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Abstract: Due to high requirements of variety of 3D spatial data applications with respect to data
amount and quality, automatized, efficient and reliable data acquisition and preprocessing methods
are needed. The use of photogrammetry techniques—as well as the light detection and ranging
(LiDAR) automatic scanners—are among attractive solutions. However, measurement data are in
the form of unorganized point clouds, usually requiring transformation to higher order 3D models
based on polygons or polyhedral surfaces, which is not a trivial process. The study presents a newly
developed algorithm for correcting 3D point cloud data from airborne LiDAR surveys of regular 3D
buildings. The proposed approach assumes the application of a sequence of operations resulting in
3D rasterization, i.e., creation and processing of a 3D regular grid representation of an object, prior to
applying a regular Poisson surface reconstruction method. In order to verify the accuracy and quality
of reconstructed objects for quantitative comparison with the obtained 3D models, high-quality
ground truth models were used in the form of the meshes constructed from photogrammetric
measurements and manually made using buildings architectural plans. The presented results show
that applying the proposed algorithm positively influences the quality of the results and can be used
in combination with existing surface reconstruction methods in order to generate more detailed 3D
models from LiDAR scanning.
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1. Introduction

Acquisition of the detailed, three-dimensional spatial data describing accurately the terrain and
topographic objects is an important problem due to a wide range of applications, including:

Creating detailed three-dimensional topographic maps;
Modeling of various processes and phenomena in relation to a given area [1,2];
Reproduction of detailed digital models depicting architectural monuments [3,4];

Ll

Numerous applications in geographic information systems (GIS) [5-7].

Due to the continuous increase of data amount used by applications such as those mentioned
above and others, automatized, efficient and at the same time, reliable, spatial data acquisition methods
are needed. A high level of accuracy and reliability characterizes manual measurements carried
out by surveyors using traditional methods supported by very accurate differential GNSS receivers,
but this approach to collecting data is very time-consuming and expensive. An alternative is the use
of photogrammetry techniques, as well as mobile light detection and ranging (LiDAR) scanners as a
source of information regarding terrain height and the shape of various objects [8]. The use of LIDAR
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technology, in particular, has become widespread, as it enables large-scale investigation of terrain and
objects using a single device emitting a large number of beams [9-11].

Three-dimensional terrain data derived from a set of photogrammetric images or obtained by
the process of laser scanning generally have the form of a set of discrete points, irregularly arranged
in three-dimensional space, according to the shape of an investigated object. This form of data set is
referred to as a point cloud [12] and it has known disadvantages as far as several applications and
processing efficiency are concerned. In particular, some elements, such as small objects, may be difficult
to distinguish in the data described by point clouds or pixels, as opposed to data represented by other
geometrical structures, such as polygons or polyhedral surfaces, e.g., triangulated irregular networks
(TIN [13]). In the case of data sets with low point density, their readability can only be ensured if they
are observed from specific location and orientation of the acquisition device with respect to measured
object. Moreover, point clouds obtained via photogrammetry and LiDAR surveys often are incomplete,
which means that they do not cover the entire area of the scanned object in a uniform way. In the
case of photogrammetry, this may be caused by occlusion of the scanned object by another entity or a
lack of appropriate vantage point to capture the object in its entirety. As far as the airborne LiDAR
is concerned as a data source, this is often caused by the particular angle at which the laser beam is
directed towards the scanned object. An example of this issue is shown in Figure 1.

Figure 1. Objects scanned via airborne light detection and ranging (LiDAR) from a high altitude exhibit
missing data on surfaces parallel to the laser beam.

In the context of the above issues, spatial data obtained from these sources must be corrected
and transformed into 3D object models represented by the appropriate format, e.g., TIN. This article
presents an algorithm for correcting 3D point cloud data obtained from airborne LiDAR field surveys
of regular 3D objects such as buildings. The proposed approach assumes the application of a sequence
of operations resulting in 3D rasterization, i.e., creation of a 3D regular grid representation of an
object, prior to applying the regular Poisson surface reconstruction method [14]. In order to verify
the accuracy and quality of reconstructed objects, the reference models were used. For this purpose,
the meshes constructed from the photogrammetric measurements, as well as made by hand on the
basis of buildings architectural plans, were utilized.

Existing solutions for 3D reconstruction of objects shape from LiDAR data include approaches,
such as assembling building blocks from a set of standard roof shapes stored in a database [15], roof plane
segmentation performed by minimizing an energy function [16], merging LiDAR and hyperspectral
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image data and performing shape reconstruction using the implicit geometry method [10], decomposing
building footprints and estimating roof models with the use of RANSAC technique [17], reconstructing
building roofs from LiDAR data integrated with optical multi-view images [18], combining LiDAR
point clouds with street view images by adopting rule-based parsing and boosted decision trees [19],
preprocessing input data with the use of block partitioning and contour extraction [20], primitive
clustering and boundary tracing of building rooftops [21], as well as applying building contouring
algorithm to classified height maps [22]. An extensive review of the state-of-the-art in urban models’
construction from LiDAR point clouds—not only limited to buildings—is given in [23].

From a more detailed analysis of the state of the art, it may be concluded that the existing solutions
are only partially satisfactory and still need extensive research. To date, a large number of algorithms
dedicated to transforming point cloud data into more complex TIN models is known: Poisson surface
reconstruction [14] including modifications, e.g., screened Poisson surface reconstruction [24],
ball-pivoting algorithm [25], Delaunay triangulation [26] and power crust algorithm [27]. Unfortunately,
due to the nature of data acquisition methods based on the use of technologies related to laser scanning,
the results often are unsatisfactory when standard surface reconstruction techniques are applied [28].
Common problems encountered include significant amounts of noise (i.e., existence of large numbers
of points in a dataset which should be excluded from further processing), frequent local lack of data, as
well as strong variability of local point density and data accuracy throughout a single dataset. To some
extent, the data in this form can be used in order to recreate the buildings models in some cases [29,30].
However, in the case of more complex and varied objects, obtaining satisfactory results is often much
more difficult to achieve [31].

In this context, the new approach to reconstruction of 3D models of topographic objects proposed
in this study seems to be promising in terms of potential to improve the overall accuracy of the results.
The primary goal of the proposed method is to generate meshes which would represent the scanned
objects as faithfully as possible in actual 3D, in contrast to approaches based on creating minimalistic
meshes [22] or models limited to 2.5D [21]. It is also meant to be a robust method suitable for point
clouds, such as airborne LiDAR data and is expected to create satisfactory results without the need of
providing it with additional input data, unlike many other solutions [10,18,19]. The authors intent is
to also make this method simple to implement and adapt to different scenarios, which means that it
should not rely on complex solutions such as machine learning [29].

2. Spatial Data

The primary spatial data used in this investigation was the airborne LiDAR measurements data
obtained from scanning the particular object, i.e., building. The data set has the form of unorganized
3D point clouds. As real measured data were not accessible for the authors in some investigated cases,
a LiDAR data simulation procedure was applied. Other source data were used as reference models.
The meshes created from photogrammetric measurements, as well as made by hand on the basis of
buildings architectural plans, were used for this purpose. In the following subsections, the particular
types of data utilized in this work are described.

2.1. LiDAR Point Clouds

LiDAR data were obtained by laser scanning operation, which relies on emitting a laser beams in
a large number of particular directions towards terrain or objects in order to determine the distance
between the device and the terrain elements. Using the distance data along with the information on
beams directions, the LIDAR software creates the 3D point cloud as the result.

In a mentioned case of airborne LiDAR scanning, the data were acquired using the vehicle flying
above the scanned objects several times in different directions. It may be predicted that due to multiple
measurements of the same object, the overall accuracy of data will be higher, but at the same time,
disorder in data increases—a fact that must be taken into account in further processing.
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LiDAR data were obtained from the Polish Center of Geodesic and Cartographic Documentation
(GUGIK) [32]. The data set consists of airborne laser scans over several parts of Gdansk city area,
Northern Poland and has the form of multiple LAS files (compliant with version 1.2 of the file format)
with the average resolution of about 19 points/m?. The used LiDAR data set also contains additional
information, such as the color value of every point, as well as classification information where each
point in a cloud is assigned to a single class representing types such as buildings, ground, water and
vegetation. This information was used supportively in extracting a particular subset, e.g., a given
single building scan, from a scene.

The scans of particular buildings located in Gdansk area were selected for the tests of the proposed
3D shape reconstruction as described later in the study.

2.2. Reference Meshes

This section describes detailed three-dimensional meshes which are used as reference to verify
the quality of output models obtained with the 3D grid reconstruction method.

The first reference mesh is a result of performing photogrammetric reconstruction based on a
series of 323 photographs depicting the St. Mary’s Church in Gdansk. These photographs were taken
at intervals of three to four meters in conditions of relatively uniform lighting. Then these photos
were subjected to simple graphics processing performed in order to unify their level of brightness,
contrast and sharpness, as well as rotating some of the photos. After processing, the photographs were
provided as input of Agisoft PhotoScan 1.3.0, which was used to generate a complex point cloud and
convert it into a textured mesh. Unfortunately, all the photos provided to the program were taken with
the camera positioned at a height close to ground level, which resulted in inaccurate representation
of the higher parts of the Church, which is over 80 m tall. Due to the above, the algorithms used
by PhotoScan received too little information at the input, so the generated 3D mesh of the Basilica
contained significant information deficiencies (“holes”) in the representation of the roof and numerous
distortions on the surface of the towers. In addition, the resulting model also contained a large number
of errors caused by obscuring the actual building by random objects, such as parked cars. In order
for the obtained mesh to be successfully used for research, it was necessary to manually correct it
in Blender 2.79b [33]. This correction included both removing the above-mentioned distortions and
supplementing some elements of the model based on aerial photographs of the Church. The entire
processing time took a total of over three weeks. The resulting model is presented in Figure 2.

The second reference mesh presents the Mechanical Laboratory building of the Faculty of
Mechanics of Gdansk University of Technology. Initially, it was planned to use the same procedure
for obtaining the mesh as in the case of St. Mary’s Church in Gdansk, however this approach was
abandoned, as the building was obscured by too many elements of local topography of the area, which
would undoubtedly disturb the process of photogrammetric reconstruction. Instead, the model was
made by hand based on its architectural plans. This process took about three weeks, so it was similarly
time-consuming, as the correction process of the generated model of St. Mary’s Church. The final
version of the model is shown in Figure 3.
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Figure 2. Reference model of St. Mary’s Church in Gdansk acquired with the use of photogrammetry.

Since the processing methods for the first two reference meshes was very time-consuming,
a different approach was used for other objects, somewhat inverse than above: instead of preparing
reference meshes tailored to the needs of available materials regarding the results of LIDAR scanning,
the existing building meshes were used, which were then provided as input to the process of simulated
surface scanning. The simulation is designed to imitate the process of acquiring spatial data by
a mobile LiDAR scanner located at a fixed height above the scanned object in three-dimensional
space. The simulated scanner emits a set of rays in multiple directions, which are used for computing
intersections with the object’s geometry. Finally, a point cloud is generated by inserting points at the
places where the beam intersects with the given plane of the model [34]. The simulator application
was created with the use of OGRE 2.0 [35], an open-source and cross-platform graphics rendering
engine. A single surface scanning simulation is performed based on user-provided parameters, such as
the number of rays emitted by the scanner, number of measurements (assuming a constant distance
traveled between consecutive measurements), scanner initial position and heading, as well as maximum
angle of ray deviation from the vertical plane. The application does not simulate LiDAR measurement
noise, however its results were compared with LiDAR point clouds provided by GUGIK [32] for the
area of Tricity in Northern Poland and the spatial characteristics of the generated point clouds were
similar to actual scanning data. Since the simulation process allows obtaining reliable test materials in
the form of point clouds from any three-dimensional meshes, this study is limited to describing only
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one test case: a simplified model of Castel Sant’Angelo in Rome, which was downloaded from the
3D Warehouse [36] and scaled to real-world dimensions. The building is 48 m tall and the simulation
was used to imitate a multibeam laser scanner moving along two different tracks at a fixed altitude of
150 m above the ground level. In this case, a total of 200 simulated measurements were performed,
with the distance between consecutive measurements equal to 125 cm, and the maximum angle of ray
deviation was set to 100 degrees.

Figure 3. Reference model of the Mechanical Laboratory building of the Faculty of Mechanics of the
Gdansk University of Technology made by hand based on its architectural plans.

3. The Algorithm

The presented point cloud densification and reconstruction algorithm was created for correcting
incomplete point cloud datasets obtained via field surveys of regular 3D objects. For the purpose of
shape extraction and error correction, the algorithm uses a method of converting irregular point cloud
data into a regular three-dimensional grid of points. The 3D grid can be interpreted as a set of overlaid
2D matrices forming a 3D shape, where each layer corresponds to a certain height, as shown in Figure 4.
Each raster corresponds to a certain height range, where the pixel value represents its position on the
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vertical axis within this layer: small values (dark colors) represent the lower parts of a given interval,
and large values (light shades) represent its upper ranges.

(©)
(b)

Figure 4. Conversion of the point cloud representing the result of (a) scanning the surface of St. Mary’s
Church in Gdansk into (b) a simplified 3D mesh consisting of (c) four raster layers, where the pixel
value represents its location on the vertical axis within a given layer.

The pipeline of the proposed data processing method is shown in Figure 5. The 3D grid conversion

algorithm involves several operations, including (but not limited to):

Clustering of input data by assigning every point to a single sector of a regular three-dimensional
array. Each sector corresponds to an area in space represented by a cuboid;

Interpolating new points inside empty sectors if there are any other points nearby;

Removing any internal points of the object and leaving only those that represent the outer
boundaries of the object.
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Figure 5. 3D grid conversion and surface reconstruction process.

The detailed behavior of the algorithm is strongly dependent on the processed data as well
as operational environment parameters. During the first stage of operation, which involves data
clustering, the most important parameter of the algorithm is spatial resolution of a single sector along
the X, Y and Z axes (corresponding to width, length and height expressed in meters). Based on the
given resolution, the input space of the point cloud is projected onto a set of three-dimensional sectors,
the number of which along each axis is calculated according to the formulas presented in (1) and
rounded to integers.

ny = Ax/ry
ny = Ay/ry 1)
n, = Az/r,

where:

ny, ny, n;—number of sectors in axis X, Y and Z,

Ax, Ay, Az—width of the data ranges (distance between two the most extreme positions along a
given axis),

ry, Ty, I,—width, length and height of a single sector, expressed in meters.

In addition, the algorithm provides a set of optional parameters the proper use of which can
positively affect the final processing result. The following parameters are available:

e  The hybrid mode option, which combines the generated set of points with the original input point
cloud. Using this option reduces the regularity level of the resulting data set, but allows to more
accurately reproduce the characteristic elements found in the original data;

e  Option to fill empty set elements within a single grid level. Enabling this option will fill in
individual empty sectors based on data from its nearest neighbors;

e  The level of filling the empty elements between each level of the grid. This action is aimed at
reducing the number of “holes” located in planes perpendicular to the ground. At each level of
the grid, in order from lowest to highest, all empty points are searched and then for each of them
the closest non-empty point directly above it (along the Z axis) is found. If the distance between
these points does not exceed a certain value, then the value of the empty point is replaced by the
value of the point directly above it. Passing this parameter to the input of the algorithm in many
cases allows to supplement a significant part of the surface of the vertical walls, but in rare cases
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it can also generate new points in spaces that should remain empty, e.g., when the point cloud
represents an object containing horizontal elements protruding above ground surface;

The intensity of the filtration used to mitigate the large differences in values between adjacent
sectors at different levels of the grid. The value of this parameter is used to create a kernel for the
simple low-pass filter, both dimensions of which are calculated according to (2). For each processed
sector, its new height is set by this lowpass filtration to the value of the sum of its height and the
height of its neighbors, divided by the number of sectors included in the calculation. This filtration
is useful in situations where the data contains sets of irregularly distributed points representing
oblique surfaces, such as roofs of buildings. Naturally, setting the blur_level parameter to 1 will
result in using a 3x3 kernel, which is often considered as a minimum size in computer graphics.

dimension = 2 blur_level + 1 2)

The next step of the algorithm involves interpolation of new points in the empty sectors of the

3D grid. This is realized by identifying the discontinuities in the outline of the 3D object and filling
the appropriate sectors with new points whose values are extrapolated from the known values of the

neighboring sectors in the 3D space.

While the processing resolution has the greatest impact on algorithm performance,

other parameters can positively influence the quality of the processing results. These include:

Output hybridization, which merges the generated set of points with the original input point
cloud. Using this parameter reduces the level of regularity of the resulting data set, but allows for
a more accurate mapping of certain characteristic elements appearing in the original data;
Reconstructing empty elements in the set within a single grid level. Using this parameter populates
individual empty sectors based on data from its nearest neighbors;

The level range at which empty elements of the point cloud are reconstructed between individual
levels of the grid. This action is aimed at reducing the number of missing points of data in planes
perpendicular to the ground. At each level of the grid, in the order from the lowest to the highest,
all empty spaces are identified and then for each of them the nearest existing points in the vertical
plane are found. If the distance between these points does not exceed a certain value, then the
empty space is replaced by a value interpolated between those points;

Filtering intensity used to alleviate large differences in value between adjacent sectors at different
levels of the grid. The value of this parameter is used to create a matrix for the needs of a
simple low-pass filter. This filtration is useful when a processed set of points contains groups of
irregularly distributed points representing oblique surfaces such as building roofs.

As the resulting dataset should consist only of points representing the external boundaries of a

given object, such as walls or roofs of buildings, the final step of the algorithm involves the removal of
any internal points the dataset may contain. For this reason, the following steps are performed as part

of this conversion stage:

First, an auxiliary sector classification is created, dividing the set into two classes, describing the
empty and filled sectors, respectively;

Then a new class is introduced, representing the edges of the outer surfaces containing filled
sectors which are directly adjacent to empty sectors. As a result of this operation, the newly
created class will represent the edge points of the object.

Finally, all points that are not classified as edge points are removed from the highest level in the
set. In addition, points that have not been previously classified as edge points are removed from
the remaining levels if other points exist directly above them (in an adjacent level).

When applied to incomplete point cloud data obtained from field surveys, the algorithm is capable

of filtering out errors and recovering missing elements of the scanned 3D object. An example of
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the algorithm processing results is shown in Figure 6. The resulting regularized point cloud may
be then used for the purpose of 3D shape reconstruction via algorithms such as the Poisson surface
reconstruction [14].

(a) (b)

Figure 6. Comparison of the original point cloud derived from the results of (a) scanning the surface of
St. Mary’s Church in Gdansk with (b) the point cloud converted to 3D grid.

In theory, the 3D grid conversion can be used with any shape reconstruction algorithm, although in
overall the best results can be obtained using the traditional Poisson surface reconstruction method [14].
The extended version of this method, the screened Poisson surface reconstruction [24], can also be
used, however it can cause excessive sharpening of mesh details even when using the minimum
interpolation weight value. This can be seen in Figure 7, where the result of using the Screened method
(Figure 7c) for the raw point cloud data (Figure 7a) gives slightly better results than the classic Poisson
method (Figure 7b), but in the case of the data set processed by the 3D grid conversion algorithm
(Figure 7d), the mesh obtained using the Screened version of the method (Figure 7f) contains a large
number of local distortions when compared to the mesh obtained using the traditional Poisson surface
reconstruction method (Figure 7e).

(@) (b) (0)

Figure 7. Cont.
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(d) (e) (f)

Figure 7. Results of (c,f) the screened Poisson surface reconstruction method compared to the results
obtained by (b,e) regular Poisson surface reconstruction method for (a) original point cloud and
(d) obtained 3D grid for data representing Castel Sant’ Angelo.

3.1. Determining Mesh Quality

For a primary, basic verification of a given object shape reconstruction method performance, visual
evaluation by human is sufficient. However, for more objective and detailed verification, the ground
truth models should be used along with the defined metrics. These metrics allow for automatic or
semi-automatic comparison of a reconstructed model with a reference model and for the quantitative
assessment of the degree of discrepancy between them.

Seitz et al. proposed the method for comparison of a 3D object model obtained by photogrammetry
(the ground truth model—G) with a model derived from laser scanning data (the reconstructed
model—R) [37]. The authors of the method introduce two quantities: accuracy and completeness.
Based on calculating for each vertex in R the distance to the nearest vertex in G, the accuracy is defined
as the percentage of vertices in R for which their distance to the nearest vertex in G is smaller than
a given, defined threshold. The completeness evaluates quantitatively what part of G is actually
contained in R.

The approach close to the mentioned above is used by the Metro tool [38] for evaluation of
geometric differences between two 3D object models where one model is the simplification of another.
This method does not operate only with vertices, but relies on random selecting the points on the R
object surface for the distance calculation. This approach provides the user with additional information
regarding the size of errors in tested areas, however, due to the random selection of test points,
the results obtained with the use of Metro are non-deterministic.

Lavoué [39] proposed the method inspired by the approach used for 2D images quality comparison.
In general, it relies on assessment of distortions around corresponding vertices in R and G, expressing
the degree of the distortions by the specialized texture and then calculation of the overall degree
of distortion.

It can be seen that many different approaches can be used for determining mesh quality.
The qualitative metrics used in this work are primarily inspired by the previously described solution [37]
based on comparing model pairs by calculating the distance between all of their individual vertices,
which is a deterministic process that can be completed within a reasonably short amount of time and is
guaranteed to always return identical results for the same object. The proposed metrics also extends
the idea of comparing vertices by including vertex normals in the calculations. In detail, the proposed
procedure for assessing the quality of a given reconstruction method is as follows: for each vertex of
the ground truth model G, the corresponding nearest vertex in the reconstructed model R is searched
(assuming that both models are placed in the same place in three-dimensional space), then the direct
distance between these vertices and the value of the scalar product between their normal vectors are
calculated. Then the following values are determined:
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e  Thesmallest, average and largest distance between the vertices of model G and the nearest vertices
of model R. Obviously, a perfectly reproduced model R should have the smallest possible values
of these distances;

e Vertex position accuracy (expressed as a percentage), being understood here as the number of
vertices on G for which the distances to the corresponding vertices on R do not exceed a certain
value (this value was experimentally established as one meter), divided by the number of all
vertices on G. If R contains numerous distortions or “holes”, it should be expected that the
calculated value will be low;

e  The smallest, average and largest differences between respective normal vectors of G and R, where
this difference is defined as dot product of normal vectors of vertices. It is worth noting that dot
product returns values in the range of <-1, 1> where -1 means that both vectors are parallel to
each other, but they have opposite turns, 0 means that these vectors are perpendicular to each
other and 1 means that both vectors have the same direction. Since the normal of a given vertex
is by definition a unit vector, a dot product equal to 1 for normal vectors of two corresponding
vertices would denote the perfect match;

e  The accuracy of normal vectors (expressed as a percentage), understood here as the number of
vertices in G for which the difference between respective normal vectors of G and R is not less
than 0.75;

e  The number of resulting solids, i.e., how many independent meshes the reconstructed model
consists of. In the tested cases, it was assumed that the ideal model of the tested object should
consist of a single solid.

In addition, the calculated distances between individual vertices are divided into intervals, which
are then visualized with histograms to better visualize the frequency of errors of specific range.
The assumption of this action is that models generated by more accurate shape reconstruction methods
could have a large number of small errors (distances close to zero) and a small number of large errors
(distances in the range of several meters). The same approach was also used for the values of dot
products between normal vectors in both models.

4. Results and Discussion

The following section presents the results of using data processing methods described in the
previous chapter. Then both original and processed point cloud data were used as an input in the
process of reconstructing three-dimensional meshes by using the Poisson surface reconstruction method
implementation provided by MeshLab [40]. The output models are then compared in terms of their
quality on the basis of the criteria discussed in Section 3.1 and the reference models presented in
Section 2.2. As the Poisson surface reconstruction method has a tendency to randomly create a large
amount of redundant surfaces around the base of the reconstructed objects, before comparing the
results, all output meshes were properly preprocessed in order to remove any elements located below
the lowest point of the original input data. This situation is illustrated in Figure 8 with the example of
the results obtained for the Mechanical Laboratory building of the Faculty of Mechanics of the Gdansk
University of Technology. Figure 8a,c present the direct results of performing surface reconstruction,
while Figure 8b,d depict the trimmed versions of these meshes.

The following naming conventions were adopted: let us denote the ground truth model as
G, the model reconstructed from the original data as R1 (Figure 8a,b) and the model reconstructed
from 3D grid as R2 (Figure 8c,d). The presented results are the best ones obtained for each data set.
The input parameters of the Poisson surface reconstruction method were identical for both processed
and original data.
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(b)

() (d)

Figure 8. Result models representing the Mechanical Laboratory building of the Faculty of Mechanics
of the Gdansk University of Technology (a) obtained from original data and (c) 3D grid and (b,d) their
trimmed versions.

The first test case describes the shape of St. Mary’s Church in Gdansk, which is 104 m tall. Table 1
presents the input parameters of the 3D grid conversion algorithm, which were chosen empirically.
The original point cloud consists of 69,142 points and was converted into a grid consisting of 41 height
levels, thus creating a point set of 106,421 points. In particular, noteworthy here is the use of a high
level of filling the empty elements between each level of the grid in order to complement the outer
surfaces representing the side walls of the building and its main tower. In addition, thanks to the
hybrid mode option, the processed point cloud contains all the details found in the original data,
while thanks to the high level of the blur, the resulting model does not contain significant distortions
on the roof surface.
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Table 1. Input parameters of the algorithm used to convert point cloud data representing St. Mary’s
Church in Gdansk into a 3D grid.

Dimensions of a Single Sector (XYZ) [m] 0.5x 0.5 % 2.0
Option to fill empty elements within a single grid level YES
Filtration intensity 2
The level of filling the empty elements between each level
. 20
of the grid
Hybrid mode YES

Figure 9 presents: LIDAR scanning results limited to the area of St. Mary’s Church in Gdansk (a),
the R1 mesh (c) generated on their basis, the same scanning results converted to 3D grid (b), the R2
mesh (d) created on their basis and the reference model G (e) with which the other meshes were
compared. It can easily be seen that R1 has large gaps within the main tower, while R2 represents the
entire object. A similar situation occurs in the case of the other turrets, which in R1 are represented by
separate blocks placed loosely in space, while in R2 the same turrets are represented more accurately,
although they are much lower than the actual towers visible both in G and the original point cloud.

(c) (d)

Figure 9. Data showing the meshes of St. Mary’s Church in Gdansk. (a) LIDAR scanning results and
(c) the model generated on their basis, (b) 3D grid and (d) the model created on its basis, as well as (e)
the reference model.

Figure 10 shows the distance distributions between individual vertices of G and the corresponding
vertices in reconstructed models. The values of these distances were grouped into ranges and the
distributions were presented in the form of histograms to illustrate the frequency of different errors.
Figure 10a shows the histogram of the distances between the vertices of G and R1, while Figure 10b
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shows the histogram of the distances between the vertices of G and R2. Additionally, Figure 10c,d
depict the same results, but using a logarithmic scale on the distance axis. Each bar represents a certain
range of distances, and its height indicates how much of the vertices of the entire model fall within
their range in terms of their values. For example, in R1 20.8% of its vertices are located no more than
half a meter from the position of the corresponding vertices in G, while in R2 the number of vertices
not exceeding this distance is 22.2%. At the same time, in R2 you can see a smaller number of vertices
whose distances from the vertices in G exceed five meters. Otherwise, the distance distributions of R1
and R2 are similar.

Figure 11 shows a comparison between reconstructed 3D models and the reference mesh in terms
of the similarity between the normal vectors of their vertices. Figure 11a shows the distributions of the
dot product of normal vectors for vertices of G and normal vectors of the corresponding vertices in R1,
while Figure 11b shows identical comparison for meshes G and R2. It can be seen that the results for
R2 are in this case much better than the results for R1: for R1, 34.8% of its normal vectors of vertices
exceed the dot product value of 0.75, while in R2 this condition is fulfilled for 46.6% of its vertices.
In the ideal case, the dot product of vector normals for corresponding vertices should be equal to 1.
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Figure 10. Distance distributions (a) between the vertices of G and R1, as well as (b) between the
vertices of G and R2 regarding meshes depicting St. Mary’s Church in Gdansk. Histograms (c) and
(d) show the same results using a logarithmic scale.
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Figure 11. Histograms of dot product values of normal vectors of (a) vertices of G and R1 and (b) vertices
of G and R2, regarding meshes depicting St. Mary’s Church in Gdansk.

Table 2 presents a summary of the most important criteria determining the quality of the R1
model (“reconstruction from original data”) and R2 model (“reconstruction from processed data”).
Bold values mean better results in a given category. It can be seen that R2 obtained definitely better
results than R1 in almost every category, especially in terms of the total number of resulting solids
(ideally, the model should consist of a single mesh). The only category in which R2 is of inferior quality
than R1 is the largest distance in the entire set that occurs between the vertices of G and the vertices
of the reconstructed model. This case is illustrated in Figure 12, where in Figure 12a a single vertex
of G is marked in red, for which the distance to the nearest vertex in R2 (Figure 12c¢) is the largest.
For comparison, the corresponding vertex in R1 is shown in Figure 12b. It can be seen that these are
the vertices corresponding to the towers of the Basilica, which in both cases were reproduced only to a
small extent. In R1, a small body hovering over the rest of the model was treated as the top of the turret,
while in R2 this turret is not present, therefore the closest part of the roof was considered its equivalent.

Table 2. Comparison of results in the scope of quality criteria of individual models of St. Mary’s
Church in Gdansk, reconstructed from original and processed data.

Reconstruction from Reconstruction from

Criteria Original Data (R1) Processed Data (R2)
Minimum distance [cm] 1.24 1.00
Average distance [cm] 259.84 189.83
Maximum distance [m] 20.81 27.66
Vertex position accuracy at the threshold of one meter 37.29% 42.78%
The average difference between respective normal vectors 0.45 0.57
Normal vectors accuracy at the threshold of 0.75 34.82% 46.62%

The number of resulting solids 37 13
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(c)

Figure 12. Vertex representing the top of one of the turrets of (a) the reference model of St. Mary’s

Church in Gdansk and the corresponding vertices in the (b) R1 and (c) R2 models.

The second test case describes the surface scanning results for the Mechanical Laboratory building
of the Faculty of Mechanics of the Gdansk University of Technology, 51 m tall, for which a detailed
reference model was created based on its architectural plans. Table 3 presents the input parameters of
the 3D grid conversion algorithm, which were chosen empirically. Since the original point cloud is
characterized by high spatial resolution and consists of 89,485 points, small dimensions for a single
sector were chosen and as a result the data were divided into 68 height levels. Similar to the previous
test case, a high level of filling the empty elements between each level of the grid was used here, as well
as a high level of the blur. In this case, however, the hybrid mode option was not used, because the
original set of points was characterized by a large spatial irregularity, which would have a negative
impact on the shape of the restored model. Since the generated point cloud was not merged with the
original data set, the resulting point cloud consists of 84,882 points, which is less than the number of
points contained in the original data.

Table 3. Input parameters of the algorithm used to convert point cloud data representing the Mechanical

Laboratory building.
Dimensions of a Single Sector (XYZ) [m] 0.25 x 0.25 X 0.75
Option to fill empty elements within a single grid level YES
Filtration intensity 2
The level of filling the empty elements between each level of 10
the grid
Hybrid mode NO

Figure 13 presents: LiDAR scanning results limited to the area of the Mechanical Laboratory
building (a) and the R1 model (c) generated on their basis, the same results converted to 3D grid (b)
and the R2 (d) model created on their basis, as well as the reference model G (e). Figure 13 also includes
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close-ups of the tower roof, so it can be seen that in R1 the tower model contains distortions below
its roof and within the chimney, which are not present in R2. At the same time, R1 contains a large
number of redundant surfaces in the lower parts of the object which are not present in either R2 or the
reference model G.

(b)

(e)

(o) (d)

Figure 13. Data showing the meshes of the Mechanical Laboratory building. (a) LIDAR scanning
results and (c) the model generated on their basis, (b) 3D grid and (d) the model created on its basis, as
well as (e) the reference model.

Figure 14 shows the distance distributions between individual vertices of G and the corresponding
vertices in reconstructed models, grouped in the same way as before. Figure 14a shows the histogram
of the distances between the vertices of G and R1, while Figure 14b shows the histogram of the distances
between the vertices of G and R2 Additionally, Figure 14c,d depict the same results, but using a
logarithmic scale on the distance axis. For both reconstructed models, it can be seen that about half of
their vertices are in close proximity (max. 40 cm) to the corresponding vertices in G and the number of
errors significantly decreases with the increase of interval values. It is worth noting that in R2 there is
definitely a smaller number of vertices whose distance from the corresponding points in G exceeds
120 cm. This means that in this case, the use of the 3D grid conversion algorithm results in the creation
of a model with a small number of large errors, at the expense of a minor increase in the number of
small errors.
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Figure 14. Distance distributions between (a) the vertices of G and R1, as well as between (b) the
vertices of G and R2 regarding meshes depicting the Mechanical Laboratory building. Histograms (c)
and (d) show the same results using a logarithmic scale.

Figure 15 shows a comparison between reconstructed 3D models and the reference mesh in terms
of the similarity between the normal vectors of their vertices. Figure 15a shows the distributions of
the dot product of normal vectors for vertices of G and normal vectors of the corresponding vertices
in R1, while Figure 15b shows the identical comparison for meshes G and R2. While in general both
histograms are quite similar to each other, it is worth to note that R2 achieves in this case much better
results than R1, since for R1 42.2% of all its vertices exceed the dot product value of 0.75, while in R2
the number of such vertices is at 51.2%. In addition, R2 contains smaller number of vertices for which
the calculated dot product is negative.
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Figure 15. Histograms of (a) dot product values of normal vectors of vertices of G and R1 and (b) vertices
of G and R2 regarding meshes depicting the Mechanical Laboratory building.
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Table 4 presents a summary of the most important criteria determining the quality of the R1 model
(“reconstruction from original data”) and R2 model (“reconstruction from processed data”). It can
be seen that R2 once again obtained better results than R1 in almost every category, however it does
have a worse result for the minimum distance between its vertices and the corresponding vertices of G.
Nevertheless, the result obtained for R2 is worse by only 4 mm.

Table 4. Comparison of results in the scope of quality criteria of individual models of the Mechanical
Laboratory building, reconstructed from original and processed data.

Criteria Reconstruction from Original Reconstruction from Processed
Data (R1) Data (R2)

Minimum distance [cm] 0.25 0.65
Average distance [cm] 63.31 49.97
Maximum distance [m] 6.44 2.47
Vertex position accuracy at the o o

threshold of one meter 80.64% 91.48%
The average difference between 0.39 0.54

respective normal vectors

Normal vectors accuracy at the o o

threshold of 0.75 42.20% S117%

The number of resulting solids 38 18

The last test case consists of simulated surface scanning results obtained for a mesh of Castel
Sant’Angelo, containing 11,105 points. Table 5 presents the input parameters of the 3D grid conversion
algorithm, which are almost identical to those used for St. Mary’s Church in Gdansk, however, for this
case, smaller sector dimensions were adopted due to the denser distribution of points on the Z axis.
The input point cloud, which was obtained from a mesh of a 37 m tall object, was divided into 38 levels,
creating a data set of 72,669 points.

Table 5. Input parameters of the algorithm used to convert point cloud data representing Castel

Sant’Angelo.
Dimensions of a Single Sector (XYZ) [m] 0.5x0.5x 1.0
Option to fill empty elements within a single grid level YES
Filtration intensity 2
The level of filling the empty elements between each level of 20
the grid
Hybrid mode YES

Figure 16 shows the results of the simulated scanning (a) and the R1 model (b) generated on their
basis, the same results converted to 3D grid (c) and the R2 model (d) created on their basis, as well as
the reference model G (e), which in this case also serves as the input model for the scanning simulation
process. It can be seen that the R2 model more accurately reflects the shape of the vertical surfaces.

Figure 17 shows the distance distributions between individual vertices of G and the corresponding
vertices in reconstructed models. Figure 17a shows the histogram of the distances between the vertices
of G and R1, while Figure 17b shows the histogram of the distances between the vertices of G and
R2. Additionally, Figure 17c,d depict the same results, but using a logarithmic scale on the distance
axis. In this case, the R2 model exceeds R1 in almost every aspect. It is particularly worth noting that
in R2 91.4% of its vertices are no more than 1.5 m from the corresponding vertices in G, while in R1
only 69.8% of its vertices meet this criterion. In addition, in R2 only a small number of its vertices are
located more than 5 m from their counterparts in G.
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(c) (d)

Figure 16. Data showing the meshes of Castel Sant’Angelo. (a) LIDAR scanning results and (c) the
model generated on their basis, (b) 3D grid and (d) the model created on its basis, as well as (e) the
reference model.

Figure 18 shows a comparison between reconstructed 3D models and the reference mesh in terms
of the similarity between the normal vectors of their vertices. Figure 18a shows the distributions of the
dot product of normal vectors for vertices of G and normal vectors of the corresponding vertices in R1,
while Figure 18b shows identical comparison for meshes G and R2. In this case, the results obtained
for R2 are generally better than the results obtained for R1, especially in the range of (0.75, 1.0].

Table 6 presents a summary of the most important criteria determining the quality of the R1
model (“reconstruction from original data”) and R2 model (“reconstruction from processed data”).
This time, R2 exceeds R1 in all categories. The greatest advantage of R2 over R1 is visible in the case of
the average distance between its vertices and the vertices of model G, where the result obtained for R2
is about 50 times better than R1.
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Figure 17. Distance distributions (a) between the vertices of G and R1, as well as (b) between the
vertices of G and R2 regarding meshes depicting Castel Sant’Angelo. Histograms (c) and (d) show the
same results using a logarithmic scale.
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Figure 18. Histograms of dot product values of normal vectors of (a) vertices of G and R1 and (b) vertices
of G and R2, regarding meshes depicting Castel Sant’Angelo.

Table 6. Comparison of results in the scope of quality criteria of individual models of Castel Sant’ Angelo,
reconstructed from original and processed data.

o Reconstruction from Original Reconstruction from Processed
Criteria

Data (R1) Data (R2)
Minimum distance (cm) 4.03 0.78
Average distance (cm) 165.85 3.31
Maximum distance (m) 12.68 11.72
Vertex position accuracy at the o o
threshold of one meter 52.60% 76.77%
The average difference between 027 0.40
respective normal vectors
Normal vectors accuracy at the o o
threshold of 0.75 24:37% 32.54%
Number of resulting solids 4 3

To sum up, for the presented cases the overall quality of models reconstructed from 3D grids is
definitely higher than in the case of meshes reconstructed from original point clouds. By introducing
an additional value for the quality of the reconstruction, defined as an arithmetic average of the values
of the accuracy of the vertex positions at the threshold of one meter and the normal vectors accuracy at
the threshold of 0.75, then a summary of the quality results of individual models could be expressed
using Figure 19.
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Figure 19. Impact of using the cube algorithm for individual data sets on the quality of models
reconstructed using the Poisson surface reconstruction method.

5. Conclusions

The study presents a novel method of point cloud data processing for the purpose of 3D shape
reconstruction. The performance and quality of the proposed algorithm was tested using real-world
data and compared against high quality reference data. In its current state, the proposed algorithm is
not meant to be used as a standalone tool. Instead, its purpose is to perform additional preprocessing
before applying existing surface reconstruction methods, which allows for the generation of more
detailed 3D meshes. The algorithm was shown to positively influence the quality of 3D models
reconstructed from the processed datasets. In specific, application of the proposed algorithm allowed
to decrease the average distance between the vertices of the reconstructed model and the ground truth
model by no less than 20% in all presented cases.

Further improvements in the approach will concentrate on better tuning the reconstruction
procedure to specific features of different reconstructed shapes and, on the other hand, on automatic
selection of the optimal control parameter values needed by the algorithm. The latter may be achieved
by using some catalog of rules suggesting the values of parameters to be chosen and tested in several
cases or by applying the machine learning techniques alternatively. At the end, it may be noticed
that currently, due to the lack of better options, various companies and institutions working with
three-dimensional visualization of terrestrial environments are often limited to the use of primitive
methods of shape reconstruction based on height maps and hand-made simplified models of individual
objects. Only few entities can afford to obtain spatial data that has enough information to be able to
automatically generate detailed models of satisfactory quality on their basis. The input data processing
methods proposed in this work have the potential to automatically reproduce models with a similar
level of complexity based on lower quality data. What is more, the presented methods are not limited to
specific data sources and can be applied to virtually any kind of point cloud data. In the future, they can
serve as inspiration to create even better-quality solutions based on similar processing methods.
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