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Design and Experiment of Forest Plot Survey System
Based on Improved LOAM

FAN Yongxiang' FENG Zhongke’ SHEN Chaoyong® YAN Fei’ SU Jueying® WANG Wei’
(1. Jihua Laboratory, Foshan 528000, China
2. Precision Forestry Key Laboratory of Beijing, Beijing Forestry University, Beijing 100083, China
3. The Third Surveying and Mapping Institute of Guizhou Province, Guiyang 550004, China)

Abstract; The LiDAR frame data can be processed by LiDAR SLAM algorithms to obtain target point
cloud of forest plots. As a SLAM algorithm, LOAM can locate and map by extracting line and surface
features, which has the advantages of fast computing speed and better robustness than ICP algorithm.
However, it is difficult to use this algorithm directly in forest inventory due to poor lines and surface
features in forests. A forest LIDAR SLAM system was developed to address the problem as follows; the
modules of secondary de-distortion and secondary registration were introduced into the workflow of the new
SLAM system to improve the robustness and accuracy of location and mapping; and the priori
information, such as LiDAR device measurement accuracy and positional estimation accuracy, was
introduced into the optimization algorithm of the de-distortion and registration to improve SLAM accuracy.
Four 32 m x32 m forest sample plots were scanned by 32-line LiDAR, and the raw data for the plot point
clouds were processed by using the forest SLAM system. An indirect evaluation of the mapping accuracy
of the system in forests was completed by comparing the tree position and DBH extracted from the point
clouds with the reference data. The results showed that the mean error of the tree position estimates in the
x-axis and y-axis directions were —0.004 m and -0.011 m, respectively. The root mean square error

(RMSE) in the x-axis and y-axis directions were 0. 081 m and 0. 083 m, respectively. The deviation of
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the DBH estimates was 0. 25 cm (relative deviation of 1. 18% ) and the RMSE was 1. 03 cm ( relative
RMSE of 5.53% ). And the estimates had higher accuracy compared with the LOAM system estimates.
The results showed that the forest LIDAR SLAM system can be used for processing of the plot data

scanned by multi-line LiDAR. It was a potential solution for accurate forest inventory.
Key words: forest; plot survey; LiDAR; SLAM; LOAM

0 3

AR YA K HE W e R HCA AT RE AR R AT LA AN
i) J2= 9 AN [a) H bR i MOl 38 171 i 5 ] 45 2 4 e B
P PR AR A A, T AR B R AMRCR A
AU S AR W VE A | TS B B i A 5 S B8 E
SR R R A AR R AR R A R
BERAR . T AN A2 G T A X AR B AR R
I H @A T, B 56O 18 2% AR 58 U8 T8 M o A IS A
2 i AL i A A, T R e A R T U B T
SRR BE ) 5 AN ] 0 9 A SR o A M A — A
B ARARTGE PR A Oy 1, HE o 7R A 5 X G P A
BERE b, 9K 5 XA 3 1) 2R AR R R AT I A SE T,
T 52 H A XS A B 3 R AR AR D
i RE b B VA A 0 R P A R R AR A MR
FE S AR i e 55 DU T3 2ok DL b e A A Y
FER AT AR T o A G RE M T £ ol i ] — g
7 B 0 AL R AT AR PR O A (n et Y i A Rl R RS
i R A W N 3l VA N VAR L
i) X TR AUAEI FE ), HoJG I v ROV #
WL R B T4 . Bl IR 0 A S5 A SC R 10 R
Laser-relascope *' | HL I B 46 * 45 15 45 #2418 1 [0 i
NE e P N TR I = AR IR N 37 e S =
AT5 4R Tk b Mk 22 2 5 2 WL X (32 WP R T4 4%
[) 5,

B A2 B 2 R 1 kR DA B LIS AR T Y
R I 2 S ORE M BROR R bR A A R T v A
B PR K e o S R O B R R
ToF (Time of flight) £ A 55 3, Ko7 5552 W i &
4838w LUAHAILYE S WL A% J% 2 , ) FH AR AL IC ) 1 £C
PRAE B S A B o B O B bR ) = 4R e = R
Y AH Hy T AR e R R P R AR B R T
I A 1 28058 A b A A 5 AL AR TR SO
TR AT HRE M 7 8 = 4 25 =77 o ToF Al
HLEO T R T R BRSSOk
LR S5 R R R L DA O BRE i

AH HE T3 30 AH AL &2 ToF AH AL, 00 75 i ( Light
detection and ranging, LIDAR) B &% . A% H Rt
LR SE R S T A R U B TAT B A MV A i
7‘?%““ o M EL % FF 3K ( Terrestrial laser scanning,

il

TLS) B A4 o1 T AUA — D30, S0 A JE PR
TC AR RN B M 1) 5E B — 2 B4l , 3 B0 2
YRORE b Ja 4 R 3 IR T 5 AR I B 52 8 10 R b
PRI S U B R ORE S T B T A L
JE & uli SSAT R B B — i XE B, B AR A b rp A
PR 2l 5 FE I 3% J7, TLS Rl 4 18 58K By A 3
i F . B 3 Ot 35 & 4 ( Mobile laser
scanning, MLS ) i# % 15 L GNSS ( Global navigation
satellite system) .IMU ( Inertial measurement unit) .
G IE N T EAL AR 1 iz 3P &, a5 AE AR
BN AR AR B, 5 AL L R JH GNSS + IMU 4
B AR U R DO TR R8s T R
ARRAR A B2 55 17, 52 W ek 8 452 ], GNSS 2 e AL AR
METEAR T IE W TAE . BRI 5E £ bz 2 5] ( Simultaneous
localization and mapping, SLAM ) £ K /9 H 2 {8 18- 7
BRF J6 GNSS {5 5 19 IX s 5 i B g T B 2 . Bl
& SLAM Sk iy itk , B0 5 2 4R OG 7R k oR 2 B0
RIVAT 52 B for K P B O TR IR AR T TLS \MLS
S5 BA A T B A AT A5 A 3, He v — b i A
LiDAR SLAM % 5 LOAM ( LiDAR odometry and
mapping in real-time) (27 -30] IR L B R i o
FRAE R D BT 2 ey AR G A A O R B AR AR, B
A VR AL T AR AR R 2 TR AR AL
BT WA LS o AR T R AR KR 22, S O R
B A 2 MR P RS AR MR Ik T T AR
AR A

BT 55 DL TR, A SC L LOAM Sy 35 Tk # 2 75 Ak
FEHA A& R GE . 1k SLAM REE TAER T IIA k£
Waj 7258 | R TC o S A e DA vy 25 W 2 TR O 1) 5 A 1P
FOREBE S fd ] 32 kO A4 4 B 32 m x32 m
Y RBRARAE 3t , A FH Bl 9 LOAM 3R 55 5¢ B FE M 2
RPN/ SV N A 98 IS S TRV = 2 €N
LOAM ffi i+ 45 R X 1, 58 iU LiDAR SLAM 2 4t 15 %
AR 1 v 22 1 RS R Y ) 2 A

1 LOAM E#KETIK

LOAM J&—Fift il 1T £& | I 45 AiE 5 B £ b 2 ]
() LIDAR SLAM 59k , Al 52 5 5 0O6 5 15 P s ie
& IMU FARE & 2C s o e B0 SR R i (oK
TEFREDIR AN TP 8 2 10 3¢, LR GIE A 4 i 4 408



%73

WKFE 55 JET it LOAM B ZRAREE 8 & R it 5 ik 293

e AT R SRR 9 8 |
P| vee Pk P"},/ﬁ\:qj Pk j\j%kmﬁ}?\iﬁ%
fif % % tmﬁ%'ﬁﬂﬁﬁ)ﬁi,ﬁo VIR CEEET b I

TEAL B % 22 Bt LIDAR BOdiE i (LLSRS b it P,
) HAA L -

(1) 2 7 iy 5 42 BCH Wit 5l = B0 b i 26 T
Rk

(2) Ml P, 140 400 1) 75 38 o) s 3, B o,
W20 2 oy, I 20 8 KA AR e i

AT, ,,, =[At, At A, A9, A6, A6.] (1)
K [A, A, Ar] xy.z ZHOT ML IR
GGy

[ A6, A6, A6, ] x. vz =85 8 ff oG

) 2, B 200 28 0, W 20 T 3K 0 8 AR A b W] 2R N AR

t,—t,
AT, = AT, . (2)
' tl:+] _tk '

TEVZARR T A 4 e ke AT, MR R AL
S5, A N WL R S L 2 AR
P 2R TR AE 56 6 OF D8 AL, 7T 4K B0 4 e
AT, 1S5 EE A s PR 2 4 1 966 2 10 45 e it T
5 AT AW 2 0, B 2058 3K AR bR R R A Sk P
FJRR AT, AP, WSt o, 0 205 35 AL 47 &
PIFHEE P, AR A 25 R 25 WA T 25

)4 REdE ("1, Py ("1,
Py - ("1,"P) "1, "P L R,
B A R A bR R PR P, R A
Kb WS SR, (VT P) A
Bl m Ry AR, AR B T R 5]
KHEWICT, " P,) BT K AT g e, O T
FLA S0 S W 5 8 0 B SR A AR R, DB R
O L I K P, T 2 TR AT 5 R PR e
B SR AT 00 55 T M I A , 3 0 i o e 5 A
AL T,

(4) LT 55 b — 6 5 W (32 28 708 e ik 40 591 24
R 75 S DR, 25 2 e B WO (T, , P,) % E
ZH T, P, L) IR IR SRR (1)

A LOAM (945 #g i 77 1 5t 3 3 B2 45 4
WK EBRF, IR 55 SLAM 555 10 5 i (171 5 i
B AR ) L AR T P

LeGO — LOAM ( Lightweight and ground-optimized
LiDAR odometry and mapping on variable terrain) {f
Sy —FPEE ) LOAM A5 5 (A" | F g JEF7 T 40 F i
HE < O BT 5 5 oP M T 2 R L A 5300 4 T 403

EET

ST
—>| Wiz Az
(AL TS

fEATF—Wot Q IEEER
FREE
I ——
f
(a) LOAM

ey pdl
(AL TS

YRR T it

[ Eoulz |

(b) LeGO-LOAM
1 LOAM J R & T4 i 72 [
Fig. 1  Workflow of LOAM and its alternatives

QTERFAE 4R BT, B2 b 18 05 2 v A TR0 AREAE ] L A
ZHILRRE . B FE 25 Wy A2 B, R T AR AR 8 1S
FLJT I W 2T R e BTR A RN A B9 DAL, B R
ESE R H AL T Z W4k, @ L)L ICP ( Iterative closest
point) 1% Jy KL fili A4 A 1 8] BRI D) BE L JF A T
L TG, HH LT LOAM, 1% R G 16 = N ol A &k
S Y 3 A1 A5 3 A PR BE SE AR, HLAE T T SR
R K 55

2 LiDAR SLAM E % it

AT 2 WECH @Y I = 57 5, kb A
A B THRRAE SO AR AR AT 2 AR K T
K BE AT BE P AH X AR . A SC L LOAM Shy Ji fify 44 4t
T A TSR LIDAR SLAM 8k, H T AR
B 2 fros,

2.1 SLAM ZR% T{ERMBIEIT

AR ¥ N = s AN TR S (| (UR o  a O )
SLAM R4 T/Em B #1711k, DL = SLAM R 4t
BT RIS = S . AL T
LOAM , & S0t it R e kAT 1 HiAk

(1) ZE LM = FRAE $E U ¥ A = 50 3 2%,
BV FH T BC HE B R SR B R AE LR R AR IR AR S
B TE DR O BT 5 5 ), T TEC o ) £ LT REAE
FETE AR, B (o BT = BB Y 80% ) M 22
fEZAM, H T 1% 48 LOAM J LeGO — LOAM, i%
Tr A R R U R =i m



294 &l #Hl

2022 4

‘ . A
EHT !
ol i et 2 e
FIZEREE R AstR
A A
i et 2 KT R
kAT & :
FHEARIR v
IRECHE

LR |

ESNES

Bl 2 PR LOAM TAERFEE
Fig.2 Workflow of LOAM for forest inventory

(2) FT 1 ) 4 A A A 50 326 88 250 100 1ty 26 35
R BRI B B 0 B B R 3 5
LR AT AT 22/ T 30 em WOARAE) L B Ik A
PR B MBI S S5,

(3) 3R FH 0K 2 W 25 58 1 % AL T 24 25 £ WG 25 165
Eo LISk WOSGE P, A0 D — K LW S
3C LOAM Z 55 22 W78 ™ BEHC A I, L B ORI R 42
A 6 5 0 A8 IR R 3 ot 5 W A
Py R AE DS TR AIG A A 3 20 P R 35 0 8 7
AT, . o 9K 3 dof 28 M 1A 47 12 708 e ik 46 BRI 9 45 25
{37 48 75 40 5t DL I FC I A8, ORI AT, K 25 W A
Bl st 2 P, S 2 0, (S BT —
It 2)) s A AR R N HR NP, . @P, 5 R
R L 58 WS, 3R] ¢, | i 20O 5 35
BT WKk -1 WL T, BT, AR AT,
Bk kWP 55 ik A 8 A 4 B ELFR G Y5 AT,
(AR 2 T AT, i o W5 ) 5 e R P R
BRI R BRI, T AT, , ) T o 3K
B, BT RS BB . D IR J2 AR IF J2 76 S AR
SR A2 301 10 55 6 M A B (B TR R, TR R
AR AT, JF % P, T 5% A IR £ B Tk R
R T 00 WS W P, o @ TR S AR AR B
SWAE I P, 5 5 P UK o T L AR IO
WO B0 T, , S HUNE B P e LAY

(4) R FHFE T BLRE T 16 3F e 0 B 356 T 36 T 119
[0 3R 6 0 ( Scan Context + + 1) 52 ji [] R i fr) 1
S, R A PR T2 R 0 T O 6 BB ] R 5 24
FTWTZ0 o3 40 He T ICP SE3% 36 TF 48 TR A (9 4 4
I 7 ik T kL AT SR

()AL H My T UT ST, 38 o i — 4 ik
i, i LR ROS ¥74% , 7] 7F Windows , Ubuntu Z5
HREFHRIFZIT(E3),

2.2 WHLREMN SLAM L Eikigit

LOAM K HAs PR 3F 47 25 Wiy A8 K e v £G4k b, 6

(a) PEFFIDE A SHOEEREAE, B n B %

(b) HUTSLAMIF AR =M =
3 Fi#k LIDAR SLAM F 48 ST b H A
Fig.3 Forest LIDAR SLAM system interface and its

operations

20 i T/ TR A -5 275 (BRI M 1R ) R AR R AT
P/ S Rt S AN AR S N f oy R A A (R A
FUBIER TR BE R A) R A

_ |(X;‘, _XZ—I‘/') X (X:—l‘l _Xi—l‘/) |

3
' |X£71,1_X£71,,'| ( )
Xf_l,,-—XZ,l
(X, . -X_ D)x(X_, . -X_,.)
. k-1, k-1,1 k-1, k-1 (4)

TN -X ) X (X, -X )]
A X —S Wi kW P SRR S
X, X, —Z3FW(EE-10) b

X! B R L 1 £

X, —SBIWTCER kW) HS A R AE

X}, X)X —— BB W k- 1)
15 X % R
A
B b R A L Ry T P2 2
Av =BX -1 (5)
b X=[1, 1, 6, 6, 6]

X A— R

A B 2 BT )8 9K R 22

B——2 AL (R d,) B0 dg XL ITR
LS InE w80

W ERIIR L% X0 Sk F AUFI Lk Y
B 97 A
X—15 R0 i 37 28 1) i TR %

v

l




%73

WKFE 55 JET it LOAM B ZRAREE 8 & R it 5 ik 295

FUH R BT P 22 0 22 J7 # 5X, Ai nl A1) A A
IR ARG R B 1 S Al T 1 SR Bl T B, AT S B A7
PEEAR, LB AL B Al

R WOLTE IR M S A F A T L e” e
WE” B, AR e 0 S T Bt IROR R AR S
AR ARAE R AP 25 R 25 A U S RO R R

ad, ad, ad,
A=|1 -—7 -y - | (6)
X, X, _,, X, .
ad
B:bf] (7)
I=[ -d,] (8)
vz[V;,‘ Vlg,,_j VI;F,,J VI{;J]T (9)
A v, ——RAFIERI R AR 1R 2
VgV Ve X XX
SRR 2
HRFIE T 2 1R 22 A X S HT RN
Al - ad _odg ~ afls ~ ad§
X, oX,.,, X, oX,,
(10)
ad,
B:hf] (11)
I=[ -d,] (12)
V=["L "I’g,,d V;g,]v, V;;,,v,,, ";;_JT (13)
A v, ——THRRAE 3 T A9 1 98 1% 25
LETTNEND ST INUEN ST RN Vx,g'i—X:q,j\ X:q.z\
X, . X W
R IR 2

Vg Vs Py B vy B I D RIRE AR
ARICEN I B ALATT 22 5K B (B¢ SLAM R 58 9] 4 AL 46
UM S TT R AU RE T 0 N AR 5vy
Peovyy FRIRT WO B DB B BOG TR S B R
WLMEL A K 0 B o MIEE d, Z WA brfE
Al LA i

x dcospcosf
X =| y|=| dcosgsinh (14)
z dsing

A 0 A A b AR o R A LI L 400 JEE A0
EIRZN AR P A w23 7 v R BuR L IR R T 8

.
A

—dcospsind  — dsingpcosf  cospcosh
M =| dcosgpcosf — dsingsinf  cosgpsinf
0 dcosg sing
(15)
W vy Bovs B9 22 A1
3, =M3 M (16)

Xeh X — WA (0 o d) Bl

A 3C SLAM 2 5 76 * i ™ B o4 25 W 25 U5 2%
R B (P 22 ) A 0 e o AR A i A o,
2 AT T o - 22 1R 25 A 2 B BT 3k

) ad,
Az[ _aXL] an
ad,

s o
1=] -d,] (19)
v=[vy, vy (20)
TARRAE LT 22 1R 22 A XS HT KRB N
) ad,
A= [ X, (21)
ad,
r %) 2
I=[ -d,] (23)
v =", vf(@l]T (24)

S vy Jv g T 22 25 AR R 2
WOk

3 ZHAAMEEIARKRRSHIRN

3.1 WFERXEHR

e T b 50T A X8 7Y 1l 5056 Ak 37 (39°58'N,
116°11'E) S5 0 58 X 3, i Mk 3 E 2L T ARy &
Ko HefE R 4 e 32 m x 32 m {9 J5 T AR L O W5
X o FT A T B B R HLA S BLIA L AN
FIAEBT L LB i o 2 1 B T AN [ RE My R AR
J& Tk

®1 MBS

Tab.1 Summary statistics of plot attributes

A Y L Wt/
o PR
1 74 L 20. 30 5. 14
2 58 7t 27.10 2.65
3 78 i At 16. 86 4. 64
4 72 S 18.25 2.30

3.2 HE\RESLE

et Velodyne VLP —32C #3805 55 ik B B0t %
R A I 45 T B TR 200 m | LY 37 55 R )
KEER 3 em T W M1 Ry 40° K- ol
360° K- £ 43 PR d K] 3k 0. 1° (AR 33k £ B =
YPEREN AT AR ML) o O 5 B R IR 0 R
P4, Ry e TR 5 Sy 0 O TR R B R
FE OGR4 %8 T U7 10 K MERS o el 5 i &
K4 Jiw .



296 &l #Hl

L

2022 4

(b) R AR
K4 FATHBABMBOLEERS
Fig.4 LiDAR system for scanning forest plots

LKA 2. OLH ik
GRL
O DR IR A L 351 48 A5 5 S8 B A, I i R R EE A
SLAM 22 4t [n] 5 A6 0 vok /0 o7 4 SR A%, L 28 o 2t 1R A
JE B T E BRI A (S, R i A
ARG W PG AL D7 ) O AR 5 Bk Y AL AR R
T U6 JE T 25 45 D 8 A 2 X3 48, 9 48 7 15 Bt 1)
HER 6 m; 58 AT AT G Bk AR WA, IR m i
(] A 3 PP o 4B IE ST A COAR 48P 47 Bk 7]
)P [l A 00 552 B Ry A AL B E . @Bl R IR
B B 28 11 Bl 5 2 it 4 A 5, R A [ B A 0w 5
PR AR 2 IR IE . @B & 1k 5 5 5 1h 5 R
A, R [ B A 00 52 BR 4 Jm 1 4 B AR 0 PR RS B I

B RERG A TR 5. B

ESIRIE
RO B AT R

E J7 1]

B 5 R A
Fig.5 Plot scanning path

A ORIEBOEE B AR R 5 HAD S % A br R 5
e, ELORFE b RO R AR L R O OFERE Ml 0 KB L
05 Il i1 AL T O R AR (B 6) . @F ROk
TS B L, PR KOTSRS B R A . B
FRA P& AR 50 R b AT o

FE 58 AR ARAE o AT 1 05, B B0 5 A AR S A
LOAM % 4 5¢ i RE b = 4k 5 = W 85 SR, 81
LiDAR 360 {38 & Ak b5 428 #6 | b 78 $2 H . DEM A=
5 R BE A — A i v i A e e T AT AL G A o
AR Hb ST A M A R A R (TR T) o
3.3 HFRAE

FIF] LiDAR SLAM &4 & LOAM RS T
PO = o N Y SUPN () SR L SN - YA N TR

Pedodetotele!
0‘0’0’0."0‘0’0’0
Ootetotetotetolts!

QRRRRHIR

0, 0. 0.0

9%
3%

+9e%

0.0‘

90%6%%
Q 0‘0’0.0.0

BUZEHE S8 LiDARSRZ S

(a) I'ZLLI

(¢) FEH U0 1T
B 6 WOt R

Fig.6 Laser reflection mark

(a) SLAMAE BRI =4k S = (b) HbEHEEEL

(¢) DEMA: B 5 8 = m A —1k

(d) Mmakh i = PR

(e) Mams RIS
7T B B AR

Fig.7 Post-processing of forest plot point cloud

KA AN E 5 S H EH X, LB SLAM & G 48 7
Moz R B TE) 4 T Al 08 X SLAM R &8 5
LOAM 2 4t Ji 4b B0 % 3 45 31 45 5, D7t A SCr Ay
SLAM Z Gt A SOl M 48 )R B a4 4 0 g 45 2
FAY , A (Leica TS60 1) M 4 57 A7 B ¥4 5
Wi 2B TH S RO & SR E S H
FEfifi 4 0l 4SO 7 AR 7 B AT 0 A R R 4 A R
TR b (B S5 A 38 R O 1 06 )8 AR
AL X FF) il e A TR b I G )
DR R AT e AL J o A Sl s b = 1 VA
AR TC I, AT ) 5 I 2wk Ty 58 U A S
A B o AR SCR FH FR ST R A B R 25 G0 T AR U
B it p K et O 2205 3 b ST R A B AR A
R EE AT AN, o R



%73 TWAKHE 45 BT RO LOAM [ ZRMBE L 75 R SE i 5l 297
- - (E9).
2 (% —x,)
i=1
My n
w=| ] (25)
“, n
Z (ri =)
"X, =X, — X, =X, — MU,
3= 2 [ ] [ ' ] (26) (a) TEFSTLAMARELZE 5 (b) LOAMSfpA2 25 52
i=1t LY, =Y, Yi =Y T My K9 SLAM 5 LOAM J5 &b 3 &5 4 2= $508 s e X L
H (x,,y; Fig.9 Comparison of post-processing DBH point
(%, clouds between forest SLAM and LOAM

WAk, P05 22 3 W B ORRHIEE o, 7T KRR
0,.. = v max(eigenvalues(Y)) (27)

o eigenvalues( ) —3 A HAF(E
PRAH A SE AL B e KR S M 5 ) R o 22, AR SO
FAPAN SEARNL EAE B

ffE ] A 22 ( BIAS) | 2 J5 M 2% 22 ( Root mean
squared error, RMSE) AHXJfi 2 (relBIAS) K AH X} %
Ji MR 22 (relRMSE ) X Jiy 42 i T (8L 2E 47 P Al (Horp
RMSE 3 H 52 A7 EE W)

4 KBERSH

4.1 SLAM 5438 #1135 € 41 4

FIF SLAM Z 4 Je LOAM ZR 45 43 3l % R 1l i 4
WICECHE AT 5 Ak B, R AR OPR = 4 A R R
MEVE A BEF - D2 Fr SLAM figg 53 35 LAY 28 %9 ith 2k
JrAEE R E S i 2 MRS I AR BOR MRS = B A
— s X (B 8 £L ik AR AR SLAM i 58 22 B ity
24, E OIS LOAM fig 53 28 it 2k (8 0+
iz ) o @SLAM HIBR TP ARRAE ik fe v R 5
A VIR BN MR AR IE S 52 B, R 181 346 05
DB TEAL % & AL T /0N A (] QB ot 9422 1717 B
0 = 8 4 )2 8 LOAM R 48/, R = & FE %
5 LOAM ot 37 K 55 40 A5 U 2k R A A Oy 48 4

fIEH 7 A 5% DT, T e B RE O b0 1 A g 3 e

8 SLAM 5 LOAM Ji5 b 3 % B i 28 5 VE X L
Fig.8 Comparison of post-processing trajectory

curves between forest SLAM and LOAM

4.2 SARMEBETR

i LiDAR SLAM % 4t &z LOAM R 48 4k B K
B THE, i & 10 FT/R, B4k LiDAR SLAM i}
{E# LOAM fij 22 /v, 3 2 Gi it 45 R R W] : O SLAM
ARG aE B & RE R oy 9 Bl A S A OF %
#H -0.029 ~0.027 m, BPJCHH & Ml 22 5 1] LOAM fi#
S5 BRSO I T 25, (H & A b P 34 1R 22 3
K (-0.101 ~0.092 m)., @SLAM £ % fi & 4t 1
WLy PR B 7 22 (A 3 O, 10 B R il R A T E
oW AR OC M, LOAM fig 55 25 SR 2K 45 ik,
BSLAM Z % fife 5. 485 H v, Je K158 22 77 ) 1) B O 2
o,..(0.066 ~0.098 m) & RMSE (0.052 ~0. 104 m)
I /N F LOAM i+ 8458 (0,0 0. 112 ~ 0. 148 m,
RMSE 24 0. 114 ~0. 144 m) , B SR #E Ak SLAM 11118
A SR (BT

(d) FEH4
B 10 37K EE

Fig. 10 Estimated and reference stem positions

(c) FEl3



298 g Ak Bl W ¥ R 2022 4
F2 MAMEGITENEE
Tab.2 Accuracies of stem position estimations
¥ Hb il M/ m M,/ m o,./m o,/m Py O o/ M RMSE,/m RMSE /m
k) LOAM —-0.048 -0.069 0.073 0. 069 -0.001 0.077 0. 087 0.097
! LOAM -0.101 -0.070 0. 084 0.112 0. 001 0.112 0.132 0.132
Pty LOAM 0. 002 0. 008 0. 062 0. 059 0. 001 0. 066 0. 060 0. 058
2 LOAM -0.046 0.002 0.112 0. 148 -0.002 0. 148 0.118 0. 144
HER) LOAM 0. 027 -0.001 0. 096 0. 075 -0.001 0. 098 0. 100 0.075
3 LOAM 0. 027 0. 092 0.110 0. 089 0. 002 0.114 0.114 0.128
Ptk LOAM 0. 003 0. 022 0. 062 0. 086 -0.001 0. 089 0. 062 0.089
4 LOAM —-0.045 0. 038 0. 105 0.127 0. 001 0.129 0.114 0.133
‘ Bk LOAM -0.004 -0.011 0. 081 0. 082 0. 000 0. 082 0. 081 0. 083
s LOAM -0.040 0.017 0.113 0.133 0. 003 0. 140 0.120 0.134

T py WILARAEE vy #7171 U 75 22 s RMSE, Je RMSE | 2351 2« cy 77 1] #4775 iR 22

K11
Fig. 11

4.3 MRBEEITH

i LiDAR SLAM Z 4t }2 LOAM f# 8 <7 K 4
fli W 12 iR, SLAM 4l i1 {fi 3¢ LOAM Al i1 {4
W T £, SR SLAM iy £ £k 1 {8 T S
WR, # 3 Siil 4k R o, SLAM fi 545 R H i 45
fi 3t f BIAS & - 0.08 ~ 0.65 cm ( relBIAS K
—0.59% ~2.42% ), 5 LOAM 44145 5 ( BIAS h
1.89 ~2.62 cm,relBIAS Jy 10. 09% ~ 14.42% ) # .

Jt A A M ST AR A R 22

Position errors of all trees in plots

LiDAR SLAM
LOAM

35 40

B2 MR

Fig. 12 Scatter plot of estimated DBH

HLA 5 /MR 22 ; RMSE 4 0. 087 ~ 1. 23 em ( relRMSE

H3.61% ~4.94% ), SR 5 LOAM £ 18 ( RMSE

J33.37 ~3.86 cm, rel RMSE W 14.48% ~25.08% )

WEES., NE 13 aJUES, AFZEH SLAM 37K
*3 KEMGITE

Tab.3 Accuracies of DBH estimations

FEh  f#5Jrd: BIAS/cm relBIAS/% RMSE/cm  relRMSE/%
Mty LOAM  0.25 1.22 0. 94 4.87
! LOAM 2.47 12. 80 3.37 17. 46
Mk LOAM  0.65 2.42 1.07 4.02
2 LOAM 2.62 10. 09 3.69 14. 48
Bk iy LOAM  0.28 1.89 0. 84 5. 64
3 LOAM 1.89 12. 46 3.86 25.08
MR LOAM  —0.08  —0.59 1.23 6. 84
4 LOAM 2.58 14.42 3.66 20.70
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Fig. 13 Errors of DBH observations under different DBH
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