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Abstract

Royal Thai Air Force’s mission is to prepare and deploy air power to maintain national
security. However, maintaining security must be conducted both physically and digitally.
In particular, the digital aspect focuses on critical digital infrastructure. At the same time, cyber risks
and threats must also be taken into consideration. This research aims to study and analyze the
causal factors that influence the cybersecurity readiness capability in the Royal Thai Air Force.
The researchers employ structural equation modeling, using a sample of 810 personnel working in
digital technology and cybersecurity for the Royal Thai Air Force. The research findings indicate that
the Royal Thai Air Force has the highest level of readiness for cybersecurity. Additionally, the
factors of personnel, processes, and technology readiness capability positively influence the
cybersecurity readiness capability in the Royal Thai Air Force. Therefore, developing cybersecurity
capabilities for the Royal Thai Air Force should focus on personnel, processes, and technology
simultaneously. Particularly, the aspects of personnel and processes are of great importance, as it
will significantly enhance the sustainable strength of the Royal Thai Air Force’s cybersecurity.
Additionally, we have proposed a cybersecurity framework aimed at enhancing the readiness and

strengthening the effectiveness of the Royal Thai Air Force in preventing cyber threats.

Keywords: Cyber Readiness, Cyber Threats, Cyber Capabilities
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(NIST, 2018) Inenseugjasiuluiinisddunmsiiannsausuldlsluisnihaiiearsanudasndeliiudeya
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yndif vedadenlesfusnsgiuaina wu ISO/IEC 27001 wielimnzautuesdnsiifediinuazausoans
fivannnans nsldnunseuiiastsfiuauansalunisiuiiosvanaiy uasduaiuausiuasaonsy
lowesifuszansnmlaluszozen
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Assessment) LaznsimuANIAsMIAIUAL (Controls) iletesiunazannansenuanndsanauainnelu
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Uszunsi Anwilun1sise Iiun yaainsiujoaninilumitsaudumaluladansaumne
welulaBAdta uazanutiuasUaendeluuevasnosinenmea Tnsdeya o wa. 2567 Sdwnuiadu 1,844
Ay f33elannuadiegns Ingldinasidmsunisidendiegslunisieseilunaaunisalaseasg
(Structural Equation Model: SEM) 111U 20 111 99391uaun1513mes (Hair, 2014) Tngdiuiunsdines
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(Nunnally, 1978)
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o w 4:4'
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A15199 2 NMTINANUANTITIFDAND DI

fiauus Factor Loading CR AVE Cronbach
People Readiness 0.867 0.685 0.866
Awareness a7
Training and Learning .85
Research and Development .86
Process Readiness 0.920 0.697 0.925
Strategy and Plan .86
Cybersecurity Evaluation .86
Cybersecurity Framework .85
Cybersecurity Coordination a7
Cybersecurity Improvement .83
Technology Readiness 0.934 0.740 0.936
Quality and Quantity .85
Modern and Efficient .84
Protecting Devices .87
Detect and Response .89
Access and Control .85
Cybersecurity Readiness 0.846 0.648 0.843
Cybersecurity Awareness 76
Policy 87
Cybersecurity Infrastructure .78

HAN15AINATITIT LA (Discriminant Validity) Fadunsindndudsurausaziuyusianuunnsng
fursoly IeNa15aNNA1INTA @R9UBY AVE 1ASTUNNINAE@RaunussEnInedwUs (Hair, 2014; Fornell
and Larcker, 1981) WU AkUSHAITS 4 fauUs TAsniiaeaued AVE UInNINAanaunus senIngmwls

wannlunalin1sIkunswlshe gz aY FakandlunIsIen 3

M990 3 NTIAANUATITIFVLUN

People Process Technology CS Readiness
People 0.828
Process q72 0.835
Technology .690 745 0.860
CS Readiness 764 795 793 0.805
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Comparing The Carbon Dioxide Emissions from Residential Building Structures
with Reinforced Concrete, Wood, and Steel Profiles:

A Case Study of The D.D. Rakfa 4 House of The Ministry of Energy

Pat Phansomboon’, Suparatchai Vorarat®", Surasak Janchai?,
Prayuth Rittidatch’, Nat Nakkorn®
!Graduate Program in Engineering Management,
College of Engineering and Technology, Dhurakij Pundit University
2A-West Property Co., Ltd
*Provincial Waterworks Authority, Branch Office Pattaya (Special Level)

Received: 9 January 2025
Revised: 24 May 2025
Accepted: 30 May 2025

Abstract

The accumulation of greenhouse gases is the cause of current climate change, with the
construction and building sector accounting for 37% of total greenhouse gas emissions. Reducing
greenhouse gas emissions from the construction sector can mitigate the impact of climate change.
Realizing the importance of this, the researchers conducted a study comparing the carbon dioxide
(CO,) emissions of residential structures made of three different construction materials: reinforced
concrete, wood, and steel. They used the D.D. Rak Fah 4 house structure from the Ministry of
Energy. The study's objective was to compare the carbon dioxide (CO,) emissions of various
construction materials, aiming to design residential houses that can reduce CO, emissions as much
as possible. The results of the research found that wooden-structured houses had the lowest
carbon dioxide (CO,) emissions at 583.61 kgCO,eq/m?, followed by steel-structured houses at
620.82 kgCO,eq/m?, and reinforced concrete-structured houses had the highest at 680.80
keCO,eq/m? when comparing reinforced concrete structures with wood and steel structures. The
study revealed that it could decrease carbon dioxide (CO,) emissions by 14.28% and 6%,

respectively.

Keywords: CO, Emissions, Energy-saving House, Reinforced Concrete, Wood, Steel Structure
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asusulasenlys (CO,) Wlduszanmueimis melul a.a. 2030 Weliussqimnensiringunad
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LaﬂﬁqiLLagﬂ’]uagﬂﬁLﬁlﬂﬁﬁaﬂ
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F33uldldTUsunsu Midas Gen (Hu et al,, 2012) Fafulusunsudooanuuulassairsormsild
ogrsunsvaneiduiidenldlunisesnuuuemsii sldlunisAuinuazeenuuuenns Wy 8173 Burj
Khalifa 7iglu Uszinaan$geiniuiedlisnd, 81a13 National stadium #3e Bird nest vaUszimady 1usy
FAveldilusunsudingasaiianuusiasdasiaie Siasgilasiadne uazooniuuruinvesd udau
Tassadramdngunssadildluuuudians sauiamusinumestasluuuudians Ineduduainnisadng
wuusaes 3 iR vhmsladeyaimiinasiifesnisesnuuuadluiisumidasadieing q udvinistesgy
TassasamussnsgyhiiiAndu (Yin et al, 2019) nduduoenuuulneviinisdonsliauazauinvasdudiy
Tnssadrausiaudnlfivngay insdontuinvestudiuauldvuatuduiuiusafivmeuasvanzay
oldvunafiFesnmsudlsunsuazvinsdnamuiinuianooni

Yrulsendanasany
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(Ministry of Eneray, 2022) fio wuutufildsuniseanuuuainanusuiovesansandnenssuaans
antumaluladnszaeuind iU saIanss it unSURRIUING I UNALNULAE DY NENT I UYBS
nsgnamdsany (nw) Tnefigesjamnefiagliissnauldidnla waziineuidesiulumnaadestulseda
wdiiannsailddauaziAanadninisussndandsnuogiadugssm aunsoneaianazegodels
asJ’mqsuamsJ TneduuINUAnaNtUNSEBNWUU (Ascione et al,, 2019; Chang et al.,, 2023; Irfan Sadaq
et al,, 2023) fsil 1) Msaandsnuiugmu Tasmanereudaduauaaiazdeadiadulurisna 9.00 -
15.00 u. 2) Mseenkuuiuiinelutuuendaununislindsnuiiuandieiu nssenuuuldiresiisosld
in3esusuemmegsmilugavislisunisuntiesananuieunisusnlviunniian 3) nseenuuundmann
B 20° unzuenainlassads tevinsindaunandsnuieaduasening 4) madenld Tanuazgunsnii
ausomidluriesnaailuifundnifielissrvunasinwiosiululssmalneannsadeasiviefadils
919NN

nmaidenldianneaiafiunndeiu lnsnseenuuudeadulumunisdnalasiairswesiamns
vonuuy Tudugunneaslasadliseonuuulaeliinsliiandusessuimdndomnldmssonuuy
Bugrusnuuuudld Tassadneundnasumdnuasiassaandnsunssadimdnfannnniidseenuuy
gusnuuulandy lnenuhvinnanmslanlaesingaisueulaeenledludiuvesianinsasnsasiidndiu
Wy 47.81% veslsunaunsvantdeefinvmsveulaeenlensiuvestinu (Sangsawang et al., 2014)

Aduuszansnsanuaesfiansusulasenles (Emission Factor of Material) (TGO, 2023) #io
Afildannsiiudeyatsmnunisanudesinsansueulneenleddeusinuvesiagusazsin weldidu
Aaardradsdmsunmsauindiuunslanlaesfineasvaulaeenledvesianuaazyidadelunism
UmnumsuanUsesfingaiveulaeenleduesfannoadisluenmideiliitnmsussiduigdndionan s
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Construction Process stage, Use stage Wag End of life stage IﬂEJV?’lm‘ﬁLﬂi?%ﬁﬁﬁy%ﬁ?EJﬂ’]ﬁﬁ’luﬁﬂLL’mﬁam
Aawsinrasnlnvasianiiiiuld nsvudewnnds n1sndn nisvudsludamtsanuneasis nsneasng

M3lTIUDIAIT warnN1T3009UNaY (European Committee for Standardization, 2011) A4nW# 1

Building assessment information

Building life cycle information Supplementary
information beyond the
building life eycle

A1-3 A4-5 B1-7 C1-4 A
PRODUCT stage %gz%;%gcsg USE stage l | END OF LIFE stage : D
Benefits and loads
A1 A2 A3 A4 AS B1 B2 B3 BS €1 ¢z C3 ¢4 beyond the system
= boundary
= = 2
r @ 8 5 i ]
H 8 H Ell 2 g Reuse-
= g £ a 8 = E § ° =
H H 25 E&)13]l =& 5 k] Recovery-
=2 é E g g L2 = D 5] @ =
g £ £s S|l g 8 i
I 5|53 18l 2|3 =
= = = oL | B& Operational energy usal § 3 % %
o (| 8 22
ol|ll=|l2]l8&
| B7 Operational water use I

Al 1 Building's LCA stages according to EN 15978

(European Committee for Standardization, 2011)

IFn1suszdiumainisianlaseinwarsusulaeenlyn (CO,) anunsavilalaenisinusunadd
miefuvilanheuinaesianiifeansmensanudesimaniveulasenlodinguiuaduusyans
nsudesfnannsuaulaoenledestanuiatu (TGO, 2023) aunsil (1)

CO, = M, x E; (1)
Taofi
Co, AeUsInamMsUanUasefwansusulaeenles dudieidu keCo,eq
M; AovsnaesianiifesmanauinansanUdosfinsaiueulaeenluddedmiey
Ysunavesdaguiazuila

E Aernduussansnisuantaesingesvaulneenlyivasianusasyiln dmiedu keCOLeq

fo 1 mhwuTinuian Wnedagnlvlunuidetazdan £ unneineiu wanenm1sem 1
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M19199 1 uansrdudssdnsnisuanlaseinsansueulneenlenvesiagusiazyila

3189N57E0) el AduUszAnsnisuanudasfins CO,
(unit) (kgCO,eq per unit)
W@ dumen m’ 273
NN ke 0.0037
ABUNIANENY m’ 212
ADUNIALATIATI m’ 239
funsunindaussddagy m’ 482
Teuuy m’ 547
WanEuLESUABUNSRA kg 0.77
wiingunssn Jusuiou ke 0.69
wilngunssn Jusuiu ke 221
Hideuds kg 0.47
aIRnNman fzy kg 0.21

ASAULUIAATUNTTIY

Ya

398 AU UTUUTE NGNS 1UTINSURAILING I U AuULaz oY S Y Na W (i) 1nlglu

Y

[

13RI nuuutiures . emun 12 wuy Fidelddndenuuutusngih 4 danduuutin
Funvuierinmsitemnsdusuutwiidsuasdmiudiamies fuilias 161 m? Fumunzauiy
madusunutudulnglumagusuiiiostagu Taseidsiagimafnuianislasaiiawesenis
ity Yszneudeiandy gusin mele auneiu 1 Autu 2 w@du 2 ausundinn Tasasdsasiiansan
duszneudy 9 veseesltimudy WelilnssnuiuwnAnuasyssavsuavesmsosnuuuiiiensuseud
wavoauuthulsErdandanuduiuy wasitelvianansaldnueimsluddassaislsivdsuuadly

wiwdnvedlanadnazgnilsundasaneeuninasumanluduliivaswdngunssa dsiu dwdnasilily

¥
v A

nseenuUUlATEEweIIAIHBsAsTIYINAY (Costa and Beck., 2024) fail
1) 13mﬁﬂmiﬂqﬂ%ﬁm7iwa‘”am 50 kg/m?
2) tmiinussynasialy 150 kg/m?
3) 5ﬂﬁﬂﬂUﬁﬂﬂ%ﬁﬁlama 400 kg/m?
4) 5ﬂﬂﬂﬂUiinﬂﬁauLﬁuLau 120 kg/m?
5) wssaudinszviriuiatiug 50 ke/m?
MnduinsAnusunanslanuaesfeansueulasenlas (CO,) Mintulugaedin Product
Stage Aon1sfansanainduvesiagieatarinturedasadsfuiuuieneuninaiuman Tassadnls

warlassadramdngunssa ielvimsziuSeuiieunasiely
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A5 HUN1SIVY

m'ﬁé’fsﬁnmuiﬂsmf-aalé’ﬁmﬁaﬂLLUUﬁ"lumﬂmuﬁwmwé’w}umLmuLLazm‘g%’ﬂ@wé’w}u
n5EN3INEIY (W) Aouvuduiasndin ¢ andurimuduneudinmd 2 delduuuiuduwuy
Gusngi ¢ Wuthu 2 Ju ffuildaessi 161 m? laswadredudureuninaduman Sadundslu
LUUTUUTEnE NS wWUUTUAR (DEDE) $nEmdeiuueenssnsendsany fanmil 3 uansuuudiunay
wuuwlaunuaainenssuvestiusiegs uaznnd 4 uanswvuwdauituildaesusnoadud 1 wa
Fuil 2 ndugideldvinisesnuutlassadistiuln Tnswdesurialassadsnnuuududuuuud i
poundnEsuwmanAsudulasadelsl fanmd 5 (n) uaslassaamdngunssa fanmil 5 (@) Tnodsadld
ApnugaIn1sn1slFau (function) vesnsidermsiwilouudeaimsiessesiutimings seeduusian
Fannsprildmingn werliBounasduussnausuvesenms Wy wwnaves stinusumdm viems wieitu
MndurinsoeauuumUiinatanfilfiienisdeatlasadeveudaziuy éur Tassadrsnoundniadu
wén Tnssaialil uazlaseairavdngunssa ethuduiameinisUanudesfitwaueulasenls
(CO,) lngldenduuszansmsvantdesfingasueulaeanledvadianusassinanesdin1susnisdnnisine
139UNISTAN (BIANISUMITY) (TGO, 2023) Way Inventory of Carbon and Energy, University of Bath

(Hammond and Jones, 2008) angaushe3anasian fsamnsi (1)
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(n) FBENTIUUTENTANGI9Y (@) uusUauauaantdnenssy

Al 3 wuuthudsendandanuduAnsngih 4 (Ministry of Energy, 2022)

(1) wUUUAUNUTUN 1 () wuubUauNuTun 2

AT 4 LUULUaUUTUAIDEIINUTUN 1 tagiutuil 2 (Ministry of Energy, 2022)

4 B mas/en x b 4 B moas/Gen x b

midas Gen
20ST-PROCESSOR

BOST-PROCESSOR
REACTION FORCE

REACTION FORCE

FORCE-2 FORCE-Z

MIN. REACTION MIN. REACTION

NoDE- 136 NoDE= 136

F2: 0.53 F2: 135
MAX. REACTION MAX. REACTION

NODE= 108 NODE= 109

F2: 19.92
CB: 6LCB36

F2: 218

CB: GLCB3E

¥BX : 108

MIN : 136

FILE: DESIGN H2-

UNIT: tont

DATE: 02/15/2024
VIEW-DIRECTION

MEX T 108

MIv : 136

FILE: pEsIan H2-

UNIT: tenf

DATE: 02/15/2024
VIEW-DIRECTION

Jo

z: 0,101

e

(M) wuuwlaudraestulassaialyd (%) wuuwlaudassiulasairanangunssa

2wl 5 wuuwdauaindaesdiulassadslivaslasaianangunssn
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lag#insaun1siansanvesuideazeyluaae Product Stage ABN1INATUNIAINAIUVDITEN
neas1avuy WelauSuunisvanvaseingaisusulaeenlen (CO,) vodlassadrauuutiuunazsdauan

aufnsudseuiisuautunausald

W8aN13398
PMnUITensiUssuisunisyanlaseiigaisveulaeanlen (CO,) vaslaseastaiulseundn
WA sErIsReunImasuman ll uazwdngunssa lnensdewsiladanfiiunldasdaseasnadiu
a o & % =~ a 2 o = =~ Y 1% o 1% 3 -
Pninidulasainasuniaasumdniundssuiisuiulasiaidduarlassadianingunssa lagh
gepsanunsaldaueiasidmiouay IneduSuiadagman wanednisned 2 wagainisuanuaseing

Asuaulapenlan (CO,) d@ruradlasaasnatiy LanIRINISIeN 3

M19199 2 uansAnUinadanranveassasnsinu

UYsunaudan
FIENTIAR iveld ABUNIA & WANFUNTI
ESuman
@dunen m?> 12.10 - 15.78
NIENRLIU kg 6.09 8.03 4.28
ADUNIANYIU m> 2.99 4.42 2.12
ADUNINLATIATI m> 70.04 33.58 27.09
Ty m?> 1271 2.53 2.51
WANEULESUABUASH kg 8,195.23 3,634.49 3,398.93
mﬁﬂz‘UWiim L@ AU ke 5,348.19 4,822.80 17,699.87
Afuaty m? 213.79 213.79 664.66
1fidouds kg - 564.80 -
U 9 Wy aanynman ngy ke 411.46 136.14 128.68

11NA15197 2 wansuTanamesiagudnveslasaindiuudazyia lnenuintuAasngin 4
TnssadenounInasumaniiudunamounsnlaseadne 70.04 m* ualassasnslivazlassadamaniusuna
AoUNIAlASIAS 9B 33.58 m® uag 27.09 m® mua1du Ysunamanduiasunouninvestueile
Tassarenouninadumanie 8,195.23 kg innniveslassanatuninliuazvdamdngunssadiiuzunn
WIANIEULESNABUNTA 3,630.49 ke WAy 3,398.93 kg mua AU USunauanduvedlasiastanaunsaasuindn
uarlassadiandnde 12,10 m® way 15.78 m® suddy uslassadnslifaylifiandusesiu esaniwiin
vodlassadliuannsneenuuutiulvisossuldlagldgumnuuui ldldgunnwuuandy waslasadg
LifinmsliSanuinmdnUinasudesiigailefisuiulasiairsnouninadumanuaslasiainamangunssa
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NN IN1sTANISAeas1t uldrsianududautasniinisneas1stunaunsmasuma nkaz i1y
Tassadramangunssa vildauisoansseznainisneasialiuinis 30% Weawseuiisuiulaseasng

AouNsALEsLWANLaslATIasamingUnssal (Tighnavard and Marsono, 2017)

A1519% 3 Lansannsuantaesingaisusulaeenlan (COeq) druvaslaseainesiu

An1sUanUaasnng CO.emissions (kgCO,eq)

10 dauvaslaseaidng — = -
ADUNIALEINLUAN 1] mangunsIOs
1 gwuimeLawanja 7,620.05 5,430.49 7,483.06
2 AU L&A ﬁuuasﬁulﬂ 90,081.25 78,303.59 82,013.72
3 NHIAN 11,906.28 10,226.54 10,454.59
33U 109,607.57 93,960.62 99,951.36

NA15199 3 ArnsUanUaesfingaisueulaeenled (keCO,eq) druvailnsiadiaunsazyin
wuilassadrelifainislanuaesfitaaifusulasenlad (CO,) drfigaviafy 93,960.62 kgCOLeq
Tnsanunsnaguieazidealundazdiuvesiassadietiuded drugiusnuazaee Tassadsldda
nsUanvassniwaisuaulneanlan (CO,) ﬁwﬁqmmﬁ’u 5,430.49 keCO,eq ANIialassadisnounin
iesumanuarlasiainavangunssaetetalaud 28.74% uay 27.43% mud ey iesanlassaiisls
fuhniinlassaauilfmssnuuugurnlddediianduuresnuuuidugiusnuuuusun uarludm
vadlassadianny i W uagtiulady lassaddlsifidmavanudosfmansuaulasenlad (CO,) sitgawiafy
78,303.59 kgCO,eq Andvialassainsnouninaiuman wazlaseasrandngunssad 13.07% uas
4.52% puanau wagludivedassaiimdinmuinasailifisinisanddesfingrisvaulaeanlya
(CO,) waﬁqmwhﬁu 10,226.54 kgCO,eq Gf’lﬂﬁﬂmqa%’mauﬂ%La'%uma“ﬂuazimqa%ﬁqméﬂgﬂmmﬁl

14.11% kA 2.18% AUAINU LAAIAININT 6
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CO, emissions (kg CO, equivalent)

120,000.00

109,607.57 99,951.36

100,000.00 90,081.25 g5 013.72 >R
78,303.59
80,000.00

60,000.00

40,000.00

11,906.28 10,454.59

20,000.00 7,620.057.483.06 10,226.54

5 430 49 . .
o S
5 < &
&5 i@ &
= \@ ';3}
ﬁ,&" B
é@n \é\r\\
S
&
Eeaunsolasuinda Bl B mdnasdnssa

M 6 nsIeuisuteyanisuandassfianisueulaeenlen (kgCO.eq)

AUVDIlATIAS9UNY

A13199 4 uansan1svanUaseingasueulaeenlen (CO,) laswasstnuisazyia

awiu  viavesdaaildvin - AUSIN CO, emissions % AMsURBuLUaliBlUSBULiBUU

Taseddne (kgCO,eq) ABUNSALESULUAN
1 ABUNSALASULMAN 109,607.57 0%
2 40 93,960.62 -14.28%
3 wingunsse 99,951.36 -8.81%

9115197 4 nurnlassadsreunsaasumaniainisuantassfngaisuoulasanles (CO,)
USunaugean 109,607.57 kgCOeq seaunflassasiuningunssadinisuanvassinwansueulaeenlas
(CO,) 99,951.36 kgCO,eq hazlassasisldinisuanlaseingmsuoulneanlun (CO,) 93,960.62 kgCOLeq
lssasramansunssaiulassaisliazdnnuuandisesssunanisvanddesieansveulnsenlediioy

a <

fulsaad1enoun3nESUVaNT 8.81% way 14.28% muddu tnslassadisliveiadesninlassasiaman
9 6% %ﬂﬁwﬁlﬁﬁasﬂuﬁﬁmqLﬁmﬁuwam'ﬁ%’s (Duan et al., 2022) ua¥ (Allan and Phillips., 2021) 3
denndasiu uasARasTeUSinansUanUdesinsmsuaulnoonlsdseiuiidacs (m?) Tassadsneunsa
WESUMANYINAY 680.80 keCOeq/m? Tnssaseliinindiu 583.61 keCOeq/m? uazlasiasiumangunssn
Wiy 620.82 keCO,eq/m? Fannanadsuandlidiuinlassadesinliifisiadenisvanuassfngafueu
Isienlast (CO,) Afian uanafannd 7 egslsimudanuiiinuidetnlasiaiislioia CLT vesUszine
awudadidnisuanuaesfiivaiueulaeanled(Co,) wirfu 140 keCO,eq/m2 (Lechon et al., 2021)

Fasnnilesaasalinidouds
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kg CO, equivalent
115000

109,607.57
110000

(0%)
105000

99,951.36
100000

(-8.81%)

95000 93,960.62

(-14.28%)
90000

85000
AAUASALESULUAR T twangwssat

afl 7 nsvliSeuiisuainisvanUaseingansueulneenlan (CO,) Tassasratnuumassin

AelvihmsAnelugiuues Product stage vesdulassas sty Tnaldlavinnswseuiieu

Ya v

msdanvdssfmaiveulasenledludiuvesnsnnussiuiaznszuiunisieains deidedanuayled
srfnuiludiudug veadhuseld wu nswisuwlasiandwesiuiisvdwmanoUsuiunisuanuaes
faensusulasenled (CO,) msnoaiwnelasiaianounineduman liuazmangunssaideddede
wansineiuld Tnesudde Tighnavard and Marsono (2017) wuinnisneadnadmelaswadsldiduauisnan
szezaInsnoaiisuazandununoatislada 30% Weiisuiulassainouninasumaniazlnseaing
wan dederdvedlasaialiferuannsalunsfuimindenaidiiuly asnunisvad msuandng
msdeuanniiruuazanlsl é’f&fuﬂfliﬂ%fuﬂqaﬂisﬁm%mwm'i'%’mf’mﬁﬂLLazmmumumaﬂmaa%ﬁﬂﬁﬁ]zsu"s8
Tannsaldoulaswaialildogefiuszans nitasunsaausunaunmsuanddesfensvelnoanlas
(CO,) swpgnaMsfsawaziuuNsieaidld
NMsAnwMsiUSeufisulSinamsvantaseniwmsueulaeenlen (CO,) vedaswasestulsendna
WAL LUUUIUARSNENT 4 Yaensensiamasnu nuilassasisdnuldiinmsvanUaseingasveulaeenlsn
(CO,) ﬁwﬁqmﬁm 583.61 keCOeq/m? sedaunAelassasnumningunssas uazlassasrsmounImasuwman
insUanuassiigarsueulaeenlan (CO,) 620.82 keCOeq/m? Lag 680.80 kgCO,eq/m? AILAIAU
annsafinnsanldiuenmiennmsussndandsedildanniseenuuuwarmsldnuduussndand et
WeliinUusyansualunsananiizlandounndsiu laswad1alizaunsatisanusinanislanddes
framsuaulaoanlas (CO,) vasmsneadrstuinedelads 14.28% Wafisuiulasadnounineasumdn
way 6% Walisuiulassauvangunssa Tulassailifadumadeniivnzauigalunisesnuuy
TassafrtuiteanuunanislanUdesineasveulasenlasd (CO,) annnilifinsuanUdesiie
anduoulneanlus (CO,) AniirsunImasumdnuasmanmsiziinszuiunisidunvestsidulydosing
nslindsmlunmandnuazuusslainnwidunsldunesouninuasmvin lnsaouninuasmaniudesH
ns3da Mangs mavaex Maunsn dweslindnuluniandngs wimsnasldduinisiawasuyssulv

TAvu1InNABINISYINTY
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Abstract

This study proposes a semi-supervised learning framework for left atrium (LA) segmentation
from three-dimensional cardiac Magnetic Resonance Imaging (MRI) using pseudo-labeling.
The objective is to improve segmentation performance under limited labeled-data conditions.
The proposed method integrates a 3D U-Net architecture with an iterative training pipeline and
dynamic confidence-based pseudo-label refinement. Using the Medical Segmentation Decathlon
dataset, experiments demonstrate that the semi-supervised model achieves a mean Dice Coefficient
(DSQC) of 0.9066 + 0.0043 and a mean Average Hausdorff Distance (AHD) of 2.2409 + 0.3661, surpassing
the fully supervised baseline (DSC: 0.8519 + 0.0395; AHD: 4.7696 + 1.3128). Qualitative evaluation
further confirms reduced false positives and enhanced anatomical precision. The results indicate
that the proposed approach effectively leverages unlabeled data to achieve high segmentation
accuracy with minimal manual annotation, providing a practical solution for clinical management of

atrial fibrillation (AF).

Keywords: Left Atrium Segmentation, Semi-supervised Learning, Deep Learning
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Introduction

AF is a significant global public health concemn. While the age-adjusted prevalence of AF has
remained relatively stable between 1990 and 2019, the numbers of affected individuals and
Disability-Adjusted Life Years (DALYs) have increased significantly. This rise is primarily attributed to
population aging and growth (Roth et al., 2020). Recent studies in the United States have reported
an AF prevalence as high as 3.89%, exceeding previous estimations, with variations across
demographic groups. For instance, men are more prone to AF than women, while non-Hispanic
Whites exhibit a higher prevalence compared with other groups (Oltman et al., 2024). In Thailand,
community-based screening among adults aged > 65 years showed an AF prevalence of 2.8%
(Suwanwela et al., 2021), and among hypertensive patients, the prevalence was 3.46% (Krittayaphong
et al,, 2016). These findings highlight a heightened burden in high-risk populations such as the elderly
and those with cardiovascular comorbidities, underscoring the need for effective screening and
diagnostic methods.

A detailed understanding of the LA structure is crucial for AF management. LA imaging using
MRI provides highly accurate structural information, serving as a vital tool for optimal treatment
planning. Deep learning—particularly convolutional neural networks (CNNs)—has emerged as a
powerful technique for medical image segmentation due to its ability to automatically extract
hierarchical and spatial features. This enables more accurate, robust, and scalable segmentation
compared with traditional methods that rely on handcrafted features or manual rules. In the context
of LA segmentation, deep learning models can better capture complex anatomical variations, which
is critical for clinical decision-making. Although deep learning techniques for MRI analysis and
segmentation can yield promising results, many rely on fully supervised learning, which requires
large amounts of accurately labeled data. This requirement poses a significant challenge, as acquiring
expert-annotated medical images is costly and time-consuming. In contrast, semi-supervised learning
approaches aim to reduce dependency on labeled data by leveraging both labeled and unlabeled
datasets. These methods strike a balance between performance and annotation efficiency, and they
have recently gained attention as a promising direction in medical imaging. For instance, a recent
study demonstrated that semi-supervised learning techniques achieved significantly improved
segmentation performance for brain metastases on multicenter MRI data, especially in low-label
scenarios (Ottesen et al., 2024). Their findings underscore the robustness and generalizability of semi-
supervised approaches across heterogeneous datasets, highlighting their potential in real-world
clinical applications where annotated data is limited. Therefore, integrating deep learning with semi-
supervised techniques offers a practical solution to enhance the utilization of available data while

reducing the reliance on extensive manual annotation by medical experts (Wang et al., 2022).
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In practice, deep learning models for MRI-based segmentation typically require a substantial
amount of annotated data to achieve robust and generalizable performance. The effectiveness of
these models has been shown to improve with increases in both the number of labeled training
samples and the spatial resolution of the input data, reflecting the importance of data volume and
structural detail in complex anatomical segmentation tasks (Yang et al., 2024). Similarly, a study
evaluating U-Net performance in organ segmentation found that the DSC started at 0.424 with just
eight labeled cases and increased substantially to 0.858 with 160 cases, reaching 0.867 when trained
with 320 cases. This trend underscores the strong dependency of segmentation accuracy on the
availability of sufficient annotated data (Bardis et al., 2020). These observations reinforce the notion
that high-quality labeled datasets—often comprising tens to hundreds of annotated cases—remain
critical factors in the success of supervised deep learning methods for MRI segmentation.

Despite the clear benefits of using large annotated datasets, assembling such datasets
remains a formidable challenge. An analysis of Medical Image Computing and Computer Assisted
Intervention (MICCAI) publications between 2011 and 2019 revealed that the geometric mean of
dataset sizes grew at annual rates of approximately 21% for MRI, 24% for Computed Tomography
(CT), and 31% for functional MRI (fMRI), reflecting increasing community expectations for larger
datasets in medical image analysis (Kiryati and Landau, 2021). In a more tangible exemplar,
segmentation of multi-organ CT volumes in the AbdomenAtlas project estimated that a trained
annotator might spend 30-60 minutes per CT volume under manual annotation, and completing all
8,448 CT volumes by conventional means would require on the order of 1,600 weeks (~30.8 years)
of continuous effort (Qu et al,, 2023). Such formidable time and labor demands underline the
infeasibility of relying solely on fully annotated datasets, motivating approaches such as semi-
supervised learning, active learning, pre-annotation, and annotation-correction guidance to alleviate
annotation burden.

This research employs semi-supervised learning to address the limited labeled data
challenge in LA segmentation from MRI images. In this study, we intentionally adopt an extreme
low-data scenario as the labeled set while leveraging additional unlabeled images via pseudo-
labeling. This constraint is chosen to simulate real-world clinical settings where expert-annotated
data are scarce. The proposed method will be benchmarked against a fully supervised baseline
under identical data conditions to evaluate how much semi-supervised learning can mitigate

performance degradation due to the low sample size.
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Research Objectives

1. To develop a semi-supervised learning framework for LA segmentation in 3D cardiac MRI
using pseudo-labeling.

2. To benchmark the proposed method against a fully supervised baseline under limited

labeled-data conditions.

Literature Review

Conventional LA segmentation often employs CNNs in conjunction with supervised learning
techniques. For instance, Zhang et al. (2021) presented a CNN model integrated with Bayesian
filtering for LA segmentation from MRI, achieving a DSC of 94.1% for 2-chamber, 3-chamber, and
4-chamber views. Similarly, Aryan et al. (2022) utilized U-Net with ground-truth MRI data, reporting a
DSC of 0.94. However, traditional CNN-based approaches are limited by their reliance on large
amounts of labeled data, which can be a significant obstacle in medical applications where such
data are scarce. To address this limitation, Swetha et al. (2023) proposed an improved U-Net
architecture incorporating skip connections to enhance LA segmentation accuracy while reducing
the dependence on extensive labeled data. Furthermore, Uslu et al. (2021) introduced LA-Net, which
employs cross-attention modules (CAMs) and enhanced decoder modules (EDMs) for LA
segmentation without requiring post-processing, demonstrating advancements in techniques that are
less reliant on labeled data.

The DSC has become a widely adopted metric for evaluating segmentation performance in
medical imaging, particularly in tasks involving small and irregular structures like the LA. According
to Taha and Hanbury (2015), DSC provides a robust and intuitive measure of spatial overlap between
predicted and reference segmentations, making it especially suitable for 3D image analysis. However,
DSC, being overlap-based, may not fully capture spatial discrepancies, and it therefore should be
considered alongside other evaluation metrics in some cases. Similarly, Maller et al. (2022) proposed
practical guidelines for selecting evaluation metrics in medical image segmentation, recommending
DSC as a primary metric due to its interpretability, while also encouraging the use of complementary
measures—such as the AHD and sensitivity—to gain a more comprehensive understanding of model
performance, especially in the presence of class imbalance.

To mitigate the limitations associated with extensive labeled data requirements, semi-
supervised learning has gained attention for LA segmentation, leveraging unlabeled data in
conjunction with a limited amount of labeled data. For example, Wang et al. (2022) presented a
Dual-Consistency technique using only 20% labeled data and 80% unlabeled data, employing

model-level perturbations and structure-level spatial contextual perturbations to improve LA
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segmentation accuracy. Likewise, Shi et al. (2024) employed a Multi-Level Consistency technique
emphasizing consistency across multiple levels, including the use of virtual adversarial training to
enhance unlabeled data utilization, achieving a DSC of 91.69%. Additionally, Liu et al. (2022)
proposed a semi-supervised framework comprising a segmentation model and a classification model
with a contrastive consistency loss to facilitate better discrimination between labeled and unlabeled
data, achieving a DSC of 89.81%. More recently, Xu et al. (2024) introduced SAMatch, which utilizes
a SAM-guided match-based framework to generate pseudo-labels from unlabeled data,
demonstrating excellent results in LA segmentation even with limited labeled data, such as achieving
a DSC of 89.36% on the Automated Cardiac Diagnosis Challenge (ACDC) cardiac MRI dataset. These
techniques demonstrate the potential of semi-supervised learning to improve LA segmentation
performance without necessitating large labeled datasets.

While supervised learning can achieve satisfactory results in LA segmentation, it remains
dependent on substantial labeled data, which can be a constraint in medical contexts due to the
limited availability of such data. Conversely, semi-supervised learning techniques can leverage
unlabeled data alongside a small amount of labeled data to enhance LA segmentation performance
without excessive reliance on labeled data. Therefore, this research compares the performance of
semi-supervised learning against supervised learning to evaluate which technique achieves superior

LA segmentation accuracy in limited labeled-data scenarios.

Research Methodology

This study proposes a semi-supervised learning framework for LA segmentation in three-
dimensional cardiac MRI, aiming to overcome the challenge of limited annotated data. The proposed
method integrates a 3D U-Net architecture with a confidence-based pseudo-labeling strategy and an
iterative training pipeline. The methodology comprises four main components: dataset preparation,
model architecture, pseudo-labeling strategy, and training procedure.

1) Dataset Preparation

Experiments were conducted using the Medical Segmentation Decathlon (MSD) Task 02:
Heart dataset (Antonelli et al., 2022), which consists of 30 cardiac MRl volumes—20 labeled and 10
unlabeled. Two dataset configurations were prepared for different experimental settings:

- Baseline Set: This configuration uses only the labeled data. Ten labeled volumes were

used for training and five for validation. The remaining five labeled volumes were excluded from
both training and validation, and no unlabeled data were used. This setup serves as the baseline for

fully supervised training.
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- Semi-Supervised Set: This configuration includes both labeled and unlabeled data.
The same ten labeled volumes were used for training and five for validation. The remaining five
labeled volumes were reassigned as unlabeled, combining with the ten original unlabeled volumes
to form a pool of fifteen unlabeled samples. To enhance the diversity of unlabeled data,
augmentation techniques such as random rotation and zoom were applied, resulting in thirty
unlabeled samples used for pseudo-label generation.

The configurations of both sets are summarized in Table 1.

Table 1 Dataset Configurations

Training Unlabeled Unlabeled Validation
Configuration Total
(Labeled) (Original) (Augmented) (Labeled)
Baseline Set 10 0 0 5 15
Semi-Supervised Set 10 15 15 5 45

2) Model Architecture

The segmentation model is based on a 3D U-Net architecture, implemented using the MONAI
framework due to its optimized support for 3D medical imaging and integration with PyTorch. The
architecture comprises an encoder-decoder structure with skip connections and residual units,
facilitating the preservation of spatial and contextual information throughout the network. All models
were trained using the Adam optimizer with a learning rate of 0.0005, a batch size of 2, and a weight
decay of 0.0001. To ensure a fair comparison, these hyperparameters were held constant across
both supervised and semi-supervised training regimes. All experiments were executed on an NVIDIA
Tesla P100 Graphics Processing Unit (GPU) with 15 GB of Video Random Access Memory (VRAM).

3) Pseudo-Labeling Strategy

To leverage unlabeled data, a confidence-aware pseudo-labeling mechanism was employed.
During each training iteration, the current model was used to generate segmentation predictions for
the unlabeled volumes. Voxel-wise confidence scores were obtained from softmax probabilities, and
only predictions that exceeded a dynamically adjusted confidence threshold were retained as
pseudo-labels. The threshold was initialized at 70% and incrementally increased up to 90%, based
on the model’s validation performance. As the validation DSC improved, the threshold was raised
to filter out low-confidence predictions, thereby ensuring the quality of the pseudo-labels. This
dynamic adjustment helped reduce the propagation of noisy or unreliable labels into subsequent

training stages.
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These threshold values (0.70-0.90) were selected based on empirical observations. In our
experiments, when the threshold was set below 0.6, the validation DSC often fluctuated significantly,
suggesting the inclusion of noisy predictions. Setting the initial threshold (the starting point) at 0.7
helped stabilize training, while increasing the threshold toward 0.9 as the model improved avoided
overly strict filtering that would discard useful information.

The total training loss was defined as a weighted sum of two components: a supervised loss
from ground-truth annotations and an unsupervised loss from pseudo-labeled data. Initially, the
pseudo-label loss was assigned a low weight (0.01) to minimize the influence of potential noise. This
weight was gradually increased—up to a maximum of 0.4—according to model performance. This
adaptive weighting strategy mitigated confirmation bias and enhanced training stability.

The selected range of 0.01-0.4 for the pseudo-label loss weight was also based on extensive
experiments. Fixed weights ranging from 0.1 to 1.0 were initially tested, and the best DSC values
were consistently observed when the weight was between 0.2 and 0.4. We then explored adaptive
schemes across several ranges (e.g., 0.1-0.3, 0.1-0.5) and found that a dynamic range of 0.01-0.4
yielded the most stable and high-performing results. Starting from 0.01 allowed the model to
cautiously incorporate pseudo-labels, while increasing the weight as performance improved enabled
better utilization of unlabeled data.

It should be noted that these values were empirically tuned for this specific dataset. When
applying the method to other datasets, re-tuning these thresholds and weights is recommended.

4) Training Pipeline

The semi-supervised training follows a four-stage iterative pipeline designed to progressively
refine segmentation performance (Figure 1):

1. Initial Training: The base 3D U-Net is trained for 100 epochs using the 10 labeled
training volumes to establish baseline segmentation.

2. Pseudo-Label Generation: The trained model generates pseudo-labels for all 30
unlabeled volumes. A dynamic confidence threshold (70%-90%), determined by the validation DSC,
filters predictions to retain only high-confidence labels.

3. Training with Pseudo-Labels: The model is trained for 300 epochs on the combined
labeled and pseudo-labeled data. Supervised and unsupervised losses are calculated separately,
with the pseudo-label loss weight gradually increasing from 0.01 to 0.4 to mitigate the impact of
label noise. Pseudo-labels are regenerated iteratively as model performance improves.

4. Fine-Tuning: After multiple refinement cycles, the model is fine-tuned for 100 epochs
using only the original labeled data with a reduced leaming rate to stabilize performance and

mitigate residual noise effects.
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Early stopping is employed throughout training, terminating if the validation loss fails to
improve for 20 consecutive epochs. Evaluations are conducted every two epochs to prevent

overfitting and optimize computational resources.

1. Initial Training
(10 labeled volumes, + Train base 3D U-Net
100 epochs) « Establish baseline segmentation
2. Pseudo-Label Generation « Predict pseudo-labels using current model
(30 unlabeled volumes) - Dynamic confidence threshold (based on Dice score)
Threshold: 70-90% « Discard low-confidence predictions

3. Train with Pseudo-Labels
(labeled + pseudo-labeled,
300 epochs)

PL loss weight: 0.01 = 0.4

|

« Train on both labeled and pseudo-labeled data
« Separate loss for ground truth and pseudo-labels
- Regenerate pseudo-labels if performance improves

4. Fine-Tuning
(10 labeled volumes, - Final training with high-quality labeled data only
100 epochs) = Reduce noise from earlier pseudo-labels
Reduced LR
Stop

All stages use early stopping (20-epoch patience), evaluated every 2 epochs.

Figure 1 Training pipeline

5) Evaluation Metrics
To evaluate segmentation performance, two standard metrics are used: the DSC and the
AHD. These metrics assess the overlap quality and boundary accuracy between predicted and
ground truth segmentations.
1. Dice Similarity Coefficient (DSC) The DSC quantifies the overlap between the

predicted segmentation and the ground truth. It is defined as:
DSC = 2|P NG|
|P| + 16| (1)
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where:

P = set of predicted voxels

G = set of ground truth voxels

A DSC value ranges from 0 to 1, where 1 indicates perfect overlap and 0 indicates no
overlap. This metric is particularly useful for evaluating the segmentation accuracy of anatomical
structures.

2. Average Hausdorff Distance (AHD) The AHD measures how closely the boundary of
the predicted segmentation aligns with that of the ground truth. It is defined as the symmetric

average of the distances from all points on one boundary to the closest point on the other boundary:

1 . 1 .
AHD(A,B) = max (WZ min|ja — b”’ﬁz min|[b — all)
acA beB

where:
A = set of boundary points from the predicted segmentation
B = set of boundary points from the ground truth segmentation
This metric computes the average of the minimum distances between boundary points of
both segmentations. A lower AHD value indicates better boundary alignment and, consequently,
higher segmentation accuracy—particularly important in applications involving fine or complex

anatomical structures.

Findings

To evaluate the effectiveness of the proposed semi-supervised segmentation framework, a
series of experiments were conducted to compare different training strategies: (1) fully supervised
learning; (2) a vanilla semi-supervised variant excluding several key components (no confidence
thresholding, no pseudo-label weighting, no iterative pseudo-label generation, and no fine-tuning);
(3) semi-supervised learning without fine-tuning; and (4) semi-supervised learning with the full
configuration. All experiments were performed under identical settings, including consistent dataset
splits, hyperparameters, and computational resources.

1. Quantitative Results

Table 2 presents the quantitative results of segmentation accuracy and training time for all
models. The full configuration semi-supervised model achieved the best performance, yielding a
mean DSC of 0.9066 + 0.0043 and the lowest mean AHD of 2.2409 + 0.3661. This significantly
outperforms the fully supervised baseline, which attained a DSC of 0.8519 + 0.0395 and an AHD of
4.7696 + 1.3128.

Uryryn 1890670y 10NUIU ANISSSU
Intellectual, Professional, Cheerfulness, Morality
54



onsansASUNUUSAAU adudnenAmansiasinAlulad O 17 uns1AU - SUonAU 2568
Sripatum Review of Science and Technology Vol.17 January - December 2025

Notably, the vanilla semi-supervised variant (DSC 0.8505) showed no improvement in overlap
compared to the baseline but did achieve a better boundary alignment (AHD 2.8317). The model
without fine-tuning (DSC 0.9045, AHD 2.4762) approached the performance of the full configuration,
highlighting the substantial impact of the iterative pseudo-labeling. The markedly lower standard
deviations for both DSC and AHD in the full semi-supervised approach indicate more stable and
consistent performance across validation samples.

However, this improved accuracy comes at the cost of increased computational time. The
full configuration (151 + 11 min) required substantially more training time than the supervised
baseline (53 + 4 min), reflecting the trade-off between performance and computational resources.

To ensure statistical reliability, each model was trained and evaluated five times
independently, and the results are reported as mean + standard deviation. This approach mitigates

the effects of randomness in training and provides a robust measure of consistency across runs.

Table 2 Comparison of segmentation performance

Dice Score Average Hausdorff Training Time
Model
(Validation Set) Distance (min)
Fully Supervised 0.8519 + 0.0395 47696 + 1.3128 53+4
Semi-Supervised
0.8505 + 0.0298 2.8317 + 0.5691 92 £ 17
(Vanilla)
Semi-Supervised
0.9045 + 0.0071 24762 + 0.4735 126 £ 10
(No Fine-Tuning)
Semi-Supervised
0.9066 + 0.0043 2.2409 + 0.3661 151 + 11

(Full Configuration)

Figure 2 illustrates the training dynamics of both models. In the supervised setting, training
loss decreased steadily, while the validation DSC plateaued around 0.85. In contrast, the semi-
supervised model exhibited fluctuations in training loss during epochs 100-250, coinciding with the
integration of pseudo-labeled data. Despite these fluctuations, the validation DSC continued to
improve, ultimately surpassing the supervised baseline following the fine-tuning stage. These
observations underscore the importance of iterative pseudo-label refinement in enhancing

segmentation accuracy, even under increased training complexity.
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Figure 2 Training loss and validation Dice score for supervised vs. semi-supervised models

2. Qualitative Evaluation

In addition to quantitative metrics, a qualitative assessment was performed on withheld
validation volumes to evaluate the anatomical plausibility and visual consistency of the segmentation
results. As shown in Figure 3, all semi-supervised variants produced fewer false positives in non-
cardiac regions and demonstrated more anatomically accurate delineations of the LA boundary
compared to the fully supervised model.

Among the semi-supervised methods, both the configuration without fine-tuning and the full
configuration yielded noticeably cleaner segmentations than the vanilla semi-supervised variant,
which exhibited residual artifacts and over-segmentation in peripheral regions. The full-configuration
model achieved the lowest number of false positives overall, while the no-fine-tuning variant
produced slightly higher false positives but still performed substantially better than the vanilla
baseline.

These visual observations are consistent with the quantitative results reported in Table 2,
reinforcing that iterative pseudo-label refinement and fine-tuning contribute to improved anatomical

precision and reduced segmentation noise.
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Figure 3 Qualitative comparison of segmentation results

Discussion

The experimental results clearly demonstrate the effectiveness of the proposed semi-
supervised framework, particularly in data-scarce environments. The substantial improvement in
mean DSC, combined with reduced variance, suggests that the model benefits significantly from
leveraging unlabeled data through pseudo-labeling. This finding aligns with existing literature
emphasizing the role of unlabeled data in enhancing model generalization.

A key observation is that the semi-supervised model continues to improve even during
stages of fluctuating training loss—especially when pseudo-labels are incorporated. This indicates
that the model successfully learns meaningful representations from pseudo-labels despite the
inherent noise. Qualitative results further confirm more anatomically plausible segmentations,
supporting the hypothesis that unlabeled data can guide the model toward better anatomical priors.

To mitigate the impact of noisy pseudo-labels, several strategies were implemented. First, a
confidence-aware filtering mechanism was applied to exclude low-probability predictions, with the
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confidence threshold dynamically increased from 0.70 to 0.90 as the model improved. Second, the
loss weight for pseudo-labeled data was initially set to a very low value (0.01) and gradually
increased to 0.4 based on the validation DSC, limiting the early influence of noisy labels. Third, data
augmentation was applied to the unlabeled data pool to enhance diversity and reduce overfitting
to spurious structures.

Despite these strategies, some noise remains inevitable—primarily due to the limited training
data, which constrains the model’s ability to generalize during early training. Increasing the size and
diversity of the dataset represents a promising direction for further reducing pseudo-label noise.
Incorporating additional labeled examples or employing self-supervised pretraining could further

enhance the model’s robustness to label noise and anatomical variability.

Suggestion

1. Suggestions for Research Utilization

This study presents a semi-supervised segmentation framework based on a 3D U-Net
architecture for LA segmentation from cardiac MRI. The framework was intentionally designed and
evaluated under extremely limited labeled-data conditions to reflect practical constraints in clinical
and research environments. By incorporating pseudo-labeling with dynamic confidence filtering, the
method effectively leverages unlabeled data to improve segmentation performance while reducing
dependence on manual annotation.

Experimental results demonstrate that the semi-supervised model consistently outperforms
its fully supervised counterpart in both accuracy and stability, despite being trained on only 10
labeled volumes. This highlights the framework’s capability to operate effectively in data-scarce
scenarios, addressing one of the key challenges in medical image analysis.

The iterative refinement of pseudo-labels and the adaptive loss-weighting strategy further
enhance model generalization without imposing significant annotation overhead. Nevertheless, the
relatively small and homogeneous dataset may limit generalizability to more diverse clinical settings,
and the training process remains computationally demanding.

2. Suggestions for Further Research

Future research will explore the scalability and adaptability of the proposed framework
through the following directions: 1) Validation on large-scale datasets: Evaluating generalization
across multi-center or population-level cardiac MRI datasets, 2) Transfer learning from big data:
Pretraining on large datasets and fine-tuning on small labeled subsets for data-scarce domains, 3)
Multi-scale pseudo-labeling: Incorporating anatomical context at multiple resolutions to improve

pseudo-label robustness, 4) Adaptive uncertainty-aware weighting: Integrating uncertainty estimation
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into the loss function to better handle noisy pseudo-labels, and 5) Efficiency-oriented
implementation: Developing lightweight models suitable for clinical environments with limited
computational resources. These directions aim to enhance scalability, robustness, and clinical

applicability in future cardiac image-analysis systems.
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Application of the Fuzzy Analysis Hierarchy Process to Develop AUN-QA
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Abstract
This study aimed to apply the Fuzzy Analytic Hierarchy Process (FAHP) to determine the

weights of the AUN-QA criteria, thereby enhancing accuracy and reducing ambiguity in internal quality
assessment scoring. The resulting FAHP-based weights were compared with the original faculty
assessment scores to calculate the Absolute Percentage Error (APE). The study involved 17 quality
assurance experts from Sripatum University, who conducted pairwise comparisons and consistency
ratio analyses to derive the weights. The findings indicated that “Expected Learning Outcomes” and
“Teaching and Learning Approach” received the highest weights, underscoring their crucial role in
academic quality management and alignment with institutional missions. The APE values for the
Faculty of Engineering and the Faculty of Information Technology were 1.563% and 2.3449%,
respectively, both below the 3% threshold, which confirms the model’s accuracy and robustness.
Overall, the results demonstrate that the FAHP approach strengthens the credibility of internal
quality assessment systems and provides a strategic decision-support tool for guiding curriculum

development, faculty capacity building, and continuous quality improvement in higher education.

Keyword: Fuzzy Analysis Hierarchy Process, AUN-QA, AUN-QA Assessment Models
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A15199 1 (M)

nauAL3
a1y VLU AU fiami AUN-QA | lifinanu AUN-QA
(X1) (X2)
10 | duimsane WINta AN s IEuUTN AGPRHGERN
11 | fuimsane HinnsdinnuaneImnssuaans fanugnse
12 | guimsmheny | g8uwnenisnguailasiasne fanusldng
13| fuimsmhea | gownenisdiinauenans faulings
14 | guimsmheny | geunensdninnunsideu AGPRHGERN
15 | fuimsmheau | dvthawnudssiuaunmnisdnm fanugns
16 | fuimsmheau | g8wnenisqudaniafinws fauslings
17 | duimsmhenu | g8wnenisianisindng fanuslidng
3’;1J;§L5?j'mmzy 8 vy 9 v

nsfudeyanndilevgdiuiu 8 viwu Aflanudnseiudssduiunssefuguaimnsdng
pNTOU AUN-QA iieldlumsnsiaeumnuaenndesvestads uasterauiim uaendesivinguszasd
v09n1533ensely Tnednsviadudanuaenndesweiom (Index of Item-Objective Congruence:
I00) uaznsaeumLidotiuveniasiiomemaulszaniueanivesnsauuin (Cronbach's Alpha) niou

Vainenuiisareswuuaauaulagsan oglsiniu Wesendudileivgiifanuinsedldiiivme

:1' 1 =

defiasanluliivestadvdesifsdestunasinisusailivluudazsy Ssldveonsiudoyaifisduain
fidvrngifiniudlinsdaonsatu AUN-QA §1udu 9 vinu Feliflugiudiuiennis nisusmsdanis
N1300NLUUVENEAT Wazn1siisunsasussdugan@ne ansuldiideyandidermgyisaosnguun
Jinsendisuiisuanuuansiiavesssiuanudniulagldnsmaaeuani (t-test) 1ilensraaeudng
anuuaniadsfodfmnaaifssmnanguiidomngiifinnuings (1) Aunguidiaiusling (x2) duaz
Prefuduarnindeievonagulifving uasdemonmeuaiasdioldoneumi Ul ludunsudaly

NTWAILILUUTIRBY

nsauLuusiassnsUssdununmnsfneivssgnildnsruiunisdidududGiase
aruaguiaie Wanunsodamstualiuiueulunislizuuununst AUN-OA dunoudsil

1. adaununfisiudu (Hierarchy) mntladondn d1uau 8 Jade 1dud nanisidoudiienamds (C1)
lassainalusunsu (C2) uuamansdanisiseunisaeu (C3) MaUseiliugiiey (C4) ANNNYRIYARINTENY
391013 (C5) MIUinsuazmstiemdediFou (C6) Assasanuazainuazlaseadafiugiu (C7) uas

HandnLazNaans (C8) usaztaduudnusznoumetladusessng g fanni 6
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azuuunsUsEiuaunIWANSANEN

Jadendn

C1 wamsiseudi
aanda

C2 lasaasng
TUsunsu

C3 Wumems
Jan1si3unis
dou

C4 maUszidiu
5oy

C5 A8
YAAINTAY
Ams

C6 MIUINS
uarMItIBnde
I

C7 &g
AvaInuay
Tassataiugiu

C8 WaHAnuAY
HASHS

ce
o]
2,
[
oA
5}
&

C1-s1

C1-S2

C2-51

I
panind iy

€3-51

I
ik ke

C4-S1

I C2-S2

€3-S2

T
—===-

C5-51

T
planin e

C6-S1

- C4-S2

C5-52

==p==-

T
il sk

C6-S2

C1-S3

i C1-S4

C1-S5

paaon

T
T

L C2-S3

C3-53

C4-S3

H C5-S3

C2-s4

C3-54

C4-s4

ad

I C5-54

C2-S5

pnie milbpdens i

3-S5

T T
st nisienh i

H C4-S5

C5-S5

i

C6-S3

C6-Sa

C6-S5

M C2-56

C2-s7

ANA 6 wHuNTaR

C3-S6

g

C4-S6

C5-56

ik inkiepnls it

C6-S6

[
===

i C7-S1

€8-S1

L C7-S2

Ly C7-S3

1 C7-54

€8-S2

€8-S3

€8-54

C7-S5

= C7-S6

a o

Y

IUEE

—t C4-s7

C5-S7

o
v o

UFUNISAINNUAAIUNATN AL LUUALLN I AUN-QA

a C5-S8

[t

H C7-S7

] C7-S8

4 C7-S9

el

€8-S5

[l

2. MuuaanuingkaznsWIsuiisueg ielidweinainlassduanudifguasainuiing

lunssndula a1nmeduieneg Mdufuusideniw (Linguistic Variables) wazdiavils@uuuaiuinae

(Triangle Fuzzy Number: TFN) afumdaavaiunduaindiay (7all) wu daunusieniwianudfny

' | o = ] v Y a 2 o = = a Y v
FEUINWNAUDILNNNIENUBEAIALAUAD 2 Wlaulusilaula@iuuauiaey A (1, 2, 3) Larn1MBINg

ylidumaundunuuile® fe (1/3, 1/2, 1/1) Fann5797 2

M99l 2 mnuvsnevesnsisuifisuidunegdsssuanudfyfudsdanie
FUIITINIY flav Fan Fuzzy WUUAIMAE:
(linguistic Variables) AHP TEN Reciprocal TFN
TarudAgviniu 1 (1,1, 1) (1,1, 1)
frnudfgysewinaintuiannninanies 2 1,2, 3) (1/3,1/2, 1)
frnuddnunnninanies 3 (2,3,4) (1/8,1/3, 1/2)
frnudfgsewinaunnnindntisefannnitiiunana 4 (3,4,5) (1/5 1/4, 1/3)
farudAguinnindiunans 5 (4, 5, 6) (1/6, 1/5, 1/4)
faudAgseninunninuIunastawInnamIn 6 (5,6,7) (1/7, 1/6, 1/5)
faudAguinninuan 7 (6,7,8) (1/8, 1/7, 1/6)
fayudn ”zysz‘vmmﬂﬂdﬂmﬂﬁammmfﬂ‘ﬁ'qm 8 (7,8,9) (1/9, 1/8, 1/7)
fiauddunnniniiga 9 (8,9,9) (1/9, 1/9, 1/8)
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A3evaylaviinisfinwinnsied 2 1Wuegreiuds Iinisnevnuudunival lnaSeuliisusee

(Aarsanandadeusniisudiuladends) wu g 1 van1siSeuiiataniaduidadousn du lassada

Y

=2

TUsunsududadends lnsusavdadediszauanudifny fue 1 89 9 Avsventeladousndrdguinni

Uadenas wazdadendsdrAguinnindadonsn Aulansnsen 3

M1519% 3 MsSeuLiiguTegsEnitmansseuinaania fu lasaiedusunsy

Jadeisn dAgunnin Jadeunds drAguinnin
Aif Tadousn Tadends Tadausn Tadenda
9187|654 |3(2|1(2|3(4]|5|6|7|8]| 9
Cl nansiseus c2 lassadna
1 L x
nenands Tsunsu

WefmuaseauanudAyresdady m13199 2 adduasen 3 SeuTesuad MndudeIvyii

msinsanuazdndulassiuauddn Wwu AegransilSeuiisuneruestdadendn 69 1 Cl uamaiseu;

[ | '

Aeands (Jadeusn) du C2 lassasralusunsy (Yadendq) dawindu 4 Famuneanudn gliervyl

(%

ANuAnILItnaitadensn drAynInnaeings Saudidgyseninwnnnindntes fannndiuiunans
fie (3, 4, 5) sEwinmsinsanuazdadulavesiidorvgy §iduldinisnnaey Aranuasnandesiues
wea (Consistency Ratio: CR) fsaunsit 5

CR =CI/RI (5)

Ine? ArdwilinauaenAass (Consistency Index: CI) AaNN159 6

Cl=(Amax-n)/(-1) (6)

dmsumsvilauaenndaalisgl (Random Consistency Index : RI) #315041910A99157 4

M13199 4 Fvivilaudenndendedy (R) wagA1dnsAnuaenndes (CR)

N 1 2 3 4 5 6 7 8 9 10
Ri 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49
CR 5% 9% 10%

Tunsdlfian CR Wasn11u3awvinivu 0.10 193189u5UblA wio1A1 CR u1nn31 0.10 gausuldla

o

AosinsnunuadminiUSeuiieulunaesidulnl lneddunvalasudsfieingnsuseninlndeys

Va o

lutupoull {I3ulafnwinagyinanudlandnnisveanaiananie (Delphi Technique) Live

Uszendldlunsdunivalfideviy dedianumnevesnaianavheinlunszuiunssvsuanudaiv

a a 1

wazdalauanuEINNGNELTeIveY Ineyutunislaundadunuandanuingeie ameldteulendaleonia

WBYnilaense (Surapanpairoj and Pawan, 2022; Saipia and Pawan, 2022) d@usunsaniuauluassil

ernﬁ /38367[]4 1unuU FIUSSSIU
Intellectual, Professional, Cheerfulness, Morality
72



onsansASUNUUSAAU adudnenAmansiasinAlulad O 17 uns1AU - SUonAU 2568
Sripatum Review of Science and Technology Vol.17 January — December 2025

a

Felafndendliervigdiuin 17 vu wazdnnquaiuanudeiiigliasounguedusenaunanig

e

8 vaunuIl AUN-QA (aadUsenauas 2-3 viaw) andudndunisifiudeyawuu Modified Delphi tngls

Weangrinsiiazwuunisilleuisudsguuiuunesuniawseuld Weldsuaziuund §IduAuin

ey

A IIABNAZDY (Consistency Ratio: CR) ufitlensiaaounmninusanisliazuuu vne CR AN
fifun (nain 0.1) aglifideamamumuiaryfuasuuulmmelunisdunvaiefufier Taosudums
$19undnA CR avaglunamifioonsuld (< 0.1) navviunsdnuarinaslildmazunuiiinnuaonadosgs
meluafiduas aﬂﬁf’]u3u‘§aUﬂ’]'iLﬂT’lWUEiL%EJ’J‘U’IiyJ wazdinandnn1sd1feyves Delphi fililentd
Hidevgmumudmeuauindumadlsogadusyuy

3. Msfmmmani ety Wermunssiuanuddyreunasivietiady Taemsiasizi
vosilamng vhmaTeuiioufiaze Sedithhdevdn (Criteria) anua 8 Hade Téun nan1sBouiiianans
(C1) laseainelusunsy (C2) wuamnamsiansiseunsaeu (C3) nsusziiugiseu (C4) AMNMYBIYAaINT

o

a1839In15 (C5) NMTUSNSHaEN1sYIBMARRISe (C6) AvgueniuasmnuazlasaasanugIu (C7) way

Y

NANARLATHAANS (C8) AakARNINITIIN 5

A5199 5 as1avisngmatininaudfgvestaderan Criteria C1 - C8

{Jadwuan (Criteria)

. | Andwdn
ineual L c1 c2 c3 ca s cé c7 cs

AAEARY
c1 18.17%  |(1.00,1.00,1.00)|(8.00,1.00,0.1)|(9.00,.000.13){ (6003.000.11) | (8.00,100,0.11) | (9.004000.11) | (6002000.13) | (7.00,1000.11)
c2 10.58% ((7.00,1.00,0.13){(1.00,1.00,1.00)| (6.00,.000.11){ (5.00,1.000.14) | (6.00,0250.14) | (6.00,1000.17) | (500,1.000.14) | (4.00,1000.11)
c3 14.52% |(8.00,1.000.11){(9.00,1.00,0.17){(1.00,1.00,1.00)| (9.00,1.00,0.20) | (7.00,1.00,0.13) | (8.00,1.00,0.25) | (7.00,1.00,0.14) | (8.00,1.00,0.25)
ca 12.46% (9.000.330.17){(7.00,1.00,0.20)| (5.00,1.00,0.11){ (1.00,1.00,1.00) | (7.00,1.00,0.13) | (7.00.2000.14) | (8.00,2.00,0.20) | (4.00,1.00,0.17)
c5 14.47% ((9.00,1.000.13)|(7.004.000.17)|(800,.000.14)| (8.00,.000.14) | (1.00,100,1.00) | (8.00,500,033) | (7.00,2000.50) | (7.00,1.00,0.20)
cé 10.48% [(9.000.250.1)|(6.00,1.000.17){(4.00,.000.13)| (7.00,0.500.14) | (3.00,020,0.13) | (1.00,100,L.00) | (500,2.000.14) | (500,1.00,.14)
c7 10.96% |(8.00,0.50,0.17){(7.00,1.00,0.20)|(7.00,.000.14)| (5.00,0.500.13) | (2.00,050,0.14) | (7.00050,020) | (1.00,1.00,.00) | (5.00,1.00,0.14)
cs 12.36% [(9.00,1.00,0.1)|(9.00,1.00,0.25)| (4.00,.000.13)| (6.00,1.000.25) | (5.00,100,0.14) | (7.00,100,0.20) | (7.00,1.000.20) | (1.00,1.00,1.00)

wartaduses (Sub-Criteria) 53 Jad 1wy wan1s3oudimands (C1) Uszneuse 5 Jade leun
ndngnsuanINadns s ousiaansimunzandulumuszuunenasgrunsFousiiduiisensu
(C1-51) ndngasuanamadndmadouivosneivimmnegiumngan lnsaonadostunadnsnisFouives
ndngns (C1-52) vdngnsuanananisiiousfinnanis Usznousonadws nsiioudmly waswanisiioud
1Nz (C1-53) néngasuansmnudesnisvesiiidnldduds Insanzgfdulsdmdoniousniign
swsmuazazvieuliiiulunadninmsiSoudiieemis (C1-54) néngmsuansuadnimsiSeudiimemisiiuss
vesdFowiledSanmsfinu (C1-55) Tnsuansmmaamindmanimdnaruddguesiiadoses famens

76
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Uaduses (Sub-Criteria) melaladowdn C1 (ansiSeuinannia)

. Auiin
LN . C1-s1 C1-S2 C1-S3 C1-54 C1-S5
ANUEIALY
C1-S1 10.79% (1.00,1.00,1.00) | (0.50,0.33,0.25) | (0.50,0.33,0.25) | (0.33,0.33,0.25) |  (0.50,0.33,0.25)
C1-52 17.69% (4.00,3.00,2.00) | (1.00,1.00,1.00) | (2.00,0.50,0.25) | (3.00,1.00,0.33) |  (0.33,0.33,0.25)
C1-53 24.15% (4.00,3.00,2.00) | (4.00,2.00,0.50) | (1.00,1.00,1.00) | (3.00,1.00,0.33) |  (2.00,1.00,0.33)
C1-54 23.09% (4.00,3.00,2.00) | (3.00,1.00,0.33) | (3.00,1.00,0.33) | (1.00,1.00,1.00) |  (2.00,1.00,0.50)
C1-S5 24.28% (4.00,3.00,2.00) | (4.00,3.00,3.00) | (3.00,1.00,0.50) | (2.00,2.00,0.50) |  (1.00,1.00,1.00)

TuTURDUAINITNTN 5 Waza15197 6 @unsauansamtnaudAgvestadeseinielaiiadenan

¥ =

C1 Favunedis wan1siseusiatands lneliaanudiAysiuvesdadevdnegf 0.14 Feazvioudianisiv

v
o o

AuddiuNMsusTaNansseusluseaundngasneldinas AUN-QA dmsuladesesidanimingssge
d0aUade laun C1-S5 (0.24) wag C1-53 (0.24) Yady C1-S5 1uNsuans Kaawsnsiseusna1anisn

usTabivediSeullednsansfinw FadianimingsgauansdanudAyigaigalungy vasi C1-S3

'
a

Rendeafunisuannanisioufiananis desznevsmenadndnsFouimluuaznamsisousianizyng 7
frthmingatuiu Ssvsdfannuddylumsiauuasmadanisianisdoudiiienumainvas sosan
fie C1-54 (0.23) Fananfensuaninrusiosnsveianliduds lasanzdiidmlsdudsneuond
gnsusmwazaseuliilusadndmaiouiiinants anuddguestiadelasfioulfifiuinindesles
nseRNLUUNANgRsiuNInaVAUBIANRaINSTemAIALaRidulAduduaeuen Uady C1-52 (0.18)
sosan iuiinmsuanssadndniaFousvessgiviiamunesamzay uaraenadestunadnininFous
vomdngns dauandliifiuisnsUssiiunaiifotesiumsysanmsneinlundngns aavie Jade C1-51

o a

(0.11) Fedianimindrgalungudl nanfnisuanadnsnaFouiinanisiimnzaunussuunio
wmsgunsisuifiduiivensu Tnedanuddydesiianlungui ursudsnadudiuddnlunssne
UINTTIULALAUADAARDIVBINANGAT Mnmsenzetminvestafosesiiieatesiu C1 andiuldd
wiaztadeiiunumdfglunsuszifiunanisBeuiiaemislussfundngns deazvioudisnstmuindngns

NMUAUIMANNABINTNINETULAE NBUINDIANT
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A5199 7 as1auvisngmatinninaNdAyvestateses Sub-Criteria 1

ANMTINAMUFIAYIINUUUTIADY

Uadewdn Uadesaq Adniin
(Criteria) (Sub~Criteria) Uadbsas
C1 | wanns wanaasuanradnsnisseuiinaniaimusauduluaussuy
= val C1-s1 = = va @ o 9 0.1
(0.14) | Feuin wiorasgIuNTieunluiivensu
REVEN VANGATUARINAANTNTTUFVDIT LTV WML ARE e Tny

C1-s2 Y oL 0.18
ﬁ'ﬂﬂﬂaaﬁﬂ“uNﬁaWﬁﬂ'ﬁLiﬁJuz“U@\‘iwaﬂQWS

VANGATUARINANITIEUTNANANTI UTenaumenadng n1sisewus

c1-s3 |, L 0.24
Ml uarnan1sSeuiiangng
wingnsuansrudesnsvesidnlidiuds lnsaneildaule
C1-sa | dudsmeueniignirusuazasviouliifivlunadnsnmsisousi 0.23
AP
véngnsuanInadnsmsisousiaanisiiussglivesdifousilodse
C1-55 B 0.24
nsAnw
ATIRARUAIAINADAARBITUYBLVANE (Consistency Ratio: CR) AALAAIANTINN 8
M13199 8 Al UABAARBIIUYBUNANA (Consistency Ratio: CR)
M37ERUAIANNFINAAGDITUVBIMANE (Consistency Ratio: CR)
Consiste 1 3 c4 5 Cé6
c2 cr c8
ncy
Amax 0.098 0.029 0.118 0.051 0.139 0.123 0.135 0.104
CR 0.087 0.022 0.095 0.039 0.099 0.099 0.093 0.093

HAN13AWIMAT CR vaauv3ndileufisuiuualunninaeingn (C1-C8) wudnen CR agluya
0.022-0.093 ei1nTNNUINUINTFIN 0.10 NUaRIIIMINFRAAT0IvaeNTIAzLuNeg lusEAusauT Ul

a o o ¢

ileanudAgBsduinsnlaansathluldmuranimidnluduneu FAHP aeldegsiinnuiiieds

NAN1338

NM15UTELIUNARIINADNAG BIVDIAIAZLUUAILLNAY AUN-QA 581194 UUT1809 FAHP U
pzuuuaialul 2566 ladinsihamiminildannsiemeidae FAHP inpuiuazuuunadwsvausas
\neuei LileUSsuiisufuazuuuaislulidentu Tagvinisdudiauaanndsuduysel (Absolute
Percentage Error: APE) titelfifuind Samnilndidssweuuusiass FAHP fuiAzuuuess

APE \Jus@Taunnsgrunildiusg1aunsuanslunisusziliuamuuiugrvesiuuians esanli

nadnslugdesiduindiladewasiusouifisuiunadilaasan muideineites seyinei APE d1nd
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v
v

5% fendanusiugluserugausula faly A1 APE 191077 3% Tunsanwnf3sdudumnuuiugiway
ANMUULYBDVBILUUIIABY FAHP wazkansdemnumunzadlunisiilulduseiliuaunnnigluy feanisnad

9

9 uay 10

A15199 9 ANAUAAIALAADY (APE) : ABUEIFINTSUAERS

ATLUY AzLUY Model FAHP gy U 66
Model ALLLY
L . AMUARIA
LEUTINEN U 66 SOE | SOEg- | SOEq,, | SOEes U y
, . \AaeY (APE)
AN 66 AHP . up U 66
Yt
1| wadwsnsSeusiienants (5 dausd) 0.14 | 4.00 | 057 4.00 | 057 | 4.00 0.000
lasea1alusunsu/mangasuagiilon
2 o X 0.11 4.00 0.42 3.75 0.40 4.00 6.250
(7 $IU)
3 | wmensdanisiSeunsaou (6 aUsT) 0.15 4.00 0.58 4.25 0.62 | 4.00 6.250
a | msUssdiugidou (7 fauad) 0.13 | 4.00 | 0.50 4.00 | 050 | 4.00 0.000
5 | AMAMYBYAAINTENEIYINT (8 Faud) 0.15 4.00 0.58 4.00 0.58 | 4.00 0.000
NSUTMILarNISYIBRDELEY
6 o X 0.11 4.00 0.42 4.00 0.42 4.00 0.000
(6 $IU)
A unsanuaraInLazlasIEss
7| g o X 0.11 4.00 0.44 4.00 0.44 4.00 0.000
WUFIU (9 MUY
8 | nanAnuaznadnsg (5 fuad) 0.12 4.00 0.50 4.00 0.50 | 4.00 0.000
AL LUUTIU 1.00 4.00 4.01 4.00 4.02 4.00 1.563

ATILANINANITIUT UL BUAZLUUNITUTELTUAMAINAITANYIVOIANETAINTIUAIANS
TngwSeurisuseninaanagkuusuluma FAHP Auazwuuiuiwelslutnisinen 2566 Nefliiausywiy

AAuRaIaedeuduYsal (APE) vesudazinasinanneldszuy AUN-QA

= I v oo

INNANITIATIEANUIN A1 APE 1ag53UwinnU 1.563 F908luseausn wanadamnuuilug1uad

Y

WUUTA09 FAHP Walsuiuazhuuaady 9819b5An1u Turanaenian APE a1 lown tnaein 2 (aseasis

Y

¥ '
L =] =< a 1

vangasuaziion) uazinaeiil 3 (WUININTIANTSISEUNISARL) Badle APE Winiu 6.250 Lagvisaean

Jf52AUNITHUSH UV IALLUUN UNFWNABALAITEASUNITIASIE AR LLALIWARINANULLEdDAAR 8 9UD

nsUssidiulusgavyfuavseanlumanisliinnin
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Abstract

This research aimed to design and develop an experiential learning innovation to analyze
the relationship between the tilt angle and orientation of photovoltaic (PV) panels and their effects
on maximum power generation in an off-grid solar energy system. The proposed learning system
was intended to enhance students’ conceptual understanding of photovoltaic theory through
hands-on experimentation and direct observation.The experimental system was installed at
Rajamangala University of Technology Rattanakosin, Salaya Campus, Nakhon Pathom Province,
Thailand (latitude 13.7958°N, longitude 100.3228°E). A single 250 W photovoltaic panel was
connected to a simulated resistive load of 4 Q). The research methodology consisted of two main
phases. In the first phase, the PV panel orientation was adjusted toward the north, south, east, and
west, while the tilt angle was varied at 0°, 15°, 30°, 45°, and 60°. Solar irradiance and electrical power
output were recorded during the experimental period conducted on 23-24 July 2025, from 8:00
a.m. to 4:00 p.m. The experimental results indicated that a south-facing photovoltaic panel with a
tilt angle of 15° produced the maximum power output of 211.04 W. This was followed by tilt angles
of 0°, 30°, 45°, and 60°, which yielded maximum power outputs of 194.60 W, 153.47 W, 149.84 W,

and 102.65 W, respectively. These findings demonstrate that the appropriate selection of panel tilt
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angle and orientation has a direct impact on enhancing the power generation efficiency of off-grid
photovoltaic systems. In the second phase, student satisfaction with the experiential learning activity
was evaluated using purposive sampling, involving 25 students who participated in the learning
activities. A Likert-scale questionnaire was employed for data collection. The evaluation results
revealed a high level of satisfaction, with a mean score of 4.52 from 5, and a standard deviation of
0.50. This outcome reflects that the developed learning innovation effectively promotes students’

understanding and practical skills in solar energy systems.

Keywords: Experiential Learning Innovation, Photovoltaic Cells, Tilt Angle; Panel Orientation,

Maximum Power Output
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nsgvuMaFoudiieaineassddensU foRllfediddouimutuneu widuasulildmaaos
An A5 uaziFeuianauianain JsaenadesiudnuarnsuiiRnuaiduauiimnssuliii vie
Fennssumdany Wedi3ouldesnuuunismaass Yiudsugudes uagiiansveaunasaduaseniing
Anszinansudnliiiildmuaniizanudunasads uagihdeyaluldudtym dadnwiaziininus
miﬁﬂ“ﬁgugﬂ 19U Critical Thinking wag Complex Problem Solving (Thomhill-Miller, 2023; World Economic
Forum, 2020)
fewgdeuifeddewlunsadaianssunisdeudidajiinmaieTinseinansenuaes
yudsanazfianisvesuswaduatefindifnasonsuanliliivesszvuiaduatenfinduuuoeriniag
delfiduuinnssuniadoudide jiRnsineulandisnunndounsaounasnsiauiinesmainn sy

Tulandaqdu

o

AQUIEANAYINIIIRY
1. iileoonuuuiazains uinnssunsiiouiidsufifnisdmiunsfnumansenurespideuas
Arasenisuaniasininvesssuuwaduase1finduuuaenia
2. \lofnwnansznuveINsUTULIBBuarian1svesNrad LaseingdfouTnufdal g
nanlan1glaan InLEIeIIUYIR

3. Wedsziuanuiianelavesindnuisidentslduinnssumseudigeu juRnisntaundu

NSAULUIANTUNTSIY

MnMsAnvImguiuazdefiiendes nuiwmBewesunasaduatefind Juiladodfyiising
souszansamnsnanndsnuliiluszuuiaduasenfing laslonzegsdsluuiunvesnisiSeunisaou
masnuimnssulatiuazndany msiyansBousidejoinsfiannsadiassuaziiasginanssnues
yudsaariawmdnlaase sstrelidnfnwidilandnnisvitnuvesssuundalnihainnduiaseniing

agufugusssu wazaunsaUszgndldauidnisesnuuunazinunsyuuldegnafivsednsam daly

Y
=

a 17 o a av & ' & Y 3
wialinsanfunsideiduliedraiussuvuazaenndosivinguszasan

a

1917 {3deddldnmuansey
LUIAANTSIVY FANINA 1
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Uadgiudn (Input)

N52UUNTS (Process)

naaws (Output)

uinnssunasieuside
UdRms

.« YANIINARBITEUULLAA
uasefinduuuaennia

+ MIUTULIBEaUNG

- nsnaastuaviiudeya
Al dinan e

- N153LATIENHANTS
Lﬂ?{suuﬂawmymﬁm

- N133ARINTIUNTTOUSIAS

"

- sl indaldluusas
RIGER

- yuBeailissansnngegn
- anufanelaveain@nwie

winnssunsiseus

(0°, 157, 30°, 45°, 60°)

UdRdmsuinfnw

AN 1 NSAULNIAA LNV

ABANLUNITIRY

WUULHUNTSIAY

msitpiifumsfnuiBmaasuarnisUssdiumaious TneatuinsiauuanssunsGeuiids
UftAmaiilemslinszsinansenuvesyuesdemsndnmdslnihvesssuumaduaseninddmiuindnw
Feanssuluih

A8

msfadennguiiegiulun1sguuuuiaizas (Purposive Sampling) nunefia nsidenngusegng
Tngl¥iansaugnavespinide wslildnguiiinuaudinsmuingusrasdvesnisidelnsians(Kittinorarat
and Acherayawathana, 2024; Inthamat et al., 2023) %ﬂﬂﬂﬁﬁ'&‘ﬁlﬁﬁ@Lﬁaﬂmﬂﬁ'ﬂﬁﬂm%ﬁuﬂ%mmm%
a1vimnssulnih dudumsdszuanuianelanisldnuuinnssumsiteus 91 25 au (n=25)

\3eaiin3dy

1. onuuULAIsilelds (Luvasuauawianele) ieltlunsuszifiunguiaogie laeldunns
Uszu1aiA1999aLATA (Likert Scale) 5 52AU (Inthamat et al,, 2022) Usziiiuaruianalalugiumnigg
Usznouludae 4 du ldun druanuidlandnnsuasnidon drunismaassuasnsufua dustnee
nMshnTgsikarn Aty uazduanufiselasialy lasnsuvanariad syssuuudszifiununim

1%
Y v A

waziuuasuauaditanelaveslten lngmvuatnasiuuszauaunmLarseauauianaladile Al

000-100  vaneds sgfugaam viesefumufionela desfian
1.01-200  waneile seAuAuAIN MIesERuANLianela Uae
201-3.00  vunghs sEAUAMAIN viesEAuAUanela Uunang
3.01-400  vnghs sEAUAMAIN viTesERUANUNaNEll un
401-500  vaneds sgdugaam viestduanufionela wniiga

v

2. asaaeuLAsellelelaedldeungyianun 5 vivu Iagldisnisdndionann i

o

I3 =
WFansAnwIlu
#1917V FUWUSAUUTRNTIUT @198 U U3 oNTeUIInUTEaUNISalANLT ey lun1 sV Uil

auduiusivuinnssunsseuinaii@u lngldmadanismainuieansasgdevesiuunaasulagly
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v
v

sidenvaduiansan (Index of ltem-Objective Congruence: 10C) &a@n 10C 1udd Tnmnuaenndes

v Y

[

YostomnuiuingUseasdn153dy (Tuntavanitch and Jindasri, 2018)
Funsunsafiunuide
1. NIPANUUULATNAIUIYANIAABITZUULIRALEIDTINE
1) ﬁqﬂmaauﬁuiwuaam% (Off-grid PV System) URLENTIUSTNOUMBMHTAS LI TinS
Fameuyianalendn(Polycrystalline Silicon) YU1AAISIg9dA 250 06 TI1UIU 1 WK Woudatulnan
$raeavuwn 4 Tesiu (dfadumuwun 20 Tesku 50 Sadserwinfusiua 5 63) Fansdmesvouna

WaRasanN397 1 uaglangunsalinldlunuideiluansdannsned 2

A5199 1 WI90LNDTVDILHATARLAIDTINE

WIS nes YUA
maalnigsgn (Pye) 250 W
wseruliigegn (Vye) 30.30 V
nszualningsan () 8.27 A
wsenulnANTn995 (Vo) 38.19 V
NILUAFA99T (Is0) 8.65 A

[

M1319% 2 Tangunsalllunisnaass

Janaunsal U
1. l[waauawI9ing Yu1n 250 W 1 uaa
2. Taandiwes (Voltmeter) RGECY
3. wenddmes (Ammeter) 1 1A304
4. wdeeinAAnuduvetual (UT383 Digital Lux Meter) 1 1A30q
5. ffunuvwn 20 levia 50 Tnd 5 61

2) YANARRIAINITAUTUL LT B (Tilt Angle) vasuuslanateseAvuazUsufianiald 4 fianig
Usgnousnefimile 16 azfusenuazaz funn el Souamnsafnuiuariiasesinansenureasuides
warfirnaveuneiidnasenisuanlnia (Power Generation Efficiency) vesiwaduaoing

3) nseanuuUYANAaeiuaNUaensiy Tdnuite uagminzgauiunisissunsaeudalgusinig

o

YU JURNINIINTRONUUUKAL AT URARIAIN NG 2
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A 2 YU fuRnIsTIvINTeRNRUUKAE AT 19T

+

250 W

2. mnassuasiutoya
1) ¥nsUuiiAnewetus 4 fiansuseneumeiiruile 16 ayiusenuasns iumn
2) vhmsusugBsmesaTaduaeng? 0, 15°, 307, 45° uaw 60° dauandlunnd 3
3) faaridsliinindsldlundazspidedastuiindndu Tod W) (dunaudfivoslunisia
nszuauazusstuiio lUdAmnamdsinihuduiinnavhnaiudoyann 30 wit lneEuain Fuainna
08.00-16.00 . Juil 23-24 n3ng1Au 2568 uanwegsmsiadanni 4 uazdumanuiduuaddieiosin

AIAULTLLEAS UT380 Digital Lux Meter) Lanifa9819n15IAAININTA 5

2R 4 FBE1INTINALIIAULAE NIELATDILKILTAaLEIDTINE
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g 5

AT 5 FregensiamanuLawesRITad L1 Ting
4. vmaessiiunsmelianinuandensss Welinanisveassasiioudaiunisaiass
nsATEvideya
mlazvideyanmsnaaesldadanssaun laun Agean Anade wazAndsauuINAsEIY Lite
oSuednvauzuaziltivesindsliinindnlfanumawaduasorindmeldyuBeuas Armaiiuandaiy
s 9n151UE suwlaswesrinnudusaseringlugaaianiiviinismeass Instiasuunve s azdou
FAudAieds (Mean) uardruidoauuanasgiu (D) (Inthamat et al, 2022) ileagunasefumnuiianele

TuwsarAmuLaE AL RNNTINVRIUTANTTU

NAN33Y

9N sviiTes eauinnssunsiSoudiBeujianaiensiaseinansenuvesyudeuay
fianansiadaidamasefdslifivessruisaduasorfinduuueserinin Tnsgutufnwinansenures
:uq:uLﬁmu,azﬁﬂmqmiaméigq“lmwiazsmnawiamsmﬁmiﬁ/\lﬁwaaLLmLsziaa‘LLaqmﬁmé uenIINt S sUswidiuna
uinnssunadeudideljiRmaiiadedu lngldmsinainnufimelauazeuannsolumaSeusi 3o
vostindinw FelduansreasBoananismaaoudeiidoreluil

1. wamsu]ﬁlauuﬂawms;uuazﬁﬂmwn'lsaﬂé'aﬁdawasiamswﬁmﬁﬁa‘lﬂﬁwmwaéummﬁmé

nsVAdeUNATDITiANINISAAd srasuRLTad LAt ind T dewad afdal i eaduaseniing
vimsvaaeulaetfiudeyavn 30 Uil 13N91N19A1 08.00-16.00 . Tudl 23-24 nsnAn 2568 TnoTlN
waduaseindlunsiievile 1 aziusen waznziunn navesidsliniliwaduaierindwdnldideusu

AeEnaunslUNemng o Lananigen 3
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A1519% 3 wavesiadlwihnwadiasoingndnlalioUsunirmiaunslUniiaaig o astarnan

8:00 U-16:00 . (YnsnageUIuf 23 nngIau 2568)

Aadluia (W)

Hamaae Wwitle Té Aziuaan AzIuAN
08.00 42 71 122 24
08.30 56 94 149 28
09.00 72 114 163 44
09.30 91 153 198 59
10.00 112 182 195 12
10.30 129 195 178 95
11.00 155 216 164 125
11.30 162 218 156 136
12.00 164 228 152 142
12.30 161 224 144 154
13.00 154 219 119 173
13.30 135 198 102 205
14.00 108 168 83 212
14.30 92 154 72 197
15.00 64 127 49 182
15.30 56 94 36 149
16.00 41 68 24 118
LQE.EI 105.53 160.18 123.88 124.41

2119797 3 wudadidslaliiededefadaiifiald sesasnfefianyfuan fanyTusen way
fiewvile muddy Tasaridslafind 16018 ,124.41 ,123.88 uag 105,53 1ad MuAIRU KanN1TNAADS
wansliifuiunswaduasefingivulunsildanunsandnidalniedogsganasntisnainismeaey
iesnnldsuisduasofindluguannsenuianzauiian nslawglutianalndifiesiu vasfiussdinily
msfianzTusenuazaz fuanliidslningdlurrntuazirenuddu Fsaenndostundnnisiad oud
U3IN7UBINNDNE

Tudrunisnaaounavesyumanigsliinresssuuwaduatoing lneviin1svaaouyumia 9
Uszneuse 0, 15, 30, 45 Uaz 60 B3MINNUUITEAY Yimsnadeuszezna 8 Falus Fumaaeuan 8:00 u.
-16:00 . Fuil 24 n3ng1Au 2568 Fuunawaduaseindlumeiiane uld navesrudunaaziidsluih
Awaduaseiindnanliuanifinii 4 wasidotlunaoansmaruduiusseninaidslniniussead

wasenfindudnladiouTuundluiyueneg uansianimi 6
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M19197 4 navesaUnuaasAalnihwaduaseindndnlailoUSuuneluiiyasing o fsusiaan

8:00 U-16:00 . (YnsnageUIuf 24 nsngIAL 2568)

Aadlnigedn (W)
1AaMAEaU AULTNVBINES (W/m?) -
0° 15° 30° 45° 60°

08.00 u. 105 8.86 8.44 8.19 5.99 4.14
08.30 u. 127 11.71 11.15 10.82 8.92 5.46
09.00 u. 137 50.66 48.25 46.80 34.62 13.64
09.30 u. 166 18.81 17.91 17.46 12.72 8.88
10.00 u. 290 40.08 38.17 37.62 27.10 18.90
10.30 u. 230 34.82 33.14 32.51 23.53 16.24
11.00 u. 288 85.66 81.58 79.15 57.92 39.97
11.30 u. 302 91.41 87.06 84.45 61.81 42.66
12.00 u. 440 97.67 96.83 95.69 68.75 47.45
12.30 u. 1100 139.38 151.15 109.92 107.32 74.06
13.00 u. 1076 134.57 145.94 106.13 103.62 71.12
13.30 u. 1112 134.38 145.73 105.97 103.47 103.47
14.00 u. 1051 194.60 211.04 153.47 149.84 102.65
14.30 u. 965 121.06 131.29 95.47 93.01 93.01
15.00 u. 646 98.59 106.92 77.75 77.91 74.62
15.30 u. 376 54.63 59.65 60.65 61.35 62.61
16.00 u. 668 40.46 46.96 46.67 46.74 49.48

Lﬂgﬁl 534.06 79.846 83.606 68.75 61.45 534.06

6

M5 4 Iihmsmeaeutananiimnzaulunsuanndsnulivesssuuieaduasending
Tngfinnsantananiifinnudiueauaiefinddimademsuaandsnulnihunian msmeassldinisine
ussulin waznszualnin veaunawaduaseniindlundaziaanan itothuduiumenidalnigean
(P...) MusaLTOnAnle

mimmaauﬁnﬁumimﬂﬁgﬂLmumiﬁméﬂy’qLLmLéUaa‘LLaqmﬁmﬂuymﬁm 0°, 15°, 30°, 45° kag 60°
Tnetuunslunsfiald mnduldtufindinnuduvesuaseorfindluudazdisnar nioudiuamanfidsli
avaniinanld nanmsvasswandliiiuil araiduvewaofinduaridslnifinasldasfutunugaom
Fausinan 09.00 u. aufstaadiosiu uarEuanamdsninia 14.00 u.

PMNMTIATIRTEYE WU Pranssuvansandandsnuliilageansgsyrinaian 11.00-

Y
13.00 u. Insanzlunsdffnnwnsluyguides 15 aaan sulunieiiedld delvdidalningegai 211.04
Todl WelUSeuisuiuyandedu o wuiimsinasluyudesinnvsedesiiuly wu 0° w3e 60° dwaly
nauindaldanas ilesainyuannsenuvesadllininzaunen sgaduNS I ureLtaduatefing
Uryryn /Z?’U\')U')[y 1onuU FIUSSSIU
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wazilawIsuiisuranisnaaeuluiun 23 ningiau 2568 wul1 Arasliiledenaenariaiudaigandn
maslniAndalaluiui 24 nsngiau 2568 Lesanluduil 24 n5NYIAL 2568 ANINBINIATUANINTS

yadakasluunarianatvilidsmasneamdslidrinan e

0 —5° 30° 45°  cmm—60°

250 o

q

Inigage (Ins)

Anaq

o

8:00 830 9:00 930 10:00 10:30 11:00 11:30 12:00 12:30 13:00 13:30 14:00 14:30 15:00 15:30 16:00

a0 (F219)

il 6 MdsliihdusnawaduaseindudinlaiiiouTuusaluiiyueng  Aauwsian 8:00 1.-16:00 .

91nnwdl 6 nsmuansAidaluiigearvesunawaduaseiindlundaziranansingfanmil 6
Feazvioulifiunnliimaudsuulamesindinunutianaivesiulasyaneiimaii nadnaniudu
InsidenyuBesiimnzaniviinmnuasdianatvesnsivuaiefindinalaenssiensifinuszanam
Yoe5ruUNAR IS LI fing

2. wan1susEElurauInNssUNISEUS

meneilazUsiiunauinnssumsteuiideu joinieEes manesinansenuvomuBese
msuanfadlvessyuuadiateing alunsiuin@nuiszaudsages awnianssulaiy $uau
25 au Inglfuvaeunaussiiuanuiiemelanumnsidndiasm 5 sziu einnnuiwelavesiFenly
AR 9 lawn

1. fudlomenuiusrauinlaisifundnnsvhauressuueaduasending
2. PuUNTEUIUMIEEUSIBUURNSLasAaNTTUNM RGeS

3. fuAuINEaLesdslargUnsainFeuS

4. unuasatunsUssenaldauInmeuignisu s

5. muanuianelalagsiuseuinnssunsseu;

Han1sUszidiuagulannied 5
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M1519% 5 Han1susziiuuinnssunsseus

Aade Frudoauu LAY
s1an15UsELEY . -
X) ¥MTgI (S.0) | Anunawala

1. idlomaruduazanudlalundnnshausesssuy 4.56 0.51 1niign
2. nszUIUMslEuIuazianssuMsnaaesinnuaula 4.58 0.47 uniian

3. AouazgunsaiiinnumnzansionsiSeus 4.40 0.55 N
4. annsaidenlosmnuimmguifunismaasaiald 4.52 0.45 unilan
5. Anuitanelalagiudeuinnssunisiseus 4.55 0.53 uniian
Aades 4.52 0.50 1nitgn

911nA15197 5 wansliiiiudn {iFsudnnufaneladeuinnssunisiFouslunmsiuegluse sy
unfian (X = 4.52, SD. = 0.50) lngsensifiandegsiianie nsvuiunsiiouduasianssunismaassd
Anudaula (X = 4.58) adudaunfe Lﬁ@ﬂﬂﬂawuiLLasﬂa’]uLi’fﬂfﬂuwé“ﬂm'sﬁ’muﬁuaﬁwu (X = 4.56)
way AufianelalaesiusouinnssunisFeud (X = 4.55) smudwu uandliiiuinuianssunsisouiiiaina
JuannsatisduaiunsioudiBafiRldessdussaniam fFsudamudlalundnnisinuresssuy
wazifiuindeuarianssunisBouiimiumanzan Prenszdulianmuailauaznsildusnlunsisoud
wnBetu wamsUssidiuagiioulvidiui uimnssumadoudivauntuasodaadunndoudiden (Active
Learning) kagn1338u31NN15ailaU]uRase (Learning by Doing) laegafiusednann dnAnwiauise
dlavdnnisvessruundanuuatoriindldedradugusssu iausegelalunmsiSous uasilsieuniise

NSBYUIATUNGIN UMY UL

anUseNa

NMSIITeTee winnssunsBeusiBaluRnisiion sineinansenuvesuLdsuazfiang

'
a1 1

fidswariomananlniivessruuisaduasenfinduuuoavnia nanmsifenuin MeRekeunaeaduasorfingd
sunilumsiieldliensdilaiadonnonisiugean mudefianguan agTusenuagiiemile smusiy
Faaonadoaiuaideves (Thonghirun and Nilkamjorn, 2012)

Tudnvesmsuiunudewosunseaduaseniinginalngnsaoidslninindnls Ingsuded
15 parn Jaiulumsiialdliierindaluingegad 211.04 Fad wanddiifuiuBestanarivanzandu
funamsgfimansuaranmuaseniindvoaiuiifinu vl yudssiiunnniedeniAuly wu 0° vide 60°
dsnaliindanuuasenfingfinnnsznusofiufiuasanas vliaidslaiindaldsing fsaonadasiu
MANNITNING A0 agmwdw%’qﬁmqmﬁmsTfTUﬁyué?’;LLNqﬁwam'ami@m%’uwﬁquuLLazﬂizﬁwﬁﬂﬂw
NFHUAINFNIUVBUTAALAIRITNY 31NNTUTEULTBURAN1TNARBITENINLILB M9 9 wukualdudd
rdslalindindeldazifiud wid oyuiBeseyludreilimnzautuyunnnsenuresasoiindluraanandu
danansnnaesiaenndestuauifenouniludiunindulszdns anvosssvundalifndsenu
wae@17nd (Yasmini et al., 2025) mu%’aﬁmmaammsagm%mé?uwi 0°-60° uaznuIBauBoslsiivanza
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ayliindsluihanas Tnsvuanmusdoutiuandiifuiyudendn q enalimdsliihguanfiutuvio
anadlé uazdadliiiuinnisimuayuiBesesmsivasaunungmaas irmsaunsndiefiandanud
waglFn 10-20% Waiteutumsfiassluuunsu

Tugun1sSeusiBeufoinig mathganaaesiivautuuldlufanssunafouddmaliindnud
dusnlumsdana et wasfinrudeyaaiaainnismaass dhAnwannsaidenlesnnusidmgufiv
naans iU uRlaegrndugusssu nansuszdliuauiianelavesdndnwidiuau 25 auegluseduun
(Andssin 4.45 9nsedy 5) avfieuliuinnssunisFouiiiiautuannsanevaussientsiFeuidegn
(Active Learning) uagiaSuai1avinuen1dimnssumunasnumyuisuldegadiuseavsam

nsifeadaildliiiuin uinnssumadoudidaoRnmsivauiulifioasddodueudlaves
f3suAntunansenuvesuiBeaasiirmansiateiidamaionisndnfddlifivesssuuiwaduasoniing
Wiy wigaduduuuuresnadouifinaussnitmguiuagnisvaassais feaunsemirluveenaldlu

TeIMAUNaIUli Imnssundenunyuieu vsen1siseuiiuu STEM/STEAM lasely

JoLEAUDLUL

1. Fawauauuzlunisimaideluly
1.1 wamsideanunsniluussgndldlusmedniiisadestundsnumudou Jmnsaulin
vioszuuRanlvlimdsnunasending ieliindnuldSousidsuftiuasidnlavdnmsvhnuvessyuuiad
LAID1NGINNNINARBITTS FetawduaTuinuznsAnding ey MauAtym uazmsiSeusidesn (Active
Learning) laipenafiuse@nsnn
1.2 whgsumsfin Ine1ds vieunine1ds arusathgauinnssuninSeusiiauiuly
THlunsdanisideunisasu wedudensaouguuuulmifidied enlvadonmimguifunsufofase
fadsannsaveenaluliluniseusuvioRnssuduaiunnudiundsnummisusnaueuldBnde
2. forausuuzlunsisuaedaly
2.1 fiialafnwanunsavensveulnnisinuisensmaasduggniasiie 4 vielTeuiiiey
nsUfunIBssvesunswaduasoiinglunatsgiinavesdssimalne i elvlddoyaidsdnifvady
mnuduiugsErinssadniseniing ypndes wagdszavinmueamsndslvliluuiuniunnsety

% 1

2.2 gunsoiaugauinnssunmsiseuiiiideulesiumaluladfdvia wu svuu loT, n1sdudin

[

Tayar1una1In vsenslilaauseaug (A) lunisiasisideya Waiudneninvesdenisisous uay

43

ogangnsiieusiuugaaiuy (Smart Learning) Mdennaasiunwildun1sAnwieal

ANANIsuUsZNIA

AN VBVRUNTEAMUMNINGINENALULATTIVIIAREITIUNN UMINGNTENTUNNEUYT Uy

@
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Abstract

This study aims to forecast hourly wind speed in Phuket Province to support wind power
generation planning by applying and comparing machine learning and deep learning models in
conjunction with explainable artificial intelligence (XAl) techniques. The dataset consists of historical
hourly meteorological data covering a 12-month period from January to December 2024. The data
were divided into an eight-month training set and a four-month testing set. Experimental results
indicate that the machine learning model, particularly linear regression, outperformed deep learning
models, achieving a mean absolute error (MAE) of 1.5679, a root mean square error (RMSE) of 2.0739,
and a coefficient of determination (R?) of 0.8113. In contrast, the deep learning models yielded R?
values ranging from 0.2581 to 0.5760. XAl-based analysis reveals that short-term lagged wind speed
variables and temporal features are the most influential factors affecting wind speed, reflecting the
daily wind patterns characteristic of coastal areas. The findings confirm that the linear regression
model is well suited for hourly wind speed forecasting in terms of both predictive accuracy and
interpretability. The resulting wind speed forecasts can be effectively applied to wind energy
management, storage planning, and enhancing the operational stability of wind power generation

systems.

Keywords: Wind Speed Forecasting, Machine Leaming, Deep Learning, Explainable Artificial Intelligence
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fit_intercept = default
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n_jobs = -1
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n_estimators = 250, learing rate = 0.05,

max_depth = 3, random_state = 42
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kernel = RBF, C = 10, gamma = scale
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trend = additive, seasonal = additive,
seasonal_periods = 24, initialization =

estimated
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units = 50, activation = RelLU, optimizer =
Adam, loss = MSE, epochs = 50,
batch_size = 32, look-back = 24 «u.
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units = 50, activation = RelLU, optimizer =
Adam, loss = MSE, epochs = 50,
batch_size = 32, look-back = 24 «u.
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