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Abstract: Rock-sampling robots are essential equipment for the intelligence of field geological exploration. However, in actual
operations, robots face severe challenges such as unstructured field environments, intense illumination fluctuations, and highly

variable rock lithology. Therefore, relying on a self -developed field rock - sampling robot platform, this paper proposes a
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multimodal fusion perception method for field environments to achieve high-precision segmentation of field rock regions and precise
calculation of sampling poses. Addressing the issue of irregular terrain distribution, a multi-sensor fusion mapping method is
employed to construct a 3D map with accurate geometric structures and rich texture colors. Based on this map, by integrating the
geometric structures of point clouds with visual texture information, a multimodal collaborative constrained unsupervised rock
segmentation algorithm is designed. This algorithm leverages physical priors to effectively overcome interference from drastic light
changes and resolves the problem of insufficient annotated data caused by dynamic lithological variations. Furthermore, in light of
the execution constraints of robotic sampling, an automated sampling-pose generation strategy is proposed. Through the parallel
processes of local surface feature analysis of the rock region and kinematic constraint correction of the robot, the optimal sampling
point is selected, enabling a precise mapping of the sampling point from the environmental space to the robotic operational space.
Field experiments demonstrate that the rock segmentation accuracy reaches 89.57% , a significant improvement over the traditional

region - growing method. Furthermore, the sampling-pose estimation achieves a mean position error of 0.696 cm and a normal

vector error of 1.44°, which fulfills the precision requirements for autonomous rock sampling in the field.

Key words: rock sampling robot; environmental perception; rock segmentation; sampling pose estimation ; computer vision.

0 5lH

[ PR 77 B 5 A O Ok B AV T R R
PRI B A T AR A A U O R 2
— AR BCR A AR R A A A RE R M RN B RE
fug A Ve & 1A S 1 RO BT A R O S R SR T
PR AE T 55 5 T . AR R, B BT R A )
i 38 1y DX A2 A% s 00 4 A s DX OO L A% SEAR A
A IR 5 X 2 i 2 X LR GRE A R BR S AL
M BARARTS NT1 A  B HEf  E R R A
S AR IR NG = g o R L N A N
JEE 52 2 0 28 8 52 W K, HORRE 7 0 4 Bk = — Bk
AT A X DA R B M B AR A
Tk LR REAL Y B D)oK

UTAE R BEE R RERLAY N S5 B R ORI &
JE LA AR AN A o B9 0 M B T 56,
H AL R BE AL KT B O BUREAT 55 A9 T 474k 5
A AR PR (B e 04 55, 2024) . BLAF AR ARl 52
B FHORE A9 A% 0 P AR T L &R N e 7 A2 2% B
HMERBE A DX 03 A X AR A A R, O i —
A2 AN HL I 5 A7 2 1T 30 BB A VRl 07 5 . ik BESR AL
o N B e R A R R ) BRSO R D, ARl s 1]
W S5 BE 1 DA K R HORE S B HL b v AT AR A BR
BERCRUE LA N B U R R B 5 2, T A
Ja] BB 55 M T, I DA A2 2% 9 BB A B 05 e R0
A DX e T HORE 3 B UL AL 2 N S AT HORE 3l
VE B B8 B Al $ fib os 0% ) B A2 BT B, W B AL
o NBEAT 0 A0 W 5 W 8 5 A Ml 25 1) il S5 g DU L
e AT BURE (9 S B, RIDHL 2 AR LA 32 A2 350 31
F19 2 A1 DX 3 456 096 I A ol 2% 1 B9 JBURE A, O 2B kT

IV ) HURE 7 5

1 5 A1 2R 58 A7 76 5 R 25 4 AL RRAE 5 R 20
R L A5 o RS 0 19 B 358 SRR H Ak 1) 249 L 4
N A A BB A PR R B R T L4y o B
B = 5 S B AT S (Xie ez al., 2025;
Xu et al., 2025) , 1 & 8 1d @A 245 AR5 iR R
BF A0 5o = 2 A5 R 25 40 5 AP ARAE , AL A% A 3
Bt A B Y I 28 B UE (Lier al., 20215 Liu ez al.,
2025) 5 Ji 5 W) 5 F = 2 Hb B SEBLUA A B B R o
W (Bar ez al., 2020) , W4l X 42 19 25 [R]85 1]
JE R S URE P S B SE Y . H AT R R 00 PR = 4
A TR i MR R A% TR B SIS R R LR R T 0 O 3
TG T BT IR U R 2L A A 32 (Ca-
dena et al., 2016;Qin et al., 2018). & F % ) )5
A AR NS SE G R, it &
o 5 A 5 VT B (Mur-Artal ez al., 2015) i & 3 T 1%
B E I B 4% 1k (Engel ez al., 2017) , 76 % 83 7 H.
QU EE N E N s RS . (H TR A T
I 450 o 5 v, PR o R R T I 7 0 kR, i 20 1 B
JEE S W ARSI BER B LA & R ALER N iE
Bl ok 1 i 2 5 B 5 R GE ST, W B S B0
TR B B R M, 5 K o T RS £ & g IR T (Cam-
pos et al., 2021). #HHZ T, 3 F#OL & K0 ik
(Xu et al., 20225 Liu ez al., 2024) F FH#06  #E (4
Wy R M HL A B RS S PO R T e
3, A JUART 45 ¥ 1 52 05 T 2 AT S KA (Zhang et
al., 2025) AT I8 A U s o AR T TR B Y
JUAn] BT, B 2 B 68 5 SU 45 TR LR . 51— T
T, 7EAE B WA 3 5 AR A o0 A 1 5 A2 B4 IX
S, B2l AR R AR R AEME LA R X 2 H A A AL A TR



%8l

i (R4 - TR AI A £ BOREAIL A N 20 B 25 R 3R 5 I R vk 2929

SER I R AR, P 2 TS SR E LA AT S BURE
BAE.

H T B — A 7 B A1 IR 25 4 6 S B v i R FR
P TR Ok 2 A% AR A i 8 B R B
Ui AR RS IR EE RO TR, AT A ARG S RS
WiZ& (Zhang and Singh, 2018; ¥ = K%, 2025). #
¥4 2 55 (Zhang ez al., 2017) B AR 45 44 faf 24, {H 4%
15 A8 I ST A B0 & (Forster ez al., 2016) , Zug T
12 I 25 TR] 0 9 TE 29 50, 7 T8 52 Bl sURR AR SR b X3
BH 5l A BFR 2 (Shin et al., 2020). N T i L B
AR kG B S R R R TR SR, B A A A
¥ (Sun et al., 2018) N AR L £E . BHA T ik
E J e BH 2 TR SO TR 8 I LA 2 B R 1 O
JE 29 35 IMU (5% 4 70043 147 B A AR K (Lin ez
al., 2021). X ) XA R AS T HOGTHEISTE T
S5 DX AR Ak TR) R, B TE TR A SRR A R 2
B BT RS R R R UK Sl O —
IR EEME RS Y HEMNHEARBER
RO A TE R UE T K G R B Y (A
LM S S aE FEMEals
A

SR, b3 B 45 A Ly i 0 9 AR Bt b A7 Ay
A AT B TL AT B B AR B = X R N 4 1
SCHRAE . AL AN B A e T L 0 TG vk TR )
P LR T HURE (A A K A R R 4 A Tk
BRSSP HLEE AT A A BUORE A

AL 2 B b PR B a1, dnfar B A 4% B
Ah IR 5% HpnT E Hb A ) A A X, = S A B Ak R
BEVE Y B S s A0 B8 . B0 15 S0 8 1 RAR T 43
AW B 5 0 W B 2K (Pan et al., 2020). LR i 24
2) AR 2 B AT Wa B T VR 8 A 2 ) A A A B A
) S0 4SS IR S BRG] O R A
BIRFAE B2 HURE ) 76 4544 A B Hi 2 b R AL 5 (Zhao
et al., 2023). K35 B dh 4k B =X A R 3 26 7 vk
FEAGAETIRIGE A ETERRU L THRES
2 (Hu et al., 2021; Wang et al., 2024). T % iRk
PRI S B SR BRI AR R 1 F 5T R Bk
T 5 5% FA% I8 A o 15 2ok S8 9 2 0505 Y TR
Al iE X4 #) . El Madawi ez al.(2019) 3 116 RGB
VT 5 B 46 S W A s D0 s 5 O X, S T 6
HWOUE ARG BRI EE W T
5B BRI 2 . Lin et al (2025) X 5 50 BR 1f % 5
5V TE AL v W S e i R A ), 4 R T O LAY

HI Rl A SRS IR 45 A T AR B T R I %% S ok
5 A B X 20 AR A B A T IR X (9 1) L, Yan
et al.(2022) 4211 T —Fh 45 4 2DPASS 19 )5 2, #I H
Z REERA 5 R ZE s 72 U Zhoad 72 b o — 4k
PTG I 5% 1 56 30 MR B8 28— 20 I 2%, (AR i =
T 2 B AT S0 e vk g 4

SR, A8 bR e T IR 2 o) A B Oy i A
O FEEHE A B T L ke EAE T ) BY AN A A
HORE 04 52 B 0z o AT T e M 0 Pk K. A% 0 ) AR
T, TR B AR AR R R R A | e B A A A T A
e UK B FRAE 2 2 T EF A b BT 3 SR RO B £
WAL R B 45 S, HL32 2790 B 500 IS b 52 e
M A BT A DI RN R Y R E I R AR AR
A Ry By — BB 2 58 A B AR R B TR AR A
17 AL RE 18 3 T R e DL B4 0 A 2 R I I
PR B M k2 N, JC B U7 ik (Pang er al.,
2024) AR BN T AR TE 18 0 50z LA 4 AR
(Wang and Sun, 2021) = &l & {5 B (Yang et al.,
2022) % S 9% HEAT DI04 R Q0 Tk il
MRS BE Mk R 22 S (Gorai ez al., 2021;
KA, 2023). FRXIE Tk 2K T Y L X
HH 1 %) L AT 5% 40 LR AIE | AT A R M i, X AR 7R )|
S5 VbR TE B 00 MR PR AR AR . SR, 78 B A S BR 2R
Bih, B — A Y T W B Oy AR AR W] R PR AR
8 LA R A0 M DL DX 3H %) 25 A 3 T 5 R T 4
T AN AR A0 5 45 A0 D A 57 32 B R B 5% L 3l 280 I]
BT, R BU™ E AR R, e G U S
LBEAT B 16 TC W B R T S I Y A ol
SR > AR AR SR DR A ) R

AN A BB 2 R IR T 2R B8 1 1 S
B, BP0 & F 52 B E bR XA 4 B0 SR B0 A=
V7 e LT B B NG (B ARG DD SR g U
S TR AR A 3R T A AR S Y AR A5 A AR
TIE 52 24 0 LA S5, B ali (9 1 SC oy 0 45 R Tk A
AR P HOREFE L . Anfe] £ 2 40 1 0 5 XN, 36
TRy 3% 1V B S ML A28 S 2R, [ 38 N
TE T R 2 I ) i 24 R 5 LR s B A i A
T EVES e A A AN AN RS, 2
S5 I R R ) ] TR A M 2 b R e Y DG

S B R R A A ORI & N BE ARl
PRAL T R BE A {FE T ) B AR A BORE ) S5 PR
F AR AEAEBRER . — 7 1, BUA o 5 510 07 vk
VLI I BF AN R 25 ke Ak 3 L AT WaBE vk v B AR K



2930 HERBL2E  http://www.earth-science.net

MUREAR 1 BoHh , B A st B A B 2 AL
& Hs s 2E e BOR, T BOBE L 7E i = 58 £ I R A )
Z AL RE J1 32 BR 5 JC M B 7 1 OO AR, fH B — A
AR AR FL I 55 - LSRR AR 5 ZOL IR S IR T,
JUAR 4 A A P 30 X Sl = B RURE , B — 4 A BRI
HE DL AL 52 B i B A RS E PEEESK . oy — 7 i, BUAY
WH5E 2 1k 20 T R85 B 3 SO R 128 T T S
CPATTRER AR L AL NGRS A A BT AR A, 2D
TV B S A 3 T A0 B SR R A R 7 5 2 IBORE B
PR it 249 SR, 3 O T SCRE A S AL g N IBCRE A ML 5
2R L TR A7 A 2 8 )

BEXF b PR, AR SR H — Bl 1] B A1 A
FEHL AR A 04 20 B2 Rl SR 7 1 9 A8 S B B
SR PEAT TR, BARSTER AT < (1) 3 T LT — 2
H B[] 2 B o A DI T I AT R B A 3 Sk
Z R RO B — R AR AN BRE A [R) AR S 58 43 )
FHERET Ak R S = M T RS RO
Az JUAT R AR 5 AR AL AL 5 A 1k A BB 5 A ME T . 3
i Z RS P R 290, A RO IR T R — RS TR R B
TS IR AR, ST A A DAY RS o 4
B, (2) 855 HLas NBOREAR M i 40T 29 3, i ) — b
WORE R A7 28 1 Bl Az iR i e A X S R
T RFAIE 53 87 55 B As Nz 32 0RO E , e R AL
A BORE i, I 52 BRHORE 5 DA FR B8 23 1] 2 AL 25 A A
2 5] F) R T A

1 MR

AR ELE G PLAF NTEEF SRR B T S B A J2 Ok
P18 R K, AR ST i 19 o A BBORE BIL e N B S5 A9 BT
DA B 22 58 25 Rl 5 114 B 35 SRR 7 1 B4 S MR AE 2R 0 Sl
AT A
11 ERBENRAEEIZT

B 08 BF A1 b 5T 18 37 S b M T I IR 2 v
RS AL B L A S T T — B A et
VI AZ HRE TR H EE A BUREPLAER N R G, B R 4G
BT an & 1R

TER% 3l F- 5 75 T, 6 T 45 52 2% M IR 3 1V e
14 0 R AL g AAE S A, DLOR B AL &% A TE 18 47 3 55
AR T B9 RR AT HE . IR AR LA BB A5 AR
WO T A 5 G AL, 33X P S RO A% I AR 45 A AR 3
& A 2 RS Rl A B PRI RO 7 125, LA A B
SRS R B A A7 RE T LA B BBORE DA TR AR Ll . 7
FERCE DT, REHEH T — 6 A b EHUE

LivoxMid 360

[

|

[

MV-CA013-A0UC |

et | (
7777777 BEAbE VRN

K1 e IR NSy
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Fig. 6 Statistical distribution of rock surface curvature
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