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[Abstract]

In this paper, we propose a system termed ForestLi that can accurately estimate the diameter at breast
height (DBH) and tree height using LiDAR point cloud data. The ForestLi system processes LiDAR point
cloud data through the following steps: downsampling, outlier removal, ground segmentation, ground height
normalization, stem extraction, individual tree segmentation, and DBH and tree height measurement. A
commercial system, such as LiDAR360, for processing LiDAR point cloud data requires the user to directly
correct errors in lower vegetation and individual tree segmentation. In contrast, the ForestLi system can
automatically remove LiDAR point cloud data that correspond to lower vegetation in order to improve the
accuracy of estimating DBH and tree height. This enables the ForestLi system to reduce the total processing
time as well as enhance the accuracy of accuracy of measuring DBH and tree height compared to the LiDAR360
system. We performed an empirical study to confirm that the ForestLi system outperforms the LiDAR360

system in terms of the total processing time and accuracy of measuring DBH and tree height.
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I. Introduction
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Fig. 1. Change in forest inventory survey methods (a)
Traditional forest inventory (b) Forest inventory using the
LiDAR sensor
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II. Preliminaries

1. Overview of LiDAR
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III. The Proposed Scheme

1. Overview of ForestLi program
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Fig. 2. ForestLi Program
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Table 1. Processing algorithms of ForestLi

Processing phase Algorithms of ForestLi

Downsampling ¢ Voxel downsize filter
e Sample filter
Removing outliers e Multiples of standard deviation

e Extended local minimum
Ground segmentation | ¢ Simple morphological filter
Normalizing ground | ¢ Height above ground nearest
points neighbor filter

Extended local minimum
Stem extraction * Euclidean clustering

Circle fitting algorithm
Cylinder fitting algorithm
tree | ¢ Euclidean clustering

Spatial 3D cylinder filter

* Region growing algorithm
DBH measurement * Random sampling consensus
* Least median of squares
Euclidean distance

Individual
segmentation

Tree
measurement

height
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Fig. 4. Results of LIiDAR point cloud data using
voxel downsize filter on ForestLi

3. Removing outliers
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Fig. 5. Results of removal outliers using multiples of
standard deviation on ForestLi
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Fig. 7. Ground height normalization using HAG_NN filter
on ForestLi (a) LIDAR point cloud data before using
HAG_NN filter (b) LIDAR point cloud data after using

HAG_NN filter

6. Stem extraction
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(c) (d)

Fig. 9. Results of stem extraction on ForestLi (a) Input
LiDAR point cloud data (b) Results of LIiDAR point cloud
data clusters using Euclidean distance (c) Results of
region—based LiDAR point cloud data clusters using PCA
and KNN (d) Extracted stem LIDAR point cloud data after
applying RANSAC and cylinder fitting algorithms

7. Individual tree segmentation
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Fig. 10. Individual tree segmentation workflow (a)
calculation of vector using PCA (b) 3D spatial cylinder
filter (c) region—based growing cluster (d) individual tree

segmentation

8. DBH measurement
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Example of RANSAC algorithm (a) RANSAC
algorithm model (b) Count the number of points that satisfy
the RANSAC model (c) Result of RANSAC algorithm

9. Tree height measurement
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Fig. 12. Accurate measurement of the tree height

IV. Performance Study
1. Experimental settings

Table 2. Detail of the LiDAR point cloud data used
in the experiment

Forest LiDAR point cloud . .
- data count LiDAR equipment
KRPF 1.189 x 10’ LiBackpack D50
KPF 6.627 x 10° Leica RTC360
JLF 5.962 x 10° Leica RTC360
ORE ARAEEAE gel iy

LiDAR(LiBackpack D50, GreenValley International,
California) A&t A4 LiDAR(Leica RTC360, Leica,
Wetzlar) AIME AFESIT. ZAF QA= AU (KRPF;
Korean Red Pine Forest), ZtH2(KPF: Korean Pine
Forest), d&olZh }22(JLF; Japanese Larch Forest)o]
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= ARt d2dZ4uR -2 X4 LIDAR AAE AL
24ich. A1 LDAR AIAQ] a4} =7} #imta LiDAR A1A]

Bo} sidert =0 Al AR ZAFE+= Intel
i9-9900K =2 A|AJ9} 128GB =S 7Hx]aL Q)T
Table 3. Detail of the study plot
Forest | Plot DBH Tree height Treg
2 Count | density
type | (m?) (cm) (m) tieafir)
40.6 22.0
KRPF | 900 31—613 | Mi—58 13 144
34.1 21.2
KPF 900 22.4—44.5 16.4—24.2 18 200
32.8 27.6
JLF 900 23.1—40.8 25.3—30.5 " 122

LiDARZ o]&5}0] xAISH CArA]Q] AW cioa} 7+
CH{Table 3). ZA} thgr] 332 B& Qlgzolu, ¥4
FAA 230] HA AN 21 5
gJoto] A% Wt e KIS A

P99 BEAE PRI, AURY, 4R, JRoz

LRRolA] 132, 182, 1188 717 £AR]c,

2. Experimental results

Forestli @2 7280] @ ~M8 51015}17| 25to] LiDAR

AT lolele $Asts 4 L2 7280] LIDAR360T} 8]
W3 ¥R FUAH, 21, Aol 1A

o)

3t aatol] tet e g LAuR] 242 (One-way
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5to] LiDAR360 =&
ForestlLi T2 7882 RANSAC d112]53 ARESHY
e B Atk C8a eiTable 4)
LiDAR360ﬂJ( ForestLi =g T7280]]A] RANSACY} LMedS
R E Aol ARE SDABANE i Al
F G, Tukey AEZFONE B2 1802 HRHY
t}. Z, LiDAR3601} ForestLi= RxZHt SARSH §1A]
7 e FA5191on], RANSAC ¥ LMedSe] ¢v2l&
Ao Ao} gt o e

Table 4. Comparison of DBH between LiDAR360
and ForestLi using one-way ANOVA

Forest| yethod [ Min/ N
type Max Mean | Std.| F p | Tukey | Algorithm
A 101'.21/ 402 | 7.8 a | RANSAC
KRPF B 182'2/ 413 | 79006095 a LMedS
C ‘211'.13/ 406 | 7.1 a -
A 2319'.21/ 325 | 52 a | RANSAC
KRF B 372%/ 339 | 52(0.14|0.16| a LMedS
c iié/ 31 | 61 a -
A 312'3/ 318 | 5.6 a | RANSAC
JLF B fé‘i/ 327 | 54(002/098 a LMedS
C 310';3/ 328 | 49 a -
A: ForestLi, B: LiDAR360, C: Actual measurement
Table 5. Comparison of tree height between
LiDAR360 and ForestLi using one-way ANOVA
Forest Mathod [T Tree height (unit: m) :
type Max Mean | Std.| F p | Tukey | Algorithm
IR o |t
KRPF B 2203'%/ 216 | 12]195 0.16| a Ed“i;';d:;“
C 2203'%/ 220 | 1.1 b -
A 12?53/ 228 | 15 a Eduig'liad:caen
KRF B 222'é/ 232 | 13813 UUU a Ed“i;';d:fe“
C 12‘2@/ 212 | 20 b -
A 23?563/ 82 | 27 a Eduig'liad:caen
JLF B 23163/ 288 | 35079/ 046| a Ed“i;';d:fe“
C 23%.35/ 276 | 15 b -

A: ForestLi, B: LiDAR360, C: Actual measurement
*xxx: p<0.01

23 37892 8l wat Auks ket Zok(Table 5). 4

LiDAR360x} ForestLi

1X7H
&3

oA Fefulet Afol7t s

a2
oIk ol A mAle] AEYIA 0.F mRolch. At
2]
a

7} LiDAR36O &L%*EU( ‘-*71] gttt Forestli =&
o] A A0 QAL dole thgat Zot Al BIAY,
shEAlA AAOIN 471 ofelse] LIDAR A to]
E7F 4% aAEe] 2L A Z,,, 0l RAEJAKFig.
13(a)). & A, 7HAlS ﬂ]r75§0ﬂ’\1 AdY ZHE &
73 Z’IIL(L’I‘7} ar
2 23 Aol
o Astol, ZjHIB0) fﬁszr AR} 445

A Qe sjof g,

Fig. 13. An example of tree height measurement error in
ForestLi program (a) Loss of Z . LIiDAR point cloud

data during understory vegetatlon removal (b) Loss of
Z  LiIDAR point cloud data by cylinder filter in tree

maxr
segmentation

LiDAR360%} ForestLi =& 7280] LiDAR A+ go]g]
Aeshe ARl AARE éo%q. Fig. 14= ZA|
159A]7F o A2 HojZc} LiDAR360 Lz 73ie
AL A 0 BS YA ARAPE A A 2
I Q75 475t 5t5 Al sligshe LiDAR i+ o
o]E|S A|7gttt. LIDAR360 L2 7740] ASIA|I7E AHE-
Afo] A A|7HS msksir) LIDAR360 Iz 12Ho] Alsy

~

l'I.IOI' o;io[, ﬂ.l)' mlm

rulm
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AJ7to] Forestli T2 728w} 2|0 6.74] o]Ar Zc}. o]
712 LiDAR360 Zg 7382 3}EXA1A0 A A9} JiA2 Bt
AR AV 478517] dholt. ARgAT) At

0FE
A 3] o A
Az gt AA| AR Z2Hd 4 lth
160 . i
= B Forestli OLIDAR360 —— S
E ——
o 120 A1
E
®
5 80
8
<
2 40
£
st
0 T T |
Pinus densiflora  Pinus koraiensis Larix kaempferi
Fig. 14. Comparison of total processing time between

the ForestLi and LIDAR360 systems

V. Conclusions

B o= guAAT 295 S0k B3 K] AR
AF2 9J5liA] A4} LiIDAR A7 7} A3Ad3t LiDAR At
TOIEl elef Z220) A% 330 e 978
7“744 212 2A517] YalA A7E o
FRAL gyt AA|Ro)o, Al
/\1 7H‘£?} Forestli Z2 72}
‘48 LiDAR360 ilah} v ne o], stEAIS A}
2 AASEL, AHIES Rk A% LIDAR 2704
18 B4 AR EAle F7140
Zx)9] 7] DUE™ Ataulst o 1o
851 19]. ForestLi T2 738 7dko] 4 ol o2
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