.3390/s22010265
http://doi.org/10.1080/19475705.2021.1964617
http://doi.org/10.3390/rs12223796
http://doi.org/10.3390/rs8020130
http://doi.org/10.3390/s22124610

Sensors 2022, 22,9179 16 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

van Eck, N.J.; Waltman, L. Software Survey: VOSviewer, a Computer Program for Bibliometric Mapping. Scientometrics 2010, 84,
523-538. [CrossRef] [PubMed]

Chen, Z.H.; Zhao, M. A Method of Metro Tunnel Deformation Measurement Based on the Theory of Close Range Photogrammetry.
Appl. Mech. Mater. 2014, 488—489, 755-758. [CrossRef]

Girardeau-Montaut, D.; Roux, M.; Marc, R.; Thibault, G. Change Detection on Points Cloud Data Acquired with a Ground Laser
Scanner. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2005, 36, W19.

Cignoni, P.; Rocchini, C.; Scopigno, R. Metro: Measuring Error on Simplified Surfaces. Comput. Graph. Forum 1998, 17,
167-174. [CrossRef]

Lague, D.; Brodu, N.; Leroux, J. Accurate 3D Comparison of Complex Topography with Terrestrial Laser Scanner: Application to
the Rangitikei Canyon (N-Z). ISPRS ]. Photogramm. Remote Sens. 2013, 82, 10-26. [CrossRef]

Holst, C.; JanfSen, J.; Schmitz, B.; Blome, M.; Dercks, M.; Schoch-Baumann, A.; Blothe, J.; Schrott, L.; Kuhlmann, H.; Medic, T.
Increasing Spatio-Temporal Resolution for Monitoring Alpine Solifluction Using Terrestrial Laser Scanners and 3D Vector Fields.
Remote Sens. 2021, 13, 1192. [CrossRef]

Jafari, B.; Khaloo, A.; Lattanzi, D. Deformation Tracking in 3D Point Clouds Via Statistical Sampling of Direct Cloud-to-Cloud
Distances. J. Nondestruct. Eval. 2017, 36, 65. [CrossRef]

Kromer, R.; Abellan, A.; Hutchinson, D.; Lato, M.; Edwards, T.; Jaboyedoff, M. A 4D Filtering and Calibration Technique for
Small-Scale Point Cloud Change Detection with a Terrestrial Laser Scanner. Remote Sens. 2015, 7, 13029-13052. [CrossRef]
Benito-Calvo, A.; Arroyo, A.; Sinchez-Romero, L.; Pante, M.; de la Torre, I. Quantifying 3D Micro-Surface Changes on Experimen-
tal Stones Used to Break Bones and Their Implications for the Analysis of Early Stone Age Pounding Tools. Archaeometry 2018, 60,
419-436. [CrossRef]

Zhong, W.; Zhang, T.; Chen, J.; Shang, J.; Wang, S.; Mu, C.; Fan, C. Seasonal Deformation Monitoring over Thermokarst Landforms
Using Terrestrial Laser Scanning in Northeastern Qinghai-Tibetan Plateau. Int. J. Appl. Earth Obs. Geoinf. 2021, 103, 102501. [CrossRef]
Stumvoll, M.J.; Schmaltz, E.M.; Kanta, R.; Roth, H.; Grall, B.; Luhn, J.; Flores-Orozco, A.; Glade, T. Exploring the Dynamics of a
Complex, Slow-Moving Landslide in the Austrian Flysch Zone with 4D Surface and Subsurface Information. CATENA 2022,
214,106203. [CrossRef]

Gu, Y;; Zhou, D.; Zhang, D.; Wu, K.; Zhou, B. Study on Subsidence Monitoring Technology Using Terrestrial 3D Laser Scanning
without a Target in a Mining Area: An Example of Wangjiata Coal Mine, China. Bull. Eng. Geol. Env. 2020, 79, 3575-3583. [CrossRef]
Ge, Y,; Tang, H.; Gong, X.; Zhao, B.; Lu, Y.; Chen, Y;; Lin, Z.; Chen, H.; Qiu, Y. Deformation Monitoring of Earth Fissure Hazards
Using Terrestrial Laser Scanning. Sensors 2019, 19, 1463. [CrossRef] [PubMed]

Mat Zam, PM.; Fuad, N.A.; Yusoff, A.R.; Majid, Z. Evaluating the performance of terrestrial laser scanning for landslide
monitoring. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2018, XLII-4/W9, 35-55. [CrossRef]

Monserrat, O.; Crosetto, M. Deformation Measurement Using Terrestrial Laser Scanning Data and Least Squares 3D Surface
Matching. ISPRS ]. Photogramm. Remote Sens. 2008, 63, 142-154. [CrossRef]

Olsen, M.].; Asce, M.; Kuester, F.; Chang, B.].; Hutchinson, T.C. Terrestrial Laser Scanning-Based Structural Damage Assessment.
J. Comput. Civ. Eng. 2010, 1, 264-272. [CrossRef]

Ulrich, V,; Williams, J.G.; Zahs, V.; Anders, K.; Hecht, S.; Hofle, B. Measurement of Rock Glacier Surface Change over Different
Timescales Using Terrestrial Laser Scanning Point Clouds. Earth Surf. Dyn. 2021, 9, 19-28. [CrossRef]

Ozdogan, M.V. Landslide Detection and Characterization Using Terrestrial 3D Laser Scanning (LiDAR). Acta Geodyn. Geomater.
2019, 16, 379-392. [CrossRef]

Winiwarter, L.; Anders, K.; Hofle, B. M3C2-EP: Pushing the Limits of 3D Topographic Point Cloud Change Detection by Error
Propagation. ISPRS ]. Photogramm. Remote Sens. 2021, 178, 240-258. [CrossRef]

Zahs, V.; Winiwarter, L.; Anders, K.; Williams, ].G.; Rutzinger, M.; Hofle, B. Correspondence-Driven Plane-Based M3C2 for Lower
Uncertainty in 3D Topographic Change Quantification. ISPRS |. Photogramm. Remote Sens. 2022, 183, 541-559. [CrossRef]
Aryal, A.; Brooks, B.A.; Reid, M.E.; Bawden, G.W.; Pawlak, G.R. Displacement Fields from Point Cloud Data: Application of
Particle Imaging Velocimetry to Landslide Geodesy. J. Geophys. Res. 2012, 117, 2011JF002161. [CrossRef]

Besl, PJ.; McKay, N.D. Method for Registration of 3-D Shapes. In Proceedings of the Sensor Fusion IV: Control Paradigms and
Data Structures, Boston, MA, USA, 12-15 November 1991; Volume 1611, pp. 586—606.

Pfeiffer, J.; Zieher, T.; Bremer, M.; Wichmann, V.; Rutzinger, M. Derivation of Three-Dimensional Displacement Vectors from
Multi-Temporal Long-Range Terrestrial Laser Scanning at the Reissenschuh Landslide (Tyrol, Austria). Remote Sens. 2018,
10, 1688. [CrossRef]

Chen, Y.; Medioni, G. Object Modelling by Registration of Multiple Range Images. Image Vis. Comput. 1992, 10, 145-155. [CrossRef]
Liu, C,; Shao, X.; Wu, H.; Li, N.; Qu, T.; Dotta, G.; Huang, Y. Giant Landslide Displacement Analysis Using a Point Cloud Set
Conflict Technique: A Case in Xishancun Landslide, Sichuan, China. Int. ]. Remote Sens. 2019, 40, 3247-3266. [CrossRef]

Yin, C,; Li, H.; Hu, Z.; Li, Y. Application of the Terrestrial Laser Scanning in Slope Deformation Monitoring: Taking a Highway
Slope as an Example. Appl. Sci. 2020, 10, 2808. [CrossRef]

Matwij, W.; Gruszczynski, W.; Puniach, E.; Cwiakata, P. Determination of Underground Mining-Induced Displacement Field
Using Multi-Temporal TLS Point Cloud Registration. Measurement 2021, 180, 109482. [CrossRef]


http://doi.org/10.1007/s11192-009-0146-3
http://www.ncbi.nlm.nih.gov/pubmed/20585380
http://doi.org/10.4028/www.scientific.net/AMM.488-489.755
http://doi.org/10.1111/1467-8659.00236
http://doi.org/10.1016/j.isprsjprs.2013.04.009
http://doi.org/10.3390/rs13061192
http://doi.org/10.1007/s10921-017-0444-2
http://doi.org/10.3390/rs71013029
http://doi.org/10.1111/arcm.12325
http://doi.org/10.1016/j.jag.2021.102501
http://doi.org/10.1016/j.catena.2022.106203
http://doi.org/10.1007/s10064-020-01767-1
http://doi.org/10.3390/s19061463
http://www.ncbi.nlm.nih.gov/pubmed/30917488
http://doi.org/10.5194/isprs-archives-XLII-4-W9-35-2018
http://doi.org/10.1016/j.isprsjprs.2007.07.008
http://doi.org/10.1061/(ASCE)CP.1943-5487.0000028
http://doi.org/10.5194/esurf-9-19-2021
http://doi.org/10.13168/AGG.2019.0032
http://doi.org/10.1016/j.isprsjprs.2021.06.011
http://doi.org/10.1016/j.isprsjprs.2021.11.018
http://doi.org/10.1029/2011JF002161
http://doi.org/10.3390/rs10111688
http://doi.org/10.1016/0262-8856(92)90066-C
http://doi.org/10.1080/01431161.2018.1541331
http://doi.org/10.3390/app10082808
http://doi.org/10.1016/j.measurement.2021.109482

Sensors 2022, 22,9179 17 of 19

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Holst, C.; Schmitz, B.; Schraven, A.; Kuhlmann, H. Eignen Sich in Standardsoftware Implementierte Punktwolkenvergleiche
Zur Flachenhaften Deformationsanalyse von Bauwerken? Eine Fallstudie Anhand von Laserscans Einer Holzplatte Und Einer
Staumauer. Z. Fiir Vermess. Zfv 2017, 2, 2017.

Gojcic, Z.; Zhou, C.; Wieser, A. F253: Robustified Determination of 3D Displacement Vector Fields Using Deep Learning. J. Appl.
Geod. 2020, 14, 177-189. [CrossRef]

Gojcic, Z.; Schmid, L.; Wieser, A. Dense 3D Displacement Vector Fields for Point Cloud-Based Landslide Monitoring. Landslides
2021, 18, 3821-3832. [CrossRef]

Scaioni, M.; Marsella, M.; Crosetto, M.; Tornatore, V.; Wang, J. Geodetic and Remote-Sensing Sensors for Dam Deformation
Monitoring. Sensors 2018, 18, 3682. [CrossRef]

Hamzic, A.; Avdagic, Z.; Besic, I. Multistage Cascade Predictor of Structural Elements Movement in the Deformation Analysis of
Large Objects Based on Time Series Influencing Factors. ISPRS Int. |. Geo-Inf. 2020, 9, 47. [CrossRef]

Wang, J.; Zhang, C.C. Earth-Rock Dam Deformation Monitoring Based on Three-Dimensional Laser Scanning Technology. AMR
2014, 926-930, 1918-1921. [CrossRef]

Xu, H,; Li, H,; Yang, X,; Qi, S.; Zhou, ]. Integration of Terrestrial Laser Scanning and NURBS Modeling for the Deformation
Monitoring of an Earth-Rock Dam. Sensors 2018, 19, 22. [CrossRef] [PubMed]

Li, Y,; Liu, P; Li, H.; Huang, F. A Comparison Method for 3D Laser Point Clouds in Displacement Change Detection for Arch
Dams. IJGI 2021, 10, 184. [CrossRef]

Xiao, P; Zhao, R.; Li, D.; Zeng, Z.; Qi, S.; Yang, X. As-Built Inventory and Deformation Analysis of a High Rockfill Dam under
Construction with Terrestrial Laser Scanning. Sensors 2022, 22, 521. [CrossRef]

Chuanxun, Y; Ji, Y.; Yong, L.I; Liusheng, H.A.N.; Shuisen, C. 3D Laser Scanning Point Cloud Analysis Method for Dam
Deformation Monitoring. Bull. Surv. Mapp. 2021, 10, 54-59. [CrossRef]

Attard, L.; Debono, C.J.; Valentino, G.; Di Castro, M. Tunnel Inspection Using Photogrammetric Techniques and Image Processing;:
A Review. ISPRS |. Photogramm. Remote Sens. 2018, 144, 180-188. [CrossRef]

Wang, W.; Zhao, W.; Huang, L.; Vimarlund, V.; Wang, Z. Applications of Terrestrial Laser Scanning for Tunnels: A Review. J.
Traffic Transp. Eng. 2014, 1, 325-337.

Xu, X.; Yang, H.; Neumann, I. A Feature Extraction Method for Deformation Analysis of Large-Scale Composite Structures Based
on TLS Measurement. Compos. Struct. 2018, 184, 591-596. [CrossRef]

Weixing, W.; Weiwei, C.; Kevin, W.; Shuang, L. Extraction of Tunnel Center Line and Cross-Sections on Fractional Calculus, 3D
Invariant Moments and Best-Fit Ellipse. Opt. Laser Technol. 2020, 128, 106220. [CrossRef]

Jia, D.; Zhang, W.; Liu, Y. Systematic Approach for Tunnel Deformation Monitoring with Terrestrial Laser Scanning. Remote Sens.
2021, 13, 3519. [CrossRef]

Xie, X.; Lu, X. Development of a 3D Modeling Algorithm for Tunnel Deformation Monitoring Based on Terrestrial Laser Scanning.
Undergr. Space 2017, 2, 16-29. [CrossRef]

Cao, Z.; Chen, D.; Shi, Y.; Zhang, Z.; Jin, E; Yun, T,; Xu, S.; Kang, Z.; Zhang, L. A Flexible Architecture for Extracting Metro Tunnel
Cross Sections from Terrestrial Laser Scanning Point Clouds. Remote Sens. 2019, 11, 297. [CrossRef]

Sun, W.; Wang, J.; Jin, E; Li, Y;; Yang, Y. An Adaptive Cross-Section Extraction Algorithm for Deformation Analysis. Tunn. Undergr.
Space Technol. 2022, 121, 104332. [CrossRef]

Jiang, Q.; Shi, Y.-E.; Yan, F; Zheng, H.; Kou, Y.-Y.; He, B.-G. Reconstitution Method for Tunnel Spatiotemporal Deformation Based
on 3D Laser Scanning Technology and Corresponding Instability Warning. Eng. Fail. Anal. 2021, 125, 105391. [CrossRef]

Liu, Y.; Zhong, R.; Chen, W.; Sun, H.; Ren, Y.; Lei, N. Study of Tunnel Surface Parameterization of 3-D Laser Point Cloud Based on
Harmonic Map. IEEE Geosci. Remote Sens. Lett. 2020, 17, 1623-1627. [CrossRef]

Yang, H.; Shi, Q.; Xu, X. Intelligent Monitoring of Tunnel Structures Based on Vision Measurement Technologies. Mech. Adv.
Mater. Struct. 2021. [CrossRef]

Yang, H.; Xu, X. Intelligent Crack Extraction Based on Terrestrial Laser Scanning Measurement. Meas. Control 2020, 53,
416-426. [CrossRef]

Xu, T; Xu, L.; Li, X;; Yao, J. Detection of Water Leakage in Underground Tunnels Using Corrected Intensity Data and 3D Point
Cloud of Terrestrial Laser Scanning. IEEE Access 2018, 6, 32471-32480. [CrossRef]

Glowacki, T. Monitoring the Geometry of Tall Objects in Energy Industry. Energies 2022, 15, 2324. [CrossRef]

Chernov, N.; Lesort, C. Least Squares Fitting of Circles. . Math. Imaging Vis. 2005, 23, 239-252. [CrossRef]

Kasa, I. A Circle Fitting Procedure and Its Error Analysis. IEEE Trans. Instrum. Meas. 1976, IM-25, 8-14. [CrossRef]

Barazzetti, L.; Previtali, M.; Roncoroni, F. The use of terrestrial laser scanning techniques to evaluate industrial masonry chimney
verticality. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2019, XLII-2/W11, 173-178. [CrossRef]

Grazulis, Z.; Krikstaponis, B.; Neseckas, A.; Popovas, D.; Putrimas, R.; Slikas, D.; Zigmantiené, E. The Horizontal Deformation
Analysis of High-Rise Buildings. In Proceedings of the 10th International Conference “Environmental Engineering”, Vilnius, Lithuania,
27-28 April 2017; VGTU Technika, Vilnius Gediminas Technical University: Vilnius, Lithuania, 2017.

Mitka, B.; Klapa, P.; Gniadek, J. Use of Terrestrial Laser Scanning for Measurements of Wind Power Stations. Geomat. Environ.
Eng. 2019, 13, 3949. [CrossRef]

Muszynski, Z.; Milczarek, W. Application of Terrestrial Laser Scanning to Study the Geometry of Slender Objects. In Proceedings
of the IOP Conference Series: Earth and Environmental Science, Malang, Indonesia, 20-21 September 2021; Volume 95, p. 042069.


http://doi.org/10.1515/jag-2019-0044
http://doi.org/10.1007/s10346-021-01761-y
http://doi.org/10.3390/s18113682
http://doi.org/10.3390/ijgi9010047
http://doi.org/10.4028/www.scientific.net/AMR.926-930.1918
http://doi.org/10.3390/s19010022
http://www.ncbi.nlm.nih.gov/pubmed/30577647
http://doi.org/10.3390/ijgi10030184
http://doi.org/10.3390/s22020521
http://doi.org/10.13474/j.cnki.11-2246.2021.305
http://doi.org/10.1016/j.isprsjprs.2018.07.010
http://doi.org/10.1016/j.compstruct.2017.09.087
http://doi.org/10.1016/j.optlastec.2020.106220
http://doi.org/10.3390/rs13173519
http://doi.org/10.1016/j.undsp.2017.02.001
http://doi.org/10.3390/rs11030297
http://doi.org/10.1016/j.tust.2021.104332
http://doi.org/10.1016/j.engfailanal.2021.105391
http://doi.org/10.1109/LGRS.2019.2950060
http://doi.org/10.1080/15376494.2021.1968550
http://doi.org/10.1177/0020294019877490
http://doi.org/10.1109/ACCESS.2018.2842797
http://doi.org/10.3390/en15072324
http://doi.org/10.1007/s10851-005-0482-8
http://doi.org/10.1109/TIM.1976.6312298
http://doi.org/10.5194/isprs-archives-XLII-2-W11-173-2019
http://doi.org/10.7494/geom.2019.13.1.39

Sensors 2022, 22,9179 18 of 19

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Siwiec, J.; Lenda, G. Integration of Terrestrial Laser Scanning and Structure from Motion for the Assessment of Industrial Chimney
Geometry. Measurement 2022, 199, 111404. [CrossRef]

Popovi¢, J.; Pandzi¢, J.; Peji¢, M.; Vrani¢, P.; Milovanovié, B.; Martinenko, A. Quantifying Tall Structure Tilting Trend through
TLS-Based 3D Parametric Modelling. Measurement 2022, 188, 110533. [CrossRef]

Andreas, H.; Abidin, H.Z; Sarsito, D.A.; Pradipta, D. The Investigation on High-Rise Building Tilting from the Issue of Land
Subsidence in Jakarta City. MATEC Web Conf. 2019, 270, 06002. [CrossRef]

Helming, P.; von Freyberg, A.; Sorg, M.; Fischer, A. Wind Turbine Tower Deformation Measurement Using Terrestrial Laser
Scanning on a 3.4 MW Wind Turbine. Energies 2021, 14, 3255. [CrossRef]

Artese, S.; Nico, G. TLS and GB-RAR Measurements of Vibration Frequencies and Oscillation Amplitudes of Tall Structures: An
Application to Wind Towers. Appl. Sci. 2020, 10, 2237. [CrossRef]

Kim, K.; Kim, J. Dynamic Displacement Measurement of a Vibratory Object Using a Terrestrial Laser Scanner. Meas. Sci. Technol.
2015, 26, 045002. [CrossRef]

Janus, J.; Ostrogorski, P. Underground Mine Tunnel Modelling Using Laser Scan Data in Relation to Manual Geometry Measure-
ments. Energies 2022, 15, 2537. [CrossRef]

Sun, W.; Wang, J.; Jin, FE. An Automatic Coordinate Unification Method of Multitemporal Point Clouds Based on Virtual Reference
Datum Detection. IEEE |. Sel. Top. Appl. Earth Obs. Remote Sens. 2020, 13, 3942-3950. [CrossRef]

Dong, Z.; Liang, F; Yang, B.; Xu, Y.; Zang, Y.; Li, ].; Wang, Y.; Dai, W.; Fan, H.; Hyypp4, ]. Registration of Large-Scale Terrestrial
Laser Scanner Point Clouds: A Review and Benchmark. ISPRS ]. Photogramm. Remote Sens. 2020, 163, 327-342. [CrossRef]

Zang, Y.; Lindenbergh, R.; Yang, B.; Guan, H. Density-Adaptive and Geometry-Aware Registration of TLS Point Clouds Based on
Coherent Point Drift. IEEE Geosci. Remote Sens. Lett. 2020, 17, 1628-1632. [CrossRef]

Zhang, L.; Guo, J.; Cheng, Z.; Xiao, J.; Zhang, X. Efficient Pairwise 3-D Registration of Urban Scenes via Hybrid Structural
Descriptors. IEEE Trans. Geosci. Remote Sens. 2022, 60, 5700717. [CrossRef]

Xiong, B.; Jiang, W.; Li, D.; Qi, M. Voxel Grid-Based Fast Registration of Terrestrial Point Cloud. Remote Sens. 2021, 13, 1905. [CrossRef]
Pham, T.D.; Pham, Q.K.; Cao, X.C.; Nguyen, V.H.; Ngo, S.C. The Capability of Terrestrial Laser Scanning for Monitoring the
Displacement of High-Rise Buildings. Inzynieria Miner. 2021, 1, 495-504. [CrossRef]

Li, Y,; Yong, B.; Van Oosterom, P.; Lemmens, M.; Wu, H.; Ren, L.; Zheng, M.; Zhou, J. Airborne LiDAR Data Filtering Based on
Geodesic Transformations of Mathematical Morphology. Remote Sens. 2017, 9, 1104. [CrossRef]

Ren, Y; Li, T; Xu, J.; Hong, W.; Zheng, Y.; Fu, B. Overall Filtering Algorithm for Multiscale Noise Removal from Point Cloud Data.
IEEE Access 2021, 9, 110723-110734. [CrossRef]

Soudarissanane, S.; Lindenbergh, R.; Menenti, M.; Teunissen, P. Scanning Geometry: Influencing Factor on the Quality of
Terrestrial Laser Scanning Points. ISPRS |. Photogramm. Remote Sens. 2011, 66, 389-399. [CrossRef]

Calders, K,; Disney, M.I; Armston, J.; Burt, A.; Brede, B.; Origo, N.; Muir, J.; Nightingale, J. Evaluation of the Range Accuracy
and the Radiometric Calibration of Multiple Terrestrial Laser Scanning Instruments for Data Interoperability. IEEE Trans. Geosci.
Remote Sens. 2017, 55, 2716-2724. [CrossRef]

Mill, T. Estimation of Accuracy and Reliability of Terrestrial Laser Scanner in the Detection of Object Shape. BJMC 2020,
8, 337-346. [CrossRef]

Abbas, M.; Fuad, N.; Idris, K.; Opaluwa, Y.; Hashim, N.; Majid, Z.; Sulaiman, S. Reliability of Terrestrial Laser Scanner
Measurement in Slope Monitoring. In IOP Conference Series: Earth and Environmental Science; IOP Publishing: Bristol, UK,
2019; Volume 385.

Muralikrishnan, B. Performance Evaluation of Terrestrial Laser Scanners—A Review. Meas. Sci. Technol. 2021, 32, 072001. [CrossRef]
Lin, P; Cheng, X.; Zhou, T,; Liu, C.; Wang, B. A Target-Based Self-Calibration Method for Terrestrial Laser Scanners and Its Robust
Solution. IEEE ]. Sel. Top. Appl. Earth Obs. Remote Sens. 2021, 14, 11954-11973. [CrossRef]

Truong-Hong, L.; Lindenbergh, R.; Nguyen, T.A. Structural Assessment Using Terrestrial Laser Scanning Point Clouds. IJBPA
2022, 40, 345-379. [CrossRef]

Roca-Pardifias, J.; Argtielles-Fraga, R.; de Asis Lopez, F.; Ordénez, C. Analysis of the Influence of Range and Angle of Incidence
of Terrestrial Laser Scanning Measurements on Tunnel Inspection. Tunn. Undergr. Space Technol. 2014, 43, 133-139. [CrossRef]
Kerekes, G.; Schwieger, V. Elementary Error Model Applied to Terrestrial Laser Scanning Measurements: Study Case Arch Dam
Kops. Mathematics 2020, 8, 593. [CrossRef]

Wang, ].; Kutterer, H.; Fang, X. External Error Modelling with Combined Model in Terrestrial Laser Scanning. Surv. Rev. 2016,
48,40-50. [CrossRef]

Bolkas, D.; Martinez, A. Effect of Target Color and Scanning Geometry on Terrestrial LIDAR Point-Cloud Noise and Plane Fitting.
J. Appl. Geod. 2018, 12, 109-127. [CrossRef]

Sanchiz-Viel, N.; Bretagne, E.; Mouaddib, E.M.; Dassonvalle, P. Radiometric Correction of Laser Scanning Intensity Data Applied
for Terrestrial Laser Scanning. ISPRS ]. Photogramm. Remote Sens. 2021, 172, 1-16. [CrossRef]

O’Banion, M.S.; Olsen, M.].; Hollenbeck, J.P.; Wright, W.C. Data Gap Classification for Terrestrial Laser Scanning-Derived Digital
Elevation Models. ISPRS Int. ]. Geo-Inf. 2020, 9, 749. [CrossRef]

Zhao, X.; Kargoll, B.; Omidalizarandi, M.; Xu, X.; Alkhatib, H. Model Selection for Parametric Surfaces Approximating 3D Point
Clouds for Deformation Analysis. Remote Sens. 2018, 10, 634. [CrossRef]


http://doi.org/10.1016/j.measurement.2022.111404
http://doi.org/10.1016/j.measurement.2021.110533
http://doi.org/10.1051/matecconf/201927006002
http://doi.org/10.3390/en14113255
http://doi.org/10.3390/app10072237
http://doi.org/10.1088/0957-0233/26/4/045002
http://doi.org/10.3390/en15072537
http://doi.org/10.1109/JSTARS.2020.3008492
http://doi.org/10.1016/j.isprsjprs.2020.03.013
http://doi.org/10.1109/LGRS.2019.2950128
http://doi.org/10.1109/TGRS.2021.3091380
http://doi.org/10.3390/rs13101905
http://doi.org/10.29227/IM-2021-02-47
http://doi.org/10.3390/rs9111104
http://doi.org/10.1109/ACCESS.2021.3097185
http://doi.org/10.1016/j.isprsjprs.2011.01.005
http://doi.org/10.1109/TGRS.2017.2652721
http://doi.org/10.22364/bjmc.2020.8.2.09
http://doi.org/10.1088/1361-6501/abdae3
http://doi.org/10.1109/JSTARS.2021.3126452
http://doi.org/10.1108/IJBPA-04-2021-0051
http://doi.org/10.1016/j.tust.2014.04.011
http://doi.org/10.3390/math8040593
http://doi.org/10.1080/00396265.2015.1097589
http://doi.org/10.1515/jag-2017-0034
http://doi.org/10.1016/j.isprsjprs.2020.11.015
http://doi.org/10.3390/ijgi9120749
http://doi.org/10.3390/rs10040634

Sensors 2022, 22,9179 19 of 19

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Ohlmann-Lauber, J.; Schéfer, T. Ansidtze Zur Ableitung von Deformationen Aus TLS-Daten. In Proceedings of the Terrestrisches
Laserscanning—TLS 2011 mit TLS-Challenge, Fulda, Germany, 1 December 2011; pp. 147-157.

Neuner, H.; Holst, C.; Kuhlmann, H. Overview on Current Modelling Strategies of Point Clouds for Deformation Analysis. Allg.
Vermess.-Nachr. AVN Z. Fiir Alle Bereiche Geodiisie Geoinf. 2016, 123, 328-339.

Wang, Z.; Zhang, L.; Zhang, L.; Li, R.; Zheng, Y.; Zhu, Z. A Deep Neural Network with Spatial Pooling (DNNSP) for 3-D Point
Cloud Classification. IEEE Trans. Geosci. Remote Sens. 2018, 56, 4594-4604. [CrossRef]

Li, D.; Liu, J.; Feng, L.; Cheng, G.; Zeng, Y.; Dong, B.; Chen, Y.F. Towards Automated Extraction for Terrestrial Laser Scanning
Data of Building Components Based on Panorama and Deep Learning. J. Build. Eng. 2022, 50, 104106. [CrossRef]

Cai, Y,; Fan, L.; Atkinson, PM.; Zhang, C. Semantic Segmentation of Terrestrial Laser Scanning Point Clouds Using Locally
Enhanced Image-Based Geometric Representations. IEEE Trans. Geosci. Remote Sens. 2022, 60, 5702815. [CrossRef]

Angelini, M.G.; Baiocchi, V.; Costantino, D.; Garzia, F. Scan to Bim for 3D Reconstruction of the Papal Basilica of Saint Francis in
Assisi in Italy. Int. Arch. Photogramm. Remote Sens. Spat. Inf. Sci. 2017, XLII-5/W1, 47-54. [CrossRef]

Fryskowska, A.; Stachelek, ]. A No-Reference Method of Geometric Content Quality Analysis of 3D Models Generated from
Laser Scanning Point Clouds for HBIM. J. Cult. Herit. 2018, 34, 95-108. [CrossRef]

Yang, X.; Lu, Y.-C.; Murtiyoso, A.; Koehl, M.; Grussenmeyer, P. HBIM Modeling from the Surface Mesh and Its Extended
Capability of Knowledge Representation. IJGI 2019, 8, 301. [CrossRef]

Wang, Q.; Kim, M.-K. Applications of 3D Point Cloud Data in the Construction Industry: A Fifteen-Year Review from 2004 to
2018. Adv. Eng. Inform. 2019, 39, 306-319. [CrossRef]

Pavelka Jr, K.; Michalik, B. Laser Scanning for BIM and Results Visualization Using VR. Int. Arch. Photogramm. Remote Sens. Spat.
Inf. Sci. 2019, 42, 49-52. [CrossRef]


http://doi.org/10.1109/TGRS.2018.2829625
http://doi.org/10.1016/j.jobe.2022.104106
http://doi.org/10.1109/TGRS.2022.3161982
http://doi.org/10.5194/isprs-archives-XLII-5-W1-47-2017
http://doi.org/10.1016/j.culher.2018.04.003
http://doi.org/10.3390/ijgi8070301
http://doi.org/10.1016/j.aei.2019.02.007
http://doi.org/10.5194/isprs-archives-XLII-5-W2-49-2019

	Introduction 
	Research and Applications of TLS in Ground Surface Deformation Monitoring 
	Deformation Monitoring Method Based on Point Cloud Distance 
	Deformation Monitoring Method Based on Displacement Field 

	Research and Applications in Constructions Deformation Monitoring 
	Deformation Monitoring of Dam 
	Deformation Monitoring of Shield Tunnel 
	Deformation Monitoring of Tall Constructions 

	Key Issues in the Application of TLS Technology 
	Data Acquisition 
	Data Preprocessing 
	Data Quality Assurance 

	Summary and Prospect 
	References

