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Abstract

In modern industries and manufacturing techniques, quick and precise maintenance is a
vital concept. This study introduces an Al-driven Remote Expert System that transforms industrial
maintenance through the integration of artificial intelligence (Al), mixed reality (MR), and natural
language processing (NLP) technologies. Our implementation utilizes YOLOv8s on Microsoft
HoloLens 2 for real-time object recognition and LED status indicator detection on PLCnext
controllers, enabling on-site operators to receive immediate diagnostic information. Experimental
validation and field trials demonstrate robust system performance with an mAP50 of 0.993 and
MAP50-95 of 0.844, while optimizing CPU utilization and battery consumption during video
streaming operations. The system automatically generates NLP-based maintenance
recommendations corresponding to identified issues. This innovative approach establishes a new
paradigm for industrial maintenance that significantly reduces equipment downtime, enhances

operational efficiency, and minimizes maintenance costs.
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Virtual Reality (VR)

Virtual Reality (VR) fia n13aieszuuvsedaunindendiaadlusuuuy
Yo mauila Inegldanuardedldiiufiveuitend wiu VR lunis
Suauidniaioussulloldauseuu lneaeiin1sdnaesvedsuay

Alduainsaujduiusiuingvieduindeudiaeiula

Hololens

HoloLens fi gunsalnanuilua3easu (Augmented Reality, AR) 971
Microsoft N@319UsEaUNSNNALNAILLDN aNLEL aUIT TN UIaNA34
HULIUANSIR38L. {4 HoloLens anunsauaiiuinguiowannain

o A

Funlsunuvanulagedouriuiviwindeuasainuey laglisedld
6 QI a -'-NI r.:’ljl ¥ % v
gunsaliiandsla 9 Mseenuuuinaunauildelidldaunsalaney
fulngratiowasdaglinsiedeulmvelionasmdsdedlioegedasy
yMlsanunsaldanulavainuangfaanIseankuy, NSANYI, NTHE
URINSEINBUTY. HoloLens wauusyaunsaintiwilaulasiunis

Weudedayandviafiulanaie Feheiiudszaniamlunisviauuay

UFUUTINSIS8USHIUNNSIARBULUULES AN

AMLINYINITANTAUNA

UNINYINEY TN



msUszgndldnumnudussuadulunuiugaainnssusnluda«

ANANIA

ANB5U"Y

Unity

Unity 1uduiuimunnuinlianuansnsalunisassdsyaunisal

Anuduasuasy (AR) Mlanouldnie Unity Shwauaunsaoenwuy

[y

TnuaranmuIndelalieundeuiuaguulanase augalvigly

q

Y] 1

westukazlinauiullonAdvianugunsaling 4 wWu HoloLens way

gunsalniy Unity diausinsesdleniusya@nsaindmsunisnmun AR

=

o § v & A Aa
ilmduesestloneuldluraiy 9 gnamnssy

Artificial Intelligence (Al)

Jayqyruszhvg (Artificial Intelligence, Al) uav1vedingnis
Aeufilmes TN s ASasdnIuassEULRaIsnaDs
Auaunsamelaganvesyudld wu n1siSeus, msunlym, uag
mdnaula Al ielasnsliesgideyavualvguasssyguuud
Fudouiovhuenadwindesnaulalnesmiudd Unyayusehvganld
Nuegrtunsrateluvate q anaimnIsy iamﬁgﬂumiﬁmuﬂ%@l%’uﬁ
HgliszuvausaUiudkasnauauawamgnIsalLuussalnidls A
fmnudrdgglunisusudsanssuiunis, Ysendanan, Laziiiy

UszanSaluviainvianeanunivn

Machine Learning (ML)

Machine Learning (ML) \luanvndesvoslggusziug (Al fidnw
msiannsaneSBuiitielreuiumesimuanansalunisSeuian
PoyanaryFulTamavhaulagdnluliflaglifedinis@eulusunsy
wuutalau mIseuiveassesazUssnanatoyavunelng, sey
sUsuuaza s elufeya waslimmuiulumsdndulavie
weraansluauian. Machine Learning gnirluldlumane q
gaamnssIioifine g waraislumsdadula sy

o A

ASHAILILDUNALATUNADINISNISIARBURE1aUILAZIaNIZIANZA9

1%
=

HOANIUNITAINLANTUDT

AMLINYINITANTAUNA

UNINYINEY TN




msUszgnaldanuanuduaieasulunuiiugaannssudnluiag 1

1 unu

L

1.1 UazANEIA

v

walulagmnudussuasuiulidniunumlugaamnssudmlulifogranndeliuiuuni wilsly

[y

A o = al' ad a & v Yo Y o a wa [N a PN °
bARRNANEGIALAD ﬂ'ﬁ‘mLVlﬂI‘UIaEJ'Uﬁ']gJ'ﬁﬂLmllLG]@JSU@H@IMﬂUNTJQUWQ']u‘l@'E]?J'NL'WENWE]V]"USE‘WN']?OV]'NWU

9 Y

v
a A 1

loegnalsidasnm mﬂﬁ%’az&aLa'%m%’ﬁlﬂiu?mmﬁam%w 1389177 Augmented Reality (AR) #39 A4
Huasaasu (Wikipedia, 2023) Fanmiduaiaaiud azdreliddeyaifiensdndulaiiud udmsy
Jldfan vieanunsaUszyndlfifiensviaumielinufdAlugnamnssudalud@ wu nmsgouthse s
ATINABUANUEYRNATEITNT MIlATIzTimshauvesaiedns Wudy
fauAdonnmef@nwviietumelulad AR fugaamnssusalusi@ Wy 1uAdeves Chiang et
al. (Chiang, Shang, & Qiao, 2022) uansliudanisuszgndldsumalulad AR AunsnUfUAly

1% a

WedsmatiauaznisondnieanunsinUssaunisainisyiniaulugaavingsy dalonafuinuazaunse

¥

ilusegeanlumsinuiudlududu 9 lasnaae wenanuu Tukdvemiaueasagia dayasnn World
Economic Forum gy n15kdau AR 1 9ziintuag1awnsvang iwesanmaluladil anunsadiuiiiy
nsfuimenisasenInngiin Msiiudeyaamizdiu uagn1suenaNs0es1d Feagvhlinisseuiuas

AMSYINNULUAEAINEUIBTUNIN (World Economic Forum, 2023) 4anainuu gadinistawalulad AR Tu
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Josduldoeraiuried lnsesaeiinsldneluladou 9 Whungaglunmsviauldse wu nsinsdng
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$9Wn Internet of Things (IoT) wavanunsaasluynsiesziuarUssinanaiionmsuidgmeely
(Sureshkumar, Agash, Ramya, Kaviyaraj, & Elanchezhiyan, 2021) Wuduy

Tun1933eil WBun1sfnwiAsatuniswaumalulad AR infun1sianmluguuuy Object
Detection wazn15litguszdng (Artificial Intelligence: A Amunganlunsiiasieiaieadnsly
g mnTsusalusiA Wievhnisnsaaaey qua uavdenthssldmudnuaanienmiiusng 1wy dns
nsensuvedlndyauiifientes Snsududounse alarm Indwao M’%a:ﬁmaﬁz?ﬁqmlﬁwwsu@aﬁ?jyudau
Hudu TnlunsTiesesid agldfugiunisaiuauiad eadnsdasiadsaniuu PLCnext (PLChext
Community, 2023) wagmsassiadunuulanalunisidesisunfivenaiesaunuty vuitugiuves

11333101 UY Object Detection tiaa319nszuIun1svsotunaulun1sgua Usulss visdouuay
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LA 29T NIHUMHAIMINTAN FINTINTHAUIAIRULUUYBBUNAIATY AR d1m5UIUAIUNTS
Un393nwATednsime
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UszanananImiieneuiinnes (YOLOV8s d1m5un1snsiadunazinuuntssinvuuuisealng) anudu
39an (HoloLens 2 dwiSunsuansnmideiufl) warn13Useananan¥1555u71R (WINUDYILUY RAG
dmsumswuziinisunledam) migimmimﬂﬁﬂﬁﬂhaiﬁmmmiiﬁﬁ]é’aLLazLLﬁlmﬂ@mﬂﬁ%auﬂﬁq
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SRR IVEREEN
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iwSesdnsngavihy tinussavinalagsiuvesgunsal (OFE) wastiindszansnmnislininensingld
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YPIUINVDINTTONUIT wazendlldnisusvendldmalulad Al wag AR Twrsndidlunimenaimnssy
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1.2 Inguszena

1) efnwanudululdlunisussendldnalulagdayanussAvguuiugiureinsisnninuwuy
Object Detection Aumaluladanuduasaasy (Augmented Reality: AR) tionsldanuly
PAAMNIIUDNLULR

2) WefnwkaziauffuLuULeUNGLATY AR dnSUUMURRaIINTSUENLULR

1.3 UBULUAVDINITINY

) wielulagaiunuiaTesdnsildaums PLCnext

—_

2) welulad AR Nl sguuiugruwmalulagues Microsoft

3) nsasuuUIasarlvula iy AR wintu Tusau VR

[y

4) M5k YOLOVSs tunuuinasananiunisnsiaduing

9

5 m3asadulnaniue LED vugunsal PLCnext

6) NISNAFDUUIEENSNNTITEUZNUANANAY aﬂéJLLﬁngﬂa)
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7) MTAATIEAUSEANSAINENTARISVRITLUUUU HoloLens 2

8) MsUszendld RAG dwmsunisadeiuusdilunmsgondng

1.4 w3nsiiafildniswaiun
1.4.1  gunsalfuasauds (Hardware)
Snvazuarvdiulsznauneuinnesiuuzh
1) 3N (Graphic) : NVIDIA RTX A1000 6GB Laptop
2)  wiheUszulana (Processer) : Intel i7-13700H equivalent or greater %39/nI1
3) WAL (Memory) : RAM 32 GB #i3aunnnan
4)  nsuanskadInte (Output) : HDMI 1.4, DisplayPort 1.2 #38lusinin
5)  Wa3m USB (Port USB) : 1x USB 2.0 #38#n31

6) s¥uuUfURN1S (Operator System) : Windows 11
gunsaifusdansdu 4

1)  Microsoft Hololens 2
2)  Monitor

3) PLCnext Controller

1.4.2  ganAwildlun1swaun (Software)

1) Unity Application fiu XR Interaction Toolkits kag MRTK
2)  VLC Network Stream protocol kag OBS Screen Capture
3) Flask application framework

4)  WebSocket Communication

1.5 35n113A1uUN15938 (Research methodology)

(% v

151  Anwdynuazauddenneides

1) MsEuNIsatuuLazAneudulule

2) Anwuarsiusindeyainedrtununlilunsideulisunsunasiasosilenty
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1.5.2  Anwnazaiiedaduuuulunadiniun1szinanuiaunivewniednae35n1s Object
Detection

1) veapsmsnuLazmMsLansloyavesgunsal

2) 1luwa Object Detection fimunzauunldusniugunsal AR

1.53  WeulUsunsuiitonadaun1singiuves AR uazyinisinudayanisldeu

1) msesnuuuIsnshdeyadnlunainldanu

2) m3esnLUUMILansHateyaiilaanlung

154  Apszinaandayainsausuly Mn1suuusenszuiunsmuanaminzge

1) 7ARBILALIATIEINIIAUNNTBIVBILULAE

2) U5uUstlumanign1siseusanNgaunnses

1.5.5 WIUUNAIUIFLLAANUNUNAIUIDY

1.5.6 ayunauazyinsenualuauysal

1.6 Uszlemiiimninezldsu
1) annamgavhinuvesgunsailasiinussavEaimansduiuany
2) aamsfianfiBnmaiivinny
3) ARAUNUNMTUITISNHIUAZNITHAUNIS
4) afanszuiwirdlnddmsunisdeninggnamngsy

5) duasunisussendldinalulad Al, MR wag NLP Tunipgeaivnssy
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2 vgufuazlasanisiiedas
2.1 vgugiieadas
2.1.1  NgEfnIsuBiuGIuAaUN NS

NSUBUAUAIBADUNILADS (Computer Vision) LT unid sluarv1Ineinisi dralusiu

a &

Yuauseivg Feiindnnisvinuiinerdestunislineuiamesiniuaiunsalunis "veaiy” uay

7 oA

a

~ a a & 1% & aa Y d' o ) a = o
Wﬂ'ﬁ']llﬁﬂ'ﬂll@\‘iLﬁu‘lﬂzﬂqﬂﬂqv\lﬁﬁajﬂia aWGUWUHQLuu‘lUVIﬂ']i‘W@Ju’]@ﬁﬂ@i%umaqmqiﬂﬁiﬂﬂﬂu 53‘14 LLae
° o A o i a' P o ° a ¢« A o a [N Y] wa
GU']LLUﬂ'JG]i]‘Vﬁ@ﬁﬂ‘Um%W'N 9 Vlﬂﬁ']ﬂaslueﬂr]wLW@i‘Viaqﬂquﬂ‘WqﬂqiﬂLf’ﬁ']Sﬁﬂﬁﬂﬁﬂaiﬂﬂlﬂaﬁqﬂ@miumm 19
Tdnureinsusaiiuiereufinmesiuniewing fudnsnsadeunanwluaentsngn n151n1ves
] 3 = a ¢ 3 ° Yy v Y] PN & a
ﬂu&]u@‘l vL‘U"\]'UﬂQﬂ’]i’JLﬂﬁqgﬁ‘ﬂ@%ﬁm’]ﬂﬂqﬁuwmﬂLLa%ﬂ']i"\]@"\]'ﬂcU‘Viuq AIYNITNRIUINTIA Li'ﬁUL‘WﬂIUIaEJ

[

Wulwashardanasiy nisusaiuslsasuimastanatudunIadlanddlunisiiudseansninway

<

nsvhausaludialuvans o enainnssy

2.1.2  Ugygyuszhvg

ﬂzy@ﬂﬂizawi (Artificial Intelligence, Al) Juauvedinenisaeufinmesfiisidostunisadis
szuuvdeLA3esdnsiianansadiassmnuasamadaavesyudle saudanisiious (leaming) M3
9198IMUMARA (reasoning) N353 (perception) N15VAAYTaN1¥15550Y7A (natural language
understanding) waznsudladiagn Tutlagtu Al gnihsnldlunannvianegpavinssudieriivenaniuay
AMULugluNIIU Tneseuu Al @1u1sanmunainnsiseusdeyarunlvgiunadagig 9 wu
\3oa3eud (machine learning) wagnai3eufiBsdn (deep leaming) NMaisusmariiondeiniore
Uszamifioudl a1u15091a09n3809UNIMNUsEaMvesaNesNywd i 05U uazUsEIanaT oy a
auiamves Al Sunuimddalunisdsuiladimaiheulunats 4 anad dlinufidudeu

WIfeINIANNKIuEgeEINTvleTukaEiUSEAEA NN Y

2.1.3  A15ATIIUING
n13015293U3Rg (Object Detection) L unilsluaivigasvasnisuesiudienouinnesnd
N3ANITNIsluNssEUkasseymuriesinguilwmTenae Tngnglunmvselile nszuiunsillyl

WEIATUNUSELANTRgWINTY wideseyrouunveainguulunimniednle (bounding boxes) N3

a o

as1dUingdanudiAgunluraty o weUndadu 1wy N19IATIZIIALEAINNABI9aTUALNENITT N

q

v o

ANNUARASY SEUUMIaese U IUEsnluliR NMsanTringivenisaiuauAunnluNITHEs wazdu 9
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o =

wadalunsnsaduinginaziennisldnmateuivenieuasmafeusidedn Tnsliiaierieuszam
Weuilesunstlinduiiiedsuazyhanudilafedudnvaeing 9 vesingaingudeyanimaualng
é’]’aasmsuaﬂmLﬂaﬁiﬂumsmmﬁ’ui’mq 1AuA YOLO (You Only Look Once), SSD (Single Shot MultiBox
Detector) wa Faster R-CNN Fausiazluinafigaisunazdediaiisafumngdmiunisuszgndldamd

LANMIAY

2.1.4  szuudsuanuduasaisamaluladauiduasassy (Augmented Reality)

wmaluladanuduadaasy (Augmented Reality w38 AR) WWumealuladfinaunanulanidvaiu
Tanasdlaemsifindeyaiasioudnuluaninuindenaiwitugunsaling o 1wy uium AR vSeauivliiy
nsld AR Heligldanuannsoussiunasldneuduinqadiouiiusnglulaneds sildiAnUszaunsaii
iilouaiaaziinislanausgsiiujduiusivanimundeuludinusziriu Inglufasinuinainlanasa
WwuRgInumalulad VR

walwlad AR gnihanldlunainvanedu lddresdunsilinevsy nstidasnwinienisunme
nMsvieadien warnsiawny dregradu n1sld AR Iuﬂﬂi?]ﬂamummamh81‘15!’;3’13814%%Lﬂfamlﬁdw
FuFremsuananin 3 77 wiemsld AR lumsunmdiietslunsdteselsauasnssnunfiuaiugiu
shemmaansalumsiindoyaiaiioudiunluanimndonsis AR Judumaluladifdnenmlunis

Ysulsaszaniamuagiiiuanuiaulaluvainnangianssy

2.1.5 HoloLens
HoloLens 1 ugUnsalaiudswei wauilneg Microsoft § ssaumalulagdaiiuduaiaasy

(Augmented Reality - AR) wagAuLluasawan (Mixed Reality - MR) 131emiu HoloLens aeloiely
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v v IS

aunsauaaiuaslgnauiuingiailioululanasawnunrinveniunianulusdla fevelrnisviauias

9

=

madsusTimuaniuesiiufduiusuntu

HoloLens $895UNSRAILILOUNAATUNIULNAANDSUNNTHRUIBES Unity wag Unreal Engine
yilviniannannsaasaweundiatu 30 uaz AR lsegreiluszanian soedesdefinsuasulazns
sesfunaidelinfeniu C# wag APl iviannviane thitanannsaiuingadioudilululanatauay
aaUszaumsaiiunislisugly

wilsluauanansafilaniiuves HoloLens AensasiaduuazAnmusunisvesinguazgldly
flufiaga darhelfmsldmeuiuinadoudauusiuduazauass HoloLens Ssflsvuuidsauvuaudad
Pl danunsniuifemmendsduiuiiatiounss silisraunsaimsldnudamuanysaib i

shemmanansalunsaiaueUndindu AR wag MR ifuszansamuagldanuite HoloLens 39
Huiedestienfmnuddglunats 9 2am3 lidezdumsunmd nmsfinw msilneusy waznmsnan ¥

Indniauuagdldnuaunsaasiassauinnssulvd o wazdsulanszuiumshaulnivssansam

=
AMNVU

mwﬁ 2 Hololens

2.1.6 TUsunsugild (Unity)

Unity i uunanosunisiaunnuuaznisadenimdiaesuuuandaflasuainudouagng
wnsviane ieanndindesiiefinsunsunagldanudte Unity sesfumsdeuldadienien C# uwaxdl API 7
yannvans eliiaasadunuwazueUNaAty 3D Idegnsiiusyavnn uanaintl Unity &l
ANUEINTlUNTES1LeUNELATY AR (Augmented Reality) ﬁﬁﬁ’;ﬁiﬁﬂﬁmmmmimﬁ'ui’mqLaﬁauvﬁ’]

TUlulanaseinugunsalsng o wu aunsminunsowium AR Unity Binsesiiandiglunisasiawazdnnig
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[

mg 3D adeszuuAndanads vilinisiauseundindu AR Wuldldegrsmnsuazieny wunz

& unity

A 3 Unity

(% '
[V a v

WTUNELSUAUUAZE TR0 N

Mo

2.1.7 Wswnsuaurmauai (Anaconda)
Anaconda HulUsunsulamugasantislunisdanisnineinswazan muinasuniswaunluau

Ingmansveyalazn1siieuivetaIed (Machine Leaming) seafunatgunanlasais Windows,

[ 1

macOS wag Linux Jldanunsaasnuazdnnisanimiindeunsiauimaigiuulaeg199eaeH1uAde

ado

conda lsAnssuiananazlavssnsndulalunrasaninuindeulagliifiatymanudiulale
wenANUSIT Jupyter Notebook dnsunisiauuaznaaaulanuuudumesueann grelninidouas

o

dimumeaeuazUsusildnldazain Anaconda Wuasesleniivszansnmuwazundeuluienisi

-
D
N

ANACONDA

A9 4 Anaconda

PTAICTS

2.1.8 Pretrained Model

Pretrained models 1ulinafignilndudrsmiuuyadeyavuialnguasiivszdnsnmgsluns
Uszuianauazdinsigvideyaludumie 9 1wy n1305333uT0e (Object Detection) N133UNATN
(Image Classification) Lagn15UTELIANANI1BI5IINYIA (Natural Language Processing) nslilanadi
Qﬂ?ﬂmlummﬁ%ﬁuﬁﬁsﬂmﬂmi{]zy,zynﬂizawiuazmﬁaui%ﬂwﬁ'aq (Machine Learning) 1189310
Prganaazningnstunisindulumaluiaingue Tuwnawardaansahluldlulusiendsne o 16
pteTnSuariuszansa uenainil pretrained models Svanansausuussliimnyausunuans
letdne silsinimunuazinidoannsaasisassduianssulval 9 olaglddeadusuaingud dadunis

WinUsEaANS A NlUN SRR LA NAFB UL A I AN NLINA UNNANN AN
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2.19 YOLO

[

YOLO (You Only Look Once) tiunilslulinanisnsaaduing (Object Detection) #lé§uaaa
feuwariivsgansnimgs YOLO danulanaulunisnsiaduingldednssimsuaziiugilunmides lag
ludesuusnmesniudiu o n1sldau YOLO ansanevausinudenIsvemats 9 anamnssy bl
Tesdunsinwmiulasade nsnsaaaeugan AL vonsussyndlluseudliaudy il
nestuiildsuauieude YOLOVS dslésunmsiaulifanuuiudigaduuariivssansamluns
Uszaaanadifinin YOLO 1eftuneunin YOLOVS gaosnuuusilsiiivuinluinadiénasusdang

[ d'

ANANNTATUNNSATITU TR TIAS Az ug Taesassunisidaunrainratsuazdiesanisuily

9

Y [y

Uszgnaldlulusiandeng q vesininiuiwastinide

2.2 uiifedes (Related Works)

2.2.1 N13YIUINIT YOLOVSs Uae HoloLens 2 dmiumsuszenaldluanainnssy
manawaaatunalulaganuduasuasy (AR) wazdanesiiunisnsiaduinglailnlendlu
dwsun1sussendldlugnaimnssy Li wazane (Li, Zhang, Guo, Chen, & Wang, 2024) Wu31n15bii
nalnaanuaula (attention mechanisms) 1i1lUly YOLOVE 9aatiiunusanazauudugiluns
= 1 1 v v Y Y a & o [ 4 ] 1
nyvdevannllvingesetinn nieulvdeyateundunuuiealnidmiunisudluteunnsasegis
15 Tuaninwindeugnainnssuifinsfouradnin ysakowski wasaue (kysakowski et al., 2023)
Uszauaudnsalunisings YOLOVS Tnanssun HoloLens 2 Taglifaafiasniszuunans §997uan
Jymenuartivenasetiuuasiun1snovausdLazAutLiadievesssuy WelsulssUssaunisal
A lduazUseansnmnisviauluaniunisalgnainnssundnisiudeunuas Bahri uag Kremar (Bahri &
Krémat, 2019) lasimun YOLOVS Tianunsansiaduingiuiusienseuveuiuaudugntuseauiiadiung
aou & v Xy g v A o 1Y ! o
MAFelswimunsmatddidulsgtuieidmiunmsussendldlunisgentissgnaivnssy
v ¢ ¢ Lo v v aa R v
s ldnagnsnisussaianauugUnInives tysakowsk iivelvlananeundunidaiiuaidinnsounis
lamau AR 1151031 USuldiSni15ves Li tiasiuanuudiugnlun1snsiaduaniugl LED uazidiwud
MIMsiinUsEanSamves Bahri inlddmiumsnsiaaeuiatesinsineuausdlas Isuvuysannisil
WAlUAINTINNELNIEYRINTYRNUITIONAIMNTIN F9609N19N190TITVAULRUN TN TIAS LA

o A aa a a a ¢ o
wiugiiensudlalyminfivszansnnuazanianiaunsaivgarinu
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222  wallansiiudayadmiuyaday
A

mssiunndeyaninunmuaziidnesuisUszneulunisuesiiuiieneuiinnesidianamnssud

agnavnIIuNddadnin

'
a

ANNIMEREIIINasIntedndntunsnanuazaniistounnsesiintulives nsiiiudeyawnily

[

fosriaillasnmsveeyndoyaiinousiluraedsnuaudnuueddgly nagnsmafuteyass q 1%
Usgloviunnisiudmiunsussgndltlugnavngsy
mawdawnasadaduiiugiuresninfiudeyanimenaimngsy Zhang (Zhang, 2024) uanslyi
Fuhmawawani¥nmanuauysaimnsaumansHlusnsfiaiannu susiuresius fadudu
dmduszuumsueaiiuveunissinsiivosandigunsalarnnaneyuues msldnsmyunagnisnandy
fhegfifidrta Grelflunaimunsiluituduiuumesniseseaeufiuandeiuluaninundon
939
éfm%’umisu&Jwaﬁayjaﬁﬁu%’au?fﬁu Jebraeeli uazAtig (Jebraeeli, Jiang, Krim, & Cansever,
2024) lfuaninsUszanudnuaizuaznsusUnsvlveneiieainsiisgsiivanvansanyadeyaiidsiin
wedawaiinuininsyaedeyauasanudiniuvesdnsusams lvlaudmvgnamnssui
msnusmdeyadeunnsosiinsouaquiiululaililumeujiaviesialdaegaiuly
Fensadidugdiauaninsofitsdngedulunisadsdeyaianads Ekwaro-Osire uazans
(Ekwaro-Osire, Ponugupati, Al Noman, Bode, & Thoben, 2025) wanalimiiudn Generative Adversarial
Networks (GANs) @usaasesegsdunseinunmasdmsunisussgndldnisueaiulugnainnssy
TnglanzAudoyaildldeynsunaiuazdnuvaziaissdnsfidamnuduiusiu luviusafeadu Wu uas
Ande (Wu, Shen, & Ye, 2024) #ga111 Variational Autoencoders (VAEs) @313s1ag1eiailouaindaya
oynsuATnsstunInsEedeyanisiniunuaiildegeiiuszdniam vilwaiunsadians
anunsaiteunnsesimendeenndentsvind-lumssidunuunils
Sethnsifindeyauldfunsussyndldlugramnssy fUiiRdesaineuaunaszninan
Fudoureunaiafuuselonidnuuseansnin ninensnsduandsndudmivisnmadugatu GANs
Fesiinssuseslasmsuiulgaiiaenndostululszansamuedling (Jebraceli et al, 2024) Inglans

agBsluanImwInaaNgREIINTSUNININEINTINA

2.2.3  mswmuvasluea YOLO wazn1suszandldlugnannssu
YOLO (You Only Look Once) lasunswaunmaiilesnsauaiiesduuwsn #1u YOLOv2, YOLOV3
wag YOLOVA tneusiastiaiduladinisiiuaiusiwasaiuuiugitun15nsaaduing (Bochkovskiy,

Wang, & Liao, 2020) d@1%15U YOLOV5 ﬁmaﬂ%’uﬂqﬂuéﬁummL%’;LLazmmLLajueTflsummsmw%'ui’mq
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[
=

limunzauundadudniunisldnsadudiuusznausis o 104a3098n518U PLChext (Yao et al.,
2021)
nsasradusuuiSealnifieudrfyed1ed dunaneniadiu Tnsanizegi9d dudiuay
Uaenduarnsninduinguieyanalunmudedle luusunvesmsmmadudiusing « veuniosdns
1 PLCnext, YOLOV8s ansnsatharldiftessyuas dnnnemfiudiusing  veuniasdnsliuuuealns
ldanunsau 1B anunaznsiadoudnIuzveas 039 nsld o 19595 wazuy ug (Koneon,
Jantarakongkul, & Jitngernmadan, 2024)
AsuausalanadiinunisAnousud U Unity 3D engine Susiamne 1iulasaes GitHub 3
nSwennsTivondondmiudesd (EnoxSoftware, 2023) Bulsiatuniieuiidusslovdifoatunisasann
Tuna YOLO saddddadindenldany vonanisudinestusrsdmes Unity vheusuiulunamanils

981991U3U ninensiiigatuaindinuaagedlunsiaunssuuidisanysseslnanduinfoume A
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3 35115ALRUIIRlASINISG

3.1 AMNTAUVBINTTANTUU
izuucgfﬁs’sngiwziﬂaﬁw Al ﬁLﬂumimammﬂIuIaﬁﬁiyﬁgmizﬁwi (Al) n13UszaIaNE
AFITLIR (NLP) anuBuadanay (ARMR) wavwaluladivirineufiames (Computer Vision) Wil
nsdeut1zundesdng szuvddaelannsnitadendosdnslduvuiealndisluiiuiiauasain
szeglna vilianmudndulunsBendifornapndanuinsuilerdosinsiAnamnuiiaund
szvugneenuuuliilassaidifudiuvesnsiauassdiundn duanslunmd 5 Fauans

lassaseszuulunmsiu TnewdunisindeunvesdeyauarnisdearssenineesAausenaunanluuiag

o
IYMU
Data Acquisition Phase Processing Phase (Local PC)
AR Application Video Pipeline ComputerVision
Network Stream Video Feed YOLOv8s Model
) - »|VLC Network Stream |________| Object Detection
AR Rendering 4 OBS Screen Capture Status Classification
Virtual Camera
.~ Images | Userlnput Flask
1
! Detection Results
: Hololens 2 ? '—1
: /
1 .
: WebSocket Queries/Responses
: Communication
: Om Ul Interactions &
. Responses
1
1
1
L PLCnext AR Application NLP Chatbot
XR Interaction | MRTK RAG + PLCnext Docs
Unity Command-r7b

AN 5 ansauanUnenssusE Uiy seeglnamey Al

3.1.1 dwuvain1siudeya (Data Acquisition Phase)
dveinssuteyagnaaudrduiuilumsldnulugaamnssuuasininidudumesivyves
szuu Ingldaunsaliniu Microsoft HoloLens 2 #sgnaduldlagguiufauluiiuiuazviinssuniniale
va3gUnsal PLCnext 1 seuu HoloLens 2 v91ur ukaundiatu AR AfifendunsUssaiananImuas
n1sulanUnNIEAINAIF R INE LY Fegngunsalniu HoloLens vieunuulidasldaunsalniuny
0 g VY |a wa < ¢ a % Y v v & a a
Mewen YU uRnuansaveaiugunsalaselundeudunissuteyalusdivuanuduaiaasun
LanIdaNANTIATIZYkAzALUzY TaeTin1midAlean HoloLens 2 Avgnaniunisieusiainsavigly

o

feduvainisuszaiana Jadunisasiludlaideyasududmsussuull
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3.1.2 dauveini1suszunana (Processing Phase)

i 1 '
§a

diuvesnsuszuianasg ngluiasosnsuiinesiasegluiunuazUsenaunleluga Wiy

Y

o

mzauvaelugaivhiusmdiudielinszianmgunsaluazlimuuziiememe lneduuszney
Tuga taun
1. Tugaludlauidnle (Video Pipeline Module) - szuusuaniuiflovas HoloLens 2
siluslamea VLC Network Stream wagsnifiunisuszananaidossulagld OBS Screen
Capture @ awvUasanIudiidmiliidugunuy Vitual Camera flaansaldausuiv
asAusznaussuulududaly
2. Tugan1sdesns WebSocket — p3AUTENBUNANYDITLUUAD F09M19N15ADAITUUY
ansiiamnsfisnuieauazadnlunsuaniddsudoyauuuidsalniiszninsugaszuy
Wanue Taedinanisnsiasuludaianeunaindu Unity uwazuasnuen NLP wiauiuns
nszefnmesiliuasmdsdumesinaluiannenssuszuy
3. Tugauwnuen NLP - uwmuen Al liduuzihnsuilvdamsziufidesmnayauioulyd
119ds Ineldmalulad Retrieval-Augmented Generation (RAG) fisL0na15 PLCnext
uagduiadeulagluinaniyw) Command-r7b ilikanuenaiunsaiinsgsinisidade
gsnsouAguLarlrimLuzilumsiIgdnwamd dundsanniseydeianainuda
4. TugadniAdaauimas (Computer Vision Module) - lugadviAtmauiiameasldlung
YOLOVSs Litevinsnsiaduinguuuiiealnivagduunaouzvadliuansaoiuy LED
vugUnsal PLCnext Tngluinaldsunmsiinifuiimuiliosyyaauzmaiauuaziieuly
YORANAINFIY 9 WIUNITEUNAAILEAILA mamim’saf{i’uﬁg@wmzgﬂﬂszmamaL,Las
N3veHILNTUISALBUNALATY Flask
5. Tugauauwdiady Unity - lugadduied ountsuanswauvuanuduaiwaunas
SumesiedinaninielugUnsniniu HoloLens 2 Iagld XR Interaction Toolkits waw
druusznoulausid MRTK (Mixed Reality Toolkit) liteassanimuindeuuuulineu d
HAN13715233 U3z N9 puiuvugUnIalasalutunesvasf U udeu wiesuduli
Sumesiedldnouldiuusmuenves NLP Sansaaunauiadsszaunisalianudu
WarauTIudmuU TR
izwﬁgﬂﬁmmﬁazﬁmumu%’fumaumiﬁ"muasm«;iaLﬁaq TaeflunsuftRanuvesiuiifny
fldugunsaliiu Hololens 2 azgnuiin udUszananaiileszylwiansaniug warinmyiitervun

TOHANAINTDNANTY waziaTuMmeALUiIwaztoyan nlvanay Janalnnisneavaueswuuisealng
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fahelianunsansvauewenuiinunfvesgunsallaviuiilaglidndudesdvranaiadilessgedlu

an1uiase Fuduisnisivieaniaingnrineueenn3eddns wazindsza@nsamlunisuigessnw

Y
a =

graMnIsulaAReT

3.2 nsaseutaya

nswssadeya Usenausie 4 Tunsunan AauanslunImi 6 warllsuavidunsiall

Video Capture

om 300 annotated
2 videos 300 frames images
PLCnext

Frame Data Data

Extraction Annotation Augmentation
3.2.1  nsUufininle (Video Capture)

d‘ gj a ¥
ANN 6 TUNBUNTINTTUUBYA

nszvumMsiuteyaidle Budufmensduiiniflowvuilassairdlaeiiuiinisiuiingunsal
PLCnext Ineanizogsddludiuliuansaniugves LED dWotufinaniugnisvhauioua Tneuslév
Mstufindalennues 5 3ufisiuiu 2 18015 Feduiindl 30 wisuseIund (30 fps) i eliiuledng
ArmaziBondaiaismodiniuniskenAuLANA19sEIAa UL 989 LED fauuuduazuuungndy
Tnsmstufindeyanwimlenmuni gnédunsniglfanmuasiimuuanuaindiinag el
Tadufimiuiumisesndeuiolfusaiuliuansaniusiomunlfosnadaau Bnafudeyasdradu

z-:’{l o v Y Aa o [ 5 o v v
JTUVU WWIm@]“UEJ%Iﬁﬂ’]WVI@J@mﬂWWQQ Wnd s uTUReuN1sUSTIRanaluanuialy

3.2.2 mswensy (Frame Extraction)
fumeuiifeatestunisusnisuusazrsaniflefivuiinly dviileudasyaanuen 5 Jud
Tnesufindt 30 Wlsusedun?t vilskiusvana 150 wisuseddle Feinlildmsuianun 300 Wisua1nnIs
Tudints 2 37le nsuenwisusiunislaeldvendurfiamemefiannsouvadeninlodunmuenld
Iummzﬁé’fmq%’ﬂmmmauyjaﬁ%ﬂmwLLGiazﬂwwmaam%umumiﬁﬂmu LWimﬁLLEmLLGia:LWimgﬂﬁu‘ﬁﬂiu
sUuuulrldfmngandaldsunsuiulisngfumnudesnslumsusssnanaludwudaly Tagsuduns
mmfumauLﬂuiﬂmmmmﬁgmmiﬂﬁﬁ’ﬁmuLﬁamaﬁmaudﬂmmmamuz LED Wanmuadansuoadiuld

agatmaulunmazsy Fududedndudmsunszuiunisldsesungludsuanly
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3.23 nsldAnesunedaya (Data Annotation)

Tusgninstuneunisldfmesune wisufinenoenunaviiunszuIunsingain (Labeling) 914
i aftedanuinmyuarszyaniuy LED Aveudiuld dnsdvuamsnamynisduuniiunnsneiy 4
nuIany LA RUN green steady, D_green_ steady, BF D red flash wag PLC %Qszqﬁmmﬁﬂwmz
038 (Wo/uns) wazqadnuuzdanm @y/nendv) veslrluansaniug LED Tnsdimasniusiifuans
youLnzgnInseulLansanuy LED usazasegnausiug Inefinisivunaainaanafivsnzauny
anugfidunaiuludiesuisusznay nszuaunisifesmanuazdenlunisszyreuiunvadliuany
anuzuazduunanurnsnnusg1sgndes Inslamzensdudedunimimsuiiuanstiaudeunly

ANRUAITAEINSU

3.24 nsivudaya (Data Augmentation)

WaLiLAULETET gNRBIuET kagauausalun1sinauvedlueg mallansiudayale
gnianldivynnmilasunisinaaini Beisnsiiudeyandnildfie nMmyunsteuazyn lnemadail
asneuiuudiiugY 2 JUsuudmsuduatuusiaznm tnefinnsvenegadeyanin 300 a1 wJu 900 Aw
Fanszvrunsiiudeyat lasunisesnuuuuilagiamziioUsulsaiuaiunsavediunalunisgan

d' ' v < v = Ao w A o ¥
an1uy LED 9nyuuesfiwanadsiudntey daduanuaunsandidyiletszuulildluaniniinde

A159191U4939 NHNUIUDINAD9D1LANAINUlARNANINAT T

3.3 NISWAIUNLULAE

3.3.1  n1511 YOLOV8s unldenu (YOLOv8s Implementation)

szuullld YOLOVSs ulumansivduinguandmsunisseylnuansantuz  LED vugunsal

| v

PLCnext Ingn1aidonlinatinannsidenountveasiluandliitufsuszansnmuesdanesi
YOLO Tusugaamnssu Tnslawizegsdsdmiumsnsaduanuiaundluaninwindennisndn o
Tuwanszga YOLO fivhausauudugunsal HoloLens 2 il uansdnenmitddaluniafiulsedniam
A5U159snu LT annsal (Preventive Maintenance) WazanLIa1mey A%191UY09LA3 099051y
anmndengnamnssuimdmaney Tnedaluna YOLOVSs Ianuaunaflimungausgninen

wiuglunisnsadunazausilumsdseaiana Jvilimangdmsunsldnuwuusealnivugunsal

& al

g1sawainiivedndntunisAiuianu aunsal HoloLens 2 lnsanidnunssuvasluinayisliaiunsa

'
N o w [J

asduinguatepaaniianududeuadld Fdodudeimuaiiddguasdnduegredsdmsunisssy

wazduunaa Uzl LED ang & wisuduls
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3.3.2  nszurunsinlana (Model Training Process)
nszurun1slnlunatdulénszuannisiidendy nnassudarelou (transfer leaming) 91067

dwidnfiunsiinandeu dWeufulimnzanfuszernansinuasussansnmaeslunauugadoyai
Aeudreiinvens Tneluwa Al dldsumsilnlagldnm 900 a1 Fausazandiduvouiun (bordering
line) Afldosuredmiunmsuunaniug LED Tuusazsnnmy Tnefimsimunnnsiinesdmiunisiln
fail fo

1) 300 epochs

2) batch size 16

3) PUINNINBUNA 640x640 NNLYR LAY

4) optimizer momentum 0.937

defisTnaruannsolumsvhauvesluaaluameu venantu ldmedansiutoyaly
sULUUAS 9 (Augmentation) Fa5aufanswAnuulueuLUUdy nsudas MsUSUILIN LagASAULUY
g1 uaziin19i¥aldauns/ AU mixed precision 1l el uUszANS A MYeINUIBANTIUALLSY
nszuaun1sAndnde lunmsnmadeuaugndosadinaty fn1sduiunislagldyedayansiaaon

Augnapsiiludaszuenainiu Fausuluusednsnmmaniagldh1 mean Average Precision (mAP)

ANUALSY Intersection over Union (loU) = 0.7

333  aanainsadunaznisfimes (Detection Classes and Parameters)
Tuinagnesniuus o uunuazszyvsavyfiuaneneiu 4 vanavy) Taud
1. lwwans RUN Alderuuuisiuansianisvhauund
2. lwluans D Adouvvisiuansfanseansdoyaivmnzan
3. liluand BF D Awnauuungnduiinansdedefianaiaviedeunnses uas

4. gunsal PLCnext Tnesauiivihwmthiidugadadadaiui

sruumsTunildfimdunsiseneunindvenslunisnsaasuaniuggunsainunu
ipesdnsgranvnssy Taedimssunnuannsalunsnsisdvanuzuuunaissadunsie dusunsi
inference wuui3salniiiu Tuinagnimund1faeat confidence threshold = 0.25 uag loU = 0.7 uae
mMns193Ugegn 300 epochs Tunsvinuil manseduamunsaingnduvemasnli LED uniuii

Meey1ds lnguannisdiagde Sududesdinmsiinsgiidaiaivennsuedsneiiessiuiudaneiiu
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N13NT0TBLARUURNIZING tBLENANNLANA1ITENILansanuEN Tz luansaueinsensy

Taoenauiue

3.4 ﬂ’]'i‘lgj'imﬂm'iﬂ’l'iﬂizu%awanﬂw’]ﬁisu%’lﬁ (Natural Language Processing

Integration)
A o &~ a = v o

seuuitiauell n39uluganisuseRIanNan1wsssueId (NLP) ielvinisatuanuniswi by

TJamegrmngaaialagldunuen Al lnsusnuenillideyawasnisatvayunbinguiiRnuaiuusun
%] Aa = v ¢ Y

nsidauiiinisiseyaannienaisianizvesgunsal PLCnext aaning

dmsuguanuiveswanuent 131lei1I8n15 Retrieval-Augmented Generation (RAG) 14 &
I d' ! ! Y v Ql' d‘ ¥ dy I a
fnsnulimaniwiniiunisinasntndulenasinedtesil Tnednisusziiuanuaiunsavesluing
Aevavg (LLMs) 317U 2 Tiea Ae 1) deepseek-rl uag 2) command-r7b Fansgiinisilines
41U 7 WuawA (7B)

lenans PLCnext Ngrinuagldanulussuu RAG Sdeyaddgmivenlesguuuulluansaniug LED
Auan1ugvetaUnsal lnelinisliainuvesaniugmantiy 3NNISHNLagHAIUENAITNIUNATAYDY
PLCnext Uiy LLMs dswaliuanuaniiiauntiui auisafaiunuievssaaiuy LED Asunmlaseng
wiuguaraunsabiaugdilunsunledymieidewngui daaulalunaass

3 v a a a gJ’ 1 =

wan1NTU 198N TeaeuUsEanSa ey 2 Tumauaswuil 1uma command-r7b i
Uszdnsnimmiloninluina deepseek-rl agnsiidvdagilotlulvniglunseunisvinauves RAG Ald
Ll0Na15 PLCnext Flutna command-r7b wansauaiuisaviuionitlunisasneaimoudiniunis
AOUALINQNABINNTOINIT WAz ZANRNUTUN wazdwmauauaslunaffiniuazsinsininly

SEWINATNAZDUNITVINIY
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3.5 MSIATITALAZDDNUUUTEUU

3.5.1 n1999nLUU Use Case Diagram

UCO1: uansuthaauanuen

UC02: dauntidrausnuam
m UCo3: LﬁuﬁaﬂaﬁuﬁD
#ldau uco4: gAnkuziilunsuidamd

UCO5: A5798autA3ae PLCnext

A9 7 N1599ALUU Use Case Diagram

= v & | a 1 ] ¢ M Y] . a
AINN 7 L.LamiwmuiwumummizmwwwLLaszaﬂf\mi (Human-Machine Interface) 1

& Y

Fudou Famaumaluladurmueniiduindsussdygussiviidiuunanilosussuu deuvrgeild
fog19v099UnT0l PLCnext iudayanugiu Tnoruiiegeidrdgyuasnisusegnidldinalulad
anennsTy 4.0

Aldautafusuansmdn (Actor) awnsaléineuiu use case Aumnsnsiu 5 5183 Tag UCO1
(uamsvthensuamuev) uay UCO2 (Toyavtissuamuen) adrsdudufasoiiugiu viliaansTdnoud

= 1 Y 1a va ! o IS PN v o A 4 4 Yy
UTUTEnIU TRl ssuudenUn 39 lngaeiidunasunisiaulunsalngd ldaudesnisiaing

}4
ad aAdwy o

Favtheededavtsnausmuen Fdluvazlftinuennasdtuifidomnisnisueaduiidaau dudu
siihausnuent Ssoonuuualfaunsadaniedaldmunudonis

UC03 (intemnuaunu) Wunsdlfisnneanuazmnlunsiemsassiianis Greligu o
anunsatoudion fids viefveanugiunsUsznanan wsTIAlE Sefeyaiiuanaiu andu
FoyaiiAnainn1si RAG Saudulanna commad-r7b Aldsunsusuussliiiamnufifiuduanzludiy
vosdaya PLCnext FvastagliuivAnuanusaldfudoyadinsstuanudonis a sasduinniign
uaz UC04 (gAuuzahlunsudtlaym) anidunisgriesunsudenuzthanumueniianinsadiiunns

v 1 [~ gj
aulgagadudunau
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UCO5 (7157980 ULA304 PLCnext) 1UN19m519@0 UuniUaianannvadas a9 nslagn1siase

ANNPINNADIVDIIU HoloLens 2 FINTNN1UIINNADIVBIWIN HoloLens 2 azanasliuszuiana

Y

saeluina Object Detection 7ilAsun1smsudaiionauntiifl eliladedn JeRanainiiinduiy A

arls uagaviinswugtisnmsunUalvnugldaueie

3.5.2  TuUAdUNITYINNIUYBITIUU Remote Expert System

s

Tumsuszendldanumaluladanuduaiuady (AR) wazwalula8UyaUseivg (A) Uy 151la

o«

[ ]

MNIAMUITEUU Remote Expert System FudniveliuinisuasaduauusUivfanuaugeuiisely
lssugnamnssudnludd lnessuuiazyigliduiuRaununsdeniisddugaamnssugnludily
o & ¥ a 1 wa v P ° ° ) ° cala v v 4 ¢ &
Puludedaseidisrvgyanziuieverwuzilunisdentrssgunsalniinnududeunsegunsal tu
¢ Wneszuuagld NLP Aldsunmsiauiwasiasuauinig RAG lun1stiewmdedujuiauty uagly

AMTINYBINTINU @131509 10NN 8

AU LFI%IEQ PLCnext

WULDHANATR
LI

A A

#9UNIUIN
- LANUaNuse bi
laily

pansAuzin lunsuily

LEAYAINBUANLTNUDN

A9 8 Flowchart N15v191ulunImsI198958UU Remote Expert System
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o 2 v e ; < b & &

91NAMNA 8 NTLUIUNITSUAUAILNIT "NTIVABULATEY PLCnext" FUTUTunuNugIuyedssuy
Remote Expert System #ilaudnAgysian1sungasnwidane1nsal AN1suaIunisyinauees Al iy
sruumuantsliansadndulanuuisealndld Wednissunimdun ssunnyedadulawsn "wu
JoRanatansoll” WuduneudAiuansnuaunsalun1sieseiuaras193uauRaUn@ wnwu
JoRanan sruvazanfdunsaeluds "wansduurihlunisudly” faduinesiuanafsnuanunsaves
szuvlunshirmuinwidadesiuls widmnlinudeRanain seuvasidngdandndulaniaes "aeuay
Mnuanuenisell’ Fudunsaeuninainglinindeinisnnutiemdeainssuuienuen Al vield n1s

Q’lj P~ =1 v = 1 Y = Y o o 1 1 a A g a
sonuuviiandvimudanslimadenuigldlunisinftey avasAuugdiiudusadoMdusssuya
Tngiflevniluansil lsunisusuugslndullenamezd miunisungeineiaies PLCnext Aa838n13
RAG muiilananiuiua Wedlddenlduinisuenuen seuuasaiiunis "wanImnauInuenuen’ o
unsliuinisuuu interactive support TeliguiuRnulasunstiemdenuusunindueg

nsviuiazgunisianunduligainisasieaeuiudu wansliiiudsdnvaznisieu

| = . . . = & [y o w = v a

WuusiaLiiad (continuous monitoring) Falunannisd1fnyvesseuuanaInnssy 4.0 Famsltdinaia Al
Haglunisvinulunasnieasiinvesgunsalgnainssutu Yaelunisiiudszdninimnismiuny
NsgUIUMStuNINTIN SgaNazaIntunsanaula wasenseAunagnsnIsUnssnen lugaainngsy

onludiAle
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4  Wan1sALEUNIS

4.1 UszAnsnmwasluaa (Model Performance Metrics)

TaAa YOLOVSs fistund udmsuszuudidermmyszezlnadie Al (Al-driven Remote Expert
System) fitnauot Wianswszadnsainmsnsaduiilamaulunnmmanng nunisswundimuned
fatun Tnendsannnisiinlueadi 300 epochs Hu lwaldussqussdnsnminesuiiirfeladueeis

o o o

110 aedlAn recall uay precision g Fadupndnuananidndudmsunsimunssuunsisaey

Y o wa

w3 lugnamnssudnlulifnaetold

A1519% 1 Usg@ndnmvedluina YOLOVSs wanmumand

ARE AN f9819 | Precision | Recall | mAP50 | mAP50-95
RUN green steady 178 178 1.0 0.966 0.994 0.795
D green steady 178 178 1.0 0.965 0.988 0.773
BF D red flash 85 85 0.993 1.0 0.995 0.814
PLC 178 178 0.995 1.0 0.995 0.995
Overall 178 619 0.997 0.983 0.993 0.844

aufinandlunnsed 1 ENUILUAAUTIAA1 mean Average Precision (MAP50) = 0.993 Tuwn
AanasLun Tauanafsnuusiugilunisngaaduiiduszaniaim lasflan Intersection over Union
(loU) = 50% wazA1 mAP50-95 71 0.844 dsfudutszAvinmuadunat Mnmssazifiui nidui
Urdannie Aata BF D red flash fiAzuuu recall AflUszansnmgeqaudiaziiiaogianinvesnisiln
ffonnin FenadnunzvestszAnsamiliinruddyedied iesnaaatuansdedevladefinnarni

Nnfuiuip3es PLCnext uagradlasuauldlariuiilunisunlvannguidriau

MN5199 2 ANUBUUENTUNNTIUNTBIILAE YOLOVSS heNANUARIE

AANE AMNLIUEIUNTIUNUIZLAN Suunfiniduiunas
RUN green steady 0.96 0.04
D green steady 0.95 0.05
BF D _red flash 0.99 0.01
PLC 1.00 0

AMEINYINTENTAUNA UNNINYHYTN



nsUszgnaldanuanuduasuasulunuiugaanssudnluifg 22

M1399 2 wamsanuiugitunsduunveduea Al lunneanaidmineidmun lneainuwtiug
a3 (0.95 - 1.00) wansliiiudsszansnimnisiunigalaeinisdiuunianainiosuin dspana PLC
ussgauuiuglunsTwunffiuseaniamasan (1.00) Tuvaeiinisdunliuansaniug LED uang

Usganinmiadlagiinsduunianaintiesdiga (0.01 - 0.05) Weligufiunsnsiaduiiumea

Precision-Recall Curve

1.0
—— RUN_green_steady 0.994
D_green_steady 0.988
—— BF_D_red_flash 0.995
—— PLC 0.995
0.8 1 — all classes 0.993 MAP@0.5
0.6 4
=
o
w
C
@
&
0.4 4
0.2 4
0.0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Recall

AN 9 LEUlAS Precision-Recall dwisunnaana

A 9 uansns Il Precision-Recall du¥uminanyflunissinunionun deuanddiiuda
mnuannsaveslunalumsinwAAsusiuggausluseiuns Recall figs Tnogldanlusliaiifey
Hugaimdeuiiuivesnsmvand lnsenzegsdeiiiiulddalunata PLC (dufuns) uandliifudn
TumadnwiauusiuggeoswasLauenaaaiansvineuves Recall FsqmdnuurUszdnsamis
arwddyegedlunsldmilugaamnssy Fanisasiadusia false positive uae false negative 919

lgnisuuzdiismsiisesnunnlimingauuagneliiinaudsmele
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4.2 anumiugilun1snsirvdunuuealngd (NMInagdaunNIAgUIN)
Tudiuvesnsinnatiy wissilulsgaviainvedluea Al lunsldauuugunsal HoloLens 2
Afszoe119999n1199191U 2 S88E1NgUNTAl PLCnext Ae 1) szerlnd (Uszuna 0.2 1ua9) uaz 2)

a o

szuglna (Ussunad 1 wes) Inefimmeseuszuuiilfunisegeunisnsiadulviuansaniug LED Ndfy

awvfin 16un RUN green steady, D green steady wae BF D red flash dslnluansaniuzivaniuand

feanuzn1synauunfnazantusniveianaind wiuwisulvnsndudmsunisivaulunisidade

VORANAIAUURAAINTTY

4.2.1 UsZANSAIMNNISAIIVIUT 2 sTey

Tun1sasasuiiszezlng (mMufiuandumsed 3) Tuea Al uansauansalunisnsradudl
UseAnBamgean (Anuutugh 100%) tneasiadulndideruansaniugiuuiions 2 # A RUN uag D
wilunisasraduliEunsiineniuiu foduauinmeegnaunnlunisnsaduetereiies Tnguszay
awdnsaldmnuusiugiioad 59% Wity Fsanuusnanduusyansami aniniesunandnuay
Y03l WALnfi ngn3unudamiziian Adnadan1snsrasunuususaisy (frame by frame) Alag
555U RUE L TiAuTUTeUB T

dusumsnsradulusveglnaty wuinUseansamnisnsiatuazanasiisrazmadilnady
wanslums1eil ¢ Tnediaanuudugives RUN green steady anauwde 85.7% winju Tusueiiniy
uiiugTluN1399993U D_green_steady anauvide 76.7% Fansafuduiuanumiands warn1sngiadu
BF D red flash dn15.Ua sunvaudnidesidu 62.0% fiszezniclnadu lasaruwanaeludiy
Useansn il szervinsueanisuesiianatud enaidunauiainanududouvosnniiunnd ulumsy

szezlnaviionswisunlasinuaizvasgunmlunsngnsuvesi LED Tuszezlnafiduls

A1519% 3 Confusion Matrix Tun1sRsI93UsTELINa

ﬁ%izqamuz True False False True Accuracy
Negative Positive Negative Positive
RUN green_steady 0 0 0 300 100%
D green steady 0 0 0 300 100%
BF D _red flash 85 68 55 92 59%

AMLINYINITANTAUNA

UNINYINEY TN
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A1519% 4 Confusion Matrix Tun1sns193usTezina

ﬁaszqamu: True False False True Accuracy
Negative Positive Negative Positive
RUN green steady 0 0 43 257 85.7%
D green steady 0 0 70 230 76.7%
BF D red flash 100 a6 68 86 62%

4.2.2 WANTENUVIANNAITIVB9TEUUADUTEENSNINNITATIIU

ANLEANT AT ALARBATISTUY (system-wide delay) Lﬂumﬁﬂuﬁﬂé’aﬁﬂﬁmﬁdwaGiaﬂzumwmi
pydunuuFoalnel lunsdunmainndosesuiu HoloLens 2 Aiflanududou Tuaufenisuansua
mnuiduataady (AR) hlsAnama i vesssvaraniivszana 220 - 280 fadiund wihinanuadn
fardimpeusulddmivuoundinduanuduaiuaiuialy wituanamunmnisasadusgiaunly
anumsaifiiAsatesdulinansiingniuidinsedeulmvievuldsunasanan lesinmsuves
sunmiiduldlutnanadu q o1dlinssiuaniuzaadiil LED a3efiduld Hadumnuandnitaesuisig
waldivilalwuansanugiitsddiussansamvideninliuansdingniulummaaeuiinmn Tiuang
anuiflalanuzaideelinmaaduiinnuusiuggeann laglidesddefmwansznuiinmueslyl

LED azdinalunisuseuiana

4.3 N15AT1ZNUTEANS NNV ITN5ALIS

431 nslduunaa3vae HoloLens 2

TusynineamsnaaauUsyansSnmveasyuu Al-driven Remote Expert System i 151danaiiu
| | A v o W I P ~ = a aa o o

AMuLanaeglidedrylunsldndsnuisissuiisun1san3sinlenuy stand alone AuASVINgIU
Y0958 UUANFURUUU HoloLens 2 Taglunisldauuuuianguuuty dnsldndanuintuludng
Uszanal 8% ¢e 10 wiwesn1shinueg1ssiaiiles waylunisnaduiu iweldaneilandunisaniuinle
v v a dil v a o oA 1 = 1 3 dy Y @ =2
ATITNA IR LT UIUS RS AN NUTEUI 6% Ao 10 WU nsnaadeull welRiAuds

! IS

ANNAUTUSTENINTEEEIaINTYINNY aumiilvesgunsal uaznsldndinu Nllanuduiusiuegndl

v o w

fedndny Tnewle HoloLens 2 gnldaudunaiunu gaumalivesgunsalsiiniu Jsdonndeaiudnsinis

TowdeumnuIuaie
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432 n3nN5lgeIu CPU
¥ CPU Usage (Sampled) Utilization by Process, Stack v [ Q * & BEQO® B X
Series % Weight using resource time as [Ti p-Weight TimeStamp] tion: Sum)
HolographicRemotingPlay. Gé
o | ‘ ’ /u
= |
5% , ~ J\H ||\ | ' H””l || ‘M Hl\N “ M \‘ |‘\ ‘ ‘ l\ \ “\ ‘ H
“3 I \r\“ \ | \"l"" I H| ‘M“H‘ “l\\ \ \Hl w il ' h”n | \ \\ o N ”M“,“ | |"‘“M' "‘}'I‘
S w [ ML) ) ww LR TA L .
a5 M !Iw“l | l‘ i ‘ ‘ L .v.\‘.\ "‘“ “ ’HI “‘ ‘“‘ \
Sé f l | ‘.‘} i/ ‘i“ “ 'l l|‘ ‘
2.5% ‘
2 [
| |
15— L\l“
I S ¥ S S S A

AT 10 n15l9eu CPU ve4 HoloLens 2 lutaenan 5 unl

AN 10 wanan15lyau CPU vasgunsaluiu HoloLens 2 Tugaenisvinaiu 5 wnitluvaenly

UTUU Al-driven Remote Expert System Tagn1sldeu CPU tu danuiuniusg19naaentaaiag

nsvinuvesszuull lnedanasaniivile 5.5% Tuu1adianaiveanisvinu dansldeau CPU lngiade

wagluYae 3 - 4% WJundn Fawansdanisznisusznanasuinliunatsuugunsaisndawisves

HoloLens 2 lnggngianvain1sldanu CPU Adunaiuuunsmiuaiunsaesuiglaindunsdvaanis

AnUsERaRaiiduty lnsanzegedadlieluganissdnnmiensisaeudetianainvesgunsal

~ v | = a a ~ ° ° &
PLCnext 1n13UTU1aNav0yas WANUTZANTAIN LIDINLAETZYAIUENITNNIUYIUNTA

PLCnext wazina@unIsnswi lutuned

a v 1 o

4.3.3 WASNNISINUN8AIUAN
~ Memory Utilization Utilization by Category + Q Y @ BEHOS DO X
Series Size using resource time 2s [Time Time+Duration] (Aggregation: Max)

Non-Paged Pool Commit[_] « |

Paged Pool Commit [ 900 MB—|

Repurpoesed Lists (Total) [ .|

Repurposed Sub-List 0. [ 800 MB—

Repurposed Sub-List 1. [ =

Repurposed Sub-List 2... . MBE

Repurposed Sub-List 3.. [ =

Repurposed Sub-List4... [ .

Repurposed Sub-List 5.. [ 600 MB—|

Repurposed Sub-List6... [ 3

Repurposed Sub-List 7... [ 500 MB—|

Standby Lists (<= Priori... ] .|

Standby Lists (Total) | 400 MB—]

Standby Sub-List 0 { - -

Standby Sub-List 1 200 MEE

Standby Sub-List 2 ] -

Standby Sub-List 3 — e

Standby Sub-List4 [ SNBSS T =

Standby Sub-List 5 B '

Standby Sub-List 6 ] 100 MB—|

I o mB I T I T I T I A nane
Zero and Free Lists N ~ > 20 a0 100 120 140 180 180 200 220 240 260 280
= v i ° | =
a1 11 ﬂ"]'ﬂ%\?"lﬂﬁﬂ']ﬁ]ﬂ'ﬂﬂﬁﬂéﬂaﬁ HoloLens 2 Tuaataan 5 w1l
a a o
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awdt 11 uansluslndnisldviaeanudivesgunsal HoloLens 2 Tnsuanslsiifiufianissnass
wiepusieg1eiiafiosnin ne "Non-Paged Pool Commit’ Asiisinng1 950 MB agrsainiae uas
"Standby Lists (Total)" #nd1 300 MB 1&ntios wenantiu "Total Physical Memory” Sauananisldan
o8 19mfinaenyasiaIniIsnadey mMsiaseviuandliifiuin weunaiadu Al-driven Remote Expert
System 9 1miremnusiiunnlusivuniludinsdanisegnaiissansamm nsussdunnslday
gsausuandifiuidnsnslduunmesmdndusleldnudusyuu Tasnsvhaouiidnwadesam
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Abstract. This study introduces an Al-driven Remote Expert System that trans-
forms industrial maintenance through the integration of artificial intelligence
(AI), mixed reality (MR), and natural language processing (NLP) technologies.
Our implementation utilizes YOLOv8s on Microsoft HoloLens 2 for real-time
object recognition and LED status mdicator detection on PLCnext controllers,
enabling on-site operators to receive immediate diagnostic information. Experi-
mental validation and field trials demonstrate robust system performance with an
mAP50 of 0.993 and mAPS50-95 of 0.844, while optimizing CPU utilization and
battery consumption during video streaming operations. The system automati-
cally generates NLP-based maintenance recommendations corresponding to
identified issues. This innovative approach establishes a new paradigm for indus-
trial maintenance that significantly reduces equipment downtime, enhances op-
erational efficiency, and minimizes maintenance costs.

Keywords: Remote Expert System, Artificial Intelligence, Mixed Reality, In-
dustrial Maintenance, YOLOvSs.

1 Introduction

In Industry 4.0, growing machine and industrial process sophistication has transformed
maintenance efficiency into a key driver of business continuity and downtime reduc-
tion. The more complex a plant, the more difficult of the maintenance. Conventional
maintenance methods require the physical presence of subject-matter experts, which
typically result in delays due to limited availability or travel requirements. This can
lead to the loss of productivity and additional expenses.

The primary goal of this research is to develop a state-of-the-art remote expert sys-
tem that utilizes the power of artificial intelligence. This Al-based system will integrate
innovative technologies, e.g., computer vision, mixed reality (MR), and natural lan-
guage processing (NLP) together. This setting should be interpreted as an expert who
can guide the technician to do the maintenance tasks. To detect the given machine ac-
curately, an Object Detection system is modelled and implemented. This will be per-
formed through the vision of a HoloLens 2 device, where MR information can be su-
perimposed in the view. For specific questions or problems, a trained NLP-based model
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can be acquired to suggest answers or recommendations that are the most suitable for
that situation. Furthermore, the system will allow visualization in real time. Thus, it
will provide contextual advice and assistance to technicians. The advice will come
through a smart chatbot that improves human-computer interaction.

Effective implementation of such a system can significantly reduce repair and di-
agnostic time, decrease machine downtime, enhance overall equipment effectiveness
(OEE), and optimize resource usage by leveraging remote expertise. This approach re-
duces travel costs, improves maintenance scalability, and potentially leads to broader
applications of AT and MR technologies across industrial domains, fostering innovation
in the Industry 4.0 landscape.

2 Related Technologies

2.1 Integration of YOLOv8s and HoloLens 2 for Industrial Applications

Recent developments in Augmented Reality (AR), Mixed Reality (MR), and object
identification algorithms have opened up new industrial application possibilities. Ac-
cording to Li et al. [1], adding attention mechanisms to YOLOvS8 greatly increases
power substation monitoring speed and precision while allowing for real-time feedback
for quick defect correction. In industrial settings with limited connectivity, L.ysakowski
et al. [2] successfully deployed YOLOvVS directly on HoloLens 2 without relying on the
cloud, removing network latency problems and enhancing system responsiveness and
dependability. In order to improve user experience and operational efficiency in dy-
namic industrial situations, Bahri et al. [3] enhanced YOLOvS for the detection of thou-
sands of objects with accurate bounding boxes in milliseconds.

Our study combines these techniques into a single solution for applications in indus-
trial maintenance. We used Lysakowski et al.'s on-device processing strategy to provide
low-latency feedback with seamless MR interaction, adapted Li et al.'s method to in-
crease the accuracy of LED status indicator detection, and applied Bahri et al.'s optimi-
zation approaches for responsive machinery monitoring.

2.2  Data Augmentation Techniques for Limited Industrial Datasets

Collecting quality annotated data in industrial vision poses significant challenges due
to production constraints and rare fault conditions. Data augmentation addresses this
limitation by expanding training datasets while preserving critical attributes. Different
augmentation strategies offer varying benefits for industrial applications.

Geometric transformations form the foundation of industrial image augmentation.
Zhang [4] showed these transformations maintain semantic integrity while creating po-
sitional variance—essential for machine vision systems that must recognize equipment
from multiple angles. By applying rotations and flips to limited samples, models de-
velop better generalization to varying inspection perspectives in real-world settings.

For more sophisticated data expansion, Jebraeeli et al. [5] demonstrated feature in-
terpolation and expander graph mappings to generate diverse samples from limited
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datasets. These techniques preserve both data distributions and feature relationships,
making them valuable for industries where comprehensive fault data collection is im-
practical or prohibitively expensive.

Advanced generative methods provide even greater capabilities for creating realistic
data. Ekwaro-Osire et al. [6] showed Generative Adversarial Networks (GANs) that
can produce high-quality synthetic samples for industrial vision applications, particu-
larly with non-time-series data and correlated machine features. Similarly, Wu et al. [7]
proved Variational Autoencoders (VAEs) effectively generate virtual samples from
time-series data that match real operational data distributions, enabling simulation of
rare fault scenarios difficult to reproduce in normal operations.

We combined these techniques with our studied datasets, especially the datasets for
images and the NLP training, where problem solving information has to be provided.
In normal cases, the errors will not occur. Our relative small data relies on typical errors
or standard errors from the data sheets or documentations.

3 Methodology

3.1 System Architecture

Data Acquisition Phase Processing Phase [Local PC)

Computer Vision
MNaTwirk SEiddem Videa Flp?llﬂc Vicken Fand YOLOvEs Moded
_______ WLC Metwaork Streaen |~~~ " | Object Detection
AR Rendering [ 085 Sensen Capture
Virtual Camesn

AR Application

Saatiik Classification

Flagk

| lirages |Uw|-r|urm|

Detection Resulis
Hololens 2 * _l_—‘

‘WebSocket Queriea/Responses

Communication
M Imteractions &
[ p——
PLCnext m AR Appiication MLP Chatbot
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mﬁm M Interaction l MATE PG + PLCnext Doos

om

— Unity Command-1Ta

Fig. 1. System architecture of the Al-driven Remote Expert System.

This Al-driven Remote Expert System is an integration of artificial intelligence, natural
language processing, mixed reality, and computer vision technologies to create a
maintenance system. The end-to-end system makes it possible for on-site diagnosis of
machinery in real-time as well as for a remote diagnosis, doing away with a major part
of the necessity of in-site visits of expert experts in case of machinery breakdown.

The system is designed in a strategic structure in two primary levels of functions,
which is illustrated in Figure 1. The figure illustrates end-to-end system structure, high-
lighting data movement and communication among primary entities in each of these
levels.
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Data Acquisition Phase. The Data Acquisition Phase is integrated within the industrial
space and serves as the system's sensor interface. It is implemented on a Microsoft Ho-
loLens 2 device, which is worn by an on-premise operator and captures video of
PLCnext devices (as a machinery). The HoloLens 2 executes an MR Application with
rendering functionality that processes images and interprets user input. The HoloLens
mixed reality headset operates hands-free, allowing the operator to simultaneously view
the physical devices while receiving augmented reality overlays displaying diagnostic
information. The video stream from the HoloLens 2 is transmitted via a network con-
nection to the processing layer, establishing the initial data pipeline for the system.

Processing Phase (Local PC). The Processing Phase is implemented within a local PC
and comprises multiple expert modules that work collaboratively to analyze equipment
condition and provide specialized guidance:

Video Pipeline Module. The system receives the HoloLens 2 video stream through VLC
Network Stream protocol. Preprocessing operations are performed using OBS Screen
Capture, which converts the incoming stream into a Virtual Camera format compatible
with downstream system components. This preprocessing stage ensures the video data
is properly formatted to facilitate subsequent analytical processes.

WebSocket Communication Module. The central component of the system is a bidirec-
tional communication channel that facilitates real-time data exchange between all sys-
tem modules. It transmits detection results to both the Unity Application and the NLP
Chatbot, while simultaneously distributing user inquiries and interface commands
throughout the system architecture.

NLP Chatbot Module. The Al chatbot provides expert-level troubleshooting recom-
mendations based on the diagnosed conditions. Utilizing Retrieval-Augmented Gener-
ation (RAG) technology that incorporates PLCnext documentation and is powered by
the Command-r7b language model, the chatbot delivers comprehensive diagnostic
analyses and sequential maintenance instructions following fault identification.

Computer Vision Module. The computer vision module implements the YOLOv8s
model to perform real-time object detection and status classification of LED indicators
on PLCnext devices. The model has been specifically trained to identify various oper-
ational states and fault conditions through visual observation. All detection results are
processed and distributed through a Flask application framework.

Unity Application Module. This module powers the mixed-reality visualization and in-
terface displayed within the HoloLens 2 device. It employs XR Interaction Toolkits and
MRTK (Mixed Reality Toolkit) components to create an interactive environment. De-
tection results are superimposed onto the physical device within the operator's field of
vision, while simultaneously providing an interactive interface with the NLP chatbot.
This integration creates a seamless mixed-reality experience for the operator.
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The system functions through a continuous operational cycle where the operator's
visual field video is captured, processed to identify status indicators, analyzed to deter-
mine potential faults, and enhanced with appropriate guidance and visual information.
This real-time closed-loop feedback mechanism enables immediate response to equip-
ment anomalies without requiring an expert technician's physical presence. This ap-
proach significantly reduces downtime and enhances maintenance efficiency within in-
dustrial environments.

3.2 Data Collection and Preparation

Video Capture. The video data acquisition process began with structured recording
sessions focused on capturing the PLCnext device. The LED indicator section is em-
phasized particularly. To document the full range of operational states, we conducted
two 5-second video recordings. These were captured at 30 frames per second (30 fps)
to ensure sufficient temporal resolution for distinguishing between both steady and
flashing LED states. All experiments were performed under controlled lighting condi-
tions, with careful attention to camera positioning to optimize the visibility of all status
indicators. This methodical approach to data collection yielded high-quality visual data
suitable for subsequent processing stages.

Frame Extraction. The next methodological step involved extracting individual
frames from the video recordings. Each 5-second video, captured at 30 frames per sec-
ond, vielded approximately 150 frames per video, resulting in a total of 300 frames
from the two recordings. The frame extraction was performed using specialized soft-
ware capable of segmenting video content into discrete images while maintaining im-
age integrity throughout the process. Each extracted frame was saved in an appropriate
file format optimized for subsequent processing requirements. Quality assurance pro-
cedures were implemented to verify that all LED status indicators remained clearly vis-
ible in each frame, which was essential for the subsequent annotation process.

Data Annotation. During the annotation phase, the extracted frames underwent a com-
prehensive labeling process to categorize and tag the visible LED states. Four distinct
classification categories were established: RUN green steady, D green steady,
BF D red flash, and PLC. This addresses both chromatic attributes (green/red) and
temporal characteristics (steady/flashing) of the LED indicators. Bounding rectangles
were precisely drawn around each LED indicator, with the appropriate class label as-
signed according to the observed state in the annotation. This process demanded atten-
tion to detail to accurately define the boundaries of the indicators and correctly classify
their operational states, particularly when capturing frames depicting transitional mo-
ments in flashing sequences.

Data Augmentation. To enhance the robustness and generalizability of the model, data
augmentation techniques were applied to the labeled image set. The primary
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augmentation method employed was rotation; leftward and rightward. This technique
produced two additional variations for each original image, expanding the dataset from
300 to approximately 900 images. The augmentation process was designed specifically
to improve the model's ability to recognize LED states from slightly different perspec-
tives—a critical capability when implementing the system in operational environments
where camera positioning may vary.

3.3 Model Development

YOLOv8s Implementation. The Al-driven Remote Expert system implements
YOLOvVSs as its core object detection model for identifying LED status indicators on
PLCnext devices. This model selection was informed by our previous research demon-
strating the efficacy of YOLO algorithms in industrial applications, particularly for
anomaly detection in manufacturing environments [8]. The YOLO-based models inte-
grated with HoloLens 2 demonstrate significant potential for enhancing predictive
maintenance protocols and reducing equipment downtime in industrial settings.
YOLOvVSs provides an optimal balance between detection accuracy and processing
speed, making it exceptionally suitable for real-time deployment on computationally
limited hardware platforms such as the HoloLens 2. The model architecture enables
sophisticated multi-class object detection capabilities—an essential requirement for
simultaneously identifying and classifying various LED states.

Model Training Process. The training process utilized transfer learning from pre-
trained weights to optimize training duration and model performance on our relatively
limited dataset. The model was trained using 900 images containing annotated bound-
ing boxes for each LED state classification category. Training parameters were config-
ured as follows: 300 epochs, batch size of 16, input image dimensions of 640%640 pix-
els, and optimizer momentum of 0.937. To enhance the model's generalization capabil-
ities, various data augmentation techniques were employed, including random horizon-
tal flips, translation, scaling, and random erasing. Mixed precision training was enabled
to maximize memory efficiency and accelerate the training process. Model validation
was conducted using an independent validation dataset, with performance primarily
evaluated using mean Average Precision (mAP) at an Intersection over Union (IoU)
threshold of 0.7.

Detection Classes and Parameters. The model was architected to classify and identify
four distinct categories: 1) steady green RUN indicators signifying normal operation,
2) steady green D indicators denoting proper data communication, 3) flashing red BF D
indicators indicating errors or faults, and 4) the overall PLCnext device serving as a
spatial reference point. This classification system extends our previous research in in-
dustrial equipment status monitoring by incorporating temporal state detection capabil-
ities [8]. For real-time inference operations, the model was configured with a confi-
dence threshold of 0.25, IoU 0.7, and 300 maximum detections per frame. The detection
of flashing states presented a particular challenge. necessitating temporal analysis of
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sequential frames combined with specialized filtering algorithms to accurately differ-
entiate between steady and flashing indicators.

3.4 Natural Language Processing Integration

The proposed system incorporates a natural language processing (NLP) module for of-
fering intelligent troubleshooting support using an AI chatbot. The chatbot offers con-
text-sensitive information and support to operators by drawing on PLCnext device-spe-
cific documentation.

For the chatbot knowledge base, we implemented the Retrieval-Augmented Gener-
ation (RAG) methodology, which combines pre-trained language models with relevant
documentation to generate responses. Our assessment included two large language
models (LLMs): deepseek-rl and command-r7b, both featuring 7 billion parameters.

The PLCnext documentation incorporated into the RAG system contains essential
information correlating LED indicator patterns with specific device statuses and their
interpretations. By integrating this technical documentation into the LLMs, the chatbot
can accurately interpret the captured LED states and provide relevant troubleshooting
recommendations to operators in real time.

Our comprehensive testing revealed that the command-r7b model consistently out-
performed deepseek-rl when implemented within the RAG framework utilizing
PLCnext documentation. The command-r7b model demonstrated superior capabilities
in generating factually accurate and contextually appropriate responses, while also ex-
hibiting more favorable response times during operational testing.

4 Results and Discussion

4.1 Model Performance Metrics

The YOLOv8&s model developed for our proposed system has demonstrated exceptional
detection performance across all target classification categories. Following 300 epochs
of training, the model achieved remarkable overall performance metrics, with particu-
larly high recall and precision values—characteristics that are essential for reliable in-
dustrial monitoring systems.

Table 1. YOLOv8s Model Performance Metrics by Class

Class Images  Instances Preci- Recall mAPS50 mAP50-
sion 95

RUN green steady 178 178 1.0 0.966 0.994 0.795

D green steady 178 178 1.0 0.965 0.988 0.773

BF D red flash 85 85 0.993 1.0 0.995 0.814

PLC 178 178 0.995 1.0 0.995 0.995

Overall 178 619 0.997 0.983 0.993 0.844
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As shown in Table 1, the model achieved a mean Average Precision (mAP50) of 0.993
across all classes, indicating exceptional detection precision at the standard 50% Inter-
section over Union (IoU) threshold. The mAP50-95 value of 0.844 further confirms
robust performance across multiple IoU thresholds. Notably, the BF_D_red flash class
attained a perfect recall score despite having fewer training instances. This performance
characteristic is particularly significant since this class represents error conditions that
require immediate attention in industrial monitoring environments.

Table 2. Classification Accuracy of YOLOv8s Model by Class

Class Classification Accuracy Misclassified as Back-
ground

RUN green steady 0.96 0.04

D green steady 0.95 0.05

BF_D red flash 0.99 0.01

PLC 1.00 0.00

Table 2 presents the classification accuracy of the model across all target classes. The
high accuracy values (0.95-1.00) demonstrate exceptional classification performance
with negligible misclassifications. The PLC class achieves perfect classification accu-
racy (1.00), while the LED indicators exhibit strong performance with minimal mis-
classifications (0.01-0.05) relative to background detections.

Frecisign-Recall Curve

BUN_green_stiady 0,994
)_green_stesdy 0,908
BE_0_red_flash 0.9%
L 0908

o8 — all classes 0.993 mAPEOS

0.8

Precision

0.4

0.0 0.2 04 0& o8 1.0
Racal

Fig. 2. Precision-Recall curves for all classes.

Figure 2 shows the Precision-Recall curves for all classification categories, demonstrat-
ing the model's ability to maintain high precision values even at elevated recall levels.
The near-rectangular profile of these curves, particularly evident in the PLC class (red
line), indicates that the model consistently maintains high precision across the entire
spectrum of recall values. This performance characteristic is critically important in in-
dustrial applications where both false positive and false negative detections could po-
tentially result in inappropriate maintenance interventions.
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4.2  Real-time detection accuracy (Field Test)

We evaluated the model's performance via the HoloLens 2 at two operational distances
from the PLCnext device: near distance (approximately 0.2 meters) and far distance
(approximately 1 meter). The system underwent testing for detection of three critical
LED status indicators: RUN green steady, D green steady, and BF D red flash.
These indicators represent normal operational states and fault conditions. Figure 3
shows the system operation testing where an operator wears a HoloLens 2 device and
looks at the PLCnext device for detecting errors.

A

£  HoloLens 2

PLCnext

Fig. 3. Al-driven Remote Expert System in operation.

Detection Performance under Two Distances. At near distance (as shown in Table
3), the model demonstrated flawless detection capabilities (100% accuracy) for both
steady green indicators (RUN and D status). The flashing red indicator proved more
challenging to detect consistently, achieving only 59% accuracy. This performance dis-
crepancy likely stems from the temporal characteristics of the flashing indicator, which
inherently complicates frame-by-frame detection processes.

The detection performance measured at greater distances shows in Table 4. The ac-
curacy of RUN green steady decreased to 85.7%, while D _green steady detection ac-
curacy declined to 76.7%. In contrast, detection of BF_D red_flash showed modest
improvement to 62.0% at the farther distance. This unexpected performance variation
may be attributable to reduced visual complexity in distant frames or alterations in the
visual characteristics of the flashing pattern at a distance.

Table 3. Near Distance Detection Confusion Matrix

Status Indicator True False False True Pos- Accuracy
Negative  Positive Negative  itive

RUN green steady 0 0 0 300 100%

D green steady 0 0 0 300 100%

BF D red flash 85 68 55 92 59%

Table 4. Far Distance Detection Confusion Matrix

Status Indicator True False False True Pos- Accuracy
Negative  Positive Negative  itive

RUN green steady 0 0 43 257 85.7%

D green steady 0 0 70 230 76.7%

BF D red flash 100 46 68 86 62%
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Effect of System Latency on Detection Performance. Cumulative latency throughout
the entire system represents a significant factor affecting real-time detection quality.
The seven-stage pipeline from HoloLens 2 capture to augmented reality rendering over-
lay results a cumulative system latency of 220-280ms. While this delay remains ac-
ceptable for typical augmented reality applications, it significantly reduces detection
quality in dynamic scenarios involving flashing indicators, as frames captured at spe-
cific moments may not accurately correspond to the actual LED states. This latency
factor explains why stable indicators consistently outperformed flashing indicators
across all experimental scenarios—stable indicators maintain consistent states that al-
low for reliable detection regardless of minor timing discrepancies in the processing
pipeline.

4.3 Hardware Performance Analysis

HoloLens 2 Battery Consumption. During experimental trials of the proposed system,
we observed significant differences in power consumption when comparing standalone
video streaming versus full system operation on the HoloLens 2. When operating the
complete system, power consumption increased at a rate of approximately 8% per 10
minutes of continuous use. In contrast, when utilizing only the video streaming func-
tionality, power consumption increased at a lower rate of approximately 6% per 10
minutes. Our investigation revealed a correlation between operational duration, device
temperature, and power consumption. As the HoloLens 2 operated for extended peri-
ods, the device temperature increased, which corresponded with elevated power con-
sumption rates.

CPU utilization metrics

w CPU Lkage Sampied]  Utdoation by Proce Back = 0 O e @ BOO®O X

» LY o ) = v s g a2 s e = ] = =

Fig. 4. CPU usage of the HoloLens 2 over a 5-minute period.

Figure 4 illustrates the CPU usage of the HoloLens 2 during a 5-minute operational
period while running the complete Al-driven Remote Expert System. The CPU utiliza-
tion exhibits considerable volatility throughout this interval, reaching a maximum of
slightly above 5.5% at certain points. Average CPU utilization remains predominantly
within the 3-4% range, indicating a moderate processing load on the HoloLens 2 hard-
ware. The observed peaks in CPU utilization can be attributed to instances of intensive
computational activity, particularly when the computer vision module actively pro-
cesses data to recognize and identify the operational status of the PLCnext device.
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Memory utilization meftrics
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Fig. 5. Memory utilization of the HoloLens 2 over a S-minute period.

Figure 5 presents the memory usage profile of the HoloLens 2. The memory allocation
remains remarkably stable, with "Non-Paged Pool Commit" consistently maintained
just below 950 MB and "Standby Lists (Total)" slightly below 300 MB. The "Total
Physical Memory" exhibits steady consumption throughout the testing period. This
analysis indicates that our Al-driven Remote Expert application utilizes a substantial
but effectively managed portion of the available memory. The hardware utilization as-
sessment demonstrates an increased battery consumption rate when operating the com-
plete system, while maintaining moderate CPU utilization during video streaming op-
erations. Memory usage, though significant, remains proportionate to the device's ca-
pacity specifications. These findings confirm the viability of our Al-powered support
solution on the HoloLens 2 platform, though opportunities exist for optimization in the
areas of power consumption efficiency and computational overhead reduction.

5 Conclusion and Future Work

The Al-driven Remote Expert System presented in this work demonstrates the trans-
formative potential of integrating artificial intelligence (AI), mixed reality (MR), and
natural language processing (NLP) technologies in industrial maintenance operations.
By combining the YOLOvSs object detection algorithm with Microsoft HoloLens 2
mixed reality headsets, our system enables real-time inspection and malfunction detec-
tion of industrial equipment, such as PLCnext systems, without requiring on-site ex-
pertise.

Our experimental results validate the effectiveness of the YOLOv8s model in de-
tecting LED status indicators, achieving a global mAPS50 of 0.993 and mAP50-95 of
0.844. The model demonstrates high recall and precision metrics, particularly for the
BF D red flash error state, confirming its suitability for industrial applications. Field
tests conducted at varying distances establish system reliability, with steady indicators
being detected more accurately than flashing indicators due to processing latency con-
siderations. This Al-driven Remote Expert System emphasizes how emerging technol-
ogies can address maintenance challenges in industrial environments. By enabling re-
mote diagnostic capabilities and reducing reliance on on-site expertise, the system has
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the potential to minimize equipment downtime, enhance operational efficiency, and re-
duce maintenance costs.

In the future, we will concentrate on three areas, including model accuracy enhance-
ment, latency reduction, and industrial implementation. Despite the effectiveness of the
YOLOvS8s model, it needs refinement for detecting dynamic indicators. This requires
diverse training data from various industrial settings with different lighting conditions,
angles, and distances. Optimizing data transmission protocols through advanced com-
pression, low-latency networks, and edge computing would reduce end-to-end delays.
Finally, the work should be partnered with industrial facilities to test the system in op-
erational environments, collecting feedback from technicians and supervisors.
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