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An adaptive denoising of the photon point cloud based on two-level voxel

WANG Zhen-Hua', YANG Wu-Zhong', LIU Xiang-Feng'?, WANG Feng- Xiang’,
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Academy of Sciences, Shanghai 200083, China;

3. School of Physics and Optoelectronic Engineering, Hangzhou Institute for Advanced Study, University of
Chinese Academy of Sciences, Hangzhou 310024, China)

Abstract: With a single-photon detector, photon-counting LiDAR (PCL) captures a large amount of background noise
along with the target scattered/reflected echo signals, because of the influence of factors such as the background environ-
ment, target characteristics, and instrument performance. To accurately extract the signal photons on the ground surface
from a noisy photon point cloud (PPC), this paper presents an adaptive denoising approach for PPC using two levels of
voxels. First, coarse denoising is performed utilizing large-scale voxels, which are built based on the spatial distribu-
tion features of the PPC. The density of the voxel is then used to select the voxels that contained dense signal photons.

Second, fine denoising with small-scale voxels is conducted. These voxels are built using the nearest neighbor distance,
and a topologicalrelationship between voxels is used to further extract voxels containing signal photons aggregated on
the ground surface. Finally, this method is performed on the PPC from ATLO03 datasets collected by the Ice, Cloud, and
Land Elevation Satellite-2 both during daytime and at night, and compared with the improved Density-Based Spatial
Clustering of Applications with Noise (DBSCAN), improved Ordering Points to Identify the Clustering Structure (OP-
TICS) , and the method used in the ATLO8 datasets. The results show that the proposed method has the best perfor-
mance, with precision, recall, and F1 score of 0. 98, 0. 97, and 0. 98, respectively.

Wi B #:2024-03-27, 12 2] B #3 : 2024-05-27 Received date:2024-03-27, Revised date :2024-05-27

ERWE : LI [ ARA LG (23ZR1473200) 5 P ERRR BE2S 1A 3 20 AL bR EE 0 9030 2 442 (€XJJ-228019)

Foundation items: Supported in part by the Natural Science Foundation of Shanghai Municipality (23ZR1473200) and the Key Laboratory of Space
Active Opto-electronics Technology, Chinese Academy of Sciences (CAS) (CX]JJ-22S019)

{EHE BT (Biography ) : THRAE(1982-) , &, INAR¥F N, B2, 1+, FEAF AN 25 [ EHE /3T E-mail : zh-wang@shou. edu. cn

" 1B IL4EF (Corresponding authors) : E-mail: xuwm@mail. sitp. ac. cn;shurong@mail. sitp. ac. cn



6}]3] Iiﬂfﬁﬂé %*Uﬁ%ﬁ{qg?ﬁag)t?,ﬁ%ﬁﬁ@ﬁ%n% 833

Key words: photon counting LiDAR, photon point cloud, denoising, voxel, ICESat-2/ATLAS

51

T

WO B IR St i A5 BRI AR, 7E BB
S BRI I R A S R R SE 4 18 T B A
@ Hoh ST HBIEOL TR IR O T R
SR FHME S0 DG 5 3By e 3000 A8 [l A5
SRR A PR ) ST B U the slope
imaging multi—polarization photon—counting LiDAR
(SIMPL)
DAR(MABEL) X X ice, cloud and land elevation sat-
ellite—=2/advanced topographic laser altimeter system
(ICESat—2/ATLAS) "™ 32 2 ¥RH55 | FARFEAE MY
e VERESE R R, OL BRI TEARBOL 7 5 s I BR
o L RAR T H AR A B B0 (5 56 T oM & i
BB A 1 e OG-, ELAS [) M I8 F1AS [] Ol RE PR 55
MG S B RA AR RER I B, e F
A2 R AR MR T I Ak P R, LA R S v
(ENERES AR € URIN e I E o

HRAE G T 5 25 9 23 18] 3 A R AR ADE 73
BERGETT R, 6 T MR 5 i T o T
2 V5 Y TR AR e | 7 24 ) T ) 2 P Mg DA S
T IRRMRENE . T e RS 0 ) FE R R
F i B RS A S R R 1 IR R I
AN NI T UERY Canny 11 2R HEHUA G T %
M, R T oo 30 8 0 i R A P M A R (L7 40 3
AL AL o Al 9 i 14 301 O 1 I AE TR R R SR AN 1
B[] B 5 B2 T Chan—Vese (C—V) BG40 B 1Y [ I
FARSE Ry b A5 B B AOR AT IR, G-V 7K AR AR
BIRIHT T HIUAEA A I | 33T 300 Gk N 45 R 1 RS
NPT BT TR AY ELE RN T L
B A RS B A RO T s WS B T |
SR AR AR J 78 ' (1) F) B 8 R R 0 AT A 28
DR A . A0 HE T i AR BT R A RN L TR
TR B S50 T By P MR | density—based spatial clustering
of applications with noise (DBSCAN) | ordering points
to identify the clustering structure (OPTICS) | & T fifi
BLARBRIG G T RRIR AR BT ix se 7 s F 0 &
AT 22 bR T 9 200 0 904 AR PR SR W, D235 5 g 7 9
M 22 B B P9 AN [ 8k 4 O 0 SR g 047 08 A0
A TR R B R 25 B, TR v R R oA
FaHfRE S X BT IR AR SO TR0 L R i

. multiple altimeter beam experimental Li-

Ko b MR T IR, SR TR Z MO8 T T3l E
B AFL, BRSPS 53 Ak, R
5 ] BB ARG R AP AT A T AE /D AR B W 7 i R
SR 407 TR T 0t o[RBT i 2 B A
O IR RGERENDET i = Bl , T & 114
BT R s [ U U R R TR R A AL
6T HOL TR IR B A3 A AR R BT vk SR,
X LERETE TP ZR 3 B3R/ INS B 0 Bl e 2
SORBE AN T8 1T A5 M b e 708 = 8
P BT, BT AR (R4 RR I, T K dhe
s b e, B 5 RAEA UG S TR %
AER I 7 08 D T 3k B9 S TP RO 200 5 2 T
(Y B R, AR IXSE T IR BERE AT 45 5 S B T
THEGHOE T IR BEE PR DL T AIER B R 2R Z
WU T T e B, B = Wl v B TAR A
WM, ot 1 B 20 H R S B HL R T R

H BRI T Y R SO T
PR R U, AR SCHR Y — R R P 9 R YD
TR RN EMRE L ZEEEE T RSl
Jay P8 S O AR 2 ) A AR AT 1 3 308 B R R
P HERRRET R m R R AL, ARG AR R 10 5 15 LA
Lo ¥ 56 2 45 TR MR AR B0 & A 15 506 7 A9 Sk
AR s o o IR ) 3 T S BRAR S O 1 RS
FEHL
1 ETEZRHNATFRRMER

6T RGO H IR AR U G 1 R AE L
e R TR AT 2 AR A A ST AR e M T K
Py, 1y R O T U BERIL 23 A T BB 4 1 i
feo FETRRIE T M o B T LUK T B ' 7
ML AR KA LT 10030 0 A R ER BT, AR s
BAMRR WL T80 M R et JE S R T
18 914D O ZR R Ui B AR SR B R A5 SRR . M
He TR G005 R T IR A e 07 1 AL RE RS
REDOLT G = 0 = 4EES RIS B b8 T
T B B Y SRy R 4 SR R, I L AT LA s A A7
R R IGTF i 2, S S a0 g ik
1.1 EEREEHREHE

PR Z T = 4[] v A% 2 ) 7 7 AR 1 3%
717 A )R ) B T Bt 2544, O )RR AT Bl 4
Hey P T P A A0l /0 A 2 ) A B R = 4



834 g hh 5 2 oKk U e 43 &

B 0 A BN S M AE IV 224 G AR
(Voxel ) VE Ay &b 3 =223 [l 45 B JE A B, HoAy
RF G 25 K0 FNRRAE X FIRA T = 4 B0 3 ¢
LN, Zhou SNSRI T —Fh L F i sk R LTy
BB =4 HERFG I 1k (VoxNet) , IZ B A S =
REATT B s m B e 40y — AR R 3R, IFE
FH 3D 4 FEUR 25 I 28 XA S8R 2R A 7T 40 2 ATl DA
IS B = 2 H AR ARG 535002 Zeng %5 A48
T —MET =R AR BN E A REE N
B2 20T IR S SRR AT 0 S R e iy
YRR IR AR R SRR BT
LG A, 52 B R = 4E Wik 09 A R Y
AR

1.1.1 {EEHLEH

1A% (Voxel ) 214 Z (Pixel) 19 3D ¥ J& , 1 2D rh
HIGRZE—RE IR R BN TE 3D 23 8] it A 25 HL
EL RN SRS Db W T AVAYIR S| 2 NS =S N
LGB RO X B E R REARRT —
B SR BT . R R AR B A A
X2 ()7 B IR R R B XY FZ AR 3R0R
X fif £ 1R 22 RB ARG ) M 0 AE 4 AR bR R P Y
AR

TR 1 53 B3 CRIVRS X /DN ) 2 L I SRR A, 4
R Yo TR R W R A T 3878 00RS 40 5% .
BN R R BT & 10 2 PR (il L RS T TR 4 i
E AN &/ I | SRR 1= o = 5, NP
B BRI ZR BRAR 1 43 3 i/ s 17 80 di £, {H ]
REL ATy . BT L, AT LATE i 22 R RE (AR &Sk Xt
T TR
1.1.2 FREHSHE

W T 25 AR 2R (0 A X 25 [R) 67 R A B A A
R EAHREFNEMERFIERMBINCR ., AR
NI 2 N B0 58 B SR G TR AE I e R T
B Ete b, X T amE g — N E s
TRZE VRN MM I & 24 S a R R T RE
TR TEE S —Er .

U R R M T B (| P S Ry AR R o S
TCITF ) = 4R Ak S R0 9 A B BT, 3 fifi A5 4
s Ak BRI 43 B A2 45 OISR AT 45 X R A5 A AR Y
FEAIE E 05305 N7 45 Fh B2 22 b T B 28 Ak . QA 2% 1] 1)
P GEmEH AN RE . KRR NE S
T, 5, NS A 26 FhARIE S &R L W 1 T
e B (a) AIRZ S T R8P R I 6 144

R, B 1 (b) IR TS T A SR R ALAT 8
AEBEARER B 1 () WPRAR R 1 530 &P X R AL
A 12 EB AR E A5 2 (1 AR AR AR R W 26 4>
WmE(D) PR, KRR BRI R NS 5558
FH PR T AT, s TR SRR
LB E BB D NS T IR R A AR R 3R B i
L&A

FETIRR PR R, i — T T 21
FHERIAR 2R Z B W 0 R A 454 o e SO IR R
e, 1% R AR R Al ok Ko . BRI & L &
SCT AR GOy mdE . B Btk R 5
FEAR AR R Z (B A B0 B 23438 , i T4
HARIAZR AR B Z M AT 2 D HHABIR R G O, a0
Bl 1(e) fron, 51 A T 338 AR AR, R X P>
HAs AR — RVNAHPAR R A B34 . 438
14 588 55 T LASE o) 25 B8R R R 0 K 3 B0k AT 4
I3 A8 SR IR R R, 1458 R B KN R T 34 S
MYSRSSFRIE . X FELERM TFES KRR SWMA KR
Z I I 25 55 5 S U 3R A 3 3 P ) I i T IR
PR Z AR
1.2 FIARREER B IERFERE

mE 2 R, PR RN A s B iE
o7 635 M 7 ok 1) 3 (AR i A T B A R RUEE 4 B R Ak
B REL R e /N RUBE 3 BERAR R ARG B .
TR UM Wl S 0 i V) e RN S =R 8 S Bl
FH v 307 pR BB RRIE S 40, 08 R RUEE IR R 19 47
PR G556 F S A A A RGO s s R
FAb, TR R B R (AR Sy R N I A AR
W R EUMLBE M 5 15 55O =k, @ b AR R
W 5 {5 5 G - 1) i 3 208 I 2 ) Y {1 5 s o 2 1
T i W FCMR R B AR R B, AT A o /D R
TR Y o B MRPEHH B R IS (5 5 O W 25 1] 43
A1 R R W S O A s AR = AL, R AR R 3 Fh
K F AR ZE N B F 05 = A B0 o B, SE 30O
TS ORG 2 E E
1.2.1 HERAE

(DB R R R 1 5 BE RN Bt

SRR AT R X A AT — R R
PedE AR IAE T RS A o (R & 2%
T R ERTE . ERE KRR R RS R 5
TR R R 25 S AN I 3 B R R MR (R MR . I
Z R /IR ER A3 R AT BB A 5ot i o A
g%, 5l ZIRA . L, % H A R KN R AR



6 ;—y] I}Eﬂé %'*‘Jmﬂﬁg&1¢?%)lﬁ¥)ﬁf ﬁiﬁ@lz%n}% 835

(a)

(¢c)

(b)

4
B 4
= /_
4
(d)
A B

BT RRAP SRR R B ()RR TS DU AR R 5 (D) IR R I S I AR H 25 (o) IR T 5 T 1 B4 K R 5

()RR ETMABIER R ; ()RR IEE R I

Fig. 1 Schematic diagram of voxel topological relations: (a) the neighborhood between voxel vertices and vertices; (b) the neigh-

borhood between voxel edges and edges; (c) the neighborhood between voxel faces and faces; (d) the adjacent relationship between

all voxels;(e) the schematic diagram of voxel connectivity features
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Table 2 The results of the proposed algorithm, improved DBSCAN, improved OPTICS and DRAGANN

daytime night all
Methods Evaluation gtll gt2] gt3l gtlr gt2r gt3r
KO Lo o mean o @ 0 mean mean

P 0.986 1 0.9729 0.984 7 0.9812 0.988 3 0.9827 0.976 3 0.9824 0.9818

Two-Level Voxel R 0.9655 0.9814 0.968 9 0.9719 0.9709 0.977 1 0.9824 0.976 8 0.974 4
F1 0.9757 0.9771 0.976 7 0.976 5 0.9795 0.9799 0.9793 0.979 6 0.978 1

P 0.949 4 0.9331 0.9427 0.9417 0.963 1 0.9527 0.966 8 0.9609 0.9513

Improve DBSCAN R 0.9315 0.9380 0.9309 0.9335 0.9470 0.948 3 0.944 8 0.9467 0.940 1
F1 0.940 4 0.9355 0.936 8 0.9376 0.9550 0.9505 0.9557 0.9537 0.9456

P 0.9625 0.9557 0.960 2 0.9595 0.968 1 0.9729 0.965 8 0.9689 0.964 2
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p 0.980 5 0.9783 0.9857 0.9815 0.978 4 0.980 1 0.9739 0.9775 0.9795

DRAGANN R 0.913 1 0.907 4 0.899 6 0.906 7 0.9328 0.9111 0.928 2 0.9240 0.9154
F1 0.9456 0.9415 0.9407 0.9426 0.9551 0.9443 0.9505 0.9500 0.946 3
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Noise: a. sparse and uniform; b. dense and uniform; c. dense block, terrain slope: (D flat slope; @) gentle slope; @ slope; @ steep

slope
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