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Abstract: During non-landing measurements of a theodolite, the accuracy of the goniometric readings can be compromised by wobble errors induced by various factors 
such as wind loads, theodolite driving torque, and the stiffness of the supporting structure. To achieve high-precision non-landing measurements, it is essential to accurately 
determine and correct the platform wobble errors affecting the azimuth and pitch pointing angles. In this paper, a non-contact optical measurement method is proposed for 
quantifying platform wobble errors. The method establishes an auto-alignment optical path between an autocollimator and a reflector in the measuring device. By detecting 
the deviation angle of the CCD image point as the optical path changes, precise measurements of the platform wobble errors can be obtained. Experimental results 
demonstrate that the measuring device can achieve an auto-alignment optical path within 5 minutes, significantly improving measurement efficiency. Furthermore, after 
measuring the platform wobble error and applying data correction, the average error in the azimuth pointing angle is reduced from 31.5″ to 9.8″, and the average error in the 
pitch pointing angle is reduced from 21″ to 9.2″. These results highlight the substantial correction effect achieved by the proposed method. 
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1 INTRODUCTION 
 

Electro-optical theodolites are mainly used to record 
the parameters of the target trajectory, flight attitude and 
radiation characteristics [1, 2]. In recent years,                     
electro-optical theodolites have made considerable 
progress in application fields, tracking control algorithm 
and observation capabilities [3-13]. At the same time, the 
measurement method has also undergone important 
changes, gradually changing from a fixed foundation 
measurement mode into a vehicle-mounted measurement 
mode. Before the non-landing measurement of a                  
vehicle-mounted theodolite, the theodolite generally needs 
to be supported by hydraulic or mechanical legs to 
disengage flexible links, such as tires. In the meantime, 
theodolite levelling, point positioning and azimuth/pitch 
pointing angle initialization also need to be completed. 
Compared to fixed-type theodolites, vehicle-mounted 
theodolites have the characteristics of fast unfolding, fast 
withdrawal and fast measuring [14, 15]. However, the 
vehicle-mounted platform for supporting the theodolite 
usually produces wobble errors that are induced by various 
factors such as wind loads, theodolite driving torque, and 
the stiffness of the supporting structure [16, 17]. Then, the 
wobble errors in turn affect the accuracy of the goniometric 
readings. Therefore, to achieve high-precision non-landing 
measurement of the theodolite, the platform wobble errors 
usually need to be obtained precisely for correction of the 
azimuth and pitch pointing angle [18-22]. 

Luo et al. [23, 24] presented a vehicle-mounted 
platform deformation measurement method using inertial 
sensors. The attitude measuring device is composed of a 
gyroscope and a dual-axis inclinometer. The gyroscope is 
used for twist angle measurement. The dual-axis 
inclinometer is used for roll angle and pitch angle 
measurements. Inertial sensors use gravity and earth 
rotation as measurement references, and no external 
reference base is needed. There is a high integration 
between inertial sensors and vehicle-mounted theodolites. 
Inertial sensor accuracy verification showed that the 
measurement error of the inertial sensor was less than 4″. 
However, over a long time, the measurement result of the 

twist angle could be degraded by gyro drift. The dual-axis 
inclinometer is also only capable of quasi-static roll angle 
and pitch angle measurements due to the hysteresis of the 
measurement data. 

Yu et al. [25, 26] proposed a camera videometric 
measurement method to convert an unstable measuring 
platform to a static reference to solve the problems of large 
error or invalidation caused by measuring platform 
instability. This method installs a camera on the unstable 
platform and captures images of a reference marker fixed 
on a static reference or vice versa to resolve the 3D pose 
variation of the unstable platform relative to the static 
reference. The 3D pose variation represents the platform 
wobble errors in twist angle, roll angle and pitch angle. Liu 
et al. [27-29] and Liu et al. [30] achieved attitude 
measurement of a vehicle-mounted platform and a 
spacecraft tracking, telemetry, and control ship by using 
the camera videometric measurement method, 
respectively. In the meantime, the target body wobble 
errors were obtained. After applying wobble errors 
correction, the azimuth and pitch pointing angle of a 
theodolite on an unstable platform were substantially 
corrected. Zhang et al. [31] measured that the sensitivity of 
a vehicle-mounted platform attitude measurement was less 
than 3″ by using the camera videometric measurement 
method, and the correcting error was found to increase with 
increasing platform shaking amplitude. The correcting 
error was better than 16″ on the condition that the platform 
shaking amplitude was less than 13′. Nevertheless, the 
camera videometric measurement method takes a long time 
to perform the baseline calibration between the camera and 
the reference marker, which significantly limits the fast 
measuring characteristics of vehicle-mounted theodolites. 

Zhang et al. [32] presented an optical self-collimation 
measurement method. The method installs a reflector on 
the vehicle-mounted platform and establishes a horizontal 
optical path between an external autocollimator and the 
reflector. Then, the shaking quantity of the                 
vehicle-mounted platform is imaged on the charge coupled 
device (CCD) target surface in the autocollimator by light 
path transmission. The sensitivity of a vehicle-mounted 
platform attitude measurement depends on the pixel 
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angular resolution of the CCD target surface, which can 
usually reach 0.5″ or even 0.2″. Zhang et al. [33] measured, 
by using the optical self-collimation measurement method, 
that the maximal deformation of the azimuth and altitude 
are respectively 12.57″ and 5.98″ when the theodolite was 
guided at a speed of 60 °/s. Wang et al. [34] demonstrated 
through experimental tests that the optical self-collimation 
measurement method could compensate for the error from 
the deformation of the platform when working between             
±0.7°, and the correcting error was better than 20″. 
Although the optical self-collimation measurement method 
is of high sensitivity, the establishment of the horizontal 
measurement reference also requires a long time as the 
measuring device is erected at a height of 1.4 m or more, 
and the establishment of the horizontal optical path lacks 
an adjustment reference. At the same time, the 
measurement of wobble angles in the pitch, roll and twist 
direction requires two sets of the measuring device 
vertically mounted. 

Qiao et al. [35] provided a high-precision optical 
angular measurement method to measure the twist angle 
based on the moiré fringe produced by double diffraction 
grating interference. The twist angle deviation manifests 
itself as a change of the moiré fringe width, which in turn 
can measure the twist angle deviation by using the change 
of the moiré fringe width. The experimental result showed 
that based on the relationship between twist angle and 
moiré fringe, the measuring error was better than 0.2″ 
within the 7′ range compared with the 0.2″ autocollimator 
[36]. In addition, a dual-axis inclinometer was added for 
pitch and roll angle measurement, and a better correction 
effect was achieved. The error in the azimuth pointing 
angle is reduced from 129.691″ to 25.99″, and the error in 
the pitch pointing angle is reduced from 117.263″ to 27.82″ 
[37]. The measurement method can measure the twist angle 
with high precision, but the measuring device is capable of 
unidirectional wobble angle measurement only. The 
measurement of wobble angles in the pitch, roll and twist 
direction requires this method to be used in conjunction 
with other methods [38]. 

Wang et al. [39] presented an inclined measurement 
device with a photoelectric angle encoder and gravity 
hammer. This device can detect wobble angles in the pitch 
and roll direction by using a photoelectric angle encoder, 
respectively. Based on measured wobble angles, the incline 
in the theodolite coordinate system and the data of inclined 
angles are recorded through coordinate conversion. 
Finally, the azimuth and pitch pointing angle of the 
theodolite are corrected. The sensitivity of a                          
vehicle-mounted platform attitude measurement depends 
on the angular accuracy of the photoelectric angle encoder, 
which can usually reach 2″ or even 1″. However, due to the 
limitation of the measuring principle, the device can detect 
wobble angles in the pitch and roll direction only. 
Meanwhile, higher equipment costs and structural 
modifications limit the applicability of this measurement 
method. 

The above papers focus on how to realize the 
measurement of wobble error, as well as the measurement 
accuracy and correction effect. However, they lack the 
analysis of the operation convenience of the measuring 
device in calibration and preparation process, which is of 
non-negligible significance for the research on the wobble 

error measurement methods around engineering 
applications. In this paper, an auto-alignment non-contact 
optical measurement method for quantifying platform 
wobble error of a theodolite on a vehicle-mounted platform 
is proposed, which takes advantage of the feature that the 
vertical axis of the theodolite must be guaranteed to be 
perpendicular to the earth's horizontal plane when the 
theodolite works, and establishes the measurement optical 
path in the vertical direction. At the same time, a platform 
wobble error measuring device is designed, which can 
achieve automatic accurate alignment of the autocollimator 
and the reflector in 5 minutes and provides great 
convenience for rapid and accurate measurement of 
vehicle-mounted platform wobble errors. The proposed 
measurement method and the designed measuring device 
simultaneously take into account the measurement 
accuracy and the operation convenience, which are more 
promising for engineering applications than the existing 
models. 
 
2 MEASUREMENT METHOD AND MODEL 
2.1 Measurement Method 

 
The vehicle-mounted platform wobble errors can be 

represented by a roll angle xθ  around the X axis, twist 

angle yθ  around the Y axis and pitch angle zθ  around the 

Z axis after establishing a geodetic coordinate system, as 
shown in Fig. 1. During the non-landing measurement of 
the theodolite, the vertical axis of the theodolite needs to 
be perpendicular to the ground. In addition, point 
positioning and azimuth/pitch pointing angle initialization 
also need to be completed. Then, the azimuth pointing 
angle AZ and pitch pointing angle EZ of the target can be 
obtained by using a photoelectric angle encoder. Here, xθ , 

yθ  and zθ  with the same sequence of AZ/EZ can be 

obtained by using the platform wobble error measuring 
device. Finally, the master control computer finishes all 
data acquisition and correction of the target azimuth/pitch 
pointing angle. The correction method is the algebraic 
correction method based on the rigid body motion model 
that is mentioned in [23]. The correction process of the 
target azimuth/pitch pointing angle is shown in Fig. 2. 
 

 
Figure 1 Geodetic coordinate system 

 
The principle of the auto-alignment non-contact 

optical measurement method is shown in Fig. 3. The 
autocollimator is fixed vertically on the vehicle-mounted 
platform, and the reflector is placed on the ground as a 
relative reference. In the initial state, the platform can be 
automatically levelled by using the hydraulic or 
mechanical legs of automatic levelling mechanism, and the 
reflector also uses its own automatic levelling mechanism 
to automatically calibrate the reflecting surface level. The 
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automatic levelling of the platform and the reflector can 
ensure that the incident beam of the autocollimator 
automatically returns in the same way and images on the 
CCD target surface while the image point becomes the 
measuring reference point. Thus, an auto-alignment optical 
path in the vertical direction is established. 
 

 
Figure 2 Correction process of the target azimuth/pitch pointing angle 

 
During the non-landing measurement of the theodolite, 

the vehicle-mounted platform wobble errors cause 
direction changes in the incident beam and displacement of 
the image point. The image point deviation angle can be 
calculated by image point off-target interpretation. The 
relationship between the CCD image point deviation angle 
and image point displacement is as follows: 
 


 
x

z

α = x σ / 2

α = z σ / 2

Δ

Δ
                                                                   (1) 

 
xΔ  and zΔ  are the image point displacements relative to 

the base reference point, and σ  represents the pixel angular 
resolution. 

Since the CCD image point deviation angles are 
caused by the vehicle-mounted platform wobble errors xθ , 

yθ  and zθ , there exists a functional relation: 

 

   x y z x zf θ ,θ ,θ = Position α ,α                                          (2)
  

Further, the establishment of an accurate expression 
ensures the solution of the vehicle-mounted platform 
wobble errors xθ , yθ  and zθ . 

 

 
Figure 3 Principle of the auto-alignment non-contact optical measurement 

method 
 
2.2 Platform Wobble Error Measurement Model 
2.2.1 Measuring Device 
 

The deviation angle of the image point on the CCD can 
characterize up to two directional wobble variations. 

Therefore, an appropriate measurement device needs to be 

designed to obtain xθ , yθ  and zθ , where xθ , yθ  and zθ  

are the roll angle, twist angle and pitch angle in the 
geodetic coordinate system. As shown in  Fig. 4, two 
autocollimators are fixed on the platform at a certain angle 
and form a self-collimating optical path with reflectors. 
The vehicle-mounted platform is designed with a mounting 
interface for the theodolite and autocollimators to ensure 
the coordinate system overlap of O-XYZ, O-X′Y′Z′,               
O-XIYIZI and O-XIIYIIZII in the initial state. 
 

 
Figure 4 Platform wobble error measuring device 

 
Autocollimator-I is fixed on the vehicle-mounted 

platform, and the incident beam is perpendicular to the 
ground. Reflector-I is placed on the ground as a relative 
reference with the reflecting surface parallel to the ground. 
Autocollimator-II is fixed on the vehicle-mounted platform 
with a slope angle θ0 . The slope angle between the 
reflecting surface of reflector-II and the horizontal plane is 
also θ0 . 

Affected by the ground level, the theodolite needs to 
use an automatic levelling mechanism for the levelling of 
the vehicle-mounted platform when performing                
non-landing measurements. As reported in [40], the 
mainstream levelling mechanism currently used for 
vehicle-mounted platform levelling can achieve a 
plumbness error level of ≤ 30″. It is important to achieve 
automatic accurate optical path alignment of the measuring 
device and accurate measurement of the wobble errors. 

A 3D schematic of reflector-I and reflector-II is shown 
in  Fig. 5. Due to the small field of view of the 
autocollimator, to ensure that the image point can be 
quickly and accurately imaged on the CCD target surface, 
reflector-I and reflector-II are designed with a wedge-type 
automatic levelling mechanism and a dual-axis 
inclinometer. Through timely detection of reflector tilt and 
automatic horizontal calibration, the incident beam and 
reflected beam can be quickly and automatically adjusted 
to the autocollimator view field and display imaging on the 
CCD target surface. 

In addition, to ensure the accurate alignment of 
reflector-II and autocollimator-II, reflector-II is designed 
with a rotating shaft with a lock valve, which is used to 
achieve axial rotation locking and positioning. At the same 
time, reflector-I and reflector-II can be adjusted timely to 
avoid tilt error caused by temperature, which improves the 
environmental adaptability of the vehicle-mounted 
platform wobble error measuring device. 
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Figure 5 Reflector model: (a) Reflector-I; (b) reflector-II 

 
2.2.2 Mathematical Model 
 

A mathematical model of the platform wobble error 
measurement is established by using the ray-tracing 
method, as shown in  Fig.  6. In the initial state, the 
coordinate systems of O-XYZ, O-XIYIZI and O-XIIYIIZII 
maintain overlap relationship, where the OX axis is parallel 
and in the same direction with the OZI axis, the OZ axis is 
parallel and in the opposite direction with the OXI axis. 
Moreover, there is a slope angle θ0  between the OX axis 

and the OZII, and the OZ axis is parallel and in the opposite 
direction with the OXII axis. As the geodetic coordinate 
system, the coordinate system of O-XYZ is constant while 
the coordinate systems of O-XIYIZI and O-XIIYIIZII 
generate spatial motion with the platform. 

Since the platform wobble considers only the angular 
wobble in the three directions of xθ , yθ  and zθ , the point 

displacement is ignored. Therefore, it can be assumed that 
the CCD-I target surface OXIZI and the CCD-II target 
surface OXIIZII always transform spatially around the 
reference point O. 
 

 
Figure 6 Geometric model 

 
The rotation matrix xR , yR , zR can be expressed as: 

 
 
 
 
 



 
x x x

x x

R = θ θ

θ θ

1 0 0

0 cos sin

0 sin cos

                                                          (3) 

 



 
 
 
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y y

y

y y

θ θ

R

θ θ

cos 0 sin

= 0 1 0

sin 0 cos

                                                        (4) 

 
 
 
 
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z z

z z z

θ θ

R θ θ

cos ‐sin 0

= sin cos 0

0 0 1

                                                       (5) 

 
Assuming that the rotation order is Y, Z and X axes, 

then the transformation matrix of any point can be 
expressed as: 
 

1 4 7

2 5 8

3 6 9

 
 
 
  

xzy x z y

R R R

R = R R R = R R R

R R R

                                            (6) 

 
where R1, R2, R3, R4, R5, R6, R7, R8 and R9 are the elements 
in the matrix of Rxzy, and they can be obtained by using     
Eq. (3), Eq.(4), Eq. (5) and Eq. (6). 

Based on the spatial plane equation and the angular 
wobble in the three directions of xθ , yθ  and zθ , the 

equation of the CCD-I target surface OXIZI in the geodetic 
coordinate system can be expressed as: 
 

4 5 6 R R R =X Y Z 0                                                                 (7)

  
where X, Y and Z are the coordinate values in the geodetic 
coordinate system. Then, the equations of the spatial lines 
OXI, OZI, OH1, H1U1, U1M1 can be obtained by the spatial 
geometric relations. 

In order to calculate the deviation angle by using the 
geometric model, supposing the initial distance between 
the CCD-I target surface OXIZI and the reflecting surface 
of reflector-I is h0. Based on the distance formula from the 
point to the straight line in 3D space, the coordinate value 
of meeting point M1 in the coordinate system O-XIYIZI can 
be expressed as: 
 

0
1 1 1 2

sin
0 0

cos cos

T
T* * * x

x z

h
X Y Z


 

 
        

                          (8) 

 
The deviation angle 1xα  measured in the OXI 

direction follows the equation: 
 

1tan xα
1

*
1X

OH
                                                                   (9)

 
 

Where: 
 

cos cos


x zθ θ
0

1

h
OH                                                          (10) 

 
Therefore, the relationship between 

1x

α  and xθ  can be 

obtained by using Eq. (8), Eq. (9) and Eq. (10): 
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1 x xα θ                                                                               (11) 

 
Using the same derivation procedure as solving the 

relationship between 1xα  and xθ , the relationship 

between 1zα  and zθ  can be obtained by the following 

equation: 
 

1 z zα θ                                                                              (12)

  
From Eq. (11) and Eq. (12), autocollimator-I can 

directly measure xθ  and zθ . The coupling relationship 

caused by xθ , yθ  and zθ does not have any effect on the 

angle measured by autocollimator-I. 
 
2.2.3 Optimal Slope Angle Between Autocollimators 
 

Due to the limitations of the CCD target size and pixel 
angular resolution, the cross wire twist attitude on the CCD 
target surface caused by yθ  cannot be solved with    

second-level accuracy according to off-target 
interpretation. Therefore, it is impossible to use 
autocollimator-I to achieve a second-level accuracy 
measurement of yθ , and a combined measurement with 

autocollimator-II is required for the solution of yθ . 

When the platform is at twist angle yθ , deviation 

angles 2xα , 2zα  are obtained in the OXII and OZII 

directions because of the slope angle θ0 . The initial state 

equation of the CCD-II target surface OXIIZII in the 
geodetic coordinate system is: 
 

   θ θ0 0cos Y sin X 0                                                      (13)

  
Since the deviation angle is independent of the 

measured distance, supposing the initial distance between 
the CCD-II target surface OXIIZII and the reflecting surface 
of reflector-II is also h0; then, the initial state reflecting 
surface equation of reflector-II can be calculated by           
Eq. (14): 
 

   θ θ0 0 0cos Y sin X h = 0                                             (14) 

 
Using the same derivation procedure as shown in 

Section 2.2.2, when the platform is at angle zθ  only, the 

pitch angle zθ  can be directly measured in the OZII 

direction, and zθ  is unrelated to θ0 . However, when the 

platform is at angle xθ  only, the following equations can 

be obtained: 
 

 
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
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0 x

θ θ
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θ θ θ

θ θ θ
α =

θ θ θ

0
2 2

0 0

0 0

2 2
0

sin sin
arctan

sin cos cos

1 cos sin cos
arctan

sin cos cos

                            (15) 

When the platform is at angle yθ  only, the following 

equations can be obtained: 
 

 

2

2

  
  

   
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y
x

y

y

z
0 y

θ θ
α =

θ θ θ

θ θ θ
α =

θ θ θ

0

2 2
0 0

0 0

2 2
0

sin sin
arctan

cos sin cos

1 cos sin cos
arctan

cos sin cos

                             (16) 

 
Based on Eq. (16), the variation curves of 2xα  and 

2zα  caused by yθ  and θ0  can be obtained, as shown in 

Fig. 7. From the variation curve of Fig. 7a, the deviation 
angle 2xα  varies significantly with different values of yθ

andθ0 . The variation magnitude is approximately 1 × 10−1 

(°). The variation curve of Fig. 7b shows that deviation 
angle 2zα  varies with different values of yθ  andθ0 . The 

variation magnitude is approximately 1 × 10−4 (°). 
 

 
Figure 7 Variation curves of the deviation angle caused by yθ  and θ0

: (a) 

Variation curve of 2xα ; (b) variation curve of 2zα  

 
Assuming that  yθ 10 , the variation curves of 2xα  

and 2zα  caused by θ0 can be obtained, as shown in Fig. 8. 

From Fig. 8a, the deviation angle 2xα  varies significantly 

with different values of θ0  and reaches the extreme value 

when = θ0 90 . From Fig. 8b, the deviation angle 2zα  

reaches the extreme value when = θ0 45 . The variation 

curves of 2xα  and 2zα caused by yθ  and θ0  can also be 

obtained based on Eq. (15), which is the same situation as 
in Fig. 7 and Fig. 8. 

Although the image point moves in the OXII direction 
with the highest sensitivity when = θ0 90 , the 

autocollimator-II incident beam is level with the horizontal 
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plane, and the reflecting surface of reflector-II should be 
perpendicular to the horizontal plane. This leads to 
problems with the erection and leveling of reflector II and 
loses its ease of operation. When setting up the measuring 
device, the slope angle θ0  is finally chosen to be 45°. 

 

 
Figure 8 Variation curves of the deviation angle caused by θ0

 (  yθ 10 ): 

(a) Variation curve of 2xα ; (b) variation curve of 2zα  

 

2.2.4 Approximate Analytical Equations of yθ  

 
The initial state equation of the CCD-II target surface 

OXIIZII can be expressed as: 
 

Y X = 0                                                                            (17) 

 
When the platform is at xθ , yθ  and zθ , the following 

equation can be obtained: 
 

     1 4 2 5 3 6   R R R R R RX+ Y+ Z 0                     (18) 

 
Since xθ  and zθ are obtained by using 

autocollimator-I, it is possible to define Eq. (18) as a 
function of yθ . Based on the same derivation process, after 

neglecting the higher order minima and simplifying the 
equations, the approximate analytical equations for 2xα , 

2zα  and yθ can be written as: 

 

  
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Where: 
 

 

 

 
 
 
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a z z x

b z z

c z z x
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R = θ θ θ

R = θ θ

R = θ θ θ

R = R R2 2

sin cos sin

sin cos

sin cos cos
                                               (21) 

 
Assuming that = = x zθ θ 6 , the variation curves of 2xα  

and 2zα  caused by θ0  can be obtained by using Eq. (19) 

and Eq. (20), as shown in  Fig.  9. Notably, 2xα  varies 

approximately linearly with the same magnitude as yθ , 

while 2zα  varies almost invariably with yθ . Hence,         

Eq. (19) is used for the calculation of yθ , thus eliminating 

the redundancy of equations in the simultaneous 
calculation of yθ  by using Eq. (19) and Eq. (20). 

 

 
Figure 9 Variation curves of the deviation angle caused by yθ  

 
3 EXPERIMENTS AND RESULTS 
3.1 Test Platform Composition 
 

The vehicle-mounted theodolite can be divided into 
two parts: the electro-optical theodolite and automatic 
levelling mechanism, as shown in Fig. 10a. A visible 
light measurement module is installed on the            
electro-optical theodolite with focal length 4000 mm, 
primary mirror diameter 400 mm, image element 
resolution 1920 × 1080, image element size                      
10 μm × 10 μm, and pixel angular resolution 0.51″. The 
automatic levelling mechanism includes a                
vehicle-mounted platform, four mechanical levelling 
legs, a dual-axis inclinometer and a levelling control 
module. The dual-axis inclinometer is a BWS2800-I with 
a quasistatic accuracy of 0.001° made by BWSENSING, 
and the specific parameters are shown in Tab. 1. 

The platform wobble error measuring device is shown 
in Fig. 10b to Fig. 10d. The autocollimator is a TA200-38 
with an accuracy of 1.3″ made by TRIOPTICS, and the 
specific parameters are shown in Tab. 2. The mirror 
diameters of reflector-I and reflector-II are 200 mm, and 
the surface figure error is less than 31.64 nm. The dual-axis 
inclinometer is also a BWS2800-I. 
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Figure 10 Test platform composition: (a) Vehicle-mounted theodolite; (b) 

interpretation software; (c) autocollimator-I & reflector-I; (d) autocollimator-II & 
reflector-II 

 
Table 1 BWS2800-I parameters 

Parameter Measuring condition Value 
measuring range / ° horizontal plane ±5 

measuring axis mutual vertical X - Y 
accuracy / ° room temperature 0.001 

resolution  / ° static 0.0005 
zero-point temperature drift / 

°/°C 
−40 ~ 85 °C ±0.0007 

cross-axis error / ° −40 ~ 85 °C 0.001 
output frequency / Hz 5 ~ 100 Hz ≤ 100 

 
Table 2 TA200-38 parameters 

Parameter Value 
focal length / mm 200 

transmission aperture / mm 30 
field of view / ″ 3090 × 2470 

resolution / ″ 0.05 
repeatability accuracy / ″ ±0.12 

accuracy / ″ ±1.3 

 
3.2 Pointing Accuracy Experiment 
 

The relative angle between the horizontal parallel light 
pipe and the high-angle parallel light pipe is statically 
calibrated by using a total station. The total station is a 
Leica TS60 made by Leica Camera AG, which has a 
goniometric accuracy of 0.5″. The true relative angle 
values of the azimuth and pitch are respectively RAΔ  and 

REΔ . In the stationary state of the vehicle-mounted 

platform, the azimuth and pitch angles are respectively 0A

and 0E  as measured by the horizontal parallel light pipe, 

and the azimuth and pitch angles are respectively Z0A and 

Z0E  as measured by the high-angle parallel light pipe. The 

static azimuth and pitch pointing angles of the vehicle-
mounted theodolite can be obtained: 
 


 

Z0 Z0 0

Z0 Z0 0

A A A

E E E

Δ =

Δ =
                                                           (22) 

 
The static azimuth and pitch pointing angle errors can 

be calculated as follows: 
 


 

D0 R Z0

D0 R Z0

A A A

E E E

Δ = Δ Δ

Δ = Δ Δ
                                                             (23) 

 
The static azimuth and pitch pointing angle errors with 

50 sets of tests are given in Fig.  11. According to the 
statistics, the average errors of the static azimuth and pitch 
pointing angle are respectively 6.8″ and 9.1″, and the 
standard deviations are all 0.1″. Therefore, the average 
errors of the static azimuth and pitch pointing angle can be 
used as a data comparison benchmark. 
 

 
Figure 11 Data presentation of the static azimuth and pitch pointing angle errors 
 

With Z0A  and Z0E  as the initial position, the 

theodolite measures the high-angle parallel light pipe 
dynamically according to the angular motion path shown 
in Eq. (24), which ensures that the theodolite has a 

maximum angular acceleration of  225   / s  when its 
optical axis is pointing to the high-angle parallel light pipe. 
Meanwhile, the vehicle-mounted platform has the 
maximum wobble error. The maximum angular velocity of 

the theodolite is  235   / s . 
 

 
 

  
  

Δ

Δ

A t

Ε t

49cos 0.7143

49cos 0.7143
                                                     (24) 

 
where ΔA  is the azimuth angle with Z0A  taken as a 

reference (unit: °); ΔΕ is the pitch angle with Z0E  taken as 

a reference (unit: °); and t is the measuring time (unit: s). 
When the theodolite sweeps through the high-angle 
parallel light pipe, ZiA , ZiE , 1xiα , 1ziα  and 2xiα  can be 

obtained, corresponding to the sampling sequence i. 
Furthermore, based on Eq. (11), Eq. (12) and Eq. (19), the 
platform wobble errors xiθ , yiθ  and ziθ  can be calculated. 

The data curves of 1xiα , 1ziα  and 2xiα  collected by the 

platform wobble error measuring device and the calculated 
data curve yiθ  are shown in Fig. 12. 

The theodolite performs a sine cycle oscillation in the 
experiment. Therefore, the theodolite can repeatedly sweep 
to the high-angle parallel light pipe several times and 
obtain multiple sets of experimental test data 
approximating the sinusoidal curve. After acquiring 
multiple sets of images of the high-angle parallel light pipe 
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through the experiment, the azimuth and pitch angles 
corresponding to the shape centers of the images are 
extracted using the interpretation software. The sampling 
positions P1 ~ P6 shown in Fig. 12b are the position where 
the optical axis is pointing to the high-angle parallel light 
pipe, which corresponds to the maximum of xiθ , yiθ  and 

ziθ . 

 

 
Figure 12 Data presentation of the measurement results of the experiment: (a) 

Autocollimator data; (b) twist angle data 
 

Therefore, the data at this sampling point are used to 
analyze the correction of the theodolite’s dynamic azimuth 
and pitch pointing angle, and the corrected relationship 

between *
ZiA , *

ZiE and ZiA , ZiE  is shown in Eq. (25), and 

the corresponding correction results are shown in Tab. 3.  
 

 

3 6 9

1 4 7

2 5 8

 
  

   

ei fi gi*
Zi

ei fi gi

*
Zi ei fi gi

R R R R R R
A

R R R R R R

E R R R R R R

arctan

arcsin

                                 (25)

 

 
Where: 

 
 
 
 

ei Zi Zi

fi Zi

gi Zi Zi

R E A

R E

R E A

cos cos

sin

cos sin

                                                                (26) 

 
In order to reduce the randomness of experimental test 

error, 19 sets of tests are repeated according to the same 
angular motion path, and the data at sampling positions                 
P7 ~ P120 are obtained. Then, the variation curves of the 
platform wobble errors and the dynamic pointing angle 
errors are given in Fig. 13. According to the statistics, the 
average errors of xiθ , yiθ  and ziθ  are respectively 

−11.2″, −16.5″ and −2.3″, and the standard deviations are 
respectively 0.55″, 1.29″ and 0.34″. Meanwhile, the 

average errors of DiAΔ , DiEΔ , *
DiAΔ  and *

DiEΔ  are 

respectively 31.5″, 21″, 9.8″ and 9.2″, and the standard 
deviations are respectively 2.01″, 1.71″, 1.69″ and 1.89″. 
Influenced by the calibration error of the measuring device, 
point extraction noise of the interpretation software, the 
stiffness of the theodolite and the support stability of 
automatic levelling mechanism, the standard deviation data 
obtained is much larger when the theodolite is under the 
sine cycle oscillation. 

 
Table 3 Correction of the theodolite’s azimuth and pitch pointing angle 

Parameter P1 P2 P3 P4 P5 P6 

xiθ  / ″ −10.8 −11.3 −11.8 -10.2 −10.5 −11.3 

yiθ  / ″ −15 −18.8 −15.4 -16.3 −14.4 −17 

ziθ  / ″ −2.8 −2.3 −2.3 −2.2 −2.1 −2.1 

ZiA  /   114.344 114.3434 114.3424 114.3442 114.3428 114.3432 

ZiE  /   65.5985 65.5984 65.5967 65.5973 65.5978 65.5979 

*
ZiA  /   114.3493 114.3502 114.3484 114.3501 114.3483 114.3496 

*
ZiE  /   65.6016 65.6015 65.5999 65.6001 65.6007 65.6010 

ZiAΔ  /   82.8345 82.8339 82.8329 82.8347 82.8333 82.8337 

ZiEΔ  /   65.7258 65.7257 65.7240 65.7246 65.7251 65.7252 

*
ZiAΔ  /   82.8398 82.8407 82.8389 82.8406 82.8388 82.8401 

*
ZiEΔ  /   65.7289 65.7288 65.7272 65.7274 65.7280 65.7283 

DiAΔ  / ″ 29.9 32.0 35.6 29.2 34.2 32.8 

DiEΔ  / ″ 18.0 18.4 24.5 22.3 20.5 20.2 
*
DiAΔ  / ″ 10.7 7.6 14.1 8.0 14.5 9.7 
*
DiEΔ  / ″ 7.0 7.1 12.8 12.1 10.1 9.0 
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Figure 13 Data presentation of the measurement results at sampling positions 
P1 ~ P120: (a) Platform wobble errors data; (b) dynamic pointing angle errors 

data 
 

The differences between the average errors of the 
dynamic azimuth and pitch pointing angle without 
correction and the static one reach 24.7″ and 11.9″ 
respectively, which reveals that the platform wobble error 
has a significant effect on the dynamic azimuth and pitch 
pointing angle accuracy of the theodolite. However, the 
differences between the average errors of the dynamic 
azimuth and pitch pointing angle with correction and the 
static one only have 3″ and 0.1″ respectively. The 3 
accuracy of the dynamic azimuth and pitch pointing angle 
with correction only have 8.07″ and 5.77″ respectively. But 
without correction, the 3 accuracy of the dynamic 
azimuth and pitch pointing angle reach 30.73″ and 17.03″ 
respectively. The dynamic azimuth and pitch pointing 
angle accuracy of the theodolite have been significantly 
improved, which demonstrates the realizability of the 
measurement of wobble error, as well as the measurement 
accuracy and correction effect. 
 
4 DISCUSSION 
 

During the non-landing measurement of the theodolite, 
the vertical axis of the theodolite needs to be perpendicular 
to the ground. Therefore, a levelling test of the automatic 
levelling mechanism is carried out for the vehicle-mounted 
platform. Fig. 14a shows the angle measurement data 
collected by the dual-axis inclinometer during the levelling 
process of the automatic levelling mechanism. The X-
direction tilt of the vehicle-mounted platform in the initial 
state is approximately 3000″, and the Z-direction tilt is 
approximately 1100″. Through levelling by an automatic 
levelling mechanism, the X-directional tilt is reduced to 
16.6″, and the Z-directional tilt is reduced to 28.2″. Since 
the sampling frequency of the dual-axis inclinometer is 
selected as 100 Hz, it can be calculated that the total time 
spent from the extension of four legs to the completion of 
automatic levelling is approximately 5 minutes. 

Furthermore, an automatic levelling experiment is 
conducted on the reflector. As the reflector needs to be 

adjusted to second-level accuracy, the frequency of the 
dual-axis inclinometer is reduced, and the sampling 
frequency is set to 10 Hz. As shown in Fig. 14b, the initial 
tilt of the X-direction and Z-direction is approximately 
1800″, the X-direction tilt is reduced to 2.6″, and the             
Z-direction tilt is reduced to 0.8″ after approximately             
2 minutes of levelling. The experimental result shows that 
the reflector under automatic levelling automatically 
returns the incident beam to the field of view of the 
autocollimator, which shows that the measuring device can 
achieve an auto-alignment optical path for the 
measurement of the platform wobble error. 
 

 
Figure 14 Mechanism levelling test: (a) Levelling test of the automatic leveling 

mechanism; (b) levelling test of the reflector 
 

TA200-38 has a field of view of 3090 × 2470 (unit: ″), 
so under the condition of high-precision levelling of the 
automatic levelling mechanism and reflector, it is 
extremely easy to realize accurate auto-alignment of the 
autocollimator and the reflector, which provides great 
convenience for rapid and accurate measurement of 
vehicle-mounted platform wobble errors. 

The measuring device designed in this paper does not 
need to be calibrated for a long time and can better meet 
the needs of vehicle-mounted theodolites for motorized 
measurements. However, the experiments conducted in the 
paper are under indoor environment, and the experiments 
considering wind loads and temperature variation have not 
been conducted. Therefore, verifying the environmental 
suitability of the measurement device will be one of the 
most important tasks in the future. At the same time, the 
correction effect for the azimuth and pitch pointing angle 
of vehicle-mounted theodolites under multiple 
perturbations also needs to be verified. 
 
5 CONCLUSIONS 
 

An auto-alignment non-contact optical measurement 
method was proposed in this paper to measure the roll 
angle, twist angle and pitch angle of the platform. With 
automatic levelling, the corresponding measuring device 
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established an auto-alignment optical path in the vertical 
direction within 5 minutes and achieved the measurement 
of the platform wobble error with high precision. The 
experiment result showed that, after the measurement of 
the platform wobble errors based on the proposed 
measurement method and the designed measuring device, 
the average errors of the dynamic azimuth and pitch 
pointing angle with correction were 9.8″ and 9.2″ 
respectively, which is close to the static result of 6.8″ and 
9.2″. This result fully highlights the substantial correction 
effect achieved by the proposed method. 

The proposed measurement method and the designed 
measuring device are an important complement to the field 
of the platform wobble error measurement. In comparison 
with other methods, the establishment of the measurement 
reference optical path is rapidly realized by using 
automatic levelling mechanism, without manual 
involvement. The operation convenience of the measuring 
device reflected in calibration and preparation process, 
which was presented in the paper, would make the 
proposed measurement method more promising for 
engineering applications. It could be directly applied to the 
field of shaking measurement of various unstable platforms 
and micro-vibration measurement of tiny structure in the 
future. 
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