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1.  Introduction

High-accuracy posture measurement technology in large 
space is the continuous pursuit of large-scale equipment man-
ufacturing fields such as aviation, aerospace, automobiles, 
ships, etc [1, 2].

At present, the main methods of posture measurement are 
machine vision [3, 4], laser radars [5], total stations [6], laser 
trackers [7–9] and wMPS (workshop measurement and posi-
tioning system) [10, 11]. The machine vision measurement 
system has the advantages of non-contact measurement, and 
its posture measurement accuracy is about 0.5° in the large-
scale field. wMPS is a non-contact measurement with a fast 
measurement speed, and the accuracy of posture measurement 

is better than 0.07°, but it is challenging to achieve high pos-
ture measurement accuracy with this system.

Huo et  al [12] proposed a posture measurement method 
of laser projection imaging. A high-speed camera was used 
to record the position of a projected light spot in real-time 
and to establish the posture calculation model of the moving 
target. The position accuracy was 5 mm, and the attitude angle 
accuracy was 1′ in a field of 14 m  ×  7 m. Tian et al [13] used 
a high precision theodolite to measure several feature points 
on the target, and fitted the target posture by using the least 
squares method. It was proven that the calibration accuracy 
could reach 0.05°.

The measuring system based on the principle of the mul-
tilateral laser method has the characteristics of a broad space 
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measurement range, high accuracy, substantial flexibility, 
and firm dynamics, and it has a broad application prospect. 
Now the laser multilateral measurement system has played 
an essential role in the field of large-scale coordinate meas-
urement [14–16]. The measurement process only involves 
the measurement of the length, not the measurement of angle 
information,and the length accuracy measured by laser inter-
ference is high so that the measurement system has high effi-
ciency. Physikalisch-Technische Bundesanstalt [17] used four 
laser tracking interferometers to form the M3D3 measuring 
system. In space, an independent laser interferometer is used 
for a distance test. Tests revealed that the length measurement 
uncertainty is less than 0.4 µm within a measurement volume 
of 1  m3. The National Institute of Metrology, China (NIM) 
[18] researched the laser multilateral coordinate measurement 
system. The experiments showed that the coordinate errors 
are less than 8.9 µm in 1.4 m  ×  3.7 m  ×  1.3 m rectangular 
space. To realize the measurement from three dimensions to 
six dimensions, the laser triangulation method is extended to a 
new method for posture measurement.

2.  Posture measurement principle: six-laser multi-
lateral measurement system

Before this, NIM used seven laser tracers to realize pos-
ture analysis. Simulations show that with an increase of the 
number of measurement planes, the plane angle error was 
reduced from 145″ to 3″ [19].

Through modeling and formula derivation, a new method 
consisting of a six-laser multilateral posture measurement is 
proposed. This new method eliminates one device and real-
izes posture measurement. As shown in figure 1, there are six 
laser tracers LT1, …, LT6 in the posture measurement system. 
The commercial laser tracer is produced by Etalon AG and the 
measurement uncertainty for the length displacement of the 
laser tracer is 0.2 µm  +  0.3 µm m−1. Three reflectors—A, B, 
C—are fixed on the measuring target.

LT1, LT2 and LT3 track A, LT4 and LT5 track B, and LT6 
tracks C. Distance variations of each laser tracer are taken as 

part of the optimization functions when moving the meas-
urement plane. Then, the system parameters are obtained 
by the least-squares algorithm. When the posture measure-
ment system is built, it is necessary to calibrate the system 
parameters to determine the position relation between mul-
tiple instruments. However, in this state, the system is positive 
definite and cannot realize the self-calibration of the system 
parameters. To solve this problem, we propose a stepwise cali-
bration method whereby system parameters are obtained by 
three-step calibration—the specific techniques are described 
in section 3.

3.  Stepwise calibration of the system parameters

As shown in figure 2, a special coordinate system is established 
for six laser tracers. S1, · · · , S6 are the measurement centers 
of the six laser tracers, respectively, whereAi(xAi , yAi , zAi), 
Bi(xBi , yBi , zBi), Ci(xCi , yCi , zCi) are the optical centers of the 
reflectors at the measurement position i. S1 is set as the origin 
of the global coordinate system, S2 is defined as the X axis, S3 
is located at plane XOY, so S1, S2, S3, S4, S5, S6 are denoted 
as (0, 0, 0), (xS2 , 0, 0), (xS3 , yS3 , 0), (xS4 , yS4 , zS4), (xS5 , yS5 , zS5), 
(xS6 , yS6 , zS6). l1i , l2i , l3i  are the lengths from Ai to S1, S2, S3; l4i , 
l5i  are the lengths from Bi to S4, S5; l6i  is the length from Ci to 
S6. Before measurement, l10, . . . , l60 are unknown parameters 
to be calibrated. The centers of the laser tracers S2, . . . , S6 con-
tain the unknown parameters to be calibrated. There are 18 
parameters which need to be calibrated, which include l10, l20, 
l30, l40, l50, l60, xS2, xS3, yS3, xS4, yS4, zS4, xS5, yS5, zS5, xS6, yS6, 
zS6.

Since there is no redundant information in the six-laser 
multilateral posture measuring system, it cannot directly com-
plete self-calibration in the above tracking state. To complete 

Figure 1.  Measuring principle of the six-laser tracer multilateral 
posture measuring system.

Figure 2.  Establishing the special coordinate system.
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the calibration of the system parameters, we propose a step-
wise calibration method. It is necessary to use six laser tracers 
to track reflector A at the same time, and then track reflector 
B and C using the following three steps to realize the stepwise 
calibration of the system parameters:

Firstly, as shown in figure  3, the six laser tracers track 
reflector A at the same time. The coordinates of the six laser 
tracer measuring centers Sj, A, j = 1, . . . , 6 are denoted as (
xSj,A , ySj,A , zSj,A

)
, j = 1, . . . , 6. The lengths from the reflector 

center A located at an initial position to the six laser tracers 
denoted as ljA0 , j = 1, . . . , 6. There are 18 parameters of A 
which need to be calibrated which include l1A0, l2A0, l3A0, l4A0, 
l5A0, l6A0, xS2,A, xS3,A, yS3,A, xS4,A, yS4,A, zS4,A, xS5,A, yS5,A, zS5,A, xS6,A, 
yS6,A, zS6,A at this time. We set a three-layer measuring plane in 
space, and the reflector moves on the measuring plane, each 
flat surface uniformly distributing measuring points. For each 
position Ai(xAi , yAi , zAi) and the measuring centers of the six 
laser tracers Sj,A(xSj,A , ySj,A , zSj,A), j = 1, . . . , 6, the equation  fAi,j 
is listed as follows [20]:

fAi,j =
(
xAi − xSj,A

)2
+
(
yAi − ySj,A

)2
+
(
zAi − zSj,A

)2

−(ljA0 +∆ljAi)
2.

� (2.1)

When the number of points in space is sufficient, there are 
18 parameters of A which can be calibrated by minimizing 
∅A (x) in the following equation [21]:

∅A (x) =
1
2

n∑
i=1

f 2
Ai,j (x) .� (2.2)

Secondly, six laser tracers track reflector B at the same 
time. The coordinates of the six laser tracer measuring centers 
Sj,B, j = 1, . . . , 6 are denoted as (xSj,B , ySj,B , zSj,B), and the lengths 
from the reflector center B0 are located at an initial position 
to the six laser tracers denoted as ljB0. There are 18 parameters 
of B which need to be calibrated, including l1B0, l2B0, l3B0, l4B0, 
l5B0, l6B0, xS2,B, xS3,B, yS3,B, xS4,B, yS4,B, zS4,B , xS5,B, yS5,B, zS5,B , xS6,B, 
yS6,B, zS6,B  at this time. The method of parameter solving is the 
same as tracking reflector A.

Thirdly, six laser tracers track reflector C at the same time. 
The coordinates of the six laser tracer measuring centers 
Sj,C, j = 1, . . . , 6 are denoted as (xSj,C , ySj,C , zSj,C), and the 
lengths from the reflector center C0 are located at an initial 
position to the six laser tracers denoted as ljC0. There are 18 
parameters of C which need to be calibrated, including l1C0, 
l2C0, l3C0, l4C0, l5C0, l6C0, xS2,C , xS3,C , yS3,C , xS4,C , yS4,C , zS4,C, xS5,C , 
yS5,C , zS5,C, xS6,C , yS6,C , zS6,C at this time. The method of param
eter solving is the same as tracking reflector A.

Then, the system parameters are as follows:

xSj =

Å
xSj,A + xSj,B + xSj,C

3

ã
, j = 1, . . . , 6� (2.3)

ySj =

Å
ySj,A + ySj,B + ySj,C

3

ã
, j = 1, . . . , 6� (2.4)

zSj =

Å
zSj,A + zSj,B + zSj,C

3

ã
, j = 1, . . . , 6� (2.5)

lj0 = ljA0 , j = 1, 2, 3� (2.6)

lj0 = ljB0 , j = 4, 5� (2.7)

l60 = l6C0 .� (2.8)

After the system parameters are calibrated, LT1, LT2 and 
LT3 track A, LT4 and LT5 track B, and LT6 tracks C. We 
calibrate the lengths lAB, lAC, lBC between each reflector in 
advance. A measuring plane is put on a high precision turn-
table, and then we rotate the turntable to form different pos-
ture measuring planes. When moving the measuring plane, the 
distance variations of the laser tracers are measured. Among 
the nine formulas (2.9)–(2.14), only the coordinate value of 
Ai(xAi , yAi , zAi), Bi(xBi , yBi , zBi), Ci(xCi , yCi , zCi) is unknown, 
and the other parameters have been calibrated. Therefore, the 
coordinate of Ai, Bi, Ci on the measurement plane can be cal-
culated by the formula:

fi,j =
(
xAi − xSj

)2
+

(
yAi − ySj

)2
+

(
zAi − zSj

)2

−(lj0 +∆lji)
2, j = 1, 2, 3

� (2.9)

fi,j =
(
xBi − xSj

)2
+

(
yBi − ySj

)2
+

(
zBi − zSj

)2

−(lj0 +∆lji)
2, j = 4, 5

� (2.10)

fi,6 = (xCi − xS6)
2
+ (yCi − yS6)

2
+ (zCi − zS6)

2

−(l60 +∆l6i)
2� (2.11)

Figure 3.  Six laser tracers track reflector A at the same time.
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fi,7 = (xAi − xBi)
2
+ (yAi − yBi)

2
+ (zAi − zBi)

2

−l2AB
� (2.12)

fi,8 = (xAi − xCi)
2
+ (yAi − yCi)

2
+ (zAi − zCi)

2

−l2AC
� (2.13)

fi,9 = (xBi − xCi)
2
+ (yBi − yCi)

2
+ (zBi − zCi)

2

−l2BC.
� (2.14)

The Ai, Bi, Ci coordinates are measured and used to cal-
culate the posture of the measuring plane. Six parameters are 
needed to determine the posture of the measuring plane: three 
translation coordinates (expressed by point Ai) and three rota-
tion angles (expressed by pitch angle αi, yaw angle βi, and 
roll angle γi).

We create a new coordinate system UVW on the meas-
urement plane. Ai is set as the origin of the new coordinate 

system UVW, and 
−−→
AiBi is defined as the U  axis. So, the unit 

vector −→ui , −→vi , −→wi  can be expressed as

−→ui =

−−→
AiBi∣∣∣−−→AiBi

∣∣∣� (2.15)

−→vi =

−−→
AiCi ×

−−→
AiBi∣∣∣−−→AiCi ×
−−→
AiBi

∣∣∣� (2.16)

−→wi =
−→ui ×−→vi .� (2.17)

When the XYZ coordinate system is converted to the UVW 
coordinate system, it needs to undergo rotation and translation 
changes. The translation transformation matrix T(xAi , yAi , zAi) 
is expressed as

T(xAi , yAi , zAi) =




1 0
0 1

0
0

xAi

yAi

0 0
0 0

1
0

zAi

1


 .� (2.18)

Pitch angle αi is the angle by which the X axis needs to 
rotate during the transformation, and its rotation matrix is 
expressed as

Rot(x,αi) =




1 0
0 cosαi

0 0
− sinαi 0

0 sinαi

0 0
cosαi

0
0
1


 .� (2.19)

Yaw angle βi is the angle by which the Y axis needs to 
rotate during the transformation, and its rotation matrix is 
expressed as

Rot(y,βi) =




cosβi 0
0 1

sinβi 0
0 0

− sinβi 0
0 0

cosβi

0
0
1


 .� (2.20)

Roll angle γi  is the angle by which the Z axis needs to rotate 
during the transformation, and its rotation matrix is expressed 
as

Rot(z, γi) =




cosγi − sin γi

sin γi cos γi

0 0
0 0

0
0

0
0

1
0

0
1


 .� (2.21)

Then we can obtain the coordinate transformation matrix as

TRi = T(xAi , yAi , zAi)Rot(z, γi)Rot(y,βi)Rot(x,αi)

=




cos γi sinβi cos γi sinβi sinαi − sin γi cosαi

sin γi cosβi sin γi sinβi sinαi + cos γi cosαi

− sinβi cosβi sinαi

0 0
cos γi sinβi cosαi + sin γi sinαi xAi

sin γi sinβi cosαi − cos γi sinαi yAi

cosβi cosαi zAi

0 1


 .

� (2.22)

The unit vector �x,�y,�z  of the XYZ coordinate system is 
(1,0,0), (0,1,0) and (0,0,1). Unit vector (�x,�y,�z) can obtain 
(−→ui ,−→vi ,−→wi) after rotation translation transformation:




uxi

uyi

uzi

0

vxi

vyi

vzi

0

wxi

wyi

wzi

0

xAi

yAi

zAi

1


 = TRi




1
0
0
0

0
1
0
0

0
0
1
0

0
0
0
1


 .� (2.23)

Pitch αi, yaw βi and roll γi  can be calculated by formula 
(2.23)

αi = arcsin

Ñ
vzi»

1 − u2
zi

é
� (2.24)

βi = arcsin (−uzi)� (2.25)

γi = arcsin

Ñ
uyi»

1 − u2
zi

é
.� (2.26)

Figure 4.  Self-calibration points for simulations.
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For ease of comparison, we record the changes in the hori-
zontal rotation angle of the turntable in the actual experiment. 
It is necessary to project plane AiBiCi to the first plane A1B1C1 
of the turntable during the posture calculation. The normal 
vector of the first plane A1B1C1 is denoted as �n (xn, yn, zn), 
and Ai, Bi, Ci after projection are indicated as A′

i(xA′
i
, yA′

i
, zA′

i
), 

B′
i(xB′

i
, yB′

i
, zB′

i
), C′

i(xC′
i
, yC′

i
, zC′

i
).

A′
i , B

′
i , C

′
i coordinates are calculated and fitted to the circle, 

and the center coordinates of circle OA, OB, OC  are obtained. 
The rotation angles θAi, θBi, θCi are computed by calculating 
the angles between the canters of each ring and the corre
sponding projection point vectors. Then, the posture of meas-
uring plane θi is the mean value of θAi, θBi, θCi

θki = arccos

( −−→
Okk′i ·

−−→
Okk′1

|
−−→
Okk′i ||

−−→
Okk′1|

)
, k = A, B, C.� (2.27)

4.  Simulation

To verify the feasibility and accuracy of the posture measure-
ment method, we conduct simulation experiments. As shown 
in figure 2, we establish the coordinate system and give the 
measurement center coordinates of six laser tracers.

As shown in figure 4, we create three layers of scatter points 
in a rectangular area of 3  m  ×  3  m  ×  3  m. There are nine 
points in each layer, showing a uniform chessboard distribu-
tion, with a total of 27 points in the three layers, and then we 
add the initial fixed points A0, B0, C0, with a total of 30 points. 
We calculate the initial lengths between the initial points A0, 
B0, C0 and the six laser tracers Sj, j = 1, . . . , 6, and calculate 
the variations of the lengths ∆ljAi, ∆ljBi, ∆ljCi between each 
point to six laser tracer lengths from the initial lengths. These 
data are theoretical stepwise calibration data. The 18 system 
parameters l10, l20, l30, l40, l50, l60, xS2, xS3, yS3, xS4, yS4, zS4, 

Figure 5.  0°–30° posture measurement errors of the simulation 
experiment.

Figure 6.  Layout of the experiment instrument.

Figure 7.  Layout of the reference lengths.

Figure 8.  Posture accuracy verification experiments.

Meas. Sci. Technol. 31 (2020) 055010
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xS5, yS5, zS5, xS6, yS6, zS6 are calculated by analytical stepwise 
calibration data.

A high precision turntable is used to verify the posture 
accuracy in the actual experiments. Because the reflector in 
front will block the laser path of the reflector behind after 
the turntable is rotated by a certain angle, so the simulation 
experiment also verifies the posture accuracy of the angle 
within 30°. Let LT1, LT2 and LT3 track A, LT4 and LT5 track 
B, and LT6 track C. The lengths between each optical centre 
of the three reflectors are all 700 mm. First, we generate an 
initial measuring plane, and then we rotate the initial plane 
around the centre of the turntable to create a standard pos-
ture. Theoretical measuring planes are generated every 1° 
interval from 1° to 30°, and there are 31 theoretical meas-
uring planes. Based on the 31 theoretical measuring planes, 
there are variations of the length ∆l1i, ∆l2i, ∆l3i, ∆l4i, ∆l5i, 
∆l6i between the theoretical plane i and the six laser tracers 
from the initial measurements. These data are theoretical 
planes data.

However, there is inevitably a certain length measurement 
error in the actual measurement; the theoretical data of the step-
wise calibration points and posture planes add noise data. The 
uncertainty of the laser tracer is U  =  0.2 µm  +  0.3 µm m−1.  
In the simulations, the theoretical data of ∆l1i, ∆l2i,  
∆l3i, ∆l4i, ∆l5i, ∆l6i add the random noise within [0, +U], 
and the lengths of lAB, lAC, lBC add the random noise within 
[−100 µm, 100 µm]. In this simulation, the noise data of lAB, 
lAC, lBC are  −83 µm, 25 µm, and 32 µm. The length unit of 
the simulation is in mm, taking the 6th place after the decimal 
point, so the maximum truncation error is 0.5 nm. These data 
can be used to calculate the posture of the theoretical meas-
uring planes through the formula in section 3.

As shown in figure 5, in the simulation range of [0°, 30°], 
the errors are distributed in the field of [1.1″, 12.7″]. The sim-
ulation results show that the proposed posture measurement 
method has a high accuracy in the large-scale measurement 
range.

5.  Experiments of the six-laser multilateral  
measurement system

To further verify the accuracy of the six-laser multilateral pos-
ture measurement system, a stepwise calibration experiment 

and posture accuracy verification experiment of the system 
are carried out.

5.1.  System parameter self-calibration experiments

Through the coordinates of six laser tracers and the distance 
between each laser tracer and its corresponding reflectors, the 
posture of the measuring plane can be calculated. However, it 
is difficult to accurately calibrate the mutual positional rela-
tionship between the six laser tracers by the external measure-
ment method before the actual measurement, which needs to 
be solved by self-calibration experiments of the system.

The layout of the experimental instrument of the system is 
shown in figure 6: four laser tracers and two laser trackers are 
arranged in the experimental space. The maximum height dif-
ference of the six instruments is 3.1 m, the maximum distance 
between left and right is 4.4 m, and the maximum distance 
between the front and rear is 1.7 m.

In the process of system stepwise calibration, the method 
of adding the reference length is adopted to improve the acc
uracy of the system stepwise calibration [18]. As shown in 
figure 7, there are seven fixed points P1, . . . , P7 fixed on the 
marble plane. P1 is the initial point A0 of reflector A, P2 is 
the initial point B0 of reflector B, P3 is the initial point C0 of 
reflector C. The seven fixed points form five reference lengths 
in two directions, and there are three reference lengths LP1P2 
(from point P1 to P2), LP1P4 (from point P1 to P4), and LP4P5 
(from point P4 to P5) in one direction. The other two refer-
ence lengths are LP1P6 (from point P1 to P6), andLP5P7 (from 
point P5 to P7) in a different direction.

In the experiments, we select a reflector with a diameter 
of 75 mm. The length between the experiment location to the 
origin of the posture measurement system is in the range of 
[5.3  m, 7.2 m]. Two tripods at different heights are placed 

Figure 9.  Six experiments on position 1 and position 2.

Table 1.  Six groups of different experiments.

Experiment Position Shape of three reflectors

Experiment 1 Position 1 700 mm regular triangle
Experiment 2 Position 2 700 mm regular triangle
Experiment 3 Position 1 200 mm regular triangle
Experiment 4 Position 2 200 mm regular triangle
Experiment 5 Position 1 Irregular triangle
Experiment 6 Position 2 Irregular triangle

Meas. Sci. Technol. 31 (2020) 055010
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on the marble plane to form, along with the marble plane, 
three measuring planes at different heights. There are seven 
fixed measurement points on the marble surface, which are 

respectively P1, . . . , P7. In addition, 18 movable measuring 
points are also evenly distributed in the marble plane. On the 
plane where the two tripods are located, three measuring points 
are distributed on each floor. There are 31 measuring points 
in total distributed on the three measuring planes. First, six 
instruments are used to track reflector A at the same time, and 
P1 is the initial point. Then, moving the reflector, we measure 
reflector A at 31 measuring points. Secondly, six instruments 
track reflector B simultaneously. P2 is the initial point, and we 
measure reflector B at 31 measuring points. Finally, six instru-
ments track reflector C at the same time. P3 is the initial point, 
and we measure reflector C at 31 measuring points. According 
to the formula in section 3, the system parameters are solved 
by the measurement data.

5.2.  Posture accuracy verification experiments

The posture accuracy verification experiments use a high pre-
cision turntable, as shown in figure 8. We place a high-preci-
sion turntable on the marble plane with a resolution of 0.1″. 
Three fixed points are placed on the turntable to position the 
reflectors A, B, C. The distance between three fixed points lAB, 
lAC and lBC are calibrated in advance.

The reflectors A, B, C are placed at the fixed points P1, P2, 
P3 respectively in the experiments. LT1, LT2 and LT3 track 
A, LT4 and LT5 track B, and LT6 tracks C. We move the 
reflectors A, B, C from P1, P2, P3 to the fixed points of the 
turntable, and form the first measuring plane, and turn the 
turntable to create multiple measuring planes. Taking the 
high-precision turntable as the standard posture, the six-laser 
multilateral posture measuring system is compared with the 
standard posture. By adjusting the mutual positional relation-
ship among the three reflectors A, B, C, we let A, B, C form 
triangles of different shapes, and then the experiments are 
carried out.

5.3.  Experimental data analysis and processing

As shown in figure 9, two positions (position 1 and position 2)  
are placed on a marble plane of 5 m  ×  2.5 m—the distance 
between the two positions is about 4 m. The lengths between 
the two locations and the origin of the posture measurement 
system are in the range of [5 m, 7 m].

As shown in table 1, there are six groups of different exper-
iments, and the posture is measured from 1″ to 30″, 1′ to 15′ 
and 1° to 30° of each test.

Experiment 1, experiment 3 and experiment 5  are per-
formed at position 1. The results of the posture calculation are 
shown in figure 10.

As shown in figure 10(a), within the measurement range 
of [0″, 30″], the posture errors of the three groups are distrib-
uted in the [−2.7″, 2.4″] range—the average error is  −0.1″ 
and the standard deviation is 1.0″. As shown in figure 10(b), 
within the measurement range of [0′, 15′], the posture errors 
of the three groups are distributed in the [−1.6″, 3.5″] range—
the average error is  −0.9″ and the standard deviation is 1.8″. 
As shown in figure 10(c), within the measurement range of  

Figure 10.  The posture error of three experiments (experiment 1, 
experiment 3 and experiment 5) at position 1. (a) Range [0″, 30″]; 
(b) range [0′, 15′]; (c) range [0°, 30°].
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[0°, 30°], the posture errors of the three groups are distributed 
in the [−13.6″, 6.2″] range—the average error is  −1.0″ and 
the standard deviation is 5.2″.

Similarly, experiment 2, experiment 4 and experiment 6 are 
performed at position 2. The results of the posture calculation 
are shown in figure 11. Experiment 4 is affected by occlusion 
of the laser path, and the measurement range is [0°, 22°].

As shown in figure 11(a), within the measurement range 
of [0″, 30″], the posture errors of the three groups are dis-
tributed in the [−2.1″, 5.1″] range—the average error is 0.6″, 
and the standard deviation is 1.6″. As shown in figure 11(b), 
within the measurement range of [0′, 15′], the posture errors 
of the three groups are distributed in the [−2.7″, 5.2″] range—
the average error is 1.1″, and the standard deviation is 2.6″. 
As shown in figure 11(c), within the measurement range of  
[0°, 30°], the posture errors of the three groups are distributed 
in the [−6.5″, 6.6″] range—the average error is  −0.7″ and the 
standard deviation is 2.4″.

It is obvious that the posture measurement system has high 
accuracy in different measurement positions.

6.  Conclusions

Given the urgent need for high-accuracy posture measure-
ment in large assembly manufacturing and other fields, a new 
method of posture measurement based on a six-laser multilat-
eral measurement system is proposed in this paper. After the 
completion of the system, the system parameters need to be 
calibrated, but there is no redundant information in the six-
laser tracer multilateral posture measuring system, and the tra-
ditional self-calibration method cannot be used. Therefore, a 
stepwise calibration method is proposed to achieve the system 
calibration. In the actual experiment, the accuracy of the pos-
ture measurement system is verified by using a high-precision 
turntable. A total of six tests were carried out at two different 
locations in a range of [5 m, 7 m]. The experimental results 
show that the posture error is distributed in [−13.6″, 6.2″] in a 
measurement range of [0°, 30°] at position 1, and the posture 
error is distributed in [−6.5″, 6.6″] in a measurement range 
of [0°, 30°] at position 2. The experiments prove that the new 
posture measurement method can realize high-accuracy pos-
ture measurement on a large scale.

In future research, we will focus on the algorithm of pos-
ture and the distribution of spatial uncertainty. We will also 
study the influence of different measurement ranges and dif-
ferent positions of reflectors on the accuracy of posture meas-
urement, and find the optimal reflector positions and the best 
measurement position. Further, due to the limitations of the 
current verification method, the accuracy of the measurement 
range in [0°, 30°] can be verified. In subsequent work, the 
verification method can be improved to verify the accuracy of 
other measurement ranges.
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Figure 11.  The posture error of three experiments (experiment 2, 
experiment 4 and experiment 6) at position 2. (a) Range [0″, 30″]; 
(b) range [0′, 15′]; (c) range [0°, 30°].
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