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Abstract

In order to solve the problem of point clouds coordinate conversion of non-directional scanners, this paper
proposes a basic Rodrigues rotation method. Specifically, we convert the 6 degree-of-freedom (6-DOF) rotation
and translation matrix into the uniaxial rotation matrix, and establish the equation of objective vector conversion
based on the basic Rodrigues rotation scheme. We demonstrate the applicability of the new method by using a
bar-shaped emboss point clouds as experimental input, the three-axis error and three-term error as validate
indicators. The results suggest that the new method does not need linearization and is suitable for optional
rotation angle. Meanwhile, the new method achieves the seamless splicing of point clouds. Furthermore, the
coordinate conversion scheme proposed in this paper performs superiority by comparing with the iterative
closest point (ICP) conversion method. Therefore, the basic Rodrigues rotation method is not only regarded as
a suitable tool to achieve the conversion of point clouds, but also provides certain reference and guidance for
similar projects.

Keywords
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1. Introduction

In the workflow of point clouds reconstruction and extraction, the conversion of coordinate system has
always been a persistent issue. Consequently, it is necessary to convert the coordinates of scanning
coordinate system to the specified coordinate system. For the purpose of illustration, there are totally
three kinds of point clouds coordinate systems. The first is instrument coordinate system, which is aimed
at non-directional scanners. The second is named camera coordinate system, it is mainly determined by
the camera position. The engineering coordinate system is considered as the third category and is usually
oriented to directional scanners [1,2]. In general, the conversion of instrument coordinates to engineering
coordinates requires the coordinate system conversion. Against this background, the core of the point
clouds coordinate conversion is the solution of conversion parameters [3,4]. The conversion parameters
are divided into rotation, translation and scale parameters. Among them, the scale parameter is set to 1
in most previous studies. Over the past decade, various strategies have been conducted to calculate the
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mentioned conversion parameters. For instance, Shepperd [5] and Lohmann [6] suggested the translation
parameters can be counted by common points. In contrast, the determination of rotation parameters is
more complex and important. As several studies noted, the traditional 6 degree-of-freedom (6-DOF)
model has shortcomings in nonlinear and large angle initialization [7,8]. Although the least square
method based on the 6-DOF model belongs to rigorous scheme and will not produce error accumulation,
the spatial complexity of calculating conversion parameters is quite high, as [9-11] illustrated. The
modified Rodrigues method has overcome above problems by using the constant matrix replace the
rotation matrix. However, it also involves complicated steps, rather than the robust model [12-14].

To solve above problems, this paper proposes a basic Rodrigues rotation method. Synoptically, the
basic Rodrigues rotation method abandons the complicated parameterization work, and effectively
reduces the generation of rotation matrix by controlling the single axis rotation. This means that the
conversion between original coordinate system and target coordinate system only relies on an optional
rotation angle. Specifically, we install laser scanner at a known point, so the translation matrix is fixed
as zero. In other words, point clouds tend to rotate horizontally along the center of scanner. Therefore,
we can determinate the rotation angle easily and establish the corresponding equation to achieve
coordinate conversion. Our contributions can be summarized as follows:

e We propose a basic Rodrigues rotation scheme to overcome the disadvantages of model
initialization and large angle parameterization in point clouds coordinate system conversion, and
establish the equation of the basic Rodrigues coordinate conversion.

e We adopt a bar-shaped emboss point clouds as input to demonstrate the applicability of the new
method, and excellent accuracy is obtained by validating the three-axis error and three-term error.

o We conclude that the basic Rodrigues rotation equation has ability to achieve the conversion and
seamless splicing of point clouds, and has superiority to the iterative closest point (ICP) coordinate
conversion method.

This paper is structured as follows. Section 2 discusses the related work. Section 3 introduces the basic

Rodrigues rotation model. In Section 4, this paper presents the experiment and results. In Section 5, this
paper validates the accuracy and stability of the new method. The last Section 6 gives the conclusion of

this paper.

2. Related Work

2.1 The Basic 6-DOF Transformation Model

Previous studies have suggested that point clouds obtained by the same scanner have no scale influence,
so the scale parameter can be regarded as 1 [15-17]. Similar to seven-parameter coordinate conversion,
the solution of conversion parameters for point clouds is a 6-DOF function when scale parameter is 1.
The universal coordinate conversion is formulated as follows:

X2 Ay Xy
Vo[ =4[ R (V) )]
2 A4, Z;

The mathematical meanings of above variables is the same as seven-parameter conversion model. The

main difference from seven-parameter conversion model is that the scale parameter of Eq. (1) is 1. It
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should be noticed that R represents the rotation matrix, which includes three-axis direction. The matrix
of R can be described as follows:

Rotation matrix along the z-axis:

cosa -sino 0
R,=|sina cosa 0 (2)
0 0 1
Rotation matrix along the y-axis:
1 0 0
R,=1|0 cosp -sin ﬁ] 3)
0 sinf cosp
Rotation matrix along the x-axis:
cosy 0 -siny
R;=] 0 1 0 ] @)
siny 0 cosy

In fact, the 6-DOF method is not limited to the conversion of laser point clouds. Previous studies have
applied Eq. (1) to the absolute orientation of images in photogrammetry. Within this subject, the right
side of Eq. (1) is considered as the coordinates within photographic coordinate system, and the left side
of Eq. (1) is the coordinates belonging to ground measurement coordinate system [18,19]. Although the
6-DOF parameterization scheme is applicable for any rotation angle, there still exists some limitations in
large angle recognition when the basic model is initialized.

When the number of input observation parameters is greater than necessary observation parameters,
the least square method is usually involved to obtain optimal parameters. Although the least square
method based on 6-DOF belongs to rigorous scheme and does not produce error accumulation, the model
linearization is still a drawback to be overcome in the case of large rotation angle. Therefore, the least
square method based on 6-DOF would not be described in detail.

2.2 Rodrigues 6-DOF Model

Generally, the 6-DOF coordinate conversion scheme needs to set an initial value and further
linearization. The recent studies have illustrated that the trigonometric function values can be replaced
by three constant variables of the Rodrigues matrix, to bypass the shortcomings of conventional 6-DOF

model [20-22]. Therefore, an antisymmetric matrix is proposed, which is defined as follows:

0 -¢c -b
=[lc 0 -a] &)

According to the properties of Eq. (5) and Rodrigues matrix, the rotation matrix can be expressed as

follows:
R=(1+S)(1+S)~* (6)

Then, the matrix R is expanded as:
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1 - -bI[l -¢ -b1*
1 -a] [c 1 —a] @)

b a 116 a 1

From Eq. (7), we can get:

1+a2-b’-c?  -2c-2ab  -2b+2ac |
R=-1 2c-2ab l-a>+b%+c2  -2a-2bc ()
2b+2ac 2a-2bc 1-a2-b*+c?

where A can be calculated as follows:

1 ¢ b
A= [—c 1 a] =l+a’+b*+c? )
b -a 1

Eq. (8) is named constant rotation matrix, but the constant variables need to be calculated by common
points. After that, the conversion is achieved by coordinates rotating and translating. It should also be
noticed that the conversion model requires three common known points, therefore, the values of constant
variables are ultimately calculated by the difference of point pairs. The Rodrigues 6-DOF matrix has
overcome the drawback of large rotation angle and model linearization, but the conversion process is still
complicated and not optimal model. At the same time, the conversion accuracy of Rodrigues 6-DOF
model is not high.

3. Basic Rodrigues Rotation Model

Inspired by previous studies, this paper proposes a basic Rodrigues rotation model. Unlike the
Rodrigues 6-DOF model, the basic Rodrigues rotation model controls three-axis translation and fixes the
rotation angle along the center of scanner. The core of our proposed new method is that it relies on the
variations of the vectors before and after rotation. Additionally, the coordinates of the same points before
and after conversion are known and relatively easy to obtain. Therefore, we can adopt the angle after
inverse calculation of vector dot product as the optimal rotation angle. The workflow of the basic
Rodrigues rotation model is described as follows.

The vector before rotation is p and the vector after rotation is ¢, the relationship between p and ¢ is
defined as:

pq=Ip/lafcost (10)
Then the angle between p and ¢ is formulated as:

O=arccos(pq/(Ip/fal) (1n

In the instrument coordinate system (x, y, z), the vector p rotates an angle 6 along the z-axis to obtain

the vector ¢ in the target coordinate system. So that the rotation equation is modified as:

x'=cos 0 x+sin 0 y

y'=-sin 6 x+tcos 0 y (12)

J Inf Process Syst, Vol.16, No.1, pp.120~131, February 2020 | 123



Research on the Basic Rodrigues Rotation in the Conversion of Point Clouds Coordinate System

Substitute Eqgs. (11)-(12) into Eq. (10), the vector ¢ can be formulated as follows:
g=cos 0(ax+by)+sin 0(ay-bx)+cz (13)
It is known that:

p-(pz)z=p-cz=ax+by
zxXp=a(z*xx)+b(zxy)+c(z*xz)=ay-bx (14)

Eq. (14) can be substituted into the following equation:
q=cos O(p-(pz)z)+sinb(z xp)+cz (15)
Then, replacing cz, we can get:
q=p+sinf(zxp)+(cosb-1)(p-(pz)z) (16)
The cross product in Eq. (16) can be expressed as follows:
0 -zz z

Z3 0 -Zj
-Z) Z; 0

Ay p=zxp= (17)

Combine Egs. (14)-(17), we can get:

-(p-(p'z)z)=-ax-by=z % (ay-bx)
zx(ay-bx) =z><(z><(ax+by+cz))=A% P (18)

The final coordinate conversion function can be formulated as follows:
g=Ip+sin Ay p+(1- cos 6)A3 p (19)

The scanner position and elevation of point clouds are correct, it means point clouds will not rotate
along the x-axis and y-axis. The scanner is installed at a known point, which ensures the rotation center
of each station remains invariant. It should be emphasized that we need to scan the plane targets in each
station. Therefore, we can obtain the vectors before and after conversion and achieve the conversion of
point clouds for each station.

4. Experiment

4.1 Study Area and Data

The experiment is carried out on a campus, and the point clouds are obtained from iron culture emboss
scanning. Emboss is a bar-shaped structure with a length of 100 m, a thickness of 2 m and a height of 2.5
m. Scanning and modeling meaningful structures has significance influence on the protection of culture.
And the scanning process is presented in Fig. 1.

Point clouds of bar-shaped emboss are obtained by MAPTEK I-site 8820 laser scanner. The scanner

adopts modular design with built-in GPS and electronic compass to meet the requirements of field
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measurement. The maximum measurement distance of scanner is about 2,000 m, and corresponding
minimum measurement distance is about 2.5 m. Besides, the angular resolution of scanner used in this
paper is 0.025°, the scanning angle is from -80° to 80°, and the frequency of scanning is optional for 40
kHz and 80 kHz. In this paper, the four-speed with 40 kHz is adopted, and the number of points at each
station is about 11,520,000.

Ber=any

Fig. 1. The process of emboss scanning.

The experiment detail circumstance is described as follows. The scanner station is about 5 m away
from emboss, and there are totally 4 scanning stations and 10 FARO plane targets. After that, in order to
extract the central coordinates of target points, the plane targets is scanned closely. In addition, the GNSS-
RTK method is used in this paper to obtain the CGCS2000 coordinates of scanner stations with 120
measuring times. The TM30 measuring robot is adopted to get the coordinates of 10 FARO plane targets
by measuring back and forth method. Specifically, the coordinates of plane target points are obtained by
without prism measurement technology. Meanwhile, the errors of the center coordinates of plane targets
are limited to within 3 mm when using TM30 repeat measurement. Therefore, the vectors before and
after conversion at each stations are easily determined. Besides, the average longitude of the campus is

about 123°, and there is no super-elevation phenomenon in the projection surface of experiment domain.

4.2 Point Clouds Coordinate Conversion

In theory, point clouds are collected by four stations on campus. Under such situation, point clouds
with the following characteristics. The central coordinates of the scanned four stations are correct, which
means there is no translations in point clouds from four scanning stations. More importantly, the elevation
is also correct and the coordinate system can be seamlessly spliced by rotating an angle along the z-axis
of each station. Then the conversion of coordinate system can be achieved according to the vectors before
and after the conversion between scanner station and plane target points. For example, the vector from
scanner rotation axis to the center of one FARO target point in scanning coordinate system is p/. And
the vectors of the other point clouds from scanner rotation axis to scanning area in scanning coordinate
system is p2, p3...pn. The calculated or inverse calculated angle in Eq. (11) is 6, and then the vectors g1,
g2, q3...gn in the target coordinate system can be determined by Eq. (19). The vectors in coordinate

system conversion are summarized in Fig. 2.
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In Fig. 2, O is the rotation axis of scanner station, p and g represent the vectors before and after
coordinate system conversion. The basic Rodrigues rotation method is actually to rotate the point clouds
along the z-axis by an angle of . The entire process of point clouds coordinate system conversion relies
on the MAPTEK Studio software, and the steps can be descried as follows:

(1) According to the coordinates of known scanner stations and FARO target points under the target
(engineering) coordinate system, extract the coordinates of target points under the instrument
(scanning) coordinate system.

(2) Constitute the vectors before and after conversion, and calculate the rotation angle between vectors
before conversion and vectors after conversion. To further illustration, the point clouds before
conversion are presented in Fig. 3.

(3) Substitute rotation angle and vectors into the conversion function, and achieve the coordinate
conversion of point clouds for four stations. For validation purpose, the point clouds after
conversion are shown in Fig. 4.

(4) Validate the three-axis error of coordinate system conversion by using the remaining six FARO
targets as input.

(5) Evaluate the three-term error of coordinate system conversion, including plane error, elevation

error and three-dimensional error.

rotation angle
0y

9 9 target(false)
coordinate

system(false) coordinate
systam(true)

station

target(true)

Fig. 2. Point clouds coordinate system conversion.

Fig. 3. The point clouds before conversion.
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Fig. 4. The point clouds after conversion.

5. Discussion

5.1 Accuracy Analysis

Taking the engineering coordinates of target points as validation datasets, and the converted
engineering coordinates of target points as prediction datasets. Additionally, the error validation scheme

is referenced by [23-25]. Then the results of three-axis error at six stations are presented in Table 1.

Table 1. Three-axis error produced by basic Rodrigues rotation method

Deviation (mm)

P x coordinate y coordinate z coordinate
1 -0.002 0.004 -0.007
2 0.006 -0.003 0.003
3 0.008 -0.007 0.007
4 0.002 0.006 0.006
5 0.004 0.007 -0.008
6 0.002 0.011 0.001

As we can be learned from Table 1, the maximum deviations of x, y, and z coordinates are 8 mm, 11
mm, and 8 mm, respectively. Therefore, it can be easily concluded that the three-axis error is stable in
the coordinate system conversion of point clouds.

However, it’s not enough to validate the conversion results by three-axis error. In this paper, three-
term error is used to further validate the accuracy of point clouds conversion, including plane error,

elevation error and three-dimensional error. The equations of three-term error is defined as follows:

The plane error:
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I (AXP+aY?)
my,= ’IT (20)

The elevation error:

n 2
m.= [EeLe2) @1)

The three-dimensional error:

Y, (AXP+ 4V’ +47%)
o= (BT A 22)

The plane, elevation and three-dimensional errors obtained by Eqgs. (20)-(22) are 11.6 mm, 8.0 mm,
and 13.6 mm, respectively. The above accuracy of point clouds conversion reflected by three-term error
is equivalent to the accuracy of the single-base-station RTK, which demonstrates the applicability of our
proposed new method.

Through the basic Rodrigues rotation method, the coordinates of point clouds at four stations are
converted to engineering coordinate system. The basic Rodrigues rotation method proposed in this paper
does not involve the drawback of large angle initialization, only the rotation angles of point clouds need
to be calculated. Therefore, the new method has not only realized the coordinate system conversion of
point clouds, but also achieved the seamless splicing of point clouds. More importantly, due to the
conversion accuracy made in this study is relatively high, the further point clouds modelling would be

more accurate.

5.2 Reliability Analysis

To further validate the reliability of the basic Rodrigues rotation model proposed in this paper, we
adopt the ICP method to splice the point clouds, and select the FARO target points to convert the
coordinate system. Besides, it should also be highlighted that the use of ICP method is also within the
MAPTEK software. The ICP method mainly looks for the feature points of similar area, minimizes the
difference of two neighbored point clouds to complete the splicing of point clouds.

In general, ICP method involves global splicing and requires to select the location of initial point
clouds. As a consequence, the iterative process increases the time of point clouds splicing. After the four-
station point clouds splicing, the coordinates of four FARO target points are taken for coordinate system
conversion. It should be noted that the selection of four FARO target points is the same as basic Rodrigues
rotation method, and the remaining six target points are also used for accuracy analysis. The there-axis
error of ICP method is presented in Table 2.

Table 2 indicates that the maximum deviations of x, y, and z coordinates are 16 mm, 19 mm, and 15
mm, respectively. Compared with the basic Rodrigues rotation method, there is an obviously increase in
three-axis error produced by ICP method. In addition, the three-term error of ICP method is calculated
by Eqgs. (20)-(22). The plane, elevation and three-dimensional errors of ICP method are 21.3 mm, 13.7
mm, and 25.3 mm, respectively. The plane and three-dimensional errors of ICP method are larger than

our new method, and the elevation error is equivalent to our new method. The reason lays in the scanner
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used in this paper has high accuracy in angle and distance measurement, which results in the similarity
in elevation error of two methods.

By comparing with ICP method for point clouds splicing and coordinate system conversion, the basic
Rodrigues rotation method achieves the splicing and coordinate system conversion of point clouds
simultaneously. Therefore, the basic Rodrigues rotation method reduces the error of manually selection
of feature points, and the conversion accuracy has significant improvement. The comparison of ICP
method and basic Rodrigues rotation method in the same software platform also suggests that the time of
basic Rodrigues rotation method is 1/3 of ICP method, so the basic Rodrigues rotation method is more
efficient. Consequently, we can conclude that the basic Rodrigues rotation method has better stability
than ICP method.

Table 2. Three-axis error of ICP method

Deviation (mm)

D X coordinate y coordinate z coordinate
1 -0.011 0.014 -0.015

2 0.013 -0.011 0.009

3 0.016 -0.016 0.015

4 0.013 0.013 0.012

5 0.015 0.012 -0.014

6 0.011 0.019 0.008

6. Conclusions

The purpose of this paper is to propose a simple model to achieve the coordinate system conversion of
point clouds. Due to the coordinate system conversion of point clouds is a basic work before point clouds
semantic recognition and three-dimensional reconstruction, the subject has become more meaningful in
various scientific fields. The basic Rodrigues rotation model proposed in this paper has advantages of
need not linearization, simplicity and efficiency. Besides, the new method also performs superiority in
high accuracy and seamless splicing by experimental comparison.

In this paper, we use the method of manual selection to determine the scanning coordinates of feature
points. Manual selection undoubtedly increases the error of coordinate extraction and reduces the
automation of workflow, which is a potential limitation needs to be further improved.

We will focus on the automatic identification of feature points, because the machine learning has
always been a characteristic issue in big data field. Therefore, our next work is to achieve the automation
of point clouds coordinate conversion. Besides, the feature recognition is not limited to the conversion of

coordinate system, it has a widely applications in change detection and intelligent travel.
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