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Abstract: Nowadays, the data processing used for analyzing multifaceted disasters is based on
technologies of mass observation acquisition. Terrestrial laser scanning is one of those technologies
and enables the quick, non-invasive acquisition of information about an object after a disaster. This
manuscript presents an improvement in the approach to the reconstruction and modeling of objects,
based on data obtained by terrestrial laser scanning presented by the authors in previous work, as
a method for the detection and dimensioning of the displacement of adjacent planes. The original
Msplit estimation implemented in previous research papers has a specific limitation: the functional
model must be selected very carefully in terms of the mathematical description of the estimated
model and its data structure. As a result, using Msplit estimation on data from laser scanners is
not a universal approach. The solution to this problem is the orthogonal Msplit estimation method
proposed by the authors. The authors propose a new solution: the orthogonal Msplit estimation
(OMsplit). The authors propose a modification of the existing method using orthogonal regression
and the Nelder-Mead function as the minimization function. The implementation of orthogonal
regression facilitates the avoidance of misfitting in cases of unfavorable data acquisition because the
corrections are calculated perpendicularly to the estimated plane. The Nelder-Mead method was
introduced to the orthogonal Msplit estimation due to it being more robust to the local minimum
of the objective function than the LS method. To present the results, the authors simulated the data
measurement of a retaining wall that was damaged after a disaster (violent storm) using a terrestrial
laser scanner and their own software. The conducted research confirmed that the OMsplit estimation
can be successfully used in the two-plane detection of terrestrial laser scanning data. It allows one to
conduct the correct separation of the data set into two sets and to match the planes to the appropriate
data set.

Keywords: terrestrial laser scanner; modification Msplit estimation; orthogonal regression

1. Introduction

The technical conditions of various types of engineering structures can be monitored
using many measurement methods. The result of these measurements is always a dataset of
information, such as coordinates, distances, angles, elevations, etc., and thus, this information
allows one to describe an object using quantities and mathematical functions. This, in turn,
enables different analyses, comparisons, and evaluations of a facility’s technical conditions.

The very popular and contemporary Light Detection and Ranging (LiDAR) technology
allows one to obtain a large amount of information about the geometry of an object and
some of its physical parameters in a short time. Consequently, this technology is also
becoming more and more popular in monitoring and reconstructing engineering structures.
Traditional monitoring methods require the involvement of construction inspectors who,
based on a series of measurements, drawings, and photos, assess the facility’s technical
condition. Unfortunately, the traditional approach is time-consuming. Terrestrial laser
scanning can be an alternative or a supporting tool to the traditional approach and can be
successfully used to monitor engineering structures after disasters.
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Although this technology has been the subject of research for over twenty years, new
algorithms are still being introduced to optimize the dataset resulting from terrestrial
laser scanning, known as the “point cloud”. To translate irregular 3D point clouds to
useful representations and formats for the end-user requires the continuous research and
development of interpretation and modeling methods and algorithms [1]. Methods of
filtering and optimizing point clouds have been developed, which enable the elimination
of unnecessary information, reduce the amount of data in the datasets, and classify the
objects represented by the measured points. However, sometimes, case-specific algorithms
are also needed.

Because some structures of building objects can be represented as vertices, lines,
planes, or others that a mathematical function can describe, it is possible to automate data
processing with the help of appropriate algorithms.

So far, automatic data processing has been discussed in many publications concerning
building detection and extraction of structure lines from LiDAR. In [2], the authors proposed
an approach for building detection based on Wavelet Transform and geometric properties
of buildings. The extraction of feature lines is based on Hough Transform and image
processing. This roof-and-edges modeling method is a multi-stage process.

Another solution for the linear extraction of buildings was described in [3]. Traditional
methods of monitoring work require the involvement of construction inspectors who, based
on a series of measurements, drawings, and photos, assess the facility’s technical condition.
Due to the usually large size of the dataset, the authors looked for an effective and efficient
method. According to the conducted research, the procedure of extracting linear features
from buildings based on fractal dimension theory produces successful results.

Deep learning methods are also used for LIDAR data processing and 3D modeling [4].
In [5], the authors reported building a detection approach based on deep learning (DL)
using a combination of LiDAR data and orthophotos. This method uses object analysis to
create buildings, an autoencoder-based dimensionality reduction to transform low-level
features into compressed features, and a convolutional neural network (CNN) to transform
compressed features into high-level features used to classify objects into buildings.

Existing research has demonstrated that high classification accuracy can be also
achieved through the use of deep learning for classification: ground [6], vegetation [7] and
special objects such as railway [8].

Another solution proposed by Janowski and Rapinski is 3D modeling using the Msplit
estimation from Airborne Laser Scanning (ALS) data [9]. The Msplit estimation algorithm
allows for the simultaneous estimation of two planes and the edge. The proposed method
is discussed in the example of fitting the roof surfaces of a building and extracting the edge
of two roof slopes from ALS.

Although there are many different solutions, new, more efficient, and more universal
methods are still in development. Orthogonal Msplit estimation in laser scanning data
processing is an interesting alternative to the proposed methods. The example discussed in
the paper is limited to estimating two planes simultaneously based on data from terrestrial
laser scanning using orthogonal regression and minimizing the objective function by the
Nelder-Mead simplex method.

The least-squares (LS) method belongs to the M-estimation class, within which the
estimation methods can be described with appropriate characteristic functions. The basis for
defining these functions is determining the external objective function and its components.
Based on the properties of the weighting function, we can distinguish between weak
estimation, neutral estimation, and robust estimation. The LS method’s weighting function
is constant and classified as neutral, i.e., not resistant to gross errors, while Msplit estimation
is classified as robust. Moreover, Msplit processing can split a point cloud by assuming
two functions into two datasets, each representing points belonging to a different plane.
In practice, if the wall is cracked and the walls on the opposite sides of the crack are
additionally shifted to each other, we will obtain two wall planes.



Remote Sens. 2023, 15, 421

30f12

Detection of displacements and cracks with the use of the newly developed method
can be particularly important in the processes of analyzing the condition of the object after
a disaster. Therefore, the effectiveness of the presented solution was tested on an object
that was damaged during the storm. The idea of the OMsplit method is the possibility of
automatic extraction of the data sets representing two different planes, which were one
plane before the disaster.

2. Materials and Methods
2.1. Msplit Estimation Description

The Msplit estimation method introduced by Wisniewski [10-12] is based on the as-
sumption that every measurement result can be a realization of either two or more different
random variables. Assuming that the functional model is split into two competitive models,
Yo or YB3, each observation has its own “split potential” and, therefore, can belong to
one of the random variables. Considering the observation set Q) ={yi:i=1,2,...,n}as
a disordered mixture of the elements assigned to the random variables Yo or Y3 in an
unknown way, each observation yi may have one of two competitive expected values:
Ealyi} = E{Ya} or EB{yi} = E{YB}. Msplit estimation assumes that the following models
describe the expected values:

Ecx{Yi} =a; Xu
Eglyi} =ai Xp 1)

The functional model V = AX + L is split into two competitive ones which concern the
same vector of observation L:

Vo = AXg +L

split(V=AX+1L) = {VB — AXp +L ()

where A = [a],...,al]T is a common coefficient matrix, V4 and Vg are competitive
vectors of random variables, and X and Xg are competitive parameter vectors. Estimating
competitive vectors (X« and Xg ) of parameters using the same observation vector L requires
appropriate objective function formulation. The Msplit method replaces function p(v) with
functions p (V&) and pg (vg) according to Equation (3) and in compliance with the cross-
weighting V, and V. Before the Msplit estimation, the weights are assumed to follow the
standard weighting procedure. So, the first step is the least-squares method. In the next
step, the weights of observations are modified according to the following equation:

00 (Ve
walvg) = *5575
®)
]
wplve) = i
If )
Po(V) = VaVps @)
pp(vp) = V%s v2,
then the weight functions can be written in the following form:
wu(vp) :V%,wﬁ(vm) :V(ZX, (5)

The idea of Msplit estimation can be easily explained by the example presented in Figure 1.

Figure 1 presents the result of fitting two lines into a dataset of points using the Msplit
method and least-squares (LS) method.

According to the assumption of this method, it is also possible to fit two or more planes
simultaneously in a dataset. This is due to the theoretical basis of this method. However, this
method has a certain limitation, and the functional model must be selected very carefully in
terms of the mathematical description of the estimated model and data structure. In the sense
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of least-squares, the best fit minimizes the sum of the squared distances from observation
to model, usually along with the observed variable. So, from a geometric point of view, the
residuals are parallel to one of the axes of the coordinate system.

r'y

L
Msplit

Figure 1. The idea of Msplit estimation and least-squares estimation.

Figure 2 shows the result of fitting the line into a point set by the least-squares method
performed in two cases depending on the data distribution.

(a) (b)

Y [m]
Y [m]

X [m] X [m]

Figure 2. Correct (a) and incorrect (b) data fitting based on the same functional model depending on
the data distribution.

In Figure 2, the color blue (shadow area) indicates the confidence interval for the
regression estimate. The confidence interval was drawn using translucent bands around
the regression line. The dark blue dots represent the observations in which a straight line
fits. Two cases, figure a and figure b, show straight line options depending on the data
distribution. In cases where the variance of residuals is almost parallel to the estimator axis
(such as in Figure 2b), the results are ambiguous.

2.2. Orthogonal Regression

The least-squares method is classified as a linear regression method, and a statistical
procedure is used to find the best fit for a set of data. However, orthogonal regression is
also very often used to analyze measurement data. The history of the orthogonal regression
method is very long and has been described many times in the statistical literature: [13-17].

The idea of the orthogonal regression is to minimize the sum of the squared orthogonal
distances from the data points to the fitting model. The classical least-squares method
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minimizes the sum of the residuals parallel to one of the axes of the coordinate system
from the data point to the fitting, for example, as a line or plane. A detailed and extensive
discussion of the method can be found in [18]. The differences between the orthogonal
regression (OR) and LS methods are present in Figure 3.

Least Square Orthogonal Regression

[
>

\4

X X

Figure 3. The graphical comparison between least-squares and orthogonal regression.

As mentioned in the previous section, correct LS data matching based on the same
functional model depends mainly on data distribution. This problem does not occur using
the orthogonal regression, as shown in Figure 3.

One more modification was introduced in the proposed OMsplit estimation approach,
i.e., the objective function is minimized by the Nelder-Mead method. The parameters
are not estimated in a direct manner, but instead, the Nelder-Mead method is applied to
numerically find the minimum of the objective function.

2.3. Nelder-Mead Simplex Method

The Nelder-Mead method is a numerical method used to find the minimum of an
objective function in a multidimensional space. It is a direct search method suitable for
nonlinear optimization problems because the algorithm does not use derivatives. It is based
only on calculating the objective function’s values [19]. Finally, a structured method tends
to a global minimum. A detailed description of the method can be found in [20].

The Nelder-Mead simplex method starts with forming a simplex (set of points) in a
multidimensional space. The number of vertices of the simplex is bigger than the parameter
space dimension by one. The number of parameters is equal to the dimension of space. For
example, a one-dimensional simplex, which is the section of a straight line, has two vertices,
whereas a two-dimensional simplex has three vertices, so it is a triangle. Generally, the
n-dimensional simplex of the n + 1 vertices is a polyhedron represented by n + 1 vectors.

The first step is to form the initial simplex, assuming a distance between the vertices.
Usually, the default is five percent of the parameter value. The next step is a transformation
of the simplex as long as the distance between the vertices is less than the assumed accuracy
of the calculations. During optimization, the simplex procedure is modified many times
until it reaches the global minimum. In searching for the minimum objective function, the
following operations are applied: calculating the center of gravity of the simplex, reflection,
expansion, contraction, and reduction [20].

The Nelder-Mead method was introduced to the presented solution of orthogonal
Msplit estimation due to it being less time and resource consuming. Moreover, it is more
robust to the local minimum of the objective function than the LS method.
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2.4. Processing with Orthogonal Msplit Estimation

A plane in three-dimensional space can be described by the following standard form
of the plane equation:
Ax+By+Cz+D=0 (6)

where the following are defined:
A, B, C, D—plane parameters;
X, y, z—coordinates;
d;_the distance of a single point from the plane, calculated as:

_ Ax+By+Cz+D
VA% +B? +C?

The weighted sum of the squares of point to plane distances was assumed as an
objective function:

d;

Zd?wiz = minimum (7)

where w; denotes the weight of the i-th point and the distance from the plane to point (x,y,z)

can be expressed as:
_ Ax+By+Cz+D
VA% + B+ C?
Next, the Nelder-Mead method is used to find A, B, C, and D parameters for which
the objective function value is the minimum. Thus, the search for parameters is not strictly
carried out, but the selected Nelder-Mead method is conducted numerically. In the OMsplit
estimation process, the parameters of two planes, x and (3, are estimated. To achieve this
task, the cross-weighting procedure is carried out. The first step is called alpha solution
(“1”). The alpha residuals are calculated based on the alpha parameters (“2”). Then, the beta
weights (pg;) of the observation are modified according to Equation (3). The parameters
and free terms are updated. In the next step, the second (beta) solution is calculated using
the Nelder-Mead method using pgi. The new weights for the « solution are computed
with Equation (4). Then, the procedure goes back to the « solution, and the process is
iteratively repeated until the increase in estimated parameters reaches a satisfying level.
The procedure is shown in Figure 4. The block diagram presents the modification
(marked in red color) in relation to the procedure already described by the authors in
the previous article. Numbers from 1 to 7 denote the sequence of calculation operations
performed. The implementation of orthogonal regression significantly improves the func-
tioning of the proposed OMsplit estimation method.

d;

®)

2.5. Description of Research Objects

The simulated and the real point cloud data were processed using the described method.
The simulated object is represented by two mathematical functions zi = f (x, y), where
i=12:
z1=7x+2y — 95

z2=x+2y+3

The point cloud representing the test object is presented in Figure 5.

Thus, two data sets of points were obtained, and during the next step, they were com-
bined into one simulated set. This approach allows one to formulate the assumption that after
using OMsplit, the user should obtain two fitted planes into two initial point clouds.

The real object was a fragment of a retaining wall near the Primary School in Olsztyn,
which was damaged after a violent storm. Part of the wall was moved due to a large
amount of rainwater, causing a landslide. Because of the landslide, the concrete slabs that
make up this wall and protect the area changed their position. Individual concrete slabs
parted to the side, a gap formed between them, and the inclination angle changed.
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The considered real object (two plates with the most significant displacement) is shown

in Figure 6.
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Figure 4. The block diagram of the orthogonal Msplit estimation.
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Figure 5. The point cloud representing the test object.

The measurements were performed using a Leica Scan Station C10 based on two
stations, with a distance of about 7 m and a resolution of 2 mm. The point cloud representing
the fragment (Figure 6b) of the retaining wall is presented in Figure 7a.

The obtained point cloud was processed using the OMsplit estimation method. Two func-
tional models were established during the processing corresponding to the points depicting a
particular concrete slab. The results are presented and discussed in the next point.
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Figure 6. The concrete slabs and a gap formed between them after a storm: (a) the fragment of the
retaining wall; (b) the fragment of the wall is used to fit the planes.

(b)

A-A cross-section

Figure 7. The point cloud representing the fragment of the retaining wall: (a) front view, (b) cross-section.

3. Results

According to the algorithm presented on the block diagram, calculations were per-
formed on the test sets and on the real data obtained as a result of measurement with a
terrestrial laser scanner.

In previous studies [21], the authors tested the Msplit estimation method in the context
of detecting and dimensioning displacements of adjacent planes on several real datasets
with different numbers of points. The solution presented in this paper is an extension of
previous research by introducing orthogonal regression to the computational process.

The authors present the results of the introduced improvement on one test set and one
real set. The obtained results are presented and described in this section.

3.1. Simulated Objects Results

Figure 8 shows the result of the automatic fitting of two planes to the point cloud
using the OMsplit method.
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Figure 8. The result of the simulated fit of the two planes.

Figure 9 presents the characteristics of the residuals obtained for each solution: alpha
and beta. 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 1-10
(Figure 9a green color) are close to 0 m, while the residuals marked in orange are in the
range of point numbers 1-10 and are about 20 to 50 m. The opposite situation is seen in
the range of point numbers 10-20. This means that points 1-10 have been assigned to the
alpha plane, and points 10-20 have been assigned to the beta plane.

@ (b)
Histogram of residuals Residuals value
120 4 EEE alpha solution alpha solution
beta solution —— beta solution
200 4
100 4
80 - = ]
£ 150
= w
= i
©
é 60 -
2 100
@
o
a0
50 4
204
OIIIII,IIII,I 1..nalsl. o1 ‘ — . i i . .
0 50 100 150 200 0 25 50 75 100 125 150 175 200
Residuals [m] Point number

Figure 9. (a) The histogram of the residuals; (b) the residual for oc and 3 solutions.

3.2. Real Object Results

The obtained point cloud was processed using the new orthogonal Msplit estimation
method. Two functional models were established during the processing corresponding to
the points depicting a particular concrete slab. The fitting results are presented in Figure 10.

Analyzing Figure 10, it can be observed that the point cloud was correctly divided
into two planes.

In Figure 11a histogram of residuals and residuals values are presented.

Based on the “residual values” graph in Figure 11b, it can be observed that the residuals
from point number 1 to point number 151 (green color) do not exceed 0.01 m, while the
residuals marked in orange in the range of point numbers 1-151 are about 0.04 m.
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Figure 10. The results of the real object-fit ((a) front view; (b) top view).
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Figure 11. (a) The histogram of the residuals; (b) the residual for & and 3 solutions.

The opposite situation is in the range of point numbers 151 to 285. This means that
points 1-151 have been assigned to the alpha plane, and points 151-285 have been assigned
to the beta plane.

Root-mean-square (RMS) values were calculated for each plane fitting (Table 1). In
each case, the RMS value for both the « and {3 solutions are similar, concluding that the
two planes in each object were extracted and that no other planes or outliers are present in
the point cloud. The distribution of points relative to the fitted planes in each of the two
presented objects is even. Table 1 shows the plane parameters received for real objects in

the oc and p solutions, the number of points assigned to each plane, and the RMS values for
the alpha and beta solutions.

Table 1. Numerical characteristics.

Plane Parameter Values

Characteristics
« Solution 3 Solution
A —2.0063 —2.8107
B 5.9106 4.9235
C 8.1475 6.7818
D —1.2617 1.1191
Number of points 151 134
RMS [m] 0.0287 m 0.0246 m

4. Discussion

This paper applied the orthogonal Msplit estimation method used to automatically
fit two planes into one point cloud. The proposed method can be used if mathematical
algorithms and functions can describe an object or its elements. The inspiration was a real
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situation that recently occurred after heavy rain. Rainwater flooded the ground, resulting
in a retaining wall being moved. The concrete slabs constituting the elements of the wall
were displaced in relation to each other. One option was to measure this wall using a
terrestrial laser scanner to estimate the extent of the damage.

As a result of TLS measurement, the dataset is usually composed of one point cloud
(or scans registered into one cloud). In the previous paper, the authors proposed using the
Msplit estimation method for this purpose. The efficacy of the Msplit method has been
confirmed by tests carried out on different datasets. However, despite its effectiveness, the
Msplit estimation method has a particular disadvantage. When using the proposed method,
it should be remembered that functional models should be appropriately formulated
depending on whether they are of horizontal or vertical planes. A functional model must
be selected carefully and based on a mathematical description of the estimated model
and data structure. It is necessary to formulate a model matching the data or to match
the data to the model every time. As a result, using Msplit estimation for LIDAR data is
not a universal solution. The solution to this problem is the orthogonal Msplit estimation
method proposed by the authors in this manuscript. The introduced improvements, the
orthogonal regression and Nelder-Mead method, allow the solution to achieve universality,
regardless of how the functional model is formulated. The conducted tests confirmed the
correctness of the introduced modifications, and the content of this article describes the
applied approach.

Further work related to the development of the proposed OMsplit estimation method
will be related to rewriting the developed algorithm to a more efficient programming
language. The authors used the Python programming language for the calculations in
this paper; however, it is not an efficient programming language, which also forced the
authors to reduce the size of the original dataset of the real object before performing the
plane fitting.

In addition to the limited efficiency of the programming language used by the authors,
there is also the issue of the sensitivity of the proposed method. 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.

5. Conclusions

The orthogonal Msplit (OMsplit) estimation can be successfully applied in the detec-
tion of two planes. The method allows one to correctly separate a dataset into two and fit
each plane to the appropriate dataset. In the solution proposed by the authors, the sum
of the squared orthogonal distances from the data points to the fitting line is minimized.
Therefore, it has a big impact on the universality of this solution.

The application of the described solution does not require additional actions; i.e., there
is no need to properly prepare the data or the model.
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