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Abstract: In lunar sampling missions, the slender and flexible configuration of the robotic arm results in
significant nonlinear characteristics and uncertainty in the end-effector’s pose. To support rapid and intelligent
sampling operations, visual pose estimation technology is introduced to provide real-time and accurate
decision-making support. However, the inherent depth perception limitations of monocular vision,
compounded by image degradation caused by extreme lighting variations on the lunar surface, pose severe
challenges to the accuracy and robustness of pose estimation. To address the aforementioned issues, this
paper proposes the geometrically constrained pose estimation network (GCP-Net). By integrating a

differentiable projection module, the network constructs the reprojection error and the contour algebraic error
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as additional loss terms, establishing a consistency constraint between image semantics and spatial pose,

thereby effectively improving depth estimation accuracy. Simultaneously, to simulate image degradation

caused by extreme occlusion and lighting changes in real lunar environments, this paper introduces stochastic

noise injection and feature masking enhancement strategies based on GCP-Net, proposing an enhanced

geometrically constrained pose estimation network (EGCP-Net). Simulation experiments demonstrate that

the proposed method maintains good robustness even under conditions of partial feature loss. Validated by the

publicly reported image data from Chang’e-6, the reprojection results of the pose estimated by the algorithm

highly match the observed features, proving the reliability and feasibility of this method in aerospace

engineering missions.
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Table 1 Quantitative comparison of pose estimation errors of different models (mean £ standard deviation)

5 E./mm E,/mm EJ/(C) E o/ PX
FETHAR R (Baseline) 0.454-0.03 0.404-0.02 0.0244-0.001 1.2740.05
FE AR IR+ H AR 24 5R 0.43-+0.05 0.37+0.07 0.02740.004 1.28-£0.08
FE RIS - #0524 o 45 [ 29 o (GCP-Net) 0.3940.02 0.334-0.03 0.02740.004 1.13£0.04
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1 . Table 2 Quantitative comparison between GCP-Net and
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Fig.2 Boxplot comparison of pose evaluation error distribu-

tions between Baseline and GCP-Net
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Fig.3 Pose error growth curves of GCP-Net and EGCP-

Net under different noise levels
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(mean % standard deviation)

Mg i
o/px

E../(%)

il E./mm E i/ pX

GCP-NET 0.3940.02 0.027+£0.004 1.134+0.04
EGCP-Net 0.85%0.03 0.053%0.002 1.32+0.03
GCP-NET 1.97£0.03 0.1164-0.001 2.08=+0.21
EGCP-Net 1.65£0.01 0.098+0.001 1.38+0.02
GCP-NET 3.82+0.06 0.22540.002 3.66+0.39
EGCP-Net 2.83:£0.02 0.164+0.002 1.57+£0.02
GCP-NET 5.58+0.08 0.3284-0.003 5.32+0.60
EGCP-Net 3.92+0.03 0.227+0.002 1.82+0.03
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Table 3 Effect of the number of ellipse feature points on

pose prediction performance (mean £ standard

deviation)
MU R GOPNet  EGOPNer m;ﬁ;j%
E/mm  1.23+0.01 1.2240.01 +1.3
E30/T9 E/(°) 0.073+£0.001 0.074+0.001 —1.0
E.w/px 1544010 1.3440.03 +13.1
E/mm  1.364+0.10 1.26+0.02 +7.4
EI5/T9 E/() 0.076+0.002 0.076+0.002 +1.0
E./px  1.934043  1.3340.04 +31.2
E/mm 1794061 1.26+0.02 +29.7
EO/T9  E/(°)  0.089+0.012 0.07540.002 +15.2
E./px  3.06+1.64 1.3140.06 +57.3
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Table 4 Robustness test of pose estimation for GCP-Net and EGCP-Net under extreme missing conditions (mean =+

standard deviation)

ik T PEA 5 R GCP-Net EGCP-Net P T8 BE / Y0
E.,/mm 1.23 4+ 0.01 1.22 4+ 0.01 +1.3
E30/T9 _
° + + —
(B T ) F,/( ) 0.073 + 0.001 0.074 + 0.001 1.0
E proi/ PX 1.54 4+ 0.10 1.34 4+ 0.03 +13.1
E.,/mm 425.12 + 54.17 5.10 + 0.27 +98.8
E20/T6 E./() 22.527 4+ 2.441 0.320 + 0.027 +98.6
(PEEB ) o e B ’
E i/ PX 4801.92 + 3141.88 2.59 + 0.16 +99.9
E./mm 425.53 + 65.71 6.53 + 0.13 +98.5
E10/T3 E/(°) 22.249 + 1.485 0.419 + 0.012 +98.1
(FEEHLK) o T T ’
E i/ PX 5679.35 + 4 172.59 3.58 + 0.15 +99.9
E,/mm 333.81 + 60.71 7.16 + 0.00 +97.9
ES/TI E./() 16.145 + 1.267 0.480 + 0.002 +97.0
(HR 3t i ) o B T ’
E. i/ PX 11 220.72 4+ 18 454.69 7.75 + 0.12 +99.9
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(a) Moment 1

(b) Moment 2
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(c) Moment 3

Reprojection verification results of pose estimation at

typical moments during the sampling operation
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