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Abstract: Photogrammetry as an engineering measurement technology for the rapid and non-contact
acquisition of geometric parameters, such as the attitude, position, and shape of a measured object, is
widely used in the development and production processes of the aerospace and automobile industries.
The calibration of a corresponding photogrammetry system is the basis for ensuring the accuracy of
photogrammetry. The dynamic and static calibration of existing photogrammetry systems has not yet
established a system calibration specification or standard, and such calibration has mainly focused on
the internal and external parameters of the camera used in a photogrammetry system. The calibration
of static parameters cannot fully guarantee the dynamic performance of a photogrammetry system in
the process of measuring dynamic targets or micro-deformations. Aiming at the problem of dynamic
parameter calibration of photogrammetry systems, this paper proposes a dynamic calibration method
based on a circular trajectory standard device, which can realize the calibration of parameters, such as
dynamic length measurement error, and ensure an accurate evaluation of the dynamic measurement
performance of photogrammetry systems.

Keywords: dynamic parameter calibration; circle track; photography system; rotary motion

1. Introduction

Photogrammetry is used to calculate the three-dimensional coordinates of space points
through the principle of space intersection. With the help of high-precision cameras and
fast image processors, photogrammetry can realize real-time measurement and monitoring
of multiple points to calculate the attitude and position of a measured object and its shape
change, as well as to realize real-time measurement and monitoring of multiple points. Dy-
namic photogrammetry [1-3] often adopts a double- or multiple-camera photogrammetry
system [4] or a high-speed dynamic photogrammetry system to realize real-time calculation
of dynamic geometric parameters. Among existing systems, the commonly used double-
or multiple-camera photogrammetry system can usually reach a shooting frame rate of
1000 fps, perform online measurements of spatial three-dimensional coordinates of target
points, and measure moving targets. In addition to providing temporal records of an
object’s space motion, such as deformation, trajectory, velocity, and acceleration curves,
dynamic photogrammetry can also identify and image discrete target points. Therefore,
dynamic photogrammetry has a wide range of applications in the fields of large component
assembly in the aviation industry [5], crash testing in the automotive industry [6], dynamic
deformation measurement during metal plate welding [7], calibration and evaluation of
robot motion [8], measurement of real-scale heliostats [9], and human motion analysis [10].
For example, current civil aviation aircraft manufacturing adopts an international division
of labor and cooperation mechanism. The major parts of an airframe are first produced and
assembled by a manufacturer and then shipped to a final assembly plant. The assembly
process of large parts involves real-time attitude adjustment and monitoring to realize the
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complete assembly of parts. Through an accurate measurement and trimming of large-sized
parts [11], it can avoid excessive clearance in the assembly process caused by dimensional
deviation during assembly, which affects the overall performance of large equipment. As
a typical large-scale measurement scene, the application of photogrammetry can build a
spatial measurement coordinate system with minimum equipment investment and space
consumption and realize the real-time measurement of spatial attitude and position [12].

As an engineering application technology widely used in large-scale measurement
of space, photogrammetry is very important in terms of its measurement accuracy. At
present, the calibration of a photogrammetry system mainly focuses on the calibration of
static parameters, such as the internal and external parameters of the camera used in the
system. Safouane et al. proposed an optimized calibration of a machine vision system
based on machine learning, which is beneficial for detecting parts with a large volume [13].
Liu et al. proposed an integrated calibration technique based on rigorous modeling for
a three-dimensional imaging system composed of a single camera and a wedge prism,
which contributes to the recovery of any spatial object with geometric accuracy [14]. Static
parameter calibration can ensure the accurate capture and expression of spatial position
points, but it cannot guarantee the dynamic performance of a photogrammetry system.
When a photogrammetry system is used for dynamic measurement, more attention should
be paid to the accuracy of the geometric parameter measurement results in a dynamic
environment [15-20]. For example, when calibrating the dynamic performance of a laser
tracker [21-23], it is necessary to focus on evaluation parameters, such as dynamic speed
limit, dynamic indication error, and dynamic indication variation.

This paper proposes a dynamic calibration method based on a circular trajectory
standard device for the problem of dynamic parameter calibration of photogrammetry
systems. The circular trajectory standard device can provide stable circular orbits of
various rotational speeds; the photogrammetry system can take pictures of a measured
target at a certain rotational speed, calculate the three-dimensional coordinates of the two
marked points on the measured target, and finally realize the evaluation of the dynamic
measurement performance of the photogrammetry system. The main contributions of this
study are as follows:

(a) Based on the circular trajectory standard device, we propose a dynamic parameter
calibration method, which can effectively realize the calibration of dynamic length
measurement errors and other parameters.

(b) The design error of the calibration system is analyzed based on the motion character-
istic of the circular trajectory device.

(c) The proposed method can provide a solution for the dynamic measurement perfor-
mance evaluation of photogrammetry systems.

In Section 2, we introduce the proposed method, including the calibration system
and its principle. In Section 3, we analyze the design error of the calibration system. In
Section 4, we describe our experiments and analyze the experimental data. In Section 5, the
uncertainty of the calibration system is calculated.

2. The Calibration Principle

The core principle of calibrating the dynamic parameters of a photogrammetry sys-
tem is to provide a dynamic moving target with stable parameters and a unique spatial
geometric conversion relationship. By comparing the measurement data of the photogram-
metry system with the standard dynamic target design’s motion parameters, the dynamic
parameter calibration of the photogrammetry system is realized. Based on the above princi-
ples, Figure 1 shows the calibration device. The calibration system proposed in this paper
consists of a control field, a circular trajectory standard device, and a binocular camera.
The calibration field provides the standard spatial geometric relationship of a target point.
Since internal parameters, such as the focal length of the camera, will change during the
dynamic measurement process, a control field is introduced into the calibration system as a
static reference plane for the dynamic calibration process. The stability of the control device
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is very important [24,25]. The circular track-generating device in this study can generate
a uniform circular motion of 0~1000 prm, in which the circular grating can provide the
standard value of the speed for the standard device. Two targets with coding points are
installed on a fixed position of the rotating rod. During the rotation process, the relative
distance between the two coding points does not change, that is, the distance can be used
as the standard value L during the experiment. Therefore, in the process of uniform rota-
tion of the original trajectory-generating device, the binocular camera obtains the spatial
coordinates of the two coding points in real time, calculates the distance L’ between the two
coding points, and then compares it with the standard distance. The dynamic performance
of the camera is then evaluated.

control field

encoded pointl

circular grating

encoded point2

Binocular camera

Circular track
marking brick device

Figure 1. Calibration system’s schematic diagram.

The control field consists of several photographic control points. These control points
are the subjects of the digital photogrammetry system under test and are statically calibrated
in advance to provide position criteria. These photographic control points are arranged on
the machine and the wall around the turntable, which are relatively fixed and can be set as
the fixed points in the calibration system. These photographic control points can also be
used as a basis for calibration. According to the measuring range, these control points are
often arranged, and the interval is generally between 200 mm and 500 mm.

The use of circular trajectories enables motion outputs with a large dynamic range.
Even if the rotational speed does not change, by changing the radius, the linear speed of
the dynamic target changes linearly. In addition, the stable control of speed is also a form
of high-precision movement that can be achieved at present. The application of circular
motion trajectory is not only a relatively optimized form to achieve the continuous and
stable output of dynamic targets, but it is also the most convenient form of measurement
value traceability.

3. Calibration System Design Error Analysis

The calibration system proposed in this paper mainly introduces dynamic motion
parameters based on fixed target points to realize the calibration of dynamic parameters.
Therefore, the measurement accuracy of the control field’s marker point and the rotating
rod’s target point as a static and fixed relative position measurement is higher than that
of static photogrammetric measurement by more than 10 times, and its influence on the
dynamic parameter calibration can be ignored. Therefore, the circular trajectory generator is
a key standard device for providing dynamic displacement in the circumferential direction,
and its uniform rotational speed error directly affects the dynamic circular position.

For a uniform angular motion, the timed angle measurement method can be used
to analyze the speed error, that is, to measure the angle that the turntable rotates in
standard time. Alternatively, the fixed-angle timing method can be used, which measures
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the time it takes for the turntable to rotate through a certain angle. The latter generally
travels the distance in one cycle and evaluates the stability of the turntable in a short
time. For the former method, the turntable usually rotates for several cycles, and relevant
equipment, such as a frequency meter, is used to measure the elapsed time, which represents
the stable performance of the turntable in a long time. Considering the sensitivity of
the photogrammetry system calibration to the position accuracy, this paper adopts the
fixed-angle time measurement method to calibrate and test the rotational speed error of
the device.

There are space marks that are evenly distributed at the radius R = 500 mm of the
disc installed on the turntable. When the photodetector passes through space, a high-level
voltage signal will be generated, and the space between the marks is 10° (77/18). The
turntable is set to create a constant speed circle at 25 rpm (2.6 rad/s), 50 rpm (5.2 rad/s),
100 rpm (10.5 rad/s), and 200 rpm (20.9 rad/s) at the same ratio, which is two times
the speed range. For motion, the maximum rotational speed is calculated by measuring
a value 1.2 times of the limit dynamic parameters of the photogrammetry system. The
photodetector is used to record the rotational angle of the turntable, and the oscilloscope is
used to record the waveform and time, as shown in Figures 2-5. The comparison data (the
actual movement speed w and the relative velocity error 6) between the different rotational
speeds are shown in Table 1.

Table 1. The comparison data between different rotational speeds.

n =25 rpm n =50 rpm n =100 rpm n =200 rpm
w 24.99 rpm 49.98 rpm 100.10 rpm 200.80 rpm
d 0.04% 0.04% 0.10% 0.40%
(1) n=25rpm
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Figure 2. The 25 rpm oscilloscope waveform.

At 25 rpm, the actual movement speed of the turntable from the time and angle
interval and the relative velocity error are calculated as follows:

/18
w = 0.06675 24.99 rpm, 1

|25 —24.99]

2 25

x 100% = 0.04%, @)
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Figure 3. The 50 rpm oscilloscope waveform.

At 50 rpm, the actual movement speed of the turntable from the time and angle
interval and the relative velocity error are calculated as follows:

t/18
W= 5033358 — 49.98 rpm, 3)
50 — 49.98
o= 150 — 49.98| x 100% = 0.04%, 4)
50
3) n=100rpm
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Figure 4. The 100 rpm oscilloscope waveform.

At 100 rpm, the actual movement speed of the turntable from the time and angle
interval and the relative velocity error are calculated as follows:

/18
w = G = 100.10 rpm, ®)
100 — 100.1
§ — 1100 —100.10[ 00— 010, (6)

100
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Figure 5. The 200 rpm oscilloscope waveform.

At 200 rpm, the actual movement speed of the turntable from the time and angle
interval and the relative velocity error are calculated as follows:

t/18
200 — 200.80] o
6= 7200 x 100% = 0.40%, (8)

To sum up, it is evident from the actual measurement experiment that the relative
rotational speed error of the circular trajectory-generating device is less than 0.1%, which
meets the calibration requirements.

4. Experiment and Analysis
4.1. The Main Use Method of the Circumference Dynamic Calibration Device

(@) Measuring and controlling the field layout. The marking points suitable for calibrating
the photogrammetry system are pasted on the device disc -LRB-; usually, the coding
points are used for a quick tracking of the measuring system, and the marking points
are the shooting objects of the measured digital photogrammetry system, which
provides the location criteria through prior static calibration. The number of marks is
two or more. The marks are pasted on the surface of the turntable with circular motion.
When the turntable moves, the marks also maintains a corresponding movement.
A sufficient number of marking points and control points are arranged around the
turntable as the measuring control field, and at least one datum ruler is placed as the
length datum.

(b) Measurement preparation of the photogrammetry system. Connect and arrange
the camera, the controller, and the light source according to the system instruction.
Additionally, according to the system operating instructions, the camera distance
(recommended camera distance for the calibration device references a distance of
3 M), the camera distribution, and the rendezvous angle are selected. The system in-
stallation, layout, connection, and parameter setting are included. The field of view of
the two cameras is aligned and held fixed at the middle position of the upper surface of
the disc of the calibrated device. When the calibration device rotates, the photographic
target is within the effective measuring range of the photogrammetry system.

(c) Dynamic calibration. Set the running speed of the dynamic calibration device, control
the movement of the turntable, and use the calibrated photogrammetry system to
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take continuous photographs of the moving photographic target. The position mea-
surement results of the photogrammetry system at the corresponding velocity are
obtained by processing and calculating the measurement using the software provided
by the calibrated system.

(d) Result analysis. The measured results are compared with the standard values to
verify the dynamic measurement performance of the digital photogrammetry sys-
tem, including its length measurement error, motion trajectory, and velocity in a
dynamic environment.

4.2. Circular Dynamic Parameter Calibration Test of Dual-Camera System

The calibration experiment of circular dynamic parameters was carried out using the
Chenway® MPS/M10 dual-camera real-time industrial photogrammetry system (Chenway®,
Tainan City, Taiwan). The circular track generator is placed in the measurement control
field, which is composed of coding points and marker points, and two coding points are
pasted on different positions of the rotating rod of the circular track generator. The number
of coding points must not duplicate the code used in the control field. The circular trajectory
generator’s controller controls its rotational speed. After the rotating rod rotates at a certain
speed, the dual-camera photogrammetry system tracks and measures the rotating target,
and the maximum real-time measurement speed is four frames/second. Figure 6 shows
the best site. To ensure the accuracy of the rotating rod in the working engineering and to
minimize the real deformation of the rotating rod due to mechanical stress, the material
of the rotating rod is made of high-hardness carbon fiber material; its outer diameter is
26 mm, and the wall thickness is 2 mm. The red frame on the left side of the small figure in
Figure 6 represents the circular trajectory generator, and not the Chenwei’s camera.

Binocular
vision camera

Circular track s =
marking brick device -

Figure 6. Circular dynamic parameter calibration test.

The main technical specifications of the Chenway® MPS/M10 dual-camera real-time
industrial photogrammetry system (Chenway®, Tainan City, Taiwan). are summarized in
Table 2.
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Table 2. MPS/M10 technical specifications.

Technical Index MPS/M10
Resolution ratio 8§M
. 12 ym + 12 ppm-L
Measuring accuracy 0.05 mm@3 m
Measurement accuracy of displacement and profile 0.03 mm@3 m
Field angle 70.6°

Real-time processing of 5 frames/SEC;
Post-processing of 10 frames per second
Measuring range ~15m

Measuring speed

4.3. Test Procedure

(a)
(b)

(0)

(d)

track standard device control field
binocular camera calibration

The main test steps are as follows (Figure 7):

Connect the test equipment including the circular trajectory generator and the dual-
camera real-time photogrammetry system.

Camera calibration and control field calibration. Connect two cameras and calibrate
them one by one. Turn on the laser indication of the camera. The operator, while
holding the camera, stands about 3 m in front of the calibration field and points the
camera at the center position of the calibration field at different positions at above and
below, as well as left and right, of the calibration field (the camera pointing can be
adjusted according to the laser indication) to take the calibration images. The number
of images taken should not be less than 30; the position distribution in front of the
calibration field should be basically even; and the images should be obtained from
nine directions, and each direction is generally rotated four times around the optical
axis of the camera, at 90° each time. After shooting, multiple images are used to
solve the parameters in the camera and complete the camera calibration, as shown in
Figure 8. Simultaneously, the control field is photographed with a camera to obtain
the coordinates of each control point in the control field, as shown in Figure 9. The
external parameter and the control field calibration data are then solved.

Control field orientation. Install the two cameras on the tripod head, respectively;
turn on the laser pointer, adjust the tripod or head; and adjust the pointing laser of
the camera to the circular track generator. Use the measurement software to complete
the control field orientation and determine the position of the two cameras.
Dynamic measurement. Using the continuous measurement and deformation moni-
toring functions of the measuring system, two coding points on the rotating rod of the
circular track are selected as the monitoring objects. The circular trajectory generator’s
controller controls the rotational speed, so that after the rotation rod rotates at a certain
speed, the dual-camera photogrammetry system tracks and measures the two coding
points and records the coordinate changes of the two points.

Connect circular Camera calibration

Dynamic

Control field

. . measurement and
orientation

recording results

Figure 7. Experimental procedure.
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Figure 8. Camera calibration station’s distribution map.

Figure 9. Test control field.

4.4, Test Data

The calculation results of the distance between two coding points at different speeds
are as follows (shown in Figures 10-16):

7 %,
/ N }
i j
% /

RaTYTTe ittt

Figure 10. Circumferential dynamic test’s target point trajectory.
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Figure 11. Measurement results of the distance between two targets in a stationary state.

(2) SpeedR=05r1/s
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Figure 12. Measurement results of the distance between two targets at 0.5 r/s.

(3) SpeedR=1.0r/s
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2418

24175
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Figure 13. Measurement results of the distance between two targets at 1 r/s.
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(4) SpeedR=201/s
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Figure 14. Measurement results of the distance between two targets at 2 r/s.
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(5) SpeedR=3.0r/s
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Figure 15. Measurement results of the distance between two targets at 3 r/s.
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Figure 16. Measurement results of the distance between two targets at 4 r/s.
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(7) The above experimental data statistics are as follows (shown in Table 3 and Figure 17):

Table 3. Measurement results of the distance between two targets at different speeds.

Speed (t/s) Distance
pee s Mean Value (mm) Standard Deviation (mm)
0 242.039 0.004
0.5 241.712 0.037
1.0 241.720 0.038
2.0 241.723 0.036
3.0 241.727 0.035
4.0 241.725 0.035
24205‘ T T T T T T T 0 0‘4
242 0.035
003 -
241.95 £
)
) 0.025 £
£ 2419 =
g 002 3
S 241.85 a8
[a 0.015 5
=
241.8 =
0.01 ©
241.75 0.005
24[ .7 1 1 1 1 1 1 1 0
0 0.5 1 1.5 2 25 3 3.5 4
Speed (r/s)

Figure 17. The relationship between the distance between two points and the rotational speed.

The moving speed of a target point can be calculated according to the spatial coordi-
nates of the measured target point at a certain time and the time of image collection. About
400 frames of images are collected at each speed. The calculated results at different speeds
are as follows (shown in Table 4):

(1) The amount of angle change represents the angle of rotation of the marker point
relative to the previous position, and at the same time, the linear velocity and angular
velocity in the table are all converted from this motion angle to time.

(2) The deviation in the Z direction can be understood as the amount of change in the
direction of the motor axis of the target at the end of the swing arm during the rotation,
and the change in this direction is perpendicular to the linear velocity direction at the
end, so there is almost no effect.
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Table 4. Calculation results at different speeds.
Rotate Fitting Z to the Angular Linear Angular
Speed Radius Deviation Variation Speed Speed
(r/s) (mm) (mm) ©) (mm/s) (°ls)
mean value 167.970 0.000 45.837 524.420 178.883
Target point 1
standard deviation 0.018 0.053 6.377 24.805 8.462
0.5
mean value 73.745 0.000 45.837 230.238 178.883
Target point 2
standard deviation 0.017 0.038 6.378 10.881 8.455
mean value 167.973 0.000 90.918 1053.511 359.355
Target point 1
standard deviation 0.019 0.056 11.766 51.128 17.438
1.0
mean value 73.751 0.000 90.918 462.558 359.354
Target point 2
standard deviation 0.019 0.042 11.766 22.439 17.432
mean value 167.978 0.000 205.670 2112.440 720.536
Target point 1
standard deviation 0.016 0.066 29.469 127.005 43.322
2.0
mean value 73.749 0.000 203.754 924.852 718.518
Target point 2
standard deviation 0.018 0.040 33.717 72.341 56.197
mean value 167.979 0.002 299.341 3167.066 1080.255
Target point 1
standard deviation 0.017 0.075 49.143 163.237 55.691
3.0
mean value 73.749 0.001 299.341 1390.462 1080.255
Target point 2
standard deviation 0.017 0.047 49.142 71.676 55.691
mean value 167.981 0.000 313.244 3990.063 1360.949
Target point 1
standard deviation 0.015 0.089 235.571 720.142 245.634
4.0
mean value 73.747 0.000 308.932 1751.876 1361.078
Target point 2
standard deviation 0.016 0.053 241.094 403.235 313.297

(a)

(b)

(©

(d)

From the above data and analytical results, the following conclusions can be drawn:

The radius of the circular trajectory of the target movement has no obvious relationship
with the movement speed, and the difference does not exceed 10 um. The experimental
data are consistent with the relative position of the target point in the design of the
device, and the error is mainly caused by the change in the verticality introduced by
the rotating shaft system.

The experimental data show that with an increase in the rotational speed, the RMS
value of the circular trajectory fitting error increases to a certain extent, which indi-
cates that the rotating motor selected for the calibration system has a certain rotary
centrifugal error under high-speed motion. At the same time, the structure of the
circular trajectory-generating device needs to be further strengthened to support
its rigidity.

When the two targets are in motion, the distance between the two points is calculated
by the photogrammetry system, that is, the length decreases, and the decrease is about
0.2 mm. The decrease has no obvious relationship with the rotational speed, which is
a system error. It is found that the reason for this phenomenon may be the shooting
synchronization error between the two cameras of the binocular photogrammetry
system, that is, there is a certain time difference in the shooting time of the two
cameras for a dynamic target. In addition, when the target is in motion, the standard
deviation of the distance between two points calculated by the photogrammetry
system increases relative to the static state.

When the rotational speed is less than 4.0 r/s, the speed value calculated by the pho-
togrammetry system is consistent with the standard value, and the speed fluctuation
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is within 8%. However, when the rotational speed is greater than 4.0 r/s, the real-time
measurement frame rate of the photogrammetry system is about 4 frames/s, and there
is a certain deviation in the interval time between two adjacent frames. Therefore,
when the rotational angle of a target and the image acquisition time correspond to
each other, errors are prone to occur, resulting in an error in the speed calculation, and
the resulting error value is large. It shows that when the real-time measurement frame
rate of the photogrammetry system is 4 frames/s, the maximum rotational speed of a
target that can be accurately measured cannot exceed 4.0 r/s.

5. Calibration System Uncertainty Analysis

The measurement uncertainty analysis of the device includes the run-out uncertainty
of the turntable, the error caused by the installation of the encoder, and the run-out error
of the turntable caused by the table body. In theory, the points on the turntable should
always move around a fixed axis, but the fact that the axis is in constant motion causes the
points on the turntable to move in an irregular circle. The radial run-out can be ignored
compared with the radius, so the resulting speed error for the turntable can be ignored.
The measurement uncertainty analysis of the device is as follows:

(1) Uncertainty introduced by rotational consistency

The rotational speed error is calculated as the maximum error of 0.02% of the mea-
sured value, which is a uniform distribution estimation, and the introduced uncertainty
component is calculated as follows:

0.002%
uy = ﬁ

(2) Uncertainty introduced by measurement repeatability

~ 0.012%, ©)

According to the measured data, the rotational speed is set to 600 r/min, and the
corresponding introduction uncertainty is calculated as follows:

~0.01%
T3

1w ~ 0.003%, (10)

(3) The change in the length perpendicular to the direction of rotation introduced by the
rotating shaft system

An analysis of the change in the length perpendicular to the direction of rotation
introduced by the rotation axis shows that the change is less than 0.1 mm, which is estimated
based on a uniform distribution.

0.1 mm

= ———— x100% = 0.012%, 11
3 500 mm X /3 (1)

(4) Relative standard uncertainty of synthesis

Regardless of the correlation between the above terms, the relative uncertainty of the
synthesis is as follows:

Upe] =

8
u? = 0.017%, (12)
i=1

1
(5) Relative expansion uncertainty

If the inclusion factor k = 2 is used, the relative extension uncertainty is as follows:

Uy = Kty ~ 0.03%(k = 2), (13
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6. Conclusions

In this paper, a photogrammetric dynamic parameter calibration method is proposed,
and a calibration system is built. It is verified by the calibration experiments that the
spatial dynamic parameter fitting method of the superimposed dynamic circular motion
of static target points can achieve accurate expression of spatial dynamic position and
meet the needs of dynamic calibration of photogrammetry systems. In the process of
dynamic calibration of a photogrammetry system, the key to dynamic position fitting lies
in the accuracy of circular motion parameters, and the accuracy of the rotational speed
and shaft position is the main system errors. Simultaneously, the measurement frame
rate of the measurement system should be fully considered during the calibration process
to ensure that the sampling frequency of the relative position rotation is matched with
it. The experimental results show that when the real-time measurement frame rate of
the photogrammetry system is 4 frames/s, the maximum rotational speed of the target
that can be accurately measured cannot exceed 4.0 rpm; in this state, the speed value
calculated by the photogrammetry system is consistent with the standard value, and the
speed fluctuation is within 8%.
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