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Abstract Simultaneous localization and mapping (SLAM) based on visual-inertial information fusion is a hot topic
in the field of robot navigation. Multimodal data synchronization is a premise of the data fusion algorithm, and the
key to it is to accurately obtain the timestamps of the acquisition time of different sensors. While the timestamp of
the vision sensor can be accurately obtained by the hardware method, that of the inertial sensor is usually roughly
replaced by the output time, which lowers the accuracy of the visual-inertial fusion algorithm. In this paper, a
method of time synchronization calibration of the visual-inertial sensor was proposed. A calibration device based on a
planar simple pendulum was designed. The vision sensor and the inertial sensor captured data independently in the
motion of the planar simple pendulum, and timestamps were added according to the same clock. Then, a method of
estimating the angular displacement function and the angular velocity function of the pendulum’s center of gravity
was proposed by the least squares method. Finally, the output delay and timestamp of the inertial sensor were
obtained by comparing the phase differences of the two functions. Experimental results show that the standard

deviation of repeated calibration by the proposed method is 0.018 ms, which proves the effectiveness of the method.
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Fig. 1 Schematic diagram of time calibration device for

vision sensor and inertial sensor based on pendulum
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(a) original data — fitting curve . ) original data — fitting curve
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Fig. 6 Sensor data and fitting curves when swing amplitude is 12°—15
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Fig. 7 IMU delay calibration results when filter delay is
2.9 ms and IMU temperature is (46+1) °C
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Table 1 IMU delay calibration results for data output rates 1000, 500, 250, and 200 Hz when filter delay is 2.9 ms and

IMU temperature is (46+1) C

Data output rate of 15°-10° 10°-5° 5°=2°
IMU /Hz Delay /ms  Variance /107° Delay /ms  Variance /10° Delay /ms  Variance /10 *
1000 3. 186 3.33 3.078 8.99 2. 822 6. 27
500 4. 570 3. 94 4. 490 15. 20 4. 255 7.49
250 7.411 4. 46 7.324 11. 20 7.001 6. 64
200 8. 901 2.39 8. 754 14. 00 8. 416 4. 40
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Table 2 IMU delay calibration results for data rates 1000, 500, 250, and 200 Hz when filter delay is 3.9 ms and
IMU temperature is (46+1) C

Data output rate of 15°-10° 10°-5° 5°-2°
IMU /Hz Delay /ms  Variance /10* Delay /ms  Variance /10°* Delay /ms  Variance /107?
1000 4. 153 3.42 4. 064 8.93 3. 788 7.69
500 5. 580 2.99 5. 481 12. 60 5. 225 6. 31
250 8. 427 3.78 8. 303 13. 30 7. 960 8. 69
200 9. 852 2. 85 9. 765 8. 10 9. 441 4. 11
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Fig. 8 IMU delay calibration results when filter delay is
3.9 ms, IMU temperature is (46+1) °C, and
data output rate is 1000 Hz
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Fig. 9 IMU delay calibration results when filter delay is
IMU temperature is (46+1) C, and
data output rate is 1000 Hz
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Table 3 IMU delay calibration results for data output rates 1000, 500, 250,

and 200 Hz when filter delay is

5.9 ms and IMU temperature is (46+1) C

Data output rate of 15°-10° 10°-5° 5°-2°
IMU /Hz Delay /ms  Variance /107° Delay /ms  Variance /10 * Delay /ms  Variance /10~ *
1000 6. 135 2. 64 6. 034 1.22 5. 765 4. 50
500 7.554 9.21 7. 449 1. 36 7.171 5. 48
250 10. 437 3.49 10. 339 1.03 10. 007 9. 94
200 11. 841 3. 89 11. 744 92. 30 11. 453 6. 66
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Table 4 IMU delay calibration results and comparison when swing amplitude is 15°—9° and IMU temperature is (46+1) C

Data output rate  Calibration IMU filter delay IMU delay difference

of IMU /Hz method DI (2.9 ms) D2 (3.9 ms) D3 (5.9 ms) D2-D1 D3-D2 D3-D1
Ours 3.177 4,145 6. 128 0. 968 1. 983 2.951

1000 Kalibr 4. 960 4. 967 5. 970 0. 007 1. 003 1. 010

Ours 4. 567 0. 048 7.546 0. 981 1. 998 2.979

700 Kalibr 5. 996 5.972 5. 968 —0. 024 —0. 004 —0. 028

Ours 7. 409 8. 417 10. 431 1. 008 2.014 3.022

200 Kalibr 7.959 8. 909 9. 907 0. 950 0. 998 1. 948

Ours 8. 829 9. 842 11. 830 1. 013 1. 988 3. 001

200 Kalibr 9.942 9. 960 10. 867 0.019 0. 906 0. 925
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Fig. 10 Relationship between IMU delay and data output interval
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Table 5 IMU delay calibration results with different exposure time and different timestamp mode ms
Exposure time of 1. 0 ms Exposure time of 1. 5 ms Exposure time of 2. 0 ms
Method
Delay Error Delay Error Delay Error
Our method  Beginmode  3.687 0.510 3.926 0. 759 1.161 1. 006
(with different Middle mode 3.177 0 3.167 0 3.155 0
timestamp mode) g mode 2. 692 —0. 485 2. 433 —0.734 2. 165 —0. 990
Kalibr 4. 960 4. 963 1. 688
3.3 MRESREMEERENEEHEXERES 3.50
15K E3%
N N — S N " ' F A W, .
T REA SR AR P R ITEL E, e -
RN N \ — el
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Fig. 11 IMU delay for different temperature
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Table 6 Repeat test results of IMUO delay calibration ms
Calibration method Our method Kalibr
IMUO temperature /°C 24.5+0.5 28.5+0.5 37.040.5 43.0%£0.5 45.040.5 44,2+1.7
Average 3.033 3.116 3. 157 3. 153 3. 134 3. 240
Standard deviation /10 * 1. 28 1.03 1. 64 1. 74 1. 38 93. 90
F 7 IMUL ST bR 5 A KL
Table 7 Repeat test results of IMU1 delay calibration ms
Calibration method Our method Kalibr
IMUI temperature /°C 27.540.5 30.540.5 40.0+0.5 46.0+0.5 48.5+0.5 42.2+1.6
Average 3. 058 3.128 3.159 3. 170 3.136 4. 161
Standard deviation /10~* 7. 56 10. 30 16. 70 17. 10 0. 15 1. 97

SCHERLC19 P 3 F E kS B IMU BUS T 54 AR
FELESR, SCERL 20 J7E MR i 20 Hz A1 IMU i i3
B R 200 Hz (15 B0 WK T 547 1 bn o 45
Ho ARSCHYX bR SE 50 5 T8 IMU MPU9250,

BG5Sk 50 Hz, IMU i K S 5088 % 35 5|
1000 Hz, Xf L4 AR R A SO 8 J7 ¥4 IMU B
NIRRT S A R R SR AR A b 4 AL
AR EERE
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