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Abstract: As a crucial energy resource, coal mines are characterized by complex structures, confined spaces, and insufficient
illumination in their underground environments, posing significant challenges to fine-grained 3D perception and modeling. High-
precision 3D reconstruction is not only a key factor in ensuring mining operation safety but also serves as an essential foundation for
analyzing stratigraphic structures, constructing transparent geological systems, and monitoring dynamic environments. To address the
limitations of traditional single-sensor approaches in underground scenarios—such as severe occlusion, high noise interference, and
limited modeling accuracy—this paper proposes a multi-sensor fusion-based 3D modeling method. The approach involves deploying a

multi-line LiDAR array on a roadway cleaning vehicle and integrating visual and millimeter-wave radar data. By employing an automatic
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stitching strategy that combines local feature description and parameter estimation, stable geometric and texture features from multi-
source data are extracted. A two-stage fusion method is adopted, which integrates initial registration based on feature matching and fine
registration optimized via probability distribution, effectively overcoming matching ambiguities caused by repetitive structures, dynamic
interference, and varying lighting conditions in underground environments. This process progressively constructs a global 3D model of
the underground roadway. Experimental results demonstrate that the proposed method achieves an average registration error of less than
0.12 m in coal mine roadway environments, improves stitching efficiency by approximately 47% compared to conventional methods,
and reaches a target recognition accuracy of 92.7%. The findings confirm that multi-source information fusion significantly enhances
the accuracy and robustness of 3D modeling in underground coal mines, providing reliable data support and technical reference for
intelligent stratigraphic modeling, transparent geological construction, and the advancement of smart mining.

Key words: Underground coal mine; Three-dimensional reconstruction; Multi-Sensor fusion; Point cloud registration; Environmental

perception

0 5|

BB VR M R RS PR (B AE, 2025),
Hur-5a3uesE —BER_KEMNE S (GRAL
2, 2025, FENE, 2022) o B REHE R RIS VE N
AN 5 R ROR F ) S SRR, R
56 FR N )& VB A ] S B B A iR AR
FEFRR L FTER AR, LA A LR G i
(Othman U and Yang E ,2023) , - F EAZEHEH
FAE I e T SRk K, AT HE 2 S v AR
I = YRR S gl . BRI = 4R AR S
IR B Fia 4T 5 7 Re i fe ) S R S,
B A A 2 PR A R A 0 I B T AR R 1% O
Benl (EGoRsE, 2025; FEEH, 2022) , T4k,
BT WGBS A 25 8] SR B = 4 @A

il

R, WG TR R B A B 7 v A 5
A BN S BRI N A S (2025)
T I AN R 34T 1T 5 35 3 35 = 4 B g (1)
7t WM EREE . MR EBEAREX . R
T, PR AR R S P BB M B, TE 2RI
BRSO X (EEER D 5 IME Bk T 8o
BRI (Yang 55, 2021; K 5%, 2025; ki,
2011) .

BOE T IR N = g R T A — KR ERITE,
MAEsN T~ OB R E AR ESE, 2022) . Big
HEF (2025) FETHOGE AR B 8 2R TE 31T =
e, AR R SGEAERIL AU [ R e il
W, BB R S g ) B R,
Maccarone %5 (2023) ¥ T — B2 T HOL RN
AREIAK FROETIE RS, ST ERBAK L 7.5
7K R =4 AR S s XSS (2025) 42
H T — R T O S Gt 1ICP Bk =4k E
Tk, RO T RVEERE R IR SRS R . SR =
Y RSHI B SR, B TR N RR TR R, §
SR B MERESZ PR, HL SR vl & X RE SR I R 1Y)
R R ZEHE, N TR ERE N R, SRR
T2 P o PHE (TR, 2024) .

N T SEIASE R AR, ARG — 1
ST RAENSE . R AGE AV EARAE RIR T (38
JCRAEE, 2025; THITAESE, 2024) o IR (2025)
WG RO IA S 2 MR, 458 A

B TR AR R (CEEESE, 2018) 5 [FIRT,
FIFH 22 U5 A% IR AT I 1 U Ao T AR T s i AR e
PE, ORI T ZARRHT 7 (Wang, et al.,
2019) o RAHRTHE TFR 24P PTARAL AN Be Ak K
S HA B

HAT, BEE RN S B BRI A W R
e, T R A = G @A 7 VAR 24 R A5 ) =
P H 28 . BREES (2020) A BITRFEMIHLIRELA
I Z WS, 328 XU 8 U SR VR B UG Bk
P52 LAk 7E, ki AR =i . Bai
& (2023) FETHLAME LA N B £ M



RIGRE R RRFHEA, AR T BRI 5
—HEE R SR AIRE /1. LIC-Fusion T
MSCKF HESE, 4 B0 H ik $ 3 1) 1 T RRAE A 2%
FRAEHE T AL A, FERI IMU SIS AL 4 ek AT
R Al T AN B 2 (Zuo et al., 2019); Lin £ (2022)
$&H R3LIVE R4, AEHOGHH A S 54
T &%, HAEoemirE BAR TRk A BOE ISR
R AL B 1R 0 5 A e 4 SRy b PRI T T LART 544
PR DEAGE P FURE VR AR ATLRR G 1 A B2 () 50 v
H PG, e At i — AN B B =4 .

EEXFRA LRI, AR SCHEH EBEIE VR4 B
NE ZLBOLTEIL, JrRl G =K Tk 5 fs
A, W BRI TR =R RS %
RGUHE T[R4 JR A A SR B 2 ) AR e 2 B i o i
DEZ A R EBNECHE,  STET R g 5T B = 4 A
Al ARSI N R BRAS S 2 B AR RS R
SRR . 8T 2 AR B R, OB AR
ks M G5 HE R, =R FEIAREE A,
K S, THL R X iEs) BRI e R, At f
RN A RO 5E UE R . WERE EIEA R
Tt T RGES T B ARSI IR A AT SR
KIS, NIEEEME LRI T S2m 3R
PR 2 AR

AN, ARWFFR R AR =R R g,
BXAMIR T B2 & 1 Sh S-S kR, 5 iRiT

RIMEAE TR R 2 U AR A Lo T R4 1
SR BRI U E SRR . ARG
B AR BT AR R R OR GO LI LT A Y,
LI R AR B XS, R E R AT RS TR AR
WIS A R, IR TR ERENE Al [F
I, B R BE A T T SR i BT R 32 A AR T SR TR
W ERTAS DK A o el 15 328 W i R e 1 2% 114
PR IRAL R AL, SR = 4E R Rt AT SE A
P IR 13 5T DR P

1 RGREA- 5

G ARG E T HBIER A, AR RS
ARG L ERPURBIA S, WilE 1 frs: H—
JCTRIEFEFIRL, 73 KPR iR 45° 2351 1)
PEMb,  SEBUBE AT 7 3R DRSS MUBE L THURAR 42
Eai i, e = e E R v R H - Bun s
8] i = et s e O L2 oK R A TR, i
R AR R S 2 T A KB IR,
R AR AU MR AE B 5 AN S ARG IR )2 3
HAr iz, SRR SIS SGRA. 3hds B ARkl 58
AENEETIRE . B R Gl 2 AL AR 1 R 25K
LSINRETAN, MR T EHIUR RWII REE
H T =HERAE R R, NE SRR S5 R Rk
SRIRBL T AT EE (B

E: I ARERBRWEERTEL. ERH; 20BBLZETEREM; MBAFERETEMR
1 ABTEIH UL AR A R A K
M T NIRRT R R SR, AW FUIE ] 16 £B)s

L1 BOLRIXRSHE



BRBOL T ILAE A% LR T . 185 IR IA AT
2R 18] 1) 3 B 20 HF R Oy 20, TR ELALA T LN 300,
K 2 Frs. BABE =@ R 2R T 8
N6 o S X 3, o0 KV P A 2 ] A Rk
BAA =A@ AR AL . TR — FIA
BN, SSEE R, ASCRIPRI =63
JCTRIK O RS BT 5 O R IB K 2,
PRI TT AR AT AW 6 T IE 23 9 1 P A
w4502, ARNE PINEE R THURAR X4k, 4nl& 3
P BLHRE S 5 728 2 M Rl s Bl R S
P, MR, ELERBIE =Y N SR
+15°

+13°

+1°

» (0°

-1°

-13°

-15°

Bl 2 BOLZ AR M i =

FRIE A
KPRH

=

[CHUE e
iR

A

B3 ETHOLHE IR 2R EE

1.2 B - T IR TUARBRA B R Bt

v i 48 B — AR IR AR B IRG FE . RRIE
P RG] ST E A KR, APHRCRH 2%
RS EBOR, 25 E S KB E IR B AME S,
W EEEES TR ARG, BHEE L, e
%E KBA12(B)W H AR (7#2 19201080, 0.01
Lux 6%, 86°#LfH, 25 fps M%) , MGl

Ti BT A5, SCRedcg . AT NS EARE: FERT/
JE 77 & E GUIHR0 =K HiL (S 76-81GHz,
PRINFEES 0.3-80 K, WIFEREFE 0.1 2K, WIHEAEFE 0.1
m/s, 100°7KFERIMAD , AI7ERERR A, F9HIAEE R
FaE R S ) SR B A B S0 . RGTE I Ak
AL E S B IR I e A, AR Rt
ErEARAL, SRR SRR B 2 4RI TS
B, A o N e SR AT A ke SR T XS T3
1 e AT A B S

2 B BB AR SHETE

RHHE B AR 2 WA, KA T 2 AR
PRATHRE R D RRE R —SHHERT, i
A i e B R AR B R Ry kil
HAOBURAE SR B LU SE T iR s AR N R R, 1%
TNEERAPHE R Z A 2 L E DR, HE
B XN HARZRENPEE) VTR, R sz
J B A SR AR . T 7 i A S LSRR
RFAE L FEAC BRI 15 = i, T SRR B
07, N LB RRC A7 % B AR e g xt
RiAE S, AHAE R B o h T Ehk B 5 % KB AR
R, BAESEBH B, &2 IO 2
AV HE mixT

BER BBk, ASCEE S SRR A U 1 =
BWOLTIE RS, R MRS R LER S 2
G2 A R = BEh BT k. SOTET A
2 ik ) o Akt @ P ERE S 0 E I
AESRIE S e = . AARAE I 4 By
s, EEARFLT PR

(1) X =AEHIBREN = HHE AT AT Tk
B RAEBEEREREERT R TR MBS
L AR B SR AR 1 2 B FE B A TR R AR,
e il NP iR SO | S L S Pt BUWANSY 2 KN
RN RAELE DR BRI 52 BE M A [ B I 25 PR
PR JE AL B

(2) FEESLASSE MBS R NG R, FEBIEIA
A B AR A L ARSE T AR S R AR L, A
N2 TIE R m PHER LR SR FERHE SR E B



¥R B fE L  RGB ##t 2 HSV 23 [A] LA i %
SE M, FFR M WAETR IR 4 1SS(Intrinsic Shape
Signature) By HEBUR i S0 B0 JUTR-AE 5 456
PR — B S P2 B 2 R AE A, MR 2 AR
FHIESES .

(3) Xt 73 A 2T A B A 22 57, SR PR Ry
fiE B /7 ¥l FPFH(Fast Point Feature Histogram)##i& 1
XPRFAE sUFEAT Gt , 38 I R AR LA B ) A ST
DLRC st o JETAric s A A VU HC SR, Ie H SV

/N3 (TLS) fili v R0 B b SR A 7 1A 5 2= [ (R o 248
BB, YIPTE R B X5 .

(4) JyiE— BRI PR R, i s ARILA IT D
SRR SRR, EHURZE BN RH A, I ES
Btz EVSVPEPRRE BLEMEHER .
B, RRIERBGE 5 (ICP) Skt v Pt gs
HATREAIA, WERERRE, SHEZHFESAEN

A OGRS

WASMAAE
- AL FAE]
B | o E — =
} S5 z —
: W A A BEMAEER
— 3 % % -
BRI # ~ &l |E AT
______________ T %ﬁ || |Awwe N\ IR
| ‘ =%+ [l&[T|Eewe Vo Ee o 3
C2n | mmseeangw || |y | ||| [ews 0| |2 (E { \
=T 1 i b E-S & |
I P T R 7 #
il i P e EREE | 5
F::::::::t::::g;ﬂ’? = | — Lf{mawa [
2| mRE | oam LW g |
| fERE , I
| PR e AR
| R e
s SRR L crmmmE
i 2SIt

K4 St

2.1 ZEIWFE SR T RAETEE

B B SRR T, R A
RE M RS s MU SR NTURB R, AU
R S U, BT IR R SR & =
YEE ARG MR S S BRSBTSl
HERARE . B, TR R s PFHERTA RO B
T T UERRE A UM E4E, 2019 .

BEoxof s THD 5 T AR TR A AE W 2 R 7 S R A
K FH FEL A IR A AR A vor P R A PR 53 B UL T o %of
TR M, SR E & B A 8 FE AT IR R
(Long L J etal, 2020) »

AR ST R Bl AT EE B ) AL B e

WIGRARI R T d, F T s 0 el s 3 20 A ek, G
LA IR, s e A AL Ak, RMSE BIE 6o 8 U IS %ot
BEAN STAR I PN AR S HE R SRR R S, A R

FEME R . RRIRIER R L0 0 = 5 IR G655 = 2 [A]
f] RMSE 18

1 ,
ERMS Z\/EZ(XO _X)Z +(yo _Y)Z +(ZO—Z)2 (1)
i=1

Hrr (xo,v0,20) AR RIS, (xp,2) NE
W5 1) AR, m B SV s AN

M PHETT R 2 N R, RO JURTRHIE )
[FI, PR & DU T PR b TUR 50



FEUMRACDEEAE RS, REE 5 SRR FE AR B 1817 (Baek
Jetal, 2022) o J\SBHAZ N RAEWE 5 P, J\
XA BRI R— AN IE TR ERICR, B
TR )T AL B)\AF SRR AT
FONTE— R S5 T AW R AR . SE B )\ X,
AN (] R )\ ST A, BT I A AR
[FIFRIRRE D, M5 R8O 8 1) D IR

3 subdivisions
=>585 nodes

0 subdivisions 1 subdivisions 2 subdivisions
=>1 node =>9 nodes =>73 nodes

KI5 J\SUR R KA
WEIE R A P, RS A P T8
MER V, WBILNFTH s AR, A ARk A
T o
AV ER v N s 1207 VETE AR
BIFR, AR T 552 AR LT RFE
2.2 BIESEEBERHMERR
ISS & ELHEE N T M= B MR IR S B,
BAR M 0 fE T F 5 4 Ht PCA (Principal
Component Analysis) 73 fi# 2 i , H /N FRFAEAE 20 20
5K (Zhong Y,2009) o ¥ = K4l M A sk,
HARE— 5 P AAR 9 (X, Y, 2),i=0, 1, oo , M-
1, X ris BRI R X—AN R bR &, 4
BN MR EE T, - B SEIEh
AN RUp ERER JEL N A e, FETH SRR .

r-frama

W =

P, —p. e 3)
|Q—m|m p,|<r,

TS ST P T R

Y, WP p)(p—p)
cov(p,) = e 4)
W.

|Pi=P;|<Tt rame N
RN Ay B 7 2 B cov(p,) I 4 E 4
LAN A2 A5 A5 K E N (I P . A
eMe, , 2T IR AN 1SS RFAE £
Al A
<

ﬂf_ul S &, ? <&, (%)

2.3 RE-2R4AR LA

MFFIEE 7B PFH (Point Feature Histogram)
RFEET REH k AR 1R 98 & DL S AT B Al vk
28 (RusuR Betal.,2009) . @1 6 fin, RxHI2E—
AW SR I PFH IHH AN X, P LG
FEF AR R RO E, 55 P, Z MR E /N
P42 v WA AT R — AN, 2
(1) PFH 348 718 1 T+ 5 AR IR A I PR 0% R T A5 2
R ETT

TR PR B R ABATI R4 N, A
N < TR 22, A2 3 A — A il B0 A
] 78 ) R A AR 2R, T 7 BT

Pkz
P
or o

& 6 PFH ;=& &
V=(P[ 'Ps )><LI Ng

ns=U

WEITRY w

7 R AR R



u=n,

G ©
IR -Pl,

W=uxVv

i LA uvw AR ZR, VR RV (i 22 7]
CLA — 4L R«
a=v-n
Pt—Ps
/ d
6 =arctan(w-n,,u-n,)

Bl d k&R P 5P 2 KK
d =[P =P, screfmiem e Eg
12 NS (v y z AARIRELL(EE) W B4,
(a,¢,0,d) .,

BT FAE T R E R, T — A
L B ARE AR A 2 1 i — A e 4L
(a,$,0) . RN E R SPFH. &
PO AN K A8, AL SPFH (k52
BANE A (FPFH) , Hor&RumE 8 firx.
FPFH(Pq)=SPFH(Pq)+£Zk:i-SPFH(Pq) ®)

K3 W,

O

& 8 FPFH /R &

2.4 TLS-ICP Bl-& AL fhiT
WA ESHUE T T A FALA S s Rl
A AR I FR, A% O By AT 240 B T B A A Y
(Huang et al,2022) . sz A4 &gt 5%
¥, JREHEREIR, SR NIRRT, AL (RAIE 55

TABJEIR RO U R EAAE, — A 5N
AT HBERFERE R 5 A&E « Row, B

T
R t
T=OT1 ©9)

Horpr, JEFFERE R AR B ¢ ATAILE UM . JiE
FEAERE R & 3x3 IEACHERE, 2 RR™=I (1 AL
HEED TR s SRl e, T .
hy Ty I
R=|n, 1, I (10)
TR EP R £
R A 2 3x1 e, TR R AR R P
¥, B

t=|t (11)

A PRI R =[xy, Yy 2] 5 H AR
Q MR G =[xy, Voo 2]+ SEALHTAE I 7
T RIAAHER, MRS AR, W
R A

g=Rp+t+ei (12)

A e N S EL AR R IR R 22 T, s it I 7
X A DU AR 22 5 40, @R MR 2 Cansk A
ICP BEiARARAL R AN O, SEMLE B E S R 5
¢ HPRSHERS T, SE AN AR A R s B 28 TR 55 o 8
R 22 B /M H BR BRESCR R 8L R 1) 1 B BB 2~
Ji A

E(R,t)=)_llq, — (Rp+1) | (13)
i=1

XS A AR e B AT AR AR, 15 3
PRI TR FE R AN ) . BARM, AR DL
L 2N

A R B R G:

13 13
%ZWZ“%ZNE% (14)

i=1



THE R UL AR

Pi'= Pi— My 0= O — 44, 15)
P W 7 22 R R -
N
H=>p'" (16)
i=1
X H AT A A (SVD) :
H=UxV' (17)
THE e R«
R=VU' (18)

# det(R) = -1, WIFTEXEHATRIE (UK vV
FIs e —FIEUR) -
i AR

t=pu—Ru, (19)

MLl B, TSRS T R s Z R AR
BBH, S B I SRS FE I HE
2.5 ZEBRBSBERGREBE

TEAMF T, g SIS BT T P 1) 4 T Uk
F, R T —METEOGEIE. ML 2R EIX
2 AL RS R ARG 7k, WA 9 PR,
RAER
———>

Raw Date

| BB (LIDAR) |—— LIDAR

BRI
[ @k camera) [RUDAS - Baag | 4%
[k ik (Radar) [R2D3K . HAlER
9 ZALRA R RBR S

ZITIEE SR OB R 1K 8 B A2 oK R S AR
g R m I AR AR, B BN R R R AR R,
ST B MR RGO . FERLERRE RS, KA
MR 55 I D it 1 508 Th 3R B — ) 22 BE SRR ALE )
IRERFIE R L T BB RSCEHE S S B
FiRfE B AR R RIAREE B . Ba, #ix
Rl A RFIE ) B B — N T YOLOVS 28R JF A7

Y& S PR B AR A 22 X 2 TR AT H AR IR A 5 4

BOTER M T ZWE B EAME, AT

PRI ST T RS RE A E ARSI . TR
TRE 7R GR B R e B, Sl VR R A, B
Tt T RIS T RS R BE B Al T A AR

3. RGMEREIE S ot

3.1 BRI R

NS UEAR ST H 10 1 5 DR SRS SO S B
AE, AW FEAE 5K (RO SRR BETE T e
T RGN R ZFEE KL 200 K, #H 9 R H
BB HIRAH, EEM BSOS TE R L, I
BLE RS EERSEREISY), IR BEGEFDE T
ORA L5 o PSS 5 HSETE B A AR LR L
ZERIAE (B 2R, W UASRBE AT SR SE IR 2k 1, AR
IEVEAEIR A T T FE R SR

FEMI T, AR 1 30 A4 %8 Fr
o BRABIREE = NREOCHEIE R REN S 2,
B R = P s 290 30000 s, BT TR
PG R S B SR 5 T . SRR TR )
B RE B 5 R P AN A T VP A SE TR RE : 7EE
BT, TFERHES R e R B L PP ERR
W B, EEXA R ITRIRZE (RMSE) BLK
FCHERERT, DU WIHAN SRR B SRR fEE DT
1, AT R S BHEECR LB 10D« S5t 5E
Bk Rt — Bk LOCRHIERFRRE S, LR A TRAY
SEAE S AR T AN 5 B

NFE RV -G A B SR TR, 1B
12 JE7R TAT N HARAE B b ARSI 45 R K FLS A
TR TR . BRI, fE Sk Re s it
AR R b AT AN X3 (R BA SR 3 FRAHERRTED
IR ORI =2 i Bl . @ HAR XA s
VIR KT, AT SRS AT NS TR R
RSB BE A5 R



Bl 12 maS5EGEERS
= % B FIE AR 31 PR, 9%
N \\\{ :§ Yordk A, A SCITHRE R £ 7 1 S AR 5T
o SR 5 P Y IR R OB PERE: 3% YOLOVS fF A
| ' SR B AR MREAE, DR O 0 E ) LA R 4F
MO . AT, FRATTR BEHEAT 7 6B Bt UE 7

- | I TR B
Il — el I HENEASEL: AT NS M BRI 1 3
= g i (RGB) §JE% 6 @ill, LLFIH ) RGB FIZ.

R BN 2 1 B e

R B G FERHIE S 7B R 4 (FPND o
RN T B RPGE R I (CBAMD . B AES] 7
WK AENZRANHERE AR rh, B IE N OGE TRl & 5
BB F 50 7 I RHE S E A S (B AL B (ldn, Zhas H
N ENE i FNEE SR E PIRCES R b SE7/ Uk OF
MNTH A AT TR TR I8 A AR RK 55217 SR A 7 55t e
P

B 10 A TR B = BHE R

B 13 ANFREREK Z i EACR
*3-1 Z st PR ST aR

ARGt S

Rl A
HARSEH  stiig E o6 o

. AT,
(PN N 10.25 10.12
T AT

7N 2 EIES, 7.68 7.80
47 . .
HIH5
4 i8] 3.41 3.50

Z H MG 7 R UER R ATk 92.7%, BE &5




HIF PR 2200 0.15 2K, [FIRE, PPl RGEHI L
PR, AT 1T IR H ARk I A AR Ak
PRI [A) o FE TR AE AR 6 L, PRI IAER 40 0.15
W, AT RGO T R IR IR AR S 2%
TERRIRIRYE, 3 TR R RSt 7 TSR
BRSCHF
3.2 HSESRit

M RAEAE [ e AR ZE S B R 1 S T
B EET, HIH TSR AR R KF LI
B R G R R AR 2 R, i B ELE
TIE LA DA 2 MR SR . 29I 3 A H B
B, KT RKEL 30 A BABENIE . RSN
HiREE T 100 AN EEHEAT XS B BT RS
BT R PR R RS ) R RE R 5
HE L JSE A2 FAy o N2 AR5 A2 o

(d)
B 14 maSRER
HNRGAL 2 T E s PHERERIVERE, AT
TR RzE (ED  PEEBRZE (E)
YRR OB IR R K 14-a. & 14-b 5 14-c 735
BIT A L A EIRREREG S s . T
MEEH|, BRENEGEARREXE, HEA
[Fi) 2% [) o7 A7 B 58 11 S50 BE AN 341 50 1 5 4 5 5
(BRI, I SR MRV D S RO e R T 2 kR

AL HET fE R REAE S B S B T P
SUEACEE, SR T ZUR s A 1) R A RN 5 S
T A (GERME 14-d FR)  ERLSEEREH,
AR RS PR 2 B RT 0.05°, “F3°F
B ZE E 4 HITE 0.12m AN, W T gk
TR (ICP) 5IESp A (NDT) A ERRTT
T, P EEMPHERT R VEG R T 65%,
PRI TR A 3 25 2% 5 L A 5 T PR DL EE A 35
SHRIE R A AR VT AT sSR f B X 7
B T S AR — B R e e, N e e
SE N5 = 4 B AT SR A T AT S R A A

(b)

K15 Bl O s PHECR

(b)



B 16 of [ FE 8 SR 2R A5 10

TE G5 M 5 7 A e 1) X3 (s 7 1 15 B
N, XA EERERE 16 i), BIETIRE R
(I BCHERS B, GIE A T FEXS I T #2837 5 (138 B R
ERLIAIREN, AREMNZHFENASPHER
FIEZ T RE T br LRI ST, FHoxf b sae g5 Fan
# 3-2 Fin AL fa s PP Tie i iR 2205 0.076°,
PR R 2N 0.14 m, BAR G ICP I 1ERTH2 32%.
KEEAE pi s PHE R EIRGEME P T 41%,
PHEIR Z BRI 28%, 5 NDT JiEM L, fEHHEACR
SRS BT R PU BE S, WE T HAER
I R A AR S AR R U — B 5 45 0k
FrRE

2% 3-2 XofEbSig ok

o LEPE- i i
P REFE bR ICP Hy:  NDT Hi:
Ei(°) 0.076 0.112 0.095
E>(m) 0.12 0.18 0.16
FERT(s) 0.22 0.36 0.31

NS B A0 ] R A B 1) 4 05 R IR, ASHIE ST
RBELLRGEME R AG. B EHREGk.
AW EHEIE GEOCT LB, HZOk B L R s
i EWhEL S — iR AL, @il 17 B

BEE: 44m

BFE: 43m R KEE:

E%:“m¢¥ﬁ?=42 [:

0.35m

KEFHE: 10 ©
(]

BE: 19m
KFPAE: 70°

K17 22 B I

ZAEBRSEYRES RS S ERS, A
PR AR B PR SRERAA R, MUBERTT
23 R B RS B S e bR, BNE R RARCR N
A ST A B RG0SR U S
RS RBATSS, St T m— 8. 2B HAMY
Bl BLnt, i A TH3G 58 T RGTE LB 1/
5 RE
4. REGE5RSE

AW I T RARHE G 5 S SR A T 2
WA R P, ST T PP RERERT 0.12
m. sz PHER AR G A0 R 47%; T M
PR AR A R G R HIAE S, TEARTE PR BT SEI TRt
TN B SE B AR IR HER I S5 R, RO e R
IEF] 92.7%, “FIKGIFER FFKZE 0.15 7, N
H R BRI T AT R AR AT

AT, 4T RGENIEEH R RRRE. Sa8
Yo A BRI J R B R R AR, AR RHIE SR
B AR R T UL S s ARG E, WA
BTSSR b ER AR D ER T IR PR . IR
A S A LARR E I BT T N R & il P 5 (1 S



WPEESR (=10 Hz)

HWR, AW AR 4518 = 40 5 E gy
WAS T TROH AR, ABATIAR A2 2 AR i D P )
T B PR AE T AERE ST T IR 7K 55 5k AR BN
B R )R E R KSR O R R S
BN AR F 3 30 2 8 PR A M P S35 1 s[RI
S T UL D AT L' PR S ST 3 ok PRI A500 BUFE T e
SUHERFIEIR AL, 7 H 1) 2 0 SRR AE B $ B VT L RS
[E. REARH TR 2 FEAG KRG 5 5 IE N R
WG AE— E R AN TSR, (R SRR R
THT, BAERAA i — i

THITA) AR, ASHIEFE 7 10K LR J7 TR AR Z -

1) FF R Rl B ) BRABE IR 5 R R 2 51 1) & e TR
%, B HU AR S AR o 2 M R AR T R G
FERR S TI00 T (RERENRE T+

2) WA S AR R SRR AR, K
FEL FH T 5200 5 B8 1 4 7 VAR Bl SRR AR 1 2
) R

3) 5IATE L SLAM R, sEILEhZS B ARSI FR
AR g 5 S A B A i P R

4) IR 5 HERRL 7 AR 1) 52 AT o B R AL
RGBT AARBEMT CE. & S8 M6
TR SRR B RS, T S S B A IE AR A DL R
THER R RS TAFEBERS (B8, &
T8 7 HD IR ZE R, TR B R R
W DB B R0 SR A IR R L Y R, BTEWA
RGUREU) ks L 7 = 4e s, IR RS TR0
AR TR W TR R 23 T 02 Y BT R AR A A O
M= R, MR ET L A AR R

AN
= o

References

Zhang, J.W., Ma, J., Jiang D., et al. Coal Mine U
nderground Personnel Detection Algorithm Bas
ed on Improved YOLOV7. Coal Mine Machin
ery, 2025, 46(08): 213-217. (in Chinese with

English abstract).

Mao, X.C., Duan, X.M., Deng, H., et al. Theory,
Methods and Challenges of three-dimensional
Intelligent Prediction of Deep Mineral Resourc
es. Earth Science, 1-34[2025-11-28]. (in Chine
se with English abstract).

Wang, G.F., Discussion on the Latest Technologica
1 Progress and Issues of Intelligent Coal Mine
s. Coal Science and Technology, 2022, 50(01):

1-27. (in Chinese with English abstract).
Othman U, Yang E. Human-robot collaborations in
smart manufacturing environments: review an
d outlook. Sensors, 2023, 23(12): 5663.

Wang, T.R., Ji, X.B., Wang, J.B., et al. Implicit 3
D Geological Modeling Based on Machine Le
arning: A Case Study of the Lazigou Gold M
ine in the Mulu Mineralization Belt. Earth Sc
ience, 2025, 50(08): 3167-3181. (in Chinese
with English abstract).

Jiao, Y.Y., How can the New Generation of Infor
mation Technology Support the Construction o
f Transparent Urban Geology? FEarth Science,2
022, 47(10): 3918. (in Chinese with English a
bstract).

Wang, G.F., Wang H., Ren, H-W. et al. The scena
rio goals and development paths of Smart Co
al Mines in 2025. Journal of China Coal Soc
iety, 2018, 43(02): 295-305.

Wang, Y.S., Zheng, G.P., and Wang, X., "Develop
ment and application of a goaf-safety monitori
ng system using multi-sensor information fusio
n." Tunnelling and Underground Space Technol
ogy 94 (2019): 103112.

Geng, X., Wang, Z.B., Jin, Y., et al. Three-dimens



ional human body reconstruction based on a s
ingle depth camera. Foreign Electronic Measu
rement Technology, 2020, 39(09): 143-146. (in
Chinese with English abstract).

Bai, Y., Zhang, B., Xu, N., et al. Vision-based na
vigation and guidance for agricultural autonom
ous vehicles and robots: A review. Computers
and Electronics in Agriculture, 2023, 205: 107
584.

Tan, J.S., Zhu, W.G., Du, X F., Three-dimensional
reconstruction and investigation analysis of ge
ological disaster scenes based on unmanned a
erial vehicle oblique photography. Engineering
Investigation, 2020, 53(07): 72-78. (in Chinese

with English abstract).

Yang, J., Wang, C., Luo, W., et al. Research on p
oint cloud registering method of tunneling roa
dway based on 3D NDT-ICP algorithm. Senso
rs, 2021, 21(13): 4448.

Gao, Y.J., Tan Z., Ma L., et al. Research Status a
nd Application of Unmanned Driving Technol
ogy for Underground Rubber-Tyred Vehicles w
ithout Tracks. China Coal, 2020, 51(06): 93-1
03. (in Chinese with English abstract).

Ma, H.C. Several Applications of Lidar Measurem
ent Technology in Geoscience. Earth Science
(Journal of China University of Geosciences),
2011, 36(02): 347-354. (in Chinese with Engli
sh abstract).

Zhou, Z.G., Cao. J.W,, Di, SF. A Review of 3D
LiDAR SLAM Algorithms. Journal of Scientif
ic Instrument, 2021, 42(09): 13-27. (in Chines
e with English abstract).

Mao, Q.H., Chai, J.Q., Chen, Y.Z., et al. A three-

dimensional reconstruction method for coal mi
ne tunneling roadways based on the fusion of
LiDAR and IMU. Coal Science and Technolo
gy, 2020,53(02):351-362. (in Chinese with En
glish abstract).

Maccarone, Aurora, et al. "Submerged single-photo
n LiDAR imaging sensor used for real-time 3
D scene reconstruction in scattering underwate
r environments." Optics Express 31.10 (2023):
16690-16708.

Li, J.M., Chen, X., Image Texture Feature Extracti
on Method Based on Local Adaptive Light an
d Dark Mode. Laser Journal, 2020, 46(07): 1
01-110. (in Chinese with English abstract).

Gong, Y.M., Xiao, D.Y., Wang, J.J. Application of
Multi-Sensor Data Fusion Technology in Self-
Controlled Vertical Drilling Detection System.
Earth Science,2001, (05): 524-528. (in Chinese

with English abstract).

Jia, JW., Lu, Q.H., Li, H.S., et al. Research on t
he Application of Multi-LiDAR in Three-Dim
ensional Reconstruction System of Coal Mine
Roadways. China Coal, 2024, 50(10): 84-90.
(in Chinese with English abstract).

Tian, M.H., Li, P, Yan, S., et al. 3D-RGB point ¢
loud Imaging Based on data level Fusion of t
wo-dimensional LiDAR and multi-view Camer
a. Data Collection and Processing, 1-13[2025-
09-09]. (in Chinese with English abstract).

Liang, Q.J., Yang, L., Luo, Z., et al. A Siamese
Network-Based Method for Automatic Stitchin
g of Artifact Fragments. [EEE Transactions o
n Instrumentation and Measurement, 2023, 72:

1-13.



Zuo, X.X., et al. "Lic-fusion: Lidar-inertial-camera
odometry." 2019 IEEE/RSJ International Confe
rence on Intelligent Robots and Systems (IRO
S). IEEE, 2019.

Lin, J.R.,, and Fu, Z., "R 3 LIVE: A Robust, Real
-time, RGB-colored, LiDAR-Inertial-Visual tigh
tly-coupled state Estimation and mapping pack
age." 2022 international conference on robotics

and automation (ICRA). IEEE, 2022.
Liu, S.G., Xie, Z., Han, Y.M., et al. Point cloud d

enoising based on Improved statistical Filterin

g Algorithm and moving least squares method.

Acta Optica Sinica, 2019, 39(9): 0915002. (i
n Chinese with English abstract).

Long, L.J., Xia, Y.H., Huang, D. Fast modeling m
ethod for substation based on 3D laser scanni
ng point cloud data. Laser & Optoelectronics
Progress, 2020, 57(20): 202801.

Baek J, Park J, Cho S, et al. 3D global localizati
on in the underground mine environment usin
g mobile LiIDAR mapping and point cloud re
gistration. Sensors, 2022, 22(8): 2873.

Zhong Y. Intrinsic shape signatures: A shape descr
iptor for 3D object recognition. 2009 IEEE 12
th international conference on computer vision

workshops, ICCV Workshops. IEEE, 2009: 68
9-696.

Rusu R B, Blodow N, Beetz M. Fast point featur

e histograms (FPFH) for 3D registration. 2009
IEEE international conference on robotics an
d automation. IEEE, 2009: 3212-3217.

Huang, C.Q., et al. "Dual-graph attention convoluti

on network for 3-D point cloud classification.

" IEEE Transactions on Neural Networks and

Learning Systems 35.4 (2022): 4813-4825.

Bt F 30225 SCHR

SRANDC, S, Rk, S FET 0 YOLOVT HIIRERT
TN RS, B Lk, 2025, 46(08):
213-217.

BIK, BORTH, XRiE, S IR = 4R R T
B TE SR, HERERLEE, 1-34[2025-11-28].

FEE B B iR BT BOR B e 5 ) R . R
WEBHEFA, 2022, 50(01): 1-27.

FGR, LMK, FILEK, FETHHEYTHRK
SYEMT A DU FLR A IS TS .
HERFL, 2025, 50(08): 3167-3181.

FBEH. H— RIS BRG] SR T I B 1o

? . HhERELEE, 2022, 47(10): 3918.

FEVE, FAL, AT, S WEET 2025 H5H
FRAUR REBRAT. 4R, 2018, 43(02): 295-3
05.

BKOE, EHE, &k, 5. BT RAREHENLN A
—YEE . FHAMFIEER, 2020, 39(09):
143-146.

Wa A, HAE, Fn g, BT R ANUEARHE
MR R T s = T R A b AR DR,
2025, 53(07): 72-78.

EUKZE, R, B, &P N ERREE TN
FORWEFEIAR SN . E R, 2025, 51(06):
93-103.

THyLER . WO E S B R AE b2 o B T R
HERR (B TR 22 F4R), 2011, 36(02): 3
47-354.

JAEE, EILRL, KOG, 3D ok ik SLAM &k
ZEIR. AR F1%,2021,42(09):13-27.

EIHESEEAL R E IS, WORHEIAM IMU A1)



R 0 5 T = 4 o A U R R B R 202
5, 53(02): 351-362.

AVLSE, BRER. BET ¥ B I R A A = i R 4
PRSI . WOt &, 2025, 46(07): 10
1-110.

FEMGAE, 05, ALIRNG, ESROMESE. HETIREES SN
AL Z G = GG T ik, ek,
2021, 41(17): 1712001.

EICH, Wi, TRA. SABBERERME AR
fEBE R RGP, HEREE, 200
1, (05): 524-528.

SULAS, BEATHE, 200, 25 ZROREHEBEE 4%
BB RGP R AR, P EBR, 202
4, 50(10): 84-90.

MR, 2588 A, & T 4eBotEixmEm
FFNLEAE S 3D-RGB = ifg. Hdls
FKESATE, 1-13[2025-09-09].

XM E, BB, A, & A TEUgi e
BB RN IIEN S BB AR, 2
019, 39(9): 0915002.



