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Full-Waveform LiDAR Decomposition Method Using AICC Integrated
Adaptive Noise Threshold Estimation
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Abstract  The conventional expectation maximum ( EM) decomposition method combining threshold-based
denoising and AIC (Akaike information criterion) is ineffective for eliminating the noisy completely. Moreover, the
AIC is less flexible for a small sample target data. To solve this problem, an improved EM waveform decomposition
method is proposed, which uses adaptive noise threshold estimation to eliminate background noise and random noise
at one time. For the small samples and weak echo target data, the waveform decomposition is performed using EM
algorithm collaborated with AICC (Akaike information criterion, corrected). The effectiveness and accuracy of the
proposed method are validated based on several sets of measured data.

Key words remote sensing; full-waveform LiDAR; waveform decomposition; denoising; expectation maximum

1 = PO I 5 R RO O T BT R B O
KRG APIEHOL T AW LR 205 5L 65 Ik

HLA O 8 I B AR — R AR OO R ol ) BRSO R 2 I A A A L X 4
AN LERGE S SM RS h— W AT YR IS i 23 % L BE 8 Ik — B R A5 RAE A b5 %)
SR U A B IR AR . ARIESRAE R BB MR (E X AT O e bR RS 4E 43 BT 4R 4L R R
HUST [T D RE T AN R AL BRHOE H Ik T 0 A 2 08 KSR & BB BOGE R g 2 D T e i 2 |

Wi EE: 2021-11-30; 1€E B E3: 2022-01-07; FABH: 2022-01-27
HETH: BERHRFHI4E(61771456)
BIE{EE . “Zhoumei@aoe. ac. cn

1228003-1



HRiIEX

E a2k E 12 H1/2022 £ 6 B/FER

B F AR R I S B0 st A4, 2004 4E, B
HF] Riegl A RIWHH T 25— /NGBE 2 BB BOEH
BARGE LMS-Q560. 1% & 4t fiE [A] i 10 3¢ 1 5 0 i 6
U E A5 04 B ) O B RE AL IXOF R T A B UG
IREHE Ab 385 N R ST A — I AT Ak
JE WO TR 3k B BOHE b B A T 0 Il i 2 e 5 I
W IR o3 15 B 45 20 53 Lk — 20 52 U 43 1Y I OE R
HEI AT IE

LGB R TR ) 52 BT RS 5 BEAL
g P P18 52 T, T MR 8 A A N 4 RO B8 1 S 8
ittt OB o3 R AIE 2 A b B ) R0% SRR e PR
K T PR A O ke R O e A S N Y
A2 . Soederman ZEUHE 2005 4RI, W A 4
A B 1) R [0 30 6 TR o SR A A 1 2 T (DTl O
VES B 7T 25 B 5 1) BACS 0T g e B v A MR P,
AL PR 0 R A A A A g Nk
A3 F Savitzky-Golay (S-G) UE Uk ™ 45, 45 34 4%
23 R v TR U /NI G i A S AT T R B
XA T DX 3 AT B UE A L B RGN A
FMRARVL K 2 30 o B A 5 R A A L S
IRl i I8 B 2SR L 2 v D R E B —
e 2 18 3t 4B HB— 5 (] e AR %) T i B AR i ECHTE 1Y 44
{E SR A B, bt SR AR 2 BURT 100 AN AR
SBERE MR IE 200 4 5 iR 22 BME . BT IE R
SR LAPRBAS TH 5 R M A HR RE S B IR P 2
[B) AN — B0 1T BB S B0TS S M s A TR R S 42
ST A B B, BRI RE S BT
Bl B 7 AR AR 20 Ak I, 2 5 8008 Uk LW ik
TR TPATH A AE TR 43 2% /N SXOR T 5 2 10 E
93 .

WG 53 ARSI a1 15 55 2 O6 B AR N 4% 4
5% B e ok b 7 R 3R e T B 2R AT 4
fife AT LAARAS AN [|) H b5 4 09 bk ob 45 5, #6753 B
AFE HARY R E R SRIEE R . BEih K%
IR Sl S U I A i B R OE AT 4 B
Wagner %5 3 185 17 55042 I IE 306 75 38 I 4
A 7 AR AR AR R R L B L U 6 S [l R IR
BRI SR RS 4R —Fh 2 Btk
W R R AR L DAR i A R A i IR RO . 7R
SE $U A U TR B A ] 1) o BB Y S TR O3 M R
— A RITEBA SR, SRR 5 g b i
B UR Y A I AR R 3 e A A R A O R
SRR A, BE AR FE BB dR R (EMD) BBk Y
Levenberg-Marquardt ff fb 455 5 8 5 £ G fl . AIC

(Akaike information criterion)™" ] D4 i 25 B %
OE T3] 3l VE Bk S W ER - R-N = ¥ <]
KGRI L 405 V5 A BRER DU 21 19 20 43, 1 BE 43
it rh B E A0 B IR T2 — . (HTER R T
AR T B B 1T R A A Y X, L K
J52 1o HCSS TR BT e 52 A B 5 M R D IR SR I T
SRS A HER 2 3 B8O 05 a8 BORBE .

BE X BLAT J7 1k TR U8 I 2 W AR 43 i b i A
AL AR SCHE M T — B[ 3E N MRS A AT RS
AICC(Akaike information criterion, corrected) [
SeitE EM Y I3 i J7 125 8 e 4 G R S K i il B A
THHF SR S REALME A, R T A 0 R R 1 A Y
1 [R) B I B T S R R 5 BE AL 7S 5 R IR 43 i AT
AICC 7E AIC () =Rl L 38 i 5 T B¢ A 75 Bt #2931
T, e/ PEABE T BA AR ROCR R AR B B
M AICC Y8 AIC, fig i i 76 AT ] £ A K/
O B0 o DR A SOl ATCCH™ (R AT 41 0 B o
I J A T b 5 s b R AR 1Y A PO O FR I8 S5
B AT A SO R AT T 9, 45 2R 3R WA ST vk g
A R o8 R AT EE Ml ¢ OV A IO O R 3k L R
(53 i
2 RPICHOCE B

A SO It P A 45 D TR B A L R S Ik b
LR s aNE By VA ol = P NI 33 % €1
3% AR R AL T ATCC 52 4140 50, fe 2 58 Rk
R B ot . Bl 1 B A SCEE R,

/ Emitted pulse and back-scattered waveform data /

v

| Waveform modeling based on Gaussian distribution I

v

| Emitted pulse aided noise estimation I

¥

I Waveform denoising with adaptive thresholds I
I EM algorithm based waveform decomposition |

v

| Optimal solution determination with AICC |

v

/ Obtain waveform components after decomposition /

K1 e
Fig. 1 Flow chart of proposed algorithm
2.1 EHE#ES EM 53
Xof e B B A AT AR LA I 3 I v B 0 A T

1228003-2



HRiIEX

E a2k E 12 H1/2022 £ 6 B/FER

K20 RS A o il B etk 26 10 A5 =
REEE T 25 8 Mok s IR A7 A 41 W 5 0K K v 58 2

i HL 10T A7 16 22 20 73 B9 45 A5 TT AR Xt 2 5 Jok o
4 2 1] B EL A 2% T[] 1 ) 4 A, DAL 0k AT A Sy R 1)
HIC [0 0 T S 4% 443 9 B . B L AT U
T2 A A i 0 20 A1 B

K ax
Y= w,f;(x). f;(x) ~ N, .69, (1
j=1

by MM sw, B DEd sy £, ()R
XIALEE su; NS DALy f; GO BHIME 07 R
% IS £ o) AR K L., AR S
B, 38 I 0 W B A T SRR A N R A A, X
T — 41 e, E e e A AN K~
Koo o K NN B TN T2 51 5
FCIMH w; Bl 8 R w, Al EM Bk i
AT KAV SR A T, B i 38 45 PP A0 A 1 B o S 0 4 40
fige-

B S H BRI AR 1T Y, Al kA
R

Y, :M, (2)
ijfj(i)
i=1
SH I SEH
M
21';yij
w, =, (3)
wjzx,-
M o
foy,-,-i
w, = (4)
w,Zx,
M o
El‘iy,-j(i*uj)z
o =" . (5)

w; 21,
KM ARGy, WA R T8 R
x AFEAS T SR B
2.2 EEEfhit

S POE PIBCR AL B R ol T 52 B A 4 T R R
75 55 BEALIE 0 52 0, 3 26 B S 7R R Ry R P
R R AN BB s A A T
Se Xt SR BT HEAT MR S A T 5 08 T L O B R

X 3 T8 Bk i A B 52 1
2.2.1 KSRk BB R FAE T
PR AE B RE —AA8 &4, Wik

ASCHE Je 5T EM BN A O i i AT B8 o i 4
HUME — A RU2H 53 I R 22 0 B0 R AR 5 80 I (] 9
R FLRSIILT
WEIE bR A 58 0 W B Bl o T, = (&),

L) e G SOV R Gy
R — 2R SR E 1 A SRR Y 5 bR R Rl
(25" 3" ) R —H R FHE A5 2 AR AR R AR
BT (oo s v o) H—H B SN W 5/ — A4
R AE Y IR O B . R SR Ay il S e — A
BB ] Tl =y s (2l y)) s e
Vewi) s e (s D) N — 2 & G o A JE A 1 A
KA IR . () sy S — K& 50 4 e
552 A RAE S IE B (2l v N — R 5T
WA RIS s — D RSB . T &
SR H A — A 550w W 4 43, R 5 7 20 93 5K
K=1,57T EM 85 MR S0 o0 . Bl 2 s
R RS B A i T I SE R SR R I IR AR U R L
LR RS E B .

120

100 I

80 i
60 [
40 [; \k\
20 ) \

( ’
s \Lemit »

— emit pulse
emit pulse fitting

1
=

Intensity /arb. un

% 10 20 30 40 50 60
t/ns

B2 S ik e g TV B30I 4 A 205 2R 1R
Fig. 2 Result of decomposition of transmitted
pulse waveform data
E— 20 B B IOME— A R 43 S 5k 22 34 R bR
HE22 03 S BEE R SR N, FIBEALIR S N

xxxxx

, (6)

Nr: ) (7)

KN e ARG PERAEE 7 e I — RS
WHYES ¢ DNRAER " N RUIR R YIS« AR A
SRR s v RSO R B HS © A SR A
58 5
2.2.2 BIEERFE RALEY @ ROR Y SR

SR A 8T T3 W 7 G [R5 e 8 S e, AR SO
Xof [F] 30 B R AT U B AL B . S-G U I RE e K PR BE M

1228003-3



HRiIEX

E a2k E 12 H1/2022 £ 6 B/FER

PRAF IR R B 1) 15 5, 5 TR ik D iy 40 ) M 7 o
PREN T A S 98 B RCR B NI A SCR T S-G
8 7 X [ 0 R TR A g Ak B

U A PR BR T o R A A B . L IR
B P ATH A TR TS S5 R S I BE BIL R 7 A Y 2 /N
FAAE T AL Ge 2R [ 5 199 (B 25 M 1) 5 0k AR S i —
Aol S 07 PR 7 R A A T B 2 M T ik BB K A 48 SR
AL SR 32 S IR 1 [0 2 90 02 40 0 0 26 Mk, — WP
DEBRTT S M S LR . AL AR KA R
PEAE T HC AR AT I T 45 — A SR A (8 408 Sk Py Y e 7S
it

TR AR RO O T, = (D
(3”50 e (e s v b H P (el v A
— A [B1 N B S — A SR R A T HE 5 i s Y
[T BAE H Tl = (i sy (ay s yi) s e
ye/cho)} wﬁ\:':':'(lfe:»ho »yé.lm)ﬂy#éﬂlil?)iééﬂﬁﬁiéfi}é#
AN SRR B W R 5 DB U 2% MR S BY (] R
Tl =y (2 v s ey (s vl by FHoih
<x££1wv)’éim)jﬂ#éﬂEﬁé’é?[‘gﬁ\%ﬂf’%ﬁ%}aﬁﬁ%
R B POE R . AS SCHR Y AY A R  {E AY 25 g
AR 2 v =N, N 3 =y, — Nyt v
o SN 30, = 054 Ny <<yl <N\, = N, T X
UG AAREEN 3/ 5 o/ BT SR
W45y VSN, By, SN RS TA
SRR 3, =054 Ny<<y/ <N, +N,, HAF1E
v NG N A A AOR BEL

echo

/7
’ (‘Tcdm ’

y({iho - yc:»lm —N,.
2.3 ET EM &EEmERKEE SR

it 3 %t [0 i R R AT R I 2 e A B, A 9
BT W PR X A o3 M R R R T AR SO 2. 1 A
N7 A RETY X6 (0] 5 35 A BEAT it I 32 A% 20 O R AR

5 T el R R R R DA A — A
By B e /NP K L = 1 TR
%&Knmx %

N(T”.
(”q, (8)

K ... =floor {
P N T 2k 25 M s [l 30k % B0 vh i 9k o B8
A floor] « 1R M LHUEE ;S R — A Wi 4l oy
PERBERI /NN, TS AA K E . 5B L E
KA SR REA AT K AR SR IE 2 10 35 S BUE N 5.
MR 35 58 10 B /0N I K2 23 B0 1 4 0 B 1
K,.w<K<K,..%&T EM 8L REL A58 K
AT BRI A as . AICC & XUWF .
M+ N
M—N—2"
KR, HOIEIIA 2 N ARl 254
B FRA R4 s ARS8 H
N K

R aicc =In(R /M) + 9

N =3K, (10)
P 3 Ay [l Y o i s T TR
—— echo pulse

echo waveform componentl+background noise
-~- echo waveform component2+background noise
- echo waveform component3+background noise
echo waveform component4+background noise

120

—
®x <
S O

'S
S

Intensity /arb. units
o
S

[\
(=]

OO

10 20 30 40 50 60
t/ns

Pl 3 Il il ik 25 2R
Fig. 3 Results of echo decomposition
2t — 28 M AR SO BT ATCC A AIC X [R] —
R 274 o A S WG I A 7 S 1 S 7 N W el

4 AICC 5 AIC B R AT L E . () sz Bl 5 (b)) AICC BRI ; (o) AIC BYE{LHE ; () AICC BETI; (o) AIC Y JZ TH
Fig. 4 Comparison of effects of AICC and AIC. (a) Point cloud map; (b) hardened ground of AICC;
(¢) hardened ground of AIC; (d) roof of AICC; (e) roof of AIC

1228003-4



HRiIEX

FE4E F12H8/2022 F£6 B/FEER

4Ca) Ry S5 X = BRI 4 (b) L (o) 4 3l ol B T
AICC Fi ATC B 7 B [R]85 38 T8 43 figk v 9 28 53 $00CAE B
Y DI 1 B Ak b THT B 2, B A (D) L (e) S Xk 2 )2
TR P S = . ATAB S L 3 F ALC 5 4147
B T R A 4 AR R — T T B Y
SPIEIG . WIS S 5 PR g 45 R, AICC
BA TR,

SRS RS EAE S

3.1 IBHEEES
ST B BE AR O 2012 4F 9 A T AL AT
% ORI 2 O BOE 78 18 B, 18 i B

8 1GI 2\ A 9 LiteMapper5600 4 U JE L 2% i %
Tk, HAREE WA 1, 3 B g 5 iR,

%1 LiteMapper5600 @ HOLE XS
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Parameter LiteMapper5600 from IGI
Flying height /m 700
Wavelength /nm 1550
Ranging accuracy /m 0.15
Point cloud density /(point « m™*) 4
Laser emission angle /mrad 0.5
Sampling frequency /GHz 1
Maximum scanning angle /mrad 0.5
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Fig. 9 Comparison of point clouds generated by method in this paper and threshold method. (a) Point cloud in experimental
area; (b) image of experimental area; (c¢) point cloud local scene 1 generated by proposed method; (d) point cloud
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(f) contour of point cloud scene 1 generated by threshold method; (g) point cloud local scene 2 generated by
proposed method; (h) point cloud local scene 2 generated by threshold method; (i) contour of point cloud scene 2

generated by proposed method; (j) contour of point cloud scene 2 generated by threshold method
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Table 2 Correlation coefficient p and KS distance obtained by proposed method and threshold method

Area 1 Area 2 Area 3 Area 4 Area 5
Parameter Our  Threshold Our  Threshold Our  Threshold Our  Threshold Our  Threshold
method  method method method method method method method method method
0 0.963 0. 957 0.978 0.962 0. 981 0.961 0.953 0.9526 0.951 0.942
KS distance 0. 149 0.194 0.142 0. 185 0. 146 0. 158 0.182 0.217 0.172 0. 385
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