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/E g AW A FAE I 9o, AjEE o *E]Ei 7oA AgL vln|g A3to)tt,
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4474] st A7t B4 98s 24%}0}_,]} AT AEAH 2FBA AR, A
W) 2 HAAEA ) et LIDAR AA%50] 2t 2s st §3], Agsrtet 45
= 57}0” w2 Intensity Zrd FF Ao By IA Yepdel wpeh B4 g LiDAR
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Z4 A7 3 7|3 2 LDAR t-$ AAE AT 7|HolA F835A &84 2o g Zudcth

4o} : LiDAR, LiDAR %, dsAI, 4, AA3A

ABSTRACT

LiDAR plays a key role in autonomous vehicles, where it is used to detect the environment in
place of the driver’s eyes, and its role is expanding. In recent years, there has been a growing need
to test the performance of LiDARs installed in autonomous vehicles. Many LiDAR performance tests
have been conducted in simulated and indoor(lab) environments, but the number of tests in
outdoor(field) and real-world road environments has been minimal. In this study, we compared
LiDAR performance under the same conditions lab and field to determine the relationship between
lab and field tests and to establish the characteristics and roles of each test environment. The
experimental results showed that LiDAR detection performance varies depending on the lighting
environment (direct sunlight, led) and the detected object. In particular, the effect of decreasing
intensity due to increasing distance and rainfall is greater outdoors, suggesting that both lab and field
experiments are necessary when testing LIDAR detection performance on objects. The results of this
study are expected to be useful for organizations conducting research on the use of LiDAR sensors
and facilities for LiDAR sensors.

Key words : LiDAR, LiDAR performance, Performance test, Rainfall, Direct sunlight
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1.4 &

AgrAAge] H83E Slote] AT A47)% BAo| ol FolAL Ak ALFH A% F S
AN Ee 2R A, LAY wo| £y AUW ge FW WAL AXshEw BEICLKICT,
2021) AEFAAFE G, dold, eholth, 253t Sof TFR AAE BES, ALF PRGN A Y A5
5 %9 A= AH0w Brsn Aok 53, @Alol 48T/ 4E FEsHs AAE LDAR(The Light

Detection and Ranging, ©]3}, 2to]tho|THLi and Ibanez-Guzman, 2020). 2to|th= Fe =37tol| FHo| A4S
3P E HAAT 4= 7] W&o AE&FP27F ADASs(Advanced Driver Assistance Systems)¥qt ofu]g} o]

T EE IS HFYS0C 72E T A= HHOE AHEHTH(Park et al, 2023). AAZ A 2=
er of¢-t] 5o Agatdes ojn] ek JAQl dHeE QAFe] LIDARE A3sle] FHAA O Fg3sta ot
(Etnews, 2023). 7% 374 AR 3t=d ZAHE 7IA= ZHY LIDARE =2 37 AR st= 7€ 983 ¢
Eol A% SARATY 4 AA FoE AEFTHA A &8 Y& AFHoE FgH I gtk
(Kim and Park, 2022b). A-&F3 218 2ot LiDARS] A& ol weh F&ak AsH 7ol tigk 877}
Ao}, A&F-& LIDARE 20001 tholl Bl 24 -831E 7] wi&ol 7|&dd AL gol, B7hiH, <
U}:B_O] /\]_%_O]_b A2 E So] AAE =] & }E]'(Klm et al., 2021).

olg]g Q7o 7|Qlste o= LIDAR 45 H7P7F &3] o] oA ok A&FAFS 9%
LiDAR “3%5%7}= LIDAR AZALA AASHE A5 A @3t 217 LIDARZE AH&F 3kl 42hE of
Fojbe s NFPehe TRE T2 F o, A AEFA7|E0A 873+ LIDAR 453
A AFE Tkl JFHEh olo] HZole AlEH ol 45H7HGoodin et al, 2019), AW HEH7t
(Heinzler et al., 2019; Montalban et al., 2021), AAT=Z - A 9] /‘3 5% 7HKim and Park, 2022b; Kim et al., 2021;
Kim et al., 2023b; Tang et al, 2020), & =24 T3 A&FYP27F2] HolHE A3 &8&3t= tholyy

5% 7HPark et al., 2023) 5% LIDAR AeA < AL o2 WPt} AT oA 2HE2 U452
2 AF}E FAA LDARE G E7F 2 F4S ALEHOE A5T + Jon, AgAgd=s v$ ¢
ottt LiDAR7E 974 AAfoll Hlste, G4 - 714 49 Fakdl By s AL AMdeld, &3 1], 53
A Aol 5ol "otk m3h, titkre] TdA AlEHoldRTE AA E2SNAM O B A7t
FaEojopetal, AujdlA ot AA =2 95 FYsIHEA A2 vlolHE FHSs F5S Brks ook

—H

e AAE AT 4 AThKim et al, 2023b). AT, AA] SZoA FeHItE FAT BHAAME A
Al Z2oM 9] dlolE H52 WAFIL of2eH, HolHe H4% 714 o] B & T ukE A

g Agdeldelu A Aol EE AFsIE . o= of A 87

2, ZUYoAE A9 B2 AoA F Hl, ] 5& Aoshs AXo] G2 Y|EATdY] NAAEERA
ZAHE ¢} KCity 5 &g B3STHKICT, 2021). 23202 HZo ATF5FS LIDARY AF3 A5S

solsly] 9JaiA A 2o AN S FAsAul A o]h7 A 9Fe] A% HILE LiDARS

Al

2 23 9gs = A ] =7 o]t} LIiDAR *3L9] N"Hﬂ H 2= *‘94 B747} Oﬁqi o, NLH
AYPNOZ A5 oS & 9o, 2F-2 ITS(Intelligent Transportation System)ol| A ~3st= A FHE 7
271, dold AA7] dsH7tet L3 FelE T ASAEE A2 JFe A= A ASFHA

4] LiDAR®] 9q&o] SHHEE o83 87+ SUE Aoz 7|dd
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oled B2 YA A B ATE <Fig 1> AR ABSAT

N\ N
Literature Review and Test Environment Lab and Field Discussion &
Factor Research and Index Set up ) Test Conclusion )

- LiDAR performance tests - Setting Factors - Conduct tests Indgx AnaIy,sw ;
B . L - Deliver Test's Insight
- Performance test type - Setting Test Conditions - Sensor data acquisition - ]
; ; - Define characteristics of
- Impact of Factors - Index Selection - Derive Index .
Lab and Field tests

<Fig. 1> Process of research

1. LiDAR 72

LIDARE HZ dFollA AW 25, F5, AA 2 AFARE FHs17] st ML=, &3
LiDAR(Airborn LiDAR)E ¢4 374 17| < (Global Navigation Satellite Systems)©] Z}338t7] AJZHgE 90 o of
383515 9 THBeraldin and Blais, 2010). AH&FHATF T2 WFEARFHEORE S2o|X ALEEH = Eatd
LiDARE @FLiDARSY} FAFSE 7|&oln 2T ALFYPAF AAM7|E S F=3I UTHLi and
Ibanez-Guzman, 2020). LIDARE &2 9]4 th¥ <l 760nm~1900nm 3H32] #o|AE A EAo ZAFste] A
g5 4% AgFPAFN = T2 905nm 73} TOF(Time of Flight)®d4]-S &-831= LiDAR7} 23
Aog 8857 9t} LIDARE £ F9 3749 339 ARE A7 o)E|(Point Cloud)FEHE TA=

Ags, =2 gz ARG ofyg AA7F AX g kAL 7} E(intensity) = A 3-3THChen et al,
2021). ©]# & o] FE A-&FYxFo| ZaAE = AAE LiDARY &8 YY= #E3| S/ Uth(Kim et
al,, 2023a). T AEFPATFE FHA EAQ B}, 255, FH A, AHA, LEHo] 5o ARES
T3 3t=dl LiDAR®| ©|E3}™(Tang et al, 2020), 7Hd 7|€H 02 A Hrlsks 759 o2 JA &%
A4 59 AA ] &-83ttkJeon and Kim, 2021). Ao EojU AHE A 9= HUAZ7|4ke] A&

AA BFAR ZF9(localization) AW HEES FHsH| & st FHEY A FAH T EEALES
A4k a, vlg] &7l Intensity MapJJr ANEE9 YXE Wl Map Matching)sFAH, GPS 71HEe] A=
A& BAStE vk &8s 5 E&FHol WolAe FAlolth(Park, 2022).

2. LiDAR MsTJl U MSX|E ZAt

A& Aol A LiDARZE Azt 84 98-S R wA HHA, LIDARY Aol thek o7t AA2 A
N FEUT. B3], AeFHatgkel] 24 A2 LIDARZF GAA AAZE 27 Aol 2= =18 714
Hslol] M2 Aol At & fASEA A i FFFol AL olgd o]FE o+ LiDARY]
AN AP, AE 5 AAsta, o5 AA Adste d77F M3 W= Tk 237] LiDAR
SR T2 AEolHo Y AAFoR JPHA oY, AAlE A AA| A&FYato] AT
A HolEE AA EA8e theluE A@7EA] W Fol Aok oleld AeAlde tEAI AHEE
sdAE FIEE FESFY dE] Alst st sk

e

e ot 03:

196 PA=ITSYR|=EN| 227, H42(2023H 87)
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Goodin et al.(2019)2 LiDAR®| H5& AlEH oS B3t Adstdth AR Hss sty flst
of AH23 AEAREE HA4 A (Max Range), 2 E FF9E9] 7 loud, ©]3}
NPC), 4| 7 7 2|(Obstacle Detection Range)S &-83}Hth FIFAF= Aoz HAsy, 349
AeAsHE HASAT 4 Al At AQlE HolA Y e 4t o] HEoles
o 57] HEYS FA3AT

Heinzler et al.(2019)2 7]’3487% A@o] 7}d A W (Climate Chamber)oll 4] LiDARS] 5& AlE3HS
o Augs 3308 S48, AA =49 LIDARS Agl= Ho 20m=E thA &t SHAYE, A9 9f Hla st
717 Geas Aol7t e smm, AFADE 10m SGA7A AFEA AT = e -l Utk A
L ARAE 24 75 Aot & APEA R Fwo A9 IFAE AEHQ AH AlE M= ARAE
10m T2 A= Br/lssith AMESE A A EZE NPCS intensity(RFAME S, ©]3} Intensity), epw(echo
pulse width, thresholdg Z¥}3te] HhALE Hxo] #:)E &85t 3, FFAF R T MNAEAR)
o Aol wet Aol AskEs With

Kim et al.(2021)# Kim et al.(2023b)2 =9 A 714ABAE ] A FP2 A H¢] LiDAR B5%H
71 APttt AdedAE 7173 GFHFE HIAAEAY 50m Te)ek Rl(FrE Hd 40mm)E A4S
R, 53], EA9] AAE JFATZ By AA FZA o] 85 A LDAR EHS A &ste] Ags)
At A9 AFAF, elet Aol mel LIDARE 45X % NPCS Intensityo] #te] shehstgiom, 53,
LiDAR®} &4 AR Aol wel gre] Aol TASIA R, 257 40mmeold, A A 50molstol Al &
Ag steto] WA, stgt 5= AAMANE, ¢FE, Sek2Y, UF Ad 98 g3tk

Tang et al.(2020)> AA| A9 FAAAN A BPAE AA 8= LIDARE AX kL, 49 A AH7teE 4
At ATh BF AsA @ e TEA B3 14 G EY Bz XA RE ASAER AAst st
Aok A@AT A Bzt Q1A e FIE e HIst 33% F7FETAL AEEth

Park et. al.2023)2 44| LIDARZ} Z2He A& 35F0] AFdstHA 53 HoJEE o] &3 tol
el AsAES FAstATh ohrst 713 G dolH H5S sty o] B =] gk A
g Fdly} L=l S Hrlely] YA = vinlth oA HolHE HS3IAT AT AR
£ NPC, Intensity, /1213 = 53 53| LIDAR A|ZAl| A A A8l o4 F3+4(Scan Frequency), 523}
’$E(Field of view and Angular Resolution) 5% AEAEZ XF3IHTE D52 Tt 714384 Hye
LiDAR A5l 417 3ksignificant) F3Fs FTH M3 o1, LIDAR A5FA1E flste] Algdoldoly 49
Bt Fol A&H R g ook g FA AT
7] LiDAR 45371 32 AEHlA, AWy Adl, A9, tdolyuloz FREM, A AHSEE=

—=A
’_L},
Z,
-
17}

o
5?
=2

wx dm o

GFUFE Mo} O 8 AN Be DA ARBH 0, JPUSE ABHOR FAF) 9B A%
AsE Aol we s AR, NPCS) Inensity'= 7] RE AHoIA BE5E AR BART 7487
GFUFE NG A, BT Ao} vwd A3, GUNAE 44 0N BHE v JFS F2
TR 5, 35Fo) U} LIDARY A2 S8 e /1% BUE Bolo] & % drk B =29 Bao]
Avjsh Aol FAF 20 RSl HolHe] HMnE Bste] Aujsl AW Aze S4B 4TS 4
YPol QOBE, B =FE AT Y7 FRNN T2 ASHE 457 E NPCS Intensity HI0JE1E 1w

=
AU YAH 2% 78 7Fse 249 IFHSE vEstd Ay AgEs

LiDAR®| ZA| EAE Reflection Material(©]3F RM)Z} &Fnlg 7'd-S &g3ste] B4 GFHssE I3 A
At AUl Ao AL g Aol AAE AT
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<Table 1> Test Environments

M. AFAE W=

ARAI A 9] 71 A2 ZH(spec) ¥ LIDARAIAM 7} A&k
2 FEE F Utk 7IAE S A, dolAe] 1
EA4 ¢} LiDAR®S A, A9 A&} 44,
F5, 1, W, & Fo] 9FHFE AEH
Juj 9] o] A ze FHletnh A9 249
*“3%3@7“];1 ATde Ay AP A A
EA A A ejolA Y
% LiDAR Al A4 10~30m7}A]
1 233 Aol 7t Qlod, oF

3t RMS EHS 9
AgF TAES Ho| FolAd

[e)

==

—Ll

Classification Field test ‘ Lab test
Ultra Puck 32ch
(horizontal angular resolution : 0.1°~0.4°(5~20Hz)
Sensor Spec vertical angular resolution : 0.33°(minimum)
LiDAR vertical fov : 40°(-25"~+15")

points per second : 600,000 pts/s @single return

LiDAR mounting
height

1.8m from ground

1.7m fr
(height of vehicle’ ceiling) 7m from ground

Target Object

Aluminum, RM95, RM50, RMO05
(size: 50*50cm)
% RM (Reflection Material) is designed to provide a consistent measure of

Target
Object reflectivity, e.g. RM-95 means 95% reflectivity.
Attribute . . 1.8m from ground 1.7m from ground
Object Height (same as Lidar’s height) (same as Lidar’s height)
Object angle 90°
Environment Distance 10, 15, 20, 25 and 30 m
and Lighting Direct sunlight (field) LED (lab)
Climate Rainfall 0(clear), 20, 30 and 40 mm/h
2. ¥4sX|® MH
AUl Aes AR or ddaty] aMe A AeArt Bastth 7]EY s ARelAM F
Z Z-8sk= NPCS Intensity = 1783l o] 59| HolHE 53 § £431%{th NPC= LiDARCI A d1te
5, Aol WkALE O] Receiver2 E0Fe #o]A 29| & W3t} LIDAR Ho|HE ©] &3 A4 AA=
198 QPIRTSYUR|=EN| 223, M42(2023H 82)
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NPCaverage = T .................................................................................................................. 6}
where,
NPC:wemge - average NPC

. / .
P, :number of i'" measurement’ s cloud point
n :number of measurement Point Cloud

Intensityv LiDARZFH WH4te Hojxjd 20 & tfn] §habE o] Fol2 7 E9] H]&o|t} LiDAR H]
o] AzPA A wet & & ok, B AFolA 283k Ulra Puck AHI= 0255 WHE 271 AA A
Intensity 7% 02 LiDAR 21350 HkAlE|o] Eofe | W A7} gtk Z(threshold ©18H& <Jn]shar,
255 i A3 AEE HAEHIS S AUF&E} AW O 2 0~100 Afolo] FA&= L¥HARl EA] EHA
HhAbE o] Fole = Hlo]A P29 ﬂCOlﬁl 017}% FAE & TARE 7H EA0A gldth
2555 A2 AATAEEAA g1l =& XlOlE} Intensity = ZA}3H= x%H AL e, £ AE,
AZ AR, 5 Foll wEt dold 4 o, B AFoAE RMS 833, 549 A9 2=, o
dgetA AAste, olgfdt olst A A FES GHTE B AFolAME T*ﬁ‘ Q% 22 ATy 3
Intensity & SAAEE Z-&3Th

r4.| it

k
21
n=1
](“mmge B e (2)
where,
werage - average Intensity

1, : Intensity of n'" Point Cloud
k: number of Point Cloud

3. 45 AlE AUz

B ERe 5UT A A9 NS £ F, AGARE vimdte] 2 AP 59 dopur
Zo] ZAolt}, oo F-2oujdt v E 95t T2 <Table 2>} 22 AU 25 FAsIY AA AlPE 4
B3t
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<Table 2> Test Scenario

measure
NO climate object rainfall distance
field lab
1 RM95
2 1 0 Omm/h
clear
3 RMO5
. 10 sec recorded each | 10 sec recorded each

4 Aluminum 10, 15, 20, 25 and 30 m (5 frames extracted) | (100 frames extracted)
5 20mm/h

6 rain Aluminum 30mm/h

7 40mmj/h

V. AsAd 23

B AGAE BUG BFRANN FPT AHS) AP 4 Hof mf& A W 2hes A
BaaA dok 4@Ane] Folol tAAE 5H, ATARY SJeloA thEn Ytk FARE WA
Inensitys] B Wcloa) A3boh 2047 Ao AN, Nece] e Askek 4449 ke AN

1. 8SX|E Intensity?| ALHQ| +X| H|

1) 2 & g vl

<Table 3>, <Fig. 2>& #'d9] AAEE H+F Intensitys =74, ¥l 50|tk <Fig. 2>0l4 22+ T

= xF2 A wd 2] Adm F)E, yF& A Intensitys WEFH L vk Lz 7 vk

AR AAFO Qon, AENE vfFE 43, field), Nu}ﬂﬁ(lab)os-a TEEh

APATL, YubARl F& FHQ SFRFS At A HT L Intensity TXE Hole A4Tt Bko

, AARE WAL A7t ® RMY A9 AelolA Btk ¥ Intensity TXE HATH

A LFuFe A A Adugd 2 AgSTtel ©E IntensityhA7t FLsHA BSEHA o

ool AR 24 ApolE BTk 10mollA s A7t Ad] thel oF 25% £& FXE BRY o, A7t

wet A= 2389 30molAE 33% W& FAE B oA FHart YT ¥ RMOA =

13t A37F Yelgth RM95, RMS02] 3235 2d, AUl 37 2% AlE7le] WE Intensity 74

1’Jr. w3, A9 Intensity SR 7F ARG QA 22 o dFnFHEs O 405 Btk Ay
| A2l Intensity % H]&-2 RM959] 4% Hd 31.8%, RM502] 7% U] 37%= 2 ol& EHTh

213 AU 9] Intensity FX]8] xko]= RMOSOIA = YERTE o]8|g Hxks AAgAlo]l A BEAE HF

7%, BA U] A4 uweh Auje} Hozte] Intensity SEA7F DEbd F A HAETh

2 e
l'U_,

}o

rlr&&rﬂ&é

200 QURTSYR=ET| 227, H42(2023H 87)
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<Table 3> Statistics of Intensity by Object

distance
Object | environment 10 m 15 m 20 m 25 m 30 m
mean std mean std mean std mean std mean std
lab 99.4 1.2 104.9 2.7 979 37 97.1 3.8 85.6 53
AL field 123.9 22 104.7 2 82.7 27 65.4 102 573 119
(field/lab) 24.6% -0.2% -15.5% -32.6% -33.1%
lab 36.5 1.1 39.7 0.9 36.5 1 31.1 19 29.2 23
RM50 field 46.8 34 452 1.6 423 23 402 35 40 24
(field/lab) 282% 13.9% 159% 293% 37.0%
lab 65.5 0.8 569 1.6 64.5 23 56.4 3.8 555 4.6
RM95 field 732 23 75 14 75.7 52 68.6 34 67.7 44
(field/lab) 11.8% 31.8% 17.4% 21.6% 22.0%
lab 2.6 0.1 29 0.1 2.8 0.3 44 02 54 0.3
RMO5 field 45 09 3.8 1.1 34 0.1 4.6 0.3 5.7 1
(field/lab) 73.1% 31.0% 21.4% 4.5% 5.6%
AL RM95
120 M- 120 field | lab
éloo = LF_‘% %, E%l B 100
fw e [y Ry
60 t o a0 — = e % Hﬁ%
1
40 40
10 15 20 25 30 10 15 20 25 30
RMS50 RMO5
45 = }_c\‘_ 6 — ¢
40 N m—m T = T . -
'235 %‘ . E F i | — 1 ’ %
El — 41 g o
a0 JE é o
== L
- 1T ' = =
10 15 20 25 30 10 15 20 25 30
Distance (m) Distance (m)

<Fig. 2> Intensity Box Plots by Object (white dots - mean intensity)

2) 292 H|u (XF0|=)
<Table 4>, <Fig. 3> ¥¢F
ol taiM e AeE A
40 mm/h) oJv|skn, x5 7
ZHAAER AN E o] Qo

g Wde o E Z4-9-3E Hi Intensitys 54, gk 2t5o|th. RM 3
Z

_'a
Eﬁ, ~
41
r}E
ox ¢
g“é
&
E:
i
;.:
o
ol
g
O
Hﬂ
-
e
it
£
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A= 5ol 9T Intensity ZraFoll glo] Aol Aol HAL st Fe BoFErh AU
thH] Ae]o] Intensity 53] e A7t BoldF, Aol BoldE US AR A4S B,
7P 2 A= 30m Al B 30mm/hol A S AT
<Table 4> Statistics of Intensity by Rainfall (Aluminum)

rainfall
distance environment Omm/h(clear) 20 mm/h 30 mm/h 40 mm/h
mean std mean std mean std mean std
lab 99.4 1.2 95.0 1.1 95.9 0.9 924 1.2
10 m field 1239 22 118.6 1.3 116.1 1.2 78.1 7.0
(field/lab) 24.6% 24.8% 21.1% -15.5%
lab 104.9 2.7 98.7 24 92.0 24 90.3 2.6
15 m field 104.7 2.0 95.1 1.0 93.9 1.8 87.0 30
(field/lab) -0.2% -3.6% 2.1% -3.7%
lab 97.9 3.7 71.0 2.1 733 1.8 79.0 2.8
20 m field 82.7 2.7 84.7 L5 344 1.3 57.8 2.6
(field/lab) -15.5% 10.0% -53.1% -26.8%
lab 97.1 3.8 88.1 2.9 75.5 4.6 65.7 34
25 m field 65.4 10.2 47.0 23 384 34 333 38
(field/lab) -32.6% -46.7% -49.1% -49.3%
lab 85.6 53 64.1 3.6 66.1 5.0 524 4.7
30 m field 57.3 11.9 58.7 24 27.6 6.4 232 2.6
(field/lab) -33.1% -8.4% -58.2% -55.7%
0 (mm/h) 20 (mm/h)
—— 120 == field | lab
120
v T T = m=m W=
g 0 = B = .
60 ° . 60 _ .
40 40 7
10 15 20 25 30 10 15 20 25 30
30 (mm/h) 40 (mm/h)
20 100
— -] .
100 e 80 v S
? 80 — B R & " = T
E 60 S ==
40 5 " 5
20 = n 5
10 15 20 25 30 10 15 20 25 30

Distance (m)

<Fig. 3> Intensity Box Plots by Rainfall (Aluminum Only)

Distance (m)

223, TH42(2023H 82)
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AAH T A A FSF F7bol ueh AhS) EF Inensity’h A3 olch, ol LIDAR
o AEAol we dolH BTt Hggel e Fuo] WASHE @O HYAT Y ATehs A5
t A%E nth AR A nAw, 1om AIAE, 293 0mmh7iAE 2919 htensiy7h Bt %
ko, 40mmhollA AWl Boh H& Intensity TAE EATE oldd A FUb ©wE A-AY
Inensity VA Z7HE thRE] AYZANH HART 20m AL Jmmh 45N Ao
Inensity= AT 53% WEOw, 25me} 30m ALAHE ommh o4 Al AL Ao} Asle]
Intensity BA7} S A LERge,

2. NPC H|w

1) 32 2 Hlm ()

<Table 5>, <Fig. 4> 29| ANAMZ P NPCE 4, Hlud A5o|th Ag4Ad, AU 25 7|&
3597kt FYsHAl NPC7t AAAG S A e o, A9]e NPC ztole FEHAA & AL
2 B2 ol WAbETE 9 ool (& uE Y 2 RM9S), A7} 1mE 2T FPAAE A
O

574 9] NPC7F AsE thy] 12~20% E2 A2 ZAHATE 15m o) Aglo]AY, Bl ) ¥
RM50, RM059ll taliA= dAS glde] NPC 24 HAE s+ og . vl Ay Al Aust
Aol NPC HAHE FXH o2 Haf oA HElo] IRt

<Table 5> Statistics of NPC by Object

distance
Object | environment 10 m 15 m 20 m 25 m 30 m

mean std mean std mean std mean std mean std

lab 106.6 15 63.2 22 34.7 14 251 1.3 14.8 15

AL field 1274 37 58.7 25 30.5 2 19.1 0.9 155 12
(field/lab) 19.5% -1.1% -12.1% -23.9% 4.7%

lab 129.6 4 56 1.8 29.7 1.2 184 12 137 L5

RMS50 field 120.1 8.7 50.8 5.1 353 23 19.6 25 152 55
(field/lab) -13% 9.3% 18.9% 6.5% 109%

lab 110 L5 68.5 2 29.3 0.9 175 12 13.1 13

RM95 field 123.6 1.6 58.1 23 36.5 1.6 232 0.8 13 2.8
(field/lab) 12.4% -152% 24.6% 32.6% -0.8%

lab 133 2 63 1.8 345 15 20 1 15.1 12

RMO05 field 1332 34 62.4 14 404 1.6 26.5 23 129 32
(field/lab) 0.2% -1.0% 17.1% 32.5% -14.6%
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<Fig. 4> NPC Box Plots by Object (white dots - mean)

2) e H|u(ZF0|F)

<Table 6>, <Fig. 5> 477 S o2 Z¢3d B NPCE 34, v

2843, 10m AolME Aol AN 20~24% ¥ NPC7F BSHUTL ©]& Intensity =
AANAE A7t Egkd Ao} AN sk AR SAdeh W, 15m A FEE A9 A9 gte] A
7F FHAAY wEgk £ 02 YERT o= dRulFe] S8 & WAEE AU, 9ol o itE
A= E7-8t3 LIDAR AlA4e] AR 7Fedlrlol 2A4E Z2ag Bl

<Table 6> Statistics of NPC by Rainfall (Aluminum)

rainfall
distance environment no rain 20 mm/h 30 mm/h 40 mm/h

mean std mean std mean std mean std

lab 106.6 15 107.7 15 101.7 1.3 101.9 1.3

10 m field 1274 37 130.8 33 1264 1.1 126.6 22
(field/lab) 19.5% 21.4% 243% 242%

lab 63.2 22 63.6 1.9 64.8 22 63.8 2.1

15 m field 58.7 25 68.8 24 71.8 24 62.2 24
(field/lab) -7.1% 82% 10.8% 2.5%

lab 34.7 14 41.6 14 39.8 13 334 1.1

20 m field 30.5 2.0 40.0 2.1 34.6 1.1 34.8 2.6
(field/lab) -12.1% -3.8% -13.1% 42%

lab 25.1 1.3 239 09 233 1.0 223 1.1

»m field 19.1 0.9 24.6 09 22.6 09 222 2.6
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rainfall
distance environment no rain 20 mm/h 30 mm/h 40 mm/h
mean std mean std mean std mean std
(field/lab) 239% 29% -3.0% 04%
lab 14.8 1.5 14.6 12 14.2 1.0 14.1 1.2
30 m field 155 12 16.2 0.8 14.0 0.7 13.2 2.0
(field/lab) 4.7% 11.0% -1.4% -6.4%
0 (mm/h) 20 (mm/h)
. — field | lab
125 ~°F% 125
100 - 100 -
5 7 \ B .
e =
0
50 —y— 5 -‘:’_ k"¢>
25 e L — 25 e
10 15 20 25 30 10 15 20 25 30
30 (mm/h) 40 (mm/h)
120 ° 125 %
100 - 100 —o=—
g % " 75
Z 60 —— i
50
40 L= oo
20 o —f— - 23 Eesae]
10 15 20 25 30 0 10 15 20 25 30
Distance (m) Distance (m)
<Fig. 5> NPC Box Plots by Object (white dots - mean)
3. A &A (t-test)
1) Intensity 2% Z1}
<Table 7> Intensity S 2|l gt t-test ZH 0|t FAAE F43L p-value 0.1 oJHol A &Fr]F 15m

FA7 wE Ao
20mAEE A7t Bk Ee o] BAHOE foj3he Uehith,
Gl G FAPe YANE BRE SALOE fof@ Holel

739 Intensity7} A g7 ol wlsf vl SAA

Ao YEhsth

Frelgel sk
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<Table 7> t-test results of Intensity

i rainfall distance Mean Intensity T pvl
(mmy/h) (m) field lab
AL 0 10 1253 994 75.386 0.000 **
AL 0 15 104.7 104.9 0.261 0.799
AL 0 20 83.0 97.9 -15.023 0.000 **
AL 0 25 63.7 97.1 -8.516 0.000 **
AL 0 30 58.6 85.6 -5.795 0.000 **
RMO5 0 10 39 2.6 4.068 0.015 *
RMO3 0 15 47 29 4.604 0010~
RMO5 0 20 35 2.8 11.055 0.000 **
RMO5 0 25 49 44 7.084 0.001 ™
RMO5 0 30 48 54 2.802 0.046 ~
RM50 0 10 43.6 36.5 24.594 0.000 **
RM50 0 15 439 39.7 8217 0.001 ™
RMS50 0 20 41.6 365 5.306 0.006
RM50 0 25 37.1 31.1 9.139 0.000 ™
RM50 0 30 37.9 292 16.767 0.000 **
RM95 0 10 71.1 65.5 17.065 0.000 **
RMO95 0 15 739 56.9 51.596 0.000 **
RM95 0 20 79.4 64.5 6.491 0.003 ™
RM95 0 25 71.1 56.4 14.466 0.000 **
RM95 0 30 65.0 55.5 5.262 0.004 **
AL 20 10 118.6 95.0 40.554 0.000 **
AL 20 15 95.1 98.7 7371 0.000 ™
AL 20 20 84.7 77.0 10.936 0.000 **
AL 20 25 47.0 88.1 -37.989 0.000 **
AL 20 30 58.7 64.1 -4.81 0.005 **
AL 30 10 116.1 959 36.24 0.000 **
AL 30 15 939 92.0 229 0.074 -
AL 30 20 344 73.3 -65.562 0.000 **
AL 30 25 38.4 75.5 23.186 0.000 **
AL 30 30 27.6 66.1 -13.329 0.000 **
AL 40 10 78.1 924 4543 0010~
AL 40 15 87.0 90.3 2.348 0.074 .
AL 40 20 57.8 79.0 -17.464 0.000 **
AL 40 25 333 65.7 -18.573 0.000 **
AL 40 30 232 524 23.28 0.000 **

note : Shaded cells are positive t values statistically significant at + 90%, * 95%, ** 99% levels.

2) NPC & Zx}

<Table 8>& NPC ZAX|ol| 3} t-test AFo|th HdHE B LFnFe H7-943 oA, 10molAE=
A7} NPC FA17F &= AT, 15m FH = AUtin] @42 $£X& Bt RM05 2 RM502] 74-%, 20m ©]/¢
Agll A NPC zto]e] BEARA f2oAdo] gllom, 20~25mollAe A7t 23, 30molAe Azt By 2 ¢
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<Table 8> t-test results of NPC

S HAt RMO59] A5 15mE A9l e SHAL A Aol dujel wls) £ NPCE HIH.
Z5Adel A= F2 15m oo SAZloA FAHE fFold Afol7} dAHA UEyt. &,

A Ve AT ASNA il E& NPCTh SASHAR, Az F7kke A, Aol NeCT} =

s rainfall distance Mean Intensity - ol
(mmyh) (m) field lab
AL 0 10 1293 106.6 25.023 0.000 **
AL 0 15 59.9 632 4723 0.001 **
AL 0 20 30.7 347 -5.828 0.000 **
AL 0 25 19.5 25.1 21467 0.000 **
AL 0 30 153 14.8 1.12 0.287
RMO3 0 10 131.2 133.0 -1.19 0.297
RMO5 0 15 62.6 63.0 -0.535 0.617
RMO5 0 20 402 345 5.748 0.004
RMO5 0 25 24.8 20.0 21.638 0.000 ™
RMO5 0 30 10.0 15.1 -11.007 0.000 **
RMS50 0 10 1272 129.6 -0.804 0.465
RMS50 0 15 55.4 56.0 0745 0.494
RM50 0 20 34.6 29.7 4512 0010 "
RMS50 0 25 21.8 184 5.769 0.003 ™
RM50 0 30 10.0 13.7 -10.523 0.000 **
RM95 0 10 1222 110.0 30.072 0.000 **
RMO5 0 15 59.6 68.5 -19.54 0.000 **
RM95 0 20 36.4 293 8.072 0.001 ™
RM95 0 25 23.6 17.5 14.565 0.000 **
RM95 0 30 15.6 13.1 5.894 0.002 **
AL 20 10 130.8 107.7 15.348 0.000 **
AL 20 15 68.8 63.6 4762 0.008 ™
AL 20 20 40.0 41.6 -1.723 0.158
AL 20 25 24.6 239 1.713 0.156
AL 20 30 162 14.6 4.027 0011 "
AL 30 10 126.4 101.7 47.1 0.000 **
AL 30 15 71.8 64.8 6.421 0.002 ™
AL 30 20 34.6 39.8 9.961 0.000 **
AL 30 25 22.6 233 -1.689 0.159
AL 30 30 14.0 142 -0.708 0.511
AL 40 10 126.6 101.9 25.057 0.000 ™
AL 40 15 622 63.8 -1.429 0221
AL 40 20 34.8 334 1.18 0.302
AL 40 25 22 223 -0.081 0.939
AL 40 30 132 14.1 -0.953 0.393

note : Shaded cells are positive t values statistically significant at - 90%,

* 95%, ** 99% levels.
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V. AgAzte oe)

£ 9= LiDAR &8 SAHIA AW =337 2 249, SAHUD mE SHA 9 H3lE Fels)
Btk AgAy, HA EAY AR WE Intensity 2|9 W3, AgS7k] wWel NPCSF Intensitye] %+
&, 7174 34 odslo] w2 NPCS} Intensity?] Zae 719 AT723e}t X5 Th(Heinzler et al., 2019;
Kim et al., 2021; Kim et al., 2023b; Park et. al., 2023).

W, 7)1E ATEd 2 AU A3 HuE B8l o 2 AdE ZRA1E 4 ASIth WA Intensity
9 A%, 1) B Folle AHARE BAL 27 F RME A9, A Q)4 Intensity X 7F AW ETH Fobzich
2) AIE7E F2 YiF EHEH(EFHE) 10m WA E A7 A7t 15m o3& HolAH Aol A
B} =2 Intensity X5 HQlth 3) % %01] o &FulFo] g AR A7t E3e AejolA AuET
o< A BT TS0 2 NPCY A4S, 1) YHALET} 50% S 23t A2 A(LF0)E, RM95) 10m
AglellA A9EA NPC7F AU SA NPCEE‘r A Uehdt) 2) SRS B2 dEr o gig 499 A
9] A@87 Aolo] NPColl tigh P& 10m AN A T A&7F A vebd, 15~30m A oA+ &
1EA =t

o] ¢ Intensity I NPC =343} Hl2E 53 LIDARE &3 EAHAE AFsAU A5S Hrlshs
e e e Fo|7t Hadhs AARIY A, LIDARS| A Eoly A AAA S AAL-HeH=
75 A 2 A A 25 Zesity dFugol] tig A@AH A St ©WE Intensity ZHAT7F
QoA B& A YEgth &ErES FE9 WALEE 2d B2t NPC2| AR o]0 AR = o3tk
9k, Bl @e WS JERE BAlE NPCY AL UUS Ao o2 B, dvtEAd td 7
A AAR T 9T A AU 9 A9 A 25 Fastth 499 Intensity A E = AR A 9ol A

o & 9ES VA= AR Yyt $A 9 VAR dRuEe S8 & WALEE AU, NPCol
A Js7t wu et ARl SAbErE Bt B EAlE 30m A oWeAE 4 141 NAE #E5H I, Aol
e #AZEHA ge o] A4S 4= Atk AA, LIDARY A%5S A58 49 RMS ez A3 g
ofgity, AT} 10me] TAE A3o] obd 9 RMel i3 LiDAR ZH A= 2A9)9f A7} A
ﬂr o] LiDAR®| A5 AFst7] flal 2A-A2E RMe| E4UE A3yt 229 21& 973, LiDAR

Z83 BAE A5 HANE 31714 LiDARY 4% HFo] $AEojof 3 HolETh

@H AL Ao 9] A S FASkET Bt} golstH, AET 54 9 oy Ao
T4 Aol ot AR o]H ¢ A= LiDARE %%‘J W7 T A Al Axprl Al A
4 AFE FHIE ofEFEE, Ay F A8 BT o]FolHof §& HolETh

e

Hkr

o

O

L

N
N

Kim and Park(2022a)2 LiDAR 459 &S vX= YFHATE LiDARAIA 71414 SH3 LiDARAIA 7}
AAsaASE EASH, 34 9 7|FSHOE FESAT 714 S Adg, golAY g FE,
AFE, 2 - FHZ ol o, A4S =49} LiDARS] Az, &A1 QA A, =4 B
I R Fol A, BF E 7ESHE AY, B, ), 7, FE § ©] 9o, LIDARY && RI=9} o]
AAH A-DGTF olo] W& Ao A& Wt s HA S FASAT H2o ol vt
ATE olHd FAE A AAE A H

l'l
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B AFE Y3 AA(velodyne UltraPuck)E 83t Auje} A3 dA 3= do|grt A= &
FAE Yet=A vasBgith S43E2 A 9 71320 FYshy 2380 a8 ApEaRle

2 AdolMe F35S S8 dirzR3A o], A= dE nRa JE BEoE AASAT 34
/-2 HkALE-0] AZH Reflection Material(®]3F RM) 3%(95, 50, 05)3% &Fulg S g&o}%{q =44
3} RMO)| g Intensity =21+ Aol A Bt} EA T NPCE M2 74 2 Hxpr) ik &, &3 u)FS
W%2i§}é§ﬂﬁéﬂﬂ%ﬂwEW%MmmyTﬂ%Mﬂ}@ﬂﬂﬁHwﬁvﬂ4ﬂ °om, 10m Al
A AejoA Bt} =2 NPC F2|7F #EEH AT ol &2 WSS 71 RMISAIIAE #ZH o, 75t
gl Fgo] WElH e S s 2A-E AelolAe] LIDAR A ZEA oA BHtp Be o] Q1A EE 7
o2 R GFuETHs YO 3 FeAFANAME, doolA W Bt 2 Intensity 7471 1=
oh WRALETE WA 2 4FEE-E 30m A oldlelAE NPC7F AW R T BopA| A= FgkA|RE WAL=}
Hroh @& EAgH NPC 4 JA @A et 4 Qo

ol 2] g J+—LDML4ﬂﬂEéf§ﬁﬂH-%ﬂ%lﬂMRﬂ% AN AT RS T3t A5
el 3 BRolA HAFo] Bode RAEth A4, At EAY AgsTl A8, AAEA &£
o] B4, 2387 wet Au9)9 Intensity 3 NPC Aolg 771 7] wj&olt}, 53|, 752 4&e
ﬂ%ﬂiﬂﬂﬂ%ﬂ%gbwﬁﬁﬂmﬂéﬁgﬂﬁﬂﬁtgﬁﬂﬂoiiﬂm4E
30m Bt} He 3 Ao s AulolAe 1t Aol o] Aol Ao Hpz

£ AT LIDARE 83 AgoA A9 o] Aoyt APAR vA= zbolE &
gt A7+ LiDAR AIANE E83 AFE Fd3ts 718 2 4 2 ANAES LDAR H-84%5<
71l F83HA &8 ZoE Vgt a9 % o 22 A Atk B AFlA]
velodyne UltraPuck 1ETHS ARSI, BF A A S o]2]dt A7} dAst=A AP B3 FH3HA
ok =3 A ALelA Ze7E A L] mAg Aol 2 Qlal] Blge-o YA AV, &= T ¢
AE A RatAth 53], 2 AlA Aol Adig S vl Y] BeE 87 Aol A
32 Zek AL Qth $5 AT A oy A AtolE Bk BAS, thekdt AlAE &85t
I AAstAL St

.
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