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Abstract: The results of terrestrial laser scanning are point clouds, which are becoming an
increasingly common initial digital representation of real-world objects. Since point clouds in the
most cases represent a huge amount of data, automation of the processing steps is advisable. The
paper brings a short review of the most reliable methods of cylinder extraction. An innovative
algorithm is proposed for an automated detection of cylinders and also for estimating their
parameters from 3D point cloud data. The method was tested on the complex point clouds of
pipelines. The proposed algorithm was implemented to a standalone application based on
MATLAB" software.

Keywords: Automated data processing, Point cloud, Cylindrical segmentation, Terrestrial
laser scanning

1. Introduction

The technology of Terrestrial Laser Scanning (TLS) is one of the most effective
technologies for the acquisition of 3D information of the measured objects. The main
advantage of TLS is that it allows contactless documentation of the measured object
with all its structural elements without the need to define some characteristic points on
the surface of the scanned object. The spatial position of the points is calculated from
the horizontal and vertical angles and the slope distance measured by the instrument.
The next advantage of this technology is the speed of the data acquisition (scanning),
which reaches with current scanners 2 million points per second, so the time needed for
measuring an object is significantly reduced. The result of a measurement by TLS is an
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irregular set of measured 3D points lying on the surface of the measured object, i.e. the
so-called Point Cloud (PoC). Point clouds (Fig. /) are becoming an increasingly
common initial digital representation of real-world objects [1]-[3]. Fig. I shows the PoC
colored by real colors, according to the photographs acquired by the internal camera of
the instrument.

Fig. 1. Point cloud

Point clouds have an important role in creating of high-quality 3D models of objects
in a variety of areas, e.g. Building Information Modeling (BIM) [4], interior (exterior)
design, urban information systems, documentation, 3D cadaster, etc. This is due to the
popularity of affordable and accurate scanning equipment that can quickly digitize the
geometry of a real-world object. With the development of hardware, the development of
data processing algorithms is also very important, since the resulting point cloud data
can often contain millions of 3D points, so manual processing is often a difficult and
time consuming task [3], [5].

Most of the objects in industrial environment are composed of basic geometrical
shapes, as planes, cylinders, spheres and cones. Often used objects like pipes, sleeves,
connectors are shaped like a cylinder. Thus, detection of cylinders in point cloud data
can be one of the main processing steps in the 3D model creation. Moreover, cylinder
detection could be used in various applications: 3D registration (transformation) of
point clouds, pipeline plant modeling, reverse engineering, etc. [6]. Thus, this paper is
focused on finding an efficient, robust, and accurate algorithm for the automated
cylinder detection in point clouds.

The paper describes the cylinder segmentation process of point clouds and describes
some methods and approaches for this purpose. It then introduces the proposed
algorithm for the automated cylinder detection and segmentation. The developed
algorithm is aimed at extracting cylinders automatically, efficiently and accurately from
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scanned data. The paper further presents the testing and the experimental results from
the testing of the proposed algorithm and describes the standalone application based on
the proposed algorithm. The application was developed using MATLAB® software.

2. Segmentation of cylinders from point clouds

Since, most of the manufactured objects consist of basic geometrical primitives; one
of the most important steps in a point cloud processing is a detection and segmentation
of these primitives. The segmentation of PoC is the process of classifying points of the
point cloud into the multiple homogeneous regions; the points in the same region will
have the same properties [7].

One of the most common geometrical primitives in industrial environment is a
cylinder. Generally, a cylinder can be described by 3 parameters:

e orientation of the cylinder axis (0);
e apoint on the cylinder axis (p°);
e radius of the cylinder (7).

Many methods investigated the problem of the cylinder detection, segmentation and
estimation of their parameters from PoC. Existing methods could be generally
categorized into 2 classes: those requiring a pre-segmentation (i.e. removing the outliers
from the point cloud) and those, which work directly on point clouds, without the need
of the pre-segmentation [6].

The approaches belonging to the first class fit a cylinder to a pre-segmented point
cloud and often use an orthogonal regression to minimize the sum of orthogonal
distances from the estimated cylindrical surface (e.g. [8]-[10]). These approaches are
highly dependent on the accuracy of the pre-segmentation and on the choice of the
initial threshold parameters for orthogonal regression. The mentioned reasons make it
difficult to use these methods in automated segmentation, they could be rather useful in
a manual, respectively in a partially-automated approach, when the segmentation
process is performed manually, and consequently the cylinder estimation could be
automated.

The second group includes approaches that directly process the measured point
cloud without the need of the pre-segmentation. For processing they generally use
methods like RANdom SAmple Consensus (RANSAC) (e.g. [11], [12]), Hough
transform (e.g. [13], [14]).

RANSAC is an iterative method for estimating a mathematical model from an
observed data set, which contains outliers. The algorithm works by identifying the
outliers in a data set and estimating the desired model using data that do not contain
outliers; therefore, the RANSAC paradigm extracts shapes from the point data and
constructs corresponding primitive shapes, based on the notion of minimal sets [5], [15].
According to [11], for cylinders, two data points with their surface normal vectors
(estimated by fitting a local plane in k-nearest neighbors) are enough for fitting a
cylindrical model to a point cloud data. However, the user must set several threshold
numbers that may vary for different models. Optimal choice of these threshold numbers
can be difficult, especially when the point cloud contains noise. The result is dependent
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on the random choice of the initial seed point, and in the worst case RANSAC does not
converge to a valid solution even when cylinders are present [6].

Hough transform is most commonly used for detecting simple shapes, as lines,
circles planes, but could be used also for the cylinder detection [16]. When using the
Hough transforms to estimate all the parameters of a cylinder, it results to a 5D space,
with high computational and time requirements. For the mentioned reason, the
estimation is usually divided into two main steps. First the direction of the cylinder axis
is estimated, followed by computing the point on that axis, and the radius of the
cylinder.

Another approach is based on the Gaussian sphere. First step is the computation of
the normal vector at each point of the point cloud by fitting a local plane in the nearest
neighborhood. Then the normal vectors are plotted on the Gaussian sphere. Because all
normal vectors on the surface of a cylinder point to the cylinder axis, the Gaussian
sphere will show maxima on a big circle. The normal of that circle is the direction of the
cylinder axis [17].

Thus, the orientation of the cylinder axis is determined, the other parameters can be
subsequently estimated using RANSAC, Hough transform or by algebraic regression,
etc.

In the most cases, the individual approaches are combined, e.g. in Chaperon et al.
[14], the Gaussian sphere and the RANSAC paradigm is combined for cylinder
estimation. The algorithm proposed belongs to the second group; since the cylinder
detection is performed directly on the scanned point cloud data (the pre-segmentation is
not needed).

3. Algorithm for automated cylinder segmentation

Based on knowledge and experiences from the previous research, an algorithm has
been developed for the automation of the cylinder segmentation from point clouds.

The algorithm for the automated multiple cylinder segmentation is shown in Code 1.
The input data for the algorithm is a point cloud, expected radius of the cylinder (»);
threshold value for radius (z,), distance (¢,;) and normal (¢,) filtering; and the number of
cylinders (ncyl).

The first step is the computation of the normal vector at each point of point cloud
using small local planes calculated from the 3D coordinates of the given point and the -
nearest neighbors. The orthogonal regression is used for plane estimation. Subsequently,
a random initial seed point is selected.

The first cylinder is fitted in 15 nearest neighbors to the selected seed point. The
cylinder estimation can be divided into 3 main steps [6]:

» The first step is to compute the orientation of the axis of the cylinder ¢ that is
the vector being perpendicular to the normal vectors of these 15 points of the
point cloud. To calculate the axis orientation vector, the Singular Value
Decomposition is used.

= The second step is the projection of these 15 points on the plane perpendicular
to the cylinder axis 4. In this plane, these points are distributed as a circle.
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The third step is the parameter estimation of the projected circle (coordinates of
the center of the circle and the radius of the circle). For this purpose, algebraic
fitting is used, where the algebraic distances are minimized [18]. The
coordinates of the center of the circle are transformed back to 3D coordinates,
and they are considered as the point p° on the cylinder axis. The radius of the
circle is also the radius of the cylinder.

Code 1. Algorithm for the automated cylinder segmentation

it = 25; - iteration number

forii=1:ncyl

| 1. normal vector computation at each point of the point cloud
|2. random selection of an initial seed point for cylinder fitting
|index_it = 0;

vectors.

| |end
| |end
end
> Results: set of parameters for the detected cylinders (p°, 3, 7); segmented PoCs for

Input: point cloud; cylinder radius r, threshold t, for radius criterion; t, for distance
criterion, t,, for normal orientation criterion; number of cylinders ncyl.

| |3. forindex_it=1":it
| | 4. Cylinder fitting to k-nearest neighbors (k=15).
[ -> Find the cylinder axis orientation 6 by SVD of the matrix of normal

-> 2D projection of these points on the plane with normal 4.
-> Circle fitting — determining the center (p°) and the radius (r) of the

| | 5. Iterative updating of the inlier points based on normal and distance filtering.
| |6. index_it = index_it + 1.
| |end
| 17.if index_it == it
| | 8. Validation phase — convergence computing & radius filtering.
| 19.if konverg < € && num_inl > 50
|| ||l Validation successful — Detected cylinder is considered as a reliable one

each cylinder.

These 3 steps above are applied iteratively for the inliers. Inlier points in individual

iteration are updated based on the distance and normal filtering.

Criteria for filtering are formulated as follows:

(AVZdi <;{]&(Anorml~ >tn), (1
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where Avzd; is the orthogonal distance of the testing point to the cylinder surface;
Anorm; is the angle between the normal vector of the local plane in the testing point

and between the perpendicular vector to the axis of the cylinder detected in the testing
point. Parameters ¢, and ¢, are the threshold numbers.
In the distance filter (Avzd;)) the criterion is #/t,. Practically it means that if a

cylinder with radius of 20 c¢m is considered, and #; equals to 50, only the points, which
are closer than 4 mm to the cylinder detected are considered as inliers for the cylinder
fitting. For the normal vector orientation filter ( Anorm; ), the criterion is t,. If value 4.5

is chosen for it, only the point where the angle between 2 vectors is less than 4.5 degree
meets the criterion. Small values for the threshold numbers make the process converge
more slowly, while with large values we get only small number of inliers, because the
criterion is too strict. Therefore, values #,~=50 and #,=4.5 can be considered as optimal,
which were determined empirically.

Based on the mentioned criteria the inliers are automatically updated in individual
iteration, and the outliers are filtered from the estimation process. After individual
iteration the cylinder is recalculated using all the points that meet the specified criterion.

After completing the iterative re-estimation of the cylinder, radius-based filtering is
performed. Only the cylinders with radius of »*¢, are considered as reliable ones.

Values of r and ¢, need to be chosen at the beginning of the algorithm. Moreover, the
result of cylinder estimation depends on the initial seed point and the surrounding area,
and because of a noise in point cloud or point cloud structure, some detected cylinders
may not represent any of the characteristic cylinders of the scanned object. To eliminate
these cases, a validation step is proposed. The estimation of the parameters of ‘good’
cylinders converge after a few iterations, so the validation is performed by determining
the difference in the cylinder parameters estimated in the last two consecutive
iterations (2):

‘ parany — pararr;_l‘ <¢g, 2)

where param are the estimated cylinder parameters; ¢ is the convergence parameter
(&=0.001).

If the estimated parameters meet the previous convergence criterion (2), the cylinder
is considered as a reliable one, and the point cloud segmentation process is performed.
In case that the point cloud contains another cylinder, the next segmentation cycle is
performed.

The major advantage of the proposed algorithm consists of choosing the inlier points
iteratively based on 2 criteria (the distance and the normal filter), so the outliers and the
noise are sequentially removed from the estimation process. Moreover, ‘badly’
estimated cylinders are eliminated in the validation step.

One of the main advantages is that the user can perform a cylinder segmentation
based on the selected cylinder radius on the beginning of the algorithm. In case of large
point clouds, this can mean a significant reduction of the time required for the
estimation.
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The next advantage is that after an estimated cylinder is considered as a reliable one,
the points that belong to the given cylinder are removed from the original point cloud;
this means that while searching for the other cylinders, the estimation is executed only
on the remaining points of the point cloud. This step significantly reduces the time
required for the calculations. In addition, the inlier selection process in individual
iteration is performed on the whole point cloud at once (i.e. multiple points are tested if
they lie in the estimated cylinder); this speeds up the overall process. Comparing with
other approaches, ¢.g. RANSAC or region growing method, just one point is merged at
individual iteration.

3.1. Testing of the proposed algorithm

For the experimental testing of the above-described proposed algorithm, a point
cloud of a reference double-cylinder model (Fig. 2) and the point cloud of the part of
the pipeline of the swimming pool heating system were used.

Fig. 2. The reference double-cylinder model (left), the point cloud measured (middle);
result of the cylinder segmentation from the proposed algorithm (right)

Fig. 2 demonstrates the point cloud segmentation of the model figure (a double
cylinder) using the given algorithm, where different cylinders are differentiated in color
(Fig. 2, right).

For the verification of the differences (Table I) among the known parameters
(radius) and the estimated parameters using the proposed algorithm were calculated.

Table 1

Comparison of the cylinder parameters

Reference Values A frqm the Difference
Processing
[m] [m] [mm]
2 0.2000 0.2004 0.4
7 0.0900 0.0906 0.6
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The reference double-cylinder model was manufactured with the radius of =0.2000 m
and 7,=0.0900 m. Values for the radius obtained by processing of point clouds were
71=0.2004 m and ,=0.0906 m (7, is the lower cylinder, r, is the upper cylinder). The
difference between the known and the estimated parameters is 0.4 mm for the lower
cylinder and 0.9 mm for the upper cylinder. In these deviations the measurement error,
the instrument systematic errors, the effect of the environmental conditions, and the
registration (of each PoC to the common coordinate system) error are also included.

Next, the PoC of the pipeline system was used for the experimental testing (Fig. 3).
For the scanning a Trimble TX5 3D laser scanner was used. With the mentioned
scanner and considering the measurement conditions, the accuracy of a single measured
point was less than 2.2 mm in any cases. The point cloud contains 7 cylinders. The
segmentation process was accomplished in 2 phases, because of different radii of the
cylinders.

Fig. 3. Point cloud measured

In the first phase 2 cylinders with radius of approx. 0.150 m, and in the second phase
5 cylinders with radius of approx. 0.075 m were segmented.

Fig. 4 shows the experimental result of the processing of the given PoC with the
proposed algorithm. Different cylinders are differentiated in color. The whole point
cloud consists of 880,815 points. The standard deviation, calculated based on the
orthogonal distances of points from the cylinder estimated, was less than 2 mm in any
cases.

3.2. Software development

The proposed segmentation process places high demands on the workstation used
for data processing, as well as on the operator itself. For the automation of the proposed
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segmentation procedure, a computational ‘PoC Cylinder Fitting’ application was
developed (Fig. 5). The graphical user interface of the application was designed by
using MATLAB® software. The application was created as a stand-alone application;
however, MATLAB® runtime is needed for its execution. The dialog window consists
of three main sections:

(i) data loading;
(i1) table with the resulting parameters of the segmented cylinders;
(iii) figure showing the original point cloud, and the segmented cylinders.

Fig. 4. Point cloud with the segmented cylinders using the proposed algorithm
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Input File and Parameters

CALCULATE

Cylinder Parameters
(m) | p.oZ(m) ol 02 o «[m) points
1 2en 11182 00773 2 0864 19682 02004 s8nie

Fig. 5. Dialog window of the ‘PoC_Cylinder Fitting’ application

In the first section (i), the first step is the parent directory selection, where the input
PoC is saved, and the resulted segmented PoCs will be exported. The next step is
loading the point cloud file in the *.txt or *.xyz file format that contains the spatial
coordinates of the points scanned. Before starting the segmentation process, it is
necessary to select the input parameters:

number of cylinders;
threshold numbers for a distance (¢;) and for a normal criterion (z,);
— radius (r) of the cylinder, and the threshold number for radius filtering (,).

According to the results of the segmentation process, the individual point clouds for
the estimated cylinders are saved into a *.txt file in a new folder ‘Results’ in the parent
directory, and the cylinder parameters are shown in the ‘Cylinder Parameters’ table on
the bottom side of the application’s dialog window (Fig. 5, left-bottom). The table
contains the IDs of the cylinders, their estimated parameters (p°, 3, r), the number of
compatible points of the cylinders, and the standard deviation of the cylinders estimated.
A figure (Fig. 5, right), which shows the original point cloud and the separate point
clouds for the estimated cylinders, is created for a consistent monitoring of the
application process, so the user can visually check whether the individual cylinders are
correctly segmented.

4. Conclusion
The paper briefly introduces the possible methods and approaches for the cylinder
segmentation from point cloud data. An algorithm for the automated cylinder

segmentation from PoC is proposed. The experimental testing and the verification using
a reference cylinder model of the proposed algorithm are also described. The proposed
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algorithm was implemented as a stand-alone application. The user can easily execute
the cylinder segmentation of point clouds with the created application. The results of the
application are the segmented points saved into the text files for every cylinder and the
parameters of the segmented cylinders are shown in the table of the application’s dialog
window. The robustness and the accuracy of the results suggest that the algorithm can
be used in several applications.

The future work will be to apply the proposed algorithm on large point clouds from
several areas, e.g. industrial plants, urban area. Furthermore, this procedure could be
extended to other types of geometric shapes, as spheres or cones. The implementation of
the algorithm in C++ language is also planned.
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