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Abstract: The development of autonomous navigation systems requires digital building models at
the LoD3 level. Buildings with atypically shaped features, such as turrets, domes, and chimneys,
should be selected as landmark objects in these systems. The aim of this study was to develop a
method that automatically transforms segmented LiDAR (Light Detection And Ranging) point cloud
to create such landmark building models. A detailed solution was developed for selected buildings
that are solids of revolution. The algorithm relies on new methods for determining building axes
and cross-sections. To handle the gaps in vertical cross-sections due to the absence of continuous
measurement data, a new strategy for filling these gaps was proposed based on their automatic
interpretation. In addition, potential points associated with building ornaments were used to improve
the model. The results were presented in different stages of the modeling process in graphic models
and in a matrix recording. Our work demonstrates that complicated buildings can be represented
with a light and regular data structure. Further investigations are needed to estimate the constructed
building model with vectorial models.

Keywords: LiDAR; LoD2; LoD3; 3D buildings; automatic building modeling

1. Introduction

Three-dimensional urban models represented in the CityGML 3.0 standard have
considerable potential for numerous applications, in particular navigation systems. These
applications are useful for designing transport systems for autonomous vehicles [1]. To
meet such needs, building models must be developed at the LoD3 (level of detail 3). In
LoD3, a building is represented as a solid, closed 3D geometry with separate components
for the walls, roof, and architectural elements to accurately depict structural details and
ornamental features [2-4]. In addition, LoD3 level models are also widely utilized in urban
microclimate studies to identify buildings in urban space, generate energy-saving plans,
and identify the sources of noise and noise propagation routes. Urban morphology models
will play an increasingly important role in the future [5].

Three-dimensional city models are often developed based on light detection and
ranging (LiDAR) data, which are collected with the use of aerial and terrestrial remote
sensing techniques [6,7]. The process of building modeling at various levels of detail, from
LoDO0 to LoD2, has been extensively investigated [8-17]. New approaches to modeling
buildings are being proposed based on the density of point clouds [18], normal vectors on
minimal subsets of neighboring LiDAR points to determine characteristic points in roof
creases [15], shape descriptors, and cubes that divide the point cloud into roof surface
segments [19]. However, even sophisticated techniques will not be able to handle some
intrinsic modeling problems [20,21]. The density of point clouds acquired during airborne
scanning of urban areas differs sometimes between roofs and walls, and the presence of

Remote Sens. 2023, 15, 3324. https:/ /doi.org/10.3390/1s15133324

https://www.mdpi.com/journal /remotesensing


https://doi.org/10.3390/rs15133324
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0003-4952-4350
https://orcid.org/0000-0001-8847-2835
https://orcid.org/0000-0003-0913-151X
https://orcid.org/0000-0002-1948-9657
https://doi.org/10.3390/rs15133324
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs15133324?type=check_update&version=1

Remote Sens. 2023, 15, 3324

20f17

outliers and noisy data can lead to errors in the process of generating point clouds and
incorporating clouds into the reference system [17,22,23].

Once the LiDAR point cloud is classified into main classes such as terrain, buildings,
and vegetation [24], various methodologies have been proposed for automating the genera-
tion of mass-building models. Individual buildings must be distinguished and selected [25]
from compact dense urban development [26], and then modeled in 3D [27]. An algorithm
for identifying flat roofs and modeling individual buildings at the LoD3 level based on pla-
nar structures was proposed in [28]. A similar solution [29,30] for modeling buildings based
on planar primitives produces structures with more elaborate shapes. Planar primitives are
generated from a point cloud and are then reconstructed with the use of characteristic lines
identified in the acquired images. In the last step of the process, the generated models are
optimized by a polynomial curve fitting (PolyFit). Planar primitives are also used to model
buildings based on a dense triangulate irregular network (TIN) mesh [31].

Other algorithms for 3D building modeling integrate various sources of data. The
first solutions relied on old maps, plans, and cadastral data [32,33]. At present, LIDAR
data are increasingly combined with remote sensing datasets, machine learning methods,
and neural networks [10,34-38]. Window and door openings on walls are modeled at
the LoD3 level based on terrestrial laser scanning images and segmented 2D images [39].
These methods rely on deep machine learning techniques. In a graph-based model [40], the
structural complexity of a building facade can be automatically modeled, and geometric
data can be combined with semantic input.

Several automatic solutions have been proposed for generating mass building models,
in particular roofs, at the LoD2 level, based on aerial images and high-resolution remote
sensing data by artificial intelligence methods [41-43]. Artificial intelligence is also useful
for 3D modeling at the LoD3 level based on street view images [44]. These methods
produce satisfactory results when the modeled buildings have regular shapes, in particular,
when terrestrial laser scanning data are available. In spite of all these efforts, atypical
and irregularly shaped buildings with complex ornaments continue to pose a challenge to
state-of-the-art solutions. These buildings are particularly difficult to model based solely
on aerial images. The presented study in this paper was undertaken to further explore this
issue based on the authors’ previous findings [45].

2. Research Objectives

Buildings with irregularly shaped features often constitute landmarks in urban spaces.
They are important in navigation. One of the first attempts to automatically model atypical
buildings composed of rotational surfaces was made by Lewandowicz et al. [45]. This
cited study proposed an algorithm for rendering ornamental features in greater detail and
capturing these buildings” unique ambiance. The method proposed in [45] was based on
modeling the rotunda based on only one point cloud cross-section.

The presented study in this paper intends to improve and extend the algorithm
proposed by Lewandowicz et al. [45] to capture and enhance the presentation of unique
structural elements of buildings. In this context, the novelties of our work, as well as the
objectives, are formulated as follows:

e Improvement of the method for determining the axis of buildings represented by
solids of revolution;

e  Introduction of a new approach for the automatic generation of building cross-sections
and a gap-filling strategy when a complete set of points is not available;

e Evaluation and interpretation of deviated data points (outliers) in the process of
incorporating these data into the developed model.

As a result, a matrixial form of modified building models was developed in the last
stage of the study. The results were presented and visualized in different stages of the
modeling process.
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3. Datasets

The presented study uses point clouds acquired with the airborne laser scanning
(ALS) methods, representing distinctive buildings in the analyzed cities. These data were
obtained from the Polish Spatial Data Infrastructure (SDI). Buildings with atypical shapes,
features, and heights often constitute landmarks in urban spaces. They include sports and
entertainment arenas, water towers, buildings with domed roofs (such as planetariums), or
industrial buildings with tall chimneys (Figure 1).

Sports and enter-

Photo from Google

Model 3d

Lidar data

tainment arena

Water tower in | Water tower in Planetarium Chimney of a
Byvdeoszcz; Siedlce domed roof heat plant

Figure 1. Visualization of buildings (al—e1), their 3d models with a database (a2-e2). Vertical cross-
sections of a point cloud of buildings selected for the study. The analyzed buildings are visible
with a red circle: (a3) sports and entertainment arena in £6dz; (b3) water tower in Bydgoszcz;
(c3) water tower in Siedlce; (d3) domed roof of the Nicolaus Copernicus Planetarium in Olsztyn;
and (e3) chimney of a heat plant in the Kortowo campus of the University of Warmia and Mazury
in Olsztyn.

These building models are largely simplified at the LoD2 level in the 3D models of
Polish cities developed. They are represented by cylinders or are overlooked in models
(Figure 1(al,a2,b1,b2,c1,c2,d1,d2,el,e2)). Points representing buildings that are rotational
surfaces can be extracted from a LIDAR. When classifying points by height and viewing
the vertical projections of the LiDAR sets, one can distinguish clusters of points showing
the tested objects in the shape of circles (Figure 1). Selected for the study are different types
of buildings (Figure la—c) and elements of building (Figure 1d,e).

Data files are acquired in LAZ format, while the point coordinates are expressed in the
ETRS_1989_Poland_CS92 (EPSG 2180) coordinate system. All points are assigned class ID,
signal intensity values, and RGB values from aerial images. The scanning was acquired
in 2017-2022 with a resolution of 12 or 4 points per square meter, depending on the year
of acquisition.
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4. Method
Successive stages of the modeling process are described in the following subsections.

4.1. Improve Vertical Cross-Section Point Cloud

From Figure 2a,b, it can be noted that the point density, as well as the point distribution
on the vertical walls of a tower point cloud, are heterogeneous. As an example, the
calculation of two vertical cross-sections of the point cloud illustrated in Figure 2b according
to two different directions (direction 1-1 and direction 4-4, as shown in Figure 2e) provides
two different results shown in Figure 2¢,d. In fact, the difference between the two obtained
results is due to the irregular distribution of LiDAR points on the building facades. At
this stage, the major question that arises is in which direction (according to Figure 2e) the
vertical cross-section must be calculated to obtain the best representative result. This paper
proposes a new approach to calculate the best cross-section that considers all LIDAR points
describing the tower building.
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Figure 2. (a) Tower_1 point cloud. (b) Tower_2 point cloud. (c) Point cloud of vertical cross-section
according to the direction 1-1 in (e). (d) Point cloud of vertical cross-section according to the direction
4-4in (e). (e) Black circle is the horizontal cross-section of the given rotating tower, green circle is the
gravity center of the horizontal cross-section, and the blue lines are directions of suggested vertical

()

cross-sections.
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The first step is to project all points according to a circular trajectory and then group
them into one half vertical plane located on one side of the tower (Figure 3). To carry out
this operation, the cloud coordinates (X, Y, and Z) are transformed into a plane coordinate
system (X; and Y1) according to Equation (1).

X1:Yg+\/(X—Xg)2+(Y—Yg)2 Y, =Z )

where X, and Y, are the coordinates of the point cloud gravity center according to
Lewandowicz et al. [45] as shown in Equation (2).

Xmax — Xmin Ymax — Ymin

Xg = minX + 5 , Yg = minY + — 2)

-
Lg

v
>

(a) (b)

Figure 3. Rotating of points and grouping them to a half vertical plane located on one side of the
tower. (a,b) Consecutively 3D and 2D rotating illustrations.

To clarify this operation, the example illustrated in Figure 3b is detailed. In Figure 3b,
the distances are equal between all points of the circle and the gravity center (the circle
center) and equal to R (the circle radius). Point ‘a” is projected in a circular trajectory on the
same circle, the obtained result is Point ‘c’. The same operation is applied to Point ‘b’, and
the obtained result will also be Point ‘c’. In Equation (1), as Points ‘a” and ‘b’ have the same
Z value and their distances to the gravity center are the same, the new coordinate X; of the
two points will be the same. At this stage, it is important to refer that this operation does
not represent a projection on gY’ axis. Indeed, the projection of Points ‘a’ and ‘b’ on axis gY’
are consecutively Points ‘d” and ‘e’.

Thereafter, the new point cloud {X;, Y1} which represents the vertical cross-section,
should be put in descending order regarding the Z coordinate values. At this stage, it
can be noted that according to the point density, it is possible to present groups of points
having the same Z coordinate value. In fact, there are three considerations to present this
kind of point: LiDAR point accuracy, texture smoothing, and building architecture. The
basic hypothesis in the suggested approach is that one building surface consists of a main
rotating surface and some decoration parts added to this surface. Hence, in the case of
several points having the same Z values and different distances from the rotating axis, the
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nearest point to the rotating axis is located on the main rotating surface, whereas further
points are likely located on the decorations. If the building architecture reason is neglected,
then the basic frustum of a cone must pass through the central point. Moreover, if the point
accuracy and texture smoothing are neglected, then the basic frustum of a cone must pass
through the nearest point to the rotating axis. Furthermore, if it is desired to consider all of
the three reasons together, the points of the same Z coordinate value must be divided into
two groups: one group of points that belong to the main building surface and the other that
belongs to the decoration. This analysis needs more experiments to decide if it is efficient
or not. Finally, as all available points will be considered in the model equation, the errors
will only be located at places where points are missing.

In this paper, a new rule is added, as follows: if a group of points has the same Z
coordinate value, only the farthest point from the rotation axis is kept; the other points are
temporarily eliminated until the last modeling step.

This procedure allows for a reduction of the number of points of the vertical cross-
section. The new cross-section point cloud is noted as a reduced point cloud. In this context,
a new list that has the same length as the reduced point cloud is defined and named the
point-frequency list. This list represents, for each point of the reduced point cloud, the
number of points having the same Z coordinate value in the original point cloud. Another
list named dev_list is defined. For the points having point-frequency values greater than
one, the value of the corresponding dev-list cell is equal to the subtraction of the nearest
and farthest distances from the rotating axis. If the point-frequency value is equal to one, in
this case, the corresponding dev-list cell is assigned zero.

Figure 4a visualizes the reduced vertical cross-section of the tower point cloud shown
in Figure 2b. Figure 4b uses the histogram illustration to visualize the frequent list of point
clouds shown in Figure 4. In this figure, it can be noted that the frequency of the most
reduced point clouds is equal to one. The maximum value of the frequency is equal to
10. In fact, the importance of this list as well as the dev_list will be highlighted in the
third improvement step. Figure 4c utilizes histogram graphics to visualize the dev_list
of the point cloud shown in Figure 4a. In this figure, it can be stated that most reduced
cross-section points do not have deviations from the building model. Moreover, points
with deviations can be classified into two classes. The first class is the points with small
and neglected deviations comparable to the LIDAR point accuracy of 0.4 m or smaller. The
second class is the points having a deviation greater than 0.4 m due to the presence of
decoration or noise.

180
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Figure 4. (a) Reduced vertical cross-section of the tower point cloud shown in Figure 2b.
(b) Nlustration of the frequency list of the point cloud shown in (a). (c) Illustration of the dev_list of
the point cloud shown in (a).



Remote Sens. 2023, 15, 3324

7 of 17

4.2. Gap Analysis and Filling

Once the cross-section point cloud is calculated and reduced, the next step is the
vertical cross-section gaps analysis. The mean expected distance between two neighboring
points depends on the point density. In the building point cloud, it is common to meet
neighboring points separated by distances greater than the mean expected distances; this
separation distance is named a gap. However, two kinds of such gaps can be distinguished:
horizontal gaps when the greater separation distance is horizontal (see blue arrow in
Figure 2a), and vertical gaps when the greater separation distance is vertical. In fact, there
are several reasons for the presence of these gaps, such as the obstacles that prevent the
laser pulses to arrive at the scanned surface, the geometric form of the reflecting object, the
physical nature of the scanned surface (e.g., the surface is made of glass), and the scanning
parameters such as the flying height and the building location regarding the sensor location.
Though the employment of the vertical cross-section to model the building can cancel
the direct influence of the horizontal gaps because it moves all building points through
a circular trajectory to group them into a vertical plane. But in the final obtained model,
the presence of the horizontal gaps may reduce the building model accuracy in the gap
zone due to the lack of information in this area. Concerning the vertical gaps, despite
their influence being reduced through using the vertical cross-section described in the last
section, sometimes these gaps still appear in the vertical cross-section (Figure 5) because all
cloud points are grouped into one vertical plane (Figure 3). Therefore, it is necessary to
add a special procedure to process the remaining vertical gaps and reduce the depicted
deformation due to these kinds of gaps.
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(a) (b) (©)

Figure 5. Gap-filling strategy. (a) Tower point cloud. (b) Vertical cross-section. (c) Red points are the
gap’s upper points, green points are the gap’s lowest points, and blue points are points filled inside
the gap.

When a line segment is revolved around an axis, it mathematically draws a piece of
a cone called the frustum of a cone. This frustum of a cone could be a cylinder when the
line segment is parallel to the rotating axis. According to this principle and in the case of
vertical gaps (Figure 5a,b), if the upper and the lowest gap points have different distances
from the rotating axis (Figure 5b,c), the gap will generate a frustum of a cone connecting the
two consecutive frusta of cones or cylinders in the building model (Figure 6b). In fact, this
solution does not consider the main reason for the gap presence when the geometric form
of the scanned surface prevents the laser pulses to arrive at the scanned object. That is why
there is a great deformation in the gap area in the building model presented in Figure 6b.
Hence, to improve the calculated building model, this paper proposes a new strategy to fill
the gaps in the vertical cross-section as follows.
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(a) (b) (©)

Figure 6. (a) Tower image. (b)Tower model before filling the gaps. (c) Tower model after filling the
gaps. (d) Building point cloud; Red arrow shows gap.

In the last section, the reduced point cloud was put in descending order regarding the
Z coordinate values, which means that the first point in the list has the greater Z value and
the last point in the list has the lowest Z value. At this stage, a new list, named Zging,
is defined. The first cell in this list contains the value zero. Thereafter, the value of each
cell is calculated by subtracting the Z coordinates value of the corresponding point in the
reduced point cloud from its precedent point.

Figure 7 illustrates the visualization of the distribution of Zgyine cell values. In this
histogram, it can be noted that the vertical spacing between most of the reduced cross-
section cloud points is around zero. Moreover, the points having vertical spacing smaller
than a given threshold (e.g., 0.2 m) can be considered as points having accepted vertical
spacing and then having no gaps. Also, points having vertical spacing greater than the
same threshold are considered points having gaps. In fact, the employed threshold value
(THspacing = 0.2 m) depends on the point density. Its value can be considered equal to or
smaller than the mean expected distance between two neighboring points.

140
120 §
100 §
80 ¢
60 §
40

) _l‘l—rl‘\ﬁ
| [ pu— |

0 A p—
0 0.5 1 | B 2

Spacing between consequitive cross-section points

Number of points

Figure 7. Vertical spacing between consecutive vertical cross-section points shown in Figure 3a.

Once the Zgying list is calculated and the spacing threshold is determined, the point
gaps can be detected by comparing the vertical space values with the spacing threshold.
To fill a gap, a list of points is added within the gap. These points have the same abscissa
of the gap’s lowest point (Figure 5c) and have gradual ordinates starting from the gap’s
lowest point ordinate added to THjy,cing until the gap’s upper point ordinate.

Figures 6 and 8 show the modeling results of the building point clouds illustrated in
Figures 2b and 5a consecutively in the case of the application of the gap-filling strategy
and without applying this strategy. In Figure 8, the gap heights are smaller than those in
Figure 6, which is why the influence of the filling gap operation is less notable oppositely
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to the case of the building presented in Figure 6. In Figure 6b, the building model has a
great deformation in the gap area. This deformation disappears in Figure 6¢ thanks to the
gap-filling function. Moreover, the building model becomes more faithful to the original
building presented in Figure 6a after applying the gap-filling strategy.

150 - 150
145
140

140 H

130 |

120

(a) (b) () (d)

Figure 8. Models calculated from the point cloud shown in Figure 2b. (a) Tower model before
fillingthe gaps. (b) Tower model after filling the gaps. (c) Tower model after considering all cloud
points. (d) Tower image.

4.3. Integrating Deviated Points in the Calculated Model

It can be observed from Figure 4b that most of the building cloud points have dis-
tinctive (non-duplicated) Z coordinate values. However, in the presence of several LIDAR
points having the same Z coordinate value, the suggested algorithm in the last section
considers only the nearest point to the rotating axis and neglects the other points. In this
section, the suggested algorithm will be extended to consider all cloud points without
neglect. For this purpose, the coordinates of non-considered points are used to modify the
rotating surface depicted by Equations (3)-(5) [45].

At this stage, it is important to show how Equations (3)—(5) are deduced. One rotating
surface can be divided into n horizontal slices according to the consecutive Z coordinate
values of the half -cross-section cloud (see Figure 4a). The points of each slice have the same
Z; coordinate value, which is why the elements of each row in the Z matrix are equal. Each
slice represents a circle because it belongs to a rotating surface. This circle can be divided
into m angular sectors. One rotating surface is expressed by three matrices X, Y, and Z.
This surface is composed of cells. The coordinates of the middle point of each cell will be
considered from the three corresponding cells of the last three matrices. The dimensions of
one cell can be calculated as a function of the thickness of the horizontal slice, the number
of angular sectors, and the cell circle radius value (R = Y; — Yg). The angle of each angular

sector equals %, where j is the sector number. In Equation (5), the origin of 3 is the circle
center, but the origin of o is Y;. The application of basic sine and cosine relationships allows
deducing o and B equations where the value 3 is added to the angle value for adapting
the signs.

Return to the integration of non-considered points, if one point (Xp, Yp, Zp) does not
belong to a rotating surface defined by Equations (3)-(5), it is desired to integrate this point
within this surface. Hence, this operation can be carried out by calculating the angle 6 (see
Figure 9) using Equation (6). Thereafter, the angle 8, measured from the rotating origin
R, (see Figure 9) is calculated according to Equation (7). In the matrices X and Y, the row
number of the concerned cell can be calculated depending on the Z coordinate value (Z)).
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Furthermore, the column number of the concerned cell can be calculated depending on 0,
value and the number of columns of the matrix X according to Equation (3).

Xng + ,Bl,lxg +2B12. et Xg
XoXg + Bo1Xg +2B2p. ... . Xq
x — | XeXg+B3aXg+2B30. ... Xg

. . . . (3)
Xng + ‘Bn,‘ng + 2,371,2 ....... Xg
Y1Y1 + 061,1Y1 + 2061,2.. . Yl lel ...... Zl
YoY, + 062’1Y2 +2x5.. .. Yo ZoZs...... Z>
Y — Y3Y3 + &3]1Y3 + 20(3,2... . .Y3 7 — Z2375. . .... Z3 (4)
YnY, + an,IYn +2x,0..... Yy .o
ZnZn ...... Zn
. 2jm 3’ 2jr 3w
i = (Y = Yi)sin (T2 4+ 5), B = (¥g = Yp)eos (L + ) (5)

where X and Y, are the coordinates of the gravity center (Equation (2)); X;, Y;, and Z; (i =1
to n) are the point coordinates of the half cross-section; j = 1 to m; n is the number of points

in the half cross-section; a; and B; are the step values of X and Y, respectively; and m is the
number of columns in matrix X.

B abs(AY) abs(Y — ;)
0= arctanm— arctanm (6)
IfAX < 0andAY > 0 then 6, = 3¢ +0
IfAX > 0andAY > 0then 6, = 57 — 0
IfAX < 0andAY < Othen 6, = m+6 @
IfAX > 0andAY < 0then 6, = 5 +6
CN = roundﬁ X m (8)
N 21

where CN is the column number in matrix X (Equation (3)), m is the number of columns in
matrix X, and “round” is a function that provides the round value of a given real number.

Yp P{Xp, Yp, Zp)

xXp

Figure 9. Integration of a new point within the constructed building model, R, is the rotating origin,
g is the gravity center, and P is a point off the rotating surface.
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The new value of the corresponding cells in X and Y matrices are calculated using
Equation (9).
Xn = Xg + (Yg — Dispg) x Cosb,

©)
Y, = Y + (Yg — Dispg) x Siné,

where Xj; and Y, are the new value of the corresponding cells in X and Y matrices, Dispg is
the distance between the gravity center ¢ and the given point P.

Once the new value of the corresponding cells in the X and Y matrices are calculated,
these values can be reassigned to the concerned cell in the matrices X and Y. This operation
can be carried out for all deviated points to consider them within the building model.

The red arrow in Figure 8c points to the influence due to the integration of the deviated
points within the building model. Unfortunately, the deviated points in the case of the
building illustrated in Figure 8 represent noisy points, which is why the constructed model
shown in Figure 8c has certain deformations due to the inclusion of noise points. However,
the inclusion of the deviated points may sometimes improve the model quality when the
deviated point density is high enough, and the deviated points represent building details
or decoration. Figure 10a,b show the tower model before and after the inclusion of the
deviated points. At the red arrow in Figure 10c, the geometry of the tower part covered
by the LiDAR points (see Figure 10c, which shows the superimposition of the point cloud
on the building model) was improved due to considering all LIDAR points. Moreover,
Figure 10c illustrates that the tower point cloud completely fits the improved constructed
model. Nevertheless, more investigations are needed to automatically classify the building
point cloud into building points and noise points.

(a) (b) (c)

Figure 10. (a) Tower model before including deviated points. (b) Tower model after including
deviated points. (c) Laying out point cloud over the tower model after including the deviated points;
LiDAR point cloud is in red color.

5. Discussion

In this section, the suggested modeling algorithm will be applied to different samples
of the tower point clouds. Then, the modeling accuracy as well as the faithfulness of the
obtained models will be discussed.
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5.1. Performance of the Method

Figures 6, 8 and 10-12 depict the tower models constructed by the proposed approach.
Figures 6 and 8 show the influence of gap-filling operation on the constructed building
model, where this influence is humble in the case of the building illustrated in Figure 8 be-
cause the geometric form of the tower does not contain a hidden area regarding the airborne
scanning, whereas in the case of building illustrated in Figure 6, the gap filling operation
is crucial in order to avoid the huge deformation within the hidden area. Nevertheless,
the success of the gap-filling procedure needs sufficient points to cover the tower body.
This situation can be illustrated in Figure 11i-l. The LiDAR points that cover the building
body are concentrated only on the upper part of the tower, in contrast to the other lower
parts, where very few points are laid on the building body’s outer surfaces. That is why the
obtained building model cannot show the steps of building architectural form (Figure 11k1).
In the same context, the gap-filling procedure depends on the vertical spacing threshold
value, which is related to the point density as well as the LiDAR point accuracy.

Coord. Z
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147.34

145.26 |

143.17
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136.91
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A

50

TR ..

W) (k) M

Figure 11. (a,e,i) Tower images. (b,f,j) Tower point clouds. (c,g k) Tower model before considering
all cloud points. (d,h,1) Tower model after considering all cloud points.
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Figure 12. (a,d,g) Tower point clouds. (b,e,h) Tower model before considering all cloud points. (c,f,i)
Tower model after considering all cloud points.

Moreover, in the building vertical cross-section, the accepted vertical spacing value
between neighboring points is variable regarding the regularity level of point distribution,
point accuracy, point density, building architectural form and complexity level, construction
material nature, and scanning angle. More investigation is needed to improve the selection
and effect of the vertical spacing between neighboring points.

Concerning the integration of deviated points operation, two cases may be envisaged.
First, when the deviated points represent noisy points, the integration of these points
within the building calculated model will produce undesired deformations (see red arrow
in Figure 8c). Second, if the deviated points do not represent noisy points, the integration
of these points into the constructed building model may improve its quality if their density
value is elevated enough because it will become more faithful to the scanned building
(Figure 10b,c, Figure 11, and Figure 12). On the other hand, if the deviated points’ density is
low, the introduced corrections may make the building model look deformed. Furthermore,
the resemblance level between the obtained building model and the original scanned
building will be related to the point density and accuracy values. At this stage, more
investigations in future research are requested about the effective integration of the deviated
points into the constructed tower model.

Though the high efficiency of the suggested approach is demonstrated regarding the
architectural complexity of the target buildings, it still suffers from some limitations that
deserve future efforts. These limitations can be summarized as follows:

e Undesirable distortions may appear in the constructed model when the input point
cloud has inconsistent quality regarding the point density, distribution regularity, and
homogeneity. Certain levels of balance may be desired that can comprise the data
volume, level of details for presentation, and the accuracy of the model;

e Like many other methods, the developed method can only reconstruct buildings that
meet certain assumptions, which in this case are rotating surfaces. Small attachments
or decorations of the main surface need to be treated separately. A promising effort is
to extend and/or integrate this method with other methods to handle complex and
diverse buildings.

5.2. Modeling Accuracy

Concerning the accuracy of the constructed building models, there are two main
accuracy estimating approach families [22]. First, the created building model is compared
with the reference model constructed manually or semi-automatically using LiDAR data or
other data sources such as aerial images [14,20,21]. In the second approach, the LIDAR point
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cloud is employed as a reference model, where the accuracy can be evaluated by calculating
the distances between the constructed building model and the point cloud [20,21,28]. In
this paper, the accuracy of modeling will be discussed through three viewpoints. First,
despite the undesirable deformations in the constructed building models, the accuracy
of the calculated building model is 100% when the building point cloud is considered
as a reference model. Indeed, the constructed model fits all building cloud points and,
consequently, the building model is completely faithful to the input building point cloud.
In this context, Tarsha Kurdi and Awrangjeb [22] compared the building point clouds with
the obtained building models. They concluded that the accuracy, regularity, as well as point
density of the building point cloud, may affect the faithfulness of the building model to the
original building even if the model greatly fits the point cloud.

From a second viewpoint, the cell’s dimension of the model can also express the
building model accuracy, because the cell size represents the interval where the LiDAR
point may be located. From Equations (3)—(5), the building model consists of a matrix of
cells connected through robust neighbor relationships. The cell’s dimensions are used as
an evaluation metric. The width (Cy) and height (Cp) of a cell can be calculated using
Equation (10).

2 x 7t X Dispg

Cw="—— Cu=2-21#0 (10)

where Dis ), is the distance between the gravity center g and the given point (Equation (11)),
m is the number of columns in matrix X.

Dispg = \/(Xp — X))+ (Y, = Y)° 11)

From Equation (10), it can be noted that the cell’s dimensions are related to the number
of columns in the building model matrices, the distance from the rotating axis, and the point
density. While the number of columns of the model matrices increases, the cell widths will
decrease. Also, Cy and Cy values are variable from point to point in the building model.
Hence, for each building model, the minimum, maximum, and mean values of these param-
eters are calculated (Table 1). In this context, the buildings illustrated in Figures 11 and 12
are considered to estimate the modeling accuracy by respecting their order.

Table 1. Accuracy of building models for m = 61.

Building Number Min Cyy (m) Max Cy (m) Mean Cyy (m) Min Cy (m) Max Cyg (m) Mean Cy (m)
1 0.01 1.36 0.81 0.01 0.20 0.02
2 0.01 4.55 2.79 0.01 0.20 0.01
3 0.02 0.66 0.40 0.01 0.20 0.07
4 0.01 0.88 0.53 0.01 0.20 0.08
5 0.01 0.49 0.26 0.01 0.20 0.04
6 0.01 1.33 0.75 0.01 0.14 0.02

From Table 1, it can be noted that at least one dimension of the cell is related to the
building diameter. That is why it is advised to increase the m value with an increase in the
building radius. To conclude, two main factors that influence the dimension of the model
cells are the building diameter and the point density.

Finally, in the same context of the building model accuracy, the question of accu-
racy estimation by comparing the constructed building model with a reference model
constructed manually or semi-automatically [14,20,21] will also be discussed. In fact, the
target buildings by the proposed modeling approach have complicated architectural forms
(see Figures 6, 8 and 10-12), where their geometric forms contain curved surfaces as well
as decorations. That is why the construction of accurate models for them to be used as
references will need a huge amount of time and extra data and measurements. Moreover, if
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it is insisted to construct these reference models, a new question will arise concerning the
comparison between the reference model and the calculated models. Indeed, the references
model is supposed to have vectorial forms, whereas one calculated building model is
composed of three matrices (X, Y, and Z). Also, the visualization of the calculated models is
carried out using 3D pixel form because the model represents a novel modeling strategy in
the world of LiDAR data and is based on the concept of the rotating surface. Hence, the
comparison between the two building models needs more investigation.

To conclude, in this paper, only the comparison between the calculated building model
and its LIDAR point cloud is considered. In future research, a more thorough investigation
will be carried out to compare the constructed models with the reference models. Another
question about the improvement of quality as well as the accuracy of the calculated building
model will also be handled.

6. Conclusions

The novel proposed approach to modeling atypical landmark buildings at the LoD3
level has significant implications for all applications that rely on 3D building models. The
suggested algorithm is based on the hypothesis of the rotating surface form of the target
building. One building point cloud will be present by three matrices, X, Y, and Z. Moreover,
the visualization will be realized using 3D pixel form. Only buildings that are solids of
the revolution were modeled in the present study. A strategy for filling gaps in vertical
cross-sections was described for buildings whose unique features prevent laser pulses
from reaching the scanned surface. The developed strategy significantly improved the
quality of the generated models. The operation of integration of the deviated points into
the constructed building model aids in completely fitting the constructed model with the
point cloud, but it may generate undesirable deformation in the building model when the
deviated points represent noisy points, or their density is not great enough.

The main advantage of the suggested modeling algorithm is that it targets complicated
geometric buildings, and the model data volume is light. Further efforts are needed to
render building facades in greater detail because the deviated points (outliers) in the
calculated models can belong to the fagade. These points can result from noise, residual
errors in the process of determining the building axis, or even permissible deviations from
the wall and roof surfaces stipulated in structural designs. Also, more investigations are
needed to estimate the constructed building model with vectorial models.

Finally, the novel suggested modeling strategy can be extended in future work to be
employed for most levels of building architectural complexity, especially when a high point
density is available. This approach can be extended for tree modeling as well as statues
and other solid objects.
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