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Multi-sensor fusion for point cloud hole completion under
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Abstract: A fusion-based completion method combining a single-line LiIDAR and a depth camera was pre-
sented. The method targeted point cloud voids caused by uneven illumination, lighting variation, dust,
and occlusion in underground 3D reconstruction. The spatial and temporal consistency between both sen-
sors was ensured through joint calibration. A residual regression model was then applied to perform struc-
ture-preserving denoising on the depth camera point cloud. The Weighted Spectral Entropy (WSE) met-
ric was introduced to evaluate slice continuity in the frequency domain. This metric guided the adaptive se-
lection and fusion of structurally superior slices, compensating for void regions influenced by environmen-
tal disturbances. The proposed framework was tested under four disturbance conditions: weak light (5

lux) , strong light (10 000 lux) , strong light with dust, and gradual illumination variation. Comparative
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experiments were conducted with five deep learning-based completion algorithms and a multi-line LiDAR
method. The proposed method achieved consistently higher accuracy across all scenarios. The Chamfer
Distance (CD) is reduced by 85.82%, 82.64%, 82.39%, and 83.33%. The Earth Mover's Distance
(EMD) is reduced by 90.68% , 86.41%, 88.19%, and 89.08%. The dimensional error remains below
20 mm under all conditions. Experimental results confirm that the proposed approach significantly im-
proves point cloud completeness while preserving geometric accuracy. The method effectively handles
lighting imbalance, dust interference, and visibility occlusion in confined underground scenes. It provides
a robust strategy for enhancing 3D reconstruction quality and ensures stable mapping performance under
complex and variable environmental conditions. Overall, the approach demonstrates strong reliability and
adaptability for high-precision mapping in underground engineering applications.
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THikm s P SWIEMILE = P 5y 5% 51 R i 5L
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Sy={pipred€la,a )}, k=1,2,-,m,(17)
Sy ={pllpS~d€la,ari1)}, k=1,2,--,m, (18)
Hrpped B Ae E507 10 W85 [ aw ap ) 52
5 kAU Ryl IR B0 R R R Ad E N
0.02 m, LMRIESE 5 € V5 B 45 40 O L .

J B WVTEAS 8 = U1 B 58 B AR S A
WA T A A R A5 2 R . AR
BV R =4S s e EEE T EHAG =4
T, I AR T T (w0 ) A R Al 2 R A
Gi(u,v), DLW 2 1 28 ] 43 A5 FR AT

Gy(u,v)= E ou—f(x,y,2),

(z,y,2)€ES,;

v— f,(2,y,2)), (19)
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P R SR 2R T AE AR A B Y IR pR KL, () O Di-
BT AT A B R R 1
X Gy (u, v) BEFT Z YEAd Lk AR 48, 53 By
52?“%13&4350 oA tE O, ARSI F o (u, 0):

~ —j2r(uu'/N + vo'/M )
2 Gk(u’,‘v’)e j2r(ud /N + w'/M ,

Horb GG, ") NS AU B 4R R,
(a', ") X B AE WA b O AR R AR bR L B, N, M

Sy WS A3 HE R 512X 512

raco PR

(20)

‘#*}fﬁ‘%% & R 3%E P(u,v)=
\F(u,v)f, I3 — Wﬁlﬁﬂ}ﬁiﬁ??ﬁpx U, )o
pelu,v)= Pilu v) (21)
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IR Py (a0 ) s A5 XIS e 132 66 5, 1A
DIABIAR 248 Sl 7t Y A i A R W, (e, 0):
r(u,v)
20 )’

Wk(u,v)—exp( —
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Horb e Cuy o) 52 1 ZHER AR (u, v
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AN TR T [ 5 1Y 2 590 2 BOROE A SCHRE HY
AT BE B O AG TE RE S 8 o, LIS A [6] 1]
RECE ORI E S
ZP‘ u,v) Zy'\/j (23)
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W R B Fa € M. A3 (24) 7E Shannon 5 /Y 3
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Fig. 11 Frequency spectrum of a point cloud slice with holes
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Fig. 12 Frequency spectrum of a point cloud slice without holes
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S5 T P E S, B2 O TR A S TR BE AR BILAR L



it A R 2 T 0T W 25 GG 05 2 28 T B AN ik 3845

"

(a) 5 lux AR T AU BB AT =

(5 lux) (10,000 lux)

(b) 1,000 lux e AR T B N 3R
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(c) Tunnel scene under dust interference
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Fig. 14 Quantitative measurement of tunnel scenes under different interference conditions
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Fig. 15 Comparison of 3D reconstruction holes using different sensors
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N 17, B M i 6 XL 1] 51 i 0 2 I8 7 42 o A TE AR SCREAY Y DY P23 5 8 Hb 2R 1Y
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Tab.1 Evaluation of noise and dimensional accuracy for the camera reference point cloud after denoising (m)
wiE LWL HRILA B JFIG R EEAILAE = FEME R A PLA =
o WA WL AR WEE MR ARHR2 RAG WRD 4o
H, 2.202 0.010 2.198 0. 004 0.111 2.288 0. 086 0.012 2.194 0.008

H. 2.198 0.007 2.193 0.005 0.099 2.262 0.064 0.008 2.192 0. 006
Hs 2. 200 0.008 2.196 0.004 0. 100 2.273 0.073 0.010 2.192 0.008
W, 3. 004 0.012 2.996 0.008 0.142 3.123 0.119 0.012 3.014 0.010
W 3.002 0.011 2.996 0.006 0.125 3.120 0.118 0.011 3.009 0.007

W 2.998 0.009 2.992 0.006 0.122 3. 087 0.089 0.010 3.004 0. 006

(a) 55 THIIFIE A2 () BN THIFRIA A= (o) B+ T THRIA N = () W ETIRTHREE S
(a) Original point cloud under (b) Original point cloud under (c) Original point cloud under (d) Original point cloud under
weak light strong light strong light and dust gradient interference

() FETHHEFHZT O LT RERZT (9) L+ EMH RIF A= h) HETIH T RN

(e) Completed point cloud under (f) Completed point cloud under  (g) Completed point cloud under (h) Completed point cloud under
weak light strong light strong light and dust gradient interference

16 AIET AT 28 W3 2005 #3555 =2 gl

Fig. 16 Comparison of 3D reconstruction before and after hole completion under various interference conditions

N T B UEA SO AR A 0L 1Y 23 b 42 2 2) g5 = #b 42 J7 3% (PCN, TopNet, PointTrans,
AR AEVFP AL 2 T PRI T TR F IR ProxyFormer, SVDFormer) LA K 4 4% SC i 72 v 1
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HE ORI N 2RO R B WA IR,
XoF LU AR SCHRE L ) B2 O B A A5 G 5K 25 T R g
5854 WSEM S b2 Tk, MR 2R, 4558
T A SO IEAE A T80 F 9 CD M EMD 5 i
U5 TR B AR AL A 2 A L 2 45 B B AK, CD 43 31 B A
85.82%,82.64%,82.39% #183.33%, EMD 43
W) B A% 90. 68%, 86.41%, 88.19% #1 89.08% .
T A SO G AR BE 2% 2 T ik o TR EE 27 ) 7 ik
e TF R AR 4R v R B R 4, {H Lk e e BE AR R
FRASE 25 R B0 0] A N 2 B Hl T b T A R R L
A7 R i SO R O A 55 T A SRR Bl
S AT B R AR AR 0 3 I 2, B SE bR i sl 25
Bm s =, A8 R B LI 2 A S A7 A Ak B

TPHBIRPERERER . A SO LA S B RS
e I ELAMIL B, JC T S I Sk A B AT 52 AR
TE AN, T AESE PR st b RS £
PO T IR RIS L S5 R — PR IE T A SCHR
H A B2 O TR Ik £ R 25 1+ WSE U1 b
AR T RAEH T PR A [ R A A . 2
PO TR 1K BRTE R [ 7 55 rp B2 B 10 s ()
i AE 1, AEAE RS 3R PRI rh, JL A AR RS2 BR
R o3 A B LR B, R A R R
R Z T, AR 37 3k 58 73 R .26 0 7 3k 7 4
L7 16] Y g R T B e R T AR BIL 9 s 2 3 0L
MAEH LB T X RIS 2 E TR TR
2 1 DX A b 4

x2 TRAAEMZTEAPEEIL

Tab.2 Comparison of hole completion results of different methods

] 5596 (5 lux) 585 (10 000 lux) MG+ E WA
o CD EMD CD EMD CD EMD CD EMD
Ji s T4 E A L 0.134 0.118 0.121 0.103 0.142 0.127 0.138 0.119
PCN 0.093 0.079 0.084 0.072 0.099 0.087 0.092 0.077
TopNet 0. 085 0.075 0. 081 0.068 0. 094 0.082 0. 085 0.076
PointTrans 0.078 0.068 0.073 0.061 0.088 0.075 0.088 0.079
ProxyFormer 0.079 0.072 0.078 0.072 0. 080 0.074 0.088 0.078
SVDFormer 0.072 0.064 0.075 0. 066 0.079 0.071 0.075 0. 066
ZRWEF I 0.072 0. 068 0.087 0.073 0.092 0.082 0.078 0.070
A3 0.019 0.011 0.021 0.014 0.025 0.015 0.023 0.013

Shy E— 25 B AIE 23 W A 4 JE = 4 b R R R
K BE A SCR AN 17 fieos 59 Y0 7 =X, % He 4%
Y1 00 i RS 5 52 Bs RO i 22 , DL VP4 35 g 45
RIRZEAKT . BER ML 3PN AT TR
T, 0 A X R 22 A AE 10 mm PL Y 7E 5501
(5 lux) & F N iR 2ZEMA IS0, R 14 mm AN 5 7E
5801 (10 000 lux) £ 4T , 2 22 K 16 mm LAY 5 78
SRR A T SOl AR A TR iR 22 B R
FE7E 18 mm LU . BRI & 425 B E R =
ROF R 2% B e PEHIAE 20 mm LAY, %6 W BT & 2 10
Y b B A 2 T AT B A i RS RG
CRE S

17 R4 7 ]

Fig. 17 Example of dimensional measurement
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Tab.3 Measurement of point cloud dimensional errors after hole completion using the proposed method (m)
LU= S To T4 Onf i 2H) 556 (5 lux) 38610 000 lux) ot +h 5 BT
i b Ml gaxfi2e MEE otz WedE Zxfiizs WedE Axie2: Wl fxriRz
H, 2.202 2,196  0.006  2.190 0.012  2.190  0.012  2.220 0.018 2.219  0.017
H. 2.198 2.194 0. 004 2.186 0.012 2. 187 0.011 2.210 0.012 2.213 0.015
Hs 2.200 2.194 0.006 2.190 0.010 2.184 0.016 2.18 0.012 2.189  0.011
W, 3.004  3.000 0.004 2.992 0.012 3.012 0.008  3.019 0.015 3.020 0.016
W. 3.002  3.000 0.002 2.994  0.008  3.012 0.010  3.018 0.016 3.015 0.013
W; 2.998 2.988 0.010 2.984  0.014  3.007 0.009  2.98  0.012  2.987  0.011
5 4% # [, 76 B R B0 05 v B 66 T 00 A LR O R Ik 5
TR BE A HIL A EL AN 3, 52 30 v o 8 ) 2 ) b 4
S ST X M A2 BR = T AE 550 3%7"6&3% =Y. R TR REE S R, T

N+ ERRTIR TS IR = & s
o) B, B T RS RO R ﬂs'ﬁ«“f“*ﬁmwﬁ
22 0] U1 8 M 55 T BSOS 3 i (W SED A #5000 R b 4>
ik o FI B2 OG5 1 = R B 45 4 24 o 5K
VR BEAH ML S = 0 25 R R R R R 0 Tl
W SE i 3% @il & 0L 500 B, 58 i B 5 K- A
BAGH AN R E 2R TN, 5 1R #
RN TR R B RO TR IR A L A
5 ¥E A & JE S = M CD 4y B B R 85.82%,
82.64%, 82.39% H 83.33%, EMD 4} 3 [ i
90.68% ,86.41% ,88.19% H189. 08% , 4 T X} It

Ji ks ERCGPRZERFFAE 20 mm N o B E 7% 07
ETEIROL S 42 55 AR B BT P R RS E 1R S R
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