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CHIRANANCHAI SRITAP : DEVELOPMENT OF A BULK MATERIAL VOLUME
ESTIMATION SYSTEM USING AUTOMATIC MOVING RAIL LIDAR TECHNOLOGY.
THESIS ADVISOR : ASST. PROF. PAPHAKORN PITAYACHAVA., Ph.D., 105 PP.

Keywords: Bulk material/Volume estimation/LiDAR technology/Point cloud data

This study focuses on developing a bulk material volume estimation system
using automated moving rail optical distance measuring technology. The objective is
to establish a system to estimate the volume of bulk materials in warehouses using
three-dimensional point cloud data and to propose guidelines for increasing the
accuracy of such estimations. A prototype system was developed and tested with dry
rice husk. The experiment will take place in an area measuring 108 cubic meters. The
bulk material was shaped conically in three sizes with volumes of 1,5, and 10 cubic
meters, respectively. The sensors scanned at angles of 0, 45, and 90 degrees, and the
system operated at acceleration speeds of 2, 5, 10, 15, 20, 25, and 30 centimeters per
second. Data collections were repeated 3 times and analyzed statistically, averaged,
and compared with data obtained from industrial tools, focusing on accuracy, data
retention period, operating costs, and safety. The research found that the maximum
accuracy for estimating the volume of a 5 cubic meter bulk material was 99.82% at a
scanning angle of 90 degrees with a speed of 25 centimeters per second. These findings
indicate that rice mill operators can significantly enhance the management potential

of bulk warehouses.
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Uszliuusunstumdaazly Total station WaLlASDIALNULALYDSWUUNIANY WALNTINL WA

a1y nazliesesannuaashuunAnuLdundn

gﬂﬁ 2.5 adaAuduA Tuanmueasaineies (Gago et al., 2021)
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FUUe (GCP) 9193y livayanla dA1uAaIAAReNAINNTTUTEENYTUIN T IUNDS
a & v a4 A da v oa v Y Ao 9 & A |
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msdmiuanmnedunds dnilvgaglvammuaerudiides Fansm
nesrdldnwuz UNTInTIeAnudulae) Fadrdon1sUssdudsunns Wy Yinnanuy
FraUden Sudu Wudu wariuadeiimiusiuBeuvindusgsaiae é’w’maméﬁgﬂﬁ 2.7
w3 eadlofildusziiuusunsisdiauvainnans &iguwiqﬂ?ﬁ widlsiuns Iaudaadesauny

LA LUUNIANY (TLS)

d‘ v & H a v e a v
E‘U‘Vl 2.7 ﬂ'ﬁ"ﬂﬂLﬂUU’]ﬁ’laﬂUIUﬂa\‘]LﬂUﬁ‘LJﬂ’]

2.1.5 UIMUNUBILAIDNEID

1) dmtnvesaissiiaifiudoyanaiinds

a i

Tuan nwndsuvsInd L AvAUAINAILT Uniinveaas agile lunisly

Useiliulsunsg Wudsaesmieds Weswniiuirasidauiavey Wmtndndudesdinig
A Ao o

Wuiutayaseunasian N1suungunsalipsedeNiuintnuin a1admansznuroguaIm

& A

YDUIMNTINIUTLELENT P9UY AISHADNLASBILBNNAMUAADIALLAZUINUNLUN LTU LATBISU

doyay1eu GNSS wiseenAeulsinTu dewanadagui 2.8



13

gﬂﬁ 2.8 91n1Agulitindu DJI Spreading Wings $1000 (Kwoczynska, 2021)
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e uiduwildunzifaderanainnnuyedlade Maaiunu uarenvlimnegiugunsad

o

Fugauas (Son et al., 2020)

JUT 2.12 n15TUsaussnualzungdum

2.2.2  n15UsEHIUAIBLATRST USRI GNSS
GNSS %38 Global Navigation Satellite Systems LT USEUUAINUAFILALS
mum ey NUagduiunumdrfnylumuniansauna InensUseiiusunsmeniossy

doyayas GNSS tufeaiunsszysuiivasganaulavuiuinesian yinisiiudeyaldd
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GNSS SATELLITES
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GNSS TRANSMITTER
8 STATION

gﬂﬁ 2.13 M3uYeLA3eIsUdtyeyIas GNSS (Amaglo, 2021)

2.2.3  nsusziliunlenassuseunanasiy (Total station)

Nda9UsEIanasy (Total station) LJuASasiindrsansIuaANaIunsaly

[
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U a

JUN 2.14 13FRdmSuldeusiuiu Total station (ndesdsiaaudsdn, 2567)

2.2.4  nsUsEEludgATRsaRNUAIaSWUUAIANY (TLS)
LA3 BIARNULADSLUUNNANY (Terrestrial laser scanners : TLS) M%aﬁivﬂ
Aulud e Terrestrial LIDAR 10 wiSnisiiudoyanquanaiudfuuunilusiun 360 o9
Usgnaumegunsaliniaiauaises nszanvyy aunsalngiaduauas wasnsaeduiingn
n1svnusNINgUnIainLliauwa asasauatawasdslunnszanuyu Inenssanvyu &
wihlun1snseaeuadlunsenuasdimuRITngsing o 5oULRTELN DL uazATD
= 3 v o v vV & v 6 v =2 dl'
awnuaziigunsalnsnduauasressUamdsnuiasliiduiad lneduiinlilulugaiaies
JunAT (Quintero et al,, 2008) Ing@1U150LU LY ULDSVBILAT DIFLAULALYDT WUUNANY
sonlidu 2 Uszian e Tduweasuuy Passive wag Active WLLwaswUU Passive 92811158
v v a 1 [ =i v = ! ! ay v P 3
n3RduTduwan i NasvieunseUdeseoninNunasT ALY Tuvaeiiduwesiuy
Active 959 TUAUANAEDUININYTFANNN15B9 N UnTalilnuaal e s Nas19 Uy
g N v (% d' d‘ s dy ISP 1 o
INAVATOIAUNULDY FILARIATFUT 2.15 LATDIAUNIALEETLUUNIATUY TA1AIMWIUEN
sEAuAININEURLLAS Fevibinisasisuudassanudivenasian dsigavidundaiay
IndlAgsiunesianasawnn uilassdledallisnangs n1suszananadeyaeialdiiaiuiu wag

v Y ay a a a wa S oA v a a Y]
Lﬂ']‘Viu']‘V]G]@\‘illﬂ?WNLsﬁﬂﬁﬁqmluﬂqiﬂaUG]\'i']u UDNITNU Lll@maﬂﬂigLNUUﬁﬁquiﬂaﬂ'ﬂﬁﬂﬂu

=Y

Adsdum g uardudou asfeinisdiesotaunulunugasiie 4 seunadian wWielv

v 1 a

nmsaunuiudayaldnseurquiuiinnigauazdeyanguyeaudatdanumuuivie ety

U LR

nsUsediud3ums (Filkin et al, 2022) wuldtninanvarnisufiRnuuuull e1ansliia

ANULEBSRaLI TR 1eiUNS AT s U GNSS Lag Total station 161
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,(EC"\?\?«/r ®eecccsese
o ®esessssscscese

S0 0N PR LR RLNRONLRNBLNOLENNDS

Range and Orieny, .

(Azimuth g pieMtation 2esesesesesesssessssens
— b evati N

<7<7‘*<—<,>‘"” 2000000000000 000000000000 .\;}

> !-‘......'.......‘//“
“Nideinis —

Terrestrial Laser Scanning

Measured Point
(Fixed with known location) =

SUT 2.15 Msvihanuvesiesannuawesiuunaiy (Alsayed and Nabawy, 2023)

2.25 nsUszdiuaewmaiia Photogrammetry
v v Y | A A a I I a 4 Ly
NM5599RRENMENe 13N38N1IN Photogrammetry Lwmafinnsgouniu

A 2 G Wednaiyawansiurdaieafiuanainatefiwana 19y udatunasnadu

=

wuuaesnestananuin duSenTBnsidn Structure from Motion (SfV) Taefinisthdieya
nsRaANdoeninT 1y yuugewe szeslifanin n1saresnm wagnsiadeuiives
Wwiead98s azgnianUszneumsUsginanalunsainsuuuiassaniia aazyiilving
UizLﬁuﬁmmﬁmmgﬂﬁammﬁu (35533UANM wag 35N, 2018) Faduismsiilasuany
feoulugaeld AT Aruun Wnedeuldinada Photosrammetry saufueiniseuldindu
Hagtuilwenduniflflunsussdiuvizmmsanmnesainmeia Photogrammetry 31n3ing

LU Envi, Agisoft Metashape lag Bentley ContextCapture Tag@awe kisinanilainise

a v a

a31uuudnansauiln lalnenss lnsenideulidndunldmeaiia Photogrammetry Tunns
UsziiuSinesTanmnes Idunmsfigauiudrinduisaissavsamlumsussiduliinaesly
adsdudnanands lasanizlufiufiedafuaudiinsidnisein eghslsfianu ielinig
UseidutSunstanmnasiudugmantu sududesdinsuiuuianugnd esdegaaiuny
maity v3efiFenda Ground control points (GCP) Fuidiugadnedainumisiivaru fauang
Fa3ut 2.16 Tneslfludluiiseu 1 adafvauduadlflunmsuuruauuusioesaiii way
IngunfinisiiuAtiumnieves GCP QSQﬂLﬁUI@EJI%Lﬂ%@Q%JUé}iUUZQ’]m GNSS Fatu §auansdis
fosfnfiorainturesisi mnthemaeulirudululilunsssduinestaqmnesly

B1A13
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Satellite 1 Satellite 2
@ Satellite 3

Drone

. Camera

f

(Fixed with known location|
Drone Operator )

(Ground station)

U7 2.16 msvhanuvesenasil$indu (Alsayed and Nabawy, 2023)

2.2.6 nsUsEEludIemAlla SLAM

SLAM %39881191n Simultaneous Localization and Mapping \Huwmeiad
T¥lAvemausudiuazm il Weaaunuiinazszyiusjusudlunieuty Taod
szuulaififeyavesdanndonduindeu luituiisifadeszuundas Stereo vi3o LIDAR wuu
\doudl anunsald SLAM Wioasaunuiianimuindesuas msusziiiuuiinesld daiaunann
ndnnsiian iesvuuiininedendiiindu szuuasnsndevaninuindeniviuarssy
FILAUIVDIAULD W%’amﬁ’jwmasﬁayjaamwLL’mé’amm q fiszuvannsaaunuldlundou o
fu Taendnnisves SLAM a 1ian K 1n q Usenoulusedeya 4 Ussion fadl

1) nnmesanuy Xj, aduisiiunisiasiinvieuesszuy o van K uas

ansaeturslusUuuuaIEs

Xox = (X0, X1, %2, o) Xp}

Ingdludesidoya X uwidmnszuuisuyinisawnuluanmwindey

A iy I ' ° v o Y a
laifvayasguineu X xgnimualidusiumiednadauny

2) INHBTAIVAN Uy FiB ATIUBNIITEUURYIAUMIslaWgufUYATISY
auwnu lawlddeyan1ain IMU (Inertial Measurement Unit) 819910 udoyassasviig

< 1 s 1% a 1% 1 o &
AITULTI AITULI Mi@N%@Hﬁ‘Mﬁ’]‘U‘Ui%LﬂWIﬂ ﬁ']ll']iﬂlfllEJTJIM@QGLUEULLUU@N‘U

Uoe = {ug, up, uz, .., Uy}
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minszuulaifidssuniu (Noise) foya Uy anansathunduiandunie
MsiAdoufiveaszuy Xy Ie uiluanuduasainfidssuniutaue ilvdeyafiaing

Aanadeuliie
3) vmesIndunn m; Ae JeyaiteduresuiesamnuIndeniiszuy

aunule Invazdudeyailiiuaeuudamnuiian

m = {m,, m,, ms, ..., m,}

4) S3ELNTENINATUNALALITUY Z;) TINUaTSeuvannuls m uay
o i = ~ & v N a = 1 i & o
sumdsvesszuunng k 1o 9 X, dadudeyanesuiefessueinasening m e fu

A a N, o &
sruuing k annsaleulviegluguwuudiall

Zok = {er Z3,Z3, ---:Zk}

SLAM Fududsnsfivszananitduniinisind oufluesssuu Xy hag

9 % aa A a v v =~ & &
AT NANTINLINADUATNUALFNDUIIN mn Iﬂfﬂfﬁsﬂaiﬂa uk e Zk GINILUIUNTTVNNRUAU

38071 Full SLAM wagadunelugy Distribution fauansfaguil 2.17

Landmark

* Estimated |- ‘l> - *
True {i}

JUM 2.17 M3UT8aAiILmIaee 9 989 SLAM (Durrant-Whyte and Bailey, 2006)
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ToAves SLAM Ao awnsaviudeyalduuuioalnd viulddly
anmiandenuwuulauidn LLazaflmiaLﬁuﬁa%aimﬁuﬁﬂéhLﬁuﬁué’wﬁﬁﬂmwfj’m’fauiﬁ Tagly
Fodlddyaia GNSS orafideddnluitui adsauialng wazeradesldszozinainis
Uizmama%’ayjmﬁaﬂizLﬁuﬂ%mmﬁmuﬁu Tnginada SLAM aunsauustaidu 2 Yseian
Fail

1) Visual SLAM mﬁ’aﬂé’aasluﬂ'm'ms'mi’fayjamwL?{mﬁ’uamwLLmé’am
TngazUsvaanagunim LﬁaLLan@mé’ﬂwmz@m 9 LU YU VOU NI0YAAIALY Feazl4lunns

A

afaunuLayUsznasvisesgUnel umiuagfiensnelussuiivy lnendesasdu
AmuagsaneiTuaruenamau AT lnauana el demsuieuifisunmuauln
sEueniiseli ot Visual SLAM 93§ 19unufivesdaninuind oy sane3iiuazussiiu
Muwisuaznsnavesgunsainfeuiu Tnefinnsananaueandinasetu duanadisgud
2.18 Yo o ndosisrmlduns Woeusumusmes LIDAR Tag Visual SLAM @nunsavhan
Ieluanmmndoufivarnvats lnedanmuadiunnsneiu lsuialuluenaeulisndy
LLazvjusJuﬁm?{auﬁmsﬂ,umma (Chen et al, 2022) w@siTaINALUATUUTEENTNINDI1IaNAS
Tuaninuastioy Imﬂ"]mmLLﬂuﬁwsfuag'ﬁ’uammwsﬂmmuwﬂﬂmauﬁﬁLLaz gane3Iiy

USLLIANANSIUAN N

Front-end Back-end Mapping

Visual odometry Optimization
Sensor data o

m extraction . Map > &
- Data estimization | A e

association

. |

closure

E‘U‘ﬁ 2.18 Visual SLAM system framework (Chen et al., 2022)

2) LiDAR SLAM Tdifulgasnsiadunatuaznisinvunszey (LIDAR) Winasi

ANTNULINF DUWUUAIUAF 1FULYDs LIDAR 92898 0auasTnnaiahaasnduuIndsann

sU o = v PN

N3ENUing WieMuINMssEENeTEnIuYUEesiUIng Belayailiazaglugudiidna (X, Y,
Z) P1urunn Fasendeyananiiin deyanguynaiuiis (PointClouds) lngdoyailazly
dmiunisviununiagnisuUanamunisvesgunsal lnengquild Ae Iterative Closest

Point (ICP) 1lunszuiunsnsvaeudayaiawnuiuintaly 2 Yaaariniimsivasuwday
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ag1als FelunsAinasiteyanquana udd 31w 1 gadeyaiiieldonsds uazdn 1 4n

o '
[

\agANuAsuLUaIveIlaya LLé"gﬁW%’a;ﬂaﬁmmmﬁiaﬁ’mﬁaa%uﬂuﬁuﬁﬁwammLLaz

9

anmwandesluzuiuvaudd TnsanansautsUssunn LiDAR M6l

a) 2D LiDAR vihaulasnisudesduasawesluszuuifen dalaeviluay
oglunuuou [uwesazaunuannndoluszutu 2 fd et uiinszozmanazym Tng
ﬂﬂ'iL‘U%EJ‘ULﬁEJ‘UﬂﬁiﬂLLﬂu{]ﬁ]ﬁlﬁuﬁUﬂ’]'iﬁLLﬂUﬂ%ﬂﬁau FEUUANTOUTEUUAILNAU VDY

aunsalld dof fie 51A19NNTNTWLES 3D LIDAR annsavhunuiinelueinsng o laegs

[

fuUsgavEnn Ussananadayalddiiendnilewieuiu 3D LIDAR uitednin fie Jeyailiay

aaa

LAPIANTNLINGBULUY 2 7 Inevindeyaninugs 919kimuneiunsyiuuuinaeauilag

v Y

Fugou (Mehendale and Neoge, 2020) s?fqﬁaasmqﬂmfﬁ 2D LiDAR é'hl,mmﬁqgﬂﬁ 2.19

5U7 2.19 2D LiDAR 8%a/51 Hokuyo URG-04LX Wag RPLidar-A1 (Shamim and Jafri, 2023)

b) 3D LIDAR anunsavivdeyalugunuvanufifivesanimuindenlaeseuls

o

Feelianunsnas 19U UTIaRIdN INwInasuNTudauls gkl ueg Fadluselevidnsunis

v
=

ideyaluusuliudinnsTanmnesla lnganunsoudsdesladnsisll

1) Mechanicat LIDAR 1 uid utwesuvunalnldnszanuuu il emaua
awataasluluiianiwing o neaunuannwnseslugusuuinay ideyanduynauis
Alaumuuiugs ansnsaaunuinguazlassaiisluszeglnald nalnnismyudeliaiunsa
aunuifiudeyald 360 asm Fauanafegui 2.20 daudedria e Fudwiadeulmenavhli
Aensdnuseldite dedmaronnuindeieuazsnsinsaunuirauileiiouiu LDAR wuy

Solid-state
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Electric Motor

3D LiDAR

g‘lh?ll 2.20 NM991191UU849 3D Mechanical LIDAR (Alsayed and Nabawy, 2023)

2) Solid-state LiDAR Td@audsenauladndinn LU STUULAS 89na bilvi
uALaNn (Micro-electromechanical systems : MEMS) 11 8 USAUT AN1981La L aLgas Aae
a s a s Py ] ~ d‘ o ¥ o, a A A
seuudidnnseiing tneludvdudiuiedauln vl LIDAR wuuledndinn nunuLaziione
& 13 ! =y a [y . . [ = & ~
WINTU VALENNIEBLTIEURU LIDAR WUU Mechanical kagdnsINIsaunufgdu 1esain
Lifidedrdanenaln usienvaunuiudeyaldyuuaunit (Van Nam and Gon-Woo, 2021) &4

#1e8 Solid-state LIDAR fauanasiaguil 2.21

5UT 2.21 Solid-state LIDAR 8%8/3u Livox Mid-40 (Brazeal et al., 2021)

227 msUszdiudeindesiiolenndivd

Jaguuduivmonvu Fudimeluladuazinaiasng q uildsauiu e
uidgmmsUssduliinesiagmneduadaivaudluanmwandeusng q Jevihlidioan
Fodrinvesunamaluladld wu erniaeulidnduilideddddyain GNSS iaosaunu
aesuuumaiuiisdrfumada Photogrammetry Wug Seieluiasdumeluladfii
amaieateosiunsUssdusiuesfagumnedluadafuiud IneflseasBondail

1) GeoSLAM l@dnswaunnaluladfild 3D LIDAR wuu Mechanical i
ansndnrhunuiiuesUssiiutiuesTagmnaduadafivaudld Tneneluiuiadafi

AuAliTndudelidyqyias GNSS ssuuilondaaila SLAM Tugeiaunsaussuiana
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annnasuNtudauls uana1Ntl sTuUSIltUIgUSLINANALUUDBUUDSA aUTEunaNa
Joyauvuisealnil vibiszuvanunsaiudeyaaninwindensing 4 legesinsa desvuui
aunsafiowiuiieile Aauansneguil 2.22 wieRnnsuneiniaeuliundu weiiudeyald

28190UsEANSN N (GeoSLAM, 2024)

5UT 2.22 LIDAR Handheld 8%8/5 GeoSLAM ZEB Horizon (GeoSLAM, 2024)

2) Hovermap ladin1siauivalulad 3D LIDAR SLAM adnefiu GeoSLAM
& & oA W | ° a ° a < v ! aa
Fadudnieegavesnsiinaia SLAM sildlunsviunuiuazaunuiutoyanauqnanuils
~ a a ) U & a Yy a a
Weldlunisussdiuvsunsianumneaddupduiudumld Faanudieiwued Hovermap Ao N3

A a vy = | | v = " ¢

panuuuiAsaslleilanugavgusion1sldnunvainaty awnsaoenlldluinannesudu
199819590157 FeanunsadadslinuainireulSdndu srumivue 1@l nsensesludasnie

o oA v Y ' Y Y a
§4I3N L‘W’e]ﬂWii’JU‘J’JSJ‘U’eJﬂ,I”aVLWeJEJNG’]EJmEJ @QLLﬂ@\T@I\TE‘UW 2.23

5U7 2.23 PLUG-AND-PLAY LIDAR 8%8/3u Hovermap ST (Hovermap, 2024)
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[
v a a v

3) Flyability ladn1swauioinidetulsdndufinmenass Stereo wag 3D

v
Aad Ao o <

LIDAR #lanansadmiusuinaziiutoyandsdudilueasifiuiisiasulumeoduuazuas
aiatesld Fumuzduiuiisueinia Wy adafuyuund wils vieussmeine q @
weluladignifautunnmeaiia SLAM iielilunisfivieyanguananu Tnglalddyaa
GNSS lunsdmie swludeniseenwuuainiAeulsindulvilassasidesiugunsainely
Lazindslrldosainessnnainsoy m‘”mamﬁqgﬂﬁ 2.24 (Flyability, 2024) FsazvilyinnsTld

NuamasulsTntulurdufvauaiinnudasndeuns sy

gﬂ‘fff 2.24 g ulsdnduiildmaiia SLAM ?fﬁa/iu FLYABILITY Elios 3 (Flyability,
2024)

4) ABB lafinsaunszuulsziliudiuinsagluaduivduddu Tngld
wialulad 1D LIDAR lnsgduasamosiunsenuiiuiinnesan uwagizasviounduludediisu
vaagUnIal AagUnTalNkansfagun 2.25 aaglasvesian MuaniunannuiInguLng

f75U a3 st luAuinsEaEnessninaaspaladuiuig agledumdida X, Y, Z vianis

[
a A

Y ° aa o Y av Yy A a a = =
ai']ﬂLLUU‘U']a@ﬂﬁ']llll@ﬂ]@ﬂﬂ@ﬂ'ﬁﬂ@]ﬂqﬂsﬂ@yjanﬂ L‘W@isﬁUﬂqﬁﬂigLNu‘Uiﬂqui "UQL‘VI?’]I‘NI@EJ by

Forrmusunuifismliung Urgsshwnlaie uimunzdunmsldnulupdaivaudivunagn

124

i delela Tou WWusiu (ABB, 2024) usiegnalsinny mndesnisaunuiudeyandadudid

ualvgflagaziden n1sidenty 3D LIDAR aglinaunimueinisawniiutoyaifingd
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(An y

g‘d‘ﬁ' 2.25 1D Laser Scanner System ?Jlﬁa/i;u ABB VM3D (ABB, 2024)

5) BinMaster leivinnsiaunszuudsziluliunsiagluiuiiauiadniy

vy Tudelala Wudu d9ldmalulad Acoustics-based Inagunsalazdsndudssminudsiily

v
U A a LY o

Y a I = b4 [ v @ fY v ¢ al [ a

ganurvasian siliindudesassunduindudugeiifunmunsaiiuaninagun 2.26
= b Y & a & v o | Aaw %
FeagyipunduNvateauuiiui lngavgnuuailudeyasmumisiiin X, Y, Z udssuua
o w =~ v g ° aa L BN Y, o 13
deyanlallaiadunvuiaesanuiifvesiagieglud lnssuvwinvesiuelime e
zgnildlunisUsaidiudzunsvestan Fszvuimmnziunsldanuludaivdudvuman
wionalinziunisldnulueduiuiagmaesndvunalng msizgluuunisaunuiudoya
pdreiumalulad 1D LIDAR deldanunsaiivdeyaldaseuaquituiivisnunluszesiiandu

Y 9

aulg

E‘Uﬁ 2.26 Acoustics-based Level Senser ?J'ﬁa/j:u BinMaster 3D Level Scanner (BinMaster,

2024)
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2.3 Fussdiudinnsiienaila 2.5D 3nUayanguaasa1uili
n1sUsEliuUTINasIINteyanauyeauda danudrAgluniusing 9wy n13disa
finu 536RVeN waznInTRdeUUSinaduiiaeds nsUsTuUsIes 2.5 Wunisussiu
USupsHaLRa s UUSaesduiifuar i ufiaesiia Ineflisnsussidiuusunns 2,50
mndeyanguynaudd feil
2.3.1 TIN (Triangulated Irregular Network)

E‘U‘ﬁ 2.27 Triangulated Irregular Network (Amaglo, 2021)
Jwisnsaduwuudiassanuifnndeyanguynaufifflivivdoudu lag
& A = = a ] ) v a Yo
wisiufeeniduguanumaey Ingaumdeuusiazdulzgnasnalaeln 3 9a Meglnami uag
= | dl U g g I L £ U U d‘

91933UTuAz U TILANANAY FuguNITNITZANefivesloya AILanRagUn 2.27 lngag
aesiuiianeenuieglusliuukuuIaeEuiln Inenisieuseaaiimeiy wagivue
AUFIVBIEVA sULA AU KaNAIUIUYTUINTIINUUUTIRRIE N AN AT 197U
(Amaglo, 2021) Tmedinszuiunis el

1) Triangulation 1@eusagad1a 9 ieaseguaumaey

2) Interpolation Uszanauanigavesansanusiazyanelusaiumiey

= U

3) Area Calculation AUIMNUNFILYBIEUMAELLAALBY
4) Volume Calculation gauiiufig1uveLfazaUMAENMYANGLARY
lngvinisuusdoyasonduliTuaiumvadsunats o 6u wasyinn1sAIuIn
USNn5009U3Tuusazdu Aauananeguin 2.28 udidnhausunsvesusduurasdunlaun
v ] b4 [ Y a v & = o 2 2 = ! v
suidlutugavng Agldusumsvasianmnaianun Fan1samnnsunsiduusazdu V;

Usenaumeaniuily 4, B, C uagduitungiunesidimuall A', B', €' dansluaunisi 2.1

Vi = 2Swprcr(Za+ Zy + Z¢) (2.1)
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108 Sprprer PR TUNgIUVDIENIVEEY A’ B’, C UNISEUIUFIUNBIVDINDITAN

JUT 2.28 MsmuinliunsvesUsduavasuusiazey (Yang et al, 2020)

TIN gniiRunduiioannistaidaunasianidednuae NuEIlaeeg19usiug)
W@ miunsasawuuaesauiiinesian nilianududeu wioraldiiaiuiulunis
o ° [ aa 1 ! ! [ = N v & [
Anadmiutayanlvuinlng wiegralsinuioniniUaiumasugnasadunuseau
e  val = = a a a Py v Na
Auaanlnanian Jeenalinnuaaiandeulunisussdiulsuinsiadg mindeyalidssuniu

a [

wniuly degagu nsaunuiudeyalupdunvauindidudviuun deyanquynauda
vy A ° aad o & =~ o Aa &
Alaazdanuanszney kazwuudtaesauiiinas1aiu ssdsunsednvagiiameuluan
anuduasld

2.3.2 GRID

T
imanss

JUT 2.29 nsguunsaiie Grid andeyanguynanaild (Yang et al., 2020)
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4

GRID 38a1519usawes wanstayaluguiuumsandvunnaiiate unui

kY

o/ a [ 13

AT aUmRLIn NI ILTRLaNduIRaUTRTIANULN L rilouiunseuIunTg TIN WUR-

A v

fia¥1991nn52UIUN5 GRID zfiduuiadiimvualiasemdn awszezrisves GRID 7
Foens Insusazisadaziiumiuansfenuantd wu sefuaugs Muansoonuilugliand
#9 9 Fauansdsgud 2.29 Tasagdszanamenugaadsanngadfiegmeluwadusiazsu uay
dmiuwaadlifidoyaseiuannugs azgneyuusmensUszanaawuuludifosvesieya

a 1

11aLAed (Yang et al., 2020) Weas1akuudnaeaudAninuiweilos Aren1snaiulgag

[

14 (3 a a2 IS a d’l
MEANINEANUBATAR IAENTEUIUNTUSEENUSUNT H51eaziBendall

1) Grid Creation @319015M9N3ANATOUAGUNUNTIABINS

2) Interpolation MuuaAIANgslinugadinIaLdaziead laedeainge
IndlAgaviseaningue

3) Area Calculation MyuATEEEMIIMAENUTIVRIUARZITAS

4) Volume Calculation gaUNUAFINUDILARZITARMIEAIINGS

Tagvinisuusdoyasomdulidudmvasunate 9 du wazvinn1sAuan
U3U1n590eUsBunsiaydu Aauansiagun 2.30 waadauiA1USunsveuiduudassunlan

[ g o/ [ Y a [ o = ° I a e ! [

suiuluwtugaving NaglausunnsvesTanmnesnavun Fansauiudunsusduudasdu V;
lagfl P fe Wuivesudaswad (a?) wag Ahy, Ahy, Ahs, Ahy fiD AIULANAIITDIAIINES

& A & a - ~ & s a o o
33“3']\'1%]”%;@'“4%@3WUN’JL1J§EJCULLV]EJLUELLUHNLVN q lJlIGUENLGUaaﬂiﬂ @\“Lﬁ@fﬂ,uauﬂ’ﬁw 2.2

Vi = 2 P(Ahy + Ahy + Dby + Ahy) (2.2)

N
\

5U# 2.30 M3muinUTinsveslsdudmasuusazdu (Urbancic et al., 2015)
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fofivasnisnszurumsairanuuiassauinuy Grid fie MsUszananadil
AT waraansadutoyaduiiviamelulad degiliuudiaesauiiivesnosian
fdnwargunsefiaiiaue uidoyanaazgnindinssazidoadsvuiaead e1agayde
waziBeafidudouresnesianly Snilugramnainndoulunsusziiuuimesls ued

ATuNtUU 99U AD NINADINITAS1IBUUIIADIANT AN AN URINIS9 Grid Szeerng 1

wuRLes deundenlfinasdefiamnsaiiutoyanguynauda Niszesrneszninegatioania

1 URLAS NIZENNTNANAIANARIALAABLAINATEUIUNTSTELR (Equator, 2024)

2.4 garauaslunsuszlivdsunnsandeyanguanauiia

gorduslunsfwnUinasndeyanduanaudd fidenldvarnnany dafing
stanlumnzfunuluitesgramnssinindy Wesiuearuazainlunisnsnaouaudi
AsPa uazvhlsinafunsinesiiussavsnmuagzudugunntu Seendnislunsduan
Uhinasnndeyanguyaanudffiunaulauasduiitenlutogiu Soeasdeendn q il

2.4.1 Trimble

woeLIs Trimble RealWorks l¥dmsunisusvaianauasiinsizvideyansy

anufidan laelisaneisu 2,50 16 2 gUkuu fio msUszifiusinslanssandeyanguqn
awfif uarnsAuamIUA suulawesUSuaslasldnszuauntg Grd deusiu TIN
(Trimble, 2024) Tunsdlf 1 nsvszidudiunslaenssaindeyanguyaaudi agld
nILUIUNT Grid flanunsnuuruneadls udsntduazairegugnuiard Tasusazgnuaad
wflvwamudisaaly mndeyanguaeamiinlinsaunquiiuilunsaniamue aziin
AuanAvesUinslueadnin Jsrenduiiiarliannaoinisussanuandnlusa

4 =

5eringane 9 b Ay Asdndudesinisiiutayadiudinan wieligendwisaiunse
Uszanaurnlugdiudumg wardndavianldnisAmuinuanuilisundasvesliunsingly
N3¥UIUNIT Grid Fouriu TIN Fegandwisiiazgaraunsansninisasne TIN 1o lnadeyanguyn
anudfzgnulantu TIN deunsetnaielddmsunisussliuliunns wisgelsinud miu
n13Uszdiusnsguuuull gensdwisazldnzuiunis Grid wsudnase Ay Fediedndu
WnsUszdiudiuesuuusu 2 gUsuudimediu Tagld TIN iuluuinaewesiiuibigg us
° ' Aady ¥vo ) a a & v 9] .

uunguanamuianlddmiumsussdivisuinsiu launainnisldnszuiuns Grd ane

Fouriuasuu TIN Aslansfsgun 2.31
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JUN 2.31 MsUszliudTunes Tngn1sasignuiafauuinniniaeenld (Trimble, 2024)

2.4.2 Atlas DMT
ATLAS DMT @nansauseiudSunsvaswuudnaesaudild 2 Uiuu fs
Grid wag TIN 9052 UIUN15@519 Grid 28 U52LdUUSUIASLAaNIZ N UN T LUUT1a 098 1NIR
Fouriuey 1nun1319 Grid 3¥QNasITUATOUARUNUNTIIVILA LATAITEAUANNGILARZIYAT
211N ANTIRAAUINA VB BAAN Y 9 FeazgniunldlunisAiuiauSuinsvesUs sy
t-:ll f-:ll 1 U % a s 1 £ o
duwdouusiazl ngseaunuaIves UTuLAar A NAMUAINNTEUIUNIT TIN UWazns
UsztiudSunsonionie Ao nsnaunaIuYeanszuIuns TIN Tuiuiivivdeu iesain
a a ay v a o | a [y = 1 ) a
auvdgaAnN AN TEUIUNTT TIN deuniaiazauiisneiu Jsgnuuisanduauviey
< ::l'dd’lj a [y a e = a o v & 1
AR IR iU InemnugeedngenlsTuarissugnirua il dunuuaneig
VBITEAUAIINGIVRIYAYDAYBIUTTUAMMALU IV N InTuAIINMIINaTINYRIUSHNS
vo3UsTuaasulndiavue AazlaUSuinsyesLuUIIaasauiifn@eInis (Atlas, 2024)
2.4.3 Leica Cyclone
Leica Cyclone 1938 n15as1eUsaduaumna sulunsussiliudiunns Usau
auwidedlni azgnaiia@uainnszuiuns TIN adngiudsn 2 nldlurenuis Atlas DMT @
NsasUTTNaumdenvUldI i vilissezanlunisussananateyaliuduniy
Tde Wieasuwuudnaeauds aganunsaimundtwiugateyadmsunisasne TIN 1a lny
1 &J v

N19A AN UFIUALUAAIIATDYA T71UIU 500,000 A FeT1uugadayaniurigeanly

£
e A

wonwsil Ao 2,000,000 90 (Leica, 2024) wazilululanazasrsuuuirassaudandduom

naundeyaaudANuINNIT wiilaNa1sandessuzIaIn1sUssaiana dnagldiaivaney

Y

FRuglunsuszanang felivugihlilgiusnuiunnuuald (Stroner et al,, 2019)

2.4.4 CloudCompare

[

Wumanduwirslamugeasa ludeldane wunzdmsunisinunfnewazyinide

|
= 1

Fagrglianunsadnnisdeyanguanaudslavainats wWu nswlasdeyanguanauiia
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£

N13N589 N15IANLIANY UTNsWTEULEUTENINNAY 18 wenanddeaunsaldlunis
UssiiuUiues felussunuiidmuaiesias ssunuvesdoyaduld dmsunisldnusenuas
CloudCompare TunsUssdiuysanes susouusn fe maulasteyanduaaaufilioglug
A974 Grid Insuendeaiszegrnaseninaniafinnuald Saduwaddmdenlussuy Xy
(n3oanunsaldszuny XZ vie YZ I6) anturenuifasUssanuansedunugaaiennn
wluwaddnasy lunsdiilifiteyanguaaniifluwadegias n1suszanamsefuALg
mmaaﬁmumiﬁ@uﬁw?wqmmLszjaéﬁgmm AadsaneadTaLn Afifiruaies wSenIs
Ussanaurnannigadseu q 18 msvszidiuliunslusenundildan N15UNTEAUANILEIYDY
fuilusdaneadamisaiuiigureneadiu 1 itelldAauuandadasinases
UsFuustardu udrduhumenasivesiusinnsvesUsduiaan (CloudCompare, 2024)

91NA3ANYIVBY Stroner et al. (2019) yinsisuLiurentsnITUTEdu
Uhinasnndeyanguyaanuiiideya Aldanniafutoyaderiesaunuaiesuuuniaiiy
Tuwmilosiiu w@Sudensdsadienisssudaana GNSS Tnsissuiiausenursaild
N5EUIUATT TIN kA Grid enadnsalannsusaduuiunnsdiseenuas Atlas DMT ¢
HaaNNSlnaLA B ugonKIs CloudCompare wales38E1281719U520IANAUIUADN
CloudCompare 14 10 i1 8819l5AnI NTEUIUATST Grid wag TIN TiAAuusiuglung
UseiiuuSinasfiindiAesiy Turuawadnsaduduluauiennn 1 was egnalsfny aau
wandnefiulddn Ao sraziianlunisuszutana Inevialunszuiunis Grid 98159031 TIN
81910 WnandIwINNguanaufidas aifennarlndidsatudmsudanesuvisaes
Uszum TnedaanuudughuestSunnsanandndosiiy

pg19lsiau winNarsulanIzn1susyid uuiunns n1stdeenuns
CloudCompare 78 uganwisflidalda1efiismednsun139ise waslinadnsa

TnawPeauganIss TN e

25  ewideiieates
251 msldlasy
Gago et al. (2021) yn1swaute niAetulsTnduf as e 3D LIDAR
(Velodyne VLP 16 Puck Lite) WileUsziiiuuiainnsionazemsdniluaduivaudlulseme
Ui da Tnerilunsussiiudinmsianegldidmdnilunisnsiatn dsldinaunazans
UssiliuUnshiudug AeliAnsunaedeavamuesdmihiindae ileudludigmmeanil

JainswaunszuvamMasulsInutu lneinsanalulad inssesaenas (LIDAR) i ldun
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yanmeluadadu uasdaiutoyanguanauuivasfiedoufiiuaddud antudeyaa
nhwnassuvInaeauiiivesannwInaeundsdun elsruvasaassuuINaes
auaaudfvesnesiansie o uagAuinUsunsle lngszuuianuudugilunisuseiiu
U3umsgeds 98% fasnuutiugseduil uanddiifiudsauainsovesssuulumsaidon
FupounsuspifiuUinnsiuiasrdiuuuisuug Tedfiveuuiuguazanuaon fold
8191 vasfeiufiannauasdunuifstesiunisianisdudasedsdnde

Alsayed et al. (2021, 2022) liiausiuimenisdugnisawnuiuulvg g
H8ane3suqniilndfigauuuiuth (terative Closest Point algorithm) @sldinsaunudifisns
nTAuNLAuALE AN wYes 3D LIDAR wuunyuiadadifueiniaely

v a

tindu nelfifiesdeyanguananuiflumnusunisuees eausuiaufifvesadaiy
Fudwuuisealnl Tnedsnnsi e fumsmageulnenisadrcuuudassauifvedlsw
YuTiuud wagUssiuUiumsaudfulilufiuidy Ineusunsvesdudivssduldan
svuuil fAnuusiuggedia 97%

Kumar et al. (2022) vinnrsWaulunatyaiussavglunisusediudsunns

nansne lnaltnanadnasle (ZED Mini stereo camera) 311U 1 #7 ARfd1iuaINIfeu

2
1590 0u dwiunmsinudeyadnvarnesiaguuulouniin lnesAdeliinavenislidvelulad

a0 1

Deep Learning 211U Edge Computing Lﬁ@ﬂsmﬁuﬂ%mmmﬁa@ fArAnuuiugnlunis
UseiliutGinmsegsendng 90.2-98.8% TnsAanuisiudiiuegfumunnastan vilvianuse
Wluszgndldautvanunisalsing 9 10 wu nnsviimies 1Wudu

14 1D LiDAR finsiadfuenmasniliiindu dwiunisussanuuimatanly
adsaum dnmslesidunsnisdufudeyaiiuandaiu Jauandifuinnisngamun
Blilndrunilndaivaudiuniu dwmaliasadiuianudusilunisussdiuiinesld
ufenadssason1saLnuiudeyared LiDAR TnedAranuusiuglunmsussiduliunsegi
98.4% waziilerTeuifisuiuszuudily 20 uas 3D LIDAR wui1szuu 1D LIDAR fiiuausly
sATetansoannslindrnuuasfununsamnssuuiesas vldidududends
UsgAnBnmanniu dufunisussiiuSinasedadudy

252 msannsuuavieaty meluaddud

de Lima and Costa (2021) ¥11n15maa@4ld 2D LIDAR (OMD30M-R2000)

wuusiegAuil ileUseiiuiinasvesneandadnlng $1uau 2 nesSuifiouiu Tnglda

AnuutuglunsUTEliuUSuInTegi 80.4-98.5% Bar1Auuaugiile danuduiusiv

ANNGIALLEUETUAUINA 19BN TR
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Manish et al. (2022) la¥IAISWAUITEUUNITASIIFBULALANTIIEIY
AFsAuA (SMART) Tu Fadun1ssugunsaindas (GoPro Hero 9 RGB) waw 3D LIDAR
(Velodyne VLP-16) $1u1u 2 #1 fassliuuaninilondafvaudn itewfudeyandugmandi
anminadesluadaiuinde Tnssausmdoyansaunufiyuuandnaiu edanmsdudnua
mMynsdumiinszdnasluads fnsldinedansamedoudeyanguanaudfuuunelng
Ttoyasunmiildannndosuaznguananuiadilsain 30 LIDAR amushemadianisameidou
WuUazLaen Lﬁ@ﬂ%’ﬁiﬁ%’ayjaﬁmmgﬂﬁm war3aluusediudsunns wagiinisaeuiisuan
anuusluglunisusedivliunnstueiosaunuames naiuiu (TLS) Tnauansliifiudan
AU Sgata 99%

Mahlberg et al. (2022) la¥1n15ANE16989A1NIIUITBUDI Manish Lag
antg (2022) Tnennsiissuu SMART auntulunaaeudssdfiuusumslupdafuneande
111 90 ads Tulseu 30 s uanslifudeAnamnuusiugrannndt 99.9% Tunisuseidiy
Usuns ilvmtheuiissuui 48N siisandnariiussans malunisimund3an
\ndelunds uarszuuifanunsninsauuansld dsaaeliannsaussfiulSunsanusey
nanlaanaae

253 ASAARIULITUUTIS

Zhang et al. (2011) lalaweitn1smsusngunswasnasduan lngldndas
$19U 2 f LAz IRIBN ARGS9 A DY LﬁafﬁumwLLaza%’Ngﬂmamuﬁa%qﬂaﬁa@
Tnoszuvtiuandiifufisanuusduglunmsdssiiuliunsuaslinsgiguiegunssldesng
walugn wiiisnsteeldiudeuluguusyansnmuazanuwiug Wewssudlsutumaie
mMsUseiivUSinaswuusady wililduendemanuwiugrindurinle wasdesiinlugu
ANTNIRdENUDE1 1 wasllAvSoiuiaieuteu

Zhao et al. (2012) YMATSANINISITLUUTNADINAAAAIEASIUNITT88
sUnssamifvosnasusindnuuinidn Tnsldszuusadoufings 20 LIDAR (SICK LMS200)
S 1 1 Lavuwes sy nadnsailduandiduinnuuduglunisussfiuizunns
nas¥an ogarming 96.2-99.4% Fanruiugiuegfuruinnestanildlumsids winnes
andvuinian ArALL g1 189N 5UsEUUSIIRSYRITE LU vz anasmalUge waznis

L o 1

Weldsryinisussdiuysuesvesssuull ldsseviiaunnniinisasisuudnaesauisng
5 1
Xu et al. (2022) I naueszuus1adouifiags 2D LIDAR (SICK LMS-141)

17U 2 i1 waziruwetinsyer liteantedndnd udunularNIsIdINuAToARNUALLES
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wuuMAit (TLS) dmunsUssdiuUiunsaudnindouviiomeasneuns Insseuuil
wandbifiuisnnuanasalumslfnusuuseunafnienitaiosaunuasesuuuaiaiiy
IpgapuliigunNuuliugiu GeoSLAM scanner dA3usiugngania 99.9% senissiudaya
ngugAaNAAaN 2D LIDAR $1udu 2 i silvideyadilidanuasuduauysal sy
FrsAtiuszansam dmdumsussiiuUiinesauduuuiFealn

31NN5ANIYBY Alsayed and Nabawy (2023) leagufiannslusunand nsu
msasrustiuUBinaslundsaudliegnainaule fafl mmsfaun seuuiAeatunis
UsziudSuesiagluadedumluems sihlvdlenalunisusuuseussansam anugneies
wazAulaandelun1sdan1saasdud N1sAUANFUAIAIAGY wazANUaBAf YYD
i fiudRau Inemaluladuazivaiasing 9 gninanUssgndldivauussiduiiansly
91A51NT L W alulad LiDAR, madia SLAM, anasulsiniu wasidumasinsses
Hudu egslsfionn waluladivand dnidumeluladifended fsange Snssudvs uagll
Waedoyanisimunssuudealsisae Mbiiinguassalunisiiluussgndldogig
uwsuans fouideidisshiiguiiivhnsinwnisiudeyalasld LiDAR fifndsuueiniaey
15t dunazuuands S638nsimand fanugennuazenarelmifnenudssnuainaendte
SlouftRmuneluiiufisia LLazﬂWiaﬂﬁgﬂqﬂﬂiiﬁlﬁuﬁﬁauﬂaﬁﬁﬂ 7 vunRTe eI N
Ay wanslifudsanuuiuggs wienadidedrirlubesnsindeuiioszninendadudls

MNMIVYILITIANSTILAz WA TeyaTiABTas0d1saziBen Yinlueaiiu
lanalunsimunssuuyssiiudsuinsiannnes A emalulad insseeaelashuusg
\Aouiisrluiiidy iileandadrinvonaiosdiasine q Afegludagtu Feastrefiuay
usiugrlumsnsusziiuliinasianimnes uaganudasnfuveadmiiufsimiluns

Usmsannsedsdualaagnadiusyansain



uni 3

A5N15AL I UNSIVY
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waluladinszezmonasuusandeuiisnludd fszdouiinsauiiiveniisy fesznauly
f18 (1) WUIAANITEDNLUUTEUU (2) NTEBUIBUAIINLLUENTEUU (3) N158DALUUNTS
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)
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(1) WWIAANITRBNLUUTTUY NTEUIUNSIUNTITRITEUUUTEEILUSIR s Tanmnes
femealuladinszordsuaauuuiandoudsnlui® dousdidunisiieu auaudfves
sy gUnsal lwuwed uazrensTly ilelvinssmuinguszasdvesimide

(2) MsapuisuANILILGITEUY deuliiunaiuteyanguanauiia sendesd
n51uUsIes AsunshllfiAunanismaassess Wennasumauusiugilunisuszii
YSumsTanlulaunndy 95%

(3) MIvONUUUNNTNAGR AnwiduUsiidananssyuiensUsfiuUTinasTagm
newhemaluladinsyermeuaiuuuiaedeuiisnlufi lnosuusdass 1éud Yiunsues
Fan anuiilunisiedoudl wagyuaunuuessEUL AauUInu Ao A1AuL uglug
Usziliudunnsian Imaﬁmilﬁu%yja%ﬂ $1uu 3 ads fefumAiadsauusiugly
nsUssiiiudiunms

(@) FnsUsnduliing fmuatumeumsianisdeyandugaanudafildanssuy
Fudnsdnszuutoyaliogluuunuiisuuald fdateyadssuniuilifonisesn Ty
UAINTAUINMUTUINTVRITAARUY 2.5D 788n15 Grid leeldlusunsy CloudCompare

(5) MsaeuisuAmANNRNE UM IUsTELUSIINSTReTE UL YN1saeuisutoya
fuiAesaunuITLEDS UUUAIATIY fe/5u FARO Focus wagvieAnanuusiudduimsues

USu1nsNlaanTsuUNNAILITUAUAIUSUIATIINLAS e Nl lun SaauLieu

a a o/

3.2 LL‘L!'Jﬂﬂﬂ’TSE]E]ﬂLLU‘Ui%‘UU‘U'ﬁ%LQJ‘UU%QJ’WITJEW!WIﬂEN
N1380NKUUTEUUUTHIUUTUINTTa0 NN lemAlulad Tnvesaukasluus
AR UNSRLULR JuudAnn1soentuUlagintafAvae 3D LIDAR wuy Solid-State uagsyuusW
NduindauneyANamaswselings AIUANNITIUGIEY Micro controller 7113 ausariy
ADNTIABTVUINLANIHAUNTINAY AUARIFIFUN 3.2 Feazribinisaunuiudeyanguan
aa Y v & a v a < ¥ v v =2 A4 A
aufifveanasiantuadunuaduaiiniusingd wavdeyadladaunin sauluiuniedied
umdniun anunsatluensluadsduinlaegiavasnde lnouunAnn1seantuuiniodle

1d 1 L o &
LenUU 2 @unan ] PNUY
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Power Power

adapter EGET I

S
Power/Data Computer/ Micro -
[ > : DC Motor
L adapter Pi 0 controller
'

Cloud based server

Data
transfer

Vol lculati
Warehouse Map rebuild ?;;;;:':iﬁ;:;:n Data View API
parameter (Offline map generation) S storage (Web visualization)
and estimation)

JUT1 3.2 WNAANTTERNLUUTEUY

3.21 N1999NLUUIIIALIS
¢ s & o w o Y A& v = = Y ¢
g1sawdsiludwdAglunsimihmiuteya Fansidenldaunsalsng q
agumzay avilinisawnuiudeyanquynaufiflupduivdudnsaauingusyad
wazaunsaUsEndasununsTmuszuule

daugunsalinudaya

o w PN

1 I~ ] d' 1y % dl' Q:I
1) vdlgUszanana WuduUsenaund1fe95s uUNasiaiul T nedInns

]

s LiIDAR aunuiudeyauasngnnisvinaiuresssuy nmsidenldaeufivnesuuinin

(Mini PO) Aiflmsdniun wagdanusalunisuszananatoyadiiisans agvitbinisinanues

a a

sruvansanavduesliegaTniuaziiusydvinm lnersuiwesvuadniidentinis
Iluauddetl Ae Intel NUC Gen 11 dallanisaguil 3.3 Feldenluzes miniliun uaedl
WIANEIIATA WngdmsunshuiaszuuUsEliuInnsnazgnindseg uulaseai

32 FapuanUAnng o ved Intel NUC Gen 11 fauanslumisnei 3.1

5U7 3.3 Mini PC 8%0/5u Intel NUC Gen 11
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Model

Intel NUC Gen 11

Input Voltage

DC: 12~20 V

Processor Intel® Core™ i7-1165G7
Processor cores 4

Processor threads 8

Processor lithography 10 nm

Processor boost frequency 4.7 GHz

Processor cache 12 MB

Thermal Design Power (TDP) 28 W

RAM

16 GB DDR4-3200

Memory voltage

1.2V

Storage SSD M2 500 GB
Weight 16.49 lbs.
Dimensions 31.73" x 9.29" x 5.43"

Power supply

28 W

Wi-Fi standards

Wi-Fi 6 (802.11ax)

LAN controller Intel 1225-LM
USB 2.0 ports quantity 1

USB 3.2 Gen 1 (3.1 Gen 1) 3

Type-A ports quantity

HDMI ports quantity 2

Ethernet LAN (RJ-45) ports 1

Internal USB 2.0 ports 2

quantity

DisplayPorts quantity 1
Thunderbolt ports quantity 2

2) wuwesTasrazmlewal LlAanlyidu 3D LIDAR WU Solid-state § %o

Livox JU Avia AuanIfagul 3.4 deilyuuasnisawni (FoV) nI1ansluuiusuuazluInais
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70 8371 AVIA Livox anansansiaduinglalusseglnaninia 450 was neldaninuasios
suluisgunsainalnmelusing q Afidwiutiostu dawarilvorgnisldeuuiundt LIDAR
WUU Mechanical fatfu FeannsathuianssuuUssidiulinesiagmnodundsdud 71
Funuiuaziiuszansamgld Inesuwesinszozsouas Livox Avia fRaautfisng o &

WAASIUAIS N 3.2

LIVOX

5U71 3.4 Solid-state LIDAR Bv@/5u Livox Avia

a wa ¢ ) . .
#1919 3.2 @mﬁm‘umﬁuaﬂL“EITJL*?J@’TJ@ES‘EJSWJEJLL&Q Livox Avia

Model Avia
Laser Wavelength 905 nm
Laser Safety Class 1(IEC 60825-1:2014)(safe for eyes)

190 m @10% reflectivity

Detection Range(@100 kix) 230 m @20% reflectivity

320 m @80% reflectivity

190 m @10% reflectivity

Detection Range(@0 klx) 260 m @20% reflectivity

450 m @80% reflectivity

Non-repetitive scanning pattern: 70.4° (horizontal) x77.2°

(vertical)
FOV

Repetitive scanning pattern: 70.4%horizontal) x4.5° (vertical)
Distance Random Error 10(@20m) <2cm
Angular Random Error 10 < 0.05°

Beam Divergence 0.03° (Horizontal) x0.28° (Vertical)




M5 3.2 AauURveuvuYeTInsreraleuad Livox Avia (f9)

a2

Model Avia
240,000 points/s (first or strongest return)
Point Rate 480,000 points/s (dual retumn)

720,000 points/s (triple return)

Data Latency

<2ms

Data Port

100 Mbps Ethernet

Data Synchronization

IEEE 1588-2008 (PTP v2 ), PPS (Pulse Per Second), GPS

False Alarm Ratio (@100 kix)

< 0.0003%

MU

Built-in IMU model: BMIO88

Operation Temperate Range

-20° to 65° C (-4° to 149° F)

Storage Temperate Range

-40° to 85° C (-40° to 185° F)

IP Rating P67
Repetitive scanning pattern: 9 W (Startup: 16 W)
Power Non-repetitive scanning pattern: 8 W (Startup: 16 W)

Power Supply Voltage Range

Livox Avia:10~15 V DC(recommended 12 V DC and 30 W or

higher)

Livox Converter 2.0: 9 ~ 30 V DC

Noise 40 cm omnidirectional<45 dBA
Dimensions 91x61.2x64.8 mm
Weight Approx. 498 ¢ (without cables)

3) wusee3 1ugunsalifuuazanendsnuliunvuisuszuiananas

WwuLwes LIDAR sauluisgaduindauuulasainese deeanuuussuuldaiunsayinay

Aasaiulagean 4 49lue nasnuliiianuuamedesnenssualuinvideifiowasd

wwtigsnm lneidonlduuninel 8vie/3u Makita BL1850B Aauanenauyl 3.5 aililanidunis

Fanrsndaulainnelud loun szuudesdulni1dn99s lnnanaszaundsanuludia

ALLVADTDILUALADT TIazdnaranITnauvassruulaenss lnsuunlaes 8v9/34 Makita

BL 18508 figauanTAsng 9 dauanslunisnsd 3.3
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v

U7 3.5 wunLAed Bvia/4u Makita BL1850B

M3 3.3 AnuanTRveauUnLADs Bve/u Makita BL1850B

Model Makita BL1850B
Capacity 5.0 Ah

Voltage 18V

Battery type Lithium-lon

Energy 90 Wh

Net Weight 680 ¢

Charge time 45 min

AUTULARBUUUTIONTULA

1) MI8AIUANNITYINOU IUBTAAIUANNITYNNUAIY Relay 3 f1 WUy
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Input 12 VvDC
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Max. Torque 25 Kg.cm

Stall Current 6.5A
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1 name="po Filter _num” e="1int" value="5
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n name="filter si ) ble" wvalue="6.3"

n name="filter_ s : e="do e" value="0.3"

n name="cukb N’ ble" value="100¢
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_ J3u1915
1 2 3 Xx)
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3.6  MIERUIBUANNLLUEN
nsaeuifisuaTwiug1vesntsUssfiutuasildanssuuiivaundy Hudan
ddglunsnmadeuauninvessruutugane dstaelianuisaUssiiunnuaninsaves
szuuitimuntuiieuiuiedesdiofioglutagtu Tnewdesdiefllflunisasuifisumaiivdeya
naugeamddlumsuszifiuliinesiagneduadafvdud axlfiedesaunuiaiesuuy
Mty Bfa/9u FARO Focus fauansdeguil 3.26 Suduadosfloaunuiivdoyanguynany
fifusyAvsnmgs Snsthlulfaouifisuamuuiuswosssuuiiimuiulunainraisaide
ARgesTUNMTUTTuUmsTagmnes 1wy $1Adsves Manish et al. (2022) usu g

ANSANUIEBULNIEUAIANULUUENNSUTEUUSURS U50astdennadl

a v

SUT 3.26 nMsaunuiudeyanguyeaufiisny Faro Focus

3.6.1 NISEAUMEUAIANNLUUEINISUSLIUUSUING
AIANULUUENYDINITUTELIUUSHI®S (Precision of Volume : PoV) A48
1AlAENITUIAIAINNARIALAR DUAUNNSVDIUSUINTN AN TEUURNAUITUAUUSUIRSIN

\AsesiiaanuLisy (Yang et al,, 2020) Tnaldaunis 3.2 uaavinisduiinaiaslun1snen 3.5

lv—-7]|

PoV = (1 T) x 100% (3.2)
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nauRauiiAkasUseiiuUsunTIanmnes lanadvsnisvegeuAiAuug lunsUsediy
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yhnsulansvnaeseendu 3 mavnaes Tneflseasdoadsil
naMAasil 1: Janunauiaeg fUsinmswindu 1 gnuiadiums danalifdune
PRnaswesituinaes fuansdesuil 4.1 vhnsasuifleudoyafeiniesaunuaiwesuuy
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M50 4.1 nan1snaaeuAinLiiuglunsUssiiuIesian 1 gnuieiiung

3 A7 VBnasiivszdiuld (av.a. ) TR 1 e
v 4 4 aaudRaenly o
Wwuwes | aaaun waiugn
— Tunsusaaiu
(29fi1) (m/s) v oc v oc o ALREY (%)
AN 1 | ASIN 2 | ASIN 3 _ Usung
(X)
0 0.02 1.39 1.35 1.42 1.387 29,751.333 61.30
0.05 1.45 1.52 1.53 1.503 27,503.000 49.70
0.10 1.50 1.47 1.51 1.494 22,269.333 50.60
0.15 1.52 1.48 1.46 1.489 12,298.333 51.10
0.20 1.42 1.47 il 55 1.413 9,970.000 58.70
0.25 1.29 1.33 1.33 1.317 4,874.000 68.30
0.30 1.29 1.33 1.33 1.315 4,229.333 68.50
a5 0.02 0.48 0.56 0.51 0.516 1,999,030.667 51.60
0.05 0.47 0.61 0.57 0.55 1,999,044.000 55.00
0.10 0.57 0.47 0.48 0.506 1,931,573.000 50.60
0.15 0.66 0.67 0.67 0.67 1,453,208.333 67.00
0.20 0.85 0.81 0.77 0.809 1,246,624.667 80.90
0.25 0.87 0.90 0.90 0.89 924,290.000 89.00
0.30 0.98 0.87 0.89 0914 763,184.333 91.40
90 0.02 0.83 0.77 0.60 0.736 1,453,936.333 73.60
0.05 0.79 0.76 0.76 0.77 1,126,480.667 77.00
0.10 0.87 0.86 0.98 0.905 738,640.333 90.50
0.15 0.87 0.96 1.00 0.941 586,081.333 94.10
0.20 0.95 0.97 0.99 0.97 457,614.000 97.00
0.25 1.01 1.06 1.06 1.044 333,634.333 95.60
0.30 1.06 1.07 1.01 1.045 282,292.333 95.50
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0.2 WwnseeIud tAAauuugtlunsUssEuSIRSwINaY 97% newunluuyuawnuid
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45 83pN WaAyLaLNY 0 kag 90 03A1 ArANLLug luNITUTEENUS IR kLIl UNAT
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WaAusINISARR UL LAY
N1IVARARIN 2: TanuNauIee1s NUTIATWIIAY 5 gnuiAnwns MeLINmwnLen
NINANNYDINUTIVARDY AIUARIRIITUT 4.3 1N13ATITIBUTRYAMIBLATEARNULALYES WU

AATiu B%e/31 FARO Focus &alanan1snaaes dawandlunisei 4.2



65

JUN 4.3 UNaulmIUsung 5 gnuiAniums

Y

a | 1 o a a (% 3
#1379 4.2 Nﬁﬂ’]iVlﬂﬁE]Uﬂ’]ﬂ'J']ﬂJLLlI‘LJEJWIUﬂ’]i‘Ui%LiJu‘Uim@i'ﬂﬁ@! 5 ANUIFANLNAT

T AT Vhnasiiuszdild (au. ) mmu‘*‘zia}a:qf A1AY
e Yaauiifiafe .
wuwed | 1adeull wsiugh
— Tlun1suszaaiu
(99A1) (m/s) g Y - AaaY (%)
AT 1 | AT 2 | ASSR 3 _ y3ung
x)
0 0.02 4442 | 449 | 4.469 4.469 878,757.333 97.64
0.05 4.864 | 4.856 | 4.900 4.873 425,610.333 93.53
0.10 4.933 | 4968 | 4.967 4.956 293,306.667 91.72
0.15 4.851 | 4.875| 4.974 4.900 230,179.667 92.94
0.20 5.038 | 5020 | 5.052 5.037 187,722.667 89.96
0.25 4951 | 5032 | 5.025 5.003 168,386.000 90.70
0.30 4.825| 5004 | 4.994 4.941 201,317.333 92.05
a5 0.02 1.094 | 1.629 | 1.558 1.427 9,215,055.000 31.18
0.05 2089 | 2023 | 2517 2.210 5,144,527.333 48.28
0.10 2910 | 2891 | 2957 2919 3,193,886.000 63.78
0.15 3344 | 3336 | 3.279 3.320 2,439,539.000 72.53
0.20 3562 | 3569 | 3.549 3.560 2,029,261.000 77.78
0.25 3.857 | 3.832 | 3.768 3.819 1,626,727.000 83.44
0.30 3.864 | 3.994 | 4.040 3.966 1,430,269.000 86.65
90 0.02 3127 | 2873 | 3357 3.119 6,626,455.000 68.15
0.05 3545 | 3783 | 3.515 3.614 3,792,835.333 78.97
0.10 4.226 | 4382 | 4.264 4.291 2,346,236.000 93.74
0.15 4377 | 4228 | 4.468 4.358 1,955,256.667 95.21
0.20 4362 | 4.450 | 4.573 4.462 1,771,683.000 97.48
0.25 4515 | 4.647 | 4.594 4.585 1,295,254.667 99.82
0.30 4530 | 4.460 | 5.080 4.690 1,188,575.000 97.53
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N1IVARARIN 3: JAALNAUAIREN MUTHINTWNAY 10 gnuiefuns 319k unte
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AATiU B%e/31 FARO Focus &alinan1snaaes aaandlunisei 4.3

JUT 4.5 unauuisUsunmg 10 gnuiAfiing



67

M3 4.3 HaansnsvedeuAtAALiugTuNsUTIuUTIRSTae 10 gnuiAfung

yu A7 Vsnasiivsadild (au.) mu%u‘*ﬁga:qf A1AY
wuwed | wdoud INAEALAOY waiugn
— Tglun1suseidiu
(GN:Q)) (m/s) 3 < 7 v ALY (%)
AssN 1 | AS99 2 | AseN 3 _ Usuns
(X)

0 0.02 8.491 8.489 9.139 8.706 1,373,831.000 95.46
0.05 9.094 8.953 8.985 9.011 767,013.333 98.80
0.10 9.280 9.142 9.023 9.148 552,472.667 99.69
0.15 9.368 9.328 9.687 9.461 429,724.667 96.26
0.20 9.247 9.285 9.310 9.281 340,997.000 98.24
0.25 9.764 9.536 9.375 9.558 286,959.333 95.19
0.30 9.480 9.390 9.423 9.431 252,656.667 96.59

45 0.02 3.495 3.683 3.680 3.619 10,142,561.000 39.69
0.05 4.950 5.064 4.871 4.962 6,782,176.333 54.40
0.10 6.300 6.268 6.261 6.276 4,362,959.333 68.82
0.15 6.930 6.858 6.850 6.879 3,397,688.000 75.43
0.20 7.379 7.334 7.392 7.368 2,697,556.667 80.79
0.25 7.833 7.740 7.810 7.794 2,163,970.000 85.46
0.30 7.994 7.974 8.020 7.996 1,961,080.000 87.68

90 0.02 4.673 5.140 3.680 4.498 10,059,900.000 49.32
0.05 7.812 6.520 6.084 6.805 6,072,430.667 74.62
0.10 7.620 7.856 6.654 1377 4,961,212.000 80.88
0.15 7.708 7.885 7.746 7.780 3,171,416.000 85.30
0.20 8.377 8.207 8.428 8.337 2,890,598.333 91.42
0.25 8.252 8.116 8.587 8.318 2,226,883.333 91.21
0.30 8.484 8.257 8.378 8.373 2,030,353.667 91.81
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Term Coef SE Coef T-Value P-Value VIF
Constant 72.53 353 2057 0.000

scan angle -13.48 1.66 -8.11 0.000 1.00
speed 1.72 1.66 465  0.006 1.00
scan angle*scan angle 8.76 3.50 2.50  0.055 1.00
scan angle*speed 7.23 1.57 462  0.006 1.00

S R-sq R-sg(adj) R-sq(pred)
498611 95.83%  92.50% 83.32%
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asivdeyananismaaeinsussdiudiuasian 1 gnuiefues Iyuawnu 0 agen

S Estimated Volume Amount of
(mA3) PointClouds
00d02cmps01 1.390 37,910.00
00d02cmps02 1.350 24,355.00
00d02cmps03 1.420 26,989.00
Average 0 degree, 2 cm/s 1.387 29,751.333
00d05cmps01 1.450 19,108.00
00d05cmps02 1.520 30,409.00
00d05cmps03 1.530 32,992.00
Average 0 degree, 5 cm/s 1.500 27,503.000
00d10cmps01 1.500 18,240.00
00d10cmps02 1.470 19,621.00
00d10cmps03 1.510 28,947.00
Average 0 degree, 10 cm/s 1.493 22,269.333
00d15cmps01 1.520 14,639.00
00d15cmps02 1.480 11,925.00
00d15cmps03 1.460 10,331.00
Average 0 degree, 15 cm/s 1.487 12,298.333
00d20cmps01 1.420 10,013.00
00d20cmps02 1.470 12,494.00
00d20cmps03 1.350 7,403.00
Average 0 degree, 20 cm/s 1.413 9,970.000
00d25cmps01 1.290 5,129.00
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S Estimated Volume Amount of

(mA3) PointClouds
00d25cmps02 1.330 4,765.00
00d25cmps03 1.330 4,728.00
Average 0 degree, 25 cm/s 1.317 4,874.000
00d30cmps01 1.290 3,963.00
00d30cmps02 1.330 4,243.00
00d30cmps03 1.330 4,482.00
Average 0 degree, 30 cm/s 1.317 4,229.333

masiudayananIsmaaein1sUsuliud3unnsian 1 anuiAiiuns uNawnu 45 agen

File name e Amount of PointClouds
(mA3)

45d02cmps01 0.480 2,000,000.00
45d02cmps02 0.560 1,998,982.00
45d02cmps03 0.510 1,998,110.00
Average 45 degree, 2 cm/s 0.517 1,999,030.667
45d05cmps01 0.470 2,000,311.00
45d05cmps02 0.610 1,998,692.00
45d05cmps03 0.570 1,998,129.00
Average 45 degree, 5 cm/s 0.550 1,999,044.000
45d10cmps01 0.570 1,999,437.00
45d10cmps02 0.470 1,916,725.00
45d10cmps03 0.480 1,878,557.00
Average 45 degree, 10 cm/s 0.507 1,931,573.000
45d15cmps01 0.660 1,417,563.00
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Estimated Volume

File name Amount of PointClouds
(mA3)

45d15cmps02 0.670 1,512,644.00
45d15cmps03 0.670 1,429,418.00
Average 45 degree, 15 cm/s 0.667 1,453,208.333
45d20cmps01 0.850 1,168,054.00
45d20cmps02 0.810 1,275,051.00
45d20cmps03 0.770 1,296,769.00
Average 45 degree, 20 cm/s 0.810 1,246,624.667
45d25cmps01 0.870 933,604.00
45d25cmps02 0.900 815,625.00
45d25cmps03 0.900 1,023,641.00
Average 45 degree, 25 cm/s 0.890 924,290.000
45d30cmps01 0.980 770,920.00
45d30cmps02 0.870 790,446.00
45d30cmps03 0.890 728,187.00
Average 45 degree, 30. cm/s 0.913 763,184.333

mnivfeyananisvaaeinsUseliuUsunnsian 1 gnuiAfung Nyuawny 90 91

Estimated Volume

File name Amount of PointClouds

(mA3)
90d02cmps01 0.830 1,219,114.00
90d02cmps02 0.770 1,302,634.00
90d02cmps03 0.600 1,840,061.00
Average 90 degree, 2 cm/s 0.733 1,453,936.333
90d05cmps01 0.790 1,143,762.00
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Estimated Volume

File name Amount of PointClouds
(mA3)

90d05cmps02 0.760 1,137,606.00
90d05cmps03 0.760 1,098,074.00
Average 90 degree, 5 cm/s 0.770 1,126,480.667
90d10cmps01 0.870 768,908.00
90d10cmps02 0.860 705,015.00
90d10cmps03 0.980 741,998.00
Average 90 degree, 10 cm/s 0.903 738,640.333
90d15cmps01 0.870 585,114.00
90d15cmps02 0.960 592,012.00
90d15cmps03 1.000 581,118.00
Average 90 degree, 15 cm/s 0.943 586,081.333
90d20cmps01 0.950 529,248.00
90d20cmps02 0.970 428,264.00
90d20cmps03 0.990 415,330.00
Average 90 degree, 20 cm/s 0.970 457,614.000
90d25cmps01 1.010 336,483.00
90d25cmps02 1.060 340,401.00
90d25cmps03 1.060 324,019.00
Average 90 degree, 25 cm/s 1.043 333,634.333
90d30cmps01 1.060 270,843.00
90d30cmps02 1.070 294,460.00
90d30cmps03 1.010 281,574.00
Average 90 degree, 30 cm/s 1.047 282,292.333
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mivdeyananisvaaeinisusadiuusunsian 5 gnuiAiuns Nyuauny 0 o9

S Estimated Volume Amount of
(mA3) PointClouds
00d02cmps01 4.442 895,439.00
00d02cmps02 4.496 821,921.00
00d02cmps03 4.469 918,912.00
Average 0 degree, 2 cm/s 4.469 878,757.333
00d05cmps01 4.864 445,340.00
00d05cmps02 4.856 414,826.00
00d05cmps03 4.900 416,665.00
Average 0 degree, 5 cm/s 4.873 425,610.333
00d10cmps01 4.933 286,489.00
00d10cmps02 4.968 298,005.00
00d10cmps03 4.967 295,426.00
Average 0 degree, 10 cm/s 4,956 293,306.667
00d15cmps01 4.851 224,243.00
00d15cmps02 4.875 240,212.00
00d15cmps03 4974 226,084.00
Average 0 degree, 15 cm/s 4.900 230,179.667
00d20cmps01 5.038 190,926.00
00d20cmps02 5.02 186,155.00
00d20cmps03 5.052 186,087.00
Average 0 degree, 20 cm/s 5.037 187,722.667
00d25cmps01 4.951 189,461.00
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S Estimated Volume Amount of

(mA3) PointClouds
00d25cmps02 5.032 154,089.00
00d25cmps03 5.025 161,608.00
Average 0 degree, 25 cm/s 5.003 168,386.000
00d30cmps01 4.825 336,085.00
00d30cmps02 5.004 129,764.00
00d30cmps03 4.994 138,103.00
Average 0 degree, 30 cm/s 4.941 201,317.333

aasfudayananIsmaaein1sUsuliud3unnsian 5 anuiAfiiuns TLNawn 45 age

_ Estimated Volume Amount of

(mA3) PointClouds
45d02cmps01 1.094 9,112,673.00
45d02cmps02 1.629 9,248,248.00
45d02cmps03 1.558 9,284,244.00
Average 45 degree, 2 cm/s 1.427 9,215,055.000
45d05cmps01 2.089 5,127,039.00
45d05cmps02 2.023 5,196,041.00
45d05cmps03 2517 5,110,502.00
Average 45 degree, 5 cm/s 2.210 5,144,527.333
45d10cmps01 291 3,176,102.00
45d10cmps02 2.891 3,266,047.00
45d10cmps03 2957 3,139,509.00
Average 45 degree, 10 cm/s 2.919 3,193,886.000
45d15cmps01 3.344 2,393,515.00
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S Estimated Volume Amount of

(mA3) PointClouds
45d15cmps02 3.336 2,434,171.00
45d15cmps03 3.279 2,490,931.00
Average 45 degree, 15 cm/s 3.320 2,439,539.000
45d20cmps01 3.562 2,070,869.00
45d20cmps02 3.569 2,019,598.00
45d20cmps03 3.549 1,997,316.00
Average 45 degree, 20 cm/s 3.560 2,029,261.000
45d25cmps01 3.857 1,615,078.00
45d25cmps02 3.832 1,629,413.00
45d25cmps03 3.768 1,635,690.00
Average 45 degree, 25 cm/s 3.819 1,626,727.000
45d30cmps01 3.864 1,535,347.00
45d30cmps02 3.994 1,394,221.00
45d30cmps03 4.04 1,361,239.00
Average 45 degree, 30 cm/s 3.966 1,430,269.000
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Estimated Volume Amount of
File name

(mA3) PointClouds
90d02cmps01 3.127 7,599,875.00
90d02cmps02 2.873 6,350,573.00
90d02cmps03 3.357 5,928,917.00
Average 90 degree, 2 cm/s 3.119 6,626,455.000
90d05cmps01 3.545 3,747,839.00
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S Estimated Volume Amount of
(mA3) PointClouds
90d05cmps02 3.783 4,116,288.00
90d05cmps03 3.515 3,514,379.00
Average 90 degree, 5 cm/s 3.614 3,792,835.333
90d10cmps01 4.226 2,269,035.00
90d10cmps02 4.382 2,513,171.00
90d10cmps03 4.264 2,256,502.00
Average 90 degree, 10 cm/s 4.291 2,346,236.000
90d15cmps01 a.377 1,949,806.00
90d15cmps02 4.228 1,880,642.00
90d15cmps03 4.468 2,035,322.00
Average 90 degree, 15 cm/s 4.358 1,955,256.667
90d20cmps01 4.362 1,855,699.00
90d20cmps02 4.45 1,714,300.00
90d20cmps03 N5 18] 1,745,050.00
Average 90 degree, 20 cm/s 4.462 1,771,683.000
90d25cmps01 4.515 1,279,457.00
90d25cmps02 a.647 1,267,202.00
90d25cmps03 4.594 1,339,105.00
Average 90 degree, 25 cm/s 4,585 1,295,254.667
90d30cmps01 4.53 1,020,035.00
90d30cmps02 4.46 1,269,944.00
90d30cmps03 5.08 1,275,746.00
Average 90 degree, 30 cm/s 4.690 1,188,575.000




N1SNAABIN 3

92

mivdeyananisvaaeanisussiiuusunsian 10 gnuiAiuns Myuauny 0 o9

S Estimated Volume Amount of
(mA3) PointClouds
00d02cmps01 8.491 1,393,060.00
00d02cmps02 8.489 1,443,496.00
00d02cmps03 9.139 1,284,937.00
Average 0 degree, 2 cm/s 8.706 1,373,831.000
00d05cmps01 9.094 752,227.00
00d05cmps02 8.953 772,476.00
00d05cmps03 8.985 776,337.00
Average 0 degree, 5 cm/s 9.011 767,013.333
00d10cmps01 9.280 548,713.00
00d10cmps02 9.142 553,209.00
00d10cmps03 9.023 555,496.00
Average 0 degree, 10 cm/s 9.148 552,472.667
00d15cmps01 9.368 418,462.00
00d15cmps02 9.328 433,648.00
00d15cmps03 9.687 437,064.00
Average 0 degree, 15 cm/s 9.461 429,724.667
00d20cmps01 9.247 338,654.00
00d20cmps02 9.285 343,442.00
00d20cmps03 9.31 340,895.00
Average 0 degree, 20 cm/s 9.281 340,997.000
00d25cmps01 9.764 290,751.00
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S Estimated Volume Amount of

(mA3) PointClouds
00d25cmps02 9.536 283,187.00
00d25cmps03 9.375 286,940.00
Average 0 degree, 25 cm/s 9.558 286,959.333
00d30cmps01 9.48 253,201.00
00d30cmps02 9.39 270,250.00
00d30cmps03 9.423 234,519.00
Average 0 degree, 30 cm/s 9.431 252,656.667

miudeyananisvaasanisusadiuuinnsian 10 gnuiAfiuns Nyuaunu 45 96

_ Estimated Volume Amount of

(mA3) PointClouds
45d02cmps01 3.495 10,900,942.00
45d02cmps02 3.683 9,597,342.00
45d02cmps03 3.68 9,929,399.00
Average 45 degree, 2 cm/s 3.619 10,142,561.000
45d05cmps01 4.95 6,707,097.00
45d05cmps02 5.064 6,656,221.00
45d05cmps03 4.871 6,983,211.00
Average 45 degree, 5 cm/s 4,962 6,782,176.333
45d10cmps01 6.3 4,355,060.00
45d10cmps02 6.268 4,333,500.00
45d10cmps03 6.261 4,400,318.00
Average 45 degree, 10 cm/s 6.276 4,362,959.333
45d15cmps01 6.93 3,417,365.00
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S Estimated Volume Amount of

(mA3) PointClouds
45d15cmps02 6.858 3,378,068.00
45d15cmps03 6.85 3,397,631.00
Average 45 degree, 15 cm/s 6.879 3,397,688.000
45d20cmps01 7.379 2,707,988.00
45d20cmps02 7.334 2,702,309.00
45d20cmps03 7.392 2,682,373.00
Average 45 degree, 20 cm/s 7.368 2,697,556.667
45d25cmps01 7.833 2,156,761.00
45d25cmps02 7.74 2,162,942.00
45d25cmps03 7.81 2,172,207.00
Average 45 degree, 25 cm/s 7.794 2,163,970.000
45d30cmps01 7.994 1,933,299.00
45d30cmps02 7.974 2,081,909.00
45d30cmps03 8.02 1,868,032.00
Average 45 degree, 30 cm/s 7.996 1,961,080.000
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Estimated Volume Amount of
File name

(mA3) PointClouds
90d02cmps01 4.673 11,395,884.00
90d02cmps02 5.14 9,380,873.00
90d02cmps03 3.68 9,402,943.00
Average 90 degree, 2 cm/s 4.498 10,059,900.000
90d05cmps01 7.812 4,746,400.00
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S Estimated Volume Amount of
(mA3) PointClouds
90d05cmps02 6.52 6,535,397.00
90d05cmps03 6.084 6,935,495.00
Average 90 degree, 5 cm/s 6.805 6,072,430.667
90d10cmps01 7.62 5,648,752.00
90d10cmps02 7.856 3,840,606.00
90d10cmps03 6.654 5,394,278.00
Average 90 degree, 10 cm/s 1.377 4,961,212.000
90d15cmps01 7.708 3,586,709.00
90d15cmps02 7.885 2,797,360.00
90d15cmps03 7.746 3,130,179.00
Average 90 degree, 15 cm/s 7.780 3,171,416.000
90d20cmps01 8.377 2,909,747.00
90d20cmps02 8.207 2,899,692.00
90d20cmps03 8.428 2,862,356.00
Average 90 degree, 20 cm/s 8.337 2,890,598.333
90d25cmps01 8,50 2,076,090.00
90d25cmps02 8.116 2,418,430.00
90d25cmps03 8.587 2,186,130.00
Average 90 degree, 25 cm/s 8.318 2,226,883.333
90d30cmps01 8.484 2,044,228.00
90d30cmps02 8.257 2,112,460.00
90d30cmps03 8.378 1,934,373.00
Average 90 degree, 30 cm/s 8.373 2,030,353.667
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Abstract— This paper focuses on developing a bulk material
volume estimation system employing automatic moving rail
optical distance measuring technology. The research objective is
to devise a system capable of estimating warehouse bulk material
volumes utilizing point cloud data. Additionally, the research
proposes guidelines for enhancing efficiency in bulk material
volume estimation processes. A prototype system was developed
and tested using dry rice husk with a humidity level of 15% as the
sample material. The testing environment comprised a laboratory
with dimensions of 36 square meters and a height of 3 meters,
wherein the sample material was arranged in a cone shape with a
volume of 1 cubic meter. The system was designed to test with
movement speed range from 2 to 30 centimetres per second, and
the scanning angles of 0, 45, and 90 degrees. Statistical principles
were applied to analyze the collected data, determining averages,
and comparing results with actual data to assess accuracy and
precision in volumetric measurements. Furthermore, the research
evaluated the advantages and disadvantages of alternative tools
for bulk material volume estimation in comparison to the
developed system, considering factors such as data collection
duration, operational costs, and safety measures. Experimental
results revealed that at a scanning angle of 90 degrees and a
moving speed of 20 centimeters per second achieve a volumetric
data accuracy of 97%.

Keywords— Bulk material, Volume LiDAR
technology, Point cloud data

estimation,

I. INTRODUCTION

Large rice mills commonly utilize bulk warehouses for
storing paddy, favouring this method over packing bags due to

risks associated with bag overlap and breakage. In the context
of inventory management within warehouses, basic estimation
methods involve tracking weight or volume, often facilitated by
tools such as truck scales [1]. However, these methods may be
susceptible to errors stemming from intemal factors like pest
infestation or spoilage. Modern technology has increasingly
become pivotal in enhancing the accuracy of material quantity
assessments in warehouses. Tools like integrated cameras and
unmanned aerial vehicles (UAVs) have emerged as popular
choices due to their ability to measure with millimeter-level
precision [2]. However, integrated camera surveys are time-
consuming and impractical for complex bulk cargo shapes,
while UAVs are more suitable for outdoor environments
requiring GNSS systems for signalreception fromsatellites [3].
Ground-based laser scanners offer higher-quality data and
versatility for bothindoor and outdoor applications, yet they are
often criticized for being time-consuming and unsafe [3]. This
paper seeks toaddress the limitations of existingdata collection
methods by employing automatic moving rail LiDAR
technology, aimed at swiftly and safely capturing bulk cargo
data. Through a comprehensive literature review, this study
identifies gaps in bulk product quantity assessment sy stemsand
proposes the utilization of automatic moving rail LiDAR
technology as a solution. The research methodology
encompasses the design and testing of key components,
utilizing sample materials of known volume to evaluate the
efficiency and efficacy of the developed system. By enhancing
the potential for managing bulk warehouses, particularly inrice
mills, this research endeavors to empower operators with
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improved inventory management capabilities and operational
efficiency.

II. RELATED WORK

Estimating the volume of bulk materials within warehouse
environments presents distinct challenges compared to outdoor
storage assessments,suchas poorly litareas, unreliable satellite
signals, or hazardous substances, which have resulted in
comparatively less research in this domain. A literature review
of this area encompasses an examination of technologies
employed for volume estimation of bulk materials within
warehouses, categorized into three main types: drones
operating indoors, rail systems, and stand-mounted sy stems [4].

A. Using Drones Inside Buildings

Multi-rotor drones have been developed to facilitate volume
estimation of bulk materials within warehouses, alleviating the
workload of personnel and capable ofautonomous operation.
Kumar et al. [5] devised an algorithm employing stereodepth
cameras and deep learningto estimate bulk material volumes
within aerial warehouses, independent of GPS signals.
However, this method is constrained to smaller bulk material
piles due to the necessity of comprehensive material pile
detection for volume estimation, with estimation errors
escalating from 1% to 9.8 % for volumes six times the original.
In aseparate endeavor, Gago etal. [6] introduced a quantitative
estimation technique utilizinga DJI quadcopter drone, model
Matrice 100, equipped with a Velodyne 3D LiDAR, model
VLP 16 Puck Lite, for navigation and mapping within
warehouses. By leveraging warehouse walls or ceilings as
reference points for autonomous flight, they employed an
offline mapping approach to construct a 3D model of the
warehouse, achieving volumetric accuracies of 98.5% and 978%
in simulation and real-world tests, respectively.

Alsayed et al. [7.8] proposed an efficient scan-matching
approach for drone mapping based on an iterative closest point
(ICP) algorithm suitable for low-density LIDAR scanning,
facilitating real-time 3D map creation and route planning
within warehouses. Despite being tested solely through
simulations, their method demonstrated 97% accuracy in
estimating material volumes within mapped warehouses.
Innovatively, Alsayed and Nabawy [9] advocated a warehouse
scanning method employing a single-point LIDAR sensor
operated by a micro servomotor, outperforming traditional 2D
and 3D LiDAR systems interms of scanning speed, weight, and
cost efficiency. In a related study, Alsayed et al. [10]
investigated the control of an autonomous multi-drone model
employing 1D LiDAR sensors for warehouse mapping
comparing the cost-effectiveness of multiple low-cost sensors
versusasingleadvanced laser scanner (2D/3D LiDAR) through
simulations. Results indicated that increasing the number of
drones up to five enhanced volume estimation accuracy,
rivallingsophisticated LIDAR scanners at significantly reduced
costs. However, practical implementation necessitates a data
interpretation system for accurate drone localization and
orientation during mapping operations.

()

B. Rail System

Rail systems represent a viable approach for estimating the
quantity of bulk materials within warehouses, typically
comprisinga slidingrail system installed above the warehouse
space. Zhao et al. [11] investigated the utilization of a 2D
LiDAR scanner (Sick LMS200) mounted on a rail above the
warehouse. The LIDAR measures the Xand Y directions, while
a laser distance meter gauges the distance travelled in the Z
direction. Experimental findings revealed volume estimation
accuracyranging between 96.2% and 99 .4%. Similarly, Xu et
al. [12] developeda comparable system employingtwo LIDAR
scanners and compared volume values with the GeoSLAM
scanner, achieving a volume estimation accuracy of up to 99%.
Moreover, the developed system boasted a remarkable speed,
being 35 times faster than the GeoSLAM scanner.

Daofang Chang et al. [ 13] proposed a methodology utilizing
3D LiDAR to estimate bulk material volumes within
warehouses. Mounted on the arm of a stacker reclaimer and
moving along a rail, the 3D LiDAR scans the surface of
warehouse stacks. Although tested in real environments, the
accuracy of volumetric data estimation remains unverified.
Similarly, Zhanget al. [ 14] explored a vision-laser system for
estimating bulk material volumes within warehouses. This
system utilizes a camera to capture laser lines on the vertical
material surfaces of warehouse sections, mounted on rails.
Although the accuracy ofall volume estimates was not verified,
the vertical scanning accuracy reached approximately 99%,
making it a potentially widely utilized method. However, a
primary limitation arises in dark and dusty environments,
where removing sensor devices for cleaning and maintenance
proves challenging.

C. Stand-Mounted System

For estimating bulk material quantities within warehouses,
LiDAR sensors can be mounted on tripods or beams. Mahlberg
etal.[15] developed the SMART (Stockpile Management and
Reporting Technology) system, incorporating two 3D LiDAR
sensorsand a GoPro camera mounted on a tripod. The system
enables manual rotation for scanning and data collection, with
the option of ceilingmounting to expand the scanning field of
view,achieving a volume estimation accuracy exceeding 99.9%
compared to data obtained with TLS scanners. This system has
been deployedin over 30 factories. Additionally, Liu et al. [16]
enhanced the SMART system's data collection process and
conducted tests within domes, utilizing scan matching
techniques to improve bulk material volume estimation
accuracy.

Another study by Lima and Costa [17] devised a volume
estimation system featuringa 2D LiDAR mounted on a tripod
to scan data vertically for estimating the volume of conical bulk
materials. The accuracy of volume estimation increases with
pile size, although this method applies solely to single conical
bulk materials and may not suit complex cone-shaped piles.
Tripod-mounted LIDAR scanners have demonstrated efficient
volume estimation in warehouses; however, to enhance data
collection coverage, relocating the tripod to multiple positions
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within confinedspaces is often necessary, posingpotential risks
to operators in many scenarios.

TI1L. AUTOMATIC MOVING RAIL SYSTEM

The Automatic Moving Rail System functions as a data
scanning apparatus employing solid-state optical distance
sensors to estimate the volume of bulk materials stored in
warehouses. It comprises a singular solid-state LIDAR unit and
a compact computer dedicated to controlling and storing
scanning data from the LiDAR sensors. Enclosed within a
single housing, as shown in Figure 1. All components operate
on an 18V lithium-ionbattery provided with the kit, facilitating
motor-driven movement along rails.

| S S
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Fig 1 Components and working flow of the system.

A. Components

Utilizing LiDAR technology, the system employs Livox
brand solid-state LIDAR, featuring a scanning field of view
with a non-repetitive pattern of 70.4 degrees horizontally and
77.2 degrees vertically. Capable of capturing 240,000 -point
clouds per second in single-backward mode, it weighs 0.498 kg
and incorporates a built-in processor, as shown in Table 1.

TABLE I
TABLE OF THE CHARACTERISTICS OF THE LIVOX AVIA BRAND LIDAR SOLID-
STATE SENSOR.

Laser Wavelength | 905 nm
Laser Safety Class 1(IEC 60825-1:2014) (safe for
eyes)

Detection Range
(@100 klx)

190 m @10% reflectivity

230 m @20% reflectivity
320 m @80% reflectivity
190 m @10% reflectivity

Detection Range

| (@0 ki)
260 m @20% reflectivity
450 m @80% reflectivity
FOV Non-repetitive scanning pattern: 704°

(horizontal) x77.2° (vertical)
Repetitive scanning pattern:
70.4°(horizontal) x4.5° (vertical)
Io (@20m)<2cm

Distance Random
Error
Angular Random
Error

16 <0.05°

Beam Divergence | 0.03° (Horizontal) x0.28° (Vertical)

Point Rate f:t?ng())o points/s (first or strongest
480,000 points/s (dual return)
720,000 points/s (triple return)

Data Latency <2 ms

MU Built-in IMU model: BMIOS8

Weight Approx. 498 g (without cables)

Operation of the systemis commanded by a singlecomputer,
wired to a computer module for the storage of point cloud data
retrieved from LiDAR sensors. Additionally, remote operation
is facilitated through another computer, specifically, the Intel
NUC Gen 11 brand. equipped with an Intel® Core™ i7-
1165G7 central processing unit and 16 GB DDR4-3200
temporary memory, all powered by 18V lithium-ion batteries.
Housed withina 35 x 40-centimeter aluminium box standing
35 centimeters tall, the assembly enables easy mounting onto
the rail drive unit.

The Automatic Moving Rail System is engineered to
traverse a 1-inchrail, capable ofsupporting a maximum weight
of 30 kilograms while offering adjustable speeds ranging from
0 to 30 centimeters per second. Comprising two sets of rail
wheels to bear the vertical force exerted by the LIDAR box and
a set of high-torque motors to propel the wheels forward along
therail, the system incorporates various accessories, including
warning lights to indicate operational status, a movement
directionswitch button, and limit switches to cease operations
upon cycle completion. Furthermore, a Quick assembly rail
system is devised to facilitate the installation and maintenance
of equipment within the LIDAR box, as shown in Figure 2.

Fig 2 Automatic movingrail system.

B. Experimental

The experiments were conducted at the university lab. The
developed system underwent testing using dry rice husk as the
sample material, with a humidity level of 15%, within a
laboratory measuring 36 square meters and standing 3 meters
tall. Movement speeds ranged from 2 to 30 centimeters per
second while scanning angles of 0, 45, and 90 degrees were
employed to assess the cone-shaped bulking behavior of the
sample material. The sample volume amounted to 1 cubicmeter,
verified for accuracy usinga FARO focus (TLS), a mapping
system equipped with a high-precision distance sensor [18], as
shown in Figure 3.
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Fig. 3 Verified foraccuracy usinga FARO focus

C. Data Collection Strategy

Data collection techniques at 0 and 45-degree scanning
angles enabled the acquisition of complete sample pile data,
revealing surface characteristics of the material piles. LIDAR
sensors excel in gathering information across various
environments, aiding in self-referencing their position.
However, data collectionat a 90-degree scanning angle poses
challenges due to the sensor'snarrow viewingangle, resulting
in inaccurate position referencing. Consequently, complete
sample material data cannot be collected directly. To address
this, researchers created a simulated environment to assist the
LiDAR sensor algorithm in self-referencing its position during
data collection, as shown in Figure 4.

Fig. 4 Creatmg a simulation environment m the data scanning view.
IV. VOLUME ESTIMATION

D. System Calibration

System accuracy calibration involves collecting data on
groups ofthree-dimensional data points fromamaterial sample
of known size. This process allows for the adjustment of
instrument accuracy. The sample material used for accuracy
calibration is a cube-shaped sample with a volume of 1 cubic
meter, as shown in Figure 5, ensuring minimal tool tolerances
before its application in research data collection.

Fig 5 Sample matenal of known size 1s used to calibrate accuracy.

E. Surface Reconstruction

Following the scanning of bulk material 3D point groups
within a warehouse using the developed tool, raw data is
obtained, which has not undergone filtering to remove
unwanted elements. To streamline data processing and align
with the efficiency ofthe research equipment, a 3D point group
processing algorithm [19] is utilized to reduce data size and
flatten surfaces. The Cloud Compare program is employed for
datamanagement,initiatingthe creation ofatriangular meshof
the pile surface with voxels. The irregular data shape is
voxelized to produce a bottom grid, which is segmented into
numerous triangular prisms for enhanced accuracy. Rectangles
are diagonally divided using a diagonal line with minimal
height differences between two points, ensuring prism
proximity to the real surface, as shown in Figure 6.

Fig. 6 Creating a 3D prism from point cloud data

F. Volume Calculation

Upon generating a 3D image of the data, the three-
dimensional figureis partitioned into multiple triangular prisms,
witheach prism's volume (V;) calculated individually. as shown
in Figure 7. The volumes ofall prisms are summed to derive
the total bulk material volume. This computation encompasses
surface points A, B, and C, and designated pile base areas A",
B', and C". The volume of a triangular prism is calculated using
the formula:

1
Vi=3Sapc/(Za+Zy +2Zo) (1)

‘Where S,7g/c represents theareaoftriangles A’,B*,and C’
on the base plane of the material pile [20].
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Fig' 7 Caleulation of the volume of each prism [20]
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G. Precision of Volume (PoV)

The precision of volume calculations is determined by
assessing the relative volume of the developed system to the
actual volume.

Pov = (1 - =7) x 100% )
w
This assessment compares the actual volume v to the
calculated volume ¥ of the developed system. The accuracy of
volume estimation is directly proportional to the accuracy of
the developed system [20].

V. RESULTS AND DISCUSSION

Results of experiments evaluating the volume of bulk
materials in warehousesrevealed that conical sample materials
witha knownvolume of 1 cubic meter were scanned at viewing
angles of 0, 45, and 90 degrees, and tested at travel speeds
ranging from 2 to 30 centimeters per second. The Cloud
Compare program was employed to manage point cloud data
and assess volume. The highest volume estimation accuracy,
97%, was achieved at a scanning angle of 90 degrees and a
system movement speed of 20 cm/s. Conversely, at a scanning
angle of 0 degrees, the best volume estimation accuracy
reached 68% at a speed of 30 cm/s, while at a 45-degree
scanning angle, accuracy peaked at 91%, also at a speed of 30
cnv/s. Therefore, it can be inferred that volume estimation
accuracy tends to increase at scanning angles of 0 and 45
degrees as the system's movement speed rises, as shown in
Table 2.

TABLE II

EXPERIMENTAL RESULTS COLLECTION TABLE SAMPLE MATERIAL WITH A
VOLUME EQUAL TO 1 CUBIC METER

was developed to estimate bulk material volumes in
warehouses using point cloud data. The system demonstrated
an accuracy of 97%, consistent with the research findings of
Zhao et al. [11], which reported volume estimation accuracy
ranging from 96.2% to 99.4%. This system can mitigate the
limitations associated with traditional bulk product evaluation
methods, whichare time-consuming and pose risks to operating
personnel. Like the findings of Xu et al. [12] The developed
system comprises simple equipment, including a small
computer for data processing, a solid-state LIDAR sensor, and
a battery for power, along with a drive uniton the rails. These
components are significantly more cost-effective than existing
3D data acquisition tools, rendering them suitable for many
small and medium-sized rice mill operators in Thailand,
thereby enhancing bulk warehouse management capabilities.

The experiment primarilyconcentrated on developinga bulk
materials volume estimation system using automatic moving
rail optical distance measuring technology. focusing on
scanning conical bulk material data at a maximum speed of 30
centimeters per second. However, future research should
expand its scope by increasing the known volume of bulk
materialsto include sizes like 5,10,30,50,0r 100 cubic meters,
enhancing systemreliability and applicability across different
workplaces. Additionally, the study suggests examining
various pile layouts, including those with multiple peaks and
slopes or central sinkhole piles, to account for potential
accuracy variations in volume estimation. Moreover,
diversifyingsample materials duringdata collectionscans, such
as sugarcane bagasse. chopped potatoes, or animal feed com,
can broaden the technology's applicability and inform bulk
product operators about available options for enhancing their
businesses.
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