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Abstract

This research was conducted by using pavement recycling materials from rural road structure
No.3027 with the reclaimed asphalt pavement thickness of 0.05 m and the reclaimed crushed rock
thickness of 0.15 m. Firstly, the basic properties of the materials were tested and then designed on
the basic of recycled materials with a cement hydraulic GU type in the ratios of 0, 1, 2, 3, 4, and 5%
by total mass weight, Then the material was further improved with an asphalt emulsion of CSS-1 type
in the ratio of 0, 1, 2, and 3% by total mass weight, and the results of the curing periods of 7 and 28 days
were compared.

The test results showed that the aggregate material was distributed close to the standard
of crushed rock base layer type A with a maximum dry density of 2.291 ¢/cm3 and an optimum
moisture content of 5.60%. The use of cement was 2.82% by total weight, resulting in an
unconfined compressive strength of 17.50 ke/cm?. Based on indirect tensile strength, indirect tensile
stiffness modulus, and Resilient Modulus, it was found that CSS-1 can improve its mechanical
properties of elasticity, permanent deformation resistance, and cracking resistance, where CSS-1
was equal to 1% by total mass weight. It was suitable for use to improve the base course layer
material because of the increased amount of CSS-1. As a result, the material has a reduced
unconfined compressive strength. In addition, the incubation period at the age of 28 helped to
develop the hydration reaction of cement and asphalt emulsions and was also environmentally

friendly because it reduced the use of new materials and also the pollution from transportation.

Keywords: Pavement Recycling, Cement, Asphalt Emulsion
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UM 1 seeuaninanaumyudsuiantunaiuinldlmiviuusmanineeyudiuug

2. YAULUAIIUIRY

21 Yagildlun1s@nwiusenaudieiamisueatiadiiu (RAP) 'ﬁumqﬁuﬂqmﬁu (RCR) 3nnauu
NNVAWTUUNAIENI U8.3027 @18LENNIINANNLIELEY 305 - Uruuialna a.tiles 2.uAsuien lay
i3 eadnsyaladiauu (Miling Machine) wagfanuaufiai ousuusagaaiw laun Yudwudlansedn
wiln GU wazueailaddsiadu viin Css-1 Yaniiunld@nwildinanuvdadeiunasanisvaass

2.2 Anwinseeniuumanyuisuiantumaiuanldlmidutanduiium Inelddadunansewi
RAP Hefal RCR Wity 25:75 vaaannudinainmisysla uasfnwiaudinugiuvesiaglassadionadi Téud
ynRazasTanuaY ensaeudnuasvesaginasmTeufsutumasgunuduiiume aunessiu
1%, 223-2505 [19] UATAIAMNLUULUUZINI AT LA UTINMA T U N za 1l ot UTuna
Azl fvunyiinaluagunasiuvesteusiesng

2.3 Fnudadiunansening RAP W& RCR Wiy 2575 Ysuussnaunmeieyuduusilansedn viin GU
Yovar 012 3 4 uay 5 Ingtwiinvesunasy Uufediissesinan 7 fu uarlinszsiteyamuiuna

]
v

Uil 22 atiudl 2 nsngna - Suraw 2569



196

YuBusivinliieuiegatandarmdsdaunuifien (Unconfined Compressive Strength, UCS) i
17.50 kg/cm?

2.4 Fnudadiunansening RAP wau RCR windy 25:75 Taen1susuussnanmaigyudiuusiiag
woailaddiiatu Tnelddndunanszning RAP naw RCR Wiy 25:75 Yudumudiildainnisiiney uas
weailaddiadu viln €51 ludmmanferas 0 12 uaz 3 Tnsthminvesnaru ¥nmedeundsnisus
fisvoziann 7 uay 28 u emandhidnameisnmveaeusielud

2.4.1 MVPaeuUMAdaknusen (UCS) musnmsgu umv.(m) 303-2545 [20] wag AASHTO T 208 [21]
2.4.2 ANSNAFBUAUATUNIULSIAIN199Y (Indirect Tensile Strength, ITS) AULIATFIU ASTM
6931 [22]
2.4.3 MinaaaulugdaAuRInI8LIIRImM1988u (Indirect Tensile Stiffness Modulus, ITSM) A1
UIMNT1U AASHTO TP-31 [23]
2.4.4 MINARUMLUASAAUA (Resilient Modulus, RM) 91130155714 AASHTO T 307 [24]
2.5 ﬁﬂmamﬂ’aLS’?Nﬂamaamimuﬁ&mi’a@%umﬂLﬁmﬂﬁﬂmﬁﬁa@%’uﬁumﬂ lagn1susul N

P a I3 v a wa A a & A ~ P
mgyuduuduaziweailanddaduluiesljifinisnarvauaamgiivasanuduiimanzay wWelild ianis
NAADUTWUUE

ad d v
3. nqufiinedas
3.1 Mavyuilsudagtumadaunldlvi (Pavement Recycling) [25]
nsvyudsuianduniufuunldlug (Pavement Recycling) Wunsyuaunisiiltdlunisgeuings
auundaNudsnednistulasadne lngldiananouudunanduiagnivseianiisludaainauuiiowEsy
< 9 vy v o ° 2 F <
Aundaunsabitutulasasimie Tudagtuanunsadwundu 5 vianany wu n1syalawuuidu (Cold
Planing) M3 lglAaunuuieu (Hot Recycling) nsslatAanuusouluil (Hot In-Place Recycling) n153 kLA
wuuiiu (Cold Recycling) uazn1suiuugalassadamanuuiiuaaudn (Full Depth Reclamation) tnei57
a A aaqa al a aal <
TeylulssinalnefiedsnisslodalaeIonaudy
all a aqa [ 1 1< = a I a U
nsslefalaedsnanduaiunsautsesnduassuseinn fie Msvyuisulaglifiuansusuls
AN FlHaAUUTEITUNITITIRTNTUTUIUADEYIIAT wazn1suy s ulaednaIsUTuUTIRMnIN
Yuduudnsodnuudiatu wWeoaduannuwdunssbinuian Wenuusesiun1sasasininiu nsmyuisy
Y g a aa s & IR ~ =~ a
Tandumainlagdsnauduiaunsavilanidulssnunasluaniui lnenisuyguileuluaaiui (In-Place
. ) dl & adao Yy ! I ' Yo o Y]
Recycling) fagu#t 2 10udsnsisuyunsneasiwnniuaglasunissensulussivana

Pneumatic roller Grader Vibratory Roller  Recycling Machine Slurry Mixer Water tanker

UM 2 vuuesesdnsiunsvulsuiantumaduanlglvduuului [25)

]
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msmudeutantumadunldlmifvsdleninaetszns wu aansliTaslmlanuvadanilesiu
ann1svudsazn1seNsiindanulunssuiunisdoutng Snvtadatneiivenuudausmosdulassaiioms
anseznailun1sneadns uaraananseuden 1599y nMslinsruiunistsadunadeniidueluns
U1595nwnuu ﬁgﬂuudmmﬁunmmsmiaw%’ﬂﬁw%’wmﬂi

3.2 Yududlansadn [26]

Yubndlensednduuiuuifiesussuisifonnmaihugasortub Tnedaudfmuneegu
won. 2594 MIwamuTudlensednliisidetuyuTimuivesauaud datumsifiuyszavsnmwuesyudime
(Performance Based) kazannisuassfingaisuaulaeanlen sen1sldiagmaunu wu diudsznauves
weaidoy Yewleatu wazninage deiewaunamansAvesyudmudluudvesindssn anulnaduves

= % ::1'
ABDUNIA LLATAITUAINUY GNE‘U‘V] 3

Saquauiiiu

Jaqnannu
Juida

Yudiwudloasaan JuBiuuduasanaud
87 1kg-CO,/T Cement 91 0kg-CO,/T Cement

UM 3 Wisuiigunisaamsuaseinwaisueulaeenlen nsalldiagmaunuiisesas 10 [26]

Yudwudlensednilantinisimnssudldsumsiusesanuansuinsgiuuasasnsansuayss
anudesnslununeaiilasainlaaniyudinudveiaiaud lnediannisuaesieiaunszan uag
aduayunsiunegedsBulugnamnssiudiuud uenaint Ssanusatilugnmslinineinsedieduen
waztfunsatuayunisairsdsaunsuoum

Tudruvesandivesnouniniindnannyuduudlansednnuin aoundaildyuduusdlonsednd
nsuuazanudesnisihisniudlesuiuyudandosauaus uaznisguiBuduresneuniniings
Nnyududlansednidnnnindniies Tuvusiaudivesnouniniudwinud wu fdssa anuduniy
Famlnuazaaolss uaznismafivesreunInfindnannyuiwudlensedniafifisumimiefiniineunin

A a

Andnnyudiudvesanaud lneanizlunsduniunisdadiazn1sugisensenineaauazuiasy
fiflnaaniAlndideeiu
3.3 waalandsiadu [27]

weailasdfatudundnsasiiiaannisuandiveueaiandunddudingn q wanilnwnseane
naufuthiusznouniedtadvinens weLaun (Emulsifying Agent) wamagtﬁﬂu‘awizmm%faaaz 0.25-2.0
Tnguwiin uasfueaviandiuunyssanadosas 55-70 uentuiuth dueliveaitadoglugvesmsuriuaes
ffladiesnw ueailaddiiaduaunsoutisoonidu 2 Ussion suviievesansdiiadlnions liud Siiadlisions
ffuszRlnuay (Anionic) uadiadlilsieasiduszqluniunan (Cationic) Feazfidnuwaizuszqli
seiu madenlddiiadlvlonsfivnzanazyinlinisndnusailaddsiaduiinnuefiosuaziiussansnimgs

weaitaddiatugnlflunansniddeuasmsndsfagauuiilotful pnmuantfivnaiainssuvesian

FUNI9AN TABELTONARDUALTRNIIAINITUAN ¢ WU ANAIUNIULSOALAZLIRIMIe o) Nsldioaian

]
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O

datulunisneadsauuiivselevilunisusulssmnunumunaznisianizvesianme o uazidumaden
fivsgansanlunuingesshwione lnedvemmvunuasgiudmsuinsnesieanadddatu awised 1

A1519% 1 varuunuInsgIUEnsUINInesLeanandliaty [27]

wauleselinueanandsiadu uanlovefinuaanandlatu
(ASTM D977, AASHTO M140) (ASTM D2397, AASHTO M208)
RS-1 CRS-1
RS-2 CRS-2
HFRS-2 -
MS-1 -
MS-2 CMS-2
MS-2h CMS-2h
HFMS-1 -
HFMS-2 -
HFMS-2h -
HFMS-2s -
SS-1 CSSs-1
SS-1h CSS-1h

4. n15AHUNISIVY

4.1 Fagildlunnsnun

1) Aamsueailadifn (RAP) anwdnveanisyalail 0.05 m Tngin3osdnsyalafiaauu (Milling
Machine) §%a Wirtgen §u W2200 9100ULASINIIMAMNYUUN @18N19 18,3027 UIANIIUAIIMALIATY
305-Uruundlng o.iles 2.uAswIEN

2) #umsfiuaanida (RCR) Wumnnestaguinaminnuneats Ingisyadesanuals Sudutan
Agalailsusuussnanm

3) ueailandiatuuszinnuendagn (Cationic Slow Setting) afin CSS-1 18n.371-2530 [28] 91n
wras usEm ladsu weailasi 911in

4) YuBudlansedin ¥ila GU (General Use Portland Cement) 18n.2594-2556 [29] A numias
USEN Yudluuduasnass 311 W)

4.2 51982 8NI5NITANEN

¥
v a1 Y =

nuITplaiufnwauunimaluunidetaninainnsidaussesvis lnadunisungesnw
lassasrmaduiialiaunsaldnuneluly dadassasrmnamializesauunimaissuunissnaudieimig
weafladfnAsuNImvILT 0.05 m wariuMIIAuAgNYWT 0.20 m Malimsnyulsuiantuniusuludnduunld

o g & Py 1% = s a a % A
Lﬂu’)aﬂsﬁu‘wUV]'W\?LL‘U‘USLH‘WUiUUEﬂﬂmﬂqWWQUuuéﬁLuum VIN']u&l’]uﬂuﬂﬂmﬂmaumﬂjqﬂﬁuqiflﬂ 0.20 m

]
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v
o o [

desnnwazidwessaundauazintesinsiluda TumsAnudivhmstmusdadiunaivesiaglasaing
ULANTENINN RAP wae RCR 111U 0.05 m uaz 0.15 m wseAnludndiunauszning RAPRRCR iy
Yoway 25:75 laganamun lumsifusiegragldiadesinsyalaianuu (Milling Machine) Jsauufigiufe
yuanazvesianlasiainadsliunnsisiu iesnnnaziddunsyadaianmiloutunigldaiumn
sfivindu iielaenndesiunisguuvunstigednwoulutlag iy u,azwmaauwwauﬁﬁﬁugmmmi’aa

Warvuseiklsaunazldlunisaaswely Tnsnustunaunsaiiuaueanidu 3 Junsu fasalld

Asphalt Concrete 0.05 m PAVEMENT RECYCLING = 0.20 m

Crush Rock 0.20 m

UM 4 LUUT1809A U TULATIAT VN aMa NYUUNKAZ ANNEN IUNSYARARALYBLATEIINS

1) MInegeUaN RN UL TANLATIATINNLAY
1.1) MINAFBUNVUINARLYDITANNIATIN IAURIUATINTILUUA ANUIIATFINNA UN%. (1)
501.8-2545 [30] LitemvuInAasveIianiIasumeny (Gradation) Auiailaainaunisi (1) wWseuisudiu

UINTFIUNUTURUNG 913 UnY. 223-2545 [19] R399 2

e

Sovazrunzunsaastimin = — X100 (1)

o

Tawii
Ao UINUNUDIAIDYNTINTUAZLATILABZIUIN UL ¢

1%

A
B fe dwiinvesiegrauisisnuailivadeu wiae g

o v L&
A15197 2 LIASFIUTUINAALVBIIAATUNUNIS [19]

YUINRRLLANTY %Passing

1INTFIU vila A. wiln .

2" 100 100
1" - 75 - 95
3/8" 30 - 65 40 - 75
Wwes 4 25-55 30 - 60
wes 10 15 - 40 20 - 45
Wweas 40 8- 20 15 - 30
a3 200 2-8 5-20

]
v

Uil 22 atiudl 2 nsngna - Suraw 2569



200

1.2) MINAADUMAIANUUULLUUZININATTIULALUSHINANUIUTIALNZ AL AULIATEY
1 unw. () 501.2 - 2545 [31] WemAnuduiusseninmnuwinvesiannasuiuinnldlunisuadn lag

|

AanuTuaztdutladedifniiinanenisunsndiuna Janunsaduiadaainaunisi (2)

N
Ya 1+(w/100)

AMULUULIURIAU Wy g/cm®

=
U
o))}
©

AMNLUUIUTDIAY 8 ¢/cm®

~
=
o)
®

AnudulufuduSesaziioWiauiuiiminAua Ui

S
o))y
©

2) mM3eenuuUmMUTINAuTudfmnzandmiuiannan Tnslddndiunanszning RAPRCR
Wity 25:75 nasjudnflensodn oiin GU fesar 12 3 4 wag 5 lastnnlinvesunasiy uisiaegns
agnuasauulneliUsnimndy (OMO) fvsngau wwhmstuniglugeswanadn iledesiunisgade
Armdulussesiom 7 fu fewirlunadey UCS musnnsgu sme.(v) 303-2545 [20] uag AASHTO T 208
[21] faguit 5 wdhlu@eunsmlaumsiBadunssaosinuys waninmdiiusszrinsfesasvosyudiuudd
T¥lunsmaaeu wage1 UCS annwanisnauisiiegalnedsnsdiunanvesudiuudiunndnaiu Nt
FonUSmnamudiuug fianansavinliusisinegiedian UCS winfu 17.50 ke/em? daudnidisng wdnilly

TunsnaasvanUidanadusaly

(n) Unwvissnagaluganaian () NALYIFIBE19MIBLATRY UCS

U 5 msnageumAMasdawnuAgIUTuUTIRuA YT

3) MsnegeuanyAginavesn1srygulsuiandunmafunduanldlug (Pavement In-Place
Recycling) fen1smaaauduas lagindnd1unausening RAPRCR Wiy 25:75 wazUTuiayudiuudi
wingaulUnauweailadsdadurila CSs-1 Tudnsdwmseray 0 1 2 uay 3 lnguminvewiasi vinis

negauLiemanURdInasasalul

]
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3.1) NMINAADUAAIBALNULAET (Unconfined Compression Strength, UCS) U83tuUi U4

WuUSuUTsRunmeeyuiiuudTuiuleaiadddadu muunasg [20], [21] Aewwsesilonsvagey UCS

a

1iag1ansensyuenvuin 101.6 x 116.4 mm Wied39819980NUASALALITNAADUAIULLULUUEINT

a

1nsgu [31] wagldUSinaemuuivngay negeundinnisuiietesiunmsgadoanudunssesiam

o v o a

7 kA 28 TU lngnaaaunIusnsIANUATER (Strain Rate) Spuay 0.5 195888 2 AU AIMAIDALAULAY?

a

fodlitosninAndaviing 17.50 kg/cm? @unsamuiadlaannaunisi (3, 4, 5) uaysua

Y

€ To
A
Ac= (a)
_ P
oc= A_C (5)

£ A AMUASHANINLLIAIUKENNALA 9
L #e nngedilunwifwessisieganumiinnela 9 a1uldainuinsia

Ly fio  anuenifiuvesuyiediogns e am

v a '

A fe NUNMINFRLRLUDILIEIDE1 MY cm?

v ' '
a

Ac fo nuinihdanideuluannisiuim viie can? (feaun1si 3 waz 4)

P fe uwiinne niae kg

Oc fio mheusweanlaheiuidmsudmidnnale q wie kg/cm?

(n) wanueaiadddatu CSS-1 Tusnsdiumg 9 (1) NALYINAIDE1IABLATO UCS

o

JUN 6 NsnageumMANTRISALNUREIUTUUTIRMA MMIBYuTLLA LAz L aTTandTaty

]
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3.2) N1SNAABUAIINAIUNTLLIIR N30 (Indirect Tensile Strength, ITS) 1l o1M1a1 R
AMUNIULTIRIVRITaRUTENBY (Composite Material) mu1195§1U [22] nAFBUAIEIAI Be Universal Testing
Machine (UTM) dusisirognswunn 500 x 101.6 mm undadausegaitldnmssaudiuay 75 e feirdos
unSALUUSHTUTRA (Marshall Hammer Machine) wéavinn1suuiitedestumsgadoruiuissezinan 7
uay 28 Tu wssuuvisieesluosmunueamgil 25°C Tngliusinssinasi vuuisiog1suussunudusin
audnadluuiafneldSmnanuiwesiang 50.8 mm/s aunseaurisiaoganas faguil 7 wastudindr

UIMINNAGIEALTIATLINAIANUA UM ULTIAM 190N LagAsaunsi (6)

2000P
aDT

ITS =

1ne?

ITS

ANPNUAIUNIULTIAINN9DBL YLIe KPa

o))
©

~
o))
©

A mnnagega e N

S
o))y
©

UNTUANENA AR VRILYIFIDE19 YUY mm

T fo euvruIRaeuaLiediegne g mm

N

LAT8INAABY Universal Testing Machine

(n) () NAFDUAMUATUNIULSIFNID DY

JUN 7 MIVAEUANUMUNULIIFRINIERY

3.3) MINAaULUYRAAUAINILIINM198BY (Indirect Tensile Stiffness Modulus, ITSM)
dieusziilugdannuuda (Stiffness Modulus, SM) LLazmiLU?al*auLLangﬂiwwaqi’a@Lﬁaﬁﬁmﬁfﬂmmzﬁﬁ
Tnglussnsehlunndminfuinuvestousieds munnsgiu [23] nageusieedos UTM Muriaiietis
1A 50.0 x 101.6 mm uasafufegaldInnHauduay 75 st faeiedas Marshall Hammer ué?
yhmsvuitetioatumsgapdsrnuiuiissesinm 7 way 28 Tu wsuuvisiegdluiesaauauaamgl 25°C
fsuasamsdouiuinuhiudosas 15 vasa TS 1nauns (6) lagliimiinasmudoudaedng 0.1 Fund
1in 09 3unit TugUuuuves Haversine LA3esazyin1TIANTsvE18aluLLITIU (Horizontal Deformation)

AaTunusafingsin AUl 8 uduhnmsewinalugdanuuds Asaunisi (7)

]
v
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_ P(0.273+v)

SM Aht

=>.

19y

%)
<
31

o lugdaeuuds mide kPa

~

9 ANGIEAYRINTINTEYINANLLULIAY 11ide N
VvV fe onsndutheea
Ah  #e AnsidesUlusuiueu wie m

t AD AINUNUILRABVDIAIBENG YUY M

UM 8 Msvndeulugaanuul

3.4) msaoulugdanui (Resilient Modulus, RM) Aaianmsg i [24] nadeuseiaies UTM
Tduviaiiagevuin 101.6 x 200.0 mm UYaRIBE4ALYNUATALALIENAABUAIULUNLUUEINIININTTIU
311 warldUsmnanuduiivangan veseundsnnnsusitetoatunisgydonad uilsvozinan 7 uay
28 Yu udwhnismeaeuiigamgi 25°C tnslintinasuudousogne 0.1 Jundt W 0.9 und lugtiuy
Haversine audeulafiuiasgiudmun §slugrsusnidunisusvanimvesuisiregsdaonislidvin
A5¥IeN 1,000 a%s ntiuyimmegeuaidrouvadu 15 S8 urardduiinsadusuTnaLaz LI TEYe
funnsinatu Tuusagarduliiminnsgyingn 100 ads feguit o Waunsuagtufineanisvageu udwhns

AWINALURRE FaauN1TT (8)

Seyeli
__ Scyclic
M,.= » (8)
r
JGEN
M,  fe lugdadiusa wie kPa

Seyclic 7 wssinsgiluguuuudiluswiamsveaey mie kPa

&, AB  ANNATEANTUAL

]
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UM 9 msnadeumAnlugiaAum

5. NaN1579Y

5.1 namanageuaNTAiugIuvasTaqlassEsamIady

1) yunnazyesianlasEi Ay faguUil 10 nudn fIegred 2 wanseanUsUTILYEINS
nszaefigenindioded 1 uas 3 laswamnzluriadavunnansiadn Ssenaiinainnsnszanesvesian
flaziBenuniiululuuisdin msdeavudntesvesdesaziiunzunsanasgiuues 4 uiSewndves
Faquaasniloifa lnsanmuaninainnisinizdivesueailadifuiiiadeuiiasiuveaian RAP o
nanszatBruaRazvasiaglnesiuiiy eglussduiivonsulddmiunmsihlvesnuuuduiansluda las
AuuAnAeTiAad uidughdsauuUsusului uil uasnansgnuresnsinzdivesueaiadiia
Fesndusedlifunsuiuusdeansaimelumendaiovaetesitedinmany Sy fhagnavieana
yadumldunisnszaedilndidsstu lnedanadonsnsznsrnanas it lndinasiunsguiung

umgnuile n. [19]

US.STANDARD SIEVE

110 1" 3/8" #4 #10 #40 #200

100 Wﬁ%’- --e--Sample 1
90

80

— e— Sample 2
70

e

60

%PASSING

\ —a- - Sample 3
50 A A
40 \ i
—X—Ave.
30 K- 3
N
20 N
10 =TS —a—DRR %iln N
T ]

100 10 1 0.1 0.01 0.001

U7 10 MsilSeuiiigurunnanazvesiaglaseasiamusinyesdnindis RAPRCR winiuseway 25:75

u

ULIRNTZIVUTUNUNA

2) ATIMLULUUGNIMRIULAT USaiA T ufingan faguil 11 wudh Arnnnuuduuie
g98AinAY 2.291 g/cm’ lagA1 OMC winiuseeas 5.60 Yesdndunay RAPRCR Wity 25:75 lagazi
A1 OMC fildanmannaeuiiasld i duardnsumsmunuuiinanilumsmeaesdu 1 lumsdifiumuide
fustely

]
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2.35

230 Ya = 2.291 g/cm®
2.25 \

2.20

2.15 //
2.10

2.05

DRY DENSITY (g/cm?)

0 2 4 6 8 10

OMC = 5.60 %

% WATER CONTENT
JUM 11 AUdUiuSIenImANILLULASEeEARAL UTINANUT UM g AN YRR T

RAP:RCR winiiusasay 25:75

5.2 NaN13eaNLUUNIUSIIAMYUTMUATNNzaNd MU TauasIY
ldl U U ! d‘ a = I3 ! L ¥ 1 ¥ d‘ ¥
INFUN 12 Wy MegrivTinaudiuuduinduiesas 0 liaunsanaaeuls ewindeu
Areg1slusinuaiunsalunisdainie vilvnatgluseninatuneunisuriinewilunegeu Jeldun
a I aou & a =~ s & & D a X - o |aaa o
Wnsgilunuifeivinayudiuudimsdudmwalian UCS Wisdiu esnnnsviiljisenlanstun
auysal wazyilviAnAnuLuwiesianuIasngtu o1adunssyuduudteduiminvesTanuiasi
o vu o N o U A Aa & v a = sy
wazyiliTaniinsdudauasn1sdntesnandy wagkanseenuuuilasulai YSunayuduudiniosas 2.82
Tngvtinveswiasin vibiianuiasiusial UCS wirduandhmuneg tngastSunaudwudimangaudll
T durdmsunismivaudinayuduudlunisveassdu q lunisanduauideduneld el sy
Usmaudwudluiaglasasonaiunindinnaimingay vibitanwaniulasuanmiuianuiase (5]

& 35

§

& 30 2
e

i

5 25

5 /

e 20 %

Z

g [1750 -

Q

: A

v 10

e

9] /

£ 5 e

(=

[¢}

‘Dé 000 100 200 300 400 500  6.00

2.‘5'32
%Cement by Weight of RAP:RCR
JUN 12 AnuduiussenineUSunaudiuuiiar A masnunufeI1098n 51831 RAP:RCR

WInAuSasay 25:75

5.3 uamsnagaumaNURdenavasnmyulsudaatuniaaunduanldlvifienisnagautugs
1) wansnaaey UCS Aeguil 13 wud 71 CSS-1 wirdiuTeway 0 uay 1 1eegnsuy 7 uay 28

Furilian UCS wesfoustognaiunueiilnmung wiidu 17.50 kg/cm? e CSS-1 wihdusesay 0 1 uag 2

iliiAn UCS Mongnsuasia 28 1 fA1aand1Mengnisussa 7 U wagUTuna CSS-1 wirdufevay 3 ndu

]
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a

danaliia UCS anas 1umnunann CSS-1 WownndavzUasuansanuseieiia (Surfactants) Afiuszquan
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Natve) aﬁagwﬁ'wmizwmiifai’m,ﬂ‘%'amm&%dLLm (Optical Mark Recognition: OMR) iaufteym
AU LA TORANAININNITATIAIBUTINUAY TneldimATlan1TUIZHIaNaNINATTATINAU N1TTIUA
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wisdamnm uaznsadnandnuale THuA Aedeseiuaudi (Mean Intensity) mauUsUsau (Variance)
LasANMUILLILYDIRnIa (Pixel Density) Wiasuwunin “du” wie “919” nanswSoudieu 4 33 laun
K-NN, SVM, Decision Tree Wag K-Means + K-NN wuimallanadlia Accuracy lRAAINNNTNAABIEN
wmm%qqqmﬁ' 99.30% (SD = 0.23) Yauzfin15UszIIusY Confusion Matrix YBIYANAADU 3,000 AIDENS
91 Accuracy 99.30% Precision 99.11% Recall 98.56% wag Fl-score 98.83% Wan15naasduiuINg
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Abstract

This research focused on developing an automated Optical Mark Recognition (OMR)
system to overcome the issues of delay and errors associated with manual checking. We utilize d
Digital Image Processing (DIP) techniques combined with a Hybrid Classification approach employing
K-Means and K-Nearest Neighbor (K-NN) algorithms to enhance accuracy and reduce data noise. The
prototype processed 15,000 samples from 100 answer sheets (150 marks per sheet), divided into
80% training and 20% testing sets. The methodology included image preprocessing, segmentation,
and feature extraction, focusing on Mean Intensity, Variance, and Pixel Density, to classify marks as
"Filled" or "Empty." Comparative results across four methods (K-NN, SVM, Decision Tree, and
K-Means + K-NN) showed that the latter technique yielded the highest average Accuracy from
multiple repeated trials at 99.30% (SD = 0.23). Furthermore, evaluation using a Confusion Matrix on
the 3,000 test samples confirmed a high Accuracy of 99.30%, Precision of 99.11%, Recall of 98.56%,
and an Fl-score of 98.83%. These findings confirmed that integrating K-Means with K-NN significantly
improved the system's correctness and stability, demonstrating its potential for real-world

deployment without reliance on specialized paper or high-quality scanners.

Keywords: Digital Image Processing, Hybrid Classification, Optical Mark Recognition, Feature

Extraction, Result Analysis, Confusion Matrix, K-Means, K-Nearest Neighbor
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nsUszanananIwAdvia (Digital Image Processing) dunumadiAgegrsunlunisunlateadiinuesnis
AT 0FBURUUR LAY WATlA 19U N15UsUUTIAUNAINAIN (Image enhancement), N1TWUIAIUNIN
(Segmentation) uagn1sanafinwMe (Feature Extraction) gninanldlunisuenuazasiadusmiunianis
flumnauagautuguaysInsa feg1ady 91uves Tran Vu Ha wag Neuyen Thi Thu (2020) Tawaiun
5¥UU OMR ¢78 MATLAB ﬁam'ﬁamaa%’um‘%'awmsﬂé’gﬂé’mﬁgmm wifvzdunuuresunainvategukuy
[2] vauefiszuuitld OpenCV wag Python Aflnmiinazaruusiugrgdlunisyszananammeusiuiuann

Y

(3] oAl 91BN Ravindra S. (2025) TANAUITEUU OMR UULUINIINSUSELIaNANINAINALAY
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nsiouiveunies Jsawannisiiamgunsalaunuianis Tngldndesdlefiovieriuuaumilunszuiuns
atedouldogsiiuszansain [4]

Iuﬁaummé’aﬂa'%ﬁmm,%'auiﬁumLﬂ%ﬂ (Machine Learning Algorithms), K-Nearest Neighbor (K-NN)
foudunilslumaiauuy (Supervised Learning) Ailduauiien fosmndnlade fsvevianyszaanas
LLaziﬁmml,m'usi’wqﬂumuﬁi’wLLuﬂa”ﬂwmzmw WU 1R OCR 7A57U590T U oy Preprocessing,
Segmentation, Feature Extraction, Classification LLazgﬂ‘Lﬂﬂumuﬁmﬁi’ﬂﬁaé’ﬂmmaﬁaLLazﬁz’J’ammwaw
mw (5] Bnnadafienansiinamientsdt KN WUldlununsandeunmiidudeu (Wu Blob Detection 3o
Social Image Segmentation) wagwuinnsidenly K ﬁh‘ﬁmmzamhﬂﬁiwuﬁmm%mjuuawwfams
Wasunlaswaanwldd aguléan nawau K-Means Fanguteyanou) fu KN Fuundugasiie) 3
nenmgdlumsfiumnuusiuduazanamdudourestoyanmioaoy

UATeneuming WU 91uaes Hemandez Mier wazamy (2025) Teiniauessuy OMR wuy
unsupervised @1m5UNIATIUUNBTUTIVIUNIN LnEUs8ENANITNTITUYANISNALELUNANTITUTNG
miudanefiu DBSCAN Clustering Lﬁ@%ﬂﬂﬁuﬁ?%mﬁduﬁmm%LLEJﬂmﬁﬂﬁ]%ﬂaaﬂf\ﬂﬂﬁiyjiyl’]MiUﬂ’m AN
Qﬂi"uﬁaﬁw%gumu Preprocessing 141 Median Filtering \iean Noise waz Adaptive Thresholding Uy
dosdaana Hlussuud Hsv Wlesesfumndnitinuduldainane venanideldnsuianuiaiou
\W331R98 homography/perspective correction Lﬁ@lﬁeﬁLmu'am%ﬂgﬂﬁmdauﬂizmama HANIINAADY
TBUANLLLuE1E9E 99.95% Tusedudadon uar 96.15% lussiuiudy agvioulidiudsussansnm
Y99IDUUU unsupervised clustering $aAUNTUTELIANANINAIMTUIIU OMR [6] Turinueefanu 91uTed
Surlakar, Araujo &g Meenakshi Sundaram (2016) lavinn1siUSsuliauUse@ns nnaeeds K-Means
clustering (wuulalgUnaniiu) Au K-Nearest Neighbors (K-NN) (Luuii i) dmsusiuiusdiunin
waznuluuisyateya K-NN 19d1 Mutual Information gandn K-Means @sazvioulviiiuinas K-NN enadl
AnumnzaNsnniTlunsdidesnsaausiuggeuasiveyadiogauuuiithei fuiiismedmiuns
Hnaou [7]

Tusn@unia qﬂuaqﬂL%aiz‘uuL?'{mﬁumiﬁmﬁﬂawﬁaim Memon, Sami, Khan wag Uddin (2020)
F189UI191U4IF8AU Handwritten OCR F1uiudineIdunisanananuvaeiisadfiiy moments, zoning
LazFITIUUNUUY k-Nearest Neighbors (K-NN) Gasfnlinanisduuniimiledeyaiimnududeunulaidaudy
[8] vauzifieariu uidediu OMR varedulduszgndldinaianisdanauuuy K-Means iitosauunaanm
LU UTEIE N BAIZ NSNS A FI0819WY TS Sancar wazAmE (2024) Fuausds “mark density-
based clustering” 1t aLfi uA112vB95EUUABTUUUUNTHUT AN aR usEUI v LU UNAgDy [9]
uenanil unaudivallae Singh (2023) SeldmunumedansatnaudnunekaznsTuund WU

Yo = o ) v ] 1Y) 19} a aa.l = 3

2 191848 Wi@mﬂﬂLuquﬂqilsﬁ K-NN i?MﬂUﬁﬂﬂmaﬂwmszaammﬂ ] VINDAYIUNUINVBN K-NN Iugﬂuz
o o Py a a ° a

mfmLLuﬂ‘VINUizaﬁ/lﬁmwiu\ﬂuﬁmma’lEJJJE] [10]

Pnuddewalanuseaguliinnuneunihdnlnydinadatunnisidmedalamatianiaiiesatis
=~ Vo = i I a 1Y) i A o
Wen uazdelununuiidnwedradussuuifenfunsnaIusening K-Means wag K-NN i oiaunseuy
nsRtedeusnludAndavgularansnsesiuleaaumivilifesefunsearuanizla

ag1915Anu 13T LY K-Means 30 K-NN woniu tnedeldfinsuauiasunaialy

v ) wa 1 I ~ & ' a o = ) v a

sruunTIvteapusnludfegraduszuy Faluyeddneweniside (Research Gap) Meuilsimunlviin
UsgaAndnngagn
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INATNUNILITTUNTTUA UL WUTW3Tedu OMR daulunaiinldinadia K-NN wie K-Means Tu
msduunRafnsuLsniuBsfaUssanswlumsdinnistuauulsusuvesdeyanudnuus latinan
seurlufiliasiiane vuitedTeinguszasindnilowaunszuuanateasusaluifdemaianis
Us£ananan AT Ny nMssuunuuugnEay K-Means way K-NN Tngszuuagiiususienisuiulye
A1 (Preprocessing) N1IWUSAIUAN (Segmentation) kagn1sainAManyMly (Feature Extraction) nau
dithgnszuaunsianguieyasie K-Means Clustering Liloananuulsusiuvesteyauagyimiiidu
Pre-Classifier 19ntiufsdsnadnsaaludy K-NN Lﬁ@ﬁ’]ﬂ’]‘ﬁo’lLLuﬂNﬁﬁ’]@@U%ﬂﬁﬂﬁ’]& n1swaunaialy
Snvnzdfidmnefiefuanuududuasaraissvesssuunsradeany OMR IldaunatuUszavsam
Tunisuszanana

winualunsidenlddaneIfiu KNN way K-Means 1193910 K-NN Sgaisiudiuainuiouitouay
Uszansnmgslunsduundeyaidenin vaedl K-Means ansnsaannrmdudeuvedoyauazannanszny
INFYYINTUNIUABUDIGNTEUIUNITILUN denanufuastieaiutimnuuiuguazanugiveszuy
uannG MsIsudisuiumeaiinau Wy Support Vector Machine (SVM) wag Decision Tree Tusuise
rounth nuhiflenududeuredieauarlinanssinanaunnt Sudenldgmaiailunuitediolils
aunasEIANUkiuguayseansanlunisussanana

n5l4 K-Means Clustering 1l Pre-Classifier tipananuuususiuvesioya azdnalimnuusiuely
N15914UNYBY K-NN (K-Means + K-NN) aand1n151d K-NN, SVM, uag Decision Tree Lilgsag1aiigag1adl

0 [

DEGRIRA

<

2. YAULIAIIUIRY

v
a0 v

neiseadadiadumstauduiuussuunnatedeusnlutd Ineldmadansussinananmiasa
S2ufUSanes Ty K-NN uag K-Means iaduunuaziinssidinauainnssatuineuioonuuufuame
$1uau 150 4o nwarvesimevaniiunisiunanfiudieiuae 28 Feyafiianldldanisnisdenm
fhendesazmsainy TagnmnszaumnsugnaLnuseLA3esaLny Epson L3110 fiflanuazidunidauas
(Optical Resolution) 600 x 1200 dpi teUusinidulnaninaiia JPEG LﬁaﬁwL%’Wdﬂizmumiﬂizmama
abesiu

Tunszurunmsimul agldimatianisuseniananin (Image Processing) LﬁaLLUaaLLazm%‘am%’aga L
NIFYINNINYIIN NTARFRYYIUTUNIU Lazn1sLENUTfifosnsaTIdey mﬂﬁ?uﬁﬂﬂmé’ﬂwmz (Features)
faraldludszananase K-NN dusunissiuundiney uagld K-Means lunsinngudoyaiiioanaas
aaadelun1TUsinana Tauteifiuauuslugvesssuy fuuuulusunsuasifmudaeniw Python
TnessuuiRLayIAdeUULRSaIRauImes CPU AMD Ryzen 7 4800H with Radeon Graphics ALLE7
ﬁyugm 2.90 GHz, RAM 16 GB, 1958 uuUuan1s Windows 10 Home Single Language (WU 64-bit
operating system, x64-based processor), lausi3 OpenCV 4.8 uay scikit-learn 1.4

MsUsziiuNavessEULIEYlasmsSsuiisumauiuglumsiuundineuin “gn” viie “fin” e
deutunmansalaedussiliuayed ndeuisiaussAniamiunailunisUssianauazaauiaiiosves
szuv nauiegeilazidunszauimeuaninSeuswunds Inesriadeyadilddmiunsiinuasnaaey
157 100 fheghs osmnlassmsiidunmsiamudunuu (Prototype) YOULAYRNWITET I wiunsiiganl
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wwaRn (Proof of Concept) wazUszifiupudululivesnisuszandldluswan unndnsihluldnuass
lusgauuminendenielsaseululagiu

wonaInid nsuUsELTUNasIAIUINAN Accuracy, Precision, Recall Wag F1-score Wi Uz
UseAnsnmnisduunideindiimfsannisieudeunugndesialy Tneand iamandeaelfanuse
Annriaugaseningnnmmseduinouigndesiusnsmmsiaia Weasvioumiuannsavesszuy
I¢iognensounguanniy

3. nqufiieadas

NSWALISPUUATIITaA0ULUUKY OMR 89lusld n1svinamdilauuadediugiunimgui S
AudAyee1eBe Wesnnduiiugiuiivaefmunisnisesnuuuuarseifiunavessrutegiadussuy
Taglanzegedsanuimwnuy msdszananannidsia daduileddglunsulasamnszauimenli
oglusuiiannsnyszaanald uenaniidsdingin madansdangy (Clustering) wag n1sduunUssLav
(Classification) anlfifteifisuszansamlumsszydinoufignies sanesiufidunumddglunuifed
LA K-Nearest Neighbor (K-NN) dwfunisiuuneineu uaz K-Means Clustering dwisunisinngudeya
Dowiu fufu duilazhiauenguinazuudeiiioades itedunseunnudiuguiiaduayunisiau
sruunTIterousmluRnUs AvE AmannBelu

3.1 nMsUszunanNan 1wAdNa (Digital Image Processing)

nsUsEIIaran nAiYa (Digital Image Processing) lunszuunsusuUTmazuUasnmlvioglu

g"dLLUUﬁmmzauﬁm%’Umﬁmiwzﬁ Tnerhluuszneudensulasnmaidunimerim (Grayscale/Binary),
nsnseaiieandayeyiassuniu (Noise Reduction) agn15uUsdIAIN (Segmentation) Lﬁ@LLSﬂ’?@qﬁauiﬁJ

[
a

pananfiunae [11] wealansulasnmlimdunmiiusi-a1n (Thresholding) @unsadenulaea

1, if f(x,y)=T

9D =1y, i foyy <t W

loedl f(x,y) AoA1AuNYasiAwansIwius (x,y), T ADAIAUTUINATTIAIRUA LAz
g(x, y) AeAmadnsudsnisulasnmidumiusi-u1 (Binary Image) [12]

3.2 NM3AsIdRaRUAEWALA OMR (Optical Mark Recognition)
nsnsateasudemnaia OMR ilunszurunsnTIadulasseyfumisesnsinaIosvaneg
(mark) UunssawAneuLUUdenaeu Tnealuldnszuiunis n1suszunanan niana (Digital Image
Processing) lilonsaamanunizvesaaiigidnasusiuasl [1] FsUszneufiensnrniuanudivesfinea
(Pixel Intensity), Msueninnoona1niunds (Segmentation) LLazm33miwﬁ@aﬁmmmmﬁuﬁﬁgmu
(Filled Region Analysis) luidsaginanans nsmsiasunsuanansassuiglddenisduine wisay

¥
v

Wuresiinia (Mean Intensity) nneluusnandivune (ROI: Region of Interest) #gil
1vnN
Imean = ﬁZi:l I(x;, y1) (2)
e 1(x;, y;) Aorauidiy (intensity) vosfiniaiidumis
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(x;, v;) wor N AodnuiuiinaaluuSnauinesan Mna Lyeg, $10711ANAUTLIANY

'
a o

(threshold) fiMwuA sEUVALRATUNIITOITUYNITIIATOIVILNELE?

AUNIMTEIRYVDI5ZUU OMR AaTgnIn151989UIuHUAINBY (skew) finTuludunouns
aunuvidensaneam SsenaviliiumistesdneunaairdeutaznsznuaNgnFeslunInTININ U
389 Gyamfi waz Missah (2017) Ifausisudlatlymillaeld Standard Hough Transform (SHT) wiladum
Fuidalasaadna (structural lines) vuuuulasy nduuszanasmdssasninuasynisvsunduiiiol
wufnevegluifigndes nadniuansiisdannsouitaymnindeddeedussnsnmluszuy OMR
[13]

3.3 9an@s7iy K-Nearest Neighbor (K-NN)

danesfiu K-NN WuvilslumadansiFeudiuuiidaou Alduanuien Weswnflasiaiisidiila

fouaghifesnsanufgiudsadafidudon K-NN dnoglungy Instance-based Learning ¥io Lazy Learning

nanfie unuitzaislueadndamansiu danesiiudiaziiudieg1etaya (Training Data) Livisvun

A ANy v ° ° va L. . ] % T v Aa 1 oA o
waziiledideyalvaiitun awvinisauiunulnga (Similarity) seniadeyalnifuteyaniegieriinig
vo &

Tuunaara [14] Tneviily anulnadaseninsleyalienineaeg Euclidean Distance gafuiailansil

d(x,y) = 2, (i — y)? (3)

lngl x = (X1, Xy, ... Xp) Ua2 Y = (¥4, Vo, - Vy) AOINMDTVRYALUIR

nuay d(x, y) fosveeniaseninadeyaaedyn

A v a . . ~ < a a A

wiandonldszeen1skuuyAin (Euclidean Distance) 1 o331ndusseen19dusu1And
azviou “anulndifendeligl” lanselunsaniign wanedudeyadnmidinudnvusduduavsaiies
WU ALRE 8ANULTY (Mean Intensity) LagAIUNUILUUIDIRNLEa (Pixel Density) §edl@inatfganu
uenanil Euclidean Distance §9a1u15ainauuanm19989a nwazn1nlaeg i@t osninuazdananu
o v a o ° ' a A | a ) o a v
FUYBULTIATUIUAININUATNBY LYW Manhattan 158 Mahalanobis F94UUIEAUTEUUNABIUTEUIANG
PUULINDYNNINTITOFDUSH L ULR

VRIINANUINTEEENILAT K-NN Aziden k feg1391lndian (Nearest Neighbors) 3anynadaya
#n (Training Set) Lagdndunan1sauun (Classification) lnansld Voting Mechanism #3on15lnasides
LN LU

y = argmaxcec Xi=11(vi = ¢) (4)

lng?l § A naanwsveInsviung viveamangniuun (Classification)
arg max.ec MHN8Ha N1INIAT ¢ NRATINYBIMBNAUVAIAEER Iag C Aolunves
& A & 1
Aanaisnadulule

Y I(y; = ¢) e nMstudwauves K-Nearest Neighbors floglunsazaana c
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k fio Fruauiveuinuilndngaiivuall
I(y; = ¢) f® Indicator Function @1aglialu 1 dniieutnudan i sglupaia c uaslv

Awlu 0 e

drunasInvesAIAILAAIALAG BuANd9Ees (Sum of Squared Error: SSE) gidanidudladidy
TrgUsvasAved K-Means ins1zaunsadn “anunsendavesdeyalundanes” laegrnlugusssu an SSE
Bationuanyirdeyauraraneglndisunsesdun wlvinduinnudnausasuonantuléd n1sanen SSE o1
7 luwragsevadunalandnivillif K-Means anunsamnisdanguiivsnzaniigaldogissniuass
BRI

ag19l5Anu UsednSainves KNN ﬁﬁuagjﬁ’umﬂﬁaﬂm k Amzay [15] madenan k 1én
Auld eravinliiluwaalasie Noise (Overfitting) usivnnidenen K Tnajiiuly fenvviliaadsainuudug
(Underfitting) Lﬁaqmﬂﬁffaa%lamﬂﬁa’laem 9 urUgdunu [15] fafu nsidendn k sivilnenisnaass
(Cross Validation) tilevnenflmnzaufigadmiuusiazyateyaianis [16]

3.4 9an83914 K-Means Clustering

gane3iiu K-Means Wuinaian1sdnngudesya (Clustering) wuulsidesfliaou (Unsupervised
Learning) fils¥umnuilongs lesanillassaiafsuieuazdnnalfodadiussansnm tnefinguszasd
diewdstoyasenidu k nau uazynsumisgudnans (Centroid) weausiazngu tielszaginsszuinedoya

uazAugnananguiientieniian aléan Sum of Squared Error (SSE) fsaunns [17], [18]

~

9= TS | - | s

)]

i
A o a o sal .

n] Ao f\]’lu’luﬁM’l“UﬂiuﬂaaLGlaiﬂj

lned x;”’ wiudeyadieewindui § lundawmesi j

14j A WUNTRUAYDIATALABIAINGT

NIUIUMINUYDI K-Means Usznaudie 3 Jumounan laun 1) fuussiuiuadawmes k uay
WHonwunseealsuAY 2) Inasstoyaidndadameiniigunsesn lnaaan1uszeenia (1Wu Euclidean
Distance) Wag3) AulnigunsaealninnAtadsvesdeyatupdanes wagyigidunauauninen SSE el

A I A v o o & Y o v & = N v v
WaguuUasegaiidedidgyuanainid K-Means sgnihanldidutuneuiesiuivedisananududouves
Toya noun1sunlUlgiudanesfiudu wu K-NN lngnisandiuiugateyaiidesuSouiiou vilinisduwun
Usznndnusiasitu waganunsaiuauuwiugilatuunensd [19]

Tuusunvesnuideil K-Means lildgnldiludiduunduaning wignussendldiieduduneu
Wosuludnwaizvas Pre-Classifier Wag Feature Refiner lng K-Means yuiifdnngudoyanudnuaei
SRE% | ° v & ' ] A o . ' ] & . &
afinlaanvesdimeuliuasingy ({u/319) Weiimun Centroid Yedwsazngy 9101 Centroid wia1ilag
gl dusunudeyalunisfindulina K-NN Tutumeudinly nsvhausiufuauasdutulineliin Hybrid
Classification Pipeline (Ensemble-like System) &silivsneiiioananulsusiuvestoyanaanuuznou

WgnsTwunee K-NN dudaalinnnuudugiasainuaie sueeseuunsiatoaay OMR Liingdu

Uil 22 atudl 2 nsngrau - FurAw 2569



221

4. MIniiun13ive

mssdunmsiteadsignesnuuuliiidudunoudnauiionaunssuunsateseusnluifuuy OMR
Ingldmaliansuszanananinfdaasiuiusanesiiu K-Nearest Neighbor (K-NN) way K-Means Clustering
Tngagunszuaumsviauamsautseenidu 4 funsuvdn uasfinIwsaunTsUIuNITNUTBTTUY
avadeaeusnlusAfuanafaguil 1

Gulusunsy

Fudayanm

&
AsUsZINARANTWLUD IR

ANTUUSEuA N

nsanAAMaNYME

m3vangudaya K-Means

K-NN Classification

naawsn1sATARtedau

FJUM TN

FUN 1 MNTIUNTEUINNTYINNUYRITEUUNTIYRAR USAL LA

U 1 ANINNTEUINATYNIIUTRITEUUATIIToaausnIuslA (System Overview Diagram) 3
Uszneudne 7 dunoundn taun n1ssunmn (Input), nsUszanananmesdu (Preprocessing), N154U4
d3Un1W (Segmentation), NMsanAAMENYME (Feature Extraction), ms%’mdwﬁamﬂmﬁaqﬁué’w K-Means,
MMSTUUNNARIY K-NN Lagnisuansuaans (Output)
a.1msléunTediaya (Data Acquisition)

Hoyaildlunsidondsillfunnmsasismansznudmeudianssiuau 100 n Fvoenuuulid
dnwarlndidsstunszmuimeuinnsgiuililunisaeuads nsluusasynaziiiumisvesiesdneuuas
sUuvumsiadesiitanu dWelinisussliunaiauanaianniign ieanaudndes (Bias) flenaiiatu
Mnyadeyadiasuar I asiianeifisasuuuuiiien gadeyatmunisgnaireduiedianeniiu
yannvanevesgULuuMsHuTnUlias (B it dugeu duliiiiy uazsesda)

nsgmummeuianuagnidngssuulugukuuATadeIsng aunukaznisien Taeiimun

ANuazLdendl 300 dpi Fedumfiunzaunen1snTIadusessesnsHuRuas MeluAUANNANTALATIUIN

]
v o

Uil 22 atudl 2 nsngrau - FurAw 2569



v
g

LAINIUNIT
ERGINK
Y
A8l 09

9

sHANuLagnaaausTUUluIY

i

WaAIUE
UANMUBNUYaTFADAAFDINUAMNA NI

PNG i

o

9159

JPEG
(Double-Checked) Tag

o

2
a

MIIVADUAINUNNAN DIYN

Y
7319)

AUINTFIU LYY
1/
U

13
v

9

v

[
[

Y
Y 9
gudumnuIIeN v YATeNad 1N UNT

Y
Y83U8LANNAIBE1Y

J

NTNRUALE

Y

(Labeling)

L]
W1 gray

&

ANAU
Hunns

Ground Truth @n

Joua
Y
Tl T4

o
17

'
a

NWATNNNEANR
Y

Tvidulainte

'
&

dnlylnaawduly awilepnudadlveglusuwuuln
Sk

222
Uszulana
LEAAIAISUN 2

17

v
=
=

LUIANANINLUDIRY
NULLaZan

u

TusUwuu an

[

¥ 4
7og
Y

190 TUADUMAITIANNEIAYDE1NEY L UDIINFILHNNANNULLULIVDINITATIAIUNUNAG

Us
Jagl

ABINTUTUANBUNT
Y

000900000000 0OOOBOOOOCOBOOOOOE
lololo/olololclolololo] leolole] loolol lolololel lelole] o
| Jo] lelelole]’ o/l lololel lololel lelelel lololelo] 100
o] lolel ol o] lelelelel lelelel lelelolelelelel lolele]
OOOO0.000.00.0000000000000.000
GHOIgSNRARAHAARRGRA8SYRINSSSS

OOOOOOOOOOOOOOOO0.0000000.0000
lolo]_lolelole] lol lololeloolol lo lololololel ol lololo
lololololol lolel ol lol lelel lojelel I lolol lelelo] Io[e]
[ Jelol lelel lelolelel lelel leloelelelelel lelolelole] 1o
(o] Iee] [elelelelelolele] Jelelolelclele] Iojelelelolele] ]
seR3se5ee85883885882nNn2ashad

| Jolelelel lolel lololololele] ool lolololol leleole] Iolo]
o] lolololol lolol ‘olol leololel lolol” lolo] lololololel [o]
lolelelolololel lolel lololelolelolelele] lololel lof lolo] ]
ool lo] lelelclolele] loe]l lefo] leleloleloele] lolloe)
(olele] lelelelelolelolele] [elelojclolele] Jelclelclo/clolon
CUSIVSLEBIRINNELCERRR5U33835688%8
lolole] lolololclolelolol lelololololclolololo/ole] Iolololo)
lolololo]_lololololel [ lol lololoolol 1 lolololole]l 6lo]o
lole] _lololololelol lolelelel lololel lole]l 1 le] lole] 100
(o] lelelelolel 1 lelelololelel ol leleloleolel lelooel T ]
900000000000000080COOOOOOOOE
AHRTRRERASTYIISLISRAHURABRERAS
(ololo] lolololclolelololo/ole]l ololololole] lolelololole] |
(ool lololololelol lolololel ol lololelel lol ol lolol Io]
(olelele] Io] Iol leol loloelelele] ool lolo/el lolole[old]
o lolole] lol lololel lol leleloe] lolololelelolel lelelo
L_lelelolololclelelelole]l lelolelolcle] lololelelelolel lole)

'
=

[

a o

[
o

RALEUTI81LANINATALNUNIBNNT

ARaLANnNLL
=

5
x

[02080CCE000C00008200C0080CCO0E
ICE000CCO0CCE00080008C0008CO8C
|058900C908C008C0II0COIIVCORO0
IC8009CE0800CONOCONI0CID00ECO08
ICO0000C0000CHI0CCIOCIRIIOCHO0!
R B R EEED

+|CCO00CCEO0CCO00CORO0CODO0E00C
2|CCH00CCe08CCO00C0BCCO008CHAC

1 o 0908CO8CECA000008800000080C
0O00COSCCEON0

S00C uOO.ﬁJoQ(OQHJ
FETEEEEEEEEEER

ol
%au LUBNAINNTTATIVIUIBDITDYNIT

a

L

YU

Z[3

U

T

dvdﬁl
ANAIU

£

:‘: :l- n
Plalunsnnass
Ju
=
2198

EUNUTUNIU waguAluaNm

[5

o
S BEEH
Alsicible

°

'
a

3

E[

$IANANETULAANAIY
Un

Tngs1ea
Y

1/2/314]5

$oln v

6
7195

i n:.:u.“,u,::u”.:_.u:::
3 [*[ +|CO080CCO0CCTHO000200CO0ICe00E
= [¥[7E|c0000CC00CHE0ROCOT088000CCH00C
CCR000C008CCO0COIB0CHIINCOOC
(0#0000G88CCC ooc.oooo}oooqso.

a

(9

r

AIBVYNATEATIATNBU

(Grayscale Conversion) AW

[

@
o
'

a

$ ;nvusuauuw.u.u u..aof:.»:_uwaum
uUOOOnnooonoco.Ocooooooan 08

AN AILARS

AU

UUn

AW (Preprocessing)

v
[

yln5Us
@

w & [~umens 1-A|..x...xnu nzunnaxnnnx -

¥
=1

UM 2 uana
saanan WU a9d
PIUNBUNITVILUNNAANS
LD

&)

1) MswlasnIndunIng

9

I

¥
=

AITUAANATIAVIDILNATU

¥

YSUUTIAUNN and
a al o

FOINTISEIANUITNYBINNLYAL

o

a

'
a

(Preprocessing) Lie

NBUNITUIVBHANTNLUIGNISUIUNTIATIEN 1)
d‘

(8-bit grayscale)

4.2 n15Us

SLAUWN

W

o

v

(%

FBENNTTAEAMINDUTNNNTEAUYN LazN1TAANTOURNIZAINDY

2569

Y

- §uAY

SUN 3 Lana

v
2 nNINYIAU

Ud‘
UUN

U 22 2



223

2) MsUsUAIMNALTALAYAIINETINN (Contrast & Brightness Adjustment) iel#sessaan1seu
AuApIAUUANAININHUNAITALIU ANAzgNUTUTEAUAINATI LA ANUANTRDEN LI AL NTEUIUNT

TUaANANIZNUINANTNLIASOUNTALAUNIDNITANY LU LasaI 9 llaiLane
3) NSANINAEITUNIUAIY Gaussian Filter dyeyrausuniu (Noise) AARIINATTUIUAIIAR NG
QNanvVauRiY Gaussian Filter Foilvinmilauseuideudu uidinsseaziBunidday Wy veuvedves

ARBY AaLARIAIFUN 4

W3 blurred_image2 Image = o

UM 4 uansnegenseaeinauin nuaeiilaainnsld Gaussian Filter

4) N3wARULB8a (Deskewing) NTZANUAINBULNYADIAANNTIBEUANTDETENINNTARNUNTD
drenn it eudladamid 591933 Hough Transform [20] Tun13nT193ULdUATY WU WEunTEUTDS
nszaudRoy ilevanmunnBsuazfunmlioglunnssuufigndes nssviumsifaruddose
msdnsumisvestesimeulinsatudumisaslunsivuufauansdsgud 5

100000310000
2|00000|2100000
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5[0000@|351000@0
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i olel Jololrl eJelolol |
1] (01 JoJole] Kl eJelel J6)
itl [0l JoJoJolKH eleX JOole
&l IeJoJoJol k-] o XoJoJe)
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4.3 N15HULEIUNIN (Segmentation)
Wions19duusnatesineu s2uUldds Contour Detection 2R UNISATIIMIFILILIATIvEY
n3¥AY (Anchor Points) ilaudsdunsymuvoenfiudes o fdenadeiuidon n—s nsutsdiuiiaagld
ausanIvaeUANIiIveINTSHuAuaslaag1agneeg [21] @ﬁLLﬁm@fﬂEUﬁ 6

JUN 6 nmmmdsannniswdasnmlilunmiiudi-aa (Thresholding)

4.4 MATeiinaneae (Feature Extraction)
#§9 N9 lavinnsUszananan nilasiuudl Tunsudauife n153nssiaAnNanyMe (Feature

(%

Extraction) Fafinnuddgyeenas iesnnaudnvueilazgnldduduwnuredeyafvaindesiineu e

i luldlunszuiunisiiwun (Classification) Aredanesiuiidentd lunwidel lanmunnudnuaevan

(Features) U0LARZTDIAINDU MYl
1) ANRAYIZAUAINLLN (Mean Intensity) AIUIMANNANAABVBINNEALUNUNTOIAINOU LNDUS
= 9 a Y] Y ' a a1 v P I =
UaNfeMNUILRAEYRINTNY MnFidaeurudy Aladeailatoy (Hosanidulnuile)

p=—3, (6)

ool u Ao ALRAYTEAUAINLTL
I; A9 AAITLNYBIRnLYa
N #9 §ruiufinaninue

2) A1AuUsUsIU (Variance) T8 U1uanfiaauwana 199990158 ulun ui i o2y induly
alnEne AANWUTUTINIES witHuuLazallate A1ALLUTUTILAZN

2 _1ynN 2
0% =2 Ni=1 (i — 1) (7)
3) dn1duNuNNgnau (Pixel Density) AMuInAINdnsId@WTWIUNNaNiAtaendt Threshold

(Rodgnilu) sienuiiianuavesasiney galdlunisuvavenitdeniugnauinntesiiiedds

D= Nrilled (8)
Neotal
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108# Npjjreq AD SMuUTinaigne

Nioeqr A9 AIUAURNGATIINUA

@mﬁﬂwmzﬁg&amﬁuwgﬂ%’mLﬁ‘tﬂ,ugﬂmaq nNmesAuANYE (Feature Vector) dmiuunsazyos
ARDU LLazgﬂWLi‘Juauwﬂuﬁaﬂﬁﬁm K-Nearest Neighbors (K-NN) tag K-Means Clustering \iensiadou
wazduunnadninsiulutunausely

91nTeyann Mean Intensity 1 314 (Ground Truth = 0) ANlRABAZES (WU 150-200) INT12T0S
977 81 WU (Ground Truth = 1) AlRAAZEN (WU 110-140) ms1zisesd A1 Variance 61 919 — Ay
WUSUTIUA (WU 1500-2000) 1 i — ANuUUTUTIUGS (WU 2100-2600) Wazen Pixel Density £1 319
— @91 (WU 0.2-0.4) &1 Hu — A1ge (W 0.55-0.8) Aeein Ground Truth = 1 (su) —> Mean #1,
Variance g4, Density ¢4 wagA1 Ground Truth = 0 (719) — Mean &3, Variance Gil’ﬂ, Density Gil’ﬂ au1sn

WAAIAIRI0E199IUIY 20 A1 AIUARIAIIUT 7

Pixel Density Distribution (20 Samples)

4
©

® Filled ®
e Empty _ o

o
o
L

Pixel Density
° o o o o
w » w o ~
1 1 )
o

o

N

(]
e

o
-
L
(]

2:5; 5.0 75 10.0 12.5 15.0 17.5 20.0
Channel No

UM 7 n911luansnar1fieged1uIu 20 A

uAw x (Channel No) mianeiauddurasasinoufithunieseyt sous 1-20 lallduendumis
vunszany uallunvivesdiog1sunazyos wnu y (Pixel Density) AMAMTNRUILLUYOIRNIGAR lUY DS
Famau Funmudndiu Suufineaiilurdotamsdesui nearouelutes Jaduadalddmie
ogflutiag [0,1] ArBegautatn “Wufiu/iuiifinuin” dvesgn @ uas = Filled (Ground Truth = 1) gAWa1il
nIzaNegYas Uszanas 0.70-0.88 uansiuassosiiuiidindoudiamn Fainnudn “du” way @ thidu =
Empty (Ground Truth = 0) N3¥9n0gT Uszanas 0.10-0.22 agveudriiudidades 1y “ine” aguud
nsmiuandlifiiudaiaudn Pixel Density Wufuen “su/ing” Aimdsduungunndmivyndeyadiogneil
Tnounu x Aesviidesiney wazuny y Aodadiufinmadiin (Funn = du) 1ienang1ALLANA1Iwes
FnuniglsUiinudingn ;i 1 uanaiaeg1rgadn iz eatosmnuT LIl 20 fae81e fildan
nszvIuMsataRadnyazYeT UL Gauandliiiiiuegistalauisrnuunndeseninetes “su” uag “dne”

MneNaziilein gesdineudl “319” (Ground Truth = 0) §iA1 Mean Intensity gen1 (+170-
190) wawdl Variance 51 (~1500-1900) aonadpsfudnuuzvesiiuiidvnidauaiiane luvmeiidesd
“flu” (Ground Truth = 1) A1 Mean 51 (#110-140), Variance g3 (=2100-2600) wag Pixel Density g4
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(~0.55-0.8) Feaevioufian15dseea1d1uiunInINNIsiuAIney AluAInuanvusiaaudaaunsalduen
AUUANGNTENINYRY “Wu” uag “319” laogredaiau

A1919 1 fregnAAunyMe (Feature Values) va3taimneu

819U Mean Intensity Variance Pixel Density Ground Truth (Wa334) VUL
1 182 1650 0.32 0 (379) 991 Wuwaiawe
2 176 1725 0.35 0 (119) 493719
3 188 1600 0.28 0 (119) SNeRN
4 193 1805 0.30 0 (119) 299714
5 171 1900 0.38 0 (119) SNeRN
6 136 2450 0.62 1 (elw) Hsorututniau
7 128 2320 0.70 1 () AUBUILLUY
8 141 2180 0.55 1 () dutnawsasiiaue
9 132 2540 0.74 1 (slw) AIRTEL
10 118 2600 0.78 1 (elw) WUl
11 185 1700 0.33 0 (119) SNeRN
12 191 1605 0.26 0 (119) 299914
13 174 1950 0.37 0 (119) SNeRN
14 120 2500 0.76 1 () Hudn
15 135 2390 0.68 1 (slw) ATy
16 126 2280 0.61 1 (6l) NuUIUNANg
17 138 2205 0.59 1 (slw) ARTCTIY
18 189 1650 0.34 0 (119) 299714
19 144 2160 0.58 1 (slw) AIRTRK
20 178 1850 0.31 0 (119) 299714

4.5 Msduunyszinn (Classification)
e bissuuaunsasyulaegignaedin "desminau” Tadunis du (Filled) v3e ludu (Empty) la
P a a Aav S a v ° e . N Y] ]

ag1ailuszdnsan uidelidadenldnszuiunisdnuun (Classification) ANaUAUTENING K-NN Uag K-
Means Al

1) M3dangudeyaiiesiunie K-Means (Feature Refinement) [17] tioln13d1uunadg K-NN
nuldegaiiussansnmunTuias numuseanuuUsUTIurelayannanuuy (Feature Vector) afin
nseerufiliainaue 3aiin1sld K-Means Clustering {utumeudangudeyailosdiu (Pre-Classifier) uay

Wty Feature Refiner
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nsimuaduungs (K)

K-Means {u3n15dnngu (Clustering) NflwwiAnnanAenisuusdoyasondu $k$ ngu lneiius
aznguilgnaudnans (Centroid) Mdufunuvestoyalunguiu szuuld K-Means Clustering Tneriviun K
Wi 2 BeaenndesiuaaIanadnsidedn1sduunme "Wu' (Marked) kg "38" (Unmarked) Ing K-Means
wmmnaulagnsandfleiduinguszasd (Objective Function j) Wileedian Aswandluaunisi 9
0]

)= S B [0 | ®

Toeit x Ao doyadait § lunguil j
1 #e 9agudnans (Centroid) v@Ingui j
A o v s
n; Ao Muruteyalungud J
k=2 fa nmsvsrulideyagnuuseandu 2 naulng Cluster 1 — ey (Filled) waz

Cluster 2 — laielu (Empty)

N39ANgY Feature Vector

Joyanuanuuy (Feature Vector) filsanide 4.4 Failanuuususiugaioninguuuunisnug
waneneiy Awgniiidng K-Means eyn1sdanguausseeaiuy Euclidean

nsanmuklsusIU (Feature Refinement)

HAEWSAINN133ANgNAD Centroid 911w 2 30 Tasfl Centroid wadvimiiniidu dunudeyad
1§¥uUn15U5uUse (Refined Representation) ¥esaaa "’ wag "i1s" msldf Centroid unudoyafiuiifiany
FURNIUE S unalnwdndl K-Means iy Feature Refiner wisandeyayiaisuniu (Noise) wazmau
wsUmmvesdeyanouthidndiununtsduundas K-NN

2) Madwunduaniiedae K-NN (Final Classification) [14] 33013 K-NN iumafianissuundis
AuBsuieusmswds Tnefluudandnde fdednlnifidnvuzadedunguieyalauniian Alvidneglu
nautu luaudded KN grianldiduduneuntssiuundugarine (Final Classifier) Tngyausaufi
Centroid fiU¥utgaud1ain K-Means fail

nnsasnsyadeyarnEy (Training Set)

Centroid 719 2 90 NlA9N K-Means Tutuneu 4.5.1 azgnldidu yadeyalniulmidmsy K-NN
wnudoyal nlu AN aIA (15,000 #78819) 11519 Centroid YI18AAVUIAVBIYARNNY KaZAAAIY

wUsUTuvestoyalaegnelitud Ay

ANSIVLUNNAAIRAU

Wellfagalui (WWu Feature Vector vastasdrnauluganaaay) 111 luma K-NN 98411013
AWInIEEEYN (Distance Metric) seninsdoyalmiiliu Centroid Mludwnunanaluyainily szeziin

¥
=] aa

19luau3dadife Euclidean Distance @aduszazvnanuutdunsily n 07 sakandluaunisi 10

d(x,y) = \/Z?zl(xi —yi)? (10)

lne? x; e Aaudnuaie? [ vestayalvl
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y; Ao andnvugn § vestoyaluyarin
n Ao uuAusNvuENldUTsuTiey

mstndulatugeaving

A k Aderltluiitazgninuanianisvaaesiiingauiign Tag K-NN azfiansan Centroid 7
Indiian k 2 udaldndnns “idestrsunn” ermuaindeyalvaduduy "Wu (Marked) 3o "ina"
(Unmarked) 13idesilesdiaya Centroid 910 K-Means sidusfununanalu KN fies fidaelinisdauun
fanugniesutugigetuegradiuldta uandunalnddiivilaszuutunndisninnisld KN wie k-
Means \iesagnaifies SuhundessanBnmuasarnafiosiiudy

nssuunUssanluniseildinada KNN uaz K-Means Clustering saufuludnuwasdiitewiu
Anuusiuglunsasadeasunuunu Ing K-Means ity Feature Refiner f\mﬂamauaﬂmaﬂwmu
ponluasingumdn (su/laidw) Lwaamauasumu (Noise) wazysulassasatoyadowiu anifunadwsd
14 (Centroid) awgnasialsi K-NN shn1sduuntugniine nssanuisaeamaiietaslimadndulasniiiu
wazanugniesgs msnzdmivszuuanateasudnlulfidenisanuundefouazussansamgs
NIEUIUNTTIUUNELAIN K-Means vminfidangudouaiiionn noise uazuiulassadrsdoyaidosiy
ntukadwsgnassoli KN vhmssuunduanine duansissui 8
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lelel lololelelelelel lolololel lof lololel lol lololel lof
lelolelel lolole]l lolol lololelelele]l lol lol leol lelelelel
L Jelel lol lol lelolelel leo! lolelelel lelololelelel lolo)
lo]o]c]o]ele] [olc]o]olele] lololc]clclolclelclele] Jolcle]

g

139

88
8

51 141

53

EER

55 145

8

5T 147

o] lolololalolole]l [olololalolel Jololololalolelololele]l

[ Jelelelelel lolelelelololel ool lololelel lolol ole] J
lol lelelel leolel l lelolel lolel lol lol lolel lolelelele)
lelel lel lololelelel lol lolololelelel lol lolelelel lolo]

3

59 149

[elele] Jelelslel 1 Tolelelelelele] Jolel Jeolole]l Jolelelelo Ny
[ Jeielel lolvlelelelelel lololel leolololel o lol lolol lo)
jel lelelel lololelel lelelel lolelel lolelelolololelolclelolbs
|elelolelole] lolelelolole]l lolololelelolelolololele] leololo]

|elelcle] lololelelelcle] Iololelelclelolelclclolclolclclclom
|
jelel lelelelel Jolelel lololel lolelel lelel lolelolel lel J

8

elelcle] [olojolclelcloleololsle] [elclcclololele] lclc]o)

ESRARCRER22BIIIFIFAIIIISZTASSRER

el _leolelelolel lolel lolol lolelel lelel lolel lololelel lo]

ele] lelole] lololcle] leole] lelolclelele] lolo] lolclels] ]
s

[elelelelolalel Jelolelelolole]l Tololololelololel Tolel Jo)

|

‘elelelelelololelelelelele] Jololelelelololele] | Jolelele] )
(deelelel lololelelel ol lololelelelel [ lolololelel lof
elel lelel ol 1 lelel lolelel lolelelel lelololelele]l lelo)
elelel leolololole]l 1 lololelelel lol 1 lolelelelel lelelele)
elelslelololslel Jolslolelolole] Tolelololololololel Tolels)
elelelel lolvlolelelolel (ool lolel lololelelolel lol lolo)
(geiel el lolele]l lelelolololelelelel leolel loleleleclelole]

E

gih'?i 8 N3 nunUszLan A K-Nearest Neighbor (K-NN) wag K-Means Clustering

5. NAN153Y

TAESTUUNMUILATNAAEUULLAS 89ABNTRILADS CPU AMD Ryzen 7 4800H with Radeon Graphics
mmﬁ’gﬁyugm 2.90 GHz, RAM 16 GB, TsguuufUAn1s Windows 10 Home Single Language (64-bit
operating system, x64-based processor) wagldlausn3 OpenCV 4.8 way scikit-learn 1.4 miﬁ/lﬂaa\‘iﬂ%y'dﬁv
lavinsneaeuszuunsiadeasudnludfirieyndoyadnastdiuiuy 100 yadaya lneviniswisuiiiey
Usz@n5n1nszunang n19l0 K-NN LWe998191A 87 Lagn1snaIuailda K-Means $2uAU K-NN n15UsU
yiimesueaszuuld grid search ilomen k Awngzandign wazvaasaIeuifisuszoznis Euclidean,
Manhattan, tag Minkowski Tagnui1 Euclidean SLﬁwaﬁﬁqmﬁlaeL% normalization WUU Min—-Max scaling
uaNANH K-Means 1435 initialization wWUU k-means++ Lﬁaaﬂﬂigm local minima

0
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WelildnadnsnTounquLazaI 508318 TEUINNTYININUTDITEUULARE AT N19Laue
a v & ! [ ! (Y 14 !
nan1s3deluuniluuseandu 3 dundn laun

1) MyIATIEiRanYe (Feature Extraction) 85U UABUNTANAAMANYMEINNINYDIANBY
WU A1 Mean Intensity, Variance wag Pixel Density tigldlun1sduunindesiudy “du” v3e “i19”

2) M9IAIIENE (Result Analysis) LaAINANTISATMINANLREAY (Mean) hazdiuleuuunnggu (SD)
vasANukiuglun1sTwun saudadseusuiumailindy Wy SVM uag Decision Tree vl o8 udiu
UseaANSANYeINITHEY K-Means AU K-NN

3) Confusion Matrix W@UBHANTIMUNTUTEN kaRITILIUAIBE1TsSTULTMUNYNABILALRANE A

= o o o .. = a aa
FWAIAUINAITIA Accuracy, Precision, Recall wag Fl-score LioUseiiiuanuanunsovessuuluis
e
5.1 M5AATIEiAMENYME (Feature Extraction)
msUseiiiunald Ananugneies (Accuracy) Lunausiinuseansnm FaAuinmalansfaunisi
11

o o a v
FIUIUATNBDUNHNIIVNNADI
*— X 100

Accuracy = (11)

UIUAINDUTIALA

dl o a

lavinnsmagaud 20 A3 eanaARaINNIsduLazielliANasioulsenSnmuedssuuass
m3eseliiluannanisaaeululAarATINILAIT1N 2

A19197 2 AT HANTNAADS (20 549)
Test No. K-NN Only (%) K-NN + K-Means (%)

1 95.5 99.0
2 97.0 99.5
3 96.0 99.5
4 97.5 99.0
5 96.0 99.5
6 955 99.0
7 97.0 99.5
8 96.5 99.5
9 96.0 99.0
10 97.0 99.5
11 95.5 99.0
12 96.5 99.5
13 97.0 99.5
14 96.0 99.0
15 97.5 99.5
16 96.5 99.5
17 95.5 99.0
18 96.0 99.5
19 96.5 99.5
20 97.0 99.5
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55 Comparison of Accuracy in 20 Test Runs

98

o7 . T 9. ) A e .
\

Accuracy (%)

\
96 1 / . a8 / ¥ s L \ o

95

-@- K-NN Only
—&— KNN + K-Means

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20
Test Number

3UN 9 neluanIaIINAIMARBY (20 ATY)

nnsmanasnagUliinen Accuracy 89 K-NN gaien (Fuiniu) oglurasssanm 95.5%
~ 97.5% anflaruiunaugeniinsligauiy K-Means v1easaan Accuracy sndn 96% uamadananalll
afls A1 Accuracy 989 K-NN + K-Means (Wudifien) agluzasussuna 99% — 99.5% nswldeudnsdiauas
wafiBsndn KNN agnaien Adinisuntafiesdntdes 0.5%) wihidu maTeudion 35 K-NN + K-Means 15
A1 Accuracy ganIuazlafesnIt K-NN agradgnlunnnismaaes wazidunsvd@deunuas “uuuisey”
1n& 100% vauzfidunsmdifuunistuasdaay

5.2 MIAATIEHHE

PMNNTNAaRUUTIUTIBUUTEANE MR IEN1SILUA 4 35 TAkA K-NN 1ieee819@ea, Support
Vector Machine (SVM), Decision Tree WaznA15H@14 K-Means AU K-NN Wm'm'uaﬁlammqﬂm”aq
(Accuracy) uagduidsauuaasg i (Standard Deviation: SD) vedusagisunnisfuduandlunsed 3

AN5199 3 AITNNTATIEVRG

/s Aade Accuracy (%) duissuunnnsgiu (SD)
K-NN Lilg90en91e7 96.45 0.61
SVM 96.80 0.45
Decision Tree 97.30 0.69
K-Means + K-NN 99.30 0.23

ileBudiurumngauvesnsly K-NN + K-Means snidsldvaasuisuiiisuriusaneiiiu SYm
way Decision Tree ?quuiwmmLLﬂuﬂwmaﬂﬁqaaaLwﬁﬁﬂagﬁ 96.8% Uay 97.3% AUAWU ANIIATHAY
K-NN + K-Means 7il#en Accuracy e 99.3% Fafudufisanumnzauveanaiaiiviaue

5.3 Confusion Matrix

yatoyaiilflunismaaesusznousie 100 wiunszauAney uiazusiuil 150 Yeadnou sy
15,000 #28814 (bubbles) Tayagnuuaiu 4afln (Training) 80% uag yaAnaasy (Test) 20% T vy
3,000 freg1s lugemaaeu dwsunsUsaiiuidte Ifauidndiuaanaluganaaeuidy Filled (Positive)
=30% (900 A19819) wag Empty (Negative) = 70% (2,100 A19E19) Wil nsUsviliunatadaedadtn
ads TEun Accuracy, Precision, Recall wag Fl-score Faii
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Accuracy = Lt — (12)
TP+TN+FP+FN
Precision = —— (13)
(TP + FP)
TP
Recall = m (14)
F1score = 2 X (Precision X Recall) (15)

(Precision+Recall)

199 TP (True Positive) Ao 311 U105z uUdunidy “du” wasasaiuAnauass
FP (False Positive) A

9
° \ A ° a y oo a @

9 TIUIUTDINTZUUIWMUNRAIT “W” RnaTadu “9n

FN (False Negative) fin $1u u18eIseuusuUnRndT “319” eanasadu “slu”

=~ o

TN (True Negative) A 11ugBINsTUUTMUNTU “I19” LAEATINUAIABUDSS
wanedslunisuszinanavesszuuegi 0.18 IuiiisanseauAneunileuny Fu5aniseuunsIn

WUULANTLEIAIUTEI 0.75 FUNTIsDMNY LaRIDIANANAINIIUTEEVEA N

M157199 4 Confusion Matrix

Model TP FP FN TN Accuracy (%) Precision (%) Recall (%) F1-score (%)
K-NN only 829 35 71 2,065 96.47 95.95 92.11 93.99
SVM 852 22 48 2.078 97.67 97.49 94.66 96.06
Decision Tree 864 30 36 2070 97.80 96.65 96.0 96.32
K-Means + K-NN 887 8 13 2,092 99.30 99.11 98.56 98.83

6. d3U

NNANINARBINTATIAVeAUSNLUTIRAIINALA K-NN Wiee10fed Lagn1Ina1usuiu K-Means
anansnazUlAad

1) UszAn3nmues K-NN 1ifeseg1aiiien A1 Accuracy Tnetadgogiuszann 96.5% fiaanuiuniu
(Variance) Aoutaunn Tnerdldlunsmnassusagadasinaunisialugag 95.5% - 97.5% e dudoauu
1m5g1L (SD) egluseAufiganiniBnsily K-Means s avvieuliifiufennulsiiafiosvesnisduun
Toya

2) UszAnSnmues K-NN + K-Means A1 Accuracy Inetadegedis 99.5% Awadwsiinnmaiaeuas
iafiesan Tnednlvgjazeglutag 99.0% — 99.5% e drudeauunnsgiu (SD) daossnn uansloiiiu
IBmsttiwanauliuiueulumssuundmeuldogaiiuszansam

3) SVM oinasnseautned (Accuracy =~ 97.7%) wildlaan training gendt uazlisenisiden kemel

4) Decision Tree &I Accuracy TndaLABs SVM (=97.8%) uadiualiy overfitting un9nsal

5) K-NN + K-Means §9asliuaffianvialudu Accuracy uagiadesnin (A1 Precision uaw Recall
aunagean) Buduinuuamis “K-Means an noise wéndssielsi K-NN $1uun” farmumngauiiagniudnuasy
Joyan1m OMR
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6) MaBuiisurisandds malfiunssuiuns K-Means iodangudeyaidosiunoudng KN daels
Tuwaiianuusiugiiiviuetnsimaunn 96.5% Wiuidu 99.5% uenniivsananufusiuremadns
1#un shlsinisnsradeasuuuy OMR fanuidetiogetu

7) deajudrAy nMsnaumailan1sUsELIaNAN AT asAY K-Means wag K-NN @111508n38au
AugnAeslunIsnsateaeudnludAlulndides 100% e wansliiiuin K-Means dunuimdfglunis
UuUgannugnieaazauaiiosveansiaures KN fady Finmsiiaueiaiidnenmlumslld
susidumsasadeasunuuny OMR Ifegnaiiszaviamuazidedels

7.1) angun1svan Tlumsinausuaziigauyseniainvesnisdnunuuugnrantuaiy OMR
Tngianizeen98en1sld K-Means lugiug Feature Refiner uag K-NN lugug Final Classifier @a1dunns
nenuaudsessaeaadaifiousluterininuitedeunidunmsldinadameaiuentu Tnsuanslsmiy
Tuwsiiansalivadnsiuanugnieuasiafissnwiinieninedaduiidudoundiosns SUM uay
Decision Tree

7.2) 520U OMR fiiaundufiarudaveugs osnannsadszaananszniuinaudifiaiuy
nszausTIumle tnglddesfiennlosy OMR LQW’]%ﬁﬁi’]ﬂ’]Ejfi ﬁaﬁﬁmﬁéﬂﬁmﬁamaamé’unumsﬁﬂLﬁumu
yesanfumsne uazmsifiuanudnfuazeanindedeveanszuaunsiana lnslanizog1adanisan
ANAANAIATLANINNIATIAR 28U UALNI 857 UU OMR LuvdaAnfinanudaveusoaaalsl
aiauevessensy

7. daiauauuy

Wiesnsziuamgndas miuaios uazmnundenlinuvesssuunsateasuuuudu OMR i
FemadianmsUszanananmianiu K-Means uay K-NN doiausuugseluiinsovaquiadanaia Bans
Ussiliuna wosidessuuaieded

1) Mmsidonmsimesesnadusyuu USuan k 9earia K-Means way K-NN &g grid search + k-fold
cross-validation (141 k=5 %38 10) ununsimuaasi emerfivsnzauiudoyadss naass seznis
d 93U K-NN (Euclidean, Manhattan, Mahalanobis) ¥ia4a1n USuainanmuanwale (standardization/Min-
Max) \ilendnidesenfainanaiisnasy wasld k-means++ initialization way multiple restarts d113u K-
Means iiloanleniafnfngalss (local minima) uazUssiiugunmadainesae Silhouette score

2) MNHAMIVIAABINUT NMTUsELNAlY K-Means $2ufu K-NN geifisuszansnmnissuunlsdnian
Slawufiunisld KN Wesegaien dufuamiuumsilvdssgndtudogadnumedu 4 Aflenududon
wnfu Tufinsuiusnungulvisnga ediuauusiuswageuriluvesuuusiaadusuian

3) fos1imveanuideiie vundeyanout adnuarldninsiaosneldanmuasnad il
aansodudumuadonielfluaninuindonssiiuaunnsnaiuls

4) syvvanunsadnlldssendldiunisnsinteasuvesanuAnuiussiulsasouriounninendy siui
THluszuumsussiueeulatiisunmnssauinouanndesioaun falvld

5) luewan Arsiaulumaiisdn (Deep Learning) i Convolutional Neural Networks (CNN) e

[

WILUEANS AN TUANTIIMUNTDIAPBU aztUSI UL UNAANSNUNARALUUAANN LG U U8l
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8. NnAnssuUsENA

nuATsatuidSagaluléfed vouansaimeunszanesgwie AuznssuMIIElssuLeIe
uay nesivimnssumand drefinw lsadounede nesinde Aldngaunsnnennuazandugunsal
wavanuiidmiunside awhlinmsdudumsidodullegnuiusarussaraduionuingusyasd
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=< a o

induinldiiessesas 25 MsAnkenmeiiedidvedniawaziinAnuianaialadig »uideiiin YOLOV1L
TuwansiaduingSealmifdanuusiuguariniigainiguiounin sussendlflumsdauenvszwanadin
4 UYszunnvdn lawn HDPE, PET, PP wag PS wauwmuniuwaunaiatusie Flask Lﬁdﬁ;ﬁ%’mummm
AsTUazI I UNEliagEEAIN 395D wazwliug
HANISNAFDUNUINMUNAEINNTaAALENYEENAERN 4 Useian (HDPE, PET, PP, PS) leagnadl
Uszdndnings Tneladeiinaiusds (Latency) 22 ms dionw uagaairlunisuszanana 55 FPS 1ile
f1suUsEAnamnsTwunauUssinanadin wud PET deainugneaes (Accuracy) adam 0.994 uag
A1PALIUS1 (Precision) gsgm 0.999 s HDPE i Accuracy 0.983, Precision 0.958 d@u PP wag PS
1 Accuracy 0.958 uag 0.976, Precision 0.943 Lag 0.971 mua1aUu d@1msunisisenau (Recall) HDPE e
1.0, PET 0.97, PP 0.898 U@z PS 0.918 @9y Fl-score o4 PET way HDPE gagnfl 0.984 uaz 0.978
AAEITU vzl PS way PP Jfn 0.944 wag 0.92 wandliidiuinlumaaunsnduunvezseian PET wag
HDPE #oesusiuguasideiald stuvilannsadesenldnusiilsdanenvesviieqasuileda sy
gunsal loT Wy uvunasalufAvdeaenudides ifleusnvozuuuiFoalng annisfleniussanuau uas

WnUsEanSnmnsinnisvezeg1duseuu
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Abstract

Plastic waste is a severe environmental issue in Thailand, accounting for 12% of total
waste, yet only 25% is recycled. Manual classification is therefore limited and prone to errors. This
study applied YOLOv11, a real-time object detection model with higher accuracy and speed than
its predecessors, to the classification of four major types of plastic waste: HDPE, PET, PP, and PS. A
web application was developed using Flask to enable users to detect and classify plastic waste
conveniently, rapidly, and accurately.

The experimental results indicated that the YOLOv11 model can effectively classify four
types of plastic waste (HDPE, PET, PP, and PS), achieving an average latency of 22 ms per image and
a processing speed of 55 FPS. Evaluating the classification performance by plastic type, PET
achieved the highest accuracy of 0.994 and precision of 0.999, followed by HDPE with an accuracy
of 0.983 and precision of 0.958. PP and PS recorded accuracies of 0.958 and 0.976, and precisions
of 0.943 and 0.971, respectively. In terms of recall, HDPE reached 1.0, PET 0.97, PP 0.898, and PS
0.918. The Fl-scores of PET and HDPE were the highest at 0.984 and 0.978, while PS and PP
achieved 0.944 and 0.92, respectively. These results demonstrated that the model can reliably and
accurately classify PET and HDPE waste. The system was suitable for practical deployment in waste
sorting facilities or recycling centers, integrated with loT devices such as robotic arms or conveyor
belts, enabling real-time waste separation, reducing reliance on manual labor, and enhancing

overall waste management efficiency.

Keywords: Waste Sorting, Plastic, Intelligent

1. U

dymuszuaznsianisveziduvssiiuaundenfigunsdunatsuszina Tnolanziledlngiifing
Fulamaasugie Usemelveiiszyadossindszana 26.95 Sudusiod violade 73,840 fusiotu U3
voputusniosay 5 Weifisuiud 2565 vasiiveriigninndumnldusslovdiiiies 9.31 dwdiu voy
wanaRnanfudesay 12 vesweyiamuavieUsyanm 2 auusied wazdnlnahdunanainldnduien wu
09 Wi viaen uazndedlnly sdnilugflildgmiindundluda dwaliUimnamssnarainifindusoides
wavaismnudssiednindoniazaunnusevu [1], [2]

nsfnusnuesnaradndutuneuddylunmsilufaiieanusinuesruasnanssnuiedwandou
wanaRnusazUssiamiinuantiuarismsiledafiunndnaiu msduuniligndesazanuszansaimaes
N3¥UIUNITS MLAauainlminuaiiy vauziediy n1sAnkenaieiieddednfnnasiinderanainladie n1s
fimunszuudaueniuiuduarnndiiadudididulunisianmsvezeedsdy
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uAdevatsduldiunalulad YOLO (You Only Look Once) snldlunisnsaaduuasfuuning
ATeves 5ulA Mvzlly uazamg [3] iawiaissfauenvesTlaAadiduunves 4 Ussiondaeainy
wauggedie 98.33% dduduves uUFUA nuYLIes wavauy [4] LWSeuifigulaea YOLOVSs, YOLOVSmM
LAz YOLOVSX Wudn YOLOVSX fifin mAP 0.417 uag Precision 0.911 fagsaslungy YOLOVS uananil
Uelas maguna wazame [5] 19 YOLOVS Tun1sAnueniuguzvuyminuaInain 3,000 A a1 mAP
0.84, Precision 1.0, Recall 0.89 ttag F1-Score 0.85 SEUUAINNTAUTENRANALA 7.28 WSUABIUNTIWAY
ausauiuivweundadu Flask uansliiiuinnalulad YOLO aunsausuldlununsiaduuazdiuun
Tagleegraiussdansam Wewieuiou YOLOVIT Aulmansiaduingguneuminuazsudu wui
yoLov11 faslanituissnuanuusiuiinazanuids wansdanmsuudgdassadslunauasUssannm
mMshauuusiaufesaditedidy Tunmsiu YoLov11 Sadusnidenivanzaufigndmivauiifeanis
ﬁu’qmmL?’JLLasmmuﬁusﬁqq WU NsARLeNvgENaaRnLuuLsEaln [6]

winuddenouninagin YOLO uuszandldiunisAnuenvessleiia s on1s9uunianannianis
WNuAT Lwi'iwumdwﬁ{fﬂm@Lﬁul,awwuazwmaaﬂmﬁwm 7 wardtlimngauiuuiunvesUssnelnedil
YugnanaRniiutuseies lnslamenanainldndaien mu%%’aﬁﬁagjﬁthmmmﬁﬂLLuﬂsustwmaaﬂ HDPE,
PET, PP way PS wuulsualnillaagrawidugwazasaindinsunisldanuass é’aﬂy’umuiﬁaﬁﬁaﬁi’mqﬂizmﬁ
WAL TrUUAALINYEENATaRNIaNzUsELANG Y YOLOVLT Saufuifuleundindy Flask tiowiuna

demIn 'i’JYﬂL%’J antaRANAIAINNTARLENAIEie wazenseaulssansnimnisinnisvesluusunlneg

2. YAULUAIIUIRY

miﬁﬂmﬁyaiqLﬁumiﬂwqﬂm‘lﬁumﬁaaq YOLOV11 dwsunisAnuenveznataineandu 4 Ussian
Awn HDPE, PET, PP uaz PS Iagldyndayaningrasid 2,000 2w (Usgianaz 500 A) Faleunann 2
Wias fila Mneneasanvggnaaintuveinnzauiidne uine1de g iyeainsy uazloyanfenil
mngm%’agammsm (dn3du 1:1) %ayuagml,ﬂdl,‘ﬁu Training set 80%, Validation set 10% Wa¥ Testing
set 10% ioldlumsilnuazuseidiuluma Tngldidsausyansam laun Accuracy, Precision, Recall uag
Fl-score iwuqﬂﬁ’wunﬂu BUwaUNALATY aae Flask Framework kagaanwuusle HTML, CSS, uay
JavaScript Ma¥iuresszuuAe flisulnanam stuunTRauaTmgnisedinduarUssinanalloeiu
dadluina YOLO Llensiadunazsuunussiavnaiafin uwananadnsniou Bounding Box wazen
Confidence Score Liletaelilinsaasunanisdauenliegiagniesuasusiug,

¥

3. noufiingdas
3.1 YOLOv11 (You Only Look Once Version 11)

YOLOV11 1Wudane3iiunsaaduingiiwamnlag Ultralytics Fsléfunsududselsr finnmusiue
st u lniwenstiosas wagdsvananaldminiadu Wesutunesduniound Tnewausosenann
YOLOV10 wag YOLOV9 Wansnsasesiumslianuiidudoutulugnamnssuiideansnmansaduinguuy
Sealngd

]
v
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11

55.0

& uitralytics
52.5 1 YOLO
. 50.0 —e— YOLO11
T YOLOv10
25475 YOLOVY
< YOLOVS
g 450 - YOLOV?
O YOLOV6-3.0
8 4251 YOLOVS
PP-YOLOE+
40.0 1 DAMO-YOLO
YOLOX
37.5 1 EfficientDet
0 2 4 6 8 10 12 14 16

Latency T4 TensorRT10 FP16 (ms/img)

U 1 nswSeuiiisudszansamuedaneg [6]

1n3UR 1 mnnsnianananisidisuiisudssansamweslunansiaduinguatoiu wui
YoLO11 fimnslamdumilonirjuneuniinognsdniau feludumiuisusiwagenuids Taodunsmves
YOLO11 agjganituazdunin YOLOV10, YOLOVY uay YOLOV8 &amunefisildn mAP gendn (wiuginiv)
Tusnelldnarlunisusssnanatenmiasnit (Latency fnin) wanadansuiudsstadulassaddluna
LarUsyAvsnmnsieuuLesawas TensorRT10 FP16 Ieegheildudfny wWewSsudioutiu YOLOVT way
YOLOV6 nudgumantudsasiiamuusiuguazenmdasnitogadiulida dnilunaduusnnszga YOLO
121 PP-YOLOE+, DAMO-YOLO, YOLOX wag EfficientDet iAnAnuusluegi aanatnazldinanlunis
Uszanawaunnin lnglannz EfficdentDet fiogansgnvosnsmazioufiennnudmdamiaszansam u
Awsandanaildin YoLo11 Wunadwsvesmaiamdieidesfiannsaaiaugassninaniuiuas
A lFATanluusnlueanavun [6]

YOLOV11 ¥1M97UkUU single-stage detector ﬁﬂizmawamwLﬂmﬂ%ﬂlﬁmLLéjﬂﬁmwmaU’mq
(bounding boxes), AuLluing (objectness) wazpaandouiu Janunzdunusualng Funoundn sy
INNMTATIUNM (WU resize WU letterbox LAz normalize) Al backbone wuuAsuligdud
sonuuulirsnasnuasnmeainadelassaiadiinuas madousauuuimien (residual/CSp-like) 91ntu

neck NATUAMNANBUEAIBLWIARGIAUT Y (FPN/PAN-like) it ol iudngvivianuaglng wdadadng

Y

detection head WuuKENa1Y1 (decoupled head) dmsuruiunaaawazseysius Fadnldnisvineg
14 anchor-free/anchor-based fvngauniauileidugaydenszna loU (wu CloU/DloU/GloU) vaueHn

Tunafivuly data augmentation Lt Mosaic, MixUp, random perspective wagn1sinuathemiuidale

a ]

WIn (WU SIMOTA/task-aligned) LNBLNLAUNUNIULALNITFUT TEMT1NBUNIUTEUUILAANTOINAIEY

inausinnaLdesiulazyin Non-Maximum Suppression (191 NMS/Soft-NMS/DIoU-NMS) Aeudseansienis

nAlNiANsoU AaNa wavazwuuANduly Nedesessuruialuwaainvaty (n/s/m/Ux) Lagn1sise

AwIEIse FP16/INT8 W1y ONNX/TensorRT tieu3ultuu GPU viogunsal edge ldegniiuszansam
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wannsfananduilesannaienszna YOLO fivaunsnsiadunagiuunlumnsuiissiionoulandainuns,
wazAUwiugluun U Ingadeln [7]
3.2 Confusion Matrix
= A A Ao o a v e o o S v X
Jundesdiendrdglunisusedliunadnsveinisiunefiilaglunanasiwulunssuiunis
= % a . . a A o o I a A A o a a
158U304AT89 (Machine Leaming) WWIARABNTIRdndUsEnINediisnan R1nlnafviiuneg) wagden
\nfua3e [8]

M15199 1 Wnsngmnuduan (Confusion Matrix)

iy HAANWSAT AGENGEEN
Juuan (1) \Juau (0)
e egninduwin  vhweRadnduun
Juuan (1) TP FP
Vg Vinunefindnduau unegninduau
Juau (0) FN ™

[
=

viegninduuan (TP) = msvhuwensaivdsdiiintuass lunsdiinsinuneluitaasiad

@ & a

a &( a
WNTUISIN U3
o & ° v oa da X a ~ A ° < < A A
iunegninduau (TN) = msvineassivdsiiatuass lunsdifinsiunedudianas &
a X aae P
WAATUASIMT UMD
o a 1 & ° . v a da &£ a A o @ a a
FuneRainduuin (FP) = msyiunelinssiudaiiniaduase Tunsaliviuiedinduase waaan
WnTuasaliliduase

1% '
== aa 1

FuneAninduau (FN) = msviungldnssiuasiiintuass lunsdifivhuiednliege usdsd
Antuasafuass
A1 TP, TN, FP, FN Iumsw«axgﬂLLamImmmmﬁ au13aly Confusion Matrix TunisAuaed
nsUsslunansviungvedliaaluguuuusmige e wu
ANLYNABY (Accuracy)
Accuracy = (TP + TN) / (TP + TN + FP + FN) (1)
(AN1LLIUEN) Precision
Precision = TP / (TP + FP) (2)
(nNs138nAY ) Recall
Recall = TP / (TP + FN) (3)
(AIwaNRaYeIMULNETUNMSISENAY) F1 Score

F1 = 2 x (Precision x Recall) / (Precision + Recall) (4)

]
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4. NSAHUUNITIVY

H3Telandunuidelagldvunauvas Brownlee, J. [6] Inevunaunianun 5 Tunauldun n1363
° aw ) I3 a al a a ) < a )
Aanuidenazingusvasd n1sideniasesouasinalulad n1siauIIvLeUNELATY N1INAADUTEUY Uae

NSMELNT MUKIUNTTINUVBITEUU (System Flowchart) §U#1 2 ¢iail

{ nseadnaifeay inguseasd J

h

asdanmiasdauaznalulad ]

v

mairAukaUndndu

o e W
AIIALAEENTAUG J

}

fnlasa uazvaaay

Uszavinm
¥
mafnuduLeUndrdulagld

Flask Framewark

v

[ NTTNAADUTEUY }

hd

[ ATSUHELNT I U ]

|

JUT 2 f891un15v9ureeEUU (System Flowchart)

3

1. msfadaymitouasingUsvasd

o A ]

ez dulymddyidmanssvusedandeuuarannndinvesssyvulunasUseme

o

v
(%

sufsUszmalne Faluiavesiintuegsieidedluusiasl Tnslamsveznarafniddadiugiagnis
Samsvezdsuanisoeldiivszansam vgznararnaulvglilasunisAnuenategnsias
2. mddeninresileuazivalulad
2.1 Roboflow Mlunsinssudeyadmiunisilnduluna lun1sduinangunn uagnis Label

SUNIMN
Y
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2.2 Google Colab ldlumsiniuluing Ussinanauazinsendeyann wasUsedivuseansnim
vodluna

3.3 Flask Framework llun1swauivweundindu

4.4 Visual Studio Code T#lunswauiveundindu

3. MsWauL vk UNaLATY

TueAdeiilefinisldlina YoLovil (9] lunisuszuaann wazdinsld Flask Framework Tu
nswaLiuseUndedu Tnedtunewtvan 3 Sunou fail

3.1 msdawieuteya nssusndeyadunszuiunsiizuanmafuainweznaiainan
uwaeq eldlumsiinlua Tunuddedlfaonmussnanainluuinameinneiands wninendesvsy
fiyaasnsin Tagldlnsdwidodielunisdion uazamanunastoyaoaulat Tnsnsmuaazgudady
Tosnuaduninveznatainyusenyn HDPE,PET,PP,PS naxag 500 AW SRy 2,000 nn 8Ulvan
tayaluds Roboflow 11 Data Augmentation @38 Flip Wag Rotate 9gl@inn 6,000 NN 118931113
urdeyannunawing wdtuneuifonissuTnannwlugs Roboflow iiedanisteya arnduriinis
Antheiify Labeling fvuauszinnvsswanainluusaznin ndsnturiniafisdeyafenisaiiedoya
Tminndeyaidulnsnisuiuuiann insudsteya Tnsdoyanmimunazgnudadu 3 4a Ao Train
Yornluna §1u3U 80% Test lddmiunisnsrdeuysz@vnmuedlumandanisiinigda $1uu 10% way
Validate lns19aouuszansnmuaslunaszninsilnidu 911w 10% [10]

3.2 Anluna (Train) Tuneulun1sinduluna YOLOVIL Tnevuendnaenined adi leann
Roboflow 11Uszananasien1w Python taeld soogle colab Mifinsdmnseuliudauasdnisusunss
Wﬂiﬂﬁma%ﬁﬂ'ﬁu img_size=640 px, batch size=16, epochs=150, learning rate=0.001, classes=4 (HDPE,
PET, PP, PS), augmentation=Flip+Rotate WS aun 5-fold cross-validation Lﬁ'aﬂimﬁumwmaﬁamaz
ANULugIvaslug

3.3 M duseundndudie Flask Framework iumadeniivngaudwivasaueuvung
BEnfenans iesmnldnuieuasuSussdldmunudionis Tusui Flask Qﬂi%a%’wsswﬁmmiaé’ﬂimm
AN ATRTuUsTANYEE waskansHadnErumtiiU Tneuaniings Flask wazadslndndn app.py
dmsusmuanisianueaey wieunalidluea bestpt fikun1silin YOLO uds mswaiundumesig
Aldiunnuazann gldannsadenuasduivannmussnatafinlade ninivazuanmagunimmson
Uszinmvegiingaduldviu deyaangliasgnasludadsnines Flask iieusvananasmelinna YOLO uaz
HadnSIzaUmuuntL I JavaScript vnlidldanunsonsisdeulssinmuesnanadinliegeniniiuas
Az

4. NMIVAADUTZUY

nMsnageunsUTzIIaNan waznadouUszansnmvedunalunisnmatuuazuenl sz
nanain nsuseiluyseansamvedunaasyinlagld Latency fu FPS Tunsiaainusilunisuseaiana
LaA1319 Confusion Matrix ¥1A1 Laun AIMUGNABY (Accuracy), ANLAIUEN (Precision), N1543 8N
(Recall) uaz ANaNAavaIALLIUE UNTSSENAY (F1-score) [8]

]
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5. MIHYUNITZUY

mamsunisrundutunouiididglunsiiissuvannsalinulfasuesannsadrdadldtly
¢ Tnedumeuiivsznaudionisleadssuuuudnes ssuvasgrnsunsumdsnnes? uledvosann
Inginsteyanaznsdansasaume Weszuuidnade amnsaddunsveaeuluanimuindouaidlag
am@gﬂﬂéjax‘iﬁlﬂﬁ]{ﬁlLL@%G’]EJ‘W’]‘L!E?’]Lﬁ&J\‘i‘i"JﬁJﬁjUE]qUﬂiﬂj loT LU wIUNASALWTR TIUTINVEENAAANIT 4
Uszan dun HDPE, PET, PP uaz PS a1nqadmusnaszuaslsanuiledia vhnsussifiudssanamitsan
gneies (Accuracy), muuaiugh (Precision), MatienAu (Recall), F1-score Taufiainauiinisussuians
(FPS) wazkiauele (Latency) luan1nuinaeuase wienduiintednin 1y vuedouiu uasadng vseyundos
LazUundsszuUmuAImInzan Weliiulainsuvannsadauenvezwanainuu uisealmilieeis
waiug1 anAuRanIuTIuAY wasfiusgAnsnnisianisvegluuiunineegiauiale sevuiinly
Uszgndltluszsuu loT iednuonvezsalusialugudiloda vieldnmaduingluaenisndnvedlseny

PREAUNIIULNEANANNHANAIAYD Y LE LA

5. NAN15398
nan15ITeTildann s ukeundrdud i unisfauenvelneldinaiauszanananin tngld
LUUS1883 YOLOVLT Fewvadu 2 dau leun nan1swaun Buseundndunisdauenues waskanising
UsgdnsnmuesnisAnuenveznatainlagldiuudnass You Only Look Once
5.1 HansWaUILIULRUNAATUNSARLENYETNATERN
Aottt udelilFnuansasunangameresmssnanain wiszuuasUszanananm
seluiaa YOLOV11 tensiaduuazduunyseinnuszwanadn 5Uf 4.1 widuueundindulasiaiives
$UU gnifmunT e 1 Python 1 Flask Framework d1nsuntsdanisidumisveaiu (Routing) was
LanINang HTML,CSS dnvauznisvinsuvesniiiv ninduvesssuugneanwuuanildiudig

Usenaumey 4 @iy sadl

UM 3 nthszuudmsu Live
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duusn Ao daumuau (Fuvuge) wansdevtasuansdessuu Smart Plastic Sorter #3asgUu
Anusnnataingaasos nieudydnualslafa Jwudenlvun) duydmsudennaes (9 ndes 1) Yulvun
39U laua Live dmsugainen, arenn dvsuttsuasszanana, was sulvan dmsudulvanlng
gUmWLﬁamwaaU

AU 2 Ao Live (SUM 3) diuilanunsavinunsuseinnasanaiainle tuuaizdy (real time)

Y

1Y)

daunansvemtieidunisuananaainndes (Live Camera Detection) nelunseunin ndewnsaaduingi

<, a =~ a4 a4 A« v Y
WU YI0Wad@RNaY1? Iﬂﬁlllﬂﬁ@UaLﬁaHﬁJﬁL‘Uﬂﬁa@ﬂJiaUﬁmq

&Y% Smart Plastic Sorter &5

Cndonndav  ndov 1 v

dfemwiWodum

mwiwu Q swaudva
@ wusan: 1 fu

© Usann: PET

X mwsanfiwu

UM 4 vihsyuudmSuaienm

dawdl 3 Ao dienn (GUAG) daufiasnsonatuieamannndesiiridalinegaindudedayaly
Uszananald @aunsussIananIn WanInInaINNaesasy (Audie) memagﬂﬁﬁswmaﬁuué’a (GEE
na9) Tnglunmilasrany vaawanadnla uavszuuldnsevdmaenditendonseu wiendoanuiiuin PET
0.93 Famuednsanuindunarafnussian PET (Polyethylene Terephthalate) fremanuiula 93% 3)
duazUNaNIInIINTU (AIUBI) LARISIEAZIBEANIIATIANY Wi WUTaR: 1 Fu UszLam: PET uamanmee
(thumbnail) ves¥agiinsrawuiiedudunanisuszanana

il 4 SUlnan (3U5) drudanunsadiguiidigliudetunanidui etundssananald

Y

Usznousme nasudentid Ju sulvan & Aum wedan sz uuinsiest nan1snsiadu (wuadu 2 i)
sUTinu (de) : wansTmgiignasnnduainguiiduivan laessuuldnsevdmdendiledeuseuing @udu
vianaainla) s1eaziden (131) @ MWIWAATIINY: 1 FU Useianwaradin: PET nndeiinsiaduls wieu

szysadn PET 0.93 (Aannusiula 93%)

]
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Zo Smart Plastic Sorter 2o

D11Ennd20  Adav O (AuSudy) v

Choosefile  93614_0jpg

Q sw

@ wusan: 1 5u

© Ussnn: PET

X mwagiwu

5UN 5 mihsguudmiuguivan

A1519%1 2 FIBY1INITVINUILNN

‘VISJ'JW‘VIQ;I: mwn'ﬁv'i'm'mﬁgnﬁm ATNAITNIUIYRA

HDPE

PET
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‘VISJ’JGWIQ‘J: mwmsv‘hmaﬁgnﬁaq AINNISTUIRA

PP

PS

MNP 2 MIAAEsiAmAsEreRn @awnling YOLOVLT shwuneRainannsundes nns

Me¥ng Munda uazuasiiunndnsaindoyaiin ilrdnuusruresmanain iy sUsawasiui Wasuluay

Tunaduan lnsiomsideTngides nuu vidooguuiiundsdlndifes dwmalvisuunsdanaraindanann 1y
HDPE gnvihnunesdu PET w3e PP

5.2. HaN13ANEIUTEANSAINYRINTARUENYVEENANERAN

Tutaa YOLOV11 Uszanawalaeld GPU 484 Google Colab Ha31u (Tesla T4) 1¢a1ad vog

Latency 22 ms #ion1W FPS 55 fps Usgandnmassnisfnusnveznatafnlaglaiuudiass You Only Look

Once laldrnAnugnaed (Accuracy), ANUWIUEN (Precision), N15t3enAY (Recall) wagauaunaveInIy

waugunIsSenAu (F1-score) [8] A

A15199 3 USEENSANUBINISARALENVBENAERN

EES
- Accuracy Precision Recall Fl-score

WaNEnn

HDPE 0.983 0.958 1 0.978
PET 0.994 0.999 0.97 0.984

PP 0.958 0.943 0.898 0.92

PS 0.976 0971 0.918 0.944
wieiun  0.954 0.967 0.946 0.957

]
v
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9115797 3 UsEANSAmaesnsAnuenveynatann 4 UssLanlaun HDPE, PET, PP wag PS lag
TFuuudiaes YOLOVLL wanaliiuinlumaaiuisavinauldeg1afivsed@nsaings Ingdninugnaes
(Accuracy) PET fianuangnéiesgegail 0.994 so9asnfe HDPE 0.983 PP uaz PS 11 0.958, 0.976 muid iy
A1AULLIUEN (Precision) Wudn PET dlfgeaniia 0.999 HDPE, PP uag PS denminuusiugn (Precision) ¢
71 0.958 , 0.943 waz 0.971 mudIU M3i3unAY (Recall) HDPE fe 1 PET 0gifl 0.97 d1u PP uaz PS ogjf
0.898 waz 0.918 muddu lefia1san Fl-score Fafusinniuannaszsning Precision wag Recall wui

PET wag HDPE flf1 Fi-score gagnil 0.984 uaz 0.978 anuandu @ PS gl 0.944 uaz PP ogfi 0.92

6. d3U

VulaUnawadu Smart Plastic Sorter Walu1m18 Python way Flask laeldluina YOLOVIL d1nsu
MIRTURAEIMUNUTTIANEENAARAN STUUT 4 dundn Ae diuatunu (Banndeuwazluum), Live
(M513UUUBEalnY), 81801 (MaanewazUseunanaiud), waz sulnan (UlWanmuInsI9dau) Hadns
PLUANINTOUATIATY Usziavwanadin Aranusiule uarseazidoataniin Weamivayunsdauenuay’
loRavegnatafnegradiuse@nsnm

LpaaninsafAnuenvEEnaiasin 4 Ussinn (HDPE, PET, PP, PS) lagnaiiseansnngs Tneindsiinan
Wrla (Latency) 22 ms siann wazaudilunisuszanana 55 FPS lefinnsanussansnmn1ssunany
Uszlannanain wudn PET da1Augnfas (Accuracy) gaga 0.994 uazA1muusiug (Precision) g4ge
0.999 ®11A°8 HDPE ‘1'71| Accuracy 0.983, Precision 0.958 d7u PP way PS & Accuracy 0.958 way 0.976,
Precision 0.943 wag 0.971 muannu d1m5un1si3enaAy (Recall) HDPE i@ 1.0, PET 0.97, PP 0.898 Was
PS 0.918 2w Fl-score 484 PET LA HDPE geanfl 0.984 uaz 0.978 Aud1fu vaz?l PS way PP fifn
0.944 uaz 0.92 wandliiiudn YOLOVI1 aansaduunveznatainlaogauiudn 530157 Lasaunassning
Precision uag Recall vibimngdmsunisussgndldauasslussuudnuenvezuuisealngd

7. aAUsnema

<

PNMTHALIIVLBUNALATU WUITEUUENNTONTITULAE IMUNVEENaERN 4 Useian (HDPE, PET,
PP, PS) leegnsiluszansnmlngldluma YOLOVI1 sesduriinsyheuuuudeald nsaienin uaznns
gulwannm vlidlddanudangulunisldan lassadaszuuuuaiu 4 dwvdn ldun dwauau, Live,
a1en i wazeUlnan greliandealendusig o 19918 nan1svnassuansin PET waz HDPE § Accuracy
q&qwﬁ 0.994 wag 0.983, Precision 0.999 ag 0.958, Recall 0.97 wag 1.0, F1-score 0.984 Lay 0.978
AU BauEdt PS uaz PP ST Tasdinindntes Wesendnvagmisneawlndidesiuussianay ns
wansnseuing Aranusiule S1uau uazdseianvesnanafndasatiuayunsfnnenvezuaznisslufald
pe98lUsEANS NN WilAnuutug envanasluannuaslivinsaus ovestouny

nan15UsEIduUsEANS A nvesluina YOLOVIL wamalwiifiudn ssuuaiunsasuunvesnanadin 4
Uszlan (HDPE, PET, PP, PS) iﬁaé’l\‘iﬁﬂwﬁw%quq 198 PET uaz HDPE SAsdin Accuracy, Precision,
Recall uay Fl-score gegn dsazvioufisanuannsavedlunalunmsifouidnwarmsmenmibudauay
WANFN9 19U IR PET lauarjunseunnsgiu viveunansy HDPE Ffiunazrun vlinsadusazsuunldie

du PP uag PS daududaulunisdiuunuinnidn iesaingusisasiiuiindeiuussinndu nagwsil
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v
|

aenndostunuidenouvtiiieadiu YOLOVS way YOLOVS #1491 YOLO asnsaduunwanadnldusiug
IﬂsﬁuagﬁummsﬁmLauﬁuaqé’ﬂwmzi’a@LLaz@mmwmaqmw

nadwsvesuiTeiiaenndestunisinunounii wu sulad meeils uavame [3] Al YOLOVS @n
wonuerIlelAale Accuracy 1Ay 98.33% uay qudud wsuynSes wagany [4] K. Soumya et al. [11] et
al. uag J. R. Yasiri et al. [12] #inud1 YOLOVS & Precision GN 5209971294 Unni et al. [13] A4 YOLOVS
iA1 mAP50 0.983 wanaliiifiuil YOLO anunsadnuunwatafnlaegiguaiugn ﬁﬁuasjﬁ’ummﬁi’j’ma}uﬁum
ANYUL TAALAL AN INAIN

dlewFguiiisy YOLOV11 fU YOLOVS Wag YOLOVS wudn YOLOV11 Sannumienitlunanedu liun
AN3L5) (Latency 22 ms foNW, Uszulana 55 FPS), A3UNunIuY (Accuracy, Precision, F1-score qquﬂ
Ingwanie PET way HDPE) wazUszdnsaimnislaninenns silvimunzdunisvinausiuiuaunsal loT w3e
aeNUARKENVERUULSEAlNY

Tudsuszens Tumatfannsoiluldnusdulssnsloda fausnvsznanaiin 4 Ussinmuuuidoalnd
srufununadnlufAviomenudndos aansiemiusanuey dWiuauusiugaauss uayanune
venelugrumuviogaiuilufadioatuayunisusnussdausdung

Tuszdvulovguazdeny nsld YOLOVIT Yrsanudinavesiidanaunazuais aduayuy dreular
economy Taevilimsnennsgminnduanldsn annsléingiulmiuazndsay atfuayunsnausudanis
yezsriuilioaared afeanunssminuasnsidiusanvesUszaney demasennudduindundon
LAEAMNINTINLATIY

8. JoLduBLUY

8.1 daauauuglunsi I luly
1. syuuduneundiatudeddanusauiu Sumedidaioliannsoyszunanauasianinanis
uunvelaviui
2. siitundsillandiofioseninuesy ieteliluna YOLO ssradutagldusiuguniy
8.2 tauauauurlunisviniseasedaly
1. asvenensnaaedludezdssnndug wu Tane i vidonszans ielfinsouaquanniu
2. madfiuUinauasauvanvatgvestayaniiluLive AT James uvAs warFULUUTEE
finannvaneiitelilanaFeuslévanvatsaniunisal
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UNANED

nAteillfiausuuuhasssruumse makuusEyinmMaiion1nsafularssysumisenne
g1uliaudu (UAV) dedyaiaing nsldmaiian1sdnaseguuuunisunsnsyane (Radiation Pattern)
vulUsunsu MATLAB Wleaisuagiinsesinaauiinisiudygnavesaeeinia nan1sdiaedlduandiidiu
femnuanunsalunInsIndulaysyyiaviwes UAY laegrausiug Insaiunsadudusiumisuesunasiiin

LR [

araldiunsInsginuduvesdygin (Signal Strength) NFUNUSAUNIINYUTBIAIBDINFTIRDI

2°

msiiengsisdunsludsuuuumsdiasmdn tiun msldansoinmasdaiertuluaniizasi (Static
Homogeneous), N3k arsarniaviadieafuluaninzindoulws (Dynamic Homogeneous), N34
anvoniasiafuluaniizasi (Static Heterogeneous) waznisldazernianiseiafuluaniae
\waawlin (Dynamic Heterogeneous) NAN133188431NN15NA@0Y 100 ﬂ%’jﬂuLLﬁiaaﬁgﬂLLUU e aloLiud
Tana Static Homogeneous fiUszananngeqassaadsnuamisalunisnsaduey 34.9755%
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Abstract

This research presented a directional antenna system model for the detection and
localization of Unmanned Aerial Vehicles (UAVs) using radio frequency signals. The study employed
MATLAB-based simulation techniques for Radiation Pattern analysis to construct and evaluate the
antenna's reception characteristics. The simulation results demonstrated the system's precise
capability in detecting and determining the direction of a UAV. The location of the signal source was
confirmed through the analysis of Signal Strength relative to the rotation of the simulated antenna.
The analysis was conducted across four primary simulation scenarios: Static Homogeneous, Dynamic
Homogeneous, Static Heterogeneous, and Dynamic Heterogeneous antenna configurations.
Simulation results from 100 trials for each model indicated that the Static Homogeneous model
achieved the highest average detection efficiency at 34.9755%, while the Dynamic Heterogeneous
model performed best among heterogeneous types with an efficiency of 24.5276%. The study
concluded that an appropriately configured static arrangement of homogeneous antennas was the
most effective approach to enhance the probability of UAV detection under the simulated
parameters. This research provided a crucial foundation for the future design and evaluation of
anti-drone defense systems and was highly beneficial for developing surveillance or alert systems

in critical areas, such as airports or military installations.

Keywords: UAV Detection, Directional Antenna, Signal Processing, Simulation
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wenmilodyaueiuanuding szeends  wWAuTouldss gnsuniulanaeg

Na 3 Ni. nuan Wu
UDUAUMLEIEAT  -@1015075293UB1N1A81Uls AUTY  -Audaniinsiaviesinedesaiiio
(eye's vision) woniledyaueiuanuding fgad  lawnsaveddlunainanshuvsely

N5 UldlusTuLNaLNSaUD LTI PNAvAUI e

4. M3niiun1sive
4.1 MIvBNLUUTTUUBSALISUAzNsRaRaLanadaugUnsaila sy

TurnuAded denldasoiniauvuszyfianissiuau 2 wuufe a18eINIALULETA-gAT Loz
g9 MALUY Microstrip patch TaefinaastAdsi 1) uuueni-gan aud 2.4 GHz Mdwens 18 dBi A
AT9EAAY 15 937 WA 2) WUU Microstrip patch AUA 2.4 GHz uag 5.8 GHz Adawens 8 dBi uay 12
dBi srwdty Taediaruninsdiedu 60 aam lasanedidevinnisesnuuulifndiamesenmauuiadsdionnu
a4 1.8 wums laganunsnfnssangeinialinsounquiluiinsaanmsaifanuamununssuny Tédud 1 - 8
i Be3udl 4.1 Tfuansnsfindsansoiniauuueisiuau 8 viiae duun1sindaangeInIFLuy patch
antenna awau1saRnsIldgean 4 nheifedosiuldliiAnnisdouiuresiadu Snanisandiualy
Fupouildianmududouresszuu msldaeoniauariiuduanaissasdmalinududouludunen
A9RAGA mst,%amiamaﬁmmﬁmLLazmiﬂizmama%’aaﬂaLf‘iyaaéfuammaammm Fagrelinnsideanunsn
yaulufinmsannuagysulgssaneiiunisdiasslded1udui fuszdniamdadunu nsandiuiy
gunsalasivanAldnenugtsawisineg1alideddy vililasenisidearunsaaiunisianngle
sulszanniifiogliegnaiussansaw Faduiaduddadmivanuidelussorsudu uaziiosmesanis
NAAOUWLIAR S¥UU 4 Wiy Wisanediazansnnsinauvesdanesiin Triangulation leeesfituddey Tne
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seuudimsanunsasudnaandineglusuissuuliedislosaaganiuanaisiy vildaunsafuanm
sunusvostmuiglanundnnisnaeld

5UN 3 nnaaeuaNgeINTA

o A

nsanduladenvfinvesarseniadutladuddidenalaenseromnuiiugazyseansainly

)

3

N3A5I9TULAENITTEYMUI Tuduneunis@nwiUesdiu aueidelavinismaaeuamaudfvesaigeinia
vaneyiln Auandlugui 3 Jadunsvegeuasainmeasiawnnduuuiiien (Single Patch Antenna) way
a1g1nArlngIALUULA YL (Single Yagi Antenna) NSNS T UNATAVOIANYDINATI @RI VTANUI

v
Y o 0 o

AU INATRALNNTLTD LALUSoU T U 29UV UATNLASALAL U UTNUN BAUNEANNSUNSRAAAILUNUNATNAR

a1 =

LATYINNRAIUD NIV (Gain) NABULI9R Az TANLTUANI (Half-Power Beamwidth: HPBW) ¥l

9

ANNANTAtUNTTIEYTIANIBANIZIAIEIesdIanat Tunenduiy a1ee1navilaeid (Yagi-Uda

17

a a d'

antenna) wiivzdlassadeiidudeunitwasiiaualngnit wilidelfuSoudausyansamdmidoninegns
Winladn ImaﬁﬁmwmaﬁquhLLazﬁﬁmuﬁuﬁLmUﬂfh ylfanunsaniunisSudyaaanfiani e
amzizasldmien faduguaniandniuegrsdadmivnuiifesedonisszyiianaves idvsnede
anuwiugrganazdalalddunuuiasmdnlunsiamnlusunsy MATLAB dmsunisdiaeansseyiiams
#2673% Triangulation tialildauusiuggeganiuingUszasdvasnuided msfadassuuensauidiiie
vy nsndeumseInasiindne 4 uazn1mmaaeusruulaeTin Manadeuwatifauddnyluns
fuduuszAnsnnmesdinlszneuusaziunaznisinuiiuiuresssuudewilUldlumssassiidudon
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4.2 MaselusunsudnassangaIMALaznsIyiianevaatmaneg
4.2.1 WsunsudnaesseuuaweIe
MsdaBIsTUUAMERIMALUUIEY AAeiLiunsfelusunsy MATLAB fauandlusudl 4
Tusunsudithelannsaaiauuusaemgfnssunisuknduvesasornaluaninwandeniieuaulé

DESIGH
- n ¥ul [ - — 5
or O B comwfmumy 24 GHr =) @ Settings | \ 1 ] Y O B & w W
Mew Otm S.u:g Fa R 60242640 MHz = Impedance | S Parameter Cument | 3D Pattern| AZ Pattern  EL Pattern  Optimize | Tile | Undock thm
FILE PPUT VECTOR FREQUENCY ANALYSIS SCALAR FREQUENCY ANALYSIS OPTIMIZE VIEW EXPORT =
Properties | Show Battem
¥ yogitca wagillds anienna olement i
- == I= 0
Nambrectors q —
Dinecioriength (m) 0047245 .
DwectorSpacng (m) 0035385
10
ReTecinrLength (m) 0.05TSaz 8
RefactorSpacing (m) 0028955 20
TR {65} 0
30
~ -
Rixm o FEC E
® yagillda - Exciter - SpoleFolded -
Srww Anle
* SpoleFolded - Condutior - metsl
Sparameter Impedance
* apoleFolded - Load - luimpedElement c P Impedance
» yagitida - Conductor - metsl e
HSqy)
> yagilida - Load - lumpedilement 4
\ — 200
Apshy T \ £
= N £
;’ \ - £ o
i 4 I .
[ o 200 | == Resstance
g-u E —— Roactance
r =400
& 600
21 22 23 24 25 26 27 21 22 23 24 25 2B ar |
Fraquancy (GHz) Frequency (GHz) |

Firished Adding.

U 4 1139180958 UUAEDINALUUTEYTANI9MIETUSWNTU MATLAB

4.2.2 MITABINMTIFYRANIIIYAEINALUUTUTIANNELALTS Triangulation
nsszyfiamsveadmaneldszideuds Trangulation Fedinnseenuuuszuuiiansnssey
NAN19ADILUY cﬁ’ummiugﬂﬁ 5 3'§§mﬁamii’méﬁyzyﬂmmﬂwmsw‘hLmﬁuﬁamﬂﬁmaqLméqﬁ%ﬁmé@@m
Fadundnmsiiugiulunisssyiumisesenaeulieudy

Antennas and Detection Range (200 meters)

200 - |
I ®  Anlennas
150 | | — — — Detection Range 1
~ | — — = Detection Range 2
h I —~ = = Detection Range 3
100 “ I — — = Detection Range 4
~ | # |= — = Detection Range 5
i} ™ I % |~ — = Detaction Range &
50 F . I ’ — — = Detection Range 7
o1 L7 — — — Detection Range &
LV
A Drone
- "] R ——— P ——
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- | h
£ s |
50 ¢ p I \\
/ N
s 1 ~
100 # I ~
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/ | ~
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150 o I
|
200 A
200 100 0 100 200
X
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e R
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RF Signal
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Y
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Antenna

A 4

Yagi Directional Pattern Simulation

- )

farfickd (F-02.4420) [1]
T .
phiedis

Parameters

—

Detection Simulation in MATLAB

|

Processing

JUN 6 ununsasslusunsudnaesdmiuszuunsiadueniaeul faudy

4.3 Hunaunsas TN IUNITIABITFUUABINALUUTEYTIAMNG dm3un1snsaaduanniAey
Baududedyyaing
1n3U7 6 Fsuananszurunisamasuonaeliaudu auzdidelianuddnludiurenis
Uszanana adenilagiiaunlusunsudassdmiunmansaduemesulfaudusedyanaing msgadu
fimsasinsUszananadiseliansonadeunazUiulssdaneifiunisamadulfesasBenteuiluly
fUsEUUESANISIT MansEUIuMSFInaIUsENeUIe 1) wasiudadysin — nsdeansvestasu 1a
suReuynuszianludagiiu lidezdulasuiionsnidlvd vienusfisn drudoslamnsdeasuuuly
amefenduingiiofuidazdseyanduindslumaiuny Fyaaunariulseendutssamudnany
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yEonsUsuasungnssusieg Insuasduddmndygaiuaznovaussuiigaiunudomis nsds
foya (Telemetry) Tnsuazdsdoyaaniugnisfunduandsilumaiuauesasaiiios fayamarinudaidn
Ui (310 GPS/GNSS) ANAIIET SEAUAINGY LATENUETBIULUAABS N5danWIALe (First Person View
- FPv) dwisulnsuiifindosfings azfinisdsdygniflenuvannduaifieliirunumeaiunimanyues
vaslasulauuuisealngd 2) dusudygin — unumvesaieeINATEYan1 Msdentdaisainiassy
fansluszuunsndulasufianuddgedieds iosnqaaudimanaiaineulandanudeanisves
szuulnenss 017 MAawene (Gain) Wagdiama (Directivity) Fanuneianuanansalunsifiuanuusives
Foyaafisunieddduiiansanie a1 Gain ﬁqqﬁﬁi’ﬂl:fJuaEJ'N?JIQE%’Ww%’umamm%’ué’@wmﬁéaumﬂs] N
Tsuiiagvrdlnaseanluvatsilawns uanant anantRlun1sifianadiaelfszuvasouenues
Lwia'qfﬁ’%ﬁmé’fgﬁgmlé’fLLaiushﬁﬁu warAuNi1981AAL (Beamwidth) Gain ﬁqwamwmmmzmw%uﬁu
LR RREALCIRITATER m51’7fﬁﬂﬂ?{uLmuﬁuﬁﬂﬁiwUamWmwqﬁﬁmwaﬂ,mu%’ﬁ,lﬂiuéﬁ?J'aﬁ'fu Fadu
wﬁﬂmsﬁugmmumﬁﬂmiizqﬁ%mu'uwu Angle of Arrival (AcA) 3) N153LATIENNITIALABTUALANT
$raeeneimnis neufiazshmaneaesiuszuuass mssiasstsreniwasianzna uduneuiinia
Lilglunszuiunisesnuuumademnssy n1sdnaesglsliinesnuuuausanageaulasySuUaUssansnmn
yeuaomaluaninundeuialiousisliosmnifinasivssaninngs Jshvanalddrouazinaluns
asrefunuduuunameninadifagnann wisdmesngg dulunasin "amunim’ vesameemedldly
mM3nsradulasusg s mlmuneauar Sulseiuldinaemaivszansamlunns e dyaradivn
WuazUsuandernuanunsatunis "lady duanadiseuung mﬂimuﬁagjmﬂﬂﬂuﬁﬁmaﬁmzmiﬁ R
grglissuvanusaiusnsdndyusodnyyinsuniu (Signal-to-Noise Ratio - SNR) léagnsdituddty
wazreszernsnTduliniedu 4 msfiassnsnmadulauly MATLAB wianiildeenuuunas
Answianenmalussiuiudmuds nedniildasgninunlddudeyaisiudusumsasdlusedussund
Fudoutugeronduifidy MATLAB Suneuifeqaiinssiassaennimunussausunmsdiassnisyey
voslnsuLaySEUUNTINT UV MATLAB uag Simulink fia3asiiatanigymaidaslianunsasassnis
uvesszuunsradulasuldeginsauaqu N1959uAUYee RF Blockset wag UAV Toolbox lu MATLAB
wansliiudsuwnAnvesnissaeslunatssydu (Multi-Fidelity Simulation) Wnideanunsaisudusenis
$ravsuuuiie Aldnsnensdeniiennaoudanaifiuiiuguldonsmng (Low-Fidelity) 1ntuieres
fimunlugnsdaesidudaunarauaisgs (High-Fidelity) Ingldanmunadonivilons3snin Unreal Engine
Fupouiifinudiyedriddunmageunuudunswossrutlugaunseifldmndnneuitazidluldase
Fatwananudsuazanldielunsiamunldognaivsyansam 5) miﬂizmawaﬁfymm%uqqLﬁamiizq
fumis Jumeu "Processing’ lulnezunsuldldnuneiaiiosnisasedudaaraininielifviadu uwade
nszurumMswasdoyanduingauildsuannaemdlina futeyaiifinnmuneuaziluldlunsssy
fnulaziLrdsueslasule ﬁﬂﬁ]éﬁﬁigsuaﬂ%umauﬁﬁamm&mLwzﬁzgz:gwmmaﬂmuaaﬂmﬂﬁmmmumu
ﬁi’wmummmaﬁ'a@ummﬂ n15¥1 FFT (Fast Fourier Transform) A53tAsngianeidu (Signature Analysis)
N1558YsMU4 (Localization) A98 Angle of Arrival (AoA) Triangulation wagnsld Time Difference of
Arrival (TDoA)
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4.4 n1599nuUUIUIHNTUNITINGDITLUUEIHBINIALUUTEYTANIS d115Un15nsaaduaniAeuls

AUTUAIBEH NG
nseanuwuulanlulusunsy MATLAB wuseenidu 5 drundnmuluma asreluil UAV Model d@iu

Hdaesmsfuvesermasulsaudunuiiinvesgaiiiivun (Waypoints) lnssutayaiainldlunisdu
AULEIVBIBINALIU kazdnTINTdNiIeg19lunITTIaes (Wsun) En1slY Cell Array iiietiudayanis
a Y] v o A | Y] ] . ) Lo v a o !
Juuaziinveseiniasuliaudunuananeiuluunas Waypoint Antenna Model @uivinuninginnunen
LAZALUID9E80INA Tn1sAwIASATvesEe1nIA AuAyUTesaIeIN AT anuadY 45 93m

° ° ' & oo v o aa A o ! . | X o
warAuIMMUNLBsEg N AR lneldienTunsinalifiiionviuna X wag Y Simulate @uiidnans
Wunsn1stuvesennideuliaudu lnemuunvuinvesiufisiasadu 30x30 wiie LazisuAun1sIas
lnaisenldluga Siminitiator WaypointsArray nmsdnasawialuaniazdis (Static Simulation) lagssAns
vyuvasingidu 0 uazaniaziad oulns (Dynamic Simulation) Tnadvrin1snyuuasingidu 90 asen
Processing @auflUszananaiinuuinuiunisnsiadueiniasiulsaudu Tnswmssunauys found ety
FUIUNINTIITUANVLAZINgUAINTINIWISY Tn158Umnsuwisveseniaeuliaudulunsiiinmn
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4.5 unuN1383191UsUNTUNITINNBITLUUAIERINARUUITLYTANIG dmTun1Insaaduaniaeull
AUTUAIBEH NG
U7l 7 wanaununsaiislusunsudiassdmivszuunsnduenmasuliaudy dieasuieduneu
mssiunuegruduszuu Ferglinistaulusunsudasnduluegrefifianiauazdussdnsam
LLmumwﬁﬁ%auaLLamﬁﬁzLﬁaﬁﬁﬁﬂiauﬂqmé’w%’umiﬁwuﬂﬂmﬂim‘]’ﬂamLﬁamﬁm'ﬁwﬁigwm’sﬁu
o1mAgulauty (UAV) 3ududisnisivuanisndimesfididgvosaniunisaliiass fenseuagui
AN¥ALYDITEUUATINTULATANENURveLT NN Tnedin1958uAIR19Y 1Y S8E8n1395993U Yuduian
FuvaazfiavsweaaIeInIa saudaaansnisduveddasuy suldun szeziaan anusy e uag
$ruawvedlnsu niudadrgdunounindengiuuunssiass Seudsenduassussnnndnfenuunsi
(Non-Rotation) uagluuvisiu (Rotation) %qmilﬁaﬂgﬂLmuﬁﬁlzmmasiamiﬁwumﬁﬁ’maamemﬂﬁ"lﬂu
nsrUINNITaewiall
deiihgnszuiumsdraeandn spuvIgAulLULUUILG (iterative) iTaasn1nIadulng
wegemariios Tuusazseun1ssiass TWknsuazaTIRdeUI L@ NAd I sansIadudyaavestasuls
viseld mnldwudoyayio izw%‘v‘hﬂﬁU%UUﬁqaﬁffmaﬂmuLLaxmemﬁLﬁaﬁnﬁumﬂuiauﬁﬂlﬂ WANN
fnsnaduiidne ssuvazuanmatoyamansraduild wiomsufinnadnsluusasisuiiiutu n1sn
srilazdniuseluauniilasuazdudshumisgavinenud sl fluaniunisaiiaes Fanszuaunsiign
ponuuuatag i ussuuivaslianunsatsefiiusedns nmaessruunsaduldegsasoaly

ANNLINABNLANBUATINIgNATUANBE 1IN

5. NANT53Y
1535 ANE Ay un1sTaeuasnageusEUUAsIasUemAeuliaudu Tnanissiass
anmuandouiivarnuatsuarlndidssiuaninaia il eliaunsanaaeuuazufudsassuuldogied
Usganinmasanluaniunisaleng 9
5.1 Han1IAEUIUIY
5.1.1 NANITVAFDUTTUUSITALITAULUY
mMsnadeuszuvansawasiusuUldiiunsuaaunisaling  dedssduauannsaly

(%

M99 U FgUN 8 nansadeuanaLIsadEuduANaInsaugIuvessruulunTTuLaY

[

Uszananadyaaann UAVs luszezuazdoulaiiuandneiu dadusingiuddgdmsunsiauiiuuinass

Y v 4

FANAWIS LFUAUMENITNAFRUTEUUEISARISAULU U B USuANausanugulunsTulasUssaiana

o

dyaaingan VAV Tussezuazdeuluiiwansneiu nsnegeuldaiiunistuaaiunisalivainvane lned

Qe

MansldanganALuUTaUTiAnIe (omnidirectional antenna) kagluussy#ian1e (directional antenna)
HAaN1INAgeUITIUsEInYLandliliudnaeenALUUTBUANI9EIN15an T Ud ey 1adlaannn
e lnglaiduegiuiunimes UAV wieratuan Tuvugiinmsldasannmawuussyfianmauanddiiiug

N399I Uy ainduRnIsiilsurasiLladayyias (UAV v3egaiuay) agluwuidindundan (main
=l

¥
=2 Y]

lobe) ves@e1INALINTU NaN1INAdRUMATREUUIIETALITIRAUTUTAnA MTAUF UL EWase
nsi Ul wasidusngruddgdmsunmsifauiwuudiasudwenduisiiolnsgiusesdnsamly
anunsalfidudoutusioly
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JUN 8 UanIN1IRTIRIUAYIUAILAILRINIALUUTOUNANNILAZLUUTEUIAN

5.1.2 MsdnaesageInIakarn1ssEyiensvenlving

U7 9 UARIHANTNIAGBUNNTIABIENIBNIALUUTEYTAANG Tauansd Directivity findnsd
2.4 GHz Inwiidngagn 7.5 dBi uazATAAA -28.6 B AN Azimuth 885¥1379 -180 19 180 841 LAY
Elevation 8g/5¢#1319 -90 i3 90 89N nsdraositaslianansoTinsgiuasshuengAinssunisusaduves
awonaldegutugluanmiadouiaiionass  Directivity geaniiasiy 7.45 dBi Usidraeiniad
mssamdsnulufirmaaneiigann fadwalviddnaundniuaukazsnsvetsgs mmzegdadmsy
nsszynazAnnantmneluiamaiionzianzas luveiien Directivity shandl -28.6 dBi agvieuliiiud
sEAUYBIEAA LTS (side lobes) Aidnannifloisufudindundn dudunuantinddylunsannisiu
é’iyiy'lmsumummma'qﬁﬂLﬁﬂé’iyiyﬂmﬁlﬂﬁqﬂizmﬁﬁasjuaﬂﬁuﬁLi’JmmsJ Assaesilsaduduinnis
sonuuumeemadaaan iRtz audmiumahluldlunuanefuuuussyiianmaasianuaunsoly
nswenuezdyaatmanglaegiedisedngan
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diensivaeunnuaansavessruulunssrysumisesmng ldfimsiiasinszurunmsssymumislag
T doyannszuuameomaiildsaedineuntig nanisheomuandsiifufenuaminsavesssuulumsdimun
FAUMIYBINSU (Receiver Position) wagiunisuad UAV (Drone Position) laagnedniau nssaesiiuans
Tussvanusalideyadeiimmaildanaseiniadiessyfifnves UAV luftufinsnsraduldosied
Uszavsnn dadussdusznouvdniiddnilumsimundussuuaseduiiauysaiuuulusuan

®  Receiver Position ®  Receiver Position
®  First Nearest Drone Position ®  First Nearest Drone Position
®  Next Nearest Drone Positions ®  Next Nearest Drone Positions

300 N\ 500 600
200 ™\ F s 0 < 400

s ;
100 N\ g
i 0 500 X Y 500 -200 X

JUN 10 HamInsRTuiwiseathmnganssuuaeanailainasdty

5.1.3 1139180958 UUATITUIN AUl ALTUAIBaEINALUUTEYTANNY
MATeldsdunaenddnielienyinansenurasmandwesnsinufiuansiaiu
soUszAnSwesszuy Tnsdimsimuamnsfivestugiusuiudmsunnluea 1iud seaenisnsadu
(Radius) 250 tuns, WU n13052950 (Field of Interest) 1,000x1,000 LUAS WATNISITIADT U0 UAV 7
Svuelifinnuida 10 wesAunit warsveviadu 16 Jundl madsuudasiiiatuluusazinnagssin
Rzmniwesveseee ety deliannsawenueznanszmuvesadousazedsldosetaau Tne
Jadunsainagnadeulinafiannsndassnsiinefuesszuuamseinia madineueserniayls
AL waziufivesnsnsiadu lumansnaassutssenidy 4 Useinnudn leun Static Homogeneous,
Static Heterogeneous, Dynamic Homogeneous Laig Dynamic Heterogeneous
5.1.3.1 Static Homogeneous
gﬂﬁ 11 wansluwaideasoinialiaunsansadvenmesnliaudulduazdloaise
n5193uls Tumadsraesnsnsnduluanvrafivaranmuadoundieiuioun wisdnesvesszuy
a1 n1Adsdl Radius 250 wms Angle 45 D9An Position usua X = 58w 250 f4 750 s g
FUMUL Y = 581319 250 913 750 WA Direction @y Uag Rotation 0 83f1/AUW W15 diwesveseIniaAeIy
1¥pududad Way points @usiMunud x = 581319 1 9 1,000 AT dusnids Y = 581379 1 9 1,000 1uns
Time of Flight 16 31U Speed of UAV 10 1uns/3u1¥ waziiuiivasnisnsadu Field of Interest HMUA
X = 1,000 WA ATAUS Y = 1,000 RS IMLﬂﬁﬁﬁ’]ﬁ@ﬂi%UUﬁi%ﬁ’]EJE]’]mﬂLLUUS%QﬁﬁV}’Nﬁ‘Lwﬁauﬁu‘ﬁﬂﬁuﬂ
(A1 Beamwidth 45 83#n) waglaifinmavau nnanssiassmuinbnnailisyaninmlunmnsaiugean
agn9lvvdAgy domnanusiaeveseasenimuaranznsThedinsdiilfaunsafmuaiuiinns
s uldegrawiudnazdoiles denaliaruuiazndulunisnsiadugean nan1sdansues Static
Homogeneous liFnadsaruannsalunsnsaduinun 34.9755%
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V- A

>V :

20

2 4
L 15 4

UM 11 lumaagenmalunisasadueiniAeuliauduiuy Static Homogeneous

5.1.3.2 Dynamic Homogeneous

Tuwaiinsedeunanssnuvasnmavsuogwaasteszuuiiusznaudsasorniauuy
syyiimnsidoudiu msfmuae MR Mgl Rotation 45 a3m/Awil niskeAne e
silpudumilousiu Static Homogeneous waznsisAIn1sEIans wileufiu Static Homogeneous

MNJUT 12 dsussuumsuil euainsoluntraduiede 12.0284% Anuuaneng
ag1amaulumuausalun1snsaadulai e sendng Static Homogeneous (34.9755%) waz Dynamic
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Whvanedudull vldan 12878997 (dwell time) %QLmeiNnmﬁé’zyzywzwuaqmmﬂmuﬁﬂwﬁ’ué’amagﬂu
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N13A 1A 1n1A8ulSAUTY LndleuAU Static Homogeneous N1SAIAINTST1889 WL DUNU Static
Homogeneous 31N3U7 13 A31UA111501UN1505I3TULRAY 14.016% Luiaa Static Heterogeneous
(14.016%) dUszanSamsninluima Static Homogeneous (34.9755%) agsildad1Agy wazAninliuimg
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[ =

(34.9755%) aghsdlduddey Janansliiiuiudnmyuazaiuseanlymuiaeg19ueinuunnaAIwuUgy

o
1%

16 ifosnanuhmefiugiuannsanasuesianasidinsinanssnueg

Tuemafetd msdasmismaudunsldiuimnmnstuiusedeiiadstunnmniines
Y9IEE0INIA  LURUUTIA09AING Lm'avmstmmvmﬂﬁi’ﬂaaﬂﬁﬁﬁuﬁmi%’ué’mmmﬂuiﬂmqﬂiw
(cone-shaped) B3I@NLLUAYOIIINAL (circular segment) Farmualag "3 Beamwidth" wag "ss8zn1s
n92930" Mansnduandatudioduninisiuveseiniaeiuliaudy (mLUuLaumwmaauwmuﬁuﬁ
1,000%1,000 11§13) é’fﬂﬁuﬁuﬁmi%’uf@mmmmmemmwaﬁ‘ﬁ Rufinsnsiaduresudaziaioiniane
"Jaua" finnes %ﬂumu%ﬁﬂﬁﬁmiﬁﬂaad%&LLUUmemﬂﬁﬁg\‘ianﬁUﬁ (Static) LLazLLUUﬁmuIUMLLUUdm
(Dynamic) lunsdlvasuuy Dynamic A ufin1snsadunuuienuudenau s ununuassiy vl
sumesnTRdudsulunaeanat uenand lurddeiuandiifuinmsmsatvaniedudeaiiun
G‘hLmﬁwaﬂmuaguimaslu‘ﬁuﬁmi%’ué’zgz:yﬂmﬁgﬂﬁmumﬁwguLLaz%’ﬂﬁﬁu’u

5.2n5AAsEndayaannIsanlivauide

dilinsduanesiioudisvanuansalumsamaduedsludlinanissaeivun 3
ihlugteagulns i naiulssansawduindveaudazluna aguuszansamidadisuiiisunuin
Auannsalunsnsiasuennasuliaudulneiad sveeiadlun aldnassil Static Homogeneous
34.9755% Dynamic Homogeneous 12.0284% Static Heterogeneous 14.016% L & ¢ Dynamic
Heterogeneous 24.5276%

wan13398agUdnlaina Static Homogeneous kansliifiufsanuaiuisalunisnsradvidl
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Talau Uszn1susn nsanasey 19 dedAyann Static Homogeneous (34.9755%) LUg4 Dynamic
Homogeneous (12.0284%) ﬁq%‘lmamsmmiaﬂawawizﬁw%mwLﬁmmﬂmsﬁwmimuaEhwial,ﬁaaﬁ 45
e /Auniianld Asdiugriudnsmueradiviuiiesevequidenaiiiuly uifaseiainagduresnis
A3 uLUUTuR nelunseua nisd uiaeg 1908 195uLTs Usen1siiaes UszAnSamues Static
Heterogeneous (14.016%) 7 #1n31 Static Homogeneous (34.9755%) 1111 wanalfiiudnasa uen
Beamwidth vasansanialussuudiog fuituldifunad Femunsaanudn Beamwidth Aasiiauouas
wimzauﬁquumﬁaﬂ’hmimammmmwwjummwua&jﬁ’uﬁ Usgnsiianu doifiaaiadiin Dynamic
Heterogeneous (24.5276%) fluszansamnidoninie Dynamic Homogeneous (12.0284%) iag Static
Heterogeneous (14.016%) Huthauls deidlifiuinilearsenneuuu Heterogeneous aNLITUAIT
VAU NIVEUD19IY 1279 11U Beamwidth Avianuany vivliiiulonaiidnduuisdagnsgnudmane
FarhoanmnulfUszanamusesswesmnuuaniaud egrdlsfiniy Sudsliannsaeivuzanui
Mo ugIufiiAnannimauegssniald iesainUsednsaiwdanaiinga Static Homogeneous 7
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(Heterogeneity) m1ninunle azdadlasuniseaniuunasUsulvimunvaned1esednse i luly e anisgu
g7 Static Homogeneous %ﬁLU@%Lsﬁuﬁmimw%’U@jqqmﬁ 34.9755% usenadimmdsiudyaiaieds
(Pr) 751191 Dynamic Heterogeneous (24.5276%) mil,ﬂ?smLﬁauﬁﬁwﬁﬂﬂg{ﬂ’fﬁ]agﬂﬁ’h luima Static
Homogeneous e1afianuseulmganitlumsnsadudya uszerlng uinuuswesdygaildealil
\@des M‘%@ﬁLLuﬂﬁmﬁ%Lﬁmmimiaﬁ]«’ﬁuﬁﬂwmmﬁmmﬂiuamwmmé’amﬁﬁé’mmmwmuqq nsuLaue
Foyase RSSI mugruAadsnsnsnduianainuazaedonsnssling azeliaunsaesuielii
winlaluiaa Dynamic Homogeneous FefwWesidusrnisnsiadui anand etisutunuy Static
Homogeneous Tago1atdumsznsmuveaiatatnIavilifiingasaaniinaianisnsraduly (False
Negative) sazdaelunsdndulaiuaalaumnzauiunisivln wu mndeanisssuuiinsadudayaals
uiluszezlna Tuma Static Homogeneous 81awinzaunyt usmngasnsszuuiisulaléiniiensiaduuds

doyaailaziianuussgawaziainuatios Dynamic Heterogeneous 81anaulangunnnii

6. d3U

6.1 d5Unan133Y

Tasensil 5 udusaensdnuidmguiuas Ufoiiisatussuunsiasu UAY Tagld SDR e

MTNGILEMFUNIRALIFUURULUY MIBeniuUAsaUAqETRA LY sEneUTenliwaTuase AT Tauds
NsMMUAAMEN YLl UIUNTUTIaRY NMTNTENLaNALITAIUAN SDR kagNISIALIANeINNNITATIAIY
yaudafiddgyAenisiamuuuguuiu Tnefnsiamulusunsy MATLAB dmiunisdiassaniunisainig
A19duatgeInIA warlusunsualuAugunsal SDR dmiunmaaeudse n13nsIeaeulsednsninves
5rUUTIARIEEITLIANIUNTNAFRUNNIEAN TnalTeulilgunanisinaeiuasauiiase Joya
FavualdsunisTven Wz washludminenuiieseungu izLﬁﬂU%%ﬁﬁﬁ%ﬂLLﬁz@jﬁumuﬁ B3
nsdrasdlidoyaunnisaassmaniennuaglumanduiu Idinanuindefiouazanuainsolunis
inlUl¥a3eeman1sifuodniltudidy Tnslanzegrebadmdvssuvuisammediniunisldeudums
tdoatuiidrdny ewdisalumsysanmsnisiiassuaznsmaaeululanuvsanaduaisldaiumuaui
Faraudmiunmsideuasiannlusuanluszuudesuenmagulfaudy ilriulaldilasinslueuan
aunsaliussleminnnszuiunuesieiesdieflldfumstafuazasadeuudy

6.2 MIAIATALUAALUUIIADY
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TrgUszasRnanAsNITITYRUUTIaeINSINaeIniiusEAnSainnisnsiadugeand miunisldau

a

93¢ uuuaewiduuukanssydndamillndiAssiu winsdenuuudiaesiivnzaniigatueg fuuium
ANN1TINAEDU 100 ﬂ%g\‘i KWUUI1@B4 Static Homogeneous (a188101A Homogeneous) kanUIzaNTNIN
q&qmﬁ 30.9755% Tuvnizfiuuus1aes Dynamic Heterogeneous (a1881n¢l Heterogeneous) Siusgansnm
gegalumnanyvosauil 24.5276% aruuansiia 10 Wedldudsgninuuuiassifiuszdnsamgagn
Tays2u (Static Homogeneous) LagUWUUT1a04 Heterogeneous ﬁlﬁﬁ'qm (Dynamic Heterogeneous) il

Ya o v a

Foddalumajoadmsvanmiazfulunisnsindu dwsuiiisiuededuls msdenuuuiiasad
wangauiignialainied LLﬁsfuagjﬁ’umsa%ﬁqamaiwdmLu@ﬁﬂUizﬁ‘w%mwﬁuﬁ’usﬁaﬁi’wﬁﬂumiﬂﬁﬁamu
wu Tassadafiugiuiifeguasmsfindeata Tunuddoadul auwiudndaugnimuslagisnisssy
MUY Triangulation aifunsdumsunslaglduyndifaarnianeniananedu 35dvinaulddl

wuuiaesnlddeyaauysaluuy wiluanmindenasaiidadesunmuuazanulianysalvesdoya 351e19
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=

PInANLug Inglanizeg1edalunuudiass Dynamic Homogeneous 7ilganeaIN A UL ULEL Fadl

e

Uszdnsninnisnsiadusifgailieifisuiuiuu Static Homogeneous M4aN891NALULAIN N5NAADIL

wansliiiuinnisiedeulmunuvguussatseiniaeravirlinaiatmungldsendinisldalsenied

P
6 a e

psouAauituTiogeasl melinseiddifiuiuinssaesadlinadnsidnau uinsiluldnuniedd
Fodriniidesfiansan wUUﬁTwaaaﬁlﬁqa&ﬁmmﬁgmﬁumamwmmé’auﬁmmzamﬁqﬂ (ideal conditions)
Ingladadstadudranlulanussanuduass wu nsunsnszanenanaidunis (Multipath Propagation)
uay As5UnIu (Clutter) Msazyiouvesdyginandsugnaiisuazgivseva dsenavilinisssysumis
Annanald dygyrnisuniu (Noise) sednyaasumunaau$ou (Thermal Noise) wazdaygy10sunIuan
gunsaldidnnseinddu q foraviliuszAnsamnsnmaduanas wazanmnisuoaiulagnss (Line-of-
Sight - LOS) msdhaasiifseguuauufigiuing LOS seming UAV uazszuunsiady ddulanaieenadidsia
¥219ld wonanil mswSsuieuiuAEnsAsRsUBY 9 W 15e3 stuuides Bursiisn waznsueaTiugae
a1en wandliliudInsnsedusie RF ddelaseudiusiuusazainnsassyinad deduld uiidednrn
FumnuAsauAguUBIRALLATe1agnIUN Ul fedy ssuumsatude RF Ssmasgnuesrindudiunies
syuulosiumanetis (multi-layered defense system) Ainaunaumalulagnansdssanddeiuiiedss
ALTILAZVATE YD OUVDIAAZIT
6.3 wudldaneusednsnn

NAN1TIT8TI1UsEANS w1319y UAY 18 5uBvsnalaenseain Beamwidth vesasanie
wazAuLsluNIIYL Beamwidth ﬁqaéﬁué’uﬁuﬁ‘ﬁ’uﬂ’ﬁl,ﬁu%uﬁuaqﬂizﬁw%mwmsmaﬁ]«’ﬁu \flega7n
ﬂiamquﬁuﬁﬁlmﬁu usifenvansmIvesuarsraznInTadugsgaas lumandudu anasilunisvud
dintufunliuiiranussAnsnmnisnsaduasenann esnan "nanesl” vesdeduuudvang g
wsilomalunsnaianisnsiady dfewgsaiiszuy Static Homogeneous Fdlaifinsyau uansUszAnsam
Tngsaudidfian nsinseridliudnnsesnuuuiithlUUFORL dusunisadauuunieds nsufu
Beamwidth lfmngaududedidy dmdvszuulaundin Sududesdnagnénsvyuiivigaain wu ns
aunuudmgs viemsuiufianisdnduiuuuiudsuld venani wumswurasduiisuaeeinia
Beamwidth ni1sdmsunmsnmatuifesiuuazaisorna Beamwidth waudwiunisinnuiusiugt 919
Hunagns Heterogeneous TiiUszavisnm Joyalsdnmaidnnioudumsidnaudmiunsiaussuy
AR UAV Iﬁﬁn‘wﬁﬂﬂmﬂsﬁgumwﬁ’fmwuﬁwﬁu ASLNSAIIAT RSSI wazrdsudyanaasiiou
At la0819804 997091958 19UUU A0 UA LT UTTINIINBATH WUTTIABINITNTINTULUY
tagtuarliansaaisteyadidsiudygyiamie Rssi ¢ dosiusinalavdnvesuuudiass lnedou
snfunsmuarnudiiudseninedsds Snverevesaiseinianarsegng Wi elileaidaiu
Fyafiud suutadlusgereiios s'ffwsﬁmﬁmamam?ﬂLLazQzuﬂ'ﬂmﬁmmiuﬁ'qﬁuasjwéq
uenimilonnidiaidedianduds Snrnmansaduiiananfinnuddliuity wusaestiagtuianaly
sUves "Wosidudsuunsnsady’ Sadunisifusuaunsdl UAV egnelureumanisnsaduiitmun
wazgn "my' agnslafiniy faddadifissariounuannsalumsdunitvnediuiade uldldussdi
anuasnsalumsuenuezitmngesnandyanudu 4 Aliiieades luaaunsaiade ssuuasaduen
WU UIITUNIUNUVETDY 9 19U dryeyias WiFi ﬁzyzywm%mqﬁu 9 ﬁ%@lﬂiuﬁiﬁhﬁ'ﬁﬂﬂﬂﬂﬂm N
WU‘Ummf&’ué’zylzmmmdﬁﬁyué’aiwmud%ﬂuﬁ’aﬂﬂmu LA "N1395793VAANAIAYITAUIN" (False
Positive) Tumnanduu nil UAV fidussanaududnlufiufiudszuunduldannsonsaduld auifa
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"N3R5I9URANAIATEAaU" (False Negative) nsundmiainmaitduniansanagyinlinisuseidiulse@nsnm
yosszuululuegensuiunuunsgiussuusnwanudasnsiy
6.4 Uszlavunlasu

'
U =

aou & o & o ° Y] Aa | v
ﬂ’]'ﬁ']f\]HUUigaUﬂ’JqNaqLﬁQIUﬂqiwWuqigUU'ﬂanQﬂqﬁmﬁjaf\]U UAV NHAUAN %ﬂﬁiﬁﬂiwaﬂuﬂ‘m

UsziliunsoanuuuaieoInanie) laegresansiuasAuen ananusudulunsiademamenimiiuddes
Alddouaziien lassnmstsdldadrsosdamnuiiddyuasuuma foadmsunsldgunsal Software-
Defined Radio (SDR) @ siiaanudAgsaniswmuiszuuainulaendelueuinn Usslavufdrdayie
anuannsalunsldsruuinesdmiumameaeunasanaaeuethadunateuniafias Sehsanain
Aosuaruiulsnasmeian ssuudiaedldiunsesnuuulaeddsiisauainsalunsuuaua iite
sesfumsiaeanisilegues UAV vanean dsdnudmiumainioumiendmivanmuandonnisu oo
fdudion meATediszyuuuiassmsdaesiiiussansnmuniigadmiunisnsadu UAV dsliuuamied
Fanudmfunseenuuuuaznnissuusedlasuluewanluld Tassuuds Ysslomivaridaenndes
Tngasstuimnedanagvsvesnawinernialnglunsfmugvlsunsaimadenuagiindariuaianse
sunnsliosiu sruudraeaondunandavdn devimiiduunani esuuuulenfindmiunisaireassd
uinnssuuwazmsifiulszansnmedsdeiieslulawmanusunsiiddyd anunsmiavssgndldouuls
Wy nsihsgtaagnsshwianuvasnse (Security Surveillance) annsathszuuiunldlunsasadunas
AanuerniaeulSauduitlilésueuged tudruluiuigeul wu awudu aevms wieaniud
519015 ﬂ1i‘17fizuUmmsamaﬁmmzisqﬁﬂme'wENV'?WT@mmﬁmuuaxgﬁjmuqﬂé’ R PCINIHLPaN
Unoaduuardosiunmsnsnssudeya visenisnsgvimeanguangld Mmsvsmsdnnisasnasniennialusedu
#1 (Low-altitude Air Traffic Management) syuUnTITUEasataefinUsEansanlunisinauennia
suldrudulussiuanugesiifiodesiugtRmenienssuiilufudinfnsldaulasumudu wu Tuae
W 9anT9LUnAaInNITY kagn1sUTey ALY lugna nnTsuwagn1snyis (Industrial and Military
Applications) sruviianunsoldatuayumsufifauvedasuildsuougnlumeagaamnssy wu 1ad
aAnduazmsdedudn dmfunisldaumisnmms ssuuamaduaninsadudunidvesssuuasas
Sidnvsednd Avaslunisiiasgrdeyadyginuing (RP) uazssydnvazianizvesaunsal (RF
Fingerprinting) Lﬁlaﬁ’]miﬁi’]LLuﬂLLaS583Uﬂ’]ﬁﬁﬂﬂ’]um@ﬂﬂiuﬁﬁﬂﬂ{]%m’]ﬂ

7. Ualsuauu

nuanTesazlonalunisuiulss vewusiuumaujiidmsunmsiauinaznisiissuululgenu
Tuewandisil

(1) madiudaernuannsnvesszuudians maysannmssaneifumansaduiugs wu madouiues
\P0sdng WeUFuURmNusiuS aza A salunsUssinanauuuSealysl veneTnnrmausaluns
Frastadeuindouiidudou wu dugrusuniukazanine1na wagiaudaauaiusalunisiiaes
vanelnsu tiewunsoudmiusanauaingdlasy

2) mIeenuuusiamskaznagninni lUldnuRvnganiian didunsidonasiann 'nagndnis
vauiigamn’ dvdussuuagonanuulaunin iwu meuiuiienshaauluuliudeuld viesedou
Faunuudmgn Arsdiakazad IR uLUUITUIUA B INIALU U B T uT unnA1a Y esauanseinie
Beamwidth niadwmiumsamaduidowiunazansennia Beamwidth waudwisunsinaudiutugn sl
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[ o

ANNEIAAUAITEINSIYUAR1E188IATA Static Homogeneous LUlHEMSUNSAARILUUAERITIABINS

£

I

aunasdulunisnsaduasan
(3) manseseululanuisenduataaznisuiuussedsdeilesiiiunsadeuniaauinegg
nisnwesiuluumanmenluanmwindeumaasadoaiaiiuansiisiy lensiaaeunanisiiasd
uazU3uUssUsEAVE A essE LY afnsasmsuiuupiiudunsauasseiiles weliiulaindeyamnaaey
Tulanuwisanuidusisldsunmsysanmsnduitluluwuuirassnisiassedaiiame
(@) msysanmadanagnsuaznideuaziamiluswan Tiusleviananaundervgsu SOR 1
I§sunazunanosunssiaosidanaiy Juaunindiidusngudmiunmsiisunsidouasiauses
omasndliauiuluewaniun elvidulafinsnevauesiidegn adesis uasdnmdmanaluladse
ﬁa@ﬂmmwmmﬂﬁlﬁm%ﬂm
(5) umMsienzdiduudedn dudunsfnuiweriieseidadiuvesdunuiazUssansamees
sruveganiden Guastsiuduruasalumndanazihluldnusidunaidfold auingussasd
UANYBEUITY
6) nsldnumaluladiviuatomnniu wy
a. M7UABUHILIINTEUUTIADIg TEUURTee 19l UseAnS andndudesfionsuinisle
waluladansernawuuiSeaa (Phased Array) Fuduansennmaiivsznausieaiserniauuimdnanss
(Array) Tlanansamunuiavesdyanuiidmiefunnudasild nsenuaumadvilfanunse e vie
P Sedundnlilaglidesendonmsnudeng vilansaudladgminulunssiaesuuy walulad
wiehildndnnisussidiufiamansindsvesdayas (Direction-of-Arrival Wi DoA) Fudunszuaunisms
adlnman {7 liteyannuunnAvealaLazuoNnagaaniae N aviatef i efuIif A dya o
WAumands Fsfanuuaiugngendnds Triangulation uwuuidy femsléimaluladuvuiieaa szuves
annsauuAsuisnansdwiosudynaildlussiulilasiuilaglidemyudng woediaansoat
d1Adu (Beamforming) AfiAanduduguazuaulugsfiematmunedingiony Jeiagliarnsofaniy
Wvmnenaedndontuldesnsmaiiuasisugibiu vsmidanasailddasduauasdendai
1 93rn peslsfinny matamnlildanuusiuggsluanmundenaiaduauvimie esndyaia
5UNMUINQUNTAIBLY (1 Wi-Fi Wag Bluetooth) ansnsavivlviauusiugranasesnann vilsidndused]
mMaUszsnanadnanidudeutaslflunanisiGouivesnioailenseauar Suundaygadignies
b. MsWABUNIUFITUULUY Real-time Taflifisauansiinenandalunsusziana wiidu
AuAsundasmeandnenssuduiiugiu 91nnsUszinananuUEIRY (Sequential) AlHlulusunsa
MATLAB gnsusananauuusuy (Paralle) ildensaunasosns FPGA Tassadrsilagaelviszuvanunan
FansiuuTunadeyaumimaiidiniain SoR degrsfiuszansam vivlsidulalddnssuuazanunsa
novausdliogismniiuasdeiies
c. nmaafinnudnvazwarmadonlumansisousidednuienaiiousueaedos [20] Sududes
finszuaunsannandnuny (Feature engineering) fivinzay andnvazmariduandafianiias iouds
ANYULLANSVOIFYYIULARL A7 qmé’ﬂwmzﬁﬁwﬁ’zyﬁmaﬁﬁmﬁmsmﬂﬁm AUNUIMUULTIUNASTUVDS
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Abstract

This research aimed to design and develop a real-time sales data management system for
small and medium-sized enterprises (SMEs) to enhance the efficiency of collecting, processing, and
visualizing sales data from multiple branches accurately and in a timely manner. The case study
employed in this research was a community-based warehouse-type retail business located in the
northeastern region of Thailand, comprising 23 branch stores across four provinces: Ubon
Ratchathani, Yasothon, Sisaket, and Amnat Charoen. The developed system was implemented as a
web-based application using Visual Studio Code, PHP, and JavaScript, integrated with a MySQL
database deployed on a cloud-based infrastructure. The system was developed using an agile
development methodology to ensure alignment with actual business operating contexts. System
performance evaluation was conducted using a system usability scale questionnaire administered to
70 users from a total population of 257 users, representing 27.24% of the population. The evaluation
results indicated that the system achieved an average score of 84.78 out of 100, corresponding to
the “highest” level. High ratings were observed in terms of ease of use, data accuracy, and the
system’s capability to effectively support actual operational tasks. These findings demonstrated that
the integration of a real-time system significantly enhanced the efficiency of strategic data
management and encouraged entrepreneurs to adopt digital technologies to strengthen their
competitive capabilities. Furthermore, the system provided a foundation for future predictive data

analytics to support effective decision-making.

Keywords: Data Management System, Sales, Small and Medium Enterprises, Web Application
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SULULYD9 WAvUasa (Dashboard) 113991891113431A51291 (Analytical Report) ftinauedeyaidain 1wy
gonveTEdiou s1lasung 518 sufansleuiigunansaueusEnineEv Tayaninanivae
advayunsinduladenagnsvesuimsiiussavinmuarasnndesivaniunisainiegsialutagtu

3) smthiedayd (Chief Accountant) Yiuthiinsaaaeunnugniestesteyaseniisvetusas
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grudeyandnidnifveguuuinsaannd wivnnwudeianainazfiassnons (Reject) funardinduluss
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gnéies auysal uazidefiold

4) ¢dann5an (Branch Managen) \ugsiusinazduiindeyasenuisvesniinauusiazaui
Uszagane Taganansouuuvdng udseneunsne W lenanstudunsdiseiiu visluade iedsdoya
Whdszuunansiudumeside

Tudureslassadisssuutiy msUssananadoyaremuadidunissiued o efliuinng
duladuaznisdamisgruteyafiegnelduinisnannd lnedinmsdoudeuazuaniudsudeyaniudiuse

Uszanulusunsudssynd

4. MSANTUNTIY
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n1sldu wazUssansnmuesssuy ﬁgﬂu'ﬁzé’wﬁﬁ’ams sEAUUIMIINNG warseduimumileuty el
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4.2 \3aileildlun1sise
4.2.1 Usvidliulse@ndnmaesssuu

nuATedlesesieuuuYsEiiunnsdunsldiussuy (System Usability Scale: SUS) 84
Junesiadeanesgildsunseeniuegunivansdmiuldlunsussfiusedu anufanelanazain
fedenslfnuessruuasauma aunsaagunmesmuannsalumslinuesruuiiluduai
agpn mnudennde’ ANuTudeu wazauiulalunisldauvesdld Tnefiansanduesduszneundn 3
Fru ldun 1) Usgansua Tnefiansanigldannsadidunanelussuuldussa ingussasdiincl ivdeld 2)
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log1aiuszansam wag 3) Anuiianaly Useidiuseduanuiianelavesdlddeussaunisaimsldnusyuy
lngiansanaasaIn AU wagn1sneuausItaAINReINSVRIRLY [10]
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1 v ales_db companies ﬁo sales db users ’ 1 o ales_db roles . M £ sales db activity_logs

2 id - int(11) ¢ id - int(11) ¢ id : bigint(20)

¢ id : int(11)
[ company_name : varchar(255) 2 usemame : varchar(255) role_name - varchar(100) # user_id - int(11)
3 address : varchar(255) 3 password : varchar(255) description : text 5 action : varchar(255)
..tampbhon_idid in.t(:(:)” o first_name : varchar(255) : description : text
# amphure_id - in 2
# province_id - int(11) ” :ZT;:’:T:{J:;CMI(ZSS) e sales db salespeople 1 # target_id : bigint(20)

|
zipcode : varchar(10) M @ id - int(11) @ timestamp - timestamp

branch_id : int(11
) phone : varchar(50) |2 branchLid- i) @ salesperson_code : varchar(50)
@ display_name : varchar(255) M sales db sales_details
) first_name : varchar(150) g id :int(11)

email : varchar(100)
@ last_name : varchar(150) M # sales_record_id : int(11)

) phone : varchar(50)

@ tax_id : varchar(20) # ls_active : tinyini(1)

@ created_at - timestamp m created_at : timestamp

m updated_at : timestamp

m updated_at : timestamp

j full_name : varchar(511) # branch_id : int(11) # payment_type_id : int(11)
@ phone : varchar(50) # amount : decimal(10.2)
m created_at : timestamp
|n° sales db branches | 1 1 © es_db pos_machines 1 m updated_at : timestamp 1 'ﬁo sales_db payment_types
M |eid:int(11) ¢ id - int(11) 2 id : int(11)
# company_id - int(11) 1 5 pos_code - varchar(100) uo sles_db sales_records @ payment_code : varchar(50)
@ branch_code : varchar(50) ) pos_name : varchar(255) ¢ id :int(11) ) payment_name : varchar(150)
5 branch_name : varchar(255) # branch_id - int(11) @ record_date - date 5 notes - text
5 address : varchar(255) M M | tax_registration_no : varchar(100) # branch_id : int(11) @ created_at : timestamp
# tambon_id - int(11) @ notes : text M | # salesperson_id - int(11) @ updated_at : timestamp
# amphure_id : int(11) @ created_at : timestamp # pos_machine_id : int(11)
T : z |uQ les_db provinces| 9
# province_id : int(11) @ updated_at : timestamp # total_amount : decimal(10.2)
— ¢ province_id : int(11)

@ zipcode : varchar(10) @ status : varchar(20)
@ notes : text @ name_th : varchar(150)

o phone : varchar(50)
4 created_by_user_id : int(11) ) name_en : varchar(150)

2 email : varchar(100)

(H_)

@ created_at - timestamp ﬁ & sales db tambons PRCERIRIEE P ﬁ @ sales db amphures
@ updated_at : timestamp ¢ tambon_id : int(11) 2 amphure_id : int(11)
@ name_th : varchar(150) 1 |@ name_th - varchar(150)
name_en : varchar(150) 2 name_en : varchar(150) M
# zip_code : int(5) M # province_id : int(11)
# amphure_id : int(11)
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SumOdd = (Q; + Q3+ Qs+ Q; + Q9 — 5) (1)
SumEven = (25— (Q, + Q4 + Qg + Qs + Q1p)) 2
SUS = (SUSyqq + SUSepen) X 2.5 (3)
dle SUS A9 AzLUULIATIEIUNSITUTTUY

SumOdd #e azuuuTuveIAaasluAInIuEYA
SumEven #8 avuuusinvesraaelumniuaue
Qn o AzuuuAtadylutamaNaIRUN n
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A Yo X &2 a Y =3 ) P
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1) sgfuinnitgn fiAAzuLLGILS 80.30

2) SEAUNIA fiAnAzLuLR s 68.00 usidonnin 80.30
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5) swdutiosdian fAAzuNtaend 51.00
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Abstract

This research and development study aims to develop a web-based interactive 3D
visualization application to support participatory product design in community contexts. The study
is erounded in the limitations of conventional two-dimensional presentations, which are unable to
fully communicate product shape, proportions, and details, resulting in misunderstandings and
inefficiencies in design-related decision-making. The system was developed using WebGL technology
and the Three js library to enable real-time 3D rendering through web browsers without requiring
additional software installation. The scope of the study included the development of eight
packaging and product label models in .glb and .obj formats. Model optimization techniques,
including polygon reduction and file compression, were applied to enhance system performance.
Technical testing results indicated that reducing the polygon count by approximately 30%
decreased file sizes from 120-150 MB to 40-60 MB and reduced loading time from 8-10 seconds to
5-8 seconds, while maintaining an average frame rate of 18-20 FPS. The system functioned reliably
across desktop computers, smartphones, and tablets without errors. In addition, the system was
tested with 51 participants and evaluated by five experts. The overall mean score was 4.74 with a
standard deviation of 0.51, indicating a high level of suitability. Users reported improved clarity in
understanding product forms, reduced design communication errors, and enhanced collaborative
decision-making at the community level. In conclusion, the developed system serves as a digital
tool that enhances the product design and community-based product development process, with

strong potential for application in educational settings and future research.

Keywords: Web-based Application, 3D Model Visualization, WebGL, Three.js, Community-based

Product Design
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4.4 MInagauUIEaENSAMNITUY
szuugnnaaeuUugUnsal 3 Ussian TiuA (1) 1n3esneufiamesssuuyuifinis Windows (Intel
Core i5, RAM 8GB, Google Chrome) (2) TnsdwsislofioszuuufURnis Android (3) wiuLdn n1snagey
sfunisneldiaiedne Wi-Fi audatade 50 Mbps Taeia FPS waznalnanluwasiuau 8 wuuly
winggunsal nan1snaaeuNUdl ssuvaNnsakanInalumalansuiungunsallaeliinderanainsiu
nisuARSUTeNIUAnaTILA
A1 FPS Ladsuuindssnenfiatnofoglunag 18-20 FPS ausiiininunnsgiu 30 FPS dmsuanu
nsfinuuuLny widsegluseduiivnzandmiuausnu Visualization wagmsthiauonansiost ddlidesns
nandeulvsaiiosnnuiags uenand ssuuannsasesiunisidney Wy nsnyukaniguliegs
soiileslngliiAnennsmeesszuy
nan1sndeuRInaaziauliiiiuil n1sUsuan polygon wardusalnaiinalnensrotaiosnin
mMshauuaznativan lnsamgluuiunnisldnustseduguildgunsaiily
4.5 UszvnIuaznguiaegng
naufoegsdIuIL 51 AU AaldendisTBnsduuuuanizianzas Mngildufetostumsiaun
HEAR S Uy LLasé’L%snsmzyﬁi’ﬂmu 5 AU ARLEENAETS Expert Judgement Sampling AuAaaNdRAY
NRRNLUUHARS TV BAlUlaTa LR
4.6 \iaaileildlun1sise
insestiefldlunsfiudeyatseneude
(1) wuvasuauUszdiuanuiane lavesdldenulusuiuunnsussanuen 5 seau
(2) wuudszidiunuamszuulaegideansy
(3) wuutuiinAseansamanaia
\sesdlernumsnsedeumunsadaiiom (100 wardasemanudey (Cronbach’s Alpha)
4.7 M3aTeidoya
Toyald unAllndiaserlagn1siuSuiisuAInoulana N1 TUTULAY TayalInkuuaaUnIY

aaa

Anngidheadfdanssan 1iun Aade (Mean) uavdrnudoauusasg i (SD) uaslinsmaaouideadid
mnzauioiiunandefiovemansive

nsiudeyasinngudiegrsinidunisinelaszudiau ldfinsiivteyadiuyananiedoya
gouln fiirfmneuuuvasunulavarinslanazanunsaginmsneuldvnile

5. NAN15IY

HaNFITeUAUBHATNEIINNIRRILISEULLALN1SUsluUsEavE nmBanalinveaiukoundiadu
Tnsutseondunametannssuulasnamsuanswalung Kl

5.1 wamswauIvweUnanduuandlunaaudi

Nan1FITenUIEIsaiaduLeUndintuandunaauiimelausis Threejs vuunanwasy

WebGL lad5a szuusesiulng .olb uaz .obj uazanusouanmalumandndugidiuiu 8 wuuluguuwuy
Tnouldkuduiusiwes Tnglifesfndelusunsumaiudiuiy fldnuannsongu gu uazd§uyumesmes
TumalduuBealn wansdsgud 8
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nsLsunpivienisuandnai uia uandliifuiissuuanisnsesfunsldnuasdduniunnisesnuuy
nandaueisuiuguvulegliusEdngnm
5.4 wan1sUszfivanngldau

iiousziiudssansnmvessyuuluriunnisldausis Idudunsmeaeddssuuiungusodis
U 51 AU kavUsEllunanIsuuUaRUAILNIATUSERINAT 5 S8aU lnguuinsuseidivesnidu 3 dnu
T (1) prsdlaguuuundnda (2) anagantumsldau wae (3) Msatuayunszuiunisindula
\B900niuy inausinsuUanadiadsivuamuTsezL U ATUSEINNAN 5 sedu TagAiady 4.51-5.00
yanefeszduannign 3.51-4.50 mnefassiuinn wazanndunudfu Hansiaziuanifanised 2

M19199 2 wan1suszliuanuisnelavedldeu (n = 51)

Aun1sUsIY Alade drurdlsauuannsgiu AU

ANulagURUUREaiEe  4.73 0.57 1nitgn
ANNazaINtunsldnu 4.84 0.37 1niign
nsatuayunsiinaula 4.65 0.59 1niign
TIaAy a.74 0.51 undlgn

915197 2 wuih Glinuiinnuiaoneladesvuulnesmeglussiuinniign (Anade = 4.74, SD
= 0.51) Tngduanuazmnlunisldauiiaied sqeqa sesasundemnutlaguuvundndusi uay
nsafuayunsdindulailisesnuuy agvieuinszuuannsaaiuayunsiea 390oniuy uazYIganaAI
aanadeulunmshanudilaguuuusdnfusildegnadiussaniam

5.5 wan1suszidivangideavigy

namsUsziunuamszuulagdieivduiu 5 au wanadinined 3

713199 3 Han1sUsEluRunsEUUlneeIuey (n = 5)

Aun1sUsIY Aade Frudsauuannsgiu LAY
ANUMLNEFNTYDINTTOBNUUUTEUU  4.40 0.55 1N
UsEEnSnnAsuanIag 4.60 0.55 mm’/‘iqm
AnumIzausensidnulugusy 4.80 0.45 1niign
s2uRdY 4.60 0.51 wniiga

N5 3 WU flmmgUssiiugunmszuulaesuegluseduinniian (Aade = 4.60, SD
= 0.51) Tngumnusnzassenislinuluguvuiinindogean semenfeussansammsuansaa vaisd
AIUAIUANZALUTDINTOONLUUTEULDY buTEAULIN Han15UsEiludena1nansliiuinszuud
ANUMNNzaNsaN1sUsEENALTlUUTUNNSoRNWUUNEA S ueIgN Y

6. aUuazanusena
Han1sAnwINUI1 n1sUszendldinalulad WebGL uaglausi3 Threejs a1u13aWmUITEUULAAIHA
Tuwaauifnuuldnaulariuduiusiwesog19iadosnin @onndatuLuIAANISISUMBS UL aalngd
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vuduiidumslddneamusamieuszananansiin (GPU) Tunsuszmanadoyaiiasiadauas Nuia
[1-3] %91] nsuiisUsEansnnlunaaufifdienisansuau polygon LagUsumuazldenved texture 3
dautioannalanuaziiisafiosnmvessnssy JsaenadesiuuuAnnsifisdszansamluea (30
Optimization) kazuuitmsuiuwiadamaiiadainaniinnuddgdenisiludnussduaninwndoui
fdodnfnaunsneins lugadniny n1sanveuseazdunlunafon1saonaunasenimNaIsLLay
aussour Se{IdeTeneiilusiungasunudulnalunisidney ﬁﬂﬁ’r:yﬂdﬂmmam%q%uqqqﬂ Wla3nwn
anuseiiladlunsieansuugunsaiiininensdidn

\eRansunsansUszfiuangldaudiuiu 51 au uazf i ervgdiui 5 au wudiszuuldiu
mMsUssdiuegluszduinnianniian Tneameiuanuazemnlunsldau mnudlaguuuundnsios uway
AN zausonsldenluuiunguvy kansUssfiufananagviouinszuuannsatuayunisdoans
1T900NUUY ANANNAATIALAABUIINNNTAANNTULUURARS Ml Lazdaaiunsdndulasaniuliegned
UszAnSnn Jeaenndesiuwuifn User-Centered Design wag Participatory Design ﬁ;iuﬁumiaamwu
Tnedndsfsusraunsaiasnsidiusmvesdldiduaudnans ssuuidsuunumedluguruain §iuw
undudsiudndula (Active Co-designer) Tnen15mud153a8A AAI8AUEINITAANIUNIAIUNITE KUY
wazassmnuianiduiiues (Sense of Ownership) lusidnfausifiiaunsiudu

deeAunenalUsuiisuiuanuAdenouni wuinauiiu Web-based 3D Visualization [1-10] du
Iy L UNINAULTUNATAYDITEUURAAINE mmzﬁmuéfmmiﬁwmmémﬁmsﬁsqmu [12], [13], [14]
YatunszuunsilidusiuwaznseeniuURans el dunan sﬁqmamﬁﬁaﬁﬁwﬁugmwmﬁﬂmamamm
A1 FPS wartaavan WuldadeingaiiaenadesiuuuiAnues Gurvich uar Geller [10] Tunisasia
Jsvaunsaifliuuiu snadedidagumsludmsysannisimomumadideiu aethmeluladnig
wansnaaudifvuivunusuldluusunnisesnuuurdndusisaiuyuyusgiadussuy

Tnglanglugunisiivuaiuinansiuussansamlueaauddliinngaufuanwiandex
nnensdia n1sinwuaiesnineessnasy wasnmsUssiunaviadanaiauasidamsldauegiaiy
svUv Ferhefududnenimresnisussgndldmealuladfananlunisaduayuns suauniseonuuuidadl
drusauluszavguuldedianiugusssu ATei s wdunisadranaluladilimunzay (Appropriate
Technology) flsausutesiiaduedodielufiuiiviading iloanaumdeudmadivanazainanasgu

NsdeasIETEnINNlneankuUka YT

7. 49311AY2IN15IY

winszuuinauTuazau sasanialuwaauifnwiviusiwesldegediafiosnin wadadl
19911AU1aUsEN15TIAISHIITUN Usen1susn Usednnmuesseuueialdsunanssnuainausives

& ¢ v Ny v ' A % = s o

WwIBYIsLazaNsIaurvataUnIalflY Inenivlunsaildanuruaieuis laeniegunsalidnsweans
d11in

Usenisiaes n1svaaesldnudiiunisiungudiogsluuiunyusuanisiui F9e1aildnuaenig
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Useni1sgaving nsUseidiunalunuddeiidunmsiiessidanssaulasldaedeuazdiuds sy
W1R3g1U Peazviounwildulnerinvesnudnmiuglduaziiioiviy widdlilddnsenigaliouiiounse
WeeuEnun et AlusEAUAN

8. daiduauug

MnraNsEnYINUIINMIRRIR Uk UNaInTuLandlam TR AATUAYUN SEUILNTEONKUY
nanf e Tauduyguyuladeg19duszd@nsain eg1elsinin luniswauisevenlusuian Asdny)
n1sUszgndldinatinnisususeaustuazidenvedluna (Level of Detail: LOD) #3auu3IN13 Adaptive
Rendering iflolfindsyAnsninnisuansualugUnsaififlanssousineseduiu

wonanil msveenmmaaedfruluinsungursuiivannvatsniniu weiIeuisunanisldouly
anmedeuiiilassaisiugudumaluladuandaiy saffinsannisienesitoyadouuunsada
WeBudumuuansmadernuduiudvessulsiiedesegadiveddynicada

Tudsnsfamndesz oy enafiansannisysannismaluladifisiy Wy szuukaninudaii
wuuiFealngd msdufinuszianisusuuilauea viomsdendedugiudeyanan dueiyuvy 1eadis
unampsNaT AU TRNUULT T ANy saiinn Bty
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Abstract

Efficient management of solar energy systems requires accurate hourly global solar
radiation data. This study aimed to analyze quantitative risk and establish confidence intervals for
solar radiation forecasting using the Collares-Pereira and Rabl (CPR) model. The study applied
Monte Carlo Simulation with 10,000 iterations, based on the Normal Distribution Assumption,
utilizing Root Mean Square Difference (RMSD) and Mean Bias Difference (MBD) statistics from
standard measurement stations in Chiang Mai and Ubon Ratchathani. The results indicated that
while the mean forecast values for both stations were similar, the 95% confidence interval width
for Ubon Ratchathani was 49.8% wider than that of Chiang Mai. Furthermore, the probability of
error exceeding 10% in Ubon Ratchathani was three times higher. These findings suggested that
solar system design in the Northeastern region required a higher safety margin compared to the
Northern region to accommodate significantly higher uncertainty fluctuations. However, these
results relied on the error distribution assumption, which should be further investigated in future

research.

Keywords: Monte Carlo Simulation, Hourly Solar Radiation, CPR Model, Risk Analysis

1. UM

'
v a

wasukasfindfoluwraandsnunyudsuniiauddgddutegiu Weswmndundinuiiazen

o

<

Usennisudeenaiiv uazsiuinsdedwindau [1] agalsfiniu n1sldusslevdainszuundany
wasoinglitiusenBnmgeaniu Sududesodedeyatidorfindidaugniesiazutusi (2] lasiame
981989 "Sed57u51849703" (Hourly Global Solar Radiation) ffﬂLﬂuﬁayjaﬂwLﬁﬁwﬁﬁwﬁ’mém%mi'ﬁ’waaq
Usgansanniswanliirvesunadeaisiwaa (PV System Simulation) Wayn138enkuUsEUURNLAUNS 191U
wifindeyatidorfindasdanudidy uwinmsemaindeyarisnaniimaiuiulinseuaquyniiuiiiudes
gnuagiifunuge eludueiesiionarnistisdnm (3] anidnsatadlnglulsamelnouasitilandng
nsufiudoyaifios "$idsausnedu’ (Daily Global Solar Radiation) winifu @dlaiifiesmenenisiiasizi
wAnssuvessruUNdsuAUAsuuawmaennaluseuu [4, 5]

Weufdapmmsnauaauteyasnedilus dnidedddiauinuuiaomsadamansifioussunme
%’aﬁiw%’ﬂmmﬂ%’agaﬁﬁu TngoAuAnuduT UGS TIRdnTEnIlankazn9819nd (Solar Geometry)
[6], [7] wuushaesfildsuniseensuluseduanna Téun wuusiaeswes Liu and Jordan [8] waruuusiass
999 Collares-Pereira and Rabl (CPR) [9] dwsunisAinwilulsemelng Runghathaithum wazaadg [10] 16
nsSeuiisuysgansamuednuudiaes CPR wavhuudnaeanas (CPR-L) lnglddoyaszuzes 30 U
(W.fi. 2538-2567) 970 4 piinnAndn Han1sAnwINUILUUTIaes CPR fmnumnzanfigadniuanin
giiomavadlng Tnglvimanunainindeusidign deinanArsniiaosesanadsnnuunnsinsenindsaos
(Root Mean Square Difference: RMSD) LazAAILLeULBEUadY (Mean Bias Difference: MBD)
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wiheAdenewmihezszymnuranndewdeadn (RMSD uaz MBD) Liegadnau winadewaily
Wiean1sasunalunIngin (Summary Statistics) Geldaunsaesuieniswanuasaiuisduvesninuly
wuuel (Uncertainty Distribution) laag1easuiu nsnsiutiiesaiadsniuianaine1aliiisswed1mnsu
a v a = a a " . . . = a au & = =
FAinsdeensUsEiiy "AudEsTaUsIna (Quantitative Risk) Fsluuiunvesnuideiuneis lennavie
anuhazidunamensalaziinnuaaiaedowiunitnaeinesusulaniadmngsy uenaint n1swensal
o a A A o a . A & a v yas o ° ! |
Tefrfindiianuliuiueudadu (Stochastic nature) lsiludady mslEigaumwuuivuaawLuey
(Deterministic) W alufqluiieeane wadan1sdiasawuutoufinisla (Monte Carlo Simulation) §a1du
\wspslleTigaNng 1B eIIINaIL1I0T188IEnIUNITIAIINAGIAAABUTIVAINAERUNTEUAI0E74
131N ibiiunmnisnszaeivesnudedladaaundi
aw Fe 1w =~ 1% N ° a & A a I B 1% |

NuITediswiuluinisuszendldmaiianisdnasweuiarslaiioTiaseianudosazainge

A o . fou o A ¢ & ° = a a
ANUWBITY (Confidence Interval) vean1swensaissdeniindsietalus lagviniswIeuifiguiaiesnines

° X Ao o oo 1 v @ =~ N A L A& A oY)
wuudnaeesevineiiundmindedviuazdwminguasvoti anvefAaden 2 Wuinil iWesandudiunu

= Ao o o o = Y & ddda

veansaAnwIndanwuzANUAAIAeFoukANAiueg1atalaY Ineidealraildudi unuiunfdaiainy
AaALAZBUAT (Low RMSD) n3ansdlfiffign (Best-case) luvnzfiguasiwsididudununiuiinfiaAiaiy
AATAAABUES (High RMSD) niansdifivinnieiian (Worst-case) Feagdazviouliiuvouiunninuides
geaauazingavaensiinusuudtaediulssmelneldogednau

2. YBULUATUIY

2.1 AnwuariAsIEiAILEEeauUUS a8 CPR Tnednedeinduussans uazanunaniAaeuan
NUIYUINTFIUVBY Runghathaithum wagae [10]

2.2 Wisuifisuanudsssening 2 aaifiddnvazanunainadeuuandisiu lawn aandidedlnl
(RMSD #i1) uazannilguas1vsnil (RMSD gs)

2.3 [wailan1sdnasauauiaisla 374U 10,000 58U (Iterations) VUANNRFIUNITLINLIMUUUNG

(Normal Distribution)

ad a v
3. npufingdas
3.1 nguiiedenfinduazuuudiass CPR
oA Y o o Y o & v o = = o i

nsUsvnamSdnunetilue () andeyaidnuseiu (H) dndudesiiddisiuiaenis
p17induarANUFUTUSLIIANNTENIlaniunTeIng $1WIdeleN98mgufves Collares-Pereira and
Rabl (CPR) [9] slasunisigauudridanumnsaufigadmivanmoimealuunioutiuegausemalng
lagluudnaes CPR wanspuduiusseniedndusdnetilusuas gty daaunisn (1):

I_l
il (a + bcosw) (1)

dle Iy waz Hy Aasaduenusssimalansiedalusuarsigiuniuaisiu diu w Aeyuiaad (Hour

(%

= ° | a ' | o o a £ < co X 1
Angle) Beuansuniiavasnseniindluniasdisiaivesiu lneAmdudseans a way b uilsiduniuediv
LUIRINNDTNEAN (W) AFUNITN (2) wae (3):

]
v
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a = a’'sin (wgs — Wssmin) + a” 2)
b = b'sin (wgs — Wssmin) + b” (3)

31NNSANYIVBY Runghathaithum wagane [10] lavimsiesizideyassuzend 30 U eman

€

a £o / n ! n J { o [ ' a [ i
wszdnsdwnz @', a’, b’, b") fvmnsanfignd wSuusazgiinnavesUszmelne dauandlunnsnsd 1

Ao X o 1w a £ X v o ° a
WU Eluﬁ]mnmamﬂizammmumlmLﬂugﬂuiumimmmLLUUR]Waaﬂuaummﬁa

R W

A5199 1 AFUUSEANTVBILUUI1ABY CPR dnsudnninane

annll a a b b"

el -0.722  0.732  0.767  0.386

quaiwmﬁ -1.407  0.721 1.284 0.405

3.2 fadTanuRaanABUNINeEaR (Statistical Error Metrics)
Tunsusziiumnuuiudweuusiass nuiseduatuldldmyiameeta 2 dmdn Feaudded
grihunlidu wsfwesiinda (Input Parameters) d1usunisdrassnnandes Tun:
1. fmnuiewdesads (Mean Bias Difference: MBD): M5z ynrmusiugidsszuuiuuudiass

a a N o ! < a = ]
llfﬂiﬂigLlluﬁﬁquv‘iamqﬂfﬂﬂaqllLUu%iQIﬂEJLQaEJLVHIW

N
Zi:l(lmodel,i_lmeas,i)><100%

N
Zi=1 Imeas,i

MBD =

(@)

2. ANTINNIEDITOIALRAEAILLANAISENAAIADY (Root Mean Square Difference: RMSD): 14

JEYNIINTLLMVBIAUAAIAAGDY ToTzRUALlIkINEUTEIMUUTIADY

I,V_ I .1 N\ 2
RMSD = Yiz1Umodeli—Imeas,i) X — 1 x 100% 5)
N Zi=1lmeas,i
N

oeit Lpypger i Ao Arisdendinddilaannnisiuinmenuudiass (Calculated Value) o

P28 |

wae Lpeqs i A9 A191nM3959930959 (Measured Value) P28 |

3.3 s2108U35798: N1591avsuauRAIsla (Monte Carlo Methodology)

yiAfeiliauenszuiunsiiesginudsadeUiuim (Quantitative Risk Analysis) lnguszgndld
ABuoufnnila [11] lunsdsurianunaiandounisad (Statistical Error) Widunsuanuasenninag
\Ju (Probability Distribution) 4 1818 uwuus1aei TULAG BUAI8A13NTEA186 2 (Distribution-Driven
Model) mudunoussi;

1. mafmuakuuiaesalnuaafn (Stochastic Model Formulation): fvuslfnuaaiainden
vosfadsedalius (€) Wusuusduifinisuaniasuuuund (Normal Distribution) Inefiadewinfiu MBD
wardhudosuumasgiuiiy RMSD madenldnsuanuasuuutniduteoasignudowiudeliannsn
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Uszidluanudedldnielddeyaasunvaifndey wiinluanudusiiaueaiandsueiaiinnnuy
(Skewness) ¥5891991U1 (Heavy-tail) Ainyl

€ ~ N(impp) Ormsp) 6)

2. M3@319003a31a04 (Data Generation): ¥1N13gUAIAIUARIALAT O (€;) T1UIU N AT
(N=10,000) dwiuusiazanil uagAnnumdsdnetailusdiaes gy ;) nnaums:

€
Isim,i = Ipgse X (1 + 100 ()
1nedl | ABA1AUYRIN1TIN884 (Iteration Index) Aaus 1 719 10,000 FeHANUFURUSInenTIAU
ldl 1 o dl 1 % Vo 6
aun1sh (1) luwdvesnisinanuaaimniouguludsuuirmennsel
3. MTAATIENANLELS (Risk Analysis): Uyateyanadns 10,000 A1 AuIANREe (X) uaz
A deauuNINggIU (s) Weas1991ANTRIUN 95% (95% Confidence Interval) fidasns:

Clgse, = X £ 1.96(s) (8)
4. n15AHUNISIVY
4.1 25 WAMISTRDIANURAIAAA DU (RMSD way MBD) U89uuuUs1asd CPR 919Ul dusnsds

[10] Fauanslumsei 2

A19799 2 Wsdiwesidn (Input Parameters) @sunisinassuouaaisla [10]

il RMSD (%)  MBD (%)
Bedlmi (npwdle) 5.51 0.03
9uas1951H (AnzTueenideunile) 8.10 -0.01

4.2 fmuaassdnensaliiugiu (Ipgse) 71 2.50 M/m2 wialdilugiuluniswseuiieu lneetign
a Y a v A ¢ A Y ' Ao .
Wenlpednedanesiderfindindesedaludlugisianfidnenin (Effective Sun Hours) vaeUseindlneg
Faluiunuresrinaislun1sesniuuszuy

4.3 a519UUTA09ABUNLABS MIELNIW Python LBYINNTEUAIAIINARIALAT DULAZAIUINATTIE
11899 TUABUNITVINTULAAIFIUHUAINNTEUIUNT (Flowchart) Tugud 1

o ° S o | N & & o N i "y i aa
4.4 ¥11N153718899713714U 10,000 AT faandl Fuduiiuiuseuiliieananan1sgiiivesanaia

(Convergence) WAz IATIEAHAN NADALNDWIUINANLATDLIUN 95%

]
v
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Input Parameters:
- RMSD & MBD (from Table 2)
- Base Irradiance (|_base = 2.50 MJm?)
- lterations (N = 10,000)

f
Initialize:
Seti=1

Create Empty Array for Results

Statistical Analysis:

- Calculate Mean, SD
- Calculate 95% Confidence Interval
- Calculate Risk Probability (=10%)

l

Output Results:
- Stafistical Table (Mean, SD, CI)
- Probability Density Function (PDF)
- Risk Assessment Table

Random Sampling:
Generate Error (£_i) from
Mormal Distribution N(MBD, RMSD)

Calculation:
Calculate Simulated Radiation
|_sim,i=1_base * {1+ & i/100)

| J
Store Data:
Save |_sim i into Array
Incrementi=i+1

JUN 1 ununminszuIunsinaeweauinsla

5. HaN1539Y
21nN15INRBILUVNBURAS LA (Monte Carlo Simulation) 31171 10,000 S8UA15ANUIM (Iterations)
Tnelddoyamnuaanndoudeaifveauudians CPR 19n91u3d8ves Runghathaithum wazany [10] 16
NadnEnIAsianaldutuewdeUsina (Quantitative Uncertainty Analysis) et
5.1 nshAszYs ey (Confidence Interval Analysis)
Slofmuaenssanensaiugiu (Lypger) 17 2.50 M/m? namssassuandiidiunisnszans
frvesrniaafionintunse gy, fuansenaaflumsed 3
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M19199 3 asumadifuazdinnueivainnshasweuiaila (MA1g1u 2.50 MJ/m?)

43

Fa2Samneadd (Statistics) aatide sl dontlauasivsnil
("MAwle) (NARZIUDDNIABALRLD)
AaABIINN1531804 (Simulated Mean) 2.501 MJ/m? 2.499 MJ/m?
d@rudeauuannsgiu (Standard Deviation) 0.138 MJ/m2 0.203 MJ/m2
YoUA19TIANLLTRII 95% (Lower 95% Cl) 2.230 MJ/m? 2.094 MJ/m?
YaUUUYIAT eI 95% (Upper 95% CI) 2.772 MJ/m? 2.906 MJ/m?
AUNeeeLLTesiy (Range) 0.542 MJ/m? 0.812 MJ/m?

2915197 3 WU wlendsnnnstaseiaesaniadarulndifestulazaenndosiiy
mwmﬂmﬁﬁugm (1flos91nAn MBD Gi;’]ﬁgﬂ@:) uiA1adu DB ULINATEIY (SD) vesaanilguaTusnil (0.203
MJ/m?) ganinanniiBeslys (0.138 MJ/m?) etneiiidndny dsualy armnnsvesdisanuiediu 95% ves
anflguasssidniienamiiBedmifstesar 49.8 (0.812 Wisuity 0.562 MI/m?) Feyaiivadinnmsld
wuuiaes CPR Tuilufimany fusenidsaniefiaulliuiusuveskadns (Dispersion of Outcomes) gen1
Mamile

5.2 nMsansiautnandusazanudes (Probability and Risk Analysis)
delifiunmanuidssdniaudedu uideldadenamaanuasnumueuinasndy
(Probability Density Function: PDF) l3guULigusenIgdesanil ﬁqLLaﬁﬂugUﬁ 2

3.0
Chiang Mai Histogram

= Chiang Mai PDF (RMSD 5.51%)
Uben Ratchathani Histogram

2.5 Ubon Ratchathani PDF (RMSD 8.1%)

Probability Density
& 2

=
(=]
L

0.5

0.0 T T T T T T
175 2.00 2.25 2.50 2,75 3.00 3.25 3.50

Simulated Global Solar Radiation (M)/m?)

[
1 a

UM 2 nawlSeuiisuniswanuasanutiasduvesasidnetilusinaesseniadedlml (dudundu)
wAEQUaTI¥E (uddw)

]
v
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9n3UR 2 aiiuldadinswvesanidideduifidnvarlauazgiuuau (Leptokurtic-like) auens
femnuudugifiaindt lwvaeiinsmvesaanfiguasiysifidnuazuuusiuwazgiuning (Platykurtic-like)
wansdislenianaasaazisauulunnAnansdignd

A o v a ¢ a . . = a a ¢
Weuhdeyauniiasizit lenmanuides” (Risk Probability) 1A1A14AMALAREUITIRLAUNMINT

a0
A
gausUlaMIEmINTsy (Threshold) N5a8ay +10 NASNSLAAILUAITIN 4

A15197 4 N15UEIUANUEIURINSANAILARALAGEUEN (Extreme Error Risk)

izﬁummﬂmmﬂﬁau IBﬂ’lﬁLﬁﬂﬂ’NﬁJLﬁm: Iammﬁmmm@im: 591‘5’1?1"314?1’3’13“58\1
(Error Threshold) Wl quUaT1Ysll (Risk Ratio)
WU + 5% 36.4% 53.8% 1.48 11
WU + 10% 6.9% 21.7% 3.14
WY + 15% 0.6% 6.4% 10.6 1911

5.3 39150dnan15938 (Discussion)
NSt iR TuUssiud R aimnssuuazeadn 3 Ussnns fai:

5.3.1 HansENUYeiimanssalaissnmwuuTIase: Lii191u3d8v09 Runghathaithum
wazAm [10] azaguiuuudiass CPR snzauiigaamiuuszinealne usinanssaesiveeaudlai
"auingan’ tullseduauderduiiuandnetiu msiguasivsiiifian RMSD geils 8.10% uazdiaundes
fAuAaIALAG DUILLAY 10% qedaTonas 21.7 919tAnaIndnunzn1eendouine1vesnin
nzfusenidoavieiinnuulsusiuveauauazduinazusslutisggrumnnitnamiensuvy denals
LLUUf\i’waaqmma’immam%ﬁSqLﬁmmmﬂaimmamﬁmﬁ%’ugiJLLUUmuﬂ%uuﬂaﬂﬁmmdw Feaenndesru
swsmué’ﬂwmzmmmaaﬂiuq@ﬁw‘immﬁszqﬁqm’m5ﬁumw1qqg§aﬂuﬁuﬁﬁmén [12]

5.3.2 Wed1f s on15eenwuuseuu (Implication for System Design): #a1auA 348 81471
Aunufinnuddasenisiivue "audeauuaensde” (Safety Factor) mnimnseenuuuszuulagldaiade
Wiesografier sruuiidndsluguanvsidazdloniandnluilildsiindntmne (Underperformance)
Yowndsnindedml nan1sinuildenndosiunuammes Lauret uasame [13] faueinn1soonwuussuy
Tufluiifdfuiauuanuasios (Clearness Index) wUsUTINEe Astdinasinnutiasidu (Probabilistic
Approach) unumsldaiadeseifeuiisregauie ieannundsdunisamusyezen

5.3.3 99111A109WUUTIA8I7 TULAG DUAI8N15N582186 3 (Distribution-Driven Model
Limitations): maﬁ’maﬂmm%’aﬁyﬁmQ'Iué’ﬂwmzﬁuaq Distribution-Driven Simulation Model lagn13
nsEEfvesmLAMALARBUgNAMUAIINALLAFIUNSETA (Normal Distribution) Insendeifiosadasy
(Summary Statistics) LA MBD uag RMSD dilalddeya Error 3'1EJGZ?"’JIJNR]%QIUM3L§8u§ﬂﬂiﬂib’f\]’1EJ(?]J’J
(Data-Driven) fefuradnsves Monte Carlo az%uﬁ’ugﬂLLUUmsmmmﬁamﬁﬁwﬁﬂ MINANWULAIY
ﬂamm?{auﬁm’jgmmummm (Heavy-tail) AMILEBIUSIIMNA (Tail Risk) Airnwadldonasiniininudu
93¢ Fadulsaiufidewmsentinlunaiiuldn
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6. a3U
a v dy o < 1 4 a o a (3
nuIdeiUsrauanuduialunisuseyndldinatdanisdnassuuuneuiaisla (Monte Carlo
Simulation) LWB31AT1EANLE BT IUT LUV IMUUT1a095 980N CPR JaAunundAadliiiiuin
wgsnmveaLUUIaeiauLUTiuIuginregelitdudAgy wiiwuudiass CPR aglasunisueusuing
ANIUNI AU AAEIMTUUTENALNE WAKAN1TIATIERANEEINUTY WUl n1ansTusenideunile
(uasvsid) danulindusugindinamile (Wedlv) Uszun 3 virluwdivedleniafinauaaiainiiou
AUNINUINTFIUIAINTTU (+10%)
v a Ay A o v a o A L. a
Jayannudssiiaunududuin msldenaieiiesriael (Deterministic Approach) Tunisuseidiy
Angnnnaanuuasefingenahluganuianainlunisnanu lnganisluiunndanuiusiuvesann
91M1ege pg19lsNAIN NsaNuRliruAaIARERuENITwANLILUUUNA (Normal Distribution) 81aulug
a = a . . A o ! <, a Ay a = v
MIUTHIUATMILABIUTIIUVINITUANLAA (Tail Risk) Atndnanadussslunstindeyassidnnuinie

'
o w A a o

anulasiieund Fadudedrindrdydumaidelldaisiansanysenause

)

7. JoLEuBLUL

VYVa v Y

Mnuansise fAdeidoiaueuuniiionshluldvsslonitazns@nwnidesen fail dmsuniseenuuy
ynadminssy mnseonuuuszuy PV lufiufinengTusenidsande msfinnsandiuld aufeny
Uaondie" (Safety Factor) figstu vidoldrvauansnastisaudosiu 95% (Lower Bound 95% C) filéann
nMs53sedfunaeilunsseiiunananndeauius (Guaranteed Output) 1ieanAUEBIMINTRUYDS
1A59A13

dwsunisfnwlusuian AIsiinisveeranisAnyilagindadeauduniuniugania (Seasonal
Variation) 1nfia1sainsinsae esminmsaneniildrmunainndeuaiesed doradiliasiounin
LﬁaaqaqﬂﬁawaLﬁmsﬁﬂumm@mqu wennis msﬁmimmaaugmwumuwmwwaammmmm?{au
(Normality Test) mﬂsﬁaaﬂaﬁuﬁaﬁuﬁuamagm wiofiasanldimaindy 4 wu Bayesian Posterior 3o
Bootstrap Parameter Estimate vt 83nn15uauliluy ueuvesnisdines wazarsviinisiasizi
\W3euiieyu (Benchmarking) fukuusiassautazifudu 9 1wu Quantile Regression [13] Litemuwanig

- = o o ] & oA
YRUZAUNFATNNTULARSNUNE DY
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N o =

npUszasd wefinwianmiagiuretemsinsesdsdyain aallnsviadlveidies

[

ARCL T
Janringuasvsndl wagdiaseiuazyseiliulseaninmnisldndanuveseiasioutasndinisusuuss
wWaene1aslagldlusunsu Autodesk Revit lunisasiawuudnassarsauineons (BIM) uagldinue
1IAIFIUNNTEBALUUDIANSI BT NYNAT L (BEC) Wleannisldndsauussenasinesdsdaymyin
anillnsviemdlnefitioa Srfnquasesd meiteediilldsndouiBidouuumanaussinnmsinundeya
3349 (Empirical Data) 9115815990187 5TaedonldTusunsu Autodesk Revit W utadaadielunisasna
WUUT189391A15 (Simulation Modeling) wazn1slalusunsy Building Energy Code Software version 2.6.0
(BEC V.2.6.0) dwfudsuifiundsnu BEQ) welfiduumdumseysndndsnuuetennis

HAAINASANYINUIINBUUTUYTI81A15 AINTLEndsulagsiuvesaIns windu 54,227.76
KW.h/year lasunaaifidue fie g9n1 35,779.27 KW.h/year uagndan1susulieenans Anslangeany
Tn8570v83981A15 WINAU 35,550.97 KW.h/year K1ULNaTi7i fviun fio #1030 35,779.27 KW.h/year Tag
winuiltluormsdnluananssuuliiiasaing ssuudiuena gunsallwiindu q Fsfinmsuiugs 2
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uNUBUFNYTEASTINAN U1 9 Ul A RTTV WA 7.86 W/m” Anaeanusineesenans 35,550.97 kW.h/Year
AU AUINASEIU LT ULEIMINSUSUUTIe1A1sTATIan aunsoanA1n1sldndsanused 78,629.28 um

TngldRuasmulunisusudsasvann 168,830 um szeviianAunu 2 U 1 heu 5 Tu

AdAgY: N15USUUTI01ANS, WUUTIRRIENTAUIMARIANT (BIM), NAINLINIFIUNITODNLUUDIATTNONTT

ausNENa (BEQ), anansiesesdsdnyqia, aonilinsvimilvefidiea Jswinguasvsiil

Abstract

This research aimed to study the current condition of the transmitter building of Thai Public
Broadcasting Services Television (Thai PBS), Ubon Ratchathani Province, and to analyze and evaluate the
energy efficiency of the building before and after the renovation of the building envelope using
Autodesk Revit Program in Building Information Modeling (BIM) and using the Building Energy
Conservation (BEC) design standards to reduce energy consumption of the transmitter building of Thai
PBS, Ubon Ratchathani Province. This research used a mixed research methodology, which involved
studying real data (Empirical data) from building surveys using Autodesk Revit as a tool for Building
Information Modelling (BIM) (Simulation modeling) and using Building Energy Code Software version 2.6.0
(BEC V.2.6.0) for energy assessment (BEC) to be used as a guideline for building energy conservation.

The results of the study found that before the building renovation, the total energy
consumption of the building was 54,227.76 kW.h/year, not passing the specified criteria, which was
higher than 35,779.27 kW.h/year. After the building renovation, the total energy consumption of the
building was 35,550.97 kW.h/year, passing the specified criteria, which was lower than 35,779.27
kW.h/year. Most of the energy used in the building came from the lighting system, air conditioning
system, and other electrical equipment, for which there were two alternatives for improvement,
able to reduce the overall electricity usage of the building by 34.44 percent per year. Improvements
were made by replacing the light bulbs with LED T8 fluorescent bulbs (3X18W). The LPD value was
7.72 W/m?. The roof material color was double-wave roof tiles, light surface. Fiberglass insulation
that received the high-efficiency label Stay Cool, 3 inches thick, Premium, was installed on ordinary
gypsum board, 9 mm thick. The RTTV value was 7.86 W/m?. The total energy value of the building
was 35,550.97 kW.h/year, passing the standard criteria. This could be the best way to improve
buildings. It could reduce the annual electricity consumption by 78,629.28 Baht, with an investment

of approximately 168,830 baht, and a payback period of only 2 years, 1 month and 5 days.
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a$19uuUTIaes BIM 1 a3tasgiiinasiiinsgiun1seenikuuea il ooudnygndanu BEC Liognadl
UsyAvsnm siell mstdennduifiegnauuulanzas (Purposive Sampling) flaituisimngau flesannerms
nsdifnuiinadnvuzianziaonadesiuinguszasdnmidouaransaasiounuimislugenasussiam
3u o lelueunan
6.2 \n3aaiioflélun1sise
nsideaisdldindosdioafedivauasidenionin il eatuayunisadiaLuuTaeazng
Aasginislindanuresensildnw lngdsenaumie
6.2.1 lUsunsu Autodesk Revit 19 @11 UN1585 19U UUTI8098158ULNABDIATS (Building
Information Modeling: BIM) iftuanssneazidonvaserasnsidifinu liun sunssennns Audildaes faya
fanvouufenetns (ls ndsan wieng) TuisssuuUsznevetans Waunsuddielianunsnysulss
AnasRvesTaguaziinawuiuaudeulunsdiaes ilenaaounadwsieussansnmnislindaay
6.2.2 TUs1n3U BEC Web-based (Building Energy Code) @15 un1saA uIuaz a1y
ANTTOULFMUNEINLTBIDIAIIINNATFIUMMTORNLUUD M SLlBa YNNI TaglusunsuaILNgD
1As181A1 OTTV (Overall Thermal Transfer Value), RTTV (Roof Thermal Transfer Value) waganld
WL (KWh) 19991815 Tereunagvdansuiulsaddonaiais
6.2.3 wuuresudisremsuartiufindeyanisldauaie damviiduielfsuiindoyadnumena
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U5uenia uayszuuuasadne degadinanazgnihuldidugiudeyadmiunsainuuudiassansaume
871A75 BIM WaN13ATIIA0UANILYNABIYDIHANTIATIE TN
6.2.4 nanswazdeyaniendl Useneumeunuiioiasuiasgundavinlagdrdnimngsuy aadnns
NszAeLduIuazuNI NN TNzLiIUsEInALYY S1eaunslindinudoundaveseins Tuduideuas
NAIMAVINMINNgTesiunseusnEndnuluens
< ¥
6.3 N3NUTIVTIUNTYA

a v

mafunuTndeyarensidensall Ysenaumevisdoyalsugiuasdeyanfend iielilideya

EX) Y

a [

asufauwazaunsadnluldlunisaiawuudiasuaslinssiussansanndanuerasliedagndeuas
undefto dil

6.3.1 Yayaugund (Primary Data) N15d197381A15058ANYT A0 81A154A3 09d s ey o
andlnsvimilneidion Sminguasivsni Tasidudoyaidsnionin ldud suaiuildaes dnwagns
Foudsiuil anuvuiueseinanuesils udsm uiinng wasteada mtufindeyanisldauaie iy
Fruutlusnsldauenns Gade 8 Talusodu) msldszuuyivornia szuulwiuasadng wazszuy
Usgnaudy 4 fidmadenslingdsam msthennuaziaaiugiureseras Wy nsinuuiniseesonds
nsmsreaeuaniiliiiiedusunnugniesestoyaiiiluaauuudiass BIM

6.3.2 foyanAend (Secondary Data) WUULUAULALLONANINTZILEIATSTA TRV TRedTn
rnnssu eadnsnszedssarunsANaNs sUrusUsEImAlne eldidudoyavdnlunisaiauuudiass
BIM shelusunsy Autodesk Revit Foganislimdssudoundareseinns wu Alifiussddeuildsuan
a1 W eltidugnilunmsnsiadeunanisiinsgivesinasiinnsgIunnsesnkuueIA sl ooy 3y
Wit BEC 1114 1enansinnnns ansgu wazngraneiiiendestuniseysnindsnunaznisiuse
91013 Fahunlfiefmuainasinisiinseiuagnsinunanisin

6.4 SumpuMIRIiUNTIa

MIAIUNTIVYATILUTENBUA BT UNDUMA NN LA ILA DL DAL FUNUS I F1a5)

a A

Funoudl 1 msfnvienansuaraddefiAsadas §adevnissunuteyanqul wmsgu
e uazaAdeikiuniAnafunseysndndanulueias mslduuudassansaumeaeians (BIM) uas
InauTisAsgIUNsERNLUUIMSLiBeySnEnd ey (BEC) titeldifugruanuiuaznseulunisiidiums

Funoauil 2 n1sdTkaziivteyasin1snsddnw FuN15d199901A156A3 03d ST Yy
andlnsvimilneiition Ywinguasesid neifudoyadunieam doyatan vueiuildou nsld
wianulvih swdswuuidausasionansussneuiiiley tieldlumsaauuudassuaznsaaeuniugndes
YoeUaya
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TuRauil 3 MsaialuuTIaesEsaumeeiIns (BIM) 19lusunsu Autodesk Revit assuuudiaes
p1AsnsdifnuTiasiiouaninada antds wdae ndwhg iy warszuuyszneveans lnslddeyatanuas
AR MnsIRaninensiag i

Funeul 4 msszinisldndsaueiasiu Tneld Auto desk Insight SLas1EvAINEIILTI

(EUN) 8391A13 uaz Solar Analysis Jasiziianssdending wWieneiasusazsu weludeyaSeuiiey
fu TUswnsu BEC
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a¥19¥andenennsulusunsy BEC Web-based Litoviinsiiasizvivssansammdanuves
1A ANINLAN TRgA1uIAN OTTV, RTTV,LPD kagUSunanisiondsanusiu Lﬁai%ﬂuﬁﬁauuaﬁugmiuﬂﬁ
Wisuifiey WessyuuameUiulse

fumauii 5 nMsUuluudiassldeneins dudunsufuussuuudiass BIM Tnsdsunie
iesutandeneans wu maiiinauiuiuaiuieu madeniagiian U-value ¢ nion1sufuusseia
uazszuuauan Wiledassaninernsvdanisuiuussmauumsiie il 1 vde 2

fupoudl 6 mydemesinmslindinuenmandinisuiulss ez Ul insgindsnusly
91013 g BIM USuUgeTanudeneimsinilaglusunsy BEC ioviinnsiameilTouiiioudnisld
WU UAN ISR Y TAgRA1TUNANLLANAIAIUUSIN NS 19U 1Y @1 OTTV.RTTV, LPD wazen
winuswanadlilinuannsgiuves BEC

Fumeudl 7 madueneiteirueuuzuasmaiwaluld ajunam I Teuardnideiauaiugdmsuns
USulgsomnainndy  Wdsavsammelindnuiigiu safmasgndldidummeeiivayudaloeues
msufURluetnan

6.5 MIInTeviteya

msTemeidoyalumsisoadsdifuumad Ui (Quantitative Analysis) uagmsd A esiide
WBsuiieu (Comparative Analysis) Tnewuseenidu 2 dmdn feid

6.5.1 MTAATANMDIMNTAL 1118 aANN1TETINIANTUALNTAT 1UUUTIABY BIM U8901A13

M Y =

wiesdsdyaa andlnsimilvneddion Jaminguasius il [Wgdinaeiu1nsgIun1TeankuueIA1Liie

[N

puSNYNFIU  BEC Web-based tadA1uiaAInsldnasnuvetatnsiuanindagdu lnsanizen OTTV

9

(Overall Thermal Transfer Value), @1 RTTV (Roof Thermal Transfer Value) waza 119 wa 9914534
(KW.h/year) nadwiiilsazdefugutdeyaFusudmiumaioudiou

6.5.2 MITemziormmdnsuulss sidunmsuduusauudaes BM Tasuduiua esuianuas
asUszneuTaadenoms iy maiuauuduanudou miliYanfifidnduyseansnaaemanufeush
(U-value) uazgmsufudsseadavionszantaunn antutidnglusunsuy BEC iledunmemsldwdsny
NAINTUTUUTS TneiSsuiisunadnsivanmenasaulushdiasentu (OTTV, RTTV, kW.h/year)

padnSagfinsuisludaiving Weaduesdanuiiertunisld BIM wasinasiunsgiunis
peNLUUBIANTA pau YN BEC Tunsufuussenans uagludeufod woduwuimaliesdngd

Aoanseysnendinuausathlddsuldivennisesala
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7.1.1 anwihluvedenn sy
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w0a Fndaguasvenil uoasidnuusduoimstuien fuildaosyszana 287.78 m? flengnislday
wnnd 15 3 nvagnsldnulseneudefiufidinnuuasiuiiinedesudu 1nuwade 8 Salusdetu
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3) Jaaaane1Ans 3NNNISANEILUUNBASI981ANSNSUANY U518aridendiulsenauwldsn

q

a

= - [ =3 ¥ = ! 14 1
mmimuwma@LUuaguaaﬂﬂaaam‘uguaaqmumammaﬂmqasmLawmm 0.2 x 0.2 lUAT lATIAS9AU

wisinuLIn 0.7 x 0.3 wns nuslusaandunszanla v 6 Tadwns dundseyesmenseilesmdnaoug

= g ¥ < a U s a a U ¥ 4 [ [ v a
gunenan Awauduguduuesa wun 9 Taaluns LLBNﬂuuﬂ@ﬂWUWUWGWQ’]ﬁLUU’Jﬁ@meaG{m

4) nsldndaaulnin laun 4.1) szvuliihuasadne annnisdrsranisldgunsallinly

8115 Usenaume vaenvigeaisaigus uazUaananuaain (3X36W) 31uiusiu 23 lau viaeavigeelsaiud

LED T8 (3X18W) 91u3u 15 lau asangesisatus LED T8 (1x18W) 9113y 5 vaen vaean1ulad LED

nay 12W 913U 4 viaen war 4.2) seuuuiueinia mnnisdisiamsidgunsailiiiluenans Useneume

1AT09USU onALUULngIU (Split Type) 41UUTI 16 1AT09 T18821DARINITINT 1

o v 9 & | @ . o aNa v o =
M99 1 ﬂ']ielslﬁg‘U‘Uﬂan']ﬂ’]ﬂiua’]ﬂqﬁlﬂﬁaﬂa\ﬁ [313V813% aﬂ']UIVﬁVlﬂu“lVlEJWULaa "ﬂ\‘iwmqua’i’l%m

UszLnm fddluih (W) SEER (COP)  $1uau (1A394)
\3esUSueInA Split Type 18,000 BTU 1,501 13.07 (3.55) 1
\3esUSueInA Split Type 18,000 BTU 1,632 13.07 (3.43) 2
\3esUSueInA Split Type 18,000 BTU 1,440 12.24 (3.54) 1
\3esUSueInA Split Type 36,000 BTU 3,438 10.73 (3.15) 1
\3esUsueInA Split Type 38,000 BTU 3,600 9.5 (2.87) 1
\3esUSueInA Split Type 40,300 BTU 4913 9.5 (2.87) 2
\3esUSueInA Split Type 40,900 BTU 4,080 10.03 (2.94) 1
\3esUsueInA Split Type 48,000 BTU 4,610 10.7 (2.97) 2
\3esUSueInA Split Type 48,200 BTU 4913 10.5 (2.87) 1
\3esUsueIna Split Type 55,000 BTU 5,730 5(2.5) 1
\3esUsueInA Split Type 60,000 BTU 5,636 5(2.5) 3
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4.3) gunsalliindu 4 nnisdimanislindanulueins Ussnouseins edldliin
dnauvanesiin liun eoufiumeddclfiy 100 W $1uau 2 wedes Aoufawmasnnm 40 W 1wy 3 LAdes
poufmaiaclfiy 60 W 1uau 2 wedes indesUTumes 60 W S1uau 1 indes Fifu 82 W 1uau 1 Ledes
713 55 W $1uau 5 1ades 713 32 W S1u9u 3 1a30s WaausEUIEDINIA 23 W $1uTU 3 A0 LaTeadu
500 W 1y 1 1Aeq Lﬂ%iaaﬁﬂﬁfﬂaju 4,500 W $1u2u 1 10309 waginay 49 W $1uau 3 Lades

7.2 wamsfneidwsziuazysziiulszansammsldnawuveseasnauuasna innsusulsadden
9 siANvaseIMseR ey andinsindlneddes Sminguarsii
7.2.1 MIATIveMsluannAY

1) uuusae BIM fiadstuainlusunsy Autodesk Revit uansmeazidoaesorasluanin
a9y Tnedeyaiildgninludssfiusonasiinnsgiunisesnuuuoiasiiieaysndndssu BEC nudn
OTTV uag RTTV dAnAunadiuInsgIueInsnundany danalvenldndsanusiu (kW.h/year) ve1e1A15g9
niANAsgILAf1vLn

2) Waunsu Autodesk Revit MlWaLUUSaesETaUMARIANS ANLTaRIATIZRATUTINM
Msesed meefinduuiiuiniisvuslugianainis (Solar Analysis) L8z AINEILUTINVDIBIANTLATEE
anillnefidioa Sminguasvsnil Aeuvfuuss eduuuwimanisesniuuiUdonemmuLUTINASEIY

[

NULT PufAnsTuAn Faduntnuedainns 277 kWh/m? anuiianziueen 506 kWh/m? anufidwile 240

a1l v oA

kWh/m? duiteilel 336 kWh/m? fumasen 1,150 kWh/m? snuiida13sd aefindgaegn lawn aundaan

(% (9

AuiiAnziueen dudidld mufiraziunnuagiuiiamile nua1du fsgun 5

AuiAnzTuoan AURARZTUAN

AUNAATD ANUNALA

PANUNFIANDIAT

UM 5 mIdeseviaUsinamaneSedaeind uuiuiafimuslugesamils (Solar Analysis)
WaEANE N LT IR ASAS Bddsd e anilinsvimilvenUiea duminguasivond
nauuSulswelusunsu Autodesk Revit kazlUsunsyl Insight

]
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3) Tusunsu BEC (Building Energy Code) V.2.6.0 Lﬁ@"f}Lﬂﬁwﬁsﬁayjaﬂ%mmﬁmmﬂ%’wé’qmuﬁum
omaatesdsdyaas anilnsvimilnedities dminguasusil nawiiasgiunsesnuuuemaLiioay
W9 (Building Energy Code : BEC) Lﬂmeflmimum'ﬁmnﬁ]msLﬁuu:uummil,ﬁamimg%’méwé’mu flog 6 d
feil 1) sruudenanans 2) szuuliiuasadng 3) sruuUiueime 4) izuuqﬂﬂiiﬁmﬁmfﬁau 5) SEUUNGU
ey way 6) MIdnasnulaesIveseIns wannaeinsHIvreIN1snTIYssduuueAsliiansanan
InausinNsERNLULISMSNUnAEidy 2 maden Tasfiansananmadendl 1 fio msimunasivmnszuy mnka
mMsnTaUszliui U nsEUY madendl 2 Ae mauwnasinislindsmilasraesenmsied Tagthainsld
wimilassumemmsisenuuuinisudisudua mslindsnilpesmesemssdamungnizns dil

APNIRedndumsiunasimssenuuuoIMmSioNsaYSNENE UYL A3913197 2

M19199 2 ANERUlRgTIUNEUUTUUT TLANNATINIATEIUNITORNLUUDIANT
\oauSnENasU BEC V.2.6.0 Ussinanaaanin

518azIdYn nudluasgIy eAsnwdiaanuuy  Hauseidiu
ANMIENBMANNTBUTINVOINTS (OTTV, W/m?) < 50.00 45.73 U
ANMIANEMANNTDUTINYDMAIA (RTTV, W/m?) < 10.00 52.95 Taieinu
Armaslndesainegean (LPD, W/m?) < 10.00 20.67 Tadsin
AMUSEEYSMNNASUANANA (SEER, BTU/W-h) > 12.40 9.50 Talpinu
MMslNaINUlagsIWY0Ie1A1T (KW.h/year) < 35,779.27 54,227.76 Taisnu

7.2.2 msUiudsadienanasuazmsainauuuinaesl
PNMTIATI A UNE U NUUUS 889N TAUMARNANS NSEIANENE1AN5LAS Dedad ey ey e
anillnavienllnefition Sminguasvenil iedineriarBnansmeded meeding uazAmdanusm 1
mslglusunsy Solar Analysis Autodesk Insight e mw‘immgwumsaaﬂqummﬂﬁaaq%’ﬂﬁwé’mu BEC
Wlevuumsmsusulsadeneims wuin 1) firvesenasivihlviAndUsnamsanesedmaeiindunniian
uaztipufianveusazsnuresomsivhmsiieTest uas 2) Wsuiilsuaiinansaedsd meeniing fidaa
fudenenmsiiriigefian lWiirvesenmsiivesigaluusiazsu WeldiaivinliiAnAUsinamsaranssd a
oTindgaianudinifiresenmstuninneinadunday 1infdnuenfingfinserhiuduiauesetans
TufiemsivihiAnd i inansmesd msofindgeiigafiomuuimslumsuiugs wasvhmsusudgedan
Waeneesnieuiahmauszanm namsUiulssTanuSsudiisusmdsny OTTV, RTTV, LPD A&
AlganmsfnamninasiinasgiumsoeniuuIMsilsaynEndsny BEC V260 Tinansiinneilansds
319 KTt 3
LmeﬂmsU%fUU@aLﬂﬁaﬂmmiﬁmamamﬁaam@hiﬁﬁﬁi'laiumsu%uﬂgqLLazié’ﬁmﬁaﬂﬁmamma
MR luemsUiuUssanaenoimafies 1 fuiifinsazanssdnsofindunniigafesumdsaniiilen
AvauNSaaIuga 1,150 KWh/m? A1 RTTV gaifiusnnsgu 52,95 W/m?U§uuse viaen lulvigesisateus filddaan
auuuvnaIn 23 ey fislein LPD gaifiuanmsgiu 2067 W/mZiagviliianansaannislindanusiuann 54,227.76
KW.h/year flo wwamadl 1 Usuussgunsallifindesadng uazuuuselanmdsaniiuuas shmsududsaudle Tau
vieenngealsaeus wazdaaaduaain (3x36W) Wunaesvigeatsaisus LED T8 (3X18W) @wnsoanm LPD 910

a a

WAy 20.67 W/mAwie 7.72 W/m? uagdianmaan andunsulemdmasus Addu Junsulemdsmasug

Y
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A15199 3 WSsuigumUSINNNSRNESIER 9 RRg NdIRatuABNeNA1S

— L Aaenuasan | D

d a dna ANLUABNDIANTHARZATY R AT LPD  AINA9IUTIN

sasdlanldy , , (KWh/m?)/RT , ,

(kWh/m?)/0OTTV(W/m?) ) (W/m?) (kWh/m?)

TV(W/m?)
Solar Analysis N S E W 1,150 - -
240 336 506 277

Autodesk Insight - - - 101.35

BEC V2.6.0 45.73 52.95 * 20.67 * 54,227.76 *

eve): * nunefis nan1sUTE iUl U aeINInI§IUNTERNKULDIATINBNTEUSNENEI WA,
2564

Andeou lngliismamdndn Fadumsanaduussdnsnsgandusdoriindvemdsen 91n 0.9 wide 0.5 ua
N5USUUTE NI @EnsaanAn RTTV 9niaa 52.95 W/mAréae 31.71 W/m A awsikuineliaganunsnand

RTTV aslsl 9MnAIWausIU 56,227.76 KW.h/year {u 39,551.88 KW.h/year it anslinmumannasiannsgiu

Andurmdsnusuanas Sovaz 27.06 wazlumen 2 Usulgsmunsalliihdesaing uasusuusetanmdaniiv

wag vhmsuiudsuile Tauvaeavigeasawusd wasdaaiadanain (3x36W) iunaenngesiseawsus LED T8

(3X18W) ansnsnanA LPD 91niial 20.67 W/m e 7.72 W/m?dianvasen andiunseidewmasmaoug {7
v @nena) Wunseilowdsnasue Aadseu vhnsiaswauiulewianldsuaainuszdnsames Stay Cool
W1 3 97 Premium UuMNUEUTUBTEATIINAT YW 9 1y, NaN1SUTUUTE WU ansaandl RTTV laanniay

52.95 W/m2wid e 7.86 W/m2Ad unavinli A1 sanusiueeseasann 54,227.76 kW.h/year \du 35,550.97

KW.h/year H1umasnausinnsgIu AnduAmanusnanas Seeay 30.44 a3uawsed 4

M19199 4 o sAnwINsUTuTImiinuninisasausidniseniindunian

wuIN9NTUTUUTS
91A13ANYINT Uuused fmpuguduveint  viaenvgealalBUARUY
. y WUINNT . o , Y .
UIUUTIne . o vaeanddy Tdawwlewdi Stay  Uaanawmadn 3x36 W
v n Usudsan o z -
ATUNLNIT Wudoau cool 3 13 wWagulu (LED T8
avauadang 3x18 W)
91MRdNINTER 1 v X v
2 v v v

7.2.3 MIAATIZANAINUVDIATNEINITUTUUFS

HANTTIATIEVAIENATTININTIIUNMTODNUUUIANSHI DB SNYNAMUBEC viasmIUsulTee1A1s

WU NMTNS1UTIVDI91A15 (KW.h/year) anaseg nlldsddyllaiisuduoimsiy Inswnglud e
o VI Y o S A o -

ruudiuomeatadudnaiunislindsnuingafianvesenns fwnm 56

]
v

Uil 22 atiudl 2 nsngna - Surew 2569



M990 5 a3UTI8URATATIEN Passed

5 . a1 -
NYazYn LNUINNINTFIY NausLiuy
0NV

ANMIEBMANNTBUTINVDINTS (OTTV, W/m?) < 50.00 45.73 ALY
ANMIENWANNTBUTINVOMEIAN (RTTV, W/m?) < 10.00 7.86 ALY
Araslndesainggean (LPD, W/m?) < 10.00 7.72 HAU
AV AIINRSUMUGANNA (SEER BTU/W-h) > 12.40 9.50 Tadsin
mslgndinulagsinaesens (KW.h/year) < 3577927  35550.97 B

M19197 6 kI UTUUTINSIdnasuanas

. D A ATNEIUT] Arnslandsauiianas
HUIN9N1TUIUUSS AMNAIUTINRBU P
anag (wWJasiyun)
Base case 54,227.76 - -
1 39,551.88 14,675.88* 27.06
2 35,550.97 18,676.79*% 34.44

e * nelie Amhendsusiusiel(Base case)aumumMNGINUTINAOUNAAAIAILLLININNTT
USuuse 1,2

7.2.4 N153ATILINITAAATIEIN8YD9NTIINEI9IUVDIDIANT
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NIAIIZNNITANA T I1NT LT NS IIUVDIDIANT WUIT DRTINITANAIUDINT LT Wa 3911l

ANTIVDIAANAY Soeay 34.44 soT A1 OTTV uaz RTTV anasaulndidesdeidulumunasisnnsgiums

PONUUUIANTNEaLSNENANIUBEC Ruawmuildlunisusuuss 168,830 um lngvbilsendaRuamasnuas
161 78,629.28 U TszpgnaAuy 2 U 1 wieu 51U WawSeumisudunuianiunausendnama ussesen?

HANUANANMLASHEANERS AI915199 7

M3 7 Wiguiisumsanaildienslindsmuneliuasssesianaunu

L. Ruasyuitld o4
HUINNNIT ATWANIUTIY v ATNAVIANAIAN -
v Usuuzsanmsun . szeziIanAunu)
Uuuse KW.h/m*/year ) Al (umA)
AU(UN)

Base case 54.227.76 - - -

1 39,551.88 60,000 61,785.45* 0.97

2 35,550.97 1680,830 78,629.28* 2.15

anewe: * viangfs Amblendsnuiianasgudasialiih 4.21 vindeniag

8. N15aAUs8Na

8.1 N9 19IUTDI91ATIUANNIAL VDI01A15:A3 Bsded gy 1ad aanillnsiimilvneidioa anin

guUaTIYsIH WU A1 OTTV uag RTTV 99491A1589NI11ATFIU01ANTIMUNENU denalinisldndsnusiy

O |

Uil 22 atiufl 2 nsngnau - Sunau 2569



330

yase3ge Madunuilaenadestuuunfanguifiinudensimadussdusenouddyiitinalnensioniss
wisuvesszuvUiueIna emsilidlseenuuulriaenadesiuinaminsussndandanudeduunldudiay
AuFoamdanugs

8.2 nsusuUsuUdonennsuasanisiinsgiidlofinisusuidsuanuifaasdini saafivauin
fupnufou nansATIEsIEINATIIIRSEIUNITRNLUUNASiDaUNENEI Y BEC Wudn A OTTV
war RTTV anasegaiifeddey demalinsldndanusuveternsanas Insanigluszuuuvennmeaiidu
Yadenanvesnisidndaau siliann1sldndeanusinain 54,227.76 kW.h/year anasidundaaiusiy
35,550.97 kW.h/year Anilusesay 34.44 5ol A1 OTTV waz RTTV anasaulndiAsansetdulumunaue
175§1U BEC Fuasmuitlilunisuiuuss 168,830 um Tnevilvisendaiuamdsauasls 78,629.28 v
fisvoznafunu 2 ¥ 1 Wou 5 Yu wamsfnunilagiiouliiuinnsld BIM uasinausiumsgiunsoanuuy
o1msiteeysnundsny BEC iunseaflefidiussansmnlunismaaeunuimanisusuussenasiounis
Aufiunsase egralsfinia aunsaufuteinanudde (Research Gap) leanesAnudll q fidalsid
ns@nwlunsdlfnwioraaadesdadyaalnsimilunmsuiuusslueasdeasiddedrinsulassaing
warmslFan 1wy ssuuUiueniauargUnsnideasiilindunugs Auildnuilimiiouniasdiinmu
vy Sﬂ‘ﬁgqLf]umiymmﬁs'mﬁmgmwLLmﬁm BIM WazinaaiiNMI§IUNITeaNLUUBNANTIH DOYSNY
WF19U BEC vl Tnglanignsdnasandsnusiniunisianisteyaeinisluszesen a1unsadinsizviuag
Useilulsgansamnislindsnuvetermsiniosdsdyaia aninsedlnefidied JmInguasIvedl

9. agd

9.1 Han153TuUnuuuaza uaudAvesUionormsiiy am"iﬁ’aﬁylé’ﬁﬂmmmim?aaa'qe?agaunm
anillnsviemdlnefition Sainguasesiinuinfuoiastudelaeiiuildaesyussun 287.78 m? fiony
nsldnuanni 15 Y

9.2 HaMTInTgiarysziulsgansammsldndanuresoiaisieulas naein1suulse wudl 81e1s
luanmauiial OTTV wag RTTV gand1unnsgiuen1saiunasany daalinisldndsanusiuvetennisgs
dmsumsUsudiudseanamnslindanu wuih msuiuusavdenenmsienisidenTanidmdussans
mMstheweaFoum Uvalue wazmsifinawiuiu anufeu asnsaandn OTTV wag RTTV ldegsdaiau
linslandeanusiuvesernisanas lagldmalulad BIM $auUn193tA518RA8NUINNINTFIUNTS
penLUUIA Tl eeuInYNd1a1y BEC lumsusziduuszandammslindsnu annsouandsiiuds
Ansnmlunisannislindanulaegiadanu nanslengiduduituuimisdinanldiesusdieusendn
w&u uifaiuayumssenuuulazUfuU oS aenadosiuInassunds ezt e ST
d48u (SDGs)

9.3 {AdelflausuumemsuiulsavdenamsiimnzaniJunadeniinsanunanisiingies laue
msUfulsstandenomaifies 1 fuiinisavanssdansefindunndign fe Mundsaidmazaundsay
a9 1,150 kWh/m? @1 RTTV g4 1Ausnsgu 52.95 W/m?U5uuge vaealvivigesisaisudiilddaaanuy
¥aadn 23 Tay il LPD gaifiuannsgiu 20.67 W/mZiagsiliiansnsaannisldndanusiuann 54,227.76
kKW.h/year aaslundssusiy 35,550.97 kW.h/year Anilufovaz 34.44 sioT A1 OTTV wag RTTV anasau
TndiAgevdaidulumuinasisnmsgiu BEC Buawuiililunisuiuuss 168,830 vm tagvilvisendakuen
nasuadle 78,629.28 um fsvezianfuyu 2 U 1 ke 5 Ju

]
v

Uil 22 atiudl 2 nsngna - Surew 2569



331

10. FoauaLE
10.1 daLauauuIdIYINIG
1. mstimsAnvifinfslueimsuszandy wu emsiiou ermsdrinnusunalng vieeias
finendavanetu Wlevenenanifelvinsoungy
2. msitmulinng BIM Safuimeluladnissiaosdugs 1 Digital Twin eifiunuusiugives
nsean1sainaansnsldndanu
10.2 Yoreupuugauun
1. wihenuiflenasiiasiuuimismsuiuusaddeneimseng BIM uag InasiunsgIuns
ponuuUImaloaynYndwnu BEC Tuiuldads eanailddresundanuuazBasgnsldauennis
2. 0514 BIM mr3gnussydudiuniaveanszuiunisesnuuuuazUiuugse1A15ii oLty
Usgavsnnlumsdndulavesaniuin Ians wazguimslasenis
10.3 dawuauunguleue
1. masgasduaiulidnnsld BIM uazinusiunasgunsesnuuueimaiioausnndsa BEC
lunsesnuuusazUsul o snUszsnn Tneussgludeinualuginsgiuenmsiunassu
2. msfinsaduayususzinauazaniussloninianuimisnuviessdnsiiuiuugienans
IyaonAfBINuLINIFIUNTEUSNENE Y
3. mwf‘famimﬂﬁﬂ%’uﬂqqa’lmiﬁuLf]’mmamiﬁwmﬁ%% (SDGs) Uaggnseansynf wioa$a
usetuipdeudalouglussiuussime

11. AinAnssudszne

fideveveunsyanl fiiemansanse ns. Syiand Auds uarenansd azeds mAmd AlvdUinuua
wugiilunsinideaudidaauein veveunszamANTS avivnimnsiusruy nuad i ua
yaansvesdindnimnssumant uminendomaluladasund Alvinsdaemdeludusiig q Tunns
fuiunsideaudiiaegaludied Megavevouquiamindiuauimnssunasi ousinaues

- o aNa v @ ~ ] g vy & o aw & A
aonvsviadlnefidioa Singuasivstil yavihuiilideyaiiluusslenilunsiidoduedad

12. 18n#1581984

[1] “nansgnsadvualssnmdonnnvesemaiasnasgudninasitayiimslumseenuuueamsiitens
AUSNYNAANU WA 2563, TI9NIDIUNY), \aal 137, AauT 94 ., Wt 7-11. Whaasie: 30 n.e. 2568.
[poulanl]. 1Whsla: https://ratchakitcha.soc.go.th/documents/17150955.pdf

[2] Ministry of Energy, “Thailand 20-year energy efficiency development plan (2011-2030), ” Ministry of
Energy, 2011. Accessed: 30 Sep. 2025. [Online]. Available:
https:.//www.eppo.go.th/images/POLICY/ENG/EEDP_Eng.pdf

a vaa =

[3] awnavanUiinasu Tunseususguaus, “aleufuimivdn wameanisidnuwuuinesnsaumeenns

=

dmsusewelve (Thailand BIM Guideline) atiud w.a. 2558,” asnauanuiinaey lunssususgudiud,
2558, Wihdaiile: 30 n.e. 2568. [oeulat]. Wddls:

https://download.asa.or.th/03media/isa/bim/20150427-tbgv01.pdf

O |

Uil 22 atiufl 2 nsngnau - Sunau 2569



332

[4] uy3dns dnsenssas, “msliuazmsdanmsteyalunuuiaesansaumanmsifionisuimsdamsmsnenns
MENMDIANTYR, ” INeNTnus aa.y., andnenssurmans, Iansaluvinends, ngamne, 2562. Wi
dle: 30 n.&. 2568. [oouladi]. 1dsla: https://digital.car.chula.ac.th/chulaetd/9762/

[5] ywda wevivi. “Twoplus 7D BIM,” hiiadle: 30 n.e. 2568. [eeuland]. hdsls:
https://www.twoplussoft.com/twoplus 7dbim

(6] Tunna Wiy, aAe UInan, qm’émqm AOUNDY, HaUNTAY 1NAYTI, “N1sUsTYNALTWUUTIARIATAUWA
orAsiiteanmslindsnushemsusulsnseuamsnsdifinu: evansilegende.” Tu msussauinns
Seanssulesusiens asii 27 (NCCE 27), Srialesine, 24-26 d@.a. 2565, i 1-10. WAaste: 30 n.e.
2568. [poulail]. 1Wdele: https://conference thaince.org/index.php/ncce27/article/view/1924

[7] neue %’um%qmu, “UUIMNNSIWUUIaBIENSEUWARIANS (BIM) %’mmﬁagammmasLLUUﬂ'aa%"Nﬁa
iiemsiifiunuuazthgsnmenmsdinny,” nendnug ans., amnenssumans,
uTIneNdesTIIAans, ngayme, 2560, 1Whiadle: 30 n.o. 2568. [peulail. ldsls:
https://ethesisarchive.library.tu.ac.th/thesis/2017/TU_2017 5916030025 7680 9302.pdf

[8] I.Czmoch and A. Pekala, "Traditional design versus BIM-based design," Procedia Engineering, vol. 91,
pp. 210-215, 2014, doi: 10.1016/j.proeng.2014.12.048.

[9]1 McGraw-Hill Construction, The business value of BIM getting building information modeling to the
bottom line. NY, USA: McGraw-Hill Construction, 2009. Accessed: Sep. 30, 2025. [Online]. Available:
https://www.trane.com/content/dam/Trane/Commercial/global/markets/Architect/building-
information-modeling/SMR BIM 09 FINAL rev.pdf

[10] @uéﬂizmumumiaaﬂLLU‘LJmmiL‘ﬁamaau%’nﬁwﬁﬂmu, “@JﬁaLLuﬁmﬂﬂﬁﬁﬁmuﬂgwmmﬂmeﬁmmﬁm
MG NY,” NIuiL I UnALULAT oy NI, 2564, WhAadle: 30 n.e. 2568. [eaulal]
aale: https:/2e-building.dede.go.th/sites/default/files/2023-01/guidelines-for-compliance-with-
building-energy-code-bec-laws.pdf

[11] S0 banaiae warsuin wuius, “nsldmelulaguuuitaesioyaenasisey augantdnenssy
ANANS UNS.FSITE: S18UNNTINY,” AMLADUNSNTTUAIENS UAINEIRNALULAE T IVLIRRFSITE, 2561.
Wdadle: 30 n.e. 2568. [ooulall. Whisla: https:/riss.rmutsv.ac.th/upload/doc /202010/5NTPm
KW8eEQL08e1AZq9/5NTPMKW8eEQL08e1AZg9.pdf

[12] M. Nasrun Mohd Nawi, F. Baharum, M. Farizal Rajemi, J. Azhan lbrahim and M. Zamhari Tahir,
“Energy management: A case study on the Malaysian government office building,” International
Journal of Applied Engineering Research, vol. 9 no.23, pp. 7865-7871, 2014, doi: 10.37622/000000.

[13]S. Shetty, “Energy Conservation Building Code (ECBC) based optimum wall composition with
respect to thermal transmittance and thickness city in temperate climatic zone of India, Manipal
School of Architecture and Planning (MSAP),” In Ist International Conference on Optimization-
Driven Architectural Design (OPTARCH 2019), Procedia Manufacturing, vol. 44, pp. 229-236, 2020,
doi: 10.1016/j.promfg.2020.02.226.

]
v

Uil 22 atiudl 2 nsngna - Surew 2569



333

[14] USwey1 Unonaed uagdvien saasey, “N1sANYINTUAIYaLaskuIvInIsUSsnEnna 1Y, 27557539¢
w997, I71 11, Uit 1, wiin 25-37, WA, 2557, [eoulaw]. Wdls:
https://www.eri.chula.ac.th/eri-main/wp-content/uploads/2014/07/25-37edit.pdf

[15] 2fen aydnana, “uuamsnsUivUaemsdiinaumadslulssmdlngliduonmsily wisnug’
Dugud,” Weniinug do.u., anlnenssuemans, unmivendefauins, uasugy, 2559. [eeulat]. Wrdsle:
http://ithesis-ir.su.ac.th/dspace/handle/123456789/898

[16] B. Ben Mahmoud, N. Lehoux, P. Blanchet, and C. Cloutier, “Barriers, strategies, and best
practices for BIM adoption in quebec prefabrication Small and Medium-Sized Enterprises
(SMEs),” Buildings, vol.12, no.4, 2022, Art. no. 390, doi:10.3390/buildings12040390.

[17]S. Siebelink, H. Voordijk, M. Endedijk, and A. Adriaanse, “Understanding barriers to BIM
implementation: Their impact across organizational levels in relation to BIM maturity,”
Frontiers of Engineering Management, vol. 8, no. 2, pp. 236-257, 2020, doi:10.1007/
s42524-019-0088-2.

[18] K. Zima, E. Plebankiewicz, and D. Wieczorek, “A SWOT analysis of the use of BIM technology in
the polish construction industry,” Buildings, vol. 10, no. 1, 2020, Art. no. 16, doi:
10.3390/buildings 10010016.

O |

Uil 22 atiufl 2 nsngnau - Sunau 2569



NSATINIFERSwazINALUlagugSaa N A

nsAneBnswavasnunmnsiiuinisladaanduaznisuimsanuduiiusandn
fdsnasoanugniuvasgnArlugsiasudnnisvudduiszninsUszme
The Study of the Influence of Logistics Service Quality and Customer
Relationship Management on Customer Engagement

in International Freight Forwarding Business

WANY §UITENa’ uaz WIuns Weudes?

9

'NNAIINNSIRNISIaERANE, UM INe1dEreNITATLNY
2n1A3YN15INNIEINATENINUTEINA, I Inederenisaiine
Puthipong Thanaveerakul' and Narin Neamnoy?*'
'Department of Logistic Management University of the Thai Chamber of Commerce
“Department of International Business Management University of the Thai Chamber of Commerce

Corresponding Author Email : Narin_nea@utcc.ac.th
Received 02 October 2025
Revised 16 February 2026
Accepted 20 February 2026
UNANED

gy s A = a

npUszasAiaAnydnsnaveinunmnstiuinisauladafnduaznisusms

v
[

A15398ATIY

(9

AuduusivgnAMdmaseauyniuasgnAtugsnafudansvudsdumseninusemaluusemalneg

(%

Ingldsedsuizidedesnnm Nusunudeyamewuudeuniuannguiieg1as1uin 400 918 Jadugndn

'
¥

gsnant

[ YY) ]

UINsTUIANITUUAIduASENIeUTEIA 3 nduTAsEideya

v

VWANANADBULTINY HANTTITY

£ 6 o

nud Aunmnshivinisladafnduaznisuimnsanuduiusiugnmaninsaefuieanuuyususiuresaiy

9 v o @

HnuvesgnAnlasesay 49.3 il fulsniidnSwasgralidudAry laun A nveInTzUIUNIT AMNNYDS

HaTNS N1syatiuana wazimalulagansaume audaau luraeinunANNaNNTe InANNaINnTaves

IS

D9ANT LLazmifﬁ'ﬂmimmiLﬁlﬂ’ﬁUQﬂﬁﬂlﬁﬁﬁ%%‘wa@‘&hﬂmu&lﬁ”l Ay wamiﬁﬂm%lﬁﬁu’jﬂ;:J’Uszﬂaumimat
Tanuddgiumsiauinszuiunsmsliuinig msassmadndidnaunin msassiamsssuosdnsd
dathugnén uagmsieluladansaumenldifieifinyssansam suazthlugnmsaiunnuygniiuuaza
IfuTsumanmsutstulugsiafuiamsvudedudissninasame namsideiiiamwdislumetamuinagns
uinnsladadndvesine TnglvianuddgyfugannvesmsujiuiuduazUszaunisallunisfuuing e

ﬂ’J’]ZJﬁWL%ﬁ]SLUigﬁJSEJ’T]

AEARY: 33N95UTANNTVNEIEUA, N1IRAIALUUTINNBTING, ANNINNITUINNSIRaRNE, N15UTIMS

ANUFNTUTANA, ANUENTUYDIGNAT, NTARNDELTINY



335

Abstract

This study aimed to examine the influence of logistics service quality and customer
relationship management on customer engagement in the international freight forwarding business
in Thailand. A quantitative research methodology was employed, collecting data through
questionnaires from a sample of 400 business customers who used international freight forwarding
services. The data were subsequently analyzed using multiple regression analysis. The findings
revealed that logistics service quality and customer relationship management could explain 49.3%
of the variance in customer engagement. Specifically, the variables with statistically significant
influence included Process Quality, Outcome Quality, Customer Orientation, and Information
Technology, respectively. Meanwhile, Capability Quality, Organizational Capability, and Customer
Knowledge Management showed no significant influence. The results suggested that freight
forwarding operators should prioritize developing service processes, creating quality outcomes,
establishing a customer-centric organizational culture, and implementing information technology to
enhance efficiency. These efforts would lead to building customer engagement and competitive
advantage in the international freight forwarding business. This research contributed to the
development of logistics service strategies in Thailand by emphasizing the quality of interactions

and service experiences for long-term success.

Keywords: Freight Forwarding, Business-to-Business Marketing, Logistics Service Quality, Customer

Relationship Management, Customer Engagement, Multiple Linear Regression
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wonanil nsvuaunsinaulalusaia B28 Snieatestunansauuarifinanuundt vilvianudutusszes
gnawaznisasemulindadinudidyuin Mentzer et al. [16] Wudunidntunisiauuiasinaanin
nsliuinsledafndiiianizionzas lnslausuudfn LSQ Aszneusie 9 fid loun nsindedeans
(Contact) AN INYBIYAAINT (Personnel Contact Quality) Qmmwsuaqmsé"ﬂ%ya (Order Quality) AaUAIN
Y9a7aya (Information Quality) nsdnnsteRnnatnlun1sdsde (Order Discrepancy Handling) A1NUASS
oAt (Timeliness) Aunsauldvuasdun (Availability) animuesdue (Condition) kagAugnABIves
Uaya (Accuracy) NEYHIINUTTEVRY Mentzer et al. [16] UnIdenateruliinuiuasUsulsauuidn
Aertuamnnnisliuinisladafndifielimneaufuuiunaanuniu annsmummussaunssnie i
anunmnsliiuinsledafnd wuiidnidelfauenseunuAnivainvatslunmsduunifuazesddseney
vosqunmnsiivinsladaing lnenidunnaeildiunseenfuuasilulssyndldodraunsvasly
sATuasitlndfe n1suunmuuIMIses Sohn et al. [17] Faldmuinseuanudniinsounquiasiiu
sTUUINNBITY

Sohn et al. [17] latausfifvosquninnisiiuinsladadindilu 3 dumdn laun Aaninwes
Naaws (Outcome Quality) ANINYBINTZUIUNTT (Process Quality) Lag AMNINAINNAILITA (Capability
Quality) Mssuunilagiieudadnuaznvifvesnisliuinsladaindiliaunsataldanifiies uides
firsaianadnsiiindu nszuiumsiitiluguadns uazanuaansafiugruvesssanslunisliuins
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A19197 1 23RUTENOUTBIRUNINNTIIUIMSLaTarng (LSQ)

4 AB5U"Y AR IndnAmy
AN INYDINATNS HAFATETIgNAILATURIN 1) AUASIHBLIA; 2) ANUDNABIWILEN; 3)
(Outcome Quality: 0Q)  n1slgusNs anndurauysal; 4) msandunuladaind; 5)

SraLIaUNAINL YD Y

AMATNTYBINTEUIUNNT msaniununaztuneu 1) msdanisuazuilatyn; 2) m'ﬂﬁ%ga

(Process Quality: PQ) SEWINNTIAIUSANS anuzdndsuusealng; 3) anusasiway
gangulunismauaues

AMAINANLEAINTE ANLAINLAZAINY 1) mmmmm’lumﬁmﬂﬁﬁﬂgﬁa; 2) 1151

(Capability Quality: CQ)  {Fewgyvetedsins welulaBansauwmanld; 3) aruderey

AuladaRndseninausemd: 4) ANuTuAILaY

oA A ¢
UNBBDOBVDIBIANT

fln: U3uU5591n Sohn et al. [17]

3.2 N5UIMIANUANARUSAUGNAT (Customer Relationship Management: CRM)

N3USMIANNFNTLSAUGNAN (Customer Relationship Management: CRM) tJuuuiAnnienis
Famsfildsunsiauuagldiuegraunsnanslugsiaaielmi Tnsangluniagsiauinsfiaudusiugiu
anffdenudAgygeiennudniavessina lnslueandiauazndsingn COVID-19 uwuidn CRM 19 Tauinis
lugmsiduedestieddalumsaiiannudaveuuazanuannsalunisususvesgsia (8], (18] 39 CRM Tu
gatlagUugnienulng Becker et al. [19] 91 vanefls "nagndgshefiduindeusedoyauazimeluladfdiia
ileains fimun warinweuduiudifinuauasduduyanatugnasinunisldusslevian Al Machine
Learning wae Big Data Analytics” denuiiazvousisnisifauinisves CRM filsiitesusiiiunnuduiug us
Femdansldinaluladdugslunisdlauasneuauosanudasnisvesgndildeausiuguagituing
Payne and Frow [20] Ssldlaueyumasiinsounquuniulalidlens CRM Twanef "szuuiinamsgsia
flysanmssgninamalulad deya nszuiunns uazyranng ieaisUszaunsalgndniilisessio (seamless
customer experience) 1149 NYOIN AT INFUA A" miuaﬂuﬁﬂwmsiwuﬁnﬂiﬁummﬁwﬁmaqmiyﬁ
aNSaENTINUTINiuYemnduvetednslunmsasguilitiugnm

Tuu3unvesssnasudanisvudsdudissnineszina Bednarski et al. [21] Fliiudn CRM
mmﬁﬁmﬁmgﬁuasjwmwﬂluqﬂ‘ﬂwﬂu iesangsiafessudufieosuiiedunisiasundasesgni ms
ngaveinvonildguniuandoasesiu uaganudesnisanslusdawasmfanunuuSealnifdiagy
Tnglun1s@ne1ves Abdelhady and Mohamed [22] léauensounsineuues CRM asfeludfivssnausie
N133AN15YoYagNAILALN1TILATIEY (Customer Data Management kag Analytics) T3189ANEINT
Fantstuteyaiinanvaneedoyaiilaseadie (structured data) 1y UszAn1sde uasdeyadilid
Tns9a$19 (unstructured data) 1 nsaunuIkazALAaLIY 1 eYaglesd nsanansnaIansainaw
A9INIT szqiamaiumsmmﬁm (upselling) uazdoaiun1sgaidugnen (chum prediction) N158319
Uszaunsaiflifudiuyana (Personalization Engine) 91a52ufiansuusiidumanisvudsiinzay ns
USummnudsunanislduins vsenslidUsnwiangmumugnainssuasgna

]
v
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ca &

13l CRM lugsia B2B wazlasianilugnavnssuladadndiidnuasianigidoinisaudila
LAEN1IIANTTALANGI9AINTIND B2C tae Amin et al. [23] seusnuaizdfyves B2B CRM iuqmammiﬂa
Jafind Fedpaanusadanisanuduiusiunndienineitewazitilanudesnmsnuansneiuveusaziie
Anudesnsanulusilaasdunisliuinig lnsenzdeyaneiuaniugnisuuds Aldany wagUsednsnim
N13MAUSNNT weNaININSANYIVE Yin and Sun [24] FluI1 CRM Aivszauanudnsalugsialadadind
G’faqmmmﬁd’gﬂumaizqLLaxﬁ@umiamﬁiumia%ﬁq;&aﬁhl,ﬁm Wy MsUTuleUsEanSamveleguniu n1s

v = a a | o =~ | o w a PRI | <
andunu Msensiiuanudangy Msaunalulaginig Masvdsuwlasgivintves CRM 0819530157
Kurnar and Reinartz [25] ssywelulagnaniaginansenusio CRM Tuawian n139muvas Conversational
Al uag Advanced Chatbots A15WaILNUBY Large Language Models (LLMs) 1 ChatGPT 1114 Chatbots

) v o Ao v % A a X a a a & =
aunsndanisiuAnungudeuiasiinisnevauesiusssumfuniu nsussyndldlugsialadafind 3a
aunsadiglunisnaumanunedfUaa UL AISVUEY NSAURATTEINY warnsieUSnwUesdulsnaon
24 314

Soltani et al. [26] Falgdwunnsusmsanuduiusivgndeendu 4 esAusenaudAgiifiany
A a o v o & I3 a o o P a
Wwenlgawazasuiulunmsadisanudiiavesssuy CRM lussdns nseuwnAnillvanudilaniaseungy
e usssugAnniifves CRM Aluiisusiiiudiunalulaguindy uadinasounquiadainiinagvs
AUANNNTIVDIDIANT UAEN15TANISANS TnenseumniAniilasunsativayulagaiduves Kumar and

1%

Reinartz [25] Muaud1Ageensuesseuy CRM Tuluuasdsiuiasoungunelinienagns walulad

HaZNITINNITOIANT
A51afl 2 adUsEneuTesMIUTMIANLdTLSTUgNA (CRM)
6 A95U"Y T nddny

nsyaiiugnin (Customer  Yansssuodnsdinng 1) M3vANUdIlIRNRBINITaNAT; 2) 113

Orientation: CO) andudugudnang Uiusaronudeansidsuntas; 3) msadng
ANMUFUNUTTLELEY: 4) N1THBUAUDIAD
UYolauDLUE

YAPNUANNNTOVDIBIANT  AUEILITOIUNITUN 1) MyatuauuaINEuImMs; 2) 1A59a51909A0 59

(Organizational CRM s l9oened st gangy; 3) MaNauvinyeningw; 4) n1s

Capability: OC) Uszauauduiie

waluladansaune walulagatduayu CRM 1) Operational CRM (Sguuang/usnng/

(Information Technology: N159a19); 2) Analytical CRM (n153LA1%%4

T Uaya/Al); 3) Collaborative CRM (113711911
57u11/Cloud)

mﬁmmimmilﬁmﬁu AITIVTILASINELNS 1) Knowledge about Customer (%aaﬂaqﬂﬁﬂ);

anA1 (Customer ﬂ’J’lﬁJiLﬁEJ’JﬁJUQﬂéj’l 2) Knowledge from Customer (Uala@usuuy);

Knowledge Management: 3) Knowledge for Customer (fjﬁa/ﬁ%l,uxﬁ’l)

CK)

fan: ﬂ%’UU§dﬁ]ﬁﬂ Soltani et al. [26] @y Kumar and Reinartz [25]

Uil 22 2l 2 nsngrau - Furaw 2569



340

3.3 AARNWUYBIRNAT (Customer Engagement: CE)

AyNILRIgNAN (Customer Engagement) Idnanenfiusideildsumnuanlasgrsannluenis
smanALarMITANsANENTUS fugnAluT e sTu kU Tnslamendsainmaiinturoanalulad
a%ﬁaLLazmim?{auLLanwqaﬂﬁmaq;}uﬁﬂﬂﬁéfmmﬁﬁﬁauﬁumm%uﬁ’uLLUiuﬁLLazaqﬁﬂi AUENHUYD
anAbadtaminisannisiluissmfaasulunisnainlugnisilunagnsuanlunisassanulaieu
yensudadunaznsiulnegadsiuvesgsia 93 Kumar and Pansari [7] Tﬁﬁwﬁmmﬁugmmaammgﬂﬁu
Y099nA1I "MsdidaudaumegAnssuesgnéitusdns vdenususiiiuninisteons’ Sesaudenisl
Forauauur nsuuztgdu nmsdostuuusus uagnisidrsaalufanssusineg veauusud Tngluuiun
gnanunssuladafind Hohenstein [8] Fliiuin Anunnituvesgnélaifivsusidrglunsinmgnéniu us
gaduladudrrglunsasisnnudanguuaznisusuivesildguniu lnswnizlugiingawazauly
wiuou

Kumar et al. [27] 1 stfinn AU NHUNI9015UIVBIgNAT (emotional engagerent) LU
fuguddyosnnuduiussrezen Wesnnidlegnduinaugniunisorsuaiud wanwdnagiian
fnfudaunssuazerniiazideululduinisvesguds luudunvesgsia B2B :uideves Palmatier et al.
[28] WU mnuEnLuNsensLaivesgnATninanALlinga amnuudede waznsldfunsguadu
fumsngliusnis uenandanugnituresgnésdiifiniedungfingsy (Behavioral Engagement) 1t
nsBetn n1suurthgdu msliteiauaius madidu fanssy vienslestussdnadledeuinnygiansal
%3 van Doom et al. [29] taupin AnugnuLdanginssu (behavioral engagement) WWuiiAvesaaynity
flanunsodunauaznlddrofian Taens@nwives Kumar and Pansari [7] wuinuismiiissuanugniu
vosgnigainanisduiunuidnilunatediu sufnsnissnungndnfigedu duadinisdedegndn
iy Snsuusignrlnsidiniu wesamufemelalasraufisdy vonnidmuingniifianugniuged
wunliuitagliiefoiflaiindeinnanuasBuifiazasdlduinmslmifiuisniaue uenaini Bone et al. [30]
wuenuYesgnANgdnarensansunumsliuing lesangnniidanugniiugsienisnisgua

v o Yy o v ! = ] P A4 a X
UBYANIT UNIITIDILIYUUBYNTIN LLamJﬂ’nmmiJEﬂumiLLmSUﬂZUUMWLiJ’eJLﬂﬂ‘Uu

M13199 3 dRvesauyniuvesgnal (CE)

&6 A95U"Y AT IndnAgy
y . ANUSANNNIY A 1) anuddniludrundedudliuinig; 2) any
AR 90753

v o 9 oA A Y o A a
) 1’3'3’]317\] LLaZAITUNNR ”bmﬂwazmmmmaaa; 3) ﬂ’]{[,ﬁ@ﬂEJLlI@Lﬂ(ﬂ
(Emotional Engagement) Ve e o
(ﬂﬁ)mﬂ‘Uﬁﬂﬂﬁ VDNANAR

A o 1 ! A o wva

Y 4 - 1) NM3Y0Y19819ABLUBY; 2) NITUULUINDUY
o - - ANINTENINLEAIDDNEN vo 4
AU WULTINGANT T o 4 a4 (Word-of-Mouth); 3) MslAdalauatugiiie
ANMUNANUNLIAUDNIN o - o .

(Behavioral Engagement) 5 - USuugeusnis; 4) msUesiususuniilegn
n15PRVI8UNA ¥

Anngiansal

fian: UFuU5997n Kumear et al. [27] uag van Doorn et al. [29]

]
v
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3.4 AnaduNusIEndteAMAMsUINsladaing (LSQ) wasanukniuYasgnAl (CE)

ANMUFURNUSTITIUINTENTINAUNINNITUSNSIaTafng uaza1uyniuedgnAl gniudulag
Rather and Hollebeek [31] s?quudﬂmau’%mﬂa%aﬁﬂﬁﬁﬁﬂmquqmmma%’wmmaﬂﬂﬂ’umamimﬁuaz
AnugnTUBangAnssuveagnavilunsaisszaunisaiimilenuaiamis Jsaenadesiunuideves
Chotisarn and Phuthong [32] inuiigunneesteyauazanunssenailuuinmsladafndiiutiodody
Tumsasannugniunsauianudilavesgnin msfnwives Lin et al. [33] Swansliifiuinnisdnded
mnduarinnubavegulunislalafnddsmasessiuamuynituresgnénfigeiulugsiadaomdsy Tnewui
anugangulunisliuinisladafndvisiasuasisanuyniuresgnailunain B2B HIUNSHOUALDIAIL
Foansfiudsuntatidesnsings TunsAinwves Gil-Saura et al. [34] wuanuduiusaiituddysening
anuidedeldvasuinislatafndtuaugniuresgnélusrzen Tnsanuidedeldidsmasansasianmiu
Phndadafunnguddnresaruynitumsorsusilussialadafind vnsfl Murfield et al. [35] Fl¥idiut
A minsuinsladafnduuvesdrudnudimsamududuuuidoalnduasnmevausisomisdou
98193 INAROAUNIUVDIGNATILYNYBINI Honora et al. [36] faunuunAnddisinlnenyiingg
dansteRananafiiuszavsnmluuinisladaindliifissusidieinmanuiionels uddstasiiuaugnii
yosgnisunsuansliufansjsiulunsuilutigm

Kilibarda et al. [37] Anw1tan1zlugsia freight forwarding LWagWUIIAMAINYBINTAAABAY
yaansdanuduiusidsuinegslidedidnyiuanugniiunisersuaivesgndn Inslawizluaniunisali
Fudeuiideanisnisussarunuseninaansiiy Becker et al. [19] aﬂ’uagumamﬁi’fﬂﬁiﬂmaua’iwmm
Foamguazanudilalugsfiavesgniiuansesnlneninamudutiedoddgylunisaiianiugniuma
aufaradle luvaedl Singh and Singh [38] wuiimsysanmswmaluladlunislvuinisladadnd o
52UV Al ua loT Faerisdseansamlunisnevausuazaiisuszaunisaiiuiusssivla dedanasioniny
ynuLEangAnssuveagné wenainil Pathak et al. [39] Anwilufidvesnisadiayadidauiuuazwuin
AunmMsuinistadaindiivasliignénannsauiuussssavsnmuesiaslegunuvesaulesdinasony
wnulundid TnslannzanugnitunisngAnssufiuansesnsiunisutstudeyauagnsidusanlunis
UHUTINAY

3.5 AUAUNUSTZNINNITUTMTANUENNUSAUGNAT (CRM) wazAuKNWUYaIgnAn (CE)

N1sUsMTANUFNRUSAUgnA1 (CRM) danudunusigeuiniuanusniuvesgnan (CE) lng
Kumar and Reinartz [25] léiauoin CRM asfelsidoaiunisarsnaanianiuseminseadnsuazgnin @
danasionisifiuanuyniilunnia vzl Becker et al. [19] wuiansld Customer Data Platform (CDP)
Tuszuu CRM taelifosdnadlagnélddindanniu uazanunsonevaussnnudosnisldesnauiug dadu
nsad1sanusnifunisnudaadnla uenaini Ali and Shabn [40] namisUsElevtivdnveanisn CRM
ald laud msuSudssanufianelavesgndn n1sshwignAdia nislvideyalanaens wasnisusuuseyas
naeninuesgndn detladewmanidudmadensiiumugniuresgnélusseren Steinhoff et al. [41]
atvayulssiuilnenuinszuy CRM Aiflaruanasalunisusuussuins (Personalization Engine) 938
aseusraunmsaiifuendnuallifugnéusar e Ssdmaremugniudmginssuiuansoonsiunisie
duarnsuuzihgdy

Hohenstein [8] Anwanizluusunvesssialadafinduaznuitseuu CRM ndUssansanyiely

=

nsdansAumanisvegnaludieinga COVID-19 laenisindeyanlusdlawaznisdeansiadiae o
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HrwsnwuaziinasgniuvesgnAusiluaniunisaliivninie Chatterjee et al. [42] i@@uinsldimalulad
Real-time Communication Tuszuu CRM Frelvigliusnisladafindanunsanavaussninudenisvedgnan
B2B @ ae1959mi5uazusiugn uanannd nstdmalulad Al uag Machine Learning Tussuu CRM %7e
AAn1saiANABINIsvesgnAnlaalami sivlianunsaadsamussrivlauaz Ay niuiindeai
AN

Binsaeed et al. [43] Fliiuinaududouvosnisdnaulalunain B28 viliszuu CAM deq
annsadamsanuduiudiunanedildwlids fadlevinlddusaazdsmaiennuymiuiiuaunsauaddy
Tuvauzdl Sore et al. [44] Anwanzasaiisyanisaniu (Value Co-creation) uszuy CRM lugsialad
afnduaznuinilegnindldiusilunisesnuuutazsulgauins azfnanugniulunnid lnelanzeany
yntumaeaianadlafiuanseentunsutstiuanuiiasssaunisal

AN mUinTsladafing (LSQ)
= ﬂ‘mﬂmmmmaﬁw& (00)

- A MIBINTELIUMI (PQ)
- AATEITLENEA (CQ)

— AMENYIVTaIanA (CE)
nsUdmsanuduiusand (CRM) H2

1 v 1S
- Mayaugnan (CO)
- a
- PRATTNANITITRBeAng (OC)
—wiAluladansawune (T)

ar Yl e =
- MTFRMEAATAGLNEINUG AT (CK)

JUN 1 NIaulIAnNUIdY

H1: aaunmnisiiuinisauladading (Logistics Service Quality) fi8ngnanisuinseaupniuves
Qﬂ@ﬁ (Customer Engagement) quﬁf\] Freight Forwarder Tuusgialne
Hla: AMANYBIHAGNE (OQ) HBVEWan1aUINFeALyNTUYEIgNAT (Customer Engagement)
Tugsia Freight Forwarder luuszweilneg
Hib: AAINYDINTEUIUNIT (PQ) TENTNANIIUINABAIUKANUYDIGNAT (Customer
Engagement) sLuqﬁ% Freight Forwarder Tuusgimelne
Hic AuAMANLENINTA (CQ) HBvnSwanisuindeainuynituvesgneal (Customer Engagement)
Tugsia Freight Forwarder luuszweilneg
H2: MsuSmsauduiusiugna (Customer Relationship Management) 183nani1auInsiony
WA ”usuaﬂqﬂ%ﬁ (Customer Engagement) sLuq%ﬁf\] Freight Forwarder Tuuszinalne
H2a: M133aidugnen (CO) AanSnanieuindennuyniuresgnal (Customer Engagement) lu
53713 Freight Forwarder lutseinelve
H2b: ¥AA111@1115098989ANT (OC) TENTNHaNIIUVINABAIUYNNUVDIGNA1 (Customer
Engagement) 1uq55% Freight Forwarder Tutsgimnelng
Hzc: inaluladansauna (IT) d8nsnanisuinsanuynuYeIgnaAn (Customer Engagement)
TugsAa Freight Forwarder Tuuszmelng

]
v
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H2d: A153AN13ANS N EITUGNAT (CK) TBNSWaN1IUINADAUNNTUYBIgNAT (Customer
Engagement) quiﬁ% Freight Forwarder luussinelne

4. n3aliun15IdY

FAdelsvihnmsnumussunssufleauInse Ul AnLAYaNNAFIUNTITE AL Creswell
and Creswell [45] iauslidmiunisidedeuinn niuldsidunsasauuuaeun (Questionnaire) fi
flAssa$rauuuln (Structured Questionnaire) ileltlunsiiuteya wuvasunmazsEneUe 4 dauvan
1dun doyavluvessinouuvuasuniy ManiAafugaammsliinssulaiadnd maiudedunis
Uinsanuduiusiugndn uazmauiaiuaagnituresgndn Ingldunsiauuy Likert Scale 5 ey
Faus aliugeedeBe audls WiudeeteBe auit Sekaran and Bougie [46] WugiIBNzaud iU
n19338lugsna miaaﬂLLUUﬂ"WmuwﬁqmmqwﬁLLamm’?ﬁaﬁ'léfmumimnaaummmqL%aLﬁyam

(Content Validity) Inafignsddlusuidonount fuanslunsed 4

= A A o aw 1A
A157197 4 Lsesdlodnlunuldeuasuraciiun

Aauus dafny udeiian
AuNNsuINsladanind (LSQ) Sohn et al. [17]
- AUANVBINAENT (OQ) 10
- AMNINVBINTEUIUNTS (PQ) 9
- AUNMANNEINTE (CQ) 9
NsUTMIANUFURUSIUgNA1 (CRM) Soltani et al. [26]
- M3aiugnAn (CO) 5
- YAAUAUNTOVDID9ANT (OC) 7
- naluladansawmna (IT) 4
- m3dnnisenudifeniugndn (CK) 3
ANUNNUYBINAT (CE) Kumar and Pansari
- AUyNRUM9eTSUa] (EE) 4 (7]
- ANURNRULTINGANTIH (BE) 4

1%
1 a

Jomauildindiudslunuuasunuiiinunsnsaasuanunsudalenlaedideiviyduim 3 vy

s v A

Usznause §ilemnasunisinnistedading {ideamngsunismann B28 wasidevaiussdeuiside
1A NTUIANUFRAASDI5ENITBA N VT LTIV URNS (Index of Item-Objective Congruence:
100) namsUszifiunumndomamila I0C seming 0.67-1.00 Farunasifiimua (> 0.50)
Fiteldvinnmaaeuinieaiioldofunduiiognsthsosneusidunisifuteyaass (Pilot Test) S1uau
30 $19 fifldnvazadioadetunguiiegaiililun1s@nwiais amdinugiwes Hair et al [47] Togly
Jowiulfindayaunvhnisiieseianduiusifiesdu (Pearson Correlation) il onsiaapuauduiug

seninademanuusardevesiiulsdasy (Independent Variables) fudiuusniy Ais AURNTUYBIgNAN
(Customer Engagement: CE) A11WIN14904 Hair et al. [47] lnediingUszasriadnnsoatad1n1uidl

Doy

°o YY)

ANudunuseg 19l dedAiuiwlsanunaudludmsgitutunaunald tnedaraiundaduuse@ans

1]
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andutusannin 0.30 lgnfiansandasen esanilvuanansenu (Effect Size) dninululumauoa il
AdfidedAgn1eana (p < 0.05) Anu et dulumuuuanises Hair et al [47] ﬁ'squqm r N3 0.30
fordinruduiusluszdudi uenandgifelddidunisinaesiesdusenaudsdusu (Confirmatory
Factor Analysis: CFA) Ll 8n529@0UA214A5948 1A59a$79 (Construct Validity) vasuuuaauany Taed
Tagusvasdiilofuduintomanuusazdedinuduiusfusuusus (Latent Variable) Aifosnisinegis
W39 esLAMeves Hair et al. [47] Tnedernudifiaimiinasdusznousninnmst 0.5 asgndneen

nntuldidesnuiliuugudvensazfulsimageuainudosiu (Reliability) Tnenanis
NAAOUNUI A1 Cronbach's Alpha 5¥%114 0.724 — 0.864 @3 fA111nn31 0.7 Audi Nunnally and
Bernstein [48] fwun Aum5197 5

A15199 5 HANSAABDUAIAIULT DL

fauls $1wIuf¥In  Cronbach's Alpha
AN TNYDINAANS (OQ) 6 0.726
ANAIMNYBINTEUIUNT (PQ) 9 0.761
AMAINANNENTE (CQ) 6 0.724
nsatiugnen (CO) 5 0.864
AnAIUANNTOVDI09ANT (OC) 3 0.781
walulagansauna (IT) 4 0.813
msdansanasiReaiugndn (CK) 3 0.845
AUENITUVDIGNA (CE) 8 0.757

desnnifeiifutoyasuysdassuasiudsmunnunaaieniu (Single Source) Turanfeaiu
(Cross-sectional) 3981a1atlaym1 Common Method Bias (CMB) dai8uauudsusiufiinainisnisda
unnIuUsTiAnw [48] fATedsfidunisnsiasey CMB vnsadifisne Harman's Single-Factor Test Tng
Ighdomanuanus 44 9o 18 N153ATIE DAY TENOULTEN533 (Exploratory Factor Analysis) taelal
nyukn (Unrotated) wagiviualviaiauies 1 99AUsENoU Nan1TIATIERNUIIAYTENBULAEIAINITD
ofuwauLUTUTILlFeay 31.24 FasniunusiFosas 50 [47] wansilaimutiay CMB Agunsdlume
Toya

Tutuneuninfususdeyadowuuasua §3deldtesmesulatiinuunanilasu Google Forms
Tnglddndelaonsaiuuisngliuinsgsfaiudanmsvudidudsninssmaiiovonnusmilolunisds
wuugounulugigndnveswaniun Tnsfimaifudoyaifianiudau 370 fegra tielildngudegnaiady
400 foegs dwiuihlulflumsiinngiteya Tnefivuanguiegsivangauiiolingvrnvesdiuu
Uszvnsnuide [47] Wneeiduldmsinseviatifanneeieny (Multiple Linear Regression Analysis) e
NAADUANNAFIUNTITERALANYIENTNAVRIR LU TDATEADAIUUTAIN AIULWININYBY Tabachnick and
Fidell [49]

]
v
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5. NaN133Y
1 v
5.1 NHURRBULUUERUNTY

31nNN93ATedayailesiuveinqudieg1s 400 518 WU neUkUUdR U N IruALTY
Alfusnsgliuinisinnisvudsdumseninssena (Freight Forwarder) lngiunisldusma@emndivd An
& Y = Yy o ¢ o A v - 3 v " L& a
Juievar 100 Jeaenndesiuinueinisanienngudeg1animunld wuirdulngidufanisussiannig
AR 31171 250 918 (Seway 62.5) T9AMNNIABTININITNEAT 311U 68 518 (Segar 17) g3nacmds-A1uan

a A

28 578 (Sewar 7) §3NAUTMNT 23 978 (3eway 5.8) §3Nanawu 31 12 518 ($egay 3) uargsnadue 19
518 (Foway 4.7) Muanu

ludurungsie nuidnevwuugeuaudiulngilugsisvunlng (@1nndi 100 Au) F1uau
173 918 Anilusesay 43.3 sedasunAegsiavuianans (50-100 Aw) 31w 150 518 (Fevay 37.5) uaggsna
yurmdn (Yesndmiewindu 50 au) S1uru 77 518 (Gevar 19.3) dwmudinanisvuduededeifou
wuhdmeunuuasunudingfinsuudannnit 100 afsdaiieu S1uau 202 519 Aadudosar 60.5 d9
wansliiiudsanudlunisldvinisfige deflanumsnzaslunis@nwanuduiusseninsgunimms
TAUINT NMsUTMIANUduiusiugna uazANUENIUYeINATtUgSAIAINGET?

5.2 NaNTIATIEVADALTINTTNUN
dosnnaiteilldinmsauun Likert Scale 5 sedu (1 = lfiudiooghads 89 5 = Wudooeis

'
a Va o = o

§49) N840

Y

MuUALNUTINITLUaALYNNE SEAUATRAYlAg TN TUUIYIIAZLULLYNG TAIUNIUDITS

v 0.8 (4.21 - 5,00 = g9an, 3.41 - 4.20 = g4, 2.61 - 3.40 = Uunans, 1.81 - 2.60 = ¢, way 1.00 -
1.80 = #3n)

aa a

A5199 6 HANNTIATIZNADATINSTUUN (N = 400)

AuUs Mean S.D. Skewness  Kurtosis LAY
ANAMYDINAANS (0Q) 3.843 0.527 -0.654 0.208 g
AMNINYBINTZUIUNTT (PQ) 3.878 0.580 -0.576 -0.155 6N
AMNINANEINIID (CQ) 3.707 0.473 -0.632 0.251 g
nsyesiugnAn (CO) 3.849 0.624 -0.622 0.625 a9
nAIUAUNTOVDID9ANT (OC) 3.713 0.673 -0.364 -0.214 GR
walulagansauwne (IT) 3.888 0.605 -0.806 0.308 GR
mMsdansanasifeiugndn (CK) 3.941 0.719 -0.521 -0.437 6N
ALRNIUYEIgNAT (CE) 3.666 0.494 -1.101 1.763 a9

1 '
a1 a

a L3 1 £ ¥ Y a a Aa § U aa 1« U
Naﬂ’]5’3Lﬂi’]SWW‘U’N(5]71LLUiﬂ’]u@mﬂ’}Wﬂ’ﬁl‘VlUiﬂ'ﬁIﬁﬁ]ﬁﬁmﬁ‘VN 348 MﬂﬁLQﬁEJE)QIUi%@UQQ (3.41-

¥
a

4.20) Yoy Tny aunInasnszUILNs (PQ) frindsgeanlunduil 3878 (SD. = 0.580) uanslisiud
Fliusmsusziiugunmyesnszuumslivinisluseiugs Andesavummsguiiginidudsdutaent
AnuLAnAYeIn iUl ungNdaeE s A AunmvesHadWS (0Q) fidiade 3.843 (SD. = 0.527)
LAE AMAMALENINTD (CQ) SlAiade 3.707 (S.D. = 0.473) Fsfiandoauunasgiuiifian uansingnous]

¥
aaa

ANULAYEEnAdIUNNNgaludAT
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o
Y v

HAN1TILATIEYNUIIRIUIAUNTUIMIIANUENRUS TugnAe 4 7 denafveyluszduas

a

(3.41-0.20) Hamua Tag msdamsaudifsatugndn (CK) feadogegadl 3.941 (SD. = 0.719) wsifidn
Weouvunesgugsgauiu Ysuoniudfaeiidnadseglusziugs wiflanuusnsiisvesnnuiiulungs
frog1areudnann ausndie weluladansauma (IT) frede 3.888 (S.0. = 0.605) axvioulifiui
fiuinsussidunmsldimaluladensaumedlunisliuiniseglusedugs msdathugnén (CO) Trnady 3.849
(S.D. = 0.624) wansliiiuingldusnissuiindliusnisinisyadugnAlusedugs uas Tnanuanunsnves
99An3 (OC) flAnads 3.713 (S.D. = 0.673) wandliuigldvimsimmudeiluiamuanunsavesesdns
Alviusmsluseduas

NAMTAATIEIINUT ANLENTTUYRIgNAN (CE) dAads 3.666 (S.D. = 0.494) Fsaglusziugeny
\nausifirvua (3.41-6.20) Ll,ﬁ%Lﬂuﬁ%a?{aﬁﬁwﬁqm‘LuUﬁmﬁaLLU'ﬁﬁy’wm AndesuumsgILiiaI (0.494)
wamdliiifiuingnouuuuasuamiinnuiiureuisaenadeafufefussiumuyniudifiderdliuing

AP (Skewness) veamnduwlsilAnAnau -1.101 s -0.364 (Wge) uansiEneudulnglv
AzLUUgInIIAIadY Aeglutag +2 fedneeuiuld Tuvaedia Kurtosis aglutig -0.437 fs 1.763 Geoglu
neuet 2 fondeyalimsuanuadindifissUnfanunsainluiiasgvionnseianyla [50]

5.3 MINAHBUFNNAFIU

M13197 7 NANTIATIEVATRAANDELTINY

Model Unstandardized Standardized t Sig. Collinearity
Coefficients Coefficients Statistics
B Std. Error Beta Tolerance VIF
(Constant 704 160 4.394 .000
OQ > CE .300 .044 .320 6.838 .000 534 1.874
PQ > CE .149 .055 175 2.704 .007 279 3.580
CQ->CE .086 .056 .082 1.540 124 415 2.412
CO > CE .109 .044 138 2.469 014 376 2.662
OC > CE 147 .042 .200 3.494 .001 .356 2.810
IT>CE .043 .060 .052 712 477 218 4.590
CK > CE -.056 .037 -.082 -1.513 131 402 2.485

a. R=0.735 R? = 0.541 way Adjusted R? = 0.533

NNe5e0 7 PITelavinnisnaaeulagmn Multicollinearity Aouafiunsinnukansiases
1aeia150419nA7 Tolerance Wag Variance Inflation Factor (VIF) HAN13ASI9@RUNUINDATENG 7 613 T
Tolerance 9¢5¢1i14 0.218-0.534 911nn31 0.10 UazA1 VIF og5ening 1.874-4.590 Fetiaendn 10 Ay
\Niv Hair et al. [47] Amiug wanadndwdsdasglulunalififaymanzsindunsany (Multicollinearity)
= ° a ¢ Y = = i < o =~
Feeunsadmanisienginisanaselultlunisuvanalaegraindede egnslsfniu duusmalulad

o = = =~ R Y] YY) = P [ o A o
asaunAlA VIF asand 4.590 Usirinenatianuduiussyiuiiunasiuiiulsau widiegluseauiigeusu

[

]
v
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nanTATIginnaesilanuuy Enter nudlumadiimund uiianumnganluniseiuisaa
NUYasgnAlugIRasudansuudsdumsEnineslseme Tnesuusdaseiia 7 fuds aunsasiudueiuie
ANNKUTUTINTRIANUENTUYRINATLA waglunaiianuausaunan1vaiiegslteddsy (Adjusted R?
= 0.533)

aunAgiuvdnd 1: dvdnavesgunmnsliuinsiulaiainddennunniiuvesgnd

NaNTAGOUANNAFILVANT 1 wundngiuatiuayuusdiy il

AMAINYBINAANS (0Q) A8nSnanisuinsdeauyniuvesgnAeg1ddedidynieada (B =
0.320, t = 6.838, p < 0.001) LLazﬁﬁ'ﬂé’wizﬁmgmﬂmgmqaqmiumimﬁaLLU':?V'?WM NANISI9839 by
anusaufiasauuignu Hia e na1ifie IndngiudausedndatuayuinnunnuenadnsdnasnenIy
HANUYDIGNAN

(%

ANAIMNYBINTZUIUNNT (PQ) HBVEWaNIUINFBANULNHLYRIgnAeg1elltad A ieats (

<

™
Il

v =2 4

0.175, t = 2.704, p = 0.007) NaMITe3s llaursaufasanufigiu Hib la nandfie dndngiudausedny

L]

(3

AUAYUIIAMNINYBINTEUIUNTANARBAIUNNTUYBIGNAN
ANAMANINEINTA (CQ) lliiBvEnadaanuyniuvesgnAtegslitudAayvneada (B = 0.082, t

'3

= 1.540, p = 0.124) Nan$3983s Ufiasauniigiu Hic nanafe lunumdngudssedndiifisamelunis
AuAYUIIAMNINANLAILNTIANARAIUNNTUYBIGNAN

auuRgIuvand 2: SvdnavesnsuimsanuduiusiugnAemuynfuveign

NaNTAFOUANNAZILVANT 2 wundngiuatiuayuusdiy il

nsaniugnAn (CO) fiBnswanteuindeaurniuvesgnAeteiltydAynsada (B = 0.138, t
= 2.469, p = 0.014) Nan1933839 llanunsaufiasanufigiu H2a 19 nanfe dndngnudeusednvatiuayu

12

nsyaiugnendanadennurniuregnen

o w aa

AANUATAVBIBIANT (OC) LdNSnanuIndenuxniuvesgnAmegnildudfymeans (B

o

= (% a

= 0.200, t = 3.494, p = 0.001) HaN1533839 liausauiasanufgiu H2b la na1Ae AnangIud

UsednuwatuayuintnanuausavesiinsaInafanuNnuegn A
B =0052t=

A
' =l
Weanalunis

@

walulagansaume (IT) LuidldvsnadeaunniiuvesgniegiidedAgymiead
0.712, p = 0.477) nan1533839 Uiasauufgiu H2c na1dde lununangudausedn

(
Y
Yl
atdvayuinalulagasaunadanalagnsewannuyniuYegna
nsIansAusiAeatugnA (CK) ludidnSnadeanuyniuvesgnaedralideddyneada (B =
-0.082, t = -1.513, p = 0.131) HaN1533839 Ufiasauufigiu Had nandfe lunundngiudusedndi

WesnalunisatuayuInN1sdInn1sANLsingiuanAdranonUNTuYeIgNAm

M19197 8 ATUNANITNAARUANLAF Y

FUNAFIU fiauus B t Sig. NANSNAFIU
Hila 0Q — CE 0.320 6.838 0.000 ldanunsaufasta
Hib PQ — CE 0.175 2.704 0.007 ldanunsaufasta
Hic CQ — CE 0.082 1.540 0.124 Ufjias

H2a CO — CE 0.138 2.469 0.014 lianunsaufasta
H2b OC — CE 0.200 3.494 0.001 lianunsaufasta
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dunRgu AuUs B t Sig. NAN1INA#RU
H2c T— CE 0.052 0.712 0.477 G
H2d CK— CE -0.082 -1.513 0.131 WAGE

6. ayuuazanusnena
HanITeuandliiiuinnnunmnsiiuinisialafnduasnisusmsenuduiusivgnandiunuinse

v [ (% s

AnugniuresgnATlugsiafuiamsvudsaufseninssema TaslonngluliAiiftesiunadnsidudosls
nszUUNsUENNT MItaiugndn wazdamnuassavesesns luvaediiadumada leun aanm
anuanse wealuladansauma waznisdnnisanuy linuvdngrudessineimeamelunsaduayy
ENAIAYATWANUKNTUTBIGNAT NANITITENUTN AMAINVDINAANT (OQ) Uar AMNINVBINTZUIUNT
(PQ) fidvisnariennuyniuvesgnd Feaenndesiuauideues Johnson and Park [36] Anuinmsuinisla
JafndidnanngsamnsaadennugniunsesualuasngAnssusuUszaunsaiimiennuaanis
safssnAdeved Lin et al. [33] Afuduinmnuassonatazaunmvestoyafutaduddalunisasis
ANUKNT HaNTITeSsaenndesiu Gil-Saura et al. [34] Anumuduiusszninsanudedeldvosuinig
AUANURNTUTEEZET)

ogslsinuUsngnsall qauameuaInsa (CQ) Alsidwmalnensaarmnugnify aunsaesuielé
CQ 1Hu "Jaduitugiu’ (Hygiene Factor) figndaanieigliuinisiosilegudn smuuuiAnues Russo et al.
[15] fiszydigné B2B farumantguisatuarnindetowaranudemaudunnsgutuii nsil cQ
Felladremnudserivladfisdy uwinislifezadrennulivela Tuvasfimalulafansauma (M) filsidawa
Tngnsa donAdoeriuauLeses Kumar and Reinartz [25] ffuinmelulafithufios "n3esloaiuayu" lald
fhatennugniulenss IT o19dmansdeusunfinuszansnimuss OQ uay PQ unnindwasio CE
Trgnss uenandl lunan B2B Tduaudiniussvezem gnénondliiaeiu "nsufduiustuyaae’
unninAlulad a1l Singh and Singh [38] WugmNMINsARFefUyAaNsTiAAdylussAa Freight
Forwarding uenanil msdanisenudgnén (CK) flidama orafunss ck ifunszuaumsnigluesdnsd
andnlallidutalnenss manseuves Soltani et al. [26] CK umsmusmuasdnnmsanuiBsgninaziug
NAAWSHIL CO way OC 1NN wenanil Palmatier et al. [28] Fiaruynitulugsia B28 1AnaInAa

'
aaday ¥

Tindauwagnislasunisguaduiivay Faduifndudeddunniinisianisanug

7. Ualuauue
7.1 Yatduauusideufun

1Y

PNUANTIEANUIFIYT 4 FiliBnSnasrennuyniuvesgneg1aiidedfgy laun Aunnves

HAGNS YAAINANUTOVEIDIANT AMNINTVBINTTUIUNTT kaENTHEUgNAT mua1du FRdelidman1s iy
Waeumuiuiuszneunisgsfvdudanmsuudsduisgninasemadnny 5 918 iefudurmumnzauuas
ArudesnsTiuiaieresanegaia eudavhdeiausiusdialuil
1. MIRUIAUAINUBINASNS (Outcome Quality)
\Heannaunmuosnad ns i aninagaaadennuyniiuvesgnAi gusznaunisalsli

[

ANUEIAYAUNTTAILIAMNEINIAlUNTEIOUAUAIATIIET gNABY WazaNY Tl A1NN1TARUNIUAY

<

]
v
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Ausznaunis nuingndgsialianudidgduiiiaeiu nsdndsduiiyanigs was dudnfidinuaia

dunn 1wy TudwdidnnsedndvietagRudmiuaienisman dsnnuianaraufiisndndesenadana
nsENURegsNavedgnAeglited 1Ay duszneun1sTduduinnmsamulussuuaiuauaunMNIIndaiay
mMsUssfumudsmeiiaseungy WuaigndesnisiauarBudneruinsiiuia
2. MsLEsNEs 19 TnALEINIaURIR9ANS (Organizational Capability)
HANTIRENUIITAANINAINTAVBIRIANTHBVENAANULNTUYDIRNAT AN TARUNIUAY
FUsENDUNT NUIINAI B2B Heamslnuinisisl anudangulunisuiudi uag anwuamisalunns
Uszanuauduiie lnemgluanunsaifdudou wu naddsuulaingseideuraning wienisuiu
Wumarudengyiuiu fusznounstuduinnsiannfinnuifanudsmngmaamaisuazanusadadula
Isanisa iutadeiigninlflumsdenilviuimsszozem
3. miﬂjwm@mmwsuadﬂizmum’i (Process Quality)
AMNINYBINTEUIUNTHINTNAADANUKNHUYDIGNAT 1NN1TABUNIUAUF UTZNBUANT
wuignAilviauddgdufivawiu szuunsiamammanidu waz msdeanaidegn Wetintlaymszuing
msuuds fuszneunsszyingnddnlinelaidedes "muann’ anuzAudies urazUssivlavnldiunms
wiafoudmihidedanuardvFotam wieuuumudly delausuurlunsamussuufanuaanugiuy
Boalvsiuazunanlesunisdeans Janssiueudesnsfigfuszneunstiudi
4. MIaeimusssimsyauiugnan (Customer Orientation)
nsyaLtugnAdiBvEnadeUNTUYeRNAT 31NN1SABUNIUAURUTENBUNIS NUTGNAN
B2B #aanns mnmdmiusaiuyana Aufinauiidlagsaazanudeansienzvesny fuseneunsbudy
Tgnénsinlinnriunst "fauatayd (Account Manager) 7i3dngsavesgnanidueened innnitnsiinsie
sz uuanludd nstnsusunidnaulidinyelunisaseanuduiusuazanudilalugnamnssuves
anén Faduteiausuusaenndestuanusioinisats
5. dedunmieafumeluladansaume
wikamaFenuiwnaluladansauna (1) liddnsnalagnsaionuyniuvegndn uian
mMsaeumuivgUszneuns wuiimaluladdnsdinrmddylugiues ndosdloaiuayu nisdaey 0Q way
PQ 77 fusznauntsszyIngndnlaildsiosns ealuladanas’ uidosnis "eluladldnuldaiuas
Fofold fafu msamulumelulafarsyadufimafiaussansiwnisdidunuuagnisioans i
mamaluladlvsiunlfifoniioadrsnmdnwal
7.2 dawauauugdmiunuIdglusunan
mATelusnnanasvsveunnsAnulnesandudsiug fioraiininadennuyniuves
anfn Wy nmdnvalvealiuins uinnssunisuinng videmnuddusnudanndey dudulsifuilasu
arwalafisdulussialadaind nsAnviuisuisuszrinedliuinisuunnsineg viessniteUssmely
afineendsuaglinrundlafinsouaquunndy uenaind n1sl#38n19iseuuuna (Mixed Methods) fi
Pumfedsnuamartglidlasiunesvanaiainvemginssugnéléfitu nsfnwisszenuiie
Annunsiasuulaswesnnuygniuesgnmunauazaniunsaiingg asliteyaiifiusslovidmiunis
WAL INALNSITELE
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8. AinAnssuUsene

HIT8Y0YDUNTEAMUAAALAENILIUANE ﬁiﬁmma‘qmiwﬁuazaﬂfmuumﬁﬁwLﬁumﬁ%’duﬂ%ﬁ
qudnagarsied onfiu amninendouazanililonalunisfnudusuazatuayuyuitedmiuns
fudunuided sutionssivinwuazauenssunsilimuugh doausuus uarnNISANUUanaen
N3rUINNTIeL1elnaTa

veveunuUTINElHuINsgIRaudansTudsduissninsUssmakazgnAmnvinuiliausudlely
msmeuLuasUnuLagldeyaildulsslonidenside Tnslemzguimsuazidmininsneauazan
TunsiiusiusindeyaanngnAinvesuiun

vevaufaiioudmIfouartisidefitasmaslunsiidususingg FausnInuNIUTINT
nafiuteya TUaudsnmsinnsiuaearaaeuanugniesasieya nuiseuaiuaniiour it
WA AN UALUNADATLYLLIAINTTINY

anvne mneAteilideianaaviddeunnsossznisla fifeveiuinveuudifiesdifier uazniaiy
aﬂwaﬁadwm%%’eﬁ%LfJuUiﬂwﬁ@iamiﬁwmqma’mﬂiﬁﬂaﬁaﬁﬂémaaﬂixmvzﬂ,mLLaxL‘f]ul,l,u’mwém%’u
nsanwideluewpnsiely

9. 1lANE1591994

[1]  ddnnuaniauinisesugiosasdiauuied (@), "senuladaindvesuszmelng Uszdnd
2565 (Thailand's Logistics Report 2022), @@%., 2566. [Online]. Available:
https://www.nesdc.go.th/wordpress/wp-content/uploads/2025/04/LogisticsReportTH.pdf

[2] Mordor Intelligence. "Thailand Freight and Logistics Market - Growth, Trends, COVID-19 Impact,
and Forecasts (2026 - 2031)," Mordor Intelligcence, 2025. Accessed: 9 Apr. 9, 2026. [Online].
Available: https://www.mordorintelligence.com/industry-reports/thailand-freight-and-logistics-
market

[3] Department of International Trade Promotion (DITP), "Logistics Industry in Thailand," Ministry of
Commerce, 2023. [Online]. Available: https://files-website.ditp.go.th/lanz@nnaalan/

12 Logistics Industry in Thailand_6307e26e49.pdf

[4] Krungsri Research Center. "Industry Outlook 2025-2027: Sea Freight Transport," Bank of
Ayudhya, Bangkok, 2024. Accessed: Apr. 9, 2026. [Online]. Available:
https://www.krungsri.com/en/research/industry/industry-outlook/ogistics/sea-freight-
transportation/io/sea-freight-transport-2025-2027

[5] Global Market Insights. "Freight Forwarding Market Size & Industry Analysis 2025-2034," Global
Market Insights Inc., 2024. Accessed: Apr. 9, 2026. [Online]. Available:
https://www.gminsights.com/industry-analysis/freisht-forwarding-market

[6] P.Kotler, K. L. Keller, and A. Chernev, Marketing Management, 16th ed. Harlow, England:
Pearson, 2022.

[7] V. Kumar and A. Pansari, "Competitive advantage through engagement," Journal of Marketing
Research, vol. 53, no. 4, pp. 497-514, Aug. 2016, doi: 10.1509/jmr.15.0044.

]
v

Uil 22 atiudl 2 nsngna - Surew 2569



351

[8] N.O. Hohenstein, "Supply chain risk management in the COVID-19 pandemic: Strategies and
empirical lessons for improving global logistics service providers' performance," The
International Journal of Logistics Management, vol. 33, no. 4, pp. 1336-1365, Oct. 2022, doi:
10.1108/1JLM-02-2021-0109.

[91 M. Kilibarda, S. Zecevic, and T. Vidovic, "Measuring the quality of logistics service as an
element of the logistics provider offering," Total Quality Management & Business Excellence,
vol. 23, no. 11-12, pp. 1345-1361, Aug. 2012, doi: 10.1080/14783363.2012.704279.

[10] A. Parasuraman, V. A. Zeithaml, and L. L. Berry, "A conceptual model of service quality and its
implications for future research," Journal of Marketing, vol. 49, no. 4, pp. 41-50, 1985, doi:
10.2307/1251430.

[11] S. M. K. I. Shaon and H. Rahman, "A theoretical review of CRM effects on customer satisfaction
and loyalty," Central European Business Review, vol. 4, no. 1, pp. 23-36, 2015, doi:
10.18267/j.cebr.116.

[12] M. Kilibarda, M. Andrejic, and V. Popovic, "Research in logistics service quality: A systematic
literature review," Transport, vol. 35, no. 2, pp. 224-235, 2020, doi:
10.3846/transport.2019.11388.

[13] P. Tanaveerakul, T. Chuenyindee, and N. Yuduang, "Determining factor influencing consumer
behavior during the Covid19 pandemic: Omicron variant," NKRAFA J. Sci. Technol., vol. 20, no.
2, pp. 110-125, Jul.-Dec. 2024. [Online]. Available: https://ph02.tci-thaijo.org/index.php/nkrafa-
sct/article/view/253461

[14] N. Chotisarn and T. Phuthong, "Logistics service quality and customer behavior in cross-border
e-commerce: a Thai consumer perspective," Cogent Business & Management, vol. 12, no. 1,
2025, Art. no. 2486581, doi: 10.1080/23311975.2025.2486581.

[15] A. Parasuraman, V. A. Zeithaml, and L. L. Berry, "SERVQUAL: A multiple-item scale for
measuring consumer perceptions of service quality," Journal of Retailing, vol. 64, no. 1, pp. 12—
40, Jan. 1988. [Online]. Available:
https://www.researchgate.net/publication/200827786 SERVQUAL A Multiple-
item Scale for Measuring Consumer_Perceptions of Service Quality

[16] J. T. Mentzer, D. J. Flint, and T. M. Hult, "Logistics service quality as a segment-customized
process," Journal of Marketing, vol. 65, no. 4, pp. 82-104, 2001, doi:
10.1509/jmkg.65.4.82.18390

[17] J-I. Sohn, S.-H. Woo, and T.-W. Kim, "Assessment of logistics service quality using the Kano
model in a logistics-triadic relationship," The International Journal of Logistics Management,
vol. 28, no. 2, pp. 680-698, May 2017, doi: 10.1108/1JLM-09-2015-0172.

[18] M. Hryhorak, N. Trushkina, T. Popkowski, and K. Molchanova, "Digital transformations of logistics
customer service business models," Intellectualization of Logistics and Supply Chain
Management, vol. 1, pp. 57-75, May 2020, doi: 10.46783/smart-scm/2020-1-6.

Uil 22 2l 2 nsngrau - Furaw 2569


https://ph02.tci-thaijo.org/index.php/nkrafa-sct/article/view/253461
https://ph02.tci-thaijo.org/index.php/nkrafa-sct/article/view/253461

352

[19] J. U. Becker, G. Greve, and S. Albers, "The impact of technological and organizational
implementation of CRM on customer acquisition, maintenance, and retention," International
Journal of Research in Marketing, vol. 26, no. 3, pp. 207-215, Sep. 2009, doi:
10.1016/j.ijresmar.2009.03.006.

[20

[t

A. Payne and P. Frow, "A strategic framework for customer relationship management," Journal
of Marketing, vol. 69, no. 4, pp. 167-176, Oct. 2005, doi: 10.1509/jmkg.2005.69.4.167.

[21] L. Bednarski, S. Roscoe, C. Blome, and M. C. Schleper, "Geopolitical disruptions in global supply

—

chains: A state-of-the-art literature review," Production Planning & Control, vol. 36, no. 4, pp.
536-562, 2025, doi: 10.1080/09537287.2023.2286283.

[22] M. G. Abdelhady and K. A. Mohamed, "Leveraging artificial intelligence for predictive customer
churn modeling in telecommunications: A framework for enhanced customer relationship
management," Scientific Reports, vol. 15, Dec. 2025, Art. no. 43826, doi: 10.1038/541598-025-
30108-z.

[23] F. ul Amin et al., "The moderating effect of customer relationship on supply chain risk
management and organization performance in logistics sector of Pakistan," SAGE Open, vol. 13,
no. 1, pp. 1-22, Jan.-Mar. 2023, doi: 10.1177/21582440231164123.

[24

[)

J.Yin and L. Sun, "Digital logistics, supply chain finance, and supply chain efficiency," Financial

Research Letters, vol. 85, Nov. 2025, Art. no. 108324, doi: 10.1016/].fr.2025.108324.

[25] V. Kumar and W. Reinartz, "Creating enduring customer value," Journal of Marketing, vol. 80,
no. 6, pp. 36-68, Nov. 2016, doi: 10.1509/jm.15.0414.

[26] Z. Soltani, N. Zareie, F. S. Milani, and F. F. Navimipour, "The impact of the customer
relationship management on the organization performance," Journal of High Technology
Management Research, vol. 29, no. 2, pp. 237-246, 2018, doi: 10.1016/j.hitech.2018.10.001.

[27] V. Kumar, A. Aksoy, B. Donkers, R. Venkatesan, T. Wiesel, and S. Tillmanns, "Undervalued or
overvalued customers: Capturing total customer engagement value," Journal of Service
Research, vol. 13, no. 3, pp. 231-248, Aug. 2010, doi: 10.1177/1094670510375602.

[28] R. W. Palmatier, M. B. Houston, R. P. Dant, and D. Grewal, "Relationship velocity: Toward a
theory of relationship dynamics," Journal of Marketing, vol. 77, no. 1, pp. 13-30, Jan. 2013, doi:
10.1509/jm.11.0219.

[29] J. van Doorn et al., "Customer engagement behavior: Theoretical foundations and research
directions," Journal of Service Research, vol. 13, no. 3, pp. 253-226, 2010, doi:
10.1177/1094670510375599.

[30] S. A. Bone, P. W. Fombelle, K. R. Ray, and K. N. Lemon, "How customer participation in B2B

peer-to-peer problem-solving communities influences the need for traditional customer

service," Journal of Service Research, vol. 18, no. 1, pp. 23-38, 2015, doi:

10.1177/1094670514537710.

]
v

Uil 22 atiudl 2 nsngna - Surew 2569



353

[31] R. Rather and L. D. Hollebeek, "Customers' service-related engagement, experience, and
behavioral intent: Moderating role of age," Journal of Retailing and Consumer Services, vol. 60,
2021, Art. no. 102453, doi: 10.1016/].jretconser.2021.102453.

[32] N. Chotisarn and T. Phuthong, "Logistics service quality and customer behavior in cross-border
e-commerce: A thai consumer perspective," Cogent Business & Management, vol. 12, no. 1,
2025, Art. no. 2486581, doi: 10.1080/23311975.2025.2486581.

[33] X. Lin, A. AL Mamun, Q. Yang, and M. Masukujjaman, "Examining the effect of logistics service
quality on customer satisfaction and re-use intention," PLOS ONE, vol. 18, no. 5, May 2023, Art.
no. e0286382, doi: 10.1371/journal.pone.0286382.

[34] 1. Gil-Saura, G. Berenguer-Contri, and E. Ruiz-Molina, "Satisfaction and loyalty in B2B
relationships in the freight forwarding industry: Adding perceived value and service quality into
equation," Transport, vol. 33, no. 5, pp. 1184-1195, 2018, doi: 10.3846/transport.2018.6648.

[35] M. Murfield, C. A. Boone, P. Rutner, and R. Thomas, "Investigating logistics service quality in
omni-channel retailing," International Journal of Physical Distribution & Logistics Management,
vol. 47, no. 4, pp. 263-296, May 2017, doi: 10.1108/IJPDLM-06-2016-0161.

[36] A. Honora, W.-H. Chih, and J. Ortiz, "What drives customer engagement after a service failure?
The moderating role of customer trust," International Journal of Consumer Studies, vol. 47,
no. 5, pp. 1714-1732, Sep. 2023, doi: 10.1111/ijcs.12939.

[37] M. Kilibarda, S. Nikolicic, and M. Andrejic, "Measurement of logistics service quality in freight
forwarding companies: A case study of the Serbian market," The International Journal of
Logistics Management, vol. 27, no. 3, pp. 770-794, 2016, doi: 10.1108/1JLM-04-2014-0063.

[38] P. Singh and V. Singh, "The power of Al: enhancing customer loyalty through satisfaction and
efficiency," Cogent Business & Management, vol. 11, no. 1, Dec. 2024, Art. no. 2326107, doi:
10.1080/23311975.2024.2326107.

[39] B. Pathak, M. Ashok, and Y. L. Tan, "Value co-creation in the B2B context: A conceptual
framework and its implications," The Service Industries Journal, vol. 42, no. 3-4, pp. 178-205,
Oct. 2021, doi: 10.1080/02642069.2021.1989414.

[40] N. Ali and O. S. Shabn, "Customer lifetime value (CLV) insights for strategic marketing success
and its impact on organizational financial performance," Cogent Business & Management, vol.
11, no. 1, Jun. 2024, Art. no. 2361321, doi: 10.1080/23311975.2024.2361321.

[41] L. Steinhoff, D. Arli, S. Weaven, and I. V. Kozlenkova, "Online relationship marketing," Journal of
the Academy of Marketing Science, vol. 47, pp. 369-393, May 2019, doi: 10.1007/s11747-018-
0621-6.

[42] S. Chatterjee, R. Chaudhuri, and D. Vrontis, "Al and digitalization in relationship management:
Impact of adopting Al-embedded CRM system," Journal of Business Research, vol. 150, pp.
437-450, Nov. 2022, doi: 10.1016/].jbusres.2022.06.033.

[43] R. H. Binsaeed, Z. Yousaf, A. Grigorescu, R. I. Chitescu, A. A. Nassani, and A. Samoila, "Customer

engagement and customer relationship management capabilities' effects on innovation

Uil 22 2l 2 nsngrau - Furaw 2569



354

performance and customer distrust's moderating role," Sustainability, vol. 15, no. 12, Jun.
2023, Art. no. 9475, doi: 10.3390/5u15129475.

[44] S. Sore, M. Saunila, J. Ukko, and A. Helkkula, "Business-to-business value co-creation: Suppliers'
perspective of essential information systems capabilities," Journal of Creating Value, vol. 9, no.
1, pp. 81-106, Oct. 2022, doi: 10.1177/23949643221121857.

[45] J. W. Creswell and J. D. Creswell, Research Design: Qualitative, Quantitative, and Mixed
Methods Approaches, 5th ed. Thousand Oaks, CA: SAGE Publications, 2018.

[46] U. Sekaran and R. Bougie, Research Methods for Business: A Skill Building Approach, 8th ed.
Hoboken, NJ: John Wiley & Sons, 2019.

[47] J. F. Hair, W. C. Black, B. J. Babin, and R. E. Anderson, Multivariate Data Analysis, 8th ed.
Boston, MA: Cengage Learning, 2019.

[48] J. C. Nunnally and I. H. Bernstein, Psychometric Theory, 3rd ed. New York, NY: McGraw-Hill,
1994.

[49] B. G. Tabachnick and L. S. Fidell, Using Multivariate Statistics, 7th ed. Boston, MA: Pearson,
2019.

[50] D. George and P. Mallery, SPSS for Windows Step by Step: A Simple Guide and Reference, 17.0

Update, 10th ed. Boston, MA: Pearson, 2010

]
v

Uil 22 atiudl 2 nsngna - Surew 2569



NSATINIFERSwazINALUlagugSaa N A

nswauneUnaatulagltinalulagainuasaasy
alglun1svia e Beinugssy Jmdauunys nsaldned 5 aatun
Development of an Augmented Reality (AR) Application for Cultural Tourism

in Nonthaburi Province: A Case Study of Five Cultural Sites

WINNUYYT WInUUma
a3 aeniimesheldunaziafiiiie, 1nInedusvignszuns
Prombuncha Prommala®”
'Computer animation and multimedia, Phranakhon Rajabhat University

Corresponding Author Email : bird001new@gmail.com
Received 02 February 2026
Revised 04 April 2026
Accepted 10 April 2026
UNANED

1%

el

=Y

qUszasd 1) Wilefnunsiusudeyaiiasey wagoonuuuaudosnslunsiiaue
uwndsvieafiondeTanusssn Smiauuny3 nsdfne 5 an1ud 2) WleaswarWamueundindulagly
walulaBanusiaasy deldlunsviondiondeamsssy Smdauunys nsdifnw 5 anuil swidediu
n133duaznsaunldndnmswauiszuutuy SOLC Tnaid uanndnwiainudesnisvesglduinng
fnviendlen uazyaratily Tnsfinsesimuinguszasdresnmsfnuiiomiidesnsfinu Jasighanin
Yo wardsiidosnsiautuinienddymiiiatu mnduasiuilludmafununudeys drenmi
wazdile uvawisafivndsiamsssy Wehlulflumsimszsisanuuunsinaus dilugnisdavinluiaa
anivieafinluguuuy 3 47 wassiaunduteundindu Insweunaindugnosnuuuliuanwadeyaly
sUluUmMNL9tasY (AR) lhumssanudoyaiaifide loun aw deanu 3dle uazluea 3 I wilead
UszaunsaimsBeuiuuuiufauiug Wrugldau wnieafiolunisaun 1éud Tsunsy Unity 30 saufu
YAWAILN AR EasyAR SDK wagtimuiounainduuussuuufifnig Android Studio Lilasesfunsuaniua
Joyatusuuuudafillfeuazauataasy (AR)

panAifenuit nmafunusadeyansldnuueundinduivannduluaniuiiass suau 120
AL fae3Ensdn Tnsuvadudaseny Téud 1) dandn 20 9 2) 21 - 30 U 3) 31 - 40 U 4) 41 VAl fAuads
saegil 4.25 drudssuunnsgiu 0.49 anufimelanmsiuegluseduinn msusziduanamanslauus
oonidu 3 du dun dudewn dumseenuuy uazdumslion Tnengueny 41 U fuludienufisnela
avan mnudaduiommesunui drudemdiseny 21-30 U farwdmelanmamnniian daueny 41

TuulvaglvmnuianeladeyaiuaueanuiviesionBeInusssuuniign FuNseentuutIee1eaInNgd

Y



356

20 Viaufiswelatiosanlunndu drueng a1 9 Julufanufienelaninsaugend i dunsldnu a
01y 41 Brulufanufinslaninsgagaluyndn
nan153enansliniuiueundinduanussuasudvsz@nsamlunsimuinisiiaueumas
viouflsndainmsssy vilvgldnuiianufimelaluszduan uazanusadauaiunsiuidoyanisTansss
Ifethamunzay vonandnsiaeundieduiinanduefiunnuhaulaliiuundsionder duady

A156PAULAAUNIVBIUNY DL TLIANNINTUDNATE
ANENATY: AUIINATY, WBUNGLATY, N1TVIBATEUTITAIUTTTY

Abstract

This research aimed to 1) study, analyze, and design requirements for presenting cultural
tourism sites in Nonthaburi Province through five case study locations; and 2) develop an
augmented reality (AR) application to support cultural tourism in these areas. This study employed
a research and development (R&D) approach based on the System Development Life Cycle (SDLC).
The process began with analyzing user requirements from tourists and the general public, followed
by problem analysis and content design. Data were collected through field surveys, including
photographs and video recordings of cultural tourism sites, which were used to design presentation
formats and develop three-dimensional (3D) models integrated into the application. The application
was designed to present information using augmented reality (AR) by integrating multimedia
elements, including images, text, video, and three-dimensional (3D) models, in order to create an
interactive learning experience for users. The development tools included Unity 3D in conjunction
with the EasyAR SDK, and the application was implemented on the Android platform using Android
Studio to support multimedia and AR-based content presentation. The application was developed
using Unity 3D in conjunction with the EasyAR SDK and implemented on the Android platform to
support multimedia and AR-based content presentation.

The results indicated that data collected from 120 participants through random sampling,
categorized into four age groups (below 20, 21-30, 31-40, and above 41 years), showed an overall
high level of satisfaction (Mean = 4.25, S.D. = 0.49). Satisfaction was evaluated across three
dimensions: content, design, and usability. The findings revealed that participants aged over 41
reported the highest overall satisfaction. In terms of individual dimensions, participants aged 21-30

showed the highest satisfaction in content, while those aged over 41 demonstrated the highest
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satisfaction across all dimensions. Participants under 20 reported the lowest satisfaction in design.
The findings demonstrated that the AR application effectively enhanced the presentation

of cultural tourism sites, resulting in high user satisfaction and improved understanding of cultural

information. Furthermore, the development of the application enhanced the attractiveness of

tourism destinations and positively influenced tourists’ travel decision-making.

Keywords: Augmented Reality, Application, Cultural Tourism
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eauuannsgiu 0.30 Anuitanelaegluszduunn

Aunstiau weundrduanansaihluldnulaase Aade 4.28 dnundesuuuinggiu 0.50 Ay

fanglaaglusydivinn

]
v

Uil 22 atiudl 2 nsngnau - Surew 2569



372

M19199 4 AnafeuardiuloauunnsguanuianelavesneuluvasuAIN Y391y 31 - 40 U
nsldanuneundindurieaiiendainmusssusimalulaganuasuasy
dmsuwamiotienludamiauunys nsflifnw 5 aoun

T19n15UTBaIU Anade du wlana
Jeauy
UINTFIY
duitemn
1. %aagaamuﬁviaaLﬁaal,%ﬁmuﬁﬁumuﬁw 4.18 0.46 110
2. foyaihiausanuivioniiondeimusssuiinnuamila 4.25 0.52 1N
3. Uhinaudeyaiithiauedaumanga 4.20 0.49 gl
4. mwnidnladne nsedu avungtoyataiau 4.32 0.52 170
5. MIUNAUDTBANU NN LaIALe TAIUNIZE 4.23 0.50 170
Anadednudonn 424 0.50 11N

fUNITEBNLUY
1. waundadu Tdaudie laidudou 4.33 0.41 170
2. Tuwwa 3 §if Sanuasay denndosiulnaiondiodluns 4.36 0.32 110
avanudi
3. amds warialedldluneundinduianuarvay uas 4.26 0.45 110
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A5197 7 Han1siSeuLiisusieg (Post Hoc: Tukey’s HSD)

ngul3suiisu  Mean Difference  p-value 5
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*p < .05
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HydAgy
ATUNANITIATIZVANNLANANVDITEAUANNTINETATENI 19T 1018AINITIATIEIANULUTUTIUNY

o w a
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7.2.1 ﬂﬂiLﬁlmmﬁU’ﬁsﬂamLUU Gamification 14U SyuvazanAzlLuy (Point System) N304
(Mission-based Learning) %38 Badge L‘ﬁ'aa%ﬁaLLﬁagﬂﬁﬂumﬂ%’mu
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Abstract
This paper studies an SVIR epidemic model that incorporates vaccination and a nonlinear
incidence term to represent behavioral responses and saturation in disease transmission.
The population was divided into four classes—susceptible, vaccinated, infectious, and recovered
states —and both vaccine-induced and naturally acquired immunity were allowed to wane, so that
individuals could return to the susceptible class. The original model is an SIR model with
nonmonotone incidence. Then we added a vaccinated compartment and assumed imperfect
vaccination, meaning that vaccinated individuals may still become infected at a reduced rate.
We derived the disease-free and endemic equilibria and computed the basic reproduction number
R, by the next-generation method, obtaining a threshold that separated disease elimination from
persistence. Stabilities of the equilibria were investigated under appropriate parameter conditions
using Jacobian and Routh-Hurwitz criteria. Numerical simulations then illustrated how changes in
the vaccination rate and other key parameters shaped the long-term dynamics, including
convergence to a disease-free equilibrium or approach to an endemic equilibrium with a nonzero
infectious population. The findings indicated that maintaining vaccination coverage above a critical
level was essential to keep R, <1 and prevented sustained endemic transmission in the presence

of nonlinear incidence and waning immunity.

Keywords: SVIR Model, Basic Reproduction Number, Disease-free Equilibrium, Endemic Equilibrium,

Global Stability

1. Introduction
Epidemiology studies factors affecting population health and illness, analyzing disease

outbreaks, distribution, causes, and prevention methods at population level. With easy travel and
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population movement today, diseases spread rapidly as seen in COVID-19, tuberculosis, dengue,
chickenpox, and hand-foot-mouth outbreaks. These situations require mathematical modeling for
single or multiple populations across regions, using classical SIR, SEIR, SIRS models [1], [2], [3], [4].
Compared with the classical SIR model, the proposed SVIR model includes a vaccinated
compartment to represent individuals who have received vaccination but may still become infected
because the vaccine is not fully protective or because immunity wanes over time. This extension is
important in real epidemiological settings, since vaccination does not always eliminate infection
completely and recovered or vaccinated individuals may later return to the susceptible class.
Therefore, the SVIR model provides a more realistic description of disease transmission under
vaccination than the classical SIR model. In addition, mathematical models are now widely used as
quantitative tools to support public health policy, for example to evaluate vaccination strategies,
identify high-risk groups, and estimate the effort required to eliminate infection from a population.
They have played an important role in real outbreaks such as the 2009 influenza pandemic, the West
Africa Ebola epidemic, and the COVID-19 pandemic by providing estimates of the basic reproduction
number and assessing the impact of interventions like isolation, quarantine, and social distancing.
Recent studies also emphasize that nonlinear incidence terms are needed to capture behavioral
responses, media influence, and saturation of contacts, which cannot be described adequately by
simple bilinear incidence. For vaccination, SVIR- and SVEIR-type models have been developed to
study the combined effects of vaccine efficacy, waning immunity, and optimal vaccination policies
on long-term disease dynamics.

A key component of epidemic modeling is the infection incidence rate, which is often assumed
to follow a constant contact structure. However, real-world behavioral changes and contact
saturation can lead to nonlinear transmission patterns. Capasso et al. [5] first proposed
LA) = (kl )/(1+ al ) a nonlinear incidence function to describe saturation effects, and Ruan et al.
[6] examined generalized forms such as g(1)S =(k| 28)/(1+ al 2). Xiao et al. [7] stated the SIR
model with nonmonotone incidence rate In that model, vaccination was not included, and the
analysis focused on how behavioral responses alone affect the global dynamics of disease
transmission. In contrast, the present study incorporates a vaccinated compartment into the same
incidence framework, leading to an SVIR system with imperfect vaccination and waning immunity.
This extension allows us to investigate how vaccination coverage interacts with nonlinear incidence
to determine whether the disease is eliminated or persists at an endemic equilibrium, and to identify
critical vaccination levels separating these regimes. The model without vaccination stated by Xiao et
al. [7]is

ds kIS

—=b- —dS +vR, 1
dt 1+ al? 4 W
dl kIS

—= —(d+w)l, 2
dt 1+al? (d+n) @)
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(Z_T:ﬂl_(d +7)R. (3)

The classic SIR neglects vaccination effects crucial for influenza, COVID-19 control. Recent
vaccination models also address imperfect vaccines, waning immunity, and the possibility of
reinfection among vaccinated individuals. Yang et al. [8] studied a vaccination model with varying
population and imperfect vaccination, showing that vaccination coverage strongly affects disease
eradication and persistence. Velasco-Hernandez and co-authors [9] also demonstrated that
vaccination can alter the number and stability of endemic equilibria. Motivated by these studies, the
present work combines nonlinear incidence with vaccination and waning immunity in an SVIR
framework, allowing both threshold analysis and a clearer investigation of how vaccination coverage
influences long-term disease dynamics. In contrast to the original SIR framework of Xiao et al. [7], the
present model incorporates a vaccinated compartment and thus provides a more realistic description

of disease transmission under imperfect vaccination.

2. Scope of the Study

In this work, we construct and analyze a mathematical SVIR epidemic model, with compartments
representing Susceptible (S), Vaccinated (V), Infectious (1), and Recovered (R) populations. We find the
model’s equilibria and investigate the basic reproduction number Rjof the model. Finally, to

illustrate the theoretical results, we show some results with a mathematical program.

3. Theoretical Background
3.1 Equilibrium Points and Stability.

A point X is an equilibrium point of X= f(X) if f()~()=0. The equilibrium is stable if
solutions starting sufficiently close remain close for all future time; it is asymptotically stable if, in
addition, solutions converge to X as t — oo otherwise it is unstable [10].

3.2 Basic Reproduction Number.

The basic reproduction number R, is the expected number of secondary infections
produced by a single infected individual in a fully susceptible population. The disease-free
equilibrium (DFE) is asymptotically stable if R, <1 and unstableif R, >1.wWhen R, <1 the disease
dies out rapidly; when R, >>1 it spreads rapidly. If R, =1, then the dynamics change slowly [10].

3.3 Linearization and Jacobian Analysis.

To analyze local stability, the nonlinear system X = f (X) is linearized about an equilibrium
point X via a first-order Taylor expansion, yielding the linearized system U = Ju, where J =—/ is
the Jacobian matrix. The equilibrium is asymptotically stable if all eigenvalues of J have negxa{‘lve
real parts, and unstable if any eigenvalue has a positive real part [10].

3.4 Routh-Hurwitz Criteria.
For a characteristic polynomial P (/1) =2 +aA"" +a,A" *+..+a,, the Routh-Hurwitz
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criteria provide necessary and sufficient conditions, expressed as determinant inequalities
A, > O(i =1 2,3,4) on the Hurwitz matrices, for all roots to have negative real parts. In this work, we
apply the criteria for the case n = 4, requiring A, >0 for 1 =1,2,3,4, which guarantees asymptotic
stability of the equilibrium [10].

4. The SVIR model

A chart of the dynamics of the SVIR model is shown in Fig. 1. Our model is built on the SIR
system with nonmonotone incidence proposed by Xiao et al. [7], but we add a vaccinated class V to
represent individuals who have received an imperfect vaccine and may still be infected at a reduced
rate. Recovered individuals lose immunity and return to the susceptible class, so that both vaccine-
induced and naturally acquired immunity can wane over time. These additional flows modify the
threshold structure of the original SIR model and introduce the vaccination rate V as a key
controllable parameter in the basic reproduction number. The system of equations for the SVIR
model that we use is given in Egs. (4)<(7). Definitions of the parameters in the model are given in
Table. 1. This study extends the SIR model of Xiao et al., given in Egs. (1)=(3), by introducing a

vaccinated compartment V to account for imperfect vaccination and waning immunity.

¥R
- f
b 3 Y
1+ al . .
| so IO | RW
\f
nvi
ds
v dl dR
dv

Fig. 1 The flow chart of the SVIR model.

Table. 1 Parameters for the SVIR model (rates are per day).

Parameter Definition

b Recruitment rate into the susceptible class (births or immigration)
Transmission (contact) rate from infectious to susceptible individuals
Saturation (crowding) parameter in the nonlinear incidence term
Natural death rate for all living classes

Recovery rate from infectious to recovered class

Loss of immunity rate from recovered to susceptible class

Vaccination rate of susceptible individuals

S < T =R O Q

Infection rate of vaccinated individuals due to imperfect/waning immunity
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The model to be studied takes the following form:

ds kIS
2 _b- .
dt l+al

—dS-vS + 7R,

Vs —av,
dt

dl KIS

a_ VI —(d + )1,
T AL AL C)
dR

AR —(d+ )R,

a (@)
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With the initial conditions S (O) >0,V (0) >0,1 (O) >0, R(O) > 0. The total population at time

dN
tis N=S+V +I1+R, sowe have Y =b—dN. Hence, it is deduced that N is positive and

bounded inside a set {(S, E,1,R)eR!:0<N(t) < g}

4.1. Equilibrium analysis

From Egs. (4)~(7) equilibrium states:

1. Disease-free: (SO,VO, o Ro) :(d b 7' (;/b V) ,0,0J.
+ +

2.Endemic:(S*,V*,I*,R*)—[d+'u v dtu - _H |*J.

H(l*)’nl*+d’H(|*)’ "(d+7)

where

K nv
H(! )_1+a|*2+77|*+d'

The equilibrium points are solutions of the system of nonlinear algebraic equations obtained by

setting d_S: d_V: d—lz d_R: 0 in Egs. (4) - (7).
dt dt dt dt

We start by solving the system of nonlinear algebraic equations for S"V, 1" and R in
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terms of | to obtain the expressions in (8)~(9). Then, substituting these expressions into (4), we

obtain

kI d+p d+u /T
1+al*2H(|*)_b (d V)H(l*)+(d+y)| )

Therefore, there are two possible values for ", namely Il* =0 and the value |; given in
(9). The proof is complete.
4.2 Basic reproduction number and stability of the equilibria
From Egs. (4)-(7) always has a disease-free equilibrium point in which no infected individual
is present. The disease-free equilibrium is E, = (b/(d +v),vb/(d2 + dv),0,0). We define the basic

reproduction number R, using the next-generation method. Thus R, defined as the spectral radius

0
of the next generation matrix FV with F and V are the Jacobian matrices of F and V at the

disease-free equilibrium point, where

0 —dS-vS+yR-b+ kI82
0 l+al
F(X)= V(X)= vS —nVI —dV )
(X) k|82+77V| (X) (12)
1+al (d+ )l
| 0 | i —ul+(d+y)R

The basic reproduction number is given by

b vb
n

v T d(d e b
Ry=— (d+v) _ (k+77—vj. (13)
d+u (d+v)(d+pu) d

The local stability of the disease-free equilibrium point is given in the following theorem.

Theorem 1.If R, <1 then the disease-free equilibrium is locally asymptotically stable.
If R, >1 then the disease-free equilibrium is unstable.

Jacobian matrix at an equilibrium point (S*,V*, 1", R*) given by:

. (41w
_1+k0|[|*2_d—v 0 —% 7
o v ~(d+n17) -V 0 (14)
T e
i 0 0 u —(d+7)
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The eigenvalues of J” are the solutions of the characteristic equation
P(1) =det(J" - A1) =0. (15)

The characteristic equation is a polynomial of degree 4:

A +ar’+ad’+ad+a, =0, (16)
where
kl™ « .
= +(d+V)+d+71" +u—V +(d+7)+ 4, (17)
1+ al

4 kS"(1-al?) s e
| ) ey T T Ly o s
(

+(d+y) ,u+a1/,1+a1(d +7),

- kS™(1-al™ kS™(1-al™ -
AR L |
a

| (1+a1?) (Lar?) |[L+al™
Tk N ks (1-al™
*_m*‘d”) (1f-al*2)2) —(d+u)|(d+y) (19)

kS (1-a!”) [ w”
| (1+05|*2)2 L+0‘|*2}(d+y)+a1ﬂ(d+y)’

aﬁ{L*ﬁ(d +v)} M’?V —(d+p) ju(d+y)

l+al (1+al” )
( *2) (20)
kS (1-al Kl
| (1+05|*2)2 L+0‘|*2}l(d+y)’

the coefficients a,, a,, 8;, @, are given in (17) - (20). It can be shown that &, >0, a, >0,
a,>0, a,>0, aa,>a, and aa,a, —a;—a’a, >0 whenever R, <1. By the Routh-Hurwitz
criterion for a quartic polynomial, these inequalities imply that all eigenvalues of J” have negative
real parts, and hence the equilibrium point is locally asymptotically stable for R, <1.Conversely,
when R, >1 we obtain a, <0, so the Routh-Hurwitz conditions are violated and at least one

eigenvalue of J" has positive real part, therefore the equilibrium point is unstable for R, >1.
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5. Numerical results

In this section, we present numerical simulations of the SVIR model to illustrate how vaccination
alters the long-term effects of the nonlinear incidence on disease transmission. Using a parameter
set similar to that considered by Xiao et al. [7] for a generic directly transmitted infection, we vary
the vaccination rate V to explore two qualitatively different regimes: a disease-free regime with high
vaccination coverage and an endemic regime with reduced coverage. This approach highlights
scenarios that do not arise in the original SIR framework without vaccination and makes it possible
to quantify the critical vaccination level required for disease elimination. Using the parameter set in
Table. 1 and two values of the vaccination rate V corresponding to the disease-free and endemic
regimes, we compute time-dependent solutions of the Egs. (4)-(7) and the associated basic
reproduction number and sensitivity indices. The results show that increasing the vaccination rate
reduces the effective reproduction number below one, drives the infectious class to zero, and
accelerates convergence to a disease-free equilibrium, whereas low vaccination coverage allows
persistent oscillatory outbreaks around an endemic equilibrium.

The parameter values in Table. 2 are adapted primarily from Xiao et al. [7], while the vaccination-
related parameter v is varied in this study to examine the impact of vaccination coverage on the
qualitative dynamics of the SVIR model. We will use these SVIR model parameters for a generic
infectious disease outbreak. Also, we use v=0.6 which gives the disease-free equilibrium

and v =0.35 which gives the endemic equilibrium.

Table. 2 Parameter values for SVIR.

Parameter Value unit
b 1 none
k 0.20 day’
d 0.20 day™
y 0.30 day
7 0.15 day
n 0.001 day
a 4 none

Substituting the parameters in Table. 2 into the system of differential equations for disease

transmission in Eqgs. (4)~(7), we obtain

& _1 0215 425 vs+03R, (21)
dt  1+4l
O:T\t/z"s ~0.00V1 0.2V, (22)
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at _07218 . 60011 - (0.2+015)!, (23)
gt 1+41
K -0151-(02+03)R, 2

For the first set of initial conditions, we use the values given in Xiao et al. [7].
S(O):4,V (O)=1, | (0)=2,R(0)=1. (25)

5.1. Disease-free equilibrium point and asymptotic stability
For the parameter values in Table. 2 and the vaccination rate v =0.6, the disease-free

equilibrium point is
($"V",I",R")= (1.253.75,0,0), (26)

so only the disease-free equilibrium exists and no endemic equilibrium is present. The

disease-free and basic reproduction numbers are:
R, =0.725<1. (27)

That is, the disease-free equilibrium is locally asymptotically stable, whereas the state in
which the whole population is susceptible (without vaccination) is unstable.
These conclusions can also be checked by using MATLAB to compute the eigenvalues for

the disease-free equilibrium. The eigenvalues are:
A4, =-0.2, 4, =-0.8, 4, =-0.5, 4, =-0.09625. (28)

Since the real parts of all eigenvalues for the disease-free equilibrium are negative, the

disease-free equilibrium state will be locally asymptotically stable.
5.2. Dynamical solutions for disease-free equilibrium

Using the MATLAB program, we computed time-dependent solutions of system
(21)~(24) for the initial conditions given above. The trajectories in Fig. 2 show that, for all initial
conditions, the solutions approach a disease-free equilibrium state; the I and R populations tend
to zero, while the S and V populations converge to the steady states S* = 1.25 and V" = 3.75
, respectively. Since some initial conditions are far from the equilibrium, this suggests that the
disease-free equilibrium is asymptotically stable for these parameter values. This pattern agrees with
the basic reproduction number R, =0.725<1.
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5.3. Sensitivity Analysis of the Basic Reproduction Number
In this section we study how the basic reproduction number R, of the SVIR model changes
when the parameters b, d,V,K,n, i vary. The goal is to identify which parameters have the strongest
effect on disease transmission. We use the normalized (dimensionless) sensitivity index, which allows

us to compare the influence of parameters with different units and scales.

SVIR Model Dynamics

Fig. 2 Example of convergence to a disease-free equilibrium for initial conditions (25).
The I, R populations rapidly converge to zero and the S and V populations

converge to equilibrium values S* = 1.25 andV"™ = 3.75.

For any parameter h, the normalized sensitivity index of R, with respect to h is defined by

R

h="n R,

(29)

A positive value of ¢, means that increasing h increases R,, whereas a negative value
means that R, decreases when h increases.

Using the analytical results (29) and numerical computations, we determine the normalized
sensitivity indices of R for the parameters in Table. 2 (with v=0.60 and R, =0.725<1). The
indices are summarized in Table. 3. For these parameter values, the sensitivity indices
b,k,d,v,7, 1,n and « are positive.

For R, <1, a reduction in R, corresponds to a faster approach to the disease-free
equilibrium. Table. 3 provides the sensitivity indices and the percentage change in parameter values
required to achieve a 1% decrease in R, . For instance, a 1% reduction in R, requires a 1% decrease
in b and k,a 67.667% decrease in 77, or a 1.2397%, 1.3386%, and 2.3333% increase in d,V and u
respectively. Given that natural death rate d is difficult to modify, the most effective strategies for
reducing R, are decreasing contact rate k and infectiousness, increasing vaccination rate v, and

reducing the recruitment rate b.
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Table. 3 Normalized sensitivity indices and required % changes in parameter for 1%

reduction in R, for disease-free equilibrium state.

Parameter Sensitivity indices of R, required % change
b +1.000000 -1.000000%
k +0.985220 -1.015000%
n +0.014778 -67.667000%
d -0.806650 +1.239700%
v -0.747040 +1.338600%
y7i -0.428570 +2.333333%

5.4. Endemic equilibrium point and asymptotic stability

In the sensitivity analysis we do not vary the recruitment rate V or the natural death rate
d, because these parameters represent demographic processes that cannot easily be modified in
human populations. Instead, we focus on parameters that can be influenced by public-health
interventions, such as the vaccination rate V. The vaccination rate V is selected as the main control
parameter because it represents a public-health intervention that can be adjusted in practice, unlike
demographic parameters such as the recruitment rate or natural death rate. Moreover, V directly
influences the basic reproduction number and therefore plays a central role in determining whether
the disease-free or endemic regime occurs. Using the same MATLAB program, we next simulated Eqgs.
(21)~(24) with the vaccination rate v =0.35. In the numerical experiments, v=0.60 represents a
relatively high vaccination effort, sufficient to reduce the basic reproduction number below one and
drive the system toward the disease-free equilibrium. In contrast, v=0.35 represents a lower
vaccination effort, for which the basic reproduction number exceeds one and the disease persists at
an endemic equilibrium. The solutions plotted in Fig. 3 indicate that the S,V, | and R populations
all converge to positive equilibrium values, with the infectious class approaching a non-zero steady
state after a transient phase. These numerical results support the analytical finding that, when
R, =1.048052 >1, the disease-free equilibrium is unstable and the endemic equilibrium is locally
asymptotically stable.

For the parameter values in Table. 2 and v=0.35, we obtain the endemic equilibrium

point
(S*,V*, ", R*) = (1.7500, 3.0625, 0.0010,0.0003). (30)
The eigenvalues of the characteristic equation at the endemic equilibrium
A4 =-0.2000, 4, =-0.6961, 4, =-0.5519, 4, =—-0.4991. (31)

We see that the real parts of all eigenvalues are negative, and therefore the endemic
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equilibrium is asymptotically stable.
As a check, we compute the Routh-Hurwitz conditions discussed for the polynomial term

of degree 4. For the coefficients

a, =1.947133, a, =1.356516, a, =0.393170, a, =0.038351. (32)

We obtain Routh—-Hurwitz conditions

a, =1.947133>0, a, =1.356516 > 0, a, =0.393170 >0, a, = 0.038351> 0,
a,a, = 2.641316 >a, = 0.393170, a,3,a, =1.038488 > a’a,a’ +aZ =0.299983. (33)

Since the determinants are all positive, the Routh-Hurwitz criteria show that the endemic

equilibrium is asymptotically stable in agreement with the results from the eigenvalues and the
numerical solutions.

SVIR dynamics approaching endemic equilibrium
T T T

'
2511
+|(t)

! -—-R(t)

Fig. 3 Example of convergence to an endemic equilibrium for initial conditions (25).
The S,V, I and R populations approach positive equilibrium values,

with | (t) converging to a nonzero steady state.

6. Discussion and conclusions
Whereas Xiao et al. [7] established global stability results for an SIR model with the same

nonmonotone incidence term, their framework did not account for vaccination or waning immunity.
This work analyzed an SVIR epidemic model with nonlinear incidence and imperfect vaccination in
order to understand how changes in the vaccination rate affected the long-term behavior of disease
transmission. For the parameter set in Table. 2, two representative values of the vaccination rate were
considered. When v =0.6, the basic reproduction number satisfies R, <1, the infectious class tended
to zero, and all trajectories converged to the disease—free equilibrium. This regime corresponded to a

sufficiently high vaccination coverage that could eliminate the infection from the population.
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In contrast, when the vaccination rate was reduced to v =0.35, the basic reproduction number
exceeded one, R, >1, the disease-free equilibrium lost stability and a unique endemic equilibrium
appeared. Numerical simulations showed that, for this lower vaccination rate, the solution converged
to a positive endemic equilibrium, with the infectious population approaching a non-zero steady
state after a transient phase. These findings are consistent with general results for SVIR/SVEIR models
in the literature, which also report that increasing vaccination pushes R, below one and drives the
system to a disease—free state, whereas inadequate vaccination allows persistent endemic infections.

From a public-health perspective, the model highlights the importance of maintaining
vaccination coverage above a critical threshold. In practical terms, if the vaccination rate drops from
v=0.6 to v=0.35 or lower, the model predicts a transition from disease elimination to sustained
endemic transmission. This behavior reflects the epidemiological principle that, once the effective
reproduction number rises above one, each infectious individual generates more than one secondary
case on average and outbreaks can be sustained. Thus, reductions in vaccine uptake, waning
immunity, or disruptions to immunization programs may lead to the re-emergence or persistence of
vaccine—preventable diseases.

The present analysis has some limitations. The model assumes homogeneous mixing, constant
parameter values and a closed population without age structure or spatial heterogeneity. In reality,
vaccination coverage, contact patterns and waning immunity may vary across age groups, locations
and time. Future work could extend the SVIR framework to include age-structured contact matrices,
time-dependent vaccination strategies, optimal control, or stochastic effects, and could be calibrated
to data for specific diseases such as measles, pertussis or COVID-19. Nevertheless, the results
obtained here clearly demonstrate that, in the presence of nonlinear incidence and imperfect
vaccination, maintaining a sufficiently high vaccination rate is crucial to keep R, <1 and prevent the

disease from becoming endemic.
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Abstract

This study aims to analyze unsafe behaviors and examine their association with laboratory
accident occurrence by comparing physical and chemical safety behaviors among first-year science
students at Chandrakasem Rajabhat University. A mixed-method research design was employed
with a sample of 111 participants. Data were collected using structured questionnaires, behavioral
observation checklists, and self-reported accident experience records. Descriptive statistics and the

Chi-square test were used for data analysis at a significance level of 0.05.
The findings indicated a high level of compliance with chemical safety standards, with
96.4% of students avoiding the use of expired chemicals and 81.1% properly storing chemicals.
However, inconsistencies were observed in physical safety behaviors. Specifically, 59.5% of students
reported inconsistent use of personal protective equipment (PPE), and 40.5% admitted to using
mobile phones during laboratory experiments. The Chi-square analysis revealed a statistically
significant association between unsafe physical behaviors and laboratory accident occurrence (x? =
6.841, df = 1, p = 0.009), whereas unsafe chemical behaviors were not significantly associated with
accidents (x2 = 1.152, p = 0.283). These results demonstrated a structural distinction between
chemical safety compliance and physical safety behaviors. Strategic design components—such as
spatial layout planning, hazard zoning, safety signage, and emergency evacuation routes—were
found to strongly support chemical safety compliance. In contrast, improving physical safety
behaviors required behavioral reinforcement through practice-oriented training, structured

supervision, and integration within the institutional Safety Management System. The findings could
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inform the development of laboratory design guidelines, behavior-focused safety training curricula,
and PPE monitoring tools to enhance the sustainability of laboratory safety systems in higher

education contexts.

Keywords: Laboratory Safety, Safety Non-compliance, Physical Hazards, Chemical Hazards, Safety

Management System

1. Introduction

Education in science, particularly in chemistry, relies heavily on laboratory-based instruction,
where students translate theoretical knowledge into practical experience through experiments
involving chemicals, laboratory glassware, electrical devices, and analytical instruments. These
laboratories are essential components of educational built environments, providing experiential
learning that enhances scientific competence. However, due to the presence of hazardous
substances, reactive materials, and complex equipment, chemistry laboratories are inherently high-
risk environments that require structured and systematic safety management [1, 2].

Extensive research has shown that unsafe human behavior is a leading cause of laboratory
accidents in academic institutions [3, 4]. Studies examining university laboratory incidents highlight
the role of behavioral non-compliance, inadequate supervision, and weaknesses in safety culture as
key contributors to injury and property damasge [5, 6]. According to hazard theory, laboratory risks
can be categorized into physical, chemical, ergonomic, electrical, and general safety hazards [7]. In
many safety frameworks, ergonomic and electrical risks are treated as subsets of broader physical
hazards [8]. For analytical clarity, this study therefore classifies unsafe behaviors into two principal
domains: behaviors contributing to physical hazards and behaviors contributing to chemical hazards.

Unsafe behaviors related to physical hazards include inconsistent use of personal protective
equipment (PPE), distractions such as mobile phone use, horseplay during laboratory operations,
careless handling of equipment, and failure to inspect tools before use. Unsafe behaviors associated
with chemical hazards include failure to read chemical labels before use, improper chemical storage,
inadequate spill response, unsafe handling practices, and other deviations from chemical safety
protocols [9, 10]. While both categories present significant risks, the extent to which each domain
directly contributes to laboratory accident occurrence has not been systematically compared.

Despite the growing body of international literature on laboratory safety, several important
research gaps remain. First, many prior studies treat unsafe behavior as a generalized construct
without distinguishing between unsafe physical behaviors and unsafe chemical behaviors when
analyzing accident causation [3, 9-10]. Limited empirical evidence exists that quantitatively compares
the distinct statistical effects of these two behavioral domains on accident incidence. Second, within
the context of Thai higher education institutions—particularly public universities—research has

primarily focused on safety awareness, compliance perception, or chemical management practices
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[4] rather than examining the direct relationship between categorized unsafe behaviors and
laboratory accident occurrence. Third, although strategic laboratory design and safety education are
widely recognized as critical elements of risk management, few studies have empirically evaluated
their differentiated influence on physical versus chemical safety compliance in educational
laboratory environments.

From a safety science and management perspective, laboratory safety should be understood as
an integrated system combining environmental control mechanisms and behavioral reinforcement
strategies. Strategic Design represents a structural risk mitigation approach that optimizes spatial
organization, equipment placement, safety signage visibility, and emergency route accessibility to
reduce the probability of human error . Education and training function as behavioral interventions
that strengthen safety awareness, risk perception, and compliance consistency. However, the
comparative effectiveness of these system-level approaches in influencing distinct categories of
unsafe behavior remains underexplored in academic laboratory contexts.

To provide structural context for interpreting behavioral findings, the laboratory environment
examined in this study was referenced against established laboratory safety evaluation frameworks,
including criteria comparable to the ESPRel Checklist, which assesses infrastructure adequacy, safety
equipment availability, emergency preparedness systems, and workspace organization. Although a
full architectural audit was beyond the scope of this research, this benchmarking approach provides
a structured reference for understanding the interaction between environmental conditions and
observed safety behaviors.

In response to these identified gaps, this study investigates the safety behaviors of undergraduate
science students during chemical laboratory activities by systematically comparing unsafe physical
behaviors and unsafe chemical behaviors and examining their statistical relationship with laboratory
accident occurrence. Furthermore, the study evaluates the relative roles of Strategic Design and
Education in enhancing safety compliance. By integrating hazard theory [7, 8], behavioral safety
principles [9, 10] and systemic safety design approaches, this research contributes to the
advancement of laboratory safety management knowledge and provides evidence-based insights

applicable to educational laboratory environments beyond a single institutional setting.

2. Scope of the Study

This study focuses on examining the safety behaviors of undergraduate science students during
chemical laboratory activities at Chandrakasem Rajabhat University. The scope includes identifying
behaviors that contribute to physical and chemical hazards, assessing students’ compliance with
standard safety practices such as PPE use, equipment handling, and chemical management, and
analyzing the relationship between unsafe behaviors and laboratory accidents. Data were collected
using questionnaires, observational checklists, and reports of accident experiences, limited to

students enrolled in laboratory-based science courses. The study also considers students’
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perceptions of strategic design and safety education, though it does not involve a full architectural

or environmental assessment of laboratory facilities.

3. Literature Review

The review is organized into three core areas, including safety behavior in chemical laboratory
environments, unsafe behaviors associated with physical and chemical hazards, and the role of
strategic design and education in enhancing safety, as follows:

3.1 Safety Behavior in the Chemical Laboratory Environment

Safety behavior refers to actions or responses to various situations or stimuli that adhere to
safety regulations, with the aim of preventing accidents, injuries, fatalities, occupational diseases, as
well as loss or damage to property [11-13]. Such behavior reflects an intention to perform tasks
within a safe environment or to minimize exposure to potential hazards. Specifically, safety behavior
in the chemical laboratory environment refers to actions, decision-making, and practices undertaken
carefully and responsibly, aiming to prevent accidents and minimize risks associated with the proper
and effective handling of chemical and physical hazards.

3.2 Unsafe Behavior related to Physical Hazards and Chemical Hazards

Unsafe behavior refers to actions or decisions that violate established safety protocols and
increase the likelihood of accidents or injuries [14, 15]. In chemical laboratory environments, such
behaviors span both physical and chemical hazards [6 ]. Physical-hazard behaviors include
mishandling equipment, improper or inconsistent use of PPE, unsafe storage of sharp or heavy
objects, failure to manage spills or broken glassware, and disregard for fire or electrical safety.
Chemical-hazard behaviors involve improper handling, labeling, and storing of chemicals, incorrect
operation of fume hoods, and negligence in responding to spills or exposures, all of which heighten
risks of burns, toxic inhalation, explosions, and fires [16]. These unsafe behaviors arise from factors
such as inadequate safety training, complacency, time pressure, risk underestimation, and weak
organizational safety culture, making it essential to address these root causes to reduce laboratory
accidents and strengthen overall safety management [17].

3.3 Laboratory Safety Through Strategic Design and Education

Laboratory safety is a critical component of risk management in academic institutions,
particularly in chemical laboratory environments where hazardous substances, reactive processes,
and complex equipment coexist. From a safety science and management perspective, effective
laboratory safety relies on the integration of structural controls and behavioral interventions. Two
key components underpin this integrated approach: strategic design and education [18].

Strategic design refers to the deliberate planning and organization of laboratory
infrastructure to reduce hazard exposure and support safe operational behavior. It encompasses
both architectural and functional elements of laboratory environments, including spatial
configuration, equipment placement, ventilation systems, and emergency preparedness

infrastructure [19]. Well-designed laboratory environments reduce reliance on individual vigilance by
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embedding safety principles into the physical layout, thereby minimizing the probability of human
error.

International laboratory safety standards, including OSHA laboratory safety guidelines and
ISO-based occupational health and safety management systems, emphasize several essential
components of strategic laboratory design [17, 18]. These include:

(1) hazard zoning and segregation of incompatible chemical processes;

2) adequate ventilation systems and compliance with fume hood performance standards;
3) clearly marked and unobstructed emergency egress routes,

2
(3)
(4) standardized safety signage and hazard communication systems;

(5) accessible emergency response equipment such as eyewash stations, safety showers,
and fire extinguishers; and

(6) systematic risk assessment integrated into laboratory layout planning.

These structural components function as primary prevention mechanisms by reducing
exposure probability, mitigating consequence severity, and providing environmental cues that
promote safe behavior.

Importantly, strategic design may influence different categories of unsafe behavior in distinct
ways. Design elements such as ventilation systems, hazard zoning, and chemical segregation primarily
support chemical hazard control and reduce risks related to improper storage, spill mismanagement,
and hazardous substance exposure. In contrast, spatial organization, clear safety signage, and
unobstructed pathways more directly influence physical safety compliance by reducing tripping
hazards, equipment misuse, and unsafe movement within the laboratory. This differentiation
provides a theoretical basis for examining how strategic design may disproportionately affect physical
versus chemical safety behaviors—an issue empirically investigated in the present study.

While structural controls form the foundation of laboratory safety, education serves as a
complementary behavioral intervention. Education ensures that laboratory users understand hazard
characteristics, internalize safety norms, and consistently follow established safety protocols [20].
Effective safety education programs typically include regular training sessions, safety briefings,
emergency response simulations, and reinforcement of proper personal protective equipment (PPE)
usage and chemical handling procedures [21].

Empirical evidence suggests that safety education and training significantly reduce unsafe
behaviors and accident rates, particularly when training addresses both cognitive understanding and
practical skill development [22]. Education strengthens compliance in key areas such as proper PPE
usage, chemical labeling and storage practices, emergency response procedures, and incident
reporting [23]. However, educational interventions may exert varying degrees of influence across
different hazard domains. For example, training may more strongly impact behavioral compliance
related to physical safety practices, such as PPE use and safe equipment handling, whereas structural

design elements may play a more decisive role in chemical hazard control.
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When combined, strategic design and education create a holistic and mutually reinforcing
safety system. Strategic design provides structural safeguards that reduce environmental risk factors,
while education enhances individuals’ ability to recognize hazards and respond appropriately. This
integrated framework supports the development of a proactive laboratory safety culture, in which
both environmental conditions and user behavior are systematically aligned to prevent accidents
rather than merely react to them. The present study builds upon this theoretical foundation by
empirically examining how these two system-level components influence distinct categories of
unsafe behavior and laboratory accident occurrence.

3.4 Synthesis of Literature and Research Gaps

The literature reviewed in the preceding sections consistently emphasized three core
dimensions of laboratory safety: (1) unsafe behavior as a primary contributor to accident causation,
(2) the classification of hazards into physical and chemical domains, and (3) the importance of
systemic interventions such as strategic design and safety education in promoting compliance.
Collectively, these studies established that laboratory accidents arise from the interaction between
behavioral factors and environmental conditions rather than from isolated events [3, 9-10].

However, a critical synthesis of the literature revealed several unresolved issues that
warranted further investigation. First, although unsafe behavior was widely acknowledged as a major
cause of laboratory incidents, there was a distinct lack of empirical studies that systematically
compared the differential effects of unsafe physical behaviors and unsafe chemical behaviors on
actual laboratory accident rates. Most existing research examined unsafe behavior as a generalized
construct, evaluated specific hazard types independently, or focused on qualitative descriptions of
safety culture, without conducting statistical analyses that directly compared these two behavioral
domains in relation to accident occurrence.

Second, while hazard classification frameworks clearly distinguished between physical and
chemical risks [7, 8], behavioral studies rarely investicated whether these categories exhibited
different patterns of accident contribution or varying levels of statistical association with incident
frequency. Without such differentiation, safety interventions may remain broadly defined and
insufficiently targeted to specific hazard mechanisms.

Third, although strategic desien and education were consistently recognized as
complementary pillars of laboratory safety management [17-23], the existing body of literature
insufficiently analysed how these system-level factors differentially or disproportionately influence
physical and chemical safety compliance. Structural design elements—such as ventilation systems,
hazard zoning, and equipment placement—may primarily support chemical hazard control by
reducing exposure pathways. In contrast, educational interventions may exert stronger influence on
individual behaviors associated with physical safety practices, such as PPE compliance and safe
equipment handling. Nevertheless, empirical evidence systematically examining these differentiated
influences remained limited.

Therefore, a clear research gap exists at the intersection of hazard categorization, unsafe

Vol 22 Issue 2 July - December 2026



401

behavior analysis, and systemic safety interventions. There is a need for empirical research that (1)
systematically compares unsafe physical and unsafe chemical behaviors in relation to laboratory
accident rates, and (2) evaluates how strategic design and education contribute differently to these
distinct domains of safety compliance.

The present study addresses this gap by statistically examining the relationship between
categorized unsafe behaviors and laboratory accident occurrence while simultaneously assessing the
relative influence of strategic design and education on physical and chemical safety behaviors. By
integrating hazard theory, behavioral safety principles, and systemic safety management frameworks,
this research advances laboratory safety scholarship and provides a more nuanced understanding of

how structural and behavioral factors interact within academic laboratory environments.

4. Research Method
4.1 Case Study Profile

The study was conducted within the chemical laboratories of the Faculty of Science at
Chandrakasem Rajabhat University, located in Bangkok, Thailand. These laboratories serve as core
facilities for undergraduate students enrolled in science-related programs, including Chemistry,
Biology, Environmental Science, and Physics. Students use these laboratories extensively for practical
experiments, coursework, and research projects as part of their academic curriculum.

The laboratories are equipped with essential scientific instruments necessary for a variety
of chemical experiments. Facilities include chemical storage rooms, fume hoods for ventilation and
the safe handling of volatile substances, and designated areas for waste disposal. Personal protective
equipment (PPE) such as lab coats, gloves, and safety goggles are provided to students to support
safe laboratory practices.

Two chemical laboratory rooms were included in this study. Each laboratory room has an
approximate usable area of 17.14 square meters (3.71 x 4.62 meters), resulting in a combined total
laboratory area of approximately 34.28 square meters. Each room accommodates up to 30 students
per practical session. Laboratory instruction is organized into four groups per day (two morning and
two afternoon sessions), allowing the facilities to accommodate a maximum of 120 students daily
(30 students x 4 groups), depending on academic scheduling requirements.

The laboratory facilities are designed and managed in alisnment with national laboratory
safety regulations and reference internationally recognized safety management frameworks, including
ISO-based occupational health and safety management systems and laboratory design guidelines
[17], [18]. Core strategic design elements include hazard zoning, fume hood placement to optimize
ventilation flow, accessible emergency exits, visible safety signage, and readily available emergency
equipment such as eyewash stations and fire extinguishers.

These structural elements reflect the principles of Strategic Design discussed in Section 3.3
and provide a practical context for examining how environmental layout and safety infrastructure

interact with student safety behavior.
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Despite the presence of standard safety infrastructure, challenges remain in ensuring
consistent safety behavior among students. Laboratory sessions often involve multiple groups
working simultaneously, which increases the complexity of maintaining strict adherence to safety
protocols. As such, these laboratories present a realistic and practical setting for investigating the
relationship between safety behavior, laboratory accidents, and the effectiveness of strategic design
and education in promoting a safer learning environment.

4.2 Research Design

This study employs a mixed-methods research design, integrating quantitative and
qualitative approaches to provide a comprehensive analysis of laboratory safety behavior.

The quantitative component consisted of structured questionnaires and statistical analysis
to examine the relationship between categorized unsafe behaviors and laboratory accident
occurrence. The qualitative component involved thematic analysis of open-ended responses to
explore students’ perspectives on strategic design and safety education.

The questionnaire was used to measure self-reported safety behaviors and perceptions.
The observational checklist was employed to record real-time behavioral compliance during
laboratory sessions. Accident records were analyzed to examine the statistical association between
unsafe behaviors and actual incident occurrence. The integration of these methods enhances
methodological triangulation and strengthens analytical validity.

4.3 Participants and Sampling Technique

The population of this study consisted of first-year undergraduate students enrolled in
laboratory-based courses requiring the use of chemical laboratories during the academic year. A total
of 111 students participated in the study, representing the following academic programs: Food
Science and Technology (n = 20), Civil Engineering and Construction Management (n = 38), Chemistry
(n = 14), and General Science (n = 39).

A census sampling approach was employed, whereby all eligible first-year students enrolled
in laboratory-based courses during the data collection period were invited to participate. Eligibility
criteria required participants to be actively enrolled in a program that included chemical laboratory
coursework and to provide voluntary informed consent. Students who were absent on the day of
data collection or who did not complete the questionnaire were excluded from the analysis.

Participation was voluntary, and informed consent was obtained from all participants prior
to data collection.

4.4 Research Instruments
4.4.1 Questionnaire
The questionnaire was developed based on hazard theory and laboratory safety
literature. Items were categorized into two domains: unsafe physical behaviors and unsafe chemical
behaviors. Responses were measured using a structured Likert-scale format. The questionnaire was
divided into four sections including Section A focused on demographic information and general

experiences with laboratory accidents, Section B examined the perceived causes of accidents, Section
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C explored behaviors associated with physical hazards, and Section D addressed behaviors
contributing to chemical hazards.
4.4.2 Observational Checklist

Direct observations were conducted during laboratory practical sessions to record
instances of unsafe behavior in real time. An observational checklist was developed based on
established hazard theory [7], [8] and laboratory safety management literature. The checklist
incorporated both behavior-related indicators (e.g., failure to wear personal protective equipment)
and situational risk factors (e.g., improper chemical storage or unsafe handling practices).

Unsafe behavior was operationally defined as any observable action that deviated
from established laboratory safety protocols. Behavioral indicators were categorized into two
domains: unsafe physical behaviors and unsafe chemical behaviors. The frequency of each unsafe
behavior was systematically recorded during structured observation sessions.

Observations were conducted across eight laboratory sessions over multiple days to
enhance reliability and reduce situational variability. To minimize the Hawthorne effect, observations
were performed unobtrusively and at a distance. Repeated exposure to observation sessions allowed
students to become accustomed to the observer’s presence, thereby reducing behavior modification
associated with awareness of being observed.

4.4.3 Data Validity and Reliability

To ensure methodological rigor, content validity was evaluated by three experts in
chemical laboratory safety and occupational safety management. The Index of Item-Objective
Congruence (I0C) was assessed for each item to ensure alignment with research objectives. Items
meeting acceptable criteria were retained. The Content Validity Index (CVI) was calculated to assess
the level of agreement among experts, confirming satisfactory content validity of the instrument.

Prior to full-scale data collection, pilot testing was conducted with a group of
undergraduate laboratory users to evaluate item comprehensibility, wording clarity, and response
consistency. Minor revisions were implemented based on participant feedback to eliminate ambiguity
and enhance measurement precision.

Internal consistency reliability was assessed using Cronbach’s Alpha, yielding a
coefficient of ot = 0.86. This value exceeds the commonly accepted threshold of 0.70, indicating high
internal consistency and reliability of the measurement instrument.

To enhance external applicability, the categorization of unsafe behaviors was grounded
in established hazard theory [7], [8], and the strategic design constructs were aligned with
internationally recognized laboratory safety standards [17], [18]. This theoretical grounding
strengthens the generalizability of the findings to other academic institutions with comparable
laboratory environments.

4.4.4 Data Analysis
Data from the survey and observation were analyzed using descriptive and inferential

statistics. Descriptive statistics were used to summarize the demographics of the sample, the
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frequency of unsafe behaviors, and the rate of safety protocol compliance. Inferential statistics,
including Chi-square tests, were employed to examine the relationship between unsafe behaviors
and laboratory accidents. The analysis aimed to identify significant patterns or correlations between
specific unsafe behaviors (e.g., improper chemical handling or mishandling of equipment) and the
occurrence of accidents. Additionally, the research utilized thematic analysis to identify recurring
themes in students' responses related to their understanding of safety measures and the perceived
effectiveness of safety education and protocols.

Quantitative data were analyzed using statistical software (SPSS version 24). Descriptive
statistics were used to summarize behavioral frequencies. Inferential analysis, including Chi-square
tests, was conducted to examine associations between categorized unsafe behaviors and laboratory
accident occurrence. Statistical significance was determined at a = 0.05.

Quialitative data from open-ended responses were analyzed using thematic analysis to

identify recurring patterns related to strategic design and safety education.

5. Results and Discussions
5.1 Demographic Characteristics and Accident Experience

The results revealed that the majority of respondents were 18 years old, totaling 68
individuals (61.30%), followed by 19-year-olds, totaling 43 individuals (38.70%). Regarding gender,
most respondents were female, accounting for 67 individuals (60.40%), while male respondents
accounted for 44 individuals (39.60%). In terms of academic major, most respondents were enrolled
in the General Science Education program under the Faculty of Science, totaling 39 individuals
(35.10%). This was followed by students majoring in the Environment and Safety Management
program, with 38 individuals (34.20%). Additionally, 20 respondents (18.00%) were from the Food
Science and Technology program, and 14 respondents (12.60%) were from the Chemistry Education
program, all within the Faculty of Science.

Demographic characteristics were relevant to laboratory safety research because age,
academic discipline, and early-stage laboratory exposure may influence safety awareness, risk
perception, and behavioral compliance. As first-year students, participants may have limited prior
experience in formal chemical laboratory environments, which could affect their familiarity with
laboratory protocols and hazard recognition. Furthermore, differences across academic programs may
reflect variations in laboratory intensity, prior safety training, and exposure to risk management
principles. Understanding these demographic factors provided important contextual information for
interpreting patterns of unsafe behavior and accident occurrence.

Regarding accident experience, Table 1 presents the number and percentage of
respondents who reported injuries sustained specifically in university-level chemistry laboratory
settings. The majority of students (89.20%) reported never having experienced an accident in the

laboratory, while 10.80% indicated that they had encountered at least one laboratory-related
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incident. Only accident experiences occurring within the university laboratory context were included

in inferential analysis to ensure consistency with the scope of this study

Table. 1 Number and Percentage of Respondents Regarding Experiences of Accidents

in the Chemistry Laboratory.

Accident Experience Topics Frequency (n)  Percentage (%)

Experience of Laboratory Accidents

Never experienced 99 89.20
Experienced 12 10.80

Number of Accidents Experienced

1 time 8 66.70
2 times 3 25.00
3 times 1 8.30

Types of Injuries (n = 12)

Slip/Fall 6 50.00
Cuts from Sharp Objects 2 16.70
Objects Falling on Body Parts 3 25.00
Chemical Splash 1 8.30
Fire Burns 0 00.00
Electric Shock 0 00.00

Injured Bodly Parts (n = 12)

Hands and Fingers 7 58.30
Arms 1 8.30
Legs 1 8.30
Feet and Toes 3 25.00
Eyes 0 00.00
Head 0 00.00

Property Damage (n = 12)

No damage 8 66.70
Damaged a4 33.30
Total 111 100.00
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Table 2 presents the frequency and percentage distribution of reported contributing factors
associated with accidents occurring in the university-level chemistry laboratory. The findings indicated
that the most frequently reported contributing factor was a crowded and limited workspace (44.00%).
This suggested that spatial constraints may have restricted students’ movement and increased the
likelihood of unintended contact with equipment or hazardous materials. The second most common
contributing factor was horseplay during laboratory operations (36.00%), reflecting behavioral non-
compliance and insufficient adherence to safety protocols.

Other reported factors included lack of caution (8.00%), inadequate lighting (4.00%),
improper arrangement of equipment or chemicals (4.00%), and the use of defective equipment,
tools, or materials (4.00%). Although these factors were reported less frequently, they represent
important environmental and procedural vulnerabilities within the laboratory environment.

Overall, the findings demonstrated that both environmental constraints and behavioral risk
factors contributed to accident occurrence. While spatial limitations increased exposure risk, unsafe
behaviors such as horseplay directly elevate the probability of injury. These results reinforced the
importance of integrating effective strategic laboratory design with active behavioral supervision and
safety enforcement mechanisms.

The results presented in Tables 2-4 are derived from self-reported questionnaire responses
completed by all 111 participants. These findings reflected students’ reported perceptions and
behaviors rather than direct observational counts. Observational checklist data were collected
separately across eight laboratory sessions to validate behavioral patterns; however, they were not

the primary source of the reported frequency distributions.

Table. 2 Percentage of Causes of Injuries or Accidents in the Chemistry Laboratory.

Cause of Injuries/Accidents Frequency (n) Percentage (%)

Crowded and limited working 11 44.00

area

Horseplay during laboratory 9 36.00
operations

Lack of caution 2 8.00
Inadequate lighting 1 4.00
Improper arrangement of 1 4.00

equipment/chemicals

Defective equipment/ tools/ 1 4.00
materials
Total 25 100.00

Noted: The total frequency (n = 25) exceeds the number of students who experienced accidents (n = 12)

because multiple contributing factors could be reported for a single incident.
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5.2 Analysis of Unsafe Behaviors Leading to Physical and Chemical Hazards
5.2.1 Survey Questionnaire

Table 3 provides a detailed overview of the frequency with which respondents engage
in behaviors that contribute to physical hazards during laboratory work. The table categorizes various
unsafe behaviors based on the respondents' reported frequency, ranging from "Always" to "Never."
For example, 42.3% of students reported disturbing others during experiments "sometimes," while
40.5% frequently used mobile phones during experiments ("almost every time"). Additionally, 27%
of participants reported using equipment carelessly "sometimes," with another 32.4% stating that it
occurred "rarely." The table highlights the varying degrees of unsafe behaviors, with certain actions,
such as disturbing others and using mobile phones, occurring more frequently than others.

The table also sheds light on other behaviors that could contribute to physical hazards,
such as improper use of equipment and failure to check equipment conditions. For instance, 39.9%
of students reported checking equipment conditions "rarely," and 33.3% engaged in improper use of
equipment "rarely." Interestingly, behaviors like not wearing personal protective equipment were
reported very infrequently, with only 0.9% of students admitting to doing so regularly. Furthermore,
very few students engaged in activities like taking antihistamines while working (71.2% reported never
doing this), and there was no report of alcohol consumption before or during laboratory work. The
data underscores the variability in unsafe behaviors and suggests areas where safety education and

interventions could be beneficial.

Table. 3 Number and Percentage of Respondents Classified by Behaviors Leading
to Physical Hazards.

Behavior Leading Always Almost  Sometimes Rarely Never Total (n)

to Physical (%) Always (%) (%) (%)

Hazards (%)

1. Disturbing others 2(1.8) 22(19.8) 47 (42.3) 31(27.9) 9 (8.1) 111
during experiments
2. Not checking 327 23 (20.7) 31(27.9) 44 (39.9) 10 (9.0) 111
equipment
condition
3. Improper use of 1(0.9) 1(0.9) 5(4.5) 37(33.3)  67(60.4) 111
equipment
4. Not wearing 0(0.0) 1(0.9) 21(18.9) 66 (59.5) 23 (20.7) 111
personal protective
equipment
5. Taking 0(0.0) 1(0.9) 1(0.9) 30(27.00  79(71.2) 111

antihistamines/cold
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Behavior Leading Always Almost  Sometimes Rarely Never Total (n)
to Physical (%) Always (%) (%) (%)
Hazards (%)
medicine while
working
6. Careless use of 1(0.9) 7(6.3) 30 (27.0) 36 (32.4)  37(33.3) 111
equipment
7. Insufficient rest 0 (0.0) 6 (5.4) 28 (25.2) 56 (50.5)  21(18.9) 111

before working
8. Using mobile 11 (9.9) 45 (40.5) 36 (32.4) 11(9.9) 8(7.2) 111
phones during

experiments

9. Horseplay during 0 (0.0) 2(1.8) 16 (14.4) 76 (68.5)  17(15.3) 111
laboratory work

10. Drinking 0 (0.0) 0(0.0) 0(0.0) 0(0.0) 111 111
alcohol (100.0)
before/during

laboratory work

5.2.2 Unsafe behaviors related to Chemical Hazard

Table 4 presents a breakdown of the frequency with which respondents engage in
behaviors that could lead to chemical hazards during laboratory work. The table categorizes unsafe
behaviors based on how often they occur, ranging from "Always" to "Never." One notable behavior is
"not reading chemical labels before use," with 34.2% of participants admitting to doing this
"sometimes" and 33.3% doing so "rarely." Another behavior, "failing to report chemical spills/leaks,"
was reported as "rarely" by 47.7% of respondents and "sometimes" by 7.2%. Importantly, more
serious safety violations, such as "smoking during chemical operations" and "using the mouth to
pipette chemicals," were reported as never occurring, with 100% of participants stating they never
engaged in these highly dangerous behaviors.

The table also shows that some other behaviors, such as "not following prohibitory
signs and warnings," were reported with relatively low frequency, as 36.9% of students indicated they
did so "rarely," and 58.6% said they never engaged in this behavior. Similarly, 51.4% of respondents
reported "not turning off lights/unplugging after use" as a "rare" practice, while 38.7% indicated they
never did so. Regarding chemical storage, only 17.1% of respondents reported improper chemical
storage "rarely," and 81.1% never engaged in such behavior. Additionally, the use of expired chemicals
was reported as a rare occurrence, with 96.4% of students stating they never used expired chemicals.
This data highlights a generally positive safety attitude, but it also suggests that occasional lapses in

following safety protocols still persist.
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Table. 4 Number and Percentage of Respondents Classified by Behaviors Leading to

Chemical Hazards.

Behavior Leading  Always Almost Sometimes Rarely Never Total (n)
to Chemical (%) Always (%) (%) (%)
Hazards (%)
1. Not reading 5(4.5) 18 (16.2) 38 (34.2) 37 (33.3) 13 (11.7) 111
chemical labels
before use
2. Not turning off 0(0.0) 2(1.8) 9(8.1) 57 (51.4)  43(38.7) 111
lights/unplugging
after use
3. Not following 1(0.9) 0 (0.0) 4 (3.6) 41 (36.9)  65(58.6) 111

prohibitory signs

and warnings

4. Smoking during 0(0.0) 0 (0.0) 0 (0.0) 0(0.0) 111 111
chemical (100.0)
operations

5. Using mouth to 0(0.0) 0 (0.0) 0 (0.0) 0(0.0) 111 111
pipette chemicals (100.0)

6. Failing to 0 (0.0) 1(0.9) 8(7.2) 53 (47.7) 49 (44.1) 111
report chemical

spills/leaks

7. Improper 0(0.0) 0 (0.0) 2(1.8) 19(17.1)  90(81.1) 111
chemical storage

8. Using expired 0(0.0) 0 (0.0) 2(1.8) 2(1.8) 107 (96.4) 111
chemicals

5.3 Statistical Association Between Unsafe Behaviors and Accident Occurrence
In this section, the relationship between unsafe behaviors and laboratory accidents is
examined. The hypotheses are as follows:

® Hg: There is no significant relationship between unsafe behavior and the incidence of
laboratory accidents among chemistry students.

® Hq: There is a significant relationship between unsafe behavior and the incidence of
laboratory accidents among chemistry students.

To test these hypotheses, a Chi-square test was conducted, and the results are

summarized in Table 5.
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Table 5 presents the Chi-square test results for two types of unsafe behaviors—unsafe
physical behavior (such as horseplay, phone use, and distractions) and unsafe chemical behavior
(such as mislabeling or mishandling chemicals).

For unsafe physical behavior, the Chi-square value (x2) was 6.841, with 1 degree of
freedom (df = 1), and the p-value was 0.009. Since the p-value is less than the common significance
level of 0.05, it indicates a statistically significant relationship between unsafe physical behaviors
and the occurrence of laboratory accidents. This suggests that engaging in unsafe physical behaviors
increases the likelihood of accidents in the laboratory setting.

For unsafe chemical behavior, the Chi-square value (x2) was 1.152, with 1 degree of
freedom (df = 1), and the p-value was 0.283. Since the p-value exceeds 0.05, there is no statistically
significant relationship between unsafe chemical behaviors and laboratory accident occurrence.

It should be noted that the number of reported chemical-related injuries was limited (n =
1). Therefore, statistical inferences regarding the relationship between chemical unsafe behaviors
and accident occurrence should be interpreted cautiously. The absence of a statistically significant
association may reflect limited incident frequency rather than definitive evidence of no relationship.
Future research involving larger multi-institutional samples or longitudinal data collection is

recommended to increase statistical power and further validate these findings.

Table. 5 Chi-Square Test Results of Relationship Between Unsafe Behavior and Incidence of

Laboratory Accidents.

Unsafe Behavior Type e df p-value Interpretation
Unsafe Physical 6.841 1 0.009 Significant
Behavior (e.g., Relationship

horseplay, phone use,

distractions)

Unsafe Chemical 1.152 1 0.283 No Significant
Behavior (e.g., Relationship
mislabeling, mishandling

chemicals)

5.4 Compliance with Standard Safety Practices in the Chemistry Laboratory
Compliance with standard safety practices in the chemistry laboratory varied among the
students, with certain areas showing strong adherence to safety protocols, while others revealed
notable lapses in behavior.
In terms of chemical safety, the majority of students demonstrated strong compliance
with essential safety rules. For instance, 81.1% of respondents reported always storing chemicals
properly, which reflects good practices in maintaining a safe laboratory environment. Additionally,

96.4% of students avoided using expired chemicals, a key safety measure to prevent accidents
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caused by degraded or ineffective substances. These figures suggest that students were generally
conscientious about chemical safety and followed critical safety standards related to chemical
handling.

However, when it comes to physical safety practices, there were more frequent lapses.
While 59.5% of students reported "rarely" wearing personal protective equipment (PPE) during
laboratory work, this indicates that a significant portion of students did not consistently adhere to
the use of essential protective gear, potentially increasing the risk of physical harm. Additionally,
while 68.5% of students "rarely" engaged in horseplay during laboratory work, a concerning 14.4%
admitted to engaging in it "sometimes." Such behaviors can cause distractions or accidents in the
lab, highlighting the need for better enforcement of safety rules related to physical conduct.
Regarding equipment use, 60.4% of students stated they "never" failed to follow the equipment
manuals, showing a relatively strong commitment to safe and proper equipment handling. On the
whole, only 11.7% of students reported "never reading chemical labels" before use, which suggests
that the majority were generally good about reading and understanding labels, contributing to safer
chemical handling.

These findings indicate that students tend to comply more consistently with chemical
safety standards than with physical safety practices, which may reflect differences in awareness,
training, or enforcement of safety protocols. The observed lapses in physical safety, such as
inconsistent use of PPE and occasional horseplay, suggest areas where further attention and
improvement are needed to ensure comprehensive safety compliance in the laboratory.

5.5 The Role of Strategic Design and Education in Enhancing Laboratory Safety

This study identified strategic design and education as key factors influencing laboratory
safety among science students at Chandrakasem Rajabhat University. Using thematic analysis, the
research explored recurring themes in students’ responses regarding their understanding of safety
measures and the perceived effectiveness of safety education and protocols. This qualitative
approach allowed for a deeper insight into how physical environments and educational
interventions impact students' safety behaviors.

The findings reveal that specific laboratory design elements—such as the organization of
workspaces, placement of warning signs, and accessibility of emergency evacuation routes —
significantly support safer laboratory practices. Although the study did not comprehensively
evaluate every aspect of design, the thematic analysis indicated a clear correlation between
students’ awareness of safety procedures and their interaction with the physical laboratory
environment. Well-organized spaces and visible safety signage were commonly associated with
reduced distractions and greater adherence to safety protocols.

During the study period, the readiness and operational condition of laboratory safety
equipment were maintained according to institutional laboratory management procedures. Essential
infrastructure, including fume hoods, emergency showers, eyewash stations, and fire extinguishers,

was routinely inspected prior to laboratory sessions to ensure functional availability. Although
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independent calibration assessments were beyond the scope of this study, the laboratories
operated under standard institutional maintenance protocols. This ensured that observed unsafe
behaviors were not attributable to equipment malfunction, thereby strengthening the internal
validity of the findings.

Despite generally strong compliance with chemical safety standards, inconsistencies were
evident in physical safety practices. For example, 59.5% of students reported that they "rarely" used
personal protective equipment (PPE), highlighting a concerning gap between available safety
infrastructure and student behavior. This suggests that while strategic design facilitates a safer
environment, it alone is insufficient to ensure full compliance without continuous educational
reinforcement.

From a behavioral psychology and learning theory perspective, this gap between
knowledge and physical safety compliance can be explained by the distinction between cognitive
understanding and habitual behavior formation. According to behavior-based safety principles and
social learning theory [11-13], knowledge acquisition does not automatically translate into sustained
behavioral change. Chemical safety practices are often procedural and cognitively driven (e.g.,
reading labels, following chemical handling protocols), whereas physical safety behaviors—such as
consistent PPE use and minimizing distractions—require habit formation, environmental
reinforcement, and social modeling. Physical behaviors are strongly influenced by peer norms,
perceived immediacy of risk, and situational awareness. Without structured reinforcement,
supervision, and repeated practice, students may possess adequate chemical knowledge yet fail to
consistently apply physical safety behaviors. This explains why effective chemical education does
not necessarily guarantee full compliance with physical safety practices.

Education therefore emerged as a crucial component in promoting laboratory safety.
Thematic analysis revealed that while students demonstrated awareness of chemical hazards,
many lacked consistent application of physical safety behaviors, including regular PPE usage, proper
handling of equipment, and avoidance of distractions such as mobile phone use. The findings
suggest that safety education requires enhancement through more interactive, practice-oriented
methods. Incorporating hands-on demonstrations, scenario-based simulations, routine safety drills,
and active learning strategies may strengthen behavioral reinforcement and promote long-term
safety habits.

These results are consistent with prior research emphasizing that a well-structured
laboratory environment reduces chemical safety risks, whereas sustained improvements in physical
safety behavior rely more heavily on behavioral reinforcement and educational strategies. Effective
laboratory safety therefore requires an integrated approach in which environmental design supports
compliance while educational interventions cultivate behavioral consistency.

To address the identified gaps, several recommendations are proposed. First, education
and training programs should expand their focus beyond chemical safety procedures to include

consistent reinforcement of physical safety behaviors through experiential learning approaches.
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Second, laboratory designs should be further optimized to maintain clutter-free workspaces,
enhance visibility of safety signage, and ensure accessible emergency equipment. Third, monitoring
and enforcement mechanisms for PPE compliance should be strengthened through structured
supervision and accountability systems. Finally, cultivating a proactive safety culture is essential,
encouraging peer accountability, mentorship initiatives, and open reporting of unsafe behaviors.

Integrating strategic laboratory design with comprehensive, practice-oriented education
and structured behavioral reinforcement mechanisms can significantly enhance student safety
behavior. These combined efforts contribute to a safer laboratory environment, reduce accident
risk, and promote a sustainable culture of safety awareness within academic institutions.

Although this study was conducted within a single university laboratory context, the
behavioral classifications were grounded in established hazard theory and internationally recognized
laboratory safety standards. Therefore, the identified patterns distinguishing physical and chemical
unsafe behaviors may be applicable to other academic institutions with comparable laboratory
environments. Nevertheless, differences in laboratory size, supervision intensity, and institutional
safety culture may influence behavioral outcomes. Future multi-institutional studies are
recommended to strengthen external validity and broader generalizability.

5.6 Limitations of the Study

This study was conducted within a single university context, which may limit the
generalizability of findings to institutions with different laboratory sizes, hazard profiles, or safety
cultures. The laboratories examined primarily supported undergraduate teaching activities and may
not reflect higher-risk research laboratories involving advanced chemical processes. Additionally,
accident data were based partly on self-reported experiences, which may introduce recall bias.
Although observational methods were implemented to strengthen reliability, real-time observation
may not capture all unsafe behaviors across all sessions. Future research should expand to multiple

universities and laboratory types to enhance external validity.

6. Conclusions

This study aimed to assess the safety behavior of science students during chemical laboratory
activities, focusing on behaviors contributing to physical and chemical hazards. The results revealed
that while students generally demonstrated good compliance with chemical safety practices,
physical safety behaviors exhibited more inconsistencies. Specifically, students adhered to chemical
safety standards such as proper chemical storage and avoiding expired chemicals, with high
compliance rates. However, behaviors such as wearing personal protective equipment (PPE) and
avoiding distractions like phone use or horseplay showed notable lapses, indicating that physical
safety practices require greater attention.

The study also highlighted the role of strategic design and education in promoting laboratory
safety. Effective laboratory design elements, including clear safety signage, organized workspaces,

and designated escape routes, contributed positively to safety behaviors, particularly in terms of
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chemical safety. However, the findings suggest that these environmental factors alone are not
sufficient to fully address physical safety concerns. Education and training emerged as critical
components in reducing unsafe behaviors, with a focus on reinforcing the importance of PPE, safe

equipment use, and the avoidance of distractions in the laboratory setting.

7. Recommendations

Based on the findings of this study, several strategic recommendations are proposed to enhance
laboratory safety management at the institutional level.

7.1 Policy-Level Recommendation

Institutions should consider implementing Digital Safety Monitoring systems or real-time
behavioral tracking mechanisms to reduce unsafe physical behaviors such as horseplay, improper
equipment handling, and distraction during laboratory operations. Real-time monitoring tools,
including digital check-in systems, automated PPE compliance alerts, and sensor-based supervision
technologies, may strengthen behavioral accountability and reduce accident risk.

7.2 Design-Level Recommendation (Strategic Design Enhancement)

Laboratory spatial design should incorporate structural enforcement mechanisms, such as
designated PPE compliance checkpoints at laboratory entry points and clearly defined mobile
phone-restricted zones. Designing transitional buffer areas where students are required to wear
appropriate protective equipment before entering operational zones may promote automatic
compliance and reduce behavioral lapses.

7.3 Educational and Research Recommendation

Future research should incorporate qualitative methodologies, such as in-depth interviews
or focus group discussions, to explore the underlying psychological and contextual factors influencing
inconsistent PPE use. Although students may demonstrate adequate chemical knowledge, qualitative
inquiry may reveal deeper motivational, social, or cultural factors affecting physical safety

compliance.
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