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DGPS Ed PPP IRZEEHLERE EMBEME IR

RER " BES FEES OERH RERC

w2

ZEHROCERERE AT GPS B E - ZZHOLERMNE - REEHHERNEEES RS
A 25 G  iE T TAPRECR FTRERY(ERS © (I > AW E sUE IR % BB E (L (PPP)E (L iR - 1
Fo R GRSt BRI 2 B A7 ZE mIREM: « PPP TEERDL IGS A BA5% BE R H 2B EE
T} > SR LB RS oy U TIE L - A R B SR fE R E LR © ATFE s Bl PAZE 53 E AL (DGPS)
1 PPP WA RT3 > 1 6 fRZEHECEERHEHTAR T B A A B ThEER - Eot - thEw i R =
HZ ffBiz= 5 - L DGPS K PPP 25 il Bz oL ZEREACRESE LASer(LAS) AR » LU FERF HIRVECEE
WOPAEAT R E WA R TR EE - 5550 > DIGEEG DGPS K PPP 25l H! LAS PR AL DGPS fi#
R LAS SR SRR - BB E S DL S B R L (R SR @I o PPP 25 ( DGPS HJREM: « AT ZE455m
DGPS J; PPP Wfefig 5 7 20 A [ AR E 50 T > PPP 2 tH 2 A B B R A R A = e T =X

ZERES £ DGPS ¢ PPP Rfifil HRESE 2 A

FE#EEE : GPS FRAIBEC, MimFE, BREH, MESI, ERE

1. BIS

ZEHOC R E 2 = 4 MR R P R T BUE
BFE(1) M=% GPS yh> #dE ~ (2) Ze#; GPS
B~ (3) Z=Ek IMU B ~ e (4) THHRIEIE -
I > 2B EEREERE 2 GPS EfIFRE R
o (FEME IV E LIDAR ST REEUE P
BUME (SR ES » 2010-2012) 585 o » 2 ¢ e HIfE
SE IRV I 3 [ 25 Ak RS B TR ] L 4R R/ N
20km - DL7=45y 2z (Differential Global Positioning
System, DGPS)#E1T GPS Ef 5 - RyEfF & AR
F/NR 20km REEE - INEEEHEEAEEE
e E N ER AR - ARat 25
o BRI R RRHYR A RE RS o (RIE - E A
2% GPS uhZ gL IRFIERNT - Z &7 H
PPP(Precise Point Positioning){E &L T2 » 22
{EFFPRETAIRE - A 78y B AL A v J S 2 K1

P g

~3

29 g

ERET AR -

SEHvehgEY 2009 45 8 H 8~9 HEHEAIGE »
BB PR LR TSI - #(% 2009 £ 9 H 8 H
Ry1b - ©2/iER 619 ASET ~ 76 AEHEEE
EF} - 2010) - SEAVEGE FEiER T —(E A0 DK
g B YR S RS AR TR R K - AT
F - S R A P R B A O 2 I R ZE TR
IS BT RN E S E R EE - A1E 1
Frs - @R e E S 1Im 48182 DEM
J: DSM 1 50cm Z IESf 245 - #56 " LIDAR %4
HE SRR R B E RS AR R (5
%), Level 2B ZE4k A REMEI(PIELES - 2004) -
P EE 2SO R AT s g R 1D K E &
felEE(Liu & Fei, 2011) - 51T E 2012 4 8 HJE
1k > 10 {EHIE 1-1~3-3 L FRET5ERIESE - W
& DEM ZR/KH H (b (hydro-flattening) iz ¥
(Wu et al., 2012) -

foF) po# iR F 102 # 03 1 12 p

@ecp PR 102# 07 7 03 B
B p Y AR102# 070 18 B

PEZHHF AP HFAE

SE MG AP ggamd

CEZfET P BR1 sk
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RETA= 12 %, T 03-6235799, E-mail: liweiwu@geoforce.com.tw
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BB IE BB BB AR R T L B
SEERATH RS - It - B RENRE A
Rt IR IR SE RIS 2R - B R BEE=
7y Z A At R Er BRI L ER R A0 2 B
A 30%2L b A3 S IR Ry B =2 1500m L
b B A= B R R ISR R B T =
JoRE > DLz W EIEEAE EREE - fL51 > 578
[ E A BV SR > ZEERIEIRN > BB
FRLEAR 1 - B S L2 B SR DI R ERsE Rk
B o DRI E ZRIR IR (LT b R G A 3 R e

F—H EKBI10BFE118

R ) T A E R M R B R E
TTHITRFTERIERE - (EF2EME S T 05 82 AR
HITRHE > B RN 52 M F R B S HRHSE (Hsu et
al., 2012) - pEAMAEIEGPRERIRSE - BAE NEFEE S
B BRI 5 R A 2 BROE i %24t (Global  Positioning
System, GPS)Mf1IEI A&k - W AE5E R ZE PRI
MBS RS2 1% - A T AR R PR SR Se B
BRETRIGHIZT o S H4ERFEGR R 20km Rk
B > LT FREE A AR RS -

Taiwan LIDAR Mapping
Schedule (2010-2015) o

)
HHE B‘-“? )
gapmanny | Production:
gaEe 2010- blocks 1-1~1-3
i 2011- blocks 2-1~2-4
2012- blocks 3-1~3-3

1 ZedfotEE 2010-2012 &7 5y or SKIs R A E
2 AL 2 TBERTR - AT F 10
TAFEE - 1 4 HTAFERE 3 FREMSERK -
NM1~3 £y 2013~2015 5t S HEAE AL (e i Al s, -
JHLTHI B B0y 1/5000 ELBIRL > Y 2.5%2.8 km?

The High Relief
of Taiwan

2 qEalEEE - aEAEBBE=TZ 0
TIEE R REfLERE - A 30%LL
bt S IR Ry e 2 1500m DLE -
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B EHEH TG T SR A R RIE E 5
PR FEI8LEC (Timestamp) B2 GPS k(&8 1 I & 4%
(Inertial Measurement Unit, IMU)—[&]fi &z H i
BT B R R R B AURL SR A > B Ry 2 O
e ) EEY) (Leica, 2010) - AFBRAyAr BB ZEREH 1H
MEERTTENESE - MFEH GPS EALEHE) - A
WA FC e L A (L B B RE 2 S A (E - (NI
GPS TE {ir il 52 pl R Ry 4 F7 3R 2= A A 1 B SR i

H i 7= 497 € fir (Differential Global Positioning
System, DGPS)fi 55 75 =502 i A > 2 ot 22 flild
EHI{ESES - DGPS A 273 R E Al A RBUHFRECK
DREFE A EREDE - EEEENUE - ¥R
[T e o B A=) DUB S S iR i
S TR LA UL FORAIRE L AR - 28 AR
M RCELE [E AT AL - DGPS #REEfrAs B —#

v {EF> 0.2m(Seeber, 1993; Parkinson & Enge, 1996) -

AP - 2% BEBE 2 {17 (Precise Point Positioning, PPP)
5 FH B — R Esb s dsk S I T - 455 % B8
B AR B A A SR ) O - W DA SR SR 4R
44 (lonosphere Free Linear Combination) L3
fiZE (Kouba & Héroux, 2001) » H. e AL fE A1 EL
# B H B £ % HE 28 (International  Terrestrial
Reference Frame, ITRF)(ITRF, 2012) 48 %534 - Fr DL
PPP (BN TR AL s I ALt - 5 B RHE I
BT E AT E R (AR R T A
FHENREE NS ER 0.4m (Martin et al., 2011) -
ZEd G RN (SR ABAE o > GPS TE i HYZAEMENE
R Ry E R E AR A R - HAT A K&
LiDAR &t B {E P B E T » BIEEES
REIE(S = I EMERY TRATTINET - B —FiRFT S 2
HTETERSE o R AR s AR LR EEhRE GPS R
FLARPERES E/ NS 20km #E7T DGPS f#H - ¥ &
EUIEER B R = LU, - 35 DU AR s 3 (R 5
R —(ERARHIPRE - Rt - AW ZER S E
PRSI I, » 5 A DAREL DG Je it o3y PPP R 5TS
A2 DGPS B EEE  (E ks Bt Auh

HYPESEERIS - PPP 2 —(ER(E S EAVE T -
R EE L A EZE 2 > BB DI B A AR vE i,

BB RRGIRL T Hth  AR i EOR A B A BBk

SIS ~ (RMEYE ~ $BH0H ~ FREBMS ¢ DGPS B PPP REFERBEMBEMR 2T 3

e BN S EER @I DGPS fRRRAEEITHY -
PPP i Ee fhZ s EE(E SR T - AWTFEEmiLE
#; DGPS k. PPP fREIBLIERCR 2725 » K&Se
DGPSf1PPP 5 Al ZE t LAS BLZE Z it P22 et -
B Ef4RIS s DGPS fRRE Y AR E B
SHEREEITERE -

2. THRAE
2. 1AIEER

AHFZE{E FH Leica ALS60 73 (GPS:Novatel
OEM5 dual receiver card; IMU:CUS6 ulRS)#%i 6
PRI LAS > 401 3 K8 4 Fims - (RFFS AR
4RSR FH5, #6, #7, #8, #9 K #10 - fAH9 K#10 it
2011/12/27( =)l is#5 Ju#6 7> 2012/01/19(VY)
fmlil  MURAHT 1Y 2012/01/28(7N)F 0 5 fiiA#8 i
2012/03/05(— )l  Fmliki{F 32 70 > 18 ] A [E] s
B NS i & — B SR HIE Timestamp 57
E— o T ARG R R AR - I 5%
BRSNS 26km R AU R #EE 4
1600m # 1700m - A Ac DGPS fi R Rk IE Ry &
B A uh 20km i ZEDLN o AL R AR CE B
TWD97_CGS(4%#55 » 2010-2012) -

AR ZERU SRR B B R 2 8
% 1 Aon > slERlE - P e e R #E & i 2896m
% 2253m([E 4) - WPy EEE T e ~ L
L1 B 2 #x Ak - TR AT f B R 3 =5 A2 (About
Ground Level, AGL)%J 2100m % 2500m - fFhG A
(Field of View, FOV)z% € B 30 & &% 38 [& - DIpg¥E
ESEHHG TerraScan HE{TEIE LAS &Hijm H
(Soininen, 2010) ([& 5) °

2. 2 IBVAE

seMHEINFERHEEDE L DGPS K PPP 7
A R 77557 BB FAEE - &G > BEE DGPS
K PPP BRI =5 - BAA I DGPS J PPP 77
FEAREIRT 25 AR AE - 248 >t DGPS ¢
PPP W&H A RN 3 Bl H R AAREE RawLAS Ko



ik

RS H T ENZ A K Timestamp - DL fEAH[E]
Timestamp LAS BEEELEER = 4R 2 72 5
£F FH W 4H R[5 7
EkEES

2004) »

MBI R

7= LAS 8525 > 3 DL LAStools (2012) Las2txt

BT BNt F—

et
341 4 73t Lz (Soininen,
(5 DGPS iR B T 2R

B RE103F 118

(Q)ffis#5, #6, #9, K#10 ks DGPS fRESLE » fiify
#1 Je#8 Fy PPP fRRRIBIEE A2 A SR « DAL 5 =S
DGPS fg R &R A2 (47, #8 R IR LA PPP
fg FHUR, » AH#: DGPS S22l SR 7252 - B T7A%E
fEUE 7 Fs

3 RBEIFHLR

C 4

A

y

6 M A4 EIE

DGPS V.S. PPP

DGPS V.S. PPP

DGPS V.S. PPP

DGPS-only V.S.
DGPS & PPP
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Difference Results - Easting Difference

007
{ ]
0.06
e

0.05

B 5 dE 0.045~0.075 m

Difference Results - Northing Difference

Difference Results - Easting Differeace

G55 6: dE 0.045~0.073 m

Difference Results - Northing Difference

s

#i87 5: GN 0.065-0.090 m §iB 6: dN 0.075~0.106 m
015
o
a4
I
0‘12-3
f 5: 42 0.110-0150 m 8B 6: dZ 0.115~0.172 m
0.03 s Difference Resalts - Easting Differeace
%o -?.04

0
il 7: dE 0.006~0.033 m

0.04-

Y

.03

0,02/

Difference Results - Elevation Difference

0.1/

vy, B R I T e e e
fi5 8: dE -0.060~-0.039 m
Difference Resalts - Northing Differeace
-o‘o;
il
o

hos

B 8: dN -0.062~-0.036 m
OIZ Difference Results - Elevation Difference
0.2

B 7 dZ 0.017~0.105 m

7 DGPS 1 PPP iz 5 REI(1/2) (L DGPS Bl 5 55)
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0.09%
¥ L
o.oa-: “ |
""" LR e T S et 0.08}“ = = 0 &
STEF 9: dE 0.077~0.095 m fiEr 10: dE 0.080~0.097 m
0.0?j
{ ]
1.l
;01
&1BT 9: dN 0.006~0.023 m fTHT 10: dN 0.004~0.032 m
%osz 0';6‘
"M 0.1;
BT 9: dZ 0.040~0.068 m §1BT 10: dZ 0.040~0.071 m
7 DGPS 1 PPP fijiigh 72 2 £ [E](2/2) (DL DGPS il £ % £ i)
= 1 ZedEtERIESE
B NZ % - .
e B poy PIEE pmere  mampms mstmmE gk
NBi4REmIR  WGS84 ATy
[deg] [m] [Hz] [Hz] [kts]
[m] [m]
5 2896 38 687.5 1,754 96,100 30.8 100
6 2896 38 691 1,749 96,100 30.8 100
7 2896 38 670.5 1,744 96,100 30.8 100
8 3353 30 7935 1,599 82,700 20.1 100
9 3353 30 852 1,597 82,700 29.1 100
10 3353 30 853 1,596 82,700 20.1 100

3. GlEEiER 3.1 DGPS ER PPP FAZNLLER

% DGPS ¢ PPP Wifdf BT A\ MH A EEE » 1€ UL DGPS fifilh s Lbie B gt - UL PPP
HEREIUHEERECRA T ¢+ (1) DGPS 81 PPP ZfjipiE S EH0E E, N & Z 735408 7 ok - 7%
MLBELIRER (2)JF4A%5E RawLAS ELEEER (3) RE/KFJ5HEIE 0.004m~0.106m » = 7 [H] HifE]
‘P& LAS EERER (4) DGPS ke PPP BLEGEE 0.040m~0.215m - &pfefiiplzsz S & BIE i —(Fi
PEEBUE DGPS ~FAREELLE AR - BEf# DGPS > DGPS Hi PPP fiipi A 72252847 0.1m - HifF
K. PPP fE(EfFEIEE L RESRIEE M ERE  ECEYER -

BEEEFEN -



REZ

3.2 DGPS £ PPP ELHRIBEE
RawLAS EE#ER

Leica ALS60 Jif 485 Sl EofH & DGPS B
PPP 2 llfi# iR GPS Ak IMU &R - n[ &GS
M EE & A AR P 2 Z BT R a8 E
RawLAS - i~ RawLAS AHEEMTHT H o0 Afa B i Al
B > (REFEESE DGPS k. PPP a2l HUH I4H &

1> AEPFEARE] Timestamp BESEHELTAAEE A SELLRT -

SRR 9 4HFHE IR - A 8 AT o DARIAR#T
Fe#8 1E By B HKLHfE > i 3 IRAREEMUT S I
H s (R E R Al ~ R d% > & & #iE 100%200m
SHEER - $1% DGPS J PPP RS EsH & IR
L ENZ =47 RERE -

L\ DGPS figRizEH LAS B3 5HE - £ 2 &
DGPS J PPP 2 RawLAS ff& & &R
B Feh ENZ =47 R[EHsEHEREE © °F
#{E (Average) ~ fEAE{R72(SD) ~ fe/ME(Min) K £
K{E(Max) - E J5E IR F 0.082m #ilEH
-0.025m~0.166m ; N J5[aFH {77 & 5-0.219m i
] FH-0.551m~0.055m ; Z 75 [ E44) {2 & £5-0.106m
#ilE F5-0.179m~0.002m - —{&73kER » ENZ J5 [ 5FS
Rz 2 S EHEASE A 0.082m » 4E45 M
MEfEEE E HEk 0.016m 5 N Fa ks 0.062m 5 K
Z Ji1A By 0.021m - {HEFFEE > £ 1-2~ 2-2 ¢
3-2 FHE N J7 AR 72 (SD)4Y fy 0.15m DL I »
AR R 722 B AU B AT IR R ZRT ST -

3.3 MIAFFE LAS BAELLE

DGPS J% PPP 43 HIZEL: 4 B 4R#5~#10 B2
R IR T3 - I s BELR @
RawLAS S Sl » 4lEl 7 T - % 3 BEmbl

SIS ~ TRMEW ~ $BH0H ~ FREBMS ¢ DGPS i PPP REFERBEMBEMR 2T 7

DGPS fiiy-F-ERR 2B AN PPP fiii¥=
% LAS REBZER - E HEFHREER
-0.026m #i[# F-0.080m~0.055m : N J5[a P {Rz
& B 0.104m #i[E [H-0.010m~0.194m ; Z J5 [ ¥4
fm7= & Ay 0.113m #ifE H 0.065m~0.152m : FiZ% >
ENZ HEBEA - EZ AR - Gt PIEER
Z{ERIEER E 1A K 0.008m : N 5[ B 0.015m ;
Je Z 751 Ry 0.004me DI 3 B4R 2 <5 RAH G ELH
HHIEILL DGPS RyLEEkdlt - JFUA%ESE RawLAS 55
FHr=E 2 haE VFERFREESEE HTE
TR ARSI R R ZE M i BB 52 - BES)
SCBRTUR T2 ERR ENZ (877 1A Z it (R
EAERY - mEEERESETD -

3.4 DGPS and PPP B5EIEST
Z=E{Z DGPS BEF=LEER

521 DGPS fEEfifi45#5, #6, #9 Fr#10LAS
il PPP fRRERIARHT Ke#8 o3 Al HUHHAS S RERG 17
A LLE DGPS BERSVA2pl R b S B A - 3% 4
#Ir DGPS J¢ PPP BiEELE&-F72EL{# DGPS {7
WiE LAS thig > (7= 8RR - EEIRnEE 7
~Z RawlLAS i JE @SR -E J7 R EE R
-0.037m #i[E FH-0.081m~0.039m ; N J7[a 45 (R
5 0.086m #ifE|HH 0.004m~0.200m: Z 774 EH R
725 B 0.055m i Hy 0.009~0.094m » H i EH5(R
FZEMEEEE/NR 0.086m o 4G FHHiEAE R
F{EFET: E AR B 0.007m 5 N J5[A 5 0.014m ; &
Z 7711 0.004m - 45¢ DGPS K PPP fi#t&l LAS SF7%
FCAREL(E DGPS fi# 5l LAS P2 R Z Y72 5208
FESE U INAY © ERIE » AR S B RE T Ay 22 3O ERE
ERAHEES °

8 BEELLHR 9 pa A N (1-1~3-3)



MARENSET E+NE

% 2 PPP Ll DGPS Ry 5 ALBELLi R AAHEE RaWLAS Z =8 R

E—H ERBI103F 118

ENZ dE dN dz dE dN dz dE dN dz
FHEE 1-1 2-1 3-1
Min 0.083 -0.388 -0.143 0.013 -0.429 -0.158 -0.025 -0.551 -0.130
Average | 0.095 -0.370 -0.136 0.019 -0.409 -0.151 0.003 -0.525 -0.121
Max 0.105 -0.350 -0.129 0.025 -0.389 -0.144 0.049 -0.490 -0.113
SD 0.005 0.009 0.003 0.002 0.011 0.003 0.022 0.014 0.003
FHEE 1-2 2-2 3-2
Min 0.071 -0.459 -0.161 0.028 -0.401 -0.173 0.049 -0.419 -0.179
Average | 0.125 -0.252 -0.077 0.064 -0.281 -0.130 0.077 -0.179 -0.103
Max 0.166 -0.064 0.002 0.131 -0.049 -0.048 0.104 0.009 -0.049
SD 0.038 0.182 0.075 0.045 0.150 0.053 0.016 0.176 0.046
HEE 1-3 2-3 3-3
Min 0.125 0.018 -0.048 0.111 0.023 -0.097 0.046 -0.034 -0.111
Average | 0.140 0.036 -0.042 0.117 0.040 -0.089 0.098 -0.026 -0.104
Max 0.159 0.055 -0.034 0.125 0.053 -0.082 0.103 -0.010 -0.098
SD 0.010 0.009 0.003 0.002 0.008 0.003 0.003 0.004 0.003
X 9 sHEE
Min Average Max
ENZ dE dN dz dE dN dz dE dN dz
Min -0.025 -0.551 -0.179 - - - - - -
Average | 0.003 -0.525 -0.151 0.082 -0.219 -0.106 0.140 0.040 -0.042
Max - - - - - - 0.166 0.055 0.002
SD 0.002 0.004 0.003 0.016 0.062 0.021 0.045 0.182 0.075
72 3 PPP L) DGPS fy2 B BB tblfidh 7% LAS ZREEFE
ENZ dE dN dz dE dN dz dE dN dz
HEE 1-1 2-1 3-1
Min -0.061 -0.010 0.086 -0.007 0.075 0.107 0.001 0.127 0.100
Average | -0.054 0.011 0.090 0.002 0.089 0.113 0.033 0.161 0.106
Max -0.046 0.029 0.094 0.010 0.102 0.118 0.055 0.186 0.112
SD 0.003 0.009 0.002 0.003 0.006 0.002 0.015 0.014 0.002
HEE 1-2 2-2 3-2
Min -0.077 0.072 0.065 -0.047 0.044 0.106 -0.033 -0.009 0.107
Average | -0.056 0.117 0.083 -0.024 0.065 0.111 -0.006 0.062 0.124
Max -0.032 0.185 0.093 -0.010 0.079 0.123 0.032 0.122 0.140
SD 0.015 0.031 0.008 0.014 0.009 0.004 0.016 0.037 0.012
FEE 1-3 2-3 3-3
Min -0.080 0.115 0.088 -0.046 0.090 0.138 -0.021 0.137 0.142
Average i -0.073 0.167 0.100 -0.042 0.095 0.144 -0.017 0.168 0.147
Max -0.064 0.193 0.107 -0.037 0.098 0.149 -0.002 0.194 0.152
SD 0.004 0.022 0.004 0.002 0.001 0.002 0.001 0.010 0.002
R 9 SEE
Min Average Max
ENZ dE dN dz dE dN dz dE dN dz
Min -0.080 -0.010 0.065 - - - - - -
Average i -0.073 0.011 0.083 -0.026 0.104 0.113 0.033 0.168 0.147
Max - - - - - - 0.055 0.194 0.152
SD 0.001 0.001 0.002 0.008 0.015 0.004 0.016 0.037 0.012




RES ~ SHES  REM B

PRERMS : DGPS £ PPP IRZEELIERE

EMBEMRZE 9

7 4 DGPS J PPP BLEELE & V72 Hl{%E DGPS “PAERIE LAS i Z fREE
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A Comparison of Positioning Accuracy for Airborne LIDAR Data
Solved by DGPS and PPP

Li-Wei WU ¥ Jin-King LIU?  Wei-Chen HSU®  Yu-Hsiang CHUNG*
Hui-Peng CHEN °

ABSTRACT

The positioning accuracy of airborne LIDAR point clouds is mainly originated from GPS positioning. In
general, DGPS method is used in Taiwan for solving the position of GPS rover on the air-plane with a ground
base station within 20 km. However, part of the high mountains in Taiwan is inaccessible, where suitable site for
installing ground reference stations is almost impossible. It is important to know the potential of applying
Precise Point Positioning(PPP). PPP by using IGS GPS satellite precise ephemeris and clock anywhere in the
world can achieve real-time or post processing for high-precision positioning. In this study, a test is carried out
by using both conventional DGPS and PPP methods for a block of 6 selected flight strips of LiDAR scans.
Results of LAS data generated by both methods are compared by the TIMESTAMP of point clouds for both
before and after strip adjustment. In addition, results of adjustment of strips combined from both DGPS and PPP
are compared with those of all strips of DGPS and, thus, to understand the possibility of using PPP instead of
DGPS for the area not accessible for installing continuous GPS stations. It is concluded that though there is a
datum difference between DGPS and PPP, strips of point clouds generated by PPP can be effectively merged into
strip adjustment combining both strips of point clouds by DGPS and PPP.
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Primarily Vegetated Areas

Aquatic or Regularly
Flooded Areas (Vegetated
Areas)

Terrestrial

Aquatic or Regularly
Flooded Areas (Vegetated
Areas)
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Primarily Non-Vegetated Areas

Aquatic or Regularly
Vegetated Areas  Flooded Areas (Non-vegetated Terrestrial (Non-vegetated Areas)

Classification pathway in the SOOAC method
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(2010) $2HIHYIT - FE N ARG AP ARG
LA P TR RS - & st B B
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FITE RA Tn S 5 RE R - ST TRF B R IS K F B > ATAORES Mean PCy (PHIECRHRR)
BUEE R PCy () > B RFFEUERTR PC,  Mean PC, (55 NHiK) ~ Std PCy (e AR ATEAE
(/M) - J&& D FIEHRE PCLEL PC, ZVH9(H  7%)  Std PC, (/R ERIFEAE ) SFIURERHEL -

(a) FrAaHLEE (b) RANSAC 73] (c) RoFHZELAL

9 RANSAC JEIRE

I 1AL

b B 1T 4 8L L R ESE

| | |

o . Principal Length width Compactness
l b AL L Curvature l Ratio Index

[ [ | _ | _ | _ 1 _
| [)12{:111'];{1‘1& l PFH Index I Z Value I Intensity | Area l Density

10 AWFeakat Z Vit

n BERRE - ELURE Y PEARE () 4%
“HETIN SR ARSI Z (8 R
Ar. TiNoew - IR 5 (A5 6 = . S

Z, (i.e., Znormalized) ’ EUETEJF/;E: Mean Z, &1 Std Z, -

f\PA. ,f
| Pr,

N N YA AE 12 -
. \
e
11 JERER
Zm' ) .\\\
3.2. 2 #RatiEE Y
3.2.2.1 Znormalized . o \ V\-V\)

Znormalized gf%ﬁfﬁﬁﬂ? : E%%iﬂjﬁﬁzﬁgﬁﬂﬁ > T . -

BICLARGTTEAE (voxel grid) =T HUER R (K -
12 Zn RE
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3.2.2.2 Area

Area FTE AT  EAF HB TR
(voxel grid) &J{LEEEE IS - AIE 13 - HEARKIE
W E R EEY R TS T ERR IR
FERGAVAR AT — oAb (binary) - f{& ABIREEREA &
(closing) &ic Suzuki (1985)f2 HHiim ERE HUHH
% R T 4EIEE S - e 14 - EHCREEYI:
Z 4B SR 0 STREIES AR R TR DS 4
S RIT AT €45 Area -

3.3 AEBEEDE

BT 2R B B A EEHLURR
Fic & TR I B P T ol 0 35 - AT RN SR
PR s AR A TR E B b -

AT YA AR RIEPIE 2 T SR R
SRS R R E M g iR B E AR
M2 W HREE A Rt BE R S AR R I -
DA 15 RIPIRE SR B - o ol BAA B U5 2UEE AL
2 SRR SR B A TR A TR
BeratE - R 1 - FERDAEYERE > 2EHE
SR H SRS RAVRRE R B iRE - Hd o &
B BB I Ry & o3 BB R P (E AR
A2 b ISR sl i har > FEhihar 2
TITT Ry RID B AR E A O S R BT -
WE 16 A - A FHEHER: B RS > ARis
HIMSErRE BEAIAS RV BT - S & A B H AP 1
Rl ool &R A SR AIEAF e - TR T B Eh
{b5338 > 400E 17 -

(a) FiaREE

(b) —4EdErRAL

(c) JEHHIATREPH &

(d) EBFREFEH (RLER)

14 ZHEBRFERURE
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F—H ERE103FE11A

(@) i (b) fies e

15 FEYIREZ B EIE

® 1 FEGTERRRE

Feature A Walue

() EEARKHBEEK

Structure Tree
Mean  Stddev Mean  Stddev
Feature A | 0.845 0.080 0.010 0.080
Feature B | 0.850 0.125 0.731 0.130
Feature C| 0.006  0.008 0.531 0.025
1 1 . T T T
. ]
[ik:] e nal
07 g ozl
5 08 g L0l
Fos 1 %Ds—
‘1204— B EM,
03 b naf
[iB-33 g 0al
IR
"o 0.1 0z 03 D02 U5 06 07 U5 U9 1 i 0T 05 03 0z o0& 06 U7 05 o9 1

Feature B “alue

(b) BEEEFNEBEES

16 AFEHERIZ VIR B g R

A 45 aL Hy 1 L)

Feature A 0912 0.000

Feature C 0.005 0.492
%A

| A 1k
Feature A <0.001
FeatureC>0.4
/ / / Unclassitied /

17 U EEES

l FeatureA> 0.8

Structure Tree
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4 E.n\ 52%553’_\1‘1'?

BT DY R BBy o AR R IR e K
ZES RIS » AIHTERAERZEGIISE (case study)
HY G FUETTERAE SR EARES & - A EDE
HEET » AR HHFE K - HIESERAYIERAT > DY)
T RSB T T 088 - AR IR RN ZER
SAE ST 2 E AR TR R AR R
SUEZEER R OEER BN 2RI EE
ZEEO IR R R B T T R AT < MRS
EERRCRE S LASTOOL HDUES R 5HfE (point-based)
AR T LR T -

Kifzesgfe 2 fEE V6 EEEM C+ 12

HEE S FHEEIEEE & Microsoft Visual Studio 2010 »
A5 ] A Point Cloud Library (http://pointclouds.org/)
B Open CV (http://opencv.org/) ZE/\FIFE=CE#ETT
VNSl EAN L Ul

4.1 ERZEFNEEN

I BRI T B R B HAR R & 2 S B Rt
T f RIEGL-Q680i 4377 (full-waveform)
JeEEFFRET AL - ARATELY 800 AR BEE LY
7 pt/m? e BFEIER AN E 18 P ERAT IR T 4l
Z Y FEAH4EREY) (structure) ~ K (tree) e
Wi (car) o Hr » AR BEEERE L
REFR LR =JE N Sy Bh > RE B B =
AIWE R s SR EIRE » SET o BErT -

PUN B BB EIRR » B TR
BeEA T B fRsat o B AN R BB
AGEFE 53 FHEHE - bz OBPCA K LASTOOL 434

4.1.1 HEDE|

FERESE T EI B > H LA LASTOOL ZEHH:
1% > A0 19 (a) - FEEA HEREREE LR
CT {5 » T —HERE & > 400 19 (b) » Hrpf
FEBA O ARAFYIT: - HRE S EIRRRACE - DUk
WEMGZ CT BRI & AE A W 5 A

[EFE 2 BEEE - (HREL T AVEEEY) » KRB
REST BN RIBILIE: - 28T > S EER Iy BN ER
PEREERTE% ey 5 20 SUEA IR B R ST 2 [Eis
FERIS 5y E PR AE IERE T Bl INEAE R G
b TRZEREYIE (Mixture) FITHHD -

(b) 7152_ H

(intense image)

(a) Al B

18 ZEHECEEEREI

4.1. 2 YR

SERIIT0IE oy Btk - B LR AR
DA R « Ry o i A R R A
[E] ) E AR DAE Rt SR SRR R i -
K E SRR BIpR o N TERERAETEY)
IR ~ B ELE &Y% 4 FH1E 10 (EEAYI: -
{ERullSRERL (training data) - 41[E 20 - HETTH)
THREEEEL TR RN SR P (E Bt
72 o MR 7205775 TP 2 R W R e et & o i
a[#]2#]E Model Ratio ~ Mean Zn ~ Mean PC1 -~
Mean Intensity~Std Z &7 Area ERMEFESE ST »
HEEREY) - BIR - IR SRR E I SE
WiE 21 Fow > BUTN R a5 B Se R 07t 255051

rFHfE 21 (@) A% > Model Ratio £EBHH#E K FE H
&Y IREY) - BIAR R AT 28U -
FES Rz USRI S > R EUE R i st
EEAYA T - & Model Ratio = 0.75 Iy » A FfE
HOKER Y45 EY) © % Model Ratio (&5 0.02 1% » 7]
FIREHRE R B 5 & Model Ratio 712
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0.02 Z 0.75 BF > A HBRHAZLEOESY) - HiE
21(b) ~ (c) ~ (d) =J%1 > Mean Z, ~ Std Z ~ Area £t
W FEL YIRS EIE S - S LB R 2
2 TR - Hor > Hidl > Mean Z, REBEHS L5 AR
Std Z {2 0.5 /A K H Area /NiA 10 SE AR -
EAHE R G ~ BIRELE SIS - [EIRF(E e
LUISHEIRE A R B HIRE - AN - B RACE 1]
ME » Mean Z, it 3 AR » RIF LR
RFAFIFYRACHIRE - HhlE 21(e) HIAI > VI (rs
{LEIZRR R & E R e R Re i b Rt
JRE5EY) ~ B EEGR AL SFEHIYIRSTT S - Mean

3
(2) HUEIEL(AL)/ FEH A BL(EE)
Step:25.0 m  Spike:1.0 m
Stddev:0.015m Offset:0.05 m

E—H ERBI103F 118

PC, TE@ RIS AR ELAEREY) (BRIRBLER) - B
HHEHIRES] & Mean PCy 514 5.0 B AT HEasH
RELST 21K 5 & Mean PCy (&} 5.0 B o]k
KBRS 2 GEREYIILEER - B 21(F) wI%1 > 245k
YIS AR R A E AR EATR 2 B2 BT BhEE
[RS8 AR EER 75 Kt Mean Intensity ¥#f
TSR —E R BE o AR s Bz - & Mean
Intensity {&}* 50 Hf > FIAIFEH KESHIAK 5 &
Mean Intensity =74 50 BF » BRI HAE /345
Sz

(b) FEHhEIEE ST E]
CT:0.6m

19 ZEHCERE D EIRR

(a) ERRENTEG

(b) it

20 ZEHEOLEISRER (1F © Y PCOR Rk © B RE  REY)
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Prabahility

o 01 o2 03 0.4 [18=) 06 0.7 [X:) 09 1

Model Ratio

(a) Model Ratio

Probahility

Std 7

(c) Std Z (unit:m)

09

08

o7

08

o5

Probahility

04

03

02

01

(e) Mean PC, (unit:1/m)

Probahility

(b) Mean Z, (unit;m)

0.9

0.6

o7

0.6

0.5

Probability

0.4

0.3

0.2

01

a
a 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Area

(d) Area (unit:m?)

Probability

50 100 120 140 160 180 200
Mean Intensity

o 20 40 B0

(f) Mean Intensity

21 R B E AR

(4L : &EEYIPRAL ¢ i ek © RIAER

4.1. 3 DEARAGKETEA D FARR

LU MR RO I R ST 3 JEAR A - F
> Model Ratio {E&5##EY) ~ JREY) ~ faf AR B _E
A G e ] B AT R R B SR SR Y)
R (1) &5~ (2) REWEE) A (No
Model) =% - FEEF TS Mean Intensity
Bl Mean Z, [ fEFF 457 No Model Hrivfst; DU
R Mean Z,- Std Z -~ Area Eii Mean PC, /3 JHEL

REY)

W o RGBT AARGEN > 8RR
(Unclassified) - 24T - FESHIPIRTES Y > ZE Rl
BRSPS & SR 0 B AR USER R I
T EIARIRIRESE - 356 Model Ratio FF{Z({H S fE
ORGSR BT RGEREY) 2 R - (5 25 s ) ~ PR
BPHCATHIES > B RIREY) - AERLE - A
WFgesk IR AL E [ 2 RANSAC 73 EAHETT K
T e Hp iR RANSAC (25 B0 A AU %S
EE R A A BAYRL (L - R R FEHE RS _EAY



26

FE AR E B R GYIHERHLRANSAC 53 & »
A& RHIARAN (Regular) /AARHN (Irregular) BiSE -
Sy R AR FIEE R DL = 4 R oy B AR
LY % o Btk 2 VI EIREEET TR
R YR - B Bl 7= mIEEE T SRR I
22 ¢

SYERRCRANE 23 AR ARE Y -
TR B E 53 BGRB8 R — B &
= e BEAN  DIAERSE 2 —RGTEIRE 7 v AU B R

MARENSET B8

F—H EKBI10FE118

GIERIYIG W FEHH RANSAC EEHT 7y EIBEEY)
> ZEIGEAYIME - [k - EEEDEEREE
RN GI% v LIS R E B SO &R
R SERAYI) > FE ARV A A e =
WA B R MR T R L BESSGE o Bk
R MEdEPEREAR M =4 L flnz
KB ROy NSRS DA Z =
SRR T o SR AT R RO H oy > SR RS M ZE
fEIEER > 4008 23 (f) Aon -

2k sk

(Clustenng)

/ Regular / / Irregular /

lMudEl Ratio >= 0.75

/ Structure / /

If Mixture,, size
# Mixture, size

E

(RANSAC)
A

() EREMNIREG

(d) fHREE (S8 —2orE)

23 ZEHOCE SRR (KL

BT |
A #y{t 5 i
0.75 > Model Ratio > 0.02 lMudEI Ratio <= 0.02
Mixture / / Mo Model /
Mean Intensity < 50 StdZ < 0.50 Else
Mean Z ,> 3 Mean Z,< 1.5
Area< 10
Mean PC,< 5

-

(e) MR (B8 25> &)

[ e ][ o

/ Unclassitied /

() HRE (&%)

GEREP AR ¢ B EHEWORE ORGY) R HiEES B 0 R0 )
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4.1. 4 D HEmEME

FoliEfE OBPCA NAEERE Z sy MHmE > A
BFFEAE L A T I5 20 e B Bl A Ry s e
HEERY) BB Y - (F Ry M i B S 2 3
H (ground truth) {35 - 41E 24 - A LA 5 &

I B HER SR > SRS 5EE  (Error Matrix) 4132 2 »

A AR FRET A A SRS RETEAE > 415% 3 - i
FEFEFEIE I AL LAY E R BBk Z f At BE T -

BT BAFRIBhER - Hooha] DIEER > DURHITSRE
OBPCA ZRIBHEST 700 AERR T IRIAVEE BT (X -

%TEEESE?}EE%%E’JWF'E?"“ RETR LRI AR
EAEEE - LT HARRHIERRE RS - 28
M > £ E%*ﬁ%‘ﬂﬂ’]ﬁ*ﬁ%&ﬂ: 2R T L F
R ERNEE > YT EERERTE A S W

i 2 e B st a2 SR P A B ZE IR - 3ROy
FRBESCREGEAYIED o HEA1 > RS TR R

Kappa {BRT%1 LI Ry BB 0 S (E REFE T 70
SRR B N R w8 I — 2 - oy a8 _EIE A
B RAFHRB -

4, 1. 5E3LASTOOL 43
TEIEFIF Isenburg (2012) #2422 LASTOOL

D AARRLEBREA DT

HETTERE T - HEZEDL point-based HYJTHETT
¥ AR 2 A B R E B S 4E R Y ks
AR SRR CEE A& 25 o AR S A DASETR
LASTOOL 7t Z= &'t 2 B 52 oy JH R BT A A 8
FERER = PRI EE S 0 SAR SRR FRE D =0 T - R
%Eéﬁ:ﬁ [TREfL < BRI - S AE Y8 TG R A

R BEEE CEOME GGt = 2 i
%’ZE) o JbAh - LASTOOL JR A ke iz & T rY
LEHEY) - ke 25 (F) -

FIE5r FIEHE OBPCA Bl LASTOOL 434ERY 5
Z Error Matrix ELopJEREREFERE - Horp > B THYE
—ERAELRI Y SRR 8 EEE A R B R 2 I
AR - J05% 4 K2R 5 R » oy IS fEIEsE -
OBPCA 73 JA ple 0 e A B YR B » Hf
LASTOOL 48R 5 u] 1 > LA point-based J5=0H#ETT
BEEESYRNG RS BREEE AT B A WY ZE R 0 s
M BEIERGERY ~ TRIZELGIRS - K8l OBPCA
RIRERE H 2= MR i Bl » A RBUIHIER I BRI
EEBY o e EG HRE B Kappa {H7RE0T » BL
OBPCA Zefg i TRISE M - NMEREFETT R
B\ RysR FIE— 20 720 a8 EIRRE A (B =Y
FKH

F 2 ZEEOEEST 2 Error Matrix (BEA7 ¢ BEE)
Ground Truth
Structure Tree Car Total
0 Structure 345525 2251 59 347835
% Tree 14078 744095 109 758282
g2 Car 407 923 6124 7454
Total 360010 747269 6292 1113571
*® 3 ZEHOGESEEE
Structure Tree Car
Commission 0.66 % 1.87 % 17.84 %
Omission 4.02 % 0.42 % 2.67%
Overall Accuracy 98.40 %
Kappa 0.9638
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(ORGIEE]

(a) EHEREFIREER ORGEE

(d) e
24 ZEEOCEMEER (K &Pk © it © 3

(¢) OBPCA 38 S (I21E0) (f) LASTOOL 43 J5ipiz 3 (51 1218)
25 OBPCA £ LASTOOL WZEMKA IR RLLE: (41 © SMPIsk B © K58
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4.2 BEMEIGESR

REREILEERERAAFIEHE Z
HTECEERORHE TR, - BEE LY 5000 ptm? -
BFElE s AnlE 26 AR > 3%l T S E A Y B
FHYIRERL - Hop o S5t S Y B NG
(B = EoRhE - SIEEEREHET) - HRIEE
1ol ~ e - e - RV HED LR R )
AETEER - AEEREREY) (building) ~ /NS
) (small structure) ~ f& (tree) ~ &5 (grove) ~ 15
# (trunk) {FE R SR > st BRRR - AN
TR Fe Bz d e R T ZOREUHE » PU T £ S
AL PEEE PR PR R R ©

4.2.1 BEDE

FEBEFEIBEFA LASTOOL HEFTHEIAN/IEH RS
T FLA =R BT E 0 B
SFANtE 27 HESE S FIRCRACE - IR E G 2
CT {HASRA MBIV A &R - 280 > (B
IR R AT - R R DR &1 - Al

72 4 OBPCA Hil LASTOOL 7 Ze it i

R4 -
4.2. 2 DIERAEETEADFERR

FEEEIR A 5 AR B8 2 S E R A 3
SRR EE » 8 E Model Ratio - Cylinder Ratio -
Mean Z, ~ Std Z ~ Area {F Ky 73 I ZAKFP - E5en]
FIH Model Ratio F2&5#EY) ~ SR &V BLE 42 A

S P IRI SEREE YR R (L) &Y - (2) R
GYEL3) MR =R - Hop o ER SR
Cylinder Ratio ~ Std Z & Area {5& ISk -
Rl SRl - REEE ST S EYIRVER 1y - 5% —
TSR T R 0] o R ) Bl NRUSE ) 5 St SR
FIER Sy » 3E Mean Zn FIRERI A 73S HI A 5
RHELEES © EIRRF AT S RSRIR YIS - BR Rk
Ty o AT RS B 1 > L E YR 2 8T
WA I R R AR R SEAE L IE R
PRIERIEE . RANSAC 73 EEEHEDRE &Y
TTEE - At BT > mIEkEt o R A El
28 -

2

448 Error Matrix (B © BEg)

Ground Truth
OBPCA/LASTOOL
Structure Tree Total
;_7 Structure 345525/ 97144 2251 /80 347776 /97224
g Tree 14078/ 27742 744095 / 305546 758173 / 333288
Total 359603 / 124886 746346 / 305626 1105949 / 430512
%% 5 OBPCA £ LASTOOL 7 Z= &k 22 43 G S
OBPCA/LASTOOL Structure Tree
Commission 0.65 % /0.08 % 1.86 % /8.32 %
Omission 3.91%/22.21 % 0.30 %/ 0.03%
Overall Accuracy 98.52 %/ 93.54 %
Kappa 0.9660/ 0.8322
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AR R ERIETY

(@) R
26 HIE TR

K]
A

(a) HbmEI/FEH B 5
(85 © Mhm®s 4L JEMRIE D)
Step:5.0 m  Spike:0.3 m
Stddev:0.05 m Offset:0.02 m

27 HhIHCEEREE oy

25T 1

Fthes F-H KE1BF11A

(b) Y¢iEE ¥l (intense image)
i

(b) FEHEIEL T E
CT:0.014 m

LIDES

HELE R

[

ER ORI ]

Model Ratio >= 0.75

Structure

0.75 > Model Ratio >0.20

Cylinder Ratio > 0.5

/ Juilding // Small Structure / StdZ>0.5
Else | Area<025

Model Ratio <= 0.20

{ No Model f

I ——
[ ]|

Trunk /

If Mixture,, size
= Mixture,; s1ze

4.0 >Mean|Zn > 1.5

Mean Zn< 1.5 l

5 E 5 F /
Tree

(RANSAC)

/ / Grove / / Unclassified /

{

/ Regular

' )
| [ ]
v

2 E o E
(Clustenng)
T

28 HADEEE Sy IR A
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TYERCRANE 29 - DIAHTFEZ Ry EIRE T
MEE REFR R B R SR Z Al T REETRI IR
cR A AT L > A0 g h iyl O BT AT B irfd
HEA RO - AR R b B AR
ERPINGEN b DS SRV N S E NN
EBT AR EE > A2 o E s AT RE (e tE ¢ o
RV - AR - (I R R S YIRS
e

4.2.3 D AREFHE

FEIE [EEE AN T =08 B Bl NN B T ket
HYEEY) ~ /NBUGEREY) ~ 1ot - ol Redstee oy i - 1E Ry
Ty e E RS Z AR - 40iE 30 o A bt
HERNGT BRI 2 iR AN 6 > W DIZFR
SRS BIBEEE > MR T - HERSEREE
Bl Kappa {HF]A] » B8 SRR 2 2 HO E
BEE VI SVE - {HAE OBPCA MM T » B
IS EH R E R 2R R RS D A R BEA YA W2
St Y R SR BN S 73 R

all

P W

4. 2. 4 EALASTOOL D $BRN R L BREA DT

TEHEFIRERIF LASTOOL EfFHEts T > 5348

(@) FURLHECREE K53 H)

(b) (AR CREE 2K 53 )

S PR R AN [ 31 o HH oy BECR B LSRR
LASTOOL A b e 2 B R 2 7 JH A
EHIED o FAATRELEY LASTOOL JHEEZ (&
Rk X B R ZE O L EERE B AR R 1 TN e
AL R T EE R SE I - 52 R i ] PE B 22 ] 73 fff
FHERIRCCE AR HEAN Z BRI L E A
BE T AR B R E BT
SARARIIED o ROBUAHTFELL OBPCA AURETTHE
TPy LRI RSN = 2= PRI i T
Fo RefiRi% - Bl A e e MEAR B MR R - INBEEHE
ERE B e DA U E ) 2 26 (iR - BT
AETT 8 RS A 2 B % E > LI OBPCA
HELT IS AT Sy AR N R S R P IR ek 5
FEUERY - AR LAES TSR e )38 e e T RO A
Ji30 - OBPCA &i—LA(1) 77l ~ (2) MIfEReEt
RELQR) R TRIE M - ERRE R RE
(1) rESEC (2) FrEErE Q) SRR R]
SERK » FHELHL {E47 point-based 5=t » OBPCA f£57
2 HHE EARTET - AEEEL LASTOOL it
TTHIEDEZE R E S MRS & A FERE A 551TEE
izt OBPCA i1 LASTOOL /43JEsHE -

(c) MUBLE CREE I3 H)

(d) R el (58 — 243 )

(6) MIEIEI(EE — 253

() BRI (R =53

29 HhE e SRR
(AL - e - /NEUGEHR, 2k ¢ ol a0k ¢ RIEEAE ¢ RIRRIRED RS R ¢ D)
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(a) {5 (OREEE (ORGIEE
30 HEEDEEEME R (5K @ BYAL © /NSRS IREL ¢ B ¢ REGRE ¢ R

7 6 HiEDEEE I HH.Z Error Matrix (B © BEE)

Ground Truth
Building Small Structure Tree Trunk Grove Total
Building 527341 0 0 0 61954 589295
B Small Structure 38292 10716 0 226 819 50053
2 Tree 3050 119 104287 0 4788 | 112244
8 Trunk 0 0 0 4151 86 4237
Grove 1370 540 38211 1142 161016 202279
Total 570053 11375 142498 5519 228663 958108
=T MHDCE S
Building Small Structure Tree Trunk Grove
Commission 10.51 % 78.59 % 7.09 % 2.03% 20.40 %
Omission 7.49 % 5.79 % 26.82 % 24.79 % 32.07%
Overall Accuracy 84.28 %
Kappa 0.7221

(c) OBPCA Jy S A (52 ) (e) OBPCA Jy S5 A (5L )

(b) LASTOOL 73RS R ((HIFIE])  (d) LASTOOL 7S A (HIKLE) () LASTOOL F3JApe R (15 &)

31 OBPCA Hi LASTOOL [t e 345 R ELEL
(AL : e - /NRUGERE Rk © R RER - IO - IR RER R R HiEmEL g RO
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5. fGomEd

AEFEHI LI B AT 26 o0 1 (OBIA)
ZRREHIEE - REH AT R S DI B Ry T 0 M
ZIBBABARA] - LU AR OBIA RES &
SRR BE AT - HETFE ) A1 R AR S R
EIIRE (OBPCA) - Rl OPBCA &0
EERZ A Biath oy hl Pz S B
EERETT BB B 235 - thZE St B D
B S SERC SR A 41 > OBPCA fEFEmtiliBEEt B
HyZE AR N BRI HI R - AU R 2 &
M o FEAN > €EER#EE LASTOOL 2 point-based 43
FRERIZ TN A28 - OBPCA “REmi sk e
MR o BUER BBy BE R b BT
pomt based 73 FfHA A H =AVE HE -

EARMZE AR DAV Ry BB 2R AT Ot
i%i%ﬁ%ﬂ@ﬁiﬁi  E AR B SR SRR -
AT - ST e AT S Ry EF 2 mlHRa T Blbf 5E 2 22
[ o B RS IR b o AR RS oy B
= VIR RS DU BB AR
2 U ER () - FEREE o3 &L - BR T ARG EE
R I SRR TREE S B S RARHI R RE I —2
IR [RIHREEE 73 BT AT & Bl E
AL B PE B B AR Ry o BB &R - IEAN - &
Ty EIHAVREE YA IERER VR EE TR A R
EFEBERREI Y s » IR 2 i =R A
BTSSR - IR L AR ER (S
th 20 BRIFRHECETT AT - HA IR B
H] 1> Model Ratio 7 i~ & 7 45 11 BT R 45 197 5
BT HHSIRY) : Mean Z, T 7
RIElE R - Bla0tes Bl sy - %Tﬂi&ﬁim%‘
Mean Intensity AIIfEZ2 8RBk B (25
HYEEZE A - i bRafia] AT %%%ﬁ%é*?ﬁﬁ%ﬁ
TR Z =R D BRI IRY 70
EEWRERRFTRE) - ik > EEEMEEIE L
ARIIATE T Z RS R U A T 0T
BEERE NI R EEERUR - HENSRET A ER
YRS WHEFP R EEEN:  IEA G ER 2 EE)
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Object-Based Classification for LIDAR Point Cloud

Keng-Fan Lin'  Pai-Hui Hsu*"

ABSTRACT

Recently, image classification methods have transferred from pixel-based to object-based. Under the
consideration of specific spatial features of objects, such as spectral, shape, texture, or the subordinative relations
among them, object-based image analysis (OBIA) could improve the efficiency of image classification. In order
to raise the capability of automatic recognition of land features from LIiDAR data, 2D object-based classification
method is extended for 3D point cloud classification of LiDAR data in this study. First, point cloud is segmented
to independent 3D objects by various methods. Second, object features designed by this study are calculated. At
last, the point clouds are classified automatically according to the object features . This study applies airborne
LiDAR and ground-based LiDAR to automatic land feature classification. On the part of airborne LiDAR,
structures, trees and cars were chosen to be the targets of classification. The overall accuracy and kappa value
ran up to 98.40 % and 0.9638 respectively. On the other hand, on the part of ground-based LiDAR, buildings,
small structures, trees, trunks and groves were chosen to be the targets. The overall accuracy and kappa value
were 84.28 % and 0.7221 respectively. The results show that utilizing the object-based concept to classify
LiDAR point cloud can give assistance to point cloud recognition by means of depicting the spatial characters of
these objects. The classification results then, therefore, improve not only the completeness, but also the quality.
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Quality Assessment of DEM Generation from
Airborne Laser Scanning Data

Cheng-Kai Wang **  Yi-Hsing Tseng?>  Yu-Wei Liu®

ABSTRACT

The airborne laser scanning point clouds have become one of the primary data sources for DEM generation.
By applying filtering algorithms to point clouds, the points can be classified into non-ground points and ground
points. The DEM is then produced from the ground points. To assess the quality of DEM generation, a traditional
method is to compute the classification accuracy of filtering results. Another method is to check the elevation
differences between the produced DEM and a reliable reference DEM or some control points. However, the
classification accuracy cannot reveal the over-filtering situations or any distinct non-ground points still
remaining in the filtered ground data set. Although those disadvantages can be complemented by using the
elevation difference method, the elevation difference method still needs to further take the topography relief into
considerations for the use in a practical application. Usually those higher elevation differences occur in slope
surfaces because the points on a slope surface are not easier to be classified by most filters compared with the
points in a planar surface. For this reason, this paper presents a normalized elevation difference method which
takes account of the surface slopes. The basic idea is using the slope as the weights for elevation difference
computing. In a slope surface, the elevation difference toleration will raise while decrease in a planar surface.
The experiment results show that our proposed method can be considered as a new assessment indicator
especially in a practical application.

Keywords: Airborne LiDAR, Digital Elevation Model, Quality Assessment
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Extraction of Surface Features from LiDAR Point Clouds
Using Incremental Segmentation Strategy

Miao Wang " Yi-Hsing Tseng ?

ABSTRACT

LiDAR (Light Detection and Ranging) point clouds are measurements of irregularly distributed
points on scanned object surfaces acquired with airborne or terrestrial LiIDAR systems. Feature
extraction is the key to transform LiDAR data into spatial information. Surface features are dominant
in most LiDAR data corresponding to scanned object surfaces. This paper proposes a general method
to segment co-surface points. An incremental segmentation strategy is developed for the
implementation, which comprises several algorithms and employs various criteria to gradually
segment LiDAR point clouds into several levels. There are four operation steps. First, the proximity of
point clouds is established as spatial indices defined in an octree-structured voxel space. Second, a
connected-component labeling algorithm for voxels is applied for segmenting neighboring points.
Third, coplanar points then can be segmented with the octree-based split-and-merge algorithm as plane
features. Finally, combining neighboring plane features forms surface features. With respect to each
step, processed LiDAR point clouds are segmented into organized points, neighboring point groups,
coplanar point groups, and co-surface point groups. The proposed method enables an incremental
retrieval and analysis of a large LiDAR dataset. Experiment results demonstrate the effectiveness of
the segmentation algorithm in handling both airborne and terrestrial LIDAR data. The end results as
well as the intermediate results of the segmentation may be useful for object modeling of different
purposes using LiDAR data.

Keywords: LIDAR Point Cloud, Segmentation, Octree, Voxel Space, Spatial Feature, Incremental

measurements of scanned objects distributed in
3D space, LIDAR data are the digital surface
models of the scanned targets. A common
LiDAR point cloud may contain the points of
natural objects, such as the terrain and trees, and
man-made objects, such as buildings, roads,
bridges, and pipelines. LIiDAR point clouds
implicitly contain abundant spatial information
about the scanned targets that can be exploited
through various data processing methods for
applications such as digital elevation model

1. Introduction

Light detection and ranging (LIDAR) is an
advanced and efficient technology for the
acquisition of three-dimensional (3D) spatial
data by airborne or terrestrial LIDAR systems
since the late twentieth century (Ackermann,
1999). The point measurements acquired are
also known as point clouds. A typical LiDAR
point records both the geometric and radiometric
properties of the scanned object. The 3D

coordinates of LIiDAR points implicitly describe
the geometric properties of objects, and the
intensity data of a reflected laser pulse present
the radiometric properties of objects. The 3D
coordinates of each point contain certain random
error that results from laser ranging and
scanning error and may also contain systematic
errors from imperfect system installation or
calibration.

As  collections of surface  point

'ph.D., Department of Geomatics, National Cheng Kung University
2 Professor, Department of Geomatics, National Cheng Kung University

(DEM) generation (Sithole and \osselman,
2004), 3D building modeling (Chio, 2008),
forestry management (Maas et al., 2008),
transportation network design (Oude Elberink
and Vosselman, 2009), power line extraction
(McLaughlin, 2006), and reconstruction of
industrial installations (Rabbani, 2006). For
every LiDAR data application, the ultimate
objectives are the identification and recognition
of the contents in the data (Mosselman et al.,
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2004). The process can be regarded as the
interpretation of LiDAR data.

For 3D city modeling, terrain and buildings
are the objects of most interest. The extraction of
spatial features is often the first task in the
reconstruction of 3D object models using
LiDAR data. A visual inspection of LiDAR data
easily reveals the shapes and appearances of the
scanned targets. From the geometric point of
view, although the shapes of the terrain and
buildings vary and are sometimes very complex,
they are composed of basic geometric primitives,
namely surfaces, lines, and points. Therefore, it
is often preferable to model objects using
compact models, such as a boundary
representation (B-rep), to simplify the models
and reduce the required storage space
(Rottensteiner and Clode, 2008). 3D object
models can then be reconstructed based on these
spatial features.

Because the points are mainly distributed
on the surfaces of scanned objects and are
difficult to locate on the edges or vertices of
objects accurately due to the inherent properties
of laser scanning mechanism, surfaces features
are the dominant spatial features that can be
extracted from LIDAR data. Segmentation is the
most commonly used method for extracting
surface features from LiDAR point clouds. The
point distribution is the major attribute used for
segmenting LIiDAR data.  Segmentation
algorithms segment point clouds into point
groups based on the proximity and coherence of
points; i.e., the points in a group are neighboring
points with similar properties (Melzer, 2007).
Each segmented point group represents a spatial
feature of the point distribution that is composed
of coherent points. For the extraction of surface
features, points distributed on a common surface
are defined as being coherent. The segmentation
results are groups of co-surface points related to
surface features; the surface features are thus
extracted. Similarly, segmentation that defines
coplanar points as being coherent is used to
extract planar features. The proximity of points
is also known as the neighborhood of points. In
a point cloud, two points are regarded as
neighbors if the distance between them is shorter
than a distance threshold. The distance threshold
is usually related to the point spacing of the
point cloud.

During a segmentation procedure, points
must be retrieved from point cloud in 3D space
to determine the neighboring points of each

point. Because a common LiDAR point cloud
often has a very large number of points and the
distribution of points is not uniform, searching
for points is not an easy task. An additional data
structure is thus required for handling points.
Many data structures have been used for the
segmentation of point clouds. The design of data
structures is strongly related to the design of
segmentation algorithms. Earlier studies for
segmentation of point clouds are performed on
range images obtained from range cameras
(Hoover et al., 1996). The inherent 2D data
structure of the range image provides a regular
spatial index for segmentation algorithms.
Segmentation concepts and algorithms designed
for 2D images, such as clustering, region
growing, and split-and-merge, have been
modified and implemented for range images.
Segmentation algorithms for LiDAR point
clouds are mainly adapted from those for range
images. However, because most LiDAR point
clouds are not stored in 2D arrays, the
algorithms must be modified to employ data
structures  suitable  for  handling  the
neighborhood of the points. The triangulated
irregular network (TIN) (Pu and Vosselman,
2006) or interpolated grid data structure (Chen,
2007) are often used for handling 2.5D airborne
LiDAR point clouds. A k-d tree is often used to
determine the k-nearest neighbors (k-NNs) of
each point. Data structures and regular spatial
indexing, such as quadtrees and octrees, are
usually used to determine the fixed distance
neighbors (FDNs) of points (Rabbani, 2006).
Filin and Pfeifer (2006) proposed a slope
adaptive neighborhood to select appropriate
neighboring points for the segmentation of
airborne  LIDAR point clouds. For the
segmentation of points without regular order, a
general 3D data structure is suitable for building
neighborhoods of points (Bucksch et al., 2009).
Therefore, a 3D data structure called voxel space
or 3D grid is used for organizing unordered
point clouds in this study.

The strategy used to treat the proximity and
coherence of points in LIDAR data segmentation
is also important. Although the proximity and
coherence of points are both required criteria for
segmentation, they can be processed separately
at different steps using different algorithms.
Therefore, the segmentation of LiDAR point
clouds can be separated into several steps that
employ different algorithms and the criteria of
proximity and coherence to  generate
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segmentation results in an incremental fashion.
This study develops a general-purpose
incremental segmentation ~ scheme  for
segmenting co-surface points from general
LiDAR data. A common LiDAR point cloud
usually contains a large number of points of
various spatial features which are difficult to
well segment simultaneously using only one
segmentation algorithm. In this study, the
segmentation thus integrates several
segmentation algorithms with different criteria
of proximity and/or coherence step by step
according to the given application. For each
segmentation  step, different criteria are
gradually introduced to generate incremental
results. The designed incremental segmentation
strategy has three important properties. First, the
segmentation algorithms use a common data
structure so that the proximity of points can be
determined on the same basis. Second, each
segmentation step generates specific results with
particular  properties by using different
combinations of proximity and/or coherence
criteria for different purposes. Third, the results
obtained at each step are used as the foundation
data for the following step, thus incrementally
generating the segmentation results. Based on
these  considerations, the  number  of
segmentation steps, the type of segmentation
algorithm, and the criteria used at each step
depend on the purpose of segmentation.

2. Methodology

Wang and Tseng (2011) proposed a
four-step incremental segmentation strategy for
the segmentation of co-surface points of general
surfaces. This segmentation strategy gradually
produces incremental results step by step using
different algorithms and criteria of coherence
and proximity, allowing the results obtained in a
given step to be the input data for the next step.
The details of each step are described in the
follows.

2.1 First Step: Organizing a Point Cloud
with Regular Grids

The distribution of LiDAR point clouds is
usually anisotropic. Airborne LiDAR points are
usually recorded one by one in sequence rather
than in a regular gridded format. Some studies
have interpolated airborne LiDAR points into
regular 2D grids (Miliaresis and Kokkas, 2007).
Although data processing for gridded data can

be easily implemented using mature image
processing tools, the source data are distorted
due to the interpolation, which influences the
quality of the processing results. Point clouds
obtained from most terrestrial laser scanners are
designed to be recorded with 2D-array data
structures. However, the benefits of the 2D
gridded data structure are lost if the point set is
arbitrarily cut from the original point cloud or is
a registered point cloud combined with several
scans.

At this study, an octree-structured voxel
(volumetric element) space is used for the
organization of both airborne and terrestrial
LiDAR point clouds. The purpose of organizing
LiDAR point clouds using the voxel space is to
reorder the sequence of points to provide an
efficient spatial index for accessing points. After
the organization, point searching can be
accelerated through the octree structure.

To organize a point cloud using the voxel
space, the 3D space occupied by the point cloud
is partitioned into connected and equal-size
subspaces. Each subspace is a voxel and is
regarded as a container that may contain any
number of points (including none). After the
organization, all points are sorted in descending
order according to the spatial index of their
voxel. This puts the sequence of the reordered
points in the Morton order. Points inside a given
voxel are sorted together in the reordered point
sequence. Because the points of a common point
cloud are mainly distributed on the surfaces of
the scanned objects, most points are located in a
few voxels (i.e., most voxels are empty).
Recording the voxel space using a standard 3D
array is thus inefficient. Instead, an octree
structure can be used to record the constructed
voxel space. Each voxel of the voxel space is
recorded as a leaf node of the octree. Fig. 1
illustrates the concept of organizing a point
cloud with the octree-structured voxel space. Fig.
1 (a) shows a profile of an airborne LiDAR point
cloud covering buildings, trees, cars, and the
terrain. Figs. 1 (b) and (c) show the
corresponding octree representation of a part of
the voxel space and the Morton order of voxels
containing the points, respectively.

Determining point neighborhoods is one of
the major tasks in the segmentation of LiDAR
point clouds. If the distance between two points
is smaller than a defined threshold, the points are
considered neighboring points; otherwise, they
are non-neighboring points. The distribution of
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LiDAR points is usually uneven so that the
distances between pairs of points vary.
Practically, it is infeasible to calculate the
distance between each pair of points for a large
point cloud. An appropriate threshold for
determining point neighborhoods is thus
required. The threshold is usually defined
according to the average point spacing of the
original dataset. Points of airborne LiDAR point
clouds are mainly distributed on the surfaces of
the terrain and objects. The average point
density of the point cloud, i.e., the number of
points per square meter of the horizontal plane,
is usually used as the quality measure of the
distribution of a point cloud. The average point
spacing can be determined from the average
point density. Because the distribution of points
is not even, the derived average point spacing
may not represent the actual point spacing. In
real cases, the determination of the average point
density for point clouds that contain empty areas,
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such as water, is not very precise. The scanning
pattern and the distributions of point clouds
varies with the terrestrial LIDAR system. The
point density and the point spacing are difficult
to determine for terrestrial LIDAR point clouds
because there is no reference plane for
determining the average point density.

In a 2D image, the adjacency of pixels is
defined by 4- or 8-connectivity. Similarly, the
adjacency of voxels is defined by 6-, 18- or
26-connectivity (Fig. 2). Because the voxel
space is recorded using an octree structure, the
adjacency of voxels can also be represented
using the adjacency of nodes. Retrieving the
adjacent voxels of a wvoxel in an
octree-structured voxel space can be achieved
using two methods, one which uses the spatial
index of the voxels and one which uses the node
relationship of the octree (Samet, 1990).
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Figure 1. (a) Constructing a voxel space for a point cloud (side view); (b) octree presentation of a part
of the voxel space (to simplify the drawing, a quadtree is drawn instead of an octree); (c) the
corresponding Morton order of some voxels. (adapted from Wang and Tseng (2011))

(a) (b)

(c)

Figure 2. Neighborhoods of a voxel: (a) 6-neighborhood; (b) 18-neighborhood; (c) 26-neighborhood

(adapted from Lohmann (1998)).
2.2 Second Step: Segmentation of a Point

Cloud Based on Proximity of Points
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A visual inspection of a common LiDAR
point reveals that the distribution of points is not
uniform and that the points can be separated into
several groups of neighboring points. The
scanning manner of LIDAR systems is mostly
responsible for the uneven point distribution
pattern. Point clouds obtained from airborne
LiDAR systems may contain building shadows
due to the occlusion of the laser beams (Shih and
Huang, 2009). The point spacing of vertical
surfaces is rather large because these surfaces
are nearly parallel to the direction of the laser
beam. Terrestrial laser scanning has issues of
point undersampling and varying point density
(Bucksch et al., 2009).

Closely distributed points often tend to
belong to the same surface. In some cases, the
points of a surface may be distributed far apart
due to some scanning occlusions. Because
proximity of points is a necessity for the
segmentation, there is no need to process
non-neighboring points simultaneously. For
datasets with a large number of points, it is
helpful to separate non-neighboring points and
to group neighboring points before the
segmentation. The grouping of neighboring
points can be regarded as segmentation based on
proximity. This segmentation allows point
clouds of a large number of points to be
processed and undesired segmentation results
caused by inappropriate point neighborhoods to
be eliminated.

Once a point cloud is organized using the
octree-structured voxel space, the point
neighborhood of the point cloud can be
substituted using the adjacency of voxels.
Therefore, the grouping for neighboring points
may be achieved by grouping adjacent voxels
using the connected-component labeling (CCL)
algorithm (Lohmann, 1998). Fig. 3 shows the
results of CCL of the example data shown in Fig.
1. The example data are separated into several

&

o]
ﬁ i B

groups of neighboring points that belong to
different surfaces, such as a gable roof, curved
roof, tree crown, and the terrain. Notice that
points of the terrain are separated from
non-terrain  points because there is an
insufficient number of dense vertical points for
airborne LiDAR point clouds. Therefore, the
voxels of terrain points and non-terrain points
are not connected.

The voxel size is critical to the results of
CCL. A voxel size that is either too large or too
small may lead to undesired results, as shown in
Fig. 3 (b) and Fig. 3 (c), respectively. The larger
voxel size groups more points to a group and
generates fewer point groups. Some points
belonging to different surfaces or objects are
grouped into the same group. For example, in
Fig. 3 (b), the points of the curved roof are
grouped with the terrain point groups. If the
voxel size is smaller than the point spacing, CCL
obtains over-segmented results of piecewise
groups of points. In Fig. 3 (c), the points of the
gable roof, curved roof, and the terrain are all
separated into an excessive number of point
groups after CCL. An appropriate voxel size for
CCL should be set according to the point
spacing of the point cloud. The voxel size must
be a little larger than the average point spacing
derived from the average point density for
airborne LiDAR point clouds. However, there is
no rule for automatically determining the
appropriate voxel size for terrestrial point
clouds.

When an appropriate voxel size is set, CCL
for voxels can be used for the neighboring test of
points to determine whether the points of a
dataset are all neighboring points. If the voxels
containing these points are all connected, i.e.,
only one connected voxel group is obtained
using the CCL algorithm, these points are
neighboring points and pass the neighboring test.
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Figure 3. Voxel and point group results of CCL for an (a) suitable and excessively (b) large and (c)
small voxel size. (adapted from Wang and Tseng (2011))

2.3 Third Step: Segmentation of Coplanar

Points
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Previous studies on the segmentation of
LiDAR point clouds have mostly focused on the
segmentation of coplanar points. Wang and
Tseng (2010) proposed a segmentation method
called the octree-based  split-and-merge
algorithm for the automatic extraction of plane
features from unstructured LiDAR point clouds.
At this study, the algorithm is extended to the
octree-structured voxel space.

The algorithm includes two major recursive
processes: split and merge. The split process
explores coplanar point patches from the point
cloud by recursively examining the coplanar
properties of point distribution and splitting the
point set. Then, in the merge process,
neighboring coplanar point patches are merged
to form coplanar point groups to complete the
segmentation. At both the split and the merge
processes, the criteria of coherence and
proximity are used for the segmentation.
Principal component analysis (PCA) is applied
to determine the best-fit plane of the points. A
coplanar test is used to evaluate the quality of
the fitting plane (Rabbani, 2006). Then, the
connected component labeling algorithm is used
to check the proximity of the voxels and points.

process, the built
space is used for

During the split
octree-structured voxel

recording the splitting results and is the kernel
structure throughout the algorithm. The spatial
indices of the octree-structured voxel space
provide efficient access to the points throughout
the segmentation procedure. Because the
proposed algorithm employs a 3D data structure,
the octree structure, for organizing point clouds,
it can be applied to both airborne and terrestrial
LiDAR point clouds without modification. The
algorithm can be performed without scan-line
information.

Fig. 4 shows an example of the
split-and-merge algorithm for points of a gable
roof building. Fig. 4 (a) shows the space
containing all points extended to a cubic space
covering all the voxels. The space is recorded as
the root node of the octree. A best-fit plane is
determined. Since none of the points (red)
contained in the root node passed the coplanar
test, the space is split into 8 sub-spaces (only 4
nodes are shown). The plane fitting processes,
the coplanar test, and space splitting are
performed on each sub-space until points
contained in all sub-spaces satisfy the stop
splitting criteria (Figs. 4 (b)-(d)). The final
merging result and the tree representation of the
split process are shown in Figs. 4 (e) and (f),
respectively.

B 3
MXENN

(d) (e)
[ ) Points outside distance threshold
Best-fit plane
------------ Coplanar test threshold

D Node of octree
== == Gplitting line of node

\Voxel

Figure 4. Split-and-merge segmentation for the point group of a gable roof building. (a)-(d) split
process; (e) results of merge process; (f) tree representation (using a quadtree for

simplicity)
2.4 Fourth Step: Segmentation of

Co-surface Points
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The extraction of surface features from
LiDAR points can be achieved by determining
co-surface points from the point cloud using
segmentation algorithms. In this step, the
co-surface properties of points are used to gather
co-surface points from the coplanar point groups
obtained in the previous step. Because general
surfaces have various shapes, the criteria for the
co-surface property may have a variety of
definitions. In this study, the criteria of the
co-surface property are the included angles of
the neighboring fitting planes obtained at the
third step. Fig. 5 (a) shows the side view of
possible results for coplanar point segmentation
on the points of a curved surface. The angle

variation of two neighboring fitting planes of the
coplanar point groups is the included angle of
the normal vectors of the planes. An angle
threshold (a) can be set to determine whether
two neighboring coplanar point groups can be
merged. If the angle variation is smaller than the
co-surface threshold, the two point groups are
merged into a co-surface point group. The value
of the threshold should be determined according
to the properties of the point cloud and the given
application.

To summarize the four-step incremental
segmentation strategy, the criteria and the input
and output of the methods described above are
listed in Table 1.

Table 1. Criterion and input/output data of each step

Step | Criterion Input Output
1 Neighboring | Unordered point cloud | Organized points and octree-structured voxel space
ond Neighboring Voxels Gr_oups o_f conngcted voxels and corresponding
neighboring points

31 Coplanar Neighboring point Groups of coplanar points and properties of best-fit

Neighboring groups plane: normal vector, weight center, boundary
&« | Co-surface Normal vectors and _

4 ) ] centroids of best-fit Groups of co-surface points

Neighboring planes

(c)

@80 Coplanar points
Co-surface points

@® Weight center -
® Intersection line of

neighboring planes —

b

(b)

Best-fit plane

Coplanar test threshold
Normal vector

Included angle of two normal

Direction of fitting plane

Angle variation of two fitting planes

Figure 5. Criterion of co-surface points. (a) Points of a curved surface segmented into neighboring
coplanar point groups; (b) included angle of normal vectors of neighboring coplanar point
groups; (c) angle variation of neighboring coplanar points

3. Experiments and Discussion

An airborne LiDAR point cloud of a
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campus and a terrestrial LiDAR point of a
building were used to test the proposed
incremental segmentation strategy.

® Airborne LiDAR point cloud

This dataset is the point cloud of the Kuang
Fu Campus of National Cheng Kung University;
it includes terrain, buildings and trees. The point
cloud was cut from a combination of three
overlapped strips. The number of points is
2,772,880 and the average density is about 10.7
pts./m?, or a point spacing of about 0.31 m. Fig.
6 (a) shows an aerial image of the test area. The
red rectangle and circle in Fig. 6 (a) are a gable
roof building and a curved-roof building,
respectively. Figs. 6 (b) and (c) show the top
view and perspective view of the point cloud,
respectively.

In the first step, the point cloud was
organized using a voxel size of 0.5 m. The
organization generated 1,484,772 voxels. In the
second step, the CCL algorithm generated
35,836 neighboring point groups. Figs. 7 (a)

shows the top view of the results of CCL,
respectively. Most points of the buildings and
trees are separated from the terrain. Some points
of trees are grouped with the building groups
because the points are distributed close to each
other. The largest and smallest point groups
contain 1,599,020 and 1 points, respectively. Fig.
7 (b) shows the points of the largest neighboring
point group. Most points in this group belong to
the terrain. Some points of the buildings and
trees are grouped into this group because the
points of the vertical walls and trunks are dense
and close to the ground that makes their voxels
being connected to terrain voxels. Figs. 8 (a) and
(b) show the results of CCL of the gable roof
building and curved-roof building, respectively.
Points of the gable roof are grouped into the
same group and separated from points of the
trees and the terrain. Points of the curved-roof
building are also separated from the trees and
the terrain. However, some points of the trees
are grouped with points of the eaves of the
building because they are close to each other.

Figure 6. (a) Aerial image of data coverage of dataset for Dataset I. (b) Top view and (c) perspective
view of the point cloud. The point color represents elevation.

Figure 7. (a) Top view of the results of the second-step segmentation, respectively. The point color
represents a particular group. (b) Top view of the largest neighboring point group. The point

color represents elevation
In the third-step segmentation,
split-and-merge segmentation with thresholds of

% = 0.15 m and 7, =0.20 m was performed on
each neighboring point group obtained in the
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second step. Fig. 9 (a) shows the resulting
coplanar point groups. Points of the buildings
and trees are separated from the ground point
group because they do not satisfy the coplanar
criteria. To clarify the obtained results, Fig. 9 (b)
shows the coplanar point groups with more than
50 points. Magnified views of the gable roof

(@)

building and the curved-roof building are shown
in Figs. 10 (a) and (b), respectively. As described
in Section 4, points of the curved surface are
segmented into several neighboring coplanar
point groups that satisfy the coplanar criterion.
Fig. 9(c) shows the coplanar point groups with
50 and fewer points and the isolated points.

(b)

Figure 8. Results of CCL of (a) the gable roof building and (b) the curved-roof building. The point

color represents a particular group

Figure 9. Top view of (a) the results of the third-step segmentation, (b) coplanar point groups with
more than 50 points and (c) coplanar point groups with 50 and fewer points and isolated
points. The point color represents a particular group

(@)

(b)

Figure 10. Results of the third-step segmentation of (a) the gable roof building and (b) the curved-roof
building. The point color represents a particular group

In the fourth-step segmentation, the

neighboring coplanar point groups obtained in
the third step are merged to form co-surface
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point groups with a threshold z, = 10°. Fig. 11
shows the resulting co-surface point groups. The
points of the ground are merged into one group.
Magnified views of the gable roof building and
the curved-roof building are shown in Figs. 12 (a)
and (b), respectively. The points of the curved
roof are merged into one co-surface group
because the neighboring coplanar point groups
satisfy the co-surface criterion. The points of the
gable roof are merged into the four main
coplanar point groups because the included
angles of the best-fit plane of these point groups
are larger than the co-surface criterion. Fig. 11
(b) shows the co-surface point groups with more
than 50 points and Fig. 11 (c) show the coplanar
point groups with 50 and fewer points and the
isolated points. Most of the points are located in
the trees and the boundaries of the building, and
can thus be used for building boundary and tree
crown detection.

®  Terrestrial LIDAR point cloud

This dataset is the point cloud of the facade
of the main library building of NCKU, which
was cut from a scan of terrestrial LIDAR data.
Figs. 13 (a) and (b) show the close-range
photograph and the point cloud of the scanned
targets, respectively. The point cloud covers the
facade of the building, the ground, and other
objects. The facade of the building is composed
of planar and curved (red rectangle in Fig. 13 (a))
surfaces. The number of points is 1,745,490. The
point distribution of the walls is fairly even and
dense but the point distribution of the ground is
sparse. The point spacing is about 0.03m at the

wall and 0.12 at the ground along the scan
direction.

In order to determine the effect of voxel
size, the point cloud was organized using voxel
sizes of 0.05 m and 0.1 m, respectively. The
organization generated 1,008,666 and 356,973
voxels, respectively. The CCL process generated
10,323 and 2,589 neighboring point groups for
voxel sizes of 0.05 m and 0.1 m, respectively.
Figs. 14 (a) and (b) show the results of CCL for
voxel sizes of 0.05 m and 0.1 m, respectively.
The points of the ground are separated into
several groups when the voxel size is smaller
than the point spacing (Fig. 14 (a)), and grouped
together when the voxel size is larger than the
point spacing (Fig. 14 (b)). In Fig. 14 (b), the
points of some walls are grouped with the
ground through the connection of the ground.

In the third-step segmentation, the coplanar
point groups were generated using the
split-and-merge segmentation algorithm with
thresholds of z = 0.05 m and 7, =0.10 m. The
split-and-merge algorithm was performed on the
343 large neighboring point groups in Fig. 15 (a)
and 243 large neighboring point groups in Fig.
15 (b). The results are shown in Fig. 15. The
points of the plane surfaces are segmented into
large coplanar point groups. Some points of a
given plane surface are not grouped into the
same group because they did not pass the
coplanar test or the neighboring test (red
rectangles in Fig. 15). The points of curved
surfaces are segmented into neighboring
coplanar point groups, as expected.

(©)

Figure 11. Top view of (a) the results of the fourth-step segmentation, (b) co-surface point groups with
more than 50 points and (c) co-surface point groups with 50 and fewer points and isolated
points. The point color represents a particular group.
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(b)
Figure 12. Results of the fourth-step segmentation of (a) the gable roof building and (b) the
curved-roof building. The point color represents a particular group.

(@) (b)

Figure 13. (a) Close-range photograph and (b) the point cloud of the scanned target of Dataset Il. The
point color represents elevation

Figure 14. CCL results of Dataset Il with voxel sizes of (a) 0.05 m and (b) 0.1 m. The point color
represents a particular group

(@) (b)

Figure 15. Results of the third-step segmentation for voxel sizes of (a) 0.05 m and (b) 0.1 m. The point
color represents a particular group
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In the fourth step, the co-surface point
groups were generated using an angle threshold
= 10°. Fig. 16 shows the resulting co-surface
point groups. Because the curvatures of the
curved walls are small, the small angle threshold
is sufficient to group the neighboring coplanar
point groups into co-surface point groups. The
separate coplanar point groups in the rectangles
in Fig. 16 were merged in this step.

Figure 16. Results of the fourth-step
segmentation for voxel sizes of
(@) 0.05 m and (b) 0.1 m. The
point  color represents a

particular group

4. Conclusion and Future Work

Segmentation is the primary method used
to extract spatial features from LiDAR data to
interpret data content implied in point clouds.
Proximity and coherence of point distribution
are two major criteria involved in segmentation
algorithms. The data structures used to organize
points for handling point neighborhood and
processing strategy of algorithms are also
important properties for LiDAR point cloud
segmentation. At this study, a 3D data structure,
octree-structured voxel space, is employed to
organize LiDAR point clouds to establish
neighborhoods for points. The organization is
also a segmentation of points based on the
proximity of point distribution. The 3D data
structure can apply to both airborne and
terrestrial LIDAR point clouds without
modification. The octree-structured voxel space
is the kernel for handling points through this
study.

A four-step incremental segmentation
strategy is proposed for segmentation of
co-surface points. The major idea of the method
is that segmentation of LiDAR point clouds can
be achieved step by step using several
segmentation algorithms that gradually using
different proximity and/or coherence criteria of
point distribution according to applications. At

this study, the segmentation integrates four
segmentation methods, namely octree-structured
voxel space organization, connected component
labeling, octree-based split-and-merge, and a

simple  region growing. The four-step
segmentation strategy generates incremental
results, including the organized points,

neighboring point groups, coplanar point groups,
and co-surface point groups. The
octree-structured voxel space is used for
managing the proximity of points throughout the
whole process. The method is implemented and
tested with airborne and terrestrial LIiDAR data.
The experiments demonstrate that segmentation
of LiDAR point clouds can be achieved through
several separated procedures with different
criteria of proximity and coherence.

The current version of the incremental
segmentation strategy stops at the segmentation
of co-surface points. Based on the present results,
some studies like detecting and grouping
non-neighboring co-surface points, modeling
co-surface points using a general geometric
model, and detecting and modeling points of
trees can be developed to further extend the
research. Once the segmentation is completed
segmentation-based classification is possible
based on the inherent or derived features of the
segmentation results. The classification can be
simple (terrain or non-terrain points) or complex
(recognition of scanned objects).
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LiDAR Penetration Comparisons at Different
Instruments and Flight Parameters in Forest

Chung-Cheng Lee ! Pei-Jung Chiu?  Chi-Kuei Wang **

ABSTRACT

Airborne LIDAR can obtain abundant 3D coordinates and intensity of point clouds which include ground
points and object points in short time by penetrating the canopies to the ground in forest areas which can be used
in making DEM (Digital Elevation Model). The coverage on the topography, flying height and laser incident
angle have an effect on the laser penetration of the LIDAR. Three different types of airborne LiDAR (Optech
HD400, Leica ALS60 & Riegl LMS-Q680i) separately collect data in low, medium and high flying altitude in
the same area to calculate the ground penetration where plenteous tree species cover two study areas: Najenshan
ecological reserve area and Dakanuwa village, Namaxia district, Kaohsiung City. To sum up from the research,
the number of penetration rate greater than 0.2 in low flying altitude, 2000 m for Optech HD400 and 1250 m for
Riegl LMS-Q680i respectively, are much more than medium and high flying height in contrast that Leica ALS60
has no significant discrepancy. Besides the effect of flying altitude, the setting of LIDAR’s parameters result the
better penetration for Optech HD400 in Najenshan ecological reserve area and worse to Leica ALS60 in
Dakanuwa village
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