A ER-INC)

Chinese Optics B

T BARYLIOZ R BAEXH SR R 5
SO T MBS Sk RARA
Monocular camera-based relative position and orientation estimation system for space targets

ZHI Shuai, DING Guo-peng, HAN Shi-hao, ZHANG Yong-he, ZHU Zhen-cai

FIHASL:

SO, TS, Eh S, 5Kk G, ARIRAT. HE T EAHBLAY S [A] H AR AN, 20 5 R EE)]. T EDEE, 2025, 18(5): 1111-1123. doi:
10.37188/C0.2025-0057

ZHI Shuai, DING Guo-peng, HAN Shi-hao, ZHANG Yong-he, ZHU Zhen-cai. Monocular camera-based relative position and
orientation estimation system for space targets[J]. Chinese Optics, 2025, 18(5): 1111-1123. doi: 10.37188/C0.2025-0057

TEZR R View online: https:/doi.org/10.37188/C0.2025-0057

L] RERGBR A HAN SO

Articles you may be interested in

AL A i E AP 2 1057k
Pose estimation for free binocular cameras based on reprojection error optimization

T2 (PRS0 2021, 14(6): 1400  https://doi.org/10.37188/C0.2021-0105
S R NSk ke SN G S SR SR RE R

An improved algorithm for monocular camera edge spectrum based ranging by defocused images

FREDE2E (FR3ESC) L2023, 16(3): 627 hitps://doi.org/10.37188/C0.2022-0171
BTz s HARPLA BAsE i He AR

Targeting technology based on aerial monocular camera

HREDEE (FRPESC) 2023, 16(2): 305 hitps://doi.org/10.37188/C0.2022-0147
XU I 2 A LA At} 50y S o]

Real—time measurement for boresight vibration of dual line array surveying and mapping cameras

FREDEF (FRZESC) 2023, 16(4): 878 hitps://doi.org/10.37188/C0-2022-0175
Z RO 25 S i i i LR Rl & R 25 3L 5 5086

Multi—scale singular value decomposition polarization image fusion defogging algorithm and experiment

rREDEE (FRTESC) 2021, 14(2): 298 hitps://doi.org/10.37188/C0.2020-0099
23 () FAR H 38 62 PG 1R A 4G

Detection of elliptical components in adaptive optical image of space target

FREDEF (FRZESC) 2022, 15(3): 454 hitps://doi.org/10.37188/C0.2021-0208


https://www.chineseoptics.net.cn
https://www.chineseoptics.net.cn
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2025-0057
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2021-0105
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2022-0171
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2022-0147
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO-2022-0175
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2020-0099
http://www.chineseoptics.net.cn/cn/article/doi/10.37188/CO.2021-0208

$18% 555 EDEEE (HERse) Vol. 18 No. 5
20254E9 A Chinese Optics Sept. 2025

XEHRS 2097-1842(2025)05-1111-13

ETHEENNZEHRENLENE RS

X TEBY SR KA KRk A
(1. PERA%RHNTEQHFRRE, £iF201304;
LHEMFRTEHRFABEAE ALK E, FiE 201210;
3. P ER R A%, L 100049 )

FEE: S = 5 RS RS M SRS, SEIRAT R A5 0T R 8 R K X B, AR SCHR M T — RS T AL A VE R AR A
XN R G, T U A B R B W ks B i . S e s AR & H A5 & LED A1ESER, AL
BPEES R 50 K3 0.4 KRAGFEF AN, SCELT mokh B R ARXS AL 200 & . B T1HE ) LED $04R, SCBL T AHAL S ¥04R ]
PRI TAE, (RAIEAE 50 SKE] 0.4 K FE 23R8I I A5 ARYE TR EARRR I, $200 T 2 RUB L3R BUA L, IR ARRR —3
PR 5 (R B L, 78 226 IR Refee AR BURRIE BAR; e, 45 A AR T UM 2SRRI EAS T, SEBLT HAR 2 AR 18
BRI LA, it — AR m D RE R, S ARG LA I I A 2 45 R AT 1A, A AR T iR 22 .
S5 RFW], R GRS B i SO W i, ZERE B 0.4 m B, A7 B RS BE L T 1 mm, BRMER LT 0.2°, W 2
B PRB XA 55T oK o AR TT S s (MR E AR AR O S B2 T R B . mReuE M R S, B E By TR
FHE.

X R4 LED A4 FeAR;  RE R CHREG AE KRG AR ] F

E4>2S:TP394.1;TH691.9  XEtFREAD: A doi: 10.37188/C0.2025-0057  CSTR:32171.14.C0.2025-0057

Monocular camera-based relative position and orientation estimation

system for space targets

ZHI Shuai'** ", DING Guo-peng'?*, HAN Shi-hao'?, ZHANG Yong-he'?, ZHU Zhen-cai'
(1. Innovation Academy for Microsatellites of Chinese Academy of Sciences, Shanghai 201304, China;
2. Key Laboratory of Satellite Digitization Technology, CAS, Shanghai 201210, China;
3. University of Chinese Academy of Sciences, Beijing 100049, China)

* Corresponding author, E-mail: zhis@microsate.com; dinggp@microsate.com

Abstract: To enhance the stability and accuracy of estimation systems for ultra-close high-precision docking
of spacecrafts, this article proposes a system for high-precision estimation of relative position and orientation
between two satellites. Through vision cameras on the chaser satellite and co-designed LED targets on the
target satellite, precise relative pose measurement is achieved within 0.4—50 meters. To ensure clear imaging

within the effective range, both far-field and near-field LED targets were designed. A multi-scale centroid ex-
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traction algorithm was proposed based on target characteristics, while slope consistency constraints and spa-
cing ratio screening were employed to guarantee target feature acquisition under complex illumination condi-
tions. Pose estimation utilizes target geometric constraints as initial values, employing iterative nonlinear op-
timization to refine results and effectively reduce measurement errors. Test results demonstrate progressively
improving measurement accuracy from far to near distances. At 0.4 meters, position estimation achieves sub-
millimeter precision while orientation estimation maintains sub-degree accuracy, meeting ultra-close-range
docking requirements. This solution provides high-precision, high-stability technical support for relative pos-
ition and orientation estimation between on-orbit space targets, demonstrating significant engineering applic-

ation value.
Key words: monocular camera; LED cooperative targets; multi-scale centroid extraction; non-linear optimiz-

ation; relative pose measurement
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Parameters Std Mean-value Max-value Min-value
T./mm 1.2015 -1013.5044 -1010.9075 —1016.7402
T,/mm 3.9683 —276.5156 —267.5542 —285.0395

T./mm 52.8736 —50780.0293 —50652.7305 —50832.2031

@/(°) 0.081 —0.05188 —0.0176 —0.0672
6/(°) 0.0154 0.07840 0.1064 0.0238
wi(°) 0.0010 —0.0046 —0.0027 —0.0079
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Fig. 14 Relative position and orientation distribution map at 50 meters between two satellites
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Tab.2 Relative position and orientation estimation at a distance of 20 m between two satellites

Parameters Std Mean-value Max-vaule Min-vaule
T,/mm 0.3180 —283.5990 —283.2110 —285.5420
T,/mm 0.2050 245.5650 246.7930 244.7530
T./mm 4.3640 —20730.6000 —20715.2000 —20742.5000
©/(°) 0.0107 —0.0645 —0.0052 —0.0827
6/(°) 0.0108 0.0595 0.0807 —0.009 1
Wi(©) 0.0011 -0.0079 —0.0054 —0.0111
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Fig. 15 Relative position and orientation distribution map at 20 m between two satellites
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Tab.3 Relative position and orientation estimation at a distance of 5.6 m between two satellites

15.711 mm, X &FrEZ/NTF 0.2 mm, F(EH S
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Parameters Std Mean-value Max-v Min-v
T/mm 0.1450 36.2800 36.5910 36.0940
T,/mm 0.9140 118.6200 119.2630 117.8860
T./mm 1.6290 —5583.1500 —5576.1830 —5591.8940

@/(°) 0.0230 —0.0080 0.0716 —0.0676
6/(°) 0.0250 —0.0020 0.1047 —0.0843
) 0.0011 —0.0149 -0.0128 —0.0192
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Tab.4 Relative position and orientation estimation at a

distance of 1.7 m between two satellites
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Tab.5 Relative position and orientation estimation at a

distance of 0.4 m between two satellites

Parameters Std Mean-value Max-v Min-v
T./mm 0.08 —58.63 —58.3670 —58.72
T,/mm 0.003 45.41 45.478 45.40
T./mm 0.10 —405.79 —402.922 —405.89

w/(°) 0.003 —0.041 0.0009 —0.043
0/(°) 0.006 —0.184 —0.046 —0.07
Q) 0.0003 -0.0157 —0.007 —0.0161




1122 REYEE (FP3ES0) %18 %

Distance/mm

Angle/(°)

%,

—58.60 r 45445 | —405.5
45.440 |
45435 | . ~405.6
Il B £ 45430} £ 4057}
S 45425+ g
245420} £ 4058}
~58.70 B 45415} a
45.410 t —405.9 1
45.405 +
8T X-300 datas distribution map ¥-300 datas distribution map 4060 Z-300 datas distribution map
—0.028 : —0175} . —0.0150
~0.0307 i o180} ~0.0152 ¢
-0.032 | oss|
—0.034 : % ' I c -0.0154
~0.036 = 78'122 % 001561
-0.038 | < < 00158}
00401 -0.200 )
—0.042 L -0.205 t —0.016 0
_ . -0.210 . —-0.016 2 .
0.046 X-300 datas distribution map Y-300 datas distribution map Z-300 datas distribution map
18 WURRES 0.4 m I AGRIX7 -5 %200 20 A 14
Fig. 18 Relative position and orientation distribution map at 0.4 m between two satellites
SRk, RSO 2R ) i 2w, FIHIEE
& W LML e R R BT . SRR AR, R GE
I B2 ph i AT i B L TERE RSN 0.4 KN,
AR SCH SR B ARBIL S G 1 SR AR AL 2 A 0 3R =h A 7 EI RS EEOE T 1 20K, AR R
T J& 2 ] 3T IR 2 A o 5 S8 A 0 ) BEDET 0.2 H, 1 ALK A% i T B 28 X2 i A 55

SEVEATSY, B ROOC AR | PO IR A B TR AU RS L FE A Z= e HAR
AT TR B AT BB S AR AR T Rl | AR RO iR
E, F3HH DU 4510 ARIESEAR BT Re M, ST Bl RIS, RAEE TR INE. [, REMR
R 4R T ZRERLC SR IGE 2, ERE R IR BT A2 AR = L5 BA —E NS %
Jot O Y [R] A R BR 2R OG5 2 Wi s X 2% Ml

S 3Rk

[1]

(2]

(3]

(5]

(6]

(8]

ZHANG HF, WU ] X, LIU D L, et al.. Research on rocket engine pose measurement technology based on monocular
vision[J]. Proceedings of SPIE, 2023, 12934: 1293401

SEO C T, KANG S W, CHO M. Three-dimensional free view reconstruction in axially distributed image sensing[J].
Chinese Optics Letters, 2017, 15(8): 081102.

HEATON A F, HOWARD R T, PINSON R M. Orbital express AVGS validation and calibration for automated
rendezvous [C]. AIAA/AAS Astrodynamics Specialist Conference and Exhibit, AIAA, 2008.

KAWANO I, MOKUNO M, KASAI T, et al.. Result of autonomous rendezvous docking experiment of engineering test
Satellite-VII[T]. Journal of Spacecraft and Rockets, 2001, 38(1): 105-111.

YAN K, XIONG ZH, LAO D B, et al.. Attitude measurement method based on 2DPSD and monocular vision[J].
Proceedings of SPIE, 2019, 11338: 113382L.

MAO J F, HUANG W, SHENG W G. Target distance measurement method using monocular vision[J]. IET Image
Processing, 2020, 14(13): 3181-3187.

JRAUIR, 3] 5%, AR RE. L HALSE RS EEIR 9 S A HAREDE BT D). 6 5 524R, 2020, 40(13): 1315001

QU Y P, LIU J Q, HOU W. Graphics design of cooperative targets on monocular vision high precision measurement[J].
Acta Optica Sinica, 2020, 40(13): 1315001. (in Chinese).

BRI, K@M, F ==, . AT EH U028 ) E AR 2 R RR B HORS B R 1 4T (D). T 4R, 2021,


https://doi.org/10.3788/COL201715.081102
https://doi.org/10.2514/2.3661
https://doi.org/10.1049/iet-ipr.2019.1293
https://doi.org/10.1049/iet-ipr.2019.1293
https://doi.org/10.3788/AOS202040.1315001
https://doi.org/10.3788/AOS202040.1315001
https://doi.org/10.3788/gzxb20215011.1112003

55 0 ST, S SET ATHLE 2 ) B ARAR R G 5 123

50(11):1112003.
DONG Y Y, ZHANG G P, CHANG S S, et al.. A pose measurement algorithm of space target based on monocular
vision and accuracy analysis [J]. Acta Photonica Sinica, 2021, 50(11): 1112003. (in Chinese).

[9] RONDAO D, HE L, AOUF N. Al-based monocular pose estimation for autonomous space refuelling[J]. Acta
Astronautica, 2024, 220: 126-140.

[10]  # 22, FA9%, SRB W, 4. 1 [ HOGHER I G i R0 R e i 28 A I (0], e 324 25 42, 2024, 32(07): 976-
986.

GAO Doudou, DONG Dengfeng, QIU Qifan, et al.. Large range automatic attitude measurement method for laser
tracking measurement[J]. Optics and Precision Engineering, 2024, 32(07): 976-986.

[11] SANSONE F, FRANCESCONI A, OLIVIERI L, et al. . Low-cost relative navigation sensors for miniature spacecraft
and drones[C]. 2015 IEEE Metrology for Aerospace (MetroAeroSpace), IEEE, 2015: 389-394.

[12] PIRAT C, ANKERSEN F, WALKER R, et al.. Vision based navigation for autonomous cooperative docking of
CubeSats[J]. Acta Astronautica, 2018, 146: 418-434.

[13] BUI M T, DOSKOCIL R, KRIVANEK V. Distance and angle measurement using monocular vision[C]. 2018 18th
International Conference on Mechatronics, IEEE, 2018: 1-6.

(14] s&o%, Kb, & 61 b, 3 JT 8 H ULSE Y KT s BE AR BIESE (0], 6 5040 % T2, 2024, 32(14): 2166-
2188.

LU Rong, ZHANG Gaopeng, CAO Jianzhong, et al.. Research on measurement technology of rocket recovery height
based on monocular vision [J]. Optics and Precision Engineering, 2024, 32(14): 2166-2188.

[15] RA%F, WIF, 1 EF. RN P HAMRINRGE BRI, 634 % 142, 2024, 32(23): 3436-3445.
SONG Liduo, YAO Kainan, XU Zhiqiang, et al.. Stars removal of all day time mid-high orbit target detection
system [J]. Optics and Precision Engineering, 2024, 32(23): 3436-3445.

[16] MR, &2, ¥ AR BRSSO A b XUEANLALEAG T2 1], F B, 2021, 14(6): 1400-1409.

CHEN T Z, GE B ZH, LUO Q J. Pose estimation for free binocular cameras based on reprojection error optimization[J].
Chinese Optics, 2021, 14(6): 1400-1409. (in Chinese).

[17] CAPUANO V, KIM K, HARVARD A, et al.. Monocular-based pose determination of uncooperative space objects [J].
Acta Astronautica, 2020, 166: 493-506.

(18] ZHANG ZH, BIN W, KANG J H, ef al.. Dynamic pose estimation of uncooperative space targets based on monocular
vision [J]. Applied Optics, 2020, 59(26): 7876-7882.

[19] PIAZZA M, MAESTRINI M, DI LIZIA P. Monocular relative pose estimation pipeline for uncooperative resident space
objects[J]. Journal of Aerospace Information Systems, 2022, 19(9): 613-632.

fEE @AY

3 I (1989—), L, I FHERN A, ISR AR, 2012 45 F G R 2E RS 2 - 2F A7, 2015 4 F i
BRAEBE A B A B DS W A 9T B AR 2=, 30T b R 2= Be i B E AU, 3
TN R B RGEM S SEAH X T AE, B-mail: zhis@microsate.com


https://doi.org/10.3788/gzxb20215011.1112003
https://doi.org/10.1016/j.actaastro.2024.04.003
https://doi.org/10.1016/j.actaastro.2024.04.003
https://doi.org/10.1016/j.actaastro.2018.01.059
https://doi.org/10.37188/CO.2021-0105
https://doi.org/10.37188/CO.2021-0105
https://doi.org/10.1016/j.actaastro.2019.09.027
https://doi.org/10.1364/AO.395081
https://doi.org/10.2514/1.I011064
mailto:zhis@microsate.com

	1 引　言
	2 测量系统设计及坐标系定义
	3 单相机相对位姿测量关键算法
	3.1 多尺度质心提取算法
	3.2 相对位置与姿态解算算法

	4 测量实验与结果
	4.1 测量系统硬件构成
	4.2 多尺度质心提取算法结果
	4.3 位姿解算结果

	5 结　论
	参考文献

