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ABSTRACT

The concept of a smart city revolves around leveraging technology and
innovation to enhance the quality of life and foster sustainable happiness for its
residents. However, rural areas face limitations in terms of internet network coverage.
LoRa technology has emerged as a viable solution that empowers wireless sensor
devices in rural areas, enabling seamless connectivity to the cloud via the LoRaWAN
communication protocol. .Gateway location selection necessitates careful
consideration of factors such as signal coverage and service equipment limitations.
This research aims to (1) explore methods for selecting multiple gateway locations in
LoRaWAN networks, (2) identify the optimal LoRaWAN network model for Ubon
Ratchathani Province, and (3) compare the performance of different algorithms. The
findings reveal that the most suitable LoRaWAN network model for the Ubon
Ratchathani province consists of 144 eateways. Among the algorithms analyzed, the
M-VaNSAS method proves to be the most efficient for gateway location selection,

followed by the PSO, DE, and GA methods, respectively.
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178.73 &1l3 fasdudesay 55.73 vouliefinmunvesUsvme (nsufmuiiny, 2562) uaw
Usyansaruluguesuseimalsenaua @wsiunisinuns 1w 11.75 auau Andusovay
31.1 90sd1uaue Inionun Tnsdwminguasiesid S9iuinafaioununinsgean
YOIUTZLNA TIUIU 322,265 ATILTOU T9993U1AD UATIIFEUT ATASLNY LAZVOULAU
AINAINU (@NUNUADALNIYIR, 2568) waluvnzifelnunenIndinslszaulyninanan
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MINMTNEASETIAAN wazlifununIInangs sndiog1sfunUANIHAR 1 Awdn g
Ails AneUTIudngiis Aussny A1avEeIestnInsinems kagAntiudilung
wzdan Jusiu Snvtsanmiu #1 eamalifiaiuuiueu warnsinsnunsToNNEAIS
TumaneAanssudaisrsnandifudeutu @nauanznssunsioyatiiaisvessanns,
2563) Fadawalfinunsnsliamnsavinsinuasinainvaisuarludiinaannld naenau
Usznsiingdinugeivdaintiifauuifalunisdiszuuinendaaies (Smart Farming)
drulinaunuusanuau (eigging Unug, 2563) lnofideldasiuiiied1saadoyanis
vamamwm‘luﬁuﬁwyjﬁmmam fualuis snen3udiay dwdaguaesiil dadu
fufiugneeniugaunaiiidedemesfininguanesiiiwudy finwssnsussldldssuy
0T iinarldluntsaauaunasvith seuulliuasadnsneniugmanalurasnansiu wasilssuy
S189udaTUEA13IIILAIS q Hadnensns duiliaatunounisiisunazannasly
IEARIVER

Msnwnsdnasegluelsy (Moysiadis et al,, 2021) nasas1auinnssuluns
ann1sldus s wu-eanarguliaudy (UAV) dmsunisiiude iuenindnduily wusesluy
sV minenseInmioTuEHaNER HiansvdeyaideiufiiilensununisingUgn
finzan Wudy nsldormeudliaudy (U drelunisninumdnsiug nsifuiien
msfdntuity n1sdaniude nsdauseis taznisidamuiivaa nsldia3evis wuiwes
152 nisldmeluladlfane n1sldnnsuszanananin (image processing) dmsuasiauaud

a4990R1N A NAE18910 UAV TUn15lRaauiey hagn15Useiiunanasn #519uilsaAnse
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Fwunfuity Wuiu nslédoyasurnlng (Big Data) #m3usiudoyaiiduiinain
lwuwasing 4 msdaiudeya msdieleudeya msiasieya uaznsiinszideya e
adanuudaswandnlng wazuuzdiwuivislunisivazdgn JWudu nsldssuupand
(Cloud) dm¥udnfuitazyszananadeyadiuiummena wlsliinunsnsanansadniedoya
wuuisgalndlanaaniian

iUl nunsdanioy (Smart Farming) Wunisumaluladnisdearsieya
(ICT) dwmsuasiauinnssulunisannisldnsanu wu oniaeuliauty (UAV) eusuals
AUTU (UGV) 1A39U819uLgasisa1s (WSN) n1sUsenlananin (Image processing) NS
3ouiveaa3ng (Machine leaming) foyauuialug) (Big Data) Wagszuuaa1s (Cloud)
dsUeluNIINMNULAT USINTIANTEUSUIINSINERS d1N190AIRNsalnanEnlaega
uiugn Freandunu Uunumslide 1 wazannisliussnuey Ssgrinliinunsnsanansn
wAnAuA M I sdiauamluUiinaiuiniu Ussnoutugnsmansui 20 9 (w.e.
2561-2580) ludszifiugnsaansiunisasisanuauisalunswdsdulaedunisly
waluladuazuinnssy @1nuAmEnITUNITHAILILATUENILAZAIANLUIYIA, 2561) Ex
aenndostugnsmansnIiaLUTsmaRNLEUTRLLATYgRauas danuuisufatui 12
(2560-2564) gvisransnssiauUszma Tugnsmansdl 8 nsimuAneimans walulad
9o wavuianssn Aldaruddyiunisldnalulad winnssuwasaufnadasse diete
FuindounsiamUszing Mnulsuisresussmanfesnsduasumsaiadnauaunsoly
N15uYedu wazALaunsavesmalulaglulagtu @dnnuaugnisunsiauasugia
LardIANUNIYIF, 2559) kazliadluaenndesiun1sduasuilosdiasesveslseinalng
(Finanudsasuiasygianava, 2564) Fosnsiaiesanseylmdudieildusylemian
wealuladuazuianssulunsfinuszansamnislvivinisuagmsuimsdanisiles el
Usevvu SnunndIedie daniay eg1edsdu Tnsnsimuiiosseasozvesssinalne
Usgnause 7 sufie dviadendanses (Smart Envitonment) MstAunisuazvudssanies
(Smart Mobility). N15A159¥3A8a 238 (Smart Living) walileddaaiuy (Smart People)
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WAIUDIRTYL (Smart Energy) LAT¥FNIDIRTEY (Smart Economy) kazn15uin1sn1nsg
daa38z (Smart Governance) 3ailulanafiinBAsnsaNNII0aAAUNULAZ AU TONEAFUAT
mansinunsniaunnlulsuanuinle
dmsunisimalulaginensoansuzit i lgiuinensnsiaganizluannunguun
v & A Aay o w =~ 1% A [l dy 14
gadusamivedndniiesainiasasiaunsadieiiugiu (Network Infrastructure) AnusEUy

wsevedunesiiadalisesiuiiosninmsamuiiulasiasiunsotnenugiuveslnuinig



duwmasiin (Interet service provider) 1uﬁuﬁﬁWQIﬂa§Q1ﬁﬁuﬁﬂ ¥ldinunsnsldisangda
gunsalnszredyrudumesidauuulians (Wi-Fi Router) wuuld@unisa (Sim card)
wielgunsal IoT Whgszuunad (Cloud) dmiumsUszanana FaszuuaIuaunnsUgn
ADNLUYIATDILNYATNT Auanslunnlsznay 1.1

ITUVUAIUAU

miﬂgnmamuzyamﬂ

AmUsgnau 1.1 ﬁ%UUﬂ’]UﬂNﬂ’TﬁUQﬂﬂ’é]ﬂLUEg‘i]ﬁﬂﬂ

namUszney 1.14duszuumiuaun1sugnaenuyINIATe N sns nyuu
pfin sualuuie ne13utis diaguasivsi lnsldnisfndegunsainszans
Fyradumesidauuuliate ieligunsal loT 1Wrgszruunand (Cloud) d1miunis
Uszananaiientuuszuuli ssunliuasaiimeniuyaualudianaisiu uagssuy
57997UNISYUR1 o iduinwasas [uau e?iaqﬂﬂiajﬂizmaéi’fyﬁgflmﬁumaiﬁmwu
ISaeninanadidvednialuszeenisvesnisasdynin lnsaruisadslalusgeg 100 s
windu (Miles et al., 2020) %qw"ﬂﬁé’mmmﬁuma%tﬁmhjmamquﬁuuﬁLLUaamwmﬁ'ﬁ
vurnlngld wazsinvnsnsdsdonder1usnisduvesiinsieifou ialvn1sasuiiu
inwasdaasurvannunsnsdilisue fdutagiuiinallagliuinisieietneusnaineild
W&a1us (Low Power Wide Area Networks « LPWAN) tileidaaleessuy loT 1ingsyuy
dumesiiin lneausadeduanalssvering s 5-15 Alawns nsluaniuiidlosanse
dsfyaaldlng 5 Alawns warluwaiiudivendlosauisodedyaldlng 15 Alawns
(Semtech Corporation, 2019) 3918 uTiianiafildngdsausi (LPWAN) Wup3esile
atfuayuMsnwnssaaTesfiavilvgUnsaissuu loT anunsadeansluszeznidlnauas
Whileszuuaa1g (Cloud) dmsunisuseaianald (Hassan et al., 2019)



AR Tnuideilddnwnisuieuisumalulad LPWAN dwm3y
n1susegnaldiumalulad loT ﬁﬁmumimj (Mekki et al., 2019) Tnaviin1swlSeuLiau
3 wAluladfe Sigfox, LoRa wag NB-loT Nan15338nuan walulad LoRa dasinungauiu
mMsUszgndldiumelulad 1oT Mvunelvg dmsuiaietis LoRawAN mdsldsumiuien
desnninuautiwiulusiunsdsdygyiuszoyina liwdaanus uaznisldaduaimd
fliidoaiilusygyra (Unlicensed band) Saivanzfunisfauiuianssudiu loT #u
aundnvhiu (Smart Farm) wagfunsdoasseninuaiesdns iudu lngluussmalne iy
oy lildnulunduauigiu 920-925 wngidsnd (MHz) MuUszn1ARAIEATINAS
AansnsE1elEes Aansinsiie uagRanisinsauuinuuiand@ Sos ndninusinsld
paumBLazaTesingaunaufieygaliinisldnudunisialy we. 2562 Gensenny
1175571 LoRaWAN AS923 MHz 7ildludseimeasing 9 vesniviods gsldudussine usly
fuyen Bulaii@e quu a1n Asalus Fonunm waglne (LoRa Alliance, 2020) Tnegfluinng
ATU18AAUAINAEIY 920-925 WNEIRD (MHZ) mmaaﬂ°mum°ziaﬂ§1’@aﬁm%’jumbﬂ
F1uau 16 Yo warldruniawauanud (Bandwidth) Wity 125 Alawdsnd (kHz)

LuINaNIsUIATeU1e LoRaWAN nldlufaminguasiwsifideddedninlunis
Fondumisinsesnandimanganiuiniate LoRawAN sunalugliansoaseunqu
fudlunamdthuld SstgmussmaBondumsonnaingluiaions LoRaWAN agadng
Aun1snasednewagats (cellular networks) Ingagiin15as19uuud1aeInIsnIzany
dynas uagnaaouyUszAndnin dsluniaidendumisiiganmag (Gateway) luiiatng
yunlvgfesddsienisnszaisvesdygraniielvaunsanseuagugunsaivatonis
(End node) 3agni1s uazdesidnvesguasaiiiliiuinis (Grochla & Potys, 2020) Katiu
1IMIAMEIMANzANTidn (Optimization) dwiunisidensundsiifaLuuvaisinaing
Tuin3ovne LoRaWAN wunalug) Seliarudndudmsunisndassadandetisiugiu
(Network Infrastructure) Tviugunsal loT @ vsunswaiguyuliiaaunsaulunisuda
Aufmansinunsiisinaunmuezifmenaanudeinisvesiuilan

1.2 InnUsTaAYaIuINY

1.2.1 ANWI5 80 NAWALINAILUUNANELAMLIEIULASBYNY LoRaWAN
1.2.2 m3UkuuLaTeY8 LoRaWAN Nivagaungadmiudaminguasysiil
1.2.3 W3suleuUseansninwe19anasiy Tun1saena iU NAwUUNaneLnmLIe



1.3 YAULYANITALUUIY

nsfeluadelfunsmsduuuimansaufianvesiumisiidanandluaiots
LoRaWAN vunnlvg) fiansnsaansuyulyisinfign (Minimize the total costs) uaziiAnAzuLY
Y9997 31N158d9U03@a (Maximize the Bitrate) dmfunisanslassadinedediefiugiu
(Network Infrastructure) Inag3deldnmunveuianlunisaniunuideeanduaueiig 4
Fastaluil

1.3.1 FUVBUAYBINITIRY

nsmgluuumnsanfignuesiunisiidunaadluiaiodis LoRawAN

yunlvy Usgnaumeduneunisifiuiausiudeyasiie 4 dwfunsguaunismsuuuud
wnzandige adlunszuiunismsusuviiezaniignazUszneuluse 2 fnquszasd
(Multi-Objects) fip ansuyulsifian (Minimize the total costs) uagdAAzILLYBIENTY
n1sdadioya (Maximize the Bitrate) Sslutunougaiineveanisiatuseantsmzuuuui
wanganfigaarldsuuuuiimzanigaveshundsiidaunandlueiotts LoRaWAN 1
Tug) fwanslunmdsznou 1.2

Optimization Solution selection
Data collection Optimization Algorithms Pareto front
IE Data > O . Objective o Multiple gateways location
- Cost-minimize 3 A
Village Sifatemeanize The best solution
* Location
: llalsta{me v i e® O e® O
'umber of farm [ .—. ® L ]
Gateway Decoding Update solution 0% e 0
+ Base cost L g
+ Variable cost Y o .9 : [ ]
« Capacity @m v o .0 ? o
/ Y
* Range . ®

+ Bitrate

ANUSENAU 1.2 NSULUIANLLAISINE

MNAMUTENBY 1.2 nTeuuiiAnlumsIdaEudufmensiivsausmdeya (data
collection) Aisznauludhe (1) Foyamitu Gadunssusmdeyamunisidae syt
(Location) szE119%83kAaz U (Distance) LazI1UIUATBUATIUNYATNIVOIUAAY
uyjﬁwuﬁ%ﬁaqlé’%’ué’@@m LoRa 910 LoRaWAN gateway (2) AuaudAves LoRaWAN
gateway %QL‘TJUﬂﬁﬁUiauﬁé’faga AldInea1ugUnsal (Base cost) Angituiilunisadie
an1§lvee LoRaWAN gateway A1ldd18uusiudu 9 (Variable cost) maruatuisalunis



sesuNTsTRiuUnIaluaenne (Capacity) seeglunisnsznedya s LoRaWAN gateway
(Range) wazdnsnnsdsdaya (Bitrate) MAt31NN15911 data collection awidunsguIun1sn
sUwvuTmzanfigavosiumisiidunaagluaietns LoRaWAN dslunssuiunistiaziia
31AN1581UA1310 data collection L%”]mé’aﬂwmuﬂ’]imgﬂLLUUﬁmmzauﬁqm
(Optimization algorithm) IﬂaiuﬂizmumiﬂmgﬂLLUUﬁmmzauﬁq@%ﬁmiaamﬁa
(Decoding) \lemAriiminilaidu (Fitness function) Aifan uaginssnangUnuuita
fign (Update Solution) iiala3adunszuaunsmsuuuuiimueauiianagldsuuuuaes
Fuvtafidannaddaasiivatssunuy Swesinindonuuuiifiigalutuneu Solution
selection FeazldfinaiaPareto front analysis kagmada TOPSIS (Technique for Order
Preference by Similarity to Ideal Solution) LLﬁ%%um)u%’jfﬂﬁﬂEJﬁ]BLidJUﬂ’]iLLﬁWQEULLU‘U‘ﬁ'
nganiigeueshusiinannnslunouts LoRaWAN sualvgy
1.3.2 fudoua

§deyaniogi (Secondary Data) 7il#59UsImANUIB LA EIT
Usznausiy YedavaUinudnuiy 2,198 viinu uagdeyainunsns 91U 295,942 AU
Tu 25 §1un9 vasdminguaTvsil lemmnumraufigadmiunisidondumnisiiss
wuunaenanglunIove LoRaWAN vu1alg

1.3.3 daneiilun1smanumsnzandign

1) 3En1sfuntuvulsuidsunagnsluiuilndisausuuudaulag
(Modified Variable Neighborhood Strategy Adaptive Search: M-VaNSAS)

2) WM smeiugnssu (Genetic Algorithm: GA)

3) 35153 Taunslaglunasig (Differential Evolution: DE)

) 3Fn13MAIA MR ANTi aALUUN Y AIA (Particle Swarm
Optimization: PSO)

1.3.4 1psesileldluniside

1) IUsinsuAI® Python

2) Wsun 31 QGIS (Quantum Geographic Information System)

3) Google Colab #1185 un158nassMINe1n5991 Google Usznausae
NUgUsEUIaHANAT (CPU) Intel(R) Xeon(R) 2.20GHz #118AMUT116 A (RAM) 12.7 GB
wagndigdsesteya (Hard Disk) 107.7 GB

1) \nTesneIILADS

4.1) vhguszanananais (CPU) Core i7 2.20GHz
4.2) ypanuIuan (RAM) 12 GB
4.3) 5yuuUuanns (OS) Microsoft Windows 10 Pro



1.4 wanA1n3nazlasu

1.4.1 3UkUULATEYIY LoRaWAN Mmunzauigadmiun1sinelasaasiunsovny

1%

wugulviiugunsaluaeniwesnunInsivwinguasusnil

<3

1.4.2 3w Inguas1wsIlanu iU UL UULeTeYI8 LoRaWAN lun13319laseasng
wetuiiug ileduaSun A Inunsser lunuivuum

1.4.3 Lﬁﬂmiﬁwﬁzwé’aa%szmiﬂummﬁuﬁwwsuaﬁmi’mquaiwmﬁ

1.4.4 lffeyadmiumslinsgriiientladameunisinens

1.4.5 ialuwanisiauiiowanivy wazwinnssulu o dmsunisimunlsemne



UNi 2

[

255N TURASIIUILTIN IV

Tudunssainsaunaruidoiiisades fideliinssanssunazanuidesi o
uUszgnAltlimnganiudnuugeauide emanumnganiigadmiunisiden
Funisiisauuunanenandlunietit LoRaWAN sualng dsUszneuie Wesaades
waluladnn3deans LoRa uay LoRaWAN A3n1siun18aTain 38n1sfumuuuuiuasy
nagmsluiuilndifesfulsuuudoudas Bmadatugnssy 33m5iTmuinisiaglduasi
33115WIAIAIMLNEANTIALUUNALDYN 1A N1IVIATANIMAITaNTigaTiivane

[ o A

¢ axl a a 1% av A a vy &
ijﬂiga\W’] 29013 TOPSIS LLag9uUIgntngua IG]EJ’JiiamiillLLaN’M’Jﬂ]EWILﬂEl’J“UENVNWJ@

v 6 [ VA v =

fianuigveauwazduiusivaided fITedddihunlddudeyasndelunsaniiunuidy

Y
[%
a

Fefls1eazidensase lul

2.1 1329992382

2.1.1 Anununevediinansey
Wee93asuy (Smart city) As Wesdunaluladuazuinnssuunlduseloyu

=

WotiuUszansainlunisusuisannisiieslviiaulasndy a1u1saldnswens oo

[ 1 %

AuA wagilanaanenia aeldiuiAnnsiauiieniney Wewiualy Tiussuvuluiies

o

|
Na A

A MATANG AAugy sgdedu (@lnauduaiuasugianidia, 2564) N13Waun

D

o

P [ a &

dioadandeeiiluainalsenaudie 6 sy Ao dwwindausvades (Smart Environment)
N156159%33989838 (Smart Living) LAswgNadaTes (Smart Economy) N15LAUNILAY
YUAI99838 (Smart Mobility) N13UsM1301A5§83858 (Smart Governance) hagnalilas
§9a38% (Smart People) (Gassmann et al., 2019) d15Un1sHmL1LI0999038E VI TELNA
Tneldfinsuendundsiusaniozeenunanduauindeusaaseslinatedunisimun
Slesdaasesludud 7 Tnanisiandessansyvestszmdlnetis 7 61 S51azidon
saseldil
1) AIndensanies

d9uIndeudaasey (Smart Environment) Ao iosfiAnilafmansesny
sodanndeunarmaidsunlasvesaniwgiiennia simsinaluladuazuinnssudutoe
USuUssnunmnazifindsgdnsnmuinsianis maihseimansenudedunndensgng
Huseuu Wy msuimsdanisih nsquaanineinia madhseTafeivh uarusnainiiy

Faliuszgudandidusulunmsoyshvninenssssuni 1usu



[y a

2) NM5ANSITINDIAS8Y

[ a

115959830 59038y (Smart Living) fo leaidn1swauidsiuie
ANAZAINABNIR 5 T3 lnamilsiandnenseanitlag (Universal Design) wialanunse
MBUAUBIAIINADINTTVOIANITNTUFIAN 8NFTIDEINYU NITUTNITAUFUAN N1TIATE
AnumseNnsiingdsngsens uaznsiiitnsaonfed miunsasstin ey
fgunnudausy SaunmTinia Sautaends uarlirnugulunisssedin

3) LF5WgN0IRIY

\A5¥gAa§aa3ue (Smart Economy) e ieefilinisyinaluladuas
uinnssudmntaeifiudszansamlunisairsyadufinlussuuiaswgia 1Wenlosuas
A1UTINTBNINGIND LAZNITUTNITINNITNSNEINTRE1TUTEANTA W Bnflog19u
M3NEATEAAEY (Smart Farmine) wagn1svieaiiessaades (Smart Tourism) 1Hugu

4) MSPUNLALIUAIDITY

MaAunLarIudsSaaser (Smart Mobility) Ae Wesidnisimelulad
uazuinnsanilafamuisyuvaraswagmsvuaiiuaiodmiunstuedeulssmnea msii
Uszansamaesmaiiunsliiadasasonaznsvudeiianusing afrenadoules
YessyULTURLAEIAYRsTivanvats saufensduinsdedaaden

5) MSUTMINIATFORSY

N15U311501A5599a58 (Smart Governance) Ao t99MIN15UN

'
=

waluladuazuianssuileiannssuuiinminadgiies usanuaeanuaiuszvvy el
Uszrruannsndiieuinisvesniaigldazaan a5 iindemisnisidiusinves
Uszywu sbansilalvussrnsudtdiuladiudslunisidifsdoyatnansveiniasy lng
yatumnulusilawaznsiidiusivesusessy
6) NaLlasdansey
waileadan3ey (Smart People) flo Wiasifinsimealuladuaruinnssu
dewmunadiedliiosianud fnve wnsduindeniiBedantsfeusnasndin annso
UszgndltimalulasliiinyslegedislufaasuesAauagnisdisadin anaumioua
MIFIPLLAZLATEIN AN TAN TIFMSUANARAS19A TS ALAEN S Hd LT
7) W uo IRy
W& USRS (Smart Eneray) Ao \ilesfiinisihmaluladuazuinnssy
iouimsdanisiundauliegdvssansaim nasnsunislindsnunadeniiiy
wisuazenieadisanuannasznitinisudauaznisldndanuluiug Tunisads

AMUITUAINNEIULAZAANITAININE 19U ULl I man
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2.1.2 lnssadrsfiuguiiduiusometanidiossiaies
B uFuresn TR fiosdniorsuiurzdesendelaseadiefiugu
voudondussiuseneuiidfy Fuumensimuniedaniosdesedowaluladuay
ufanssudiundarslunisimut snfasgindu imaluladaisaumanaznisioans
(Information and Communications Technology) LASaU8Uast5aY (Wireless Sensor
Network) wazmaluladiendedoyaainiwuiwessing o weuilugnszuiunisainedeya
Hudu Sanalulabuaruinnssumarisfuesdusznauitddalunisinlugnssuaunis
MU sRaLIEeSRsEr (Gaur et al, 2015) Inglassadrsiugiuiisiduseniswamun
Flosdanses Swielud
1) welulad 4G/5G

nsauiiessaasesiidmunoiiesnseduninsgiuninmiueg
yosUszevu Inemsuulguaznisdanislassasneiuguveadlos snfoghady n15asas
53311307 TIkArveads WANIU SEUUATAM STUUANLLUALAYANNUADNSY UarsEUY
nsAnw sy Tnglassadsiugumariifesendonaidourogunsal uaznisiudsdoya
iieirgnisuszananauuszuuaanIe (Cloud) a1 duvzdesenfamalulad 4G/56 Tne
walulad 46 tudlagtuinisldnuethuninats uasiinsfauiaghwioideiislinsaiu
ANNADINITVRINUTLAA Tuauanmalulad 56 AAT1Aza1NNTnYeIBkALsBgaANTT LYY
194 loT Tulagtuldegrsunn uazarunsallunwimnsdmsunsiaundesdaasvesely
(Li et al,, 2018) nMsuwmAlulad 4G/5G W lglunisnimuniiewdansey Lﬁu?ﬁﬁﬁwﬁ’aguaz
fnansynuaghanndenmsiandledidudesifimuannsalumsuimsinnismineins
wazusNsd@msulseysuliedniuszansaan lasmalulad 4G/5G dnasion1swaun
Floadansusdail

1.1) p5iensiedumesidaniuidagesiomalulad 46/56 vl
Jiesdaates vlidlduinisannsadfsdoyanazuiniseae o egassansiuasd
ANNINES

1.2) N19RaRITEUUNA092995Tn (COTV) luiiiosdaaTosildinalulad
4G/5G AliannsansaeukazaUAunIsaT I suagnsnaeulnluuivoadiedldaenad
Usgdngnan wastisangUfmnn1sasasia

1.3) n159anisvesinlfanusaifinuszanamluniniAvinwiuas
Mdnve lnganu13anTIaeuIlIakazUsIMveEElnog1ewlug wagaunTaudsiouln

ASURRTRUNUTESTaAIA I UALADENYIUY 9T
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1.4) NM133AN15N1595195 LALANUITANTIVAOULAZAIUANNITITIASIABENY
fsgansan Mufadisannisvuiusgninsouwasnisgasulurasnaniiinisiadeudie
Usgmnsunn wulugieansnsns n1sdnanuuszaanens o wavnsdsuaninennie

1.5) anunsauanltlunisnsivaeusar innnsasnndon 1WunsnsIate
AunNDINA NMaasIaTaseiuiluusituaraaos felfanmsoiinseitagnaununis
Jansdawndonlfegneiusyavsnm

1.6) nM3WaIuIUSNASAMITUUTEY19U §193UBIUIAINUASAINUN
Usspvuiteliuszvsuannsadfsimsvesninsgliazain s3m50 danugndes was
Winiey

2) wisetngwuesiiang

RS0 UIBLIULYRTLIAE (Wireless Sensor Network) fie syUULATRYY
AUsznaudguLee$ (Senson) uargUnsaiioudoliane (Wireless Communication
Devices) titalflunsdstoyasing 4 semineiu lnsfiwumefazidugunsainlddmiunsiadu
LaEINAIATY 9 BNAIDE1NTY QUNNE Ay wssdulii wagmaedeuln Wudu uas
gunsaiideudelfanoadlidmiviudsdeyafiisuwoinmaialdludanigiunioniete
u 9 WenshieletiimueslSamduniulasaiiuguvendossansey Wunsld
weluladansaumanaznisdoasiemmuyszansnmlunisuimsdanisuagiauniiledid
audsfunazdiussdnsaan ImaLezmL%ﬂ%ma%gﬂamé]’jﬁﬂuﬁuﬁGm SRENEERE
§NFIDLTY QUL MIUA5ITAE anuTvienilen wasdings WWudu ielianunsasius
foyaanmuanden uazannzveaieslunaiaie sewmalulad wumesliaeideusoiu
Sumefiiln dogafivrusuldezgnasludsquinaritedinszinazdnnslimnzautaely
desfimsuimdanisuerieeitoyafifiussdnsnmaniu lnemsthdeyafisasuan
wueslfaeazviglidesansaliu Hanmuindenuazaniizreuilodldluinan
wangan wegteiuaudasadeliiulszivu Snvladeyaiisausmmnansumeslians
famnsaimuisyuun1aTasuaznisrudsiiiius s mnnu lasnsideyaimanii
AT 1esiuary SUUFUALNISTI199 TIHAANIST O ULEINUAUNI AR LALING Lazan
n1sUaegnelsaunsyan (Gaur et al., 2015) Uenntl 3etne el Sane Saanansoly
TunisauauLazdan TN INTUILAENE 11w BnET0E L N13nsaaTnan AN
N13ATVANLANATIS kazn1TAUANN 1Tl NE I ulLe A1 Telastagannislinineins
flaisuu wesfadszavsnmnslininensedasdivsyAns nmnntu

3) SEUUAANIN
sEUUAaNe (Cloud) n3osruuni1sUssulanauuunguwue (Cloud

=Y

Computing) fia JUkuuTHlgausadfisuazldnunineinsasuiiames endiagraguy
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\3etne L3eadiiines vihaiiuteya uewndindu LagszuuUINITAUY FeszUuAaI
wduinTosiloluniswauniesdaaiey Inonsirszuuaanismdiunldlunisiamn
desdratondunsliinaluladrouiamesnasumedidnotaslinisuimsdanisuas
mswauidonduluodsdiuseans nmanntu lifesasuieinissneuinosuazgunaal
Asorpfifiiags waglussuuaandtursduinamnogsuussuuaand ddldiEuamu
Weuniin1sadieszuvvesnuesiaziadnuianguas (Clohessy et al,, 2014) Ingn151n
ssvupadullumsinuilessanieedalivsyloniBnuning Sullssandeadwieluil

3.1) N15AUETUNITVINUIINAUYRIBIANT LA NALENY U N1TLY
szuuranntIgliesrnsuaznaensudnsainnuduiuldlaehe lidezsdunisuusiu
foyanisusggumslng vionisiheusindululasenisiieg dsazthelinsiaunies
Huldogaiss@nsnmnniu

3.2) M3danisteyanazainuuasnde n1sdirsruuaaldnuilslunig
Jansteyakaranulasndy sruuaaIninsshwvaulaeniuvestoyasgatuan ag
finsléimalulaBnnsidrsiadeyauaznsnnaaounnulasnfsvesssuusgsasiname
uennidaiimidsesdoyauaznisvhanuagensruvogamiiane Welvssuuiaiosuay
Uasndeainnistaudnidleiues

3.3) MIAAANGYEENINATYENY N19nsEuLAaTIANT g lun1 iR
\inedrasegdetiganaugaideniuasvgianionisanarldinglunsamululaseais
szUU IT wagkapuannsalunisuiuiuazdssendldnussuuldednsazniniu lnsiawe
Tunisitmunlassadrsiugruveniiosdansey snfetiuty msRmuiszuulaseie
SumesiindimiunindendegUnsal loT 3o siamunszuundesastaiieifiualy
Uaoaseludes Wusu

a) Sumesidalunnasnas
4.1) pyamnevesdumesiinluynasswas
sumesidnluynasswda (ntemet of Things : loT) Ao waAlulad

ﬁLs?i'amiaqUniaiw%aﬁwawiN q fifinanuauasalunsiliensedumesiin veiniev1eduy 1
ety ielvanunsadoansuazianasudeyaruliogissiniiinaziuszansam
(Latre et al,, 2016) ensiregutu gUnsaloaaies (Smart devices) gunsailale?i (IoT)
gUnsaliAedfugunn gunsaflusneus wazgUnsaliienisiendeinietouuulianed
annsadeudefugunsaiindeadumaslilagnsaiiunisdumesidald 1Wudu lnenis
deudennasiiannsnhauimsuldfenislidumesidelunnassmdaniufanaidunis
doasuaniUdsudoya (Kim et al, 2017) nslfendumesidaluynasmaniuinanssnude

FinUszdriuveasiegaunnuig endieg1au nMsldnugunsaileledt (oT) Tudhuasdeli
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LENAIUAN karAnmun1sinugUnsalineg Tuthuiiundumesiin endiegiagu
aruauvasal 1neaUiueinia nisaruguiadedldlninnig 4 iuszsuuiaiedie
Sumesiln Wudy vilisannsouiussmsldnuuazannisldaundsenuld uenand
nsldaugunsaisaaioziiehse Tsguameausfidudnvimnadenia sndeesidu
uRn18aaderaansansaadunisueunduuazniseeniainIsves uazdadoyalud
gunsalinTesiiugnu @y nsdwiflede elneiuarasUnagunimvonsily fafunsld
sudumedidalugnasmasivansodeliiiaUsz uressnululfedwazainauis
uazUaonfandety
4.2) aandnenssy loT

a01UnenIsN 10T NUN8TINITEBNLUUKAEINUNUAITIEUTTUY
dumesidnlunnassnds 39 an1tnenssn loT Usznouday 3 Lalwes (Layen lasil
eazBndweluil (neuliush d3¥qua, 2561)

4.2.1) Device Layer Wudiusiinuas loT #ldlun1siudedoya
rudumesiln lnsunfududugunsaldidnmsetindfifiauannsalumsdessoinietels
sndogatiu vaealnl LED S1a3uy svuumuaun1sda-Omirdmsunisnuns ssuuiines
wazgUnsalnsaaduausivessasun [usu

4.2.2) Network Layer iuduvasmsidoudenussuuiaiots 3o

anseninludin inang (Gateway) Fausznousiggunsaifildlunafiensosevinsgunsal

'
=

loT AUseUUAaTIn Fduduve9 Service Layer laadu Network Layer 2 v 1911

]
a

wUasdoyadinaunsal loT Wuguiuuigiunsadndslafiutu Service Layer saudiavitvii
[ (% [ L4 Y o o‘g v
deteyanaulidsaunsal 10T WemuANMsNUYetgUnsaitug n

4.2.3) Service Layer t{utiuveIn1sliusnIgaag o 1wy szUUAaIIn
% & A< v & =l v & v 1% 1 as s
JununnuteyaseulauildlunisiainudeyauszUszutanateya lagazeguuiisviies
ludunesiln vialiauasadadisdoyalaanunniiniinseudedumesiin d1msu
waNNaA T (Application) Mglviusmsuaundindudinsuinnisuazaluauaunsal loT
uaNSalviy (Smart phone) vearl¥a1u

5) Yeyavuinigy

Joyavunlug (Big Data) nuneiy yadoyanilusunauuiniiundnaIedile
wazinalulagnisdanisteyalnfiagaiunsadnnsla lagunduaa veyavuinluginasd
AuandRNzend1 3V Ao A1IL3q (Velocity) USuaa (Volume) wazAinunainnane
(Variety) wona1nil fallnaandiau q wu anududeulunisdnssideu anuasundas
vasteyaagdaillos wazn1sindeyaniuanssiul@enleadinleiu Msianisteyarunn

Ingidinldmalulagnisdnnisteyaniianuansalunisianisdeyausuiauin lngianig
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nsumalulagnisussuianateyaluunseunauaues (Real-time processing) 119781y
mMylnssilazatianmdndeyaiiiuiinamnn wu nsléinalulad Big Data Analytics
¥38 Machine Leaming Uz Deep Learning llodlasiziuazadinainuiaindeya Tunisih
Toyavwalugluldlunsdadulagshanteddeniinudfyedrann lnsanzlugadagiu
fifimafuteyauntukaznislinutegmduisddylunsinugsia fasdasligsied
Uszansaiw nmsdnnnsdeyavuinlngfalianududeuiiosaindesdnsdanisszuuiiv
foyalrinnuduszuvuasiauafiosgy ileliannsodfedeyaldnaonian uonani
fadestinsadslunanisinnisdeyaiimanzauiieliaunsalidoyalsogafiuszansam
uazfieuwiugn msmugueadudmianazmsinunasn fevesdeyaiidutiaded
dAglun1sianisdeyavuinlvg (Hashem et al., 2016) oty nsdan1steyavunnivg
Lilsifivaudnsinnisteyaund usidumsdnnisitinnusudeuuasdosddmaluladnig
Fannstoyafivanzauielvarusaideyaluldlunisdadulanainuigsialdesisdl

UssEnanmuarUssdninanegsng
2.2 waluladn3dea1s LoRa waz LoRaWAN

wmaluladliusnseIetisusinandeildndsausi (LPWAN : Low Power Wide
Area Networks) @1m3uidenlgessuu loT Wngszuudumesiile lnganunsadsdayyiala
sverlna aaud 515 Alawns Insluaniuiiflossusadedyaalilng 5 Alawns wazly
waiuiinenilesauisodsdyaaalilaa 15 Alawnas (Semtech Corporation, 2019)
iwsetouinmnisildndanuduiuniesdlenagdelrgunsaiszuy loT anunsadeanslu
syozn1lnataztnieszuuAaIn (Cloud) @1mnsunisuszaianals (Hassan et al., 2019)
maluladnisdeans Lora WWunsyuaunisludunignan (Physical Layer) gﬂﬁza%‘amm
AududRuAussoEnIsdsdya1alng (Long Range) %agﬂﬁwmimau%ﬁw Semtech
fiunsgiusesiunistdaumaisdiuaud dvfussmelneldsueyanlildy
TunduAud U 920-925 11n2185AF A1NL1N5§IU LoRaWAN AS923 1unz155ad
dnuaElaNnzY0e LoRa Aeldnisuagian (LoRa modulation) sumaliadsiasaainasy
(Chirp Spread: Spectrum: €SS) Tneldday10085U (Chirp) A udunsdl Fauanly
AnUsgnay 2.1
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Bandwidth 4'

1t /\'\, ‘;’a.. ’;\ H | HM
0/ “t \H \H”

T ,} I u'

0 1 2 3 4

Time (ms)

(&1}

Frequency (kHz)

(n) ToLuutian () ToLuuaIwarAINUD

AmUsZNaU 2.1 Fyanandsurilu (Up-Chirp) Gonnad aeasan, 2562)

MNANUsENEU 2.1 wansdya1addsuaniu (Up-Chirp) Tunilsgnadu g
135U (Chirp) 891191nA191 Compressed High Intensity Radar Pulse G‘T}ﬂgﬂwﬂ’luaéw
wnsna1eluszuuLInis dnualzIsdyIaldsu Ao ﬁmmwm%wq%ammﬁmamﬁ'uwwﬁ
(Carrier) Qﬂv‘i’ﬂﬁl,ﬁm%u vioanategnsaiiios duandluninuseneu 2.1 (n) yarandsy
Huedusulediiiinnudifutuegaeeiion 9rnawisanludsanufigean feeuniie
wauRud (Bandwidth) asil fauandlunmiszneu 2.1 ()

o

2.2.1 M5UYLANFYRI0 LoRa
ws1fimesidAglunisiinunsiuuunisuegian leund anuniisuay
WA (Bandwidth: BW) uiinimesnsnseans (SF) wazdnsdnsiia (Code Rate: CR) Tuns
a$reyndeya (Packet) W1515me3 SF azuansdissurudnvesdoyarondsdydnval
(Bit per symbol) SiA1sening 7-12 (SF7-SF12) uisengneda lunisdydnualaunsadnises

Undeyavesdayaandsu wiu 257 Feguuuuluanuniuaumiudainaennisuengian
Aananslunmszney 2.2
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frequency

A

BW/2 ~ /—SF12
> time
-BW/2
TSymboI 2T5ymbol
L A J
: 4 )
symbol with SF bits modulated symbol
=> 25F hit pattern (cyclic shifted chirp!)

AMNUILNBU 2.2 Spectrogram UBINITUBALAG fyey1ad LoRa (lonmwad asadan, 2562)

INAMUTENBY 2.2 UARINITUOYARFRYY 10U LoRa senAlla CSS fifinsiviun
SF winfu euauaesdaanandsu Aiflanudumind Tnefiansansuriaesninudiudy
109 uiavduaandsu viomunidiiinnsudsuulainnudsuulidedos duduwmaia
lun1siinsiateya (Encode) Wioaf1edyaandfuiFoswoiunuannsgIuves LoRaWAN
(Augustin et al., 2016) A1u51lun1sdsdeygyan LoRa %uagjﬁumuﬂ%uuﬂmmmﬁ
YouAas Ay T SY ﬁgﬂﬁmumimumma%msmzma (SF) wagAunF1awa AN
(BW) ernusalunisdsdayayiar LoRa aunsamanuduiusanaunis (2-1) - (2-3) dmsu
8ns1N15dedoya (Bit Rate) amnsaasulanmisng 2.1

T, - (2-1)
1 BW
L (2-2)
BW 4

Togi
Ts =" Symbol Period (Au¥)
Rs - Symbol Rate (symbols #aiuiii)
Ry = Bit Rate (Tnsieiuni, bps)
SF - Spreading Factor fimsenang 7 fe 12 (laifinuae)

BW = Bandwidth laun 125, 250 wag 500 kHz

CR - Code Rate flA151119 1 09 4
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M1919 2.1 dnsnsaeloyavesdayayiad LoRa

Code Rate | Bandwidth Bit Rate (kbps)
(CR) (kHz) SF7 SF8 SF9 SF10 SF11 SF12
1 125 5.469 3.125 1.758 0.977 0.537 0.293
1 250 10.938 | 6.250 3.516 1.953 1.074 | 0.586
1 500 21.875 | 12.500 | 7.031 3.906 2.148 1.172
2 125 4.557 2.604 1.465 0.814 0.448 0.244
2 250 9.115 5.208 2.930 1.628 0.895 0.488
2 500 18.229 | 10.417 | 5.859 3.255 1.790 0.977
3 125 3.906 2.232 1.256 0.698 0.384 | 0.209
3 250 7.813 4464 | 2.511 1.395 0.767 0.419
3 500 15.625 | 8.929 5.022 2.790 1.535 0.837
a4 125 3.418 1.953 1.066 0.610 0.336 0.183
4 250 6.836 3.906 2.197 1.221 0.671 0.366
4 500 13.672 | 7.813 4.395 2.441 1.343 0.732

1ARNNTIN 2.1 kanadnsIN1savaya (Bit Rate) Yoddaya sl LoRa 31nN15AIUIN

Tuaunis (2-3) WS uLisusening unnwesn19n52918 (Spreading Factor: SF) A1un114
LauUA3113 (Bandwidth: BW) waz §m51.915%d (Code Rate: CR) Faa@1u15085 U1
auduiuslanasioluil

1) uWnNLMe3n19n92378 (Spreading Factor: SF) Jumsfiwmesfidinue
AN FuYesdy Y 1adU Faman SF Hdnmn Fygaandsuazdaiiuduge vl
Time duration #1 onsFadnTelienas daanslunmlszneu 2.2

2) ATuATIaUALA (Bandwidth: BW) Junsfiwmesfidmadoniiudu
VoIdEyyITSU Ban BW fifnas dyanudsuasiinnudugs iliensisadniiangs

3) w3 11919%a (Code Rate: CR) drmandnsdnswadiene sns15i0need
AIENAINNTTATUINGILAUNIT (2-3)

WBNANNENTINITAIVAYA (Bit Rate) Waid luszndnamsdsteyaveunalulag
LoRa §allaruduiusAuianeenainia (Time on Air) szggn19n15d9daya (Range)
wazwinnedn15nszane (SF) dmsuratasnainie (Time on Ain Wefisufusnsinis
AsaUATEIRAUAINANIAIAT (Duty Cycle) axdasliifuninfinguuneimun dmiuussine
Inglfrimunnnssusninisaseunsendunuinianal (Duty Cycle) luseunisvinau

1 92109 TuAdundnswesndumlIudlgauluiiu 500 Alaldsad (kHz) Mdsdstiasnin
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50 fiadasd (mW) naIAseuATEINAUNIIAINA 1% Fennvinnisidedldsuniseyyin
drdsdennnny 50 fadtnd (mw) udlihiiiu 4 Tad (W) naiaseuAsosRAUNIAIILE 10%
Famnndn nmanda wazinisdn deslduniseynn AuUsEnIAANENTINNNTAANS
nsraneides Aannsineviat LarAanIslnTALLIALLRTIRA 1F08NATEIUMIIMATAYDS
\3oslnsauunuuazeUnssl dmiuiaiesingauuaau il usziny Radio Frequency
I dentification (RFID) @sldnduemiienu 920-925 winzidsad w.a. 2560 lnsnsiioulioy
AULANGIITD LN NLADSN1TNT¥ANE RauG SF7-SF12 flszneudiedasinisdstoya
(Bitrate) t3@a1@8n81n1A (Time on Air) LLamzawwmiﬁq%’ayja (Range) Aatanqlu
11379 2.2 (Nicolas et al., 2016)

A1579 2.2 NMSIUSHULTN—UANLLANANBILNNLABINITNTEANY

Spreading Factor Bitrate Range Time on Air
SF7 5470 bps 2 km 56 ms
SF8 3125 bps 4 km 100 ms
SF9 1760 bps 6 km 200 ms
SF10 980 bps 8 km 370 ms
SF11 440 bps 11 km 740 ms
SF12 290 bps 14 km 1400 ms

MR 2.2 M5B UTEULHNABS 1552918 Saul SFT-SF12 Usznausae
9n31N15d970Ya LIA198N0INA UALIYEENINTAITaYa Feangregnslumsiadunis
dedioyafiflunng 10 Bytes Mmuntiaunaueaud (Bandwidth) winfu 125 Alaidsnd (kHz)
wagldinainaiaseunsesnduniendInd 1% luuinwe3nisnszals SE7-SF12 Fadmn
wilnmesnIINTEITe ey 8n3In15dstenadziusuiauIn Na19aneINIAtey weild
szernamsasteyantnd tazlumiansedudia dmnunnmesnisnseansun §n3INS
defoyaaziiuiinaios BanosneInAn tazdstoyaldszesmailng Wudu

2.2.2Mshuegandeys10d LoRa

N15ANDALaAHEE 10 LoRa (LoRa Demodulation) Imsei’suiwﬂa]vmmzﬁwﬁ
Havoaaiesiu niedaunniad (Gateway) szﬂmm:uamLamammmmmmmiuiaa LoRa
annsavilénfouulunane 9 de9aaud (Multi Channels) anunsadudqamdidanday
anudieatuiarlunanfeiuldaedyyia 'vnﬂazgzgmmgﬂmmuuﬁ]ﬂ%ma@mﬂ@
w’%agﬂua@mmﬁwmmﬁim Fuarafindesunmaduldazdedseiuannuduvesdy o
$95U (Received Signal Strength Indicator: RSSI) 11nn31A1Aala (Sensitivity) YasgUnIad
LoRa wena1nil waluladnnsdoans LoRa aunsadunazasdaaanelidyyinsuniu
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(Noise) MANMTUEala Aetiy dnsrauiduadedyayiuniasudeniauadedyyimsuniu
(Signal to Noise Ratio: SNR) 3sflanduaula deArmaula (Sensitivity) wazdnsndiu
masadsdygyruniasudeniduadsdyaiasuniu (SNR) NuansdsaduaIuisaluns

Auoguandayey1ad LoRa Y04AT895UTN FeiladuagiuszauvedLininesn1snseary (SF)
Aananslunisng 2.3

M1379 2.3 ArAuhveaesessukazNSRNeARdRIM LoRa

Spreading Factor Receiver Sensitivity SNR Limit
SF7 -125 dBm -7.5dB
SF8 -127 dBm -10 dB
SF9 -130 dBm -12.5 dB
SF10 -132 dBm -15 dB
SF11 -135 dBm -17.5 dB
SF12 -137 dBm -20 dB

9191379 2.3 WunsuansaImulivesaunsal (Sensitivity) wazszau SNR Jusi

° ) a o 2 v oo u & ° % 1Y) . q'
ﬁ’]WiUﬂ’]i@NaaLa@a yeyeud LoRa %Q%@ﬁﬂﬂ@uf\]ggﬂﬂqﬁu@@l?858911] Spreadlng Factor I@IUV]

]
a0

Spreading Factor Afladn agvinliieaa1ulavesgunsal uaz SNR Limit 161 udeiien
Anautey uarluniansatudmimin Spreading Factor dengs Armalivesgunsal uag
SNR Limit 9¥diAgs v3eiidfidnavun enfies sy szfu Spreading Factor 71 SF7
fifnaulivesgunsal iy -125 dBm Wwag SNR Limit 11U -7.5 dB luvnzisedy
Spreading Factor # SF12 fananalawesgunsal Wwirdu -137 dBm waz SNR Limit iy
-20 dB LTusu
2.2.3 an1UnenssuLAToUuIy LoRaWAN

ga1Unenssuta30U18 LoRaWAN (Long Range Wide Area Network:
LoRaWAN) AasUuwuulnsinaeaniuaini5ifeninals (Medium Access Control: MAC)
fideulostoyaannindsiudnyyaangfineqraniuy. LoRa Wiadudgssuuinsedne
Bumesilaniugunsal LoRa Gateway dnwaizlnlnlad (Topology) Y894A38%U18 LoRaWAN
Huuwvunniveseenld (Star of Star) 1A38%18 LORAWAN vinsuiigiuad1ud 920-925
wneidsnd (MHz) n1sdeansiuseansaam ARN13IUNIUTBIAYQ I (Noise) aANISLNINEDA
(Interference) LLazLﬁuﬂawuqﬁaqé’@mwm (Channel Capacity) S?iqﬁﬁ;mﬁuﬁa ATUINNS
dan1steya warn1seenwuuTsuUlidudauiiulnlnlaguuunvie (Mesh) uagdsaunse

Yg1gNUNVRLATOUIEITATEUARUUTIAINING (Wide Area Network: WAN) 918n15AAAY
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LoRa gateway Wisifuludiuiisng 4 1§ dwiumassiueieis LoRaWAN aziinguania
LoRa Alliance TAnanmssamsfuasesdnsiutidumsdomsialandliuawiaariils
Wetuindeu wazmuuauinsgiuveunaluladiniedien1sdeans LoRawaN lag
an1dnenssuiasevny LoRaWAN Aanandlunindsenau 2.3

Concentrator Network Application
End Nodes /Gateway Server Server

pet
tracking

'

3G/
Ethernet
Backhaul

smoke alarm
water
meter

trash container

vending |
machine |

LoRa” RF TCP/IP SSL TCP/IP SSL
LoRaWAN™ LoRaWAN™ Secure Payload
AES Secured Pavload

Anwdsenav 2.3 1aseasnaanninenssuesatie LoRaWAN

fian: https://\ora-alliance.org/resource _hub/what-is-lorawan

1nnmUsgnau 2.3 Wunrsuanslasadisanrlinenssun3evis LoRaWAN
FaUusenoudie 4 daw Idwn End Nodes, Gateway, Network Server wae Application
Server @eaninsnthludssgndldenlfvaiamaesuiuy enfegnady ssuununssaades
syuvainlen szuuiasateruwesliane gunsal loT #e 9 ssuukinsudensew
s8¥98E LazssUvaNISADR LDudY Sedaudne 9 seddnsadrsaaninenssuindetis
LoRaWAN fivisaziBendsiolud
1) aunsaluanens
gunsaiua1enae (End Nodes) n3aanae llugunsaldoyaiguives
nIefurdsanuaivneiiionisiidsteyanionisnivaugunsal Fenudemivun
189 LoRaWAN #ildiinnsAmuanisaiiiunisgunsal lnsutseeniiu 3 aaa (Class) Ao
Class A Class B ag Class C dawandlunndsznau 2.4
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Battery powered sensors

* Most energy efficient

* Must be supported by all devices

» Downlink available only after sensor TX

Battery Powered actuators

* Energy efficient with latency controlled downlink
« Slotted communication synchronized with a beacon

Battery Lifetime

Main powered actuators
* Devices which can afford to listen continuously
* No latency for downlink communication

Downlink Network Communication Latency

anUsznau 2.4 Msmvuansaliun1sgunsallun3e?ie LoRaWAN

fian: https://\lora-alliance.org/resource _hub/what-is-lorawan

MNMWUsENBU 2.4 uansmsmuuanissiunsaunsaflulaietny LoRaWAN s
Q‘Uﬂiﬂiﬂgmm%éfawi’ﬂL‘Duﬂﬁagjuu Class A L‘ﬁwﬁugm Taw#l Class B uag Class C a1y
duvgedmiudeivunuesgunanl Class A Fdluusiag Class fseagiBondrialuil

1.1) Class A Aadaugunsalfiannsnsesiunisdenisuuvassiianig
sgrinsgunsaldanenie wag 1nmng (Gateway) lunisdsdoninuaingunsaivatenialuds
\n3esusiing (Server) anansavildnasanan Ingunfgunsalagndumieuszndamdsan uaz
wwiutuangaeuiidesnisdioya (Up Link suseulaiiivusluadeniat mndesnis
$udaya (Down Link) MnATesutitsarnInidianeadonnardaiusintu dadmn
inseausiv 8 lsisinsnevaussievtirieiueyavesgun sallaransvziossenisiudeya
(Down Link) Inniadesusivaeluseudelundsaniaaduntsdedona (Up Link) a1ngunsel
Uanemnsluiinsaswsinng dmdu Class A agiinanuns (Latency) gean wiagUszndandsny

g9gn Aauanslunmdszneu 2.5



% Device @

in low power mode

P \
/Uplink/ \Uplink\
/,/-/// Two pos'sibtle slots T
P>  for downlink i
@ Muepsg::e L g NlljepslsI::e
Rx1| | Rx2 RX1
| VLS LIS I SIS IS IS IS IS SIS LSS SIS IS Y
415»
Device ety

Time

awUsenau 2.5 sUluures Class A luia3at1e LoRaWAN (Montagny, 2021)
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1.2) Class B @AW UILAHLANIIN Class A F9azdintns1siudeyad
gnivualilkaniiudusn iesesudeya (Down Link) Antasesuavne dsUuuunisduuy

beacons @9lTemzIa17988INNNRARBAY (time-synchronized) a1ntnmLag (Gateway)

wazgunsailaen1aiinislantiansiudoyaduszey o wesesudeoya (Down Link)

AuUAIMAUALULTaNALIS AdandlunInUsEnau 2.6

7 Device
4 in low power mode

/Uplink;

Beacons transmitted by the Gateway

? : Uplink
.- " Possible downlinks *. _ TR
Uplink Uplink
Message A § Message
u ‘. %
A Y/ A (7 A =
1s '| A 7y >
i e 2s ! i Time
Device g i :

awUdsenau 2.6 JUluuves Class B TuiA39918 LoRaWAN (Montagny, 2021)
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1.3) Class C gniimuLisninanaata A 3sgunsalaziunasniian [iese

[

udeya (Down Link) 91niATeILU1g8E19rBLied fedugunsninaia C 39i Latency
o

Afgn widnsnslindeanuargega Jdddmunzdunisldausiuduiunnes duansly

q

AMNUsENRU 2.7

7/ Device @
7l in low power mode
v WV
Uplink g Uplink
Possible
downlinks
Uplink 5 Uplink
Message v v Message
ﬁ RX1 | ! ; RX2 RX1
< ls >, 2 s
Device y = Time

awusgnau 2.7 sUuuuves Class C luia3a1e LoRaWAN (Montagny, 2021)

2) \nang
\nANg (Gateway) Ao Fananinisideusioszwinegunsaignitefulstne
Inun136ndUaIU Preamble vo9dayay1al LoRa ﬁgﬂdqmmml&iazgﬂm wadsiayndaya
lUUsEInanaULIATEULIYE (Server) suBuwmasiinlnsinasa (P) Ssamnsaiiinaiad
Igunndmilanaiag (Multi Gateway) finsaadudayaifioatu fuiu n1sdauengateya
zfpsfunalnNsBuduiiny (Activation) UNT¥UUYR Server
3) uldngpeuines
mithensufiames (Network Server) AlWusnsluszuuLAToYIe
LoRaWAN Taen131gadoyaaninniduidszinana 158911n529d0UN35U504 130
Authenticate yndoyasmenaua (Key) mufildamezidoulindluszuy Saziianzusing

LY Y]

MAgItaurly Mazauisanonsayateyala d115UN19531U LoRaWAN AvuaIsnis
Budusiimu (Activation) wuseenilu 2 gUuuu Fefidssialuil



24

3.1) Activation By Personalization
Activation by Personalization (ABP) Aan1sasnzideu Key ’q‘dﬂiiﬁ
antrelilussuuresusidisdudusn daenislinguaiiuandafuluwsazgunsal eldun
Device EUI, Device Address, Network Session Key Wag Application Session Key 3§ﬂ’135
wvenliigninefiamedouliudiinldauesee i
3.2) Over The Air Activation
Over the Air Activation (OTAA) 330754 FU9NgnUedINg L
Faldun Device EUI, Application EUI, Application KEY %ﬂgﬂﬁﬂwﬂwimﬁ plyindUny
MTEOUNITBUTUAINU mﬂﬁ?ULLiJ'SUIWEJ%EiQQQJJLL%iN 9 NAU LY ULAYAAUTS ABP Lﬁawcym
Tiantnedldmededneld Fe35tazinismianna (Delay) TuthausnvasnsBususaau
Entles usuanisenLEnnguiinanimuy ABP
4) woundaduaiviies
waUnaLATUITIWIARS (Application Server) A dauvsinisiduselowu
Mndeyadilduainuidne 1wy szuussnunadeya nisuaninadoyasionsim suu

£ = v (Y a o s < ¥
Futeya vise n1ssenudeyaludueundintuvesausaliiy 1Wudy

2.3 A3N15UANF3E6N

Wnswngasain (Metaheuristic Method) 0u3snsuatdamaianuendudeu
Faldanursaundaymlaniedsnisudunse (Exact Method) nseanunlulafenaazdeald
naruulunsuilvlyniieaanatlunisduan wasniA1A1nauARfgs (sefivus Ynn
azla, 2559) §995n15unngrsafnduisnlaainnnsiauivasaallasunainissisannlyg
mm%w&juiumwmaLaaamaqﬂ@uwﬁﬁmaﬂm%’u%auLLazﬁé’hLLUiﬁ]"Wuaumﬂlﬁasm
- a a ) ° a & e v o v 9 11 e
fivszavanIm 53BN 1smAnausants auidnaunlaenvaglildangian

2.3.1 USeLAnuadtinIgisann

a . a a =4 A aa & 1 aal v Y

we§5ann duisnianugangulunismeaiaaevesty i iinnududen
AFUSTIUWUIN LAZAITUIAIFBUNTINLST e UsznNvoRunIElsanniisesaluil (Blum
& Roli, 2003)

1) wenFsannddunauluniseumsineuiansluiiunvesrmeundulule
(Feasible Region)

2) W dsainingUuizasAlunsmAneunangavse inalAgAnaunangn
Tngltianoudu
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3) Famsmaumdisainervvsinuuielidudon 1wy nsdunaned
(Local search) 3auuufiggndudouninnin 1wy 35n195zvvenaniauun 33a13
Faiugnssu IBnsAumssaing 3nisdeukuuniseuseu Wusuy

8) wandBaRndunsuszaammeumNTuneuTeusaris

5) WMBI3aRND199zARRINNTTINAINRATEIATA WAUNIAIREY
firfianneluiiufiemeuiidululs

6) wada3afnisy outuneusmsguiiuiuey udhdevnluuszgndld
Tuﬂiy,mﬁwwhﬁu%ﬁiwazLﬁamaasﬂgumuaiaaﬁLLmﬂsmﬁ’u wagIsannamsulymusas
YoymdessifiunsnuduneundnvenumdiFafindain Wy mivszendliisnsszuy
aranfianun (Ant System) Tudannfiunnsnetu sefiseileundn q Rumideudu wu n1sd
Wauad (Bias) neusadule nisansdpduladeddmmovuniiunieanusunairuaiidy
Bnsindulannisldseauriruadlunrazdynenazldmiiounu wayidnsidendneu
Wfiuseansyauvmueiluuiaztymensazuansiaiu sy

7) wnd3adnsosanmnsaldldsudymivainvane

8) wadsafnenaasilianwavidumussenglaegeils wiolidududead
NANNITN ANPGRS

9) thytull wandasaanldasidaasamndulunssidnouidy e
fumeneuiilieufunietnnaicluaniia \Wu 3En1sAunifiesiny 35n1558UU
210UANNA

2.3.2 JULUUYDIUAEIREAN

Fswmdanilegvanvaneguuuuliidentd FsusasiBnsesiideduas
Tordeiiunnsiratiu sndregradu Tuuieisnisadlinadnsinwionnagldnailunisiuimn
w ieluuaisnsduraonteasudlinadnsilifninduis isdu Wudu nsus
813 wedFafnausawUseenidu 5 JUkuy Failsreazdendmolil (Blum & Roli,
2003)

1) YU viAnanusitunnalasnnsssusiansouuulailafinanuse
Tun1aleainsssud 35n1siAnnusetunialaninsssuend taun 3501558 uu
oranfiauun FnadeTugnI Bnsaenuuy Bmsidsunuuniseuseu @auasnslils
B EULUUSTINTIR WU TSN ITAUNIR L A1SAUTAINBURNIEA LU UINE (Iterated
Local Search) 33n15AuniaanaanaulngLisssuuddouly (Variable Neighborhood
Search) \Uuu

2) sduvulduszarnsnieguuuulildusgvans (Population or non-
Population Based) wuulduszannsaelunilssovvesniseuinazisnauuinnin
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wilsrnouliiden drunuuliiiuszyins lunissouassnisruinazidnouiiias
AmauLien 3kuuldUszIng Wy FaTsvueruntauun I5W0aTUENIIN F8nN15a0NkUY
wuuuldleuszng Wy A8n5Ia8ULLUNTBUBDY IDNTAUNIABITIN IBNI1TAUMAINDY
Inddemuuiiouly

3) gULLUUﬁNﬂWiLﬂ’mmEjmﬁ‘iﬁahjmﬁl (Dynamics or Static Objective
Function) lunilaseuaesnisiuineranziinisiudsuslasaunisdvine wWelildmneu
Tl 9 Antunseliinswasuudataunisidimune lunsalfiinisiuasuudasaunis
e Wiy Asfumfreunzfinuuiinisdun (Guided Local Search) nsdiitlaifinng
Wasuwasaunsitmang Wy Bnisszuveranieuun 3Bn1sdetugnssy nnsaenuuy
A5 BEULUUANTOUSEU FEN1SAUMIG eI FansAuMIAAB UM I UIUSEUTT
Bastumanneulndidswuuddeule

1) sUuuuasuismamaneulndidssfnoutiagyu (Neighborhood) Asil
wazldasil psdlfizsnisnadmaulndifesnsd aun 35n1sszuuetanidauun 33073
WaiugnITd ABMIANLUY F3N15LR8UKUUNITOUEDU ITNITAUNIADININ TTN1TAUN
fRaUENNEALUUINSEUTT drunsEifiinsasuiansmmneuiilndides tauAianis
Fumaindmeulndfesuuiitouly

5) sUnuviluazldivuieniaud drfinsldmitgaiudiazdnindainey
Tatne TN LLé’JﬁﬂmLﬁaLﬁwﬁagaiumimﬁ’mauiaué’mlﬂ Fansdifildnueainusii
Urngde 1dun 33n13szuvonuniliauun 1Bnsdumdesing daudsililduiieainudn
onfogal AEnsAumdmneuemsiLuauseuth Wudy

uaﬂmmﬁé’qm%mimmmmmmzauﬁqmawé’ﬂmw"wmmm
nauUszynsiumsuitdymaideluanuigdig o ﬁgﬂﬂ%ﬁﬂsﬁumﬂugﬁLLUU%%H’]SLLﬁ‘ijJM’]
FeABnsAEuUUsTINIR Lagdsnisuszandld SNk LUl uAsunagnsluiiud
TndiAgsdudsuuunniUas (Variable Neighborhood Strategy Adaptive Search: VaNSAS)

TnenanudTedsnisvatisulasuntaulannvuauislagiu
2.4 FnsfumuuuyuUasunagnslununlnaifseiulsuuuinudas

BneRumwuY Ut AsunagmsluiiuilndiAssianusuvudauas (Modified
Variable Neighborhood Strategy Adaptive Search: M-VaNSAS) 1Juisn1siuni8l5adn
sUnuulmififigaganune WedisAumdineuluiudidng q Wniauasmuizanuindy
Tnewdumislénagnsvaamsduminuilndifes nelunsdndiinises 4 idedumeinou

WinlvlaAnaunfnan A5015AUMIBUVUSULUAUNAENS IUNUNLNALABFILUSHUUARLUAY

9 9
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(Modified Variable Neighborhood Strategy Adaptive Search: M-VaNSAS) tduignnsaunn
° a p= Y av o v %] ' a a Y & .
Amaumunzay Slassaseilidudaunazidntadne nsfisnvazidensenaluil (Pitakaso et
al., 2020)
2.4.1 FURBUNSAUNIAINDY
aa 9 o ~ & E Y o o
'gﬁmiﬂumuwﬂiuLUaauﬂaqmﬁTuwumiﬂaLﬂmmLLﬂiLmummLUaa
HumaulunIsAUAINEU FIUSLNOUNEY 5 TUMDY Lok
1) M3a519YAANBULTUAY
NS 9YAAINOUISUAY (Generate the Initial Population) {un1sa$a
Uismﬂﬁéfmw%umLﬁai%’Lﬂua;mL'%uéfwuaﬁsﬂ’umauﬂﬁ%i’@umms Fun Uit uTunaULSN
MANTUNDUNITULTINTZUIUNTVRIIBNIT M-VaNSAS laeuseInsnauusniinainnisay
P v v o P = [~ | a 1 [<3 1w
Wl bAUTEYINTAULUUIIUIUNTS gatunsguuuuiianuiasduwinny
2) nMsiaenlenaass
Astaentinasemn (Select Black Box) ag@lUN1ITNIAINDUYD I
° a v aa P o a ot g v a 1y Y]
YAFINDULTUAL mamsmiﬂumuuuﬂiuLUaauﬂaq‘wﬁiu‘wumiﬂaLﬂ&JQmLLUiLLUU@mLLUaa
Tnenszurunisindulalunisidenndesdniieniainsvazldnisideniuuisdosidn

(Roulette wheel selection) #an15nsvIUN1sinaulalunisi@enndsssn fdluaunis (2-4)

P = FNpe_y + (1 = F)Ape_y + Klpe_ 1+ plApe_y — A2 (2-0)
bt = -
b1 FNpe—y + (1 = F)Ape—q + Klpey + plApe—s — AP

[N
Pre = punzdureinisdenndesiuidiulslunisinnusiassey
Npe-1 = frusuunsaimiannaesnisusulssluseunsAuamnauniing
Ap-1 = gaingUszadnafisveunini muadiidonng oslusounisAIuIn
Aol
Abest _ o dad ° ' v &
£-1 AanganulusaunIsATMInoumIng
I _ 1 a1 @ a
pe-1 = fipziuuazay danduluuts ouwaey 1
1 fi9 NARIIIAUNUNARNSNATIARLUTOUNIIATUINEER
0 Ao lnuNaaWSNATIaR
B = danusinvesngssd
F = J338Usuauin (Scale Factor) Wudnuiuase AfiA1Afsendng
0891
K = gy89dumsan (Parameter Factor) Wudnuiuaseniia1asiisening

0991
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3) NMSAHUUNITVBINABIFN
N13aL8UN15999nNa0401 (Black Box Operations) ¥9435A15AUNILUY
Ufuasunagnsluiiuilndifesiuusuuudanlas (M-VaNSAS) dwsumsmanuumazay
ﬁqmﬁm%’umuﬁanﬁ%mﬂqﬁéfawamaLﬂmné Usgnaunig 4 35M15 AuLLININITITY
994 (Sangkaphet et al.,, 2022) waz (Pitakaso et al., 2022) Fandedmne 4 33015
UsENaung 38013 DE-inspired Move (DIM), Random-transit (RT), Best-transit (BT) waz
Inter-transit (IT) Asianslugunis (2-5)« (2-8)

DE-inspired Move (DIM) Zijt = Xrje + Qij(Xrjt — Xnjt) (2-5)

X if Q;; < CR
Random-transit (RT) Zije = RZ; ot;ierwise (2-6)

_ Xije if Qij <CR
Best-transit (BT) Zije = Bij:  otherwise 2-7)

Xije if Qij <CR
Xnjt otherwise

Inter-transit (IT) Zij = (2-8)

Tngihaluudanisduniluiuitlndifes (local search) #¥omsuiuUssuvuaA
Wioedu (local improvement) vaswm dq3afin Tl muieiiafindsednsnimnisdumn
e 2 Usziam e (1) NM3AUMmILTIAIILNKaINale (Diversification search) %138n15AUN
1B9d1929 (Exploration search) wag (2) A15AUKTIAMUINTUY (Intensification search)
MsRunIdedsgnesnuuuaitelilegduiiagungnesnainlegduiesiu (Local
optimal solution) uagnsfunudsmnududuasgaslilegduiagtudumluiuiidum
Haqsuagtemiin ddluauns (2-5) - (2-8) liausovildlugesussani Tuauns (2-5) uae
(2<6) l¥gneonuUUd M3 UIfiNA N NNAINAANIYBINTAISIT duNIT (2-7) wag (2-8)
Tdnunisdisnadudulunsium luauns 2-7) Twgduilagtuasgminlugiiuiidum
fiflaeldlugiuiinfigndagiubusa aums (2-8) Twgdutiagtiuazgniiludiiuiidumniia
Tneldlagduseudng (Neighbor solution) Ldugiath

4) M39UNRANBY
ns8Uinmney (Update the Tracks) ludunenil \JunisiSouiiieu

AmeuiuAnudn elildmnoudmiunsdnnaluseuialy fauandluaunis (2-9)

Zijt if f(Zije) = f(Xije)

Xijear = {Xl-jt otherwise (2-9)
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Nnaunis (2-9) Ind £(Zij) wnuilaiduinguszasdves Z;, way f(Xj) wiu
HeanduingusrasAves Xy, WeliuArazuuasaudniusounismuinsnely azlden
AATRLLATaNTTiAUINNI15EWI Zije WoE Xy, lunsUTBiuAney

5) MsveTUReuT 2) §1 @) 9nTUrigaunINzAsUoUTITIUA LAz
sr91udnoviiddan lasdunounisfunidineuyadsnig M-vaNsAs Fauansly
AMwUsenau 2.8

a v
BRUAU

#519A1mpULS AU

-l
)

asiaeanldngdasdn

¥

n1sALuNg

YDINEDIAT

¥

n1seUinnATRaUY

ATUIAU 13l

NSAUIN

VN3G

AMUSLNBU 2.8 TUNBUNITAUNAINDUVBIIONIT M-VaNSAS

2.4.2 sWangy
sWawisy (Pseudo code) ¥o4isN15AUNIMUTUT A8 UNAg NS LU LA

TnaPgsmwUshuunnwlas Awansbunnusenau 2.9
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Algorithm: M-VaNSAS
1 | Input Number of tasks, Number of workstations, Task time and Type of machine
2 | Qutput Cycle time
3 | Begin
4 While i less than predefined number of iterations
5 (1) Generate the Initial Population
6 (2) Select Black Box using formula
7
3 P = _Nbe1t(-F)Ape g +KIpe —1+p |Ape —1—AP%Y |
P S PNy +(1=F)Ap 1 +K Iyt —1+p Ay 1AL |
9
10 (3) Black Box Operations
11
12 Zijt = ert + Qij (ert _ant)
> Xiip if Qi <CR
P l S
14 Zj =1, "
] Rij;  otherwise
15
Xije if Qy SCR
16 Zije = By otherwise
17
X if Qi <CR
18 L= l]t 15
Zije Xyj¢ -~ otherwise
19
20 (4) Update the task and all information using formula
21
22 ¥ | Zije if f(Zie) = f(Xije)
gerl T x, otherwise
ijt
23
24 i=i+1;
25 End While
26 | End

AMWYSENBU 2.9 STALNBNVDIIDNIT M-VaNSAS

MNAINLIENeU 2.9 kasssiafisuesisnsumnuuysuasunagnsluiiug
Tn&iRsefudsuuudaitas (MVaNsAs) Tfuneulunisdunidiney deusznoudae
5 dumeu fe (1) MsadagndneuENdudmsunsadsUszrnsdusu u el
PN Fitanns 2) madenldndesd Wunszuaunisiadulalunisiden
naeeriioniAneu (3) nssudiunisvesndesdn iunszuiunsvesnIsmiAIAY
wangauiian (@) nsdvindineu dadunisuisuisumpeuiuaudu Welildrney
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dnsunismuidluseudnll wag (5) NSEITURUN (2) B9 (4) INNTUNIF1IUNINY
ASUTBUNNNUA LAZSIEIUAINBUNANIER

q

2.5 /M IFNUINTTY

Ly

BN 13T ugNI3U (Genetic Algorithm: GA) 1UWABNIsAEIZaRNTITIa0INs

& o = aa

dutugnssuvesdslizinunlilunalnuesisnig welviinisfnidonmneuiianielud uay
fAfwunmsnnugiuiienaunlugmnouiiaign dududmmendnueanisiauisnig
maundiain lnsesduszneuvdnuedisnadaiugnssy feasiBendwiolud
2.5.1 n1soonuuulasiuleuunumnou

mseenuuulaslulenunudnou (Chromosome Encoding) Wudumeunis
sonuuulaslulauiioliasnadesiudymasiidesnisimuiisnisuddymdieisnig
Faiugnas (GA) de3snseenuuulaslilsuiounudnouiivanesds dielud

1) nmseenuuulaslaleunuuluun’ (Binary Encoding) tiuntsesnuuy
TasTulonfunuiishe 0 vse 1 Wiy

2) nseenuuulasiulanwuuafy (Permutation Encoding) Wun1seanwuu
TasTalauildfaauialuly wu faay 1-100 wiaewnni Feiauusagsazuendsdiiudu
TunISIURTOLAUNIS Wy T n1n159na1funI1Tnas w39 Jeynin1siAunIeves
niineune (Travelling Salesman Problem: TSP) tHuu

3) nseanuuulasiulsunuuldamdedeswune (Value Encoding) Wuns
senuuulastulanildfiaviunuesedelddnusiluiunuvesdneussanldlunisuny
Atulaslulow

2.5.2 M3UsErnsiaasiy

AsUsTrInsiSudu (Initial Population) \unisadisussannsfuuuudus
Lﬁasl"u'ﬁ‘;lua;mL%'ué’fummﬁﬁgumaumﬁi’wmms Fupsuihdudunouusniliiatunouiiassudn
NITUIUNTVBIITINTBNIUENTTU (GA) TngUseansnauisn v3eauitilne139siina1nns
du viemanszvile o WelildUszvansiuwuudiuumils e19ldisnaientuniomaiy
TnesaururesUszansiuuuuiasrtuiniidunisiiimesiifofdunindeuiiazisy
NIYUIUNITVBIIEN 3T T3H (GA) IagaB vl sznsiauduiina1sis faioga
saluil

1) msduuuuiianutazduwiiunnnsd (Random) Wunsduwuuiianiy
Wnaziluwindu yamadenazdiauuiazsduindu endiegiugu Jgninismauinnis
wasluusardunviiaednauleinaendnviolingn SeBulululad 2 Arde dwanaeddy

Wy 1 vSedlundaasiitwdu 0 Wusu
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2) nmsguuuudainuiiasdulivindu (Greedy Random) unisguuuy
= 1 ) [N a4 aa ! = ! A = 1 &
fimnunazilulidwindu w3efiSundn Greedy Random Fausiazniadenaziinauuiasilu
Laiwiniu FuegiuAdudsursilulaymiu

2.5.3 #UNSUNUAIAINBY
#UNITUNUAIAIMBY (Fitness Function) Ao n1smflanduinlylunisusziiiu
] = 17 ° ' ) v = a =~
AAUInzalialilanzuuuAnaun 9 Mdululd Fmanisussduanumuiganil

& o v % = sou A g v oA a

9193uluAnauresymitdesnisuidaymlsunss niefaiduay q nldneysedivaiy
WMHEALWIYNY FeaunisunudiAnauAsA s duingUseasadseveslyni wilunis
PONLUUDANDITIL GA @1U150UIEUAITUNUAIAIMBUAENINTUDY o N lalyNeanTy
TogUszasd lneanavvyiuieliduniAnauaInnaINnaleNuAnINIy viswelidineu
sukuuiianuanvateunfu ielildnavesiinauaavine i Faiieg1an1smiaun1siny

Amnauluanuueang 9 lnwmeludl

1) auMsunuAIAReULUUINNSadlny (Penalty)

I o & % ~ao v v 1 v
aunIswnuAtAmauLuudduInagldnsdnmneunlaulidaiunsald

& ° A v 1 ] o v % -
Jurmeurasdamifdeanisuila uienaszaiuisasensuliilulastuleudunuuiiens
wuvnslugnundmeulvy 4 vieienmsusudgsineauanizi welilarneugavnenfvy

2) aunsunuAAIABUNNNISUSUL ANl TuIngUssaenass

! o QEIJ a QU a f v @ I3

aunIswnuAIAInaukuUlonIvlinsUTuaguilsiduingUseashun

wiatesfla wauszlevilunsAumluiiuifunnss Welildmnauineinvateunniu lng

lunsUsulaeul aunisunudldIneualdlaNaenadefuilentuinguseasd vl

¥ @V ¥ (B 1% 1 o v ¥ a fv v s

donaneuagld widiuunnudaun1senuameeulrlildiudsuluanilsiduingusvasd

vo3Ugnundn wistvvzinisusudsuluvisseunisiugiielvlarineui daau
NaNVaeUINTY

2.5.4 failunIsNiugNSSx

AAALILUNININLENTIY (Genetic Operation) A fAFtlUAITAN 9 Lol
Aansanenenvtnyssynssuntisluadnsumils ldhnstunisadenaneiug (Selection)
n1suaniuasugudulasiulew (Crossover) M3susulasuguntglulasiyloy (Mutation)
WANINIBNIAINUED N1SAIMUAAIINTITWe IR IB UIENs e uindinaduA ey
eIy W15I8mesNdlunan1sandunisnae 9 MaiugnIse W vuinveseyng
Tuusiazgu anuvzitulumsdenldisnsaieneaiugnssurisauwuy Wudu sieaziden

I a 6 1 IS a v dy
VBIATWITNIULADTIAN € Nﬁ?Uﬁ%L@U@@Q@@IUU
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1) raiagdulumsuaniasududalasliley
anuinasdulunisuaniudsududiulastuley (Crossover Probability)
fio mnihazfuresnsiianswanwdsuduiulasulsuddmegludis 0-100 Tagily
Apamszanvesnuttasiulun nfanisuanwasududulaslulsuiau sz
60-95% Tatudusidpaniuusaneifuaznasoumidilamang futlgmussavle uasly
nsdiftlsiAnnsuandsududalasiulan Tasluleagugn (Offspring) aziflaslulamimiloudy
TasTulausune-usl (Parent) ynuszns tagtiusinisiamunisnisuaniasududulasllen
warnna1e3s snfegradu nsuaniudsududulasluleunuunige (Single Point
Crossover) n1skaniasududulaslulounuuassga (Two Points Crossover) 113
waniasududnalastuleunuunudiiu (Order Crossover) Msianildsududinlasiulay
wuudaduvtaiundn (Position Based Crossover) nsuaniasududiulaslailauuuy
158 (Cycle Crossover) wagnisuaniUagududulaslulonuuunisduguivuisdiu
(Partial Mapped Crossover) t{usu
2) erunhazdulunsuiudsuduniglilasiulen
auhandulunisusudsuBunelulasiuley (Mutation Probability)
fAomnuthagifuresnsiinnisufuasudunelulasluleuiieliiAnlaslleivslusugn
(Offspring) WSerinn1siUdsuutasBuaielulasluley %aﬁwﬂaﬂuﬂwazﬁTuﬁﬁﬁWQQIuﬁaq
0-100 Tag¥ialuaranuazifuvesnisuudsudunislulaslulaunils 100 fu
ansshazidulunisusuasudu 10% wnemnuindrususumdsdunelulaslilouazgn
Waguuvasamdundu 10 daunis lunsdaldinsufudsudunislulasiuley
fumneanadifissnisuanidsuduialalulsunfatufiotedinier widuianis
UsuiAsudunielulasiuley 100% agvilignmumislulaslalsudimsidasuuasiome
FeunfudiBnaidaiugnssunaeifiumsfumuuudsl (Random Search)
3) auavasUsznsluuiag sy
yuINUeUsrTINsluLAarIU (Population Size) Ao wisfilmesiides
fnuntuinneu Weadnalilunisadrsdneuldldausiuauiidesnis windlussaans
TuusiazuunagyililsAnouiinanuatedy wivindsuiudsesnsanniuld szl
@oanlunisuszaausana uimntesiiull Aasudildasidnites uagfummnoud
Flétios TnsUnfsiuauyssrInsIstuel fudiununiessdusenouvesrney snfogady
Peymnsiiun1avesniinauYie (Travelling Salesman Problem: TSP) fiaafunianiy
dies 5 ee e N=5 Ardruaudszransluwdasguaiaazidu 5 (N) taslulay 10 (2N)
Taslulay videduavdy 4 MAsuiesduiusiu N e N Ao Srurumhsvesdamniidenis

Y

naula
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swaLisn (Pseudo Code) lWuFadndudrnsuniswauiisnisunidisann

TEENYeITN1TBUENTTH (GA) Aauandlunnyuszneuy 2.10

Algorithm: Genetic Algorithm

1
2
3

[Sudu] aremnouiFususionsdudmau N laslilsy
[AUIAENNITHNLAIRINDU] AIUIUNAELNSLNUAAIADUTBIAMOUIS AL
[a319Amausugn] alaslulausugniaundnaglidnuiuiugnuiiua N 91naey
Fuselut
(1) [denlasluleuduuuu] donlastulauauuuy 2 tastaley 970 N laslulay
(wo-udl) IngldpnuiavdulagfansunainAiaunisenuaAneu
(eslulenifenannsunuadnouininazilenagnidonuinnin)
2) [waniasuBudnalasTulau] nsuandsuduislasluluintugionin
WandulunswaniUdeuiiu 0.7 w3e 70%
(3) [W¥uasudunelulasluleu] msusuasuiunelulasllauietusie
aruasdulunsusuasuBunely 10%
[unuit] unuiilaslalsugumie-usl selaslulesgn
[magauntsunuiidneulusifiadiga] mamumaeuiianiliiudinly wasliue
Funey [AulumaunsuuAAIneY] fvuney [Mageunsunuiinineulvsifia
ﬁqﬂ] IUNT19EATU 5 5aU wieasudeuludu 9 Tunsveanisvinenu

AMNUSENBU 2.10 S9aeuwa9lIonis GA

dmsuiaulvlun1sneanisvinay (Stop Condition) @1uisaninunle

NANVAEFULUY undiog1aLTy

1) ASUIBUNITYNIUN I UAlY 8nf88198W AMUALAINISI LT

71U 100 59U LA NTUNITIIDIUTUABY [ATUIUAIFUNITHNUAIAINBU] DITUNBDY

[nagaunIsununAImaulninANga] 91131 100 58U WBATULAIENYANITVINNY

2) WULTANUNY NIDAINBUNABINIS LIU NISATUUAIIAINAINDU bR

WINNIMTURENIIATINMVLALIEANTYINNTY

3) MuuAIa Lty Muualiaugluizes 9 auni1agAsu 30 UM %30

ATU 1 Talas MdNUgAIUT AR UNANERnUAzgnUInTenulingIu
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2.6 330153 9uINsIag ldNang

330153 u1n15laelduanag (Differential Evolution: DE) 18 udane3fiudiil
FannmsadneiSnsdaiugnasy (Genetic Algorithm: GA) Bsillassairsitlidudousnaain
Bnsdeiugnssulaglisnududewdasasuusaisdndula (Decision variables) Tidu
avguaes ansnsolisaariduiaidunisdun Fewildnsuftgmilseansnmlunis
AUNIAADUTIFNA1I3N159U 9 (Storn & Price, 1997) TneAgnasaimuinisiaelduanis
Usznaumetuneu 5 Tunou Fulseantendwioluil

2.6.1 Usgrnnsisudu

Uszynsisudu (Initial Population) AonsivuauszyInsSuduiiieun

[ 1

AUmAAInUTANgn lnenisduadaaeniduaiasedmiunisguidendiuiulsgeins

fedunielddedadn for1 NP (Nurmber of Population) fhdufauwdsdndula et
ANUIUMIANANUMNNEENURIUTEYING (Fitness Value)
2.6.2 msUFuiasualudiia

nsusuAsuAluRfn (Mutation) Aedunsunisnaneiiugiivililddney
Tnsifuvanuandsldainngudtuiudsyensiaudiu f3en1A1 Weighting Factor vi3e F
FaUszrnsguiignuiuasualufidaizends avnmesilmang (Target Vecton) Tne
fiumoutos fsolll (Qin etall 2009; syitiug Vanazla, 2559)

1) AU Target vector (Xi_G)IW&Jﬁ i=1,2..,NP

Xior X i o) NUTERINIAIAY Usidosliian

2) duiiien Target vector (X ri G X

rli,G'
fiu Target vector Mignidantuuda

3) yinsA Mutant vector (V; g41) 99NAMANRUS

i1
X NP Parameter vectors from generation G
© Newly generated parameter vector ¥

F(Xr,6-X,6)

AMNUSZARU 2.11 §738819n1511AT Mutant Vector (Storn & Price, 1997)
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TunsusuiAsuafidngu anssaildlasnsdunnnesa 3 nnmes
(9w Wadws) Wown Xpq g / Xrog / Xrag I0HHUNIS Imnmma%ﬁgﬂﬁ%’uLﬂ?{sumﬁﬁ@
TJuaa aggniSendt “Tunusianimes” Tagiienfunudianmes (V; o) asldintu X, ¢
FIAUHAANVBLINABT Xpgg baE Xz e AUME F lagarunsaesurgnisusuailuiiin
VOINADSLS FeaNNIT (2-10) WazANIN 2.4

Vicrs =&pip+ F (X0 =X, 0) (2-10)

Taedi
Xig = Target Vector

Vic+1 = Mutant Vector
Xi¢, X3¢ = Random Vector
F

Weighting Factor

M99 2.4 NAENSNNTAsIe Mutant Vector

nagnsi sUuY A1N15N1SNANEWNS (Mutation)
Binomial
1 DE/rand/1/bin Vige1 = Xric + F(Xra6 — Xi36)
2 DE/best/1/bin Vi1 = Xpestc + F(Xrie — Xrag)
3 DE/rand-to-best/1/bin | Vigsr = Xr16t F1(Xp2c — Xr3,6)+F2(Xpestc —
Xr1,6)
il DE/rand/2/bin Vigi1 = Xric + F(Xr2e — Xrag + Xrag — Xrsc)
5 DE/best/2/bin Vicer = Xpestc + F(Xrae —Xr3g + Xrag —
Xrs,)
Exponential
6 DE/rand/1/exp Vies1 = Xric + F(Xrag — Xia )
7 DE/best/1/exp Vigsi = Xpestc + F(Xric — Xr2i)
8 DE/rand-to-best/1/exp | Vigi1 = Xr1g + F1(Xr26 —Xrae) +
F2(Xpest.c — Xri,6)
9 DE/rand/2/exp Vicer=Xric + F(Xro6 — Xps g + Xrag — Xrsc)
10 DE/best/2/exp Vi1 = Xpestc + (Xrag — Xrag + Xrag —
XTS,G)
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2.6.3 Msuanaguiiin
nsuandsufidn (Crossover) Ao dunaunisnanatsiug deazld
awiuslmivesmnauiifnituasugniteeninegimainuans Wedumanesiugainduys
andulalug 9 lneldaunas (2-11) lunasvia Trial Vector (U; g41) WellSeuifiou way
Aasgilun1snauaeiug (Qin et al, 2009) lngdaee19n15 Crossover (Storn & Price,
1997) uansnwuszneu 2.12

! B {Vi,j,a+1 if rand;; < CRor j = lLgna (2-1)
,G+1 . . B B}
l Xi,j,G if randi,j < CRorj= lLana
Tne?
Uig+1 = Trial vector
Vijgs1 = Mutant vector
Xijc = Target vector
rand;; = MTAUAIAINLAITENINN 0 D19 1
CR = Crossover Rate filuiavsewing 0.1-0.9
Xi G v= EF].G‘{LF(’:FzG
i=0 [7] i=0
1] 1
2 [] 2
3| 3
s [ 4
i 5
6 [ | 6
[
Parameter vector containing
the parameters X j=0,1, ..., D-1

AnUsENau 2.12 15 Crossover U4 Target Vector kaig Mutant Vector

2.5.4 M3AnLERN
n1sAnLaen (Selection) AvdunoufAmdanyszyinslugusdaly (G+1) lag

o A ° Aa Yad A a ! . ]
AaLdenanizAmounanin tngldisiuseuinumn Function value S¥1314 Target vector
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U Trial vector lunsdifiA Function value was Trial vector #n3 Target vector 9ggn
unuiiene Trial vector Tugusioly
2.5.5 fuilunsen
fudunisgimnduneudl 2 n1susuasuailufife (Mutation) luauds
Fumoudl 4 Msdinden (Selection) TnewUdeurn Target Vector aul i = NP

2.7 F/NMIMIAIRNUNNNLEUNFAUUUNFUBUYNA

ABn1smAIAmIzanigaluunguounia (Particle Swarm Optimization:
PSO) lﬁgﬂﬁmmﬁumiuﬂ A.¢f. 1995 (Eberhart & Kennedy, 1995) &9uuiAn3sn1snien
ANUMINEANTIgALUUNgUD YA TidmgRnTIuN1TMI0IMNTYRNRERT Bnded sy
feuan uazgsun Wudu dmiuidousuuiieAnnisiuaandafmuins SangAnssuves
e MIseEduEsun Aeiidnumenislufedumomsogiufindeidomafios
Fuierluusinaiy Tngunynsazlifinemnsegisumisln widgenaaweaminiudi
oginsannomsuntesifidle egsundululuudazdrsagmiszsozvinsvosiiuain
udsa s waliunasdenumuundfleglndeanitan aindufios Tudreiolulae
faunagvimuguiiluiFes q auamisadeunaseimsiniian 2103501 TVDIRILN
suitulddntunsmruaiuniaszesinave s iuaInunae g wanisindulatuny
unfhidueglndivasomsinniigeluusazdie aglfinaniessnnsumileuiuduinzngs
fulunuusieiiles PSO WunsAunadsifauinistassiassnmsmemnsvessun dan1sm
AilanzaNfignifdnvauznsindeuiivesunudazialudsazgnunufeeynia (Particle)
TuudazeynIA9zdA1AuMIzaY (Fitness Values) 1UonA15288¥19109625TU91N
uwidsavng Ingaumasiasings Tunueuniafididammanzauiiafanluustassou
2,71 WnfAnvediB M A TANTigAuUUNg e YA
LLmﬁmaﬁ%mimmmmmmzamﬁqmLLUUﬂajmwmﬂ %38 PSO 1u§ULLUU
mimﬁfmauLﬁaLLﬁ'lﬁu{]aumwmé’wﬁu%umauﬁuaﬁ%mu%aﬁuqmsu (Genetic Algorithm:
GA) uAnszUUM A lidnvariwand iy lagedonsudsiumemeutazlaiiing
wlalludeyavesnadnsseninsoynindsiitindn g Tundseyniafidudunudneures
Uymazdinsdaiuaiiudsegaesen feo Aninmasseysduwmnud (Position) uazAniniaes
sz (Velodity) 9 Eudiugensdumaiimisesoynaniemneuiuumim
MntuftazmAausngaiiandie s fuu e luid azseuveanisiadule Tnseyne
usiazfaziinsUsuUTsAdhenswAB Ui suATiATIgnaesAn Ao 1) AiiRTignveanIs

ATUIUTNHIULIVEI8YAIATY 138N ANNIATNIaAY8I0YN1A (Particle Best: Pbest) kag
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(% ]
Y oA

2) AATgAveIanguAinIuIN A1llaziiendn A1dATgavesana (Global Best: Gbest) 1iledl

4 (]
N19MANTNATNIgAA8IA1 Ao Pbest way Gbest ud? 93iin15U5UUTIAIMTILATAIULNUY

q

f9EUN1s (2-12)

V) = weight * V,, +ny xrandom() * (Pbest — Xp) + n, * random() * (Gbest — Xp)  (2-12)

Tagfi
Vp = aeudhiidualdnneyniasudlagu
Vp = eenmuiidunnldaneynasuteu
weight = fnseamin
ngwarn, = eagastlunisAum
random() = mgjuﬁasviswdw 0 uag 1

3 < o A & = |
A15N191UV9 PSO LUJUNTEUIUNTNINUNUUIDU GUQIULLGlﬁzi@UﬂJSQﬂWi

LY

o < ! Y U a o Ao w v A <
V]’]ﬁ’]‘IJﬂ’J’mLi’JSUENE]LqLﬂ’]ﬂLLG]ﬁ%WJ%%QﬂUiUIWEJZJG]’JLLUiV]ﬁ"Iﬂiy 307 AR mwmsﬂuﬁm}uu

[
Y

YesouNIAUY Toyanauniaiag (Pbest) WardoyasiuvyatdynIANengy (Gbest) Aey

lunilseynadiaunumenifiwesvestymmiiarzUsenausiefiuls Aswaunis (2-13)

P, = {X,V, Fitness value, Gbest, Pbest} (2-13)
o
P = auniaUseneusae P = {P, P, ..., P}
K = dwiusunin
X = G?ﬂmeﬁaumﬂﬁagiu{]wum Weulugd Xp = (X, Xy, ..., Xp}
D - 9ruaulifvestynd ﬁ]3@ﬂrfmumimé’ﬂwmmm{]fgmﬁéfaamﬁ
A ZaLTide
Vo= drmauisilumsindeuiivessynin Usgneumenniaesnuvuig
el Vp = {V, Vy, o, V)
Fitness value _ | gpaqnuimanzauvesoyataiy a1unsaeuialdainilsddy
Whnedsldan Fitness value = Objective Function(x)
Gbestp =  anghumisiiounatiuldrianimenzaugsan

1ne Gbesty, = { Gbest,, Gbest,, ..., Gbestp}
Pbest = @1pnuvangauiangaveinguouniatusutagiy
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2.7.2 SumeuABnsmem sz aNTianuUUN uaYn A
Frsmaerumnzauiigauuungueynia Usenousienszuaunisviemn
7 Suneu deiseaneaduolud
1) AnuauszrnsGailuni iy lagldnsduiumisdli X was
AN Insadeuald V vesauniaudagia deaunts (2-14) uag (2-15)
dudnsimeslidulsves X uay V audiuiuddvesdym wazfva V dadu
ysilmesiaumuInnIEINsIARUT

Xp = Function Random Value () (2-14)
Vp = Function Random Value () (2-15)

2) dmiuoymeudagiariinsiudsusiumis Tagnenowgadimdiney
vostlgymiinivun wazUszidiuinmmoutiy 9 (Fitness Evaluate) A3AUIATHSATUAM
wanzanveseynia Tasdunounisudasiiunis (X) Wunsuduegiuusazileidy
Wvang faaunis (2-16)

Fitness Value = Objective Function (Xp) (2-16)

Aaa

3) dmsusunaksaziUTUiLUaNANgAveIRIe Inensiseuiieuiu

A1 Pbest FIMINAINIUNUIZALVDILARLDUNIAANIIAT Pbest 1RUTuA Pbest iy

ANAULNUIZANYDIA AT 9)

s al o saad

I3 I o - IR ) I3 ° | A v
4) ﬂ"lﬁLﬂ'Uﬂ']m']LLMUQWIWNﬁaWﬁWV]Z‘jm LUUWLMWWI@N@@WSW@M@@ Iﬂﬁl

1
=

f191304719INNITIUITDUA AT UKINIUTNsOUTU Feuansingan Pbest 915N
q

t
[ ! Aaa
9

Anangatanirseulagiu Gbest Junilaun1siAUAIANUILITANNFNZATBININTIN

FaeulumsvSudadanandluaunis (2-17)

IF Fitness.value > Gbest THEN
GbeStD — XD END”: (2'17)
IF Fitness value > Gbest THEN Gbestp = X, ENDIF

5) MsUFuANISINTSIAGUTITEILARZEYNIA AENNTT (2-15)
6) NM3sUSuUTIAIRILIvRLLAazoynIA taglduadnsannIsAILINaIn

aun1s (2-15) illasunddmineyninaginiaunly anntuiinaansuiusulgs Fens
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Uuugsmemsuinaniiniudndudesnsivasuveuwavesdyniiedesiuldiisdumns
AuAvaulnveslym Asauns (2-18)

Xp=Xp +Vp (2-18)

7) N13RT19a0UN5AUENIUNTINTOU Roulalinsaaaunuls 2 dnvae As
Wenadnsnladaieas nIefniiAneuineansiivgan1svineu ulelidnuiuseuiadii

o v 1Y ‘ﬂl o 1 v U o :.II |3 d‘
mvuald widReulvnimegahonuldatysalvinduluvhaunudtuneuin 2
2.8 MIMAIAIAMINTaNNFANTINaEINgUIZHIA

nsMIAIA UMz auTida Ilvate TngUszasd (Pareto Front) iuisnisildiiie
AunIsuidgninanannieldteulunsetedidnuisusenis Usenaunie 3 35015
FellswasidennssialUil (nFaen S1ugesnd wasnys dd, 2555)

' '
aa

ax i 2 ad ag v oA v as v - v
2.8.1 BnsmAwnnzay Wuisnisnidiiedunisundaninanaanieldeuly

[

= ¥ o o d” 1 I3 = & ¢ a
NI9VDINNAVIIUTLNIT FIA1U1TOBUIBDNUUE 2 UTeeny AB WINTUInQUTLaIALAYD

q
cal o 4

wagfleitunanedngUssase dmsulymussantionaliflanduingUsgasandaudaiu violy
TuianaAeany Lazl3unINNITNLUsEANEANLUURaBINa BIatgminsusuannes
Wmuizau asiudszansnmtlsznaumennmesvesdindsnisinaula 1ed1dn
5o s = v’ s o s sou @ x> = Y
wazilandunnwainaunsasenladnduilinduingussad Henduingussasddinazineitos
UNSINAENER
2.8.2 gilnvasdymdmiunismiimnzaunivane inguszeasd [uisnishum
1 g 1 1 o a g v A 1 ° A 1 v v [
naudneunelutesisdmeumdulula iemarrgauser1asanasil situingUseasd
Tunsazilendunseuiu nadnsvasnsundymiBeninyangumneunananven1suidym

wuunae InguszaaniusEnaumeingusTasd m Lagaiulinsindula Asaunis (2-19)
Minimize or Maximize: - [f1(x), f2(5), ooy fin (X)] (2-19)
lped

X

fi(x)

AR YBIILUSAnAUTR
HeduingUszasdn i We i=1,2, ., m
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Aty sllawuuItaesdymnsmAnmngatuurate I UssaAaziean
nnweslegtu x neld m Fadudeddauuueaunisnaaunis (2-20) wianeld n Jedin
WUUANNNT AedunIs (2-21)

gi(x)<0,i=1,2,...,m (2-20)
hi(x)=0,i =1,2,...,m (2-21)

msimuaveusveslegduidululalaeiiluud 1 3 dnwas fio

1) wuuniladduinguszasdfosnsmuadnsiioniign

2) wuuynitsituingUszgasddesnannadnsiinnniian

3) wuuaIun e vTlIATuingUszasdAuIsegefeanIsuINad NS
Ylouflan UreBEIFBsNIHAENETININTIAR

Tunsmarfivunzayvemaisingusvasd aruisauvaadusuuvuves
Togdushanviogean wu maBeudlsdduingussasdiimundidmpoutiosuduinniias

Areg19n15uAlynsUsgiliuAlandudngUuszasd A N1suIAIneY
fideniignainauns (2-22) Insfinsrusdneugnimunainnnmesiuusnisindula
aelideulaiagdudildiilermusvounivosiian

Minimize:  [f1(x), f2(x), .., fn (2)] (2-22)

Jainm gx) <0

Tnei
x = LnwesvewiLlsanaula
fitx) = dlaituimnUssasdd i
gi(x) = nnmoidesiiad i

Toeiidmevlaeglureuasmeuidululs \udmouilifidmnouladnia
wazhififnoulafiazasoudidinaugadld Anaviiiendt Pareto Optimal iagaundn
ﬁﬂmuﬁy’wmﬁaﬁumjmﬁmauﬁmmsauﬁqmﬁaﬂdﬁ AgumeUTiINzauTign (Pareto
Optimal Set) 3ongumeuiililignaseuitainyadiaey (Non-Dominated Set) Fauand
lunmusenau 2.13 (nSuen 911gATHY Wagwes 1, 2555)



!

Pareto front

7 >

a3

| Non-dominated solution |

7 >

AwUsEnau 2.13 nauAneuiitiangauianvesilantuinguizeasd f way f

2.8.3 N15inUsEAnSnnvenguAneungunilannign

q

lunisafrnuunndisvedegduiuunaltedngussasd aredgmn
[ ¢ a < J £% v 6 ada £4 [y ¢ A
TagusrasAienTuAInouaINNITAUNINATNEYDIT 1T Tk uUingUssasdifen Ao

Mneuiginiiu Jgmivaneingussasdaglidneuiangelunivesveulunngs daiu

=

GuauLéumsuamaumsmauauaqmaaLﬂumamwmmumﬁdaLﬁammmi’ﬂmzﬁm%mw

namevauatldlndifsstunislafivmneauiigauwiniu ndudnoufifianfonisTnamnin
YosAmoUlFINSanaifiu iy M3UTTIUAUTEINGUAINEUTR AYMILINKINGUAIABY
fluriaze 1w nsinUszAvBnmuasdmeuiituneu feil

1) n33auszavsaimnisussauiuvesnguaneuasdunsinnisussauiy
YBINFUAIRBY bAN191NNTIUTE UBUTEEYN NN TNVRINGUAR B VAT UAIN O

Mauelvnungurnauiignas Adluaus (2-23) uag aunis (2-24)

(2-23)
| AI

Convergence (A) =

t __ -
di mln] 1 max min (2-24)

Al Z [fk(x) /0]

Taen

MTIANTGIIIvRINAUARBUTIUTIRTY
LUAAIRNDUTNWVIAT

Convergence (A)

[}

A =
/[kmin _

AleantuingUsvasd k™ illAdosian
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max , fu o I3 Ao ~
S = anilaituingUszasd kt AlAmNge
K = duuilanduingusvasd
Al = FuumneUNLNasIbuLEn A

df fle szegirssyninaimeuiilignaseud it

1NVDUVBINFUAMBY
fuvia3e (y) uaglogiudild (x) raszansameiaiddndilndaud dedinguemnoy
Tunouisdudundunouiiginlndndudnouiurads

2) n15¥aUsEAn3amvesAneuFuNIINTEIIBYRINgUAIRBUTIN LK

(Spread Measurement) 1 uf13IANUBNNNTNTZANVOINGUAINOUAIANNTT (2-25) LAz
dun1s (2-26)

sdy + sd; + Zli‘ﬂl_lusdi — E”

spread (A) = — (2-25)
sds + sd; + (|A] — 1)sd
k 2
- [3 [t
=L —/k
Taofi
spread (4) = ifafivonmanszatveangueaey
sdp woy sd, = svsgMEEIIRDUUANgATasAIY ToudurauIIAngy
Ameuiivile
sd; = syuzvpsdnauiagsiallesiulummnouiiga il
|4l = dmnusneuivils
Sd. - @nluvesszesyng sd;

v a a a1 v v A 1 o R a o aa
ﬂqﬂqﬂﬁgamﬁﬂqwuﬂ’]LGU']IﬂaVZ]UEJ 991N ANATINBDUITUUITUAINIUNU

'
a

]
ANYENIINTEILTALLALDNABAUYBULINYDINGHUAN O UNATIAN

2.9 35015 TOPSIS

a

350135 TOPSIS (Technique for Order Preference by Similarity to an Ideal

<

Solution) Wuuwdnlunisuidguiiiemalndidssiuaigauaivanwazau 1wisnis

v a

BaszinsdndulanuuagmadeniiieAumMIuienfiniaga Miduiemnuangauiung
srdulanssuuInuazauay lneinanniseie mmudeniilaussauslaesiulndiaesiuani



a5

Ataeluuiazinast warsuimnudreinAfiugfignvowusazin asiisuiu (Hwang
& Yoon, 1981) ﬁ'ﬂﬁ?uLmeqé’md’]ﬁﬂgﬂﬁmﬂsﬂumwﬁﬂagm&m 9 d1msunITIATIEN
Hwanelugauaiiidsld uasdudenlafidndmunslugauafidsuinundian wagrinanin
gruARlTsauanniian fe fidendiifian (oAish asigns, 2559) n1sUszgndliIBn1s TOPSIS
fRnTeitesuelianiminvennudh Ay funsifaaulavesazinnst Geevs i,
2562) uazduneured TOPSIS figwelud (3 ﬁuﬂ%qa, 2551)

1) Ammanguvmadeniidululs

2) dmannidadvesdudoyaudastulfiduninsgiu (Standardize) w30yl
HuUn@ (Normalization) fensuiuteyaveusiazinasinegluusagninefiunnesiuli
UINTFIUREINU

3) fnupardisimiinvesanuddyvesudasinasilioglugag 0-1 lasilos
Afiasimiinvamndeyauda Fosdauiiy 1

9) gaurchaiminvesusiarduteyatutoyadoniy q

5) Tiudazduvesioyaimunaigeaniidudlugaunfidsuanforfiffianluusay

neudt WawSeuivisuainmudennaiueisl saudaivuassgaiiduslugauafidsay e
| Aad 1 ¢ = = - < A
AnANanlukAaginaeiilalUSuULTigUAINNIRoNIaLANE]

6) ATINITTEENNTENIIAluRANARLTIUINUAar Ul aunTs (2-27) wazgauAf

WJeaauknazdultaunis (2-28)

Si+ = JZ(%’ - V+i)2 (2-27)
S = \/Z("U —vy)’ (2-28)

Tasii
Si+ = FHEEVNITENINALUOANARTIUIN
Vi o= Angegeluendafdeuln
Si— = T8EENIENiNnlugAuARITNay
V_j = -Agegnlugnunmiilay
Vi = Yoyanminuy

7) ausaauduiuslunisiinlndyngauad (c;4) Ineldaunis (2-29)

a1 1 !

A1 ;4 A8ANYTENIN 0 < iy < 1 Dndlnavilanansindilnaynanuafiideauin

Y



a6

Cip = _ S (2-29)
i+ Sl+ + Sl—

Aaa Aa

8) LA uNILaNIenNARINAT C; 4 WnenIsdaniiniannenIndoniilien ¢;
WNiign

[

2.10 91U TMNYIVD9

2.10.1 AdEAaUsEINe
uideivszgndldiniednsusnuniieiildndsanus (LPWAN) TuiFeq
mMsisuiiisumalulad LPWAN dwmiunisuszendldfumalulad IoT Advuialug) (Mekk
et al, 2019) lngvin1sidSeuiisu 3 naluladfe Sigfox, LoRa Wag NB-loT é?fwaaw
walulad LoRa fenumngausumsussgndliiumalulad loT Afvuelvg
mATuRgIruNMsAnmnTdonunnimesnisnszangluinietis LoRaWAN
ffivanainanag (Loubany et al., 2020) 1Jumsuszifiuysyansnineeansotne LoRaWAN
men1sidnalugliuy Aloha Tngiinisidenunniaesn1snszaediiu 3 JULUU Ae JULUY
7 19902 1 1Ang FULUURA.2 991U 2 1nA18 LazgULUUT 3 91U 4 1nRng
nan1snAaesgluuud 3 dnsasounguituiilénaniian uarluszesiuiinnsdadyga
11NN 10 Alamns JULuUfl 3 asdusrAniaingagn deduniadenmumisiidunansly
130718 LoRaWAN wisivgjesnamianzandadudsdedy
NUITUNANTTNUVBITLEENIITENINUNALIGHDUTEENTN1MUD LORaWAN
(Citoni et al., 2021) ié’ﬁﬂ‘mL'3'auimqumﬁ*mu’twm%mhEJ LoRaWAN Tgn15318891781
wuvlsiseidosteun’esdiasnndetins (Network Simulator 3: NS-3) waziieulunisvga
N91U89LAT8T18 LoRAWAN 11U 993971nU99359UN15197U (Duty Cycle Limitations) uag
aUnsnloguanyIInsauAgl (Device out of Coverage Range) W ufiu NANIFITENUIN
2 ALY BTN AN NFINUSTEVINs8EENNENTIMSAUAMAINAISITUINS (Quality of
Service: QoS) YedLAToTILHILIATe T 1aeA3eY1Y NS-3 TneTiaduAeatesiudnsinis
Aud1falunisdetoya (Packet: Delivery Ratio: PDR) waviieulun13ngasanuy
Tuamumsalduass (Uplink) 3sldmsidensiumisiifmsanmndaesnandluszeying vise
TnafuAuluuazasvanidguininesn1snszaion SF11 uag SF12
muATemsidenduvdanandfivunzauiigaveaadetis LPWAN lagld
Fuzzy C-Means (Matni et al., 2019) N153ATIERTNTLIAMAIMNVBINITINUTNIT AlEIne
fusunu uazgn1siniunts Tunisfinnsan dvdunisidensunisiisnzanvesnaiag

WU 16 waz 25 1nag Aenagnsiuana1eiu Fadaenalunmad 25 wnandasd



a7

UsgAvBnndndt 16 1 winsidendumianandimunzauiigalagldsaneiiiu Fuzzy
C-Means a@unsasinuszavsnmaeanmag 16 Wiileuwi 25 g
NuiTenslrdanesnuTafnd msunisiaenduniunadluiriovie
LoRa wunalng (Grochla & Potys, 2020) lunisidendiuviananddmsunssatodeagyi
Tiiugunsalaunfafitnesinszaisegiiiies Inolddanesiiudtadniiieidensumis

[

Munzauiian waelidtyains LoRa anunsanszatedyarabiivaunsalaunsaineslioen

T o

AseUARY BudinafmundadiiaveanadifsrfuruinaaugeuLinnesnIsnTzaNe
mslivesdy wazdndifnvesaimunasduiiasiAnnisvuiuvesuiining (Package
collisions) wamFAdewuin saneifiudBainausadonduvisitlndiAssiian uaznszae
doyaauldiognensoungy
NuITen1sUTEendldIsnIsuUsHunagnsluntsuAmeulndlfe s wuudsu
A1ld (VaNsAS) dmsullgminisdaaunaaisnisusznauiduidadidniasuiuuidunss
Usziandl 2 veansaldnu uazdmiuiymnisinaunamonisussneusuudussassnni 2
vostlymunsgiu Tnedinguszasdiloniseunainisudniitosiign Uirasirlerd et al.,
2020) MInageunuasInguAeyadoya (1) SALBP-2 uag (2) SALBP-2M Nan133denuin
FnnsfhauetiuitssAvsamiAni i nsuuuiuiiter
NAENsUsEYnAlgIanIswlsRUNagnslunismAneulnaAgawuuUsuen
1 (vaNsAS) dwmsuigmnisUiumsiinesimangauiigauesnisidonegiioudiouss
Fuan1u (Chainarong et al, 2021) wasaiwmeslunisdou laun A RRFIC PIRTREELYETLY
mnuiilumsaidon AnuiBesteaaissile JULULTEWIRL uaziEnIsnsuyL NansIde
WU ALAUULSSAIIARLINIE MU sHunagnSlumamdae ulndlAsswuuuTuanle
gendnAIA U LUs R aRlA U Time S iuUsEAVE AN RSM 3.67% W1snTines
fmnzauiian e anadalunismu 2200 sousieunit masdalumsidlen 108.34 um./undi
AuBeswesaesiie 1.23 o3 JULUUYRIRLLTULUUNAMADY Wagfirn1an1snyy
AN
MAIENTYsEenaldIsn iU sRunaguslunismameulnalAg L uuUua
167 (VaNSAS) dmsudgmnsdnmsnansesdnsguu tieannisldmdsolaefionsanain
dfuANNAFRYYe9IL LAgNIFAIUANIIAN U UES vauysal (Nanthapode) et al.,
2021) segrdlumsideldaunas lauwn vunaan nane uazlng an1snaasanudn 35013
wdsiunagnslunismameulndidssnuuuiuanld SUszansamaian arunsadumis
uityvn Tz auiae
NATeNsUsEYNAlIsN1suUsHunagvslumsmameulnalfesuuliuen

1o (VaNSAS) dusunismisnuniannguesguddnganaznsinnisidunislunisuudmig
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mimwmﬁmmzamLﬁaamﬁunuﬁamﬁq (Theeraviriya et al., 2020) NANFITENUI I5N1T
wlstunagnslunismeatneulndifewuudsuanld aunsarundsuidagmdmsudam
nnvuin lagldnaussaanatesillofoudy Lingo lufegiavuianats uazvuislvg
VaNSAS ansnsaanantunsuszaianala 99.91% uag 99.86% a6y
NuIN1sUsTenaldisnsAurigiuladifesdunusiuy 2 wa dmsy
wAdsymnsdnkdunsduapsndLuuanendniue (Mjirda et al,, 2014) InediingUsvasd
[ipanszezne dmiunisuidamifiduiauedane3iu 2 wuufe Variable Neighborhood
Descent tag Variable Neighborhood Search InNanI1TITenuIdanesiuia 2 wuud
fAfeldiaetuaanadunnouiidld wardiusyAnsninlunisussinanadia
NITeNsUsEYnAleIsnsAumeulnalAssiuwys dmsuwityminisda

a A

LHUNE NI UENReU YAV IUNINUE (Amous et al,, 2017) InedingUsvasa
WDARTZEENIY IINNANITIFYNUINIBN1TAUMEIULNALALEULUS (Variable Neighborhood
Search: VNS) @13150US217a08 LazaNu1snAUnIAInauNa ko
2.10.2 s1u3selulsenea

NuITen1sasawuuItaeniIsgyidsniudygyraingluaiundewes
Usznalnelagldanganiasinieniunel vimeluladnisaeans LoRaWAN dnsuauise
fwosT (onned Asadan, 2562) lnasisuuiiasinisgayidsludumig (Path Loss Model)

A o a X A & Yaa a o ¢ .

vaemaudygrangluiunnisweslssnalng loanisleisns@slsedny (Empirical
Method) Kazn15ILATIENN1TONDDELTILEY (Linear Regression Analysis) NaN15IYNUI
angonalulasansuianssouslnafesiuaie e n AR I SYS L UANTNKINA ULREINY

NuITon1sUszenaldisiungltadind Wvsned dundss, 2553) lay
1AaNWUUDANBS7Y 2 WUUAD ATNITAUNIATADULRNILNIUL ALITNITAURIAINDU
wuvUsuasunagnsluiuilndifes iawiUaymnisidenanunaawasindunianisvuds

o 5 (Y] & @ & Aa o | o
LUUnaIEaIRUT Ry iangingusrasAutymuwnianfidnuauls e 13 uis wagtin
Y o Ao @ [l I 1 1 Y
uAnullgynI1aeaNNIUIAEN 20 WA BUINNATT 30 WA WazUIALNE 50 LY AINEIRU
NNANITIVINUINNDNITAUVNAIRDURNIZAIUDY LaLITNISAUNIAINDULUUUSUWAgUNE
gnSluiuiladides aunsamdmeunanaalivslgmivuadneazauianas uideeu
nadlunisAunIAnauIsnIsAUMAIn UL U LU SUAgunagvsluiiunlnaifes aunsaly
LaAUATMBUNANAAToENTIITNSAUMA MO URNIE UG kardmsudymivuinlvai
159914 50 wiis FensAumAmeukutyUsuldsunagnslunuilndife iy IUssdniam
TuN1IANMBUNANINITNNTAUNIAINDURNIZNIUT
a o Vaa % ] Y U o % ¥
NuATensUssendldisnsaumlugiulndifeandsiu dmsuundaminig

% b7 o dld L3 = a dl
ALFUNWYTUNIRULLLUUNRINNUNTBULIAN (E{VISWQ‘U NIUAUBY, 2558) Taaiiidnungiiie
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a

neneuliinAldInesulunsvudIeeNian F9A1lneUTENaUAI8 ALEI18TAANNANT

q

Wenldenuninug (Fixed Cost) AlUaeiinTuaInA1st@uNIg (Variable Cost) uazaiusu
MAndulliesainnisazilinnsautial (Penalty Cost) lnenisanwlainisnisaunilugnu

' ¥
Va v v =<

TnalAganusAuldis s uisulseans A A uAs NSRBI aRNANE I 8WMUNTY batkA 35S

Y

AUNLRNTENLUUINTBUEY ITN1591889N150U00U T8 NITIBIHUENTIN UagdTn1snia
APUVNIFAUNFARUUNGUBUNIA AINRANITITENUTNIENITAUM bugulnaiAsawy s

a s

A NAMBUNANINIENISUME S aRnANRINTY



una 3
ASNIFANTUNUIIY

Tuuniasdunisduaue saiiunside nndondundsiinauvuvaiinaid
luaTetny LoRaWAN el FedsmadumuuudiuBeunagnsluiuillndifesduys
wuusatUad (Modified Variable Neighborhood Strategy Adaptive Search: M-VaNSAS)
FAdelauusnistnausnanisideeeniu 4 duu fie (1) n1seenuuuawide (2) nsdifin
(3) wuusaenadinmansdmiutymnsdAne wag () meeuvIzaTigadmiy

ASLEDNAIWALIAR L UUVAENANE Taelisngazdunnsmaluil

3.1 N1599NUUUIIUITY

fupouiniiiunsite mamanusngaufiaadmiunsidensumisiiruunans
nag luiafetne LoRaWAN suralug fae33nsfunuuudiudsunagnslufiui
TndiAssiudsuuunaulas aunsafmualiidu 3 szoz fe szaulaseuns ssozaliunis
wazszpzndaniiuns ferumeusuiiunisitefisves Beadieluil

3.1.1 SgemIeuns

1Y

1) ANwLeNAISINUITENNYITD9

Q)
< ¥
2) ANILNUTIVTINVDLR

'
a

3 PANLUUKALINAIUILUUIIADMN NANAFIERNTIUNITUIAIUMLITANNGA
dmsunsdensumisisuunatenand luadetis LoRaWAN awnlng) fae38nns
Fumuuuuiuiasunagvdluiiuilndifeshulsuoudauag

3.1.2 S3ugAUUNNT

I‘u'ﬁzazﬁWLﬁuﬂnsazLﬁu%umaumaamimmmmmzamﬁqmﬁm%’umnﬁaﬂ
Muntsfinasuunanen ansluisete LoRaWAN vuanlng) Tnaldnsalfnunluiuniiud
Fr¥aguasesnil adlussegdiiunisUsenaufedunoudsolul

1) findaneifiunisaensiadnoudmiuvanu iz asfigad niuns
Fondumsiisauuurianeinaglunetne LoRaWAN YAy

2) Woulusunsuiitenaaeudaneifiulunismeanumanzaniigadmy
Asidenduniafissuuunanenmad lurdetis LoRaWAN vuralvg) Tneludumout
Wunis@eulusunsudmsuindanesiiunisanensiadinou 1Wyausiuiuisnisnis
WugN55U (Genetic Algorithm: GA) 350153 Tmu1n1siagldnasing (Differential Evolution:

DE) 35n1svAanumiinzaufigaiuunguaynia (Particle Swarm Optimization: PSO) wa
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FnnsAumuuulsudsunagnslufiuilndiAssfuusuuudautas (Modified Variable
Neighborhood Strategy Adaptive Search: M-VaNSAS) ﬁm%’ummmmmzauﬁqmﬁm%’u
nsidenduniafigenuunarannnd luesetis LorRaWAN vuinlng funsdlfnwnluas
fuismiaguassnd

3) AUz ANTA KA TIULNEUNANIINIAIABUYRISaNDINY
151191193 u§NTTU (Genetic Algorithm: GA) 35n153TauInslaglinasiie (Differential
Fvolution: DE) 38n15m1A1A2 U ganfianuuungueynin (Particle Swarm
Optimization: PSO) wagismsdumuuulfuiasunagnsluiufilndifesiuusuuudauag
(Modified Variable Neighborhood Strategy Adaptive Search: M-VaNSAS)

3.1.3) sgyenaeniiunig
asuiazanuTeNan1INnaes wipsasunANLARITu AT

Mgousu waraniuaussaideaduauysel

3.2 ASAIANY

ao &g & o LAY o &

nuddeiidunisausiuinienisidiendurisidauunaiginanglueiedig
LoRaWAN vunalvig) Are3sn1sAumisvudsuildsunagnstuiiunlndimesdiuys
wuunawUad (Modified Variable Neighborhood Strategy Adaptive Search: M-VaNSAS)
- v v 0 A ¢ Yo o N Ao A Yo o 1%
elvlddununainan wargunsaivatenielasudyaaninuamnnngs tneiidelaly
nstiAnw UL swinguaTws il Feusenaumiedoyainunsnsinuau 295,942 ASISoU
Tuduiu 2,198 nyjuu lngdmunisvemyiruluwniundwminguasivsil Alalunside

faane Tunmusznou 3.1 wavlisivazidennanalull



52

200

Legend

® Village
District Boundary

150 -

100 =

Area side (km)

25

0 25 50 75 100 125 150 175
Area side (km)

anUsznau 3.1 uruiiiansituiginuvesdminguasiwsiil

dmsudeyaililunsmarmvmngauiian @ptimization) lun1sdensiumisiiss
wuuvanginang (Gateway) luaietrsvuining Litolidygnannsoaseuagquagunsal
Uanem3 (End Nodes) Bstsznaudedeyatiugiudmsuansmeanumsnzaniign dauans
Tun1319 3.1 uwagdayanuaunsal LoRaWAN Gateway sauandlunisne 3.2 lneilsieaziden
Feeldil
3.2.1 Yoyaiiugu
1) 31u3uguasaiUaruni9 (End Nodes) 7iud o910 LoRaWAN
gateway l97ayaTnuIuATITOUTRIUTTM VLA NEUIY 910U 295,942 ATAiToU
2) doyanytin (vilages) Mifoyafinnvosmyiiusiuiu 2,198 nythy
dwsultidudumislunisadreaanil LoRaWAN gateway
3) Uy (Base cost) Tun13a319anfiliusnis LoRaWAN gateway 3143
100,000 U fonilsannil
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4) Angriufise? (Variable cost) dmiuadrsaniiliuinig LoRaWAN
gateway MLLGiasﬁuﬁi%’%%mifjmﬁ’;Laﬁuiuﬁaq 5,000-30,000

5) A3UAIN15AUB LORAWAN Gateway lun155035Un15IUIN15QUNTal
Uanenie 91uau 2,500 gunsal

v '
Il o o I

$1914 3.1 %agawumummumm’mmmzaumqm

<9

318N13 An AND5 U

End Nodes 295,942 Qﬂﬂsajﬂmamaﬁ%%’u A0y 104990 LoRaWAN
gateway

Villages 2,198 nyUueng 9 T 25 dune vesiminguasivsiil

Base cost 100,000 Aunulunisasisaniil LoRaWAN gateway Ronils
andl

Variable cost 5,000-30,000 | ANG1HUTd M Tuas19aa1iliuIns LoRaWAN
gateway “meiazﬁuﬁﬁ%%miajuﬁa 18

Capacity 2,500 Msseasumsiiusnisaunsailanens

3.2.2 Yeyasugunsal LoRaWAN Gateway
1) Jadunisuwsnszaiedeyiad (Spreading factor) T4sgwing SF7-SF10
2) 35 INSdTeYaA (Bitrate)
3) ATLULYDIONTINTTAITBLA (Score of Bitrate)

4) uazszeyN1aNITaIvea (Range) Y04 LoRaWAN Gateway

M1919 3.2 Yayasuaunsal LoRaWAN Gateway dIvsumiAumszauiign

Spreading factor Bitrate Score of Bitrate Range
SE7 5470 bps a4 2 km
SF8 3125 bps 3 4 km
SF9 1760 bps 2 6 km
SF10 980 bps 1 8 km

3.2.3 AVUEANAAFIMSUN I ERNFILIUNIAILUUNANBNALIE
sUnvuvesiunisiidsluunatginangluinioyie LoRaWAN vuialgy
Mansnsaldfunuaiian (Minimize the total costs) kaziliA1ALUUYDIENIINTAITBYAZS

ian (Maximize the Bitrate) @ wsulusnisdyaaguniaiatenis
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3.3 wuudnaasneaaiaaansdulyninsalAne

[
U A Ya v

NAdsluplfifelaaiuuuinaemeadineansdmiulym nsidensiums

NRsuURanenangluaIatuie LoRaWAN wualug) lngvinn1sissuiisunsmaineuves
9an037u 350119119 UTN 35U (Genetic Algorithm: GA) 380153 Tmun1singlduasiig
(Differential Evolution: DE) iﬁmimﬂ'wmmmmzamﬁqmwmajuaymﬂ (Particle Swarm
Optimization: PSO) uagAsnsdumuuuysuivadsunagnsluiuiilndifssud suuudaulas
(Modified Variable Neighborhood Strategy Adaptive Search: M-VaNSAS) FIWUUTIAD

a 6 o (% a1 dy
npdaaansausutygn dasslull

YW (Indices)

r,1 LoRaWAN gateway location, wherer,1 =1...R

v Village, where v=1...V

W151385 (Parameters)

R Maximum allowable locations to deploy LoRaWAN gateways, R

V' Total number of villages, V

T!' Maximum allowed distance between a LoRaWAN gateway and a village
P, Number of populations utilizing a LoRaWAN gateway in village v
D,, Distance betweenlocation r and village v
B, Bitrate score between gateway r and village v

C,. Capacity of LoRaWAN gateway r

U, Rental cost associated with LoRaWAN gateway r

fanUsanaula (Decision Variables)

1 if location ris used to locate the LoRaWAN
6 {O otherwise
X = {1 if location r serve village v and the distance of r and v higher than T?
" 0 otherwise
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WanduingUszasd (Objective Functions)

R
MinZl= ) UY, (3-1)
V R
Max Z2 = X,,Byy (3-2)
vZ:lr:l

AuN1359auU18 (Subject To)

R
ZX”’ =1 Vv=-1.V (3-3)
r=1
Xy < Y, Vv-1.Vr-1.R (3-4)
X;yDry < TZ,, VYv-1.Vr=1.R (3-5)
4
ZXWPU <C Vr-1.R (3-6)
v=1
X, Y. €{0,1} Vv=1.Vr-1.R (3-7)

o s o o A N v A v

41015 (3-1) Ao NanFuIngussasnalrnuin 1 Juuinanaunu (Cost) Tuszuu

9 q

o ‘:l a v oA

Tiian auns (3-2) Ae MandudngUszasadinui 2 InihivinlieiazuuresdnsInses

q

14 . A I PN [J 4 ! [ L4 Y
Uoya (Bitrate) guan auns (3-3) fip aun1sveud e liwdasnyviuagsedasunis
dnas9d5yeY10497n LoRaWAN gateway 98 9Ua891UIU 1 60ALIE d1ANT (3-4) AD @unIs
Y8 U8 LoRaWAN gateway 91 r @14758 U3 N 15d Yy Ui Ung U Ui v las1umisves
LoRaWAN gateway 80 1elisyezn1ainanusaliusnisdeyaaals @113 (3-5) Ae @uns
YBUUIBNILNNUATLELINNNAFAT LORSWAN gateway 1 r @n3nsaliuTn1sdey sy
nUUN v 19 Ingszeenianestaynda T aunis (3-6) Ao @unisvoulngNagiivun
Capacity ggnanunsnsesiuinuingunsaidalenilunisliusnsdyyiaues LoRaWAN
~ 2 A 1 a o 1 A g . o (%
gateway 91 7 19 @115 (3-7) A9 @UN1TVO VTN AUAAIRILUIILTU binary d9sunis

0aTIHYYIUVRI LoRaWAN gateway 1 r fiungtinum v
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3.4 MIMIANUMULINNFAFMTUNTEINAUAUINAILUUNABLNALE

[
=1

Tunsitendedl §3duldinaueiBnisdunnuvlfudsunagnsluiiuilndidss
fandsuuuaniuas (Modified Variable Neighborhood Strategy Adaptive Search: M-
VaNSAS) dufunisyanumsizauiigndmsunisdondiimusiidswuunansinmiag da
FumeunisfunidmauUsznoudie 5 tunou Tdun 1) nasadisgamaouBudy 2) n1s
Fonldndesdnfagaiiunismdneuresyadinauliui 3) n13Aliunsuedngedn
1) NM38UIARRINBY uay 5) Msviaglutuneudl 2) v 4) aundregasuseuiiiivun way
senufneudidiian nindendumisifauumaneinmaglueietne LoRaWAN sutalig)
FreABnsfumuUUUsuUAsunagnsluiuilndidessudsuuudandas (Modified Variable
Neighborhood Strategy Adaptive Search: M-VaNSAS) Lﬁ'@lﬂ%ﬁunuﬁﬁwﬁqﬂLLazﬂ'msuu
Y898MIIN158970YA (Bitrate) gegn A1N9005 U1 T18a2 13 8A T8 TUNDLNTAUNIAIABY
fafisreazBensreluil
3.4.1 Maad YA UL

ﬂ’liﬁ%’m“qmﬁ’mam%m,fu (Generate the Initial Population) t9un15a519
Ussrnsusuudunidielfilugndufurestuneunsifanints duneuiidusumeuusnii
Andunoufingdudinssuiunsvesiinig MVaNsAS TnsUssrnsnguusniinainnisd
elilsuszannsdunuuiuaunt Fadunisduivufinnuiagduwintu Sansadige

AABUSUAY Faldnsluaunis (3-8)
Xij1 = U(0,1) (3-8)

lnefl X, faarluunin i suwnid j Tunisiugiased 1 ned j gninvuadu

Fuunguiu wae i JWudwauunianiimualiaimii Ineluduneutiaziinisduluseu
] ~ o & a & aad

NITIULIATULIN LNDATNUNINBNEDIYA ADYAVDILNINYIANEA (Best tracks : BT) hasynvaq

un3ngu (Random tracks : RT) piauansluaunis (3-9) uaz (3-10)

B;j; = U(0,1) (3-9)

Rij; = U(0,1) (3-10)

laed B, Aowmvatlagdu (Solution) NAganuldainnisdumlegiuid

Nganauean15vie (teration) luseuwsnaufien1svingn ¢ Tuvaen Ry, gnidenguluaunis
%

INsasuninasdyalag By, wag Ry tgnasslunisvigiliuseuusn lngldaunis (3-9)
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wag (3-10) auaau Turaieaunis (3-11) gnidlun1susuuss Ry A1vee Ry; lun1suen
AT t + 1 wirdud1ves R lunisiuasei ¢ laglddaiiunislunisiiennassdn (Black
Box) Midenll fstagamneulsusiu fsanslunusei 3.3

M1319 3.3 DL 1NYNFAINBULIUAY

Villages
Tracks
1 2 3 4 5 6 7 8 9 10
1 0.74 | 0.20 | 0.73 | 0.84 | 0.12 | 0.32 | 0.09 | 0.29 | 0.27 | 0.82
2 0.12 | 0.52 | 0.64 | 0.88 | 091 | 0.13 | 0.62 | 0.70 | 0.83 | 0.29
3 0.66 | 0.79 | 0.64 | 0.07 | 0.08 | 0.90 | 0.94 | 0.23 | 0.10 | 1.00
4 0.86 | 0.37 | 0.31 | 099 | 0.87 | 097 | 0.61 | 0.11 | 0.28 | 0.48
5 0.10 | 0.07 | 042 | 0.79 | 0.10 | 0.61 | 092 | 0.68 | 0.77 | 0.61

A1319 3.3 uansdnegrsyamaoulEudy lnodrufidunedudazUsznoudie
wyUnueng 9 91w 10 nyddu wazludiwvasaiaziluwnin lagagvesndiegisluwnin
7l 1 FsUsznausenytus iy 10 nytudiden 0.74,0.20, 0.73, 0.84, 0.12, 0.32, 0.09,
0.29, 0.27 uag 0.82 Mgy Avantazgmitlulflunsmdnousaly

fumpun1snonsarmoy (Decoding) Aemstiyar A uENFUTldann5dy
yhnsnensiaRIney Faszneude 3 duneu fe

1) matvundeulun1suinisduaiavennand Ingusagmyvuiaslaiudayayo
og1etfoy 1 INANE wazszzmageaasznivytutuinanddeseglutiouladidmun uay
n53095UN15IMUINNT (Capacity) gunsaitatens veanaig agdeslitfiuduiuiiimun

2) Buarnvestesiauniniiusgnausnengtusie  lneisesdeyaandeslumuin

I(ﬂSﬁjaﬂﬁﬂﬂﬁiLﬁi‘U\‘lﬁ’l‘UaﬂﬁayjaLL‘VI%ﬂﬁ 1 fauandlusisig 3.4

1519 3.4 miuJ%'sJULﬁfmdauuawé’qmiﬁ'aﬁayjaLm%ﬂﬁ 1

Before | Villages | = 1 2 3 4 5 6 7 8 9 10
sort Value | 0.74 | 0.20 | 0.73 | 0.84 ] 0.12 | 0.32 | 0.09 { 0.29 | 0.27 | 0.82

After | Villages | 7 5 2 9 8 6 3 1 10 il
sort Value | 0.09 | 0.12 | 0.20 | 0.27 | 0.29 | 0.32 | 0.73 | 0.74 | 0.82 | 0.84

919150 3.4 1JunsilSeuifisuneunasndenisisesavesdoyaunini 1 lneneu

nsisgeAvestayanyuinu (Before sort) vsjUuazisusdduninglay 1-10 uLagArtayaves
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v

wyjtuUsEnaudieY 0.74, 0.20, 0.73, 0.84, 0.12, 0.32, 0.09, 0.29, 0.27 WAz 0.82 AMAINY
Lagnasanyinisitesavedeya (After sort) lagvinn1siiesArvesdeyasindeslumuin
%Qﬁ’]ﬁU%@x‘W@jﬁﬁu?ﬂBQﬂL%Sﬂﬁ’]ﬁUWJ’]EJLﬁ‘U 7,5,2,9,8,6,3, 1, 10 4hag 4 #IUa10U bazAn
YayaveanyUiulsenausae 0.09, 0.12, 0.20, 0.27, 0.29, 0.32, 0.73, 0.74, 0.82 uay 0.84
PUAINU

3) Sanesfiunsaensiamaey Sasduiinisdnass (Assign) N15uSnsdyael
vounangliiumiiu Inendsainnisserivestoyauniniiousosuds funiusnazgn
svumdusumddlunissanang LLawgﬂmﬁQﬂﬁgMﬁummLa5%16{%“Uﬂwﬁmaiié’iyzymmm
nadtudae Mﬂﬁ?u%ﬁwmﬁmssé’agmmmaammmsﬂﬁﬁ’umﬁmé’mlﬂmmL'E"aulmaﬂ
Sre¥eTEn It UIuAUNANgLAzN135895UNTITUINNT (Capacity) aunsalvaigniaves
nALg %aﬁwmmLﬂmL:J55’u13immizﬂ,ﬁ‘u‘%ﬂﬂié’mﬂ@mud@ﬁm%@mL‘ﬁaulm fagyhnisiden
funlsiidanaduasdanandlnddmsulinmtuiuiu fuseumdiiazgnying,
suniznufiumpeuiiully Tun13dnassdyauvesnanglunumiiu lnguuiAnves

aNoINUNITADATVAAINDU AILAAIIUAINUIENDU 3.2

’
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
\
P
\

__________________________

AMMUTENBU 3.2 LUIAAYBIDANDSNUNISNBATHAAINBU

AMNUTENOU 3.2 LanduuiAnveidanesiiunisnensiadineu laganam
3.2 (n) AovyUnumuiidnse o naseindnisiesrivesdeyauninlmiiiedumduries

nangkarn1InaTIdyyImveunandiitunyiiudwandunin 3.2 (v) lngisuduain
<

vitumneay 7 Fadungtiunsnildluiuniaidieannad waenidiumneias 7, 5

'
=

way 2 Fensenuieulvazgninassivlasudygiuaininanddaiun 1 deun nydiu
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Y &

wnetay 9 Jadungtnudiud 2 aggnldidusunimennnag wasnyinununeiay 9 uas
8 Fansanuleulvzgninassilasudyaiuninandaidun 2 deu nytunieay 6

R Y

= R o w o v & ° | ¢ R =
‘UQLTJUWJJ”U']UEY]@UV] 3 ﬂ%g}ﬂisﬁl,ﬂumqLL‘VIU\WJ'E]\TLﬂWL'JEJ LLag‘ViH‘UW‘U‘VIﬂJWSLaGU 6 LAy 1 YIR39

o A

auReulvazgninassiilasudagraminnandainui 3 seun wytiununeiay 3 Fadu
wtuaaui 4 azgnlfdusunimennaiag wasnitiuninelas 3, 10 wag 4 J993my

KY)

= ) Yo o fo0 o a
Feoulvargninasshilasudyaranninangaidun 4
3.4.2 Nstaanldnasesn

[
N Ya

n1sidenldnadesn (Select Black Box) lus1uideil gidelaunaueisnis
é’umLLUU‘U%’ULﬂﬁauﬂaqwﬂuﬁuﬁiﬂﬁLHSQﬁaLLUﬁLLUUﬁ’mLL‘Uaa F1SUNITWIANNULEY
ﬁqmﬁm%’umﬂﬁaﬂﬁwLmﬁaﬁ&guwwmammné Feldoonuuuisnnslunmsmdneulunass
faae 4 38015 leunieng DE-inspired Move (DIM), Random-transit (RT), Best-transit
(BT) wae Inter-transit (IT) dwsunszuaumsinaulalunisdonndesdin 4 38013 Tunsm
Ameuarldmsideniuuisdesidn (Roulette wheel selection) Bsnszuiunsdnaulalums
Fonnanean Asluauns (3-11)

FNpe—1 + (1 = F)Apt—q + Klpe—q + plApe—q — APES

Py, = (3-11)
b=1 FNot—1 + (L= F)Apr—g + Klpeq + plApe—y — ALY

Tagd
Poe = punesduvesnisifiennaesiunusuugdlunismuausasseu
Npe—1 = ruuninindennaesmsysvusluseunsannnnouning
-1 = AringUsvasAlanvems ivauafidennassdiluseunisAuIm
nouniil
best I Aaa = ° ! Tt
AZT = ddnfiganinuluseumsiitnaneuning
I - 1 P I )
bt-1 Aaziuuazay danduluuns 0 uaz 1
1 A9 NEBINIAUNUNASNGNANIEALLIOUNISAIEER
= | v saad
0 Ao binuKaTNENANER
B = dunumiuvesnasie
F — ﬁj LY L [ [ a aa N !
A38UFUIUA (Scale Factor) {UUFIUIUATINTAIAIATENINS
084 1 (fvualvia F = 0.5)
K = fdaduasdn (Parameter Factor) udnuiuassfifAasfissning

009 1 (Myualvar K = 1)

9naunis (3-11) Wunszuaunmsdndulalunisidennaesiluudazsaums
A lngn1sAunIAIneuNAngavesaun1siliazysenaunile (1) Iuiuaseiiaen
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naeay 9 Tuseumsiunfiiiuu (2) mi’mqﬂszaﬂﬁmﬁ&JMﬂ’]iLLﬁ’ﬂﬁgmﬁuaqm'ﬁtﬁaﬂ
naeastu q (3) naesiulviaiinfianlutagtuniels uaz (4) swesvinsvesaningUsvasd
waglunsuidywiveanisidennaeeiati 9 AN vivesnadossiiaian devin
ndasliiaiinfignluseunisiunuieuntiil ammsnazdufiasgnidenluseunisdiuan
dagtuasifindu udlunsdsouduimi 1 geldfidegalunisniAineuseuaiands
Lisndudesmurnumuauns (3-11) dmsuidonnassm sadulunuidedlunsmuim
mmeuseudl 1 Ssmundenuinagluresnsidenndesldildnviniuie 0.25 9y
JemnnameanuiazJuayay
3.4.3 N13ALEUNITVDINGDIA

N15a1L1IUN15993na8901 (Black Box Operations) 484350 19AURILUY
Usuiasunagndluiiuillndifesiud suuudulas (M-VaNSAS) dmuntsmanumngas
flandmdunisidonsundsiideuuunatsinand Uszneudas 4 33n15 THuAisnns
DE-inspired Move (DIM), Random-transit (RT), Best-transit (BT) W& ¢ Inter-transit (IT)
Fawandluaunis (3-12) - (3-15) eldd198991n91u3aves (Sanckaphet et al,, 2022) uay
(Pitakaso et al,, 2022) dmumsienunvasnsialunisiaulunisseu auydin B Ao
FruuseTaiivszneudslunisseu dmuaien A Jusetadidenndesdi b wasfivun
wn 7 Wusedafililésunisidentunmsandunislunds b lusaedisiuusataluen A
vinfulen Z wirfu B 1dunu n ieunusielafignidenuuuguainionsnsda Z uas

MUY | WUTTaTignidennnensIeTa A
DE-inspired Move (DIM) Zije = Xrje + Qij(Xpje — Xnjt) (3-12)

X;;e if 0;; <CR
Random-transit (RT) Zijt = RU: otZerwise (3-13)
ij

Best-transit (BT) Zijs = B otherwise (3-14)

(Xijt lf Ql] <CR
Xnjt  otherwise

Inter-transit (IT) Zije = (3-15)
Tuaunas (3-12) waz (3-13) LuaunIstunIsiilAUaIN a8 v8INITI
sUkuurasuvisaLuuanginagluaIadne LoRaWAN vuialng) Nanunsaldnunu
A191ga (Minimize the total costs) kagilAAzuUUYBIINIINTAITOYAZINIgA (Maximize
the Bitrate) dwsulvusnisdyangunsaivatenis auns (3-14) waz (3-15) lodmsunis

WiUAUTL TN AU FUL UL DI IRIL U UM BNALIE
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3.4.4 N59ULARAINBU
nssuenAneU (Update the Tracks) Tudumsutilfunisiuiouiiisumnou
fuALay Wislrlanaudmsuniseuialuseudall dananaluaunis (3-16)

Zijt if f(Zije) = f(Xije)

Kijewr = {Xijt otherwise (3-16

INANNT (3-16) Loei f(Zy,) wnuilanduingUssasdves Z;;, wag £(X;¢)

wnuilanduinguszasdves X, Wellinmasiuuazandmsusoumsmuwinsioly azidenen
d‘d 1 1 1 a o
AZLUUAZANNHAININNINTENIN Z;j, wae X, bunsUssdiudmnay
3.4.5 N1SYIFIIUNINVLATUTDUNANAUA
o % & a = | = A o =

A5VE luTunUN 3.4.2 §9 3.4.4 3un3INTASUANLEUlIANIUA T4
a ° Yaw VYo ° Y A v
anuvlfumiwqmﬂﬁmmu ;pﬁ]sﬂmﬂ’mumnmuqqqmmﬂ’musm N 2,000 39U TngsaLigl
(Pseudocode) ¥8935N15AUMILUUUSULUABUNaenSluRunlndlABdLUswuUdnLUag
fanandlunmlsEnau 3.3
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Algorithm: M-VaNSAS

1 | Input: Number of tracks (NT), Number of parameters (D),
2 Scaling factor (F), Improvement factor (K), Value of CR,

3 Number of improvement box (IBPop)

4 | Output: Best Track Solution

5 | Begin

6 Population = Generate Tracks (NT, D)

7 IBPop = Initialize InformationIB (NIB)

8 while the stopping criterion is not met do

9 Update Probability of Black Boxes

10 fori=1:NT

11 //selected improvement box by roulette wheel selection
12 selected IB = RouletteWheelSelection(IBPop)

13 if(selected IB = 1) Then

14 Zij¢ = Operation X, ; Black Box in equation (3-12)
15 else if(selected IB = 2)

16 Zl-jt = Operation ert Black Box in equation (3-13)
17 else if(selected IB = 3)

18 Zij; = Operation X, Black Box in equation (3-14)
19 else if(selected IB = 4)

20 Zyj¢ = Operation X, Black Box in equation (3-15)
21

22 Xijt+1 = Update Track (Zyj¢, Xjj¢) //in equation (3-16)
23

24 End for loop //end update heuristics information

25 End while loop

26 | End

ANUTENBU 3.3 STAUYDIITNIT M-VaNSAS

NANUIENOU 3.4 uanssHaiesvesiBnsAumwuUsuasunagns
TuiuiilndiAssulsiuudnidas (MVaNSAS) Sdunaulunisfumeinoy Sesenaudie
5 Jumeu e (1) MaadsgemmeuENdudnsunNsassUsssnsiusuUTun el iy
uTeiuRe U1 I (2) madenldndasd iWunsyuiumsinaulalunisiden
naesilenIAAoY (3).n13atlun15989naesa WUNTEUIUNITYBINITNIAN
AT aNTgaUIENOUMIY 4 380735 IHLAIEN1S DE-inspired Move (DIM), Random-
transit (RT), Best-transit (BT) wag Inter-transit (IT) dsuansluaunis (3-12) - (3-15)

(@) nM3sUnAInaU Wumswisuisumaauiuansy Walilsainaudinsuniseiuinly
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saudn bl Aauwanaluaunis (3-15) waz (5) NMSYINITUnaUR (2) 89 (4) NNTUVITIUNTN
509

= v

LATUTBUNNNUA LAZIIEIUAINDUN
Aganivaneingusvasa

=
f
3.4.6 NMSPIANAIUANNZ AL &

I ]

n1snIAIAINzaNigafidateTngUszasd (Pareto Front) Wuignas

9

dvfumeanuvanaLiganivate inguszas nleudangsiu viieluludiamasieniu

(n5auen Smgasal wasnes fida, 2555) FdluuAdeiidunsuidgmnisidansdiunianng

A

Luunanginakgluin3eYig LoRaWAN vunlvg Nilassingusyasa nilanudaudeiu fe
NIMAUNUAITNGR (Minimize the total costs) wazllAAzLULYBIIATINTHITRYAGITIER
(Maximize the Bitrate) dusuliuinisdyaagunsaluatenis aunislaeinluidunism

AIAUINgaN g daesingUssasd Aakansluaunis (3-17)
— 1r1 2,2
fiq = wfig +Wfig (3-17)

Tned fi, \Duiladduinguszasduetnin i luseunismuingey g feidu
Y ca9 ¥ o [ o (% L I~ o 1 d':ll 6
TagUszananlddmsuaunts (3-17) dwsunisunUaminisdendniesnaaLuunalenaiag
luAsoUne LoRaWAN unalvg) Mgiunsaldnuynuianuazieinziuuvasdniinisdeloya
aaandmsuliuinisdyarngunsaivatenis Awanduaunis (3-18) tnedl wt 1ulmiin
vaansgudmivinguszadn 1 dmiu w? = (1-wh) uay wl =U(0,1) lne®l fii uaz f3

Julnguszasrresinguszasd 2! uaz 22 muaeiu

V R

R
Max Z = <—w1 Z UrYr> + <W2 Z erBrv> (3-18)
r=1 1

v=1r=

Tagan sz auiigaiiinateinguszasd (Pareto Front) grlditeifiuAney
Mnfudeniinfiagn Fuduisnsfildifiodunisuuvunismasunisiidunnndiinais
fnuszasd waslinnudaudsiu SdluAvediaesingusrasaiidaudsiu naniedanis
Hensumisidanandiiifumusifian wasdonisegiuuressasmsdidayainniian las
Amue £ 1(y,) wag £2() luilanduingussasdvesingUszasd 1 wag 2 ¥0unsn r
audeu 19 R Wuwsvesindenidululdun v = 5y, vos 0 y:) Fnduwnvesinines
n1sfndula waz fY) = FO)f20), - f20) WulwnvosilanduingUszasdvag
nnwes y aglasuAnudAynd y' wae () < fP") dmsunn v =123..,V

3.4.7 35m3 TOPSIS
25113 TOPSIS (Technique for Order Preference by Similarity to an Ideal
Solution) Wuinslumsienzsinsdedulauvunaremadeniiiesummiadeniinfian
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Auismnumunzaniunisiadulanadiuuanuasdiuau (Hwang & Yoon, 1981) Tag
Tusidoadsdéiseld38n1s TOPSIS Tumsdaatviin iiteldeneiffigaain Pareto front
Tunguemaufiffian ielwldsuuuvressumdsiiduuumansinandluaiodis LoRawAN
yunlng Aaunsoldfunuiifian uagiainzuuuvesdnnsditeyageiian dmsy

Tusmsdyangunsaivaigmaiemidesuuuy feaunns (3-19) - (3-25)

o 3

& — X1y
w=
/ (3-19)

ZlL=1(le)2

Uy = wyry (3-20)

U; ={ mLaxUl,, if veV; mLin Uy if veV} (3-21)

U, = { mLin Uy if veV ; mLawa if veV'} (3-22)
v

St = | (U ~ U (3-23)
v=1

(3-24)

_ S
TS+ S

(3-25)

lneil xp, AoAelanTuIngUseasnvesyn I MenduingUssasd ving
Aod1uauuesyaly Pareto front waz v iuenvesilynduingUszasduan waz v’ Huan

[

s o 1% a s 3 ! a sa o i Y = & 5 o
Ya3ilentuinguseasdaay mdwes w, WuAmisdwesnnmueastingsduiingn
vosudagilanduingusvased ludiuves UYU" ={U},U;, ... Us}) was
U'(U" = {U1,Uj, ...,Up}) Aer1nauiiingau Ngavesilanduingussasauinwazay

[

o v 1 * A= [ 1 1 Y A gj & o (3
ANUAINU AN Sl el Sl ABDNTIINAITUNINUIYUDILF AL Lﬁ@ﬂ?]']ﬂﬂﬂﬂﬁ]\‘iﬁﬂﬂ%u%ﬁ]ﬂﬂi”aﬁﬂ

s d ! d

UINLAZTAUNINFIAU (Cl) f"’]@L‘UWUENWWi’]ﬂJLG]@ dAn Cl lnaiAeedu 1 Nan g ﬂﬂLaE)ﬂ

q

L“LJum‘mLmnzawqﬂiumil,t,ﬂﬂﬁym
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NaN1539¢

luunasdunrsiuauonaniside nasBensduvisiidanuunaisinaiag
Tuir3evny LoRaWAN sunlvg dafideliinsmaaedaelidaneiiiufiondney wagi
N15USEUMIgyY 92U 4 35015 Aiv I501IN19TuENIIY (GA) TINsTTmuinisiaelduasing
(DE) Fmsmidanuminzauiigauuungueyna (PSO) uagisnisAumuuuyiuiuasy
nagnsluiiuitlndlAssiauysuuudauas (MVaNsAs) §adeldutsmsiiauenaniside
sanlu 4 dau fe (1) mami‘mgﬂLLUUﬁmezamﬁqmam"%mmﬁ&y’ﬂmmns? (2) N3
Wisuiisudnnumunzaufiaaiiinaienguszasd (3) nanisdatdenguuuusiiuns
fidunmaglagli38n1s TOPSIS uay (@) JUnuumumisiidauvunarsinandluiniods
LoRaWAN wuelwe) Tnefisnwazidondeelui

4.1 NANMSMIFURUUNMUNEAUNEAVBIAIUVUINALNALIE

namgUuUUTmngauiiga (Optimization algorithm) Fogsuvtsiidanmidly
1A38918 LoRaWAN U1 lngy 97A78N15M1eRusnssa (GA) 35n1s3dmuinisiaeldnasie
(DE) 33 smifiauiminzandigauuungsuoynia (PSO) uagismsdumuuuyiuiasy
nagnsluiuilndiAsaiuysuudauuas (M-VaNsAS) dawanismidnoulundasisnis
fiwauSuadedellil
4.1.1 HaNIMANNBUVDIIBNITN RGN I3
NAN1TAABUTBIION TGS (GA) Tumsmguuuuiianzauiign
(Optimization algorithm) vessunusfissinadlumsents LoRaWAN awnlng) wudnd

SULUY (Solutions) dwisumsuAlaminuau 69 sUuuy duwandlunizg 4.1

M1319 4.1 NaNIIVFURUUTILMINEaNNgAY 093N GA

sULUY AU AzLLUYBIINIINITEITaYR
(Solution) (Cost) (Score of Bitrate)
1 17,199,066 2.652

17,206,008 2.646

17,210,995 2.647

2
3
4 17,245,456 2.647
5 17,246,117 2.648
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suluuy AunNy AZLUUYRIIRTINTTEITaYA
(Solution) (Cost) (Score of Bitrate)
6 17,280,297 2.640
7 17,300,148 2.652
8 17,312,678 2.653
9 17,317,400 2.647
10 17,321,326 2.657
11 17,335,043 2.636
12 17,353,090 2.643
13 17,354,397 2.629
14 17,372,264 2.653
15 17,412,846 2.661
16 17,414,942 2.669
17 17,424,163 2.658
18 17,424,766 2.662
19 17,442,038 2.632
20 17,487,039 2.665
21 17,514,961 2.700
22 17,528,171 2.676
23 17,547,927 2.655
24 17,580,162 2.688
25 17,590,460 2.662
26 17,595,063 2.678
27 17,675,152 2.663
28 17,682,647 2.650
29 17,692,260 2.691
30 17,706,679 2.656
31 17,754,869 2.700
32 17,758,500 2.675
33 17,766,797 2.694
34 17,828,326 2.685
35 17,830,418 2.675
36 17,872,387 2.685
37 17,889,574 2.683
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suluuy AunNy AZLUUYRIIRTINTTEITaYA
(Solution) (Cost) (Score of Bitrate)
38 17,891,587 2.671
39 17,988,424 2.711
40 17,990,138 2.685
41 18,018,824 2.708
42 18,162,683 2.712
43 18,167,244 2.684
44 18,188,724 2.721
45 18,252,683 2.702
46 18,365,334 2.717
a7 18,388,784 2.741
48 18,465,334 2.717
49 18,465,464 2.689
50 18,472,205 2.696
51 18,555,918 2.745
52 18,570,667 2.126
53 18,586,285 2.746
54 18,594,065 2.733
55 18,621,772 2.753
56 18,655,918 2.762
57 18,715,035 2.762
58 18,754,239 2.741
59 18,761,745 2.761
60 18,774,373 2.137
61 18,868,294 2.743
62 18,878,803 2.774
63 18,920,279 2.771
64 18,978,873 2774
65 18,988,535 2.730
66 19,020,279 2.791
67 19,239,163 2.774
68 19,318,163 2.803
69 19,518,142 2.784
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91191379 4.1 wanINaNIIFULULTIMINE aTigave s smaugnssy
(GA) Bawudn #8112 69 JULUY (Solution) uazgUuuudildaduyu (Cost) siign
R g‘ULLU‘Uﬁ 1 d@unu 17,199,066 UMM WAEAZLULYBITNITINTAIUBYLA (Score of Bitrate)
Wiy 2.652 sUluUTTlRAzuLuYessRsInIsdsotagean AegUuuuil 68 AzuuLYBISHTY
msdefayauiiy 2803 uagifuyuuiiu 19,318,163 um BsgUuutieuaausatiaue
Tugduuureanyml asanslunmuseneau 4.1

Solutions of GA
282
2.80 L
®
- [ ]
2.78 o® °
— 276 (1
) J
S 274 o ® o
®
) ® i
3 272 < S o
§ 2.70 °  § L
) 268 ... .. L] ]
$o oo °
2.66 5 Sl :,
2.64 °
'Rl
262
17.00 17.50 18.00 18.50 19.00 19.50 20.00
Cost (Million Baht)

AMwusznau 4.1 sUluuiinzaniigauesdsnis GA

9nANUsENDY 41 LaneHanIsMIFULUUTImIIzaNTign (Optimization
algorithm) Yo swiuntsiisannsluiaetng LoRawAN vurmlung) §a835nsveiugnasu
(GA) Baild1uru 69 5UnUY (Solution) TavAduni (Cost) aeflugrsszning 17,000,000 U
019 20,000,000 U9 WAZAZWUUYBITNTINITAITDUA (Score of Bitrate) 8¢ 1309
2.62 i3 2.82

NAMSYNAANLMINEaNTiganTinany TnqUszasd (Pareto Front) 18§35n13
y9fgFIH (GA) FatTunsidenguuuy (Solution) IATigna1nd1uIu 69 UNUU Taennsm
ALz anaafifinats TngUTzasduosisnsnasiugnssy (GA) nuindlsluuy
(Solutions) dmFun1suntayymdau 12 UkUU Aalandlumsng 4.2
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M1319 4.2 ArANUgaianiivae IngUseasdvesisnig GA

suluuy AunNY AZLUUYRIIRTINTTEITaYA
(Solution) (Cost) (Score of Bitrate)
1 17,199,066 2.652
2 17,321,326 2.657
3 17,414,942 2.669
4 17,514,961 2.700
5 17,754,869 2.700
6 17,988,424 2.711
7 18,188,724 2.721
8 18,388,784 2.741
9 18,655,918 2.762
10 18,878,803 2774
11 19,020,279 2.791
12 19,318,163 2.803

91NA319 4.2 LAAIHANISNIAIAIN I AN TIgaTidviate TnqUszaed
(Pareto Front) ¥8935n13N191UgN T (GA) Fawudn T9uau 12 3Uluv (Solution) wha
sULuUAlANUYY (Cost) Aflan Aogunuudl 1 U 17,199,066 U™ LazAzLULYEY
dns1nsdsdiaya (Score of Bitrate) Wiy 2.652 sUuvuiiliazuuuressnInsdedoya
g9an ABJULUUT 68 AvuuLvesSaTINsATeyALINTU 2.803 uasdfunuiviiiy 19,318,163
Faflothamnuvanzauiigniifinansinguseasd (Pareto Front) ¥8835A1sMesiugn sy

(GA) indnawelusuwuurasns fwandlumnUseneuy 4.2
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Pareto Front of GA
2.82
2.80
2.78
2.76
2.74
272

Bitrate (Score)

270
2.68
2.66

2.64
17.00 17.50 18.00 18.50 19.00 19.50

Cost (Million Baht)

AUIENBU 4.2 AUz aufignNiva1e IngUssasAuedisnis GA

91N MUTENDY 4.2 LARNATDIAIANNIIN T aulgANTane TngUssasd
(Pareto Front) JUuUUTBsUMLsTiRunmabdldanIsnismestugnIsy (GA) Tnesuuuy
fignidende Pareto front aziduguuuuAiAigauesngusuuuy (Solutions) l#a1n3sn1s
NINUGNTTH (GA) %ﬂgﬂmuﬁgmﬁaﬂima Pareto front #91u3u 12 3UlUU (Solution) lag
Y1UBIAIAUYY (Cost) Dg5¥NINe 17,000,000 UM 9 19,500,000 UM Lozt I9v8InzwUY
9n3IN15e9UBYA (Score of Bitrate) BE5e1nIN 2,62 019 2.82

4.1.2 HaN1IMANMBUVEIIINTIIRUINTT AL lENasNg

NaN1TINANABUTB9ATN15 IR SIneldHas1a (DB) Tunismgunuui

wanzaufign (Optimization algorithm) Josiumisiiganmagluaiatng LoRaWAN wu1n

gy wuIHFULUL (Solutions) dmsunisundeyyidauay 60 sUwuy asandlumsne 4.3

M99 4.3 HaN1IMFULUUNLYINgANTIEAYe$I5N1S DE

suuuy AUNY AZLUUYBITNIINTEITRYA
(Solution) (Cost) (Score of Bitrate)
1 17,110,691 2.646
2 17,147,385 2.648
3 17,221,326 2677
4 17,222,434 2.663
5 17,243,439 2.653
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sduuy AunNy AZLUUYRIIRTINTTEITaYA
(Solution) (Cost) (Score of Bitrate)
6 17,304,726 2.659
7 17,315,962 2.699
8 17,319,740 2.672
9 17,322,435 2.692
10 17,324,726 2.649
11 17,351,632 2.684
12 17,369,025 2.657
13 17,469,874 2.667
14 17,470,440 2.686
15 17,514,961 2.709
16 17,567,448 2.696
17 17,578,261 2.676
18 17,588,483 2.688
19 17,618,585 2.704
20 17,619,740 2.682
21 17,741,549 2.718
22 17,754,964 2.729
23 17,759,099 2.682
24 17,767,307 2.697
25 17,774,870 2.726
26 17,851,021 2.123
27 17,859,099 2.694
28 17,874,826 2.716
29 17,875,423 2.127
30 17,954,977 2.739
31 17,973,652 2.715
32 18,062,387 2.694
33 18,064,325 2.708
34 18,110,352 2.748
35 18,162,002 2.725
36 18,175,186 2.736
37 18,182,462 2.728
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A1314 4.3 NaN1IMFURUUTVINEANNEAY0$I5N1S DE (se)

sduuy AunNy AZLUUYRIIRTINTTEITaYA
(Solution) (Cost) (Score of Bitrate)
38 18,241,425 2.713
39 18,271,449 2.743
40 18,314,881 2.759
41 18,335,121 2.749
42 18,351,021 2.733
43 18,435,368 2.132
a4 18,462,179 2.738
45 18,491,241 2.753
46 18,514,935 2.759
47 18,598,708 2.122
48 18,599,874 2.753
49 18,667,307 2.741
50 18,694,467 2.765
51 18,694,527 2.762
52 18,712,412 2.751
53 18,783,439 2.759
54 18,812,312 2.791
55 18,832,177 2.747
56 18,841,549 2.785
57 18,898,206 2.787
58 18,958,206 2.807
59 18,962,434 2.796
60 18,968,870 2.1775

9n91579 4.3 UanssamsmngUiuuiinnzaniigaresisnisimunisiagld
WARNS (DE) 971 91171 60 FULUY (Solution) kagguuuuiilir1dunu (Cost) aniigen
fio JULUUT 1 Jfumu 17,110,691 U9 uagAzIUUYEIdRTINSAsTeYA (Score of Bitrate)
Winftu 2.646 sULUUATYAZILUYRSSRIINdsTotagEn AegULULT 58 AzuULYBITHTY
nsdedayawiriu 2.807 uazllAuyuviniu 18,958,206 um %qgﬂquﬁgwmmmmﬁ'naua

Tugduuureinsvl daanslunndseneu 4.3
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Solutions of DE
2.82
2.80 . .
®
2.78 e
®
—_ 2T [ ]
- 276 . o. @ o o ®
= - ®
S 274 * o o .
S om >, ¢ .
£ 270 ) o* o °
= ol %
B 268 o ° o* °
® o
2.66 0‘ )
1 L]
2.64
262
17.00 17.50 18.00 18.50 19.00
Cost (Million Baht)

awUsznau 4.3 sUluuimzauiigavesisnis DE

91nAMUTENDY 4.3 Wansnan1sIsULULTImIraNTign (Optimization
algorithm) Y unisiinanmadlua3otie LoRaWAN awinlng #re3snsiTauinis
Tneldnasniie Faiigruau 60 JURUY (Solution) TnAnduny (Cost) ogluriaszning
17,000,000 U 914 19,000,000 UMW waTALLUUYBIBATIN1TAIVBYUA (Score of Bitrate)
9ETENIN 2.62 019 2.82

(3

] - o o ad
NANIINIAIAMLANNZANVEANLAN8INUTeasn (Pareto Front) U8935019

Faunsiegldnasig (DF) Fudun1sidanguiuy (Solution) TATgAaINT1wIL 60 JULUY

9

lagn1svAIAININEaNianNinaIe IngUsEasAveian1siaunnsiagldnania wudn

5Uuu (Solutions) dusumsuataymaniu 12 JUiuu dauandlumsa 4.4

M1319 4.4 A1AIUINEANTAATIIVa 18N UsEaIAvesIBnT DE

sUlUY AunNy AZILUYRIINTINTEITaya
(Solution) (Cost) (Score of Bitrate)
1 17,110,691 2.646
2 17,221,326 2.677
3 17,315,962 2.699
4 17,514,961 2.709
5 17,754,964 2.729
6 17,954,977 2.739
7 18,110,352 2.748
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M99 4.4 ArANEaNaaniviae ingUseaadvesisnis DE (F9)

sUluy AuUNY AZLUUYBENINTHITRYA
(Solution) (Cost) (Score of Bitrate)
8 18,314,881 2.759
9 18,514,935 2.759
10 18,694,467 2.765
11 18,812,312 2.791
12 18,958,206 2.807

a

INAT 4.4 WEAINANITUIAIANNNUNEAUNAANINa8 TR UTLaen

9 9
a o

(Pareto Front) 484330153 munslaeldwane (D) Fenudn Sd1uau 12 gUkUY
(Solution) waggUuuulsiAsuy (Cost) firflgn Aeguuuuil 1 Fduyu 17,110,691 U
LazAzILUYEIBASINTAsToLa (Score of Bitrate) Wiy 2.646 JUuULTIlHAzLULTD ISR
nsdadeyagean AegUuuuil 12 AazuuuressnIINTTdstoyaiiy 2.807 wazildunu
WinU 18,958,206 U BaiilothAAnuminzasfigniiivateTagUszasd (Pareto Front)
Y8385 ImUINIsiagldnasiie (DF) %agﬂquﬁgw:ummmiaﬁwLaualugmwwaﬁﬂsww
Aauandluninusgneu 4.4

Pareto front of DE

2.82
2.80
278
276
274
272
2.70

Bitrate (Score)

17.00 17.50 18.00 18.50 19.00
Cost (Million Baht)

AUsENBY 4.4 AAuwineaugaivate IngUsasAuedisnis DE
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NN MUTENEU 4.4 WanNAYDIRIANIVINEaNTigaAiTivats TagUszasd
(Pareto Front) sUkUUvBwMmisfiRanangldanisnistimuinislaglinasine (OF) Tng
sULuuignidensne Pareto front audusuiuuiffianvesngusuuuy (Solutions) ilsan
FBsiTaumslaglduasiig (OF) Tsgunuuiignideniag Pareto front fid1uanu 12 JUwUY
(Solution) Ing919uedA1RuN (Cost) Bg5ENINN 17,000,000 UM fia 19,000,000 UM Uay
Y19YDIALILUUEATINIFHITBYA (Score of Bitrate) 88521319 2:64 fig 2.82

4.1.3 HAMIMAABUTITNTMAM A NIINEaLTIgALUUAG a YN

NANNSVIAIABUYBIIBNNTIAANNIINZALIgALUUNgRaLA1A (PSO) Tu
nsgULUUTmEauiign (Optimization algorithm) wassiumsisainngluiedodie
LoRaWAN wuaalngy wudndguuuu (Solutions) d1mFunisuitaymidiuiu 81 jUluy

fawandlumisne 4.5

A1319 4.5 SULUUTMINEaNiignuedianis PSO

sUuY Auny AZLUUYRIBNIINTTETaYA
(Solution) (Cost) (Score of Bitrate)
1 17,020,510 2.654
2 17,033,243 2.673
3 17,055,891 2.680
4 17,067,315 2.663
5 17,111,523 2.646
6 17,115,177 2.666
7 17,120,630 2.644
8 17,145,411 2.686
9 17,146,841 2.654
10 17,167,132 2.689
11 17,168,912 2.678
12 17,208,063 2.694
13 17,209,587 2.682
14 17,218,460 2.710
15 17,234,523 2.669
16 17,240,859 2.666
17 17,246,715 2.659
18 17,255,550 2.674
19 17,321,259 2.689




A1514 4.5 JULUUTIgaNigavesisnis PSO (sie)

76

suluuy AunNy AZLUNYRIIRTINTEI oy
(Solution) (Cost) (Score of Bitrate)
20 17,351,105 2.677
21 17,389,532 2.705
22 17,403,181 2.718
23 17,405,214 2.696
24 17,435,351 2.675
25 17,451,993 2.723
26 17,452,587 2.690
27 17,484,780 2.699
28 17,516,359 2.686
29 17,554,270 2.703
30 17,584,734 2.684
31 17,592,751 2.701
32 17,610,766 2.681
33 17,615,361 2.697
34 17,637,473 2.670
35 17,671,268 2.703
36 17,701,679 2.686
37 17,779,202 2.724
38 17,784,142 2.710
39 17,785,214 2.699
40 17,883,431 2.682
41 17,896,460 2712
42 17,928,601 2.723
43 17,984,142 2.750
44 18,032,763 2.730
45 18,038,682 2.701
46 18,044,056 2.738
a7 18,051,853 2.718
48 18,127,833 2.736
49 18,179,499 2.736
50 18,183,687 2.755
51 18,184,213 2.742




A1514 4.5 JULUUTIgaNigavesisnis PSO (sie)

7

suluuy AunNy AZLUNYRIIRTINTEI oy
(Solution) (Cost) (Score of Bitrate)
52 18,240,969 2721
53 18,310,776 2.757
54 18,311,586 2.732
55 18,321,130 2.728
56 18,374,580 2.729
57 18,392,324 2.747
58 18,478,589 2.741
59 18,514,080 2.741
60 18,542,353 2.726
61 18,555,254 2.735
62 18,591,786 2.744
63 18,630,940 2.765
64 18,631,493 2.749
65 18,688,802 2.745
66 18,762,087 2.727
67 18,772,370 2.736
68 18,856,713 2.750
69 18,862,155 2.732
70 18,905,956 2.733
71 18,974,922 2.805
72 18,995,522 2.796
73 19,018,032 2.759
74 19,089,010 2.784
75 19,098,378 2.763
76 19,130,510 2.764
77 19,153,289 2.774
78 19,206,214 2.790
79 19,208,399 2.743
80 19,208,673 2.764
81 19,296,754 2767
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A5 4.5 Lananan1IMIULUUTImEIzauignve$Isn1Inan
ﬂ’J’]ﬂJLmJ’]xﬁﬁJ‘ﬁfjfﬂLLUUﬂQ'iJ’e]Lgﬂ’m (PSO) Bawudn fldwau 81 ULV (Solution) wazguuy
flAduU (Cost) iign Ao JULUUR 1 Hduyu 17,020,510 UM LAZAZULUYDISAT)
nsdadaya (Score of Bitrate) Wiy 2.654 sunvuiiliiazuuuvesdnnisdsieyagean Ao
SULUUT 71 AzluutedngInsdsdoyawindy 2.805 wariifunuminiu 18,974,922 um
%"’agﬂLLUUﬁgwmmmmﬁwLauaiugﬂLL‘UUsuaﬂﬂs']w sananslunmyseneu 4.5

Solutions of PSO
28
®
2.80 A
L

278 '. .
o 276 . o : . ° o o
- o (]
B 2.74 F X1 Se .t s ¢
o 272 °® o o ° e
g ° °
£ 270 c 0°°%° ¢ e
& e, ® % % °

2.68 .. .‘ e ®

L ]

266 o..o b

264 @

262

17.00 17.50 18.00 18550 19.00 19.50
Cost (Million Baht)

AMNUsENaU 4.5 sUluuiimNgaNiignvesisnig PSO

9N NUTENOU 4.5 Lanenan1svIULUUTImIIzaNTign (Optimization
algorithm) w8 undsiinsinmadluindesne LoRaWAN vuralug fa835n15016
ANNIINTaNTigaLUUNGLoYAIA (PSO) B afidauau 81 JULUY (Solution) Tnernduyy
(Cost) agluriagsenine 17,000,000 U 03 19,500,000 UM LALASKULYBIINTINITHS
Uaa (Score of Bitrate) 8g3¥1319 2.64 4 2.82

NANTIAPIBINEaLNgaTiTnaIengUTEacd (Pareto Front) ¥e438n1s
mﬁi’]mmmmzauﬁqmLLUUﬂEjmaymﬂ (PSO) %uﬁumﬂﬁaﬂgmwu (Solution) ﬁﬁﬁqm
91n81uaU 81 JUkuy lagnrsmAmiumngauiganivateinguseasavosisnisnia
ANz aNTigA LU UNGNaRAIA (PSO) NudgUikuy (Solutions) dm3unisufidym
U 15 U daanslumsng 4.6
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M1319 4.6 A1ANLINEaNTaATIviae IngUsEaAvesisnis PSO

sUluy AuUNY AZLUUYBENINTHITRYA
(Solution) (Cost) (Score of Bitrate)
1 17,020,510 2.654
2 17,033,243 2673
3 17,055,891 2.680
4 17,145,411 2.686
5 17,167,132 2.689
6 17,208,063 2.694
7 17,218,460 2.710
8 17,403,181 2.718
9 17,451,993 2.123
10 17,779,202 2.724
11 17,984,142 2.750
12 18,183,687 2.755
13 18,310,776 2.157
14 18,630,940 2.765
15 18,974,922 2.805

91MA319 4.6 LARIHANITMIAIANIMINEaNNgATiEvane TnqUsEaed
(Pareto Front) ¥8935n15M1A1A AN TIgALUUNGREYA A (PSO) Fanudn fi1udu
15 5UuUy (Solution) warguuuuilkaduny (Cost) Mfign Aaguuuuil 1 Hduynu
17,020,510 UM LAEA¥LUUYBIBATINTAITOYA (Score of Bitrate) Wiy 2.654 JUuUY
AlVnzuuuve 8asINsdstoyagian Aogduuuil 15 AzuuuvednsInTsddeyawiniy
2.805 WazdAunuiniu 18,974,922 U Fedleridraaiumngauianfiimaneinguszasd
(Pareto Front) ¥8938n15vANAY NNz TigauuUnd e YAIA (PSO) anttausluguiuy

2890529 A9EAIUAMUSENBU 4.6
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Pareto front of PSO

282
2.80
278
276
274
272

Bitrate (Score)

270
2.68
2.66

264
17.00 17.50 18.00 18.50 19.00 19.50

Cost (Million Baht)

AWUIENBU 4.6 ANAUmENzauNan vy IngUssasAradianis PSO

91N MUTENBY 4.6 LARNAYDIAIANUMINEATigATTinans TnqUsEash
(Pareto Front) JULUUTBwMUTsfiRanaERlF1n T3 nsm A zaufigauuy
naueunA (PSO) Imagﬂuwﬁgmﬁaﬂﬁw Pareto front azLﬁugﬂLLUUﬁﬁﬁqﬂﬂaqﬂdmgﬂLLUU
(Solutions) MFANNFZATM AN aNTIgALUUNGuaYATA (PSO) Faguuuuiigniden
lag Pareto front 19117 15 3ULUU (Solution) 1A8Y3139u89AMUNU (Cost) BY TN
17,000,000 UM 94 19,000,000 VN UagdWVBIALLULIATINTEIUBYE (Score of Bitrate)
9E5NINg 2.64 19 2.82

4.1.4 wanIAAe UM IFUMLULU U BsunagnsluiudlndiAssius

wuuAnLUad

NANITVAIRBUYEYIINEALIUUS U unagnsluuitlndiAssiuds
WUUAAKYAY (M-VaNSAS) Mm*ﬁmgmwuﬁmmzamﬁqm (Optimization algorithm) ¥e
fundafidanaadluniedre. LoRaWAN gunatng) WUIFULUU (Solutions) dwmiunis
widayyndnuau 272 sUkuu dananslumnisn 4.7

M1379 4.7 SULUUTPaUTanve935n13 M-VaNSAS

sduuuy AuNY AZUUUYRITNTINTEITDYA
(Solution) (Cost) (Score of Bitrate)
1 16,319,264 2.662
2 16,323,183 2.657




A1319 4.7 SULUUNMIEauigauedisnig M-VaNSAS (se)

81

suluuy AunNy AZLUNYRIIRTINTEI oy
(Solution) (Cost) (Score of Bitrate)
3 16,324,398 2.651
4 16,327,764 2.644
5 16,328,138 2.646
6 16,344,746 2.642
7 16,349,281 2.659
8 16,352,722 2.647
9 16,353,115 2.690
10 16,354,492 2.689
11 16,356,037 2.686
12 16,356,527 2.686
13 16,356,606 2.688
14 16,366,786 2.645
15 16,371,128 2.650
16 16,373,319 2.689
17 16,373,969 2.649
18 16,374,069 2.647
19 16,374,133 2.686
20 16,383,690 2.685
21 16,387,583 2.688
22 16,391,288 2.652
23 16,393,042 2.680
24 16,401,418 2.698
25 16,403,558 2.695
26 16,412,228 2.700
27 16,415,893 2.697
28 16,418,810 2.698
29 16,420,835 2.651
30 16,421,357 2.692
31 16,421,456 2.649
32 16,424,598 2.649
33 16,425,555 2.697
34 16,427,541 2.651




A1319 4.7 SULUUNMIEauigauedisnig M-VaNSAS (se)
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suluuy AunNy AZLUNYRIIRTINTEI oy
(Solution) (Cost) (Score of Bitrate)
35 16,429,378 2.692
36 16,430,148 2.689
37 16,431,567 2.692
38 16,437,270 2.697
39 16,449 447 2.693
40 16,451,435 2.696
41 16,454,944 2.696
42 16,464,458 2.716
43 16,470,495 2712
44 16,492,016 2.653
45 16,492,425 2.698
46 16,498,462 2.654
47 16,501,093 2.708
48 16,541,096 2.661
49 16,552,723 2.698
50 16,552,780 2.659
51 16,558,227 2.655
52 16,558,227 2.658
53 16,565,548 2.704
54 16,573,078 2.697
55 16,577,245 2.696
56 16,582,944 2.692
57 16,583,437 2.689
58 16,585,406 2.696
59 16,587,510 2.696
60 16,592,730 2.698
61 16,594,290 2.695
62 16,599,352 2.703
63 16,600,029 2.704
64 16,600,580 2.696
65 16,622,244 2.698
66 16,622,898 2.716




A1319 4.7 SULUUNMIEauigauedisnig M-VaNSAS (se)

83

suluuy AunNy AZLUNYRIIRTINTEI oy
(Solution) (Cost) (Score of Bitrate)
67 16,655,943 2721
68 16,670,429 2.657
69 16,676,113 2.680
70 16,678,714 2.698
71 16,681,311 2.673
72 16,683,436 2.678
73 16,688,828 2.663
74 16,695,829 2.693
75 16,711,150 2712
76 16,712,059 2.640
7 16,714,390 2.643
78 16,718,610 2.705
79 16,724,807 2.706
80 16,733,384 2.640
81 16,736,924 2.706
82 16,752,671 2.640
83 16,753,917 2.695
84 16,755,823 2.720
85 16,758,605 2.683
86 16,760,307 2.683
87 16,761,725 2.692
88 16,765,711 2.672
89 16,765,711 2.683
90 16,767,622 2.639
91 16,768,482 2.666
92 16,779,985 2.644
93 16,784,202 2.689
94 16,788,791 2.690
95 16,789,532 2.640
96 16,790,745 2.728
97 16,794,189 2.646
98 16,812,629 2.649




A1319 4.7 SULUUNMIEauigauedisnig M-VaNSAS (se)

84

suluuy AunNy AZLUNYRIIRTINTEI oy
(Solution) (Cost) (Score of Bitrate)
99 16,819,149 2.666
100 16,834,421 2.683
101 16,856,077 2.675
102 16,858,884 2.691
103 16,869,138 2.668
104 16,873,123 2.670
105 16,874,659 2.670
106 16,877,830 2.667
107 16,880,640 2.699
108 16,880,690 2.669
109 16,885,545 2.666
110 16,886,767 2.669
111 16,890,433 2.725
112 16,891,007 2.675
113 16,937,421 2.658
114 16,991,045 2.690
115 16,997,449 2.677
116 17,016,222 2.679
117 17,034,092 2.678
118 17,043,297 2.731
119 17,049,159 2.678
120 17,050,412 2.681
121 17,051,297 2.693
122 17,094,838 2.626
123 17,095,921 2.630
124 17,104,532 2.628
125 17,125,356 2.703
126 17,143,443 2.729
127 17,148,339 2.738
128 17,151,410 2.732
129 17,156,427 2.686
130 17,157,841 2.709




A1319 4.7 SULUUNMIEauigauedisnig M-VaNSAS (se)
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suluuy AunNy AZLUNYRIIRTINTEI oy
(Solution) (Cost) (Score of Bitrate)
131 17,167,688 2.687
132 17,178,149 2.731
133 17,224,428 2.639
134 17,243,087 2.680
135 17,243 543 2.679
136 17,243,941 2.684
137 17,248,443 2.736
138 17,251,807 2.678
139 17,266,033 2.683
140 17,266,630 2.682
141 17,268,946 2.737
142 17,270,442 2.736
143 17,273,082 2.684
144 17,291,428 2.679
145 17,296,938 2.682
146 17,298,770 2.674
147 17,300,397 2.699
148 17,306,291 2.679
149 17,310,186 2.705
150 17,316,744 2.706
151 17,317,630 2.657
152 17,320,633 2.696
153 17,320,750 2.704
154 17,329,331 2.708
155 17,335,559 2.702
156 17,372,040 2.696
157 17,375,225 2.696
158 17,378,366 2.697
159 17,393,266 2.697
160 17,400,222 2.684
161 17,400,952 2.687
162 17,404,430 2.684




A1319 4.7 SULUUNMIEauigauedisnig M-VaNSAS (se)
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suluuy AunNy AZLUNYRIIRTINTEI oy
(Solution) (Cost) (Score of Bitrate)
163 17,404,430 2.686
164 17,410,754 2.667
165 17,411,767 2.681
166 17,417,012 2.683
167 17,417,988 2.674
168 17,418,653 2.679
169 17,421,108 2.683
170 17,422,552 2.679
171 17,445,110 2.710
172 17,446,489 2.705
173 17,446,489 2.709
174 17,454,248 2.705
175 17,472,056 2.704
176 17,514,497 2.686
177 17,536,130 2.685
178 17,551,586 2.690
179 17,553,684 2.684
180 17,577,200 2.694
181 17,577,446 2.693
182 17,580,594 2.691
183 17,613,525 2.675
184 17,613,922 2.683
185 17,691,438 2.694
186 17,697,158 2717
187 17,700,401 2.704
188 17,704,599 2.733
189 17,715,091 2.703
190 17,715,171 21027
191 17,722,500 2.733
192 17,726,181 2.692
193 17,733,606 21772
194 17,738,901 2.768




A1319 4.7 SULUUNMIEauigauedisnig M-VaNSAS (se)
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suluuy AunNy AZLUNYRIIRTINTEI oy
(Solution) (Cost) (Score of Bitrate)
195 17,749,028 2.692
196 17,820,621 2.741
197 17,828,015 2.729
198 17,833,604 2.769
199 17,854,345 2.731
200 17,866,747 2.692
201 17,872,042 2717
202 17,888,224 2.716
203 17,902,726 2.752
204 17,910,908 2.716
205 17,911,300 2.721
206 17,922,668 2.718
207 17,980,329 2.720
208 17,998,117 2.755
209 18,002,110 2.756
210 18,002,619 2.723
211 18,017,334 2.732
212 18,019,478 2.734
213 18,020,997 2.726
214 18,042,819 2.724
215 18,068,327 2.714
216 18,076,432 2.710
217 18,082,122 2.708
218 18,114,221 2767
219 18,121,714 2.763
220 18,146,453 2.749
221 18,149,979 2.765
222 18,150,749 2.735
223 18,154,110 2.132
224 18,161,142 2.750
225 18,181,816 2.749
226 18,197,528 2.733




A1319 4.7 SULUUNMIEauigauedisnig M-VaNSAS (se)
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suluuy AunNy AZLUNYRIIRTINTEI oy
(Solution) (Cost) (Score of Bitrate)
227 18,246,791 2776
228 18,256,903 2.770
229 18,261,753 2.760
230 18,315,506 2.735
231 18,333,851 2.733
232 18,346,312 2773
233 18,378,695 2.761
234 18,391,108 2.747
235 18,397,596 2.748
236 18,404,723 2.730
237 18,406,200 2727
238 18,417,677 2.762
239 18,420,098 2.763
240 18,448,830 2.749
241 18,544,160 2.751
242 18,549,772 2.753
243 18,572,741 2.701
244 18,578,978 2.754
245 18,589,708 2.724
246 18,590,331 2.763
247 18,594,847 2.747
248 18,598,920 2.760
249 18,610,309 2.186
250 18,617,346 2.745
251 18,663,371 2.780
252 18,669,547 2.746
253 18,677,897 2767
254 18,684,415 21077
255 18,685,621 2776
256 18,688,502 2.718
257 18,713,621 2.784
258 18,730,620 2.694
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A1319 4.7 SULUUNMIEauigauedisnig M-VaNSAS (se)

suluuy AunNy AZLUNYRIIRTINTEI oy
(Solution) (Cost) (Score of Bitrate)
259 18,735,891 2.741
260 18,750,295 2.797
261 18,849,533 2727
262 18,849,810 2.719
263 18,854,515 2.809
264 18,858,543 2.793
265 18,890,351 2.748
266 18,958,456 2.803
267 18,959,509 2.805
268 18,988,535 2.730
269 19,024,769 2.805
270 19,179,477 2.739
271 19,212,646 2777
272 19,228,385 2.787

911A19719 4.7 WARIHANISMIFULU Uz auTignuesitnisAuma
wuvUsuasunagnsluiiuilndiAswaul suuudauuas (M-VaNSAS) Fanuin dmau
272 YUY (Solution) uazgUuuuiiliaIfum (Cost) milgn fie JULUUT 1 Tduyu
16,319,264 U9 wazAvLUUYBIONIINITAIRYE (Score of Bitrate) WMy 2.662 gULLUUﬁ
TWazuuuvessasIn1sdsdoyagidn Aoguuuui 263 azuuuvesdnsInIsdsdoyaminiu
2.809 wagdlfumnuuiitu 18,854,515 Un BegUuuusiamunannsatiauslusUuuuraans
Aananslunmysenay 4.7
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Solutions of M-VaNSAS
285
2.80 ° : 1)
[ ) [

0 Se Y L 3 ? ¢
S 275 o*° -..:oi.. e
< oo *0® $0. 2% % .. 3° ¢
& \"' £, 2gb. o *% .
£ 270 .J o0 e °
= TN e

265 F.‘ " ® . L ]

®
2.60
16.00 1650 17.00 17.50 18.00 18.50 19.00 1950
Cost (Million Baht)

AwWUsEnau 4.7 SULUUNIWENaNNgaveddIsn1s M-VaNSAS

1IN0 MUsENRY 4.7 Lanwwan1susUwuuiivdizaufiga (Optimization
algorithm) U896U1UIALNALIILUIATOYI8 LoRaWAN Yu1aling A18735N19AUNILUY

1
=< a o

Usudsunagndluiuilndifssiauusuuudawuas (M-VaNsAS) deiisiuau 272 sunuy
(Solution) Iagesunu (Cost) agluy1asEning 16,000,000 UM i 19,500,000 UM Uay
AZLUUYBIINTINTAITYA (Score of Bitrate) ag5endng 2.62 i1 2.82

NAMSYANANLIEZANTigaTiEans TngUstasd (Pareto Front) ve$33n13
FumuuuliuBsunagnsluiuiflndifesdudsuuudaulas (MVaNsAS) Gadunisidon
sULUY (Solution) AAfigaaIndIuam 272 sUluy Insnisyaanumsnzauigaiivaneg
fnnUsrashuaeisnisfumiuuuuiuwisunagnslufiuiilndiAe Wanusuuudauuas
(M-VaNSAS) nui1dguiuy (Solutions) dmSunisundaymdaniu 12 suuuu sauansly
M98 4.8

A1319 4.8 AANUVIEANNAA TN aeIngUseasRvadianls M-VaNSAS

sUuuY AU AZLLNYRIBNTINTaITaya
(Solution) (Cost) (Score of Bitrate)
1 16,319,264 2.662
2 16,353,115 2.690
3 16,401,418 2.698
4 16,412,228 2.700
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M1319 4.8 AIANULIEANTgATNIaNe IngUsyasAvadisn1s M-VaNSAS (sie)

sUluy AuUNY AZLUUYBENINTHITRYA
(Solution) (Cost) (Score of Bitrate)
5 16,464,458 2.716
6 16,655,943 2.721
7 16,790,745 2.728
8 17,043,297 2.731
9 17,148,339 2.738
10 17,733,606 21772
11 18,246,791 2776
12 18,610,309 2.786
13 18,750,295 2.797
14 18,854,515 2.809

o

9INA1519 4.8 UARINANIIMIAIAILMLNzaNAgARTnateTngUszasd
(Pareto Front) 99933nsduvuuvuliuidsunagnsluiufilndifsssuusuuudauda
(M-VaNSAS) Famuin fi51au 14 508U (Solution) uazguuuuiilidrsiumy (Cost) milgn
fio gULUUT 1 dunu 16,319,264 UM wazAzUULYISHIIN1TATBYA (Score of Bitrate)
Winfu 2.662 sUUUAlERzULUYesSRsINNsdsdoyagan AoUlUUR 14 AUUUYDISAT)
nsdetayawingu 2.809 wazlinunuwiniu 18,854,515 U %aLﬁ'aﬁ'}mmmmmzamﬁqm
fiflnane Inquszase (Pareto Front) TasisnsAumuuuUsuAsunagnsluiiudlndifes

AUswuunalad (M-VaNSAS) mﬁ%ﬁuaiu;sﬂl,wwmm’]w fawanslunInlsznau 4.8
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Pareto front of M-VaNSAS

2.82
2.80
278
276
274
272

Bitrate (Score)

2.70
2.68
2.66

2.64
16.00 16.50 17.00 17.50 18.00 18.50 19.00

Cost (Million Baht)

AMWUTENBU 4.8 Az auigaiivang IngUseainvesian1s M-VaNSAS

91N MUTENDY 4.8 LARNAYDIAIANUMINEATigaTEinans TnqUsEasd
(Pareto Front) JULUUvBsUMsiiRananglF TN sdumuuuUSuWAsunagnsly
fuilndiAsssidsuuudaudas (MvaNsas) Tnssunuuiignidende Pareto front as1fy
sUwvUTiATigaveengusUwuy (Solutions) AldanisnsAumuuud fulldsunagnsluiiud
Tn&idssfnysuuudauyag (MVaNSAS) Faguuuiignideniag Pareto front $91uau
14 5Uuuv (Solution) Ine1avaerInunu (Cost) 88s¥1ina 16,000,000 U §4 19,000,000

UM LAY ITDIALLUUENIINTHITRYA (Score of Bitrate) Bg521I19 2.64 fis 2.82
4.2 WiguiguanumEnzauigandivang inguszeasd

ASMIFURUUTLIN AL Tanve i urlanunanglun3eute LoRaWAN vunlvig)

(%

luusagdaneiny slaglivudmsumsuntgvinvaiananey aeduluanuided fIdedenld

e

aa i a{' aa o I3 = & addy v A v
FBsenANumagaunganivateIngUszasd (Pareto Front) Fa.ludsnldinedum

° LAY 5 ala o s ~ o Y o = aou &
EﬂLL‘U‘Uﬂ']i'VﬂGﬂLL‘V?‘LN‘VWNLﬂWL?HV]NM@"IEJ'J@QUi%ﬁ\Tﬂ L@l AITUYA LLYINU “UQIUQ']U'J"UEJH

'
o

Taeeinquszasandaudsiu NaRARABINITLADNATLNUIIANNMENITAUNUAEN koY

' '
= =

ABIN1IAZUUUYDIINTINTABYagINan TenrsiUseuiieuAALIngauignfiivaie

9

TogUszasd ¥8l5n1sn1augnssu (GA) 35n193Taiuinisiagldunasing (DE) 38n15man

5 A

d‘ ! aa ¥ [ dl dy
APILMEEANN AL UUNGNDYAIA (PSO) wagdsn1sAunkuuySulUdsunagnslunug

]
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aa

IndlAgeiuUsuuuinulas (M-VaNSAS) Tngnisiseuiiguaianumsnzauiganinaie

e

q

POUTLEIA AILARIIUAITI 4.9 waznInUsEnau 4.9

M1319 4.9 NsSEUTEUAAUWENEaNNgaNiva1e TngUsean

350113 GA 35013 DE 35013 PSO 35n15 M-VaNSAS

(siif:i::n) Auvu AZLUL Auvu AZLUL fumnu AZUUY fiunu AZUUY

(Cost) Bitrate (Cost) Bitrate (Cost) Bitrate (Cost) Bitrate

1 17,199,066 2.652 17,110,691 2.646 17,020,510 2.654 16,319,264 2.662

2 17,321,326 2.657 17,221,326 2677 17,033,243 2,673 16,353,115 2.690

3 17,414,942 2.669 17,315,962 2.699 17,055,891 2.680 16,401,418 2.698

4 17,514,961 2.700 17,514,961 2.709 17,145,411 2.686 16,412,228 2.700

5 17,754,869 2.700 17,754,964 2.729 17,167,132 2.689 16,464,458 2.716

6 17,988,424 2711 17,954,977 2.739 17,208,063 2.694 16,655,943 2721

7 18,188,724 2721 18,110,352 2.748 17,218,460 2.710 16,790,745 2.728

8 18,388,784 2.741 18,314,881 2.759 17,403,181 2.718 17,043,297 2.731

9 18,655,918 2762 18,514,935 2.759 17,451,993 21723 17,148,339 2.738

10 18,878,803 2774 18,694,467 2765 17,779,202 2724 17,733,606 2772

11 19,020,279 2.791 18,812,312 2.791 17,984,142 2.750 18,246,791 2776

12 19,318,163 2.803 18,958,206 2.807 18,183,687 2.155 18,610,309 2.786

13 18,310,776 2.157 18,750,295 2,797

14 18,630,940 2.765 18,854,515 2.809
15 18,974,922 2.805

F’\"ILQa‘IEJ 18,137,022 2.7123 18,023,170 2.736 17,637,837 2.719 17,270,237 2.7137

31NA1319 4.9 waAINanITUIsULguAIAUMNNTaNNgATIianeIngUssasa

YBITINININIUTNTIN (GA) TaMTITAUINISIagldnasing (DE) I8nN1suAIAMmIEaY

gauuungueunA (PSO) wagisnsAumkuuUsuasunagnsluiunlndifgswauusuuy

ARKUAY (M-VaNSAS) Fawud Tn15AumsuuUTUagunagnslunuilnaiAe il s

LuUsnuUas (MVaNSAS) fir1iadeveswiunu (Cost) Miignit 17,270,237 Uw uazALade

YDIATUUUVDITNI1N15d970Ya (Score of Bitrate) 3nilgm 11U 2.652 fany Jsagulain

BN1sAUMILULYSUIUAsunagnsiuNunlnaifesanUsuuuanulas (M-VaNSAS)

fUszansnmgegalunismiguivuimuigaungavesiwnisnaunandluiaiaviey

LoRaWAN wu1eilug) 5898919A8 I5N15MIAIANMEgaRan . uungueunia (PSO) 5n13

FTwuin1slagldnasie (DB UagIEn1sniusnssy (GA) mua1au tngilau1deya

n1siSeuifisuAnImgannganivate Inguszaed veusazdaneiiy udnaue

Tuguuurainsvl daanslunindsenau 4.9
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Pareto Front Comparison

2.82
2.80
2.78
2.76

]
g 274

o

P 2.72

_g 2.70

= 568

2.66
2,64

2.62
16.00 16.50 17.00 17.50 18.00 18.50 19.00 19.50

Cost (Million Baht)

GA -0-M-VaNSAS -a-PSO DE

awusEnau 4.9 msilSsuiisuaanumangauiganinatgingusseasn

NN MUTENBY 4.9 WAAINISIUTYULNEUNAVDIAIAIUNNIE AN AN

Y I3 ° A ¢ Ay v ax
na1eingUseded (Pareto Front) 3893ULUUYBIAIWMUINALNRLIENLA1nTTNS
N19RUFNTTU (GA) I3 53 Taunslaglduasie (DE) 38n1smiAIRRumangauianiuy
nauaun1A (PSO) uagdsnisAunmwuuysuldsunagnsiuiunlnaidesiaudsuuuanuuas

(M-VaNSAS) Fsannaanuandliniiuiinsiveesinisduniwuuliuiiasunagnsluniug

'
= =

TndiAseiuUsuuuinulas (MVaNSAS) egwileainisnisdu q Juluisnsiananlunis
@ondunlsnasnaLgluAIeteg LoRaWAN aualg

4.3 wamsaataangluuualsmaaunaglael43snas TOPSIS

a

! a (Y L3 ! ad
IANITVIAIAIUNTIYANNEANNNA18I0UT2EaIR (Pareto Front) WU 35N19

Aaa

AusuuUsUAsunaewsluiunlnalAessLUsuuuanwyas (M-VaNSAS) 1uisn1snadian

EN

lunisidendaunuaiinsinaiagluiaiedng LoRaWAN 13U YUy UL AU A wnnig

=

fmanzaulgannismidinnumuiganfianiiinaisinguszasd (Pareto Front) 3
Usznoudae 14 3Uuuy (Solution) Fatudssesinsinauladaionstuuusuniaiis
nandimuzay Inslunisiden i3 fuld1438n13 TOPSIS (Technique for Order
Preference by Similarity to an Ideal Solution) dnfunsindonmundsidunniag
Funvay Wneldmdraimin w! uas w? Fadunsliaiminauddyveanisinaule

& Aaa I d' 1 @ g ! Y] | v
ﬂ'ﬁLa@ﬂEULL‘UUWﬂV@@ YN w- A @‘UV‘]U (Cost) Loy w2 Ad ﬂ’]ﬁgLLuueﬂaﬁamiqﬂqiﬁﬂsﬂ@;{!a
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(Bitrate) TnananisAuraidIminAud Ay vesn1sdnaulaniedsnis TOPSIS falanslu
M99 4.10 waznmUszneu 4.10

M1579 4.10 NANTSAIUIUUINTUNYBBNLNUNLNSHnAULaR835 NS TOPSIS

v

sULUU A09U%UN Y
v AUNY (Cost) AZLUY Bitrate
(Solution) wl w? :

1 0.1 0.9 18,854,515 2.809
2 0.2 0.8 17,734,606 21772
3 0.3 0.7 16,464,458 2.716
4 0.4 0.6 16,464,458 2.716
5 0.5 0.5 16,464,458 2.716
6 0.6 0.4 16,464,458 2.716
7 0.7 0.3 16,464,458 2.716
8 0.8 0.2 16,353,115 2.690
9 0.9 0.1 16,353,115 2.690

AR1509 4.10 wanNanIsAIUIUInnNYemannuatun1sanaulanle3snis
TOPSIS &IN13AMUATIVBINITANINUINUNVDIRUNY (Cost) WaLAINLKUUTDITNIINAT

dedoya (Bitrate) 9113 9 JULUU (Solution) 31NN1TIATIENAITAIUIUUINGN WU

£
Yo a

fisuuvumalensumisiinanmag $1uu 4 ngu eaansoaguldied
4.3.1 wamsﬁﬁmmﬁmﬁﬂmjuﬁ 1
wansAantminnaud 1 ffteanilsguuuy (Solution) Aagunuui 1
A1e9ungn A wl = 0.1 uas w? = 0.9 AuUNY 18,854,515 UM WazAZLUUYDITNT)
nsdsdaya iy 2.809
4.3.2 Namsﬁwmmﬁmﬁﬂﬂduﬁ 2
wansAuATInEAnguil 2 SifteandesUuuy (Solution) 1Wuifinaiy
naud 1 Giguuuulunguiie guiuud. 2 drdrsimiind wt = 02uay w2 = 0.8 Funu
17,734,606 U UazAzuuuYeednsNTasloya ity 2.772
4.3.3 Hanafuavinnayd 3
nan1IFIuIlLavnnqudl 3 UsEneaudae 5 ULUY (Solution) Ae
'gULLUUﬁ 3 89 'gULmuﬁ 7 Imagﬂmuﬁ 3 Adaintnd wt = 0.3 uag w? = 0.7 gﬂu:uuﬁ 4
Ardaaimtindl wl = 0.4 uar w? = 0.6 JULUUT 5 Adaamiind wl = 0.5 uag w? = 0.5

sUMUUT 6 Mg midng wl = 0.6 waz w? = 0.4 uaggURUUN 7 Addmdni wt = 0.7



A

wag w? = 03 Felunduildfunuuazaruuuvosdnsnisdedoyadivindu fo Tdunu
16,464,458 UM UarAkULYeIsnsINTdslaya Wiy 2.716

4.3.4 nansFIaTMENNANT 4

nan1sAuaNt gl 3 Ussneume 2 sUuu (Solution) e JULUY

7l 8 wazgUuudl 9 lneguuuuT 8 Arnastimind wh= 0.8 Waz w? = 0.2 waggULuUT 9
Al w? =0.9 uar w? = 0.1 dslunguilfiuyuiazazuuuvosdnsnisdsdoya
fiwindu Ao dunu 16,353,115 UM LATAZULYBTATINSATEYA Wiy 2.690

Tnenantsfuuimindnsusadensuuuusmumiiidanaadieisms TopsIS

fawandlu 4.10

TOPSIS of M-VaNSAS
282
©
2.80
18.854, 2.809

278
Pl © 17734077
o 276
U“\_J’
%:: 274
T am

€ i
270
® 16.353, 2.690
268
16.00 16.50 17.00 17.50 18.00 18.50 19.00 1950
Cost (Million Baht)
OWI=0.1; W2=0.9 @ WI=02W2=0.8 @WI=0.3;W2=07 @ WI1=0.8; W2=0.2

AMNUILNBU 4.10 ANNNNUNUDIRANLNAILUAISARFUTAA875ANS TOPSIS

nnnUszneu 4.10 wandlimiufanisdadonsuwun (Solution) fiaenisAuIn
iwidnvemaninasiluntsiaduladieisnis TOPSIS nudt Ssvuvunisidonsumdise
NALEIIUIY 4 NAY AD NGN 1 AU 18,854,515 UMM WATATWLUYDISATINTAIUBYA
WINAU 2.809 ﬂ'q'mﬁ 2 fdunu 17,734,606 U9 kazAIALUULUBIENTINTAITRYA Wiy
2.772 ﬂfjuﬁ 3 AU 16,464,458 UMW LagAIALLUUYBIERIIN1SdIdoYR AU 2.716
Way ﬂejaﬁi 4 f9uny 16,353,115 U kazAIABLULYBIBRTINTAITaLa Winfu 2.690

MNeTikan s uIMTminTemaninaslunsiadulafeisnng TOPSIS
asnasulidn BFnsdumuuuuiuasunagnsluiiuiilndidesiuusuuudauuas
(M-VaNSAS) Tutsmsdwammiinlungud 3 Hurisiimnzauiian Wesniiduyuiitos

LAZAIALLULYDIENIINTAITaLATIE



971

4.4 sUnvuMuisnawuuvaneinadluaTatng LoRaWAN vuialvgy

nsvULUUTmIzauianvasumisiidanandluedetne LoRaWAN wuislug)
FreAsmsumuuuluAsunagnslufiuillndifesiauusuuudaudas (M-VaNSAS) wuin
wamsduauiming wl = 0.3 uaz w? = 0.7 AAUNU 16,464,458 UM AIAZLULYBIBAT)
n1sdadoya Wiy 2.716 uazil LoRaWAN gateway 3117 144 tnalad (Gateway) e
sUwuuildandsnsdumuuulsudsunagnsluiiuilndifesfauusuuudanlas (M-
VaNsAS) sndaluguuvuunuil dslunsifendsi §35uidenldTusunsy QGIS (Quantum
Geographic Information System) @195 UkaR %1 LI Fe LoRAWAN Gateway 7U7U
144 \naad (Gateway) fiazliusn1sdmaiaiaiatis LoRaWAN fuinunsnsad1niu
N15VNEATRUUEIRTEE 31U 295,942 asTou Tu 2,198 w1y aelulwniiud
JaringuaTysll dwuanslunmdsznau 4.11

200

Legend

@ LoRaWAN Gateway
@ Village
—— Routing

District Boundary

Area side (km)

Area side (km)

AUTENBY 4.11 WNUTLAAITIAY LoRAWAN Gateway 7wisnzaufignueddaninguasvsiil
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NANUTENOU 4.11 uansgULuulATeU1y LoRaWAN Mmangauiigndmiunis

elassadiunietienugiulviiugunsalvateniseunyninsdminguasnysiil

FIUTENDUAIY U 144 LNALIE liusn1sdeyayras LoRa Ninseumgugunsnl

Uargnislumnyuumig - 11 25 918 lulwanundmin

guasI¥eTil




unii 5
a3Unan1sIBLasdaLEUD UL

Tuunilandunmsasinanisifouasdeiausiuglunmsmenuimngauiigadmiy
nsdensdumisiisanuuvaneinandluiaioiis LoRaWAN wuialng) fiaunsnanduyu
Tiiosiian uazfidnsnsdidoyagean Nazlivinisdyaraneiotny LoRaWAN fuinunins
dmfumsviineasiuugaaies 91U 295,942 asaseu Tu 2,198 wiaitinu uiu 25 80
meluniiuifwiaguansi TasnsagunansideuasdoauauuedineasiBendiolud

5.1 #3UNan1523Y

nsmuiesseasesfunsihmaluladuazuianssuanldusslovidifiois
Useaniamlunisuinisianisidlios aglduuifnnisimuniesuied Wesviuade
Tiszroiluilesdnunmdindia dnnugy egnedsdu lnolanzegedsnsiimalulad
inwnssaasedunldiunianisinens FeaunsativanAusiny asUSuuganmam
nanAam1snisneasld dmiunisinensdaniegluaniiuiivuunannsotumalulad Lora
danatuanunmsinunssaeiegiolilasasiugiudussuuesetidumesidnanunsn
AspuAguituiinsinyassunlvguazvdlnaainifiodld ausadouregunsal
ulgasing q Wulnslnaeanisdeds LorawaAN lianunsadngaszuuaanid (Cloud)
dSUN1TUsELIANATRYA INUATNTAIENTOAIUANLANAAM U NIHANIN1SIN YA InoE 9

YLaNsNIN

I o Y A

ANSUIANULNLNZANN AR F NS UNITLA D NFIAUIN AU URAIBNANTlULAS e

)
o o =~ = o =~

LoRaWAN wuiailue) 71agdesdilsfisnsnszanevesdynnniioliamisoaseunqugunsal
Uanem s (End node) uazdadifavesgunsalitlivinig fansnsnandunulidesiign waxil
9n31N5AIUDLAEIEN AagiusnsdaInia3e91s LoRaWAN AULNEAsNdm§unI5Yh
NYASKUUEIRTEY T1UIN 295,942 aTai50w U 2,198 nijUu 91u3u 25 d1ine anely
wniluiiSotaguasivsil daideldtnausiinisduninuusuildsunagnsluiui
TndiAssiudsiuudiauias (MVaNsAS) tilel#lunismenumsngauiigndmiunisiden
Fumbefisuuransinaagluedetis LoRaWAN swialug)

Nan1539e MU sundafifauunansnmaglunietne LoRaWAN STREIRVEY
dusuliusnisdyaia LoRa iieldinunsnsauisaiinuasuuuseasosluuniui
Janinguasysil Aesld LoRaWAN gateway 131131 144 nakad Taunu 16,464,458 Um

ANATLUNYDIBNIINTAITRY ALY 2.716 UsednSainveadsnisAumuuulsuagy
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nagnsluiudlndifssfudsuuuiandas (M-VaNSAS) fuszansamgean dmiunisnden
fumisisauunanenandlundetns LoRaWAN sualug sesawnie 35n15miA1AY
wnzaufigauuungueynia (PS0) Ansitmuinisiaslduasiag (DE) wagisnisng
WUgNTIU (GA) MUFIIY Iﬂ&lﬂ'lﬂ’liﬂﬁ’lg‘dLLUUG?’]LLMﬁQﬁé]JQ LoRaWAN gateway LUl#i0u
wumslunmsnddasiadiaadorisiugiu dWoduasunisiaunnunsdaeiorluaiud
Fwinguasusil iileliiAnlumanisiauiiessaaioy uagudnnssulnia dmiunis
WouuUsenesialy

5.2 UBLAUDLUY

dm3un1sideluafaiifunismisuiuuiaietns LoRaWAN fivsngauiigndmiy
Faminguaniwsndl denisdumanuminganiigndmiunisidandiumisiidauuuans
inadlueiatne LorawAN vuralng Tagldisnsdumuuvisudsunagniluiiui
Indidgednushuudaunlas (M-VaNSAS) Wisuiisuusedngainduisnisnidn
Az ANTigALUUNGLaYA1A (PSO) 3mMsITmuinisiaglinasag (DE) waziSn1smis
#ugnTIL (GA) Wleandunulirnfian uazildazuuuvesdnsniddoyagean dmnsunis
HWelundsdalumrsfnuinisiiiningussasdau 9 ondogradu aunmvosnisliuing
(Quality of Service) n1syuiuvaILfining (Packet collision) N15IAATINEI9U (Power

allocation) kavUSunasu (Throughput) istuiunluwaiiosiasauun [Wudu
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The adoption of smart agricultural technology in rural areas is still limited in
terms of network infrastructure supported. As a result, farmers continue to
practice traditional farming that mainly focuses on human labor and requires
experience in planning the production of agricultural products in unstable
weather conditions, which makes the farmers highly risky. Currently, long
range (LoRa) technology is a smart agriculture support tool that will enable
the Internet of Things devices to a large number of end nodes distributed
over a wide geographical area. They could access cloud computing from a
long distance, kilometers, for processing via long range wide area network
(LoRaWAN) communication protocol. When choosing a multiple gateway
location for LoORaWAN networks, big networks must consider the spatial
distribution of clients, radio signal propagation, and the cap on the number
of devices served access. In this study, a mathematical model is developed to
optimize coverage. The LINGO modeling program, an exact software

method, was used to test the model. The findings indicated that the best six
gateways at the optimal LoRaWAN gateway location. The gateways can
provide signal coverage for all end nodes and can manage the capacity of the
LoRaWAN gateway to support the proper number of end nodes.
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1. INTRODUCTION

Farmers in Thailand still encounter high production costs. In addition, the soil and weather
conditions are uncertain. Agricultural products are low in price, as well as the population entering the aging
society. Therefore, the idea of using Smart agriculture to replace human labor [1]. Smart agriculture is to take
the innovation and to use data analytics in farm management to better accurately plan the production of
agricultural products [2]. This reduces costs and ensures quality agricultural products. However, the adoption
of smart agricultural technology in rural areas in Thailand is still limited in terms of internet networks which
have not been yet supported due to the farmer's farm's large size and remote location from the city. It is not
worthed to invest in an Internet service provider's infrastructure, particularly in Warin Chamrab, Ubon
Ratchathani province, Thailand. This area is 600 kilometers away from Bangkok, the capital city of Thailand.
However, some argrucultureres bring internet of things (IoT) into farming by installing a Wi-Fi router using a
subscriber identity module (SIM) card to distribute the Internet wirelessly to enable internet of things devices
to log into cloud computing for processing to control and monitor agricultural crops. These devices are still
limited in terms of signal transmission over a long distance. One of the most widely utilized technologies is

Journal homepage: htip://ijeecs.iaescore.com




112

1012 0O ISSN: 2502-4752

cellular networks. Wi-Fi is best used at communication distances is less than 100 meters [3]. It cannot reach
vast agricultural areas. Smart agriculture in rural areas may still not be financially feasible if the signal
reaches the entire region, because it may require significant network infrastructure expenditure.

Low power wide area networks (LPWAN) technology is a smart agriculture support tool that will
enable the internet of things devices to access cloud computing for processing [4]-[6] which [7], [8]
compared LPWAN networks technologies and found that LoRa technology was well suited for application to
large-scale internet of things technologies. Truong et al. [9] studied the performance of different wireless
sensor networks by using LoRa-Zigbee hybrid communication, and they could work together efficiently. [4]
they have investigated the acoustic fish telemetry and LoRa-based LPWAN networks to provide real-time
access to the telemetry data enabling farmers to obtain remote fish behavior data in their fish farms. For
LPWANSs used in smart agriculture IoT applications, LoORaWAN is regarded as the most appropriate
communication network [3] and suitable for smart agriculture in rural areas. For the application of LoRa
technology to communicate with IoT devices with a large number of nodes distributed over a wide
geographical area over a distance of several kilometers via the LoORaWAN communication protocol, multiple
gateways are used. To choose the most suitable gateway location In a LoRaWAN network, the distribution of
the signal must be considered to cover the end nodes, and the service gateway limitations such as the gateway
capacity must be considered to support the number of end nodes [10].

A large-scale long range wide area network (LoRaWAN) network has been the subject of numerous
investigations on multiple gateways [11], they have explored the impact of nodes and gateway scaling and
densification while accounting for the capture effect, on the system's reliability, and suggest an optimization
problem to determine the end nodes distribution at various spreading factors in LoRaWAN with multiple
gateways. The results show the performance of the algorithm improves the throughput and packet delivery
ratio in the networks [12]. A comprehensive study of long range (LoRa) scalability is carried out by taking
into account various channel parameters and employing various tools from stochastic geometry. The results
show that including more gateways in the model reduces the coverage probability even further. Matni et al.
[13], proposed the DPLACE model for LoRaWAN gateway placement, which accounts for buildings, device
behavior following the Poisson pattern, and gateway failure. The simulation results demonstrated that
DPLACE model performance in terms of operational expenditure, capital expenditure, and quality of service.
Romero et al. [14], a collision avoidance resource allocation algorithm, was created with the goal of
increasing the capacity of LoRaWAN. The results show the performance of the solution outperforms
standard LoRaWAN networks, achieving a capacity gain of 95.2%. Matni et al. [15], study of placing
multiple gateways in an area considering quality of service (QoS), capital expenditure, and operational
expenditure requirements. The algorithm used the fuzzy C-means to compute the gateway placement. The
results show that PLACE was reduced by 36% of the Capital expenditure. Based on gradient optimization,
[16]’s research proposes a heuristic algorithm for selecting access point locations from a given set of
candidate locations. The proposed method allows for the selection of a sub-optimal set of locations that
provide full coverage while taking capacity dimensioning based on the Spreading Factor and expected
channel utilization into account. Lavric and Popa [17]" work examines the LoRaWAN performance level by
focusing on the maximum number of end nodes that can communicate on a LoRa. The results show the
configuration with the lowest transfer rate is the source of collisions. At the application level, a possible
solution for raising the transfer rate or declining the duty cycle parameter. The impact of known causes of
packet loss in an uplink-only LoRaWAN on the overall quality of service for two gateways is also
investigated [18]. To maximize the packet delivery ratio, two gateways should not be placed too close or too
far apart, and should avoid SF11 and 12. Bor ef al. [19] investigated the capacity limits of LoRa networks to
develop models describing LoRa communication behavior, and he used models to parameterize a LoRa
simulation to study scalability. According to the results, a typical smart city deployment can support 120 end
nodes per 3.8 ha, which is insufficient for future IoT deployments. LoRa networks can scale quite well if
dynamic communication parameter selection is used. Petijdjéarvi et al. [20] analyzed and reported on
experimental validation of the LoRaWAN technology's various performance metrics. The results revealed
that using a transmit power of 14 dBm and the highest spreading Factor of 12, more than 60% of packets
were received from a distance of 30 km on water. When lower spreading factors are used, the communication
link becomes more reliable. Georgiou and Raza [21]’s has been analyzed and modeled using stochastic
geometry for a single cell. Due to signal interference when using the same spreading sequence, the
probability of coverage decreased exponentially as the number of end devices increased.

This article proposes radio planning with a solution of an optimization of multiple gateway location
selection in LoRaWAN. The problem is based on a real-life case study in Warin Chamrap district, Ubon
Ratchathani Province, Thailand. The project site consists of 50 villages with 7,139 end nodes. Gateway
location selections were considered from gateway maximal capacity and the distance between the gateway
locations for deciding proper gateway locations [11], [16] by considering the distance between gateways that
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should not be too short or to far also, spreading of the end nodes according to the gateway distance should
avoid spreading factors SF11 and SF12 [17]. In this paper, a mathematical model with the objective function
of coverage maximization is developed. The model was validated using the LINGO modeling program,
which is a precise software method. After that, the results were analyzed and the quantum geographic
information system program was used to display the location and coverage of each signal gateway in a map
format. This is to be a guideline for setting up a network infrastructure for IoT devices in rural areas for
community development to be ready to produce quality agricultural products that are sufficient to meet
consumer demand. This study's method is divided into five sections: introduction, overview of LoRa and
LoRaWAN, mathematical model formulation, results and discussion, and conclusions.

2. LORA AND LORAWAN OVERVIEW

LoRa is a physical layer radio frequency modulation technology for low-power and wide-area
networks (LPWANS). LoRa, enables long-distance communications of up to 5 kilometers in urban areas and
up to 15 kilometers in rural areas [6]. LoRa uses chirp spread spectrum (CSS) signal modulation to spread a
narrow-band signal over a wider channel bandwidth. Because of the processing gain of the spread spectrum
technique, this technique makes the signal resistant to interference. The end nodes located close to a gateway
should transmit data at a low spreading factor. An end node located several kilometers from a gateway will
need to transmit with a higher spreading factor. LoRa is standardized to support multiple frequency bands.
For Thailand, it is licensed to operate in the 920-925 MHz frequency band, which meets the AS923 MHz
standard, which is an unlicensed band [22]. Important parameters for the modulation are bandwidth (BW),
spreading factor (SF), and code rate (CR). LoRa modulation has a total of six spreading factors (SF7 to SF12)
[5], [23]. The LoRa transmission speed depends on the frequency change of each chip signal determined by
the spreading factor, bandwidth, bitrate, time on air (ToA), and transmission distance (Range) as shown in
Table 1 [6], [24].

Table 1. Spreading factor (SF) versus bitrate, time on air (ToA) and range

Spreading factor Bitrate (bps) Time on air (ms) Range (km)
SF7 5470 56 2
SF8 3125 100 4
SF9 1760 200 6
SF10 980 370 8
SF11 440 740 11
SF12 . 290 B 1400 14

Table 1 shows the LoRaWAN protocol spreading factor versus bitrate, range, and time on air, which
can be used for uplink messages on bandwidth 125 kHz. It shows the equivalent bit rate as well as the
estimated range in the rural environment. It also shows the dwell time, or Time on Air, values for a 10-byte
payload for each of the six spreading factors. If the spreading factors are low, the transmission rate (Bitrate)
is large, the time on air is less, and the transmission distance (Range) will be short. On the other hand, if the
Spreading Factors are a lot, the bitrate is small, and time on air; the transmission distance (Range) will be
distant.

Long range wide area network (LoRaWAN) is a medium access control (MAC) layer protocol
above it. LoRa communication could reduce noise, interference, and increase channel capacity and expand
wide area network (WAN) which can connect the end nodes with cloud computing through LoRaWAN
gateway. The LoRaWAN is appropriate for sending data with small data packets, such as sensor reading data
[25]. The LoRaWAN standard is based on the LoRa Alliance, a leading non-profit organization for
communications worldwide. to drive and standardization of LoRaWAN communication network technology
by LoRaWAN network architecture as shown in Figure 1.

From Figure 1, it shows the LoRaWAN architecture consisting of four parts: end nodes, gateway,
network server, and application server, which can be applied in a variety of applications. Examples include
smart agriculture, smart home, wireless sensor networks, the internet of things, early warning, and smart city.
The LoRaWAN architecture is composed of end nodes that transmit sensor data or receive commands from a
network server for data access or device control. By accessing data or controlling devices according to
LoRaWAN requirements, there are three classes which are classes A, B, and C. All devices must be
responsible for class A operation. These modes of operation deal with how the devices interact with the
network. Gateway is an intermediary connection between end nodes and network server by intercepting the
preamble of LoRa signals sent from each end nodes and forwarding the data set to the server through internet
protocol (IP) which can have a gateway, which could be more than one gateway (multi gateway). Network
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server or computer server that provides services in the LoRaWAN network brings data sets from the gateway
to the process. The application server or application is a part of the use of data obtained from the server such
as a data reporting system or display data with graphs, database system or reporting data to smartphone
applications, etc. The capacity of a LoRaWAN network is determined by the density of its gateways. Using
an adaptive data rate (ADR) mechanism to maximize network capacity is important. End nodes closest to a
gateway transmit with the lowest spreading factor, reducing their time on air. More distant end nodes
transmit at a greater spreading factor.

End nodes Application
Servers

Gateways

Figure 1. LoRaWAN architecture

3. MATHEMATICAL MODEL FORMULATION

The multiple gateway location selections in LoRaWAN and extensive networks must consider the
spatial distribution of the end node, radio signal propagation, and the cap on the number of devices served
access. This section presents the construction of the problem definitions and the mathematical model
formulation, which is applied to compute radio planning with a solution for optimizing multiple gateway
location selections in LoRaWAN, a case study based on a real-life in Warin Chamrap district, Ubon
Ratchathani Province, Thailand, which is defined as shown in problem definitions and mathematical model.

3.1. Problem definitions

To select a gateway location in a large LoORaWAN network where the signal can cover end nodes in
every village, it is possible to set 50 gateways according to the coordinates of the villages and 7,139 end
nodes distributed in each village, as an example shown in Table 2. gateway location selections are based on i)
gateway maximal capacity that can support 2,000 end nodes, ii) the signal service range of each getways that
allows end nodes to transmit in a spreading factor of SF7-SF10 using distance. Determine, and iii) the
distance between gateways by defining the maximum distance between a LoRaWAN gateway and a village
(T?) is 8 kilometers, while the minimum distance between two LoRaWAN gateways (T2) is 10 kilometers.
Table 2 shows an example of possible locations to set a gateway based on village coordinates. Variables
containing id is Village id, x is Longitude, y is Latitude, and pop is the number of end nodes in the village.
The possible number of the gateway location set up is 50 according to the coordinates of the villages.

Table 2. Examples of possible locations to set up a gateway

Variables Description
1d 1 2 3 B 50
X 104.891022 104.901194 104.71463 . 104915719
y 15.147308  15.15089263 15.135502 ... 15216261
pop 95 184 161 . 214

3.2. Mathematical model

The gateway location selections must consider the spatial distribution of the end node, radio signal
propagation, maximal gateway capacity, and the distance between the gateway locations for deciding the
proper gateway locations. The mathematical model developed for the proposed problem is applied to
compute the radio planning with a solution of optimization of multiple gateway location selection in
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LoRaWAN. In this study, a mathematical model is developed to optimize coverage. The mathematical model
is defined as shown in Indices, Parameters, Decision Variables, Objective Function, and Subject To.

Indices

T LoRaWAN gateway locationr..1...R
1 LoRaWAN gateway location 1..1...R
v Village v=1...V

Parameters
R Maximum possible location to locate LoRaWAN gateway R
A% Total number of villages

p i Maximum allowed distance of LoRaWAN gateway and village
i Minimum distance between two LoRaWAN gateways

B, Number of populations used LoRaWAN gateway in village v
D,, Distance betweenr and v

C,. Capacity of LoRaWAN gateway r

M Big M, great number

Sn Distance betweenr and 1

Decision variables

{1 if locationr is used to locate the LoRaWAN
. = 0 otherwise
X - {1 if location r serve village v and the distance of r and v higher than T
i 0 otherwise
7 _ {1 if location r and village v has distance more than T*
™ 0 otherwise
1if locationr and l is in used
Wi { i
0 otherwise
H, =  Distance between LoORaWAN r to LoORaWAN 1
Objective function
MaxZ =Y%V_ ¥R . (1-X,,)P, 1)
Subject to
DD e | vv=1.V ?2)
Xy &Y Vv=1.Vr=1.R 3)
XD ST 25 Viu=1:V1r=1T.uR “
Wik B 6. Vr=1..R 5)
W, =YY, vVr=1..R,1=1.R 6)
H,=1-Wy)M+S, Vvr=1.RI=1LR (@]
H, >T? vr=1.Rj1=LR (8)

The objective function is (1), which attempts to maximize the number of populations covered by the

LoRaWan. According to (2) specifies that each village must have at least one LoRaWan. As shown in (3)
ensures that LoRaWan r can only serve village v when it is operational and located, whereas (4) ensures that
the maximum distance between LoRaWan r and village v must be less than T*. According to (5) ensures that
the total population of LoRaWan r is less than its capacity. According to (6), (7), and (8) are used to ensure
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that the distance between two LoRaWan gateways is greater than T'2. To calculate the distance between
villages, as shown in (9) is employed.

\/((Xz —x1)2+ (2 —y1)?) )

where:

x, = Longitude of location 1
y; = Latitude of location 1
x, = Longitude of location 2
y, = Latitude of location 2

4. RESULTS AND DISCUSSION

LoRaWAN gateway location is selected by using mathematical modeling for multi-gateway location
selection problems in large LoRaWAN networks. The samples in this experiment were from 50 villages in
Warin Chamrap district, Ubon Ratchathani Province, with 7,139 end nodes using Lingo version 13 to
process. The results of the experiment found that the most suitable LoRaWAN gateway location is 6
gateways, each gateway sends a signal to different villages. The results of the LoORaWAN gateway location
selection are as follows.

Table 3 shows the most appropriate number of LoORaWAN gateways is 6, and each sends the signal
to different villages. Gateway 1 located in village 5 serves 11 villages, gateway 2 located in village 19 serves
11 villages, gateway 3 located in village 23 serves 8 villages, gateway 4 located in village 31 serves 8
villages, gateway 5 located in 40 serves 6 villages, and gateway 6 located in village 49 serves 6 villages. The
Spreading Factor covering end nodes from the LoRaWAN gateway signaling service is shown in Figure 2.
Figure 2 shows spreading Factor values covering 7,139 End notes by using LoRaWAN gateway signal
service with SF7 covering 1,427, SF9 covering 874 end nodes, SF9 covering 2,243 end nodes, and SF10
covering 2,595 end nodes. LoRaWAN capacity of the end nodes service is shown in Figure 3.

Table 3. LoRaWAN gateways location serving to villages

Gateways Gateways location Villages ID
GW 1 5 5.6,7,8, 15,26, 35, 36, 37, 38, 39
GW2 19 1,2,17,18,19,20,27, 33,43, 44,48
GW 3 23 13,16, 23, 24,25,42, 46,47
GW 4 31 14,21, 22, 31,41, 32, 45,50
GW S 40 9,10, 11, 12, 28, 40
GW 6 49 3,4,29,30,34, 49
3,000
2,595
2,500 2,243
2,000
g 1427
g 1,500 e
9
5]
1,000 874
500
0
SE7 SF8 SF9 SF10
Spreading factor

Figure 2. Spreading factor values covering end nodes
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Figure 3. LoRaWAN capacity of end nodes service

Figure 3 shows the LoRaWAN capacity of the end nodes service of each LoRaWAN gateway.
Gateway 1 serves 1,280 end nodes, gateway 2 serves 1,692 end nodes, gateway 3 serves 1,299 end nodes,
gateway 4 serves 1,429 end nodes, gateway 5 serves 760 end nodes, and gateway 6 serves 733 end nodes.
LoRaWAN gateway signal service covers the end nodes of each gateway by 1 to 8-kilometer distance as
shown in Figure 4.

End Nodes
2
(=]

——GW1
——GW2
—tr—GW3
e GW4
e GW5
i GW6

Distance (km)

Figure 4. LoORaWAN gateway signal service covering end nodes based on the distance

From Figure 4, the LoORaWAN gateway signal service covers end nodes based on distance (km). In
the first kilometer, gateway 2 covers the highest number, 413 end nodes, while gateway 5 covers the lowest
number of 413 end nodes. In the 2nd kilometer, gateway 4 covers the highest number of 214 end nodes,
gateways 1, 3, 5, and 6 do not cover any end nodes. In the 3rd kilometer, gateway 6 covers the highest
number of 717 end nodes, gateways 1, 2, and 5 do not cover any end nodes. In the 4th kilometer, gateway 6
covers the highest number of 369 end nodes, gateways 1, 2, 3, and 4 do not cover any end nodes. In the 5th
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kilometer, gateway 1 covers the highest number of 349 end nodes, gateways 5 and 6 do not cover any end
nodes. In the 6th kilometer, gateway 3 covers the highest number of 407 end nodes, gateway 6 does not cover
any end nodes. In the 7th kilometer, gateway 4 covers the highest number of 450 end nodes, gateways 5 and
6 do not cover any end nodes. In the 8th kilometer, gateway 5 covers the highest number of 306 end nodes,
gateways 4 and 6 do not cover any end nodes.

The experiment conclusions of optimizing multiple gateway location selection in LoRaWAN
networks indicate six gateways could cover all end nodes. Gateway 1 located in village 5 serves 11 villages
with 1,280 end nodes, gateway 2 located in village 19 serves 11 villages with 1,692 end nodes, gateway 3
located in village 23 serves 8 villages with 1,299 end nodes, gateway 4 located in village 31 serves 8 villages
with 1,429 end nodes, gateway 5 located in 40 serves 6 villages with 706 end nodes, and gateway 6 located in
village 49 serves 6 villages with 733 end nodes. Moreover, LoRaWAN gateway could appropriately manage
the supporting capacity of end nodes. When the data is processed in the quantum geographic information
system program, it concludes the LoRaWAN gateway location that provides signal services to end nodes in
villages on a map as shown in Figure 5.

45|
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Area side (km)

@ Village
A LoRaWAN Gateway
~— [ District Boundary
1 Subdistrict Boundary
3 Routing ),w\/
S L £
45 50 55 60 65

o

Area side (km)

Figure 5. LoORaWAN gateway location

Figure 5 shows map data in Warin Chamrap district, Ubon Ratchathani Province, Thailand. It
consists of the LoraWAN gateway location of the six gateways connecting with the 50 villages. end nodes
provided in each village receive signals sent from LoRaWAN gateway, which could be directions for setting
up the Network Infrastructure in the rural area. This possibly promises sufficient quality of agricultural
products responding to the consumers’ requirements.

5. CONCLUSION

‘We proposed a method for optimizing the location of multiple gateways in LoRaWAN networks.
The problem is based on a real-life case study in Warin Chamrap district, Ubon Ratchathani Province,
Thailand. We want to reduce network infrastructure constraints. in bringing the Smart agriculture system into
rural areas of Thailand so that farmers can reduce production costs and make agricultural products of good
quality. As a result, a solution for gateway location selection in LoRaWAN has been proposed using a
mathematical model with the objective function of coverage-maximizing. The model was validated using the
LINGO modeling program, which is a precise software method. The results demonstrate that an optimization
of multiple gateway location selection in LoRaWAN with six gateways could support signal service for all
end nodes. Besides, the supporting capacity of end nodes by LoRaWAN gateway could be appropriately
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managed. The solution could also define gateway location in LoRaWAN to plan and improve the network
infrastructure in the rural areas to be ready for producing sufficient and quality agricultural products
responding to the consumers’ requirements. Suggestions for further studies are expanding the experimental
area, increasing end nodes, and using metaheuristic algorithms or other algorithms capable of potentially
better processing experimental results.
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