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Abstract: Building constructions are exposed to various forces and natural phenomena. Some of
them are sudden and violent, e.g., an earthquake or heavy rains, causing a displacement of the
ground. Other phenomena affect objects on a longer-term, e.g., vibrations caused by daily road traffic.
Sometimes, building structures may have defects due to incorrect construction. In any case, if an
engineering object shows changes in the relation to its correct geometry or position, deformation
and displacement measurements are required. Engineering objects are also monitored during their
construction. Nowadays, it is important to perform measurements quickly and with high accuracy.
The use of a Terrestrial Laser Scanning (TLS) allows for the required measurement speed and accuracy.
This measurement technology allows a large dataset, which can be arbitrarily elaborated, to be
obtained. The structure of building objects can include vertices, lines, planes, and other shapes and
can be described using mathematical functions. This allows data processing to be automated. In this
article, we present the Msplit method as an effective approach to the processing of data obtained
as a result of TLS measurements. The proposed approach is new because until now, the Msplit
estimation method has not been used to detect adjacent planes in one-point cloud obtained from TLS.
The Msplit estimation method allows a functional model to be split into two or more competitive
models and thus two or more entities in a point cloud to be estimated simultaneously. Four different
objects measured using TLS are presented: two objects representing vertical displacements and two
objects representing horizontal displacements. The test results and analysis confirm that the Msplit
estimation method can be successfully applied in the detection of adjacent planes.

Keywords: terrestrial laser scanner; Msplit estimation; displacement detection

1. Introduction

Monitoring the structure of an object is of great importance with respect to the reliability assessment,
damage detection, and assessment of the object’s condition. Control measurements can be performed
in different ways, depending on the type of construction, measurement range, and equipment used.
Moreover, the classic approach also requires the involvement of a building inspector, who assesses the
technical condition of the object, performs a series of measurements, makes drawings, takes photos,
and analyzes the collected data. Usually, these measurements are performed using standard geodetic
methods, such as the total station [1–3], digital photogrammetry [4], and Global Navigation Satellite
System (GNSS) methods [5].
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Nowadays, the use of terrestrial laser scanners (TLSs) is gaining more and more attention and
application as a fast, accurate, and non-destructive measurement method (NDT) [6–8].

TLS technology is an active remote sensing technique widely used in civil engineering
measurements. In recent years, laser scanning has found an application in many fields, e.g.,
the measurement of historic and archaeological objects [9–11] geotechnical measurements [12–15],
and building condition diagnostics [16,17]. It is also increasingly used in civil engineering measurements.
Measurements of large engineering structures, such as dams, bridge structures, and complex
engineering structures, e.g., refineries, have long been the subject of measurements using TLS.
It can also be used to monitor not only special facilities, but also everyday objects, e.g., streets and
residential buildings, and it can be successfully used to obtain information about changes in the
structure of an object.

TLS allows data to be acquired as a point cloud of a varying resolution. Each measured point has
3D coordinates (X, Y, Z), an intensity parameter, and semantic information (RGB). Thus, very detailed
data about the object are obtained, which can, in the next step, be analyzed.

An important aspect of the development of a dataset obtained as a result of TLS measurements
is the maximum possible automation of this process. The structure of a building can be represented
as a set of geometric primitives, like vertices, lines, planes, or other shapes, which can be described
by mathematical functions. This allows the processing of the data to be automated. This topic was
discussed in many publications, for example, in [18–20]. With this assumption, it is possible to analyze,
e.g., the wall planarity, edge verticality, or vertical and horizontal displacements of a building. In the
case of testing the displacement of two elements that constitute two primitives (e.g., planes), the Msplit

estimation method can be used. The method developed by Prof. Wisniewski [21] allows a functional
model to be split into two or more models and thus two functional models to be identified from a
single dataset.

So far, the Msplit estimation method has been used in various studies, for example, as a method of
filtering data from airborne laser scanning [22]. The idea of Msplit estimation refers to the widely-known
method for the elimination of gross errors (or outliers), called robust M-estimation. Applying this
principle in ALS point cloud processing, points that do not belong to the terrain surface can be treated
as outliers and eliminated from the DTM creation process. Msplit estimation was also used as a method
for robust coordinate transformation [23].

The next application of the Msplit method was as an estimation method in the context of the
analysis of the vertical displacement of geodetic points [24] or for detecting circular objects in a point
cloud [25].

The results obtained by other researchers using the Msplit method undoubtedly show the potential
of the application of the Msplit method in laser scanning data processing. Therefore, in this paper,
the authors propose a new, as yet unexplored use of the Msplit method, which consists of fitting two
planes to a point cloud acquired from the TLS of displaced planar objects. These objects are shifted
relative to each other as a result of natural phenomena and exploitation. This approach allows for
the dimensioning of the displacements of objects relative to other objects. This is a very important
property from the point of view of construction engineering and building safety.

2. Materials and Methods

2.1. Msplit Estimation Theoretical Background

The proposed estimation method using the Msplit method allows two or more surfaces to be
detected by splitting the functional model into two or more competitive models. The models are
estimated from one-point cloud. It is not necessary to divide the cloud into individuals representing
selected areas or to perform a measurement of each surface separately. Of course, there are some
limitations to this method. Firstly, these surfaces must be displaced relative to other surfaces.
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The Msplit estimation method assumes that every measurement result can be a realization of either
of two or more different random variables. This estimation method was introduced by Wisniewski
and is described in [26].

2.1.1. Msplit Estimation

Based on the assumption that the functional model is split into two competitive models Yα or Yβ,
each observation has its own “split potential”, i.e., the probability of belonging to one of the random
variables. Therefore, the observation set Ω = {yi: i = 1, 2, . . . , n} is a disordered mixture of the elements
assigned to the random variables yα or yβ in an unknown way. For that reason, each observation Yi
may have either of two competitive expected values Eα{Yi} = E{Yα} or Eβ{Yi} = E{Yβ}. In this paper,
the functional model V = AX + L is split into two competitive ones, which concern the same vector of
observation L:

split(V = AX + L) =
{

Vα = AXα + L
Vβ = AXβ + L

(1)

where A is a common coefficient matrix, Vα and Vβ are competitive vectors of random variables, and Xα
and Xβ are competitive parameter vectors. To achieve this task, a cross-weighting procedure must be
introduced. The estimation of the competitive vectors (Xα and Xβ) of the parameters using the same
observation vector L requires a specially formulated objective function. The proposed method replaces
function ρ(v) with functions ρα (vα) and ρβ (vβ), according to the Equation (2) and in compliance
with the cross-weighting Vα and Vβ. The weights of the observations are modified according to the
following equation:

ωα
(
vβ

)
=
∂ρα(vα)

∂(v2
α)

ωβ(vα) =
∂ρβ(vβ)

∂(v2
β)

(2)

If
ρα(vα) = v2

αv2
β,

ρβ(vβ) = v2
βv

2
α

(3)

Then, the weight functions can be written in the following form:

ωα(vβ) = v2
β, ωβ(vα) = v2

α (4)

A plane in three-dimensional space can be described by the equation:

z = a j
0x + a j

1y + a j
2 (5)

where:

j—plane identification α,β;
x, y, z—coordinates;
a0, a1, a2—plane coefficient.

In the case of plane fit, the functional model is described by the following equation:

split(V = AX + L) =

 Vα = aα0 x + aα1 y + aα2 − zα

Vβ = aβ0 x + aβ1y + aβ2 − zβ
(6)



Remote Sens. 2020, 12, 3203 4 of 17

The idea of Msplit estimation can be easily explained using the example presented in Figure 1.
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Figure 1. The idea of Msplit estimation and the least-squares method, with the example of line fitting.
Figure 1 shows a line fit using the least-squares method (a) and Msplit estimation (b). Similarly, one can
fit two or more planes into a set of points by splitting the functional model into two or more, respectively.

2.1.2. Msplit(q) Estimation

Based on the assumption that the functional model is split into more than two competing models,
the Msplit(q) estimation algorithm can be written in the following form described by Equation (8).
The model is then fitted to q competing functional models (l = 1, . . . , q).

V(l) = AX(l) + L (7)

split(V = AX + L) =


V(1) = a1

0 x + a1
1y + a1

2 − z1
...

V(q) = aq
0 x + aq

1y + aq
2 − zq

(8)

Generalized weight functions should therefore be understood as functions of the following form:

w(l)

(
vk<l, vk>l

)
= w(l)

(
vi(1), . . . , vi(l−1), vi (l+1), . . . , v(q)

)
=

q∏
k=1,k,l

D(k)(v(k)) (9)

where
D(k)(v(k)) = Diag

[
ρ(k)(v(k)), . . . ,ρ(k)(vn(k))

]
(10)

and
vk<l = (v(1), . . . , v(l−1), vk>l =

(
v(l+1), . . . , v(q)

)
(11)

The idea of Msplit(q) estimation is presented in Figure 2.
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 Figure 2. The idea of Msplit(q) estimation and the Least Square method, with the example of
line fitting. Figure 2 shows (a) an observation set, (b) a line fit using the least-squares method,
and (c) Msplit(q) estimation.

Similarly, one can fit planes into a set of points by splitting the functional model into three and
more, respectively.

2.2. Equipment Used and Data Acquisition

The test measurements were performed using a Leica ScanStation C-10 scanner. The Leica C-10
scanner is based on the time-of-flight principle. The measurements were performed for four different
objects. These objects are illustrated in Figures 3 and 4. Figure 3 presents photos of the objects and
the areas of study (marked with a red rectangle) that have been fitted using the Msplit estimation
method. Figure 4 presents the areas of study, which have been enlarged and corresponds to the clouds
of the points shown in Figure 5. Two objects (a,b) represent vertical planes (V), and another two objects
(c,d) are horizontal planes (HZ). Figure 3a presents a fragment of the wall in a newly built residential
building, which was built from prefabricated elements (large concrete slabs). Thus, it is an example
of a smooth surface (Figure 3a) built from two concrete prefabricates, on which no displacements
were observed.

Figure 3b presents a fragment of a fence built from concrete slabs that are displaced relative to
another concrete slab due to landslides caused by heavy rainfall. This object is an example of a clear
displacement of two concrete slabs. The size of a crack between the displaced elements is about 7 cm
(see Figure 3b).

The third object is an example of a horizontal shift. Figure 3c shows a fragment of a freshly
renovated road. In Figure 3c, one can see a new asphalt layer laid only on one section of a road;
hence, there is a large defect between the street with the new asphalt layer and the one that does not
have a new layer. Figure 3d presents a fragment of pavement. The pavement is damaged, and the
displacement of its fragments is visible. This example differs from object 3 because surface roughness
can be also observed. The choice of two such objects, such as those in Figure 3c,d, is intentional.
The object in Figure 3c has a smoother, more uniform structure, compared to the concrete pavement
with a jagged edge and numerous defects. The structure of the object in Figure 3d is very diverse and
rough, and it has numerous depressions.

Such surface examples were selected for testing to check in which cases it will be possible to fit
two planes into a set of points constituting one-point cloud using the Msplit estimation method.
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Figure 4. The fragments of the real objects measured using Terrestrial Laser Scanning (TLS).

Each object presented in Figure 3 was measured with a 5 mm resolution. As a result of the
measurements, point clouds were obtained (see Figure 5). Figure 6 shows the cross-section of each
point cloud through the A-A line. It can be observed that the adjacent planes of the objects in Figure 6a,c
do not show a height difference. These planes seem to create one plane, while Figure 6b,d clearly form
two surfaces.
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Figure 6. Cross-section view of the point clouds shown in Figure 3, respectively.

2.3. Software Description

To perform calculations and to fit planes into the point cloud, our own software was used.
The algorithm proposed by the authors implements the Msplit estimation method. In the Msplit
estimation process, the parameters of two planes α and β are estimated. To achieve this task,
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the cross-weighting procedure is performed. The first step is called α-solution. Based on the alpha
parameters, the alpha residuals are calculated. Then, the beta weights (ωβ) of observation are modified
according to Equation (4). The parameters and free terms are updated. In the next step, the second
β-solution is calculated using the least-squares method. The new weights for the α-solution (ωα) are
calculated. Then, the procedure returns to the α-solution, and the process is iteratively repeated until
the increase of the estimated parameters reaches the iteration end threshold. The procedure is shown
in Figure 7.

Thus, using the idea of Msplit estimation, the planes were fitted into the point cloud obtained
as a result of the measurements performed using a terrestrial laser scanner. In the discussed cases,
the Msplit estimation was limited to splitting the functional model into two models.
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3. Results

Firstly, all point clouds from four measurement campaigns were imported into the dedicated
Leica Cyclon software. Then, the area under consideration was selected and exported from Leica
format to a *ptx file, because this is a commonly used format for exchanging scan datasets between
different types of software, and it is also the format accepted by our software. The next step was to
upload the *ptx files into the software. Because point clouds are large datasets, the software has an
option, allowing for the selection of the number of points to fit the planes. A random sampling of point
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cloud was used in an algorithm to reduce the size of the data set. Processing full datasets significantly
extend the processing time.

3.1. The Results of Vertical Object Fitting

According to the presented algorithm, calculations were performed. The results obtained are
presented below in Figures 8 and 9. This section presents the result of fitting two vertical objects:
the wall in the building and the retaining wall. As can be observed in Figure 8, the alpha and beta
solution overlap. This may indicate that the two planes of the concrete slabs of a wall form a uniform
plane, without any displacements.
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Figure 9. Concrete slabs of a retaining wall (Msplit fitting result).

Figure 9 shows an example where displaced wall elements (two plates) were recognized in the
dataset, and as a result, two planes (alpha and beta) were fitted into one-point cloud.

3.2. The result of Horizontal Plane Fitting

This subsection presents the result of the fitting of two horizontal objects: an asphalt road and
a concrete pavement. As in the previous section, the tests performed show two types of solutions.
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One example is a solution in which the algorithm recognized the displacement of two planes relative to
each other (Figure 10). The asphalt road is an example, where the difference between the two elements
forming the object was negligible, and the two overlapping planes were defined (Figure 11). This might
also indicate that the parameters of these planes are very similar.
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3.3. Residual Characteristics

The goal of the conducted research was to indicate the usefulness of the Msplit estimation method
in identifying two planes in one-point cloud. The datasets from terrestrial laser scanning were used
for this purpose. The conducted research proved that Msplit estimation allows for the extraction of
displaced planes if these planes differ in their parameters. Histograms of the residuals and the value of
the residuals are presented in Figures 12–15.

The histogram of the residuals presents the values obtained for the alpha and beta solutions.
It can be observed, in Figure 12, that the values of the residuals do not exceed 1 cm for both solutions.
The “residual values” graph shows the relation between the points belonging to each solution.
If in the point cloud, the Msplit algorithm recognizes two planes with different parameters, then a
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clear breakpoint should be visible (the blue and orange lines would look like they do in Figure 13).
In Figure 12, this trend is not observed, which means that the algorithm did not define the two
different planes.Remote Sens. 2020, 12, x FOR PEER REVIEW 11 of 17 
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Figure 12. Precast concrete wall.

Figure 13 presents the residuals value obtained for each solution (alpha and beta), and one can see
that they do not exceed 0.05 m for both solutions (histogram of the residuals). The “residual values”
graph presents the distribution of the residuals for the alpha and beta solutions. It can be observed
that the residuals from point numbers 1–150 (orange color) do not exceed 0.01 m, while the residuals
marked in blue in the range of point numbers 1–150 are about 0.03–0.04 m. The opposite situation is in
the range of point numbers 150–300 (blue color line). This means that points 1–150 have been assigned
to the beta plane, and points 150–300 have been assigned to the alpha plane.Remote Sens. 2020, 12, x FOR PEER REVIEW 12 of 17 
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Figure 13. Concrete slabs of a retaining wall.

Figures 14 and 15 show the characteristics of the residuals obtained for the two horizontal datasets.
The next two examples should be interpreted based on Figures 12 and 13. In Figure 14, a breakpoint
between the two solutions cannot be observed. A blue line with a decreasing trend and an orange
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line with a rising trend is observed. The opposite is the case in Figure 15, where you can see a clear
division into two solutions: alpha and beta. The Msplit algorithm assigned about 220 points to the
beta solution and about 120 points to the alpha solution.
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Based on the “residual values” graph in Figure 15, it can be observed that the residuals from point
number 1 to about point number 220 (orange color) do not exceed 0.015 m, while the residuals marked
in blue in the range of point numbers 1–220 are about 0.04 m.

The opposite situation is in the range of point numbers 220 to 360 (blue color line). This means
that points 1–220 have been assigned to the beta plane, and points 220–360 have been assigned to the
alpha plane.

Root mean square (RMS) values were calculated for each plane fitting (Table 1). In each case,
the RMS value for both the α and β solutions are similar, which points to the conclusion that the two
planes in each object were extracted, and no other planes or outliers are present in the point cloud.
The distribution of points relative to the fitted planes in each of the four presented objects is even.
Table 2 shows the plane parameters received for each object in the α and β solution.
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Table 1. RMS values for the α solution and β solution and percentage of points in the planes α and
β, respectively.

Object Name RMSα plane [m] RMSβ plane [m] α Plane β Plane

A precast concrete wall 0.0058 0.0045 35% 65%
A retaining wall 0.0287 0.0246 53% 47%
An asphalt road 0.0166 0.0156 46% 54%

A precast pavement 0.0287 0.0257 57% 43%

Table 2. Plane parameters respectively for the α solution and β solution.

Precast Concrete Wall Retaining Wall Asphalt Road Precast Pavement

α

Solution
β

Solution
α

Solution
β

Solution
α

Solution
β

Solution
α

Solution
β

Solution

aα0 0.2698 0.2722 −2.0063 −2.8107 −0.0125 −0.0150 0.0355 0.0630

aα1 −0.7130 −0.7231 5.9106 4.9235 0.1333 0.1232 −0.0491 −0.0378

aα2 2.6820 2.7171 8.1475 6.7818 0.7565 0.7484 1.0780 0.9567

zα 1.1046 1.0992 1.2617 1.1191 1.5108 1.4450 0.6398 0.5922

Comparing the received parameters aα0 , aα1 , aα2 , zα and aβ0, aβ1, aβ2, zβ it can be observed that “Precast
concrete wall” and “An asphalt road” objects are characterized by similar parameters while “Retaining
wall” and “Precast pavement” parameters in α solution and β solution differ.

Table 3 presents an efficiency analysis for the calculation time and the obtained RMS values for
the alpha and beta solutions. The parameters were calculated for different variants depending on the
percentage reduction of the data set.

Table 3. An efficiency analysis (the computation time and RMS values).

Dataset
100%

Dataset
10%

Dataset
1%

Dataset
0.1%

Precast concrete wall

No. of Points 3884 389 - -

T [s]/kB 40/1744 4 - -

RMSα 0.0058 0.0058 - -

RMSβ 0.0042 0.0045 - -

Retaining wall

No. of Points 285 - - -

T [s] 16/134 - - -

RMSα 0.0287 - - -

RMSβ 0.0246 - - -

Asphalt road

No. of Points 402219 40222 4022 402

T [s] 5019/157 082 509 55 5

RMSα 0.0175 0.0174 0.0175 0.0166

RMSβ 0.0152 0.0152 0.0152 0.0156

Precast pavement

No. of Points 38000 3800 380 -

T [s] 702/ 14 094 68 7 -

RMSα 0.0284 0.0282 0.0287 -

RMSβ 0.0261 0.0262 0.0257 -
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3.4. The Result of Msplit(q) Estimation Fitting and Residual Characteristic

This subsection presents the result of the three planes fitting. The planes were generated as
test objects and the Msplit(q) fitting results are presented in Figure 16. Based on the assumption that
we want to obtain three planes, points were generated to meet this condition. Then a data file was
created containing the XYZ coordinates of these 30 points. In the next step, according to the Msplit(q)

estimation algorithm discussed in Section 2.1.2, the assumed planes were fitted.
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The histogram of the residuals presents the values obtained for the alpha, beta, and gamma
solutions. These three planes have been generated therefore the residuals value differs from the real
objects results. It can be observed that points 1–10 belong to the alpha plane, 11–20 to the beta plane,
and 21–30 to the gamma plane, it is indicated by the “residuals value” presented in Figure 17.Remote Sens. 2020, 12, x FOR PEER REVIEW 15 of 17 
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4. Discussion

This paper applied the Msplit method of estimation to fit two planes into one-point cloud.
This approach is possible when the analyzed object or its elements can be described using mathematical
functions. In the examples considered in this study, the authors focused on planes. The inspiration
was a real situation that recently occurred after heavy rain. Rainwater washed the ground, and as a
result, a retaining wall moved. Concrete slabs constituting elements of the wall displaced in relation to
each other. One of the options was to measure this wall using a terrestrial laser scanner to estimate the
extent of the damage. While processing the point cloud, the idea arose to identify the different planes
contained in one-point cloud. The overarching assumption was that the use of the Msplit estimation
method was suitable for processing a point cloud.

The efficacy of the Msplit method has been confirmed by tests carried out on different datasets.
The sensitivity of the proposed method was described by the authors of this method in [27]. The size of
the displacement is an important issue here. To split the functional model into at least two models, these
models must be described by different parameters. This means that the planes must be distinguishable
in a point cloud measured with TLS. However, the situation can also be interpreted so that if they do
not split the model into two (or more, depending on the situation), it can be said that there was no
displacement. This situation is shown in Figure 3a (the precast concrete wall of an apartment in a
multi-story building in a developer state).

The development of point clouds covering individual walls built from concrete slabs or blocks
using the Msplit estimation method in a short time allowed an opinion to be formed regarding the
quality of the construction process. Figure 4a shows a fragment of a wall (in one of the apartments)
consisting of two concrete slabs. As a result of the study, no displacement of the planes relative to other
planes was observed. The algorithm fitted one plane into the entire point cloud, as shown in Figure 8.
Thus, it can be concluded that there are no significant displacements that may affect the condition of
the structure.

The second vertical object is a retaining wall built from concrete slabs. This object is a good
example of using Msplit estimation to fit two planes into a point cloud representing a vertical object
whose elements have been displaced. Figure 9 clearly shows the two planes into which the functional
model was split.

The next two examples are horizontal surfaces. Additionally, these examples confirm the
effectiveness of the proposed estimation method. Figures 10 and 11 present the results of the fitting.

When using the proposed method, it should be remembered that, depending on whether they are
of horizontal or vertical planes, functional models should be properly formulated. A functional model
must be selected very carefully and based on a mathematical description of the estimated model and
data structure.

5. Conclusions

Msplit estimation can be successfully applied in the detection of two planes. It allows a dataset
to be correctly split into two and the planes to be fitted to the appropriate dataset. In the solution
proposed by the authors, tests were carried out to split the functional model into two. Further testing
will be performed for more than two models.

If a displacement does not occur, Msplit estimation cannot split the functional model nor detect two
planes with different parameters. Finally, as a result, two overlapping planes were fitted (see “precast
concrete wall” and “an asphalt road”). In addition, both horizontal and vertical surfaces, measured
with a terrestrial laser scanner, can be analyzed using Msplit estimation.
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