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Fig. 1 Simulated lunar lava tubes

2 BEEEMNEARLLBMR

NBAT I B S R LB LB FE, A SCHE AR
1 (B FZifEaE) AEm2 bNRIEEE o
FERCL R X B, AT A0 . e, TR
KERG, TEHE BMBAEE T 12 A RS H80E, 5
PUEE T AL S 10 H BRI E S N e AL se s, WiE2
R ARG € AL AEAS [F)DG B 5 TR 26 A R VERE R B,
FHRARIE 7 R W2 Frs
2.1 ERIHIRIREL

ARSI I T ZED2 VAR FHAL. Livox-Mid 7080
T IX 5MTI-680G i 4 Ml & Fr e At 2 1 e A Eidh R AR &
gt, WE3FTR,

TR, ZED2AHNLARA 1 91200, BA1S FPS
R IREL T R~F 640 x 36018 R FSILAR S, T
FELEDXT X650 77 X347 72 B S o, o HRBH X 38 5 4
MU DX IR FE 25, B DR AT S HE B 5 e 7 26 ST R AH
HUSAZ X35, n&4;  Livox-Mid 70TH P0G E % PLK
292077 55/ 50 T ZIRBUAT 7 70° 403 F O s = B
WIES; MTI-680G U LA200 Hz A 5 35 BUAT B ik A2 A i
HE S AN R . S8, 7EUbuntul8.04 R 4%
fJROS Melodic¥- & Fig AT ML B E R, #3M ik &%
£ 31 1) 8 CRAT 2 rosbag B H A Sy AR STHIF 72 14 5 4 2
P, o LA AR BLER B R 6 AR IS £ 0 i
AR IE AL



340

AR AR CRIE30)

20244F

FERIE BRI E fr
HR BT

I

v

ﬁmﬁt|

B
IR

v h 4 h 4

| LA bR E

v

| % B I
Ml UL

v

| I F BRI 2 s AL T |

v v v v v

m

o ; i b i

Wl L (e |m| | %

ool I I S B Y B

x =1 Iyl iyl | ad

E TE - - o~

fr | | e ;ﬁ ﬁ o

A RIREIRE

m| m| |

» "
PRI L L e

v v v v v

S o Bt L 5 4 #r
R R R A
H s

B2 HERbE e GRS ELRIT T %

Fig.2 Research plan of performance comparison of localization methods in

lunar lava tube

MTI-680G
LI T

Livox-Mid70
WO i

3 HIRRERS

Fig. 3 Data acquisition system

(a) Zisgt%

K4 SEARGXT R
Fig. 4 Stereo image data

L |

(b) £i514

ZED2

VLAAAHBL

5 WOLHEHE
Fig. 5 LiDAR data

22 HURTALEE

BEXSAS [F) 2R AL AR R G A — B il R, B0 T 46
AR P imu_utils"*' T B A5 14 I 2 52 e 1 A 2 Bk AT
FraE, ARJE (8 FKalibr™ T H2 H e A b B 5 oo H A
HLE) P A2 5obr s L B A ILAIIMU 4 2 (1 BB A
P HLidar_align"™" T. A 58 sO0 F5 IS FIIMU FBX & bR
S, WIS 2R AR RGN G — .

BT 282 MEREMR . TR REREEEA
A, B2 2 AR R T A G — . Rk, TeAE
FAROSH 8] [F] 35 45 P SE L SZARARBL . WO F 38 B
bR e erise o T3 i 1 el P e R e
¥ % [F) I E) R4S B — [ Mrosbag B b S, 52K
S HECHE B ][R]0 AR 2R
23 BREEEMMEGE

ARSCFETFGE . BOCFIIMU S 52 BB i Bk %
FETHIEN AL, X oM AN [E 2 4 e AP
REE MR . STIG 43 i) 7 A SR X B
I TR AR 204 m/sRTER T, 5 i B 4150~
300 mifHHE KA

FEI L R A T AR B R, AT
FLAT R Y, AN X0 RAREROR, H SRRSO
R R 5 AT DLRE M WT o A R AP, AT E
REFEARG P AR . Rk, fEZSEIX BN, AR RS
LS 5 HOCHEAE, BERURAT SRR A
W ERLER SE AL, 23 ) J ST A B S AR AL B S O 43 i AR
Wi, XM IR AL TP SR 2 . AR, AESK
KX NATEANFEKERGE, BIEAFRKE e %
ket . 1% X BOR AT B e A T VR R

1) SEARRSE AL T 7% 3B AR AR S AR AR AL B R
FRAE ST UCEC, AW 7 5 AR AR R S5, S
HLEAL. ZITEFH TS E N SOE
IR BRI R G R AR R K, TE TR 55 SO B EE
MRS NARAE E LRI g . 4305 FHORB-SLAM3™!
B R O AR SRR RO 56 BT AR AL 9 S A AL B



54 W]

EEI, 5. M RN E AT % 341

2) Wt s m . ST AR S = ] =
YERRE —B0ME, B S RO R IE LA S
K, SEPUELEEN . H IS EAE NI R E IR 4
W, BA—Em=gEE5MRHE, A5 HBALM™ 5
T SEILBO B IR I E AR .

TR 2 AR AR IR, AN REAK 5 - RF IR B
ITAERNATHE. ZXBWE 2 E 4, Bima &%
ZRAY, 1TET WA, RELFE &R 3R
o EPXT IR RRAR RSB = . Hh IR 2 085 I (1) R [X
I, ASCAE IR R OREIMUSE, 2 51 [F ST AR AR ML
SO IRRG, 6o b S R 5 Al A i E A 7
RIFHRESTEME. N —PDRIEE A E T
LM MR, KBRS S
IMUSE = F AT Ao A Ab B, R e E—
[FX L HT o AR 1% 50T R E AL TR

(1) LB AL A IMU E A 7. 3 FIMUML I %L
P, T SEAAAEALM B AL 284k, 4G REAE SO 25
REGEMMNALLSHL,  BEAE LN AL 58 Wi E £r 2K MO 190
TR ESEM AR, EAREERE. HERISEE
NI IR 25 MR8 2, AR5 HORB-SLAM3 Bk
FHAL B IMU PR A R S B E 7

(2) BOLRBREIMUER 7% . BT IMUML
B, WMBOE S WA, S5G s s s
REEMUALESH, BETEFRL IO A Wil HE E 1
RIS e 45 R . A5 FFast-L102™!
BRSO R A TMU BRI 1) 58 AL AR

(3) W5t BOCEAIMUE A 7. ik MUt
i) 7 2 AR A AR Al 5, R S AR AR 5 VT T 25 R 5 3
MR S R AT LS s — ik, BErEd £
FEM M H e 5 — AR TP 53R 2, XA $E Tt e A 7
TETETL IS OGRS = 4R R AR AN 78 2 DX 38 11 58 o i fg
PEo AR HLVI-SSAME ZEF BT . WOt s
B ATMU & 7

B RLESG, HT ATFRET A HEER 347 0 T
RIS
24 EMFHRETEE

HTWEEARSHoER, 25, &&&H
EORBESAE TR, M LB 3 R AT i AR 1 P
WZE AR KRS BAE N E AP IR EVEN 2% . fEITRA L
W, OREE M, BATEM AR, gt
W& ZEEREA R, G ZES AT EER R
EAERE AP IR ZEVEE SRR WSR2, a8
B, WEATEWNAE, ZRES ST, KEER
EHEATERIE . LA ESCmk[21-25], — MBI

"D O Rl BT PR 7 92 R G A o ) 57 28 7 Ak 2 B Al o
B, O 78 0 R AL REAE s U C S5 0% Sl s il 25 1
TERNBEAE M, PR ER . RS %%
W, R ZE R A R . O RS 15 S I E
RTTREE RAE NS, 3 VRO L3 Rl & IMU A0
Rl IMU & 7 R I .
3 LWERMES SR
3.1 IEEIER

FESEIL T, 5 JalRI R A 51 SLAARRL 38 R 5
e =GR, 5 B R FH 2,37 SRR s A T v
S HOE I 5z 8 S RN R S S AT e AR

1325 fr g R Ee.
30
25+
20
g 15+
=
10 f
5t
ol — LR E LT
— WOt S B E LT
-5 0 5 10 15 20
X/m

6 TR AL SO i AL TS L B 2
Fig. 6 Trajectories of visual and laser point cloud based localization methods
in cave 1

Zhh, BRATERE47.88 m, XU H SLARKLAE E A7
TEWEZNL.A6 m, EACFRZEN1.53%. B0
CZEMNTERASZENLSI m, EMFHIREN.89%.

it — P BE SEAR AR S ORI S B e AL T
IR, TR AT E — N KBS AR, [H
I SR A P 81 ST AR A B BR800 = 4 14 s I 52 1k
ENARE, S5 RWET.

Zeie T, A4 K246.56 m, XUH SRR E
BTG 2 08.87 m, BN FH41R % H3.59%. WOk
Rz 7B LTV ER] B A% R 22 At ) R 2 AR T 7 2R I
M AR REfS e B B 4 R

VAR 1526 45 AN 1, STARAIL 506 F ik e L
TIEAE SRR ] o T AR G S HH R 858 ] i B 48
SENL,  SEARTEGE RE AL 7925 58 AL 3R ZE WS

KB AT IR T, 12RO 3 SR 41 4
MBI AR EE TR, BT sE =4
FIRFEAEE, N2 S RERAR, M



342 PRI 2 (R3S

20244F

M7 B HR AR, AR AR I3 3 5 BUH SR I = e
MR, RAETE R ER B E AL, M 1 Th i s e HE R I
fr B3R B8R . B R AU E S U MTEOL & ik
mo RO AL B R E g, I8 (a) ~ (o) A&
SRR =i s, (D) AFE (o) BRI
M . ANEFR IR B, AT =WE = B2

100 - e s e e
— LRGN T

80

60

Y/m

40}

20 +

0 20 40 60 80 100
X/m

7 R ALK B AL E LA R
Fig. 7 Long trajectory of visual based localization method in cave 1
®1 WINBREMGEFRENL

Table 1 Comparison results of different methods in cave 1
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Localization Methods for Tube Exploration

KOU Yuke"?, WAN Wenhui', DI Kaichang'

(1. Key Laboratory of Remote Sensing and Digital Earth, Aerospace Information Research Institute, Chinese Academy of
Sciences, Beijing 100101, China; 2. University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: Aiming at the localization of lunar lava tubes, the volcanic lava cave in Haikou City, Hainan Province, was selected
as the experimental area for simulated lunar lava. Localization methods including stereo vision-based method, laser scanning point
cloud based method, vision fused IMU based method, laser point cloud fused IMU based method, and vision, laser point cloud and
IMU fused method are applied to localization in the field areas of simulated lava tubes. The experimental results show that the
accuracy of stereo vision could reach 3.59% in long-distance travelling mode, but the accuracy and robustness decreased significantly
in harsh lighting conditions. Lidar could achieve a similar-level accuracy as vision-based method, reaching 1.89% in local area, but
its robustness was affected by data acquisition rate and field of view. The integrated localization method using stereo vision, LiDAR,
and IMU achieved robust localization results in lava tube areas with extremely harsh lighting and terrain undulations, making it the
preferred choice for long-distance continuous localization. The research conclusions provide valuable reference for subsequent

research on sensor configuration and localization methods for lunar lava exploration missions.
Keywords: lunar lava tube; navigation and localization; multiple sensors; deep space exploration

Highlights:

e This article presenteds a comparativerison research study of localization using stereo vision, LiDAR, and IMU sensors in the

simulated lunar lava tube environment.

e The accuracy and robustness of localization results of different sensor combinations under different illumination and terrain

conditions in lava tube environment weare compared and analyzed.

e The localization comparison research and analysis results with different sensor combinations provide an important reference for

the design of future exploration missions under the lunar lava tube in the future.
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