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Figure 1 (Color online) Progressive ellipse key feature detection framework.

iz, e X i S ORI EAT AR R, LE4%
55 FGI0 2 £ P fo e (MR L1 Dy 4 1 S ARG 45 2R

e SRl Al RPRIOY IRl e SRREEES GYNAD ]
AT IR, 5 HAT G EOR, WEBCRM, &2
BOK, Wz A i, 78 B a5k, #%
PR SV JefE R B AR AR B i, S
FRAIE IR Z K, B Ja o AV B 2 i, e S A I ok
WA, fa FIRER HARER, MRk g ik £ i
AFRIE, A LA Do G0 45 AL

3.0 fLZERZN 4 E S R O SRR I S5

R B AR LB 2 o] i, = o 2 ) e B —
WP =X, Y, Z]1 AT DLl i A AL A S R R (R | T
k| e R T S Gt N R T T K S
Mo, = [u,v]", R
pi=mgppP)=K-[R|T]-P, (1)
HAKRZHVASHRE, OEERMEAER RER
MARE, R AL R RS FARAR RITER LR,

TR, FlR LA R 5 5 2 A AR AR 2 5
RHETRS.

L KE

&

1162

SR E IR T, ALK = A R H bR
0% HER B R T b SRTT, 4B RERANT thAH
BURL phsE, SR TE8 B2 T 5 R o o 4
Se TR AU etk L R BRI 3R B3 2 TR A7 A
P2 A, A SCB T R IR 4 1 SR i
B, P FL A R R 22 R LD A B8, 3845 A
BUIA RS BT FERAUCHE,  STHR4: 1 Sl 0 X B
ORI, L ELR S B T

R R E A8 3 MR T SR L 4 B
Co=[%.3.2,0,0,,0.], FF1EHIERb bt /3 i 75
0.=(0100,00.409, 09,0, |, ALBRTUEIRILHEC, W13k T A
YT 48 3 2.

B2 HRIERERIRC, R YEE A H
FRECHE A Y, IEKIBOEE A EGCPE, AEI
B p 2, I U LRI A, ¥
95— 4L 250, = (x,.y.a,,b,, 0,). AT
SRR O L e g, T i SEUT AN s

AUR3: KRR Rk SRS T IR S B 5L %
H AT ULECTE A, IS MR 25 A T A e AV



PEBE: FARRYE 20254 H55% 7

I8 1 D9 4 1 S A I AGI 45

BTl A RS A F AR, e SR
[ G N 4 2R, BATRG= B sk, #e
W LE RN AR 7 28 i 22 550/ RRE A

3.2 BRI AN B B Sl I R SR AR I STk

4= E BN RIE 5 SRR ALEAS T SR CE A LA A6 7 25 i
BN RIS, RER R B REH e SR AL 55
SR, EARIR T UL T, IRI8 )T S AR 46 B 2
RE LB 22, 4 B 2R RVR I A BV L, 5R
BB A 2 ) = 4EE BR A, DU AT 22N T4 B0
SERIHIR RBERFEA . (BT BhAR A B AFE AT E
P RL R AR Z, ORI 45 R B R e PR T Pk
Ak, ARSCB T AT OCRE RU A B 2 R AL
REIEE, A ERAE SRS PRI ORI S R, A
PIREHRIE, X IEATREANALUL AT, AN Ti S RS 7 A9
I R BERFAE. R A IRATT.

BIRL: SRR AT IR RS C RIS S K
4 p LI, SAFIEINSHO, = (x0.70. a0 b Oo).

W2 X  2 500 R /T P i B 0 =
(000,58, 04, 8, 2 M L

BUR3: R R SRS T IR R S R IL 2
o B BEAT E 5 R B, e L R e v (AR I

7RI 5N AT SIS AR AT B B DG B A
B, SRR B R IR A6 S KL, T AE R 237 5 B
Wedm 26 AE R, BE ORUEAMA [ AOURIASLI. [RIA, 25 5 fik
WA AR 48 2SR, iZ AR — AL
MR, I FRAR RN TAREAHER . BAE AT E 5L
AT 51 IR

4 PiEBES S

NS UE A SR R, A E e ST R
or WU VR B IR KD VE AN 4R A B S AE H R FEDT B S
HORH VR EAT T AT VAL, AR SO IR fEMATLAB
HEAT 05 AIZAT, THEANLECE Mintel(R) Core(TM)
15-13600KF CPU @ 3.50 GHz, 31.8G RAM.

4.1 PRI
B GRE H bR R, BRAVEH T 2 Fshs. B4t

RS ¥)FJ7 VR 2 (mean squared error, MSE), “F
¥4 xR Z (mean absolute error, MAE) FlZEHT £ K iE
2 (Hausdorff distance, HD) = 1% 2= 48 br ok iy
T S5 p 55 L SR R 5 OB i [ iR 2. Ak,
ASCBAE R 732 FF L (intersection over union, ToU) X
KRG 5 B AR R < (8] i B G B2 JEAT VAl
TR RL 2 A LR 1), AR R OB mUvE Al i A%
o R RSN AR, SR A ARAVC BC T VA S A [
W% FAR BT B SR N EAE, IR T I B
KEATIHH. MSEFIMAE) & X4 F:

1 2

MSE=N;\ pi—a.| 2
N

MAE=]iVZ||prqz- |, 3)
i=1

Forh N ZOR T s R, p FoR AT A AL,
q FERIL S L5 p s B AL E, || - IR
P £ TE (RO RR A B, MSEXTHCK IR % s UK, MAE
U5 il S MR A TP . JE IX PR TR bR, TR
AR I8 5 e SRS (¥ B e R AT 4 THT VA

T2 KA B —MEE B 5 — MEA T B S
(B KRR RS, 5 IE & T PP ASG S B0 R 2 6] £
BORBE RS, TEAHIF i I TS TR0 [ 5 35 Sk
[ o5 B 2 B P 8 307 22 SR B, 7 R T 1 A AL A
B 2 T 50 B8R 5 RS, = {a,agas, - a, F1S,=
{bbabs, -, b}, S RIEE T A R R

dH{Sa’ Sb}

aESa,bESb bESb,ae

= max{ supinf |a—b |, supinf |[b—a ||}, 4)
Sll

Horf|| a—b | FTRaFIbPE S Z BB LESE . inf %
N MNEG BRI, supRan — MNMES B/ RS
A FH L A P T 7 B A DX g (RS 0 2 1 H B X
AN B H bR X 38 2 18] 56 72 B B — Fh i B PR AL 48
Fr.EE SCNPIAN X I ASEHAAR S HEmAA 2 L, BUE
JOREIAEO~1 2 (8], HfdekFzii 1 0 4 X 35k B BB S A2
s, RSB HERE. ToURHHE A R Pros:
RURY ©)
o R FRIRAS I 2 A IR X 35K, R, B ARk R (1) &
SEX k. ToURENS B H. v i Hh i B 40 I X B8 5 H #5

loU =

1163



B et T R 0 0k 7N 5 SRR A 55 FAO a3t AR [ S B R A A A S s o

DR 1, A BT PP R 45 R AR

D B R 45 R o B

T S B R U A S R (A A B A
P, FRAME R 5 B 5ol 07 0 F R 5P 6 12
701 FLSLEs, JRFE T — UOURRE I R 4N AN [ o7 B gk
I7SEER IR, o E TR AL RIS SIS ]
s BT GO R AR LA AR A 22 38 I 17 307 6
AR S A7 22 B AL 2 0 O 22 26 i, S ARSI 1%, AR
BUWIAE AL B s 2236 B € 9(—2 mm, 2 mm), fIFE
P20 B W E N(0.1°, 0.1°). fEMLTERA, BENLA
1000ZHARMLAI AR AL 2 0f SRR REAT 1 VR AN 2047, 1512
W, (a~d) 7R T BEALAR AR LA U Ar 8 7 25 [a] H )
I3, ARSCR N YER AP, 258 i 3 Bl 73 43 #r (princi-
pal component analysis, PCA)#4E 2= = 4E3E 1T 7R, M
WILRAINLAL 28 1 25 18] 73 A W] LA, AR i 1
BB, R A s, fEE2Y, (e~h), (i~)7 Al &R

4.2

1A 4 I AR ] < BR AE A SR 1000 ZH AR HL )
GE AT AN, R AR (B 7 B R L SN [ A2 B To U A
MAERI S, BSh R 7 B B SEAR LA, 25 B Ax
R T e S 2 . P O B e T B P A A R,
HRTE DU B B B R . AR BB 1 4 TR
R LVEH, ZEEEA RS R, BB,
B 2208 DN

X T2 E S IR D B AR AR A I B0, ASFEAR A
UGG %, EERETF bR RS iR E. A
MNP A ) S S [ e R L TR Bl R B ML B8~ 1 14
FUE D 5, EHREI AR LB N(—1 mm, 1 mm)f
Z, PPN TARER R ZE. EdE ™, BENLUAE K
1000 £H £ 1 572 b Tc P9 4 26 A0 [58 pii d S0V b 4737
fili. B3, (a~d)E7R T WIUEFRIC s 1A A R S 50
[ 5345, 5 B2 (a~d)AEMRL, AR SRR 1 T 4 S 50
FIPCARR 4R = et A7 IR, W LLE H, LA IR 2
Ko I — S ORI AT, X R RN BENLEEAT T A

5.27

MAE (mm)
o o

o N IS

8
6
i
4 3.06
2
0

2.36
1.76

3.86
334

MAE (mm)

125 s 125 ¢
100 100
g
75
< 75
Z '
50 ] = 590 4.16
3.46
25 213 25 291
1.15
0.0 0:88 0.0

B2 (Mg Ror )4 B SRR S0 E T IR AE 07 201 & PRI SR, (a~d) — DBORERL R H I UK 4 A [ (o2 2L ) A
HLMIAE AL 28 2% (8] 73 A1 (e~h) XA BN 4x H Sl A I 50325 A 52 F EL(ToU) & B (i~1) % AT B 4 B Sl 154G D0 5532 F -

WIAHRZE(MAE) &

Figure 2 (Color online) Detection results of the fully-automatic ellipse detection algorithm on the lunar sampling simulation platform. (a—d) The
spatial distribution of initial camera poses at four selected positions during a single deployment; (e—h) the box plots of intersection over union (IoU) for
the fully-automatic ellipse detection algorithm at the corresponding positions; (i-1) the box plots of mean absolute error (MAE) for the fully-automatic

ellipse detection algorithm at the corresponding positions.

1164



R HART

2025 F  FE S5 FH T

FIEEL, AR SRR A, s &, Wn]RE
2 FEVILEI A FIRA R 5 B ST R w22 5O, B3
(e~h) NG~ 7R T2 E BN 5 S B e AR I v A3
1000ZH b ic s AT 10 (5 Ao W 45 2 U ToU MM A E 1) 55 .

RN, ZEIEAE AT AR LA LA Al = 4

o
EIE

SR 2 E N, AN TR RIS AR D, W]

LIS RRSHE IR B AL B, B Bam AR E PEATR] AP
RIR THEAIREIR TGP aas5% A

(@) (b) (c) (d)
: ! ;
[2 12 [1 2
lo 1 g, {01 L o
I ro oy goo 1 O .. < o
o -1 p *‘ . -2 &h : 2
5.0 4 10 =
~ 25 ~ 2 o> vy 10
_20 L 0.0 —10 K =105 > =10, 2
0 - A~25 0 10 g7 ° 0 S 0 =97 0
20 ~Zso 20 7 10 L
@) (f) @ ()
90-R Tx =
100 99.74 100 973 100 9971 190 99.71
99.50 99.62 99.61 T 99.61
99 99.14 99 : 99 :
98 -
_ 9 _ 8 98 H %8 °
B 3 o £ g S &
2 9 B % R 9 2 97 ‘
5 9% %
94
o 95 95
(i) () (k) (0]
20 10 12
15 8 10
15
= g ) 78
g g0 £¢ : £ :
=10 o -4 ° E 6 H
43} < =
< <4 § <
2 S
= 5 § = 3,
. 278 2
093 1.08 2 1.38
155 033 072 085
0 0.86 0 039 0 0.46 0 0.57

B3 (M2 ORI B SRR AS I SE AR H TR AE 0 501 & T AR NS IR, (a~d) — RBORE IR P B B R4 AN [ 2 P4
BFBIAAAMEIE 73475 (e~h) X RALE T2 B S BRI 52 122 IE L (oU) G By (i~1) X RIAL BT 2 B Sl R 572 10
xR ZE(MAE) & K
Figure 3 (Color online) Detection results of the semi-automatic ellipse detection algorithm in the lunar sampling simulation platform. (a—d) The
fitted distribution of initial ellipses at four selected positions during a single deployment; (e—h) the box plots of intersection over union (IoU) for the
semi-automatic ellipse detection algorithm at the corresponding positions; (i-1) the box plots of mean absolute error (MAE) for the semi-automatic
ellipse detection algorithm at the corresponding positions.
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Table 1 Results of the ellipse detection algorithm in the lunar sampling simulation platform

4 B I 5% R A AR Ak

= [ Bl [ < 39 AR I 50

MSE (mm) MAE (mm) HD (mm) IoU (%) MSE (mm) MAE (mm) HD (mm) IoU (%)
IR AL E (1Y) 12.17 271 4.99 98.55 16.92 2.14 5.81 99.34
RCIE P E (R E) 139.85 10.66 18.46 93.76 771.31 19.82 49.59 94.57
e A7 E 1CF) 29.61 4.52 7.88 96.43 2.90 0.82 2.42 99.64
R B () 135.01 10.56 17.80 92.76 592.61 16.93 44.00 92.55
e A7 E2(T1) 4.74 1.53 3.07 98.99 2.76 0.92 2.68 99.64
hE B2 (5 %) 202.73 12.98 21.78 89.58 184.82 9.71 26.65 94.40
BN E (F) 17.74 3.51 6.39 97.73 4.56 1.14 3.25 99.63
FINAL B (R E) 224.10 13.41 23.06 89.25 278.80 11.66 33.76 92.29
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Figure 4 (Color online) Comparison of the use time of fully-
automatic, semi-automatic, and manual ellipse detection algorithms
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A progressive ellipse key feature detection framework for Chang’e-6
sampling task
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WANG Yi’, HU XiaoDong’ & HE XiMing’
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Chang’e-6 is the world’s first lunar sampling task. During the lunar back sampling process, due to the slender and flexible
configuration of the robotic arm, there is a large uncertainty in the end operation posture, and visual guidance is required to achieve
various fine operations. To this end, this paper considers the complex lighting effects on the lunar surface and proposes a progressive
ellipse key feature detection framework for the joint positioning of artificial targets and natural features. The framework adopts a step-
by-step detection strategy from coarse to fine to accurately identify ellipse features, including a posture-driven fully-automatic ellipse
detection algorithm and a key point-driven semi-automatic ellipse detection algorithm. When the initial posture deviation of the
camera is small, the initial posture of the camera is fine-tuned to detect the ellipse. The circular target is mapped into the image, and
the ellipse in the image is searched for the target to achieve fully automatic ellipse detection. Under extreme conditions, such as when
the camera’s initial position is unavailable or the three-dimensional information of the circular target is missing, the operator roughly
marks the key points of the ellipse and fine-tunes the fitted ellipse parameters for target search to achieve semi-automatic ellipse
detection and precise positioning. Through simulation experiments, it is verified that this method can accurately detect the key
features of the ellipse and meet the accuracy requirements of the visual positioning of the robotic arm. This method has been
successfully applied to the Chang’e-6 lunar back sampling task. Compared with manual marking, the speed is significantly improved
and the human noise is effectively reduced, providing reliable support for the lunar back sampling task.

Chang’e-6, visual guidance, elliptical detection

doi: 10.1360/SST-2025-0031

1169


https://doi.org/10.1109/TVCG.2021.3067765
https://doi.org/10.1109/TVCG.2021.3067765
https://doi.org/10.3390/electronics12163431
https://doi.org/10.1360/SST-2025-0031

	面向嫦娥六号采样任务的渐进式椭圆关键特征�检测框架设计
	1�� 引言
	2�� 椭圆检测算法研究现状
	2.1�� 基于图像分析的椭圆检测算法
	2.2�� 基于深度学习的椭圆检测算法

	3�� 渐进式椭圆关键特征检测框架
	3.1�� 位姿驱动的全自动椭圆关键特征检测算法
	3.2�� 关键点驱动的半自动椭圆关键特征检测算法

	4�� 仿真验证与分析
	4.1�� 评价指标
	4.2�� 仿真实验及结果分析

	5�� 实际应用与结果分析
	6�� 结论与讨论


