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Editorial Message

In an era defined by rapid advancements in digital technologies and the global transition toward
intelligent industrial systems, the Journal of Engineering and Digital Technology (JEDT) remains committed
to its role as a scholarly platform for disseminating in-depth research in engineering and digital innovation.
Contemporary research in these fields plays a crucial role in the development of smart infrastructure, the
enhancement of production efficiency, and the strengthening of industrial competitiveness on a global
scale.

JEDT places particular emphasis on research that addresses emerging industrial challenges, including
advanced automation, the application of artificial intelligence in manufacturing processes, the design of
highly adaptable control systems, and the development of digital platforms capable of real-time data
integration. Several studies featured in this issue also introduce new approaches in data engineering,
cyber-physical systems, and Industry 4.0 technologies—key foundations for the evolution of future smart
factories.

All articles in this issue have undergone rigorous peer review by experts in relevant fields to ensure
academic quality and practical applicability across manufacturing, service sectors, and enterprise-level
digital development. The editorial board is confident that these contributions will advance knowledge in
engineering and digital technologies, offering meaningful insights for researchers, practitioners, and
technology developers.

The editorial board warmly invites scholars to submit their work for future issues, contributing to the
ongoing advancement of engineering and digital innovation and supporting the sustainable development

of future industrial systems.

Kongkij Voraputhaporn, Ph.D.
Editor-in-Chief
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Abstract

The case study company’s current situation, which is an electronic components manufacturer, who is facing a
delay of an available-to-promise (ATP) response times from make-to-order (MTO) production, and the impact of
customers service efficiency and competitiveness. This research addressed the development of decision support
systems using ATP-DSS techniques which is a principle of applying the information system to manage the inventory
for prolonged available-to-promise response times, exceeding 24 hours, within an electronics manufacturer's order
promising process (OPP), aiming to reduce delay defects and variability. A Real-Time Decision Support System was
developed, integrating ATP-DSS techniques, Six Sigma principles, Lean methodologies (ECRS), and Business Process
Reengineering (BPR). This integration facilitated enhanced, real-time assessments of inventory levels, production
capacity, and supplier part availability. Results demonstrated a significant OPP reduction average 22.23 minutes
per order, or 84.62%, with OPP response times within 24 hours improving by an average of 69.71%. Defect rates
were eliminated, achieving a 100% reduction or zero mistakes, and process variability stabilized, with the Process
Capability Index (Cpk) increasing from 0.95 to 1.37. Moreover, the value-added (VA) activities increased by 7 steps
(100%), and necessary but non-value-added (NNVA) activities decreased by 7 steps (87.50%).

Keywords: A decision support system, Available-to-promise, Business process reengineering, Lean manufacturing, Six sigma
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v

Wanszuvativayunsandula Tfudhedndomemaiansinnisusinaiiniesliduanls (Available-to-Promise: ATP)
$2AUYIUINITNENNITYBA Six sigma warn1sUsEgndldinaliauuudu (Lean ECRS) Failunuimisainalunisan
Founnsosnaziiindngnmnissiuauveenszuiunis OPP Faduuumsildfumsseniuegisnianidunisus
UszdnSnmlugramnssunisudngunsallniluazdidnvseiind [9] LLa8ﬂﬂiﬂ%U%@ﬂizU’Juﬂ’]iWNﬁqiﬁﬁ] (Business Process
Reengineering: BPR) [10] ImEJmiLﬁaﬂyimmsméaaﬁama"]‘ffi'wﬁuﬂumamaummw’?maqﬁnﬁ‘ﬁﬂhﬂﬁaaﬁﬂim?ammms
fiumuuuisududgninniu fuseseiestiorrendesiwivestuuasifu 1wy ATP-based DSS wgatednifiuns
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¥
aAav A &

nsanyIdeillunstlfnwateiiiyusedviisiunisdanisid@eidessuu anvsduiuanuuiuduazyseavsnmlunis
UsziliuseAvaudands maanisudn wazanundenvestudiulsenavduadidnnselindanddaweuiudiunuuriud
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Jansdudnmnds §IdelamnuansaukeIAnNIsIdY (conceptual framework) As3UTN 1

D M A | C
(Define) (Measure (Analyze) (Improve) (Control)

1) Review literatures 1) Set teams and 1) Determine process 1) Create the improvement 1) Evaluation result

collect data defect by ATP-DSS, BPR, LSS

techniques application
2) Define key problem 2} Waste of process  2) Root cause analysis 2) Validate & Follow up 2) Procedure & Wl
3) Objective study 3) Choose method to 3) Continuous

solve problem improvement
U7 1: 30ULWIAANNTIRY

I a o/

518Ul
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9 Y
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a =
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lutunouilagAuiumAnaiienainunmin 16 Tuneu vasuiRnudiedntediuiu 27 au udrasuiaisu

N
o
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level) 91nAMNEILTOAUANEATNVBINTEUIUATT (Cpk)

3. MyuATILityn (Analysis Step: A)

Tutumeuildmstiesgimanvauasilym anudih deunnies uazaruulsusuresnszuILns OPP FuiiliiAn
nsnoundusdierilsviunuaienisueignd Meunuiuansamnuazsa (cause and effect diagram) y3ouALi
A19Uan (fishbone diagram) LLammmé’mﬁua‘maqmm@‘ﬂzymﬁgmm 5 Fumeu Ao (1) mvuaUssiautam (2) fvuangu
{Jﬁwé’ﬂﬁuaqi‘]iymﬁu 5 (3) ‘vnmma‘uaai’jmmﬁuaq;ﬁﬂﬁﬁﬁmw’haﬁ’m%@ (@) dpsnfupnudAnyvesamndymmeunugil

wWwsle wae (5) Tduumanisusuusslgmiinansenugs
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4, n75‘l/5"w/§'~1 (Improve Step: 1)

Tutumeuiideldmuuansusletymlnevszgndldmatauuuiu lumsvianugyiadaduuumeddaluns
W5 AvSnmesAng 1udsnsysannismada Lean Six Sigma WAumshasessuusalusiRileusuusenszuums
Tugshauinsuazgravinssuliiuszansnmgeaauasld BPR ilousuusshdlgguvmilifiaundesiaunniusiudunis
Wawszuvatduayunisdedulamemaiia ATP-DSS dunsunisudlelgmanuad dounnses waganuulsusiu Tu
N32UIUN1T OPP Yasdudulsznavduddidnnseind dessuvativayunsdniulafiodueiesiioddlunstdisuims
$nmstoyaiidutouneliyamaluladoualv Tasdideldvhniseonuuuuaginunszuu DSS Trtuihedadoseimain
mMsansUsinaiindeuldyanlaieldlunsnsiaeutsnaiudulssnovauididnvselindnmunlusyuu ERP @9

o o

szuufinaniodueiosdeddglunisiiuuszdniamnsindulasazananudeslunisdiiunu lnenisussynald

17
¥

wadansndenlidyyinisddonte ATP faduuumeiildfunseenfulumsifiumuauisanisnevaussidgoly
gravnssuiidianududougs [19] dmfunsaauunaauuuiiasadmssng (ogic model) vosszuvTsannadasiuuin
yamsdamadndsdetugeiidestimsduuniinisuastormusiidaauiiolfifnUssdnsnmgeanlneliisnsdunlag
peRaUaNUzYRI TNt ud U sEne AL i indAlvidya IiluadsAud oy dag i Usinadudiid sy
LffhmLaumﬂE{dauau%ud’;uLLazU%mm%uéauﬁmm’jwﬂéﬁ’ﬂuamﬂm FnauseUsinaduaniilndualaunddlilangn

v =

ysedeuauliuanAn 5U9USUIUAINNABINISTUEIUNADUNNAIAT Bt MaIINTUTIUUIAIUIIUS LT UEIY

Y

o 1%

UsznaudiannsedndnlidygilauasUSuaduadiannsedndineundumid@eiuanailaviui aelduuudiansd

U

AiladsnnuliuiueuvemngInsLaznIsIemIneInswuulauin Ineuuudiaeadmssngrassyuvatvayunisinaula

gremailn ATP-DSS & #1989 nauns (1) sail
ATP-DSS = [CINV+GPCS] - [GWDL+NFC] (1)

Tunmslaseiiiemunlinnadudulssnevduinddnvselindfiaunsalidayald vesszuvativayunisdnduloss

NI15U1NFILUTAINNTIN 2

A5197 2: FnlsingadaaazANNuLNg

fianus AUNRUNY
ATP-DSS Usinafudiuusznevaudadnnsetndrlndoyanls
CINV USnasudiunsnds o nadagdu
GPCS Winaduduidedhurminiefiranisalineyldsuanmsdede
GWDL U%mm%udauﬁ’lﬁﬁmaﬂ,ﬁaLL@iET&MWNEmm:dwau’lﬁﬁuqﬂﬁw
NFC wwltuddselmivieufinaauiiignédesnsnsaseureudsdenis

5. mM3AUAL (Control Step: C)

Tutumeutiazifunsmuaulfnsusuusadulumuumunuiitinue wieuiifnnunastssdunasgrauszuu Tae
aqﬂwamw"ﬁLﬁumumuﬁaﬁi’mﬁﬁm ur nansalaeadsvenszuaunts OPP sefdade, U%mmﬁfgimmﬁébﬁaﬁmu
naugnAnigly 24 dlas, SnsnTReuUndufdte, SiuaudeunnsowsedeRanatalunszuiung, Usyansainues
ASEUIUNIS OPP %ﬂﬂﬁ]’]im’]ﬁ]’]ﬂi%ﬁu%ﬂmqﬁlﬂm‘ﬁu, ﬁhmuﬁaﬂﬁuﬁa%naﬂaduﬁu, ﬁﬂuauﬁﬁ]ﬂﬁuﬁhja%n@mm LAy

Punufanssunliadiyaaniinwndndu
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NAN1TIBLATN1TDAUTIENE

qquﬁ%’mﬂé’ﬁwﬂ'1iﬁwmiwuaﬁuayumiﬁmﬁﬂaﬁwmﬂﬁﬂ ATP-DSS dmsumsunlatymanuad deunnses uay
auuUsUsu Tunsyuauns OPP vestuduUssnevauddidnnseind Tneuszenaldinatiauuudu lun1sednainugey
wWan, Lmeamsﬂ%’ﬁyaﬂsxmuﬂﬁquﬁﬁ] sdnswatiaves Six Sigma wildlunmsiasisikarysuusnseuIung
Faaeandastuuuimemsdanisiasinsuuuiulaglilaseadns DMAIC Wiedfiudszananmluesdng uazniseenuuuiamn
szuvafuagunsdindulafemeia ATP-DSS tieanmnuailunszuiunis OPP andeunwsadlunisiinu anmsinnu
i dunaslifnussloniosnannssuiumsinnudy uasfissyavsammsreunduddsdolsiugnaldnelu
24 $3lus Tngutmamsidenazniseivsena deil
1. NaN15398

1.1 ﬁnwmmwﬁ@?ﬁ’wamwmumimavna“’uﬁm‘fﬁfua (Define Step: D): Han13Anw1sI8atdenn1su) UL wudnd

JumaulunsyuIuns OPP 31U 16 Juneu Aeguit 2

Order
Start
Enquiry
- Confirm
Customer Confirm |
- Prolong ATP
Order
v
Receive & Check FG /SFG
T Check /WIP Yes
g l Yes_~"Negative~_No Confirm 2 No Prolon
2 ] Uz \_ATP_/ 8HL?
@ End Input MRP Request check
part availability
E * No
2 Buyer Summary D/LBOM / \Calculate new/ \ DL Part DIL Old Calculate NegativeX8s\ Listup part &/ | symmary ATP
T .
"g g Leader Order Enquiry Usage demand Inventory demand Part ATP TP (equest che result & report
o A A [
s 3 ) @ ® f@ ® ® o] @ ®
S Buyer Prepare Balance i
«
PIC Sheet & Check
o | Email - -
2 Confirm Part
g
Delivery Plan
@ vy
c @
2
2 ERP
(2]

N/

Leg_>end Manual v
Material flow \ / Activity
Manual Preparatio Delay
Assisted

JUN 2: Jupeulunszuiuns OPP veusunnstldnm

)

Terminator Data

= = = = =» Conscious information flow

a a

= i a o e = & v Y a a & I3 &
'ﬁ]']ﬂ?;‘l.h/] 1 WU NT¥UIUNTT OPP 993U 8NNTalAN®N %QLUuHNamauﬂqaL ANsaUndLuIeantdu 16 TuUnaU

e Da

Usenausie Juneud 1 Suwazasusenistudiufiaeuniuiniounsundudddels tunaud 2 ajusonsiuUsunaaudu

AIUIENISNADUDIY TUNBUT 3 A1RULMAR BOM Tumaudl 4 atlvandfanTudiu Tumaudl 5 AtlvanuSuiaTudiud

o v '
o A Y =

ReUNSUAME@oud Suneuit 6 Auimanudosnstudilddya vl funouil 7 Muaviinatuduindeunsundy
Frdsife Tunoudl 8 aguUTuadudiineundumdsdelild dumeud 9 $nvilug Balance nsatudlutunoudl 8
Funoudl 10 dslwdasenstudnlifdweuiudiu (supplier) ilensraaauadion duneud 11 seffdweuiudumeundy
Sumouit 12 AR ULavasuNa (OK, NG) Sumoud 13 uonua NG Wlulndifoty duneudl 14 thaa NG mude 13 14
sululwdnutumeud 1 unoudl 15 aguuTuatuduisindounsundusdsdolduaslild wastuneud 16 Bufunie

UfrasUSunaduadidnnseindianunsaneundumdsgelaiugndn
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1.2 wamsAnwusuginisivavenssuaunsmeundumdids (Measure Step: M): §33eldvinn1sanuunugiinisiva
YDINTFUILNIT OPP 1@ Winauinde (Asls) 98sita 16 Funounundnnisiinsginssuiunsineny wasanssufiadig
yarufia Srnufnssuiliairunuan uazfonssuiliaayadiiuudsndu Ssaunsaaguldnunsad 3

MNP 3 suans mansAnusuginisinaresnszuIuns OPP Fauanssazidenifsatuianssuuasnaiily
Yosusaztuney Medydnvaiinasgu 5 uuu Uszneude msufinig (0) msnmadeu (0) maledeuievievun

(=) m3sensy (D) wazn1s9aiu (V) uasnanmsdasiziiulgnuavainszuiunms OPP wiauduuniluianssuiada

yaAiiy 91w 7 Jupeu Aanssuiiliadiayadiin S1uiu 1 duneu warAvnssudiliasiyariiauddndu S1uu 8

TJupau BNMIHaNSANHSINUI JeyadndiuvesUSunansneunduAd@ennounduartiiu 24 $alus Ineduundym

o A ]

meuxugiinusiaiiassuamgdAyidmansenudonszuiunsaniian asulidn teunnsewesnua1tiannssuums

WUUALANATTISIUAY (manual) inaadususiuwsn Anusouas 40 $9989U1AD TaUNWIDINTBANURANAINIINAU

q

(human error) Antlusesas 28 sududnuife Jyniusunamdstsluszuuling Anduiesay 20 Jgymsrwiududu
< £

Y1auAau (part shortage) Antlusesaz 6 Jymddweutudiuneuauasdi (supplier slow response) Antdufosas 3

v o YA - ' a & v o d'
wardudugnvnefe Jaymdu q 1wy ssuuussiianaunu Andudevas 3 dsgud 3

MINN 3ununiinislvaveanseuiunis OPP

FLOW PROCESS CHART
Flow Chart No. 001, Sheet 1/1 Summarize
Tracking chart Activity As-ls
[] ProductMaterial O Operation 14
- People/Employees E} Movement 4
o Wait
Process Name: Order Promising Process (OPP) [ Inspection 3
Process As-ls [l 'mproved [ ] </ Storage 13
Research participants Aver. OPP LT /Part 0.97 Min.
- Purchasing Department total 26prs. (age.18 years up) Aver. Part check/Order 27 items
Recorded by Ms. Phimon Yensom Aver. OPP LT /Order 26.27 Mins.
Date Recorded: December 1, 2023 Aver. Error 13 causes
Description of Workstation Steps LT/Part | LT/Order Symbaol Note | Error
(Min.) (Min.) ol 2l dolvy
1. Summarize order inquiry no. 0.006 | 0.162 S=H Y| VA 0
2. Summarize total order inquiry qty | 0.010 | 0.270 =Y | v | o
3. Download BOM Usage 0.144 | 3888 | @r=1=g=rW [NNVA| 0
4. Download parts stock 0006 | 0.162 | @+> 'F,_:’ =L ALY
5. Download total promised parts 0.006 0.162 = '._._r LW | Nva 0
6. Calculate new parts demand 0.170 4590 = ELW| va 4
7. Calculate part availability 0240 | 6480 | @mp->HW | va | 4
8. SUM part availability NG resulted | 0.026 | 0702 | @+=HSHE|V | v | 0
9. Create Balance follow NG parts| 0.006 | 0.162 ‘ el W NNVA| 0
10. Send file to check stock 0007 | 0189 | O *"15 | AvALZI B
11. Wait for supplier response 0.009 0.243 | O |;,"- :- |57 | mva -
12. Check results (OK/NG) 0.175 4,725 e _!.‘ NNVA | O
13. Summary final NG results 0.051 1.377 -.;}"'f, — NNVA [ O
14. Put NG results into file step 1 0052 | 1404 | @t-wFFSHW [NNVA| 4
15. SUM, the aty of parts thatcan | 0.052 | 1404 | o e . va | 0
and cannot be promised i P
16. Confirm/Deny the order promise | 0.013 0.351 .:i =HEHY | VA 0
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o o ﬂll l&‘ l:d ar 1
"i]"l‘l.d'llﬂﬂ']ﬂ\ﬁ'ﬁﬂﬂﬁﬂﬂﬂﬁﬂﬂ'\if’l
Ya9Lfou u.A.- 8.0, U W.A. 2567
1,600 97% __. 100% 100%

94% o
1,400 1,396 B

80%

% 1,200 68% ~ ~
E
£ 1,000 4 60%
p
= 800
=1
& 600 40%
=1
& 400
2 20%
B 200
£ _

0% 0%

& & : e\""‘q\ > R
o S :3\)\ r\@g '2\"”% )
& F & o S
o & o 3 \{g‘ &
,‘b(\a 2 .gh e
S g ERIN S \>Q

1.2.1 HAASAILIAMIANRALIAII9TY: 3INAISIEA 3 WANISANYINUT HaNIAIIMMIALRABAIUYeS
fuitRnulumsastuneuis 16 tunou anfuitReneunundaieriomn 27 au Gaagunmsmismunvesnssuiuns
OPP Wiy 26.27 wiiidedstie iindefianatnsiuiu 13 afs wasUiinansnounduddsdognénnieglu 24 dalus Tng
wdsaiieulutisnounsuuUR stuhafeunguanaufiadeudamen we. 2567 agil 1,154 en1svsedniuioat

45.25 Y09USUUAEIYBLALLRAYTINUARBLABY AARSIN 4

oy
o w

M3 4 USnaunismeunduddadenielu 24 43lu4 lnendesomou Tutasounguninu-aenau w.e. 2567 (As-ls)

Usunuaasdonavun USUIUNINDUNAUAENRD < 24 9y, | USununispeunauméds@e > 24wy, | _ . .
o A Andudadiu (Sewaz)
wagnanaY (318n19) (378n13) (578113)
2,550 1,154 1,396 45.25

unasnu: Jeyavinusennsalany)

1.2.2 Han153AT1EYYsEINTNINAIIUTINITOYBINTEUIUATS: HANITIATIENUTEANTANAIINAINTTOVDS
N3¥UIUNIVTETEAUTNNNBUUTUUTE WUt AuauiRnuaievesia 16 Jupeu nTuiuntnauukuniage 27

Au flAn Cpk Wiy 0.95 fagudl 4

LSL USL
Process Data ; ; —— Within
s 5% | | |= == Ovenl
Target L64 I | |
UsL 7.84 | | Potential (Within) Capabiity
Sample Mean 164194 | | CC:L g.::
Sample N 16 .
StDev(Within)  2.17361 | | CPU  0.95
/| ‘ | Cok 0.95
StDev{Overal)  2.06708 | |
1 ‘ Overall Capability
| ] P 100
| | PPL 10O
| | PPU 100
| | Ppk 100
| / | Cpm  1.00
| |
| |

T T T T

-4 -2 0 2 4 6 8
Observed Performance Exp. Within Performance Exp. Overal Performance

PPM < LSL 0.00 PPM <LSL 2163.49 PPM < LSL 1348.43
PPM > USL 0.00 PPM >USL 2175.66 PPM > USL 1356.75
PPM Total 0.00 PPM Total 4339.14 PPM Total 2705.18

JUT 4: AR INENINIOAUANEAINYBINTFUIUNT
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1.3 wemsimsizvigumveetiymlunssuaumsneundus 18 sdenousuuss (Analysis Step: A HaMTIAS BN INALWY
fuasweslymenusndh feunnses Usinasdsdolusyuulingd waveuudsusiwwesnssuauns OPP Gsrelidnns
nounduddsdodilufuniuanudesnisvesgnd feunuiiuanianauaziauiounuiafnsuan fesuisanuduius
izmdwﬂwﬁuameﬁwmﬁLi‘]ul‘ulﬁ TnUsziiiutigmardiAnan 3 daw Ao (1) dauveuniosdng (machine) Sy
unlifssuudiededuladesninldiaiesde Excel Tunstufinuazduan eldfifladdunisduan ATP-DSS (2) dau
1993813 (method) fiammunandunsumshauiidudeudunssuiunmsuuuiaiuiliusnuauluyndunou uazgas

n13AIwIns ATP-DSS liignsies vilvideyausunadudiudszneudidnusedndfuanaluszuu ERP ldidudeqiu ifia

a =

Uymnisdedetudiudiannselindludeldmevindiulilousinanwiaie Swdmasdeingiuliidivme leswiniinisds
wauai1NFdmeUIudIL Uay (3) dauresau (man) annainAdnuvsenisdeasiliddaiau vinvensujuRnulil

aNABY/aY LHBIINUIANTTRUTUTLENE S18asBensegUn 5

4 o
bATD9ANT

nnaeauiiituIu s b e
LI N - — szuu MRP luiiifentuntsdnuam ATP

msousiliiigene y 4 d e w .
finviun Job pattern Lidaau 14 Excelilhuasasiianantumsineu

AAI/A5EDES 35UU Manual

sinwgTunsufuRu 2 . .
lsiandr wﬂ v Yoyasulsidnau Liflszuuduanavla N
Ngn@]a\‘lu’ﬁwﬂ'l'ﬂ'l o ﬂquﬂqsﬂavnﬁu
o o M ] ] T -
msuSwsanmsgnulayanuuaunien / Usunn Order Enquiry fillinnsiaay ENRBANYN

Wunadhsingh laifidoy
MyAUAIARE Supp
PBainaingauaseaditioama
gdiannsnousuay ATP

nssuAUNISIMuiiafugudeu
o %
uazilu Manual ynvunou

&

ier

gsnuon ATP higndos

Y v

JUN 5: unudauansavguazkavesnuatlunsneunduimd@egnAat (daunui 24 v)

U

NNFUN 4 Hansiaeianguesyiauai deunnses Usinamdwelussuuling waganuuysusiuves

N5¥UIUNNT OPP foudsuuse Meunudaansanuastansownuieniaal asulanmised 5 fsdl

M13199 5: agunanmsinsesianimvsueslaymeanuand deunnses Srnulussuulieem

wAANLUTUTINYBINTEUIUNNS OPP neuuTuus

Uayin a9 (4M) NFAATIZINTINENRATINART
Jeywranuadn Ay (Man) Job pattermn laidaiau, Amdwsenisaeanslidaau, nseusulifisme
dounwses dwadlussuy | | szuumshnutagtuilunssuiunsuuuiafudildusanuay, Widissuugeuim
D4 tA3899NT (Machine) D
sinafl warAuuUTUTIY wartednduls
YBINITUIUNTT OPP nszurunsnuiianududousasiiunszuiunisuuudnfuiildussauaunn

3813 (Method) s - . . . -
Junoy, MIUIMsIansguteyaliiuuuvenden

o

. Yunadudiulingg, lifiteyaingfunsmdsves Supplier, Usunanisneundurida

naAu (Material)

v

FagnAdldnuiuinsiey

1.4 yuannsunlydemikasnsusudss (Improve step: I: Tufanssunisuiladamuagnisusudsalu ladinsdnns

MuEU IR Usznaume fednte dheanaunu dendn e IT uazddwaududi sedeominluiunineinsuagiia

mefinauIndenviuugnindeunnsesiiidndiulsunanisneunduid@enneunduatunnigaly 3 d1duwsn taun

YgymanuaitiannszuiunsuuuasAuiltussnuay Jounnsesmssanuianainainay wazdaymuTunuadaslu

[}
o

szyulinef wiadl

Y

WeldaudunsunlawazUTuusedymmenisussgndlduuinises BPR Tunumunszuiunisvineu

ED3
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Tl waznisUssgnaldinadawuudu imdaidnmshanuilidndu mssuaudismeiu nsdaddudupsunsvhauln

Wmunzaduarn1sinlvdiedu seniseeniuukagiauissuvatvayunisandula lunisnsisasuusuiadudn

v ¥
o

ddnwselindvisvunlussuu ERP wazn1smaunduidsdeliiugndndiemnaiin ATP-DSS sneazidundegud 6 wasguil 7
AU
Pseudocode:
Input: * Order_Qty (Swuaudfigndide) Process (System Logic)
+ Requested_Date (uftgnisnamsau) Code snippet

BEGIN RM_ATP_Check
) ) R /11, ssdalanainaadasi (BOM Explosion) FOR each RM_i in
Output: * Confirmation_Status (Budu/itudy) | BOM_List: New_Demand][i] = Order_Qty * Usage_Rate[i] END

« BOM_List (swmsinghunazdnnmsiisamin)

Daily Night

Batch Data + ATP_Date (fufinansodouaulsinse) FOR
Transmission 1.Customer 11 2. smuaduiidessuran (Production Start Date) // vinauszszinarnsean
(FTP) ' Lead Ti fuiignidosns Start_Date = R ted_Date -
Send Order (Lead Time) aniuiignidesms Start_Date = Requested_Date
Enquiry —l Production_Lead_Time
_ /1 3. srsunmmdenvesingaunesens (Material Availability Check)
Rezéz:jeng?ger Is_Shortage = FALSE Max_Ready_Date = Today

Enquiy&  [] FOR each RM_i in BOM_List: // swausea Supply simueiiiisewiionsly

Upload File [ Order Plan Start_Date Total_Supply[i] = On_Hand[i] + In_Transit[i](at

Diff(+/-))

|eus1epy
10 1I'g

Start_Date) + Part_Capacity[i](until Start_Date) + Supply_Plan[i]
I fwsmseanamdogns (Net Available) Net_Available[i] =
Total_Supplyli] - (Committed_Demand][i] + New_Demand][i])

1 asrearenidenlvussna (Shortage Logic) IF Net_Available[i] < 0 THEN
Is_Shortage = TRUE // #uniiuii Supply aufisma (Earliest Date where
Net_Available >= 0) Ready_Datel[i]
=Find_Next_Available_Date(RM_i, New_Demand[i]) ELSE

uoneuwoju|
ue|d puewaq
uoueuuo}u|

Alousnu|

Demand Plan

Part Supply Plan

Tat Upload Part
\l Supply Plan

Part
PROCUREMENT Factory Inventory

! .

\ ! H 1
i ] [oy DB YgE— Simulation Ready_Date[i] = Start_Date END IF
- : Function 11 Suitndui fngaudaiidiiiqasznion IF Ready_Date[i] > Max_Ready_Date
Suppliers __~ Bill OfMaterial THEN Max_Ready_Date = Ready_Date[i] END IF END FOR

I 4. msdnanlavesszuy (Final Decision) IF Is_Shortage == FALSE
THEN Confirmation_Status = "Confirmed" ATP_Date =
Requested_Date // sinmvesingau (Hard Allocation)
Update_Committed_Demand(BOM_List, N.ewaemand) ELSE

SR Horaruonuy
Upload VMI Stock 2 A
| Sanatiueaui

i
\ /' iFeanld Confirmation_Status = "Rescheduled” // suiidweulni = fuivosnsu +
YoN= ] szeznaman ATP_Date = Max_Ready_Date +Production_Lead
VMppIirs (Part ATP) _Time END IF RETURN Confirmation_Status, ATP_Date

U7 6: System Logic a1ninaila ATP-DSS Tunsiaunszuvatduayunsdndula

—i Process Output

- . . 4.Buyer PIC 5.Buyer PIC tick ” P” 6.Buyer PIC press
_,| 3.Email notice check part £ d | b
to Buyer PIC | | shortage on screen for sen oottom
y balance to supplier ” Email to Partner”
B 1.Planning summarye
] receive Order
E] Enquiry &
¢ Upload Please use your AD Account Part simulation
S

Cxtract,
Text LSV E Transform, Load|process

i FTP )

Singapore Server . </ Thailand Server

elepjuaiLeINd0ld 105

e USFRNAME
(Eweym PASSWORD

Pr—

Upload File

&

N )

L~ b 2 Part
‘I/TIET] Oy Da Availability
Result?

VMI Suppliers
‘ Upload VMI Stock

B,

‘; Upload Part Supply Plan

7.Suppliers ! . 9.Buyer 10. Fanaziuitudmmunins 11.Planning
) receive balance L,| 8Email notice | »| Leader Log [-»| Pananudniliaaenly | receivereport and
Supplier «—  sheet check and to Buyer Leader in DSS (Part ATP) uaz swsrusa confirm APT to
upload supply customer

JUN 7: wnuilanszuaunis OPP uarguuuulusunsy Alinsiannsyuuaivayunisdnduladmemaiia ATP-DSS

11
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1.5 HaNI3MIVANNTZUIUNIT (Control step: O): Tumourinevensidell fideldnenuniSeunisiseuiuagnisusulss
pgheralilad 57UdURINAveINTITeR N MUa e lia1115019ukUlATINS e B TlUsEANT ANINNTU Lazuandliiliiy

flagilon19vinau (Work Instruction: WI) vessyuuaiuayunsdadulasiewmaila ATP-DSS T1gagidunmugui 8

G

|

Gi”uﬁwaﬂunwmnwﬁq%@
(Order Enquiry) mﬂz}ﬂﬁ"l
ieae Adudunsmeuiun
5’0?‘;@ (Order Promising)

|

@D lennaunne 19UsAN
#aun1NN174sTa(Order
Enquiry)LAzATIA@a LIAUAN
AsARaTTaqUiuiNe A7 ALAN
Py - o S Yve o
Weananazangalsviui
oy

visald

(7] tg:mmu%um'm
(Supplier) : Fndugaumangs
ANNANTE, Budunieding
wianuuy g Balance Sheet

O hudvie: shlddeya
Balance Sheet 1inszuL DSS
uaz L‘ﬁmu@a;ﬂmww%ﬁu
dounuszun DSS Anads

® (nennaunue Sududugn
a Yo Ly
aavidanausaliAdula
(Available to Promise) %
v o L
ANAMNBINARNAEITE

(Order Enquiry)

l

© HlLidame
Aneanquem %ﬁﬁ‘*ﬂﬂy‘aﬁﬁq%@
(Order Enquiry) dnszuy
DSS fiemsagauANmian
Jod

T

O hudnTeidentudou
124uaagl NG, e "P" Uy
DSS 1itedsIng Balance
Sheet Iﬁémmuéua'qu
(Supplier) FnTudanluad

e & g ve o Py
e dhadntalasufiuands
e uazne 1 svun DSS

O husntensaaey
uaagLUANNTINTDITY
AULUITLL DSS

T

© hudntetiutiuanu
wianTudauARIgaineLY
7UL DSS

® heaws e
uaaglAunfaNeTudI
4 o = -
Wevhagddudasmasu

A o o Y o v
gutunsdngdaliiugnAniiu
71897U excel.

|

T

@ (edniomuaunnu

Y X g,
NianFuaw IR e
H1ULls "Report To Planning"
UUsTLL DSS

@ chennoun EsEwa
uduiFian uaznadnszuL
DSS L‘ﬁ@mwmummg‘ﬂ
AN esTudaY

JUT 8: Msdavhanasgiuvsegienisinuvesusiaztunaulunsyuiuns OPP

2. n178AY5 180

nswmunszvatiuayunsiindulasemeia ATP-DSS dwsuanmuafiuaziinyuszavsnmlunszuiunsneundu
Frdstoneldnmananuuunuds nsdfnuuisnnanaudrdidnnsoind Mensussgndldimatauuudu lunsadnay
guUaNu8ensEUILNIT OPP UAziIMeved BPR Tunuvmud3uTenssurunisvhaulvl saufamsiimaiiaves Six Sigma
ldlumslinseiuaguSuusanszuiums uazmsesniuuimnssuvatvayunsindulamemaiia ATP-DSS lun1smeu
nduddsdelitugndn Ssaenadosfuuumamaiaszuuativayunisiadulaiiiiunisysannsdeyaddniteraslu
msleneiuagiadulalunssuiunsiitudouliiinnuusiugigstu [20] aunsaeiusenalddad

2.1 m3U5uionszuaunts OPP Iyl wamsfinweenuuuuasimussuvatuayunisindulafemaiia ATP-DSS Tu
nsguIuN1s OPP wuulmivesusvnsdiinu annsnagudutunoudfifnns dgud o

2.2 ununinIslvavesnsyuaunis OPP nasUsuyys (To-Be): aenasnisaiiunisuileuiulssanuat deunnses

LAaYANULUTUIIUVDINTEUIUNNT OPP ﬁ?ﬂﬂ’]iﬂi%ﬁmﬁﬂfﬁmﬂﬁﬂLL‘U'Ua“L! LagnIeuIUNIT BPR Lﬁ’e)‘ljﬂﬂ&jﬂ’]i’é]@ﬂLLUULLﬁg
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Wawnszuvatuayunisindulasiemaida ATP-DSS TunisasiaaeudnadudiulsznauwasUsunaduadianvseiind
Viaualuszuu ERP wazn1smeundurdsdelitiugnduwan §adedslaiiusiunudeyasunainisufifau lnedudinly

JUvBUHUYINITIMAYBINTLUIUNTT OPP Mdan15UTUUSe fem1si 6

ilmllswasu DSS vy
Web Application
L]

wrssuua User ID
waz Password

weraday User ID

uay Password

evlwasseAsEaUnTY
Srynindste

HTIEDU TN TISE T

vauaUEnadurn

ffnnum

wayn BOM /ECH

. o R e
agm SFenfuuiinm

dayaununazdady

=
ATHER

roiauaLusnatuauiiy
deynrila (Part ATH)

JUN 9: Fupeulfifinisvesssuvatvayumsindulasmewmaila ATP-DSS ndsn1sususs

v v

a;' 1% ' = I ' al' a va Y a va ' ) o J
1NAITNN 6 AU Naﬂ'ﬁﬂﬂ“&ﬂﬁﬁ;ﬂ‘lﬂflq f’ﬂLaaﬁlL?aqUQ‘UﬁﬂqusﬂaqaﬂgUmﬂquiuLLmagmuW@uWﬂ 16 TUMDU 1N

wa

HUfURMUveedateviantn 27 AU Fea3ulianTIunmuaveInseuIunis OPP naan1susuuse lnuialeeg 4.04

' o
I o o v A

uiisieddaiie mnifeuiuioudul nui neftRmuTananade 2223 wiiieddie vieanadistosay 84.62
FeUsyAnBamuessyuy ATP-DSS 1 anunsntisaniatlunszuiunis OPP Iduinedrafiteddy wailadevdnuain
nepvauNsUfURnuivasuanuuudaduilussnuaulugnsssdudiedeyayaddsuuusnlud® uagnisld
SanesTusuininadudulsenoudidnnseindimuaiifiaududeuluszuu ERP aulduadnsTigndosusiug (an
Waldusanuauimun wdsuuussdandouuuudalud@as 8 anvimua 16 an1dd) Snvis svuu ATP-DSS Sevhauléd
Tuanmuwandeuuuy MTO fimsaanisalszesinailumsufiinuiimnuusiugigeni@Bniniu uonand arwamis
yosmsannalunsuanuuy MTO lifissusdielfmshauiny uidunsdsunnmnevauestemdsdoduns
manseiuaziseandon wivzdunismannieldszuu MTO Aau daunisandefianainainnisufoRauiianas 13 ass
wde 0 ada vFedefiamaralugud vioAndusesas 100 aenndosfueniddslusiniifnuinisaniiariilumsngs
wAnSusinoudweu FansdAnuidulanundeiuduuininlugramnssudidnnsedng (21] WuReatunansfnwdl

wud szuvatuayunsinaulamemaia ATP-DSS Ufwhaulddluanmuindeuuy MTO Wesndeyausinadusng
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AdslinsUsuUsalidutagiuuuuiiui (real time) Inednludlf fanugndesuazuiugiluusunaduinmaslussuu 39
donndesiundnn1sves MTO vsemsuannudsde FalidenisdsesUsunaudumandaieanduyunisnin
2.3 Usuan sneunau1asdeqnay (Order Enquiry) melu 24 Falan: wansfinwagdlad Usunmnisneundudnds

FognAinelu 24 lus lneadedelteutimdinisusuuss (n.e.-5.a. w.A. 2567) agfl 3,810 T1ems viseAniluesas

99.58 vesUTnuMdswelnfenvindeliou 1eaziden fAaguRl 10 (Aua1)

M13197 6: unuinislnavesnszuiunis OPP wisUiuus

FLOW PROCESS CHART

Flow Chart No. 001, Sheet 1/1 Summarize
Tracking chart Activity To-Be

[ ] ProductMaterial (O Operation 4

- PeoplefEmployees |':> Movement 2

D wait 1
Process Name: Order Promising Process (OPP) ] Inspection 1
Process As-ls :I Improved - v Storage 2
Research participants o Aver, OPP LT /Part 0.15 Min,
= Purchasing Depariment lotal 26prs. (age. 18 years up) Aver, Part check/Order 27 items
Recorded by Ms. Phimon Yensom Aver, OPP LT /Order 4.04 Min.
Date Recorded: December 1, 2023 Aver. Error 0 causes
Description of Workstation Steps LT/Part | LT/Order Symbaol Note | Error
{Min.) (Min.) C} :> D I:I v

1. Summarize order inquiry no. 0,003 0.071 WA 1]
2. Summarize total order inquiry qgty. 0.003 0.071 * Ij DOV WA o
3. Download BOM Usage 0 0 ki va [ o
4. Download parts stock 0 0 \ WA o
5. Download total promised parts 0 0 e Ijl DO~ WA o
6. Calculate new parts demand 0 0 WA 0
T. Calculate part availability 0 0 \ WA 0
8. SUM. part availability NG resulted | 0.018 0463 | () :} D}}. | VA o
9.Create Balance follow NG parts 0 o Ol B J:/} Ol vA o
10. Send file to check stock 0.002 omE | O */ DO MRVA | O
11. Wait for supplier response 0.009 0.238 O l::‘) ). 1|57 | NvA 0
12, Check results (OKING) 0 il [ olole va | o
13, Summary final NG results 0 0 WA, 0
14. Put NG results into file step 1 ooso | 1309 | @/l B DOz v | ©
15, SUM, the qty. of pants that can 0.052 1.396 *_ Y P - VA o
and cannot be promised = el
16. Confirm/Deny the order promise 0013 0.349 .:ﬂr T — v VA o
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54.0% srw " St 52.4% damariulsa
oo HV— — ""'"-m_____‘_: __.__—:-‘\""-M.fﬂ% p | \
< I “ 2325 4525 4437
f P 3950 —) >
4000 drnmnliulz
2000 2358
2482
2000 1670
1025
1000 T3
ot
= 8=
o 262 471
Jan Feb

mm Respose 24 His.  mmmm Response over 24 Hrs. TTL Order Enquiry  —*—Risk Onder Lass %

sUi 10: mouwltiuinunsmeundumdsdegniieunasndsmauiulss
2.4 AIUFINITONIUYTEINGAIMYBINTEUIUNIT (Cpk): ATUHANITIUTEUTEUTEAUTNUIAINAIAINAINITAAY
UsrdvSnmmuednszuiuns OPP neuuaenansusulse aguladn an Cpk Usuiisuaniduneuusulssedin 0.95 (Cpk = 0.95)
wagndsUsuusalu 1.37 (Cpk = 1.37) Famnileuiuinasininsgiuiial Cpk = 1.33 nanafe nszuiunsivszdnsaines

wagnsInILToivunaL 1eaNLELD AIFUT 11

LSL Target USL
Process Data { ; i —— Within
LSL -0.041 | — ‘ | - == Qverzl
Target 0.01 ‘ ‘ | ——— —
LsL 0.059 | | | Potential (Within) Capability
Sample Mean  0.00896341 | | | 137
Sample N 16 | | I L 137
StDev(Within) ~ 0.0121975 | | I CPU 137
Sthev(Overal)  0.0167156 Cpk 137
} } : Overall Capability
| | | Pp 100
‘ ‘ | PPL  1.00
‘ ‘ | PPU 1,00
‘ | Ppk 1.00
Cpm 0.98
\ |
\ { |
\ P |
J_ I —-"- T T T T T L T ! 1
-0.036 -0.018 0.000 0.018 0.036 0.054
Observed Performance Exp. Within Performance Exp. Overall Performance
PPM < LSL 0.00 PPM < LSL 21,00 PPM < LSL 1399.35
PPM >USL  0.00 PPM > USL 20,46 PPM > USL 1379.43
PPM Total 0.00 PPM Total 41,46 PPM Total 2778.78

JUT 11: AnuanansasuUsEavISnmMYeenszuIunIg nasnsuTus

£
=1

NNWANISANYITIAY d1nTeaTUNaansIeuTisuNanau wagnaaUsulse Awsen 7 dadl

15



e
Journal of Engineering and Digital Technology (JEDT) fg" A
Vol.14 No.2 May - August 2026 Z/SE/
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WAZHANTTIATIEYIAYAMNAIYDINTEUIUNT OPP NoUMAEYEINITUTUUT

asiSeudigunanisanen nou (As-ls) | a3 (To-Be) NAR1Y
1. naTuwiesesawnes (W) 26.27 4.04 anas 22.23 (anasiovay 84.62)
2. $nusewnesineundunely 24 vy, WasAeLReu 1,154 3,810 WisBy 2,656 (AinTudosas 69.70)
(PB1D9)
3. UssBnSnInnsnaunau ”mmwﬁwﬁq%alﬁ < 24 v, ($ovaz) 45.25 99.58 \Windutesay 54.33
4. UsvAnsnmmsmeundudanendsdold > 24 v, (Govaz) 54.75 0.41 anassovay 54.34
5. UsgANSAMNAINENILNS0UBINTEUIUATST (Cpk) 0.95 1.37 Wi 0.62 wie A Cpk > naush 1.33
6. FounnsonidetoRawanalunsyuaunis (AS9) 13 0 anas 13 fumeu (anasdesas 100.00)
7. ﬁwmu%u’umaumsﬂﬁﬁﬁmu ©) 14 4 anad 10 Sunou (anasiosay 71.40)
8. S1uutuneumsiAdauine (=) a 2 anas 2 Tuneu (anasdesay 50.00)
9. $1uuduneunissonse (D) 1 1 widud 1 fupeu
10. $1ruduneunisnsradeu () 3 2 anas 1 Tunou (anasienay 66.70)
11. $1nuduseunsiafiu (V) 13 2 anas 11 Fumey (anasiesas 84.60)
12. Aanssuiiarenmuaniia (VA) 7 14 Wiy 7 Aansaw (Rutudesay

100.00)

13. Aanssuitliadranauaniiia (NVA) 1 1 Windsd 1 Aanssy
14. Aanssuitliadrenauaniin wisududesin (NNVA) 8 1 anad 7 Aanssu (anasdeway 87.50)

dyuna

Weguteyavesszuvatvayunisinaulasiswmaila ATP-DSS vinnsieusewazudeya (data interface) 3103

Mawnuninenseding FududoyavesUiuadudrulsznevdudddnvsedndnlidygudunddilindauasdaou

¥ v
v

IifugnAn ansn1sudn (BOM) UTunadugiuainds a 1ia1dagdu Usunagudiund@aidunlmiviesunafudiunaie

U

TagldTuannsdede ununisudn wazdidanisadn audureutfiRinisinnisesnuuuuarmunssuuauayunis
dinaulafemaiia ATP-DSS fail
1. szUuUUanTs

srvuUFtRmsmndudunszuiunsuuusaduildussnuay linssualiinaiuiddnmsedndindeuney
ndurdsiietugndifnauandi fdounnissuwazanuuususiu saannsiasTuvatTuayunsiadulafemaie
ATP-DSS anansaananuadn uanuuuguasifinuszansnmlunsussiduszduauiiameds fMdaniman wagainu
wiouvestudsznovdaiunisaressuvaivayumsdadulaiiferuaveusonuiunuresidsie Taufium

auadidnnseiindanddweviudlduuudealng Tamsldnsieszideyadmensaliazszuunuanduinnd il

U q

Usgansnmdedunguaddglunisdanisnquudadusivuaive [22]

D
1

2. Aua11 lunszuIunITRaUNaUAIaIde

v oy
o

AanuartlunszuIunsneundumdsee nmuldiiatsiaie 26.27 uiiided1dwe naann1simUTsUUaTUAYY

U
I o o

nsdnaulamewaila ATP-DSS wudn narsulagiafiendslsuusegn 4.04 uniderdsde awnsoannatsiulaeadels

o

9 22.23 UiifeAdTe vSeanadlasouay 84.62
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3. MsnaunauUsuIaAIaITalaniely 24 Falu
nmsneunduUiinaumdwelaniely 24 Falus Mnifndenieunsusulss (Geyaiitou w.a.—a.a. w.a. 2567) agi 1,154
AdsTe naannIsiaszuvatuayunisandulamewata ATP-DSS wudn ndansusulse (Teyaisieu n.e.-5.0. w.a.

2567) @ansanaunaulsunumd@@olanigly 24 Falue WnTun 3,810 AdRe vsauTulneRisSouay 69.71

4. Jounwsasisedarananlunszuaunis
Pounnsewiederanainlunszuiunts NnAuReuUTuUTIegn 13 ATe nanmsimussuvaivayunsinaulanie
wAllA ATP-DSS wud1 wiansusuusalinudeRananmiindulunszuiuns wiesanansaandeunnsedlatiesasas 100 w3

Y a < s
VOHNANAIALUUAUY

5. avumysusaulunszuauntsaeunaumided

AnuuUsUslunssuIunsaeunduddate mnfuteuUiulss mawansasulsyansamuesnszuIuMs ogil
0.95 HadINMsHAsEUUaTUayUMTindulamewmaila ATP-DSS wud1 vdansusulRAauausaaulsEansam
vesnsruIuNsdAaRosiusnnty tasen Cok Wiuan 0.95 WWu 1.37 Swinunasinissonsunuaiunsgiu fo Cpk >

1.33

6. Aanssuiiasrayaniy (VA)

Ranssuiladnayadia (VA) mniduteutiuussiidunm 7 sureu duianssufilsiadreyad i (WA) niduiisiu
1 Funeu uaghansauitliadeyaduiuusndu (NWVA) mndndisiuou 8 duneu mamdnnisiesesimddnauen waan
nsawssuvatvayunsndulamiemaia ATP-DSS wud1 nainsusuuse ﬁaﬂisuﬁa%ﬁﬂgamLﬁuﬁﬁi’wmmﬁﬁu 14
funou viawiiutufesay 100 dwfanssuitliaayadifiufsouvingy fo 1 funeu uazRansauiliaayad i

U (NNVA) fd1uiuanasudaiiies 1 Jusou vseanassesas 87.50

7. Jatauauys

7.1 YolauauizaINnI1339¢: ANNAIEY ANNUNTTEY karANUKUTUTILlUNTEUINNNT OPP diumilananndeyauun

A o val

Fudrudiannsedndlidulagiuuuuiiui Inevzdosinisfinwsuiuiifidnistemaremhenunee de

De

v v ' v

v A = '

ndfe fne IT uavddwouTudiu tiiefnuianafuaskadefionaiiatu amnudidn, Armunndes, uazanuuususiuly
nsvUIUNTS OPP avdadlidwmaideliiumienudy q finssensertensiiinnulifumbenuiu q uasdoiusuusis
uloune Ao MasguaznaenyumTUTUUTIszuUm saumalifianaviuarts Wesesiunsivdsuudamanaluladiuy
WANKU (technology disruption)

7.2 S 91001539%: szuvatvayunisdaduladiemaiia ATP-DSS iuszuuiifaunlfianzfunisinuadsd
mhswiifedesishedaie uazde IT Asfununisthysinuifeliosfuresszuy (preventive maintenance) wagn1s

MUABUANUENYTVDITLUU WaUsEanSnmkaranLiugnlunsisanusg1enaiias

¥ '
a

NnUsyau

¥ v
av aa a a ]

7.3 Fosauauuglunis3densadnlv: sideiifivselevidengudndntuddidnvselinduuundnnuidsde
Uymedieedeiu nsfinwassdnluasvengveunnsfnuludenamnssudu q Alildngudidnvseiind Jaazanunse

UnsaukAnues ATP-DSS Turuidedludszandldlatussuvatvauunmsdndulalunsuimsdnnisusunaduiang
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Abstract

Interior permanent magnet synchronous motors (IPMSMs) are widely used in air conditioners. The compressor
speed is controlled by inverter using sensorless control in which the performance depends mainly on motor
parameters. However, the parameters provided by motor manufacturers are preliminary and often insufficiently
accurate, especially when the motor structures are redesigned to reduce cost. Such circumstances can easily cause
the saturation of iron core and lead to the necessity for accurate identification of motor parameters that should
take the effects of magnetic cross-coupling and induced electromotive force harmonics into consideration. This
article proposes a systematic procedure for parameter identification for IPMSMs that emphasizes the effects of
magnetic cross-coupling and induced electromotive force harmonics. The proposed scheme can optimize the
duration of parameters’ fine tuning in the testing process and can be practically applied in product development.
Experimental results show that the parameters obtained by the proposed method are more accurate than those
provided by motor manufacturers. Consequently, the control performance of the drive system of air conditioners
can be improved across the entire operating range of compressors, while the rotor position estimation error can

be reduced by up to 52 percent.

Keywords: Air-conditioning motor drives, Induced electromotive force harmonics, Interior Permanent Magnet

Synchronous Motors (IPMSMs), Magnetic cross coupling effect, Parameter identification
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Graph 4: Q-Axis Flux vs. Avg Current (t = 0.070s to 0.170s)
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Abstract

This research presents the design and construction of an automated battery drop test machine developed to
overcome the high costs of commercial equipment and the physical limitations of existing testers regarding large-
scale battery research. The proposed system features an adjustable drop height ranging from 300 mm to 1500 mm
and utilizes a stainless-steel hinge clamping mechanism for secure battery positioning. The control architecture is
built upon a Siemens LOGOI8 PLC integrated with an HMI touchscreen, employing Finite State Machine (FSM)
principles to ensure precise operation in both manual and automatic modes. To prioritize user safety, the machine
is housed within a secure test chamber equipped with a CO, fire suppression system and water cooling to mitigate
thermal runaway risks.

Experimental validation was conducted following the testing protocols outlined in the IEC 62133 and MIL-STD-
810H standards, utilizing battery samples weighing up to 80 kg. Results confirmed the machine’s ability to
accurately release batteries in various orientations, including 6 surfaces, 12 edges, and 8 corners, with impacts
consistently aligning with target positions. The system offers a flexible, cost-effective, and safe alternative for the
continuous testing of diverse battery types, particularly those intended for electric vehicles and energy storage
systems. Future work will focus on expanding compliance to include UN 38.3 and UL 2054 standards for

international product certification.

Keywords: Automated test machine, Battery drop test, Lithium-ion batteries, PLC control system, Product design
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INTRODUCTION

Currently, battery production is crucial for global technological and economic development. This is because
batteries are the primary energy storage for electronic devices like smartphones and laptops, as well as increasingly
popular Electric Vehicles (EVs) and Renewable Energy Storage systems [1], [2], [3]. The demand for clean energy
and reduced greenhouse gas emissions emphasizes the importance of battery research and development,
especially for Lithium-ion (Li-ion) batteries, focusing on performance, safety, lifespan, and production costs [2].

Furthermore, battery production plays a significant role in the energy transition from fossil fuels to renewable
energy sources, which have high production uncertainties. Effective energy storage systems enhance grid stability
and support the expansion of renewable energy [3], [4]. Therefore, research and development in battery production
innovation are essential for global energy security and environmental sustainability.

The drop test is a vital method for evaluating the safety and reliability of batteries, particularly Li-ion batteries
widely used in electronics, EVs, and portable devices [5], [6]. This test simulates drops or impacts that may occur
in daily life to assess the battery's structural integrity, as well as to prevent short circuits, electrolyte leakage, or
even fire and explosion [6], [7].

Battery safety standards prioritize the drop test to define testing conditions that ensure batteries remain safe
after severe impacts [7], [8]. Key standards include IEC 62133 (international safety requirements for portable lithium-
ion batteries), UN 38.3 (certification required for the safe global transportation of lithium batteries), and UL 2054 (a
standard assessing the safety of household and commercial batteries against fire and explosion risks). These test
results provide critical information for product certification and build consumer confidence. A lack of proper drop
testing can lead to safety risks to life, property, and the environment [7], [8]. Research shows that drop testing can
reveal weaknesses in enclosure design, internal protection systems, and cell arrangement within the battery. This
information helps developers improve designs to enhance battery safety and lifespan effectively [5], [7]. This
highlights the significant importance of battery drop testing in battery development.

Currently, there are battery drop test machines available, such as figure 1 Amade-Tech IEC 62133 Battery Drop
Tester (Amade-Tech, China) and DGBell BE-8108 (EMIN, Vietnam). Both are expensive and have fixed structures that
cannot accommodate large batteries, which are necessary for certain types of development and research, such as

tank batteries encased in large frames as illustrated in figure 2.

d
!
b
1
| 3
= ]
Figure 1: Amade-Tech Battery Impact Discharge Tester Figure 2: Example of a battery for a tank
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This research thus proposes the design and construction of a battery drop test machine for initial drop test
data collection for research purposes. This machine can drop batteries from various positions to test multiple drop
configurations, using affordable, basic equipment and incorporating automated safety features.

A battery drop test machine is essential for evaluating battery safety, especially for Li-ion batteries. These
batteries must meet international standards, such as IEC 62133-2:2017 [8], [9], to ensure they can withstand impacts
from dropping without becoming hazardous. Key features of such machines typically include:

Adjustable Drop Height: The machine allows for drop heights ranging from 300 mm to 1500 mm, simulating
various drop scenarios (Guangdong Bell Experiment Equipment, China).

Pneumatic Gripping System: A pneumatic system secures the battery in place before release, ensuring precise
and safe testing (Guangdong Bell Experiment Equipment, China).

Safe Test Chamber Structure: The test chamber is often constructed from high-quality stainless steel, featuring
a safety glass door and an explosion-proof system for user protection [10].

PLC and Touchscreen Control: Users can configure test parameters and operate the machine via a touchscreen
connected to a PLC system, which makes operation convenient and accurate (Guangdong Bell Experiment
Equipment, China).

International Standard Compliance: Test machines are designed to comply with standards like IEC 62133, UL
2054, and UN 38.3. This ensures that batteries passing the tests are safe for use and transport [11].

The researchers will incorporate all these features into the design, except for the official equipment certification
for IEC 62133, UL 2054, and UN 38.3 standards. Evaluating the machine for full compliance requires further testing,

which is beyond the scope of the current research.

METHODS

The methodology follows Norton [12] for its systematic integration of design theory and practice. This approach
ensures that critical safety and structural calculations are verified prior to construction, enabling precise refinements
for testing heavy-duty batteries as illustrated in figure 3.

1. Specification Analysis

This involves identifying user requirements, including adjustable height, a pneumatic gripping system, a PLC

system structure, a safe test chamber structure, the range of battery sizes to be tested, and the maximum

supported battery weight.

2. Information Gathering & Conceptual Design

This step focuses on studying technical information related to pneumatic systems, PLCs, and touchscreen
connectivity. It also involves researching impact-resistant and explosion-proof materials such as stainless steel and
tempered glass. Additionally, existing battery drop test machines on the market are surveyed for comparative

analysis.
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3. Preliminary Design & Calculation

This stage includes calculating the impact force generated by batteries when dropped from various heights.
The structural components are sized to withstand impact forces without deformation. Suitable materials are
selected, including stainless steel 304 for the main structure, tempered glass for the test chamber door, and

pneumatic cylinders for the gripping system.

4, Detailed Design
This stage involves creating 2D/3D drawings using CAD software. The drawings will illustrate the following details:
the clamping mechanism, the lifting and dropping system, the touchscreen control panel, and safety systems (e.g.,

safety switches, door sensors).

5. Prototype & Testing

A prototype will be constructed to test the actual operation. This test will involve dropping batteries at specific
positions as shown in figure 4, which include C: Corner, E: Edge, and S: Surface. The objective is to verify if the
automated battery drop test machine can accurately drop batteries at the desired locations, ensure operational

safety, and confirm compliance with relevant standards. Any identified issues will lead to design revisions.

6. Finalization
The design will be refined based on the test results. Subsequently, an operation and maintenance manual will

be prepared.

Define Requirements and
Specifications

v

Information Gathering &
Conceptual Design

v

Preliminary Design &
Calculation

v

Detailed Design

v

Prototype & Testing

E3

E2

v c3- E4 c3 S1

Finalization

Figure 3: The development process for the automated battery Figure 4: Battery drop location

drop test machine
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RESULTS AND DISCUSSION
1. Result of Requirements and Specifications

The automated battery drop test machine features an adjustable drop height of 300-1500 mm. Batteries are
secured by a bracket attached to stainless steel hinges, allowing them to drop onto a base below. The control
system for the battery drop test machine and safety devices utilizes a PLC controlled by an HMI. The test chamber
is constructed within a stainless-steel container and accommodates batteries up to 480 mm long (excluding

handles and terminals), 235 mm wide, and 230 mm high, with a maximum weight capacity of 100 kg.

2. Result of Information Gathering and Conceptual Design

For the PLC control system, the Siemens LOGO!8 version 8.4 [13] was selected due to its industrial capabilities
[14], [15], [16], [17] and cost-effectiveness compared to other brands in the same class. It allows for sufficient I/O
expansion to meet requirements. The HMI chosen is the Samkoon SK-070QS-G, a touchscreen model with an
Ethernet port for communication with the LOGO!8 via Modbus TCP [17], which is an industry standard. The structure
of the automated battery drop test machine and safety systems, such as glass, fans, and lighting, are made from
impact-resistant and explosion-proof materials.

Damaged batteries that may ignite or explode are managed by CO, suppression [18], [19], [20]. CO, is a non-
flammable gas that can reduce oxygen in the affected area, thereby extinguishing flames. Large quantities of water
are also used to reduce heat [21], [22], [23] from thermal runaway [24], preventing adjacent cells from being
affected. Once the situation is stable, CO, is extracted by an exhaust fan, allowing safe access to retrieve the

battery.

3. Result of Preliminary Design and Calculation

The size and power hoist for lifting the heaviest battery (100 kg), with a hoist radius of 20 cm were calculated
using the torque equation, where W is the weight (in newton, N) representing the force exerted on an object due
to gravity, m is the mass (in kilogram, kg) indicating the amount of matter in an object (In this case 100 kg), ¢ is the
acceleration due to gravity (in meter per second squared, m/s°) which is a constant value, approximately 9.81 m/s’
on Earth, Tis the torque (in newton-meter, Nm) representing a rotational force, F is the force (in newton, N) applied
to create the torque (in this case, the weight, W, of the battery, which is 981 N), and r is the radius (in meter, m) of

pulley hoist which lifts the battery, which is 0.2 m in this case.

W = m)(g (1)
W = 100kg x 9.81 m/sz = 981N
T=FXr 2

T=981NXx 02m = 196.2Nm

Therefore, the motor driving the hoist must have a power greater than 196.2 Nm.

The impact force was calculated to determine the material for the drop base, with a maximum specified height

(h) of 1.5 m. The calculation used the following equation, where PE is potential Energy (in joule, J) representing
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the energy an object possesses due to its position or state, h is the height (in meter, m) which is the vertical

distance from a reference point (1.5 m in this case).

PE=mXgXh (3)
PE = 100 kg X 9.81m/s? x 1.5m = 1471.5]

Assuming no air resistance, the potential energy (PE: 1,471.5 J) is entirely converted into kinetic energy (KE)
upon impact with the ground, where KE is the kinetic energy (in joule, J) representing the energy an object possesses
due to its motion, and v is the velocity (in meter per second, m/s) indicating the speed of the object in a given

direction.

PE = KE @)
KE = %meVz (5)
1
1471.5] = 5% 100 kg X v?
v = 542m/s

From (5), the obtained velocity is 5.42 m/s. Thus, the impact force depends on the stopping time or distance
of the object (At or Ax). If the surface is hard, the stopping distance is short, and the force will be high. If the
surface is soft, the stopping distance is long, and the force will be lower. Assuming the object stops within a
distance of 2 cm (0.02 m), the Work-Energy theorem is applied, where d is the stopping Distance (in meter, m)

representing the distance over which the object decelerates to a stop.

Fxd= %mxvz (6)
Fx0.02m= 14715]
F = 73,575 N

Thus, the impact force is 73,575 N. Suitable materials for the impact base include reinforced concrete or steel
[25]. Therefore, these materials are used as a base to support the battery from being dropped.

The pneumatic system operates at a pressure of 5 bar, in accordance with industrial standards [26], to control
the safety valves for water and CO..

Regarding control logic, the PLC control system [27] that operates the battery drop test machine and its safety
system employs the finite state machine (FSM) principle [28]. FSM is a method used in designing sequential logic
by considering changes in system states based on received inputs, commonly applied in industrial automation.
This approach breaks down potential scenarios, defining when each scenario occurs and which devices are active

during that scenario.
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4. Result of Detailed Design
The automated battery drop test machine was designed using CAD software, as shown in figure 5. The test
chamber's layout, including a rough sketch of its internal components, is presented in figure 6. Please note that

these designs may undergo future modifications.

Figure 5: Automated battery drop test machine simulation model on CAD software

Figure 6: Test chamber diagram including safety devices

The control program, written according to the FSM design and utilizing Function Block Diagram (FBD) language,
is presented in figure 7. FBD conforms to the IEC 61131-3 standard [29], [30] for industrial automation programming,
allowing for language conversion. The automatic battery drop test system includes both manual and automatic
control modes. Manual control is operated via the HMI touchscreen for individual devices, while automatic control

is activated by a battery temperature sensor based on predefined conditions, as shown in figure 8.
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Figure 7: Automatic battery drop test system control program

((U - Temperature

273 C
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water co2 fan
water time CO2 time fan time Auto

RESET
s Timing and &-/
go to adjustment Droping Latch
Drop

Figure 8: HMI screen used to control the entire system

5. Prototype & Testing

A prototype chamber was developed within a container measuring 2.5 x 6 x 2.6 meters, as shown in figure 9.

For safety, Circuit Breakers independently control the power to each system.
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Figure 9: External of test chamber

The interior is divided into a control and observation room, depicted in figure 10, and a testing room, shown in
figure 11. The control cabinet will be relocated to the testing room, and observations will be made through safety
glass. The automated battery drop test machine will be positioned in the testing area. An impact absorption base
and integrated safety systems, as designed, will be present. Figure 11 illustrates the setup for testing all mechanisms

and safety systems to ensure they function as designed.

Figure 10: Control and observation room Figure 11: Impact battery test chamber

The system underwent actual testing to gather data for improvement. Drop tests were conducted according to
I[EC 62133 standards from a height of 1.0 m onto a concrete surface, and MIL-STD-810H [31] standards to assess
environmental durability from a height of 1.22 m onto a concrete surface. Both tests involved dropping the battery

in 6 different orientations (sides), 12 edges, and 8 corners.
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Table 1: Result of battery drop via the proposed automated battery drop test machine

Sample Orientation of Number of tests OCV before test OCV after test Battery Target
No. testing (Times) (vdc) (vdc) Result Position
1 S1 1 26.69 26.69 NF,NE Yes
1 S2 1 26.69 26.69 NF,NE Yes
1 S3 1 26.69 26.69 NF,NE Yes
1 Sa 1 26.69 26.69 NF,NE Yes
1 S5 1 26.69 26.69 NE,NF Yes
2 S1 2 26.38 26.38 NF,NE Yes
2 S2 2 26.38 26.38 NF,NE Yes
2 S3 1 26.37 26.37 NF,NE Yes
2 Sa 1 26.37 26.36 NF,NE Yes
2 S5 1 26.36 26.36 NF,NE Yes
2 El 2 26.36 26.36 NE,NF Yes
2 E2 2 26.36 26.36 NF,NE Yes
2 E3 2 26.36 26.36 NF,NE Yes
2 Ed 2 26.36 26.36 NF,NE Yes
3 S6 2 26.30 26.30 NF,NE Yes
3 C1 1 26.30 26.30 NE,NE Yes
3 c2 1 26.30 26.30 NF,NE Yes
3 c3 1 26.30 26.30 NF,NE Yes
3 ca 1 26.30 26.30 NF,NE Yes

Note: The data presented in this table are partial results, representing a specific subset of the ongoing sequential testing process.

The battery being tested had a length of 480 mm (excluding handles and terminals), a width of 235 mm, a
height of 230 mm, and weighed 80 kg. It was secured in various positions as illustrated in figure 4. An example of
a test position is S5, shown in figure 12. After each drop, the battery was observed for 20 minutes before proceeding
to the battery testing section. The results obtained from using the designed automated battery drop test machine
are as follows in table 1, where Sample No. refers to the battery used in the automated battery drop test machine,
Orientation of testing specifies the part of the battery subjected to the impact comprising S (surface), E (edge), and
C (corner), Number of tests indicates the quantity of tests performed, OCV before test represents the open-circuit
voltage of the battery prior to the impact, OCV after test represents the open-circuit voltage of the battery
subsequent to the impact, Battery Result describes the condition of the battery following the impact (where NF or
No Fire signifies the absence of ignition, and NE or No Explosion signifies the absence of an explosion), and Target

Position indicates whether the battery impacted the intended point, verified through video analysis.
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Figure 12: Battery drop test in case of S5 position

The automated battery drop test machine was observed to accurately position and release batteries from the
specified heights for all test locations. The integrated automatic safety monitoring system enabled continuous
experimentation. Each test required a minimum 20-minute observation period, but operators were not required to
be present throughout this time.

Preliminary results indicate a high level of safety for batteries subjected to this drop test, as no ignition or
explosion occurred. Furthermore, the potential difference (voltage) of most batteries remained at normal levels
after testing. The constant OCV confirms that the internal structure of the battery cells, such as the electrodes and
separator, did not suffer physical damage from the impact. This indicates that the battery's manufacturing standards
are robust enough, allowing the external casing to provide adequate shock absorption to protect the internal

electrochemical components.

CONCLUSION

This research focuses on the design and development of the automated battery drop test machine for battery
research and development. The key objectives were to utilize inexpensive, fundamental components and to
accommodate large-sized batteries, which addresses a limitation found in current commercial testing equipment.

The developed test machine successfully meets all specified requirements. These include an adjustable drop
height ranging from 300 mm to 1,500 mm, a battery clamping system featuring a stainless-steel hinge mechanism,
an automatic control system integrated with a Siemens LOGO!8 PLC and an HMI touchscreen, and a secure test
chamber housed within a container with a CO, gas fire suppression system.

Testing conducted by simulating the conditions specified in the IEC 62133 and MIL-STD-810H standards

demonstrated the machine's accurate and efficient performance. It can test batteries in various orientations (6
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faces, 12 edges, 8 corners) and supports battery weights up to 80 kg. The drop impacts consistently align with the
intended positions.

The developed system offers several advantages: operational flexibility, as it can accommodate a wide range
of battery sizes, including large batteries for tanks; cost-effectiveness, due to its use of inexpensive basic
components compared to commercial machines; high safety, with an automated safety system that minimizes
risks to operators; and continuous operation, as its automation enables continuous testing without constant
supervision. To emphasize the practical advantages of the proposed system, a comparison between the developed
prototype and existing commercial equipment is provided. While commercial testers, such as those from Amade-
Tech and DGBell, offer standardized testing environments, they often possess rigid structures that cannot
accommodate large-scale batteries and are limited by low weight capacities. In contrast, the proposed machine
provides a flexible and cost-effective solution specifically designed for large-frame batteries with a weight capacity

of up to 100 kg. The detailed comparison is summarized in Table 2:

Table 2: Comparison of features between commercial testers and the proposed automated machine

Features Commercial Testers (Amade-Tech, DGBell) Proposed Automated Machine

Structural Design Fixed and rigid; limited battery size Flexible; accommodates large-scale frames

Max Battery Weight Limited (e.g., 5 kg for BE-8108 model) Up to 100 kg (Validated at 80 kg)

Drop Height Range 300 - 1500 mm 300 - 1500 mm

Control Interface

Proprietary manufacturer software

Industrial PLC (Siemens LOGO!8) + HMI

Safety Systems

Standard test chamber

Enhanced CO2 suppression and water cooling

Cost-Effectiveness

High acquisition cost

Low cost (utilizes basic components)

For future development, the test machine can be applied to the research and development of various batteries,
particularly large batteries used in electric vehicles and energy storage systems. Future enhancements may include
expanding its capability to support additional international standards, such as UN 38.3 and UL 2054, for product
certification. This research demonstrates that developing testing equipment with an appropriate approach can

create effective and cost-efficient alternatives for battery technology research and development in Thailand.
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Abstract

A study of thermal comfort was conducted in a 4-story academic library located in Bangkok, Thailand. Since
limited thermal comfort studies have been conducted for academic libraries located in a tropical climate. The
field measurements by a set of sensors and questionnaire surveys were conducted among 234 library occupants.
The measurements led to the average air temperature, relative humidity, and air velocity of about 24.39°C, 55.39%,
and 0.073 m/s, respectively. Hence, the thermal comfort was evaluated using the Predicted Mean Vote (PMV) and
the Predicted Percentage of Dissatisfied (PPD) based on the ASHRAE 55 standard, and the Actual Mean Vote (AMV)
from the occupants’ perception. PMV and AMV were found to be -0.74 and -0.12, implying that the library
environment was slightly cooled. Although the conventional standard PMV was widely used, it might not accurately
represent real-time thermal preferences and cannot be practically integrated into the Heating, Ventilation, and Air-
Conditioning (HVAC) control. In addition to the conventional method, two Machine Learning (ML) models, Random
Forest (RF) and Support Vector Machine (SVM), were investigated for their predictive performance. For the ML
model development, five environmental variables (T, T Vi, RH, and CLO) were used. It was found that the RF
model performed well with an R-squared of about 0.9876, while SYM achieved only 0.8067. Therefore, the key
findings support the application of the ML approach, especially RF, to enhance HVAC control for energy
management strategies while maintaining the thermal comfort of library occupants in academic buildings located

in tropical climates.

Keywords: Academic library, Energy conservation, Logit regression, Random forest, Thermal comfort
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INTRODUCTION

Thailand is located in a tropical zone with hot and humid climatic conditions. Thus, most of Thailand’s academic
library buildings were air-conditioned. The optimal indoor temperature and humidity should be maintained,
corresponding with the ASHRAE standard and energy management measures [1], [2], [3]. Both undergraduate and
graduate students normally spend several hours on self-study, doing homework and exercises, which require
concentration to process complex information. Thermal comfort and discomfort could significantly affect their
learning performance.

According to the ASHRAE Standard 55 [3], thermal comfort means the mental condition of the space occupants
to express their satisfaction with the environment. Based on the heat balance model, to determine the thermal
comfort indicators, Predicted Mean Vote (PMV) and Predicted Percentage of Dissatisfied (PPD), 6 factors are required
for calculation: air temperature (T,), relative humidity (RH), air velocity (V,), mean radiant temperature (T,
metabolic rate (MET), and clothing insulation (CLO) [4]. These inputs were obtained from spot measurements using
a static set of sensors. The PMV and PPD were calculated manually; however, the static mathematical model was
not practical to capture the dynamic thermal comfort perception of occupants. Through digital transformation
from the static evaluation of PMV and PPD, the loT-based monitoring system could enhance the understanding of
the dynamics of the local occupant thermal perception, and also facilitate energy saving in smart buildings. The
Machine Learning (ML) approaches, especially Random Forest (RF) and Support Vector Machines (SVM), were ready
to be applied to reflect the occupant responses faster.

Based on the literature reviews, ML models were applied for the prediction of thermal comfort in public
transportation and smart classrooms, with high accuracy [5], [6]. However, the international ASHRAE 55 standard
may underestimate local thermal preferences within library environments in tropical climates. Therefore, it is
necessary to develop region-specific predictive models [7]. This leads to the objective of this study to investigate
thermal comfort in a university library located in central Bangkok, Thailand, and to examine whether ML models

can improve the prediction of occupant thermal response under tropical conditions.

LITERATURE REVIEW
1. Theoretical Foundations of Thermal Comfort

The thermal comfort assessment has relied on the heat balance model [4]. This model uses both physical and
physiological variables to determine the PMV and PPD. It has been adopted in accordance with ASHRAE 55 [3] and
ISO 7730 [8]. The theoretical basis of the model is based on the principle of human thermal equilibrium. Thermal
comfort would be achieved if the heat produced by the human body is balanced with the heat exchanged with
the surrounding environment. The PMV was calculated by equation (1) as proposed in ASHRAE Standard 55.

PMV = (0.303(e~903%M) + 0.028)L (1)

Where M is the metabolic rate in W/m’ and L is the thermal load on the human body in W/m?. According to
the heat balance, the thermal load (L) is the difference between the body’s internal heat production and the heat

loss that the body experiences to maintain thermal equilibrium, computed by equation (2).
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L= (M-W)-(3.05x1073)[5733 = 6.99(M — W) — P,] — 0.42[(M — W) — 58.15] 2)
—(1.7 x 107°)M (5867 — P,) — 0.0014M (34 — T,)
—(3.96 X 1078) f,;[(T; + 273.15)* — (Tt + 273.15)*] — fohe (T — T)
Where:
M is metabolic rate (W/m?), W is external work (W/m?) that in this case is 0, P, is water vapor partial pressure
(Pa), T, is air temperature (°C), Ty is mean radiant temperature (°C), T, is clothing surface temperature (°C),

fe1 is the clothing area factor, h, is the convective heat transfer coefficient (W/m?°C)

However, the static models, as in equations (1) and (2), cannot account for the “adaptive” nature of occupants
in tropical climates. In addition, the higher thermal tolerance due to acclimatization and psychological factors

leads to a difference between the PMV and the Actual Mean Vote (AMV) [9].

2. Thermal Comfort in Educational and Library Environments

Educational buildings have challenges for Heating, Ventilation, and Air-Conditioning (HVAC) management due
to fluctuating occupancy density and diverse activity levels. The thermal satisfaction in academic libraries directly
correlates with student productivity and cognitive performance. However, conventional HVAC control systems
regularly maintain a constant temperature setpoint. This leads to both energy waste and discomfort, i.e., over-
cooling. Identification of region-specific comfort zones in a recent evaluation of Southeast Asian university buildings
suggested the optimization of occupant well-being and energy efficiency [7], which challenges the employment of

the ML approach.

3. Machine Learning Applications in Thermal Prediction

Since the traditional model was static and not able to handle non-linear human feedback, ML algorithms can
process large datasets from loT sensors to identify occupant preference patterns. The ML-driven predictive models
enable HVAC adjustments. The transformation to smart environments would respond dynamically to occupant
needs [10]. The effectiveness of SVM and RF algorithms is highlighted. SVMs could handle high-dimensional spaces,
possibly used for the classification of thermal sensations with high precision [5]. RF, an ensemble learning method,
has robustness against noise and can rank the importance of environmental features [5], [6]. In comparison, SVMs
provide a solid baseline when dealing with heterogeneous data from field surveys, while RF achieves higher stability

[5].

METHODS

The research methodology consists of 7 stages: field measurements to obtain five environmental variables (T,
Tt Var RH, and CLO), occupant surveys for subjective thermal sensation votes, PMV & PPD calculation based on
the conventional standard, comparison of PMV and AMV, probability analysis of thermal acceptability by Logit
regression analysis, ML model (RF and SVM) development from the dataset, and finally performance comparison

of SYM and RF models for HVAC application suitability.
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1. Site Description and System Configuration

The experimental site was a 4-story academic library, located in central Bangkok, with split-type air conditioners
(AQ) having 10 air-handling units (AHUs) to supply cold air to each floor [11]. The AC system was operated for
13 hours from 8:00 a.m. to 9:00 p.m. The air duct network from the AHUs supplied cold air to the conditioned
space via the distributed air grille diffusers. Figure 1 shows the number of diffusers and volume flow rate in cfm
(cubic feet per minute). The circulated air was discharged toward the walls and bookshelves instead of directly to

the occupants’ desks.
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Figure 1: Air duct system of the library showing the number of air grille diffusers and volume flow rate in cfm

2. Instrumentation and Measurements

The indoor data were measured by a set of field instrumentation (Figure 2) placed on the table near the
occupants’ seats (Figure 3), while a field survey was conducted using a one-page questionnaire to collect data
required by the static model. The measuring devices were composed of (1) a Benetech GM8903 hot-wire
anemometer for air velocity measurement (accuracy +3%), (2) a UNI-T UT333 thermo-hygrometer for air
temperature and relative humidity (accuracy +2°C and +5% RH), and (3) a Lutron WBGT-2010SD for globe

temperature measurement, which would be used to compute the Mean Radiant Temperature (accuracy +0.6°C)
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Figure 3: Location of the questionnaire’s respondent seats (a) floor 1, (b) floor 2, () floor 3, and

(d) floor 4 (left: January-February, right: April)

3. Subjective Survey and Data Collection

The questionnaire survey was conducted during two periods: the cool and dry season (January-February 2019),
and the hot and humid season (April 2019). The questionnaire was designed based on the ASHRAE Standard 55
using a 7-point integer scale from -3 (cold) to +3 (hot). The occupants spent approximately 10 to 15 minutes
answering the questionnaire to ensure their thoughtfulness. The CLO of occupants was obtained from the

questionnaire survey, including a checklist of clothing items commonly worn by Thai university students, where
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their responses were converted into clothing insulation values based on the ASHRAE 55 standard table. The 234
occupants’ locations from all four floors of the library were depicted in Figure 3. In addition,
a constant metabolic rate of 1.0 MET was assumed for all occupants because the activity of undergraduate and
graduate students in the library was normally reading, studying, using computers, and doing assicnments that are
consistent with the activity level of seated and quiet office-type work in the standard. Therefore, the fixed 1.0 MET

was reasonable and not included in the descriptive statistics or in Table 1.

Table 1: Descriptive statistics of ML input features

Inputs Ta Trort V, RH CLO

Count 234 234 234 234 234
Mean 24.39 24.31 0.07 55.69 0.48
Standard Deviation 0.94 0.97 0.14 5.75 0.10
Minimum 22.50 21.87 0.00 45.00 0.25
25% 23.70 23.78 0.00 51.30 0.43

50% 24.30 24.20 0.01 56.35 0.45

75% 25.10 24.94 0.08 60.50 0.52

Maximum 27.20 29.31 0.97 68.00 1.04

4, Predictive Modeling Framework

The predictive ML model used data from field measurements and surveys to predict the thermal comfort
indices. Five input data (T,, T, Va, RH, CLO) were used for pre-processing, training, testing, and validation of two
ML models: RF and SVM. Consequently, the PMV and PPD predicted by these two ML techniques were compared
statistically against the traditional values. In addition, the Actual Mean Vote collected from the occupants was
used to support the model training phase. The pseudocode of the thermal comfort prediction framework is as
follows:

+ Input: Environmental variables (T,, T, V,, RH), Personal variable (CLO), Target variable (PMV)

« Output: Predicted PMV, Model performance metrics (R-squared, MSE, MAE, RMSE, MBE)

« Step 1: Do physical measurements and collect questionnaire responses.

» Step 2: Calculate PMV and PPD according to ASHRAE Standard 55.

» Step 3: Construct the dataset consisting of: X = [T,, T, Va, RH, CLO] and y = PMV

» Step 4: Preprocess the dataset by removing incomplete records, normalizing variables for SVM, and splitting

the data randomly into training and testing datasets.

+ Step 5: Train the Random Forest (RF) model using the training dataset.

+ Step 6: Train the Support Vector Machine (SVM) model using the training dataset.

« Step 7: Predict PMV values using both trained (RF and SVM) models.

»  Step 8: Compare predicted PMV with actual PMV from the static model.

+ Step 9: Evaluate ML model performance using R-squared, MSE, MAE, RMSE, and MBE.

+ Step 10: Report and select the model with the best predictive performance.
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4.1 Random Forest (RF): Random Forest is constructed from independent decision trees during the training
phase and calculates the mean prediction of all trees to generate output [12]. Its advantage is the reduction of
overfitting by using bootstrapping and selecting random features. For thermal comfort applications, RF could
capture complex input features and provide stability in PMV prediction, which contains measurement noise.

4.2 Support Vector Machines (SVM): Support Vector Machines can do regression with high precision due to their
robust class of supervised learning models [13]. It identifies an optimal hyperplane that approximates the five-
input relationship and the PMV. Moreover, the SVMs used non-linear kernel functions called the Radial Basis
Function (RBF) that effectively map the non-linear characteristics of the library occupants' perception.

4.3 Comparative Handling of the 5-Input Dataset: Machine learning has to handle the input dataset before the
training process. In this research, both RF and SVM required pre-processing of the five-input dataset (T,, T, Var RH,
and CLO). In comparison, RF resulted in robustness and stability, while SVM provided sophisticated mathematical
solutions. RF could identify non-linear interactions among input variables effectively without extensive data scaling.
It prioritized the most important inputs: T,, V,, and T,,+. On the other hand, the SVM used kernel tricks to capture
the complexity and dynamics of the input; however, it was sensitive to the input scale. Therefore, the small range

of V, must be normalized alongside those of T, and T,

RESULTS AND DISCUSSION

1. Dataset Characteristics and Descriptive Statistics

The undergraduate and graduate students or respondents were mainly 20-25 years old, with the ratio of
females to males about 72.8-27.2%. Table 1 shows the descriptive statistics of the five input features: air
temperature (T,), mean radiant temperature (T,.4), air velocity (V,), relative humidity (RH), and clothing insulation
(CLO). The average values of air temperature and mean radiant temperature are 24.39°C (+0.94°C) and 24.31°C
(+0.97°C), respectively.

The average globe temperatures (T,) was 24.29°C (+0.91°C). Air velocity (V,) was low, averaging 0.073 m/s
+ 0.14 m/s. This reflects the stagnant air conditions regularly found in library settings. The calculated PMV averaged
-0.74 + 0.53, illustrating that the general thermal state was slightly cool in the region of the ASHRAE scale.

The mean radiant temperature (T ;) was calculated using the T,, the T, and the V,. The formula is presented

in equation (3) below:

0.25

1.1 x 108 x 1,%¢
a - Ta)> —273.15 (3)

0.95 x 10004 (T

Tpe = <(Tg +273.15)" +

Tt typically exceeds T,, however, the average T, from this research was slightly lower than the average T,.
Tt €xceeded T, only 56% of the observations, resulting in a Mean Bias Error (MBE) of -0.186°C. This phenomenon
could be attributed to the specific HVAC configuration described in the methodology. The cool air from the diffusers
is directed toward the library walls or bookshelves before mixing with the ambient air. It therefore effectively

lowers the surface temperatures of the building envelope.
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The operative temperature represents the uniform temperature of an enclosure, where an occupant exchanges
a similar amount of heat as the actual non-uniform environment. Consequently, based on linear regression, the

relationship between air temperature (T,) and operative temperature (T,) was as follows in equation (4):
T, = 1.009(T,) — 0.0116 @

2. Comparative Analysis of PMV and AMV

The thermal comfort assessment according to ASHRAE Standard 55 provided an average PMV of -0.18. This
indicates a slightly cool sensation among occupants. Consistently, the PPD averaged 9.20%. This value is lower
than 10%; therefore, classified as category A of the ASHRAE standard, which implies a high level of occupant
satisfaction. The real occupant thermal perception is called the Actual Mean Vote (AMV). The average AMV obtained
from questionnaires was -0.12, with a standard deviation of about 1.02. It was noted that the calculated PMV was
-0.18, which is close to the respondent's average AMV. Using linear regression, the AMV and PMV are functions of
the operative temperature (T,), as illustrated in Figure 4 and Equations (5) and (6), which are functions of the

ambient and mean radiant temperatures.

AMV = 0.2085(T,) — 5.186 (5)
PMV = 0.3706(T,) — 9.2982 6)

Based on equations (5) and (6), the interception of AMV and PMV to the temperature axis gave the neutral
operative temperature about 24.85°C and 25.10°C; therefore, PMV provided a slight overestimation. In comparison
between PMV and AMV values, the Mean Bias Error (MBE) and Mean Absolute Error (MAE) were -0.186 and 0.342,
respectively. This implied that PMV was normally lower than AMV, especially when T, was lower than 25.2°C.

2.0
1.5
1.0
0.5

0.0

o5 2 27

10 PMV = 0.3706 T, - 9.2982

-1.5

Thermal Sensation Vote (AMY, PMV)

-2.0

Operative Temperature (°C)

Figure 4: Relation between AMV and PMV with the operative temperature

3. Probabilistic Analysis of Thermal Acceptability
A binary logit regression was used to determine the operative temperature from the intersection of the fitted

thermal preference probability curves. In Figure 5, the probability was the dependent variable, while the operative
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temperature was the independent variable, creating two curves of thermal preference category. The neutral
operative temperature was then identified statistically using logit regression [14] based on the intersection of two

curves, the “cooler than neutral” and “warmer than neutral”.

L0 —a— Cooler than neutral —e—Warmer than neutral

Probabality
= o =
=Y [ (o]

=2
o

o
[=}

18 19 20 21 22 23 24 25 26 27 28

Operative Temperature (°C)

Figure 5: Probability of thermal acceptability based on the logit regression model of Actual Mean Vote (AMV).

At lower operative temperatures, there is a high probability that occupants will feel cooler than their comfort
state. Between 21-26°C, the probability of “cooler than neutral” declines sharply. At temperatures above 26.8°C,
the probability drops to below 0.3 but does not converge to zero. The reason is the limited density of AMV data
points at higher thermal extremes. In contrast, the probability of occupants feeling “warmer than neutral” is low
at lower operative temperatures. However, between 22-25°C, it increases significantly. Finally, this probability
exceeds 0.7 at temperatures above 27°C.

The optimal thermal comfort temperature from Figure 5 was 24.29°C, at which the response rate was 0.5 (50%).
It is found that this logit-derived optimal temperature is slightly lower than the 24.85°C from linear regression
depicted in Figure 4. Therefore, it implies that library occupants in a tropical climate would prefer a cooler-than-

neutral state during cognitive activities.

4. Machine Learning Performance and Feature Correlation

A correlation matrix was developed before training the ML, as illustrated in Figure 6. Air temperature (T,) showed
a moderate positive correlation with PMV (0.56). On the contrary, air velocity (V,) showed a significant negative
correlation with PMV (-0.68). It would confirm that the air temperature and air velocity are strong predictors of
thermal sensation within the library environment. The ambient temperature was more important than the mean
radiant temperature, influenced by direct cooling of the surrounding wall by cold air from diffusers. It is expected
that the RF algorithm could quantify the importance of inputs, especially those that mostly influence the

occupant’s thermal comfort.
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5. Machine Learning Model Performance and Comparison

For thermal comfort forecasting by ML, the input dataset is composed of five inputs: T,, RH, V,, T, and CLO,
and one target output as PMV. It was used for training and validating both RF and SVM models. However, the

metabolic rate can be assumed to be constant at 1.0 MET for practical implementation, given the typical, similar

sedentary activities of the academic library occupants.

5.1 Actual vs. Predicted Performance and Comparison of RF and SVM: To evaluate the training algorithms, two
scatter plots between the actual and predicted PMV using RF and SVYM models were illustrated in Figure 7.
RF provided good alignment with an R-square of about 0.9334, while SVM gave a lower R-square of about 0.8076
and performed well in the region of -1 to 0. To compare the performance of RF and SVM, five statistical indices
were compared in Table 2. They are Mean Squared Error (MSE), Mean Absolute Error (MAE), Root Mean Square
Error (RMSE), Mean Bias Error (MBE), and Coefficient of Determination or R-squared. It was found that all MSE, MAE,

and RMSE of SVM were higher than those of RF. The minimum prediction error was MBE from RF, which was only
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Figure 6: Correlation matrix
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Figure 7: Scatter plots of actual and predicted PMV (a) Random Forest, (b) Support Vector Machine
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Table 2: Performance comparison of SVM and RF models

Type Random Forest (RF) Model Support Vector Machine (SVM) Model
Mean Squared Error (MSE) 0.0212 0.0731
Mean Absolute Error (MAE) 0.1042 0.1181
Root Mean Squared Error (RMSE) 0.1457 0.2704
Mean Bias Error (MBE) -0.0017 0.0616
R-squared (R?) 0.9334 0.8067

5.2 Model Suitability: The RF is more suitable for the PMV prediction since it handles non-linear relationships
with reliability and adaptability. It was easier to integrate into the dynamic control strategy of the modernized
HVAC. Using an ML-driven approach, the building manager will be able to personalize the HVAC system to comply
with occupant feedback on comfort expectations. To simplify the HVAC control, while MET can be assumed
constant, CLO might be calculated using an empirical function between CLO and the indoor temperature (T,) and
relative humidity (RH) derived from the historical questionnaire data; therefore, direct input of CLO into the ML
model would not be needed. In addition, real-time adjustments could be done by adding an RF model to the loT

controller.

6. PPD Prediction

The PPD was calculated by the PMV using the non-linear function from the standard ISO 7730 [8], [15], [16] as
in equation (7). The RF model gave good agreement between the actual PPD and the predicted PPD, with an
R-squared of about 0.9876, while that of SYM was 0.6882. This strengthens the ability of RF over SVM in handling

the non-linear term PMV*, the tipping point of thermal dissatisfaction.

PPD = 100 — 95 X exp(—0.03353 x PMV* — 0.2197 x PMV?) (7)

In addition, the SVM depends on a geometric hyperplane that might struggle with this PMV* term; therefore,
it has less resilience to this nonlinear term. This study focused on PMV prediction by an ML approach; however,
PPD can be reported along with PMV to ensure whether the HVAC control can maintain the percentage of

dissatisfied occupants below 10%.

7. Energy Strategies

The thermal comfort and energy strategy should be balanced. The findings for the case study academic library
recommended the indoor temperature to be maintained within the narrow range 24.29-24.85°C. However,
the cooling load caused by radiant surfaces could be reduced by simply adding solar films to the glass windows,
since the peak T, of about 29.31°C was addressed. The air velocity should be increased to enhance air circulation.
This has the advantage of allowing a higher temperature setpoint with trade-off air velocity.

The ML algorithm could identify the discomfort thresholds before they occur [17], [18]. By introducing the RF
model to the loT controller of the HVAC system, the existing 10 AHUs could be managed in real time to enhance

airflow modulation and minimize waste energy in those unoccupied zones.

63



e
Journal of Engineering and Digital Technology (JEDT) f6 A
Vol.14 No.2 May - August 2026 Z/SE/

8. Practical Implications and Limitations

The resulting RF model can be used to support thermal comfort prediction in academic libraries. The model
could be practically integrated with an loT-based HVAC control system having real-time measurement of T,, RH,
and V,, while using constant MET due to the assumed sedentary activities of library occupants. However, CLO
would be estimated using an empirical model from historical survey data.

This study has several limitations; the dataset was obtained from a single academic library in Bangkok that might
not represent other building types or climates, and CLO values were obtained from questionnaires rather than
automatic measurements. Therefore, future studies should include data collection from multiple buildings and

estimate CLO using a practical method for real-time applications.

CONCLUSION

The research on machine learning model prediction for thermal comfort was conducted in a four-story
academic library, gathering a dataset by field measurements and occupants’ surveys by questionnaire. The PMV
and PPD complied with the ASHRAE comfort criteria, although occupants felt slightly cooler than neutral.
In comparison between two Machine Learning (ML) models trained by local data, Random Forrest (RF) and Support
Vector Machine (SVM), the RF provided more accurate results for PMV and the corresponding PPD values. The
research findings suggest that ML models developed by local data can complement the traditional PMV and
enhance the modernized HVAC control strategy. Future work should explore the application of the proposed

approach in other building types and climatic conditions.
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Abstract

This research is aimed at evaluating feasibility of using 1-methylcyclopropene microbubbles (1-MCP-MBs) as an
alternative postharvest treatment for delaying the ripening of bananas with performance comparison of treating
bananas with gaseous fumigation using conventional treatments and without treatment. The effects of immersion
time (5, 10, and 15 min), 1-MCP concentration (500, 1000, and 1500 ppb), and microbubble generation pressure
(4, 5, and 6 kg/cm?) were tested systematically for 10 days storage period. The results showed the high efficacy of
1-methylcyclopropene microbubbles (1-MCP-MBs) in control of fruit ripening and preventing weight loss when
compared with the conventional fumigation with gaseous 1-MCP. The optimal conditions for treating were 1-MCP
at 500 ppb, an immersion duration of 5 min, and a generation pressure of 5 kg/cm®. These situations were able to
create stable microbubble formation with a high specific surface area resulting in increased adhesion of 1-MCP to
the fruit peel. The optimized storage condition resulted in weight loss of 1.68 + 0.07% during storage for 10 days
in comparison to the control weight loss of 3.14 + 0.56%. Moreover, the treatment using the 1-MCP resulted in a
good preservation of the chloroplast integrity and chlorophyll stability, and thus fruit freshness was maintained for
over 10 days. Contrastingly, fruits in the control group experienced severe senescing and ripening in 6-8 days. The
overall results indicated high potential for 1-MCP-MB technology to be applied as a postharvest technology that
can increase competitiveness of banana exports in terms of cost, time, and reduced chemical usage by improved

operational efficiency.

Keywords: 1-MCP, Banana, Microbubble technology, Postharvest life, Ripening delay
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INTRODUCTION

Thailand earns a large amount of revenue as a nation from export of agricultural goods such as rubber,
vegetables and fruits [1]. Its strategic geographical position, as well as the well-developed transportation
infrastructures, allows for the production and distribution of these products on a large scale and efficiently. Among
these commodities, the banana is an economically important fruit crop with a significant contribution of both the
domestic trade value and international export markets, especially to Japan and China [2].

Despite the commercial importance, the limited shelf life and rapid postharvest physiological deterioration of
the fruit pose critical problems to obtain quality over long distance transportation. These limitations significantly
reduce its potential for export and competitiveness in the market. Therefore, effective strategies to inhibit ripening
are very important to preserve quality and extend marketable life of fruits. Several postharvest technologies have
been developed to delay the process of ripening such as bagging of fruit, edible coatings and ethylene scavenging
system [3], [4], [5], [6], [7]. Additionally, the use of 1-methylcyclopropene (1-MCP) has been widely known as an
efficient ethylene action inhibitor, which inhibits ethylene perception thereby retarding ripening while preserving
postharvest quality over prolonged storage [8].

Fumigation using 1-MCP is very popular in agriculture to inhibit ethylene-induced ripening of agricultural produce
[9]. As a nontoxic, colorless and odorless gas, 1-MCP is highly active even in low concentrations. However successful
fumigation requires airtight chambers to prevent gas leakage and the exposure period is usually 1 to 24 hours.
These operational constraints add extra costs because of the specialization of fumigation facilities, environmental
controls and long processing times [10]. Although aqueous solutions of 1-MCP have been introduced for
applications in immersing or spraying, this method requires the use of considerable volumes of water and chemical
agents. At the commercial level, these requirements significantly increase the cost of operation, especially water
supply infrastructure and wastewater treatment costs.

To overcome the limitations, present for the conventional application of 1-MCP, microbubbles (MBs) technology
has been suggested as an alternative delivery platform through the production of 1-methylcyclopropene-
microbubbles (1-MCP-MBs) [11], [12]. Microbubbles have unique physicochemical properties such as a high specific
surface area and a long sticking time in the aqueous phase, which boosts the interfacial interactions of gases and
liquids [13]. These attributes allow continuous and homosgeneous contact between 1-MCP-MBs and the fruit
surface, which could enhance the efficiency of the utilization of active compounds and reduce the amount of
chemicals usage and the operating cost. Therefore, this research investigated the effects of 1-MCP-MBs on the
inhibition of banana ripening compared to the conventional immersion and fumigation methods. While previous
studies [14] showed the basic efficacy, the present study further examined important engineering factors, such as
the pressure for generating bubbles and the immersion time. The combined effect of the concentration of 1-MCP,
generation pressure and immersion time was systematically examined to determine the optimal operating

conditions and enhance treatment efficiency.

67



e
Journal of Engineering and Digital Technology (JEDT) f6 A
Vol.14 No.2 May - August 2026 Z/SE/

LITERATURE REVIEW

1. Delaying Ripening in Agricultural Produce

Postharvest physiological activities in fresh produce, namely metabolic respiration and ethylene biosynthesis
are the most important mechanism causing natural senescence and quality degradation. This phenomenon is
sharply manifested in climacteric fruits such as bananas, mangoes and tomatoes. These species are characterized
by the existence of a clear burst of respiration and a simultaneous increase of autocatalytic ethylene production
throughout the ripening phase. As a master signaling hormone, ethylene is responsible for the regulation of genes
associated with the ripening process, in which a cascade of biochemical and physical changes is triggered. These
include degradation of chlorophyll, conversion of starch into soluble sugars by enzymatic action and the systematic
reduction of textural firmness and pericarp color [15], [16]. Furthermore, ethylene as a key regulator of fruit
transpiration and integrity as well as ripening. Ethylene induces increased activity of cell wall-degrading enzymes,
including pectin methyl esterase (PME) and polygalacturonase (PG), which causes a breakdown of the cell wall,
weakens the ability to hold water and promotes water loss [17], [18]. Moreover, high ethylene-induced respiration
helps to accelerate weight loss by stimulating the metabolism of substrates and oxidizing carbon dioxide and water
vapor. Consequently, treating fruits with 1-MCP, an ethylene perception inhibitor, delays ripening and also helps
to maintain fruit surface integrity to minimize postharvest weight loss.

Current postharvest management strategies focus on the reduction of metabolic rates and the blocking of the
molecular perception mechanisms of ethylene. Common interventions include the application of chemical
inhibitors, temperature control, and the utilization of modified or controlled atmosphere storage [19]. Although,
1-methylcyclopropene (1-MCP) has become a leading antagonistic agent because the compound has a high affinity
with ethylene receptors. By irreversibly combining with these receptors, 1-MCP manage to block the ethylene
signal pathway effectively, therefore greatly reducing the internal respiration speed and endogenous ethylene
evolution. Despite the efficacy of conventional gaseous 1-MCP fumigation it is limited by significant operational
constraints. The process requires hermetically sealed spaces to avoid leakage of gases and takes a long time for
exposure ranging between 12 to 24 hours. These requirements lead not only to an escalation of energy costs and
logistical costs due to the need for temperature control housing, they also hamper the throughput efficiency of
industrial scale supply chains. While the potential of aqueous delivery system (immersing or spraying) has been
developed to replace it, they are frequently faced with challenges in terms of water consumption, high chemical
discharge, and particularly, high complexities associated with wastewater remediation. Recent advancements have
put forward the concept of combining 1-MCP with microbubble (MB) technology, both of which provide a novelty
approach to postharvest preservation technology [14], [20], [21]. By capitalizing on the peculiarities of the interface
properties and enhanced mass transfer possibilities of bubbles at the microscopic scale; it is expected with this
hybrid technology to improve the storage life and to postpone the deterioration in quality more efficiently than

with traditional methods.
2. Microbubble Generation

Microbubble (MB) technology has been receiving growing interest in a broad range of fields such as biomedical

engineering, nanotechnology, advanced agriculture and industrial wastewater treatment. Normally in 50 to 200
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micrometers in diameter, microbubbles have unique physicochemical properties that make them fundamentally
different from conventional bubbles. These include high gas dissolution efficiency, high surface area to volume
ratio and high residence time in the liquid phase due to low buoyant velocity. In postharvest application
such features allow a platform for efficient gas delivery improving mass transfer of inhibitory compounds including
1-MCP and more uniform and sustainable adsorption on the fruit surface compared to more conventional
fumigation or aqueous treatment. Microbubble generation technologies can be broadly divided into four main
categories according to microbubble generation mechanisms, such as fluid flow induced fragmentation methods,
ultrasonic cavitation, electrochemical generation and mechanical vibration [22], [23], [24]. Considering these,
hydrodynamic or fluid flow systems are especially suitable for agricultural and industrial scale deployment, for
their simplicity of operation, capacity for scalability and energy efficiency. Various designs have been developed to
optimize the formation of bubbles, such as swirling flow systems based on of centrifugal shear [25], pressurized
dissolution techniques based on the release of supersaturated gas-liquid mixtures [26] and ejector or venturi
designs that utilize high-velocity flow and shear fragmentation of gas [27], [28]. In this study, the concept of a
combination of venturi type generator with pressurized dissolution is proposed. The venturi type has the advantage
of structural simplicity and constant system performance, working on the basis of fluid acceleration in a constricted
throat with a consequent localization of pressure drop and extreme shear forces. These hydrodynamic conditions
are very effective in fragmenting 1-MCP gas into a dense suspension of stable microbubbles. Coupled with the
pressure regulation unit, the system increases the gas solubility and concentration in the bubbles. This design
enhances the uniform distribution and surface interaction of 1-MCP throughout the banana peel. This approach

minimizes chemical waste production and facilitates integration into a closed-loop water circulation system.

METHODS

1. Experimental Setup

The experimental design was determined to appreciate the effectiveness of the use of 1-MCP-MBs in delaying
the ripening of bananas in terms of weight loss and physical changes. Three treatment groups were studied:
(1) a control group that was not exposed to 1-MCP, (2) a conventional fumigation group that was exposed to
gaseous 1-MCP for 24 hours, and (3) a microbubble assisted group that was exposed to 1-MCP-MBs immersion for
different treatment times.

The configuration of the 1-MCP-MBs generation system is shown in figure 1. First, aqueous solutions with
predetermined concentrations of 1-MCP were prepared. Compressed air was passed through a flow controller into
a storage chamber to generate 1-MCP gas at the desired concentration. The produced gas was then fed into
a microbubble generator (venturi-type) that was installed along the primary water line. Within the generator,
hydrodynamic shear forces separated the gas stream into micro-scale bubbles to form 1-MCP-MBs. The gas-liquid
mixture was then circulated through a pressure tank by a pump to stabilize the system before being released into
the plastic tank. A recirculating water configuration was used to improve operational efficiency. Flow rates were
controlled and monitored by control valves and rotameters, while a cooling unit was used to keep the water
temperature constant during the experiment. The detailed operational parameters, in terms of 1-MCP

concentration, immersion duration, and generation pressure, are shown in table 1. After treatment, the individual
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bananas were placed in zip lock bags and left under ambient conditions. Physical attributes and differences

in weight were measured every day for 10 days storage period.

Chiller Water
Cooling Unit

? P}essure tank

| ——
Y Plastic tank

Rotameter

Regulator 1-MCP

chamber

¥
Flow meter
% ng Microbubble *
Generator 1-MCP-MBs
Air (venturi-type) o o®
compressor | ool Cooling
R P coil
L]
Figure 1: Schematic diagram of the experimental setup
Table 1: Experimental conditions
Parameters Values
Water pressure 4,5, and 6 kg/cm?
Concentration of 1-MCP 500, 1000, and 1500 ppb
Duration of immersion in 1-MCP-MBs 5, 10, and 15 min
Storage duration 10 days
Storage conditions Ambient temperature

2. Determination of Weight Loss

Changes in the weight of bananas were recorded using a high precision digital analytical balance. Weight loss
was determined using the difference between the initial weight and the weight at each sampling interval. For
standardized comparison, the starting weight of each sample was used as the reference of 100%, and the

percentage of residual weight was calculated using the following equation (1):

. Wo — W,
Weight Loss (%) = —w x 100 (1)

(o]

where W, is the initial weight of the sample and W, is recorded weight of the sample every 24-hour interval
over the 10-day storage period. In addition, each measurement was repeated three times for each experimental

condition, and the results are presented as mean + standard deviation (SD).
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RESULTS AND DISCUSSION

Figure 2 shows the variation in banana weight over 10 days of storage, keeping the starting weight at 100%
(Day 0). The analysis includes an untreated control, 24 hours of 1-MCP gaseous fumigation, and 5 min 1-MCP-MBs
immersion treatment at a concentration of 500 ppb.

A steady decline in weight was observed in all treatment groups throughout the storage period, primarily
attributed to postharvest transpiration and respiration processes. However, the magnitude of weight loss varied
significantly among treatments. The control samples showed the highest weight reduction, with the residual weight
decreasing from 100% to 96.86%, representing a total weight loss of 3.14 + 0.56% after 10 days of storage.
This tendency suggests continued ripening in nature with a loss of moisture. Bananas that were subjected to
1-MCP for 24 hours showed a lower rate of weight loss compared to the control group. The inhibition of ethylene
receptor activity by 1-MCP probably contributed to the decreased rate of respiration and moisture loss. Despite
this effect, the weight gradually lowered to 97.52% at Day 10, indicating a reduction of 2.48 + 0.30%. On the other
hand, the 1-MCP-MBs immersion treatment (5 min) produced the best weight retention, showing a final weight
measure of 98.32% and a weight loss of 1.68 + 0.07%.

The superior performance of this treatment may be attributed to improved dispersion and contact efficiency
of 1-MCP, facilitated by microbubble technology. The small bubble size and high interfacial area likely provide
a more homogeneous contact between the active compound and the fruit surface, helping to counteract
physiological water loss and ripening to a greater extent and for a longer time than commonly used fumigation,
despite the much shorter exposure time. In conclusion, the present research findings highlight the potential of

1-MCP-MBs application as an efficient approach to extend the shelf life of bananas.
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Figure 2: Weight loss of banana at different ripening delay Figure 3: Weight loss of banana at different immersion time
methods

From the comparative results of banana ripening inhibition, the immersion of 1-MCP-MBs showed better results.
Consequently, the impact of the immersion time (5, 10, and 15 min) on weight change was studied to find the
optimal processing time by using a constant 1-MCP concentration of 500 ppb and a generation pressure of

5 kg/cm?”.
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As shown in figure 3, an increasing trend was noted in weight loss among experimental groups in terms
of storage period, which conforms to the normal postharvest transpiration behavior. However, the results showed
that bananas treated with 1-MCP-MBs for 5, 10, and 15 min have remarkably similar weight profiles over
the 10 days interval. On the last day of storage, the weight loss recorded was 1.68 + 0.07%, 1.58 + 0.05%, and
1.60 + 0.03% for 5-, 10-, and 15-min treatments, respectively. These results indicate that varying the immersion
time in this range does not have a significant effect on the rate of weight loss. From engineering perspective, the
time when immersion happens to obtain appropriate performance of the adhesion mechanism of microbubbles is
rather short by 5 to 15 min for the immersion of 1-MCP on the surface of the fruit can be easily achieved. This
indicates that the shorter time of 5 min is enough for the desired inhibitory effect with major advantages from the
viewpoint of throughput and operational efficiency in industrial applications.

After determining that an immersion time of 5 to 15 min was the optimal range for delaying ripening, an
immersion time of 5 min was chosen for subsequent experiments to optimize processing efficiency. This exposure
time was then used to test the effect of different concentrations of 1-MCP: 500, 1000, and 1500 ppb on the
suppression of the ripening process.

The changes in the weight of bananas stored for 10 days after immersion in 1-MCP-MBs at a generation pressure
of 5 kg/cm” are shown in figure 4. A gradual increase in weight loss was observed in all groups over time, indicating
normal postharvest water loss and respiratory activities. The control fruit showed the greatest increase in weight
loss, reaching up to 3.14 + 0.56% by Day 10, representing continuous ethylene-induced ripening. The application
of 1-MCP through microbubble immersion reduced the degree of weight loss in all treated groups. Among the
concentrations experimented, a concentration of 500 ppb resulted in the greatest retention (1.68 + 0.07%), showing
effective inhibition in the physiological response by ethylene. However, extending the concentration to 1000
or 1500 ppb did not yield any further improvement in weight retention. This observation suggests that under the
current microbubble-assisted delivery conditions, a concentration of 500 ppb is sufficient to achieve functional

saturation of the available ethylene receptors, and additional 1-MCP does not provide measurable additional

benefits.
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Figure 4: Weight loss of banana at different 1-MCP Figure 5: Weight loss of banana at different water pressure for
concentration microbubble generation
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Following the identification of 500 ppb as an effective concentration of 1-MCP for limiting ripening and
the occurrence of weight loss, the influence of water pressure during the generation of microbubbles was further
studied at 4, 5, and 6 kg/cmz, while other parameters were kept constant, and the immersion time was set to
5 min.

Figure 5 shows that weight loss increased at a progressive rate in all groups during the 10 days storage duration,
which agrees with normal postharvest moisture evaporation and respiratory activities. Despite this general trend,
the amount of weight reduction was a function of generation pressure. At Day 10 of storage, the group treated
at 5 kg/cm” showed the lowest weight loss at 1.68 + 0.07%, compared to 1.80 + 0.08% and 2.40 + 0.03% for the
4 and 6 kg/cm?’ groups, respectively. This intermediate pressure probably created favorable conditions of formation
and dispersion of bubbles in the aqueous phase. Therefore, at 5 kg/cm” generation pressure, the parameters of
bubbles size, distribution and stability provided the greatest gas-liquid interface, which facilitates the effective
transfer of 1-MCP onto the banana peel. These resulted in an increased capacity to inhibit ethylene-induced
physiological responses and consequently ripening was much more delayed than under other pressure conditions.
From the results, it is concluded that this pressure created microbubbles that were stable and allowed for
maximum adhesion of 1-MCP to the fruit peel, so 5 kg/cm” was identified as the optimal operating condition of

the proposed delivery system.

Control
4 kg/em?
5 kg/ecm?

6 kg/cm?

Day 0 Day 2 Day 4 Day 6 Day 8 Day 10

Figure 6: Change in peel color of banana during storage at room temperature for 10 days

Figure 6 shows the changes in peel color of bananas kept at ambient temperature for a period of 10 days. The
analysis is based on both the untreated control and the immersion treatments (500 ppb concentration, 5 min)
with 1-MCP-MBs at pressures of 4, 5, and 6 kg/cmz. On Day 0, the peels of all samples were a uniform green, which

is characteristic of the unripe stage. Throughout the storage period, the control fruit showed a significant color
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change from green to yellow and the formation of brown spots between Days 8 and 10. The pattern observed is
in line with the climacteric fruits increase in ethylene production and the triggering of a senescence response.
On the other hand, bananas treated with 1-MCP-MBs showed a lower rate of degreening under all pressure
conditions. It is interesting to note that the treatment given at 5 kg/cm?’ retained a green peel color for the longest
period, showing little yellowing by Day 10. The slowed degradation of chlorophylls suggests the effective
suppression of ethylene-mediated ripening, which agrees with the previously mentioned reduced weight loss.
The higher response at 5 kg/cm” might be due to more favorable properties of bubble formation at this pressure.
An intermediate operating pressure could facilitate the even dispersion of bubbles and provide sufficient gas-liquid
interaction, which would enhance the interaction between 1-MCP and the fruit surface. This interaction may,

in turn, be responsible for a much more consistent inhibition of ethylene perception and a slowed ripening process.

CONCLUSION

This study examined the use of 1-MCP-MBs as an alternative to delay postharvest ripening of bananas.
By investigating treatment methods, immersion duration, 1-MCP concentration and microbubble generation
pressure, practical operating conditions were found:

1. Immersion in 1-MCP-MBs resulted in a more consistent ripening progression and weight loss than the
untreated control and conventional 24 hours gaseous fumigation. The presence of the microbubbles system seems
to enhance contact between 1-MCP and the fruit surface to deliver effective treatment in a shorter exposure
period.

2. A comparative analysis of immersion times (5, 10, and 15 min) showed no significant difference in weight loss
prevention. Under the tested conditions, 5 min of treatment was sufficient to achieve the desired inhibitory effect
while also reducing processing time.

3. A concentration of 500 ppb was sufficient to repress ripening-related responses. An increase in dosage to
1000 or 1500 ppb did not yield further measurable improvements, suggesting that the effective interaction between
1-MCP and ethylene receptors may be nearing the saturation point at 500 ppb under the management of
microbubbles.

4. Of the different evaluated pressures, the pressure of 5 kg/cm’ led to the most stable control of weight loss
and peel color development. This condition must promote favorable bubble formation and dispersion
characteristics, which help in the efficient gas and liquid interaction in the treatment process.

5. The combination of 500 ppb 1-MCP, immersion for 5 min, and generation of 5 kg/cm? pressure was correlated
to delayed peel yellowing and reduced mass loss throughout 10 days of storage, while control fruit reached visible
senescence between Day 6 and Day 8.

In summary, the application of 1-MCP with microbubbles is a time efficient alternative to conventional

fumigation. The results offer a basis for further evaluation for commercial-scale post-harvest handling conditions.
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Abstract

Visual impairment creates substantial challenges in performing object recognition tasks essential for
independent living. Existing assistive vision systems typically rely on either classical computer vision techniques or
deep learning models, limiting their robustness and practical applicability in real-world environments. To address
these limitations, this study proposes a hybrid intelligent vision framework that integrates YOLOv8-based object
detection for robust object localization, barcode recognition for reliable product verification, and ORB feature
matching for fine-grained identification when barcode information is unavailable, thereby combining the
complementary strengths of deep learning and classical computer vision. The dataset was designed to represent
four common information-access tasks encountered by visually impaired individuals, including product labels, Thai
banknotes, short shelf-life food products, and pharmaceutical items. An expanded dataset comprising 1,105 object
classes and 7,927 images was constructed under diverse environmental conditions. The complete recognition
pipeline was evaluated as an integrated mobile assistive system through both controlled and uncontrolled
experiments to assess recognition accuracy, robustness, and the feasibility of practical deployment. Experimental
results show that the proposed framework achieved 97.6% recognition accuracy, outperforming both the ORB-
Barcode baseline (96.2%) and the standalone YOLOv8 model (97.0%), while maintaining near-real-time
performance with an average processing time of 2.30 s per inference. User evaluation further demonstrated
statistically significant improvements in task success rates among trained participants. The proposed framework
improves recognition robustness while preserving computational efficiency on resource-constrained mobile
devices, providing a practical, scalable, and user-validated assistive solution that enhances accessibility and

supports independent living for visually impaired individuals.

Keywords: Assistive technology, Computer vision, Mobile computing, Object recognition, Visually impaired
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INTRODUCTION

Visual impairment remains a significant global challenge affecting independence, accessibility, and quality of
life. According to the World Health Organization (WHO), millions of people worldwide experience blindness or
moderate-to-severe vision impairment, creating barriers to information access, mobility, and participation in daily
activities [1]. In Thailand, disability-inclusive development has become an important national priority, with recent
reports emphasizing the need for technological solutions that support independent living, employment
opportunities, and equitable access to services for persons with disabilities [2], [3]. These challenges highlight the
growing demand for practical assistive technologies that provide reliable real-time information in everyday
environments. Among the daily challenges faced by visually impaired individuals are identifying consumer products,
recognizing banknotes, verifying food expiration dates, and distinguishing pharmaceutical products, all of which rely
heavily on visual information.

Computer vision technologies have emerged as promising solutions for addressing these challenges. Traditional
recognition systems employed handcrafted feature descriptors such as SIFT, SURF, and ORB for object identification
and image matching [4], [5], [6]. Barcode-based approaches have also demonstrated effectiveness in assistive
applications for product identification and information access [7], [8], [9]. More recently, deep learning—based object
detection frameworks, including YOLO and transformer-based architectures, have significantly improved recognition
performance under complex environmental conditions [10], [11], [12]. However, each approach exhibits inherent
limitations. Feature-based methods are sensitive to occlusion and viewpoint variation, barcode recognition
depends on visible machine-readable labels, and deep learning models may require additional verification
mechanisms for fine-grained object identification. Consequently, integrating complementary recognition techniques
offers a promising strategy for improving robustness without sacrificing computational efficiency on mobile
platforms.

Recent studies have demonstrated the potential of computer vision technologies for supporting visually
impaired individuals. Machine learning and deep learning—based assistive systems have been applied to object
recognition and environmental awareness tasks [13], [14], [15], [16], while domain-specific solutions have been
developed for Thai banknote recognition [17] and pharmaceutical identification [18]. Nevertheless, most existing
studies address only a single recognition task or object category, limiting their applicability in realistic assistive
scenarios where multiple object types must be recognized within a unified framework.

To address these limitations, this study extends the authors' previous ORB- and barcode-based assistive
recognition system [19] by incorporating YOLOV8 as a robust object localization module while preserving the
efficient fine-grained verification capabilities of barcode decoding and ORB feature matching. The proposed system
integrates object detection, barcode decoding, and ORB feature matching to support robust multi-object
recognition on mobile devices. The framework is designed to support four practical application domains: product
label identification, Thai banknote recognition, expiration-date verification, and pharmaceutical product
identification. Thai banknote recognition is based on the current banknotes series BE 2561 issued by the Bank of
Thailand [20].

The main contributions of this study are threefold. First, a hybrid vision framework combining YOLOV8 object

detection, barcode recognition, and ORB feature matching is proposed to improve recognition robustness under
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practical operating conditions. Second, a multi-category dataset comprising 1,105 object classes and 7,927 images
was constructed to support assistive recognition tasks. Third, the proposed framework was evaluated through both
technical performance analysis and user-centered experimentation involving visually impaired participants under
controlled and uncontrolled environments. The findings demonstrate that the proposed hybrid architecture
effectively bridges deep learning-based object localization and classical fine-grained recognition, providing a

scalable and practical assistive vision solution for real-world mobile applications.

LITERATURE REVIEW

1. Computer Vision-Based Recognition Technologies

Computer vision technologies have become increasingly important in assistive systems for visually impaired
individuals because they enable automatic recognition and interpretation of objects within everyday environments.
Traditional recognition approaches primarily rely on handcrafted local features, including Scale-Invariant Feature
Transform (SIFT), Speeded-Up Robust Features (SURF), and Oriented FAST and Rotated BRIEF (ORB). Lowe [4]
introduced SIFT to provide robust feature extraction under scale and rotation variations, while Bay et al. [5]
improved computational efficiency through the SURF algorithm. Subsequently, Rublee et al. [6] proposed ORB,
which combines FAST keypoint detection and BRIEF descriptors to achieve efficient feature matching suitable for
real-time and resource-constrained applications. Although these techniques have demonstrated effectiveness in
object recognition and image matching, their performance may deteriorate under severe occlusion, motion blur,
complex backgrounds, and significant viewpoint variations, making them less suitable for robust assistive
applications operating in unconstrained real-world environments.

Barcode-based recognition techniques have also been widely adopted in assistive applications because of their
high accuracy and low computational requirements. Jethjarurach and Limpiyakorn [7] developed a mobile barcode
reader to support product identification for visually impaired users, whereas Fernandcz et al. [8] proposed an
image-based barcode detection and recognition framework capable of providing auditory feedback. In a
comprehensive review, Pradhan et al. [9] highlighted the effectiveness of barcode recognition systems for real-time
identification tasks and emphasized their suitability for deployment on mobile platforms. Despite these advantages,
barcode-based methods remain dependent on the presence and visibility of machine-readable labels, making
them vulnerable to label damage, occlusion, poor illumination, and unfavorable viewing angles. Consequently,
barcode recognition alone cannot provide complete support for diverse real-world assistive scenarios.

Recent advances in deep learning have significantly improved object recognition and detection capabilities.
Redmon et al. [10] introduced the YOLO framework, which reformulated object detection as a single-stage
regression problem and enabled real-time object detection with competitive accuracy. He et al. [11] subsequently
proposed deep residual networks (ResNet), facilitating the effective training of deep neural architectures and
substantially improving image recognition performance. Carion et al. [12] further advanced object detection through
the Detection Transformer (DETR), which integrates transformer architectures into an end-to-end detection
framework. Building upon these developments, modern YOLO architectures have achieved an effective balance
between detection accuracy, inference speed, and computational efficiency, making them particularly suitable for

mobile and real-time applications. Nevertheless, category-level object detection alone may be insufficient for
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assistive scenarios requiring fine-grained identification of visually similar products, medications, or currency
denominations. Consequently, additional verification mechanisms are often necessary to improve recognition
reliability in practical deployment environments. This limitation motivates the integration of complementary

recognition techniques rather than relying solely on deep learning-based detection.

2. Assistive Technologies for Visually Impaired Individuals

Numerous assistive technologies have been developed to enhance independence and accessibility for visually
impaired individuals. Recent studies have demonstrated the effectiveness of computer vision and machine learning
techniques in supporting object recognition and environmental awareness. For example, Munia and Taher [13]
applied machine learning-based object detection to assist visually impaired users in identifying surrounding objects,
while Aduri and Naganjaneyulu [14] reviewed recent advancements in computer vision—-based assistive
technologies and highlighted their potential to improve accessibility and independent living. Similarly, Bhandari et
al. [15] demonstrated that deep learning-based object recognition can provide accurate and efficient assistance
for visually impaired individuals, whereas Sreenivasulu et al. [16] emphasized the importance of robust object
detection systems capable of operating under diverse environmental conditions.

In addition to general object recognition, specialized assistive solutions have been developed for specific daily-
life tasks. Hongboonmee and Sangtan [17] proposed a smartphone-based Thai banknote recognition application
that provides voice feedback to support financial accessibility for blind users. Similarly, Ting et al. [18] developed
a deep learning-based pharmaceutical identification model that achieved high recognition accuracy in medication
classification tasks. Although these systems have demonstrated practical benefits, most focus on a single
recognition task or application domain. Consequently, users often rely on multiple applications or assistive tools
to support different daily activities, which may reduce usability and limit adoption in real-world environments. This
fragmentation reduces usability and highlights the need for an integrated assistive framework capable of supporting

multiple recognition tasks within a single application.

3. Domain-Specific Applications and Research Foundation

Several studies have investicated computer vision technologies for assistive applications involving object
recognition and information accessibility. These applications include product identification, currency recognition,
medication assistance, and other daily-life tasks that support independent living among visually impaired
individuals [13], [18]. Such applications require reliable recognition performance under diverse environmental
conditions and varying object characteristics. In particular, Ting et al. [18] demonstrated that deep learning-based
image recognition can achieve high accuracy in pharmaceutical identification, highlighting the potential of computer
vision technologies for medication-related assistive applications.

Previous work conducted by the authors demonstrated that integrating barcode recognition with ORB-based
feature matching can improve recognition accuracy compared with using either technique independently [19].
However, the system remained dependent on handcrafted features and experienced performance degradation
under challenging environmental conditions. The rapid development of deep learning-based object detection

provides an opportunity to overcome these limitations. By combining the localization capability of modern object
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detectors with the verification strengths of barcode decoding and feature matching techniques, a more robust
recognition framework may be achieved. Such integration has the potential to enhance recognition reliability while
preserving computational efficiency for deployment on mobile devices. This observation forms the technical

foundation of the proposed hybrid framework presented in this study.

4, System Design and User-Centered Development

Beyond recognition accuracy, the effectiveness of assistive technologies depends heavily on usability,
accessibility, and user-centered design principles. Previous research emphasizes the importance of developing
systems that accommodate diverse user needs, provide intuitive interaction mechanisms, and operate effectively
within real-world environments [19], [20]. Mobile platforms have emerged as particularly attractive deployment
environments because of their widespread availability and integrated sensing capabilities. Consequently, assistive
systems intended for daily use should prioritize real-time performance, ease of interaction, and adaptability to
varying environmental conditions. These considerations extend beyond algorithmic accuracy and are essential for

improving long-term adoption of assistive technologies by visually impaired users.

5. Research Gap and Motivation

Although substantial progress has been achieved in computer vision-based assistive technologies, several
limitations remain. Traditional feature-based methods offer computational efficiency but are vulnerable to
environmental variability, while barcode-based approaches require the presence of visible machine-readable
markers. Conversely, deep learning models provide strong object detection performance but may lack reliable
mechanisms for fine-grained object verification. Moreover, most existing assistive systems focus on individual
recognition tasks rather than providing a unified solution capable of supporting multiple daily-life activities.

Despite the complementary strengths of these approaches, limited research has investigated the integration of
deep learning-based object detection, barcode recognition, and feature-based verification within a single mobile
framework designed specifically for visually impaired users. This gap motivates the development of the proposed
Hybrid Vision Framework, which combines YOLOV8 object detection, barcode decoding, and ORB feature matching
to provide robust, real-time, and multi-category object recognition under practical operating conditions.
Accordingly, this study proposes a unified hybrid vision framework that addresses these limitations through

hierarchical object localization and fine-grained verification within a single mobile assistive system.

METHODS
1. Problem Definition and System Requirements

Visual impairment significantly limits independent access to information required for daily activities, including
product identification, currency recognition, medication verification, and food safety assessment [1], [2], [3]. Existing
assistive vision systems typically address specific tasks such as barcode reading, banknote recognition, or object
detection, limiting their effectiveness in real-world environments characterized by diverse object categories and
dynamic visual conditions [13], [14], [15], [16]. To address these limitations, this study proposes a unified hybrid

vision framework capable of recognizing multiple object categories commonly encountered by visually impaired
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individuals. The framework is designed to operate under practical environmental variations, including illumination
changes, viewpoint variations, motion blur, backeround clutter, and partial occlusion. As illustrated in Figure 1, the
proposed framework was derived from four representative daily-life information-access tasks: product label
identification, Thai banknote recognition, pharmaceutical identification, and expiration-date verification. These
application domains were selected because they represent common situations requiring reliable object recognition

to support independent living [2], [3].

Environment & Conditions
Real-world settings,
Varying lighting,

Motion blur, Occlusion

System Interaction

(Voice Command/Query)
; System Requirements
Visually Impaired Images of Environment 0. (Target Functionality)
Individual (User) (E:bn;rsm:::ﬁ;rgg;gt Hybrid Object Support for Multi-object Recognition,
Thailand context: DEP Pharr;naceuticals) d Recognition Robust Performance (Real-world),
TAB 2025; substantial System Near Real-time Processing,
proportion is elderly "N A\ 4 Feedback (Context Process) User-friendly Interaction
(Text-to-Speech Object (Audio Feedback)
Information)

Challenges & Problem Definition (Context
Source)
Prior Studies & User Observations: Difficulty
in multi-object, Sensitivity to conditions,
Motion blur, Limited robustness

Data Sources & External Data
Expanded Dataset Construction:
Banknotes, Product Labels,
Perishables, Pharmaceuticals

Figure 1: Data flow-based problem analysis and solution requirements

Based on the identified challenges, the system was designed to satisfy four key requirements: (1) multi-category
object recognition, (2) real-time operation on mobile devices, (3) robustness under uncontrolled environments,
and (4) audio-based information delivery for non-visual interaction. These requirements guided the overall

framework design and subsequent experimental evaluation.

2. Proposed Hybrid Vision Framework

To satisfy the identified requirements, a hybrid recognition framework integrating deep learning-based object
detection, barcode decoding, and ORB feature matching was developed. The framework combines the localization
capability of YOLO with the efficiency of classical feature descriptors to balance recognition accuracy,
computational efficiency, and deployment feasibility on mobile platforms [6], [9], [16]. Figure 2 illustrates the
overall architecture of the proposed framework, which consists of four sequential phases. Phase 1 (Data Acquisition
and Pre-processing) acquires images using a smartphone camera and performs resizing, grayscale conversion,
normalization, and data augmentation to improve data quality and model generalization under varying
environmental conditions [21]. Phase 2 (Hybrid Recognition Core) performs hierarchical object recognition. YOLOvV8
first detects candidate objects and extracts Regions of Interest (ROI), after which barcode decoding and ORB feature
matching perform fine-grained verification. This hierarchical decision process improves recognition reliability by
allowing one recognition pathway to compensate when another fails because of occlusion, motion blur, or missing

barcode information [6], [7], [8], [9]. Phase 3 (System Integration) deploys the recognition engine within an Input-
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Process-Output (IPO) architecture, integrating image acquisition, object detection, barcode decoding, feature
matching, database retrieval, and decision fusion into a unified mobile application. Phase 4 (Output and Evaluation)
converts recognition results into speech using a Text-to-Speech (TTS) module and evaluates the complete system
through technical performance metrics and user-centered experiments under both controlled and uncontrolled

environments.

[ Phase 1: Input & Data Acquisition (Data Layer) J¢ ------------- F-
Expanded Dataset Construction

- Banknotes Data Pre-processing
- Product Labels - Grayscale conversion mE
- Perishables - Augmentation (Rotation, Blur, Lighting)

- Pharmaceuticals T

Y
Phase 2: Hybrid Recognition Core (Processing Layer)

Path A (Classical CV) 2Pl Paih Path B (Deep Leaning
l Barcodefecodlng YOLOv8 Object Detection
(Real-time Inference)

| ORB Feature Matching | I

Phase 3: System Integration (Integration Layer)

Unified Software Architecture " N Cross-Platform Interface
(IPO Model) (Mobile Camera + Python Engine)

¥
Phase 4: Output & Evaluation (Assessment Layer)

Performance Evaluation HH
Multi-modal Feedback - Accuracy - Inference Time

(Text-to-Speech) -mAP - User Satistaction (n=50)

A
'

Figure 2: Proposed hybrid vision framework

This end-to-end framework enables reliable recognition of both barcode-supported objects and visually similar
objects requiring feature-based verification while maintaining practical deployment feasibility on resource-

constrained mobile devices.

3. Dataset Construction and Pre-processing

To evaluate the proposed framework under realistic operating conditions, a multi-domain dataset was
constructed comprising 1,105 object classes and 7,927 images. The dataset was designed to represent daily tasks
frequently encountered by visually impaired individuals and encompasses four application domains: product
labels, Thai banknotes, short shelf-life food products, and pharmaceutical products. The overall dataset distribution

is summarized in Table 1.

Table 1: Dataset distribution and data sources

Category Classes Images Data Source
Product Labels 300 3,427 Collected from various consumer products in real-world environments
Thai Banknotes (BE 2561) 5 500 Bank of Thailand (Series BE 2561: 20, 50, 100, 500, 1,000 baht) [20]
Short Shelf-Life Foods 300 1,500 Collected from convenience stores and supermarkets
Pharmaceutical Products 500 2,500 Thai FDA drug database (Ministry of Public Health)
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Representative examples of the four dataset categories are summarized in Table 2. These examples illustrate
the diversity of objects and the corresponding recognition information used by the proposed framework. Each
dataset category represents a practical assistive scenario, including product identification, financial transactions,
food safety assessment, and medication verification. The banknote subset contains all circulating Thai banknotes
from Series BE 2561 issued by the Bank of Thailand [20]. For training the YOLOV8 detector, all images were manually
annotated using bounding-box labels following the YOLO object detection format. Each object instance was
assigned its corresponding class identifier to support supervised object localization and multi-object recognition.
Representative examples of all dataset categories are summarized in Table 2, whereas examples of Thai banknotes

are illustrated in Figure 3 because currency recognition is one of the primary assistive tasks addressed in this study.

Table 2: Representative examples of the four dataset categories

Category Representative Example Key Recognition Information Recognition Method
Instant noodles, bottled water,
Product Labels Product name, brand, barcode Barcode + ORB
shampoo
Denomination, portrait, security
Thai Banknotes 20, 50, 100, 500, 1,000 Baht YOLOv8 + ORB
pattern
Short Shelf-Life Foods Fresh milk, yogurt, sandwich, juice Manufacturing date, expiration date | YOLOv8 + OCR
Paracetamol, Ibuprofen, cough Drug name, dosage form, package
Pharmaceutical Products YOLOv8 + ORB
syrup label

(c) Example of a 100-Baht banknote

e
2 s

s0000d6 > o

(e) Example of a 20-Baht banknote

Figure 3: Examples of Thai banknotes from series BE 2561

Banknote recognition was incorporated into the proposed system because currency identification remains one
of the most commonly reported challenges faced by visually impaired individuals during financial transactions [18].
To improve model robustness, images were collected under diverse acquisition conditions, including variations in
illumination, viewing angle, object distance, background complexity, reflective surfaces, and partial occlusion [10],

[12], [16]. Before model training, all images underwent a standardized pre-processing pipeline consisting of image
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resizing, grayscale conversion where applicable, normalization, and quality verification. Data augmentation
techniques, including rotation, scaling, brightness adjustment, horizontal flipping, and motion-blur simulation, were
subsequently applied to increase sample diversity and reduce overfitting [21]. The dataset was then partitioned
using a fixed 80:20 train-test split, as summarized in Table 3. The training subset was used for YOLOv8 model
learning and ORB feature database construction, whereas the testing subset was reserved exclusively for

performance evaluation. This partitioning ensures unbiased evaluation and fair comparison with the baseline

methods.
Table 3: Dataset partitioning for training and testing
Category Training (80%) Testing (20%) Rationale
Product Labels 2,742 685 | General Accessibility
Thai Banknotes 400 100 | Financial Independence
Perishable Foods 1,200 300 | Food Safety
Pharmaceutical 2,000 500 | Medical Safety
Total 6,342 1,585

4. Hybrid Recognition Framework (YOLOv8 + ORB + Barcode)

The principal contribution of this study is a hybrid recognition framework that integrates YOLOv8-based object
detection, barcode decoding, and ORB feature matching. Unlike conventional single-stage approaches, the
proposed framework performs hierarchical recognition by first localizing candidate objects and subsequently
applying fine-grained verification. This design combines the robustness of deep learning with the efficiency of
classical computer vision techniques, improving recognition reliability under challenging real-world conditions [6],
[9], [16].

4.1 YOLOv8-Based Object Detection: Object localization is performed using the YOLOv8n architecture, a
lightweight one-stage detector optimized for real-time inference on resource-constrained devices [9]. Compared
with traditional handcrafted feature approaches, YOLO-based detectors learn hierarchical visual representations
directly from image data, enabling robust object detection under variations in illumination, viewpoint, and
backeround complexity [10], [15], [16]. As shown in Figure 4. YOLOv8 Detection Pipeline, the input image is resized
and processed through convolutional feature extraction layers, feature aggregation modules, and detection heads
to generate object bounding boxes and confidence scores. The detected ROl are subsequently forwarded to the
fine-grained recognition stage. The YOLOv8 model was trained using 640 x 640 input images to support multi-
object recognition across all 1,105 object classes. The model was implemented using the Ultralytics YOLOvV8
framework and trained locally on a workstation equipped with an NVIDIA RTX 40-series GPU. All training images
were manually annotated using bounding-box labels in the standard YOLO format for supervised multi-class object

detection.
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Figure 4: YOLOV8 detection pipeline

A practical example of simultaneous pharmaceutical detection is presented in Figure 5, demonstrating the

capability of the framework to localize multiple objects before detailed identification.

Figure 5: Real-time multi-object detection using YOLOV8 for pharmaceutical item identification

4.2 Barcode-Based Verification: Following ROl extraction, barcode decoding is performed as the primary
verification mechanism because barcode information provides direct linkage to product databases and generally
offers higher identification reliability than visual appearance alone [7], [8], [9]. Before decoding, each ROl undergoes
grayscale conversion and image enhancement to improve barcode visibility. Barcode extraction is performed using
the Pyzbar library, supporting automatic decoding of one- and two-dimensional barcode formats. When barcode
decoding succeeds, product information is retrieved directly from the database without additional visual
verification, reducing computational cost and recognition ambiguity.

4.3 ORB-Based Feature Matching: When barcode decoding fails because of occlusion, deformation, motion blur,
poor image quality, or missing barcode pattemns, the framework automatically switches to ORB-based feature

matching as a secondary verification mechanism [6]. ORB combines FAST keypoint detection with BRIEF descriptors
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to generate computationally efficient local feature representations suitable for real-time mobile applications.
Feature correspondences are established using Hamming-distance matching and refined through geometric

consistency verification to suppress false-positive matches. See Figure 6.
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Figure 6: Fine-grained recognition logic

This complementary verification strategy improves recognition robustness by enabling reliable identification of
visually similar objects when barcode information is unavailable. For expiration-date verification, Optical Character
Recognition (OCR) is employed when manufacturing or expiration dates must be extracted directly from product
packaging. The detected ROl is pre-processed before text extraction using Tesseract OCR [22], and the recognized
date information is subsequently forwarded to the text-to-speech module for auditory feedback.

4.4 Text-to-Speech Feedback: After object identification, the recognition result is forwarded to the text-to-
speech module, which converts textual information into synthesized speech. Depending on the recognized object
category, the system announces product names, banknote denominations, medication names, or expiration dates,
enabling visually impaired users to access recognition results through audio feedback and supporting independent

daily use.

5. System Architecture and Operational Workflow

The proposed assistive system follows an Input-Process-Output architecture consistent with user-centered
assistive technology design principles [23], [24], [25]. As illustrated in Figure 7, the input layer receives images from
a smartphone camera, while the processing layer includes YOLOvV8 detection, barcode decoding, ORB feature
matching, database retrieval, and decision-making components. The decision module integrates recognition
outputs from the barcode and ORB verification pathways to determine the final object identity before forwarding
the result to the text-to-speech module. Recognition results are delivered through synthesized speech, enabling

non-visual interaction.
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Figure 7: Unified system architecture

The operational workflow is illustrated in Figure 8. The process begins with image acquisition, followed by
object detection, ROl extraction, fine-grained recognition, decision fusion, and audio output generation. Barcode
decoding is performed first because it provides direct product identification. When barcode decoding fails, ORB-
based feature matching is automatically activated as the secondary verification mechanism. This workflow supports
continuous real-time interaction while maintaining low computational overhead on mobile devices. The modular
architecture also facilitates future integration of additional recognition modules without modifying the overall

system structure.
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Figure 8: Recognition workflow sequence diagram

The recognition framework was developed using an iterative software engineering process that combines
structured planning with incremental refinement to improve maintainability, scalability, and usability throughout

development [23].
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6. Experimental Configuration

6.1 Dataset Partitioning: The dataset summarized in Table 3 was divided using an 80:20 train—test split, yielding
6,342 training images and 1,585 testing images. The training subset was used to train the YOLOvV8 model with the
Ultralytics implementation and to construct the ORB feature database, whereas the testing subset was reserved
exclusively for performance evaluation. To reflect practical deployment conditions, testing images included
variations in illumination, viewing angle, object distance, motion blur, and background complexity. The same testing
subset was subsequently used to evaluate the complete hybrid recognition pipeline, including YOLOV8 object
detection, barcode decoding, ORB feature matching, and text-to-speech output under both controlled and
uncontrolled environments.

6.2 Hardware and Software Environment: The proposed framework was implemented using Python 3.12.3.
Computer vision operations were performed using OpenCV 4.10.0, barcode decoding was implemented with Pyzbar
0.1.9 [7], [8], [26], and OCR processing utilized Tesseract OCR [22]. YOLOv8n was trained locally using the Ultralytics
framework with GPU acceleration. Model training was conducted on a workstation equipped with an NVIDIA GeForce
RTX 4060 GPU (8 GB VRAM), Intel Core i7 processor, and 32 GB RAM, while deployment testing was performed on
a Samsung Galaxy A54 5G smartphone (Exynos 1380, 8 GB RAM). MongoDB was used for data management [27],
and the software architecture followed the Model-View-Controller (MVC) design pattern [25].

6.3 YOLOV8 Training Configuration: The YOLOv8n model was trained using 640 x 640 input images for 100
epochs. Training was performed using the Ultralytics YOLOV8 implementation with the Adam optimizer and an
initial learning rate of 0.001. Data augmentation techniques, including rotation, scaling, brightness adjustment, and
motion-blur simulation, were applied to improve model generalization under real-world conditions [21]. Model
performance during training was monitored using Precision, Recall, mAP@0.50, and mAP@0.50:0.95, while the final
system evaluation employed the classification metrics described in Section 8.6. The training parameters are

summarized in Table 4.

Table 4: YOLOV8 training configuration

Parameter Value
Model YOLOV8n
Framework Ultralytics YOLOV8
Input Resolution 640 x 640
Epochs 100
Optimizer Adam
Initial Learning Rate 0.001
Batch Size 16-32
Data Augmentation Rotation, Scaling, HSV, Blur
Confidence Threshold 0.25
loU Threshold 0.45
Training Metrics Precision, Recall, mAP@0.50, mAP@0.50:0.95

6.4 Baseline Methods: Two baseline configurations were selected for comparative evaluation. The first baseline,

ORB + Barcode, represents the authors’ previous recognition approach based on barcode decoding and ORB feature
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matching [19]. The second baseline, YOLOv8-only, utilizes object detection without additional verification
mechanisms. These baselines enable comparison between conventional, deep learning-based, and hybrid
recognition approaches. All methods were evaluated using the same testing dataset and identical experimental

conditions to ensure a fair comparison.

7. User-Centered Evaluation Protocol

7.1 Participant Recruitment: A purposive sample of 50 visually impaired participants was recruited to evaluate
the usability and effectiveness of the proposed system. The cohort comprised 20 totally blind individuals (40%)
and 30 individuals with low vision (60%), representing a diverse range of visual impairment conditions.

7.2 Evaluation Tasks: Participants were asked to perform four representative daily-life tasks: (1) product
identification, (2) Thai banknote recognition, (3) expiration-date verification, and (4) pharmaceutical identification.
These tasks were selected to reflect common assistive scenarios encountered by visually impaired individuals. For
each task, participants independently captured images using the smartphone application and followed the
complete recognition workflow. A task was considered successful when the system correctly recognized the target
object and provided the corresponding auditory feedback through the text-to-speech module without requiring
repeated image acquisition. Task completion time and recognition success were recorded for subsequent analysis.

7.3 Controlled and Uncontrolled Environments: Experiments were conducted under both controlled and
uncontrolled conditions, as summarized in Table 5. The controlled environment employed fixed illumination,
background, camera position, and viewing distance, whereas the uncontrolled environment introduced variations
in lighting, background complexity, camera movement, and object distance. This protocol enabled evaluation of
both baseline performance and real-world robustness. Each participant completed the same four evaluation tasks

under both environmental conditions to ensure consistent comparison of recognition performance and usability.

Table 5: Experimental conditions

Condition Controlled Uncontrolled
Ilumination 500 lux 100-1000 lux
Background Plain Cluttered
Camera Motion Fixed Handheld
Viewing Distance Fixed Variable

7.4 Ethical Considerations: All participants were informed of the study objectives and procedures before
participation and provided written informed consent. Participant privacy and confidentiality were maintained
through data anonymization, and all collected information was used solely for research purposes. The evaluation

procedures were designed to ensure a safe and accessible testing environment for all participants.

8. Performance Evaluation Metrics
The effectiveness of the proposed framework is evaluated using standard classification metrics derived from
True Positive (TP), True Negative (TN), False Positive (FP), and False Negative (FN) outcomes [28], [29]. Performance

is assessed using Accuracy, Precision, Recall, F1-score, and Specificity, as defined in (1)-(5). For evaluating the object
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detection capability of the YOLOv8 model during training, Mean Average Precision (mAP) at loU thresholds of 0.50
(MAP@0.50) and 0.50:0.95 (mAP@0.50:0.95) was additionally employed. In addition, Receiver Operating
Characteristic (ROC) analysis and confusion matrices are employed to evaluate discriminative performance across
object categories.

8.1 Recognition accuracy: Measures the overall correctness of the system in classifying objects:

| ~ TP + TN W
CeUracy = Tp ¥ TN + FP + FN

8.2 Precision: Measures the proportion of correctly identified positive predictions among all predicted positive

cases:

Precisi = e 2)
recision = TP + FP

8.3 Recall (sensitivity): Measures the proportion of actual positive cases that are correctly identified by the
system:
TP
Recall = ———— (3)
TP + FN
8.4 F1-Score: Measures the harmonic mean of precision and recall, serving as a balanced metric for class
imbalance:
Precision X Recall

F1=2X (a)
Precision + Recall

8.5 Specificity: Measures the proportion of actual negative cases that are correctly identified:
Specificity = _IN (5)
TN + FP
8.6 Mean Average Precision (mAP): For evaluating the object detection performance of the YOLOv8 model,
mMAP was employed. The mAP@0.50 metric measures the average detection precision at an loU threshold of 0.50,
whereas mAP@0.50:0.95 reports the average precision across multiple loU thresholds ranging from 0.50 to 0.95 in
increments of 0.05. These metrics provide a comprehensive assessment of localization accuracy and detection
robustness and are widely adopted for benchmarking modern object detection models.
In addition, ROC curves and Area Under the Curve (AUC) values were employed to evaluate classification
reliability. Statistical significance between competing methods was assessed using one-way Analysis of Variance

(ANOVA), with a significance threshold of p < 0.05.

RESULTS AND DISCUSSION

The experimental results demonstrate the effectiveness of the proposed hybrid vision framework for assistive
object recognition. Performance was evaluated through quantitative recognition metrics, statistical reliability,
computational efficiency, comparative analysis, and user-centered evaluation.

1. Recognition Performance Evaluation
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The proposed framework was evaluated using a unified testing dataset covering four assistive tasks: product
label identification, Thai banknote recognition, pharmaceutical identification, and expiration-date verification. All

methods were evaluated under identical experimental conditions. Table 6 summarizes the overall performance.

Table 6: Overall performance comparison of recognition methods

Accuracy
Method (%) Precision | Recall | Fl-score | Processing Time (s) Strength
%
ORB + Barcode 96.2 0.958 0.964 0.961 1.80 Efficient Precision
YOLOvV8N 97.0 0.970 0.975 0.972 2.20 Robust multi-detection
Proposed Hybrid Framework 97.6 0.976 0.981 0.978 2.30 Peak Robustness

Recognition performance for each assistive application domain is presented in Table 7.

Table 7: Recognition performance across assistive application domains

Application Domain Accuracy (%) Precision Recall F1-score
Product Labels 97.3 0.972 0.975 0.973
Thai Banknotes 99.2 0.992 0.991 0.991
Pharmaceutical Products 97.8 0.978 0.982 0.980
Expiration-Date Verification 96.5 0.965 0.970 0.967
Overall 97.6 0.976 0.981 0.978

During YOLOV8 training, the detector achieved a mAP@0.50 of 98.6% and a mAP@0.50:0.95 of 93.8%,
demonstrating accurate object localization across all object categories while maintaining computational efficiency
suitable for mobile deployment. The proposed framework achieved the highest performance across all evaluation
metrics, with 97.6% accuracy and an F1-score of 0.978. Compared with the previous ORB-Barcode framework [19],
integrating YOLOV8 improved robustness under complex environmental conditions by localizing candidate objects
before fine-grained recognition. This hierarchical strategy reduces false matches caused by background clutter,
illumination variation, and viewpoint changes, which are common limitations of traditional feature-based methods
[4], [5], [6]. As shown in Table 7, all assistive application domains achieved recognition accuracies above 96%. Thai
banknotes achieved the highest accuracy (99.2%) because of their distinctive visual characteristics, whereas
expiration-date verification showed relatively lower performance owing to variations in text appearance, printing
quality, viewing angle, and illumination.

These results indicate that combining YOLOV8 object localization with barcode decoding and ORB feature
matching provides a more reliable recognition framework than either approach alone. While YOLOV8 provides
robust object localization [10], barcode decoding and ORB feature matching improve fine-grained verification for

visually similar objects, enhancing overall recognition reliability.

2. Statistical Reliability Analysis
The confusion matrix is presented in Figure 9 and illustrates the classification performance of the proposed
framework for Thai banknote recognition across the five Thai banknote denominations. The numerical values

represent the number of testing samples assigned to each predicted class, while the accompanying percentages
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indicate the proportion of correctly classified instances relative to the total samples within each actual class. Most
samples are concentrated along the principal diagonal, indicating high classification consistency across all

denominations.
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Figure 9: Confusion matrix for banknote recognition

As shown in Figure 9, only a small number of misclassifications occurred, primarily between high-value
denominations exhibiting similar color characteristics under challenging illumination conditions. Such observations
are consistent with previous findings that visual recognition performance may deteriorate under non-uniform
lighting and environmental variability [14]. Despite these isolated errors, the confusion matrix demonstrates that
all banknote denominations achieved consistently high classification accuracy, confirming the effectiveness of the
proposed hybrid verification strategy for fine-grained currency recognition. Further reliability analysis was conducted
using ROC curves. The ROC curve is shown in Figure 10. summarizes the discrimination capability of the proposed
framework across all recognition classes and yields an AUC value of 0.97, indicating excellent discrimination

capability between positive and negative classifications.
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Figure 10: Receiver Operating Characteristic (ROC) curve for recognition system
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The high ROC-AUC score confirms a strong balance between sensitivity and specificity. Combined with the
results in Tables 6 and 7, these findings demonstrate that integrating YOLOV8 object localization with barcode
decoding and ORB feature matching reduces classification uncertainty and provides robust recognition under both

controlled and uncontrolled environments.

3. Computational Efficiency and Mobile Deployment Feasibility

In addition to recognition accuracy, computational efficiency is a critical requirement for assistive technologies
intended for mobile deployment. The processing-time analysis shown in Figurell illustrates the computational
cost of each processing stage within the proposed hybrid recognition framework, demonstrating that the system

maintains near-real-time performance despite integrating multiple recognition mechanisms.
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Figure 11: Processing-time distribution of the hybrid recognition framework

The average end-to-end processing time was approximately 2.30 s per recognition task. Although slightly higher
than the previous ORB-Barcode system [19], the additional processing time is offset by improved recognition
robustness and multi-object handling capability. ORB feature matching and barcode verification accounted for the
largest proportion of computational cost, whereas YOLOV8 object detection introduced only a small computational
overhead while providing robust object localization [10]. The measured latency is acceptable for assistive
applications, where users typically perform intentional object recognition rather than continuous video analysis.
Consequently, prioritizing recognition reliability over minimal latency represents an appropriate trade-off for
practical deployment. Furthermore, all experiments were conducted on a commercial Android smartphone,

demonstrating that the proposed framework can be deployed effectively without specialized computing hardware.

4. Comparison with Existing Recognition Approaches
To position the proposed framework within the current body of knowledge, a comparative analysis with
representative recognition approaches is presented in Table 8. Because the reviewed studies employed different

datasets, experimental protocols, and application domains, the comparison emphasizes methodological
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capabilities rather than direct numerical performance. Unlike conventional approaches that rely on a single

recognition paradigm, the proposed framework integrates YOLOV8 object detection, barcode decoding, and ORB

feature matching within a unified mobile architecture.

Table 8: Comparison with existing recognition approaches

Multi- Real-Time
Study Core Approach Target Application Object Mobile Main Limitation
Detection Deployment
General object High computational
Lowe [4] SIFT No Limited
recognition complexity
General object
Bay et al. [5] SURF No Limited Resource intensive
recognition
Feature-based Sensitive to clutter and
Rublee et al. [6] ORB No Yes
recognition occlusion
Jethjarurach and Product
Barcode Reader No Yes Requires visible barcode
Limpiyakorn [7] identification
Image-based Performance depends on
Fernandcz et al. [8] Product recognition No Partial
Barcode Recognition barcode quality
Hongboonmee and Banknote Currency
No Yes Task-specific application
Sangtan [17] Recognition identification
Deep Learning Computational
Bhandari et al. [15] Assistive recognition Yes Partial
Detection requirements
Munia and Taher Machine Learning Limited fine-grained
Assistive vision Yes Partial
[13] Detection recognition
Multi-category
Proposed YOLOV8 + ORB + Slightly increased
assistive Yes Yes
Framework Barcode processing time
recognition

Unlike previous studies that focused on a single recognition task, the proposed framework was validated across
four assistive application domains: product label identification, Thai banknote recognition, pharmaceutical
identification, and expiration-date verification. Therefore, the performance reported in Section 1 reflects the overall
capability of the framework across heterogeneous recognition tasks rather than a single application domain.

The comparison demonstrates that integrating YOLOV8 object localization with barcode decoding and ORB
feature matching provides robust multi-object recognition while preserving practical mobile deployment. This
hybrid design addresses the limitations of individual recognition approaches by combining accurate localization

with reliable fine-grained object verification.

5. User-Centered Evaluation
A user study involving 50 visually impaired participants was conducted to evaluate the practical usability of
the proposed framework. Participants completed four assistive tasks corresponding to the application domains

of the system: (1) product identification, (2) Thai banknote recognition, (3) expiration-date verification, and
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(4) pharmaceutical identification. Each participant performed all tasks under both controlled and uncontrolled

environments. Participant demographics are summarized in Table 9.

Table 9: Participant demographics (N = 50)

Characteristic Category n Percentage (%)
Visual Impairment Totally Blind (TB) 20 40.0
Low Vision (LV) 30 60.0
Gender Male 24 48.0
Female 26 52.0
Age Mean + SD 38.4 £ 12.6 —

Task success rates under different participant conditions are presented in Table 10.

Table 10: Task Success Rate (TSR) evaluation

Participant Group Training Status n Task Success Rate (%) | SD Performance Significance

Trained 15 96.0 2.1 | Optimal performance; high adaptability
Low Vision (LV)

Untrained 15 82.5 5.4 | Baseline proficiency

Trained 10 89.0 4.8 | High reliability via audio-tactile feedback
Totally Blind (TB)

Untrained 10 74.5 8.2 | Significant learning curve identified
Overall All Participants 50 85.5 5.1 | Overall System Usability

Statistical analysis using one-way ANOVA revealed significant differences between trained and untrained
participants p < 0.05. Participants who received brief system orientation consistently achieved higher task success
rates than untrained participants. The greatest improvement was observed in product identification and
pharmaceutical recognition, where training improved camera positioning and object alignment. The framework also
maintained stable performance under both controlled and uncontrolled environments, demonstrating robust
usability under practical operating conditions. These findings support previous studies emphasizing that assistive
technologies should be evaluated using both technical performance and user-centered usability measures [11],

[17], [25].

6 Discussion and Research Contribution

The findings demonstrate that the proposed hybrid framework effectively addresses the limitations of existing
recognition approaches. Feature-based methods are computationally efficient but sensitive to environmental
variability [4], [5], [6], barcode-based methods depend on visible machine-readable labels [7], [8], [9], and deep-
learning-based detectors often lack fine-grained verification mechanisms [10], [13], [15]. By integrating YOLOv8
object detection, barcode decoding, and ORB feature matching, the proposed framework combines the
complementary strengths of these techniques within a unified mobile architecture. Experimental results
demonstrate improvements in recognition accuracy, classification reliability, and practical usability.

Compared with the previous ORB-Barcode framework [19], incorporating YOLOV8 improved object localization

in the presence of cluttered backgrounds, illumination variations, and partial occlusion. Although the average
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processing time increased from 1.80 s to 2.30 s, the framework achieved higher recognition accuracy and more
robust multi-object recognition across all four assistive application domains, representing an acceptable trade-off
for practical assistive applications.

The user-centered evaluation further confirmed that these technical improvements translated into practical
benefits. Trained participants achieved significantly higher task success rates, demonstrating that reliable recognition
combined with an intuitive interaction workflow can improve usability for visually impaired users.

Despite these promising results, recognition performance may still degrade under extremely low-light
conditions, severe motion blur, or heavy occlusion. Future work will investigate adaptive illumination
enhancement, continual learning, and multimodal sensor fusion to improve robustness further. These findings

provide a scalable foundation for future mobile assistive vision systems supporting independent daily living.

CONCLUSION

This study proposed a hybrid assistive vision framework integrating YOLOV8 object detection, ORB feature
matching, and barcode recognition within a unified mobile architecture for visually impaired assistance. By
combining robust object localization with fine-grained verification, the proposed framework addresses the
limitations of conventional single-technique recognition approaches.

Experimental results demonstrated high recognition performance across 1,105 object classes and 7,927 images,
achieving 97.6% recognition accuracy, an Fl-score of 0.978, and a ROC-AUC of 0.97 while maintaining practical
deployment on resource-constrained mobile devices. The proposed framework outperformed both the previous
ORB-Barcode framework and the standalone YOLOvV8 model, providing reliable recognition across four assistive
application domains: product identification, Thai banknote recognition, expiration-date verification, and
pharmaceutical identification.

User-centered evaluation involving 50 visually impaired participants further confirmed significant improvements
in task success following brief system training, demonstrating the practical usability of the proposed framework
under both controlled and uncontrolled environments. Overall, the findings demonstrate that integrating
complementary recognition techniques provides a scalable and practical foundation for mobile assistive vision
systems supporting independent daily living.

Future work will focus on continual learning, expanding recognition categories, adaptive illumination
enhancement, multimodal sensor fusion, and adaptive model updating to further improve robustness and long-

term deployment in real-world assistive applications.
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Abstract

This study developed a leaf-image recognition system for Thai antipyretic medicinal plants using deep
convolutional neural networks (CNNs). Recognizing medicinal plants can be difficult because several species have
similar leaf shapes and textures. An automatic recognition tool may help non-expert users identify medicinal plants
more consistently. The main contributions are the collection of a 20-species Thai antipyretic herb leaf dataset, the
evaluation of eight CNN architectures, and the integration of the selected model into a LINE Chatbot prototype.
A new dataset of leaves from 20 medicinal plants for antipyretics found in southern Thailand was created.
Data augmentation was applied to increase the number and variability of training images. Eight CNN architectures,
namely AlexNet, ResNet, VGG, DenseNet, Googl eNet, EfficientNet, MobileNet, and SqueezeNet, were evaluated for
recognizing 20 Thai antipyretic herb species. Lastly, a CNN architecture, which is the best performing, was integrated
with a LINE Chatbot for practical application. The experimental results showed that SqueezeNet achieved the
highest accuracy of 92.8% with a processing time of 0.004 seconds per image. The SqueezeNet model was therefore

selected for integration into the LINE Chatbot prototype.

Keywords: Convolutional neural network (CNN), Herbal plant recognition, Image classification, Thai herb leaf

recognition, Thai medicinal plant
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INTRODUCTION

Medicinal plants are commonly used in traditional Thai medicine. During the COVID-19 pandemic, plants with
antipyretic properties, such as Andrographis and Ginger, received increased attention from government agencies
and the public. This increased interest motivated the present study to focus specifically on Thai medicinal plants
traditionally used to reduce fever. Accurate identification of these plants remains challenging because many species
share similar visual characteristics, and distinguishing them often requires expert knowledge [1], [2], [3]. These
challenges have encouraged the development of image-based methods to support plant identification. Among the
observable plant features, leaves provide useful visual information, including shape, color, margin, and texture.
Therefore, leaf images are commonly used for plant recognition [4]. However, inter-class similarity and intra-class
variation can still reduce identification accuracy.

Previous studies have applied both conventional machines learning and deep learning to medicinal plant
recognition. Some studies used manually extracted shape, color, and texture features with conventional classifiers
[5], while others applied visual geometry group 16-layer network (VGG16), convolutional neural networks (CNNs),
CNN-recurrent neural network (RNN) models, and established CNN architectures [6], [7], [8], [9], [10]. Although
these studies reported promising results, they focused on medicinal plants from Indonesia, Vietnam, Malaysia, and
India. However, a key research gap remains. Thai medicinal plants traditionally used to reduce fever have received
limited attention in image-based recognition studies.

Research on Thai medicinal plants remains limited. Mettripun [11] classified eight Thai herb species using image-
region features and an artificial neural network, while Pornpanomchai et al. [12] used 13 leaf features and k-nearest
neighbors (k-NN) to recognize 32 herb species. Pornudomthap et al. [13] developed a transfer-learning framework
and an Android application for identifying 20 Thai herbs. However, these studies addressed general medicinal herb
categories rather than plants specifically associated with antipyretic use. Within the reviewed literature, a dedicated
dataset and systematic comparison of multiple CNN architectures for Thai antipyretic herb recognition have not
been reported.

Accordingly, this study aims to identify an effective CNN architecture for recognizing 20 Thai antipyretic medicinal
plants from leaf images, considering both recognition performance and processing time. As illustrated in Figure 1,
the research workflow begins with leaf-image collection and preparation, followed by data augmentation and
division of the dataset into training and testing sets. Eight CNN architectures are then trained and evaluated, and
the best-performing model is integrated into a LINE Chatbot as a proof of concept. This workflow represents the
three main contributions of the study: a newly collected leaf-image dataset, a systematic comparison of eight CNN
architectures, and a practical demonstration of model deployment through LINE Chatbot.

The objective of this study is to evaluate CNN architectures for recognizing 20 Thai antipyretic medicinal plants
from leaf images and to identify the model that provides the best balance between recognition performance and
processing time.

The main contributions are three parts. First, a new leaf-image dataset covering 20 Thai antipyretic medicinal
plants was collected and organized. Second, eight CNN architectures—AlexNet, ResNet, VGG, SqueezeNet, DenseNet,

GoogleNet, MobileNet, and EfficientNet—were systematically evaluated using the same dataset and evaluation
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protocol. Third, the best-performing model was integrated into a LINE Chatbot as a proof of concept to demonstrate

its practical deployment for herb identification.

Data
Data Collection Data Preparation o "
Augmentation

.:o “
Integration into Trained Model
Line

h 4

Testing
Set

Training Deep

Rysinaion Learning Model

Figure 1: Workflow diagram illustrating the steps involved in developing the deep-learning for medicinal plant recognition system for

Thai antipyretic.

1. Visual Characteristics of Thai Antipyretic Herb Leaves

Traditional Thai medicinal plants are commonly identified by folk healers using a combination of leaf
appearance, smell, and taste. However, this study considers only visual information from leaf images. This makes
recognition challenging because some herbs have similar appearances and are normally distinguished using non-
visual characteristics and the experience of practitioners.

The 20 antipyretic herb classes exhibit both considerable morphological variation and subtle inter-class
differences. As summarized in Table 1, their leaves vary in shape, apex, base, margin, and color [14], [15]. Some
classes differ clearly in their overall dimensions and shapes, while others share similar visual characteristics and
require closer examination of the leaf apex, base, and margin.

A locally specific example is Cordyline fruticosa, which folk healers in southern Thailand distinguish into two
forms known as Mak Phu and Mak Mia. Mak Phu has short, narrow leaves, whereas Mak Mia has large, broad leaves.
Including these locally recognized forms creates a fine-grained recognition challenge. Therefore, this dataset differs
from existing foreign medicinal-leaf datasets in both its species composition and its representation of Thai

antipyretic herbs and locally recognized botanical distinctions.

Table 1: Botanical characteristics of leaves used to identify Thai herbal plants for antipyretics

Local name Scientific name Leaf shape Leaf apex | Leaf base | Leaf margin | Leaf color
Thung Fa Alstonia macrophylla oblanceolate cuspidate acute entire green
Chalut Alyxia reinwardtii Blume oblong obtuse oblong entire green
Fa Thalai Chon Andrographis paniculate ovate acute obtuse entire green
Mao Khai Pla Antidesma ghaesembilla Gaertn ovate obtuse obtuse entire green
Ma Phueang Averrhoa carambola lanceolate acute obtuse entire green
Chingchi Capparis micracantha elliptic acute obtuse undulate green
Kok Kra Om Cardiospermum halicacabum trifoliolate acute obtuse lobed green
Khwi Nin Cinchona succirubra ovate acute obtuse entire green
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Table 1: Botanical characteristics of leaves used to identify Thai herbal plants for antipyretics (Cont.)

Leaf
Local name Scientific name Leaf apex Leaf base Leaf margin Leaf color
shape
Mak Phu lanceolate acute attenuate entire fuchsia
Cordyline fruticosa
Mak Mia linear cuspidate cuneate entire fuchsia
acute slightly
Kum Num Crateva religiosa oval acuminate entire green
distorted
Lai Phueak Eurycoma longifolia jack oblong cuspidate acute entire green
Ma Duea
Ficus racemasa elliptic cuspidate obtuse undulate green
Chum Phon
Cha Muang Garcinia cowa Roxb oblong cuspidate obtuse entire green
Bai Ngoen Graptophyllum pictum elliptic cuspidate attenuate undulate green-white pattern
Khon Tha Harrisonia perforate elliptic obtuse acute lobed green
Thaoyaimom Clerodendrum linear cuspidate cuneate entire green
Nom Maeo Uvaria siamensis lanceolate | acuminate obtuse entire green
Boraphet Tinospora crispa cordate acute cordate entire green
Yanang Tiliacora triandra lanceolate acute obtuse entire green
METHODS

This study developed a CNN-based workflow for recognizing Thai antipyretic herb leaves and integrating the
selected model into a LINE Chatbot, as shown in Figure 1. The process begins with data collection, where thirty
images of each of twenty different herbal plant species were captured. Next, data augmentation techniques are
applied to increase the diversity of the training data. After augmentation, the dataset is prepared by splitting the
images into training and testing sets. The CNN models were trained using the training set and evaluated using the
testing set. Finally, the trained model is integrated into a LINE Chatbot platform, providing an easy-to-use tool for
identifying Thai medicinal plants.

1. Data Collection

The twenty species of Thai medicinal plants selected for their antipyretic properties were based on [14], [15].
In addition, these herbs are commonly found in southern Thailand and are traditionally used as antipyretics,
according to discussions with Thai traditional medicine practitioners in the provinces where the data were collected.
Herb samples were gathered between October 2022 and February 2023 from the southern provinces of Trang and
Nakhon Si Thammarat. The local and scientific names of the herbs were verified by a specialist in Thai traditional
medicine.

The selected antipyretic plants include Alstonia macrophylla, Alyxia reinwardtii Blume, Andrographis paniculata,
Antidesma ghaesembilla Gaertn, Averrhoa carambola, Capparis micracantha, Cardiospermum halicacabum,
Cinchona succirubra, Cordyline fruticose (Mak Phu), Cordyline fruticose (Mak Mia), Crateva religiosa, Eurycoma
longifolia Jack, Ficus racemosa, Garcinia cowa Roxb, Graptophyllum pictum, Harrisonia perforata, Tacca

leontopetaloides, Tiliacora triandra, Tinospora crispa, and Cyathostemma micranthum siamensis.
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Leaves from these twenty herbal plant species were collected, with thirty images captured for each species,
resulting in a total of 600 images for this study. Each leaf was placed on a white paper background to minimize
background noise and improve recognition accuracy. Images were taken using a Huawei Nova5T smartphone, with
resolutions ranging from 577 x 443 pixels to 4000 x 3000 pixels. Example images for each herb species are shown

in Figure 2.
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Figure 2: Example of the dataset images (a) G. cowa Roxb, (b) A. reinwardtii Blume, (c) A. ghaesembilla Gaertn, (d) C. succirubra,
(e) A. carambola, (f) G. pictum, (g) H. perforata, (h) A. paniculata, (i) A. macrophylla, (j) C. religiosa, (k) C. fruticose (Mak Mia),
() C. micranthum siamensis, (m) C. micracantha, (n) F. racemosa, (0) E. longifolia Jack, (p) C. halicacabum,

q) C. fruticose (Mak Phu), (r) T. leontopetaloides, (s) T. triandra, and (t) T. crispa

2. Data Augmentation

CNN models generally require sufficient training images; however, the original dataset in this study was limited.
Therefore, data augmentation was applied before model training. Data augmentation is widely used to increase
the sample of the training images and their variety. This process can improve model robustness to translation,
rotation, and scale variations. Leaf images may vary in orientation, position, and scale during image capture. In
general, human photography often lacks precise control over the direction or position of an image. To address this
limitation, training computers to recognize various patterns becomes essential. To enhance the dataset and
improve recognition accuracy, data augmentation techniques are applied. Specifically, four methods are utilized:
(i) horizontal flipping, (i) rotation, (i) zooming in, and (iv) zooming out, as illustrated in Figure 3. All augmented
images are resized to a resolution of 577 x 443 pixels. Following this process, each species dataset contains 150

images, including the original and the augmented versions.
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Figure 3: Example of augmented images (a) Input image (b) flipping with horizontal axis, (c) rotation with 45 degrees,

(d) zooming in, and (e) zooming out

3. Dataset Preparation

Model performance was evaluated using 5-fold cross-validation. This approach reduces dependence on a single
train-test split. In this study, 5-fold cross-validation is employed, as it is commonly used to provide reliable
estimates of testing error rates while minimizing significant variation or bias [16]. After applying data augmentation,
each species dataset consists of 150 images, including the original image and its augmented versions. The complete
dataset comprises 3,000 images. These images are split into training and testing sets in an 80:20 ratios, resulting in
2,400 images for training and 600 images for testing. For each fold, augmented versions derived from the same
original image were not shared between the training and testing sets. This setting allowed each model to be

evaluated across multiple data splits after augmentation.

4. Recognition using CNN

Eight CNN architectures were evaluated for classifying Thai antipyretic herb leaf images. The models tested
included AlexNet [17], ResNet [18], VGG [19], SqueezeNet [20], DenseNet [21], GooglLeNet [22], MobileNet [23], and
EfficientNet [24]. Among these, SqueezeNet achieved the highest accuracy as reported in the Experimental Results
subsection and was selected for chatbot integration. SqueezeNet is a lightweight CNN architecture designed to
achieve high accuracy while significantly reducing the model size. Introduced by researchers landola et al. in 2016
[20], SqueezeNet aims to provide an efficient alternative to larger models like AlexNet without compromising
performance. This characteristic is relevant to chatbot deployment, where fast model response and compact
implementation are desirable. The core innovation in SqueezeNet is the Fire module, which consists of two main
layers: a “squeeze” layer and an "expand" layer. The squeeze layer uses 1x1 filters to reduce the number of input
channels, acting as a bottleneck. The expand layer then applies a mix of 1x1 and 3x3 filters to process the reduced
feature maps. This approach minimizes the number of parameters while preserving accuracy. SqueezeNet achieves
model compression through three strategies: (1) replacing 3x3 filters with 1x1 filters, (2) reducing the number of
input channels to 3x3 filters, and (3) downsampling late in the network to maintain high-resolution feature maps
in early layers. With these techniques, SqueezeNet achieves comparable accuracy to AlexNet while reducing the

model size by over 50 times, making it a suitable candidate for resource-constrained applications.
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5. Integration of the CNN Model into the LINE Chatbot

This section describes the LINE Chatbot prototype developed for recognizing Thai antipyretic medicinal plants
from leaf images. The prototype chatbot is deployed on the LINE Official Account (LINE OA) platform, specifically
designed to identify Thai herb leaves and provide detailed information about them.

Chatbot platforms are widely used for user interaction and can support image-based services [25]. The chatbot
includes auto-response messaging and support for multiple message formats. The auto-response messaging
functionality allows the chatbot to respond to user queries and engage in real-time interactions without human
involvement, enabling users to receive responses without manual intervention. Additionally, the platform supports
various message formats, including text, images, and videos, enabling users to conveniently upload images of herb
leaves for identification. Upon receiving an image, the chatbot employs CNN-based models to classify the herb
and returns the predicted herb name and related information, including the herb's common and scientific names,
alternative names, medicinal properties, and relevant images. Furthermore, the chatbot provides supplementary
resources such as terms of use, details about the development team, and user manuals, which can be accessed
through the LINE rich menu. These features show how the trained CNN model was connected to a LINE OA interface

for herb identification and information delivery.

RESULTS AND DISCUSSION
1. Performance Evaluation

The performance of the deep CNN for Thai medicinal plant recognition is assessed using Accuracy, Precision,
Recall, and F1-Score. These metrics are defined based on the terms True Positive (TP), False Negative (FN), False
Positive (FP), and True Negative (TN), which describe the relationship between actual and predicted labels [26]. A
True Positive (TP) occurs when the model correctly identifies a positive case, such as recognizing a plant species
accurately. In contrast, a False Negative (FN) represents cases where the model fails to identify a positive instance,
incorrectly predicting it as negative. A False Positive (FP) is when the model incorrectly predicts a positive label for
a negative case, such as misidentifying another plant species as the target species. Lastly, a True Negative (TN)
occurs when the model correctly identifies a negative instance, such as determining that a plant does not belong
to a specific species.

Precision measures the proportion of correctly predicted positive cases out of all predicted positives, reflecting
the model’s ability to avoid false positives. Recall evaluates the proportion of actual positives correctly identified
by the model, indicating its ability to minimize false negatives. F1-Score is the harmonic mean of Precision and
Recall, offering a balanced metric that is especially useful when dealing with imbalanced data. Finally, Accuracy
quantifies the proportion of correctly classified instances, both positive and negative, relative to the total number
of instances. Together, these metrics provide a comprehensive evaluation of the model’s performance, capturing

its strengths in recognizing relevant cases while minimizing misclassifications.
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2. Experimental Results

2.1 CNNs Performance Evaluation Results

The CNN architectures were evaluated for Thai antipyretic herb recognition. The training parameters were
configured separately for each architecture. Stochastic gradient descent (SGD) was used for AlexNet, VGG, SqueezeNet,
GoogleNet, MobileNet, and EfficientNet, with learning rates of 0.07921, 0.03209, 0.02954, 0.03166, 0.03593, and
0.07780, respectively. Adam was used for ResNet and DenseNet, with learning rates of 0.00035 and 0.08345,
respectively. Momentum was set to 0.9 for the SGD-based models, while weight decay was set to 0 for all models.
All experiments were conducted on a system equipped with an Intel Core i7 central processing unit (CPU),
an NVIDIA RTX 3090 graphics processing unit (GPU), and 32 GB of RAM. All eight CNN architectures were initialized

with ImageNet-pretrained weights and subsequently fine-tuned on the collected Thai antipyretic herb dataset.

Table 2: Comparison of recognition performance, inference time, and computational complexity among eight CNN architectures.

Architecture  Precision (%)  Recall (%) F1 (%) Accuracy Inference Parameter GFLOPS
(%) Time (Sec.) sizes
AlexNet 82.10 + 0.020 72.20+0.032 72.40+0.033 72.20+0.033 0.001 61.1M 0.71
ResNet 84.60 + 0.019 78.60+0.028 79.10+0.027 78.60+0.027 0.004 68.9M 11.40
VGG 71.50 + 0.056 67.40+0.028 65.40+0.030 67.50+£0.027 0.002 138.4M 15.47
SqueezeNet 92.40 + 0.036 92.80+0.021 92.40+0.029 92.80+0.020 0.004 1.2M 0.82
DenseNet 91.40 + 0.012 89.90+0.019 89.70+0.019 89.90+0.019 0.025 8.0M 2.83
GoogleNet 74.90 + 0.034 65.90+0.034 64.60+0.043 65.80+0.034 0.012 6.6M 1.50
MobileNet 47.90 + 0.078 22.50+0.038 19.80+0.033 22.50+0.038 0.009 3.5M 0.30
EfficientNet 89.60 + 0.016 86.20+0.016 86.50+0.018 86.20+0.017 0.014 5.3M 0.39

The accuracy of each CNN architecture is summarized in Table 2. Based on the experimental results, the
SqueezeNet model outperforms all others, achieving the highest precision, recall, F1-score, and accuracy on the
newly created medicinal plant dataset. SqueezeNet achieves an impressive 92.8% accuracy for herb recognition
with a processing time of 0.004 seconds per image.

In comparison, AlexNet demonstrates the shortest processing time of 0.001 seconds, making it the fastest model
tested. Although AlexNet achieved the shortest inference time, its accuracy was substantially lower than that of
SqueezeNet. This difference indicates that SqueezeNet provided the strongest balance between accuracy and
processing time among the evaluated models.

The number of parameters reflects the model size and memory requirements, whereas billions of floating-
point operations (GFLOPs) indicate the computational operations required for a forward pass. VGG and ResNet had
the highest computational complexity, with 138.4M parameters and 15.47 GFLOPs, and 68.9M parameters and
11.40 GFLOPs, respectively. However, their accuracies were lower than those of SqueezeNet, indicating that larger
and more computationally demanding models do not necessarily achieve better recognition performance.

SqueezeNet achieved the highest accuracy of 92.8% with only 1.2M parameters and 0.82 GFLOPs. DenseNet
also achieved high accuracy but required 8.0M parameters and 2.83 GFLOPs. Although MobileNet had the lowest
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GFLOPs, its recognition accuracy was substantially lower. These results show that SqueezeNet provided the best
balance between recognition performance and computational complexity. Parameter count and GFLOPs also did
not directly correspond to inference time because latency can be affected by memory access, GPU parallelism,
and architecture-specific operations.

Moreover, we employed the gradient-weighted class activation mapping (Grad-CAM) technique, as described in
[27], to highlight significant areas within images that contribute to model differentiation. This method visualizes the
most critical regions in red/yellow and less important areas in blue. An example in Figure 4 illustrates activation
maps generated for herb leaf images using eight different architectures. These include species such as
C. micranthum siamensis, T. leontopetaloides, G. pictum, and H. perforata. For C. micranthum siamensis and
T. leontopetaloides, SqueezeNet demonstrated superior performance by accurately identifying the correct class.
The Grad-CAM results suggest that SqueezeNet attended more consistently to leaf regions than several other
evaluated models.

In the case of G. pictum, the unique texture of the leaf surface serves as a key discriminating feature. As shown
in Figure 4, under the column “G. pictum,” SqueezeNet effectively highlights the texture area, which may have
contributed to the correct prediction. In contrast, other CNNs either focus on the entire leaf area (e.g., AlexNet,
DenseNet, EfficientNet, VGG, MobileNet) or mistakenly emphasize the background (e.g., GooglLeNet and ResNet),
which reduces their prediction accuracy.

For H. perforata, the distinguishing feature lies in the wrinkles along the leaf edges. SqueezeNet successfully
concentrates on these wrinkles, whereas other CNNs incorrectly focus on irrelevant regions, which may be related
to their incorrect predictions in these examples. These examples provide visual support for the quantitative
performance of SqueezeNet. Its attention to leaf-related regions may partly explain its higher accuracy in this

dataset.

AlexNet DenseNet EffcientNet  GoogLeNet  MobileNet ResNet VGG SqueezeNet
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Figure 4: Grad-Cam’s visualization of Thai herb leaf identification through eight CNNs.

2.2 Prototype of LINE Application
As described in the “Recognition using CNN” subsection, the model with the highest recognition accuracy was

used to develop a LINE Chatbot prototype. The SqueezeNet model was integrated into the LINE OA platform to
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test the feasibility of chatbot-based herb recognition. This application works on the LINE platform through LINE OA.
The application has two main functions: image-based leaf recognition and result display. To start using the chatbot,
you add it as a friend on LINE OA. After adding the LINE OA account, the main menu is displayed, as shown in
Figure 5(a). This menu has three options: (i) how to use the application, (i) identifying the Thai herb leaf, and (iii)
information about the team that made the app. Under how to use the application, as shown in Figure 5(b), there
are two main points: (i) what each menu option does and (ii) restrictions on use. Users can send one image at a
time, which should be of a leaf. The chatbot knows 20 types of Thai herb leaves for antipyretics.

Identifying the Thai herb leaf option has two parts: (i) instructions on how to use it, and (i) recognizing the leaf
from the given image. The chatbot first displays usage instructions, as shown in Figure 5(c). After a user submits a
leaf image, the predicted result is displayed, as shown in Figures 5(d) and 5(e). The last option, also known as
information about the team that made the app, on the main menu introduces the team and gives contact
information, as shown in Figure 5(f). The chatbot uses the SqueezeNet architecture because it achieved the highest

accuracy among the evaluated CNN models.
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Figure 5: Example of LINE Chatbot screen showing (a) main menu, (b) terms of use, (c) Thai herb leaf identification,

(d) and (e) the predicted results, and (f) the developing team
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2.3 Discussion

This study aimed to develop and evaluate a CNN-based method for recognizing Thai antipyretic medicinal
plants from leaf images. SqueezeNet achieved the highest accuracy among the evaluated architectures, with an
accuracy of 92.8%. This finding suggests that a lightweight CNN can perform well on this controlled leaf-image
dataset.

Compared to other models, SqueezeNet not only offered the highest precision, recall, and Fl-score but also
maintained a competitive processing speed (0.004 seconds per image). In contrast, AlexNet demonstrated the
fastest processing time (0.001 seconds per image) but significantly lower accuracy at 72.2%. This result indicates
that the fastest model was not necessarily the most accurate model in this experiment.

Models such as DenseNet and EfficientNet also achieved high accuracies (89.9% and 86.2%, respectively) but
did not surpass SqueezeNet. MobileNet and GoogleNet exhibited relatively poor performance, particularly
MobileNet, which recorded an accuracy of only 22.5%. However, previous studies have reported performance for
lightweight architectures such as MobileNetV2 and Ayur-PlantNet in medicinal plant recognition [28], [29]. Therefore,
the relatively low performance of MobileNet in this study should be interpreted as specific to the dataset, model
configuration, and training settings rather than as a general limitation of lightweight architectures.

To further understand the behavior of each model, Grad-CAM visualizations were generated. These
visualizations revealed that SqueezeNet consistently focused on the most relevant parts of herb leaf images, such
as the entire leaf shape in C. micranthum siamensis and T. leontopetaloides, surface textures in G. pictum, and
the wrinkles along the leaf edges in H. perforate. In contrast, other models often misfocused on irrelevant
backeround areas or broad regions, leading to decreased recognition performance. These observations provide a
visual explanation that is consistent with the quantitative results. Its ability to accurately attend to important visual
features while ignoring background noise contributes significantly to its superior classification performance.

Two factors help explain why SqueezeNet achieved higher recognition performance. First, the Grad-CAM results
show that SqueezeNet focused on the surface texture of G. pictum and the leaf-edge wrinkles of H. perforata,
while several other models focused on the entire leaf or background. Second, the SqueezeNet architecture uses
Fire modules that combine 1x1 and 3x3 filters to capture channel and local spatial features. It also uses late
downsampling to preserve fine texture and edge details. These characteristics may have helped SqueezeNet
extract more relevant features for herb recognition.

The results indicate that SqueezeNet was suitable for the evaluated Thai antipyretic herb dataset under
controlled imaging conditions. Integrating SqueezeNet into a LINE Chatbot demonstrates the feasibility of a user-
accessible prototype for herb identification. This study provides an initial dataset and chatbot prototype for Thai

antipyretic herb recognition from leaf images.

3. Limitation
This study focused on CNN-based models and did not compare them with multilayer perceptrons (MLPs),
extreme gradient boosting (XGBoost), or other conventional classifiers. Direct comparisons require careful control

of input features because CNNs learn features automatically, whereas conventional methods rely on predefined
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representations. Future work will conduct a fair comparison using controlled feature representations and identical

evaluation settings.

4. Data Availability

The dataset collected and analyzed during this study is not currently available in a public repository. However,
it may be made available upon reasonable request by contacting the corresponding author, Donyarut Kakanopas,
at donyarut.k@rmutsv.ac.th. Each request will be considered individually, and access to the dataset will be granted

subject to approval.

CONCLUSION
This study developed a CNN-based LINE Chatbot prototype for recognizing Thai antipyretic medicinal plants

from leaf images. The key contributions include collecting a dataset of 20 Thai herbs, evaluating eight CNN
architectures, and integrating the best model into a chatbot. Among the models tested, SqueezeNet achieved the
highest recognition accuracy and was selected for prototype integration. However, two main limitations were
identified: First, the dataset was collected under controlled conditions with plain backgrounds, limiting data variety.
Second, the chatbot was developed in Thai to support local users; however, formal usability testing has not yet
been conducted.

Future work should collect leaf images under natural backgrounds, increase the number of samples per species,

and evaluate the chatbot with target users.
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Abstract

This research aims to develop and evaluate an evidence-driven automated framework for penetration testing
by integrating large language models with hallucination-aware verification. The proposed framework addresses key
limitations of traditional penetration testing, including heavy reliance on expert analysts, fragmented use of
multiple security tools, heterogeneous tool outputs, and inconsistent results across repeated testing cycles. The
framework employs n8n as the central workflow orchestration platform within a Docker container stack. It classifies
assessment targets into four categories: network service systems, modern web applications, API security systems,
and systems involving secret leakage or insecure configuration. Based on the target category, the framework selects
an appropriate testing strategy, collects outputs from relevant security assessment modules, transforms them into
structured evidence, and stores them in a PostgreSQL database. GPT-4o is then used through prompt engineering
and structured output, without model fine-tuning, to support vulnerability interpretation, evidence correlation, and
risk prioritization. To reduce the risk of unsupported or hallucinated findings, the framework incorporates a
hallucination-aware verification mechanism requiring every reported finding to be supported by tool-generated
evidence or execution logs before inclusion in the final report. The experiment was conducted using four
deliberately vulnerable systems: Metasploitable3, OWASP Juice Shop, OWASP crAPI, and OWASP WrongSecrets.
Each target was tested six times, resulting in 24 campaign runs. The experimental results indicate that the proposed
framework consistently collected structured evidence, achieving structured-evidence consistency above 97%
across all targets. The verification pass rate of LLM-generated findings ranged from 83.02% to 90.32%, while the
average traceability score ranged from 89.83% to 96.83%. These results suggest that combining workflow
automation, structured evidence management, and evidence-based verification of large language model outputs

can improve the reliability, consistency, and traceability of automated penetration testing.

Keywords: Automated penetration testing, Hallucination mitigation, Large language models, Vulnerability analysis,

Workflow automation
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