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Abstract

®

CrossMark

In harsh environmental conditions, the relative orientations of transmitters of rotary-laser
scanning measuring systems are easily influenced by low-frequency vibrations or creep
deformation of the support structure. A self-compensation method that counters this problem
is presented. This method is based on an improved workshop Measurement Positioning
System (wMPS) with inclinometer-combined transmitters. A calibration method for the spatial
rotation between the transmitter and inclinometer with an auxiliary horizontal reference

frame is presented. It is shown that the calibration accuracy can be improved by a mechanical
adjustment using a special bubble level. The orientation-compensation algorithm of the
transmitters is described in detail. The feasibility of this compensation mechanism is validated
by Monte Carlo simulations and experiments. The mechanism mainly provides a two-degrees-

of-freedom attitude compensation.

Keywords: rotary-laser scanning measuring system, self-compensation, inclinometer, wMPS

(Some figures may appear in colour only in the online journal)

1. Introduction

Distributed measurement systems, especially rotary-laser
scanning measuring systems, have shown great potential in
the manufacturing industry for meeting ever more demanding
requirements for ever larger products (for example, in the
shipbuilding industry) [1-3]. The rotary-laser scanning mea-
suring system, with a network of transmitters working cooper-
atively, has advantages of scalability, concurrent measurement
capability, and so on. This system, as with the workshop
Measurement Positioning System (wMPS), has been widely
applied in the manufacturing industry for tasks such as robot
positioning and airplane level measurement [4, 5].

During measurement, multiple transmitters in a rotary-
laser scanning measuring system are deployed around the
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space and form a spatial measurement network. The stability
of the network topology (namely the relative orientation
and position of transmitters) is the key element for reliable
measurements. In principle, no change in network topology
is crucial because it guarantees the same common reference
to all the measurement results [6]. With measurement condi-
tions becoming more and more complicated, the distributed
nature of such systems causes wMPS to be easily affected by
uncontrollable effects which change the topological structure.
Small changes in spatial positions induce measurement error
which is magnified over distance and leads to non-reliable
measurements.

There have been a few solutions developed to keep topo-
logical structures stable. The traditional way is to recalibrate
the measurement network periodically using the control points
and scale bar methods [7]; however, these calibration methods
are implemented manually by human operators and repeated
calibrations are time consuming and of low efficiency. Yang
et al present a self-monitoring mechanism by introducing

© 2017 IOP Publishing Ltd  Printed in the UK
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redundant receivers [8]. Despite this method being efficient
and automatic, it is difficult to keep all receivers stable at all
times in a complex environment.

In this paper, an improved rotary-laser scanning measuring
system with an inclinometer-combined transmitter is pro-
posed. According to the transmitter’s mechanical structure,
a two-axis digital inclinometer is fixed onto the transmitter,
and mathematical models of the transmitter and inclinometer
are introduced. Based on these models, a calibration method
for the spatial rotation of the inclinometer with respect to the
transmitter is presented with an auxiliary horizontal refer-
ence frame. This reference frame, containing more than six
target points, is established using an automatic level and laser
tracker. Meanwhile, a precise mechanical adjustment with a
special bubble level called ‘optical composite image level’ is
carried out to improve the accuracy of calibration. With the
built-in inclinometer and calibrated rotation relationship, the
relative orientation parameters of transmitters are compen-
sated based on the gravity datum using a related algorithm.
This improved system achieves online self-compensation of
orientation parameters, which is always influenced by low-
frequency vibration (less than 5 Hz, namely the bandwidth of
the inclinometer) or long-time creep deformation of the sup-
port structure. The online compensation mechanism is a guar-
antee of the measurement network’s stability and accuracy.

This paper is organized as follows: section 2 gives a
description of this improved measuring system and the online
compensation mechanism. In section 3, related mathematical
models are established and the calibration method is elabo-
rated for the transmitter and inclinometer. The compensa-
tion algorithm for the orientation parameters is introduced in
section 4. In section 5, Monte Carlo simulations are used to
evaluate the accuracy of the calibration method. Experiments
are prepared in section 6 to prove the validity of this proposed
compensation mechanism. Finally, concluding remarks and
potential future improvements are provided.

2. Description of the improved rotary-laser
scanning measuring system

The improved rotary-laser scanning measuring system is
based on a wMPS [9] designed by Tianjin University, China;
it consists of rotary-laser transmitters, receivers, and a calcul-
ation engine. The transmitters generate signals both from the
laser modules in the rotating head and pulsed lasers around
the stationary base. Receivers collect such signals and pass
them to the calculation engine. The calculation engine con-
verts these signals into angle information and calculates the
spatial coordinates of all receivers.

In contrast with the traditional wMPS, this improved system
uses a newly developed inclinometer-combined transmitter
instead. As shown in figure 1(a), an encoder is installed on
the rotating shaft to regulate the rotational speed. The rotating
shaft of the transmitter is defined as the z axis. To measure the
tilt of the z axis without disturbance from the stationary base,
a two-axis digital inclinometer is hung under the encoder on
a mechanical structure. The encoder and inclinometer form

a rigid screwed connection. The inclinometer communicates
with other devices by WiFi.

The coordinate system of the transmitter is established and
defined as O; — x;y;z;. In this coordinate system, the optical
axis of one laser module in the rotating head is defined as the
x axis. Based on the right-hand rule, the y axis is determined.
The coordinate system of the inclinometer is defined as
O; — x;y;z; which uses gravity to lock the z axis. The measure-
ment axes of the inclinometer are defined as the x and y axes,
respectively. The intersection point of the measurement axes
is defined as the origin of the inclinometer coordinate system.

Figure 1(b) shows how the online compensation mech-
anism works. The improved wMPS needs network calibration
before measurement. Each transmitter of this improved system
continuously detects the readings of the built-in inclinometer,
and the system estimates the degree of attitude change of each
transmitter. If the readings of the inclinometer remain almost
the same, it means that the transmitter is not influenced by
environmental factors and the measurement network is reli-
able. If the readings of the inclinometer vary slightly, it means
that the transmitter’s attitude changes. In this case, the orien-
tation parameters can be automatically compensated by the
mechanism. Worst of all is when the readings of the inclinom-
eter show significant differences from the readings before;
this compensation mechanism cannot ensure the measurement
accuracy. Therefore, this newly developed system will report
a warning that recalibration is needed.

3. Calibration method

A precise calibration with a horizontal reference frame is car-
ried out to obtain the relationship between the inclinometer
and transmitter coordinate systems.

In this system, three Cartesian coordinate systems are
defined: the transmitter coordinate system O; — x,y,2,(Cr),
the inclinometer coordinate system O; — x;y;z;(Cy), and the
horizontal reference frame Oj — x;y,z,(Cy). The inclinom-
eter only senses the gravity vector along its sensitive axis
with no fixed origin, so there is only the rotation between the
transmitter and inclinometer coordinate systems, and the rota-
tion matrix from the transmitter to inclinometer coordinate
systems is defined as RL. The rotation matrix from the trans-
mitter coordinate system to the horizontal reference frame is
defined as RY. The rotation matrix from the horizontal refer-
ence frame to the inclinometer coordinate system is defined as
R}, and we have

Ci=R.-Cr=R} R Cr. (1)

The whole calibration process is illustrated in figure 2. An
auxiliary horizontal reference frame with more than six target
points is established using an automatic level, and the rotation
matrix is roughly calculated by space resection. The mechan-
ical adjustment uses the optical composite image level to keep
the z axis of the transmitter parallel to the direction of gravity.
This provides high-precision constraints on two Euler angles
of the rotation matrix RY. The rotation matrix R} is obtained
based on the mathematical model of the inclinometer.
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Figure 1. Description of the improved rotary-laser scanning measuring system. (a) Model of inclinometer-combined transmitter and

(b) online compensation mechanism.
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Figure 2. Rotation calibration between transmitter and inclinometer.

According to equation (1), a non-linear optimization method
is proposed to obtain the rotation matrix RY.

3.1. Inclinometer measurement model

The geometrical model of a two-axis inclinometer is shown
in figure 2. The inclinometer is placed in the space and the
output values (o and () are two inclined angles of the x and y
axes of the inclinometer with respect to the horizontal plane.
Therefore, there is a rotation (defined as R};) between the
inclinometer coordinate system and the horizontal reference
frame:

Ry =Ry Ry Ry

cosy; 0 siny; 1 0 0 costp;  —sinyy; O
= 0 1 0 0 cos#; —sinf;| |siny; cosy; O
—siny; 0 cosy;| [0 sinf;  cosb; 0 0 1

2)

where R,;, Ry, R;; is the rotation matrix from the horizontal

to the inclinometer reference frame around the three axes,
respectively, and 6;, 7;, 1; represents the rotation angle around
the three axes, respectively.

Assuming that the inclinometer first rotates with the x axis
and « is the rotation angle around the y axis, then 5’ is the
rotation angle around the x axis. According to the geometrical
relationship between them [10], the rotation angle can be
expressed as

9,':61

~; = 8/ = —arcsin ( &)

sinf3

cosa

Thus, there is only one unknown parameter, 1/;, in the rota-

tion matrix of the inclinometer with respect to the horizontal
reference frame.

3.2. Precise mechanical adjustment

Mechanical adjustment is used to regulate the z axis of the
transmitter parallel to the direction of gravity using the total
station base and optical composite image level. Figure 3
shows the mechanical adjustment process, with geometrical
sketches thereon.

As shown in figure 3(a), the transmitter is fixed to a total
station base and the optical composite image level is placed on
the transmitter. The V-type working face of the optical com-
posite image level fits closely to the upper surface of the rota-
tion head. There is a tubular bubble in this optical composite
image level, and the inclination angle of this with respect to
the V-type working face changes when the dial is turned. The
transmitter is initially placed at random so that neither the
upper surface of the head nor the tubular bubble are parallel
to the horizontal direction; because of the installation error,
the rotation axis of the transmitter is not perpendicular to the
upper surface of the rotation head.
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Figure 3. Mechanical adjustment process. (a) Transmitter on the total station base, (b) regulating the optical composite image level and (c)

regulating the total station base.

As illustrated in figure 3(b), there is some inclination angle
between the tubular bubble and the rotation axis of the trans-
mitter. Turning the dial of this level and rotating the trans-
mitter head 180°, we then observe the bubble in the level. If
the bubble remains in a symmetrical position after rotation
through 180°, we stop turning the dial; this means that the
tubular bubble is perpendicular to the rotation axis.

As illustrated in figure 3(c), the leveling screws of the total
station base are turned until the tubular bubble of the level
meter is parallel to the horizontal plane. From the lens of
optical composite image level, the image of the bubble (which
is divided into two parts) is shown: if the tubular bubble is hor-
izontal, the bubble in the tubular bubble moves to the center
and the two parts of bubble image coincide. Until now, the
tubular bubble has been parallel to the horizontal plane and
the rotation axis is parallel to the direction of gravity.

After mechanical adjustment, the z axis of the transmitter
is parallel to the direction of gravity, and so a relative rotation
relationship between the adjusted transmitter and horizontal

: H .
reference frame is defined as (RY! )c ibrased

H o
(RY) catibrarea = Rt " R Ry

cosy;, 0 —siny | [1 0 0 cosyy,  singy, O
= 0 1 0 0 cosf, sinb, —siny, cosy, 0O
siny, 0  cosy, 0 —sinf, cosyy, 0 0 1

4)

where Ry, Ry, R;; are the rotation matrices around three axes,
respectively, and 6;, 7, 1, represent the rotation angles around
the three axes, respectively.

Based on equations (1), (2), and (4), it can be found that:

cosyp —sinyy 0
(RIT)canbrated =k |singy  cosyp 0O ®)
0 0 1
1 0 0 COSVea O sinvye,
where k= |0 cosl, —sinf., 0 1 0
0 sinf.,, cosb., —sinye, 0 cosvea

0., and 7., are the rotation angles around the x and y axes,
respectively, as obtained from the inclinometer when the
transmitter has just been regulated and ¢ = 1, + 9.

After mechanical adjustment, the rotation between trans-
mitter and inclinometer has only one unknown value ).

3.3. Transmitter with horizontal reference frame

At first, a precise horizontal reference frame Cy is established
with an automatic level. The automatic level and magnetic
nests are placed in the space. These magnetic nests are the
holders for a 1.5 inch diameter sphere on which to place the
spherically mounted retroreflector (SMR) of the laser tracker
and receiver of this wWMPS. More than three magnetic nests
are fixed on the vertical guide rail and some others are placed
around the space. Each magnetic nest forms a target point. We
put the SMR on the magnetic nests which are fixed onto the
vertical guide rail and adjust the guide rail to ensure that the
center of each SMR is in the same horizontal plane using the
automatic level.

Then, the coordinates of each target point are measured by
the laser tracker, which is at least one order of magnitude more
accurate than the wMPS. The XOY plane of the horizontal
reference frame is based on the points in the same horizontal
plane with the least-squares surface fitting method. Any point
in the XOY plane can be the origin of the horizontal reference
frame. Then, a horizontal reference frame Cy is established
and the coordinates of the horizontal frame Cy with all the
target points are defined as (xp,, vz, z1)-

Putting the receiver on these target points of the horizontal
reference frame, the relationship [9] between the transmitter
and receivers is as follows:

a,,co80,, + b,,sinb,, g Xn

apsind,, — b, cos6,, RETH o |
cn '{0 U fa [ 70©
dy, 1

where (ay, by, Cm,dy) are the planar structure parameters of
the transmitter, m = 1,2 is the number of planar equations of
each transmitter, and 6 is the scanning angle around the z axis
of the transmitter plane.
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Based on equation (6) and the space-resection method [11],
R and T are obtained.

3.4. Combined solution with weighted nonlinear optimization

The rotation matrix R} and R% can be parameterized as
follows:

| ry r r; rip ri I3

T H\ — I

Ry = (RT) = |rs 15 re| ,Rp= |ria ris Tris|,
rprg o ri7 rig  T9

(7
where 7] - - - rg are the known values obtained from the space-
resection method, and ry; - - - 9 are to be measured.

Combining equations (1) with (7), we can get

riry + rpry + rgry
Rl =Ry - Rl = |ruri + risra + rigrs
rigry + rigra + rigry

ritry + ripr's + rgrg
Trialy + risrs + rigrs
Figry + rigrs + Fiolg

ritrs + ripfe + rizrg
Tiar3 + risre + rigro
ri7rs + rigrs + rigrg

cosvy;cost); — sind;siny;siny;  sin;siny;cosy; + cosy;sing;  —cosé;siny;
= —cosb;siny; cosf;cosp; sinf;
sinf;cosy;siny; 4 cosy;siny;  siny;siny; — sinf;cosy;cosyy;  cosficosy;

By selecting the third column, equation (8) can be rewritten
as

rir3 + riore + rizrg = —cos;siny;
riar3 + riste + righy = sinf; . )
rirs + rigre + rigrg = cosf;cos;

We put the transmitters with at least three different atti-
tudes by the total station base, and r;; - - - r;9 can be solved by
a series of linear equations (see equation (9)). The solution is
sensitive to the error introduced by space resection, so a non-
linear optimization with the constraints of mechanical adjust-
ment is proposed.

From equation (9), the constraint equations can be written
as

Ful = 1i17p3 + Tizkug ~+ Fi3Tng + Sin 7y cOS Oy
Fp = righp3 + Tistus + Figtno — sin 6,
Fu3 = rizly3 + righps + Figlpg — COS 0, COS Ypi

. (10)

For different transmitter attitudes during calibration, the rota-
tion angles of the inclinometer in the nth attitude of the trans-
mitter are y,; and 0,;.

The rotation matrix R} satisfies the unit orthogonal con-
straint conditions

fi :rl.21+rl.22—|—ri23—1:0
h=ri+rk+ri—1=0
f=ry+rk+rs—1=0
Sa = ritia 4 ris + riig =0
fs = riir + riig + rizio = 0
fo = ruain + risis + rigio = 0

(11)

The mechanical adjustment constraints can be written as
follows:

hy = arcsin (rig) — 0ca = 0
hy = arctan (—:—;) —Yea =0

(12)

6.5 T T T T T T T
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Figure 4. Simulation of calibration method.

From equations (10)—(12), the rotation matrix from the hori-
zontal reference frame to the transmitter coordinate system
can be optimized by use of the following functions:

n 6 3
E=Y (Fi+Fy+Fa)+MY [f+NY b (13)
=1

J=1 J=1

where M and N are penalty factors. These functions are
solved by the Levenberg—Marquardt algorithm [12]. The ini-
tial iteration value of the non-linear functions uses the linear
solution to equation (9).

4. Orientation parameter compensation algorithm

The attitude of the transmitter is compensated according to
the attitude change of the inclinometer. The initial transmitter
coordinate system and initial inclinometer coordinate system
are defined as (Cr),y and (Cy),4- The outputs from the incli-
nometer are g and Soq along the x and y axes, respectively.
The initial rotation matrix Ry is defined as (R};) . If the
transmitter’s attitude changes, the new transmitter coordinate
system is defined as (Cr),,,,. Meanwhile, the outputs from
the inclinometer are aueyw and Syew in the new inclinometer



Meas. Sci. Technol. 28 (2017) 115007

S Guo et al

(@

(b)

Figure 5. Preparation of rotation calibration: (a) establishment of the horizontal reference frame and (b) mechanical adjustment of the

transmitter.

coordinate system (Ci),.,. The horizontal reference frame
remains the same and the rotation matrix R is defined as
(R}),on- There are a series of equations used to describe the
attitude change of the transmitter:

(RIH)new Cu = (Cl)new
(R%—I)old ’ CH = (Cl)old
R!l" ’ (CT)HCW = (Cl)new
RIT (Cr)oig = (C1) g

where Cy is the horizontal reference frame and R is the
rotation matrix from the transmitter coordinate system to the
inclinometer coordinate system. Thus, the new transmitter
coordinate system is calculated as follows:

(CT)neW = (R’Ir)_l : (R%'I)new : ((R%'I)old)_1 ’ R!r ’ (CT)Dld'
5)

(14)

5. Simulation and analysis

The accuracy of orientation parameter compensation is related
to the rotation calibration of the transmitter coordinate system
with respect to the inclinometer coordinate system directly.
To analyze the accuracy of this calibration method, the Monte
Carlo simulation is introduced, combined with related theor-
etical analysis.

In this simulation, the rotation matrix of the transmitter
coordinate system with respect to the inclinometer coordinate
system is parameterized by three Euler angles. Roll represents
the rotation angle around the x axis, pitch represents the rota-
tion angle around the y axis, and yaw represents the rotation
angle around the z axis. This simulation makes a contrast in
the uncertainty of the Euler angles, which are calculated by the
method with mechanical and without mechanical adjustment,
respectively. As mentioned previously, at least three different
postures of the transmitter can calculate the rotation matrix.
Thus, in the calibration of this simulation, the number of dif-
ferent transmitter postures changes from four to fourteen.

As shown in figure 2, there are three parts of the calibra-
tion method and the errors in each part of the calibration are
introduced as follows:

Figure 6. Verification platform of compensation mechanism.

e Rotation calibration of RY with mechanical adjustment:
within the range of =1 mm m~!, the measuring uncer-
tainty of the optical composite image level is 0.01 mm
m~!. This ensures that the rotation angle 6., and rotation
angle Yca of RIT have an uncertainty of 2”.

e Rotation calibration of RH with the space-resection
method: the angle measurement accuracy of the trans-
mitter is 2.6” (based on three standard deviations) [13].
The horizontal reference frame is established with
the automatic level and the laser tracker. For this laser
tracker, the maximum permissible error (MPE) of its
angular accuracy is +-15 ym + 6 ym m~!, and the MPE
of interferometer accuracy is £0.4 ym + 0.3 ym m~'.
For the automatic level, which is made in the Suzhou
First Optical Instrument Factory, its settling uncertainty
is 0.3”. The standard deviation over a 1 km double run is
less than £ 1 mm.

e Rotation calibration of R};: the nominal uncertainty of the
two-axis inclinometer is 2” in each axis.

The results of the simulations are shown in figure 4. As
the number of transmitter postures increases, the three Euler
angles’ uncertainties are decreased. This is because more
postures without gross error results in more redundant terms,
which increases the accuracy of the solution in the least-
square problem. The inclinometer provides just two degrees
of freedom in its rotational constraints without the yaw angle,
so the yaw uncertainty is larger than the roll and pitch uncer-
tainty. Simulation results also show that all of these three Euler
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Figure 7. Results of compensating experiments.

angles’ uncertainties (after mechanical adjustment) are less
than those without mechanical adjustment. This proves that
the calibration with mechanical adjustment provides a more
accurate rotation matrix than calibration without mechanical
adjustment.

6. Experiments

6.1. Establishment of verification platform

The experiment is based on a special transmitter. The incli-
nometer is installed in the transmitter. Considering the limited
space available in the transmitter and its high stability, a dual-
axis inclinometer based on a flexible quartz accelerometer is
chosen. Its volume is 54mm x 44.5mm X 34mm and has
efficient temperature drift compensation and good linearity.
The rotation calibration is shown in figures 5(a) and (b).
Figure 5(a) shows the establishment of the horizontal reference
frame. Multiple target points with magnetic nests are placed
around the space and some special points on the linear guide
are adjusted with the help of an automatic level. All the points
are measured by the laser tracker as a reference. Figure 5(b)
shows the mechanical adjustment of the transmitter with the

optical composite image level and a total station base. With
this mechanical adjustment and horizontal reference frame,
the rotation matrix of the transmitter with respect to the incli-
nometer is calibrated.

6.2. Verification of compensation mechanism

With this calibrated rotation matrix of the transmitter coor-
dinate system with respect to the inclinometer coordinate
system, the verification experiment is conducted. As shown
in figure 6, the transmitter is fixed in place and the rotation
matrix of the transmitter coordinate system with respect to the
horizontal reference frame is obtained by use of the space-
resection method. These three Euler angles of the rotation
matrix are named after the initial angle (in black in figure 7).
Then, we change the transmitter’s posture using the total
station base and repeat this test several times. In each set of
transmitter postures, three Euler angles of the rotation matrix
of the transmitter coordinate system with respect to the hori-
zontal reference frame are obtained using the space-resection
method as the reference value, and these angles are shown as
a calibrated angle in red in figure 7. In the meantime, three
Euler angles which are compensated by the inclinometer form
the compensating angles shown in blue in figure 7.

As shown in figure 7, the roll angles of the compensating
and calibrated methods have the same tendency. The devia-
tion of the roll angle between these two methods is about
100 to 200 arc-seconds. The pitch angle of the compensating
and calibrated methods has the same tendency with ever less
deviation. As for the yaw angle, the compensating angle is
almost the same as the initial angle. These results prove that
the attitude compensation of the roll and pitch angle is valid.
Because the inclinometer has just two degrees of freedom in
its constraints, the yaw angle is not compensated.

Compared with the simulations, there are more errors intro-
duced to the system in the experiments, such as the error in the
internal parameters of the transmitter and the measuring error
in the receiver. Also, the Euler angles, which are the reference
angles obtained by space resection, contain errors.

7. Conclusions

This article presents an orientation parameter compensation
mechanism for a rotary-laser scanning measuring system.
This method uses an inclinometer which is fixed in the trans-
mitter to detect attitude change. With mechanical adjustment
and the space-resection method, the rotation of the transmitter
with respect to the inclinometer is calibrated. Then, the trans-
mitter’s attitude-compensating method is presented. Monte
Carlo simulations and verification experiments are then car-
ried out. The simulations demonstrate that the calibration
of the rotation with mechanical adjustment is more accurate
than calibration without mechanical adjustment. After attitude
compensation by inclinometer in these experiments, the uncer-
tainty in the roll and pitch angles is less than 200 arc-seconds.
The yaw angle is not compensated. The proposed compensa-
tion mechanism of the roll and pitch angle is deemed valid,
and compensation of the yaw angle failed.
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With regard to the proposed method, further research into
yaw angle compensation and related position compensa-
tion of the transmitters is required. In addition, more accu-
rate calibration of both the transmitter and inclinometer is
needed.
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