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Abstract

This research aims to 1) explore the appropriate application of artificial intelligence (Al)
technology for voice spoofing, 2) develop a generative Al-based voice spoofing model and
investigate optimization strategies to enhance its suitability for cyber domain applications, 3)
evaluate the performance and deception potential of synthetic voices generated by the model,
and 4) propose practical applications of generative Al technology in offensive cyber operations.

The findings indicated that MaskCycleGAN-VC was a highly effective generative artificial
intelligence model suitable for voice spoofing in the Thai language. This model could generate
synthetic voices that closely resembled the original in terms of naturalness, including rhythm,
intonation, and emotional expression. A key feature of the model was its ability to be developed
and trained within just one day, using only moderate computational resources. The synthetic voices
generated by the model could deceive listeners into believing they were genuine voices with an
accuracy of up to 56%, while genuine voices were misclassified as synthetic in up to 59% of cases.
This highlighted the challenges of distinguishing between genuine and synthetic voices in noisy
environments. Performance metrics included a Mean Opinion Score (MOS) score for naturalness of
up to 3.9 and similarity of up to 4.2, with a minimum Mel Cepstral Distortion (MCD) of 5 dB and
Kernel Deep Speech Distance (KDSD) of 15.9 mKDSD. This model demonstrated significant potential
for applications in security and offensive cyber operations, including support for intellicence
activities, confusion in emergency scenarios, and simulated training exercises. However, its usage

should be approached with caution to prevent misuse in unethical contexts.

Keywords: Generative Artificial Intelligence, Generative Adversarial Network, Voice Conversion,

Cyber Warfare
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3.2 TasadneufjUndideniiiin (Generative Adversarial Network: GAN)
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- @ = % = i & Y % [ ¢
Wesnnluagtudslifigateyadesnwivewuuguununazdunesguindouldau laun ddeuas

]
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Tnlddany {Idedsisenunuynteyadosemauaddddnauuagligndoyainuiuiey dwalngnss
AoAULiugvasUUTIaet viinan wdssilatianulidusssuma [16)
3.4 n1suUasides (Voice Conversion: VC)

v &

n1suUaudes [10-14] Ae nszurumsUdsuwlaaudesinn (Source) Miluide g wavesdnay

(Target) fiflidsnduondnuaiianzyana Tnediasinu ommianiu Sy wasthidosvesinadadly
mavhouiugulumsuUandes faguf 2 waelineasdeamsviaulusadiudel

» Feature Extraction wuasdysyaudes (Sound Wave) Tegluguiuu Mel-frequency Cepstrum
Coefficients (MFCC) [11, 12] %30 Mel-Spectrogram [13-14, 18]

« Linguistic Content Extraction afnnndnwaziilommsniwuazalndniswm wu donuuie
Ustlon maenaudeuaziiniies

+ Speaker Identity Extraction afinaudnvaziondnuaidesyana dslumsiidndGonin qaam
yeaLdes (Timbre) [19] mnofsquandanveliuenuezidomnunasindasisgld ulasdissiudouay
AudvinAY wadsiidadeadeduazaiunnuivaneresnumioniu 3uni1 s1duedn (Harmonics) @4
Usznaufeaufitugiu (Fundamental Frequency: FO) waganuiiduilfuninauesenuiiiugiu dosil
ileBuAnanmssuiuvessnsueiinnanee Tnsensuetinuasuonnagaiiuanafulunsazunasiniie
o denaliAssdiondnuaiianei andnuurddgninnlilunsinssiuasatnendnuaidssynve
uywe

 Generation udeyafiatnuazUszananaiiieaiiadesiuiuuds laonadnsae anlasunsy
YoudssyaTiiunsuUaN

- Vocoder ulavaninsunsuveadesaliludyaondes

Generation

Speakersouce
w#” Feature Extraction —» Linguistic Content
Extraction
Decoder Vocoder ﬂ.H'H"
Speakeriaget
{ }M M Feature Extraction |l Speaker Identity
Extraction

v
Input Hidden Layer Qutput

UM 2 msvihnuiugulumsiUades

3.5 mMsulaudesarelassingussamiiisunvuunudmiunislidaulunwine

{33 [16] WW@nwiuaznaaouwuudians StarGAN-VC nggaifunsulandesannguyanadiald
Tudsnguyanativing (Many-to-Many Voice Conversion) #etaglvianinsautandedlunguitmungls
Fruumnluasaufien Tagligndrinlilfiamsyanalayaraniuviiouuuudians CycleGAN-VC iy
sUuvunilsrenils (One-to-One Voice Conversion) msusifiuamnimdssvaaiaaeuuuiiaesiag 14
AzLULRABANLARLTL (Mean Opinion Score: MOS) [20] dadusnasiaidsnanmanuanasgiuana wuin
laifirnuusnsneeaiifod ey uazilleUssiiuussavsualunisaengilanuindssUasuveayaaaitmane
anunsaviaenandilsldlusniosas 20-40 nansidedliiiuiimauandesyanalidudeaynaa

'
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Whinnedidnaammngaud msulguinislevesluninisadainivasuievasnaluazasisanudila
Andndeanlaguiudswetyanatiuais mnduvaluladluldlugau enanateludeanaunislaues
LU N15VIN3AINTIUNNEIRLLNENITE829 VI3ARIUN TTY LAZINEUNIY 1IN dmanssusonIy

ShupvesUsTmALaz s
3.6 MaskCycleGAN-VC
MaskCycleGAN-VC L‘f]‘LJLLUU%oWaENLLUaﬂLﬁﬂﬂgﬂLLUU%ﬁﬂﬁi@%ﬁﬂ [14] AildSumseensuinduis
w1nsg1uludag vy (Curent Benchmark Method) [21] @a1UnenssuUsenaun e Generator Wag
Discriminator #3307 3 Taglélassineuszamifioauuuasuligiu (Convolutional Neural Network: CNN)
oﬁ’qg‘uﬁ' 4 Fayadndregluguuuy Mel-Spectrogram Fewananisnszarendinureadsduwnunaiuay
anuiiaonadostunsldfuresnyss wwusassidaulanrulunsinseiues Soudauinuusndes
anunsoasradeslasuliaiouniwemaiansanmlassasisensiudnundimsulaades lngldisiaua
wsu (Filling in Frame) ﬁ?]ﬂiﬁL%ﬂuiLWiM%ayjaﬁLﬁﬂwwLLagLaﬂ,JLﬁﬂLLUUﬁﬂIuﬁaﬂhuﬁﬁﬂﬂﬂﬂ (Mask) ﬁagﬂﬁ
5 Bmsiiaurenanain CycleGAN-VC3 [13] f13Ufl 6 warldfumsusuusliiiussansnmdstu

Generator: 2-1-2D CNN Discriminator: PatchGAN
1 ! 1

Reshape 1x1Conv ResBlocks 1x1Conv Reshape
Downsample (1/r) Upsample (xr)

CxQir : T 7

'x QIr

S

Conv

Downsample

5UN 3 anUnenssu MaskCycleGAN-VC Uszneunae Generator Wag Discriminator [14]

THIT T

Upsample (2D)

1x1 Conv
Insthorm
Reshape
convap
Insthorm
GLU

Conv2D
output

1x1 Conv

Insthorm
ConviD
Insthorm
GLt
conv1D
Sum

Insthorm

InstNorm
GLU
| |
Reshape

Generator
(2-1-2D CNN)
1
|
=
|

Downsample (2D) 2p»1D 6 ResBlocks (1D) 1D+2D

e

Downsample (2D)

Input
convap
-
eLu
convzp
InstNorm
Conv2D
Real/Fake

Discriminator
(PatchGAN)
1

sUN 4 anndmenssuniely Generator wag Discriminator [14]

v

Cycle-consistency loss

I 1

Real A

Reconstructed A

G

Mask A 2™ Adversarial loss

g'ﬂﬁ 5 NSHNEULUUINGEY [14]

]
v
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(a) Souce (SM) (b) Target (TF)  (c) CycleGAN-VC2 (d) CycleGAN-VC3

Mel-spectrogram

20

10 60

Frames Frames Frames Frames

UM 6 waliansasaninvadlasiasaensludn [13]

3.7 MsUszaiiuUstAnsnmesadesiiad1a1nuuusiaas MaskCycleGAN-VC
3.7.1 Mean Opinion Score (MOS)

MOS L uia3 YamsUsziiudsnuamildinnunmideddussduaguun 1-5 (20] Taog
Uszidufiansanainanaudusssund (Naturalness) Gaagvioufismuauaiauazdnvausdesiiilsgmiou
e uavAuAd1eads (Similarity) SauansismnulndiAsszninadesiiuasiuidesdiuatu A MOS fige
Ustidesiuasdaunmiuazauais

3.7.2 Mel Cepstral Distortion (MCD)
MCD Hufdfnnsussfiudenaildinanuuandadmdsnussnitndesiudag

1%
av A

(Converted speech) Autdss@uatu (Original speech) [22] $1u3duild WORLD Analyzer [23] Tun1saiin
annduvesdesuazuiandu Mel Cepstral Coefficients (MCO) firuaziBeun 35 3R ﬁ?fﬂl,ﬁu%aagaﬁwﬁzy’[,u
MIFUIRIA1 MCD maaunsl 1 [24] Avdisdadindesiiuvadimnalndifsstudesuatio fzia MCD
gaduiusiunsuivesuywdlusuanuauasarauAaends lnguansAlumiie dB (Decibel)

10 N 2
MCD =——[2) (c®(t)-c?P(t (1)
moJ 2O -c?)
Tnei N o Suulifives MCC 7l
c(t)  fe Adudsyans MCC vanduadiuatulufifd n uassu t

cA(t) fe Adulsedns MCC vonduafiuvadlufifii n wazinsy t
3.7.3 Kernel Deep Speech Distance (KDSD)

KDSD tufadinmstssiiudsuinailianuediondaesnudnvusdosssniiadosd
wdasfuidessduatiu [25] Insendedoyaidednveadss (Embedding) fiafnainuuuiiassnissdndeama
DeepSpeech? [26] Geiaunlull 2016 s0s3unwdinguuaza1viiunans iU ndesfiuvacdl
AndnunizsanilndiAssiuidesdiualu Inouanslumie KDSD

]
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4. NMSANLUNITIVY

NN3UT 7 wanenseuuwiAneide Taeditesusunidelnefnvmguitaznuisoiifedes Taua
AsEUIUNSANEMaTRRLILUUS aasnswlandedingld LLVC was MaskCycleGAN-VC Fudunuusassd
Husuwuunsifnusuuieesiyyussiuiidsiida sufugndeyafiaisiilmnumnsgudosaina
vcc2018 Tngludunousangn RdulavinsusuusauuudnaesUasuudasdelviinnumangaudunisld
uuudialeiues @Y MUSULAIAINITIAWDIURUUTIAY TINTINTNAFRUUTEENEA T NRAYNNTYINaTUY
Y9I UUTIA0s MnTuinsUssdulssansameeadsslagldiad Taldud 1) MOS druanudusssuwnd
uazsuAINARIBARY 2) MCD 3) KDSD Tauvivssdiulssansualunisnasnasdils anineviauoun

mensUssgnaldlunsuiinismaleiuesidesn

- - PR s 9 - » :
dﬂnu‘mquggwq-niwmnawaq mmiﬁnmumﬁmuﬁlmm&a dmsanegn WannuasUSuud g
matmaau?wi :ﬂawumnumumau Waanwnlnewuuliguuiu Unauuvaudveyanalifinanvanzay
aumAlulag Generative Al GGG - - = <
auAsg N Aunmslyaruuuiinlyues

LLvC MaskCycleGAN-VC VCC2018

AsUszdiudsransnmmueades

v =
EUILUINI9NIsUSzand luay MOS armuiusisueid  MOS anuAiuAda
v

Tunrsufudnianagleuedidegn msUsmiiuUszAnsralunIvaanaldila
MCD KDSD

JUN 7 NSRULWIAANLITY

4.1 AnwmgufuazeAdeiifeateaiienadaunuuusiassifinnumanzey
AIdelaAnwAuaIagnumwIsTansslumsdsaseidesiieseuunauiomes 1 2 38 lou
4.1.1 mawdasfennududes
fidvlsmaanddmsuvasiernufudesiffldsmmbuassesiuniuilneg mnduledssiu
Tan 1y Google Translate wae Speechify [27] Inefinsidonnuniwinewasnailadoui asuilades

dupsgnngnasaninteniny faguil 8

Speechi
= Googleudan @ ° M
Free Thai Text to Speech

Fa foanu B quow D Wulvé
P o ° PR

NBMINDINARTBNANINTDN Msfamsmdaglssoy © X + w 2 88 o]

Apmann Water Search & Rescue 3nanunsnin i

s . i Trending Voices
Usundlnsfidngannqduanvdua liiailym —
annie aeaniansou e ssanou naain e ( E =)

A & Pl . \ :

o mAldnionanunsaunsivismasglszauns = =
maihdmsamas Tas diedaainasuuy EC-725 ocs
0 gaiiu 203 Fudunisusegnd ldaanuaansa
#93MaIna uazgn Isunsainas na. iamivayunisie e e L Yo T et S
ASUSIINFIEISUABIRD AL DI 21 TY Search & Rescue Mnamuninin sanalnefiddennaiuoisdaan Widin

cLEan %

ilgwgnna sfanTaRsaiow LD s nosinanaldieEm

Arwndenmaivhomiadismiomahioamae Tnal§

whnmlinadfuuu EC-725 vin dibu 203 Sulummisgndldiasnm
i mIsunsnioos na. iomiumuaTsHismMIUTIN

v @9

(n) VIulest Google Translate () Aulae Speechify

U 8 naaedldnisularionnnududes

]
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4.1.2 MsuUaudes
AadelanageuluuTaesnsiUandesnomalulagUyy1useAviideniia Usenaudie
LLVC [28] uay MaskCycleGAN-VC [14] Tnefidunoussil 1) wisuminennsiisndusiufessuuufoans
wazmeWdlfdmiuluudiaes Tnsaunsofnwneasdeafiuiunungesaldnidmun 2) naaounis
Anduuvuiaedlasliyadoyafoniudu 3) adragndeyaidos NKRAFA Thai 4) naaosUduussnises
Amniweslunsiinduuudassielimngauiunisldnuuuiidlewes 5) Anseinanismaasuiie
UsniiulsyAvsnmuaauuusiaesiides
4.2 fnwuazairyadoyadeeniuing

foyadesililunsintunuusassgnasreiulu Tagldde NKRAFA Thai Dataset anamnsnadl 1
UsENaumIgldganuuuuaIng39e (SMO1) waztdesyanaidmunganenansd (TMO2, TFO4, TFO5) 3aud4
wantiniFeuuiedeainie (TM03) wanunsia 5 au deldlianudusemduasdnuaidnwslunis
Suiindsaiielilun1side Tnsreusuiunsidelusuneunismaaey §3deldtuasieinuszasduoinisise
sdsumnafvieyadswesnguiegsuiugiuvesnisinudoyadiuyana sadsliddudui
wuudassdandazgninluldiiton1sidewindu yadeyaisisdemuunmsgiu VCC2018 Dataset [29] @
senuuuIndmivnuulandeddasianizuazgnldlusuidenatsatu [12-14] Tnefidoaingdyed
MaNVAETITIELA I

[

A15197 1 M5ldu VCC2018 Dataset Tus1idse [14] way NKRAFA Thai Dataset Tusuidsed

Characteristic VCC2018 Dataset NKRAFA Thai Dataset
Record High-quality microphones (iPad) Built-in microphones
Bit Depth / Sampling Rate 16-bit / 22050 Hz 16-bit / 22050 Hz
Audio Type / Format MONO / WAV MONO / WAV
Content Sentences spoken by Speakers Sentences spoken by Speakers
Duration Varies Varies
Language English Thai
Source / Target Speakers 2/2 1/4
Parallel / Non-Parallel Both Non-Parallel
Training / Evaluation / Testing 81 / 35 files 100 / 25 /7 10 files

4.3 inmsAneauLazyTuuswuuItassUasuuUacdesyafa liliAdNMmNZEY
1A% oafiouargUnsala1uddy HP-Notebook CPU: Intel® CoreTM i7-9750H @ 2.60GHz x 12,
GPU: NVIDIA GeForce GTX 1650 Mobile 4GB Wag Primary/Secondary Storage: RAM 8 GB / SSD 512 GB
ilesanndesinduesaurinuveuwneideil nsld Goosle Colab enafiumadeniivaediu
Uszansam lnsanunsadentd GPU ved Google Wisann1sen1sussananarauad ot anszeziiatluns
Anrluiuudnaes uazdaiudeyaniu Google Drive agslsiniu LeidurEiivedndaiusseziiainisldm
wndesnsiinudefiendefiunineins e1asndudosadasuinsuuutissRudanndouduaildted

< &
LWHUY

'
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fAveidenlduundians MaskCycleGAN-VC Tnedidunaumsiindunuuiians fagui 9 uasd
swasBeansnedfineifel

- Epochs = 7000 50U 1t adnauusliuvesAiauianainuazUseAn3nmees uuusians
o5 $rsBsanaFusuiiimunlumesaldn

+ Sampling Rate = 22050 Hz Lileliaenndestufugndoyaidesidnndesls

« Batch Size = 4 iflaufinUszavBnmuazanszoznamsilnduuuuiiass lasidendngefigauay
wangaufumhemudiwes GPU Aldy

 Generator Learning Rate = 0.0002

« Discriminator Learning Rate = 0.0005 Lﬁ'a'sti'wiﬁ‘lmwwEJ;ELLsJﬂLLSJzLL‘?NLmS'ﬂW'NLLiﬂLLazLﬁaiﬁ
Tassegasaannindouslfihiuastoatuliymnsiindlsiaunalussezom

Tnofi

« Epochs e d1uauseuiivuusaesdiniuuuadoyaiamndusduauauniing

« Iterations #i® Mﬁﬁawaqmiﬂizmawa%’mﬂamﬁm (Batch) wumuudraeslunisinay

« Batch Size Ao Srunushegistoyafiuuudrasdtlunisuszanana

» Generator Leaming Rate fio s imsiseuivedlassiedaislunisiinusagseu (iteration) lng
SanuAianuRanain (Loss) Aldsuanmasunseminndesasuiiaiatusasdoseds ddlasstodadng
wneremanAmLRawaniiioai i saouiiniiousianniu

« Discriminator Learning Rate fie sasinsifousvedlasstnefuonuey Ssvimihikenuezindes
Aldududesatvidodesiaoy lngdiwnummnuiananvesaseeiionuesiiiannmsineianas
udesaouiudsseis viadesuiudsmaoy fadasdieiuenuozasnensmandaufianainiiiie
WisszAvsnmlunsuenuezdeya

- GPU ID fio Anitdwusiitesyyinegld GPU dhlalunisilnsunuudiass

« Checkpoint i TWd Sufinanuzansuuusiasssswinensilndu siudsiminveswuusias
A1 Optimizer Wagd1uan Epochs W elvannsavganisilnudinduanilndeviemsinuudassluldam

wIoUsulasNuAnlalun1emas
Set Parameter
- Sampling Rate - GPU id
- Learning Rate - Epochs
- Batch Size - Checkpoint

SourceL (RAEA Tha Waveforms _ | Mel-Spectrogram
- m Data Preprocessing

WAV

yaaalnadaiugila

Target

Source
=5 Mw
é’c
I I I i wuudassUasy
yaaalnddatugila ; —
Target Testing — uvaudes yana

1%
[

UM 9 Jumaumsincuuuudaes

]
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4.4 MsUszdliudssaninmva e
F3dulafnduuuUSIaesaunszianfealdann $1uau 4 wuudaes dnsumslldnusis oy
finsandaideninedudifian Generator Loss Hosfian Liesaniluiidtainebe Saanunsoadades
Uaouilndifesiuidesatsldinniian Tngld 2 i¥alumsussiiudssansnmeaid
4.4.1 ﬁa%ﬁ’mmiﬂimﬁu@aqmmw
TngUszaan:

1) WeuszillunuamidssUasniignainsnniuuiiassifinzuuuadsanudaifiusiy
arunfussanfuasdnmundeadstuinnidieds nedseduasuunded 5 Adey, a: 7, 3 weld, 2: ug, 1:
e

2) ileUszifiulszansnalunisnasnarsilsdmiunsliiansagravesmuiesluns
andulaindeavesynnalnadnsiing1d fe desasamiseldesasy
nauegne: TiSsuwesesINIA 311U 50 AY
SULUUMTTANG: §3789nUUUN1TUTEEIUTINIUN 50 9 (1 4A fo 1 Au) lnsurazyn
Usgnaudieidesniuandosasusin 12 Wdides faildesimmegnduanyaissiuandosaoud
ANLEBNLIEMTUAZNIUNITATIIFOUANLALY TN
Fupounistana: fifoEuiunnesue inguirasdvaamasiiunidelitunduiaegails
n¥ntudndegiadensiay 1 des Wenduiedeiluastluudazides nqusognsaslviazuuunanm
dosislusuanudusssuniuazaruedeads muisdndulaindedilisuiiduissiadodssaon

Fawvulszuazgniuiinlaggide degui 10

MQOS
AMUTUSTINYIR NEUFIDENN : UNFBUUIBIEDINIA T1UU 50 AU

MOS o P 25UNBIUINIINTTUTEIUNG >
AUABIBATY L AR VA PR G
- A
wuvUsziugan N ,

>
s = | Al ' = W e W
\doea3a e NguRRE9AUN N . I I ) I “ UnIIY

Laﬂ-ﬁﬂaau ﬁqm%"\jag 1 1884 Juiinwamsuseidiv

12 e dudnpgneanidesianun
(1#195wazdsaUanu)

v
Y (%

UM 10 fTTamsusziliudenunn

1%
v Aov

4.4.2 §33IN15USELUTIUTUNU

FAduldAnaiauuaniafmdanussniadesiiulasiudesiuaty (anwilne
Usloaentu) Tagld MCD iesmnienasidesuatuilfiDamevesaldnludud §ide3adourasaldn
TnailagdnedaazUTuusamsawia MCD Tuntastadluadiniuudiass StarGAN-VC [30] Tiwmunsauriu
mifeiuandulumunass ety Wemuaenndadunisiieudisua MCD

]
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dmsumsinanunaigafesnudnvuzdosseniradesiiuasiuidesiuat §3dulaly
KDSD wazidauesaldnlminianun lnssuivdsunuudtaosiindsanaidu wav2vec2-large-xlsr-53-th

(% [

[31] ¥ 2021 #95995Un11 InekasimuIunan Wav2Vec2 989 Facebook Al [32] 4anand 1u3aedss
Wawer1 KDSD Tunauibmifvsngauiuussloanwilve fsgui 11

WORLD Analyzer Original Speech

Converted Speech

DeepSpeech2 Method: annalunnsuusadss

Baidu (2016)

Support: English, Mandarin s
Speech Recognize Model  IMkaRlecl KDSD

Method: anaveyalBsdnvaudes

wav2vec2-large-xlsr-53-th

Facebook Al (2021)
Support: Thai

o (%

JUN 11 fFTamsussiiudelsunu

5. NAN15IY
Adelanliumanutunewide Tnelsvazidendiall
= a av o d v P ° o
5.1 wamsAnwInguuaznuidenineadeinanagounuuuInassiliaumsnga

5.1.1 msuwdasdernududes
Han1sAnwnarynaassldnisulastennuduides aanivled Google Translate wag

Speechify ARSI 2

A15747 2 Google Translate VS Speechify

Vuladnisulasdennududes Google Translate Speechify
nssessunwing v v
msvuausudes 1id] v
AnusItunsuUandes 520 4
Wesrnn ldanunsaidenideala dendesunauasndale
AU TUsTIUYIA fierudusssudszauiiunans  denudusssuyfninndn
nsenenenetsuallnalAgade ey Taidl v
FMIENTNALAZNTLINITIA o19hidulmaluunansdl finavunssniaunianniy
TagUszasanan ileilstonuannsulantmn THhileilstoruinly
TodfinvasIniduns gaulans 100% findutennusioiy

]
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NaN1SANYILaENAaIltLUUTIa0e MaskCycleGAN-VC wag LLVC a1un1sei 3

715197 3 MaskCycleGAN-VC VS LLVC

LUUAIEDY

MaskCycleGAN-VC

LLVC

aontUnenssy
Usennaaanseuaddes
msaneRuanuay (Feature Extraction)

v o 3

“daasiedss (Vocoder)

% a

7
YAUDUBLELN

9

NI R HGIGEN

ﬂ’ﬁL%EJ‘H%GUENLLUUﬁﬂaaQ

mssausuinduitunspuluiagiu
mswaweifuuusassedsselies
NITLNULWINIUIITENTNINIVINNT
ANNENYIAIURININEINT (Library)
lAnlownugesauulnanweosu GitHub
MsdaAnsmesdmsuilnduy
N5UTEEUTIRAUNINAEAT MOS

AN duUsISUTR / AuAaTeAa

NS ITIUI

Generative Adversarial Network
One-to-One
Mel-Spectrogram
MelGAN
VCC2018
wuuldeuuu (ddeq)

THnaila Cycle-Consistency Loss
wandssduatundeunailom
wuld Judeswesyaitmaneg
wagltinaila Filling in Frames
(FIF) 9relruuuinaoaduinsy
Feaiiviave dwalrnnsiFous

Tnseadne Wanuduazioan
(Mel-Spectrogram) fiUsz@nsnn
1nTY

Vv

v [11-14]
Vv
Vv
v
38

4.43 /4.08

WLNEEMSUNM SwURaLEN
ABINTAMN TGS

Generative Adversarial Network
Any-to-One
Mel-Spectrogram
HiFi-GAN
LibriSpeech360
wuuAvUIY
(nddes+ Indunyn)
ldwaiia Waveformer Encoder-
Decoder LLaﬂLﬁamﬁmﬁaaﬂmﬂ
@esnuatuudasnadesinuli
willawgadvang

—S o—S o—S o—=
& b s i
b R it Nl N s §

gn
3.78/3.83

o [y a A
LANNZENSUNSLUadsa il
a 6
wuULSeabngd

'
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5.1.3 ANULANATENININTEUataA U T dswasnshUaddes
ANULANFNISENININISHUasT AN DA SaEnITk U ES NUANSI9N 4

A514 4 Text-to-Speech VS Voice Conversion

Speech Synthesis Text-to-Speech Voice Conversion

AUNNEY Wasutoruudome Wasudomevesyaranidliinioudy
Feavesyanadu
Input / Output Text / Speech Speech / Speech
anuarUIYnvayaLdss wuuguuny (Wadea+lndunnn) wuuldiguunu (Wddes)
mwildlunsiinelu Fuifune aiguifuniw
WnsUnUadinusmedes v v
ANULdusTINYR devenailagladidusssuni desdlaulusssuwfigs
mslnasaaalunsdndula wonuezlalnedte wonuezlaenngidsdinnuadiuni
fusuatuwazdusssuyifas
welulagfdonld - Convolutional Neural Network - Convolutional Neural Network
- Recurrent Neural Network - Generative Adversarial Network

- Generative Adversarial Network

Fogranisldanu - LHUBUIANATAIN SSPGEIETEERILER
- SPUURYIEIFes / 81ueanides - a¥adlemiinfagela
- SPUUUINNN GPS - AuTuii
- Wngides - Wngdes
- YINFIENNITNEIHN - drowmderidanuiaundlunisna [33]

5.2 nan1sANEINAILILAZUTULAILUUTIEDY MaskCycleGAN-VC Uaauuuaudesyanalidaing
wianganiunsidauuuiinlyiues
5.2.1 mMsenruLuUIIaesndIuIU 7000 Epochs

HANSNARBIAIFUN 12, 13 Uagn15199 5

@ 5M01_TMO2 (yamail 1)
SMO1_TMO3 (yanat 2)
SMO1_TFO4 (ynnadl 3)
SMO1_TF05 (ynnail 4)

gﬂﬁ 12 Discriminator Loss (7000 Epochs)

]
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@ SMO1_TMO2 (yanail 1)

SMO1_TMO3 (yARai 2)
@01 Tr0s (yerail 3)
SMO1_TFO5 (yanail 4)

100 200 00k a0 S0 006 ea%00 *

;51]‘17; 13 Generator Loss (7000 Epochs)

A15197 5 nsElinduLuusaes (7000 Epochs)

Model Generator Loss  Discriminator Loss  Duration
SM01_TMO02 5.7398 0.0060 106 3l
SM01_TFO4 6.0054 0.0069 106 3l
Average 5.8726 0.0065 106 3l

5.2.2 MsAnduLuuIaRsmsmaila Early Stopping
HANSNARBINIFUN 14, 15 Uaga15199 6

drloss

@ 5M01_TMO2 (yarail 1) @ sMo1_TMO2 (yaraii 1)
SMO1_TMO3 (yARadl 2) bSMOl_TMOS (ynmadl 2)

SMO1_TF04 (yAmail3) Y'SM01_TFO4 (ynmadl 3)
SMO1_TF05 (ynmadl 4) SMO1_TF05 (yapail 4)

1600% x 7o 160k 00k 120k 1ok 500 Teooes

g‘dﬁ 14 Discriminator Loss (1600 Epochs) g‘lh?i 15 Generator Loss (1600 Epochs)
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a15197 6 Msilneluwuusas (1600 Epochs)

Model Generator Loss  Discriminator Loss Duration  Mel-Spectrogram
SMO1_TMO02 7.3355 0.0395 24 9l flaguil 16
SMO1_TM03 7.2503 0.0475 24 9l faguil 17
SMO1_TFo4 7.2170 0.2357 24 9l faguil 18
SMO1_TF05 7.0200 0.0002 24 9l flaguit 19
Average 7.2067 0.0807 24 §lug

5 03 045 06 075 09 1

Time

12 14

Time

JUN 16 Mel-Spectrogram 1d89339 (§398) wuanlu deavasu (yaaaithuuned 1)

5 i
0 o015 03 045 06 075 09 11 12 14
Time

0
© 015 03 045 06 075 09 11 12 14
Time

v

JUT 17 Mel-Spectrogram (#9933 (§398) uwuanlu deavasu (ypaaithuuned 2)

Time

12 14

[

JUA 19 Mel-Spectrogram 19933 ({398) wlanlu deavasu (yaaaithuuned 4)

]
LA

Uil 21 atufl 2 nsngrau - Furnau 2568



151

5.3 nan1suseliuyszansn naades
5.3.1 aunmveadesitliannsudaades
ansvadsuLUUTIaes wuddygasundlussdutosfeutunans ilkamnmides
warldunzaudmiunsldauee desnidesUasuitadstuannsouenues e wy Feoannliddn e
o viedeadndofiedodoaodou Weudludgmi fiseivndenansdesasuiiinmuning uas
i dygyrasumulidessieeglussiulndidssiuidosasy elinsussiiulssaviamiinugissw
Nty
5.3.2 HaMTUTEIIUTIRUAN
HANMTUTHIUANAMIELI8AT MOS Uagn1snadaun1Nainele One-sample T-test fagy
i 20 wagKanTUsEuUsEANSHAluN1TVRENAINET ﬁqgﬂ‘ﬁ' 21

84
=
v
§ 3
= M MaskCycleGAN-VC (VCC2018)
s
g 2 B MaskCycleGAN-VC (NKRAFA Thai)
c
g 1 B StarGAN-VC (Thai) [16]
0
(p-value}  8.7e-3 5.21e-20 4.57e-1 1.92e-5
SM-TM SM-TF SM-TM SM-TF
(PnlusssueR) (AUARIEAR)

sUl 20 msusziunmnmFsIier MOS (A1 Confidence Intervals 1 95%)

70
_ 60
&
— 50
@
€ 40
g
= 30 - 4 a  a
c B FduaUaududnasy
E 20
I I m Fesasadwdesasu
0
TMO2  TMO3  TFO4  TFO5 vindmu  dszemg
MaskCycleGAN-VC StarGAN-VC
(umpalnadn) (LUAARANENTOLY)

JUN 21 nsUssiiulssAvinalunisvaenaagile

]
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5.3.3 {an15UsELNuTIUSHne
NANITUIEEIULTIUSUNUA8AT MCD hag KDSD faidusidinanulansgseninadeaiulas

AuLdsaRuatU MNUANSIN 7

A157197 7 N15USTAEULTIUS R38R MCD way KDSD

MCD [dB] /7 KDSD [KDSD]
SM-TM (¥18-918)  SM-TF (¥18-%el4)
1 NKRAFA Thai  wav2vec2-large-xlsr-53-th (2021)  6.01/ 15.90 x 10° 5.00 / 16.23 x 10
2 VCC2018 DeepSpeech?2 (2016) 6.77/838 x10° 7.64/502 x 10°

a1y yadoya wuudae3ILdesyn

5.4 M38AUTIENA
5.4.1 msuUasteanududes
13197 2 wud madenldaiutueyfuinguszasd mndeanisszuusuoonidesiiil
AusInSnazldung Goosle Translate azwnzaundi osandusuusasafidunisldnuudanis
\Juvdn Tngliiuinefoudaadudesyanale Milkdamnududoutioonin wimndesnisaunmidesd
4939 Speechify auiludadendinni
5.4.2 nMsuUaades
ANLAITT 3 WU ﬂwsLﬁaﬂlﬁt’ﬂLUU'«j’waaaﬁﬁuagﬂJﬁ’uﬁ’mqﬂizmﬁmamu WNABINITATUUAS
\Feafifinainings MaskCycleGAN-VC agianzauni LﬁaqmﬂLLUU'«i’waaaﬁLﬂumiLLanL?mqgﬂl,wwﬁwia
il ibanunsaseudidssyanaidmuneliegisuiugn wagldinatin Cycle-Consistency uaz FIF {unis
diugunndssfiuladiiiinnuansianndulneiideatoniiuly nuiddsadeyadouuulidguuus
annsawseuldinenin vaedl LLVC wingdmiunmsulandesfidesnisanusimduvuisealng wid
Fodrinfunanmdsdininiy
5.4.3 AnuLana1esEnitemsulasdennuiuidswaznsulaades
ANANT97 4 wuin msudasderandudeaznisulandss TeaUsrasduazuuamai
wansnafu Tnensulasternududesmnzdmiunuiideansseuusuesnides vasfinswlandeadu
nMswasudssesyaraniindeiudnyanamunzdmivnuiyudunsairadesfiauadaasdu
FITUYIA
5.4.6 nsAlnduuUsIaesfisIwIL 7000 Epochs
aegU 12, 13 uay M15197 5 WU A1 Generator Loss anasogasamdlutisiunasisudi

'
a

dandusiuszanns 4000 - 5000 Epochs vaug#l Discriminator Loss A16131A Lana3nlasetnesibenugzdl
UsgnsnmgdlunsduunidesaiaiudesUasy agnelsinnn nsanadves Generator Loss Aid1asuauen
= ¥ o w ° Y] a a a = v a . a o
fatedrinvesuuudasslunsusulsenuamdeaiuiy Geo13ldinaia Early Stopping n3ausu
Learning Rate Lieaniiainaugiunisiladegiadsaiousuiiunmuninnowtluldanuass
5.4.5 nMsAnduLuuIIaRssmAla Early Stopping

Aa3UT 14, 15 uag #135139 6 WU N15UREANISENTITIUIY 1600 Epochs U ukuINIad

wanzauiieannaiin Inegideinsanduiudinaniangadaveainsmaliannsdanauwulliuyesa

]
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ANURANAINLAEUTEENSAINUBILUUTIARAETIN YauiedfudsEansashvUsEanSa e uUTIaes
Iolnglideddvinensiiudndu
5.4.6 A veadesiliannsulaudes

Haymamnimdsdluauiseiiinain NKRAFA Thai Dataset 48 ldifisuivinduannsgu
8814 VCC2018 Dataset 3aldsunmseenuuusnlasamzdmivnuulandss Jyvmdnunainnssuiunis
\Audegradesiienalifiniseuautiadodify 1w szezludanunasiuiades siavedlulasTriuilily
M3Tuiin AMULSITBIdQIASUNIUANEUDN kavan LIAdDLTRITssAEEY mnldfinisdanisia dade
wanienaviliiAneunanndouluaudnvuzvedesiigntudin iwu armiiadisurednudes sedy
\desildaiiane visauAawaialulassaiiameadnauveades dednasonsis sudvesuuudiass
Tnonsevililiannsaaiadesifinuamgaidolndidssiuduatiulfosnausiug) quamvesyndoyaiaiy

v

Hadudrdgiidedldsunmimuiioandeianainuasful ssadndvesuuusiaedliib iy
5.4.7 MsUsgliudannnw
Fa3UT 20 U1 MaskCycleGAN-VC fUszAn5a1wgandn StarGAN-VC lagtanizlunsdl
ﬂwmimﬁﬁﬂ'wmWmﬂuﬁﬁmwaqaﬂdwaﬂﬂaﬁﬂaﬁwﬁm pgalsinumanuraendsvesdsslunsaulang
Wenfuldfianuuandnanisadfegnadnau enunsdulandessdmmaiiuansisegnaitoddy (p < 0.05)
Fsazvioudisdodninuesyndeya NKRAFA Thai ileiflsufiuyndeyanunsgiu VCC2018
Faguit 21 wudn filslunguyaralnddadinsdndulefiananslu 2 nsdvdn leun 1) 1@
Uasugndnduindudesnss lasfidnsnislauvasngeaniis 56% Faunnnitnguynnaasisue il
Aunsfuides wandiiuisinenmvesnsaiadeasuiannsoaldlndidssausndenisnsiadu 2)
dosategninduindudesaoy Tnefdnsnslauaengsanis 59% Flduidygyinsuniuildludes
5edinansegnunenisindulaves]fsedeildedidny anuadieadesenitudsaiwasidocUasuly
anumsainfidessunwrh iiAnanuduautazanueinlunisuenues azvieudsrimsimielunis
"Smiwﬁl,?mﬂuamwmé’am%qLLawaﬂs]gm@mmwLﬁmimﬁqisﬁué@mzusummﬂuﬁﬁaﬁﬁzyﬁﬁaq
fsanlumideaudesUasuuias
5.4.8 MsUsutliugelsnnm
ANANS19 7 W31 MCD waz KDSD Tumwnlnedanaininlunwisingy azvieufisai
dendavedudlunvilnefiinnndt dwsu KDSD Afiduandrefuannii anngeranainmsldidentd
wuuaesiidesivuaieluagtussdenumingautuniwilne uenanidisnsdéafidneninluns
ihllnaduidesaoutoy fienadulslonitensitefiieitoduaues
5.5 Msweunsgasalinuazyadayaides
fATelfneunsvasaldn 1anfs NKRAFA Thai Dataset Aildluns3ded inuunanosy GitHub
Sulas https://github.com/NKRAFAVoiceAl/MaskCycleGAN-VC 1t Uselowiluuanisanuidonasnis

WU YDA I UOUIAR

6. d3U

9
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MaskCycleGAN-VC ﬁﬁﬂaquﬂumia%ﬁaLﬁmﬂaauﬁam%ﬁ Aouuuusens dides wavensuaivoudes
Auadulauiugl Imammiaﬁaui’mﬁaaﬂa@mﬁiﬁdﬁumu wndmsunstiteululialeiues wlddl
tedialunsalideaddygrnsuniugienlandesseninuna diewdlutlaymaang Q’%é’]’mauaﬂ%mi
uwsisiuuinasauazniswienyadeyalillgun e sen 1N s

a o a

6.2 NMINAUILazUSuLAsLUUTaInsUasunUasdssnelygrussAvsidenitad msunisiganuuu

43
=

fflotuos uwuud1ans MaskCycleGAN-VC gnidenilosannannsasnuwandnuaidesldiniuuudiaesdy
Taeinsldimaiia Filling in Frames (FIF) wislidssiiuvasiianusaiios vsumsiweslidenumunean
warld Early Stopping 71 1600 Epochs iiierfinusz@nsnmuazaniaan snviald Mel-Spectrogram wnu
MFCC Badunmsatnaudnuvasuuunildlumadedug weliZoudlasedadodfisuggadu

6.3 nan1sUszfiuuszdns nmuazdneniwlunisvaenaidlaglfidssasunlasiiaiainuuusiaos
FAteldduiunsssdunandudnunimuasndiinm wud desasuilaietuiien MOS gega 3.9
wagAUARIEAA 4.2 Tnganunsanaeniilelade 56% wazdeasegnidilaiadndudsstaonia 59% luds
U3tnas A1 MCD #inan 5.0 dB uag KDSD singa 159 mKDSD uanafannunmidssuasuitlndidsadesass

6.4 (RdldiauawiniinsUssyndldanumaluladJygseAvgideilinlunsujdinisnislewes
\Ba3ndeUsznaudie msliidssdaslusuininges msmaasuszuuinwanuUase iy waznsindou
Suiledelaued nfoudeuianuidssinuaisssnuazanusiuasanmslinaluladlunsiin Jaauels

Wumalulagasiaiuldesdasunivdiu iedesiunisldaunlivansauiasiasuanuduamslsues

7. UoLdUDdUL

waﬂﬂﬁfﬁ”ﬂ%iﬁLﬁu'jﬂ‘i‘JmqupﬂizawiL%aﬁwLﬁmmmsaa%ﬁaLﬁaaﬂaauLLanﬁﬁmmam‘%qqwumﬂﬁ'wwé
en 51930l warnnmismeaeunuIndesifininuen 3 Juidt Weseznalunsudaadeadios 1.63 3uii
Fauandlidudeussansnmuazdnanmlunmsimunlisesiunmsldanuuuuivaln

dmduuumensiannfinduidefiuinuuudians MaskCycleGAN-VC anunsaufudgadszdvdnm
msasadedlilagld HiF-GAN iusduaseiidss Wosrnlifauamidssiigadu andyvidesiaiiion
uarannsnasadesifinnulndifsiudeanuduniy Snsadenuilunsduanesigs sosfunsld
unuuBaln Fsdaeli MaskCycleGAN-VC ansnsaudandesldosaivsyansnmunnt uwaznouland
nsldefideinisanuausiinaranusings
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Abstract

This research aims to 1) conduct a comparative study of Thailand’s Eastern Aerotropolis
and The Aerotropolis Model and 2) provide development guidelines for the Eastern Aerotropolis.
The study emphasizes structural analysis in terms of infrastructure, transportation systems, business
zones, industrial areas, and logistics hubs to identify key success factors and challenges for
aerotropolis development in the Thai context. The research examined and compared the
Zhengzhou Aerotropolis in China with the Eastern Aerotropolis in Thailand across nine key
dimensions: 1) airport connectivity with surrounding areas, 2) aircraft maintenance zones, 3)
industrial zones, 4) logistics and cargo business hubs, 5) commercial business zones, 6) residential
areas, 7) technology innovation zones, 8) educational zones, and 9) healthcare zones. This study
employed a qualitative research approach using documentary research methods. Data were
gathered from primary and secondary sources, and a comparative data synthesis was conducted
based on internationally recognized aerotropolis city development frameworks.

The findings revealed that the Eastern Aerotropolis in Thailand made progress in
transportation infrastructure and logistics systems, particularly in multimodal transportation
connectivity and designated zones for business and specialized industries. However, limitations
remained in several areas, including the capacity of the aircraft maintenance industry, the shortage
of highly skilled labor, and the need for greater investment in advanced technology and innovation.
These findings can serve as a foundation for policy recommendations to enhance the
competitiveness of the Eastern Aerotropolis at an international level. Key policy directions should
include national-level strategic planning, government support, private sector investment incentives,
modern infrastructure development, and strengthened international collaborations. Future research

should explore urban management strategies and the economic and social impacts of aerotropolis
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development to ensure balanced and sustainable growth.

Keywords: Aerotropolis, Eastern Aerotropolis, Aerotropolis Model
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Abstract

The analysis of the curry puff production process of Mae Baan Tapon Noi Community
Enterprise, Khlung District, Chanthaburi Province, using a fishbone diagram found that the main
causes were that when the curry puffs were sold, the products were not crispy and there was
an excessive waiting time. Therefore, the objective of this research was to study and improve the
curry puff production process. From the study and analysis of the production process using a
process flow diagram, it was found that it took a total of 14 hours and 15 minutes to produce 30
pieces. Improvements were made based on the ECRS principle, focusing particularly on the filling
preparation stage. As a result, the time required for this stage was reduced by 72.30% of the original
duration. The production process was revised and divided into two steps: 1) the twice-frying process
and 2) the baking process. These two methods were evaluated through sensory quality evaluation
method. The results showed that the twice-frying process received the highest overall preference,
with an average score of 7.15. The moisture values of the traditional, twice-frying, and baked
processes were 13.97, 13.10, and 12.70, respectively. The water activity values of the traditional,
twice-frying, and baked processes were 0.787, 0.811, and 0.775, respectively. Therefore, the twice-

frying process was selected for the curry puff product manufacturing process.

Keywords: Production Process, Curry Puff Product, Community Enterprise, ECRS
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Abstract

This study enhances the detection of vegetation changes in Thailand’s Phung River Basin,
Sakon Nakhon province, by applying the Normalized Difference Vegetation Index (NDVI) within a GIS
and remote sensing framework from 2005 to 2024. NDVI, a globally recognized indicator of
vegetation health and ecological conditions, was calculated using multi-temporal Landsat imagery.
The analysis classified vegetation into five density categories across five time points—2005, 2010,
2015, 2020, and 2024—revealing significant ecological shifts. Dense vegetation increased notably
from 11.39% to 20.58%, while areas with moderate and sparse vegetation declined. These changes
aligned with demographic trends, including population growth from 2005 to 2020 and a sharp 24%
decrease from 2020 to 2024, as well as the implementation of stricter land-use policies. By
integrating NDVI-derived analysis, GIS-based spatial modeling, and ANDVI change detection, the
study substantially improved the monitoring of vegetation dynamics. This approach enabled precise
identification of degradation and regeneration zones, offering a practical model for sustainable land
management. The methodology presents a scalable tool for other tropical watersheds, supporting
regional sustainability strategies across Southeast Asia. The results indicate that vegetation dynamics
within the Phung River Basin are closely associated with human-driven activities, notably agricultural
expansion and the implementation of land-use regulations. These findings provide essential
baseline information to support the development of effective and sustainable forest management

policies moving forward.

Keywords: NDVI, Remote Sensing, Landsat Imasgery, GIS, Vegetation Change Detection
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1. Introduction

Global forest cover is a critical indicator of our planet’s environmental health. Natural, non-
degradable forests provide numerous functions, such as nutrient recycling, climate regulation, soil
stabilization, and waste decomposition, while supporting various recreational opportunities and
natural ecosystems [1]. Although forests worldwide still encompass almost 40 million km? [2], they
have been gradually declining each year. Similarly, Thailand’s natural forests, covering 162,909.04
square kilometers [3], have experienced significant degradation in recent years [4], with biodiversity
declining due to excessive resource use [3]. In the context of Thailand, understanding forest change
at the watershed level—such as the Phung River Basin—is essential for formulating localized
environmental policies.

Due to agricultural and urban growth, particularly in the northeastern region, forest regions in
Thailand have seen significant decline in the last few decades. Challenges remain in managing forest
encroachment and accurately monitoring changes at the micro-watershed level, despite reforestation
efforts and eovernment preservation policies. One such vulnerable area requiring ecological
evaluation at the local level is the Phung River Basin. This study focuses on the Phung River Basin to
illustrate how rapidly forest cover can deteriorate under the combined pressures of climate change
and human activity. The basin, recognized for its rich forest heritage and hydrographic network,
currently faces challenges such as illegal logging, overgrazing, land clearing, agricultural expansion,
and destructive fires—indicating the urgent need for sustainable forest management strategies [36].

Understanding the evolution of forest cover is paramount for regions experiencing severe
degradation, as even minimal changes can directly impact natural resource availability [ 5]. High spatial
resolution satellite data provides a critical advantage in remotely assessing forest cover. As shown in
[6], C. Suwanprasit and N. Shahnawaz conducted a comparative analysis of fire-affected forest regions
in Thailand’s Mae Hong Son and Chiang Mai provinces, with a particular focus on Mae Chaem, Chom
Thong, Hod, Mae La Noi, and Mae Sariang districts. Their investigation employed vegetation indicators
to evaluate the extent and impact of fire damage across diverse ecological zones. Building on these
findings, the present study leverages NDVI, derived from Landsat satellite imagery, as a principal
metric for forest cover assessment [7, 8]. Numerous peer-reviewed studies have demonstrated the
reliability of NDVI in capturing forest dynamics and ecological viability, particularly in detecting long-
term habitat degradation through Landsat-based time-series analysis [7], [8], [29]. It has also been
effectively applied to monitor vegetation dynamics in Mediterranean environments using multi-
resolution satellite data [16]. Moreover, its utility in detecting forest cover change driven by
anthropogenic and environmental factors has been confirmed in localized studies, such as those
conducted in the Metekel Zone of Northwest Ethiopia [17]. For example, post-fire forest recovery in
Mediterranean regions was examined by Lopes et al. (2024) using NDVI, and the impacts of land use
and climate change on the dynamics of forest NDVI in Romania were stressed by Pravalie et al. (2022).
The dependability of NDVI as a remote sensing instrument for assessing environmental changes across

diverse settings is emphasized in these studies. NDVI is calculated by examining the red (R) and near-
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infrared (NIR) bands’ reflectance differences, which drone- or satellite-based sensors can detect
[9], [29]. In principle, positive NDVI values indicate vegetation and negative values imply non-
vegetated areas, indicating the proportion of plant cover [10].

Utilizing NDVI-derived Landsat data and Geographic Information Systems (GIS), the research
intends to examine vegetation changes in the Phung River Basin between 2005 and 2024 and
evaluate the effects of human development on forest regions. The quantification of forest
degradation is possible using this method and underpins the expansion of approaches to alleviate
soil erosion as well as stimulate sustainable administration of the watershed.

1.1 Long-Term Vegetation Analysis: The study utilizes remote sensing and GIS techniques to
evaluate changes in vegetation from 2005 to 2024, offering a robust temporal perspective.

1.2 Integration of Diverse Data Sources: The research combined Landsat satellite imagery with
field surveys and GIS-based spatial analysis, providing a detailed understanding of vegetation
dynamics in the Phung River Basin.

1.3 Practical Environmental Implications: The findings inform resource management strategies
aimed at mitigating soil erosion, conserving biodiversity, and guiding sustainable land use planning.

1.4 Extended Temporal Range: Unlike previous work that often focuses on short timeframes,
this research covers nearly two decades of vegetative change (2005-2024), enabling a more nuanced
understanding of long-term environmental trends.

1.5 Localized Focus with Broader Implications: While it provides a case study of the Phung
River Basin, the methodology and outcomes can be adapted and applied to similar watershed regions
elsewhere.

1.6 Comprehensive Methodological Approach: The amalgamation of remote sensing, GIS, and field-
validation data permits a higher level of accuracy and specificity in monitoring vegetation changes,
surpassing standard desktop analyses.

Unlike previous studies that examined short-term NDVI fluctuations, this research offers a
19 -year perspective with high classification accuracy, enabling the detection of nuanced ecological

transitions in a tropical watershed.

2. Materials and methods
2.1 Area of Study

The Phung River basin, situated in northeastern Sakon Nakhon province, Thailand, is a
branch of the Mekong River Basin situated between 16° 20" 0”-17° 18" 0" north latitude and 103° 80
0"-104° 16" 0" east longitude (Fig. 1). The Nam Un River tributary basin is north, and the Kam River
basin is east. The Phung River, from the western mountain range at Phu Sila and Phu Nong Ma, is the
basin's main river. The river travels through Phu Phan, Tao Ngoi, and Khok Si Suphan districts before
emptying into Nong Han at Ban Don Yang, Lao Po Daeng Sub-district, Sakon Nakhon province. The
Phung River, supplies the province with freshwater, runs 76.44 kilometers from Nam Phung Dam to

Nong Han. Basin waterways intersect on both sides. In Sakon Nakhon province, the Phung River basin
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covers 1,639.60 square kilometers in the Phu Phan District, Tao Ngoi District, Mueang Sakon Nakhon
District, and Khok Si Suphan Districts. In the central section, plains with hills transition from high
mountains and steep slopes in the upper basin. The basin's lowest part is flat and gradually
undulating. The basin’s altitude is 300-500 meters above sea level. Typical wind speeds are 2.1 to
3.9 knots or Light Air to Light Breeze. The primary seasonal winds are the northeast and southwest
monsoons, from November to February and April to May. Pacific Ocean and South China Sea cyclones
and depression storms barely affect Sakon Nakhon. The mountain ranges in Vietnam and Laos slow
these gales, weakening them before reaching Thailand. Storms usually bring heavy rain and moderate
winds. About two depression storms occur annually [11]. Annual lows and highs are 22.3°C to 31.9°C.
The average yearly rainfall in Sakon Nakhonis 1,661.7 mm [11]. Sakon Nakhon province, specifically
the Phung River Basin, was selected as the study area due to its ecological sensitivity and diverse
topographic characteristics, including mountainous terrains, forested uplands, and fertile lowlands.
This area is critical as a headwater basin supplying freshwater for agriculture and local communities.
Over recent decades, it has become increasingly susceptible to anthropogenic pressures such as
deforestation, agricultural expansion, and land degradation, collectively contributing to significant
changes in vegetation cover and ecosystem health.

Moreover, the Phung Basin offers a high temporal continuity of satellite imagery data,
particularly from the Landsat program, from 2005 to 2024. This makes it highly suitable for long-term
spatiotemporal vegetation analysis using NDVI. The period aligns with notable socio-environmental
transitions in the region, including population growth and changing land-use patterns under rural
development policies [19].

In terms of tracking forest changes in transitory environments, the Phung River Basin is a
beneficial case study from an academic standpoint. Adding to the design of evidence-based
reforestation approaches and sustainable environmental planning, the outcomes from this region are
generally appropriate to comparable agroecological zones throughout Southeast Asia.

The basin's topography is varied, with flat floodplains downstream, undulating lowlands in
the middle, and high mountainous regions in the upper reaches. With a heterogeneous landscape at
an altitude ranging between 300 and 500 meters above sea level, vegetation dispersal and the

sensitivity of the basin to anthropogenic and climatic pressures are boosted.
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Fig. 1 Phung River Basin study area

2.2 The methodology

The methodology in this study adopts a systematic approach to detect long-term vegetation
changes using NDVI over the Phung River Basin from 2005 to 2024. As depicted in Fig. 2, satellite
imagery was initially acquired, utilizing Landsat 5 TM for 2005 and 2010 and Landsat 8 OLI-TIRS for
2015,2020,and 2024, from the USGS Earth Explorer platform. Because of their 3 0 - meter spatial
resolution and 1 6 -day revisit cycle, ideal for long-term observation of vegetation in tropical settings
distinguished by frequent cloud cover, Landsat 5 and Landsat 8 were chosen, which include sensors
offering reliable temporal data over two decades, allowing for the dynamic evaluation of NDVI trends
[37]. All imagery underwent preprocessing and processing, including geometric and radiometric
corrections, to ensure cross-year comparability and spectral integrity [20], [24]. NDVIwas then calculated
using the standard formula, as illustrated in Equation 1. The NIR bands, (Band 4 for Landsat 5 and Band
5 for Landsat 8) and the Red band (Band 3 for Landsat 5 and Band 4 for Landsat 8), were extracted
from each image to compute NDVI values, which were used to generate NDVI maps for each year (2005,
2010,2015, 2020, and 2024). Vegetation classification was conducted using the Maximum Likelihood
Supervised Classification method, which involved selecting training and validation data from field
surveys, thematic maps, and high-resolution imagery from Google Earth [21].

Following classification, an accuracy assessment was conducted through confusion
matrices, yielding metrics such as Overall Accuracy and Kappa coefficient to quantify model
performance. Using annual NDVI maps, statistical analysis produced maps showing areas of increase
or decreasein vegetation cover. Finally, NDVI trend detection across the 19 years provided a temporal
perspective on forest change dynamics under anthropogenic and environmental influences [22].

2.2.1 Cloud Masking and Atmospheric Filtering

All satellite images were exposed to a thorough process of cloud masking before NDVI
computation in order to confirm the consistency of spectral analysis and reduce interference from
the atmosphere, especially in areas with continuous cloud cover. The Function of Mask (Fmask)
algorithm [33] was used in this study, which utilizes a programmed, object-based approach purposely

constructed to detect and remove atmosphericinconsistencies from Landsat imagery, such as clouds,
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cloud shadows, and snow.

To discriminate valid surface reflectance from corrupted pixels, Fmask incorporates
spectral thresholding, thermal band assessment, and contextual evaluation, involving spatial
adjacency and object morphology. This procedure was created to compensate for the limits of
conventional threshold-based cloud detection methods threshold-based cloud detection methods
[32], considerably boosting detection accuracy while reducing errors due to omission and commission
[31].

This approach has been combined with the United States Geological Survey’s (USGS)
[34] Landsat Surface Reflectance packages and has been implemented extensively on global remote
sensing platforms, such as Google Earth Engine (GEE) [35] and the Earth Resources Observation and
Science Processing Archive (ESPA). To manage five Landsat scenes traversing from the years 2005 to
2024, with only clear-sky pixels preserved for NDVI generation, this study applied Fmask version 4.0
using the ERDAS Imagine preprocessing module.

Because cloud-corrupted pixels can misrepresent values for red and near-infrared
reflectance, causing inaccurate vegetation signals or understatement of vegetation density,
NDVI-based vegetation analysis requires precise cloud masking. Spectral integrity and temporal
stability can be ensured by the use of Fmask before NDVI classification, thus allowing for the active
assessment of vegetation dynamics across the 19-year period. For long-term ecological evaluations,
particularly within multifaceted tropical environments, such preprocessing is essential to preserving
the quality of data. To obtain and evaluate NDVI values over time, combined satellite-based remote
sensing and Geographic Information Systems (GIS) were used in this study. To obtain NDVI maps,
allowing for spatial and temporal appraisal of changes in vegetation across the Phung River Basin,
Landsat imagery was managed employing ERDAS Imagine and ArcGIS software. A high level of spatial
precision and analytical reliability was confirmed across all observation years using this integrative
method, underpinning the consistency of NDVI-based vegetation evaluations in dynamic tropical

landscapes.

| Obtain Satellite Images From USGS for Study |
‘—'{ Landsat 5 TM 2005 I_l Landsat 5 TM 2010 H Landsat 8 OLI 2015 |—| Landsat 8 OLI 2020 H Landsat 8 OLI 2024 )-—I

I Preprocessing and Processing |

NIR Band (Band 4 for Landsat 5, and Band 5 for R Band (Band 3 for Landsat 5, and Band 4 for

Landsat 8) Landsat 8)

L‘l NDVI Map (2005) |—_| NDVI Map (2010) |_—| NDVI Map (2015) |—| NDVI Map (2020) I_l NDVI Map (2024) |‘J

'
|
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Fig. 2 Flowchart showing the integrated NDVI processing workflow, including satellite image
acquisition, preprocessing (e.g., geometric and radiometric corrections), cloud masking via Fmask,

NDVI computation, vegetation classification, trend analysis, and validation.

2.3 The collection of data
This research utilized five 30-meter resolution images from the Landsat program from 2005
to 2024, obtained from the US Geological Survey National Center (USGC). The procurement of
Landsat 8 OLI coincided with the data collection from Landsat 5 TM and Landsat 8 OLI (Table 1).
This study’s main satellite images were taken during the dry season, as this season provides the most
significant forest cover disparity compared to other kinds of land development. ERDAS Imagine 2020
and ArcGIS Desktop Version 10.7 software were used for image processing. A 30-meter spatial

resolution was used, and for all projection system data, UTM Zone 48 North was used.

Table. 1 Satellite Data of Landsat Images Utilized

Satellite Sensor Path/Row Resolution Date of Acquisition
LANDSAT-5 ™ 127/48 30 Meter 2005
LANDSAT-5 ™ 127/48 30 Meter 2010
LANDSAT-8 OLI-TIRS 127/48 30 Meter 2015
LANDSAT-8 OLI-TIRS 127/48 30 Meter 2020
LANDSAT-8 OLI-TIRS 127/48 30 Meter 2024

2.4 NDVI Preprocessing and Spectral Analysis
The NDVI ranges were from -1 to 1. The low values suggested unproductive rock, sand,
snow areas, and clouds. Moderate values point to shrubs and meadows, while high values indicate
extensive vegetation. As stated by [12], the NDVI value for exposed soil is around zero, and negative
values relate to wetland areas. NDVI is a vegetation index that evaluates vegetation quantity, quality,
and evolution by determining specific bands of the electromagnetic spectrum [13] via the strength

of the radiation. The formula used for calculating NDVI was [14]:

(NIR - R)
(NIR + R)
Where:
NIR - Near infrared (Band 4 for Landsat 5, and Band 5 for Landsat 8);
R - Red (Band 3 for Landsat 5, and Band 4 for Landsat 8)
The Vegetation Index was grouped into ranges using the determined Normalized Difference.

NDVIvalues for bare rock, sand, or snoware often relatively low and correlate to classes (no vegetation).
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Low levels depict shrubs and grasslands, while intermediate values represent senescent crops, which
are moderately vegetated. High to very high NDVI values indicate profuse vegetation [15].
Classifying NDVI values into discrete vegetation density classes allows researchers to detect and
monitor landscape-scale vegetation changes with high accuracy and consistency. This method has been
widely validated through field calibration, high-resolution remote sensing, and ecological indicators [22].
The five vegetation density classes used in this study were informed by NDVI thresholding
approaches described in earlier remote sensing research, which demonstrated their applicability in
assessing vegetation structure across diverse ecological settings [23], [28]. These thresholds are
typically linked to land cover types and demonstrate efficacy across tropical, temperate, and semi-

arid environments, as indicated in Table 2.

Landsat imagery was sourced from the USGS Earth Explorer platform, covering 2005 to 2024.
All preprocessing and analysis were conducted using ERDAS Imagine 2020 and ArcGIS Desktop 10.7.
This workflow ensures consistent data quality across years and supports robust spatiotemporal

vegetation analysis [20].

Table. 2 NDVI Classification and Vegetation Density Interpretation

NDVI Range Vegetation Density Class Ecological Description

-0.19 to 0.08 Very Low Density Water bodies, bare soil, urban

surfaces, clouds, or snow

0.08 to 0.18 Low Density Sparse vegetation, degraded land,

grasslands, or fallow areas

0.18 to 0.24 Medium Density Croplands, dry forests, or regenerating
vegetation
0.24 to 0.31 High Density Mixed deciduous forests or healthy

agroforestry systems

0.31to 0.51 Very High Density Dense evergreen forest, mature forest

canopy, high-biomass zones

Note: The NDVI classification thresholds presented in this table are informed by foundational
principles in remote sensing science and have been further refined through empirical assessment of
vegetation reflectance dynamics, calibrated against localized observations within the Phung River
Basin. This approach ensures both alignment with globally recognized NDVI standards and

sensitivity to the ecological heterogeneity inherent to the study area.

'
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2.5 Ecological Classification of Vegetation Based on NDVI and Field Data

This study used an integrated method for vegetation classification that combined thematic
vegetation maps from Thailand’s Royal Forest Department and field survey data from the Phung
River Basin vegetation was categorized into five ecologically distinct classes based on NDVI thresholds
and field-verified land cover types:

1. No Vegetation: Barren land, urban surfaces, rocky zones, and water bodies (NDVI < 0.08).

2. Sparse Vegetation: Grasslands, shrublands, and degraded landscapes (NDVI 0.08 - 0.18).

3. Moderate Vegetation: Semi-natural rangelands and drought-tolerant croplands
(NDVI 0.18 — 0.24).

4. High Forest: Mixed deciduous forests with partial canopy closure (NDVI 0.24 - 0.31).

5. Dense Forest: Evergreen forests with dense canopy cover (NDVI > 0.31).

This classification scheme was validated through high-resolution satellite imagery and
spectral analysis, further supported by geospatial references from Google Earth. The methodological
framework is conceptually aligned with advanced spatiotemporal data fusion approaches that
integrate NDVI signals derived from multi-sensor platforms, including Landsat and Sentinel systems
[23], [26].

2.6 Temporal NDVI Trend Analysis for Vegetation Dynamics (2005-2024)

This section provides a detailed classification of NDVI values to reveal spatial and temporal
vegetation trends in the Phung River Basin from 2005 to 2024. The study utilized multi-temporal satellite
imagery from Landsat 5 TM and Landsat 8 OLI-TIRS, which were geometrically and radiometrically
corrected to ensure spectral comparability across years.

The standardized formula NDVI = (NIR - Red) / (NIR + Red) was used to work out the NDVI values,
where NIR indicates the near-infrared and Red the red spectral bands [23].

Five bands, very low, low, medium, high, and very high, were used to categorize vegetation
density based on ecologically validated NDVI thresholds- The classification employed the Maximum
Likelihood Supervised Classification technique with a 70:30 training-to-testing ratio using ground-truth data,
Google Earth imagery, and thematic land cover maps [23]. Classification accuracy was validated using
confusion matrices, Overall Accuracy (OA), and the Kappa Coefficient.

The results highlight an increasing trend in high and very high NDVI classes, indicating ongoing
vegetation recovery and successful land use regulation. Between 2005 and 2024, dense forest cover
increased from 11.39% to 20.58%, while areas with very low-density vegetation slightly increased,
reflecting residual land degradation in urbanized zones [25].

Table 3 and Fig. 3 collectively illustrate the annualized, NDVI-based vegetation data, which
were systematically disaggregated to improve the clarity and interpretability of long-term vegetation
dynamics. This disaggregation enables a more precise visualization of interannual variability and
ecological transitions spanning from 2005 to 2024, thereby supporting a comprehensive temporal

analysis. To further emphasize overarching trends in vegetation cover change, a linear trend line was
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incorporated into Fig. 3. This improvement in graphics underscores the constant upward trend in
dense vegetation classes, especially due to policy interventions after 2020, and improves the
temporal readability of the dataset. Disaggregated temporal data and trend line visualization follow
remote sensing analysis best practices and help researchers and land-use policymakers comprehend
vegetation dynamics more intuitively. This analysis of NDVI trends provides essential insights for
environmental monitoring, sustainable forest policy planning, and assessing ecosystem resilience in
tropical transitional landscapes [19]. By examining NDVI trends, stakeholders can make informed
decisions that foster environmental sustainability and improve the management of natural resources.
This information is crucial for adapting strategies to mitigate the effects of climate change on these

ecosystems.

Table. 3 NDVI Ranges and Vegetation Cover Percentages in the Phung River Basin (2005-2024)

Year Very Low Low Density Medium High Density Very High
Density (0.08 - 0.18) Density (0.24 - 0.31) Density
(-0.19 - 0.08) (0.18 - 0.24) (0.31 - 0.51)
2005 5.84 28.06 32.86 21.86 11.39
2010 5.48 20.97 29.31 28.40 15.84
2015 543 21.46 28.49 22.57 22.04
2020 6.34 22.05 27.70 23.28 20.63
2024 6.20 21.81 28.68 22.72 20.58

Changes in NDVI-based Vegetation Cover in the Phung River Basin (2005-2024)

mm \/ery Low Density Vegetation (-0.19 - 0.08)
= Low Density Vegetation (0.08 — 0.18)
s Medium Density Vegetation (0.18 — 0.24)
High Density Vegetation (0.24 - 0.31)
= Very High Density Vegetation (0.31 - 0.51)
--------- Linear (Very Low Density Vegetation (-0.19 - 0.08))

--------- Linear (Low Density Vegetation (0.08 —0.18))

Vegetation Cover (% of Area)

--------- Linear (Medium Density Vegetation (0.18 — 0.24))
Linear (High Density Vegetation (0.24 - 0.31))

--------- Linear (Very High Density Vegetation (0.31 - 0.51))

Fig. 3 Enduring trends for NDVI-derivative vegetation density in the Phung River Basin
(2005-2024). Bars indicate percentages for annual vegetation class, while dotted lines reveal linear

trend patterns, underscoring the dynamic range in high and very high-density flora over time.

]
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2.7 Model Validation and NDVI Classification Thresholds

The Maximum Likelihood Supervised Classification method was used in this study to classify
NDVI values across five defined vegetation density classes. To ensure statistical robustness and model
generalizability, the dataset was partitioned into 70% training and 30% testing samples. Training data
were derived from field survey observations, thematic vegetation maps from Thailand's Royal Forest
Department, and high-resolution satellite imagery (e.g., Google Earth) were used to classify vegetation
density.

To evaluate classification performance, confusion matrices were employed to compute the
overall Accuracy (OA) and Kappa Coefficient (KC), two standard metrics widely accepted in remote
sensing studies [30]. In Fig. 4, 130 accuracy assessment points were generated using the ArcGIS
Accuracy Assessment Tool, stratified across all five observation years (2005, 2010, 2015, 2020, and
2024).

Beyond partitioning, NDVI classification was guided by ecologically relevant thresholds
broadly accepted in remote sensing, reflecting consistent links between vegetation density and
spectral response. The criteria for the five NDVI groups are defined as follows:

NDVI -0.19 to 0.08: Very Low Density (Water bodies, bare soil, built-up areas, and snow cover)

NDVI 0.08 to 0.18: Low Density (Sparse vegetation, dry grasslands, and degraded areas)

NDVI 0.18 to 0.24: Medium Density (Seasonal croplands, dry forests, or transitional
vegetation)

NDVI 0.24 to 0.31: High Density (Healthy deciduous forests and agroforestry)

NDVI 0.31 to 0.51: Very High Density (Dense evergreen forest, mature canopy with high biomass)

This classification strategy aligns with spectral reflectance behavior and vegetation indices
calibrated across tropical and semi-arid ecosystems, ensuring consistency with international remote
sensing standards. The categorization also facilitates a longitudinal comparison of vegetation
dynamics under anthropogenic and climatic pressures.

Substantial benefits in terms of monitoring vegetation over large spatial and temporal
scales, particularly in areas difficult to access consistently, are possible by utilizing satellite-based
remote sensing. A reliable, repeatable, and economical approach to evaluating vegetation dynamics
is offered by the use of NDVI obtained from multispectral imagery. Satellite imagery enables
landscape-scale surveillance at regular times, dissimilar to field-based methods that tend to be
physically demanding, time-intensive, and spatially restricted. Although satellite data may be
constrained by atmospheric disturbances and geographic resolution, it is easier to access, established,
and less expensive than aerial surveys. Nevertheless, limitations exist with satellite-derived NDVI,
such as atmospheric intrusion, sensor noise, and cloud defects that can impact precision. In this
paper, meticulous preprocessing procedures, comprising Fmask for cloud masking and radiometric
correction, were used to counter such limitations. Moreover, overall reliability was enhanced through
the integration of field validation data that facilitated the calibration and verification of classification

outputs. Remote sensing is an influential tool for long-standing environmental investigation when
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combined with Geographic Information Systems (GIS). Even so, classification precision and ecological
interpretation can be enhanced, particularly in heterogeneous or transitional environments, by
combining satellite imagery with corresponding methods such as ground truthing and high-resolution

aerial data.

2.8 Utilizing ANDVI for Change Detection
Change detection is critical in monitoring landscape transformation and ecological dynamics
across time. This study applied NDVI-based change detection to evaluate temporal vegetation
changes between years by calculating the difference in NDVI values (ANDVI) derived from multi-
temporal satellite imagery. The methodology follows the post-classification comparison or map-to-
map detection technique, where classified NDVI maps from different years are overlaid to identify
specific change zones [27].

The formula used for detecting vegetation change through NDVI is as follows:

ANDVI = NDVI,, - NDVI,, @)

Where:
NDVI;, = NDVI value at the more recent time point
NDVIi; = NDVI value at the earlier time point
An increase in vegetation cover was indicated by positive ANDVI values and loss or
degradation by negative values [28]. This method ensures a straightforward and quantitative
assessment of land cover dynamics using remote sensing data, which is particularly effective when

using high temporal resolution sensors such as Landsat [18,25].
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The integration of ANDVI analysis helps pinpoint areas of active reforestation, degradation,
or transition, thus enabling policymakers to implement targeted conservation or restoration efforts.

The results are visualized through change maps highlighting spatial transitions in vegetation density.
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Fig. 4 illustrates the points of reference
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3. Results and Discussion

The Phung River Basin, spanning an area of 1,639.60 square kilometers, has experienced
significant changes in vegetation cover between 2005 and 2024. Five vegetation density classes, very
low, low, medium, high, and very high, were detected based on the NDVI classification. Detailed
trends over 19 years (total study period) are shown in Table 3 and Fig. 3.

In 2005, the majority of the basin was characterized by moderate-density vegetation (32.86%),
followed by low-density (28.06%), high-density (21.86%), and very high-density (11.39%). By 2024,
the proportion of very high-density vegetation increased notably to 20.58%, while moderate-density
vegetation declined slightly to 28.68%. The share of low-density vegetation remained relatively
stable, whereas very low-density vegetation increased marginally from 5.84% to 6.20%.

Although minor, this increase in very low-density vegetation indicates ongoing land degradation,
likely due to urban expansion and persistent anthropogenic pressure in peripheral zones. On the
other hand, the expansion of high and very high-density classes suggests partial ecological recovery,
potentially driven by reforestation initiatives and stricter land-use regulations implemented post-
2020. The relationship between demographic trends and vegetation change is particularly evident.
From 2005 to 2020, rapid population growth in Sakon Nakhon Province contributed to deforestation
and land conversion, reflected in fluctuating vegetation density. However, between 2020 and 2024,
the population declined by 249%, coinciding with a stabilization in land-use practices and increased
vegetation density in the upper NDVI classes. This suggests that demographic decline and
environmental policies have positively influenced forest regeneration. Change detection through
NDVI trends (Fig.4 and Fig.5) underscores the importance of temporal monitoring. The ANDVI analysis
revealed zones of both degradation and regeneration, with more areas showing positive NDVI
changes. Such results demonstrate the utility of NDVI as a tool for environmental management and
policy planning, especially in transitional ecosystems.

Field authentication continues to be a vital component for guaranteeing the spatial accuracy of
land cover classification, even though satellite remote sensing offers better spatial coverage and
temporal resolution when evaluated against sround-based surveys and aerial imagery. Especially in
heterogeneous settings where spectral uncertainty can occur frequently, the reliability of vegetation
assessments can be enhanced by combining in-situ observations. The interplay between
demographic shifts and vegetation dynamics is strikingly apparent. From 2005 to 2020, Sakon Nakhon
Province experienced rapid population growth, which fueled deforestation, agricultural land
conversion, and urban sprawl, thereby diminishing vegetation density in ecologically fragile zones.
Conversely, between 2020 and 2024, the province witnessed a remarkable 24% population decline,
coinciding with a shift in land-use practices and a notable increase in vegetation density, particularly
in the higher NDVI classes. This finding strongly suggests that the combination of demographic
contraction and robust environmental policies has had a positive influence on vegetation
regeneration, most notably in the upper reaches of the watershed. Ultimately, this study confirms

the critical role of NDVI-based monitoring in guiding sustainable resource management in vulnerable
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watersheds like the Phung River Basin. Fig. 6 shows the 2024 NDVI values are appreciably greater than
those in 2005, 2010, 2015, and 2020. The projected 2024 mean NDVI was 0.16, whilst the means for
2005, 2010, 2015, and 2020 were 0.14, 0.15, 0.11, and 0.15, respectively. The 2005 to 2024 Landsat
image NDVI supervised classification facilitated observing and quantifying Phung River Basin forest
cover growth, highlighting various changes over 19 years and producing high-quality maps (Fig. 5).
This improvement is attributed to the timing of the satellite imagery captured during the dry period
and the ensuing field corroboration. The 2005 classified NDVI accuracy was 93.07%, with a Kappa
coefficient of 91.10%. For 2010, the accuracy was 90.77%, and the Kappa coefficient was 88.20%. In
2015, the accuracy reached 95.38%, with a Kappa coefficient of 94%. The 2020 accuracy was 93.08%,
and the Kappa coefficient was 91%. The accuracy for the classified NDVI in 2022 is 96.15%, with a
Kappa coefficient of 95% (Tables 4 to 8). These statistics indicate a trend of improving accuracy and
reliability in the classification of NDVI over the years, with 2022 showing the highest accuracy and
Kappa coefficient. This suggests that the methods used for classification have become more effective,

leading to more precise assessments of vegetation health and coverage.

Fig. 5 Normalized Difference Vegetation Index (NDVI) maps for the Phung River Basin from 2005 to 2024,

demonstrating spatial dispersal and the dynamics of vegetation density across five years of examination.
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Fig. 6 NDVI values spanning the years 2005 to 2024

Table. 4 Assessment accuracy statistics for the NDVI (2005)

No Sparse Moderate High Dense Total Use Producer

Classification
vegetation vegetation vegetation vegetation  vegetation user accuracy  accuracy

No vegetation 34 2 0 0 0 36 94.44 97.14
Sparse

1 12 1 0 0 14 85.71 85.71
vegetation
Moderate

0 0 34 2 0 36 94.44 97.14
vegetation
High

0 0 0 21 3 24 87.50 91.30
vegetation
Dense

0 0 0 0 20 20 100.00 86.95
vegetation
Total 35 14 35 23 23 130 462.09 458.24
Overall

93.07
accuracy (%)
Kappa

91.10
coefficient
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Table. 5 Assessment accuracy statistics for the NDVI (2010)

No Sparse Moderate High Dense Total Use Producer

Classification
vegetation  vegetation vegetation vegetation vegetation user accuracy accuracy

No vegetation 34 1 1 0 0 36 94.44 97.14
Sparse

1 13 0 0 0 14 92.85 76.47
vegetation
Moderate

0 3 31 2 0 36 86.11 91.17
vegetation
High vegetation 0 0 2 21 1 24 87.50 87.50
Dense

0 0 0 1 19 20 95.00 95.00
vegetation
Total 35 17 34 24 20 130 455.90 447.28
Overall

90.77
accuracy (%)
Kappa

88.20
coefficient

Table. 6 Assessment accuracy statistics for the NDVI (2015)

No Sparse Moderate High Dense Total Use Producer
Classification
vegetation  vegetation vegetation vegetation vegetation user accuracy accuracy
No vegetation 35 0 1 0 0 36 97.22 100.00
Sparse
0 13 1 0 0 14 92.85 86.66
vegetation
Moderate
0 2 34 0 0 36 94.44 91.89
vegetation
High vegetation 0 0 0 24 0 24 100.00 96.00
Dense
0 0 1 1 18 20 90.00 100.00
vegetation
Total 35 15 37 25 18 130 474.51 474.55
Overall
95.38
accuracy (%)
Kappa
94.00
coefficient
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Table. 7 Assessment accuracy statistics for the NDVI (2020)

No Sparse Moderate High Dense Total Use Producer

Classification
vegetation  vegetation vegetation vegetation vegetation user accuracy accuracy

No vegetation 32 3 1 0 0 36 88.88 96.96
Sparse

1 11 2 0 0 14 78.50 78.50
vegetation
Moderate

0 0 36 0 0 36 100.00 90.00
vegetation
High vegetation 0 0 0 23 1 24 95.83 100.00
Dense

0 0 1 0 19 20 95.00 95.00
vegetation
Total 33 14 40 23 20 130 458.21 460.46
Overall

93.08
accuracy (%)
Kappa

91.00
coefficient

Table. 8 Assessment accuracy statistics for the NDVI (2024)

No Sparse Moderate High Dense Total Use Producer
Classification
vegetation  vegetation vegetation vegetation vegetation user accuracy accuracy

No vegetation 36 0 0 0 0 36 100.00 97.29
Sparse

0 11 3 0 0 14 78.50 100.00
vegetation
Moderate

1 0 35 0 0 36 97.22 89.74
vegetation
High vegetation 0 0 1 23 0 24 95.83 100.00
Dense

0 0 0 0 20 20 100.00 100.00
vegetation
Total 37 11 39 23 20 130 471.55 487.03
Overall

96.15
accuracy (%)
Kappa
95.00

coefficient
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3.1 Spatiotemporal Dynamics of Vegetation Cover Based on NDVI Classification from 2005
to 2024

Table. 9 presents the NDVI classification statistics for 2005, 2010, 2015, 2020, and 2024.

NDVI 2005 NDVI 2010 NDVI 2015 NDVI 2020 NDVI 2024

Classification area area area area area area area area area area

(km?) (%) (km?) (%) (km?) (%) (km?) (%) (km?) (%)

No vegetation 95.70 5.84 89.81 5.48 89.09 543 104.03 6.34 101.63 6.20

Sparse vegetation 460.11 28.06 343.77 20.97 351.89 21.46 361.48 22.05 357.66 21.81

Moderate 538.73 32.86 480.57 29.31 467.20 28.49 454.21 27.70 470.23 28.68
vegetation
High vegetation 358.35 21.86 465.72 28.40 369.99 22.57 381.67 23.28 372.60 22.72

Dense vegetation 186.71 11.39 259.74 15.84 361.44 22.04 338.21 20.63 337.48 20.58

Total 1639.60 100.00 1639.60 100.00  1639.60 100.00 1639.60  100.00  1639.60  100.00

Table 9 analyzes NDVI-based vegetation classification from 2005 to 2024, showing significant
vegetation density changesin the study area; the “Dense vegetation” and “No vegetation” categories
exhibited the most pronounced changes.

The area of dense vegetation increased markedly from 186.71 km2 (11.39%) in 2005
to a peak of 361.44 km2 (22.04%) in 2015 before showing a slight decline to 337.48 km?2 (20.58%) in
2024. This trend may reflect afforestation efforts, natural vegetation recovery, or land management
policies implemented during the early 2010s. Conversely, the area with no vegetation showed minor
fluctuations, peaking at 6.34% in 2020 before slightly decreasing to 6.20% in 2024. These changes
might be linked to urban expansion or land degradation due to unsustainable agricultural practices.
The “Sparse vegetation” and “Moderate vegetation” classes demonstrated relatively stable patterns,
with slight declines in earlier years followed by stabilization. Sparse vegetation decreased from
28.06% in 2005 to around 21.81% in 2024, while moderate vegetation slightly declined but
rebounded marginally by 2024.

]
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3.2 Spatiotemporal Analysis of Vegetation Change Based on NDVI-Derived ANDVI Metrics
(2005-2024)
Table. 10 Alterations in the area of vegetation category between 2005 and 2024

Change detection between 2005 and 2024

Classification

area (km?) area (%)
No vegetation 593 0.36
Sparse vegetation -102.46 -6.25
Moderate vegetation -68.50 -4.18
High vegetation 14.25 0.87
Dense vegetation 150.77 9.20
Total 0.00 0.00

The Phung River Basin spatiotemporal analysis of Vegetation dynamics from 2005 to 2024,
as assessed via NDVI-based remote sensing, reveals distinct patterns of ecological transformation
across the landscape. According to Table 10, the most notable change occurred in the “Dense
vegetation” class, which expanded by 150.77 km? or 9.20% of the total basin area. This increase is
likely to reflect effective reforestation campaigns, natural vegetative succession, and the
implementation of more rigorous land-use policies in the post-2020 period. Conversely, both “Sparse
vegetation” and “Moderate vegetation” classes exhibited significant reductions—by 102.46 km?2
(-6.25%) and 68.50 km? (-4.18%), respectively—suggesting a transition of semi-natural and
agricultural lands into degraded or urbanized states.

Interestingly, the “No vegetation” category experienced a modest increase of 5.93 km?
(0.36%) despite a 24% population decline between 2020 and 2024. This paradox suggests that land
degradation and anthropogenic pressure may persist independently of demographic trends, possibly
due to legacy land use, infrastructure expansion, or lack of ecological recovery mechanisms.

The NDVI change detection (ANDVI) results, as summarized in Table 11, highlight a nearly
symmetrical pattern of ecological shifts: 170.96 km? (10.43%) of the area showed a positive NDVI
change—indicating recovery—while 170.95 km? (10.42%) showed a negative change—indicating
degradation. The remaining 1,297.69 km? (79.15%) exhibited no significant change. This duality
suggests a transitional ecological state with simultaneous processes of forest regeneration and
degradation occurring in different zones.

These findings affirm the utility of NDVI-based analysis in identifying subtle but ecologically
significant vegetation shifts. They also underscore the value of continuous satellite-based monitoring
in guiding sustainable landscape management, particularly in environmentally sensitive and
demographically dynamic regions like the Phung River Basin. Taken as a whole, the findings
demonstrate how vegetation cover changed dynamically during the course of the study, influenced
by changes in land use, variations in the climate, and decisive efforts toward preservation. NDVI data
were coordinated into five-year periods for enhanced interpretability (2005, 2010, 2015, 2020, and
2024), supporting the comprehensible conception of trends. To highlight key ecological changes,
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especially an abrupt increase in dense vegetation between 2005 and 2015 and the ensuing
stabilization seen after 2020, data were also categorized by classes of vegetation density.

The results by Lopes et al. (2024), who described forest recovery determined by policy
mediation are in line with the rise in dense vegetation perceived in the Phung River Basin from 2005
to 2024. However, other studies detected decreasing forest NDVI trends in Eastern Europe, mainly
because of sustained drought and the expansion of land use, such as the study by Pravalie et al.
(2022). The significance of local context in regulating vegetation consequences is highlighted by this

distinction and emphasizes the achievement of recent preservation efforts in the Phung River Basin.

Table. 11 NDVI-based vegetation change detection from 2005 to 2024

Type of change area (km?) area (%)
Positive 170.96 10.43
Negative -170.95 10.42

No change 1297.69 79.15
Total 1639.60 100.00

4. Conclusion

This study provides evidence of significant vegetation changesin the Phung River Basin between
2005 and 2024, based on NDVI-derived satellite analysis. Notably, dense vegetation areas increased
from 11.39% to 20.58%, while sparse and moderate vegetation areas declined. These findings align
with earlier studies, such as Lopes et al. (2024), which reported that NDVI effectively captures post-
disturbance forest recovery, and Pravalie et al. (2022), who demonstrated that land-use and climatic
changes were involved in forest NDVI trends.

The relationship between vegetation dynamics and population growth is particularly evident.
Between 2005 and 2020, a growing population drove forest encroachment, agricultural expansion,
and urbanization, reducing vegetation density in ecologically sensitive areas. In contrast, from 2020
to 2024, the population declined by 249%, coinciding with the implementation of more stringent
zoning and environmental regulations. This demographic shift, combined with policy interventions,
is likely to have facilitated vegetation regeneration—especially in the upper watershed.

Overall, this study underscores the practical relevance of NDVI-based change detection as a
reliable method for long-term ecological monitoring. The findings offer valuable insights for
policymakers, particularly in designing sustainable land use strategies and reforestation efforts.
Moreover, the methodology employed in this research is transferable to other tropical basins in
Southeast Asia, enabling broader application in climate-resilient landscape management and
biodiversity conservation planning.

The outcomes of this study provide valuable insights for shaping policy frameworks aimed at

forest conservation and ecological restoration on a regional scale, especially within ecologically
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vulnerable areas. Incorporating NDVI-derived data into land-use planning processes will significantly

strengthen the efficacy of systematic approaches to natural resource management.
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Abstract

The objective of this research was to reduce the life cycle cost (LCC) of the bucket
elevator in a chemical fertilizer plant. The study utilized a Pareto Chart and Failure Mode and
Effect Analysis (FMEA) to identify and prioritize problems. The root causes of the issues were
determined through a Why-Why Analysis, which showed that the conveyor parts had a short
service life due to corrosion from the conveyed materials. To solve this, a new bucket elevator was
designed, and the materials of the conveyor parts were changed. After the improvements, the Risk
Priority Number (RPN) decreased, with the number of issues in the high, medium, and low-risk
categories being reduced from three, four, and nine issues to zero, six, and seven issues,
respectively. Additionally, the life cycle cost of the system was reduced from 9,336,313 THB to
4,961,279 THB, representing a 53.14% decrease. Furthermore, when calculating the Sensitivity
Analysis of the life cycle costs with varying expenses, it was found that the life cycle cost of the

new design bucket elevator was lower than that of the old bucket elevator.

Keywords: Bucket Elevator, FMEA, Why-Why Analysis, Life Cycle Cost
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'JLﬂ';'I"I%‘r’iﬂuﬂuﬂ"liﬂiaﬂ-.l?.lﬂdtﬂiﬂdﬁ]ﬂiﬂigwaﬂ']LﬂH\iﬂ"IEIIiJIiJQWHNﬁﬁ‘l!ULFIJJ

v

Uszilunandes RPN vaansasdnsnseeadesnaunisusulss

v

- £ = w i & W ¥ o =
ALATIEWEN L‘r’iﬁq'lla‘ﬂflﬂ.l_‘ﬁ"ll.wBaﬁlﬁu‘ﬂuﬂ"li‘ﬁamﬂaﬂLﬂiaﬂﬂﬂiﬂ'ﬁg'i'ﬁlﬂ'uﬁﬂﬂ

v

o v s & w v o o=
ufﬂ?]‘ﬁﬂ]_‘ﬂ"llw‘ﬂﬁﬂmu‘\"!uﬂ"l'i’ﬁEJll?.IENLFI‘iENiIﬂiﬂi%WBﬂ"I LEE

v

Uszifiunnudes RPN vaan3asansnssisandsimasiinisuiuds

v

I— pr . w o o
wWisuguszezansilasuy Spare part naunaznamnIsusulse

v

wWisuiflsudunuieastinveaniadnanszneanderounazianinisuivls
= = doe % 2 e
uaz inseiaula (Sensitivity analysis) VBIAUNUIATEIA

g
asUnanisiay

o
[

5UN 1 upaumsaiiuagidy

5U% 2 1A309dnT BE

%
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a a A o
A19191 1 518aL08AUDNLATDNANT BE

a9y 378N13 ERLGHGLL
1 Machine Chain bucket elevator
2 Type Continuous bucket elevator
3 Material to be fed Fertilizer
Bulk density = 1 ton/m?
Moisture = 1.0~1.5%
Angle of repose = 35°~40°
Temperature: AVG 60°C
Grain size = 5~50 mesh
a4 Capacity Normal 60 ton/h
Maximum 70 ton/h
5 Bucket 144 pcs
6 Center distance Vertical = 27.3 m
Horizontal = 3.7 m
7 Chain speed 22 m/min
8 Drive unit Geared motor: 15 kW 6P 50Hz
33RPM
9 Roller chain RS 140-2 NT55: Drive shaft
RS 140-2 NT17: Motor
10 Conveyor chain & Sprocket DK3090FS-2PG4
DK3090FS NT11
11 Plummer block SN536
12 Bearing Top: 22236 K + H 3136
Bottom: UCT 315
13 Chain guide FB 75x9t
14 Casing Plate SS41: 4.5 mm

6.1.2 91ymsldauvestudungneluaiesdnnssieafesiinleanbe
A o & = v ° a4 & ] - @
\A3043N3 BE tuslongnisldaulaemvunseunisifsuiiudiudieg agluaiesdngan

& v a o+ N o .:4' 2, = v W .:1'
ﬂ’]'ﬁLﬂ‘UsU@Haﬂ’]ﬁfl‘lﬂiqqq‘UNaWQULﬂllﬂﬂ@’]i'm'ﬂ 2 g F1ANUDNYUAIUVDILATDINNTAINITNN 3
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A15199 2 91gMsidaurestudiuseangluinsasdnsnseiednies

a1y Fudau 218n13ldeu @)

1 Casing 129

2 Conveyor Chain 3

3 Roller Chain 61

a4 Sprocket (Roller Chain) 61

5 Sprocket (Conveyor Chain) 129

6 Chain Guide 3%

7 Buckets 3 4

8 Bearing 43

9 Drive Unit 129

A15197 3 iwmsuaq%yuei’awmq 209R5039N3 BE
a1 318019 U AEeuliEY 31
(um) ()

1 Conveyor chain 560 links 2621.5 1,468,040
2 Conveyor sprocket 2 sets 108,150 216,310
3 Roller chain 1 set 48,510 48,510
il Sprocket (Roller chain) 1 set 4,494 4,494
5 Sprocket (Conveyor chain) 1 set 23,055 23,055
6 Chain guide 1 set 124,500 124,500
7 Bucket 144 pcs 1,500 216,000
8 Plumber block + Bearing (Top part) 2 sets 18,108 36,216
9 Bearing (Bottom part) 2 sets 5,431 10,862

6.2 MTAATITAUVBUNNTOINATHANTENU (Failure Mode and Effect Analysis: FMEA)

nsieseideunnsaskasnansznunglulssnundadeinilavinnsinuanaeinis e e
founnsesuaznansenuvesaiesininsziedidesan 3 Jadudsd

- seAiuANULIIaym (Severity: S) fim saglIaluN1sNEANITHERIINGINTTTIIA

- Temalumsiinanivg (Occurrence: O) As ArwdlumsiAnensdige

- ANENNTAMUNITATIATU (Detection: D) Ap ANUAINITAIUNITATIINUBINTTIIA

Fanasinzuunres sefumuguLstan lemalumaiinauvg anuaansolumsnsadu uas
nsivasanndsiniglulssnundndoniiu IfnannsssaunuAnuesidergesuaunsie

amelulssnundndeiniilaedadalsziinsdeuvennsosdninielulssundadendl wazimumdy

'
|
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52 08UUAUR (Procedure) Faszauvesnzuuuvawaasladonanalidamsnei 4 uazlamuuninasivedan

ANUdsweAssdnInsied s dulssundadeownd dsnnalaanaunisi 1 1idwnsei 5

1nedn

RPN =

RPN=SX0OXD

ANAINULAE

seauAUTULsadym

= Temalunmsiinanive

ANNEALNTAIUNNTNTITU

A15197 4 LNEUTINITIASIERTOUNNIBILAENANTENU (Failure Mode and Effect Analysis: FMEA)

LAY FTAUANTULTIVDY Tamalunisiin ANEN150TUNIINTINIY
AZUU Jaymn Ul (Detection: D)
(Severity: S) (Occurrence: O)
10 wgANSKAMNNNT 7 U Aeduegation 1 annsonsIanumndinmadgaiaty
ada/$u semsldiazesilo
9 NYANIHER 5-6 Ju Antusdatios 1 mmsammwwé’qmﬂmss{h?@Lﬁm%u
ns/3%u A sldanen
8 neANIHEN 3-4 Ju Antusttios 1 mmsammwwé’amﬂmss{h?@Lﬁmﬁmﬁﬁu
ady/74u sEmiamsvigananiemsltiaieaile
7 NYANISHAR 1-2 Tu Aetugnation 1 anunsnnsIanumndtaInmstsniiaty
ada/15%u JENINNIUYANEAMEMIlYanaen
6 MgANSKAMNNNT 12 9. \Antusshetien 1 amnsarmanunoumstisavesaTesing
nfy/dou Igsyninamsvgandnsnensldiedoste
5 NYANSHANNINNT 6 Aetiugation 1 anansonsranureuntstiseenanaing
g ndy/3ifton Iaseninamaveandnaienisidaem
4 NYANISHARNINNT 1 Aetiugation 1 anansonsranureuntstiseenanaing
Hlus ny/6ifton Ieiszwinamisndnsensltiaiesile
3 MgANSKAMNNNT 30 LAaTuegtion 1 annsnTanuieunIstiaveneiesing
W9l S Iaseninamananaienisidanen
2 fuonsgnusoUssAvinm  Aeduethaties 1 SszuualuiRlunsamaduuasmganis
NINAALATIALTUNTHER a/37 F1IATENINANTUNITHER
g1
1 Lifiwansenusiomandn  wvagliieedody  Sssuudiluilunsudadeudeuns

o

T30

%

I 21 adudl

'
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A13199 5 inausivasrnnidssveasesinsneslulsanunineinil

AZWUY szRuaudes
1-20 i
21 -80 Yrunang

> 81 G

6.3 NMSMUUALLAAAUYIINATTIN (Life cycle cost: LCC)

mMsimualunadunuTinvouaissdnsnseedndsanuguil 3 TauAgulunisimunduny
W infiRedeatall

- Fumuidusiu (nitial Cost) Usznauludae sunulumsdssdnuazduyulumsfndalngiidoyan
PNULANETIANVDILTUIN

- fiuyulunisaniiunis (Operating Cost) Usgnaulumie AunuiundsuaInn1sAuianisly
W&391UIN Drive Unit vaain3osdnsnseiodides

- Fuyuiiun1stinge¥nen (Maintenance Cost) Usgnauludae fuyuinududnlunisdentiy
wag FunusuaAusslunstentize feuszinumsnndseifinisdenvesaiosininseiiodniss uas
wdosinsidtudnlndifsstunelulsnundndeiad

- 1m0 (Disposal) Ao dunulun1sueendudiusiie veaeissdnadlonuaegnisldolag
$r9BarnuseiRmsnedudiuonedosins

- fvualiieSosdnstiengmslday 12 ¥ sasefmsldauveaniesdnsnseiiedides

- fmualiisnsndauan (Discount Rate) 1y 10% 910 Sasinonidetiudsus1 (Minimum
Overdraft Rate: MOR) ¥84511A5usUszinelng 7.32% (A1ad 8989 MOR 4 031U 2568 Way
NANDUWLTIUSEMARSNSLBLAY 2.68%

- FunnaesTinanansaduadldfaannisi 2

AUVUEUAY (Initial cost)
- dunulunsduginniasdns (8)
- unulunisiing (1)

siunulunisaniiuau (Operating cost)
- AUNUATUNAIITU (E)

Tawmaunuaaasin (LCC Model)

FuVUATUN)SYaUU15IINET (Maintenance cost)
- sumuaudusulunisdening (5)
- fumusuAsslunsgeautig (L)

A1%7N (Disposal)
- SIAEINMENABIYN1S 194U (D)

5UN 3 Lunasuyuiesdin

'
|
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LCC=B+N+E+(S+L)-D 2

Tagil  LCC = dunueas®in W)

B = sunulumsdamdnedosdng (um)

I = duyulumsings (uin)

E =  @unusinunaanu (uim)

s = dupudusudndunmsdenthsaum)

L = sunuainuawsslunmsgeudss (Um)

D = @ @um)

6.4 Mmydwszialdanglunistnsednwiduesidudveyarnindduvauwnu (Maintenance Cost
as A Percent of Replacement Asset Value: MC/RAV)
myinzvaildinelumsiissneludesidudvasyarminddunawnutiuaiunsaauinld

A9ANNITN 3 FIAWIRNSFIUEINE (International Benchmarks) d1msugaamnssunaluaziialganglunis

Urgssnuiluesidudivesyanmindduvaunuiiosndn 3% auunsgIu SMRP Best Practices [15] waz
gaamnssuaiituvzdadldanelunisvrgesnvnludesidudvesyanminddunawnuiadesyi 4% 910

9 9
v a

URYAVIANIANIYITNVDILT IV YA UNITUTINTIANITNINEFU (Association of Asset Management
Professionals: AMP) [16] til831niaTesdnsaesngeinmanitilesainmsinnseuvesasiaiangly
@uN1THER

MC/RAV = (MC/RAV) x 100 (3)

lag#i  MC/RAV Aldielunsinsssnyiudesidudveayarminddunaun
MC = Alganglunisuingssnwset (L)

RAV = yarmInddunawnu (Um)

7. NAN1339Y
7.1 sunulunisdauinIaadninseiedies

nsiassiduulunistenveaniesdns BE Inouanifiiog1999siununstontiuaIuniy
::1' S = 9w a A o o w v ' 2 ! 1% ) -:4' !
HITNN 6 %Wﬂuuf\]\ﬂs{jLLNuQuWWLﬂmL‘Wafﬂ{ﬂm@UMHVJﬂiJMWE)WUUﬁ’JW\NﬁlﬂmamLLaﬂﬂugﬂw 4 WU

Fuaunilenldiegenuman 80:20 lauA Conveyor Chain uag Bucket

'
|
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A15197 6 FeE RN TTeNTUAIUYRIATEIINT BE

8115 WU wandild 51 Spare MU AlEI1e  AwsY 57U 59
(Man-  part (Un) Spare alus  Ase (Uw)
hours) part (um) ()

(v )

L‘LJ?{EJ‘LJ Top 2 30 18,108 2 36,216 86 2,580 38,796

bearing

L‘lJ?iIEJu 1 160 1,468,040 1 1,468,040 86 13,760 1,481,800

Conveyor

chain

Pareto chart

959% 98% 100%

1,600,000 e 93% 100.00%
1,400,000 ;g
= 80.00%
S 1,200,000
g 1,000,000 60.00% a
€ 800,000 3
= o
"’g 600,000 40.00% &
@
3% 400,000
e 20.00%
200,000
- 0.00%

Conveyor Bucket ~ Chain guide Bearing Roller chain  Casing

chain
Fudu

Algaelunsyeu % avasl

JUN 4 unuQil Pareto UanIRUNUNTTTOULARETUAIUYDUATEY BE

7.2 ArALEss (RPN : Risk Priority Number)

AIALLEES (RPN: Risk Priority Number) 9941384305 BE owvimsuiulsaainmsuseiiiuaining
deaiauandlunisned 7 THnaeiana8anun 199 5 IngaansauuanguueseInIsnunagivedantEes

a Y] Y o o a o« a 2 - ' a [V .
vodAsasInInseiedndedlulssnuninlowmil wuid Fudrueglunduainudesadlaui Conveyor chain,
Chain guide wag Bucket mmg‘ﬂﬁ 5 lngaziiulaindusiu Conveyor chain, Chain guide tag Bucket 1u
fAudluns913aunndn 3 U wddminianisuinsenitamsafiunisndnasiissesiiantunsgeud
g17U7U wae Hn139T9TuiienneaunstIndnale1n13e13AvesTudIu Conveyor chain, Chain guide

wag Bucket agluszuAdeeas

'
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A13197 7 AzUUUANELS RPN 904A5993N03 BE Aawinn1susuuss

Afu Judau 21115 AZLUUAULES

S O D RPN

1 Conveyor chain C-pin ¥19 4 2 9 64
C-pin &n 1 2 6 12
QLR 8 2 9 144

la8n, neou 1 3 7 21

la@n 1 2 7 14

2 Bucket Bucket &n 1 2 7 14
Bucket 53 2 3 3 18

Bucket @nv1 2 3 3 18
Bucket #gnaandNLgaLaes 6 2 9 108

3 Chain guide Chain guide @n 1 2 5 10
Chain guide 1@ 7 2 9 126

il Roller chain Roller chain 8n 1 3 03 9
Roller chain ¥, 3 2 9 54

5 Bearing Bearing 413 2 2 4 16
6 Drive unit GGk iebTo 5 2 4 40
YA AT 7 2 4 56

— AIAZIUUAIULETYBINTEI5A

1qq 128 126
120
10

108

Yrunas
64 64

10 10

ANAIULEEY RPN
N -
—
——

]
9

<
1%
5
o

Bucket 20919
Chain guide @n
C-pin @n

s

]
]
]

j I
(o))
1D I S
~
(0]
m 5
—
(0]
m G
—
o
=3
m =-
m -
]
|

YALNYINAVITAN
Bucket 57| mmm

C-pin ¥10
8a,veou| mm

Bearing $13n| M

]

Chain guide 210
Roller chain 1%
Roller chain 8f

21113

Conveyer chain 910
Bucket vignaanan].

3UN 5 wnuniuviauansAnudes RPN veamstiinvetnsasdng BE newinisuiuuss

]
|
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7.3 MTIATHA UL DA UYLUNTYE

NNTIATIERTeYanuN1sTeNUTInUIw Y UAUnsYeuUlssludIuves Conveyor Chain,
Chain Guide waz Bucket Wufiyariguilosnnuazindudenvasuiudiuvesiiotasiunisiin Break
Down Wag 31nA5UTELUAMULEYY FMEA 9196 @9¥udiu Conveyor Chain, Chain Guide wag Bucket
S s o d‘ o v ¥ & Yo aw = o A A . a ¢
Hufeglunariniissduanudssgaduiieniu dmuiinidedaiiasedie Why-Why Analysis 113iA5189
wuhamnuiaseslymaeiagildlunsvumeiianuausalunisinnseugs anmuindeuilauy
a9 wag mMevhakildamunin FawwmensuitgmaensusuusnssuiunseenuuulillagliTaninuse

MsPNToUIN LN UL TARLANAILANS1NN 8

A19199 8 Mylasgimlymuagisnisuiledaymusaesesdnnseiedndedulswunandend

Ugynn Why 1 Why 2 Why 3 Why 4 wuamansuidaymn
Fuquiums  wWasuBudu Conveyor Conveyor Fanldlunsvuded Wagunli¥aninusionisin
U394 \3esdnsmia  Chain flony Chain gn  AwanINsalunsiAnIey nseuariisAlias

\w3esdng 50U pm Uae msldaudy fnnsou GR
nspffoddead  iielestums  ndwnd e werfuedy  amwondonfienaduge  wWabuwnldTaniudensin
Yamg \in Break Wieuriu nseuariisAlias
Down aensHAnY)
Bucket #i81g  Bucket gn Fanildlunsvuded Wagunli¥animusionisin
nsldaudu fansew  AwanInsalunsinnsey nseuLariisAlias
Unf (Flaifley  uastuady 6N
fuanen1sHan anmndeufinnutugs  WisunliYaniivusomsta
) n3euLariisAlias
Tdalunis Conveyor  Spare Part Fanldidumsn UsuAuandguduiia
LOHGR Chain wag V84 thuiindosuasnuniu
Bucket 3o00u  \A3padnsdl
uazfmsen ﬁwﬁﬂgq
Bolt & Nut  anwwandosfimnudugs  USuusnssuaumIsenuuy
figadarinag Tmiiteiesenisden
luiansou
Taianansn
Fugenle

7.4 N13U5UU31A3839n3 BE naaann1siiasiznideyim

NRIIINNTIATIENTY1e38T8 Why-Why Analysis ¥8a1A304305 BE Wsngnisuuusunsesdnsing
wWasudnwaen1svuaiedana1n Continuous Bucket Elevator 1t Centrifugal Bucket Elevator 34l

& ! Y] ] i a ) A ~ . v I
ANULFITOUTDIN TV TAATNINNINAN AIFUN 6 LieanwuIATes Casing Wag Bucket lvidlaunaidnas

Wieanaldiglunisdeutizalaevinisiuasutanain Conveyor Chain uidu Conveyor Belt Fevusie

'
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nsfiansounasfisnA1sind Conveyor Chain wazdianunsaendnnisld Chain Guide iiiesainnseie
S1dpafild Conveyor Belt 1u laidndudosfinds Chain Guide wenaninsiAsutagues Bucket 91
mﬁﬂuﬂ%”luaau%aamwam%aié’ﬁ"ﬂﬂuazﬁmmgﬂ daunsaenld Fluid Coupling Suileamusenszan
Tun1seensivesriesing lnseaziBeniriosdn BE uansiannsned 0 uazorgmilinuvesdudamids
wanslunisnad 10 F901gn151d 189 Conveyor Belt Huiiongnisldsuiitiaandn Conveyor Chain

g 1 U waillsnafindnunn mumsned 11

A13197 9 TUALLBEAYBIATBITNT BE nawinsUsulR

19U 3I18N17 S19azLBun

1 Machine Belt Bucket Elevator

2 Type Centrifugal Bucket Elevator

3 Material to be Fed Fertilizer
Bulk Density = 1 ton/m?
Moisture = 1.0~1.5%
Angle of Repose = 35°~40°
Temperature: AVG 60°C
Grain Size = 5~50 mesh

4 Capacity Normal 60 ton/h, Maximum 75 ton/h

5 Bucket 150 pcs

6 Center Distance Vertical = 29.35 m, Horizontal = 0 m

7 Belt Speed 84.84 m/min

8 Drive Unit Geared Motor: 15 kW 6P 50Hz
45 RPM

9 Fluid Coupling 13 KRG

10 Pulley Diameter 600 mm

11 Conveyor Belt EP200 x 5PLY W500

12 Plummer Block SN524

13 Bearing Top: 22224 EAKE4 + H3124
Bottom: UCT 324

14 Chain Guide -

15 Casing Plate SS41: 4.5 mm

Uil 21 atufl 2 nsngrau - Fureu 2568



234

ld' v Q’I 1 1 dl o L o U
7197199 10 mqmﬂmm%wumumﬂﬂmammawﬂi BE ‘wmmmsﬂi‘uﬂga

a1y Judau 218n151deu
1 Casing 129
2 Pulley 61
3 Conveyor Belt 29
4 Fluid Coupling 61
5 Buckets 29
6 Bearing 61
7 Drive Unit 129

d‘ : 1 1 ‘ﬂ‘ o L2 o U
M99 11 99PN VDIVUAIURANNE) UDILATDIANT BE ﬁaﬂ%’]ﬂ’]iﬂi‘UUiﬂ

a1 318019 WU FIAeendlay  31An
(um) (um)
1 Conveyor Belt 61 m 1,148 100,000
2 Pulley 2 pcs 60,000 120,000
3 Fluid Coupling 1 set 55,000 55,000
4 Shaft Coupling 1 set 43,000 43,000
5 Bucket 150 pcs 200 30,000
6 Plumber Block + Bearing (Top Part) 2 sets 20,000 40,000
7 Bearing (Bottom Part) 2 sets 14,000 28,000

7.5 Aneatdies (RPN: Risk Priority Number) 493389405 BE nidsvhmsuiulge

AIANUEEYDATEITNT BE nAvMIUTuumnnsusaliuAranudesisuansdunisned 12
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ANUNTORUINGNVDIDINTANUNUINVRIAIAIILE BB UATBIININSE A LA lul s unEndeiadl liny

91M15NHlAFIgasanTudu Conveyor Belt Humniian1suiaseninanisnaniuagldinanlunig

@

4auTItiaen31 Conveyor Chain kag Bucket luasulumniinnismansenainaieniuifisseziiailunis

YUl uiu
A13197 12 ATLUUANULEDY RPN ¥831A3093n5 BE vaavin1suiuls
a1au Judu 21N13 AZLUUAINNLEYY
S O D RPN
1 Conveyor Belt Conveyor Belt &n 1 2 7 14
Conveyor Belt vigiou 1 3 3 9
Conveyor Belt @lan 2 303 18
AYNIUIA 7 1 9 56
2 Bucket Bucket &n 1 2 7 10
Bucket 57 2 1 3 6
Bucket 8nv1 2 2 3 12
Bucket #qn@anIINELNIY 4 2 9 72
4 Coupling Fluid Coupling 11giuia 2 1 3 6
§iadm Coupling ¥19 4 1 9 36
5 Bearing Bearing 4130 2 2 3 18
6 Drive Unit HGITLEL by 5 2 4 40
YA AT 72 4 56
AZLUUAULEEIVDINITVIIA
s 12 Junang
56 56
60
10 34
g 40 18 18 ™
E 20 I I Y 12 10 9 4 4
o H (B0 Bwww ..
f:: = &’ (EV 0’7 ﬁ 5’ j & < ﬁ 7;("’ 0"'
@ [} v aq < [0 [as ] S [} Lo <
i e s €Y 2y g
£ 92 e 3 22 2% g 28 g
v ¢ 5 3 2 ¢ 5 ¢ L g8 ¢ a
T e e s & 55 50 3
2 Y == e O o o O T

21113

JUN 7 ununiiuvialansiinnades RPN va3n13t13avedasesing BE mawinisuiuus

]
|
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7.6 mawisuiisuszeznamenuaglunisilasu Spare part U09LAT09905 BE
nsissuimieusseznareviiglun1siudeu Spare part ¥94LAT83NST BE NouuasnaIn1suTuUss
WUIITz8za1luNSIUa su Conveyor part anasann 160 Man-hours L@aLiles 80 Man-hours way

seezIabunNsUasy Bucket anadann 0.5 Man-hours widakiigd 0.167 Man-hours #4m151991 13

A13197l 13 seziatsievtiglunsiUdeu Spare part ¥aaA3839ns BE Nauuarnasn1susuUss

\A3099n3 BE FEYLLIANADUUIY
Conveyor chain/belt Bucket
M xH Man-hours M x H Man-hours
newliulse 5x32 160 2x0.25 0.5
naaUsuUse 5x16 80 2x0.083 0.167

7.7 Mmasuiitsuduynsasiinvoaaieadng BE

MisulisufuyuIsstinueaniesing BE Asutayvdnihmsuiuusemwui

- Alddne3 uduanasain 4,024,020 v idefies 2,284,275 U Lflesaind udrunely
wosdng BE viamsuiudgsiufisamniineudsulsenn

- Al anglumsdidunisiawindiuie 2,152,445 viniilosarniinismsld Drive unit Aiflfds
WiniinwazauaeTaneaie Capacity Widy

- Anldarelunisgoutgsanasann 4,651,922 uin wdewiss 740,381 Liesandudaudivhns
Wasuileteuthysduiinetosas uas natlumsdeutiosas

- yaAwnvouaasdng BE duiietosas tnae Conveyor chain uay Bucket faunisuiulss
fuannsovglusiaveannls

Altdrenasnergnisliauanasain 9,336,313 um wdeiles 4,961,279 U dauandlumisd

14 LLasgﬂﬁ 8

A15197 14 AUUITTINVRUATEITNT BE Nouuaznaensusuuse (yar1dagt)

\n3a3dns BE Aldane  Aldanely  Adlddnely yaden Adldene
Fudiu N3 QUELH (um) naRADIEY
(m)  anliuns  dags (um) nsldanu
(U ) (Um)
Aewinsuiulse 4,024,020 2,152,445 4,651,922 147,063 9,336,313
naavihnsuTul s 2,284,275 2,152,445 740,381 64,706 4,961,279

'
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1 Y v = o J o/ 4
ﬂ'ﬂ»‘U‘Qqﬂﬁlaﬂﬂaﬁqnﬁ‘ﬂ‘lﬁ\‘ﬂuﬂlas‘iLﬂia\‘iﬁ]ﬂ‘i BE nauuawaamiﬂsuﬂ‘ga

5,000,000 4,651,922
§ 4,500,000 4,024,020
< 4,000,000
=
o 3500000
S 3,000,000 2,284,275
©
S- 2,500,000 2,152,445
2
@ 2,000,000
&
& 1500000

740,381
) s
2 1,000,000 5
a® 500,000 . 64.706
=2
-= 0 —
Alddeiusiy Aldelunsdnduns - aldanglunisgendiss Yargn
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A15197 16 @n1UN1SININTURIULUAIUDIAUNUIATTIN
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WuIgrnneuiiuaudvuwsuiliuwlduiiseau PM2.5 9sgaLiuinueifinsualuauuaiwivualin

37.5 uan/aua. wugieenudndulunsuimsdamsaanimeimeadagnlugianaininan
AAAgY: vand-Lauiud, n1susuliiseumeITiumes, n1sanneedaduy

Abstract
This research aims to develop a statistical model for forecasting PM2.5 levels in Chiang Mai
Province. Three forecasting techniques were compared: the Box-Jenkins model, Winter’s
exponential smoothing model, and the linear regression model. The analysis utilized monthly

average PM2.5 data from the Pollution Control Department covering 144 observations from 2013 to
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2024. The dataset was divided into two subsets: a training set of 120 months (2013-2022) for model
development and a testing set of 24 months (2023-2024) for model performance evaluation.
Results showed that Winter’s exponential smoothing model yielded the most accurate predictions,
with the smallest mean absolute percentage error (MAPE) among the three methods. The best-
performing model was then used to forecast monthly PM2.5 levels for the year 2025. The forecast
suggested that PM2.5 levels from February to April are likely to exceed the standard threshold of
37.5 pg/m3 set by the Pollution Control Department, underscoring the importance of proactive air

quality management during this period.

Keywords: Box-Jenkins Model, Winter’s Exponential Smoothing Model, Linear Regression Model

1. UNi

Janmuenaiuuaznunimeinialuniamiensuuuvesusswmelng dansdiauazeaslueinieiu
wnsgiufiivun werlulduieuguisaiutuegwiodios oswngivssmaiigndouseudaegian
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Aviauagaen st teyaainnsensisarsisngulud we. 2566 wuiaiivnisein edswaliuszenoy
Futhoanlsafiieadeandn 105 duse [1, 2)

uamnﬂé’mmzqﬁﬂismﬂﬁgaﬁiamsasamaas@uazaaqLLﬁ’J AUVREAYT0INTANEUATRY PM2.5
Tumamdofinnuideslosiunmamilundlusuuuusine 4 wu mawiluillds mandeowisuiuiinngdgn
y3ovhmainens M iiomvat vildideusos viewsuiuiidesdnd s lulsemefioutu
mMsnnivegilivngauvieldldmuauegavinyay Jadoifindudinmninslindanuainnisen
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tiviouilen Sudusaduidesnaruinaffulygmannimennia dwadessldifanawesiuems
159453 uaganUvionigasig 4 uaﬂmﬂﬁmmwéﬂizmmaﬂp!uazaaﬂummﬂé’qﬁﬂﬁﬁmié’aLLEJ'EN
ihldanulslazmnlunsauunesianiafiufuwasmseinie
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Thdanindeslmignislrieglususiuviwoniosiitiafivnsenaguussiigalulanluiudanan (4] Jaym
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TngnseriogunnevesUsEv v iileenseiun1sAIUANAMNIHEINIA NTUAIUANLARYIIlAUFUUT N

wmsglninagyszmataduEildluiud 1 Squieu we. 2566 lnsanssfumnuidutuadsse 24 4l

W93 PM2.5 9nuanlaliin 50 aswndu 37.5 uan./aus. [5]
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3. ngufiiiendaa
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19903 (Cyclio) WHuguuunisiuasastoyadbifitaafuiuou fnfgifestuiiadons
wsugRavielninmmsgaia wu nnsasvgiendunienias Inevhluuda Ypdnsasisvesnasuiundy
SULUUANGANA WarUIAYedi)TnTdndauiuklsiINAIITUIAYRITULUUAILAA N1A T88LIa1vea1))
Jnsfingniuundy 2 U wasliamnsaaanisalldegrsuiugmiisuiuguuuuggnia

ANuARUNR (Iregular Fluctuation) WussAuszneuduiidusnuannmgmssiflianunsoaenle
reufimgnsaianfetu Wy Seanssauei Tsaszunn Wusy

3.2 wiadian1swensal

3.2.1 wuudnaewneisuand-lauiud (Box-Jenkins Model) \duwmafiansnensaldoyasunsu
nanfidesendedoyaiiiidnuaeadi (Stationary) Inganansansisasudnwvazvasdoyaldiannsvilaidy
anduiuslusiies (Autocorrelation Function; ACF) wagnswiilanduanduiusludiieaunsdiu (Partial
Autocorrelation Function; PACF) snamuindeyaiidnwarliined dnduivzdesilinsilasnisudastoya
Tnamswinasinsveseynsunalunsdiinuiduualiy nsnmanisggmaveseynsunanlunsdiinuing
gama wediliumauasdeyaounsunatliniiGeuiosuds asforsannsm ACF uay PACF 3nads iile
T duuumslunsivuslassasvssiuuiassiaonadesuasiinzanigasoly

Tunsfnwilléfiansanesddsznavvesggniatiude (esnndoyadiu PM2.5 Tdnuuraanu
Huwusaiuggnia Jedenlduuudiass SARIMA(p, d, g)P, D, Q). (Seasonal Autoregressive Integrated
Moving Average) BeUsznausisasdusznaundn Taud fmeit (@) sads saiiiumsanduiuslufiosi

v |

wuulidnganiauazuuuiinnnia Felduduwitu p wae P a1uddu naenluiinidun1sAadendoud

wuulddganiauazuuuiigania S uAUwiInAY g wag Q AINEIRU AILUU SARIMA(p, d, g)P, D, Q)
anusauandlugUaunislaneil [9, 10]

vy (BIN, (B*)(L- B) (1- BY)°Y, = -+ 5, (B)K, (B, o
de Y, g Toyaaunsl o 1A t

¢ Ao ArmAaaLAABudl a1 e t melddeauud & ~ Nid (0,0'2)

B fie fdidunsdioundu nedl BXY, =Y,

d, D A9 SUAUNARAIILALHARAINGANIAYDIDUNTULIAT

A o 1A
S AB mmuqmwamaﬂ

'
|
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a=puv,(B)N,(B®) e ,uL‘fJuLa?imaaaumunmﬁﬁé’wmsmﬁ
v,(B)=1-v,B-v,B*—...—v BF

N, (B*)=1-N,B* —N,B* —...— N_B™
k,(B)=1-xB-x,B* —...— kB!

Ko(B*) =1-K,B* —K,B? —...— KB

3.2.2 wuuiaesmsusuliiseuseituesiunes (Winters’ Exponential Smoothing) iuinadla
fmnzanfveynsunanfifiussneumenwnlimdudunsespuiuanuiuudsauggma Tnsausaduun
1# 2 3Uuuv Ao JUuULINLAEFULLUAN TunsAnwiassilagrinmeinsaideuiuugu idesainde
a1y PM2.5 Sdnvaizvesanusiundsauggmailiniuey wazAsuudasluniutinm nensalild
ﬁ«?faﬂﬁﬂfmﬁﬂﬁu%’agaiuaamaemhimqﬁu TnsonduruSulideu (Smoothing Constants) Wamun 3 A
Ifun Arpsfidmiusedu o dmsuanudu ¥ wazdmiugama & (0<a,y,0 <1) dawuuinassaig
wieliansUsuliiBeuseTsvesiumosuuugn wanslédsaunsi (2) [11, 12]

Yt = (ﬂo +ﬂ1t)Mt§t @)

e Y, Ao Teyaounsy o 1ian t
Lo, B B A5 TnasivIuenseRuTeseunIiiiaT kaganuduveskulily

M

& flo ANuAaRLATRWEY o 1A t nelddeauud Y = dexp(Y,)

¢ A9 AnuiuLUIINgYNa o a1 tidle s Ae Inugamased

LATIALUUNSNYINTA! E15ULMIALBUIAR I AU Bl 181 t kanslaeeaunisi (3)

A

Y,

t+r

:(Vt+utr)Mt (3)

Tnefl Y., fo dwennsel s e t+ 1 39 r mnededuauaunaiineinsalaam

V,=a AY‘ +(1-a)(Viy +U )

-V 7 )y
Y

t
V =S
3.2.3 WUU91899n150A008LTLdU (Linear Regression Model) walan1ead A ld i sesuie
AMUFUNUS 52131190 UUTA U (Independent Variables) AuAaulsn1u (Dependent Variable) 1nail

TP UsTAIALNONYINTAINTDAINNITAIAIBIFILUTANY AINAIYBIFLUTAUNNINUA TUNITAS19UUIaDY

q

(%

AAN1sAlsEAUR UazaRs PM2.5 neldyndayasunsuiiaivuin »n Jeuansdnyuzveswuiliulasggnia

AatiufwuunsanaeglzUssnaulumediuvesunliugaduieinnsanaindinlsiom wardimvesngna

%
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Faduusggniaszgnimualiegluguuuuvesiulsiudiuiu s-1 47 1le s Aediuiuggniaset lagay
Mvualiduysyuiauingu 0 Wesunsunaildldifnluganiafidvue waziiAwiiu 1 Weeunsual

Anluggmadidisun azldfuuudassfaunisi (@) (8]
s-1
Yo=a+pt+Y SM, +& @)
i=1

® TaLABUNTULIAN Bl L3 t

Y 9

9 SLYLAMLNUAG

EE3Y
®
<
)Y

o))}

Ao duUsyanSannouYRIwLI L

™ ™ R
2

Ao é’uﬂizﬁméamaawam@maﬁ i;1=12,...,5-1
1 ledoyasynsunan i ian tiAnluggniad i
e {0 Sodeyaounsuia avan tlildiAnluggniat i
& Ao mnumanamdeudy o nan t anelddeaund & ~ Nid (0,0'2)

FLUUMINGINTal 8l 1380 t wanalansaunisi (5)

s-1
Y, =a+bt+) cM, (5)

i=1

3.3 M3UsziiuyszanSnmvauuuges
Foyasynsunanyei 2 Feszneulufedoya PM2.5 d1u 24 ey Aseunauyast wa. 2566
- 2567 azgnihuUsziflulseanamusanuudiass lasldaesidudanunainind suduysaliade
(Mean Absolute Percentage Error, MAPE) N et lun1sUsEiuaAM UL UE1YIwUUT1a0d Taga1unse

wUanasERUANUBLUEAGINN19N 1 [13]

n

g
Z %100
t=1 Yt
MAPE = ——— (6)
n
ledl Y, g Toyaaunsl o 1A t

e, A9 ANANAANALARDY d A t; € =Y, -,
n Ag PUIUTBLYABUNTULIAN

'
ada o o

AMENAINTUsTIEUAMLLLINEITDAZTS ALUUTIRBIR1 9 A8QnaTIvdeUlauNAndAylay
Tdnsmaaounisadnang o ldun nsvaaeuves Lung-Box Q Wisnsiaaeunisnszanedafiliiludaseiu
P9IANUAAIAATEY NMMAdRU t dmsuanuiitdifyvemnifives nsnaaay Kolmogorov-Smimov
\HRTIRAEUNIRINUAUNAVEIANAINLAAIALATEY Warn15NAFBY Levene iausuifiunnaudsusiunsd

'
|
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A15199 1 enauaANUiugnluN1TNEINSaIA83T MAPE [14]

MAPE FEAUAIIULNULN

< 10% wiluggs
10% - 20% uaugA
20% - 50% waduglale
111171 50% laifimnuusiugh

3.4 MIwensal PM2.5
Ukuudaesiilivnuisausaziinnuuiugigegalildlunisaianisalanad g sneinouves
AEuAreDd PM2.5 dvant 12 s dmsull w.a. 2568
4. AM5AHUN1TIAY
nsAnwIATIliLIkUUTIaeInTYueUTInaduagees PM2.5 Tuwsdwindedl T3sa1liueu

¥
v v A

399091

L33
I3 v a 1 [ v oA 1
LﬂUi’JUi’JiJ‘UEJJJUaniﬂfuB;Ju PM2.5 SL‘L!QQWJ@L‘UENI‘VIN

v

TATELUIlTLAZaANNAYDITEYABLNTUIAT

A 4

LUUINADIUBND-LAUAUE wUUIaaInsUsulmseumeItiumes LUUINADINTOND DY

\4

$MNN5ATIVEBUAMUMINEANVBII NN T NSNENTal

v

Y52 iuANULLUE VIR UUNI8AT MAPE

v

& o sala a a
LN ILLUUN EJ’]ﬂﬁilJVliJUﬁ%aVlﬁﬂ']ijﬁfjﬂ

v

e NI LAZRY PM2.5 damth 12 ey

v

asuia

5UN 1 Tupe3Sanuiumide

]
|

Uil 21 atuTl 2 nsngnau - Suaw 2568



249

Usgvns fie Jeyarmuarens PM2.5 gy 24 Hlus Tudmiadesdnl
nqudleg1e Ae Yeyarduazess PM2.5 1ady 24 Hilas au 9aniainluin a.a30il o.iles 2.88alnl

2
3 =2

ManuiuninseweulugiudeyaveinIunIuANLatY Aaus w.A. 2556 fa 2567 TIUVEUTIUI 144 1fiau

=

Tayafidnwrazgnuuadu 2 ga lawn ¥afniu (Training Data Set) 91w3u 120 wiow lnaldTayasaus

: J
e, 2556 - 2565 iteldlumaGeuisunuuauduiusuazuultuvestoya Tnedeyayaiazgmiranata
wuudnaesmewatianieada 3 35 laun wuudiassvend-luiud wuudiaesnsusuliissudieisveiu
W3 UazlhuuT1aIN13annasidauduy nSaunsIvdauAIIzauLasA MaudRmudeaNuRveeiiLuY
foyayndt 2 asgniianldiduyanagou (Test Data Set) S 24 o Tnelideyasiaud n.a. 2566 - 2567

TunsAnwedaiuuusaesiiianuntuardniumslagldlusunsuiinsgideyaniaadd 16un Minitab
uay PSS vdsanlduuudansisauud asUsediulsransnmesiuusiaosioa MAPE lunisusuidi
ANuusiudveaLiazds Fadunaseifiaunsoldldfuteyadifmiesiistu uarlignnssnuanvuinves
foya Welduuusassfiiiuszavsnmgsgaudr awiluussgndlilumsnennsaitiinady PM2.5 @i

12 viou Y99UN.A. 2568 malu

5. NAN15IY

Foyaseiuru PM2.5 luilufifmindedlul daus we. 2556 - 2565 fdnwagnsiedoulmilliasi
Fanansluzuil 2 Mnuaiisesitiaieds 28.80 uAn./au .l dfegn 7 uAn./aul. wagAgaEaihiy 110
UAN/AUY. INHANINAEBUARR Kolmogorov-Smimov titensaaaeumsuanuas wuindeyalsiiduluny
JULUUNSWANUASUNR (KS-Statistic = 0.192, P-Value < 0.01) Falaanuiiunisuiasdeyaliegluguasni3viy
5557 (n(Y) ileuiudnuwaizmanszanevesdoyaliiaonadesiuauufigiunisuanuaani (KS-Statistic =
0.071, P-Value < 0.139)

120.0-

100.0-

80.07

60.0-

pm25

40.09

20.0

£ 102 NvT
£L0E AW
£10T d35H
10T NwT
¥ LOT AW
¥ 10T d35
50T NYTH
S LOT AWl
C10Z d3s
9L0Z NYT
QL0 AW
9107 d354
2102 NwT
LLOE Al
210T d3s
10T NYT-
2L0T AWl
210T dIs
5 L0Z NvT
GLOZ AW
BLOT 435
0Z0Z MY
0Z0E A Wi
0Z0T d3s
LZ0Z NYT
LZ0Z AW
1202 d35
ZT0Z NvT
CTTOT AW
ZZ0T dIsH

Date

Ul 2 mswndoulmaussuazess PM2.5 TudaniniBeslvsl sevingd wa. 2556 — 2565

'
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A15197 2 MINTIVAUMIUAINLIWBIBYaRUaraRs PM2.5 Tudwinidealuy

%’ayja Min Max Mean  Standard Deviation KS-Statistic  P-value
PM2.5 7 110 28.796 21.303 0.192 <0.01
In(PM2.5) 1.946 4.700 3.130 0.669 0.071 0.139

5.1 WUUINaRsuUaNG-lRunuE
Tayaduarens PM2.5 Tudswiadeslna sewined w.e. 2556 §1 2565 nasangnuiasdu In(y)
udamuieynsunandsiidnuaylinei Tngagvioulidiuiauunliufideldonarsunuunisiuasuutasm
qamasgrasutn :1nns1nl ACF uaz PACF Tugui 3 dliifiuinfednunsliasiivesdeyaounsunat e
mauvasdeyafisidusnenmsneaamssuduf 1 (d=1) uazrasnsggmadudud 1 (0=1) ilevdauwilihuas

ANNALLUIANGANTE FaNadnsaInnsulas (JUT 4 waz 5) wansliiuineunsunalidanvaeasiiunn

'
a

g9l ukazmunrausan1silUad1wuudnasuleeunsuig) naIINAuaIULUUTgaNwazAnLEen
LUUTIAB9N A 3 AawuU taeldinuel AIC Wunisamdandalamanuumeil SARIMA (1,1,0)0,1,1);,,
SARIMA (0,1,1)(2,1,0);, tag SARIMA (0,1,1)(3,1,0);, AUEIAU AINAIATIZALUAITIN 3

pm25 pm25
O coefficient O coefficient
104 — Upper Confidence Limit 1.0 — Upper Confidence Limt
— Lower Confidence Limt — Lower Confidence Limit
0.5 I 0.5
u
| 2 |
S o B 0o 0 e =0 o - a}
B T I £ OET [ "0 50
~
1] o 1}
0.5 = Sin -u 0.5 B
1.0 1.0
T T T T T T T T T T T T T T T 1T 11 T T T T T T T T T 1T T T T T T T 1
13 5 7 9 1113151719 21 23 2527 29 3 33 35 13 5 7 9 11131517 19 21 23 25 27 29 ¥ 33 3B
Lag Number Lag Number

sUl 3 N3l ACF way PACF vosruazens PM2.5 Tudainideslvsl leuvasieyalugy (n(Y)

pm25 pm25

O coefficient O coefficient

1.0 — Upper Confidence Lirit 1.0 — Upper Confidence Limt
— Lower Confidence Limit — Lower Conficence Limit

g M
I O [P T ]

oo

I HH PP I s P
uqu_L

FJpur
i t

Partial ACF
o

ACF
—]
—
=
=]
=

T T T T 1T T T T 1T 1T 1T T 1T 1T 1T 11 T r T T T T T T T T T T T T T T T
13 8§ 7 9 11 131517 19 21 23 25 27 29 31 33 35 1.3 5 7 9 11 131517 19 21 23 25 27 29 31 33 35

Lag Number Lag Number

sUTl 4 n519l ACF uae PACF wasrjuazens PM2.5 Tudsmindedlml ileuasdayalugy n(v)

WAZYIINININAANLAZHARI0ANASURUN 1

'
|
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pm25
T

-0.59

EEr PR R N E e rE e N I T I T e ey

OrCcofrcClecCHlrCcORrcORrcOf»CcCf>»CCf®»ED

m L m T m T m m m m = m & m &

prxe=lxazslogaslcosTxgaslcaslco=l2a=T2a=

S3y88snstanulansissuEsEuasuEasnEany

AR RV AP e e il Y s P o OB T REENE G
Date

Transforms: natural log, difference(1), seasonal difference(l, period 12)

JUN 5 nswmdeulmvesiuaress PM2.5 Tudanindioslnl sneieusuwsin.e. 2556 — 2565

Wawdastoyalusy (n(Y) wagynsmHasNuazHaA9aANASURUT 1

M99 3 AUszInINEivesveuuIaeuand-lIuiud Weklastayalugy (n(Y)

251

Model Type Parameter Estimation

Estimate SE t-test P-Value
SARIMA AR (1) -0.3426 0.0921 -3.720 <0.001
(1,1,00,1,1), SMA (12) 0.8539 0.0741 11.521 <0.001

Ljung-Box Q (at Lag 18th) = 24.54 (P-Value = 0.078), KS-Statistic = 0.073 (P-Value = 0.618)
Levene-Statistic = 1.658 (P-Value = 0.095, t-test = 0.21 (Hy: 1e=0, P-Value = 0.836)

SARIMA SAR (12) -0.5092 0.0864 -5.894 <0.001
(0,1,1)(2,1,0)1, SAR (24) -0.7132 0.0905 -7.885 <0.001
MA (1) 0.5197 0.0850 6.114 <0.001

Ljung-Box Q (at Lag 18th) = 20.51 (P-Value = 0.153), KS-Statistic = 0.069 (P-Value = 0.681)

Levene-Statistic = 1.745 (P-Value = 0.075), t-test = 0.043 (Hy: Me=0, P-Value = 0.966)

SARIMA SAR (12) -0.6095 0.1028 -5.926 <0.001
(0,1,1)3,1,0)1, SAR (24) -0.7862 0.0977 -8.046 <0.001
SAR (36) -0.2895 0.1124 -2.576 0.011
MA (1) 0.4782 0.0887 5.390 <0.001

Ljung-Box Q (at Lag 18th) = 20.13 (P-Value = 0.126), KS-Statistic = 0.055 (P-Value = 0.980)

Levene-Statistic = 1.199 (P-value = 0.298), t-test = 0.215 (Hy: M=0, P-Value = 0.830)
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NNMTUATIEVUUUTIA0 SARIMA Tupnsneit 3 Idduuuiimuzauiian 3 danuu ldun
SARIMA (1,1,0)(0,1,1);, SARIMA (0,1,1)(2,1,0);, &g SARIMA (0,1,1)(3,1,0);, WaldlAs1zinnsuseunel
Ansfineduandiifiuine 3 fauuu Wamnsfwesitodfynieada (P-value < 0.01) ieUsuiiy
AN ZANVBIRUUTIABY Sl ALlunsnsiedeut eauufvesa1nunaInad oulunated1ud
sesutTaddey 0.01 WU NaN1SNAEEU Ljung-Box 71 lag 18 Ya9aLs uansinAuRaAAaaulill
dndunusindeny Ianududaseiu (P-Value > 0.01) YONINTLHAIATIZIA KS-Test UsT31 Snsuanuas
Tndifsiunsuanuastni (P-Value > 0.01) SnvadarunisnageuanuuUsUTIuATiinae Levene's Test
(P-Value > 0.01) LLawﬁLQ?EJI&JLLMﬂGmeﬂQuﬁ (P-Value > 0.01) sfafunuusassuand-lauiudilan
mmzauﬁgﬂué’mmmmmmlumsaﬁuwimﬁa%ﬁwaa%aga LAZNNIAANNAFILUBILUUTIADIOYNTULIAT
Feansathludssynaldlunsnennsaiteyalueunan
5.2 uwuudnassn1susuliiSeunaeisvesiumes
NNaATIZAluSIeT 4 WUl wuusassnisuuliiSeusieitediumes nendinisuas

Toyalieylusy In(Y) ldauszunamisifwesansi usuliiSeudmsusedu (@) windu 0.4289

!
(P-Value < 0.01) A1AsT USulHZoudmsuggnia (&) AU 0.3377 (P-Value < 0.01) WaR33"
fasusznouulhuazggmadiunuvilunsesuisaniadeulmuesstoyaosadituddyiissdu 0.01
waglidasi UsulnSeudmsuanudu () wadu 0.0005 (P-Value > 0.01) wansliiiuinluinasg
Wasuuasvessasimaiiiunieanludeya wiiminfimesuiadiaylifideddaylusedud ivue
WA AMNSIVBINUUTIae T IA AN s mszanluszi Uil s Heilannnnsmsiedevannfgiuves
wuusaesfisyiuiiuddey 0.01 WUl nmsvadeu Liung-Box 7 Lag 18 Tidn Q = 26.738 (P-Value = 0.031)
nanAenvuiaeshiityiluiesnnuiludassvesiaunainadou uasnuirmaunaaadouiingg
wankadlndlAssiunisuanuasuni aglfan KS = 0.063 (P-Value = 0.728) gl nan1snadaunIy
LUSUTIUAST P8 Levene’s Test (P-Value = 0.080) LazA1Lad B¥93AIAINNAANALAR DU LS

(t = 0.215, P-Value = 0.830)

M990 4 AUszanamniwesvemuuIaeinsUsuliteumeiTiumes Wenlastoyalugy (n(y)

Model Parameter Parameter Estimation
Estimate SE t-test P-Value
Winter a 0.4289 0.0671 6.391 <0.001
y 0.0005 0.0170 0.032 0.979
S 0.3377 0.0883 3.824 <0.001

Ljung-Box Q (at Lag 18™) = 26.738 (P-Value = 0.031), KS-Statistic = 0.063 (P-Value = 0.728)

Levene-Statistic = 1.713 (P-Value = 0.080), t-test = 0.215 (Hy: W.=0, P-Value = 0.830)

'
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HAN1TILATIERUUTIRIAIEITNTaRnedsdunevdIn1suUasdeyalusy (n(Y) lun1s1an 5

wandliiuindulsdaszanunsaanuisaedunauazyinineaduazess PM2.5 leegadideddy (F = 71.077,

p-value < 0.001) uAELUUTIADIANNNINBBUIBAMUAULUTVRIAEUAZRRI PM2.5 16Tie 87.6% (R? = 0.876)

Towuuinanesail

In(Y+) =3.6252-0.0052t +0.1244M,, +0.4367M,, +0.9652M, +0.6201M,, —0.1866My,
~0.7555M, —0.8133M,,, —0.7911M,, —0.8394M,, —0.5860M,, —0.3619M ,,

WomMuualy ¢ e AULIAIN 1, 2, 3, ... (=1 AD WBUNNTIAN W.A. 2556) WAy

M {1 Wedayaaunsuiial e ian tielupewn i;i=1,2,.., 11
it —

0 Hedayaeunsuian i vian t WildAnlwdewd i; i =1, 2,.., 11

M99 5 AUszanamniivesvewuunaewigIsnsanasedady WekUasteyalugy (n(Y)

Model Estimate SE t-test P-Value VIF
Constant 3.6252 0.0851 42.609 <0.001 -

t -0.0052 0.0006 -8.301 <0.001 1.010
Mt 0.1244 0.1055 1.179 0.241 1.841
Mot 0.4367 0.1055 4.140 <0.001 1.840
Mt 0.9652 0.1055 9.152 <0.001 1.839
Mat 0.6201 0.1054 5.882 <0.001 1.837
(YR -0.1866 0.1054 -1.771 0.079 1.836
Met -0.7555 0.1054 -7.169 <0.001 1.836
Mo -0.8133 0.1054 -7.719 <0.001 1.835
Met -0.7911 0.1053 -7.510 <0.001 1.834
Mot -0.8394 0.1053 -7.969 <0.001 1.834
Mot -0.5860 0.1053 -5.564 <0.001 1.834
M1t -0.3619 0.1053 -3.436 <0.001 1.833

R =0.889, R?>=0.876, F = 71.077 (P-Value <0.001), KS-Statistic = 0.074 (P-Value = 0.109)
Levene-Statistic = 0.717 (P-Value = 0.720), Durbin -Watson = 1.100 (P-Value <0.001)

t-test = -3.177e-16 (Hop: U=0, P-Value = 0.999)

PNHAIATILINUIN duUsEaNTNIS0n00EUDS t=-0.0052 (P-Value <0.001) wansaulltianag

YoeIERUlUazens PM2.5 onandull vauidmuusggmialutindsununiius-luwey dardudseans

Juunuandiiuddvsnavesggnianiiseszauduazess PM2.5 egnefitudfny lnedwmaliAduazeos

& | ) Y a I = dll oA a ° a v
QQSU UDYNIYALIULL DN UNUYIUABUB UVDIU LN DUITLLUUAMULNUNZEUYDILUUINABINADDELTILAY

lansivdeuauuAgIudIfy nuldn ArruAaatedoudniswanuastnaiAeslnd (KS=0.074, p-value =
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0.109), fANuuUsusIuasi (Levene=0.717, P-Value = 0.720) faadeliwans1aingud (t=-3.177e-16,
P-Value = 0.999) 2819}5ARIUINNANITIATIZANUIN ANPLRaIRLAARUTANULUSMuTauIn (Durbin

Watson = 1.100, P-Value <0.001) wuuUd188983989 baimnunsausunanve9n1sannasdaay
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7. JorduBLUL
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Adelsjaiumsfinnaudnvuzuasiinmgiassaurnsiuassimeldnanssnuainiiures
Tt T-Motor @awing fio 40” x 13.1” uay 36” x 11.5” dsfianudfnyegrsBadensufiinnsiadse
Y9981MALILTUAIMINAT (VTOL Aircraft) nisviaaessuiiumsiinnuidaseusingg TutasaussTuadsening
6.9 x 10° 3 1.64 x 10° Insfnwmansznuaniiuduiidnsamanugetoda (/R) wiiu 1, 15, 2, 2.5
ua 3 finnuiaseu 1,182 i 3,607 seuseunit wanmeaeutliiiuinluinuun 40 Tafiaussournistu
apedafiinirluinuunn 36 17 Weiussuifisufudeyaaussousaes T-Motor waznamsiaTevidas
naufuanatamudluiuga (BEMT) Tneildnaunindinou (Figure of Merit) gegawiity 0.42 inmia
59U 2,365 RPM Wagsway z/R winfu 3 egdlsfinu uunldunanssnuanitufuildainnismaasslals
aonadeafufimamsailimungud WewSsuifisuriudeyaaussausues T-Motor uagwaan BEMT G991

faummananuthihuvesomassninmmeasauazmsgaydeidslunsdeiglugslusie

ANENARY: NANTENUIINIY, Nuluuudy, aussaugluin

Abstract
The hovering performance of two T-Motor propellers, sized 40” x 13.1” and 36” x 11.57,
under the influence of ground effect was experimentally investigated. This study is critical for
understanding the operational capabilities of Vertical Takeoff and Landing (VTOL) aircraft in rescue
missions. Experiments were conducted across a Reynolds number range of 6.49 x 10° to 1.64 x 10°,
with rotor speeds varying from 1,182 to 3,607 rpm, and at height-to-radius ratios (z/R) of 1, 1.5, 2,

2.5, and 3 to assess ground effect. The results revealed that the 40-inch propeller outperformed
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the 36-inch variant in hovering, achieving the maximum Figure of Merit of 0.42 at 2,365 RPM and a
z/R of 3. Notably, the experimentally observed trends in ground effect deviated from theoretical
predictions. Comparisons with both the manufacturer's (T-Motor) performance data and Blade
Element Momentum Theory (BEMT) analysis indicated a tendency for the experimental values,
suggesting potential impacts from air turbulence during testing and power transmission inefficiencies

to the propellers.

Keywords: Ground Effect, Momentum Theory, Rotor Performance.
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milsfanalnnisadanssduvesluiin [9] dwaliinyesinevesosAniug
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fifinguszasdiilenaaounazinsziaussnuzvedluia T-Motor vun 40 7 uaw 36
ih uwwugsfindasd eluannedbifuasiinanssnuaniiu TnefonsanmawdeunUamesnuiisen ua
Wisuiilunatilsiuteyaaussauzues T-Motor wazvquijiuaniotaiuusluingiy (BEMT: Blade Element
Momentum Theory) uanainiagnanidsuouiunnisite nquififeades maduiiunuidefivsznaudae
nsasuviuneaey farsszuuduindeunasszuuiaat wiouldmnuilumudy (Momentum Theory)
Annevianssauzvesluin [10] wadnsilsavtaslumsidenliluiniifiuszdvsnmgeandivivenniaey
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2. YAULIAIUIRY

2.1.1 Anwlanzandnwauzusedy (Thrust) wazids (Power) vaslusipifen (Single Rotor) tannglu
anTensadausstunRdmsun1siuases (Hovering Flight)

2.1.2 AnwmansgnuaIndiu (in Ground Effect) 17{Lﬁmmﬂ@j"mm'aummqqmaﬂuﬁmﬁ&mﬁ'mwiuﬁu
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2.1.3 Wisuiflsuussavisnwlusin (Figure of Merit) ssrinsanmediiinansenuannitu (GE) uazane
Alaifinanszmuanity (OGE)

2.1.4 lisumsAnwmgAnssunisennianasans i mslvatutuseuauluia (Rotor Wake) uay
mslauiivanenduluia (Blade Tip Vortices)

2.1.5 laifinalnnsideavadluia (No Tilt Mechanism)

ad A ¥

3. NOYNNINYIVBY

adataryainguiiihlulslunismeseuuasiinsesivedluinenmeagiulnuyu Usznauludae
e ivnaemeanaman fuavausIousrseIN AT wasnguinansEuaIniiu el
3.1 NQEHNNDINIANAAEATUATANTIAULVRRINABIUTNUYY
Tunsmeaeuluiadnmuiuidoulimsnsiufio mstuuuuased Wenseiuwasihmiindaun
wihduluuuae uififiensstuduiiednuaunaveusasaesiin Ingaslinquilunsinnedaussous
Tuwa fle aumsiiugrumsennmanaeans wagnguilaudy [10]
3.1.1. Nuluuud
nauilumudulignihunldlunisiinsesinsedu Wesannnsivadussuuiiauls wie
U3amsmuRuiifisun (Control Volume: CV) lunsdlvasormasudavsuldimguiduieseidion
usaduiAndy Tneksaunfgiuremquidingm fe dnslauuuasitaue (Uniformed Flow) msluauuy
A (Steady Flow) wazhifinisinawuututhudionuuniuaiuluia (Rotor Disk Plane) Tumsduaaluin
fuagRasunnszuaoinannugais Suernadiuusiuaulnmu vilhAneug e (nduced
Velocity) ileenmiariuusiuanuaziinnusnfuassvitvesauduvioni Sond1 emalwarudilnaan
Tusia (Far Wake) [10] dawaliiinisidsuuvaseslummduvasinssuaenimiussiuaniusuidieudu
feusuemadn asvhldanusoniussdu (Thrus) 16 uazdnsnisivavesenmaiissuusuauiiuannsn
vsheaunsANsieliles (Continuity Equation) Fsilnaanndmsinislvavessng muaunisd 1 azfiansan
oIMAzARUTHIUMHLIL agldauduiusie aruvliueseImA HufivesuruTy uazAs)
doruuruau Faduananduvileaihainaunisi 2 Wededrsfuusuds avamnsadalieglusuves
audandenile lunsdinsDunuvasssn usetuasiiudmindstu (Takeoff Weight: W) U8489710"#
eulnnyu Wespsmsmeanidszldngousnundaau (Conservation of Energy) lumsiuamridslugas
A (Ideal Power) auaunsfi 3 Tnsmnefshdsidntulaslidiladaavesnumnila (Viscous Effects) s
aunTalguaunIsiaaledn

T = mw = (pAv;)(2v;) (1)
P . (2)
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= WSITU e 93au (N)

[

= NUTLRLIY U8 A1519%URS (MD)
=N

1SYWEUIY MU TFUFBMITIBURT (N/m?)

Rl N R B

= ANuvUduYsInIMATigusEAUMaa vihe Alansusegnuiaiiuns (kg/m?)
v; = anuduniienh v waseeduit (m/s)

PL = a15enssuids we ddusaing (N/Watt)
Audnyuzadluialowiy LW LUK uAUgNa1Ie s ULTNTIYY ANE1IABIA
waganuuNavlune ausauNeusnd@lusemIaiunnauluneauamawE U ulune 1S8n31 AN

ANAUYBIlUNA (Rotor Solidity) eldlunsimsieviaussauzvesiuin amalivesluinedneunesily
9E3¥niNg 0.07 9 0.12 agldh

_ Nyc (4)
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Np, = Sununauluin

€ = AnugMAssANaUlUNe wiaY Was (m)

R = Seiinduluiia wie wes (m)

0 = Sndussriiuiinauluiataunseusualusie

3.1.2. MAATIERaNTIauzvesluin
iielingsionsmuiniuUsineg aggninegluguuuuvesiuysduyszanslinioe Tu
druiduaussauzveduingldidunduuseaniuseiu (C) duuszaniusedn (Co) wazrduusyansmas
(Cp) Wnefiazdomsuannuniiseu (RPM) vasluia wiefimanudafivarenduluia (Blade Tip Speed) 1¢f
ANUALNITATUA

T (5)

pAVtZip

CT=

T
pAVtipR

T

Cp=——35 (7)
3 PAVt?Ep
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Q = us3Un e TIFu-Luas (N-m)
P = fds withe 06 (Watt)

Cp = ArduuszAvdusadu

Co = AnduUszansusedn

o w

= ANFUUTTENTANAY

<
|

Tumsiarsanaussauzisedulunstiuaseiveasdneuineinfazlifmdinsmeanunin
YBIAMBUTIHE1NAD §RTIEINTENINMRINFBINITHULRANARABMAINA BN ThUUTT ATy Ty
apgflunsdiniiasevmengeluwuiuaziiatesndviseuiiunilaate aun1sAIAMANAINBUAINNTE

Weulaan

3/,
b (®)
FM = CPideal _ \/?
T C LY
Pactual kCT 2 1
W + 3 O'Cdo
azlaan

FM = enpaunmdiney

k = Andladpusuussdanieni

Ca, = Aduszavsussiudlonssonyiniugud

A1tadeusuUseiduniiendt (induced Power Correction Factor w38 Induced Power

Factor) Hu IfunnanmaneaevluiaviensnazeuluvasTusi fardnaniivendinuiilsidugan
ad Lidnezdu nslwadiliaiiaue msgadeivarstnvesuiin wionsiinnszuaoaiu nadlan k e
Wity 1 dumneenud lifimsgadefistuannanienilugaued uaglaeialy ik whiy 1.15 14
Tunsdifimsanydouuuliidugaun@ (Non-ideal Losses) ludauvesadudszansmaainga ielsivsudn
fuUseaviuswinuiiussonuidugud (Cg,) Fuinanusainuaasguiiesine Frannfgiuiadinsyaniuse
fuiinsssniAuguiiniu 0.01 Wudeyasnnauluinildlaesily

3.2 HaNsENUNNY (Ground Effects)

nansznunniudunginssumsenmeanamaninfianududeudivhlniiountstudianududou
lnsdmaliusseniinniuduilodueglndnuuiniulunsdiveseinireutnmyunageiniaeudngss in
4:1' =i ° = ST o A v U =X 0§ Y a da & 4
PnMsienagnnilenisnndudigluiniieadaussdu FeiliuTununsswaeinialyaiuiiinui
Uangluiintiuanas esnneglndusnaiwiliyulsvenidnanluintuliianusimvieniiievuiieds
i s o g v o % o X v o w gy i &
dulsiwes iiusedudafiudumeidsasiidsaunisdeluil [7, 10]

'
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Tige 1 9)

()

fanumsngd
Z = szezAnugessmriniufisuduluie e wes (m)
Ticg = wseduiiinaanuansenuanity
Togg = wieiuiiflsifnannuansenuainiiy
SUl 1 uansamnmislvavesomielumuiiinadussiuarugsiidionginaiu wasiooglndiuing

Miksadumuuiiesnemaliujauiusduiumntuanmsiatuiwindignisivanuuuasie iy
i
(a) Out of ground effect (OGE) (b) In ground effect (IGE)
4 No effect on rotor
' thrust or power
Rotor
2 - Large effect on rolor thrust
and/or power
No effecton Rotor height
wake near rotor ofﬂhegrlgund

‘ \
>~ _ \

Some effect
on wake near ;
ground /= \ Ground

JUN 1 MsuanannveiioImAluaiuyesnugiuane1aiy (Wiaid198a [5))

4. n15Aiun1TIY

U 2 uamsianmsammsdniiuns Ssasdonhmanuminssanssy avdsatoyaluiiaves T-
Motor  ifieflasldlunmsifenanszunduindeunsrszuuiaiastiotaillflunimeaoy  anduforsanns
90NUUY upznsadwiumndeundenfuRnduiunaaey soluidudmvesmmaaeulnedinmmeaouni
msTIseUNarTEYANLguaiuAusITuLazusidn uaslinneiteyaaussuzaudonann T-Motor
wazteyalunsmaaeulieglusuvesiudslita  augiumsldnmsdunusonquilumdy eldlunns
WIBULTBUALSIOULIENINNANINAGBU  aNs90Usad T-Motor  waznstinguilumudulunisiiatsan

NANSENUAMINNU

]
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1. Literature Revi I

) 4

2. Experimental Setup

Propulsion and
Measurement Integration !

Test Stand Design and
Construction

Installation and
Calibration

) 4

4. T-Motor Data

Models

i Thrust and Torque Data

5. Momentum Theory
Calculation

3. Testing Phase

6. Data Processing

No Ground Effect with
Variation of RPM :

Ground Effect Test at
different z/R ratio

Thrust and Torque

Nondimensional

Performance Parameters

7. Comparison between

Experimental Results, T-
Motor Data, and
Theoretical Prediction

Rotor Performance
Curves

265

Identify Errors

Measurement

UM 2 2 NsIuMsALuNTS

toyadrsdadielflumamaaouluiinlideyaves T-Motor iudnanueimesuazluindmiuonmayly
autu Fsgnilldlumsisdsszuuiuiededludugranmnssunistu wu emaAsuiifieudy (Manned
Aircraft) o eeiliaudu (UAV) enmagtuiuasmnds (vTOL) Wusiu edsznaulusaedoyaaussaugdiu
u5stu useda uazds muauEIseusingg wardeyaluinfimnzanfuuewmesidonld [11] saislusie
wuueuau-lnkuas (Carbon Fiber Propeller) lagninuilglunisnageunussdu usadnuagings [12, 13]
Tumsidenvuavesawestudonanmsldvualvafianues T-motor Ao wewesiu U15 I KV100 e
wowosTidenlithildszyriavedluialiivaed 2 auefe 407 x 13.17 waw 367 x 1157 TIwVewun
wummeIn i dunuuaBeLIndwes (LiPo) 65, 16,000 mAh, 22.2 Thad, 25C Aoaynsuduu 2 f uaz T-
Motor FLAME 200A, 145 Electronic Speed Controller (ESC) mnuawnasfidentd usazgunsafludiutiae
gmitlulfluniseenuuussuuiuedeu uenanduendsdeyanubisoudus 50 Weddud auds 100
Wesldud amudeyadmnsedl 1 amnsatuninsesild 2 dw Ao audnuazvesluinuavayssnuzyed
Tusindldnaaouifisussiutmen Tuduidudoyasiavedluioianwn 407 x 1317 uay 36" x 11.5”
Tnensuruadusuguinas ssozfind anueinesadiliainnsindidumis 75 Wedldusd vesiailluiie
ibenunsameanudiuvedtuin  wazdnsdiussueindsowdunugugnan (Pitch-to-Diameter Ratio)
wazAAudnyazdu 16

4.1. Yeyannanuarvaanauluin

Tutiawes T-Motor fidenldviasssiindo 407 x 13.1” uag 367 x 11.5” faguil 3 Lavsiausn fe
AR uguEnasautussssindinduluiniedouiasy 1 seu Smheduia Welduumvasnauluin
9 udh annsaldnisifiomanuenaesafidiu 75 Wesidud vessedinduluials wasdidhuiu 2
nauluia feduazanunsodimamendinsed 1 andiuldmanusuvestuiadawvinfud 0.191 dsven
fenadnuaeveduindanumilouty  Wuisfutuansdluadifanlndifesty  Wimsfauiguils
naaouluanzfeiu

'
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Prop 36” x11.5"

c (Chord Length)

R (Radius)

T U e S
— =4 5 8780 W12 l’ll"‘ll'7“’|?)T‘}‘,‘}l?‘?ll!”'ll)))ll('.nltﬂ|lx\l'.|\n\.\\A\-\h -

"

sU 3 Tuinvunn 407 x 13.17 uag 36” x 11.5”

A19199 1 Yeyannanwurluinuun 407 x 13.1” uay 36” x 11.5”7

Propeller Pitch-to-Diameter Ratio  Rotor Solidity Maximum Reynolds Number
©) o() Rems ()

40”7 x 13.1” 0.3275 0.191 1,640,571

36”7 x 11.5”7 0.3194 0.191 1,621,917

Wadavuiavedluiana 2 ila Msadaussdurvedduiinlafe ussen Feinaindnuagntifnves
TuipfiiSendn unwenma Jsldvinmstadiemawingusniindides TnewSeuiieud 75 Wesidud vessnd
Tuia wnuemavesluinkuuasuaw-liues audenldiuy NACA-0012 Begnltlunisnaaeuusadu uag

[

Masvadluie [13]

4.2. spuvtuindeunasiaseiiodn

fouaan T-Motor #383INNIMAFBUILNTIVAT AVINFITOU w5eTU wsedn uazids warvaunsol
Tumsnageuassdniuardesdlgunsaiindesiiodn andeyaves T-Motor Aussisgeandlliegi 37 ke uaz
Ausslngean 17.8 N-m tilefiannsnsunisenssuvaiznnaouls

Tunsideniaiesflofaiiies wweuazifuaaussousilanaislutadiu lagldlnanivad (Load
Cell) waztsuasinusslnadin (Static Torque Transducer) TUN58UAIAIINEITOU WIIFY wazusend
Antunninduluianaruewes anwadilias Tnaussiafiseenafiedivhlnldausstueonn THuss
flagaan 50 ke wazdlAinmazidensgil 0.005 N-m uazieuiwes iausidnafinazinnssiumauiEIseu
wazussdnanmsmyunazussiinduluiianssihiutenes dausedngeane 20 N-m MAmmazdoneg
7l 0.1 RPM uay 0.005 N-m auadfu vaaesgunsaiiuiinsiunssiazusednilifiome uonaniiiinng

]
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nAdoUMIENITAR U (Calibration) Mgunsallnanisaduaviguigosinuslaadn [14, 15] daufdeiiiin
nluiaduasainsaalalensiuanuiiseukasusidn it uniuseausie JUN 4 asuans
Wnssierastundeuluianualuvaenluinnyu saudarnuduiuslunisdogunsaliniseueisiigg Tu

N1991M9UVBITEUUN AR UUT U NATUANAIERIAIUAY (Controller) wazdsrndelundasudyyu

o
[

(Receiven) luns5udnyaraiaindumns (Input) FareriAusiseuiignaiuay Mntussudygnazden
fiu ESC lun1smiuauauisiseuliiodsiuuenesanass wagvinbiluinvials

Propulsion System

Measurement Device

l Static Métor
— ESC +—— loadCell ~—— Torque +—— +— Propeller

I Transducer Uil

LiPo Batteries
125 (x2)

Signal ~ Receiver Force

Torque
Indicator 4

Indicator

Signal ~ Centroller I
Power

Supply
24V 20A

gﬂﬁ 4 1995TUARBULATNNTOIUALSITULALLSIUN

4.3, MPRNWUU NMIES1 LagNISARRILIUIAdEU

densuAusaiazusilngeanlumsvaaeuazinasedugainefiazdoumuuuuio  nsai
uwiuvagouspaliuulsusaitenuseusidavaamavavadluin uenanitanildunuuuuiiunagey
fuldidu wisogiidlon (AL-3030 Frame) fuunn 40 x 40 faduns dnlvalituuinudiiveusiu Tasd
AuantAfifaudus bt wendesniimdnfivn mededdldunuwuuiaguomuviulid
doinwesiiosdlilisuwiuiansdevieasssld dmusznovvedasadiuriutiuazd 3 daundng fo
duduuuivihinsBai wewesuadluin wiewigunsnliedesiletn fe nanwaduazivuses inusadn
afnfayhmihiinAusene InBvuInA MU iUNAZUTILIULUULEAD Tnmge 2.145 WRT wagning
1.24 w3 Wotavuingiu Fosuufadanauluin LLawT']miﬁméiy’qszuu%’um%mmﬁﬁmﬁhszqmaaLwiu

nagauluiin faguil 5

Static Transducer
Rotor Test Rig

| :

=

‘,
|

Reference
Ground Plate

| R = Radius of propeller |
z = Distance between ground plate and propeller

JUN 5 wiunaaeulutin

]
|
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4.4. miﬁqa'awﬁmaxmiLf“fiu%’aagaiumwmaamﬁamiw%'auLﬁsru

AousuNMngeUsluariosld3insasaimin (Pre-Tension) Lienarusswesivianwadiiols
wieusorouinsnagUTsoLAUAaLssaUYLSTU usidn waside mumgisousaus 1,182 - 2,956
RPM Wwag 1,443 - 3,607 RPM sguualuiin 40” x 13.17 uag 36” x 11.5” audwiu dalviegluglvesi
WA uduiludeBaweswiunnaeuUSumusEaYasEasuug B auazUane nduluiaiismun
Viaviam 5 sEeU fifvusie é’mwdqummqwaﬂuﬁmLﬁauﬁ’uLLNuﬁué’N%am%’ﬂﬁhﬁm (z/R) wihiu 1, 1.5,
2, 2.5 wae 3 wi eldnavesnaussaussnag anmsvaaeuluie wgnintioglugurawiaulsliig wiay
ﬁgﬁayjaamiaumm T-Motor  tilethunUSeudisvaussausluioain  T-Motor  uazaMudNfuSves
pansEyUTNAunguiliauiy  Wenmadeuuasinmsiunlilunafonansenunniu videtad
Juq ifnasieaussaugluin

5. NAN15I9Y

HAINMTIATIVAENYRIERAZANTTIUETaTlUNRYIIA 407 X 13.17 Wag 36” x 11.5” 3NN15NA&aY
foya T-Motor uagnaanmslianesilagiFeudisunamvasouiuylifinansznuaniiuuasiinanssny
Ny

5.1. AaNvuzvadluin

Slevinsayunduluia (Pitch Angle) sausilaunduluitarmusliivnty 20 Wosidudvosiad

s 90 Weiidusvessaiiuaendulusin Tnseglusurosrdadsudsliune (y/R) fillddaus 0 fa 1 1le
fisanmassannuaeislaunduluinaylsyudnvesnduluindaazdanduay musui 6 msdavedlusin
WUU 40”7 x 13.1” fAwninfiu 18.09 89A Uag 36”7 x 11.5” dAwifiu 16.62 8

Normalized Radius vs Local Chord Normalized Radius vs Local Pitch Angle

—— Prop 40x13.1 ns —— Prop 40x13.1 (Blade Twist = -18.09 deg)

0.09 Prop 36x11.5 Prop 36x11.5 {Blade Twist = -16.62 deg)

0.08

m)

007 15.0

125

Chord (

0.06

Pitch Angle (deqg)

.
e
=1

0.05 75

0.04

02 03 04 05 06 07 08 02 03 04 05 06 07 08
R {-) R {-)

UM 6 anueresanuwisaliuazyulnvedluiin 407 x 13.1” uay 367 x 11.5”7

5.2. MsSeuisunaaussaugluie

NFUN 7 Mnnsmineiudnewaninuduiugsening RPM vasuawas fdunseudliil asiule
Fude RPM ge3u nszualniivewmesaaluldfazastunuluiie Faduanuduiusuuuwdsiunss 1
i Y oA A & = & Y P-4 ] %
Aaut1atalau Ingtanzeg 19897 RPM getiu nszualniiaziinduludnsisadu. diunsmnieinuemn
wanIAUFNTUSSEWINe RPM fuuszdndan aziuldinUszaniamldliuusdunseiu RPM wausly

]
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dwmsuluin Prop 36x11.5 (dudt1Ruiv) Uszansainaztinudulugae RPM andeu1unany uazisuanadile
RPM gadu Turaugiiluiia Prop 40x13.1 (duduasiiv) wanawwiliduiuseansnimanaaiile RPM gadu

RPM vs Current RPM vs Efficiency

—— Prop 40x13.1 (Experiment)
—— Prop 36x11.5 (Experiment)
=== Prop 40x13.1 (T-Motor)
—-== Prop 36x11.5 (T-Motor)

160

140 7

120

100

Current (A)

80

Efficiency (Gram/Watt)
w

60

2500 3000 3500 4000 1500 2000 2500 3000 3500 4000
RPM RPM

JUN 7 anudusiusvesnszualnlihsnuanudaseu (udhe) wasanuduiusveseUssansnineny
ATINEITOU (A1)

1N3UTN 8 Fauanamuduus senineduyseansuseaduiududsedndmae (Audie) uas
duUseantusaduiuAfunmAney (ud) neuluuuiulansRliunstALYesduUsEavama
WAZANAMA AN UMINNNSIINTUYRIENUSEAVELSITY Toyaannnisvaaeulaealuiiandudseansnids

Re

wagArnunnFIneUiigainimguiidnios wagiuuliudlndidunguidedulssansuseiuiingu 3
Tusin 40 th Wedussavdidaiiganitluin 36 i fduUssAvBussduifioniu dudeya T-Motor fins
inznquiuresteyauudunguiislunsmdudiouazdiuen lunmeasuiinanszaiedavesdeya
1 wagannsovhaulilutedissansuseduiinianiudledisuiudeya T-Motor Aganwdneus]
wulihnfsdunufinssavdussduiifiuiu Gedsdinluia 40 thilussaninmmsduasesiiinirluie 36
i1 1lesndAnuaimdneuiigaindt (gegauszuins 0.42 syt 0.32) 10y 23.809 Wesidud A
LANF1991N T-Motor ApainnAReuanMsvadeuiAinideya T-Motor fianuuansnawiniu 42.857
Wosidud senafiawmmunannsinddluin naswaanthniou wasnsgayderdddunsdeinu

Thrust Coefficient vs Power Coefficient Thrust Coefficient vs Figure of Merit

0.0012 4 —— Momentum Theory

A Prop 40x13.1 (Experiment: OGE)
4 Prop 36x11.5 (Experiment: OGE)
® Prop 40x13.1 (T-motor: OGE)
® Prop 36x11.5 (T-motor: OGE)

0.0010 1

0.0008

0.0006

Power Coefficient (-)
Figure of Merit (-)

0.0004

0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.000 0.002 0.004 0.006 0.008 0.010 0.012
Thrust Coefficient (-) Thrust Coefficient (-)

gﬂﬁ 8 ANMUAUNUSVRIANFUUTEANTLSITUAZANFUUSEANTANGT (AUge) wazANUFUNULSYaIAN

o

UUSEAVBU ST ULALANAMATNAIRNDU (AUYI1)

]
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'
[ a a

”ﬂgﬂﬁ 9 anansmuduiusseninamnudisou (RPM) fuduuszdnsussdu (Fudne) was
uUsEAnE Mas (Fue) sunsdiudne Taeiild e RPM iudu dussansusaduaziiud uauds
gean udraduanadlusin 40 i TiAndudssAvdusstuiiganiiluia 36 §2 Tutas RPM fifiarsan Tuiin
40 ih (/R = 3) IeiAndudseAvBusadugeaniiussana 0.0065 7 RPM Useanad 2,365 ndanntuatazanas
nsanasveIdisEAvBu s TundIngngaan odunsenmafisturesseiulifudndutunnduty
93 RPM 8191 gUns i um e RPM iniu fnsvdvitdsdunliianadluraousn andudunei
vieuiutudntios Tuite 36 th Taevhlufiadussavsmdsiniluin 4o th Tuia 36 32 (/R = 3) fdn

'
a Lo o o

duusravsmaasinanysyana 0.0005 7 RPM Usgannd 2,100

RPM vs Thrust Coefficient RPM vs Power Coefficient

—+— Prop 40 inch (z/R = 1)
0.0010 - Q =~ Prop 40 inch (z/R = 1.5)
—e— Prop 40 inch (z/R = 2)
—e— Prop 40 inch (z/R = 2.5)
0.0009 Prop 40 inch (z/R = 3)
—-#=- Prop 36 inch (z/R = 1)
— == Prop 36 inch (z/R = 1.5)
0.0008 4 / —<- Prop 36 inch (z/R = 2)
~-®- Prop 36 inch (z/R = 2.5)
Prop 36 inch (z/R = 3)

0.006

0.005

0.004

0003 0.0007

Thrust Coefficient
Power Coefficient

0.002
0.0006 4

_,__/“‘”*' =¥
\\%,_:—" =
0.0005 -

1500 2000 2500 3000 3500 1500 2000 2500 3000 3500
RPM RPM

0.001

gﬂﬁ 9 mnuseusiorduUsEAvELTITU (Fudhe) uasderdUsEAvEia (Fiuvan) AuAsLAneng

UYBITTAUANNGS /R

91n3U7 10 Fauansanudusitus RPM AuanganmAney m@mmwﬁmauﬁuuﬂﬁmLﬁwﬁumu
RPM Tugasusn antuazSuanasensiindsnndsangean Tneviluluin 40 T Wenaunndnouiigs
niluiin 36 12 Tugae RPM 913 Tuin 40 § (/R = 3) WiAAuAmAIRBUZsgAUsEINM 0.92 i
2,365 RPM drwduluiauuy 40 ih ssesanugeindaiivasluiniisses /R = 3 Wenauamdnouiigan
Tusinfifiszey /R = 1 agnsdaiau Sansefudaiuluin 36 th uenand Tuiin 40 fh fussAvEamnisdy

asffinninluie 36 i Feeradunauianaualuieilugnin vliassusedulduniu
RPM vs Figure of Merit

Prop 40 inch (z/R = 1)
Prop 40 inch (z/R = 1.5)
Prop 40 inch (z/R = 2)
Prop 40 inch (z/R = 2.5)
Prop 40 inch (z/R = 3)
Prop 36 inch (z/R = 1)
Prop 36 inch (z/R = 1.5)
Prop 36 inch (z/R = 2)
Prop 36 inch (z/R = 2.5)
Prop 36 inch (z/R = 3)

0.40

0.35 4

0.30 4

0.25 4

0.20 1

Figure of Merit

0.15 4

0.10 4

0.05 4

1500 2000 2500 3000 3500
RPM

E'U 10 ﬂ’J’]SJL’i’J’iE]UWE)ﬂ’]ﬂmﬂ’]Wﬂ’]@aU mmmmu,mﬂmwaasvﬂummm Z/R 37NN1SNA&EBY

%
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INFUN 11 FuasNan1sinTenaly BEMT wudl  AaunnAineullieAsudinsasiiae

WasuwUastlosunnay RPM ity dmsurisluiinuun 40 U7 way 36 11 dazdmiuan z/R #6199 7

fiansan wenand Ssdanelean Tuiewunn 40 In Wrmun wineuiigandiluinuuina 36 Tadintdes Tu

L

VNP RPM Uagynal z/R Mnsiasg

RPM vs Figure of Merit by BEMT

0.3225

0.3200

0.3175

0.315%0 ®~ BEMT: Prop 40"
BEMT: Prop 36"

~&~ BEMT: Prop 40"
& BEMT: Prop 36"
~&~ BEMT: Prop 40"
—&— BEMT: Prop 36"
—&— BEMT: Prop 40"
—%— BEMT: Prop 36"
—&— BEMT: Prop 40"

0.3125

Figure of Merit (FM)

0.3100 —&— BEMT: Prop 36

0.3075

(2R =1.0)
(zR =1.0)
(zR =1.5)
(zR = 1.5)
(z/R = 2.0)
(z/R = 2.0)
(zR = 2.5)
(z/R = 2.5)
(z/R = 3.0)
" (2R =3.0)

0.3050 — S —3

0.3025

1500 2000 2500 3000
RPM

JUT 11 A 5IT0UABAIAMATMAINDY ANLATULANAIIBISEAUAINGY /R g BEMT

3500

dlawSeulfleusgnitmann1svnaes (U 10) fu BEMT (U7 11) asiiuanuuana1sidaian

Ao Tugull 10 ARunmemeuIINNIRaeslinsdsuwlategaiulitanin RPM Tnediuvuslduiivgy

Tug3e RPM A9 Wagendisuanasvsensiilugsg RPM #igedu wendannil dvigwavemanssnuainiiy viiea

z/R sermaumnineulunansmeassfiinnudnaund lneanunmineuduvuwilduguie z/R anas

laglamzegaden RPM A AUuaneeiidAtyseninpaanyisadessull A AnudulUsvesAnmunm

A1MBUATN RPM 21NMIANLINAIE BEMT AIAN15aiineAsn mAnaudsAsuinensi luuaisinansvnass

) a A o a a & o ° a a
LLaWﬂ,‘VTL‘VTanﬂqiLUaﬁJULLUa\‘imsﬂﬂLf\]u DVNINAVDINANTENUINANU LI BEMT 22@1U19031890389NINAVD

Z/R 19 wsinadnSlugui 11 wansliiiupnnuuanaiavessmnunmanauniy z/R fidesniniinulunismeaes

Tuguil 10 AnuwansmatanafinaIndedninveamngul BEMT Nensldansaduunngnmsainmsivaves

PR — vl a do v P
21NAN oM siatuINFlnaNuRLATUGDLe

]
|
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6. d3U
PNMTIRTeteyalunisiIsuifiguaussaugvesluinuuin 40 13 uay 36 1 vi991ndaya T-Motor

1

N1931A3139A28 BEMT wazn1snaaauniglaaniizniivazliinanssnuainiiu lngsn9dagui iy

¥
Y a

anunsoasUlanail

Tusiavue 40 i uandliifufisussansnmnistuaessiiinitluinuna 36 61 Faenndesiungu]
Tuiusty doga T-Motor uazmsiasesisng BEMT Aszyiluiiavuelugjnindiuuilifufiesduszansam
490971 NTNAADU UALNITILATILYIAIY BEMT Fiifuimanssnuaniiuaansatodiudsydnsamues
Tualdl winenuduiusildanmsmeaeuealildidulumumguilusnsiuegisauysal luiaudazvuia
wiivsnrdiseuiimnzauionsliussaninmgeaaunnsaiy Tagluin 40 1 uansUszavnmgea
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Abstract
This research aims to develop a fire incident detection system for housing estates using
loT and cloud computing technologies. The developed system consists of sensors for detecting
smoke, temperature, humidity, and motion, which are connected to a microcontroller to collect

data and transmit it to cloud computing for analysis and processing. The results are displayed



275

through a real-time web application. The results show that the system can accurately detect fire
incidents and issue alerts, thus enhancing the safety of life and property. In addition, the system
supports continuous device status monitoring and operates at low cost. A user satisfaction
evaluation showed an average score of 4.70, indicating a very high level of satisfaction. Moreover,
the system can be further enhanced for better efficiency, including integration with SMS alerts or

mobile applications, as well as extension to other monitoring purposes in the future.

Keywords: Detection System, Fire Incident, Housing Estates, Internet of Things, Cloud Computing
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2. YAULYAIIUIRY
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4.3 n’liﬁ'mml,tazmiﬁﬂﬁgﬁsuu (Implementation & Development)
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= alert = sensor = home

PK | alert IDint NOT NULL PK | sensor ID int(4) NOT NULL PK | home ID int{4) NOT NULL
address varchar(255) NOT NULL| location varchar(255) NOT NULL Owner_home varchar255) NOT NULL
aleri_level int(1) NOT MULL type_sensor varchar(255) NOT NULL address varchar(255) NOT MULL
alert_time datetime status_sensor int(1) NOT NULL contact_number varchan{10) NOT NULL

FK1] sensor_|D imi{4) NOT MULL installation_date date NOT NULL FK1] sensor_ID ini{4) NOT NULL
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FK  sensor ID NUELAVUDILTULY DS

} 7
A1319UBYA Sensor

PK sensor ID AUV ULLDS
location anuiiands 1wy Viosueu viesduau e
type sensor YUAUDIIULLDS
status_sensor ANTUSVDUIULLDS
value sensor Afingiadu
Insatallation date fufiAnsomuges
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A998 Home
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PK  home_ ID MAUMNYLAYURIUIU
Owner_home Fordrveastihu
address Hruiinnda
contact_number Weashnme
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void sendDataToServer|const String& temperature, const String& smoke, const String& motionStatus) {
if{WiFi.status() == WL_CONNECTED) {
HTTPClient http; http.begin{wifiClient, serverName);
http.addHeader("Content-Type", "application/x-www-form-urlencoded"};
String httpRequestData = "address =" + home_number + "&location =" + location +
"&temperature =" + temperature + "&smoke ="+ smoke +
"&motion =" + motionStatus;
int httpResponseCode = hitp.POST(httpRequestData);
handleServerResponse (httpResponseCode, http);
http.end({);}}

U7 5 fedwesalanAdinisdiloyavesdumesidnvesasmiiunanidneufiafs

4.4 N1SNAFBUILUY (Testing)
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Abstract

This research presents a mathematical model for evaluating the internal temperature of
buildings with symmetrical geometric cross-sections, including rectangles, hexagons, and octagons. It
examines scenarios where the cross-sectional areas or perimeters are equal. The study focuses on

the transfer of heat from the outside to the inside, with walls and indoor air as the mediums. Results
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are presented as contour plots that depict heat diffusion levels within the building, along with
temperature distribution graphs values based on reference points. The results suggest that the
internal temperature is more significantly affected by the direction of sunlight than by the type of

building.

Keywords: Mathematical Model, Finite Element Method, Geometric Building
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Yumauil 3 MvuassdeuTslumsunaunisaivay : Mssteuisinludeduud
Yunauil 4 naansailaannisuiaunis : argaumgianudeulddmiuesuiedym

a

aun1sanuseulu 2 47 Wuaunsdeyiusgessuduaesiiiluldymnitoulvrounaziouls

Sudunldmargamgiiaiueuniimnatlunmsihanuieudaunisi (1)

oT o°T o7T 1
Fiatd e W

die T(X,Y,1) Ao Areaungiinnufeuiishunis (X,Y) €Q donan t uay Q Wuveuwalu 2

'
v (% o

ffuwaz  WJuaipaf i eadesdunisiiniuseuresian lnediaului udu (gung i udu)

a 1

T(x,y,0) =T, uazidoulvveu (eaumgianuiouadefivev) umaidulunusuwuuresiiuiviisa

Y
[

GZJENEJWWiE‘UVINVINLisﬂ’?ﬂﬂijUUaﬂJﬂﬂmﬁ fﬂ\‘lgﬂﬁ 3

TB 2

Ts, Tgs
TBZ TB4
T Tas
TBl Tss TBl T55
TBG TBA ng TB 6
TB7
T|35

TB4
JUN 3 ReulvveuvesgUdwduuauwi sunnudeuaiumi uaesuiUnmdumu

3.3 suiudsinludiofiand (Finite Element Method)

Tumsnwatnasidudgumgiiniuiouvesannisanudevly 2 47 (1) fivae3s Wy Finite
Different Method, Finite Element Method, Finite Volume Method IuLaaﬂI‘i’ﬁzLﬂﬂuﬁﬁluﬂﬁiLLﬁﬂQJJmﬁls
fsananlasmnazdinnuiivesidefiazin Lﬁmmﬂiquuﬁﬁaf:ﬁflmiﬁﬂmm'ﬁmmqmmﬁmm
Jou 2 ImsmﬂmimflﬁﬂﬁuﬁwﬁﬁmaqmﬂﬁgﬂmqmqLiﬁmmﬁmLLwaumm fildanermsgunse 3 IR
wldumdsudusiniiidnvus Sudvdon vnndey wasuUnmasy 1nnsRasaniandeuisnsd
wanzausensuinmaaasaglisndeuiznmsinludiodiuuduanyaudian 13, 51 uneuvesszideuisiv
lufioAunsiuiseenidu 7 dumeu feil

Fumauil 1 a$uvuhasessruuudmtauuiassduediuudden 4 lnsusiasiodunensd
dnwazuazvuaiuansnaiuly

Sunaudl 2 Fonilediunsusaanuneluedung (Shape Function) Inefusazanagiiiteidud
THlunsuszanardulssing  Aflenudiuiufidusazqase Tnednuurnsnszasvesdulsliien
vuediufannsnidouledluzivesilsrdumstssanunelueduuduasiuUsiinaselnedsuuuy fail

M, v.2) = Ny(x, v, )@ + Ny (x, v, 2)dy + No(x, v, 20y + Ny (x,v.2)¢, (2)
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Toedt @(X, Y, 2) Wududsilinsuen N, (x,y,2) , i=12,34 Wuilsdduussaanely

v
v

waudvseaunsaleulugumninglasiil

)

¢(X1 y’ Z) = [Nl N2 N3 N4] ¢2 (3)

3

&,

£

Yunauil 3 a3vaun1svesediuug (Element Equations) Nifesn1snstuAmeu tneisukuuaunis

LDE
=

[kl {¢}. ={f}. @)

a

Tne# [K], A9 wawudwmingnvuegiustinvestymiu (Element Matrix)

Y

'
1A

(¢}, Ao nnwesvasiUslaiiA17gase (Vector of Nodal Unknowns)

q

{f}. Ao nmesvedlnaniianse (Vector of Nodal Loads)

q

(9

dwiueduidmisunusenauiey 4 9ase aun1svatediuuAarilsULUUAS

kll k12 k13 kl4 ¢1 fl
k21 k22 k23 k24 ¢2 — f2 (5)
k31 k32 k33 k34 ¢3 f3
k41 k42 k43 k44 ¢4 f4

fumaudl 4 \asannsFesivestudugeslusuudiaes awlivuiuesianfussuuinusy
Tna) XY um'%ﬁmL§ENIIJmmgﬂﬁwwaq%mauﬂaw%ﬁL'%EJﬂﬁ'ﬁwmmusias &n dau msdeniinsida
faaud wegfudnuaslnwunasifvesiaym lunsdifudenldiBlnlufiofuuidunnzaniian vuiui
vostudugosidoslunlufifn XY FeuvdsutudugeniiBedluinlioglusudmasudnialuiidn &n
Tneiflaidunsuszananelueduns (Shape Function) fiail
1

N =2 £)an)
N, =5 (1+)(1-n)

N =2 (1+¢)(L+7)

N, :%(1_5)(1“7)

]
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(%

Yunauil 5 haunsvetudazieduuinsniuluaunisyinvesssuu Inefisuuuy dall
[K]sys {¢}sys - {F }sys ()

Junauil 6 unudoulvueuln (Boundary Condition) asluaunISNATINYBISLUU
JUABUT 7 LAFNNSIBITTUUIBMATAe USEINuue iU linsuan

4. n15aiun1sIvY

4.1 nMvuadsgynn
iiefinmmaanudounnmeuengmeluormsgunssnasnadaiuuamsiaugUasd
wareguuninigluanasedidls mngisdunslu 2 nedl T fufinihdaintu uasanusid
sougUWhiu fmusarmvestunsvasenas Tushdetiasimundivesmuiniiuiiviniu anueridy
soUFUIAY uazvAgafifnvesomslusruuiifnannileiesensainsuuuiaesmsndinenans il
4.1.1 MYUAYTUIAYDIDIANT

NSUNUNNTNARYDIBIA1TLUNTY

lupsalilagAnwinisiiAianuiounnaiguenermsgniglueiasineniuminats Ae
MU 0.1 lunshagauudlvenduusgdnsmsiianusouvesiunaviidu 1 iednwmaA1gungll
meluiasgunsmnasnadenddnvauzdudmden vnvdey wezwlamdey ATNuIndaveseans

A v oo 0w

winfu TunsaAnwIRaE M MUA AL NUNNTNAAWINAU 25 A1519UAS 18 lEhUUINaDInI9ANAAEnS

(2.19,4.38) (5.29,4.38) (1.61,5.49) (3.88,5.49)
(0,5) (5,5
(0,3.88) (5.49,3.88)
(0,2.19) (7.48,2.19)
(0.1.61) (5.49,1.61)
(0,0) (5,0)
(2.19,0) (5.29,0) (161,0) (3.88,0)

v '
A =

JUT 4 i (X, Y) vesenasiiuiimidaguamben vnumdey wazudawden nsdituinddasiii

N3EANNENILEUTOUFUNTNFAAYBI1ANTIYINTY

lunsalfiagAnwinisiiAinnuseuninatgusneimsgnislueinislaeiudinats As
Aunanu 0.1 lwnskazgauudliAdudseansnisiianufeuvesdiuneiiiu 1 wefnwimieigumgl
melueasunsaimasnadaifidnvausdudivaen vumdey wasudawden Alenue1iduseuzUaes
L A v oo W e Lo vad A v oo 1o v °
wunnthanvetornsviniu lnglunstlifnuiiagdmualvisiiunmhdauiniu 20 was laglduuudiaemis
ANIAAERS
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0.5) 65 (m47) 5:66.47) (1.76,6.02) (4.26,6.02)
(0,4.26) (6.02,4.26)
(0,2.35) (8.03,2.35)
00 50 (0.1.76) (6.02,1.76)
1.76,0 4.26,0
(2.35,0) (5.68,0) (.76.0) (4.26.0)

UM 5 andifia (X, Y) veseamsiuiivtindngudvaen vnviaen wewUamiaen nsdlanueaiduseuguviniu

4.1.2 fvusAdeulvveuuazfeuluEudiy
gaumngiaiuseunanefinddwaliniivetoinisiiaigumgiianuseuviliiinnish
amufeunnuilinuuengniglusasdsuaregumginelueinisfigiiuangamgliduiueisveseins
LLazLwiawﬁwmmmi%ﬁmqmmﬁlﬁwhﬁ’u%ua&jﬁ’uﬁmnmuasﬁﬂmaﬁuawﬁLmﬂwaqmqmﬁmé

g

i} !
S @@
= = = =
T ’t“"t"

JUN 6 iAn1egamninnufounlasuanaeeningveawiarauuee1AIUNSIusuIANe

NavesTiAnswaeindgniiuadurgamgiveuunuana1siumLLAas i uTeIe1ATT A

Ut 6 Inerimunliignasauasuansananudeuilldaneseniindunniigalaefmunliiauiifu 45 e
waldua dwiusudmde 1 61y sUnnivaey wazguuUsimasy 3 fu gnasdndesaiseniinddeuasdn
wifsornsldliiiamindusmmiiviligamgindsugnasivdestigamgiisninlasivuelvidaemmgd
Wity 33 ssmeaiBea uasdundesanmsuasdedltiosfintsinugnasaihlne fvungamgdsuniadl
fidsindu 28 ssrealdes Argumalinmuieuiindivetorns enit Ateulvveureuuuiianmi
aflaFnan (Boundary Conditions) WalEudumsmuamsmengamgiinnudeutmunliniglueiaist
gaumgiiGuduviAy 25 ssmwaldea Bunin BouluSuduresuuudasssadinmans (nitial Condition)

4.2 Wsunsudmiunrsafreuuuinaemnentinegans

nsiadedl 4.1.1 uay 4.1.2 Iauensimuadiufiuasannueidusouguvesiuiindfnves
91A135UNTIA4 9 1AENISIMUAAIARSUAUULTEUURTARIN NSAVUAAINNUIYBIHNTNYDI91ANS AINS

Anusou firmsveinierindiinarergamginiuiousentivete1nns MimvuargumniiEusiy
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nelueis ietteyailuilumtididmiunisaiuuuiiaemnendinmansiielildnadnslusuuuy
19303 MhansAgmngiinuFeuveternsiiaweluuiuy 2 48 Mlusuiuiniidavesonansvedusas

nsed nelusunsy FlexPDE
5. NaN1539Y

5.1 LPAUNUAVIINUNNLNAAVDIDIANS

[
[ v ¢

JUNDULINVBINTUNATNSA LA NLUUTIBDIN AN A ANSILVINNTAS ORI UAUUNUANTNHR

@

vosemsiuguamaen sunnmaen wazguudawmaen lneagldedunddugaumasudgun 7

AV VAV VAV,
“4 AVAY AV, %,
ORI

SUN 7 Lefludanuviaenuuiuiviidingudvaen inviey uasulawihes

5.2 NAFWSAINWUUTIRDMIANAAIENS
lusiAdedazuansadnsluzuvesnsim Contour vasArgumgiinuiouvesiuininfngy

Widgd JUrnmdey warsuwuawmien nTniansAgumgiauiounmuniaresgneadsuuiuiviisia

Ad.

Udwidey sunnmaey wazguuuamdonluuieie q Tunsdiiiuivihdavesoiasinuivihdaminiuuas

€aN

Y '
a %4

sanunvthdndduseugUuwiniu lngasianinadnsasioluil

)

5.2.1 nsdifinthanvesenmsiiuinthdaiiniy
wadoflasuanmadnsildannuuusasmndamans lnsasiiaussUuuureansim
contour azuanaduszivvesigumginnuouilefinmieuanasusnriuiunatinnielueinis
sUnssaNATeany waenTduiiuansangamnfinrudeuiigndnedsluninsig 4 vuilufiviigna fil

Float Zone in 20 Certesian geometry 1
! FIEPOE 651Wa FlesPOE & 81/we4

s Tero oo
o0 s w0
i 7

L

05:37 7116128 Float Zone in 2D Cartesian geometry 11:08:15 711624
5

1

=i
Fhi

20, ry_REC: Cyclemd Time= 14400, 1= 19452 P2 Nodes=4063 Cells=1972 RIS = 0 0259 20_geomatry_HEX: Cycle=65 Time= 14400, dt= 189.48 P2 Nodes=3431 Colls=1654 RMS Err= 0.0087
integral 7114753 intagrai= 7542848
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Float Zone in 20 Cartesian geometry pinzne e
‘ ik N xe0E £ 41100

26_geomelry_OCT. Cycle=s3 Time= 14400, ci= 435,85 PZ Nodes=10075 Celli=4343 RS Err= 00037
intagral= 1517.985

5U#1 8 9 Contour nsdiunvthdavinfuvesiuimhdasUamasy vnmvaey uazulavaes

o '

JUM 8 LanudusiuredA1gumgiausouungnsza1eid1u11NHTR I ULEN YR INUNS
mﬁﬂmsﬂ,ummsgﬂmmmmﬁ%am Imaﬂmimmﬁﬂﬁmgﬂﬁmﬁaﬂu 2 i lunsalfiuiiviniy wudn ua
MSAIMLARTIN B 1781 14,400 Tunft nsunsnszeeudoudilifegaquinansituiininda o1a1mss
wnasLuazuUawasLiifuTin s Sdn e findlnnsannnimsedmasy dwaldinnsunsnsyany
ANTBUIINNANYTIANS

Float Zone in 2D Cartesian geometry 11:05:37 7116124 Float Zone in 2D Cartesian geometry 11:05:37 7/16/24
25,008 r . FlexPOE 6.51/Wis4 FlexPDE B.51/W64
HISTORY 70 i HSTORY
25007 It
65
250081+
60
25005
55
25004
fo
£ 25003 o
s g
@
25002 44
25001 40
25— — k 15
24999 30
24908 25
o 3 a B w : i : : = P
T el T ed

2d_geometry_REC: Cycle=64 Time= 14400. di= 194.52 P2 Nodes=4063 Cells=13972 RMS Err=0.0258 2d_geometry_REC: Cycle=64 Time= 14400, ot= 194.52 P2 Nodes=403 Calls=1372 RMS Err= 0.0259

Float Zone in 2D Cartesian geometry 11:05:37 7/16/24
Float Zone in 2D Cartesian geometry 11:05:37 7/16/24 FlexPDE 6.51/W84
FlexPDE 6.51/W64
Horizontal
70 Vertical frqmgx!.y!ﬂ..’Z)
| from (x1+L/2.y1) { o (x4, y1+L2)
to (x1+L/2,y4) 25005
65 [ -
60
25004
55
il |
5 @ § 25001
= £
s
g s £
25002
L) |
# 25001
30
25,
254+ — + T 1 2
1 ¢ o 1 2 3 4 B
o 1 z 3 4 5
¥ X
2d try_REC: Cycle=64 Time= 14400. dt= 194,52 P2 Nodes=4063 Cells=1972 RMS Err= 0.0259
2d_geometry_REC: Cycle=54 Tims= 14400, dt= 194.52 P2 Nodes=4063 Calls=1572 RMS Err= 00258 .m;,?fjfi?aazag yelemed Tme o0es e i

Integral= 144.3219

= =

3UN 9 nsmlduuansrgamginluiawvesgUamasy (1) 19a a a1 0 s 14,400 Ui (2) MM a b c

i} 3 S
d e uay g 281 0 B9 14,400 Fu¥ (3) LEUKLIAIINILYANNAETIIAT 14,400 FU
(4) 1EUmNYINTENUIANINANSINAT 14,400 FUH
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Float Zone in 2D Cartesian geomet 11:08:15 7/16/24 i r
T g ry . . FlexPDE 6.51Wed Float Zon.e mIZD .Car'.ceswan g.eometry R ) FI;;PDE?EE.;“SJH
70 T HISTORY 7041 | | Left
I N | from (1,51
emp | o [:éyS;’ !
65, 85.
60 P 80.{
55— - 55
e 50 ya o=
@ / I ]
45 T 451
40 i ? Y 40 %,
/ Y ; / AN
35 Vi A s A
/ \ \
. & / . {
P g i Y c s | \ j’
25— R NP N I Y\ / - Y, /
L | S L1 2 | S
0 3 & 4 12 15 o 1 2 3 4 5
T "“ Y
2d_geometry_HEX: Cycle=65 Time= 14400, di= 189.48 P2 Nodes=3431 Cells=1654 RMS E= 0.0057 2d_geometry_HEX: Cycle=65 Time= 14400, dt= 189.48 P2 Nodes=3431 Cells=1654 RMS Err= 0.0057
Integral= 176.3909
‘ . Float Zone in 2D Cartesian geometry 11:08:15 7/16/24
Float Zone in 2D Cartesian geometry 11:08:15 7/16/24 . + 4 FlexPDE 6.51/W64
+ FlexPDE 6.51/ W64 I aigh
[ 1 t
0. T Center from (x2,y2)
| from (x1+L/2,y1) to (xd,y4]
| to (x1+L/2,y5) 65 1 I
65 temp
1: temp
0.1 607
5
sl 55
o 50 z ¥
2 =
@ .
) 45
a0 f==\ 40
| V4 Y,
- I I I / 35
3 // \
| B
A0 T i | <\ /f’ a0
AN /
2 — Y, Ve 37 T B
1 2 \ y I I S z
0 1 2 3. 4 5. 0. 1 2 3 4 5
Y Y
2d_geometry_HEX: Cycle=65 Time= 14400. di= 189.48 P2 Nodes=3431 Cells=1654 RMS Err= 0.0057 2d_geometry_HEX: Cycle=65 Time= 14400. dt= 189.48 P2 Nodes=3431 Cells=1654 RMS Err= 0.0057
Integral= 153.7106 Integral= 176.3864
Float Zone in 2D Cartesian geometry 11:08:15 7/16/24
— — — — FlexPDE 6.51/W64
70 | Herizontal
from (x6.y6)
to (xs‘yay
65 1 temp
60,
55
]
2 =
1
]
kS
2 s
40
35
0
25 | | —— —
1 —t v
2 3 4 5. [ 7

2d_geometry_HEX: Cycle=65 Time= 14400. dt= 189.48 P2 Nodes=3431 Cells=1654 RMS Err= 0.0057
Integral= 185.9132

UM 10 nywlduuansdgamginnuiowvessunniviaes (1) 190 a b c d e Uay g 9kian 0 s 14,400

v
a a i

A9 (2) WEULLIAINIUEIETIEAT 14,400 U9 (3) WEULLIAINRILNANINa1eTLIaN 14,400 U (4)

q

WAULWIAIAUYITAT 14,400 FU¥ (5) LEUMINVINARIUIANINANNAIAT 14,400 TuN9
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Float Zone in 2D Cartesian geometry 13:25:03 7116124 Float Zone in 2D Cartesian geometry
h : n FlexPDE 6.51W64
0 I HISTORY 70.
& 65
80, 60
55, 55
2 . ®
3 3
s
o 45

4 . 3
3 A I ‘ 30
wl | o S ¢ "

13:25.03 7/16/24
FlexPDE 6.51/W54

Left
from (x1.y1)
1o (x6.y6]

L /

| | | J 1 | S I S % #
0 3 [ 9 12 15 L — 0 1 2 3 4 s -/
T o3 ¥
2d_geometry_OCT: Cycle=63 Time= 14400. dt= 435.85 P2 Nodes=10076 Cells=4343 RMS Err= 0.0037 ﬁ:g:z‘?gﬂ.ggﬁ? Cycle=53 Time= 14400. dt= 43585 P2 Nodes=10075 Cells=4243 RMS Err= 0.0037
Float Zone in 2D Cartesian geometry 13:25:03 7/16/24 Float Zone in 2D Cartesian geomet 13:25:03 7/16/24
—— ettt R - FlexPDE 6.51/W64 g &4 FlexPDE 6.51/W6d
0+ T T T T T Cantar T0.

from (x1+L/2,y1)
1o (x14L/2,y5)

Right
from (x2,y2)
10 {x6,y5)

65 ) 65
60| | I | | o
55 55
= 50 50.
2 £
3 v
O s 45
40 iy y, a0 i ",
X Ty
35 5
30 30.
25 - 2 \\\
1 Ny S 1
0 1 2 3 4 5 8 7 [ N 0 1 2 3 4 5
Y ¥
2d_geometry_OCT: Cycle=63 Time= 14400. dt=435.85 P2 Nodes=10076 Cells=4943 RMS Err= 0.0037 2d_geometry_OCT: Cycle=63 Time= 14400. dt= 435.85 P2 Nodes=10076 Cells=4943 RMS Emr= 0.0037
Integral= 220.0623 Integral= 2257284
Float Zone in 2D Cartesian geometry 13:25:03 7/16/24
FlexPDE 6.51/We4
704 © Horizontal
from (x8,y8)
to (x3.y3)
651 ;
60
55,1
T st I I I
8 I [
2 s ] ] I S
0 { g R
] [
2] [
x| — : 7
1 2 g
1 2 3 4 5 6 7 8 9 g
X

2d_geometry_OCT: Cycle=63 Time= 14400. dt=435.85 P2 Nodes=10076 Cells=4343 RMS Err= 0.0037
Integral= 246.4669

UM 11 nsmidunansrngamninnuseuvesguiuamien (1) 19n a b c d e wag g Mia1 0 89 14,400

v 9

9 (2) WuuInenugeia 14,400 Ju17 (3) Wukwineiid1uganinaeie 14,400 3 (4)

LAULUIAIAUUIITLIAT 14,400 TW7 (5) LEUMINVINANUE1ITLIET 14,400 U

dmfusun 9-11 Miilefnmumaudsuulaugingndeds (a-g) naentialian 0-14,400

a = a i a o a a o w
AUIN LLagLLu’TJLﬂiqgﬁ/ﬂULLmﬁgmﬁwqﬂLllaﬂiuna'] 14,400 U ®1UaAU
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nnsdifuiivihdaintu wuh 91MsFUNsmAIMABILazLUAIMABLTIMIUNIASEANE AN
Soudhgnelusnnningunssdmden 1iesndunuduiizusidanaaefindfiinnnii uhanafeudill
fagafsnansituiivindnneluthanan@in (14,400 3udi)
5.2.2 nadiuiinthanvesenasiidusougUiviniu
1t ot asuansnadwifldanuuusiaosmadnaans lnsasiiauesUuuurensm
contour azuanudusTAvTRIgamMaianuFouiledauTouanaeusnsiuiunadiunelues
gﬂmﬂaumm‘ﬁaamLLazﬂﬁW\ILé’uﬁLLamﬂ'wqmmﬁmm?@uﬁwé’w%ﬂuum&hq q vuitufinthda foil

| 164 Float Zone in 2D Cartesian geomet 11:10:52 7/16/24
Float Zone in 2D Cartesian geometry Fle‘:Pn[sjéa;;:“!&éi oat Zone in 2D Cartesian g try F!exF'DEsgmﬁéd

8

@_
\
|
|
L

2d_geometry_REC: Cycle=64 Time= 14400, dt= 194.52 P2 Nodes=4063 Cells=1972 RMS Err= 0.0259 2d_geometry_HEX: Cycle=59 Time= 14400. dt=401.32 P2 Nodes=7376 Cells=3591 RMS Err= 0.006
Integral= 711.4753 Integral= 903.2234

Float Zone in 2D Cartesian geometry - 13;5503 ;nsm
1exPDE 6.51/W64

8 — Temp.
7

6

2d_geometry_OCT: Cycle=63 Time= 14400, dt=435.85 P2 Nodes=10076 Cells=4343 RMS Err= 0.0037
Integral= 1517.985

5U# 12 N5 Contour AsdlidusoUUWINTUYRINUNTFRgUAmMALY vinvides uazulamaey

JUTT 12 WanaduseAuYeIA1gmumainLsauiLnsnTE i NN INNTRAUUBN YDA
= & a DY a d aa ad v v
wfanglueasgunsaunnsiay lneiansumindaguamasulu 2 98 lunsdiduseuguindu
oA i a o S A % oy o ] o 1% 4

wud Wenawuly 14,400 i ermsgunssdmien anudeudsliduninszareinunlndngudnaiaes
81A15 91A13FUNTIMINIMALY ANuToudtliunsnszarenanlndngudnaaeseIns uilin1suninszany
WY 3 U9 TFUNTIMNLIMA BN TETKLITUAINTOUINTANYRINIIR TS INNNTIFUNTS
dwmd sy 1A 3UNTMUamd vy ANTeudeldunsnszateiuilndynaudnalivetoinis wadnis
WNINIEAELININe 3 A1 LesanemTsUnTwamasuiiuwifuanuseuainiianiweiniiending

' S & Y av v % a 4 B ! =
lnﬂﬂ?’]gﬂ‘ﬂﬁqaL‘Wa‘EJZJLLG]ﬂqumlﬂiuﬂ']']lliausﬂ@ﬂE‘U‘VﬁﬂaLwaﬂﬁJﬁ]guaﬁlﬂaqEUW§QMﬂLmaﬁlll
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Float Zone in 20 Cartesian geomet 11.0837 7B i —
geometry . ey e Fioat Zone n 2D Cartesian geometry e e
HISTORY o o | HisTORY
n0r7 ] - -
&
ss00n
@
s
25004 -
P o U
Basons B
] &
35012 =
s -t
"
4mn
24080 P — e e T
3 & > 15 a 5 e a B s -
T o . a
20_geomeiry_REC: Cysle=5i Time= 14400, o= 194,62 A2 Hodes=4053 Cells=1872 RIS E7= 0.0289 20_geometry_REC: Cycle=td Trma= 14400, ¢t= 194,52 P2 Nodes=4063 Cala=1872 AMS = 0.0259
Float Zone in 2D Cartesian geometry 11057 71162
FleAPOE 551706
Float Zone in 2D Cartesian geometry 110837 711624
FIePDE 65170464 P
I oMt 414120
™ vertical gk
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Abstract

The increasing complexity of 4G and 5G networks has intensified the need for reliable and
efficient telecommunication infrastructures. Remote Radio Units (RRUs) are crucial components
responsible for ensuring seamless signal transmission between user devices and the core network.
However, anomalies in RRU voltage and temperature can cause signal degradation, network
inefficiencies, and potential failures. Traditional rule-based fault detection systems often struggle to
adapt to dynamic network conditions, necessitating the integration of advanced deep learning
models for proactive anomaly detection. Long Short-Term Memory (LSTM) networks have
demonstrated superior capabilities in analyzing time-series data, making them well-suited for
detecting performance anomalies in RRUs. However, a significant challenge in deploying these
models is the class imbalance problem, where normal operational conditions vastly outnumber
rare fault instances, leading to biased predictions and poor recall for minority-class anomalies. This
research aims to determine the effectiveness of RandomOverSampler in improving the performance
of LSTM-based anomaly detection models when applied to imbalanced RRU datasets in the
context of 4G/5G network monitoring. To address this, a resampling strategy utilizing
RandomOverSampler is implemented to balance the dataset, which consists of 5,000 time-series
samples with two key features: voltage and temperature, ensuring improved detection of rare
failures without introducing synthetic noise. The proposed framework processes sequential RRU
voltage and temperature data, capturing temporal dependencies to improve failure predictions.
Performance evaluations show that the minority-class recall improved from 33% to 99%, and the
F1-score increased from 32% to 99% after resampling, effectively addressing a major limitation of

conventional machine learning-based anomaly detection systems. The model also achieves an
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overall accuracy of 99%, demonstrating its robustness and suitability for real-world deployment in
mobile network monitoring. Future work will focus on extending this framework to predict Radio

Link Failure (RLF) based on RAW RRU data performance patterns.

Keywords: 5G Technology, 4G Technology, LSTM, Imbalanced Data, Time Series

1. Introduction

The rapid expansion of 4G and 5G networks has significantly increased the demand for stable
and reliable mobile communication services. Remote Radio Units (RRUs) play a critical role in these
networks, serving as the primary interface for signal transmission between user devices and the core
network. Ensuring the operational stability of RRUs is essential for maintaining network performance
and Quality of Service (QoS). However, voltage fluctuations and temperature anomalies within RRU
systems can lead to signal degradation, reduced efficiency, or even complete network failure.
According to field observations shared by a global Telco vendor, a key vendor collaborating with SUT
under a memorandum of understanding (MOU), such anomalies frequently contribute to unexpected
service instability in real-world 4G/5G deployments. As a result, effective anomaly detection
mechanisms are crucial for preventing disruptions and ensuring seamless mobile network operations.

Advancements in machine learning and deep learning have enabled the development of
automated anomaly detection systems for mobile network monitoring. Traditional rule-based and
threshold-based approaches, while widely used, often struggle to adapt to dynamic network
environments. Machine learning models, particularly those based on classification algorithms, have
demonstrated improved accuracy in fault detection by identifying patterns in historical data. More
recently, Long Short-Term Memory (LSTM) networks have gained attention due to their ability to
process sequential data and capture temporal dependencies in network performance metrics,
making them well-suited for detecting anomalies in time-series data.

Despite the effectiveness of deep learning models in anomaly detection, a key challenge
remains: imbalanced datasets. In real-world RRU monitoring, normal operating conditions vastly
outnumber instances of actual anomalies, making rare faults difficult to detect. Standard LSTM
models trained on such datasets tend to favor the majority class, leading to low recall for minority-
class anomalies. This bias severely limits the practical utility of anomaly detection systems, as critical
but infrequent failures may go undetected, posing risks to network stability. Moreover, this study is
constrained by the limited sample size in certain minority classes, which prevents the effective use
of synthetic oversampling techniques such as SMOTE. As a result, resampling methods that avoid
synthetic data generation were adopted to preserve data integrity while mitigating class imbalance.

Several techniques have been proposed to mitigate class imbalance in machine learning,
including oversampling and undersampling methods. However, conventional synthetic oversampling

techniques often generate artificial data that may not accurately represent real-world anomalies,
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potentially introducing noise and leading to overfitting. An alternative approach involves balancing
the dataset while preserving the original data distribution, allowing the model to learn more
effectively from minority-class samples without distorting their characteristics.

This study aims to develop a robust LSTM-based anomaly detection framework designed to
effectively monitor RRU operational stability under imbalanced data conditions. To achieve this, the
proposed approach integrates a resampling strategy to ensure a more balanced class distribution,
thereby enhancing the model’s ability to detect anomalies in minority classes. To this end, the study
specifically focuses on preprocessing and resampling imbalanced RRU operational data using the
RandomOverSampler to balance the dataset without introducing synthetic noise, developing an
LSTM-based model optimized for time-series anomaly detection that captures temporal
dependencies in RRU voltage and temperature fluctuations, and evaluating the model’s performance
before and after resampling to assess the impact of balancing techniques on precision, recall, and

F1-score.

2. Background

The rapid evolution of 4G/5G mobile networks has introduced new challenges in ensuring
network reliability and efficient operation and maintenance (O&W) [1]. As mobile communication
services become more critical, maintaining the performance of Radio Remote Units (RRUs) is essential
to prevent service degradation and failures. Traditional reactive fault detection methods often fail to
provide timely insights, leading to prolonged downtimes and reduced network efficiency [2]. The
increasing complexity of large-scale distributed antenna systems further necessitates advanced fault
detection mechanisms that can accurately identify network anomalies [3].

To enhance fault detection and anomaly prediction, machine learning (ML) and deep learning
(DL) techniques have gained attention due to their ability to process large volumes of network data
and detect patterns that indicate potential failures [4]. Among these approaches, Long Short-Term
Memory (LSTM) networks have demonstrated strong capabilities in analyzing time-series network
data, enabling real-time failure prediction [5]. However, applying ML-based failure detection models
in real-world network environments is challenging due to the class imbalance problem, where
network failure events occur significantly less frequently than normal operational data [6].

Addressing class imbalance is crucial for improving the accuracy of ML models in network
anomaly detection. Various techniques, such as undersampling, oversampling, and the Synthetic
Minority Oversampling Technique (SMOTE), have been proposed to improve model robustness in
handling imbalanced datasets [7]. Additionally, the presence of class overlap further complicates the
classification process, making it difficult for models to distinguish between normal and failure states

(8].
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To overcome these limitations, this study proposes an LSTM-based predictive maintenance
framework tailored for 4G/5G network fault detection. By integrating advanced data preprocessing
techniques and deep learning-based time-series analysis, this approach aims to enhance failure
prediction accuracy, support proactive maintenance strategies, and contribute to the resilience of

modern mobile communication networks [9].

3. Related Works

The increasing complexity of 5G networks has driven significant advancements in fault detection,
resource management, and predictive analytics to maintain network stability and service reliability.
Researchers have explored various approaches, including machine learning (ML), deep learning (DL),
and artificial intelligence (Al)-based methods, to enhance fault prediction and network optimization.
One of the key challenges in 5G network maintenance is radio link failure (RLF) prediction, which is
influenced by multiple environmental factors. Several studies have demonstrated that integrating
historical weather data and link parameters can improve the accuracy of failure predictions, allowing
operators to anticipate and mitigate disruptions more effectively [10] . The impact of environmental
conditions, including humidity, wind speed, and temperature fluctuations, has also been examined,
revealing a strong correlation between adverse weather and increased radio link degradation [11].
These findings highlight the importance of real-time environmental monitoring in predictive network
maintenance.

Advancements in ML-based fault prediction have further expanded the capabilities of network

anomaly detection. Ensemble learning techniques have been studied extensively, demonstrating
their effectiveness in enhancing fault detection accuracy in telecommunication networks [12] .
Additionally, ML-based fault detection in large-scale distributed antenna systems has been explored
through time-series similarity analysis, enabling early identification of system anomalies . A broader
review of ML applications in heterogeneous telecommunication networks underscores the growing
role of Al-driven methodologies in predictive maintenance [13].
Beyond traditional ML models, deep learning techniques, particularly Long Short-Term Memory
(LSTM) networks, have shown promise in optimizing 5G resource allocation. These models effectively
process time-series data, capturing long-term dependencies to enhance network efficiency and
reduce latency [14]. LSTM-based methods have also been applied in Quality of Service (QoS)
prediction, particularly for connected and automated mobility (CAM) applications, ensuring proactive
resource allocation under dynamic network conditions [15].

Further innovations in predictive analytics have emerged with the use of Graph Neural Networks
(GNNs), which leverage spatiotemporal dependencies within network datasets to improve cellular
Key Performance Indicator (KPI) prediction [16]. This approach has been found to enhance network
performance forecasting, allowing for smarter and more adaptive network management strategies.
One of the critical challenges in network fault prediction is the class imbalance problem, where

failure events constitute only a small fraction of total network data. Addressing this issue, researchers
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have explored various data resampling techniques, such as undersampling, oversampling, and
Synthetic Minority Oversampling Technique (SMOTE), to improve model accuracy in detecting rare
faults [17] . Comparative studies have suggested that integrating sampling strategies with ensemble
learning can significantly enhance prediction performance, ensuring a more balanced approach to
network anomaly detection.

Among oversampling techniques, SMOTE [1 8] and ADASYN [19] have been widely adopted to
generate synthetic samples and enhance class representation. SMOTE applies interpolation between
existing minority-class samples, while ADASYN adaptively generates synthetic samples based on the
distribution of difficult-to-classify instances. However, both methods require a sufficient number of
minority-class instances to function effectively. Given the dataset constraints and specific
requirements set by the vendor, these methods were not applicable in this study. Instead,
RandomOverSampler was employed as a practical alternative to balance the dataset while ensuring
compliance with vendor requirements and maintaining data integrity. This approach allowed the
model to learn from a more evenly distributed dataset while avoiding potential biases introduced
by synthetic sample generation.

Recent studies have demonstrated that despite its simplicity, RandomOverSampler (ROS)
remains a robust method for handling imbalanced datasets, often achieving competitive accuracy
compared to more advanced sampling techniques [20]. Unlike SMOTE and ADASYN, which generate
synthetic samples, ROS preserves the original feature distribution by duplicating existing minority
instances rather than synthesizing new data points. Given its computational efficiency and practical
implementation benefits, ROS was chosen as the primary resampling technique in this study. This
decision was further reinforced by vendor constraints, which restricted the introduction of synthetic
data and required strict preservation of the original dataset structure.

Multiple Sampling Methods (MSM) have been introduced to handle class imbalance by
integrating different resampling techniques, such as combining oversampling with undersampling to
improve classifier performance. Previous studies have demonstrated that MSM-based approaches
can enhance predictive accuracy in imbalanced datasets, particularly in network anomaly detection
and fault prediction tasks [21]. However, these methods typically require careful tuning to prevent
overfitting and may introduce synthetic data distributions that deviate from real-world conditions.
In this study, RandomOverSampler was employed as the primary technique to address class
imbalance, ensuring compliance with vendor constraints while maintaining the original data
distribution. Although MSM-based approaches offer advantages in general cases, the dataset
constraints in this study limited the feasibility of synthetic oversampling techniques, making
RandomOverSampler the most suitable choice.

In addition to ML and deep learning approaches, recent studies have explored alarm log-based
fault prediction models that utilize entropy-based layered analysis to predict hardware failures [22].
By analyzing historical alarm data, these models improve predictive maintenance capabilities,

reducing downtime and enhancing overall network reliability. Furthermore, research in multi-scenario
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KPI prediction has focused on deep learning-based optimizations, which help in improving network
stability and fault recovery mechanisms [23].

The collective findings from these studies provide a strong foundation for developing advanced
predictive maintenance frameworks that integrate LSTM-based fault detection, imbalanced data
handling, and KPI-driven optimization. As 5G networks continue to evolve, leveraging Al-driven
methodologies will be essential for ensuring scalable, resilient, and self-optimizing

telecommunication infrastructures.

4. Research Method

4.1 Data Preprocessing
4.1.1 Data Collection and Cleaning
The dataset used in this study consists of 5,000 samples of Remote Radio Unit (RRU)
operational parameters, specifically voltage and temperature readings. The data were extracted from
structured Excel files and underwent a thorough cleaning process to ensure reliability. Non-numeric
entries and missing values were identified and removed. This preprocessing step ensured that the
data were accurate, consistent, and suitable for subsequent analysis.
4.1.2 Label Assignment
Each sample in the dataset was categorized into one of four predefined classes, based
on voltage and temperature thresholds:
» Normal (1): Voltage between 40-60 V and temperature between -25°C and 60°C.
« Abnormal Voltage (0.1): Voltage outside the acceptable range (40-60 V), while
temperature remained within -25°C to 60°C.
+ Abnormal Temperature (0.2): Voltage within the acceptable range (40-60 V), but
temperature outside -25°C to 60°C.
» Both Abnormal (0): Both voltage and temperature outside their respective thresholds.
This labeling process ensured that critical RRU operational states were captured comprehensively. A
significant class imbalance was observed, with the majority of samples labeled as Normal (1), while
the other three categories were underrepresented.
4.1.3 Addressing Class Imbalance
Due to specific constraints set by the vendor, the implementation of synthetic
oversampling techniques such as SMOTE and ADASYN was not feasible for this dataset. Instead,
RandomOverSampler was employed to address class imbalance while ensuring compliance with
vendor requirements. This approach maintains data integrity and avoids potential issues associated
with synthetic sample generation.
The RandomOverSampler method was applied to duplicate instances of the
underrepresented classes until a balanced class distribution was achieved. This ensured that all
categories had sufficient representation during training. Unlike synthetic oversampling techniques,

which generate artificial samples, RandomOverSampler preserves the original feature distribution by
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using actual instances from the minority classes. This decision was supported by previous studies
demonstrating that RandomOverSampler can enhance model robustness while maintaining
computational efficiency.

The overall workflow of the proposed anomaly detection framework is illustrated in
Fig. 1.

Temperature

» Pre-processing » Classification » Result

Voltage -
* Data Selection LSI'M‘ * Accuracy
« RandomOverSampler * Perclslon
| # * Recall
| ] * Fi-Score
* Normal * Confusion Matrix

« Abnormal Voltage | |
* Abnormal Temperature
+ Both Abnormal

Fig. 1 Overview of the proposed RRU anomaly detection framework.

4.2 Model Development
4.2.1 Feature Scaling and Sequence Creation

Voltage and temperature values were normalized to a range of [0, 1] using Min-Max
Scaling to standardize the features. This ensured that both features contributed equally during
training and avoided bias toward one feature over the other. To capture temporal dependencies in
the data, sequences of three consecutive time steps were generated for each sample. This sequence
creation step allowed the model to learn patterns over time and improved its ability to detect
anomalies.

A fixed sequence length of 3 timesteps was selected to balance model simplicity with
computational efficiency. This window size allows the model to learn short-term temporal patterns
without overfitting or incurring excessive training cost. Future work will explore longer sequence
lengths to capture more extended temporal dependencies and enhance detection of delayed
anomalies. Only two features voltage and temperature were used in this study. This selection was
informed by domain knowledge shared by the vendor, which identified these parameters as the
most frequent and critical indicators of RRU/AAU faults. Although this is a limited feature set, it
reflects real-world operational focus. Future studies will consider additional KPIs, such as RSRP, SINR,
and RSSI, to enhance predictive accuracy and generalizability.

4.2.2 LSTM Model Architecture

The model was designed using TensorFlow/Keras and featured a Long Short-Term
Memory (LSTM) architecture optimized for time-series data. The key components of the model are
as follows:

« Input Layer: Accepting sequences with a shape of (3, 2), corresponding to three time

steps and two features (voltage and temperature).
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« First LSTM Layer: 64 memory units with ReLU activation and return_sequences=True
to pass the sequence to the next LSTM layer.
« Dropout Layer: A dropout rate of 30% to reduce overfitting.
« Second LSTM Layer: 32 memory units with ReLU activation.
« Second Dropout Layer: A dropout rate of 20% to further mitigate overfitting.
 Output Layer: A dense layer with softmax activation, producing probabilities for the
four output classes.

The model was compiled using the Adam optimizer and categorical cross entropy as
the loss function. This architecture was designed to balance performance and complexity while
effectively capturing temporal patterns in the data.

The model was trained over 50 epochs using a batch size of 32. The learning process
was monitored using a 20% validation split extracted from the training data. Class weights were
incorporated to address residual class imbalance, computed using an inverse frequency strategy via
scikit-learn’s compute class weight function. These training hyperparameters and preprocessing
steps are summarized in Table 1 to support reproducibility. These values were selected based on

initial experiments to balance overfitting risk and training efficiency.

Table 1 Summary of model architecture and training parameters

Component Parameter Value
Input Shape (timesteps x 3 timesteps, 2
features) features
LSTM Layer 1 Units 64 (RelU)
Dropout Layer 1 Rate 0.30
LSTM Layer 2 Units 32 (RelU)
Dropout Layer 2 Rate 0.20
Output Layer Activation Softmax (4 classes)
Optimizer - Adam
Loss Function - Categorical
Crossentropy
Epochs - 50
Batch Size - 32
Validation Split - 20% from training
Class Weighting - Inverse frequency

(scikit-learn)
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4.2.3 Training and Validation
The dataset was split into training and testing sets with an 80/20 ratio. The model was
trained over 50 epochs with a batch size of 32, using a validation split of 20% to monitor performance
during training. GPU acceleration was utilized to improve training efficiency. Additionally, class weights
were applied during training to further balance the learning process and ensure that minority classes
were adequately represented. Class weights were computed using the compute class_weight
function from the scikit-learn library, which applies an inverse-frequency strategy. This approach
ensures that minority classes receive higher importance during training, thus reducing model bias
toward overrepresented classes.
4.3 Performance Evaluation
4.3.1 Evaluation Metrics
The model’s performance was evaluated using several standard metrics:
 Accuracy: The proportion of correctly predicted samples across all classes.
 Precision: The proportion of true positive predictions among all positive
predictions for each class.
« Recall: The proportion of true positives among all actual positives for each class.
» F1-Score: The harmonic mean of precision and recall, providing a balanced
performance measure.
4.3.2 Confusion Matrix and Classification Report
Confusion matrices were used to visualize classification performance, showing the
number of correct and incorrect predictions for each class. Detailed classification reports provided
insights into precision, recall, and Fl-scores for individual classes, highlighting strengths and
weaknesses in the model’s predictions.
4.3.3 Comparison of Pre and Post Resampling Performance
The model's performance was compared before and after applying the
RandomOverSampler. The initial training on the imbalanced dataset resulted in high overall accuracy
(95%) but poor recall and Fl-scores for minority classes. After resampling, the model achieved
significant improvements, with precision, recall, and F1-scores for minority classes exceeding 99%, as
shown in the results section. These improvements demonstrate the importance of addressing class

imbalance for robust anomaly detection.

5. Results and Discussion

5.1 Performance Before Resampling
The confusion matrix before resampling Fig. 2 demonstrates that the model achieves high
accuracy for the majority class (Normal), but fails to correctly classify minority classes (Abnormal
Voltage and Abnormal Temperature). The significant misclassification of these rare events indicates

the model's bias toward the dominant class, which is a common issue in imbalanced datasets.
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Fig. 2 The confusion matrix before resampling.

Such bias occurs because the model learns patterns predominantly from the majority class
while failing to capture the characteristics of underrepresented categories. This results in low recall
for minority classes, leading to a high rate of false negatives, where anomalies remain undetected.
For real-world 4G/5G network monitoring, this is a serious issue because an undetected RRU fault

could lead to signal degradation, service interruptions, or even complete network failure.

Table 2 The classification report before resampling.

Precision Recall F1-Score Support

0 0.95 1.00 0.97 950

1 1.00 0.00 0.00 3

2 1.00 0.00 0.00 a7
Accuracy 0.95 1000
Macro avg 0.98 0.33 0.32 1000

Weighted avg 0.95 0.95 0.93 1000

The classification report before resampling Table 2 highlights the imbalance problem. While
the model achieves an overall accuracy of 95%, this metric alone is misleading because the recall
for minority classesis near zero. This means that although the model correctly classifies most Normal
cases, it fails to detect critical anomalies.

A recall value close to zero suggests that the model prioritizes accuracy for the majority
class at the expense of identifying minority-class instances. In scenarios where anomaly detection is
crucial such as predictive maintenance for RRU systems low recall for rare failures makes the model
ineffective. Consequently, accuracy alone is not a sufficient measure of performance for imbalanced

datasets. Instead, metrics such as recall and F1-score provide a more reliable evaluation.
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Without addressing this imbalance, the model is not viable for deployment in real-world

telecommunication networks, as it cannot reliably detect RRU failures that require immediate

maintenance.

5.2 Impact of RandomOverSampler

The confusion matrix after applying the RandomOverSampler Fig. 3 shows a significant
improvement in classification performance. Unlike Fig. 2, where minority classes were largely

misclassified, the resampled dataset allows the model to learn a more balanced distribution,

ensuring that all classes receive proper attention.

Confusion Matrix

1 0.1

Predicted

0.2

0

- 1000

Fig. 3 The confusion matrix with oversampling.

Oversampling artificially increases the number of minority-class samples by duplicating
existing instances, thereby preventing the model from being biased toward the majority class. This
technique does not alter the fundamental characteristics of the dataset but ensures that the model
receives sufficient exposure to all classes during training. As a result, it improves the model’s ability

to generalize across different class distributions, reducing the false-negative rate for anomaly

detection.

Table 3 The classification report with oversampling.

Precision Recall

F1-Score Support

0 0.96
1 1.00
2 1.00
3 1.00
Accuracy
Macro avg 0.99

Weighted avg 0.99

1.00
1.00
0.95
1.00

0.99
0.99

0.97
1.00
0.98
1.00

0.99
0.99
0.99

936
1002
943
933

3814
3814
3814
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The classification report after oversampling Table 3 further demonstrates the effectiveness
of addressing class imbalance. Precision, recall, and F1-scores for all classes have increased
significantly, with recall values improving from near-zero to over 95%. This enhancement confirms
that resampling plays a critical role in improving the reliability of anomaly detection in RRU systems.

By balancing the dataset, the model now correctly recognizes previously underrepresented
classes, which is crucial for proactive network maintenance. With a higher recall rate, the model
significantly reduces the likelihood of missing actual RRU failures, ensuring timely intervention and
minimizing service disruptions. Another important observation is that precision remains high, meaning
that the model does not overcompensate by misclassifying normal instances as anomalies. This
balance between precision and recall is what makes the resampling technique effective.

5.3 Comparative Analysis

The comparative bar chart Fig. 4 provides a clear visualization of the improvements in
model performance after applying the RandomOverSampler. The most notable improvements are
in the recall and F1-score for minority classes, which increased from 33% and 32% to over 99%.

Meanwhile, the overall accuracy improved from 95% to 999%.

Percentage (%)

20

Precision (%) Recall (%) F1-Score (%} Accuracy (%)
Metrics
= Before Resampling After Resampling

Fig. 4 Performance metrics before and after resampling.

These results confirm that resampling is crucial for achieving a well-balanced and effective
anomaly detection system. However, while RandomOverSampler successfully addresses the class
imbalance, it may introduce redundant samples in the dataset, potentially increasing training time.

5.4 Comparative Analysis

Improved  Minority-Class  Detection: By addressing class imbalance through
RandomOverSampler, the model demonstrated significantimprovements in detecting rare but critical
anomalies, such as abnormal voltage and temperature conditions.

Maintained Generalization: The model preserved its generalization ability, achieving high
accuracy and avoiding overfitting, even with the resampled dataset. Applicability to Real-World

Scenarios: The proposed framework is highly applicable to real-world settings where imbalanced

'
|
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data distributions are common, such as monitoring RRU systems in 4G/5G networks. The ability to

reliably detect anomalies ensures improved network stability and reliability.

6. Conclusions

This study presents an LSTM-based framework for detecting anomalies in Remote Radio Units
(RRUs) within  4G/5G networks, under imbalanced data conditions. The integration of
RandomOverSampler significantly improved the model's ability to detect minority-class events, with
recall and Fl-score increasing from under 33% to over 99%. These results highlight the necessity of
addressing data imbalance in real-world telecom applications.

However, this study has several limitations. In accordance with the Telco vendor’s specifications,
the model was trained using only two features: voltage and temperature. Although these parameters
are relevant, they may not comprehensively capture all factors affecting RRU performance.
Additionally, the use of a short 3-step sequence, though computationally efficient, may limit the
model’s ability to capture longer-term temporal patterns. Another key limitation is that the
evaluation was conducted only on static, historical datasets; no real-time system testing or
adaptation to concept drift was performed. There is also a potential risk of overfitting due to the
small feature space and the use of oversampling.

Despite these limitations, the results demonstrate that the proposed framework is a strong
candidate for anomaly detection in network monitoring scenarios. Nonetheless, further validation is
essential before deployment, particularly under live network conditions where data dynamics can
change unpredictably. Addressing these issues will be vital to ensure robust performance and

generalizability.

7. Future Work

To enhance the applicability of this research in operational environments, several extensions
are planned. First, we will expand the input feature set by incorporating additional RRU performance
me ftrics, such as RSRP, SINR, and RSSI, to improve the model's predictive power. Second, we will
experiment with longer sequence lengths to better capture temporal dependencies that may
influence fault detection accuracy. Third, to assess generalization, the model will be tested on
external datasets from different network environments. If consistent performance is observed, the
framework will be integrated into a real-time monitoring prototype. This deployment will also explore
challenges such as handling streaming input, retraining models periodically, and adapting to concept
drift. These steps are essential to address the variability and dynamics in live 4G/5G networks.

Lastly, we will apply statistical significance tests, including confidence intervals and McNemar’s
test, to strengthen the reliability of the reported metrics and support comparative evaluations with
baseline models such as SVM or Random Forest. These improvements aim to enhance the

framework’s robustness, scalability, and practical deployment potential.
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Abstract
This study aims to assess the potential of maize residues in Chiang Mai as an alternative

biomass fuel for small-scale combustion systems (< 50 kW), as an alternative to conventional open-



321

field burning practices. The results indicate that the total amount of agricultural residues generated
in Chiang Mai during the 2023-2024 cropping season was approximately 1,159,316.84 tons, of which
maize residues accounted for 731,910.66 tonnes. Analysis of their thermal properties shows an
average lower heating value for maize residues of approximately 17.15 MJ/kg. Based on this value,
the estimated thermal energy potential from maize residues is approximately 12,552,267.82 GJ. In
terms of air pollution, utilizing maize residues as biomass fuel could reduce air pollutant emissions
by approximately 31,387.55 tons, representing a reduction of about 63.08% compared to open-field
burning. Furthermore, the environmental impact assessment using the ReCiPe 2016 methodology
indicates that using maize residues as biomass fuel could mitigate human health impacts by 2.43x10-
6 DALY/kg and ecosystem impacts by 6.63x10-10 species-y/kg, relative to open-field burning. The
findings reveal that maize residues possess significant potential for energy production and

environmental impact mitigation, representing a sustainable alternative to open-field burning.

Keywords: Agricultural Residue, Maize, Biomass Fuel, Haze Pollution, Environmental Impact
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F1lnadesdridudomdmaunulssavdunamelfssuunuau wu wisloth wien Wudu Wewdeu
sUBundssn Sslaemluazifnnswnlmiiuvanysal waz (2) mswlniludilas Sadunuamea oy
TunAnunsnssy wazdinfinnis rduuuldauysel

mswnlndfuuuauysal (Complete Combustion) Wintuiilefiuiumeendiauifisswelunisii
VA3 dilfiRansmludiogsauysal wandasivdnde arfuoulneenles uazleh wieuisudes
nEauaufeusanin (Heat, AH) nszuaunsiinuldlussuuiifinismuau Tnsaumaninuiludiuuy
auysaivondaunadlelasmiuouwily (CH) Fuandluaumsd 1

Y Y
CHy + (x+ =) Oy —> xCO, + —H,0 + AH (1)
4 2

o
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M mduuulsianysal (ncomplete Combustion) Antuilefiviinaeonduliiivme nied
Hadeiidsnalviufiseneondindulslanysal 1wu mimuaugumadiflivanzan wiensaneimeiniailsd
Fensdiiwuldvesluanunsainawluildmiensunillsildauny deualfiinudnssiddusadiu 1
A5 vaunauenles wia1sueu (O) wazdarsusznaulalnsaisueud dslywnlug (Hydrocarbons, HCs)
mamaL%uaumimimlmﬁuwhjauysaﬁﬁaa:umﬁi 2

CxHy + 02 ~ aCO2 + bCO + cC + dHC + eH20 + AH (2)

3.2 fneniBmdsnuveslomdiama
Frondandinureadamadiung aunsaUsuduldaininavesiaumma (Mass of Biomass,
Miomaee) BAZAIALEBY (Heating Value) 31:1u3sdiazfionsanldrrminudous (Low Heating Value,
LHV) il owansfainamdsaumisdeuansiannsmhluldaulsaa Inoldsamdanuainnsaiuu
vaslothitintuannnszuaunswalug daduwuimedidenldlunudnmndundnu denndostudouls
A5l uasdussuundsnuanudousiall Tneanzsyuunanaanudeuvuadniwuinnans st
Fnennndauausounindiina (Heat Capacity of Biormnass, Qgomes) @18750F 0GR sA0N57 3

QBiomass (MJ) = MBiomass (kg) ' LHvBiomass (MJ/kg) (3)

3.3 n1sUanUassuaiuainnsulug
n1suanUaesuai®ann1sElngd (Haze Pollutant Emission, E,) a@1315aUsziiulaa1ngn
Aanssufiiendesiumsliidemaanitownln (Activity Rate, AR) Fomnedelsmandemaildniondeau
findnle SaufuAndulseavsnisuanudesansuaiin (Pollutant Emission Factor, EF,) fauansluaunisit 4
dlo p Ao Ussinvesansuafivfiauladnu way i fie Ussunnvesianssuiiauladine

Ep (kgp) = AR, (Unit) * EF,, (kg,/Unit) (@)

mﬂ%’mwﬁ’aﬂmﬁaﬁmqmimw5LﬁuL%aLw§qwmLmuﬂizmm%amamsﬂé’izwmuqu WHIUY
mnuFeuildannszurumsanansathlulidsslemiogsdiussansnmlusuvesndssmanudoulnenss 39
ANN30819598MIRINTTUABANETIUATINEOUIINTINIE (ARgemace = Qsiomaes) SIUTUATEUUSZANE NS
UanUassuafunonthendsny eussdiuansuaiusuandluaunisi 5

EBiomass,p (kgp) = QBIomass (GJ) : EFBIomass,p (kgp/GJ) (5)
a P a ' a Y a a o a P
vauensunluilasaunsaUssliumsvanUasuaiulngg198aUs 3 0aaT0 U AT
(ARopenguming = Miomass) bazA1dUsEANENSUARUARNawsonitanaTantiuia dawandluaunisi 6

EOpenBurning,p (kgp) = MBiomass (kg) ’ EFOpenBurnmg,p (kgp/kg) (6)

]
L |
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3.4 nMswssinaduiawndon

NansENUR LA swIndendnsueideierldudnnsustfiununuamanisussdiunanseny
naonininsdin #1833 ReCiPe 2016 Ysuifiunansznuluszdudunats (Midpoint) tiladiaTedaingves
Haymaswandon uavsysudulans (Endpoint) Lﬁaﬂa%waﬂswuqﬂﬁwwiawwéuams‘uuﬁnﬂ Fafluuafn
Fowansluguil 2 ansuafivilinainninentviite 2 Jouls asgndtuun (Classification) Tugamaanny
wansenuiiisates iteuseliunanssnuszdutunans Usnaudae msdeliAnduazeasuiaiin (Fine
Particulate Matter Formation, PMF) n13nieliiAaleleuss dudl uf uil dsnasaguninuywe (Human
Damage Ozone Formation, HPOF) nsneliiAnlelausyiuiuAuiidsanossuuneg (Ecosystem Damage
Ozone Formation, EPOF) uazaatdunsasessuuiliamuuun (Terrestrial Acidification, TA) Mnthuiing
‘U@QNGﬂiB%U%ﬂﬂﬁNQBQﬂLLiJﬁx‘lLLﬁ%ﬁ’Nﬁ’]‘Wﬁﬂ (Normalization and Weighting) tteUsuifiunanssnusedu
Putans Fauvseniu 2 naunan lawn nansenusiegunInewniavesuywd (Human Health, HH) way
NANIZYNUADIZUULELIA (Ecosystem, ECO)

Haze Pollution
PM2.5 Fine Particulate
Matter Formation < g
PM10 (PMF, kg PM2.5-eq) T3
= 3
NMVOC < 2
Human Damage =
50, Ozone Formation
(HPOF, kg NO,-eq)
NH-
Ecosystem Damage
TSP Ozone Formation F(q\
(EPOF, kg NO,-eq) o &
NO, g <
8 @
Terrestrial & 3
<O Acidification =

5UN 2 LA sUszlunansEnUuAUEILIAGaNMEIS ReCiPe 2016

NaNsENUE WwandousEAUT unan (Characterized Value of Midpoint Impact, CVmy) @118
UszidiulalaenstvSunuansuaiy (£, Fedwunauvinvowadiv p uazuvaaiiia i 1A UAUAY
FuUsvansnisulasuansenudunana (CF ) VRSETHATY p TunsIavsnansenyu k Imamaé’wéﬁlﬁazgﬂ
swrmdurmansgnulumnangiu q lumheflanfuifiouhansgisds (kg Emission-eq) 1ty vaanny
NanszUYesNseliAnduazessaldn (PMF) asnsadwaldnmsthuimaemsuafiviididnenm
lunisneliiiaduazessvwiaidn taun duazessvwin 2.5 lulasiuas (PM2.5) Famleseenles (SO,)

o
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waulandle (NH,) uazlunsasenleys (NO,) maufuAdUsEavENsUUamanseny uagTuAianunlviog

luniheifieniu de Alansuduazossvuin 2.5 lulaswnsiiiouwii (kg PM2.5-eq) 1Uudu Faunsanans
Auduiuslaasuansluaunisn 7

CVmy (kg Emission-eq) = D (E;, [kgy] * CFy ok [kg Emission-eq/kg,]) (7)

nsUszdlunanssnudwandeudulaty (Characterized Value of Endpoint Impact, CVe;) 1¥u
Tuneuseiiosainnisussidunansgnud unats Tngtawansemud unats (CVmy) TuusazvuIamy
HaNTEy k snauiuAdUsEAvENsuUaKanIENUT U (CFe ) Y0avisnamyianssny k guansenuty
Uany j I@EJwaé’wé%gﬂﬁwLaudlugﬂmawﬂ'gaﬁ?{aﬁwaﬂssmimmﬁ Uszneusie nansenudulatsse
aunmeunsiovesuywd (HH) uandumhednudauanefigydeaunin (Disability Adjusted Life Years,
DALY) wagransgnudulaeseszuuiivg (ECO) uanslunihenseugadevesnnuvainuanenisdanim
#aTl (Speciesy) 1 nansznuTuUaMeseguAmeLITIve Ny amsafwnlFINAsthAkanseny
funans Idun naneliAnduazessuaidn (PMP) waznsnelhAnleleussiuiuiuiidmaregunimaned
(HPOP) snanifuANdLUsEANS MIuUaduanseny uazsamAienualioglunineioatu Ao Yquniaei
gaydvguan (DALY) iusiu Feansnsauansnnuduiusldfauanduaumsi 8

CVey (Unit) = 3 (CVmy [kg Emission-eq] * CF, [Unit/kg Emission-eq]) (8)

4. nsaiiun1sivY
M iunsideutsoonidu 3 dau il
4.1 Mumudoyaituiinzugn wawdn uaziawiagudotis
surmdeyaituiineugn nandn uasiaviagmdeiinmameugndilnadsadaluiui
Fiadealmi Inedrsdannmirsnumaignieunasdeyaiifimiuindede loud ddnmununsias
annsaldaniadedl Wevssdudnenmianmdefisannmamzugndninaidesdnt wasiinsei
Sndrutanmdefisionanin (Residue-to-Product Ratio, RPR) Tnsdayafildasgninluldifuiuysiu
dmsumsieneiluduseudaly
4.2 AATILVNAATUNAIY
surndoyanuantidneninuandaaivosTaqmdeisanmamzgniinaidsedng
Usenaudie ANty sdUsEnausTAndn (Wu Adusuuaglulasiau) manudousdung uaztiuand
Famsiingiazandunslagdudsandeyadinnmslnssunsmuasienumiseiiiedes e
Uszifiudnenmuasiagmieiisresnismzdgnininaidednfdmiunmahalddudomasdimenas
NAUANTOU
4.3 Snninadudwindon
vhmsUsziiumansynusuAIIndoumauLuIMInsUseiuininstin Mvuaveuwmnisdng
LULLY--40 (Gate-to-Gate) fauandluguil 3 farsandeusi¥anuwdefaninnisugnivilnadesderignian
sfneld 2 Feuls Ao nsldifudomdsdunafiendandsnuarufeulussuumludiuuumuag uasnis

o
[

wlniluiilas Fuduisujifnudunuityueuluusiui emdaeyTanmdeiiwmdainisfivifiena

]
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NaNdn Iﬂaawuaﬁwﬁﬂamﬂdas;mﬂﬂizmuﬂmmlwmum}'azLdaiauim%g]ﬂﬁﬂuamimaé’wﬁﬂmﬁmﬂizﬁmé
msUanudesansuaiiy asumsdavhindsonsUdesuativmieinia vesditinaudsnndeuuiselsy
[19] Sadunumannsguanalunisimihdesanensuaiivneimea Tnedoulsd 1 aglirmdlseans
nsUanddesuafivvesmsldidomasiamnadmivssuumilvtvunndn (siiiu 50 kw) iiiendandany
audeulussiugumtessiugnavinssuvungoludnungiiniseueunszurunsniugd [21] dwu
Foulwdl 2 adldeduszavinisuanudesuafivuasmanluilamenmyianinderisnndnlnadeadng
[22] mﬂﬁ?umiuaﬁwwmmﬂﬁioﬁ’mﬂmiﬁﬁmmlmwiasLﬁaulmaxgﬂﬁﬁuﬁ'iLﬂiwﬁwaﬂizwué’méaLL’mé’au
Tugosssiu Ao nansEvUsERUTUNaaasransynusysutulans Tngldisn1sussdiunanssnuwuy ReCipe
2016 [20] G'TiqLﬂwﬁﬂuﬁ%miﬁiﬁ%’umiaau%’ﬂuﬁzé’umﬂaﬁm%’ummﬂaﬁaa&amﬁﬂamﬂdaauaﬁm‘f}uﬂ'ﬁ
waﬂiz‘wwia?ﬁLmé’aué”;Uﬁwé’uﬂizﬁmémmﬂmwamzwﬂuwfawmwyj Tneuamentifinisvhau
(Functional Unit) 7a3msfinuuvinfu Jamwdefisnamanwnsanmamnsdgnirilnadssdng s1uau 1
ke WielWanunsaLUSeufieunanss U uAwIndeuseidssiiouls

Haze Pollution

Heating Energy

Scenario 2 Haze Pollution

Open Burning

Maize Field

v

Maize |<

of Maize Residues

Gate-to-Gate Approach >|

UM 3 vaulunMsfineisudwinde

5. NAN15IY

wamsifoutsoondu 3 daw dil

5.1 Mumudoyaiuiinzlgn wandn uaziauiagmdois

awnﬁagamaqﬁwﬁ’ﬂmummLLaxmﬂsaJé‘fmi’ﬂL%&N‘LWJLﬁ&J'Jﬁ’Uﬂ'ﬁU‘%mﬁmﬂﬁﬁ’aﬂmé‘aﬁqmq

A5nYRT WU Tl WA 2566-2567 ﬁ"’fa@mﬁaﬁqmﬂmimﬁmﬁn‘lwmLf?ﬁymé’mif\i”]mu 731,910.66 A 91N
UFuneuwanas 255,620 ¢iu Uuﬁuﬁm’lzﬂqm’m 269,415 13 \isuwiwananaasUsyanm 950 Alandusels
[4] FsanansofunndnadTanmiefisenananldviniy 2.86:1 TndiAsstumesumsinulag Supasri
uaz Sampattagul [23] AldUssdiudanumsaimsuantilnadedn fludorindeduided wa. 2559 Tne
wuiniYanndedisUszana 253,063 fu 9nuanan 121,665 fu nieAndusnaduianmdoisonandn
wihiu 2.08:1 Mndeyarisangaaziituin mandndlnadesdn fdmalviAn fanmdoiduuiinamnmi 2

o
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wihowmandnndn aseulidiufsineninestanmdetislunailulivsslon aensutihunsyvsmans
9@ 20 U lufifnslininennsechadivsyansnin Tnsamedanannaaneas [24] feiumsinnisiym
faqudofisnndninadesdnifmsduiumnglinalnamssiiouuuysanmsssiemhenunasy
Tusesuviosiiu 19y ssdnsUnAsesdiesiu (eUn.) uazdithaunuasiaia ufunaensuifdnenim
TumiLLUigﬁaamﬁaﬁq defauilviAnszuuUImsdansedradussuy aseunquiausifuns (Widswdn)
ufsanens (mslivszlond) Suasihluginunsnssuidadulusssuiminenadugussam
5.2 AATIZRRAATUNAIY

mﬂ%’asﬂa‘uaaaﬂﬁmimmmasmwmwﬁa%msmﬁmﬁ (Food and Agriculture Organization of
the United Nations, FAO) meldflasamsmnusauiioszninsUssmaluede itoduaiunsldndanuanlsl
wazdamaogadidu (25] IdfimsnenunuesdUszneunsnmenmuasauantinaaivesay Sanmiedis
mnmanzdgnimilnaissdn ituandunsed 1 duvesdiiunarluussduszneundniiidadiunos
Sanundefianiian fruaiaudu (Moisture Content, MO) wudn drdunarlufinudugedian ansiid
Fnlnadamduiniduduesdaio luduesddszneumaaiinud Yanudofsandrilnais o
fidnaruvaansuau (Carbon, C) WA 45.12% wavdadruvaslulasiau (Nitrogen, N) 1ad el 8.55% 34
avvioudspnantimvnzanlumsthinldidudomadnang Wesmnddndmensveuganlulasiau e
ﬁmmwﬁwmm%@usﬁl’wwudwﬁmLa?iaagjﬁﬂizmm 17.15 MU/kg Indfaafuaanudouvesdanaily wu
139713 (14-17 MJ/kg) nMndeeuarludoy (10-18 MJ/kg) Ludu S‘Efqmﬂﬁi’fagal,%qﬂ‘%mmwudw faqmﬁa*ﬁq
Mndninadssdnfludsrindedmiivimagunn Wodeutuiunannfiveindu IneAadudadauds
68% vovTanimdefionennnuasiaueluiiud [4] Ssaunsoagldinfaqudefanndrilnaidssden il
unandsnuTananyudsuniidneaings feludsUiinmuazaudnuaenmEnu Janingausons
ihlUlduBandsnunauny uonanidmudn Viinaud (Ash Content) infsvasiawianwaeiianndrilna
Bosdnriogfivszana 7.68% deiotegluszdiuiiunaadowIeuiioutviunaeiadu W vhedn g
AnedevesUimnaieglurig 10-25% 1usdy

M13199 1 BAUszneunIMeENNLazAMaNTRLAlinuSou [25]

w dndau auy  eduey  llasou  Avenudeu 1in

dssiam (RPR, %)  (MC, %)  (C,%)  (N%)  (LHV, MJ/kg)  (Ash, %)
adunarly 1.00-2.50  11.50-22.00  47.09 0.81 19.66 5.77-14.20
R 0.20-1.80  7.00-860  43.14 16.28 14.64-16.28  2.40-13.8

Waen 0.20-1.00 11.11 n/a n/a n/a 1.15

Aeap 7.00 43.14 0.81 14.64 1.15

Angaan 22.00 47.09 16.28 19.66 14.20

Aade 14.50 45.12 8.55 17.15 7.68

A 1 £
wewme: n/a Ae BusIngmMITenudaya

ndeyassAusznaunanienmuazauaudiniuadl wui wwianmdefisainnismizugn

% & o saw ° v v & a o a I a
GU'TJI‘WWLaﬁNﬁm'ﬂNﬁﬂﬁlﬂqWLﬁll']gﬁllﬁ']ﬁﬁuslsmﬂuvﬁaLWﬁQGU'JﬂJ']aIUﬂﬁzua‘UﬂqﬁLLUﬁEU'V]'NLﬂll Iﬂ&JLQ‘WWE}EJNEN
Y = & aaa o & 1Y o a ° o
nszuumaw vl Fudunalulagniannumdongs idwiunisdiunisuasmsiluvszandldluszau
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yurIegnAmNSIITIAENTLAnas esrndfunudndusi faduwarldanldie Snisanunsnt
faqudefannnanianuesulfifudomaddlnenss lisndudesinunssuiunmsusulssanmiagdi
dudou Fanndoyaidsuinavedunamieindninadsdaflufmindedm ludnswuda we,
2566-2567 WU Lﬂw’“iaﬁgmﬁaﬁwgaﬂ%mm%’ama (Maiomass) 81U 731,910.66 61 (731,910,660 kg) 1ile
qmﬁ’ummm%wfﬂ (LHV) wi1AU 17.15 MJ/kg aglafng A nas91uA3115 o U1 NI 1138 (Qgiomass)
Wiy 12,552,267.82 GJ wagiilefiansansuiuuiundadeuiesundsnuuealssmauaznmsnisaaiy
nnasgluifantu fejadunslindsnungudsuioaiuausiuasiundaniluseduiosiu [26)
wielulagmsuniniFunadadumadoniivnzan
5.3 Aaszinaduianndou

HANTUTHIUANENNNEIUANTEUTINVBTINIR Wiy 12,552,267.82 GJ uazdayauIunm
Saqudeiwnanainuasvesininadesdnt winfu 731,910.66 fu awgninuiesesiuiinamsuady
anmawilvil aeldassdeuly lun (1) msldidudemasinmalussuumnvdioundniidnisaununis
st 19y Tussfuguvuvideanamnssuvuingen wa (2) mswnbnsiludilas fadunumaeujifmnluves
BRIV e dnayiagmdsnsiiuifeinandn nansUssdutiinuasuaiivioandunigd
2 wuinmsldiayTanguded wiudemdsdanalussuumlnsivuadniiinisnuny awisoannis
UanUdesuaiiwmaomaldesnadaiau Tneflinasumesansuaiivyiniy 18,367.73 s vaizdfingdinigimn
Ivsfluiilasuanyaseuaiusin 49,755.29 fu dswaliannsnanuiinunisanuassuafivnisenniels
31,387.55 dfu Anwdushrinisanas 63.08% aifteutumasnlndlufilds wamsfnu@lfifuinisinnis
i Tamwdenhenahulfdudemddunalussuusnindiifnisauay Sdnennlunisaauafiumg
omeldfniudiaifteutumasnluiilas uonandnanisieseddoui aswafivussonuedlnioanadld
wnitgn IneAndudndumsanasvindu 99.29% Weifleuiunsnluilas iesanmssnlvsdaneldsyuy
AvAuaNIninwgamgiuardnrmstsemdliegluseiuiiangay dwallulanauludomdgn
wasuguldufsllasiuwmunsfaueslinis Tuwwasfimseniniluildastsusnannmauguidouly
iy Wwu gaumpiinazesndiay JsneliiAnannznsunlvsilianysaldsnalitinsanUdesuenluiely
USnauge aonadosriuaideves Bray et al. [27] wuin mawnlvsi@unailianysaliduunasdfaueinis
Uesuoulunils uenaininanisussidudsdiiduiasuaivlssanasuouueuenles (CO) duazens
uAkifL 10 pm (PM10) Huazeasuunaliiiv 2.5 im (PM2.5) asuaus (BC) Hunyiuasysiu (TSP) &
USinumstantdesanasnnnii 50% vesUiinaditinanmsiluilas deagvieulifiuinnisaiue
nszvIuM I ndisannsiediiarn1sUanUdegasuaiiuneennialaegneiiussdnsnm

A15199 2 USUnauansuanyy9eIMe

#suane (A) yaRuhanas
Ussanansuaie dgaunisal 1 d@anunised 2 , WeuRunIsIn

& o a e WA s

WA i bud lunlag Tuilas (%)
woulutey (NHs) 12.55 1,756.59  1,744.03 99.29
ASuauLauanlen (CO) 7,154.79 28,398.13 21,243.34 74.81
Huaraasvualiiiiy 10 pm (PM10) 2,046.02 4,537.85  2,491.83 54.91
Auazosunaliiiy 2.5 pm (PM2.5) 2,008.36 4,391.46  2,383.10 54.27

]
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d1suany (Au) uaReiianas
Uszanansuaie dgaunisal 1 d@anunised 2 , WeuiunIsIn
Wowddwaa  wlndluiilas Ham Tufilds (%)

AsUBUAT (BC) 562.34 1,229.61 667.27 54.27
AuLYIuaRE I (TSP) 2,133.89 4,611.04  2,477.15 53.72
lulnsiaueenlan (NO,) 1,142.26 1,317.44 175.18 13.30
ansBursdssmeiineliAnleloy 3,169.45 3,366.79 197.34 5.86
(NMVOC)
Falasoanlan (SO,) 138.07 146.38 8.31 5.68
U IUA 18,367.73 49,755.29 31,387.55 63.08

nansgnududundouasnmsthaqudensainnismneUgndninanlduslesiluuiuy
domdsdunaununsunwiluiildsiemienthiimainu (e 1 kg vestanudodis) ilendsuidiounis
’«3’@mii’a@méaﬁqmﬂmimwsﬂqﬂﬂi'hﬂwmuugmﬁﬁamﬁmﬁ’u Fauanslum e 3 nudunmMadnan
aunsnannIsnebiiad uazeesuuIaan (PMF) windu 3.86x107 kg PM2.5-eq/kg annisnabiiinlelyy
seuiuRuTidsnasioguamaywd (HPOF) iwhify 2.88x10° kg NOx-eq/kg annsnieliiinleleuszduiiuiy
fidsnanesyuuiiag (EPOF) winfu 5.00x10° ke NOy-eq/ke wazananandunsadessuuilnauuun (TA)
Wiy 8.62x10° kg NOx-eq/kg Inedailunisanuansgnutulaisreguameunsovesuyws (HH) wirfy
2.43x10° DALY/kg Hagn1anNansznuanssuuiiae (ECO) WAy 6.63x107'° Species-y/kg Fag it
Fnoamuasnsliiaianmdefisnndnlnadssdn lusuuuuidomasdaane aunsaauansenudy
AwndeuiieSsuiileutunmsunlniiuilas venaini Wediunisussliuduasugeanslnoudasen
nansznutulaeseguamewbvesyudidudunumaesusia (Monetary Valuation) tnglduaninusi
UszliluANUANAIMNILATYEAEN SURIULEUIENTONINTNITATUFUAIN ATUKUINIIVBIBIANTTEUTELAN
(World Health Organization — Choosing Interventions that are Cost Effective, WHO-CHOICE) Favauslv
ldAfiguwin 3 wirveswansuainasiululssiweaneiusens (GDP per Capital) #io 1 DALY tJuineus
Tunsuszifiuanuduenvesleuisdiuguam 28] F5lull w.e. 2567 Ussnalnedaudndueimnasoly
UstnareiUssang iy 7,096 USD vdeusvanas 256,264.32 uw [29] fetfuyarmmaasugiaves 1
DALY Anu 762,792.96 uin 1l efinnsanuansznusequamiianasainnsléid ewdsiaunawiniu
2.43x10°® DALY/kg aziflsuminduyadinuidomedianunsonanidssliuszana 3.28 vmdedlaniuves
Sanwidefa Svawroudsdumumaguamilannsoanashunisinnisunaegedsbu

winsthfagwdefannnamizugndnlnanldusslenilusuuuudemasinnatzuandiidiu
fafnenmdnundsnuuazanuannsalunsansansenusedsndoteteliteddydloUSsudisutunis
wludilds uslumsfoRndunuinmsuszgndlduumaianandeliunsuarsluseiuiiui iosnn
puassauazdosianaaUsznsisludasiaing insughe uazulovne 017 dosidadunaiununy
wazauds iesnndimansznefnuiiuiimamelan maaussgdlamaasvgaans Wosnnnlifiszuy
aduayuAvseRugavuulAiugNEaviserldina sufisnnus Anudlauazmsiidiuniueunynsng
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gvsAAnSIA 20 T (w.a. 2561-2580) lufiinsasenisivlavugunm@iniiduiinsiudawnedey (24]
way unuiRLLATYgRILardsrsuis atudl 13 jatinslinineinsesaiusyansnmuaznisdaa
wswghavsudo [30] Fauumadiemsldfumdauaiiludalous Tiud mavaulassadeiugiu dmsy
M3daAv wUs3U wazvudsdnalussduviosiiu msdaauusagdamaasugialasgavyusiamiens
afuayudmsunsidndunuinue msiawesdanuiiazatenenmalulad Yysunnsuleuenaauwae
Aaunden ieasszuunsinnminenses i

A13197 3 HanTENUMUAIIRdeUIanawavtBwyTant lnaldusdnd 1 kg

nanszUTulane
z NANISENUADHUAIN NANIENUAD
NANTENUTUNAN . . -
Uiy YRINYBE sEuuiiaa
(HH, DALY) (ECO, Species-y)
maneliinduazessawinéin 3.86x10° 2.43x10° 0
(PMF, kg PM2.5-eq)
msroliAnleloussiuiuiuiidiade  2.88x10 2.62x107° 0
gunnuywe (HPOF, kg NOy-eq)
nsreliifnloloussiuiuiuiidmaste 500 x10° 0 6.45x10°1°
S¥UULA (EPOF, kg NOy-eq)
AanudunsareszuuiinAuuun 8.62x107 0 1.83x10™
(TA, kg SOx-eq)
FINVUIANANTENY 9.23x10° 2.43x10°® 6.63x10°'°
6. d3U

uamsUszdiudnen s fanmdeianndilnaissdn idudomdsdunamaieniioanvuonatu
Tudmindeddnl Wisuifeusswinmahfagmdefisnndninadssdn il dudemadmalussuui
finsauan funsenindluilas faduisufifdafuvennuning Tuadwsiid o

o Awiangdeianensinunsvestiindeddmllulinnde w.a.2566-2567 fuU3unasmsieau
1,159,316.84 iy TngiewanudefisnndnTnadesdnifivindu 731,910.66 fu Andu 63% vesU3inn
ey Tan e

o wTanndeisnndnlnad sadaiddnen g emdsiamadundsuanuiou wdu
12,552,267.82 GJ wazilarmnudeusn Uszana 17.15 MJ/kg

o 1nasIvBIaiuTAn NI Assdn S IUlATudemasTma wihiu 18,367.73
vaugfim s luiilasiinasumaiiv iy 49,755.29 fu Andusafivnisenaiamisaanasléivindu
31,387.55 #u vsodnaduveswanufiausoanasls Wiy 63.08%

o HANIENUMSAIIAGDNTUNANY aunsnann1sneiiaduazessuwaLan (PMF) wirfiu 3.86x107
kg PM2.5-eq/kg afﬂmifiaélﬁl,ﬁmiaisziuizﬁuﬁuﬁuﬁdamawiaqmmwwwé (HPOF) 1i1fiu 2.88x10™* kg NOy-
eq/kg annsnieliinlelyussruiuauTidimasoszuuiiian (EPOF) wihifu 5.00x10° kg NOx-eq/kg wazan
AanudunsaraszuuiinnAuuun (TA) Wity 8.62x10° kg NOy-eq/kg
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Abstract

This research focuses on the design and simulation of an autopilot system for a 2.75-inch
Wrap-Around Fin Aerial Rocket (WAFAR), incorporating a guidance system into the traditional
unguided airframe. The control system was designed using a combination of pole placement
techniques and proportional-integral (PI) control to enable precise directional control and maintain
stability during flight. The design process takes into account the dynamics and aerodynamic
characteristics of the rocket. The pole placement technique was employed to define the pole
locations in the system's transfer function, achieving the desired stability and response
characteristics. Concurrently, the Pl control enhances the system's responsiveness and tracking
accuracy. The guidance of the rocket is achieved through acceleration control, enabling it to follow
the desired trajectory. A nonlinear simulation of the rocket under different launch-to-target
distances and LOS errors demonstrates the effectiveness and accuracy of the proposed control
system in target tracking. Although the control system was designed based on a linearized model of
the rocket dynamics, it was evaluated on a nonlinear plant model to verify its practical

performance.

Keywords: Guidance Control, Pole Placement, Pl Control, 2.75-inch Rocket

1. Introduction

Continuous advancement of military weapon capabilities is essential. The 2.75-inch rocket is a
widely used military weapon due to its ease of installation and straightforward operation. However,
its accuracy in actual operations heavily relies on the pilot’s skill, and errors can occur when engaging
moving targets. This limitation arises because the rocket lacks the ability to adjust its trajectory once
launched. Therefore, integrating a guidance system into the rocket's structure is a necessary

development to enhance its operational effectiveness.
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The conventional 2.75-inch rocket is designed without a control system and relies on high-speed
spin stabilization to maintain flight stability. This characteristic makes the design of an in-flight
trajectory control system particularly challenging and complex. The control system design must
account for nonlinear dynamics, the rocket’s unique aerodynamic properties, and external
disturbances that may affect performance.

Previous studies have explored guidance system enhancements for the 2.75-inch rocket. For
instance, the U.S. Army’s Advanced Precision Kill Weapon System (APKWS) utilizes canard fin
adjustments to modify the rocket’s direction mid-flight [1]. The Skid-to-Turn autopilot system for
APKWS has been designed and simulated to evaluate its performance [2]. Additionally, alternative
guidance systems, such as the Hit-to-Kill Rocket Guidance Kit (Model HKGK), have been developed
and analyzed, utilizing reaction thrusters for directional control [3]. These studies demonstrate the
ongoing research and development of guidance systems for the 2.75-inch rocket.

While many existing approaches employ advanced control techniques such as model predictive
control (MPC) or adaptive control, these methods often require high computational resources and
complex implementation. In contrast, the method proposed in this study offers a practical trade-off
between simplicity and performance robustness. This research focuses on designing a control system
that prioritizes target-tracking accuracy while maintaining rocket stability under various flight
conditions. A hybrid control approach is proposed, integrating Pole Placement and PI control. The
Pole Placement technique is employed to modify the rocket’s dynamic response by appropriately
positioning the system’s transfer function poles, ensuring both stability and desired performance.
Meanwhile, PI control is incorporated to enhance system responsiveness and maintain accurate
trajectory tracking. The guidance law follows a Proportional Navigation (PN) strategy to determine the
required acceleration, followed by the designed control system, which determines the magnitude of
the reaction thrust. Furthermore, the maximum angle of attack is constrained to preserve flight
stability.

The proposed control system is evaluated through nonlinear simulations using a 6-degree-of-
freedom (6-DOF) model implemented within the CADAC++ framework [4], a high-fidelity simulation
tool for missile guidance and flight dynamics. This simulation provides a comprehensive assessment

of the developed control system’s performance and effectiveness.

2. Methods

This section presents the equations governing the rocket's motion dynamics and their
transformation into a linearized form. The equations are then reformulated into the state-space
representation. The next step involves designing the directional control system.

Due to the limitations of the Model HKGK guidance design, which prevents roll plane control,
the control system is designed to regulate pitch and yaw motions using reaction thrust located within
the guidance section. After presenting the relevant mathematical equations, the subsequent section

will focus on simulation and performance analysis.
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2.1 Nonlinear Equations of Motion
To accurately study the control of the rocket's motion and perform an in-depth analysis,

the 6-DOF equations of motion are utilized (Fig. 1).

,\\ Fixed Frame L

2

Fig 1 The 6-DOF equation of motion in the body frame

The translational equations of motion are derived based on Newton’s second law.
E
d(mV§)
dt

=F+mG

And from the Transport Theorem.

Rk

This leads to the translational equations of motion, which are presented in Equation (1).
m{d(\f T+m[QBE]B[VBET =[F]*+m[T]*[G] (1)

The formulation of the rotational equations of motion begins with Euler’s equations of

rotational dynamics.
E
d(120%)

=M
dt 8

By applying the Transport Theorem and assuming a constant moment of inertia for the

rocket, the rotational equations of motion can be derived as shown in Equation (2).

T [2  fo PLT o T - .

where: [VBE]BZ[U v W]T,[wBE]BZ[p q r]T

)
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-q p O 0O 0 1,

The symbols used in Equations (1) and (2) are defined as follows: mis the mass of the
rocket [kgl; VBE is the velocity vector of the rocket with respect to(wrt) the earth frame [m/s]; QFF
is the angular velocity vector of the rocket frame wrt the earth frame in the form of a skew-symmetric
matrix [rad/s]; [T]BL is the transformation matrix to convert values from the flat Earth coordinate
system to the rocket body coordinate system; G is the gravitational force vector [N]; |BB is the
Moment of Inertia (MOI) tensor of the rocket referred to the rocket’s center of gravity (c.g.) [ke-m?];
@ is the angular velocity vector of the rocket frame wrt the earth frame [rad/s]; F is the force
vector, consisting of the Thrust vector (F,), Reaction Thrust vector (F,, ), and Aerodynamic Force
vector (F,) [N];, M is the moment vector, consisting of moments generated by the Reaction Thrust
(M,,) and Aerodynamic Moment (M) [N-m]; [*]B and [*]L are the vector or tensor * expressed in
the body and the local-level coordinate system, respectively.

Equations (1) and (2) describe the motion of the rocket, including both translational motion
and rotational motion along the Roll, Pitch, and Yaw axes. These equations are nonlinear differential
equations, where the nonlinearities arise from terms such as the product of velocity and angular
velocity in Equation (1), and the cross product of angular velocity and angular momentum in Equation
).

The terms of Aerodynamic Force and Moment can be expressed in terms of Aerodynamic
Coefficients, as shown in Fig. 2.

[Fa]B = aS [_CA G —Cy ]T
[M.J =gsd[c, ¢, CT

where (_1 is the dynamic pressure IN/m?]; S is the reference area [m?); d is the rocket
diameter [m]; C,, C,, C,, C,, C, and C, are the axial force coefficient, side force coefficient,
normal force coefficient, rolling moment coefficient, pitching moment coefficient, and yawing

moment coefficient, respectively.

Fig 2 Force and moment aerodynamics coefficient
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2.2 Linearization and State Space Equation

The control system used for the direction control of the rocket in this research utilizes a P!
controller combined with pole placement techniques, which is a classical control method. This
approach is suitable for linear systems. However, since the motion equations (1) and (2) describe a
nonlinear system, a direct design of the control system is not possible. Therefore, linearization must
be performed prior to design. It is assumed that changes in the rocket's direction are considered a
small perturbation to the system. Under this assumption, the state of the system can be expressed
as the sum of a reference component and a perturbation component. That is,

X, =R, +ex

where X, and X, are the state vectors at the perturbed and reference flights, respectively;
ex is the perturbation; R®P®" is the rotation tensor of the perturbed frame wrt the reference frame.

By substituting each variable in Equation (1) with the summation of its reference and

perturbation components, the following expression is obtained:

r %
_ d (RBPB \;‘f’ 4 gVBE) N m[(RBpBrQBrEW_i_ cQBE )j|Bp [(RBpBrVBE + gVBE )i|Bp

=[(R™F, +¢F)]" +m[(R*G, +£G)]”

where @™ is the angular velocity vector of the perturbed rocket frame wrt the reference
rocket frame [rad/s]; [*]Bp and [*]Br are the vector or tensor * expressed in the perturbed and the

reference coordinate system, respectively.

In the present analysis, a steady reference flight condition is assumed, in which the

reference flight is considered non-accelerated and non-rotating.

B B
d(F;I:pBr) p[VB'Er:IBp+m|:RBpBr:|Bp d(VBEr) p+m d(é‘VBE)

dt dt
em[ % PR P [VE T +m[ e P [avE]”

N T LN et

Bp

m

The underlined term corresponds to the translational motion of the reference flight, rotated
by a rotation tensor. Since the rotation tensor appears identically on both sides of the equation, the
term cancels out. Together with the relations defined as:

&BE — QBpE _ RBpBrQBrE RBpBr
a)BpE :a)BpBr +a)BrE
Based on the above assumptions, the equation can be reformulated as:
d ( RBpBr )
dt

E

» d(svE) "
m [VBEr]Bp+m —(ZtB ) +m[QBpBr]Bp [gVBE]Bp =[5F]Bp+m[8G]Bp

Under the assumption of small perturbation, the relation can be approximated as:
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d ( R BpBr )
(1'[
BRI P r .
Together with the relation [RBPE" = [T]BpB , it follows that

d(é‘VE) »
m[ow P [vET +m{—dt8 } +m[ Q7 TPV " =[«F]" +m[<G]”

~ QBpBr R BpBr

The underlined term remains nonlinear of second order. In the context of small
perturbation analysis, this term becomes negligibly small and can therefore be omitted. Furthermore,
to simplify the control system design, the term m[QBpBr ]Bp [VBEr]Br , as well as the gravity force and
thrust force terms, are also excluded from consideration.

The forces and moments generated by aerodynamics typically depend on multiple
variables, which are nonlinear functions.

oF 1 0°F 1 O°F,
ek, =F,-F, = 8V§E (EVBE)JrEaV—BEaZ(EVBE )2 +§8V—,3Ea3(8VBE )3 +

oF N1 0°F 2. 1 O°F, ‘
W(wsps )+§ D2 (a)BpB )2 +a PYSCTE (a)BpB )3 to
oF, 1 0°F, ( V-E)z 1 0°F,

+— —_—— + >
Ny I AT VA

(Vg )+ (Vg )3+...

By considering small variations and using a Taylor series expansion, the nonlinear functions
can be approximated to linear forms by discarding the higher-order terms. The linearized equation

of motion can then be written as follows.

devE” [oF, 7 o [ OF, 1Pr aem | OF, | r e :
m{ dtB} :{aVBE} 7] {W} L™ ] 4|y | (Ve [ +leR]” @
Given the definitions [Fa]sz[X Y Z]T and [Fn]sz[O T, —TZ]T, the

decomposition of the matrix components can be expressed as:

g7 [ou ovoow |y | 9P A9 O e g ol oV AW Ty T g
oy oY oy oY oY oy oY oY oy ||
mvi=sl— — —||V|t=—= — —I9|*|= —= ||Vt T,
| jeu v ow op oq or ouovoow L] o
Wile a2 2™z z | |z ez eI
Lou v ow_ o oq or LU v oW

In this context, X, Y and Z represent the first, second, and third components of the
aerodynamic force vector, respectively. These components can be expressed as X =—A, where
A is the axial force, Y is the side force, and Z =—N, where N is the normal force. Ty and T,
are the side force and normal force from the reaction thrust, respectively [N].

For the rotational equations of motion, a similar linearization approach can be applied
under the small perturbation assumption, as was done for the translational case.

By defining[M, ] =[LL M LN] and [M,]"=[0 T,(x,-x) T,(%,-x)]
the linearized rotational equations of motion can be written as:
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8| d®" B oM, * Bp oM, P e | OM, wo Bp B
[IBBH { dt } :{@VBE} [SVBEJ +[6w8p8r} [prBJ " NE [gVBE] +[“9Mrt]p )
ToLL  oLL  oLL | [oLL  oLL  oLL |
! I leM oM oM oM M oM
0 1o Opay= 20 20 Wl a0 o
0 T “ W L
2 LN LN  ALN AN LN 6LN
Lou ov  ow ] |l op oq  or |
[oLL oLL  oLL |
au N aw |y 0
oM oM oM
+ vV I+ T (X, —
o o ow || (% =)
OLN  oLN  oLN |LMd [T (%, %)
U N AW

where LL, M and LN are the rolling moment, pitching moment, and yawing moment,
respectively [N-m]; X, and X, are the distances between the cg. and the position of the reaction
thrust from the rocket's nose, respectively [m].

From Equations (3) and (4), the complexity of the calculations can be reduced by minimizing
the number of aerodynamic force and moment terms. This can be achieved by applying the
derivative map [5], which selectively includes only the derivative terms that have a significant
influence on the forces and the moments acting on the rocket. As a result, the equations can be

reformulated in scalar form as follows:

mu = X,u+ X,u

mv=YV+Yr+YV+T, (5
mw=2Z w+Zq+Z,Ww-T,

l,p=LL,p

1,6 = MW+ Mg+ MW+, (X =X ) (6)

L, = LNV + LN, r+ LNV +T, (X =%, )

Since there is no control over the rotational motion in the roll plane, the equations related
to the motion in the roll plane can be discarded. In terms of aerodynamic force and moment, the
variables v, w, V and W can be replaced with the sideslip angle ( ), angle of attack (« ), side
acceleration (4@, ), and normal acceleration (@, ), respectively. By neglecting the less significant terms,
Equations (5) and (6) can be rewritten as Equations (7) and (8), respectively.

ma, =Y,B+T,
ma, =-Z,a+T,

()

.0 =M, + Mg +T, (X, )
Lot = LN, B+LN,r+T, (X, -,

Uil 21 atuTt 2 nsngnau - Suaw 2568



342

When considering small perturbation in the angle of attack, the relationship between

normal acceleration and the flight path angle () can be expressed by Equation (9).

a, =Vy 9)
Similarly, the relationship between side acceleration and the heading angle ( y ) is given by
Equation (10).
a=Vy (10)
y=q—c¢ and y=r+p
where V s the relative speed [m/s].
By taking the derivative of Equation (7) and substituting the values from Equations (9) and
(10), and neglecting the dynamics of the reaction thrusters, the equations can be rewritten as
Equations (11) and (12).

.Y
ma, = va, =Y,r

Z (11)
ma, =—%*a,-7Z
n V n (Zq
. mM,
|22q:_ 7 an+qu+Tz(Xcg_xt)
MmN, (12)
Izzr:Y—a,+LNrr+Ty(xcg—xt)
f— ﬁ_ f—
where Y,=aSC, ; Z,=-0aSCy ; M, =qSdC,, ;
- 2 - 2
M, =P ¢ L IN, =gsdc, ana LN, =B ¢,
2V ‘ / AV

From Equations (11) and (12), a state-space equation for a linear system can be formulated

in the following form.

X=Ax+Bu
y =Cx
This can be divided into two motion directions: the longitudinal equation and the lateral

equation.

T
XIat - [I" a'I ]
uIong Tz
uIat :Ty
M LN
_a 0 I r 0
Along = A = 2Y2 Y, |
4, 4, Y
m mVv m mv
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(Xcg_xt)
B=| 1, [ C=[0 1]
0

Variables followed by the subscript "long" refer to the variables associated with the
longitudinal direction, while "lat™ refers to variables related to the lateral direction. Variables
without a subscript are used for both longitudinal and lateral directions.

2.3 Autopilot Design for HKGK Model

A widely used method for controlling the direction of a missile to track a target is
acceleration control, chosen due to its high accuracy. In this study, this method was chosen, and a
hybrid control technique combining pole placement and a Pl controller was employed. The control

system can be represented by the block diagram shown in Fig. 3.

» k

\4

Fig 3 Normal acceleration control by pole placement technique and PI controller

From Fig. 3, the system can be separated into two feedback loops: The inner loop consists
of the pole placement technique, which includes the acceleration loop and the rate loop. The rate
loop is added to enhance the stability of the system. The outer loop consists of the PI controller,
which is used to control the response speed and reduce steady-state errors in acceleration.

The transfer function of the system can be obtained by taking the Laplace transformation

of the state space equation. The result will be.

where u(s):{—k2 —k, —k—'—kl}{s(s)}(kp +k—'janc(s), which can be

written asU(S)=a,x(s)+a,u’(s)
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By substituting the value of U (S) into the state space equation and rearranging, the new

equation will be.

sx(s)= ()+[ X(s)+a,u'(s)]

[sI-(A+Ba,)|x(s)=Ba,u’(s)

[sI-Ax(s)=B ()

The poles of the system can be obtained from the eigenvalues of the matrix A’ by

considering the characteristic equation of the system.
Det(sl-A")=0

When substituted with the matrix, the result will be.

- ‘ _
— k +—+k
_Mq+(xcg_xt)k2 (Xcg Xt)( p+ S N 1)

Det l,, I, l,, =0
Za ZO!
—— S_
L m mV
This can then be written as the equation.
s’+a,s*+b,s+c, =0 (13)
where
a_ =- ﬂ_}_ Za . (Xcg _Xt)kz
l,, mV I,
b —— (Xcg _Xt)zakl _ qua " (Xcg _Xt)zakp n (Xcg _Xt)zak2
" ml,, mvl.,, ml,, mvl,,
_ (Xcg _Xt)zakl
" ml,,

From the cubic polynomial equation, it can be rewritten in terms of the damping ratio ()

and natural frequency (@, ) as shown in equation (14).
(s+p)(s°+24m,s+0})=0
(14)
s°+ (24w, + p)s’ +(f +2pcw, )s+ pa} =0
where (S-l- p) is the factor of the polynomial that gives a real pole, with the pole
positioned at —P on the s-plane.

By comparing equations (13) and (14), the following is obtained.
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SR RERIE=S

22 mv I22
(Xcg _Xt)zaki _ qua " (Xcg _Xt)zakp n (Xcg _Xt)zakz
mi, mvi,, mi, mvi,,

(w§+2p§wn)=—[

WP =— (Xcg B Xt)Zakl

? =
ml,,

And the gain value can be calculated as shown in Equation (15).

_ mp|22a)§
I (Xcg _Xt)za
M
kz =I¢(p+2a)né’+_q+z_‘1j (15)
(Xcg _Xt) I22 mV
ml,, 2 20,2, pZ, Z?
- e 2 n a a a _
k (X —%)Z,, [w” repas mv v mvZ) e

For lateral acceleration control, it can be done in the same way as for normal acceleration.

Finally, the gain equation for lateral control is given in (16).

___mplyo;

! (Xcg _XT)Y/}
Y

kz=l¢[p+2wnC+LNr+—”j (16)

(Xeg = %) l,, mV

2 Y Y?

klz—L o’ +2pw,¢ + a)“a”nL Pls, 21—k,

(X = %)Y, mv — mv m¥V

The gain k;, k, and Kk, will be recalculated continuously to keep the pole positions of
the system at their appropriate locations as defined.
The design of the HKGK model's attitude control will be adjusted using the thrust forces from

three reaction thrusters in the guidance system, with their positions arranged as shown in Fig. 4.

Fig 4 The positions and directions of the reaction thrust vectors

The thrust force generated by each reaction thruster is related to the resultant side force

(T,) and normal force (T, ) according to Equation (17).

Uil 21 atuTt 2 nsngnau - Suaw 2568



346

T, :Tl—(T2+T3)sin(%j

T, =(T,—T,)cos (%)

where T/, T, and T, are the thrust forces from reaction thrusters at positions 1, 2, and 3,

(17)

respectively [N].

3. Simulation and Evaluation

3.1 Simulation Using the CADAC++ Framework

The simulation framework Computer Aided Design of Aerospace Concepts (CADAC) was
originally developed using FORTRAN and later upgraded to C++ for its advantages in object-oriented
programming. This updated version is referred to as CADAC++ [4]. CADAC++ is a framework designed
to assist in the development and simulation of complex dynamic systems, particularly in the context
of aerospace, aviation, and autonomous control systems. It allows for accurate simulation of the
motion and control of these systems. In addition, CADAC++ can simulate noise or disturbances from
both sensors and environmental conditions, which further enhances the reliability of the simulations.

In this study, the direction control of a 2.75-inch aerial rocket is simulated using the
CADAC++ framework. A 6-DOF model is used to provide the most realistic analysis possible. The
rocket follows a semi-active guidance system, where it receives target position signals from a laser
designated by ground forces. For the simulation, it is assumed that the rocket can detect the target's
position via the laser sensor even before launch. Upon launch, after approximately 1.3 seconds,
which is the time when thrust from the rocket's engine runs out, the rocket enters the terminal phase
and starts using the designed control system for direction control. This simulation assumes that
throughout the entire flight, the rocket can always detect the target's position.

From the 1.3-second mark onward, the rocket enters the terminal phase, accurately guiding
toward the target. The control system begins calculating acceleration commands using the PN
guidance law. The acceleration command is then sent to the control system to be converted into
the required thrust values to adjust the rocket’s direction using reaction thrust. The control system
continuously receives the rocket's status after each reaction thrust operation and makes adjustments
accordingly, until the rocket either hits the target or impacts the ground. The overall working diagram

is shown in Fig. 5.

Terminal phase

; Plant
—>»| PNGuidance |—» Controller [~ Ry —» (2.75-inch
‘ thrusters rocket)

~ ~A
The rocket
acceleration
and angular
The rocket wvelncity
position and
welocity Sensors [+

The target position

Fig 5 Overview of the rocket simulation operation

'
|
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For the conditions of the simulation, it is assumed that the M151 warhead is used, which
affects the various physical properties of the rocket. The distance between the rocket and the target
is set from 4 to 9 km along the ground, with the target remaining stationary. The rocket's altitude at
launch is 1 km above the ground level. The aircraft is assumed to fly at a speed of 185 m/s while
launching the rocket. The LOS error, which includes Azimuth error (Ay ) and Elevation error (A@)
at the moment of launch, is set between -30 to 30 degrees. These errors are related to the rocket's
pitch and yaw angles as shown in equation (18).

Wo=Wios TAY (18)
O, =065 +A0

where y, and 6, are the Yaw and Pitch angles of the rocket at the moment of launch,
respectively; /s and 6, o5 are the Azimuth and Elevation angles of the LOS, respectively.

In the simulation, the effects of the changing mass and Moment of Inertia (MOI) of the
rocket while flying are taken into account. Furthermore, limits are set for the acceleration command
signals to ensure that the angle of attack and side slip do not exceed 20 degrees, which helps

maintain the stability of the rocket during flight control.

3.2 Simulation Performance Evaluation
The performance analysis is divided into two main aspects: the response of the rocket's
acceleration control system and the accuracy of the rocket. These analyses provide insights into the
overall effectiveness of the rocket with an integrated guidance system. The details of each aspect
are as follows:
3.2.1 Control System Response Analysis

The acceleration control system was designed using a hybrid approach combining pole
placement and a Pl controller, as described in Section 2.3. This design requires specifying the system’s
pole locations by defining the constants &, @,, and P, which influence both the system’s stability
and response characteristics. Additionally, the gain K, can be adjusted to fine-tune the system’s
response sensitivity.

For a 2.75-inch rocket, a rapid response is essential because the rocket has a very short
time to reach the target. Since directional control begins approximately 1.3 seconds after launch, a
slow response could significantly reduce targeting accuracy. At the same time, maintaining stability
during flight is crucial to ensure the reliability of the control system.

From the simulation, the constants were setto ' =0.7, @, =9.8 rad/s, p =40 rad/s
and K, =1. The resulting normal acceleration response of the control system is shown in Fig. 6.

From the response shown in Fig. 6, the rocket's normal acceleration effectively follows
the control system’s command and reaches a steady-state value relatively quickly. This is because
the natural frequency was set to a relatively high value. However, a slight overshoot occurs during
the initial response to control signal changes due to the use of a damping ratio less than 1, which

results in an underdamped system behavior.
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Fig 6 Normal acceleration response of the control system

When examining the steady-state normal acceleration, there is only minor oscillation
in the signal. This oscillation is negligible and does not exhibit any tendency to grow over time,
ensuring that the system remains stable. Therefore, the control system successfully provides a rapid
response while maintaining stability throughout the flight.

To confirm that the rocket maintains stability while undergoing acceleration control,
the angle of attack (AOA) during flight can be analyzed, as shown in Fig. 7. The angle varies in response
to the acceleration command, exhibiting minor oscillations only during the initial phase of signal
changes. These transient oscillations do not significantly affect the overall stability of the rocket.

Additionally, during the steady-state phase, where acceleration signals fluctuate
slightly, these variations do not impact the stability of the angle of attack at that moment. This
indicates that the control system effectively maintains stable flight characteristics throughout the

maneuver.

Angle of attack (degrees)

Fig 7 Angle of attack during normal acceleration control

'
|
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The response of the lateral acceleration control signal exhibits a similar behavior to
that of the normal acceleration when the same constant values are applied. The system maintains
stability while effectively responding to control commands, ensuring precise maneuverability of the
rocket.

3.2.2 Accuracy Analysis

The accuracy assessment is conducted through a simulated rocket launch under the
conditions described in Section 3.1, assuming that each reaction thruster produces a maximum thrust
of 4.9 N. Accuracy is evaluated based on the miss distance between the rocket and the target, using
the c.g. as a reference point for both objects. The miss distance is measured when the rocket reaches
the ground, ensuring that the c.g. positions of the rocket and the target are at the same altitude. The

results of the simulated launches are presented in Tables 1-6.

Table 1: Miss Distance at a Rocket-to-Target Displacement of 4000 m

Ay \AG
(degrees) 5 0 5 10 15 20 25 30
-30
-25
-20
-15
-5 0.0676
0 0.0696 = 23.2308
5 28069  18.6418
10

15
e e e e
e e e e
e

Table 2: Miss Distance at a Rocket-to-Target Displacement of 5000 m

Ay \AG

(degrees)

-30
I
-20
B

]
LA
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Ay \AG

(degrees)

-10 -5 0 5 10 15 20 25 30

-10

-5 b b . 0.0405

0 b b . 0.0401

5 b b . 0.0393

10 11.4701

Table 3: Miss Distance at a Rocket-to-Target Displacement of 6000 m

Ay \AG
-10 -5 0 5 10 15 20 25 30

(degrees)

0.0586 0.0536 0.0268

0.0676

0.0630 0.0442 0.0328 0.0268

0.0189

0.0892 0.0894 0.0641 0.0453 0.0321 0.0240

0 0.1014 0.0920 0.0639 0.0451 0.0320 0.0234 0.0181 23.2397

5 0.0953 0.1176 0.0693 0.0440 0.0320 0.0231 0.0175

0.1203 0.0978 0.0629 0.0480 0.0356 0.0251 0.0197

L wm e e w e e e
o mm wm e e e e e e

Table 4: Miss Distance at a Rocket-to-Target Displacement of 7000 m

Ay \AG

(degrees)

-10 -5 0 5 10 15 20 25 30

11.8709 6.1333

0.0995

0.2374 0.0447 0.0024 0.0369 0.0136 0.0647

0.1389 0.1123 0.0208 0.0269 0.0154 0.0604 0.4769

L%
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Ay \AG
egrees) -10 -5 0 5 10 15 20 25 30

-10 125639 00237 00147 00351 00221 00073 00011 00004  0.0326
-5 03295 01313 00510 00273 00201 00138 00064 00103  0.0139

0 00533 01190 00403 00434 00255 00189 00100 00034  0.0305
5 00503 00510 00934 00474 00127 00172 00075 00019  0.0030
10 0.125 00984 01159 00398 00508 00182 00100 00031  0.0028
15 80260 00964 00295 00465 00484 09998 28431 00300  0.0075

20

25 19.8699

30

Table 5: Miss Distance at a Rocket-to-Target Displacement of 8000 m

Ay \AG
(degrees) - -5 0 5 10 15 20 25 30

-30 14519 11580 01321 01135 00362 00153  0.0145 9.4038
-25 0.1057  0.1329  0.0911 00144 00185  0.0406 0.0597
-20 45836 00420 01835  0.1066 00235 00248 00141 38366  0.0129
-15 0.2017  0.0474 00216 00229 00089 00006  0.0097  0.0089
-10 02347 01971 00819 00573 00998 00219 00343 00365  0.0054
-5 02138 00338  0.1435 00055 00265 00167 00177  0.0097  0.0008
0 01945 01513 01470 00149 00480 00116 00306  0.0081  0.0077
5 01719 02593 00226 00441 00468 00529 00312 00023  0.0078
10 0.1601  0.1946  0.1457 00987 00161 00074 00043 00091  0.0088
15 00651 01653 01731 00299 00485 00295 00303  0.0458  0.0125
20 116123 62178 71200 28860 01120  0.0197 43812 38366  4.8891

U4 21 2

Table 6: Miss Distance at a Rocket-to-Target Displacement of 9000 m

Ay \AG
-10 -5 0 5 10 15 20 25 30
(degrees)
-30 25.4865 16.9399  0.2060 0.0602 0.0792 0.0666 0.0149 0.0218 0.2532
-25 0.2300 0.2121 0.1338 0.0941 0.1282 0.0315 0.0016 0.0443 0.0071
-20 0.1945 0.2274 0.1301 0.0227 0.0779 0.0503 0.0256 0.0377 0.0242
-15 0.2120 0.2196 0.0968 0.1201 0.1022 0.0072 0.0050 0.0123 0.0191

]
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Ay \AG
egrees) -10 -5 0 5 10 15 20 25 30

-10 02473 01507 02034 01057 00914 01009 00125 00093 00146
-5 0184 02251 00870 01518 00495 00816 00151 00093 00133
0 02767 02540  0.1484 01271 00444 00505 00259 00118 00111
5 0.2846 00737 01454 01086 0.338 00521 00240 00085  0.0150
10 02477 01067 00029 01792 00258 00546 00504 00134 00165
15 0.2985 00380 01577 00281 01266 00223 00304 0005 00139
20 03003 00609 41036 01523 00911 01378 00373 00024 00130
25 72814 80398  4.6013 110329 97683 75389 14498 66340  7.8275

30 - 472622 41810  0.8245 - 451006 416817 9.1338  10.2938

From the simulation results presented in Tables 1-6, the rocket demonstrates high
accuracy, with the minimum miss distances recorded as 0.0676, 0.0292, 0.0175, 0.0004, 0.0006, and

0.0016 meters for target displacements of 4, 5, 6, 7, 8, and 9 km, respectively. Furthermore, as the
displacement increases from 4 to 9 km, the rocket maintains good accuracy even when launched
with a larger LOS error. This is because the reaction thruster's thrust is structurally limited, restricting
the rocket’s ability to change direction rapidly over time. As a result, at shorter displacement
distances, the rocket has a limited turning capability. However, the results in Tables 1-6 only consider
a maximum displacement of 9 km. If the displacement increases beyond this range, accuracy may
degrade due to the thrust limitations of the rocket.

In this study, a Monte Carlo simulation was conducted, incorporating disturbances from
atmospheric conditions and signals from the Inertial Navigation System (INS). A total of 100
simulations were performed to determine the 50% Circular Error Probable (CEP) of the rocket. The
50% CEP is defined as the radius of a circle, centered at the c.¢. of target point, within which 50% of
the simulated impacts are contained. The use of Monte Carlo simulations with the 50% CEP method
is widely adopted and effective for evaluating the accuracy of guidance systems, particularly when
assessing the uncertainties that influence the outcome of a launch.

The launch conditions followed the specifications described in Section 3.1, assuming
a displacement of 6 km between the rocket and the target. The launch angles were set with Ay =0
and A@=5". From the simulation results, the 50% CEP was found to be 0.0448 m, demonstrating
the accuracy and reliability of the rocket’s trajectory control. The analysis of the 50% CEP is
illustrated in Fig. 8.

However, the analysis of the 50% CEP in this case is based on a single launch condition
to demonstrate that even when the system is subjected to disturbances, the rocket can still be
controlled to accurately impact the target. For other launch conditions, the 50% CEP values will

vary, but the miss distances will show a similar clustering pattern as in the example case.

'
|
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Fig 8 Analysis of the 50% Circular Error Probable (CEP)
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Fig 9 Shows an example of the trajectory from the simulation of a launch, assuming an angle of
Ay =-5 and A@=5", with a distance of 5 km between the rocket and the target. The resulting

miss distance is 0.0525 m
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4. Conclusion

This paper presents a method for controlling the direction of the 2.75-inch WAFAR using a
combination of pole placement and PI control to regulate the thrust output of the reaction thruster
output in the guidance section. The research results demonstrate that the direction of the rocket
can be accurately controlled to reach the target, and it performs well even when subjected to
disturbances from the environment and noise from the system itself. This highlights the reliability of
the simulation results, which were conducted using a 6-DOF model and tested with the rocket's
nonlinear dynamics equations. Although the control system generates signals that are not perfectly
smooth, it does not cause the rocket to lose stability during flisht and provides a fast response,
resulting in higher accuracy. The proposed control method is straightforward and practical for real-
world applications due to its simple calculations, which do not impose a heavy processing load on
the controller.

Overall, the PI control combined with pole placement can effectively be used to control the
direction of the rocket under normal operating conditions. However, this approach may lack flexibility
compared to more modern control techniques, especially when the rocket dynamics change
significantly, which can lead to a noticeable drop in accuracy. For this study, which focuses on a 2.75-
inch rocket that wasn’t originally designed for guided flight, the proposed control method is sufficient
to improve flight accuracy under typical usage scenarios.

However, when implementing the actual control system, the limitations of the various
components, particularly the reaction thruster in terms of both structure and specific dynamics of

the reaction thrust, should be carefully considered.
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Abstract
In the digital era, network-based communication has become a cornerstone of diverse
human and societal activities. This evolution has brought to the forefront the critical importance of

information security and communication reliability. To protect sensitive data from threats that
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could compromise its integrity and availability, Key Recovery Technology (KRT) plays a pivotal role
in enhancing trust and resilience in digital communication systems. It is particularly essential in
cases where secret keys used for data encryption are lost or become unusable, which can result in
a complete loss of access to encrypted information. Such incidents may result in significant damage
at individual, organizational, and infrastructural levels, including the loss of business-critical
evidence, breaches of personal data, or the disruption of essential public services. KRT enables the
recovery of secret keys in a secure and privacy-preserving manner, ensuring that data remains
accessible without violating user confidentiality. Moreover, this technology supports compliance
with legal and regulatory frameworks by allowing authorized access to data under investigation,
ensuring transparency and accountability while preventing unauthorized access. Therefore, KRT
serves as a key enabler of robust information security, supporting business continuity and fostering
sustainable trust in the digital ecosystem by upholding the principles of confidentiality, integrity,

and user privacy.

Keywords: Security, Data, Key Recovery, Secret Key
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3.6.1.2 dstoyasuaduluniouiuilan KRF
3.6.2 mseswemsfiAunama (Mihiives3u viembhenuiitdvslunsiifanaua)
3.6.2.1 vnnaagaymeviseldanunsaldusmsle asiinissesremsiaunyua
3.6.2.2 &1 KRF U8y KRC vi3a KRA Bugjfusuuuurasnisliiuins
3.6.3 NMITIVTIAWYTENOUVBINAMD UANITHAUNYLA TNTEUIUMITINY 2 JULUY AB
sULUUT 1 nszvrumstaunauaiionds KRC (idives KRC wag KRA)
(1) 1ile KRC ¢ 3udfosadAunaua wiondy KRF axfinisnsaaaeudnslunsidiis
naualudesiu ntusdosmediulsznoungualuss KRA fidendes
(2) \ile KRA l¢¥udn¥esveduusznauraangua xlinszuiunmsfigatiiieis uazdnds
duusznauvaanaualliiu KRC
(3) 91Nt KRC yhn397usamautsznauvedngiaann KrA Wesumuldasudau
ANYIILAD zAINNLINY delrnugSesvenaly
ogdlsfimumssenuuunszuiumsiiunauavessUuuull aunsaueumnglifieswonis
A vhwthillunsdAunguadusenuies Wediuarasnfouazanududiuiaanndedy
sULUUT 2 nsguaumstaunguatilionds KRC (wihilves KRA waviFesvemsiiunauo)

'
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(1) 1o KRA I¥$udfoswadAunague wioudu KRF agiin1snsndeudnslunisidii
ey wazdsduUsenaunaualudeiose

(2) {50195 IUTINAIUTENBUIBINRYUITUATY waginsAInNALady ey lUld
lunisnansiiadoya

3.7 lnssa¥eilanlunsiAunaua (KRF)
msdnifunauaduiiiesesiumsiunaua imseenuuulassadlneddsdsanuiunasnsie

Anudeameu Anaindodio aududiudi uazauaansalunisdaungu ieanmnudssainnsgn
Taufmslaued ddlumaluladiuuu M-KRA azutsnauasenidudiugey 9 musiuau KRA ﬁlﬂi’fﬁm%’umsﬁ
Au Tnedauiuliluilast KRF Tnelassaina KRF Afasiunsasadfogs msUszneulushedoyafidndu #s
uandluguil 3 uaslieandeadsdelul

TaseasraflanlunisiAunaua (KRF)

AUUTENBUVBINYUINUY

LAANIUIFNSUNISTUTUAINUVDI KRA

woANIUIEMSUNITNAU (NTAIH KRA &)

Joyasu 9 d1MUN1IATIVABU WIBNFIURINU

5UN 3 lassadsiladlunisnAunyua (KRF)

3.7.1 duuseneuvesnauady linsnszaneludnuaenisursaudu (Secret Sharing)

3.7.2 wonviddaddmiunsBuduianuues KRA Mleglungunisiu nonisimunansniadnis
KRF Tagld 918n15A70AuN151 TGS (Access Control List) w3ansmiuauans msidrdanuunuimmiii
(Role-Based Access Control)

3.7.3 wemn3DnAdmsunsgAuduUsznouvesnyus Tunsdl KRA fieglungunisiauan 3o
nalndnses (Failover Mechanism) flanansafmunsiuau KRA Indesilogstios n 910 m tetaud Tunsd
AuUNaYa (Multi-Agent Consensus)

3.7.4 foyaidndudu 4 dmsumsnnaaeuvidensiigadiaiwesiiisidedunisieans e
Wineusiunsasnsts wavauideiievesnsdeans Wy Jeyaluiusesnauaasisazyeaolaud waz
vouitiavslums¥esvensifunaua WWudu

g slsAmuUseifiunisfigaiin KRF danuauysallignivdsunvadluduFesdifediaudidy
Tngansaltssuuiufiniuutesiunisuasuulas (Immutable Logging) [21] ﬁaLﬁuﬁﬁﬁuﬁﬂﬁﬁagaﬁhj
annsnau wily viedauuadld ileliuladnfudeyaidaud (Integrity) uazanunsaldiduvdngruluns
n3nApUdouvas (Audit Trail) Tiiefiold silnnmstosvenasnsdAunyuamsldfumstuiinlussuuiiie
MINTIAERY

'
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4. NMFAATITIUAZFUATIETLLININSHMUIAlUTaBN1SfRUNUAEY
waluladmsiAunguaduiimsiamnetiseiies ieliamnsasuiedusoanaumslaues sl
vanvategULUL waziieatuayusessumaluladivl q lusiuaiudasads naonsuiiluuszgndldlu
uds  dadnsdnwiaudasadevestoyalussdng msuntesdoyadiuyana uaznisteduld
Tunanguane Wudu Mnsdiedsvesnailuvssyndldssd
n3aiA 1 umsfunagsunIg
suimsmalvdseauanadnldssuy Enterprise Key Management (EKM) $aufiuinaluladnisg

= =

AuUNEYUA walviaunsadntiadeyagna ndinnauasuildiinsviageme stuvagimunldihenudaui

'
a

\Jefieold (Trusted Recovery Agent: TRA) ¥ismungldfeulvauasndeimmualy wu nsld¥uoua
Nneengvane wavineauguAudssnon JsiidunsiAunauaduiazannsaiinadeyals

n3AiA 2 9MuEEITAIEY

TsaneunavinavglunaneUsena wu ansgewsni warluglsy ledunAnnisiaungyuaduin

T459/u Health Information Systems (HIS) titeuntiostoyagtiae Tunsdlssuugudeyaviesiianugnay
videgnlaui neldlaseadrsuuy M-KRA filEesmansaumna dhenguune uwagimimiiedoya fos
nusuiy Faezanansadfusasiintiadeyala

oghdlsfmunmamstanmaluledilueuan Fesjathilufimsuitiymanseureunelulad fe
Uspifiunrndssaadnnaumilauesiifimusuusuasdudounntu msfigadsnulunssurumstiu
nayuatidesiiniinnu aeandestunguaneanulasade waziswansanududiusivesldo

atinmsmeluladffuasoniaundunsgunaua wviliinanudangu amsafufledude
Anaumaleiuesliegaiivszansam ndeufuainannudestuliildanlugafdsia Tnsuumisuns
simuineluladmsfaunauadulueuan ansnsnaslddedelud

4.1 nsihdgyausehvg (Al: Artificial Intelligence) LLazﬂﬁL’%auimaam%ﬂ (ML: Machine Learning)
unltlunszuaumsifunguedu wWislsinmsgaunguaiinnuasnss emnudangununsiowerau lag
T Al asadumnuiinuniuaziinsginginssunisieswe dsazendedeyansaifnazsuuuungingsud
Lﬁm'fyuiuaﬁm (Anomaly Detection & Behavioral Analytics) Tngo1aldluiaa Anomaly Detection #3©
Decision Tree lunsiiaszinginssuuuuiieald [22] Midileanaudssvestoanaumalsives

4.2 nseenuuulaaanisfAunyuanuuRaNHaU (Hybrid Model) Wi aifi undnustunsUasasely
nszuIuMsHAunue Wunsvhaulusuuuy MRS ldvanmsnany Zero Trust Security (ZTS) [19] Tag
mualiimansageudnunnada 1y Multi-Agent Authentication wiansfigatifanuuuuldvaisie
19U way Al-Based Security [23] 4 Al Tumsnsaadung@nssuiiauni (Anomaly Detection) sjautfufinis
Brudsuuuungfnssuunivesssuuviedliny wasnmaduanudesvuiionntedftoanaurienislaud
uay Blockchain Logging [24] Ailfinaluladudeniulunistiufinteya (Blockchain Logging) taelsansnsa
afsszuuduiingldanunsaudludoundsls daeliaunsansiadumsvasuuvastoya wazairenany
undefelussuuinuanuasndvvestoualfessiiuszavsningean wazantdedluinndoananuls

4.3 Waun3fAunuaildasdadns vesdld warundesdoyaninnindrislaedvou (Privacy-
Preserving Key Recovery) Iﬂﬂ%’mwﬁﬁﬁaﬁu%’;uqq 11 Homomorphic Encryption (HE) [25] Salumnadia
felanunsadunvieUszinanadeyaiignidisia Taglidududesaensia nande szuvanunsn

nsavaeuAvcveslSewenisirunyuwaduindulifidnsdunseld Msllaztuegiuteulunisnsivdey wu

Y

'
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MsnsvEsUasduRiTa mafigatiinuanluiusesnaua Weleulvmsitdstneidududeandfedoya

fuviads wagldnszuumsnnaaeuvanesziu Weliiulahnmsiiunguaiinisiunsasnds waziiaina

Judnuiigean
felsmstmaluladmsiAunguaduanliifiofiuarsiunsasnfovesdoyauaznsdeans u

o o

wwmandanudndusardrdy lunmsiaunlassaiaiugiuiuanuiuaslasnsislugafdviaegedadu

5. unasy

walulagnisnAunyuadu (Key Recovery Technology) farudfalunisaduadennuiuad
AnuUaensdevesdeyalugandvia lnediedesiunasuilatagwn 2 Ussifiufe (1) Nsagyeveenyuasy
visenauaduldanlaild (2) sesfumsiindsdeyaiivosasdelnsveusengmne siliannsadhfedoya
ddiignidnsialilfegnsUaends Tngliandarnuduiaranudududavesslda Sniadsdinn
donnnesiunguueAuATlaYadIuYAAR iU neAuATaslayadiuyAnavedannnglsy (General
Data Protection Regulation: GDPR) [26] uaznszs1vUayejAnunsestoyaduynna w.A. 2562 (Personal
Data Protection Act B.E. 2562: PDPA) [27] Fafvualiigmunudeya desdnlvidiunnsnisfivuzaile
deafunsdnfadoyalagliiliueugn sudsiesanmnsadfudeyauaznauaiiofeddunsdaniduedis
Uaonfouazasiaasuld iilelineulondsungumuneuazasessuldoisanysal annuidsaninnisgn
Aniuad waradeanulusdalunisianisdeya

wAlulagnsNAUNWD dsanlinudneaensaula 2 suuuu Ae (1) msgaunyuakuuldioaud
1Ao7 uaz(2) mgaunquanuulivansielaud dslugadeulieldguuuud 2 esaniluszansaneiu
arusiunsiaenfogendt daunssurunsdfunguaduiu widldibu 4 duneu Ae dumeudl 1 Hunthilves
s Tunsindoadeyauagnsadafiad KRF duneudl 2 anfndulunsdiifesnsiosvefuuinisdAunyua
Tnof3uvdenhonuifavdlumatrdanaue azdeseludidmiimiiliuinsiiu fe KRC 3o KRA
Tumeudl 3 uay 4 mirea1u KRC u3o KRA agvimiifisausmdiusznousesnaua wagdAungus nu
flardunuildsuneumnenseimualuszuumuaiy

mMsdAunauaduiiesnuuumetunsUasassuariinudavey Baelvesdnsanansasuiefy
wanseianiduniesoanaufiintuld wu nislaufivdlees annsosiundeyafidems annnuidems
M9§3A9 Wiiaudefelviiusy At uasvilinsdluemdanuderousluanmwndendisinny
dosandonnaiugs uenainidmasundesteyaliiauiiunstaonde uarannansenusiolassaing
flugiuresesdnsdenssuiumsdauiiundede dmalimaluladdifunalnd dnlunisadns amnusfung
Uaensouazanudsdululanadiia

wuansmswannluswanasy wiulufinsldmalulad dyaussivg uaznsFoudveaios ns
ponuuulumansiAunyuanuurauna ielinmusiuasasadelunszuumsiaungus uaznnsld
wadanadrsfadutugdumsiannmsiiunauaiiliandeanivesld weruniestoyamnmadidsag
fivou lelinszuiunsfiunguadiauaenfouasiisyansnmnntu nsiaunasgiuanadiunisd
AUNEULY (Key Recovery) girelmaluladdl anunsathluldldegnaniimans uasiinuindedelusysu

p9ANsHaysEaUlan
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