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e

FHTAT F+T Carbon Robotics FT a1 LaserWeeder St =< 100,000 & s1fer
FIAAATL] Tl AL H STATHT T FAT gl 2022 F TeT T ST % 18 F I8 Tare 7 10
T AT GXIqaT T8 FT A0 &, 2026 T Tgail (dATer § THHT Teea 100 e
TTAT T ST BT AT 3T 15 90T 3 T 100 T THHT ST T 7 81 THT St §
Zferor AT 7 Rural Development Administration T FFTAT FH FlgAT Hard U 31
FEAT TAT 182 TNTT 3T ATl T TZATT FX L@l gl §H UH 0T | T FT eh & o1dqH Tl
T UH-TF Fleh TASHE TTF <@ ST T F GXIqATE SETE T FIH FHL AT TRLEH
HATA 5 2

TNTATAT FEAT sl IUST 3 I[OTAAT ST QTN FRAT A< RaTi il 0, TA1 T T@IT &l
gl ATehe STAaTY & 9T TSI A0 & 07 FLd g 3T AT &A=1 d%h Held g, STalieh
FIAAATE FEAT o T IHT G, T S T qeal o [o7T ITAeqelt Fd gl de T80T doh
T A=TE T AR dicr Ay & s off | $sft § =0 a9 #r fagerer wrrsfér (Visual
Scouting) T SITAT gl ATHAT FIY AT T IcqTah G § AR TAT 3@d 5, 3T TG
397 TALTeA0T SfreT AT =ATIF 8, ATohe Ueh A=k Ueh faed | €0 FaTe af o qohdT g oY U
B AT I STERT-T ARTE T 900 ST 27 JehdT g1 T fora=T =7 graT €, 8 a< 6f
AL IAAT ATST BT STt 3 3T TRT Ivgl & FI=TT FefdT gl

STd ERUAGR HH & UTH I AT 8, ST8] o A1 g & Ueh 31y Juy Tedr g1 ST ol

gt fg 7 I 3R IR & o & U1 T TG0 & WRUJAR hl S8 IR-IR B Hi sie) 9
Uget Ut 3R Uives I Wi Adl 8| ufial & SR # iR fiewt | s Iwig o g, Afchd

J9 I Hhad U Igd UTg fomT sheTd o THY Ugd STt &1 T gt a1 WRUAATR, TeT0T 9T feem
dIch ST §&I&TT oh folq sIgeT & 81 Yehl Bidil &1

S GHITS] T STATE & dTelt AT fG=IT i Téleh PN gl ST g1 3TH R @ WR Teh ST
SUIR T & ST g2 Bic 3T 1 g2 N hl chael 3TaTeh AT H TR T Sirar g1 3,

e 3R WIUIR AT Tleh UdT T 59 SeclTd hl Ugdl cheH g1 STd Ig gt udT 7 gl o e/
hel g, dl chad I W TR éteh IUTR hAT G9d gl g
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Fege? T 3T 19 AT T SIS ATAT T HaTT Taheiieh et HHT 0 92 6 (o7 qree
AT B FHE T U qEAIT § TREET 3T T A JAT FEA 31T GEAaam a1 ia<
T F IS TATTGH FLdT gl THE Gol H Fed o9\ =L deash ¢, TorehT et FarT
CNN (Convolutional Neural Network) g1 g T&1¥ % Zle-gie I=1 | T, a¥1de e 71
& TohAT T Fod T <@ g, T TIROTHT &7 IRa-33-9%d STEhY Uk (HU a97aT 8| ZH%e
T # ResNet, EfficientNet, DenseNet aT MobileNet 3% et a2 f=r-wrg ae wgar 9
TTerd ATST Fl HE il TEAI o ATHTE e @ Srar g, BreE &d | Sere 1 99
ATAT Aol T g1 qAEATLL & AT FThT T FfRTeeh aeTaT ST qhaT 21 AT Hgid 59
< STET g ST Teh ATHT Tgol & STHaT gl ST 75 99T Soal §1d of|

TN | FEoAd T H FERdT o=t Hgeaqur g, T oft Ia+T g7 7gea ot g1 YOLO (You
Only Look Once) Tf¥aT & AIEH X1 TEAIY I Fddl UF IT¥ 3@ 5, LT & =974, FHie AT
GIAAATL o AT AT ST TAT 8 3T JHT THT IART ATH AT T | ATH F ATEE TH
T T@HT FHTH T HLA o FIOT I HHL F AT ATl ATEA TS THT 6 JTSAT 6 AT FA Tl
g Tl o UH-gEY U @, BT IS4 ST IS § fHgr T9T T et g F arasE
YOLOV5 & YOLOVS, YOLOV9e, YOLOV10 3f% YOLOV11 T #it 7€ fifeai g% =4, 2¥
FIe ST g¥ GIAaaTE &l &A1 @IS odl gl

CNN 3T YOLO T U# HTHAT FHHSII g| T Hl e G=1 H Tt a@d & HIL0T o T=1 &
= warer, T Ot § FAT FATET THAT T T AT 6 AFE § G219 I 95d gl o
rawRiHY, o 5209 ® VIT (Vision Transformer) gd &, ST SHaT [Aae daeT Swin
Transformer TE1T &I 16x16 U< & =1 | qiehe T T=AT 6 ATTHT T &l T0T
FA 8| HoF-329 (Self-Attention) FZATT ATAT T TUMT HISH &l ATTH 39T Il &,
STEE 98 T T ThdT g o QeI & Teh Tl 3T EL Al & 919 Teh gf T | 0 ¢ AT
Teil CBAM AT CAB SI¥ T Tiee &l CNN = |7 T ATt [H3 a7 U gf
STOTTEAT 3T AT BT 9@ Sl T I<(1 a@H, AT %l &7HaT <ol gl g UAT g HI|l U A<h
T SATTAT T & FHTaE 22T Lol g AT Sl 3@ g¥ & I 397 3@ &l gl

HeaTu faETdt g o o Aiee areaq § Fhawl sT=el TgaTd i%d gl ST i 9<il & AT
TegaTad At EfficientNet-B0 3T B3 H&h<0Tl 7 HcATA 2T 9¥ 99.5 Tiderd Heishar ¥
1.00 AUC-ROC ==t fam st &g it Tt & I siqdad asis DSOCA-QSO e+
FTAT Al AloaaT il T & T 6 adfinaor § 99.9 wfaerd HErhar =¥ 99.35 wfderd F1
TR T Tg AT, ST HTH & AT AATArd g+ arar TL-DCFP-CNN FATH, 7T, €T,
g ST T, =9 97 FAAT il T q1F AT 1 98.09 Tiaerd qeteh g1l areatas a9
% qaT o § YOLOvV11 7 EHTEX &l Uit o LRI 9T AT 94 TTqerd HetehdT &I, Stateh
e YOLO-NAS 7 Sorhfeae i @di § G¥adqare Tg=Td i 96 TTaerd TErwdT =17 T@d
TU UH TEIT 25 THeieshe § SETed 6l T8 T & U d1< T ATH & G907 & 99
B0 & off 7w 81 o Sorsrfedefir @dt § YOLO-NAS #t ST+ g2, Ieht Lot i sraar
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AT 8131 & ST g1 8T GISA HAT 1T &, BAT Bl 3T T2 AT § AT gar § T97
STer Tl gl 39 TRl § FErahal aaT0 1@ HT T Hehd adT g 1% Uh ST
& | FATAT Wied forogel oo &= § off ST T qha T 2

AFeRfgd arga 1R STHIA Adle @d # TR Teld §T a od ¢ | (i smeft e off &R
Y AT dt Adie IF °1g ¥ AW (ke et 81T 8| HfeIT W hl ardfdeh UgeiH dhae AT
T Y Gétendr 9 =1gT, fRofa a7 &Y 7fa @ oft 97 giar 81 ver R & vz &

e Tdhs o1 3R 3idd: I8 9T &l & foh Ues Adle T s & fohaar @4 g uram|

ST HEA T GIATATL 0l T Uh-g8 il Gl 5, ATTATHIT T TH Aol gid| qd
TTHEAT AT g (UFie &l FH AT @IAAA % &9 § WId 5| PSPEdgeWeedNet
ST TRATET-Tg =T 9T ¥ FHE 19 Y28 Hieg FT AT ITANT Fleh GIEAT o @i &
FH 3T FXATATE hl HHT TP T, Safh da9 Tgd aTet arg<t arar §v==1 CAMDWS =
AETATS g % @Al & THE GXada F31T A1 (Lolium rigidum) ST STt et
(Raphanus raphanistrum) =T F#Her: 91 Sfera e 90 wiaera & 12 loU I% Ig=TT,
STeT loU ATEafash 3T SAATIAT &1 & Ara<erd &1 qu1d gl ViT 7 PlantVillage 22T 1
99.8 Wiaerd AT T, 3T ViT Tl Fed [eF2He AT sl & SiIe+ aTel HybridViT-CAB
T FaT 412,000 TEiET T9T 1.57 ATTETES AR | TH 5297 H1 141 FOetrosme o garfeq
FXd g 0.97 AUC i 91 sfaerd |&tewar aTa Tl Swin Transformer T backbone
TR ConvNeXt-V2, SE-BILSTM =¥ T Q-FZART AHET T3d STIEd aTetl Ardaiad
FTLAT TUTEAT 7 SAR-CLD-2024 Fa1H 22T 9% 99.30 TTaerd TErwar &1 sl | ATHETT HT
%z UH goh IS 6l A dgdT fa@dr g ST JelehdT 7 a0

qIAY TATEH AT FHL H A FTAT Jiefi | a7 T2aT gl RGB H9¥ 7T #iT 3@ % AT
T TS ed g ST &, gooh 9T I 3 S H TgT F T ZIH o FTL0T AL (TR0
ST GEAAATT TZATH % | ST o T &1 AThed Tt o6 AL J[ESATAT SHHIT [ AL07
T A T Tgol The AT HHA STH T AT gL @IAAATT Al T el | 9T TRTL il HTHT
TS AT TS ST ST 81 36 T Tl Aoe[eqaed olI¥ gIeuiedded SHISNT 9idl gl 475
AATHTET AT, 560 SFHIET 221, 668 AAHIeT ATe, 717 AATHIEY 18 US 3 840 AAHIeT
Aee-3ra<h S8 [ gU =t il qeraaaeiierdr TenT-3eRT JTa aTe §6T 39 A1 &
HTHTAST 7Y aeqtd gasi® (NDVI), gRa ArT=aha sia< a=qeqrd gais (GNDVI),
v=-Ust NDVI 3% JaT-a9Ta1iord aqedtad gashis (SAVI) SH Hehasi § aaed & o faars
S AT AL AT | Tgol FATLTEHA geed AT TTHT T T LEATAT a7 The oA gl

RGB-D #8< Wi 1% o g2 foeeer § T T /I SIS [H-3ATHT T27 shl =471 <dT &l
TET TZLTE AT 7 FA3eri Tt & Resr w21 Tare £ Swuferat a1 [ Tare #1 awe

E¥e [R9HT |Ted 81 39 A ATel AT R ATgAT STHIA F 2 F 50 Hew it w7 FATE W
SEA & T Uy Twar § @ 99 3@ @ e uw e 0.3 ¥ 5 #EieT gortar g, et
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STHIHT TETe 3T g H Tohs JIaTsd TR0 T SNg AT g AT a1, raar, fHgt it
THY 3T F9T 7T 9T Internet of Things HET TIT HTEW & AT STSH I¥ THT 3T
T o 3 &I HT ST Uah of IIeqdTed § 9gdl gl Tg ST e 9¥ Al &hdl, qioh
TATTATT a% STaT & e T2 &1 qraaT SiiY st & FATT Al QI T ATHerE ! 9%

TG | AT (@ | Il a@d SRH SAITEH 6l AT [0 Tl gl Theih (@l o ard

TRT G & T FigH N g AHT T @ arer TRT Tg=medr gl

T T TS ARSI qLd ST TT g1 gidil Ivg 224%224, 512x512 97 736736 54 a7
STRTE | TST STTAT g AT TUaFe JIHT 0 Uah (A% ST § arariied 6aT Srar g1 g =t
T T ST ST TATT ohT AT T HEAT STEFATT B i TIITS o o7 JEA AT,
AT, TS AT AT 0l STl 5, a7 &I GAN, cGAN 3T DoubleGAN S Sa<fea died
TR Ol 3T @XIaTe sl FOE TEdlL aATHT TIAAT ST TRTT g e 9\ SAied
TSAH AT deadh, AT CGAN, TR F THTT Fl Tl F &T TS 91 o & § JH IHT TNT T
AT FHIEH =JF TATAT 5| Tk T&T STEAT STET TEAIL TATAT § A THL SH AheAT TgATA ahl
FITALT FXAT 5, T qHTa § AT TgqL 21 &1 FIA-USIHT A0, F-ATT A AT AT
AN STH FAT HISH Sl T AIAT 5, STtk Adam 31T AdamW ST sdad ateat i
T -y =erd &)

storfera wise &t siqa: °q & et 7ol #§ =r==1 grar g1 NVIDIA Jetson Xavier NX,
Jetson Nano 3T Raspberry Pi STH gt ST & wege< a9t Xilinx Zyng-7000 i
FPGA @& g T Fd & FIeTeolerd g8 I HIAT I TUIHT H I Fi¥eh g 0T
H faet &t gear Ferar 8 ST a9 AT AR S|l =747 g1 TERAT ATSt Fedt g, At
TUTHT Fgl 9T BT STt 1 AT U AT SATaeTeh ATEsh i 998 TROmH 9T FH T8 ST
T FeAFIE BTl &, 3T Tiee T TensorFlow Lite a1 TensorRT & S&a | AT q0T
Jgd =e qhaT gl RArel & Jqa FPGA-Ta<d Aled 7 #aet RGB a1 #ied & 43.2 AT
9 inference, 10 fA<fi®e & F7 latency 3T o1 @Ud & 88 wiqera &HT a1 7 Jorferat
T TEAT 42.6 Tefrashe & q9rfarg et €, e ®IF ©¥ % STl 9¢ aredaias a9
e v 2, =i 1.9 ffera e am=r PMVT @1 pruned transformer s
TensorFlow Lite, ONNX Runtime 3% e gRPC H=T & a7 Ff¥ $I9 3T e ST
T HTE FAd B

UH Hiee i STATRAT F2 ATIEST & AhT SATAT g1 Accuracy Tt Aot & &gt Aot 1
AITT &, precision TT F7ATT T ATHAT § ATEqd H T ATHAT 07 AT & 3¢ recall
areqd | TAM Tt H @A g el T TR 1 SATAIT &1 T RN 6T g aed iy grdl
g, STaTeh TAS T T el Feg ot | T TRT o S qEA1 sl HEAT ZaAAT ST 21, F1
THIY precision ¥ recall FT ST F@TAT g o A AT TRI AT AL T & T Tail
AUC-ROC %% thresholds 9% W&¢i= fa@TdaT 8, STt confusion matrix Tt T AT 3T
IS o ATHTT Dl AT H TR AT FLAT g (o6 I G7 TN hed T Tg=T=T 147
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TR O T T a1 & 97 7 O o | HeAd w1 a0 {7 A €, sefern TRT siw i
A2 @ precision ¥ & recall FT Age 34T AU FRET ATH T FTE il a1 &

oTTST STTer g e 2l

e T ST AT @It a1 detection 3T segmentation F 1T 3T ATIEE 214 21 loU
FqTaT g o6 Aies &7 a9747 & awatas® =91 F haar fHedar 8, st mAP %2 thresholds
U¥ AT precision FT €T g1 T &1 T T U gl SE AVTHT I [T FT HA a@
ST 21 I Fhe G| frames ST inference time T3 #¥q & o @iee aeatas aq #i
T U FTH T TRAT g AT il AT & H ITANT 7 21 a7 THT 378 Feheroh e 2
THTT @YIATY geT &l 3%, FHe &d #f 2¥, Id hectare herbicide ST &Y [GETd
TEAT S8 FHTT ATIGE AT AT 3 AT &1 FIeL T Tal ATHTT ST a1 i AR T
ST § ATEqTAH AT &1 AT T &, A TAL T IAL A 3 ATAT AISA HoAT Al
T[S T H ST L1 STHT qTOAT|

HEATSN o T AT @Al § R0 FHL ¥ UT 2| THET, 3N, FH, 4 7 weiady St
AT ARETHT FEAT 9¥ JATS UT 32 S &l SIS ATt Hard Toerdt 5 &l &l
YOLOV8, YOLOv11, EfficientNet aT MobileNet T aTel Higd &d § &f TN TgaT9d
& THTe< F7 early blight 3T leaf mold, T3t #T faa F<= aTaT mosaic virus, AT
T dTAT FT F9T 7ig arar yellow leaf curl virus, 3T #T downy mildew, black rot ¥
TORTet o &= di=AT gTiaT q@T 9T esca, FATH # aphid 3T two-spotted spider mite
TAT I § T a7 AT leafminer| IcaTas TRIT 9T 3 HTHA Uk T T g i T
e dT8 Bhid 9T TN &1 A8 qAqT =07 f&afe @ e w@q 99407 2l

THTET, AT AT AT AT TLA0 @t o @ g & [ & arg #41 grar g1 qesdr
fungicide Fa 37 &A1 H STAT TAT [Ieg, ST AT HISA F TRIT TqTAT, 3T Ival &1 f
TEETE ST | FHTASIT & 2| HaT Al it §=a7 9% 90478 qel gall, qtodh a1 e Tl
& ATEA A AT Faa arel [ § g3 1471 T ot aga & a0 UF @ 3T UF "raq
T HITHT &, T F2 TEET, HIFH] S LT F TqL AT a8 ST o0l ST=d JdTe ST

2l

3 (e IUARUT I &5 | UTel g STgi fa=ivst deh Siedl UgaT hic &1 Teh iy dTi-ch el
fehe W <@ §, I8 & o ATER d&eldl 5, Afch 5 STTg H&AT 3o+t 9t ¢ fob Taet Foft
SITg STHT S 81 Geh i 9 faivg & sdla e gid e &t &mar 39 depdich & thel
ohT Yeh hIRUT [t &1 38ch! HffehT A &l g & 31fdeh I7 THAT 3R WIHT ht 9= 6l &
STgl IG<h! 3 gl ugat|

FHY T FEA A GIITATT AT Fileh hael STELT ST T ITATL FHLeA &l TZId &l
Tqe-fafere meaaa yeed, a1 SSWM (Site-Specific Weed Management), FgT SITaT 2l
THHT g I ©d I GaY qTAT [Edd § geah? Had @aaaars arel €479 AT ST agl
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ATTYTH ITATL FLAT gl ATl 3T HHT &l Tl GI=AT AT Al gl O 3T GXaqar
I &e i S 919 grd 8, ST Iat gt gl &l

FH ST GLATATE Tl AT AT T G & FHISA gl A1 8L g, AT 98d g AT Bl
STAEAT | IThT TITAT T SR T THIF &7 ThdT g A erdT & 120 hectare g &d &
TART § T8I o HgTE GHEAT 8 #hl | FH ST & Aa<ied A F AT &d il 5y
AT FHAT 9T JETL AT S AMSTF ATHS T eh-HTTorsh-Faded fusion algorithm  3+¢
TRl T qYg TET| S Jlz-a< gadwis @eqadare ¥ 0.025 ¥ g § 0.015 o1, IE (a7
time-series spectral indices # aT% fa@T, 3t CAMDWS segmentation STg 9%
FHA-GLIATATE HHT 6T 9.8 & 12.3 Yidera misclassification 3% =2 5.4 gfaerd a1 72|
Fheg T T A & FqT AT T Bi=e i ol a1l

See & Spray ATHE ST FAA ITHLI gL AAA * FHIL FHT AT A1 T T doF
ToFSi e aTed o TdT gl =5 John Deere #T @gTa# #a+T Blue River Technology =
FETATI TZ green-on-green THEAT, ATHT g1 FH o = (90 gL G¥aqaTe, &l aredqia®
THT | TgATAAT gl T At i@ AT gL IR 6 S g2 GXaddr &l QLd dgl T Irdl|
GIAAATE ! FAAT ST THTL o ATHTE TOMAT & T AR 150 T 250 ATShHIHIEL 3T
=@ 32 0.12 ¥ 0.35 w1ex I fHAe & = a@adi gl T @d I¥ @eaaanAret a8
& ¥ FATT a1l TRATE ATTH (SEh1d 6l qadT # T2 STANT 31 & 32 T FHeTahe
TR 0.68 Ffex Wi AT FT Il 5| FE LTI & F9dT g T el | S ATedt T
HqTAT AT =t

T AT AE TATEr & ST, foege TaTa T TEAATA it aTar TeaT 9t SATTE T4 ddTe]
T 954 THT gl DIN-LW-YOLO 92T TATEH 3T RGB-D F#T aTdT #9139 Ldle
FHA S 3 GIE GIIAATE o dgdY (6 &l H-Aamt FEersi § gerar gl agar &g
T FULT AT € ST & qTeT 797 fashTe #2dr g1 Taie 39 f&g u% &0 9¥ Ig-91f<h awie
FATHL IH THT § T FIAT 8| T @IAAATATENT il F&T o6 TSI TH1eT H @RI JLaAT 2l
STHTT #iT Carbon Robotics #T LaserWeeder =# fafer it ATa e €< @ of ST %7
THE I gl T T =e 100,000 & & GXaqare gardl g 3T 2022 H 99T g % a1
T 10 3T & EF GXIqare T8 HiT AT gl 2026 Ff Tget AT | AT hihd TToTed
100 e Stae & o7fee galr ofiT a1 # 177 ey Stew a& aardr 1T, S Fid
AT AT o oI STaud &< gl Taie 15 90T H AT ST e & S IAL AHIT,

TAT TAT AELTIT F 100 F SATerF ITATEH ITRT ISTTRT H4d 2

WAt 2026 H Ut = 150 fAferae dee orft urey awaRi or ufiferd fawme urey dteed st
foRaT| U=t < AR Y ©d AT TS hidel (Ao R Uge hs U8 o arell 3Tchierd
fRN&ToT 319 e AT H 91 81T 81 gER ASIE el Ut JAdIe & A alet WRUAAR, gt 3R
AL h g TS ol & & g1 HIGHAT US| Teh JAGIC ol ST STet aie 3R 37T W

10
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dep Ite & ST ST GohdT 8, SO Aok RIS Tah Wd & IURRUT T ahs Tdl oh IISTT Hisd hl
3R et et &1

AT % I TGS | TV T STUTEF 6 &I | o 219 ol JAAT § B g1 il FATAAT
STer g1 ST 8T Tgel Uil Teeah @ | =19 I3@dT 9T, Tel A Uk TEAIL AT Thid 9¢
TIRT T 917 T@dT g1 Zferor &iAr § Rural Development Administration o Z€t 3297 &7
SOHT U FATAT 31T AT YT 8| IcqTaeh TR I(T AT e hl TEAIT AR ATATE FL AT FOAT
ST T T T AR I HI=07 THET GATAT 2| AT T2 31 H=T FF e ¥ 182
TITH a7 12t 7 AT Fear 8, 3% 2030 T aferor FHIfaT it 139 q= Faat a6 I8
T TTSTAT g1 AT 6 AL TIET % TH1E BIHI H FATSS-SNLTT FIT LfgadT areqiah
T § g TATU 3T FHA STTHTIT ST 927 late blight TT powdery mildew &fgd 9=
TIT 31T leafminer AT T file Thedl g1 g TSTHT 17 AT O & T HU-fa9r Al
T2 “Al Isagi” W1 FATAT § SIY FTAHT T T T IAL & JAT I TaeT AT (A& HLed
FTAT FAT HERLIT T FT Bl gl

AT @IS Tl HART, WRUIR A Tl hFRT SR Ich IR I g 1 ok et
ITAT JUShUT 3idId: eh Tdd UdTg ST 81 g T2 Wd UR Teh SidT IR hiA I §eahe g3 Uil
3R Thel 31T UG T 8% Ueh oh foTT 3reti Ufafehar a8 ok T Sgatra g1 @l § ST ST
@ R IR Al 34t AT R @S g1 T8 e fha-t theift, 39epT fAufa Tdterar, amma iR
TGk T HRIET Bl |

T O o STaS[E @d TIRTLTET Jai gl PlantVillage St 19 =T Tfreqor Ser-a3gt #
AT Y 3T THTT AT ATAT TEAT g1t 8| TEAT & H ST T FHI9T HTEH AT THT 6
T TEAAT 8, TTAT Tl gl §, Tt gar # et 3fiv Ush-gae o2 =@l §, o9 o< oo
STHAT & TAT T0ET 3 & a9 I8 &l IAATT 2| THANTATAT T aead i 9% Frrfera atea
T HIE UH &d § o ST 9¢ domain shift = FTE0r G&ear a1 [t g1 = o &7
ATATAL TEAd gf TS IHT LT [ TR S IS % & H TgaT9 ThdT gl ThTer H7
-ATIHI, F T @ 1 B0 AT I 9 ZIAT 61 fer i &y e 7 gadt g1 fHhasi
AT T THET g, TTQ Sre A T ATATALT STEAT G & AT g T HISA T H@T AT o7
TEATT g STANT Aal 2l Teha Tl

AT AT ST T 97T 51 Bounding box Ei= 3T g¥ THa &l 917 & & o0 Hfy
=T s AR 3w 8¢ w41 U2 &% f9=e o 9ad 21 «TesdT semi-supervised
learning 9% FTH ¥ Tg g, ST ATe oo § Hadr g; self-supervised learning 7%, ST Hi@d
qHT AT I IATAN 5, AT few-shot learning T, ST ad F@ dedlY a@h< T3T TAT
TgaTdl gl Large vision-language model 3i¥ SET §&AT § ®a@e (T FAH AL I
Tt generative Al S8 STET & THeha« T GALT 11T a1 2|
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AT FE I AT ST FEdT g1 FIT-THT TEA L 0l AL-TT AFTh, FISITEIFEd 2T AT
gt T H#19H F Internet of Things AT & AT ATEqTa® THT § SIS T [FATT ST
T & T ATAT ST TN 1 THATH 6T FISATS & BT g1 T o0l TEAI A STHIAT HET 6
AT T AL TAT A=A < T BIAT &, THICTT Ueh g THA ST TATA FT WA LA ol
ST TTHAT ATR TN TR Sedt & T a7l BIE STHRLI Tl TgAT, LA, T TIT 3T
e 5w = us ary foa7 feta == g €, i q9en & oo gies 1 grer #3
TAT FPGA aIT NPU SHET S/ I T gIEaaT STIEH, 41 il ST&d gl

ST AT AXET g1 ST AT Jiee black box F FX1a 2rAT § S 3o+ Ao &1 1w
el SdTaT| ITATEF ST FH FATIF I T IT ALET Fh [HI=7 THTAT AT F T8l
ST ATEd & [ O<il o ol Tg&d T Aieo &l TNT &1 (497 24T Grad-CAM, SHAP a1
causal attention mechanism &I Fied ¥ STSHT &Y AT &5 FHT TRIETT @1 aTaAT oe
TH AL T SRTAT HIET AT g1 T TR Tha=t ST TN 2T, ITATaH il IHh (H0T I¥ Hag
AT & H IH TAHTT HTAT AT [T
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1.2
Tl chl IRYaIdT Rl STeheTT dAT Jfeg 3R IUST <Al

qaiga

Uh S8 ARG YRy H UT8U 3T UR IeT- aTelt glefl U ShiRT ovITehR URRUSdT oh g TR0l
¥ et At ot S fmm ofik 3T 9 1 et IuST T Heiy Sira- bl g=ieroT fohar |
Y hi ©d & g™ &l I W giett 0.3 & 0.5 Hiex ufd Yehe hi TR F Tard! g, 3R
ITch A dAeenl AT hdR H a7t gie ht ufdat & = f@rs 37 aret fRme A=t 6 adg o
AT UGehR JAch STl Uchnt chl HTAT ohl AT H el &dl g Slell R ST Ig TTUTHT JUehiol Gt
TRteToT Srafd & fodT IAR-Teld & UgdT &THdT 9914 T g

Uhel ehdl Uehl 8, Tg ST foldHT T8l 7TdT 8, 3G ehal 3ifeieh 3MTfefen Hed I@dT ¢ sigd
STed dlgA IR el § fAaT dg & Uget g1 ag faeh Siran 8, ofR 9gd &R ot IR 98 A U
SITdT & IT TS giehx fIdR0T oh ERT ThehdT USdT g | ddl T dch ag Ul ATyl <hl stfal
3R g1yl iR AR g1 3 @a a1 WHe3H H gHeR 31 $Ed 3R el Pd U, TR g ek I
HAHES UTST 31T §H h hIRUT Teh 6l thel oh IR H STeliT-31elT Mg giHT o1 U7l sy,
3TFAdT TT ThdIRdT Slch-dleh ST oh foTT el ehlcan? IGehT 7T fAahTar T 3R IuhoT O
e fascwoT AT ggdT o, s a8 thel IUANT o ARIeh ATg1 @dT| $S A e 9 IR
W fi AT T81 ST ST Gehdlt, 3TfT fha srtht 819 3R 99T W dch Y 3TaR thad
ST ST IR UTd A | Teld el chael Yeh aR <hl 811 den HifAd =181 g ugedt gere &
B 7T AYUhT Thel STTAT JST8 dch STGIR ISR IR gl 3gdT 3R ThepT USdT g

Qeh AR ol aT&dd H ehelel Geh U%T &l IR g1 &A1 BIdT| g IR foh chlg Thel 31TST G 8
Uehl & IT a1, I8 YT foh Ox1 utet 31eft Gt o RUT | @ a7 thel HieT §iA oh oRUT H, 3R Jg
g1 foh 39 Wd @ 31 e fehettum Iust faell, i srer us 81 uRuererar @t fAofa gen
thel S@ah? fohdT STTaT &, gfeg axoT o Fofa R tie a7 @ < gy d@emy, 3iiR 3ust ar
SIFHT 37 &1 et [eny fdsg <hl Gt | saetdr g1 fthr ot o=l &ht &a3rTd Gen 61 ofF & ot
T8 &R T Bt 8, 3TTeTT BT chl M fERAT B TS T 3T <R S oh Folg Ueh hiR 3R Ueh
&) UrguetTEs @ Tt Ten w1 Jrer Y 3R 56 & 2

FHLT Hael T @R AT Thel T AT T THAT &, AT SHHT SATAT BT gl B Thel TT
39F T4 § FAHA ged T g, T W Il T2dT g 3T FlTeAIsE AT TAETS
ST AU IHEhT SNIE A Bl T AT, AT AT AT ST &1 ZHT 87T fa< g a1, sitat
q T o el gaema §f ST Tgd g1 I H AT 9T AT Fed Ao 3 aared
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(TSS) F&d &, @TIT TAT ATAT aTzecad FTFAar (TA) Hedl g, ¥ F&T= qT=qT THT HT
AT ST TIAAT g1 G THTL &, FATT A 3@ &l [d@Te & a1 400 7 700 qATHeT
FT AT & T FLA ATAT RGB FHIT, WA, TATAE 37T SATHTT A FTg<T TaaTd Iz HiT
T ITHI B

RGB-D i\ 37 & 7 e 9T ATt T it SATHHTLT SITEAT gl ATHT 7T Fae qq7e 3T
T LT AT 1 FaAT 5, STt RGB-D FH7T g¥ fUsret & a1 g &1 U q19 o S[Iear gl
Tg AET BT g ST ToRell LT T2 STeAT9T 3T F9TAT o |19 Sars Wi G@e a9 6 TS & A
H AL A T AR-AT &l qri-ary R, Bear s sras [amear g, ofw af=t 4
QITETSAT & SATE T el I HT TEATH AT gl T §U FeAl i SUEAT HLd I ATeq o H&AT |
FH el T ST &, TS ST 7 @7 SIS Q@A 1= il 3 e S(1aT | TAersd o
79T FIA AT TAEl § T=Td Intel RealSense D435i ST ST Tgt et AT 8

ST THET HLA H AT FIRT TH (AT g1 FHL T JeAI | o2 f7ar gar g, Taie
Gaussian filtering 3= Wiener filtering ¥ ¢TT¥ geTaT SITAT & 3 CLAHE T &
BTATETL TAT THDIA T eHl T e e THTH (HIT STTAT g THE A1 (9o AT I [T
T | 19 % 1T min-max normalization faT STTaT g1 &A1Y %3 g1 T HISET aEil &l
THTEHL, TACHT, ITh! qHH TaAHT T BhlA HT Ueh (g6 Thah HEAT qETs STl 8, AT gref
# CGAN a1 SMOTE ST daheiiehl & a1eaa § 7 forT 0 sreafas wdl & = i
T THeA o "I AT THT0T ST H S ST 5| T 9 FTETe T2 A€ FHT TT90&T07
ST qATIT THE! § died ¥ 8ol (HATT qgl ATl Tger ST diedT e T Fhaer sforeor
ATl TEF T TEAAT ST &, qATh A12 | FAH €T & FE7 g oAb 7o 7 fHer)

S et o fReth T 337 3i qeF T2l aaedl, 39k AT 597 RSl IaH g1 7T gl 4TS
& & Nam Dok Mai Si Tong (NDMST) THET I&TE0 &, Fi1% Toh sl TZT Aarer &
SHFT REART THAATT TAT T5aT g 3T Had TEA ¥ a@FT Gel ST 0T qF HLAT Hiod
2IAT 81 UH § fAere-37a<<h, ST A\ i@ & 7 3@ a1 700 A4 e? 7 o7fdrs airaed
T /1O a1l multispectral 3T hyperspectral FHY FTH AT 5| Hehe-sTav<h TaTer I3 &
THT SlI¥ TS Toed & FadATdl 9% a9 TTAhar ad1 &, ST [ & Hiay
et Rafa off aarar 81 eawats 7 =T frgia 7w AFMG-DLFF Sorrett a=rs, fSreH RGB
= & fAaelt aTedt ®I-3 T 1536-ATATHT fareraarsti il sAiqia fafa aar arer
512-MATHT A | SITET 1T &, 9 SHY dFe< H WO | SFqT qera?. fHarar 147
BrimA index T orTforer €, sfi¥ a1 AT 2048-3mamHY 2% a9Td &1 K-means
clustering & FgT, ST&T 9T 3T TZT TaT, T T 9207 T [T T, 3T SIS 6 TH-gHY #hh
FHF T ITGT Fh STHT g9 6 Fage | YT Glowworm Swarm Optimization &
learning rate T batch size S T U 317 70; T8 912 39 fusion model 7
97.86 wiaerd grading accuracy gTHEe #iT| Iwai arefeafa=i § Fae gfa =T arer model
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#ir accuracy 88.16 I erd 3T Fat ST &l STe aTel model & 88.73 Widerd &r,
ST =7 o & siiafeF 27 STre | accuracy Tl J&!|

STRTET o T ATT & TIAghaT HTI T LT ST 81 el Tohed o6 T Il GAqg A AT
T ZAT & ATTHTT a7 a< efie-efi< F7 grar (AT 8, $i¥ thermal imaging sensor =8 &0
ST AT | 92dT gl O AT Sl § =0 G & a1 [Mehe-3ra<h 7199 3T 11
T ST FA-T[=al | I TAT qh a1 5% (FFA) T |/ &7 F1E SAteht STt gl
UT & A= 7aT ESP32-CAM module 21T 39 9% 98 319+ 31T fI¥ Fell &7 aredfas a9 §
T 8 3T YOLOV8Xx recognition model # [ web dashboard & dTeqH & Y4 &l
AT AT g1 Tg YOIt srrershas 0.94 &1 F1 score, 3¥ATq precision 3 recall 4T &l

T @ aTAT el score, 51 HLAl g T ITod ST THT Lohe F FATT &l

T FH T AG AR, TE AN 3T FHA 0l Thid I [T FLar g o w7t § Fwae a1
TGAT TATH 8, I (o0 U qedq1 RGB FH1 Freht 8, sifeher af=rat & i) fuer amer wett
ATAT FE o 1T depth information aTAT RGB-D FHT ATRTI W S FeAl § dTg< MY
¥ i FRurfa st g1 av Mehe-3sra<=h AT hyperspectral sensor STH g YT AT
TEd &, 3T I AT fatty acid ST g&H =ew @+ gi T thermal imaging sensor |t &1
STTET SITAT g1 U Jed AL F L&A Tk AT & ATHIT UH-TF sensor SISAT fhegrer

HH ATAGIF HIATTAAT HH T gl

qF WIS i A T AAAT ZIeAT TL AT AT FHL HT 1T Tk TEAIL oI I FHTH qg! 2l
FAT FIgATT TEAT H L HA 6 AT AL ATATHIT box FATAT 8, AT Teh HigH AT STThT
O €T 9% el il HTHT @IS I T & STeRT HTdl | THEAT T8 ¢ T aiefl & 3T
TF & FETT oI T FHL T HI07 ATST T&AT 9 U gl B &l &l T A I [ a1
FALT TEdT g1 T8 U * foIT overlapping boxes # H&# 73+ confidence score aTaAT
T# box T@T ATAT g 3T ATehT geT aTell non-maximum suppression e e d3TTs STTd
¢! =9 a1 DeepSORT SiHT object tracking T SISt ST &, ST AWTATL ST{=dl g 1o
HIS[aT frame # o w21 w5t fU=er frame 1T &1 el & AT A21| 39 <A1 IUTAT | ZTeT
MARTSH & T AT T FA o A& (64T I ATAT T FE&AT <l T 2

=1 § A AT SHTEL o [T -3 2qTedl & e aLiet ATl uF Mg &
gt Tare 97 Intel RealSense D435i FHIT AT TAT| HATE 1.2 Hie, SUT-A1H FaHTa
30 =Y 3w FTv-amd e 15 Rt 9% q=r o3 12m, T97 lens ¥ w5t & 1= 6T 1 0.5
1 Hex TET | 279 1280%720 resolution 7% 30 frames per second T video f&=aT gl
ST TEre 0.3 7 0.5 Hiex wia #ehe &l ThATE ¥ rail 9 F9dT §, T FHE0 qigqdl UF =
H AT T FeAl oh SATATT & TTFHAT &l A T | Fledt gl TTEIHF 07 § AT 3T ha el
10 ¥ 30 Yraerd, 7ed =20 | 30 | 70 Wiaerd i e =or § 70 Siaerd & (i e 9
HAT BIAT 8| TH F1H o o1 g41 LampCT-YOLO model, YOLOvV10 backbone 9%
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SegNeXt AR attention mechanism TRTTEHT T & AT T AT Fagasiier a=rar
TAT g1 AAETSH & e+ I7 [0l SIEt SaTaeds To SiaiHar 72T & a1 LAMP channel
pruning FT lightweight I3 STEFT model FT AT Ta4T F/ 32T 7147 T Telie F e
computing device ¥ ¢ real-time detection H9 g1 @1

TH VAT &l ST Fd § 3@ af 39 &7 2= 92 NVIDIA Jetson AGX Orin AT Xavier NX
STET edge computing device @ g, 3f¥ WY RealSense F0Y % &1 2D LiDAR
sensor =T 21 LIDAR TSI SSTohY I FAted T THT JTIdT § i AT it aremst i
AT T T TFAT F7qT &, Sree e TS 7 rail 3 T § a8 Tal Siarl
FHIT 3T LIDAR HTT TEAHTA T aTAT Tg TS Fhad ATed (e a0T § FAl i THTghaT
&t grading &1 F¥dT, dfe® g€ 9% ® & 3D coordinates Wt fA=Terar g1 coordinates

ST ST&AT g, F11 STl =97 § robot arm AT 1<k &1 31 IHT STg TgAHT HeA ATET

AL

FRaTaT o forT OFT 3@ i IiaahdT TgaTH 6 S-S ST TATAT HeAE FT HTH 2l
THT lSATE &1 FeT & forT AgroDualNet FATIT 7T, fSEH TET 1 UF &f IO T H 3
TRT IZATA ATAT AT CBAM 3T ResNet50 & |12 SMO optimization T ST &
ST o<t & TRT A& aTelt PlantVillage dataset 9% 99.6 Wfderd accuracy =T 2|
TRIFHAT ATAT ST FThT e MobileNetV2 =T YOLOVS8 # FgT, STeT T, 3T T 3T
TLH T2T, T AT IO [ 9T FdT 8, ¥ battery & I a1l ®1< device I¥ AT
FTEITa THT | FTH HAT gl Th FHY A TF program & AT (977 T q1 THerd &,
AT f3RET &7 &7 T equipment sets & &= T=41

STTITH H ATTITAT ST a1l o |19+ explainable artificial intelligence T e T FoTdT 2
grading F¥ ATAT FHIHH FIGATT AT ITATEF HI Tg 7 9dT qeh [ 39 FIe grade FT
o, a1 =d ® 39 9% fFeame 9T #1981 emeawara 7 Mask R-CNN neural network #
global context block STTET, ST Tgel X AT <@ & AT HATAT Q1T ATel [gedi T ARH
Hohel T & TEE ATIATAT *h7 Feg % a0 AT geel foerer &< o¢ &t o fhw aro) fihe
T Tdg § W F FATT H1 a7, ATST TS, TIST BT AL FleT FHT €78 AT § Ffeh
feroresr o Aot =t it Toher w3 aTet fuzzy inference system ® =TT 7147, e
FTSITE H Y<h premium, superior, good ¥ off-grade, = =X grades # STaw afiaHwor
| wh [Rfera ST & #3517 3T a0 % aoi /g (AT i SETgar I J IcATaEh
S LT T THH FhaT g FOE I AT T grade e

X =g =q T Fere Fd il S0, Ig T FT | drone FTH AT g1 Mavic 2 Pro drone
A 7 e T FATS F THhs 6 SULT G6d § I Tl 9% To0, IT+T tassel ATl @ 6T
TEAIT oaT g 3T 1 hectare FT &5 a1 #4d | a5 e wmar g1 YOLOVS 9% samhd
tassel detection model % tassel &1 Tt B T ATAT, BAAT L= AT 3T T | 37T,
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T o FLON § Fiedr g, 3 o 7T tassels & TXT a¥g et 9T o7+ft 7 et tassels
SUTT & < | growth index f&TeT STTAT 81 =9 index #T 7%= # silk emergence #T
qIIE % AT A1gd negative correlation T4, =¥ correlation coefficient —0.943 =TI

qFs ¥ silk e it aT8a & oIRr it 0T § g2 8 7 aIHTE et Sar g1 ey o
qATIHTA STEF &1 AT HH, HEHS Hl ST 9207 § qg= & (o7 =2 accumulated
temperature IZT FAT &f 94T g1 Emi Star & ¥ accumulated temperature 500 f=3ft
AT g9 % F2TS 4% ardi g 3T 560 =3t a2 7wme greft g, ot Honey Bantam 20
H 7g 450 =3t 97 0% g 510 =31 9% 97 St 8, rA7q g¢ ohed &7 7Tee e gl
TH A¥E T 3T TS oty e qr= o &t greht 8, i Fars & U 7+ ggd 4w
UH qATTHATT AT 70 TTqad ATHaAl | Gl Aael| THT a3 9 & U2 § TgaT FF (e &
AT a1 ATl 9rer § BiLSTM-MhA model TSt &St aT9HTH, 4TS, SEATeT 3i¥ F9ra<
&1 97 foraT, 15 & 20 &7 98 arE adTs AT e had aRsT U fad, 31 1.34 a7

L&l

sweet corn & @dl # Tg S & 11T field validation =T T T & qaiga J= =
SYARY g AT AT 80 & fars =qi § TRy fHer 7% 70 wiaerd accuracy T ywTioa
g5 | ATATHT qE 92 I @d %[ Uk 1% | Hled aret batch harvesting =¥ g% qg =t
TRIFAT S@HT F2 (aA1 H < e aral selective harvesting & &= IUST 7T 3a¥
AT &7 7 significant 7&T =T (p-value 0.07)| TATHHTT Agl &f dl ASTGIl i JTL-aTC
T § STTRT AT Al HLAT T2dT ¥ T U aF § 7 &q FIe Tl §, T8 W SIS T2
faem

UHT QaTIATT YOIt aread § START THT R0 ST THOMH Fq Taeh a6 2 Tgo| sweet
corn % @d ¥ drone image analysis T IR0 3799 37 regional weather data server
H S[EAT & % oo & T fhu f5HT expected harvest date screen 9% fa@ STt g1 Ot
qTE & AN &1 web dashboard HT THT T3 FTH FXAT g, X TaaF FATAT H 98 §T
Tt T9T | 3@dT g T o U % F= {1 el ST 8 T2 IHT S8 9% 7S7gy AT &(
FH T FLAT gl 5" 19 & o0 ggel 95 9@ <@«T 9247 9T, 9 o« U screen I 31 T4T
g, 3T 78 automatic linkage &I laboratory model &I aTeatas farm tool ¥ s&a= aTett
sifaw FET 8

TN o G T aEdi | TREAT & S AT B J 31T UH-g9Y I A2 f7@rs ad g1 Tetass
SIY ST S Be, ITH-UTH 39 ATl Tl § g% el Tl TRl TgaTaT 99 AT § H5T gl
g1 &7 FruitQuery model transformer architecture & &d@ & @37 T2{a{1 3T 3Tg &l
TR TEATAAT g, 37T 67.02 WI9rd mean average precision & |1 #ae 14.08
million parameters @dT &, TATT YOLOVS, YOLOVY 3T YOLOV10 § et 3T sterh
T 81 Tl T il g€ aed1E ¥ T2t I 67 label ATST T ZT9 & ST I24T &,
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AT annotation T Ig FTH training bottleneck s ST g1 2026 # sTT SSEFNet
model T T8 1= F T2TH & 1T semi-supervised learning FAT, & %7 labeled 3T
aTeht unlabeled pictures aTZ TTATETTT | &fF ST 8, S(¥ 3 gU strawberry dataset ® T
91.1 wfdera precision f&=fT1 University of Florida & Trersatsti F aTeafas® @d & a1
computer ¥ virtual strawberry field SHTIT 3T model FT Tger IHT & wfrfera fFram zaer
JATT model 7 ATEATAH & H 92 WIderd accuracy | et @ISt 3T el T SATE HTA ol
qfe Faer 1.2 [FefweT I, ST commercial grading ¥ #Ter START & T°T &< g1 image
data THET F 3T label T T AWTT =T it =0 9T 7 T@d g, TTIHTH, A&l 377

ethylene gas concentration HT9 AT sensors &l image & AT SIS AT

multisensory fusion 3T TATIAT FX0T a9 THAT g

3UST T TATTHATT a@d § ATHIT 97T g, T aead H VAT Al gl T H AT T Fad gl
& ST TEEIT o 997 Q@S € 8 o, Taih A1+ TR F &6 59T 6 3T A a7l T gl
H I ATl 97 B ST TSR 81 THT 3= forecasting model 3TsT fa@ 2wl it HeaT
T HIT8T T2l ¥gar, afew Ug FT growth stage, 3T T STHT qTa9T i< foeger aot fi =t
STt % harvest records HT TUMT H SITSAT g1 FHY F TAHTT &1 Had U 397 I@T &, T
IS QATTATT I 39T H AT SISHL AT it T FATAT 2

T, IOTET AR ST IUST ATHAA T U &f | S arett Jorrterat off g
FruitNet pipeline 981 YOLOVS8 & T&1¥ § ®el &I real time § @IS STLIHF TeAT
=t €, 3T T deep convolutional neural network T support vector machine
H<H model & el &I I[OTETT & AT grades | Aledl gl T | ¥ grade i HE&AT 3T
STHTY T =T random forest regression ATH statistical technique & STa&T X &d T
AT IUT (AeTerdt g1 18 B9T< & 72 apple images 3T 40 51X & A& individual
annotations aTer MinneApple dataset ¢ 9107 # training accuracy 98 Jfaerd ¥ FU<
T2l 3T validation accuracy 94 & 95 WTerd & 1= Tl Bl T Bl 3T UH-THL F T aT
overlapping boxes T T¥a aTAT technique 3fiT % variables T AT T@ JTAT
regression module TET AT Tehd 2|

el & {9 3T grade 39 | &RT robot arm = Teqd § e T Tga T TEdT aF Hiid |
AT g1 camera information FTH AT 21 Kinect T RealSense S RGB-D sensor & %d
G o T8 HIH JlEgHAT FU &t [aaaeiaar aqr arar confidence score, gripper #
I T g 7 A, S e vertical axis & =T ST 8, =9 Al U regression
equation ® STTEdT 81 30 919 & A* pathfinding algorithm =T cost calculation & ST 9%
robot arm Fae TaH Gl TEAT Ag! AT, AToh Thed & Aqad angle ¥ AiEa =7 7
TEATH T 6 A1 Fl T@HT AT IATGT g1 HAL % G020 H coefficient of determination
0.89, position error 3.2 H#EHI2T 3T percentage error 5.4 TTASTT AT| T F T |
coefficient of determination 0.82, position error 4.7 &HieT 3T percentage error 7.9
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SIS AT T TOET STE & d7& Ha<7 dled 997 robot arm #T travel distance 14 Tfaera
3T strawberry TS T07T 11 TTAerd =T, ST Tal €9 THe T precision 12 & 15
STererd JE

T ITELN T AT T U form oqw femms <t g1 Ay ¥ Fae IiaagdT TgaTa arefl
model 3T Fae [T e AT model T I, wfehe 37 AgroDualNet #iT a¥g T 3T
TIRagaT |72 @+ aret model, FruitNet #t g HE&T, I[OTaT 3T U &l U w7 | SIS
a1l model, @7 RGB-D robot arm #T a¥g perception 3% motion planning FT T
TUTTEAT § T@ aTel model FRITAT 3T Tg | 3Tl {39 U camera 3T U# program o
AT T % ST o il Tl &, 3T T8 ATl 9% T equipment STET-3TE T GEIEd a2
HTA T 1A F2dT gl Fs camera AT & aTd UF gl camera ¥ T d7 &5 FHlH Hi0
ST Bl

ST T & FATT T =1 models FT T Fwg ATAT HIHHI & HTIT SITAT g1 accuracy
T+t [t & |gT i %7 o1 9Ta 8, precision FEE AT T T FATT U Fedl |
TETT § T FAT T AT &, ST recall I=aa § T FAT § (64T & @Il TT AT FT
AT 2| g IT @IS Fedl ST FH AT ATAT classes FT ha=T sr=el qg Tg=TT 74T,
Tg @ ¥ precision ¥ recall FHT &1 ST 1T F1 score ITTR(T 81 box fhast a&i®
T, TH loU & |TIT STTAT 8, ST FIH IEHAT & aa10 box 3T ATEq A el €T 6
overlap FT SIqUTT g, ST AT-31T confidence thresholds #T Ed mAP TX
detection model #T &wdT fa@TAT 21 robot AT patrol camera ST real-time device # FPS
+ff 3@ STAT 8, ST Wi ¥ehe process g4 aTel images it §&aT g IusT AT Hare &
HEATeHF prediction % o7 3TeRT A9 &; mean absolute error ¥ root mean square
error predicted T actual value i< &I 9dTd &, ST mean absolute percentage
error 3¢ Sfaerd # fa@Tar g1 coefficient of determination 0 & 1 % &= srqTar g
prediction model ATEATa 3TN AT ST & IAL-FZTE &l a1 HHATAT &, 37T 1 F FT
AT Afd TétT prediction 39T &; freshness score TX fruit surface # IU2d & T
STera SaTaT 81 THIWU research papers Fae accuracy T %Y Fs metrics AT forad 2,
qTrh hael =T fa@e aTdT s Uk metric AT | T4T ST Tohl

T g+fy s oiqa: U table ¥ ffwes¥ farm office T <19T¥ 4T tablet screen 9% fR@Ts 39
gl B¥ & & 10 &ST A1 U FAT %07 §&AT, g¥ grade T TIITT 3T T U 978 § T
T T AT BAl ol ATATAT HeaT |7 et giT g1 manager =9 table ¥ T #XdT g
o et T &= & Tohae T SiST & Sl fohae boxes T3TX T@ gl Fg 9TV (T =Ah
&t X & & auF-arieft 93 <dt 8, 29T field § model accuracy T 1 WTaerd sia<
Tl FTeT ATHAT T8l gl

20



T F SR geufiddr

T8 =1 harvest 9% 91T A8l gIaT, dfes I a1 @l logistics T SITAT gl ST Foha
boxes A AT &, TE Tl & S I¥ U & Tger a7 FohaT 7 7hal1 g o Fohae
refrigerated trucks ST & 3fiT sorting facility & fra= workers T g1 prediction Terd
2T MY ST SAfer | o 10 ar cold storage & HTHT boxes SHT BT ST &, 31 T &l
T 9T 32T 7 & q14 F [orET Rt g1 maturity classification 3T yield prediction &a@
= ffa¥ #iT technology 8, 7% & & & dT8< =l logistics planning &I &e= aTel variables
T 2|

farm owner # o7 ST THEATT accuracy Ag@TU gl AT fad & &t T g aedil 9¢
TGN AA, I¥ FTEA ATl (o AT ATH & THT TAd g a1T model field H TR 77 21
ToRHT EAT T {0 | UF J1Y (=] 3T 307 g2 gag ST & U WA [ege s ard
2| ST # TS @ aTelt trolley-mounted counting system o T3 test period # f22¥
performance IATT &, 3T T T2 39T peak accuracy AT &f Hgea 0l 5

UHT SOTTSAT 7 field § S7 T T Ta= 9¥ 9 FHEATE fa@1e <ot 8 ST laboratory # #gi
Y| gt @a & o &t Faar g2 5 gaady g, a7 @eft Tat T e a9 g, & gar
H oTTETy FAT TRAT FTE-AE TH-TAL T FEAT AT TR gidl 21 lens 9% & AT THT ST
9% TF camera T¥ fA9Y recognition performance st & [T STt 81 a@«1d environment
H R vg+ & o0 #T angles & U 97 g1 aTe(t multi-view imaging 3T 39 pictures T
T three-dimensional point cloud ® SiTE+ aTeft 3D fusion technology #T &< T2

TR 3T AT AT Hehel ael ATl el AT HT F=T AT4T &1 AH STH ST FeAl 7 feerahr ofa
T T AT TIAAT AT HIST BIAT 8, ITH hadl e F THSTH, T¥aT 47 fatty acid level
ST T IS 39TT =i gl @& RGB camera # 912 chemical measurements STTE« ATt
fusion method 3% fAhe-3ra<=F TAT hyperspectral sensors T ST & TEAT ST &7

research dT 3RT TEAT ATRT| AT ¥ WAL T <@ ATAT A(G T gl al Tcqd T
artificial intelligence st T & i< & T FgT Agl Ig Tl

Td | TEHTA 214 aTel equipment & 9TH laboratory computer fSTd= SHTeM A gid|
oTReTT=T vision transformer 3T 2 convolutional neural network HTTHT battery 3T
graphics processing unit aTer FT< robots AT T&T loT modules % &7 IiATHaT < 2l
AT 7 precision aTel numbers ¥ computation =T aTsT quantization, LAMP
channel pruning #T g ST connections e+ ATHT structural pruning 3T 2
model T AT Fre model # ag=T+ ATt knowledge distillation STHT lightweight
techniques @TATE T AT W5l &1 da: field # I artificial intelligence 3T#8< a5t
model ZTAT g ST IqeTse hardware & HTa< Ta& SATAEI 2T 2|

training method ¥ ¥t T 319 STt €1 F= research TEAIT &l FATHT, TASHT 3T
brightness Ia@®< data 9219 # = training TT validation sets 3T F¥dT €, o= T+
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&1 el il Fal gs pictures IAT sets H [ ST 2 T data leakage AT &1 38
validation score ATt &AHAT & STTers fG@dT g1 TH T & (U training 3 validation
data TgeT 3T FEAT, augmentation Fae training set 9% FEAT ST validation set &t
39T &2 97 =7 | 7T TE4 2| 39 ST &1 I F SiY T FIT a7 research results
T TefT TAAT AT AT ST FHAT
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2.1

thel, Teoll 3R HRAREH cheTs IAdle dAT UsS-gthaex

I 2026 T STATT H =T SHIEL AIE aTAT UHT L le ATAHT A% IcATa | T =TT T,
ST 31ohel U fo & 31 FoheTiuma et shrear 81 SHT el SoTarae ! UTds HuwT
DailyRobotics 7 AT % HITHRITAT § UF &q T2 G ©d FT Ta<T gTawes qdT1d 14T,
ST SATITHT TTEAT inaho o JAT-3TLTRT #eh THTEL gTE 2T Lle § &di it 579 7T 45
TTrera & STTers =aT <71 ST B e a7 LTl & A oI 92 F19 &1 B Fgl §
7g F@T, foaT At 9=y fhaer a9 ST S gar § T2 AT, ST T THE a9d of
SH T AT

THIER, eI 3R Fe AIEH S el d, [S6 g1 ¥ Teh-Ueh chich AT USdl 8, hels el
T AT o T8 & e 70 Ufdrd deh il 81 ATHIUT SHeEe eRTIAR 92 3R g:g 81 8T 8,
gqfely ATa g1} Y STTE o arelt A sTsf & I9ie g2 91d ¢ el a1 fohe ot Higar
ATk heTs Adie] i 3Td GtheldT & T 66 U &, 3R S 7T & 19 Whell |
IS Yeh UR ©TE T &aTd < (I 38 1T 81 A Siial § d@eny 3R Jr1ferat & i § o
T STTHT TR el dISdT &, AAfch Adie ht Ta! Efear Tax SR 0T & ST St 8
3Tl thet, Taoit 3R AIRSH chle dTet Adie § hyd ! ddd J Uehs- diet g1, It
US-gthereR ohl IH1GC 3R aeT (AA=01 R JAeifeeh g1er hl &dT ad ohd 81

heTS a1 T ST AT SRR AT Ugld 3R el o Goh 814 chl HIAT & YR Faaldl 8l
Teh-gER UR I¢T a3t 3fR ufat aret v U8 A Ui a1 88 SIS drelt ag-afeger ofet
ATIRRI BidT &1 ST i Afckd e, Thig-t 3R heATs ahl ohH T HISH eh<! S8 B 81Y
Srerdl 8, 99 8t Uld a1 Bg S aTelt Aeifees i ufadt o dita Iar @retens Hiar B el
deh UgTd &1 39 fAURid, UHgTsy ehl Ursy 3eT oh 1Y ot el Si9 [Afgd SR &5 |
hTH X TR FHMHIR Aeifeeh T 3ifdeh Iugad gl 81 hs BICI chigdl (et Teh foig ol
ITA §, SHTCIY T§ ST HoTd 3R doT UfATehaT arelt Bidl & a7 TR 300 fciiie Bear
3R 300 fAefiHler Sars &t & serg & oft fodT ST ait @ aeierr TR & thel 3Tl e
gl

R FeAT |, gl Ao® 250 HATHET AT IAH FH FqT I Tz &q § o0 gId &, Aol
S-S SATTH T H FATH %0l STg Agl giall UH =74 § SCARA, 1T Selective

Compliance Assembly Robot Arm, H¥=HT ®ATTUT g1 ot &1 SCARA HSIT 9HAS Hdg
I TSI & I(U-ATT TAAT & 3T T T2 I ATET &f SUL-A1+ STl §, TATAT ag 7T
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ATHT TAAT AT * S T Tehel | g AT TARH A1 Tl gl A % U FHT FOA |, STt
el AT A o9 21T 2, TeF Tl T 721 2l MARS 3.1 T8 &7 39 F2Ts Ua1e 19+ ar
S0 TFAT T F FATAT g 3T T I ATl TqG h 31 HIA< ATl IAA B8 § AT A H
T AT TgAHT (o1 Shald & e dleh? qiedl gl

Uhel <ht TR H @ dTelt STferdl, 1T U8-gtherey, J&Ad: dIH UehR € 1Y STTd 8 | Th & dei
areft i STiferal arelt ek Tif3es fiIoR et ahl chg | THe TR IUHT UR JHTH H 33T g,
3R TR I at Iferd IR BeT sl AT gHA dTelT hex TR 8561 gl chiel ST Gehdl a1 fehg
Snfert UTg a1 HOR R 6 g1 T IeT thl i g R Ueh foig F hferd glam gama & Fsm=
T UTd BIS hdT & | deRIH o HUTTelt H STferd i SITg TR U thel hl Tdg TR AT
STTaT g, R <l gaT fHehleTen] U SaTd IHT™T SITdT &, fhe thel @bl WidehR AT ARISHY
31T fohar STt 81 a8 Rt Odg a1 A B aret %l o g 31 8, wifch adg
SSIS-WIE Bl T I W HeH AV gl o U 3R g & o7 gar Ryt 8 SR uehg gXa dieft gt
S 8l

T IAT AT 6l HIHIT L FA o6 [0 HTTehid T SIEAeATee | S|l HATIH aradt 8
AT ST ATAT AATAT ATHA RAT FAHET AT THT ST & HTaY F5 e arg-Fed
g g, IO 2aT A 3T At 1 77T Jaeshe 3ve |IST 91aT 8, 37 Fin Ray Effect 18
T AT AIATS SATAT 5| HEAT o UG %l dg S8 Hgl¥ (38 Uh-ga< &l Fled g, ST
T AT T T TALT S 3T 3T a%q 1 53 g0 {E SATAT g1 B T 2l AT A7, I
STt SEhT TAE h STAHTL STIAT AR T&A AT &, OTE g Ueh foig U2 7 feaape a2 &
H AT g ST ®eA il AT g € | Tl gl T a1 Fama+ giar g, Aaie 3a-t of
S THE * AT B FHl HH Al TgATT & IH A&7 & (e AT g ST Tgel o7 §
IEREIE IR G

g T off qermae g1, 318 T T4 & &7 a1 | TAE Tl UH 97 36-31 ST
2rar g ToF w1 gl g, TS5 Fal HledT g 3T S dl 92 =7 7T ohadT a1 9 @7 g1 T
TG ATAT AT T FTH [T AT TZLTE TF 1T &1 A a1l RGB-D FHY, ¥ Intel
RealSense D435i =¥ D405 TT Microsoft Kinect v2, AT gF ® AT 8T 3T 3D eiY
THAT FEd 21 T = § T ST a9Tde 98 T TgTs AT SISHT Iie FAT3S
TATAT 7T 2, FSeh Sren® ux et qor % fAaere a5 § wer & smr-fiwy, ard-ard &iw
SAT-AT= T R, TATE 3T Saae aa (HaTel ST b | T HOEH Hled 997 3D
THAT 1A T AT 3f¥ SATS ATIAT 8, 97 a1 HT9F F Ple HUET PIE adT g A e

T T T2 TEH AT 2

gf® & wire e & are Inforat st Tl M ehdr g1 et o Hiar & Udelt fthew aTel gara
IR, HleX R AT Il dTUH UG JTell 2ich YR, IHegHieh g TR, Fleh R g arern
23-fae genteR 3R a1y T gTSgifoieh gaTa YOR Yeh 3ehTS chl aRE hiH ohed & | &aTd TR
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Irdfdeh T H 3@l g foh el TR 7T I il ohl g1 HHT 9 3ifdes dt A8l g, Stafch
STeTIeh TR thel o 8T | gochl [thaeld ol 34 Uhgh HIe It Jid T&aldT g | 5T& el g
Tt SR mETa aret et 7 T g, aa Jeft & RR R & Bter A, At iR s,
3R ST hl S8 daeten? U R o areft &-A1f=1 A1 & ohd 8| uTd ST1d 97T g9
Teh STY af Aelie Jd hIvT Feelehk Gell &R R @ierar 8|

T gl g AL Fgl HedAT g, T TS ATl 3G ST AT [Seaerd Higd it gl gl
YOLO, =Tt You Only Look Once, 9¥&T & 97 YOLOVS, YOLOV10 3fiz YOLOV11
TIH T H TEAHTA 2l &, 3T HTEL & forg a9 7131 LampCT-YOLO, YOLOV10 &t
JHRATT FATHRT SegNeXt ATH FiT ST THAH SATSAT gl Tg Thel1oh ATHEI, AT = |
FEQ T AT T THFEA-GL-THFET Fleed i T[T, & T JSH TGS H THA-Sef T
& sreatead g & = ot SHIET & TH1F FqTT aTel T Hehdi Hl ATIF Tged <l gl
LAMP SR STTE®T TUET HeTs ST 8, THAT Fied Hedl 947 & &[T @d & gie AT
% € T THAT | Tal Fels (6 @i & o7 Swift Transformer V2 s &1 foae

TG T SATHIT HATEA ATSAT TTTTL AIRTAT ST THST TTETEIT o T STST 1T &, o

A, FAFH ST TSl AT FIHE I 2

A | ITAN B  forw Sirferg Aiee &l a8 o927 9% 7al, ST & 976 a9 i Sod
H T ATl ONNX IT TensorRT &9 # o fhw wiieet NVIDIA Jetson Xavier NX,
AGX Orin, Raspberry Pi 5 3T Omron PLC & &= fA==ri & STel Td &1 &t &l
TEATA 3T TS | AT THA, JTAT FieTs =k, FEA 3T g1 il aAT9E o ATETE TaeAdT gl
SCARA ST UF ded A=H 10 ¥ § %7 | qredl g, MARS 3.1 #T UF AT U&H °4a 7 F
Q Fhe H, TE(a<T AT 4 | 11 T § i< o< a1 7 | 11 Tk § dredl 2

TATe i AHAT T HEATAl & Al STTAT g1 FHLT T AT TSl Tehaet S[EAT & @Il &,
T8 mean Average Precision, a9 mAP, & fa@mT SITaT 8, 3T @ISl T 9T aredia®
et &7 ofae HEH e & AT STAT g1 7T ©d | HIH FLA a1l 6 (o7 TgH aAlhs 9 8l
T TATHT H THA FieTs T AT, FeTs & d18 ATAUed Bl HT ATAT, STAT § Tdqg FHT
ForaeT f2EaT =T 7 fe@™ a1ar enclosure ratio, 3f¥ T w8 & (1T a1 & § Lol AT
il TeiedT & forT Fqeferd oo 8 & 12 =, "a¥ & oIy #iiie 80 e 3 Hari & form
6 | 8 Ve AT ST &, TST8 THeAT & [orT &9 &7 AT T Tohl a1 1T ag F g1 FAFT
ThE % G T Tk AT ST HHAT g1 ATET AT UShe AATHITAF €T F 22T AT A2, T FaT

FTAT FLEA AT AT 3T 2T &l

SHTEY FT TRGAHT TATIH AT &, AThd S5 A A AT € AT AT &, ST g1 il
FATAE TATHL TAAT AL GIFAHT T ST T FT I 6 &1 a7 FLA1 7241 g1 Dragon Skin
30 TEferie T T ST ST AT ATL-FeAT ATAT AATAT RO SATATNH TATEH o
fAeer 28.293 TR TaTERe TaTE T e I AT gl ATATAH TANGH Teleh TLIE9T SIS
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TATHL AZALT TTHT T T (HATAT & AT TATTH 3L 6 HLE TgAdT &, AT 8L
AT T & AHTATSIT A5l H3AT I=2aTl T8 G g1 8 Tohe eHTel | A7 fa7 & o7fdsh a0
aTE St GITET T e Tt o, S Taefie Fers aer § 100 § o7 97 e

THAATIAH qle T

THXT AT A G %00 T o0l ST TheT el gl o Al & eATeY 9hea 360 =t
AT T USHA I THATT TgATT ToAT Haed B AT 21T &, 316 9 @l S HST q¥ SHET
qIEd THT FeATs AT § THAT | TSHe Hled arel a<ish § Swift Transformer V2 #gT
FaTs 9 @l gl TFSH ¥ 9T T arer LampCT-YOLO & ofF Tt graees T=ai |
T THTEXT o THTE &l g, AT 3T AT, TF o F01 | A dfedl gall (&ae Foar &l

T T I&T AT 1T g 3T gooh at | WY AT AT L7 T2 AT gl TATAU THehT FqL@]
et off ot o 7 srfere T & ST 91 "er a¥ e grdt g1 A it swrg & Sarfern
FTAT AATAT THTTRIT AT Tl F Zel ATAT &7 ~qAqH T@T g 3 e 8 § 12 e I
TATAT g TR T 37T A* @IST &7 (AT ATell T ATSAT 96 a0t e it gpgar 15
STTST FETAT S ST 2t ATAT 11 TTTd =eTal g1 Teh TN B o L /T ZaT af qal gl
FHLT S5 GISTAT &, HAT STHT ST Fad S5 FHedT &, ThE IET Hl ThgH? Fef T TT
qF TgATdl 8l

HFIT A6 H 15 AT T2 FATIH FT Tl T 7@ 2.38 e qF 9 JaT
ToRIT STTAT &, STafeh et U< ATeq e 2aTd S8 @ il dg SHT FT e 20 F 31 qiaerd
AT &, THIT a7 &fd FeTs G99 8| T T T % aredids @ar ae Tgo 4l gl
TSI UaTea Fa+t DailyRobotics 7 373« 2026 # SIhIT=aT % @dl § Q2 o &d &l
TeladY graees aTd o) <1 Taifed sqorstt v qarad {raet areft ag 7efia w=iadt area
BT I8 FARAS ATH it It I § Tadl §, 3T FU1 FT FgdaT g o Tg ATT T2 & 3
AT A 2

T FIAEH Fedl H 9w 250 e a7 77 T 9T FE #q4 § 9 gId 8, S ol &l
UL IS I ST Al AT FH SHATe ATAT graee? of GHedT wif SCARA H¥=AT ¥ g
AT &, FSTaH TF Featew e Sl a1 afast g7 Sire e SeIT il R T et g7 °
AT o S AL 8| SHeATeT e T Tod-ad [T AT &1 GErh NHMT ITFRI, Ioe 3
T 9T T 2raT &, e svesd st fied ¢ i Rufa e 1 fehivfes % fiaw w=dr
21 3D THAT Tl T T AT HTIAT g ¥ a7 AT HIAF a7l HAEH gF T 7 AT
AT O & THhTer ST &, T&T T T00aT ST 7ersT 10 e & FHF ol gl

TS T o T T el AN F e TF FF 9241 § a9 ¥5d 8, s uw ot e By w5
T Tal oo dahd il ZT Faq= qorren arar MARS 3.1 U &t dqg & S SHia< 3ol & a6
T AT T T q1 TgadT &, T S U Bl 7 F 9 Tohe | qI=dl g 3 Al A BeAl &l
ST 1 Sfaerd | = TEdT g1 T AT HIH o0l T § 6 ISl g, STath gait a0
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FaT & o "rer fiaw & %t i ST F@dt g1 Fin Ray Effect aTeft $W7eft, HIew o+ hed®
ST STogTEIa (haad TgaTd &l T arer e | &fq 3% 0 Tiaerd a& a1 g<|

HAL FT et HIeT Sl I579d 2IaT 8, TATU ag TIH 9 9g Gl gl 80 e T af
AT ATl AT SITerat o TEferente Rae § A* 92 @I SE & 11 &f AT 14 Jiaera
Hedt ST T it Rt it graar 12 gfaard aadt 21 38+ [Aada &Y #1 q9qg Fas-aras
Sl¥ Fgd 9% BIdl &, ST Uk HFF F T [T Sq< a1 HiSA gl FEIS HISH, AT
SATTITTHT, 9T AT JHeEaTT TFeTH H9 AIAT Taqe a5k GLadT § GIL #hl 9dg & AT
G {SAT AT GAT &, TAT THMT F9o =547 10.66 A HIer T T2 &d H 86.2
TeTd FHAAT 3T ITH FLAT g1 3% B o (heTeh il HIETS S AT T g | TH gl
US-THae? T g¥ FEd Fled i U&7 9T 97 § 95

T SIAT Foheiteh TATTLTAT | Tehershy aredqiaes °d il faa=aT § J997 FT L1 gl A |
FOT AT a6 &= T T & q18 AdA 2026 TF =<1 AT U ool Tidiad 31
FReTITT el TS T 97| FA-Tesil gTaee il SATTETIE Td H TP & & ST AT
TAT % IILUT ZAAT H G | AW | SATATHT LEIEHAT inaho & ¥ eHTe Tl F g
& TS FAT-SATT T 7 HISe TTATAT 37T Tl il =TH7 STed 45 Tiaerd & sitersh
TaTe| 2026 F Fae Ii= gai o UH B & Tare ey, o 3 a9 TTA-ISO 7
AT TSAT AT gEAAT ATAT U7 FqATIOId SHTET grawes g7 T oY ageft srgfd i
AT FT T2 F o o i areatas ey Rty i ety #1 arastas 2ee
T ST, T STERT-3TeT 9T T 379 TSIl 1 THIT FHET I AT HT vl gl TTATad
T JTAT G2 AL Aol AefAT % T IS0 qdTd & 1o BeA-Hesil el LIS TN il STaedT
TTY ek ATEATAh ST Sl W AW il AT H 7 70 2|

STt dehriich Sa-t URWR g1 IR+t AT 8T &l G RE acm © Ugdl chs STey o<t & |
g, mErst SR thel i AT URal aret sttt | Teh hART 82 Whel h oh 3R ST ahl
A 8T WISt UTdTI 32T AT {NT Teh STt ST TTeTd I8 & ThT Hehdll & AT 31 el i
Bl Tohdl! g1 3Tch GEaITT oh UISC FTSS Siie 3R Tehrae o STUR Wd: hivT S&ar aTelt
Tfera gAfSHT &t ofk gemAT ghm

HeAraH JTferat hl U+ hfSAT2al €1 eTdiet fAfeiepl- fIUR thet ot s | 3= ¢, wifch gar
RA-fepre R R ufdferar 3a €, It et Ia i 1fery DA § ik et Iuzi & arhy
&= a1 e ST 81 uRad-Rfie ShalRdT 39 TH™T &1 U AT < 8, oo g1y am=a:
HATIH 8T ¢ 3R Uched THA HIdR S T Jeehs IH &UT R o fel§ ShaR FHTd &1 ehIthl
I3 O W) IAT hl gaT AehTe TR ITch thaR 8l oh fAgid aht ITferdl & IdRA o MY g
STE Il 38T 8| 39 faRIUTHIY vl GHTYT 3Tet o aui | chels dle hufdi ol f[Rfa qa
A aTell I I HehdT gl
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AT AT ATET g1 TEtw egae, 3D HAT 3T Tz Hlel ATl glaeed Gle &d o (o0 Tgal
GIE | d18< | O 3T NARTSH 6l &, HIT 3T THI H HHL STeal T g AT Tof are-ame
TS B &1 T ZTS o T § Fac] ST Gehel a1l AT AISLA AT Hieh I¥ TLEAT a0l
STFET a9 To|T T ATTH Aol gl

ST AT SARTE T =g qH=ET g 5 Qe 7 vEr (ot = formm e § B, mel
S SR T F ZaTa "eohd ToAT faetar e & |1 i 9 7 |1 fger =rfeu & aae v
ST SITE T THRST T IAAT &t a1 41 ATl TH Explainable Al, It XA, FgT ST 2,
Sl =T =TT § fhaT Tdie & Mo 9% 93T e 37 °@d |19 Tl gl o FF=70r &ie

397 T Fohaw ot sr=e g, Aot s T i gt  foar Tee st aerge &t
ZaT &l

B8 Ol ol 1Y TG TR US-3theex TUET Bl [AUTST T fgdT §1 Lia 3R eHTex oY
AToleh fBeTch 3R 31fdeh TSR Hed aTet Thell oh folg arg-ehal 3R JaRM WR STYTR hlHe g1y
Uget o, Safch Yok S Hie feTch aret thel oh folg Sifereh o1t aTet 817 916 | S| WiRT 31 g,
AfhT ITHT AT Tdg TR TaRM HiSH &, 3Tl SR Sieft srerT dea-d &g &
fenfid g2 1 Ags Fore o Y STferd o Taef & FEST S1eliT hed 8, e i & IR 98 &
YA oh felg O ARG STl e & ST g

THH & ©d & FUL GHTATAE TATTEHR qoIT AT TghT dSil & ATH-STTT 5, 3T ST 6 8T
Tq9T T T STH TCU T U [T AT g1 SATAT g1 e TgaATHA S F SAehel ¥ SHAT g1
O AT AT B AT | ST AT ST Aled! g AT T9T @il gl Tg HF TT HLAT AU T
AETeF g, ST THT & § THedT g9 e GEdl g1 T & UF T § T4 8 2o 4
T TOUF =9 T2 214 8, TATU Adle g1+ faad e #7 Trar 78 7 T 3 39 0
=% T TaH I HE Tgel a9 92471 g1 Traveling Salesman Problem, T+t TSP, it
=T T UET dF reinforcement learning & TTAITeTd pointer network TEaaT & €T
STH AT & AT ITH o A& I ST AL Ih THOT HF QL TAST HLal gl FHATIL gl
TH FH H T Ik ST | TOTF THEAT g qT [o|T FH & Fee hl o1 § A0 20 11.5
T 20.17 fqerd =edr gl

FEledl 3§ H FU <6 T AT AT UHT S 0T F FHaferd g1 et 97 aF Fid 997
TS FHL HT 6 T Taeare, {7 T 3T ag= HI07 &7 fa=e arer a@dqr g1 =9 w1
T ITTHA FAGwor & T3 G | STAHT SETAT AT %0l AN T SATHIT ATAT ST 8, ST
SHT STHTT | A* FTEqias 2 Gi=ar gl FF T aret e 7 a9 3T el w7 THam
I AT IV IS g0 AN &l T2l &l 36 q<g HIST S1qT g [ et o 978 gHad: 90 =31 &
HTer 07 F TEAT ATT| AT HT E-3THS TUAT H TEAT gf ST T AeHhTd T & T
AT 2|
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FHE F T Fare o & gge Ii9ve grar g1 g ==t & e 9% Tere Faa ars &G
H 9T & RE 9% T8Aar gl SHT STreAv e SHaEs @ S gl 3w 9T
SITAT &, FHE dETe-HeTs STl g Sl gkl 9T STIET SI1dT &, ATieh Tl #hl AT S ara
Frer fae it Wg Tt Tgel ¥ T ST o6 39 aael == 97 Adam Tfrerr & e oq §
ST T AT TeRTT oA T2 TS AT | Al Ta<Tar]

TH HiqsH AT gTT il AHAT ha e g2 L[EAT & Al ATAT SATAT| ZIAT ST FSE FATTAT TT
ST U Fdeh FA Y i [CATAT Q@1 SITAT g, TAT TV & AT T e aredqias 9
o FohaeT 5ot @TaT §, TH determination coefficient 3T error rate ¥ T HTIT S(TAT &
g e T U = &7 S92 o § A9 98 3% Tiq "ehe garted =t i gt ot a1
FT STt g1 T 3T T80T | TTA9d T9d I G L@ T AT LTSl 0l JAAT THT gl gl

STTErT=T T |EAT Sl & § HEHH gIv aTell §&AT T &30 4l gidl gl enclosure ratio &
T Traad g IT T H -1 TTqd FHT THIT ST H IO AL10 I T AL fe@mar
S| TS T AT FHATE L ST AT Tge & RI=a gidt g, e aredias @ gaT
ATATHRIT Al grar| fad § Fohae e 912 U i o« foha« Sfaerd =2, T st Tdie
T AT G H Fz (o TAT &A1& (HAT 2| T Th dgd HH Udel 7 aFl &<l & Alhs
AT e 0 2

Felel ST § TATH & AT AT il (90T TEA HT FT gl Had T Hgl g AT TATH
Tal, T3 T o § g off ATfRT, arfen grer |ier For | ug 3T USwe v AT Afd v
A= UHT pose TAAT Tz @Al | THa HT ATasT 7 it 9 77 9Te T (e & = e
oAt =t grer it U@ S Tahd 2|

FeTs VAT LA % TS ST 9% & &7 gied dY Tral areeafadt ¥ S[ET 81 Tt aeg
T egaY, 3D ThAT 3T Fe Afgd T 9919 @Ia & a3 FeMT gl 7 LI Hl
U T H TEd g1 39TE Fae Ay 3| WeAgrse i de=r, adt i &y sie T @ gr g
H ST B & HHT (e RS 3% I o I9: |97 STTaT | Uk 6ol fo T At aret
ST ST SAHAT T T & | of SATAT ST GHEATU 2|

W Arferes Y TR T TUHT AT g1 Affeh Y et aret Hiaw | 72 s o R =
ToATRE, &ifd &R 3R Ak whers Wierrd gf dt et Hiew & I Jg1E 71 dohd! &1 @G 9
Uget 31U @d H UI&T0T ST AT GelT 39 G SR 8 Fod I2T Uich 8, 519 Yeh Agdt HfH R
U IR § fufg &A1 gsar ol

g1 ufAfST disa +ff Uer gua & hadl Teh el Ul & | THICR &l Uehld dRich! 9§
TgaT- aTeft 311G ikt W & Siehe fhe =7 § HiRadt &1 TiaRT vt srar ateft Sieft o
U8 R 9Kl thel BIS ehdl 81 AT Ed Jeeld gY A1 3R gy W ARSI T 8, aAfch
e ot g Hhad Fea- IR g fhe R ofiR Jreft foir Tt st &1 g waell &
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R dTel IrEdfeeh ASIgR ST a9 o oIy theel-fafre sife ofiR g1 et SitgeRr it SterT Wi
H I ¥ T dledl debriteh TTBY |

fUed oo aul & Siia 3R STl GURAT &7 AT AT, STdfch 376 YHUT ohH WA dF e arell
AR T, URUTH THH &l UR ATYAT 3R Yeh thilel g ©d I hiAS gaR J of ST -8
I 81 FA Wd H g Mo IieRY Mgy a1 A sftd 7 <retwft a1 781, S8Rt IR 31Tt
Iyt oh g TIET S| g1, 31T SiR Afash 1ot STeT-SielT thadl SR @dl & Srel T Sird
ST 36 €, 3R 36 Yoh e # Yehlhd cheAT STeh 6
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2.2

Hylio T T Sq¥ey ZIXT A9 SI9 & |¥g =l U a7 T & a6 forw U.S.

Federal Aviation Administration T HS[ET AT SiT¥eT A TE FAT AT SATATeH 6
T Fs AT &t i e vy faar areft S g1 § T@ar g1 &9t w1 HYL-150
ARES T 50 TR 9T e Ui =e 20 gFea? § offdT & # fgse #ar g,
Stafh XAG P150 # Al s #6¥ & ST et ©od qg=med 81 F5 319 ZIT STT=-31T7 &7
e for siw wfa e i =0 whed sraear & fie wefiat g 39 9t it e g, S
ST o {70 UH-Ta Fiieh a1 9gd SAied gl

Tg THEAT TATTET SIT ol ST T A il Aol Toheo il qheiieh | ST gl grF Fohaar 1
T Bl TTS TAE Fgl & & FY AT 77 FF § T Tg T 7 F Toh ql 9g T of HaAT< &l
T I HAMT AT L 6 AT Th Fehd gU dedl @cd T 7| Tq | @y we, @qaqan 7
oI AT FdX H Aol gid| gT@T & Tieg 0T wet Tale % a7 § Ead g A= o
AT B, S gaT H a1 g % o7+ faar vt {ohe {0 |ehar g1 STHhu &1 U foad o e
= T Tga T HaH SIel &1 @is 5l 9947 Traveling Salesman Problem FgaTet
2, 3T &d & Tdle TIT SE 0 99T T I A1, HAT a1l (H-3MATHT T | g F3d 2l
Tt =8 3D Traveling Salesman Problem, & & 3D-TSP, Fgd gl &&d TgI& a7 g
T rfere gra gt AATET AR Joil & 9&d 8, ¥ genetic algorithm STt =T &ist fafert

TET TH AT T ATEA (AT TATTH IO F Tgedl & STl &l

=H 9HET &1 reinforcement learning & T2er W1 81 FY & TATH U A| AN @IS(d 997
= feat o er-foi F7 SqE FLA &l 3ed 9¢ ant colony algorithm 3T H § I=d
aferat 9¥ particle swarm algorithm s9TT 70| #ite 37 9&ft 99T ¥ Ha8 o | T T,
AThT A&T FE AT ATLTY g I q&A AT STTqAT T § AT T I qF ST Tl oAl
T GET TEAT 20T AT| [EHLTd FaHi & TS 3 TAT6 § 9 Fa9 Hrae arar
reinforcement learning AT ST STAT o 8 @d ¥ g¥ WIEH & (o0 HIH7 TeT-31eT

fora T SATaRE Tl ol

AT FHTLTA reinforcement learning 3T pointer network T STTE4T g1 reinforcement
learning Tg STL-*AHT Tol <aT, dfed T TITET % T Fl 3 qhe d-1v
AT 2| pointer network T3T (e A5l aTdT, At sAYe § (et Haerani § 7 et
T AT F Hehdl F il A AT gl AT FHT HA SATHAAT S AT STET 2| actor AT
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FT neural network FHATHTT il TLE TFH-TF (HaeTi®h 6 THIT HF & Ted19 L@l 8, A< critic
TH &7 neural network TH e Fit g ¥ TEATAd AT 1 &A1 8o & AfHaT 5| actor
critic 37 T@HT STAT TEAT AT ATLAT § AT Tg THRAT FoITT AT A I Fle AN
A T T AT g gl

AT i1 IR F3F & U T 3T = 5| multi-head self-attention g fA3sri= &t
AL AT et & T &Y fEom # v |rer ferar g, Sat+ distance encoding aTeafas®
Euclidean T ug< fAaTer#< reference data & =9 # %aT gl Dynamic Exponential
Moving Average, aT=I DEMA, ZT & AT &l STTereh Aged T 3T T 1T efiv-efiv
qATHL (AT AT FaT gl Ji # faswtaa AC-RL-PtrNet &1 [aagT Fef &l FFA FEH
o gra¥eY 9% AT 1471 T8 Long Short-Term Memory, It LSTM, & 3D fAasriht &t
TATE TEAT 3T critic network ¥ layer normalization T residual connections STE&<
wfereror fRo ¥aT g1 TUET F2 * forU structural pruning U #T omETU Fied Fit 988
LSTM gates =ii¥ fully connected layers & sIaTas3e Hael gerdr &, e Ao grgar
AT =Ty foeT Jigs Frer grar 2l

TH HISH ATl gTA%e &l A 6 (AN 6 ATEq I FHH @d H T ATl THTAAL
HLAAT § T {SIT0 qTH-916 @7 off 37T U AW o (e alesws U qref g’ of, e
& o g3l Yuhong No. 1 3T Yunhong No.

5 foredt aTer @d #§ ag e aeg f&get it fRafa St=t 151 genetic algorithm 3T =8 #ie
T |TT FATH I T Aa1e 9.56 TA9rd 3T F1F a0F 5.43 TA9rd FeT| Toha 1| q&dT aret
srfares =t feurfa 7 ofaw ofie aer, et A1 ars 20.17 Sfderd i 1 g9 29.70 wfdera
=aT| T o sTferd o 3=, AMa-Meaiid wd 92 {1 [T 7 A7 34T 927 @7

T AAHAT e THIT HH TT FA T THIE Tl graTl H THAA 0T ST ATAT 7 0t
9@l § Proximal Policy Optimization, aT<T PPO, ATH & reinforcement learning
Tt 1o T gl PPO 1T &1 U |79 9gd daad & a1 ATST-ATST J8adT g, fora™
STTEAT STATAH £a€d Aal gaTl g ATAT LT AT GIET o geTe ST aATeAT (Wl A1 Fel aTal
AT a49T A6dT &, TAMAU LSS FH FAdT 3T ST ATerH AAdN gl T THAA FHLAT AT 39
U FAAT AT FHEATY (AT &, I 1 37dqa: TF reinforcement learning gt ® g1 Il

2l

TATTH JRT AT TR1E 8 TT TSI STIAT T 3t 7 AT 27| T THIAT e
RTK-GPS #, ST base station signal 13T satellite navigation #T e gamar g, fFafa
qfe 2 HEHTET § FF FLAT &, THT ST THT FAled FHT 9T qTO 1T lidar ST &
¥ FT 3D TFIT FATAT 3T RGB-D FHT [ H T TAAT SIEdT g TTH-TTH @ T stereo
vision FHT % FIERTT a2 & Tgars Haeldl &, e ® AT S35 T ST HALT Ha9Th 7
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AT ST & (ALl H§ T&aT ST7 9dT gl ultrasonic distance sensor FAT & 3T 9T
HSd F9T AT 39T Tl T T[T &l ST4T & SHI AT IAH o T gl

TATAT T % HIaC F 7T Gre AT AT o7 21 8, el S7qdq1er T&t g1 12-aqTee deit

FT voltage sensor I ST ATEATA® T9T | FdTdT &, ST+ solenoid valve controller T

o= §ohd & nozzle TTAA-a& 3 ATAT GIUTA gl permanent-magnet DC geared
motor FT encoder TRT % FFHT [AEHT aTeaiers Fell L1 HaHhTear g, ST arg TAqT A
Z4T9 HET spraying system & gaT9 a7 HAT § T@d g1 707 Fhaer o adi= a1, 399 9 uF
T §9T AT T/ 7 L G707 6 3 IU ¥ nozzle Fit ATeEafas T AGT a7 T

STHI 9% 37 TAE dF FHHT SR 6 9 T A gl F fadi § g9 & «(f multispectral
qea el & et vegetation indices TRTT afxrat @rer § off 97d &, AT A8t ST F1H
AT gl T & o FHIT Fehel TZHT AT GIIATAT HAE shl SATAAT (ST ATeA]

prescription map S9AT g @XIAATE &l gl & AT Tg TFAT 3L TS, (&A1 § [he IATIT 37T
ST TET STAT g1 TFT A= % 972 39 ATed (e 32T JRT a7 FHdT 2

T T §<h &9 & 98 araT dual-branch convolutional neural network w8« ¥
GIIAATE st 1T T T¥ 92 9T F2aT gl {97 A & a1g AWTPO A9 &7 9207
modified Dijkstra algorithm & ITHEaTE AT § 8 S8, Sl A< T 9L a1 T
oAt g1 Dijkstra algorithm Jad: # ®9r|T aTe(l metro lines ¥ & o= transfer route
GISTH T TATTOT TR Th &, STToh AZT T hl S8 T o (He9ri i< transfer time T
STE S8 F T2t Gqq TET STt g TR TS ST T 4 7 92 ISTAT & A Gaadr
U | IS 99T g nozzle @I &l

nozzle & NI (T ST AE WIITATE TG FT AHIL ATEq4F THT | ATIAT | GXIdATT
& 1.5 a9 Hiex ¥ Afer g+ 9¢ VRMDWN ATH #T variable-rate microsprayer @i
gIAT gl a8 =T &1 AT 100 & 400 ATSHIHIET 6 d1= FHIATSIT FLdT gl TaTg I AT H
0.12 7 0.35 fiex Ui [fde % fi= Fgadl gl 79 GXadare 9¥ JIel 43 7 AiaT 79, b
YT UL Al 94 3 7 39 Rl gl fREEHe 0 w10 96979 981 grar 3 7, 14 a7
28 fae 97T 7 TE oY R TSR (hiE 9% F@Te ATt 81 39 At F PTWRP
70T Q-learning ATH #T reinforcement learning fater =T @xqa@aT 6T 399 it S8
T SATHT AT 2

FYIAATY (T Fgl T THehT ATaeaaroit fggenma At fars Jai adl, A ATagrn
e FET gl TATIHTT 7 &7 T STATL % d18 [hdTT &l 2% %, o L & H qAh? (he 30
GIIAAT 3@+ 924 51 PTWRP &7 prediction map q7: FE1&107 a1er & Fg ©m=i a6
HITT AT &, e srett drone flight JT AT9E 79T T 96T Fgd HedT gl HHFd G20
T I H G g aTdT FH T TgHT IT-a1% TATTATT 3 ST AT =956 o SA7aT g
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ST ST ST TreTe T Tor AN @it § Tgof o 6 § T aiisni | 7rdr et uF
reference frame # =TT 92T 81 satellite navigation =T latitude-longitude, lidar i<
FHIT & robot-relative coordinates AT L& ST # joint coordinates 3T origin ¥
et T@d 81 coordinate-frame transformation & =7 T & T 9T ARTH AT o
S BT @il GXIddT i Sg STHIAT &I & nozzle Gad atet sig | Henfil 78
alignment =TT AT 1 21 A7 HgAd & AT Faiad AW TAd FATE I FH1E ATAT a9
STT 2

TH TUITAT T ATEA T g @ H T gaATl 12 FFEAT 6 SATTATAH G § a1 AFL0 &
aTeAT e & Tger 9% 90 fad S\ avmaTe a&41e ofd Tgl AWTPO % 319 917 « drone
flight time 17.5 9= =< fa=m, 3fik VRMDWN # targeted spraying = herbicide use
0.68 fe¥ Ui gFeAT T =TT, ST ITL9IF blanket spraying & 32 Tfaerd &/ =Tl
FIIAATE F F91 3997 18 | 22 IIT9rd a@i| T @ § FHI HTAT (el ol JAAT | e
ST&A @l S8 Hal HTAT < ¥ herbicide use 3T 39 @1 § AT% e fe@T|

%o e Bt ATl BleT kel A TohdT 8, wifchT Wd H U oI T gidT g | AN oh
2fen o St gmar ok o i A @ DA 8, 3afoe e gaex | I guy e & oid da&
g SfdRed SdRI & forg Taf gidT 81 Ues aafert faa & fohaa Aeite ofk g & Topar & T8
=&t srfaRe gma R Ak 8, iy siar anf g 2@ @ 921 @d G4 31 81 3R Al
3R Toh o # STk alg<t I e § A 3R ASIC o F1Y HIH dTet Dd H IR ohl
SifEA oft gear gl

T I & T HUTAT ohl STEeAT &Tf<h s S & q¥g H (@l gl UF S oTehel a8 d &l
T Y A1 de4t G 219 F Tgo T 87 Gad @, AT Hs SI9 & Jiesh 912 I a1 TH
T § F2 AT STHIA @ T g1 2026 TF spraying drones T Tl & (9T ITHIT &
AN T T2 oo AT Al FTAT FEAemT A+ a7 72 o1 Pegasus Robotics T XAG P150
=T rotors #iT F= SITAT gaT & THTIT THTT HeATal g 31T 1.5 & 90 Hie< T 9T q1eT T
TgaTar gl Hylio &1 HYL-150 ARES swarm operation & T &, ST #¥ter 50 faher i
T T e 20 gFedT | ATEF & | [SHha a1 gl T2 998 ISH 699 g F(1h
onboard computers g% I &l Hhd HTAT Hd gU multispectral camera, spray tank i
satellite-navigation signal &1 I &1 Hylio T U# operator =T i 1 & THg #f
oY & form ULS.

Federal Aviation Administration =t HS[ZT THT, 3 =0 T & UaF ATh (o § g
acre 3@ THAT g1 & G dfew? (29T 3 i foeme arer g it Ut ooy fewrdt g &
U FT<h ST multi-aircraft swarm supervision @ ® 98« & FTH ¥ TGl 2

IS 3T TaTe U g1 G H ATerw T80T 4727 FH F7 T2 gl T ST (gahra e i 6iF
FATE | AICT 21 a7 ultrasonic sensor 3T vision camera I&eT T THEH< drone T
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¢fTHT FTd AT AT 9&Ad 8| TF operator ZIXT < drone IT robot 3@+ il HIS[&T HaedT H
U# screen I¥ F= RefAT T Foorfa gy €, sfiw et U it J9&aT 7 9ohd TehaT
supervisor FT T3T FTH gl T+ ST TIAT AR T3 AT 8, FHa Gt drer [ =5H=rr
FLA AT T & LT SAGEAT I ATeAT A1 qdT (2@t gl

SAY-AT= 79 U=T 1ol a0+ | drone ¥ 3124 ground robot ITART 21 81 electric
autonomous spraying robot OrcBOT RTK-GPS 3fi¥ stereo camera & 79+ fRerfa qam
UE T AR TEAT g, Sath YOLOV5 neural network T&T< canopy g aT A&l Jg aTedas
THT | qgAT=aT gl central electronic control unit T8 9 & ATU X JTU nozzle T
FIAAT-a8 HLAT AT I 7 219 T T8, Aol (Sehdll Ta =15 10 haraiee 3T 931 &1
electrostatic charge =t g, ™ ¥ @41 # sweater AL HHT dTT (9T AT FIGTd
T qTg afl & e ST ATETst & WHiaT Tgame (Aaehdl 8| IaiE sprayer g4t #if AT
Tl I o TTHA gf THTAA STHT FY 91e FT AT YIS T9haT 8, 92 charged particles # o=t i
oo =g St 21 SEeht 37 = arer wfafiss a gaT 2

Turkiye ® Ankara University & Faculty of Agriculture & a3fi= § =8 €l & aTedia®
LI o TR 39e4 21 sprayed droplets FT 2TH 150 & 167 ATSHHIEL 9T 3T
American Society of Agricultural Engineers # fine-droplet standard ASAE S572.1 1<
T IAL| TAT 0T TAqg T THTAT Tl AT T canopy coverage Arad 55 Tiaerd i<
TR 57 TTaerd AT| TR tractor sprayer #iT a1 # THTIT 49 | 72 Widerd a1
ST T8 Y AIAHIT & & HANT 6l AT F S8 AT TSI FIT tractor TATHT
spraying #FT AT 19.70 ST I =27 off, ST Tare & AT 95 TTa9rd Few< 0.76 ST
i =eT sl

SHAN H el T @A 6 @IATATL 3T FAI-ITT UST AT a1 & TRT-h1e Tl L F ST
spray pattern 9TeT| VRMDWN & # fe@ ¢ @Xaqars a4z &l af qdT g i< ai=
&1 ST faeser @It Frear g, Safh OrcBOT &l TXT UE B7AT 21T &, THIT &g I2T §
ST TRt & dieg o F9 98T A0 @IAaaTe HEA0r § T TgATH AT Tet T
AT §, STath U2 STAR § 1T UL & HiaL AT hadt GHEdr § g7 I8 =orge gl
JT8< ¥ TET autonomous spraying @d 8, ¥ S g HLd aTel 7 AT 5

T T 92 Gdl & a1 I @i § AT 989 Bl g1 PIC microcontroller & =
FTAT FleT Uaie module TTAFT F5 HIH FLAT gl 250 ITH seed hopper T 9T TF A<
U< T-TU o191 %1 precision hill seeding, 500 fAefi=fiex general-purpose pump nozzle
ST 9 ST%2d @l 578 spot spraying, 3T mild-steel blade ST 9% 9ref & =
mechanical weeding FZAT 8| T# battery 3% microcontroller & TTHT FTH FTA ATAT F2T

TAE 2 FI T T @G T a1 SIS @dl T [9Fed o9 &l 2l
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ad | ST | 98 7 T4 neural networks PyTorch 3T TensorFlow S platform 9%
Adam a1 AdamW optimization # pretrained gid g1 Tferfara @ieer ONNX 3T TensorRT
=7 # NVIDIA Jetson Xavier NX, Jetson Nano, Raspberry Pi 5 aT industrial PLC
controller ST AT ATHTL F device TT STAFY Zohl THAT SATAT 1 T T T 17 AT
figet ateT areata® 3D Traveling Salesman Problem i &si9 milliseconds ® &< grar
g, SHTCTU TG & TUET 0l TATEAT § Fohel T THT ATAT TZGH Aal 2iaTl drone 5 Hiex
gt &k it T T spraying F¥ T4 3t motion planning nozzle Tav-a5 g #Y Fidt 3
e & SrEdl &l

AT TUITAT ATeqd § IUTR(T & T Al, TG Fe FETCAT F QT HIIT JTAT g1 T
algorithm & route reduction, operating-time reduction, edge device #t
route-calculation latency 3ii¥ battery & fuel #t energy saving Tree 9T 19 ¥ T
ATIT 81 T gFIT 72T herbicide, canopy coverage, droplet size, FHE-@XIqaTE HHT
&I misclassification rate, =T I 3T ITATT ATE T I @IAAATT & STTHTT %0l

recurrence-prediction accuracy FT ATH fR@Td g1 FHIT GEAAATT ST FEA Tha=T T
FIAT &, Tl T Fs AT T S gidl g, SEH model 3T aTeafas® @XIaaTs &= &T
overlap AT ATAT loU ST SWIE &1 &7 stamps  overlap ST &, ST &% thresholds &t
precision FT Fd MAP STeT 29Tl § T8 stamping gL Ea Mt SiET gl F1
score precision, FTHT @XIAATE FATT TT § FTEq 6% GLITATE & SI9Td, 3T recall, T
JTEATAH @I | Tohe MU T AT, (oA U A2 g o @iear g1 == i a2t
o FaeT U sT=at gl ar a7 field system F21 a=aT, Fi{% routing, treatment 3iT
recognition & T 2T AT T AT

T IUATSAT o T8 | Fs ATATU g1 T T ATAHa< TOMH T =T & § 7 g,
THorT T g AR % FTom &d | Hrar w7 T U2 g3 37T AT arel 8 a¥fi= §
AT ET A, T AT AGT 8| FEA HATs, TV (A< 3T THIA AT Ta I Tad Gl
AT T AR AT F2AdT §, TATAT e BEAT 3T AT o T STHT g T BF

route-optimization model Ts &q & 3MSTTE | 3= Gl FT AL T

#isaT 3D Traveling Salesman algorithms =i flight-path calculations 3% @< 9%
qHAA AT AATEIT T AT &, THTT JoT @ATH AT ATETAT AT & H 947 FaeAra 981
FAT| ZAT 4.5 Hiex I Tehe & AT BT T g, STl ¥ == a1ae i ar multispectral
image quality =T 3fi drone position & e 1 Hiex Ffe &t g, e T@a axaaanw
TEAT AT AT HATE I LA [T TFHdT gl 9T 1T 7d (& FA 0l HISET TG0 § g3
HITH FaT T qT STATE T Aol 0T Fe Thal gl UH G AeT & T8 e aAtai o
ST FEeT 0T T TR (T T FLAT 9247 2l
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drone =T ground robot #T |ITd® HHT HT AT4T 81 T drone Had wila 22 e
AT 3T ATAT 1.2 HA1eX THTAT IdT 9T, TATAT 92 & [ AL 2@ § battery Tae
3IY tank A T 7T FTL-ATX 14T 8| AT 51T battery 3T chemical tank a3 & =
9= # drone ST W&l Tt 3T @q & AT T2T T2aT g1 S Taad= A aTaT mobile
ground charging equipment ¥ drone & ground robot ZTT ST HFTT FiehT

T ATAT heterogeneous swarm control T FAITAAT 51 charging infrastructure &t
AN STTE I AT JIeT 92 @ o (70 37T AT gIaT gl SeRTeT 3 STHIA o LA[E I
Y FH qleh? 39 919 handoff Ta: ST, THT ThATH TLAT &q F Fgl 92 G aF o
ER

Td % A1 ST{edl TUET FEAT AT 97T gl reinforcement-learning route planning 3 2
FTH AT vision model sTfer computation TRTT g 3T BT battery-powered device T%
1 9T T 7 €1 computation =T % 1T quantization i pruning =T NPU a1
FPGA S dedicated processors 9% @RITATY 91T 81 &1 &1 computing resources 3T
accuracy FT Hqa" Gd AR ¥ FHA oo % ATATE g% FFaT & o1 sremr g

st AT AT 81 T o 9T o7fY 7rg S T SIS aiiET el g o6
reinforcement-learning model ¥ F&T AT ¥ %A a&l spray location 4T F=T1 o =7
e = § fewme arer Grad-CAM a1 SHAP S Explainable Al &1 YOS § T« U<
TFT T %2 FohaT g T3 Tdle FT 949 T g AT T =1 81 ST [FiE #fiT
GIAAATE AR I a9-32-a9 knowledge feedback ® ST & YUITeAT 2 a1 | v
Faedl fHET ST @XaaaT ecology T <@ Hahdl gl UAT [AaTH a9+ 9% gl A{dH T i
TS ZTET & ATl RIS[ET semiautonomous ZTa€dT & T autonomous Fa&T &l 3T
TET ST FHT

TH T &l 98 Gdl | held F Ugel s, AT T g A giv| a1 &7 reinforcement
learning = AT 3f¥ ITAT (AT FT &M T@H i SAF€AT 9T battery 3T chemical @
21V U FHTH T AL TTHT THT aThT 81 F5 drone §TT Hehd |TST Fleh &7 afad aTel
swarm flight & Fsha g 9T 0T UH-ga< il *ATd @1 Fohe, ART THAT el AT T
T 5| T operator EXT F% aircraft screen 3@ ATl HIS&ET FRIEHT &l ITATHAT =9
u¥ fA9% g & disconnected aircraft &1 fohaet Steal TgaTaaT e LT SITaT &l

i 3R THgof
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3.1

loT-strermefa ag-HaY M 3T g ia<or /rad

AT % 70 F9T H S0 T FH o1t a1er LoRaWAN Internet of Things STaRaert #it #e
125 forfora & srfereh g7 eht 8 e "etaa aroe 2026  14.25 faforger sy siew &
AT ITAT g1 FTHTLERT F University of Nebraska #T emrer &% = report Tt & e
real-time soil moisture monitoring & IT<Y &7 ITART 35 Yfdera % =Tl greenhouse F
frae ot Iq= g1 == 779 dr sraFeF=war g1 plastic greenhouse ¥ floor level T i@ it
FATS & temperature ® 3 a7 4 degree T A< g1 AT &, S roof  ITE ITH ZaT i
T 9q a9dT 81 greenhouse & @ T &1 g4« 9 white box # temperature 3T
humidity value 2¥ T second ¥ T gId &, 3T TSI value T FXd g [ 3 Td
ventilation opening =TT, heater T AT irrigation system =T 2T

greenhouse H a air temperature FT Ta&F A1 HAT T=dT| air temperature 3fi¥
relative humidity, carbon dioxide concentration, sunlight #T ®TIT, ST2T photosynthesis
# aTEqa § ITART 214 ATl wavelength  light T #TT Photosynthetic Photon Flux
Density FZ«TaT g, hydroponics # nutrient solution #T Electrical Conductivity 3T
hydrogen ion concentration, soil 3T substrate ¥ a=t moisture, water tank T
temperature 3T storage facility # ethylene gas @& AT d&ad gl ¥ value TG €91 &
Tel | temperature =219 % 1T opening @« 9% humidity 3T carbon dioxide
AT a8 fAeerd 8, St heater I & Fa<T temperature T2t S&dT dfes relative
humidity TSt & =T g1 sTfer a1+t <7 & substrate moisture FEAT 8, 9% ST & ATHITH
air humidity T &2 FahdT & 3T mold F SIq&e T a7 Fahdl gl AU greenhouse
microclimate, ITHT e &< TATH #T climate, FT UH-UF variable Faa w3 aTer 3Te 1

switch & H¥g T d%g =i, afed UH nonlinear T time-varying coupled system & &7 &
<EAT AT SEH o9 variable T TH-gEL &l Gi=d 3 ghead |

Tg HqAT Zed o THETT @l % I 3T 1T 5| ST temperature range H Fad §g
& ATeY T8 91X stem 9gd @41 9 T § AT flower bud R & €, =¥ 1@ 9 high
humidity T8« 9% 9=t & = water droplet =< fungus T3T powdery mildew pathogen
= FET T AqHA F9T IATd 5| T 1< fruit set et g1 a7 disease outbreak TX
season i yield =T THaT g1 TETIT farmer T intuition 3T experience T3TH 781 &,
gfe® greenhouse ¥ T== 9T Internet of Things (I0T) sensor 3T 37 value TgF<
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real time # fA9Tr == 1= artificial intelligence calculation &7 92T sensor @ T
=T 8 T fie T calculation % &7 i fRfa e ST action A= aT«T judgment gl

a9 7 2 T greenhouse ® Fa< T sensor g1 a7 T judgment T&T FTH T8l T
TEdTI ventilation fan 3 & AT 3fT opposite corner # airflow speed & T 2T €,
STafeh dense crop canopy & 9T T 39+ #1+ shade # temperature F% degree & T
21 T%dT 81 greenhouse wall 3 ITH FT AT 3T center WY 3ToT weather ed g1 TF
sensor ¥ representative reading FT I¥ greenhouse #T value #THHT heating 2T
ventilation T FTT 9T ITH X zone unattended ¥g Hhd 3 AT AT & AT TLATT BT
THd 21 39 spatial nonuniformity T F9TAET greenhouse instrumentation design =t

T FHET 2

greenhouse H ATEAd | ST ATl sensor &l =T FIhHT @« T g1 air side 9 DHT11 3T
DHT22 temperature-humidity sensor minus 40 & 80 degree temperature TT 0 &
100 wfrerd relative humidity ST9d 8 3T 39 |1 WQX-TH temperature-humidity
sensor ¥gdT gl water tank # DS18B20 water-temperature sensor giaT &, WQX-L light
sensor 0 & 157,286 lux @ light #T94T g 3w WQX-R @1 UV sensor 0 & 2,000 watt
per square meter ultraviolet radiation #Tad &1 FC-28 a7 YL-69 moisture sensor soil
IT substrate H F4T 91T HTId &, 3¥ air carbon dioxide concentration FT gas gT=T
infrared light absorption & ¥ & ®T9+ aTAT nondispersive infrared (NDIR) sensor
T9TaT g1 hydroponic nutrient solution # Electrical Conductivity (EC) 3T hydrogen
ion concentration (pH) ZIFT ATI ATAT sensor TTAT STAT g, STats harvested produce
# cold-chain distribution ¥ fruit gT2T ZIST ethylene gas ¥ 1T 1T sensor FTAT ATAT
2| T sensor Fil AT Had T go¥ § T H31 g91¥ won g, 9 a1 fHase

greenhouse = g¥ A€ T ATAT T a9 gl

ferstett & fHenft, 78 sensor node # life T % aTAT THIT I 8| greenhouse roof T
substrate # 9TH STl 74T power outlet =T {5+ g, T @< solar panel 3T storage
battery aTeT node 31T¥ g, fSE=T circuit ATATT: TIAT § 3T 97 THT U< T 3 THHL
reading &= # a1 T AT STAT 8, TATT TH charge 9 s Hgld 94T gl irrigation
pump ST ventilation fan ST physical work ¥ aTeT actuator $[&3Td ¥ commercial
power § S[E ¥gd &, STafs 919 & sensor node 3T low-power battery 9% I 2|
transmission T FSTT T ST * {17 ¥ /T F aT% AT F a7 reading &7 T G897 TF
STHT #%eh |19 |STT SITAT g, TR I8 trade-off ITerd 2T T battery sTIeAT | Seal @ gl §
A sensor 31 decision % AT 9% I T gl

greenhouse F aTgX T sif@ ATRRTI JNGW100 weather station st WQX spectral
sensor ATg< @ 9% 7 outdoor air temperature 3T humidity, dew point T solar
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irradiance 1-minute interval § ¥ ¥d g1 Japan @ agricultural research organization
T grid agricultural weather data, WeatherAP|, sty siafyer usiet &1 NASA
POWER, &g g Food and Agriculture Organization T FAO CLIMWAT i< &=
foreign open dataset real time & forT StTar 8, T o= aTer %= fa=1  forecast value
control model =TT ST g1 Fa greenhouse & 3a¥ & sensor AT ATeT cold wave T
heat wave #T advance warning T&i = @&d, THTT outdoor weather data T indoor
sensor reading & |1 T@HAT HIFS THAT a9 ¥&T 81 opening % ¥ & G0 UF = g
ST ST crop & STia Sl g &7 $(q< a7 9dT g, STt value d& & a1 ST agd
< BT T Bl

AT §E&AT air ¥ 78l a1l speaking plant approach &gt areft fafer crop grer faw
signal 92T 21 greenhouse H 3= 3T STTH ATHT air #iT carbon dioxide concentration T
s airflow rate ® TUIT % < 5 minute T TUET T ST Tl & 1% T Crop canopy
photosynthesis & fFaHT carbon dioxide =t 3T T # respiration & =T St 21
3T d¥g water-vapor concentration % ¥ T airflow rate ¥ T[UIT &% foAT U o o<it
QU STHTH AT ST Tl g T Tl & Fohaer aret fHerar sfiT 9t surface & &< pore,
IT+T stomata, fFa= gt g1 thermometer FH< #it air AT &7 tool g a7 77 f&fer crop #r
g1 Sfifaa measurement instrument s4T 3T 21

sensor reading % layers & gra< STdT 21 field ¥ front line 7T STM32 a1 ESP32,
Wi-Fi ataT ESP8266 module, 37aT Arduino Uno 3T Arduino Nano T ag §TsT= TgaTt
g IS =T device T8 dfed g1 Arduino Uno sensor value S[ET&< actuator HTer =TT &,
Starfe 9T T Arduino Nano web server & communication 3T display 9% graph a=mar
g, TATITU U side ¥ I¥ TET 9o dadl gl greenhouse & nodes RS485 wired
method IT ZigBee wireless sensor network 9% value sifed &, ST central server IT
cloud @ 9ot # forT 4G DTU, GPRS, LPWAN @7 Wi-Fi network ¥ § YT gId 2|
FAEaET greenhouse T FeT display, office computer 3T farmer T mobile app 3t
T FHTT HEAT ITd 2

industry H &« F9T & proven RS485 wiring moisture 3T electromagnetic interference
H JATIET gU faHT reading forsa@=r 9 & of ST g, 9 greenhouse layout @@+ 9%
cable f¥ [a=TT 9= g1 ZigBee ST wireless sensor network wiring gt HITd 3T
AT cultivation method F&& aTel greenhouse # T ITTE &, AT steel frame
3T water tank ST radio wave T+ aTer obstacle & reading & H&hdl g AT &% & o1
Thdl gl TATT field § fRET T method #T standard S99 3 a1 241 ¥ed &, STal

core section wired 3T IT¥-ATX F5e= 9T section wireless connection & supplement

I 2|
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=H LPWAN #T low-power long-range network LoRaWAN % aut # laboratory
technology # industrial-scale infrastructure = 14T g1 a7 2026 T global LoRaWAN
loT market 14.25 faferae HTERT STAT et TAT g 3 2035 TF I a9 34.7 Sfaerd
& FT ATAT 21 70 390t H 125 ffora= & s1fas LoRaWAN device T8 & @910 ST 6
¢! TF battery 9% a1 97 &= kilometer ZX reading 9T A o HTLUT sensor T

plastic greenhouse IT T &T & I &Id | W TRTAT ST Tl g gl A% electrical wiring
FHiod &l

a9 2026 = TH@ TG calculation T cloud ¥ site & communication relay device, =T
gateway, ¥ & SITHT &1 8¥ sensor reading I¥ server T ASTHT answer &l SATeT Fa %
o7 lightweight artificial intelligence model gateway ® ¥@T SITAT 8, ATl a8 qid
decision | THH server T& ATH-STH T AT 31T communication cost T =2 8l
et & University of Nebraska & experiment ¥ 5 fafer # real-time soil-moisture
monitoring 7 water use 35 TTd9rd @& FMAT| sensor reading A« I Ag! “hdT, afod I
#Ter decision ¥ F&dT |

5T «ft greenhouse # ¥ FI | AT sensor TRITAT SATAgTF qal gl THHT U [ahed
Fad ATS sensor T calculation & I¥ greenhouse T three-dimensional climate
map FATT 81 Computational Fluid Dynamics (CFD) @8 simulation technique g ST
computer ¥ ZIZTAT g f3 greenhouse & fid¥ air =¥ gas aT&qd § F& Fgd i¥ [Hd &,
ATAT weather map T greenhouse F & TITH | o 33T 47 21l 29 image T& a1
Convolutional Neural Network (CNN), HH3 3 T&ATd & SITEL0T Fd a1 Temporal
Convolutional Network (TCN) 3T candidate value & optimum @Tst= aT<f Particle
Swarm Optimization (PSO) & SiTe+ atet DeepCFD-OptNet S/# machine learning
model, FaT Random Forest, Support Vector Regression (SVR) 4T Deep Neural
Network (DNN) & T2 I 9% Fa %8 sensor value  greenhouse & g¥ &I H
temperature 3T carbon dioxide distribution T TTERTT TATHHIIT g1 HHAT 51 map
update ¥ F o 71g reconstruction YT: ¥ F& minute # {7 calculate graT 8, Taferw
sensor Tgd zone # WY Faaw ffa & e value = TeT ST T=hdT €1 calculation
sensor placement cost 3T measurement precision it E=dTT FT gap AT Bl

T & value T ST &l AT A9 1< AT9+ a1t redundant design measurement
precision FAT T THIT TLIHT g1 Faa Tk temperature sensor T¥ AT system & ITH
TS 31 &t I greenhouse 3@ & Fideh 9T §, AT THTT zone H TET ST
performance aTeT T AT i sensor overlap F¥ T reading T AT & IdT 9 HdT g T
F19 failure & fAe 81 < inexpensive sensor T overlap TF expensive sensor & JTaF
failure-resistant graT g, TETT greenhouse size 3T budget F STATE o value FT
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fRa=t overlapping layer % HTIAT €, T designer &l X FIAT 94T gl UHT overlapping
reading g1 T¥ g &RT FqT3T adaptive Kalman filter F&T T [T @1ahaT &

reading ZWIT THT U< A1 STAT| FTET IT communication e« IT sensor @XTT g9 9T
data gap s9aT g1 gap BT AT 10 step & Afers 7 21 a7 forward-backward linear
interpolation interruption ¥ Tger #it faW reading 3f¥ connection e & a7 #l Tgel
reading =19 straight line Ei=®< GTAT S9Tg WAt 21 gap 10 step & Tfer g1 ar haet
T8 method ASTEX BT ATAT 8, T9TrT Dynamic Time Warping (DTW) historical record #
current pattern STET change flow @St 3¥ blank ® ATaT gl T diary &1 U o
e 9T TUger a9 IHT season 3T THTT weather a1l {37 #T entry 3@®< blank page
AL ST 2|

gap ¥ | I received value & TETHE ITA AT gaar il qqT off g1 humid i
dusty greenhouse # sensor F¥T-w+ 1o M= value 34T 81 self-adaptive Kalman
filter & smooth F¥aT 21 Kalman filter sensor #it =1+t fi=ft = erratic value si¥ =
trend & FHTHT expected value FT weight ¥ TT & o= & T point % €T
converging FaT g, 3T =T [Frgiq satellite signal ST 9% AT vehicle #it fo=g=t
speed TT direction T@FX position ¥ FLA ATAT navigation calculation ST g1 T8
adaptive THT Fgd & 1 filter T3 7 AT & 8 sensor T% fhaT AXET FAT gl A%
reading 3T expected value T ¥ ST F=T T, 3T sensor FT weight IAAT =TT
ST TAY sensor & 3TTers weight TR, S moisture 3T dust & &AToF TESFET ATAT TH

sensor ¥ decision &I gl fgaTaT|

ITAC-Tt%® China % Ningxia @ Hengsheng Seedling Base T &THT=T double-film
solar greenhouse % field site =T STgf =9 filter #T practical test g3l greenhouse #
WQX-TH, WQX-L 3T WQX-R spectral sensor & 9T set HdATT T T AT AT
weather station TRTTIT TAT| ST sensor FATAT & T T ATH ATAT reading FT adaptive
Kalman filter & 92T smooth ¥ & aT% temperature-humidity forecast 3T heating
TAT ventilation equipment T IT & T & automatic decision Iga ATeF FU¥ g0
measurement stage 9¥ noise 7 g< dT data 9% ¥@T fohawT 9T sophisticated decision
logic foundation & TEa¥ T

smooth reading T unit JeRT 219 & 39 calculation ¥ = AT g1 ST FheTI
temperature degree Celsius, humidity percent, light lux, carbon dioxide ppm 3i¥
acidity pH ® #T9 STd 8, 3i¥ 8% scale 3 g1 min-max normalization scale &I smallest
3i¥ largest value % 1= 0 & 1 § FaAHT Trg AT TEHT AT AR FATAT gl TS Fs 2900

& currency #T TH common reference currency ¥ I&@+ & T8 goods price T AT
T ST g1 AT T g9 92 &t data machine learning pipeline FT input 9T g
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value smooth 3T scale aligned 2= & aT& 39 physical movement ¥ F&+ &l aT<T
ATt g1 1 site ¥ NodeMCU ESP8266 aT Raspberry Pi, local Qt display aTer control
terminal 3fT FHT-F cloud server & 1= a1 STAT g, TAT reading 39 ¥ decision &
Aferhad T second TTT & ST FHHT TEH AT FH| decision F AT command relay
module ¥ irrigation pump, ventilation fan, shade screen, carbon dioxide
supplementation system, misting nozzle 3fiT supplemental LED lighting @ #Yer strat
gl sensor box FT green light & 9% H&4T T second T greenhouse & Y T8¥ FT fan

AT 2

stored =¥ displayed ¥ 9% measured value FT AT STIART F4dT | gateway & [T
1T data time-series database ¥ %5 & STHT graT & ¥ farmer web 3T mobile phone
screen T¥ fU=el & aIT ¥ATE T temperature-humidity graph &@ &=t 21 value
predefined danger threshold ITT &< dT text message IT app notification T&@ warning
<dT g, fSEH farmer cold wave a1 power failure ST sT=T== Forfa 9% T2 a0
greenhouse # 72 faHT response #¥ T%dT g1 long-term record a1 # yield a7 disease
occurrence H AT FT data ST 8, 3T certification IT traceability T a1l produce
= 1T cultivation process #T evidence st 2T 5T 2|

Indonesia % Sandi Buana Farm 3% Purwosari & & commercial hydroponic lettuce
greenhouse I8 2T flow fa@Ta &1 DHT11 temperature-humidity sensor, DS18B20
water-temperature sensor, FC-28 soil-moisture sensor T pH 3fi¥ EC

nutrient-solution sensor @ TT T, 37T reading NodeMCU ESP8266 gateway &
THel 27 cloud database T 2| 9T AT | 15,492 reading STHT g2 i< 918 ¥ yield
98l | IdTH AT environment automatic adjust %= T decision system #t raw
material a1 ATHAT f3@TaT g & o1 sensor 3T inexpensive Wi-Fi module & T
commercial greenhouse scale T data foundation SHTAT ST THAT 2

Kangwon National University T 300-square-meter winter greenhouse T TaT=
configuration T@dT 21 pellet boiler, heat-storage tank 3fi¥ tube-rail heating system
1T greenhouse JNGW100 outdoor weather device T4 GL840 logger ¥ interior &
e thermocouple sensor #T g% minute reading T e a1 F¥aT g1 UH densely
accumulated record & predictive heating 9a gIdT &, [SIEH severe cold wave 3T
T FT "< Ugl heat-storage tank FT water preheat T3 SITaT 81 measurement interval
FT 1 minute T =TT TaF 9 foundation g ST sophisticated decision logic @+ & Tget
FATAT 94T &l

Japan #F Aichi Prefecture & agricultural innovation project & smart mist-control test
fe@Tar g & % sensor [+ 9% FAT 37T g1 Had greenhouse temperature ¥
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humidity T@+ = 1T system outdoor solar radiation, T sunlight intensity, <t Tzar
2 9T value 9T << real time # Vapor Pressure Deficit (VPD) foTerar g, S air ¥
thirst #T Ts H&aT # f@Tar g1 sunlight =T o g% T8 number SIETT a7 system &
burst & ITAT mist =@t g T a<ft et 7 2T =¥ plant stress =, STt farmer
smartphone app 9% IT trend 3@dT g1 temperature 3T humidity ST @ value STTE®T
TS H&AT 99T practical intelligent measurement #it fieshe T 1X 2l

Taiwan % Kaohsiung & a2 multitier cultivation rack i< vertical farm fe@Td g &
sensor network T layer-wise T&@ 9% ¥ FT [T@Ts adT gl d°% level & shelf 9%
orchid 3T hydroponic vegetable 3T aTer farm % compartment ® 3’1 temperature,
humidity, pH 3% moisture sensor 9T#< reading T central field control box TT
cloud monitoring display & S[eTd g1 upper ¥ lower compartment T light =T
ventilation I<RT fH@= & T greenhouse T TF space #TH aTAT measurement
scheme level & sITATE subdivide 3 81 electricity 3T water consumption T HTTHT
carbon emission display 9% =147 SITAT 8, R sensor crop condition = T2 < farm
operation #T efficiency fe@T™ aTaT dashboard a=4T 81

w1 a¥g design T system # T weak link Tgd g1 greenhouse ¥ relative humidity
JT-ATE 90 Widerd & FUT 2, pesticide application & &T corrosive gas %l 3T dust
9T water droplet f=rTeh T sensor sensitivity FH3 3 T £fi¥ T2t g1 =7 phenomenon
FT drift Fgd g, S greenhouse T aTEdfa temperature THTH TEAT g T¥ Fael sensor
it Tt - alignment & FTET ST g1 TH e & (010 &z sensor reading it a1
F¥ manual adjustment % faHT scale 9T a1 self-calibrating software 3fiT water
4T dust FT T a14T durable nanomaterial-coated sensor faad g1 T&T 2

regular calibration st sare= THHAT g1 TAT sensor TZ«AT AT A9Td THT manufacturer
reference reading #T actual field value ¥ =T aT<T initial calibration 2raT g, T 8¢
T He < H 92« & FTq standard solution 3T standard light source & AT #%F scale
AT adjust AT SITAT 21 humidity sensor & o a8 T8t 39 £ humidity Ta=
Tl salt solution SI# saturated solution & JTET 3T @Y 39 reading T reference
FETT 81 B¥ AT 9T & greenhouse # THFY Tg laborious procedure I & T3
sensor reading #T T@T 7 out-of-alignment sensor &SI ATAT software calibration
fI-eM g A HATA =T B

space &l FF Fleh sensor TTU STU, Tg AHT g gid aTadT T &1 greenhouse Sra«T
=T 21T, ventilation fan 3 ST 3T center TAT crop canopy  upper 3T lower f2&0 #
climate difference ITAT TET T, «ha THTA interval  regular grid # sensor ST 9T
T=l area ge THAT g STl temperature difference Ha¥ TfdF g1 greenhouse T zone H
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TieHhT T density § sensor T@H aTAT stratified sampling 3T CFD-based
reconstruction T alternative g1 fFa+ sensor gt @ &, THHT decision e TFTT

FT sensor AT &, IAAT af HgcaquT gIaT ST L&l 2l

ST manufacturer & sensor &I Programmable Logic Controller (PLC) ¥ g&<
controller & STTE 9% I&RT communication language # FTI reading misaligned I
connection T @¥F fail 1 TFdT g1 g% 91X farm # 95 machinery 39 9% existing
equipment T compatibility STt=+ T burden st T2 & ATAT 1 TH & FHLA * o0
industry ¥ =1T9% standard communication protocol OPC UA, Japan T agricultural
data-sharing platform WAGRI 3 loT =T agriculture % o7 adapt % 1T loP cloud
STE common standard 3T o 78 &1 protocol standardization @72 THT easy
interface 3fi¥ control ATAT W FHTATAY FT1F g fS1& engineering training T 91T farmer

T faat 7 Hra 7o)

field # artificial intelligence calculation #T aTeafea HfeATAT test accuracy & T A&T
fe@dT actuator T command & 3T aTeqd § 9o % a9 e9% delay graT g, ST
wind ST vibration S physical factor unexpected moment U< ZET&T F¥d 21 ATST &
communication Z& qT gateway cloud  answer & SHT YA TEAT Al HT THhdT, TATAT FH
o % minimal decision logic site 9% TgAT ATRUI inexpensive microcontroller 7% st T
decision T&HT = AT ST 3297 &

calculation gateway # ST it Y f<r ¥4 g1 9¢ a1 &7 artificial intelligence model
T PIET AT gohT 2T ATRTI number T 8 bit § 72T computational load F7 F%
Tt Quantization 3T = model FT knowledge &< model ¥ Tg=T aTeit Knowledge
Distillation STHT technique THTETH & &7 # LTI ST &l 51 sensor selection, power
supply, communication network, missing reading 9T, noise filter FZAT 3T scale
align FAT STET-3TAT GBI HTH @ T g, ATehel Tah | Z qT I HU< % g< decision H
instability ST g1 greenhouse post F sensor box T reading gap WY, noise g« 3T
scale align 219 % a1 &l ¥& second & fan, pump 3T light I 1T decision a9 21

white box FT sensor Hg! value T &1 g T Agl, Jg AT W 5| farmer & g T Brer
bottles # pH 4, 7 3T 10 9% precisely adjusted clear liquid &, 3T sensor tip T TH-TF
bottle # ETe*¥ display number #T standard value & f&=TT=T verification T=IT
calibration g1 Electrical Conductivity sensor 9T known conductivity aTer standard
solution # ZaTH< scale reset AT SITAT 81 7 TF calibration 9% 8T 95! graT, afc®
season TTA IY 3T FF | FH g¥ T Aald H AT T2dT gl g Al AT TF a9
verification T4 calibration fa=T i SITT a7 sensor H&AT <@T 2T 8, T I HEAT 3T
5 actual value &1 3 fR@Tdl &, ST A €Y FEaT g1 THAU farm 7T calibration log
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TEaqr g o &=t grar g T % 78 sensor &1 & standard value  adjust 73T 7,
3T THT record o T2 ® 97 graT g T FF9 period FT data W& T7 ¥ foF 9% oy
FLAT 2

F% sensor overlap gi a7 T aTd |THT 1T, THE a9 off AU /T zone H i+
temperature sensor IT T& AT 3H & &I aTAT 24 degree Celsius f<@T @& g1 @
T 31 degree fa@TU 9T majority aTeT a7 reading T#TT Td & T 3T sensor watch
list & STTaT 21 10 second # temperature 5 degree & 31fars S St areafaswar &
FfoT change T =€ a¥ filter Fdt g1 flagged sensor T ZeTdT A5l ST, dfe® e fad
3T T@FY same discrepancy g 9¥ failure confirm graT g1 TF spike dust particle
TS T chance event g1 @&dT &, (T recurring divergence & sensor &l a1
problem ATHAT AT

interpolation ¥ 9¥ value #T flag F¥AT ST 5| straight line & [ 3T similar historical
pattern & @TT number sensor #T aTEdfa® reading &1, calculation ¥ inferred value gl
flag T g7 @7 F= A &A1& environment record &7 yield & =TT F97 inferred 3T
measured number @ ¥ conclusion T AT fR9T | o ST T | FHiSA ATHAT a8
g STgf communication outage AgT At frozen pipe IT stopped pump ST aTEd i
failure 21, T¥ interpolation blank FT smooth number & 9¥< problem &t 21 @ feT
gap T safer & 73 =< 4T interpolation % AT separate onsite inspection alert 39T
T, aTi calculation THEAT T FIATT 7 fOTU

communication network design & wiring T AT oA+t ggcaqol g, signal loss g+ FT
LT oft 39T BT 81 wireless sensor node gateway connection ®TT aT reading e
< % FS1T built-in memory # temporarily T@AT g T connection @ites 9 backlog &1
upload AT g1 node TH-TAY T signal relay FI ATAT mesh arrangement SATU T
steel post radio wave T @& ¥t neighboring node FT detour 3Iu<fs4 TgaT gl wired
section FT detour AT ATEU, 97 cable 2 dT alternative Tg1 gIaT, THAT critical trunk
cable ¥ |1 spare line =T duplication T STTaT T

farmer T screen Fae H&AT T FATT TMY qT ITAFT =1 21 normal range T green,
attention aT=T yellow 3fi¥ immediate action aTHT red ¥ 9 greenhouse state TF
9 | GHEAT ST Fehd T gl problem 77 g T alarm Sgd aTX a7 AT farmer Agca ot &107 T
notification sft ignore F¥ HFAT gl THTIT threshold level # i STd 8, STgf small
fluctuation screen T¥ quietly f@dT g 3fi¥ phone notification THT SITAT & ST F% value
AT danger range ¥ SITU 3T A& warning T 9T ¥ S({er 21 T site I¥ first
notification T response 7 &< dT delay & 9T phone call F¥F escalation AT 8l
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screen ¥ corner ¥ T# =< 3T U {a+ 3 F predicted value current reading & &T
9 8, e farmer S&AT 92 & Ig<r action o TFdT gl

T it device Fae T2 T TATH budget AT farm T¥ TEAHTA 21 a7 ITATed AT
sensor, gateway ¥ software subscription T combined cost ATETHT & 3 ¥ T
TeAdl g STl small farm faarer & RB=ehat 2, Sl equipment T4 % 1< rural area |
failure repair ¥ ATAT technician GTSHT T S BT THaT 1 pump T vent FT
remotely FATAT AL &, 9% unauthorized external access T manipulation T
risk W7 T@dT g1 midwinter & FTs system ¥ FE®< vent @I < AT 2T greenhouse FF
w2l ¥ freeze T AT g1 91 & environment 3T growth record value AT aT<T farmer
% ITH T Tg&< equipment vendor & server H locked T AT g, 3% farm TE<T
company T equipment = &I 9T record 2 T gl equipment acquisition cost,

maintenance personnel, remote-control security 3T data portability 7 technology
FT AT FHETU B

i iR Tt

e g

1. Arfiyani, S. A., Wardihani, E. D., & Helmy. (2026). Smart Greenhouse Data Integration Using Machine Learning
Approaches. Jurnal Nasional Teknik Elektro dan Teknologi Informasi, 15(2), 291-305. DOI:
10.22146/jnteti.v15i2.21951.

2. Cai, Y., Liu, D., Xu, Q., Li, B., & Liu, B. (2026). Greenhouse Temperature and Humidity Prediction Method Based
on Adaptive Kalman Filter and GWO-LSTM-Attention. Smart Agriculture, 8(1), 148-155. DOI:
10.12133/j.smartag.SA202506033.

3. Huang, X., Zhu, Q., & Huang, M. (2026). Online Detection System for Freshness of Fruits and Vegetables Based
on Temporal Multi-source Information Fusion. Smart Agriculture, 8(1), 203-212. DOI:
10.12133/j.smartag.SA202505037.

4. Jamjachi Yauri, R. |., Herbozo Ramirez, J. R., & Ovalle, C. (2026). Sustainable greenhouse using loT and
machine learning to optimize the microclimate for lettuce cultivation. Bulletin of Electrical Engineering and
Informatics, 15(3), 2138-2149. DOI: 10.11591/eei.v15i3.9877.

5. Park, S., Kim, D. H., & Oh, K. C. (2026). Field-based implementation of machine learning forecasting for
energy-efficient temperature control in a greenhouse system. Journal of Agricultural Engineering,
LVII:11eb730c.

6. Qiu, J., Liu, Y., Gao, X., Huang, Y., Zhang, H., Tian, F., Li, W., & Feng, Z. (2026). AgriAgent: End-to-End Large
Model Agent System Architecture for Agricultural Environment Control. Smart Agriculture, 8(2), 220-236. DOI:
10.12133/j.smartag.SA202507042.

7. Wang, J., et al. (2026). Research Progress and Prospects of Intelligent Management and Control Technologies
for Facility Vegetables. Smart Agriculture, 8(1), 105-120.

8. (2026). Systematic Review of Autonomous Weed Detection and Identification Using Deep Learning. Precision
Agriculture.

9. BIUBLAER. (2026). IREED A H AT —IEANOAVT I A BREFHHSECEEEATLICEITT.
BEARTZA, 87(4), 502-503.

56



T F SR geufiddr

10. (2026). EYREIFOMRRL E-+tE EYTHORFTM- FRICSTR2HERTARORRERE.
HEYIIRE T, 38(2), 55-60 / 506-510.

Raté o aa arEh

1. Semtech. (2026). LoRaWAN reaches critical mass: 125 million devices and accelerating growth. Semtech Blog.
https://blog.semtech.com/lorawan-reaches-critical-mass-125-million-devices-and-accelerating-growth

2. Atom Senses. (2026). 2026 LoRaWAN loT trends: What's new in low-power wide-area networks. Atom Senses.
https://atomsenses.com/company/news/2026-lorawan-iot-trends-whats-new-in-low-power-wide-area-networks

3. HashStudioz. (2026). LoRaWAN for loT ecosystem. HashStudioz Blog.
https://www.hashstudioz.com/blog/lorawan-for-iot-ecosystem/

g 3R fifzar ameh

1. BHEBRRA. (2025). 1M4FBHEERXFTERREREMTE. YouTube.
https://www.youtube.com/watch?v=1Edc6pP4HnU

2. KYOTO SMART CITY EXPO. (2025). AX— NEBEDKHE ~ BN EORFEN S D<K BKRKRNDEZE. YouTube.
https://www.youtube.com/watch?v=PzHccCvmsRs

3 EHMERBEKER. 2026). [BVWERBEA /R—23a>7OPTUK] 7O 1982027
HAEREETH S (2026.6.10B3# ) . YouTube. https://www.youtube.com/watch?v=jpkoNgscGu8

4. BERNBREEREEME £FL. (2026). FSEIA VT4 I F— "THETTF—RERHRELLS | BETF—X
OFERAZEZ ~ T —IRBEEZEWAGRIE 0PV S R ( SAWACHI ) TONextik t R B MEEREES AT A
~ 1 . YouTube. https://www.youtube.com/watch?v=k8Qvv6CKB2A

5. Supreme Knowledge Foundation. (2026). IoT and GNSS technology based Smart Precision Farming and
Community Development. [Part I]. YouTube. https://www.youtube.com/watch?v=8VssYT1onkA

6. Kanal Pengetahuan Fakultas Teknologi Pertanian UGM. (2025). Al and IoT in Smart Agriculture: How Young
Innovators Can Shape the Future of Farming. YouTube. https://www.youtube.com/watch?v=77_Aa0bdchQ

7. BXENBRBECSRERE #ES. (2026). F6RA T4 I+ — THEE BEDXE XX 2 RHRER W
Fi HaLow® & & 18] & SE FAZE 1. . YouTube. https://www.youtube.com/watch?v=1Gn_rbR6_Tc

8. Life at PTPN. (2025). Webinar GO DIGI SERIES #5 10T And Al Implementation In Agriculture. YouTube.
https://www.youtube.com/watch?v=TvmtvwyHwUQ

57


https://blog.semtech.com/lorawan-reaches-critical-mass-125-million-devices-and-accelerating-growth
https://atomsenses.com/company/news/2026-lorawan-iot-trends-whats-new-in-low-power-wide-area-networks
https://www.hashstudioz.com/blog/lorawan-for-iot-ecosystem/
https://www.youtube.com/watch?v=1Edc6pP4HnU
https://www.youtube.com/watch?v=PzHccCvmsRs
https://www.youtube.com/watch?v=jpkoNqscGu8
https://www.youtube.com/watch?v=k8Qvv6CKB2A
https://www.youtube.com/watch?v=8VssYT1onkA
https://www.youtube.com/watch?v=77_Aa0bdchQ
https://www.youtube.com/watch?v=1Gn_rbR6_Tc
https://www.youtube.com/watch?v=TvmtvwyHwUQ

T F SR geufiddr

3.2
=fSrea fTaw sfie Al & 93iawor ¥ g #7 Jraa=

ATEAT

RfSreer feam (Digital Twin) THT Ta1 5 Sa# areatas AAgrsq it G311 3T ITHIN
T T & AL gag SATLH ATl ATATET TS & qTIHH, ATRAT, FTaT STAFIEE AIxd]
31T T o1 THT S8 arEdias 0T % HE9L 22T ST ST 8, AT Tl gl TUET hf 7 o 6
THETSH FT ATATALI AN 8 T Fd =l ST Grad I7 #=T1E ared GHIAIST FHed
ST FTLATE T8l Thie U 9 Hieel § AN T ST g 37 TOET | IRT TR0 =+ o
T &f Tl AR ATEATAE A FGTSH STHLIN] Tl FSAT SITAT | THI o6 AT FTEq 9 TTAGTSH
T Rt % FHGE Fod T & HI0T =4 f3ae, IT=T S[Eat Fgl 147 &l

Rfrea Gam Fae AT it T FT aTaT H-r At =1 781 g1 Tf< AT Fa argdl
& & THAAT-S[AaT 21, T ITOET i ST gl Al TSvT 3T Uk qedi< TATH gl THFRT
AT G 39 S(Ad 1 § § ST AT HaT g o6 Agrsa i gar, et o 398 397a are
T F AT 8 TGAd 2| TH S99 o g § AR &L I ATIF €T F TIH FEOA Jlex
Hqis DSSAT, ITHT FHT ST gEqTa¥yT & [o1T {997 AgT=dT TUITeT, FT &0 4.8 2
Tg A gL Tad AT Fear g o Tixrai § Toh1er SO0 § a9 TS o STS1 3 Bl qigd
Ve o S-S ST | e &, T8 [Hel & I 3 T qcd (e T & =l g oY
o T AT @ S a9 9 At v afafraT 3qr g1 Seares whiv 97 gt wrerar v
% FLAT & AT N9 I FaATH T AT FHleh T TUET FLAT & 3T Tgl 2f (a@r a1 8
o srrer fae =9 egred o /e 7 9T fohaT Jier R a7 Iixrat T s e

WG H d1UHH, TS, ehis STS3iTRATSS hl Higdl, §u h derdm 3R fAg! a1 I aret
HTEH | UTHT JT Iaeh chl HIFT S-S Tal dceldl, dfeeh Toh-gaR H ITTehs ATY Teld]

¢ | g Gem IR aTuHT SR SATEdT 91 ged 8 3R 34T Rl HleH SEAHTFITES & e
fAerera &t mifa oft sIgeT STt 81 T8 39T 8t ST @ Y QMR I hadl Yok aeel GHTM UR UTHT <l
&aTd R AU G I&eT SI1d 8 | I8 dTaHT 31Td 81 Ul ITe] i 3R dTIAT °ed 8l §
e aTett GRIAT HTH-3HTth 0T TUTTelt 39 Scist HaiY o 1Y e ol (Hell dehdl| &R
gfaforar 91t & @ it 8, I 8t &R A 7HT 3R urit =aef Sirat € et el ont &g feT den
SR 9 3Hfereh T, 3 a1 g@ruA g1 ugdi 8| g4t avig 9 f3fSee fam oIk i gigh
0T 8T dandiia & hg | 91T § | arafde Rasfohat 3R aTed g & Ugel ©hiF W)
U hech 81 39 TRER ot Ufdfecharstt el THg Igd Tl ST Hehdl B
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fefSiea gfam o1 Ted 21 Jod I THY HHA AHTdT 8 STd IcTeeh BT ShiRars SITSTHIHT TTgdT
& STl IT Ul el 781 ehl | TS I8 ardiden MR H i foh GRen AT A= € 9gd oo
e a1 e &l O Uget Y& el IR Thel BT SHTEhR chdl SIGeT, dl Aol S+ & i & A
Teh HIGH 3R oft-crelft g1 af &7 ehdT 81 39 st Aofa 7Terd Fepert dt 39 av &t &ae
Teft STt g1 AR ThF R & S[gat sy # 98! wRarE $o gt fAqe & MoFT @ el
ehcll & 3R URUIA @RI gt di I8 a9 A1 Uit &1 39ehl figid I Y Urgele S 8 Sit
31e faAT & 9o+ T get I3 RIgeier # IR-aR TTeid! dhedl 8| 3 g1+ i Be & arell
I A A WR Y IATSh I hHl ohi 37Tk 18T T ATSTHT JohdT § S8 ag 319 dh

fg<IeRdT Tg1 Tl

Ao [&A-27a =9 T4 TUETSH 3T ot it S@AT q51 T G| TEIT ATEhaist o
UHT = JlGHT Usie aATaT g ST SCATEF 6 AT 9T AAESH ol <@qr i< i <t g
T STrersRatalt &7 AgriAgent SHHT U ST gl T8 Fael HATAT & TATe < aTAT A2l
T, afeh A= & T 919 70 IcuTes ST ¢l 98 Hiet Ted, fOeer aarg £ 7 Friars
1T 7@ T &L T+ T HIET @l [RAHT @I 6 18 gt aTed THT ATl SAdRE il
T AT gl AgriAgent T & U1 T Qwen2.5 ATHE a2 WTUT Aigd, AT LLM
(Large Language Model), &T T3 73T 3T 1.5 31, 3 31<a IT 7 31T T aref A1
AT ATHRT o HiT TI-A1T I 0| G giea & fiqy o 9eqru g e am

Feh TG T TFhdT g TAT Ia4T &/ =i T JhaT 3l

AgriAgent Haad, T, GIST, T 3T HATS 6 T7= a9 < A1d (o9 § TH a2 07 § IO
FIAT 5| TIH g HET T &l qg TEATSAT ATl AGEAT AT H T&AT SITqT g1 T9H el &
qTHT, ATSSIST S Stfah Ta&re i 77T, o &1 o9 S stfersa® arawme, <« e aut, gaT
&1 T, AT | ATAT STSAFATSE o0l FIadT, TH1T T H qEqd H I 3T qTeAr LT
T AT, T3S F AT AT e ST T 6T FHT TAT hag H <L AT T 30 | faame arer &
TATE TAHTH TS SId 8| FIHE FAAET ATHE ITHLUT 7 HEATHA I AT & T2 TT
ATFAT H TEAT g 3N Ivg, T ATHEET TAT RN TATT ST AT GIST IO o6 872 He
FrGATT HISA HT IdT gl g HEATH T UH-UF 197 H Gl 9L I hael g adTd g 6
FHA TH FHT [T T 2 S et st At 81 Tg deAret § Wl quierst i uH et
RO # Faa it ThraT § O 75T 92d &1 90 946l

Gt § Fgd G7 ATEE A Had TISTIEqhl § HAdT 8, TAT T8 €7 ATIT Aied Al 99
T AT Tl 7@ FdT| AgriAgent T8 ST T I L& & Fol1d ST=Id T8+ 9¢ JIet T&qh &l
" I I8 @IS Gradm g1 =9 fafer it arsr-gatea g9 a1 RAG
(Retrieval-Augmented Generation) Fgd &, 3T TH AR FA # (o0 eewaist o Y
TSI T TS el TAT TaheTehl IEdahTal & 51 TG STEALL Al S Teehel e (e
(OCR) & f2fSreet a&arast # aaeT 3ii¥ 398 & ITANT 44 AT T4 i i G2l § aiaT| g
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EE U A TATH ATAT &1 SNTAT AT Toh FTHUT o6 31eamT 3 @< & oE g1 bge-large-zh
ATH 768-ATATHT TTTET AiSo ATl 1 HEATHT a9 § dEeTsh? TuT= o7 Tl ardi
T 9TE T@T 8, ThY 9153l & gag Hol il @Il e HISEl e & o7 qerd 3gh 97+
TEATAS FAAT & ST Ivg FH FrgAAT H F19qT 2

TEATAST THAT o FT& HH FLEHTT TLd UL Agl adl, qlodh B 00 F [oredl gl I8
gl OF AT § Toh oT¥T SFH0T T A0 § AT BA ST Fed aee T, THT TTAT o T AT
1T FTeg STt § oY 39 UM e 9T el aF Fdl g, o fA=me-gadr
(Chain-of-Thought) 95T Fgd & T 3T S(<k STAT & ST 79 H hadl I dal aqrdr, aieh
T I THRAT dih-g2-d 1<k foraar gl g H=me it 973, e Tt il draar, dfeae
e AT 3 it Rerfa, Sa% i AT TAT FrEA STSAFATES GieA ft GrAT G =g qer
arer fAfera JSON YT&T # &7 SiTar g1 f#=re 0 7 30 fHefiies i w@er, T et
ATHTT T 3 0 & 200 Tfaerd i 3a¢w 0 ¥ 50 Fherramy I gsFeae & == a= fohar Sirar
g S| STT= L ATAT T TS Iage QAT a@dT g 1o F HEAT0, qierd ST & arge ar
el g, 9T T HIAT HI HHT T FHTedT g AT 386 a18 g DSSAT 91 T JTeEafaeh
ETSHT ITHTOT T ATLT FTaT 2

AT o o forelt Jrwame gag 997 feamar g o Wer & ame & 77 9 g T i &1
STErha ™ ATTHTT Sraa & 3 ST STTer g1 ITT il FHHT T AT GABH ST @AY 6 Heohl 6
T g9 AT 21 AgriAgent TH HITSIA & AT TH T2 &l TZdT & (o Bl 9@ o1 909 9
TFT g 3T 19 e ¥ fora g & =0 997 et 9@ 9% i [ s’ & a1 Jhd
gl TETIT ag =T A8 | JE14 3T qM0g< i QL LT ATST T2 aidl T a=
FH A AT Aoy Tqr g1 TeT 5| o &1 S 3 98T 5119 & «rar, AgriAgent 3#
HEATST 3T TEATAST o ST I T Hohe H I AT adT g

STFHLIT FHT AT G BT Tl | AT o T =12 I3 %o 747 3T el & T <471 699 Tl
T UHT fRrfa & Ae7 =@<r 9dT g, 9% AgriAgent FTT0T i THROMTH &7 T 1T gaT
TET GISAT g1 9 AT 3T qTT SAFTEAT FHTATOTT Fieeh TIrAT & ITeT (et shi
FTCITCESIA & FT2TAT g TAT HTaT STSATFITSES il HTAAT TRTHY THR1LT HHUT H HaE <dT &,
o ot 1 T 7 F TR S 21 H| A SH THIEY 4T 8 ST R | i U
ATRIT @ T@HT ATeh! ATRAT T ATATT TEAdT & ST dgl ST I FAT gl T T AT
TeAHT ATed S HLdl &, T2 ACATAT THTITSA BHA [ FaH @O BT & F=97d7 3

Tg ST % forg o UHT Ao easdT g=e Iewe g a7 A6l, 3§ Tgdl 9<d Hiaq | q3a@dT
AU erershatsti 4 1994 & 2023 T F 30 AW o HITH 2T  ATHAT, FATEAT ¥ =777
AT ATAT ATATET HTEH FATAT TAT T 90 ATTF TG A< Fhw| 52w afigedt # 20
TS TR = aTelt T ST §ToF 29T, 19 fad | 80 THeHeT | SATere ariier 3w 20 99
&A1 % T 912 10 & T THAATITE TUT ST TATF IeAedt HI<h Araary omiae off| e
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AgriAgent & = IRTEATAAT | o <@ 747 o wEe stifaa gt g a1 Jgl oY fha«r
=l AL feahdl g1 ATeatas TAgTSH H HIOher & (He aTel Tae G AT [ Thid

T foAT @Y F - IAGLAT ST FHhaT Bl

I THATIT &7 37 UF 319 397 g1 AL 20 TH ¥ @ AT arer TgeT | FH qr2rrerd
=T Tg i &7 a9Te gEETE UF S gAY & A5 § I o 97 TS gF Al ITAT 3 HEA
TEATAT T| THF AT AgriAgent 5 TTHT it FHT o AT T 9207 § F=1e 3 Qe et
TTET-2TET TETHT qAT9 G Fl FH @, fhT = ardy ariver % g 7 T d
FTEALT TETHT AT THT T THETH TTAT| THHT A ¢ Toh Tad GO HIAH & qH AT
IE B Agl AT Si¥ g¥ &7 qREATT o T Fg dga [aded 4T gl

FAETsH | Faer AgriAgent SEf STOT ST ATt FHET SfEwr 2 781 o 81 &« a87T
H YIH FIHH qroreT deash, ar4T ANN (Artificial Neural Network), 3fiT 9TE a0 991,
It SVM (Support Vector Machine), ¥t &8 STaaTg 9=d & 241 ST Sl | dar
TSI ATl AT STH g #fiT Orange AT ST g wor IUor 92 AHa13H 7
ATTHT, STRAT AT TS THTIT T FTAAT AT I@H TAATT I90T I 3=, AT AT FH,
T A A H @A gl TH AN il dermhar 99.99 Wiaerd aF TgHt| &9 ge it |
HIOFA & T AT T T TAL AT % ATL-AT HIed <@ 8 Fgl ATHH ToT (AT T g

dTTAT 3R SATEAT Geh 81 fa H dgd SUR-4 8id & 3R Yeh-gaR ahl UHIfdd &hed &, 3aferg
IR A hid 81 O &1 1 J Gehl YU fhe Aehet 3y ot +ff fwgrey & A Ikidh @
fgetd &1 AMehdl Ugel SIeTT-STelT AT & YR AT R 3chet! I fthee TR 39
SRR MR ol AT A &1 Tg IR Widad THI g1 I hU- R YIATIA T Siet
Ufehar g1 AR g A 81 3Tl YaiqHT Alee ehl Teld fa=rm # e 4 Aehd 81

9TY ZeT % dT8 T ok aAlreeATzse, AT GWO (Grey Wolf Optimizer), & qaTaTT diare1
e T AT HTIT FHTATSIG T SATAT 1 S AT 7 32 forwme v 2 fRormsi &
V-1 =T g, a9 &7 T8 TG FS ST ST HIAT il q-a7T G FHlh Tl AT
FISTdT gl 39 a8 g41e 17 LSTM (Long Short-Term Memory) Tf&T deas | sTeem
(Attention) TaheTe ST+ T¥ foger 2 =2t & sfSramat § & Fae HisaT TEaHT & o
THLH HEa 0T & I ST & SAI¥ Irg, ATeIh T AT | Tg HATSH U A1 H SATHA
TTAT & T STl g Hel | AFgTsd T araAT i< ATdl el Jaeii|

TATIHTT ThaeT W1 T g1, IH ATEATa S glaT AT AT 91 Hd o (0T § 7 F&T ST Toh T
g I gl SST-MMATA arqaTd f=a=rr a1 DDPC (Data-Driven Predictive Control) &<
T FT Tgel H STIHT AT STAAGE A | TF ITT ITH HTaT gl ZTeq07 FHITLIT o TRTE
T | T 7= % 300 FTHET A | Toie T, a1 697 & 3T S[A-LA gifed
TR gL 1 e § ST et arar &= a0eqor =67 am LSTM | ge GRU (Gated
Recurrent Unit) T3 dea 7 210 & |1 faA1 % 10,080 ATT HE ¥ [T U a7 %
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ST IT TR S sl ThAT dlgirs| Aiee fiadge o= & 1 | 3 5 Tgo dHarsd a7
AT I 7 qATHT ST Sl 39 SATATE FTALT TAT TH AT % qT0d T8 gl FATd]
7| TRTTHEET TTIHTT T FHA i TG 17 FATH HHT H A= S F hel g0 AATALTH
qTT BT T 2eT T FA7I

ATT SFET 3T ITST AT B fRermstt § = et ofhai g1 arasm" 930q S97 <@
U GTY S | T ST ATAF T < g, AT F1AA ToAT Foh AT g AT S8 T+ T@TadT
2| THE I THT T9T I 289 G FedT 8, WL FHH qIIHT F FH e ¥ iy et 08 Tt
g AT A Al Fierdt R Gt 8, e siq § 30t &1 T grar g Bfies Baw == 3=t
ALAT T AT Al (AT, TTodh T Shid I T T@HT @dT gl GHT ofidshre( 9 9ged |
qTT T AT 5 FqL I TEAGE THAT FZ F g ATIHE [Q@TE AT g gl S8 3T 395
F THATT HT T A9 Ga9 FHF gIaT gl Tead 139 & GRU-marefd DDPC + ¢ffaag?
H 31 T8 TTET & AMTAL FATHL IATH ATTHIT FATT T@T, 3T Tg IHT QAT (6 [
ATEA A GHT § FATE-ATE GIST ATeAT AT T TRITTH 7]

T TATTHTT ATl T &AHAT T3, AT F STAT S Fehel T | FeTor Ioriah 7 Fope &
R-aT foraT STaT 8 3T g 0 & 1 % &= aarar ¢ o dqaTag 71 areatas ar | fohaar
HA GTAT 8, STl 1 % e 719 sga¥ § 2907dT g1 =7 ¥ STad1g @A Jiedi 7 0.77
¥ 0.93 % &= 71 fau) Fe= Fersd F GRU-srgfd ara fAg=ror ates § g A1eq a9
Tfe, AT RMSE, =TT 1.43 =23t oft) 7 qroemedt 3 erer 2z forr fraam s g, zafog
AT =7 3 forT ate FeRar <ar g AFaTST it T9T 7 3=, ATaw T 9 a9 o
TG a7 Aigdl © AUC-ROC # 0.988 # 0.991 3= a1 o, fSreent orf g o ofier farfaa
FTAT FHHT TH-THL T Tl IAA] |

TH YT a4 AgriAgent T AT S FEAT IT TLET TS| orerehd e & DSSAT-smemfa
RTote fEam 9% 7aT, a7, THha, SHTET 3T TARIHT SIE 919 STl Fae 1| TEHT gT
FT STHTLTIOT FAAAT F ITTRT T ATAT THTIT HE O TZTd T TIATATEr g, ST T age
AT T §, Toha< T € @TE STl §, THTEL HT Fel 37 qamiret i af=i |re St &,
zEforT 3 srerT g et &1 s gfafafaes w81 90 wiew ufigeat i i draar
T | SIEHT FeA 450 T FTg-HTeA & FRFgere™ o 0 7 e GarHies are Aied « f&ar
AT GEaerd i YT gz ol TAT H T, AT AT Teha #hl TS T T@T AT T
& T TETIT| SHLOT o THT HF ATTHTT il FATaA1 A T I I LT AT geaedd &3
120 TTTerd T TETHT 58 | g ATl THAT | =TT GerHie 1.5 5a 7 3 o i e
7 STTF I o AT (RI=07 TR HHr: A sl T AT 7Tl

SETEXT & folq HeenT oh Uoh FIRIeiM | Toie §31T8 ohl dRig & did & fFent uget aa et
¢ foh S1oft sig St & Fonet 2@ € a1 anferai a4 31 81 TS o &d & hi &8 ofiR anferat
WA & GHY I $ Bl i 3T g F <N UgTd! 8, 3afeig gieg ==0m i 7Teld ugam
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Gdler dTYAT GaigAT i I 7TeTd IUIR | el Yend! 6| Ardicdeh TRIST0T | Yol ehd dTuHH
<l AdTe TR QX AT 39T deT T i gicg a=on @t Aol uge 81 gt uT1 a8 had
f& 781 e, afess ag oft uear & o 39 aRRg o1 Uiel & R & for o oref g

o

RToted fEam TN a HITHT Tal Tl 3T aTedqa® ATFaTaE gdi |§ | amT 147
gl SEEET % Sandi Buana Farm ® gregaiie HATE 94T ST g0 aT9H, 3adl, EC
S STFAAT /IO ATl 3g-ISTeg9| Ha 7 15,492 F9 1T U EC I+ | I 3a<h
T JTAT T o= ATershar & ATIAT § S FFAqT aardt g (o T FhadT s J1 AT gl
T ARSI AT AT ATTATT TRITIEH H STAHT FATE Tl %01 TS AT @t
TTANT AIAT I ATT-A7T T GHIASTT HLd ATAT SOTAT FATS T2, e 7757
ST gEaerd o Tt 9Tt a7 39 it St Figar s+t Wi 39 &q 7 @ &F
TIRTLTAT TEeererd & faT AT areatas e5e 9% ST geqret | i Jorret aqr1s S Fehd
g

Rftee f@am 9% F@ aTAT ATHT Jied Usie i MAGTSHI H agd Tgol | T ATt
QETTHTT Hige Taeqeff T21, afcsd o Rt are TahHi ol TS i T30 a7 Fh
T /T AT I a2 TReT | [H=Ts, S ol e QT T §qad a7 FLdT g, Saieh
ANN, SVM T=T LSTM 2vft 3 wiee g e s e sraerd aTa|Te a7 sedT &l Thed
S| ATEA A &= | AT 92 STFL A1 FAAT 8, THAT g2 [HI Tsie T g 3 Svg

AT -TT-HhE AT & THTATST FEA T HIH GITETHT AT TATAT &1 Teh 92 aF
FAT g T Za it st @it g 31 981, 3T gat fasht ga & 978 g 99 qudr g
ATTHTH ATHATT & ST Al Al ST LTl TAH | hadel Ueh 9% gl ql 0T T[T T2aT,
FAITR AT JT TSI TEANT Fal gId gU A0 IATL-FZTE FedT AT &0 FHA SATAT AT T2
HIH T 2o 981 IEt ST

Ueh W8T § U0 Usie ot g9 a1 IY FFgRT! dah derT S{eTiold fSia-Tr S -1al g1
&R Himgrsy i feam, fRator gt 3k sreuTg &Y 3ARG! hY BRI 31 gidt €, gafeiw IuE
TSN 31T URomT a1 &1 33 SRUT Y MHERY & Toie o WR ST $& Tudig 39 -
Y U 3iTed HiRe Y Srfeher= rafd It STt 81 g WHeed & et A snerR ok
ol FragR @t fia TR Y WieT & 3Tiche S o UTY AT i ATST-AST GIEaRT
AT fohar STrar gl

Ig Ug oo R T ao diffa 781 81 gret & ity # f3fSiee afam &Y sifers RrgaeR
TR S TNT HTSd Toic O Teh S Tsh § STST 7T, d1fch dTdfaeh IUehRUT ahi ST1eRT ST I
Ugct IYch! RET adideh T7T | STt off 9ok | GRomH A fe@ma fo 9T Aisd 9973 & yarg
Y YR Sfe (ol =eh # off 31Ut ffient AT GehdT 81 IR YOR YT YeFgUeR Acach ol
Zfo AR O Siige gaH STetary 3R &g ot gz ARt aur w=nferd R

SR T hT GHTGT Uget UgaT= aTell TTE WY Hft I 71 81 IaTGeh HHersy & uasn
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fehg fomT HisLeT FRAT <@ HehdT 8 3R ardfdes ehkars s d Ugel I8 ThiA UR STSTHT Hehdl
g1 a9 2026 # yd gig Alsd 3R WA STadrg A7 &t St areft Ser-snutiRa FiHged
TeieH ugfd off I ong, e wE gorn o fRfSea fam vesf & Afewt @ fofa ofk
feharm=era T e aTel SUehRUT | sae 28T 8

IATEGeh h YTHA ATRATdeh Thid T IUHRUT-Ued oh U | 3Tl g | TR G A 3R Bg
=0T Srméer Utk quT ufgdt # Ary fiwd 8, 3R 3k STt | Qeh AT &t a1 | ST St 8
foh 3w gieghr = ag smer i faan| IdTash 39 WhR o Tehdl & AT AN g R
T BT T Feeleh? aruy WSl GohdT & | AT & SHfaH g<a1er des Yole a1 fAofa dhaer miter
g, 3R ug Rigia TR Y T & garar gan 8

39 YTl § Uget IUTEeh i g WR g1 H &rd dens MHged gr-T 3fR &= araardt 3z=m ugar
7| 2fiaerez Y Aaret arel) Idl & g & a1 A € I1C Ioh S19eiR 3T SITTHRT gl AT
fefSieet afem ok usic 7 ag g STM aTell 4| T9Tel o ITeeh Y et gt g1 78 b
THWT 3T W g1 I8 Thi & G- T Sirar g1 Id i sficdt g1 dt gaIg ek hig a1 dal
31Telt, 3R A g1 € HETE i Il 81 810 & 817 dTeft 713d WH &8 @, AfcheT IThT e
37 TTUTHT R @I 8

e ot 72 aoi® T T2 g5 5| DSSAT-srem<fa RfSes Gaw & ywfora e &fa =i
FTEATas AT | ST &7 a9 of ST T IUAT ST ATETTARAT ST BI AT &1 AT
T % 918 TFAUeT o T § 9 aTaT G907, T 69 6 AT AT -7 g,
THETSH & &l TAT HET HT ATITAL 3T ATATINT ATELT FASeh Thl sl TUET qAT ATEATAH
IO o 1= SIA¥ OaT Fed &1 ATEIHhal 38 RFIee oY areaiasdl &l @Ts Fgd § a1
g & uger srfers wtea afefRafaat 1 qfereror siw qaTdt & are ft sma S i
FAET SATSHY T8 TIAT 9Tgd g| LORA ATHSE HIEA-S[AT fafd ¥ a2 7igd &

TTATETT T 6 TS Fae Feg (A0 fHAGAT FT ATST TSAHL AT TIA & AqFHA a1 2,
AU 28 May |iae & o7 STgh STt AT S1aT 2l

qerereh Tohaet oft TR g1, S® FT a1 =i 7 21 av 9g FFersy & ®id § T&T
ASTaEt aeq a9 ATt gl AgriAgent FT RO SAT T AT AIAT § AT (09 @ ATAT
ATYTY UT HEAT BT | qaaT g, TE MM IcqTash qF FLdl gl Tg FHT U o | a81
AT AT TSic T Hs AIEAT T o411 T TAAT o6 (F9T aqT § THT AT 2rar gl B
STATE o Thid & 3ad &l arearas HarSH § TN Fdd Fs 918 <@T 2, I8 a18 & delh
QAT T2 ST ST & feaTe q51 H|

7 3F UTHIET ATAT HISH AATH o o7 HEIT AT He [T Ha< 37 foHT Fahrae 7
AT qeash AT T o HITHT ISIT ATer Fohamei o for s a=dT & oY 2T ot qoT o
H Aoty &t 24 ot Sar AT 1 qHTE * o etversRat Fiersored (INT8) T & Hisd
&1 Z¥ TEAT AT FH T2 | GURT FLd g i Atersl 2 *eare™ (Knowledge Distillation) &
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T2 Aisd HT Het Aory agfa e Ated &7 fEmd g1 S# o afes 9= i qHea
FAT T IATE, I9 &1 7 3739 Ticd &t (A7 srad 1.5 315 97 3 313 F PIe Ao # STAHT
SH WHRTSH % T STHLIT IL AATAT S(TAT 5| AT HeT HISA FATIE | ST Hof o AT
TFESE & ITH T Gl Hge? I¥ [HuT 027 F Gl gl UF Sie e & dgrsa § o
TSie FAT AT, THT TZ T FAd T I @Al HT ITHLI G99 qgl g AT

SUST GG T A&, Jrolf T T AT 3R UTHT TUT I IcToi Tl ol A& TR
Qoh-GER Y ThTd &1 GReh AT IST et UR IUST ¢! 8, elfch farstelt @d Hf Sgd1 81 Tsie
A O fohelt Qop 18 T U&7 o, 39k foly QIR TTUMT <hl ehg URA IR Al ST 36! & |
TG ohl ThiF TR gid foxemr anfey for o Jfgmmn A st g st @lem o vl o=
foram afik 3T staR = 41| vk ufhar aret feest it avg R gt ot gaa aéie Ateet ot
A & 7 WRIY § 91 i g1 f3fSieet fem SR giegam Fi=or ot yaaner € fAdherans
AT FHET3Y ahT IUHRUT §9 o foTT 31fdeh ARAT I gt e sreft anfgul
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g TH=TE IOt | aTed TST Tal, aiodh (Hel § o9 H6< T FATIES FaL I qA
FATAT QATTHTT HISA @IAd 5| TUTEAT TUET Fdt g o et fohaet gt g, & &1 aro|e
TRaHT =T € ST et 9T T H9TaET e staera g, fh = &1 987 sfiw 9t 6 7w
T FAT g1 STHTT F Nebraska H & T&107 & 209 29 (6= THT-HTLOT ITHRTOT T
STINT F2 a7 AT @t o 29 T 43 Tfa9rq i qrareia g@qi 1 10 T 37 Jiaerd art
TATAT, TTh T T SIS T AT 3 ATHRT THIT Tl

URUR @l # ol 3R fohaT Tt a1 IeReh 31 8, T8 fohd™ & Srgwelt Tusf ofk aa
THI-GROft TR 3R o111 3378307 o foly Yorg ©8 oot uTHt Wi 3R Hei+ # Yoh IR Iaeh
AT a9 Tgar o7 | 9w I ¢ foh Mg ofiR SiTeRrer THg-aRuft & STUR el ged | fhet i
uge & el gt oR SR U ST fea SiraT ¢ SR SIS ant i o ehl STTE Aol Herd, a foheht
Rt gt ) 3 &) ©te & ST @ 3R et e 21 ifRe ureh ewrd F e A
1Y o ST 8, 3R ITH Gl AISEISH dUT BIEhRY ATel 3R Afedt # ugadi g1 Serarg
gRad & g@ 3R 9t auf & <R S1fdeh did gi= iR sra Jom gag-grRoft sarRd =
3R Ik TANT SHfeh BT et ot &

T AT T T2 ATAT Tohet 19 (=TS T IALH AT AT AT ATEA gl Tg ey
THT /O, HIEH A9 3T, Internet of Things (0T, $23Ae & & ITHTI JTSHT
TAAT T ATEA-EE F JTAT J2aeh) 3T machine learning TaTGaTT IS &l THh

STt § THATAT g1 SOTTett [ET, FaT Sli¥ FHe o o1 I o0l STATSITG! &l (e HI0I &
ATIA 3, B gl ATEAT § FEAAT IIAT TAT TTTF T ol STELd (ATl g, G469 32T 37
HTEH TATTHATT Al | STAHT ST @, (&1 i SaeTahal aardi g, s {e cloud server
39 JATIHTA % STETE 9% aTed q9T 99 a1edd § FdTdT gl ST-g41 =19 % meta-analysis #
RO fH=TE 3T A% o T 9T drip irrigation F AT fertigation I & W 3U,
water productivity 3fi¥ nitrogen use efficiency =1 a2 (Li et al., 2021)| T 31T 8 T
T T | T e % ST 31 ST 6 G0 q81 HTAT <47 9ga7 2|

Nebraska Teror 7 forame it @mam== fafer ofie a7 9«10 10 s=3raarta+F irrigation
scheduling tool T TAAT Tl FHTT ITS & T Tgd HH AT AT HHL AT I FTATL
TEHT 3T AT Jheg A€ 9¥ A0 ager+ arett Al scheduling ® 87.97 WTderd a& T
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T+ it feqre off 31 fe oft =g Gt frora warer sie afRafa § e 3o 7 2, 28t
TH ¥ @d 9T AT T AT AR] qg! AT ST Hha Tl

AT ST, ATHTLT ST FHA o6 A1 T o SETA-TETH F Fae Tl
Soil-Plant-Atmosphere Continuum (SPAC) #gd gl I+ fiet & =T, STt & a+ 3%
afxt, T qfr i & G799 gaT § AT Jgdl gl 67 TaTg ol T hae (Hel | a0l
HTAT & TF Aol gIa Tl TTIHTT AT, FAT AT AT T Tl g qT I Trrdi & il & arread
SIAT & 3 ST THET & ST squrd | A8 ostt & uTel ©iadl gl [Her & arread s ai=t
H ATSIIcESIa 9141 &7 F IRT Evapotranspiration (ET) Fgarar &, Sl f&=re Jorret
ATIHT, ATEAT, |HIY AT, FaT it T T5qT a7 A1 ATTHL ST ATHT AT gl
capacitive IT resistive moisture sensor g it FE TN H TATT ST 8, qAT1h FALT
q¥d 3T SIS T ATEATA S TS QAT hl THT SET ST k| TOTTAT T ST ILAT i SATSHT 3T
0 T W a9 ITHT 67 = I )

T T SAFLUT H S T TTHT 3T IqLeh ol GHIT TIAT Aol AR TN ISt FFEA gied =l
e | VST I 9ATH g, A vegetative growth ISt & I+ 9% AT =19 & gl
T AT o THT T HH 21 a1 B HASA @, 3T Bl aee AT T@ ol AT H ATST FHAT AT
T BIET HT TEhdl g AT ITH TLT ST Tl gl T FHAT | Tohel 3 T ITHT HSTHT TET
g, TAT 9T Tt g1 emrerRat == gfadt #r Development Volume Index (DVI, %8 &%
foreTe &% %7 Us 96T § [G@ aTar Gaaih) § 2 FLd gl A AT GG fowrg &7 0
T 1 % a9 " § femTeT I+ 9T % water-stress threshold & & STaT 21
ATSEIS, FIERHIEH 3T TIETOAH S IqLh Tl ahl Hixal a§T AT 9T g2 e STaed T
ToTT STERT 0T T ST g1 T TN I AT FHF AT & ATl U GHI-A00 § o 9T
T T B

TS o o0 = T Fifde s g ST ol g & ITUET FioA gl 9 9 AT A6 2l S0 T
g FHAAT gfewet grar g & adam fRafa & ww-ar s 81 s 7= a0t #§ fiagsa
ST gor @dl § machine learning model 7 Tg TUHT HWTAT S0 il g1 HAT F 3T 7T
ST /e 9T 3 ETHT 39YE & &9 § qohe qied a7 w7 g 4 39 q97 = =7fgu
IT T, ST AU aT Fohae &fle| A FT 19 BHA, Td 6 AT, JETT AT T o TH1T
3T "9g Aty a AT g

Random Forest ZTqs® &9 § ITIRT ZIH AT Al § & T g| ATH & ATAE I8 T
decision tree FT SWTA FATAT 8, Y tree & [HU T HART HIAT & T agad & Hohg
fAewTeraT 81 et T, T, 9 sedr, aui, el T T S 7 S8 T8 IS 97
< T¥ off 7g R qiom 34T 81 9T T U v £ 9 model FT web platform 9%
TR, SRl ITANTRAT @d it oIfa eTera & s yorreft fi=re it S u= gf a7 78 § 39%
T ofT, 3T ST B T RIS 25 F1e &l 316 AT AT Farat ot (Ajay Kumar et al.,
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2026)! Indonesia & eTrerwdrall F ALAT S¥ lettuce AT Feoit q@=i # NodeMCU
microcontroller, temperature sensor 3fi¥ real-time clock module =T 1,200 records
SeTT 3 3HT Random Forest algorithm & =TS valve 3T+ &9 @rer T 92 &0
(Pradasari et al., 2026)| Overfitting & St wfa=rer, fS=# model training data 9% @2t 1T
FTEqTA® @ § TAd gl SA1dT &, =9 model F &5 § -1 I ST HT FH0 f&@ar gl

Decision Tree model 3a¥aF ATAT a7 FA § To(ad gl Sri Lanka & FfT #3107 %
Horticultural Crop Research and Development Institute (HORDI) it qr&q e
feer=aert & 97 cloud platform EcoGrow ST 3aTg< &1 wHe, &=, fHgt & o7, F=re
AT, STAaTY &1 Sl Sa<ah TR ST U< g ad1dT & 1% Urea, triple superphosphate
(TSP) T muriate of potash (MOP) = Ia%ai &l I hectare fa+ kilogram faem=T
gl 32 ITTATHT Foutt ®HAT & 1,535 records 9% #i@®¥ model 7 97.39 wfaerd accuracy
ST T 3T THT II0TH % AT 9¢ aredias® deployment 3 forT 4T 131 EcoGrow T
BT screen T¥ UTH & Ia<h (ohdl @IS sl e T Ia<h (T8 & TAT FT Ha1g il aig
SO AT 3T & a1eT Al chatbot ST STT=aT 81 FoRAT ¥ §&aT1 arferaT @St 99T screen
o< o SqTd | 3aE T 96T g

Linear Regression 3% Deep Neural Network (DNN, SifeeT pattern i@+ & forg &2
gl At artificial neural network) T |1 ST F ATe(T fater 1 g1 Linear
Regression 8T & AT [T THT e FiT 3T Fl TR U Al TATT ATl L@ 6 T H
F9TAT 81 deep neural network THH T TEAIT SAT=aT gl THET T T&i &7 alluvial soil,
black soil, clay soil 3T red soil S/ aTt & dte aTer Convolutional Neural Network
(CNN) & T &7 ®rE| ST qAT ATS2 IS, FIEHITH ST TIO=H TiedT & a1 e
3a¥a prescription f&=T SITAT 81 ST T 397 T TgAT ST H&ATH el 0T FH hl
&THAT Ush model § A=Y )

&7 #hT &l § Reinforcement Learning ST 21T g1 T8 RTATY +h&T action & =it
reward FT S@dT & S¥ trial and error & IEa¥ action ¥ ISIAT g1 HEH TATTATT Had
7= model Markov Decision Process # SqHTY Ta# ATHHT (HaTs 90 HiEdT g, orad
AT action A Fq9TT state T@H¥ a7 a1 STaT 81 model DVI tracking #T Alternate
Wetting and Drying (AWD, &9 & &d &l aT¥-aT% 93 Sii¥ gl o a ga o il
fo=Te fafen) = |7 S[rear g, qrr arterat Hea SE water-sensitive 80T § a9d F%d gu
31 ATF9TF WIAT <1 7 9 (Chen et al., 2021)1 €T F &d T AATATE 9T 7@ T
TRa Tt o ot aioms aard g o FEtEa g@e #7935 #7959 79 & o0 tew
ATHFRIL 2

T HISAT % ATEATaS G § FA %0l THAT JTHRT THTT g1 sensor data & missing value
Y ST 8, §edT0 0 | 1 % &= normalize gidl g 3T e A7 fHgT T ST text value
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AT | FaeAT 1Al 81 IA1 data & model T server & dTg¥ Tgot STertera fhar Srar g 3w
e Iferterd model cloud server 9% FI=TAT STAT 21 field sensor node 1 & 15 fHe &
ST 9¥ 747 | server &l 4 &, ¥ server [ed &l inference I fH=Ts TT
A% & AT At g1 AT loT gateway & relay switch T €, 3fi¥ aTeaa & 47
ITT pulse water meter & T §TIT STTAT 2, ST < AT ITHT [SI2A 9¥ U& BieT electrical
signal fWI9aT g, T9T database ® &= 2aT g1 prediction, execution T fhT
measurement FT Jg 9 {aHT &F FdT g, a9T intelligent irrigation system 4T 2|

T § T THH SeNnsor &l <@ 9¥ TdT Il & 1+ =0T Figl & F aial gl FC-28 ¥
YL-69 S #% capacitive IT resistive moisture sensor fHgT H S-S T T2 d1 9T
TATY ST g1 T THET ST ST T TgTs T T ST T § F@dT g, ST Haed U
TATA T /T FTedia Rt B Thdr g1 DS18B20 temperature and humidity sensor
9T DS3231 real-time clock module STTE®T a8 AT &t fohaT STTaT & o6 Mer fohe = sfiw
e o7 foh araeTe o= agHt

T HT @ctt, ATAT (AT THET o 39 &l IT1 | A S8 STET dh Tgard ardr
hydroponic farm, sIeRT sensor set ATt g1 Electrical Conductivity (EC) sensor 9T+t &
ol F JaLh AAT sl Figdl 7I9AT &, pH sensor TTHT it ey a7 A fForfq w7 2,
ATSSISIA, RIERHEH T TEfATH FigdT sensor 74T Total Dissolved Solids (TDS)
sensor fe®T T set aATd &1 EC agd A9 21 T reverse osmosis ST FITAFRTSA &
T ATEX Gl & S € G@ STET THATT HLdl g, TAT Igd FH gl af IIUF qod STqaTH
T 21 AFAAT g< FHEA o ToIT T FehToT HHT | I 1T T T o6 TTTh qed qrae o T
g1 & T STd &1 99 =1 =T T control program EC 3% pH & SITEITY 9¥ IUET F¥dT g
o water tank ¥ faT concentrated fertilizer 3T acidic solution STAAT &, THT AT AT
H [Aeld gF pump STO 3T TATHRT 39 S Hdl gl

FAA ©d % sensor TATH Aal gl Tt Tk a1 40 a9 & 7fea & ufdgriees A
database, soil survey data, 30,000 # 3rfers et fReat it ST T 7-day weather
forecast =dT g1 WeatherAP|, stHT siafyer usie! s NASA POWER 3i¥ €46 g
G TAT FT T4 T FAO CLIMWAT Si#T aTg<r @4t 7 real-time temperature @7
rain probability T &, THICTT T AT T SATHATT gl qT SATST T Al (=TS Tg ol qeTs

ST |eha T 81 SATRTeT § unmanned aerial vehicle multispectral camera i< visible-near

infrared (Vis-NIR) spectroscopy equipment &< Td & 39¥ FF H4Ts 9L I=dT g 3T
FE qrdT &1 W1 a7 reflected light 3T F3dT g1 TS &l &ATG T 9T 7T T fa@dr
g, a9 |T AT, TefEm A7 FTaae it FHT = 2= 9¢ [&F97 wavelength FT
reflection T« F&« SITAT g1 =4 reflection data #T Diagnosis and Recommendation

Integrated System (DRIS) & fagfia e fa@Ts a7 a1l AT 3= | Tgef FHHT ATAT
9 dcd TgaT9T ST 9ehdT 8| §9 917 % unmanned aerial vehicle data T fertigation
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model & SIS aTel T | TRIIT TISHT TARTLTAT HoT [T ST | AT 2SI hl HHT
T+ T2 (Sun et al., 2023)!

ad % HIT H server T T&AT T AR AT F2 92dt arar g1 ESP32, NodeMCU ESP8266,
Arduino 3T PIC S & &R microcontroller field node 9% Tg&< sensor value Tzd 2
T 7T Wi-Fi, 32T § s=fera RS485 wired bus, 7 ST & 2T &3 Fa¥ FHLd ATl
LPWAN, =12t 1T mobile communication module 3T ® 3elT | @< H19T W9 a1l
MQTT protocol & cloud T SITd g1 server #iT A Firebase real-time database a1
FastAPI 3T Flask Si# backend 2T 8, 3T 3 %< Scikit-learn, Pandas @2T NumPy
ST library # fo@T machine learning code =dT g| fFAT T I8 T THHAT ST &l
S=Yd d5! gl 3§ website IT mobile phone ¥ fa@dT dashboard @HT WY g1 ATXd &
Maharashtra & T# platform = Marathi, Hindi 3% English = aTomsit # interface
T, qTfeh [F=TE T9T 394 qaTg 39 @di a& Al 9o Sgf English THAAT HST AT
(Shriwas et al., 2026)I

cloud T Tg=T Ml arEdatas® g9 & forw @q # steqr Araul server =TS a7 HE Av
signal loT gateway & @a & @ digital relay @& SITaT &, 31T relay pump T a7 && &l
TAT AAAT valve FTTdT T 9% T gl ITHT T €T T HIeTs gao T a1l variable
nozzle T &I pipe H ST ST Tl T HIAT <ol 5| ST 7 Tl Tger 7T T & [HIaT =T,
3 99 electrical signal @A 3 &8 FXAT g1 8€ 9 § signal [T & sensor ¥ % g7
cloud T FFT TAT ¥ Y [T | wAfedr gl

T Tl camera ST STt &1 ESP32 sensor terminal, ESP32-CAM imaging
sensor 3T FastAPI server &I STTg+ a1l self-adaptive irrigation system aTaHT, s&ar
SiY THEY T A9 % |79 camera & FHS T 39T HT @l § (Ramya et al., 2026)!
=TS <% g9 9X pulse water meter pipe & ATEqd § ST ITHT 9T a8 H&AT server
T a9 A1aT g1 T8 Closed-loop control HY=HT &, ST 39T & U A5l Fahdl dtodh T HI
STt=ct g o saer FoRaeIT =7 gaiml T [Haer s@ee I11 Siie ofiT ofd | g1 | S o (
¢ T screw aTEqd H FF AT 2

ST # FT 7efi FaT Kubota & 38 YUITeT T ZeroAgri 9TH & SATIETAH J=TAT|
THETSH % W< soil sensor data 3T weather forecast cloud 9% SITd &, STgf server
RS T9T 3A¥F T GATAH ATAT HHTRT 79 AT <qT 81 mulch 3T citrus orchard #
T=T soil-moisture visualization technology I@ET fReIT & TIRT BIAT 81 329 qTHT F=THT
Tel, afes Y Fr ST St ST T qEThe =T 9% goFT stress STAAT i F Y
TR FETAT 21 ATEr 3fT 7 qI=T I T qoheiteh THTT sensor T4T cloud TT 3TERT 3294 %
o =rere T &)
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SUTTSAT 31 9 Yol § AT qal, =0 T G&ATU adTdl &1 H=Ts 6 ST&d a7 Ia<h T &l
AT & ATl classification model FT T&dT#+ accuracy, precision =¥ recall & gaT &,
3T EcoGrow #T 97.39 Sfderd accuracy & 321220 gl fHET °T S continuous value
FT SATATT M ATl model ATEATA T FATHATHT A %7 3d< Mean Absolute Error
(MAE) TaT Root Mean Square Error (RMSE) & 9T9d g1 T H&aT foha«T AT =il 2, &l
T ATEATA ATH GAT AT Tal, TH qAL FAMSAT F The ATIAT ATRTUI 394 1 cubic meter
ITHT | T FEer St /AT Far et Water Use Efficiency (WUE) 3 1 kilogram
ATSZIoT 39%F § 92T crop biomass @t A=t Nitrogen Use Efficiency (NUE) <rmfier
gl aTEqd | 497 9T T 39¢h Al model Fit accuracy H Ster Hier 6 T 0 HT oI
FATAT Bl

31 STET  ATH aF HTAT Tga1 =l fafedr Fertigation FgaTd! &, Sread v = S &
HTAHT root zone T AT STTAT &1 AZ 9T+ irrigation ¥ fertilization T STEHT aAT 81 T
gt T 9% 393 HeATHT ITT o & A9 fertigation I # AT 39 drip line & Fae
STET ATl Ty & 9ordT gl Italy & fgt T2 a strawberry cultivation & 9¥teror #
sensor AT fertigation management 7 resource use < crop performance a9t
T4 (Bonelli et al., 2024)| ITT-TAT =4 & @q T | AT drip irrigation 3T
fertilization technology T 9% qTa dca TAT ITHT AT T ITANT F&4aT 92T (Fan et
al., 2020)| ¥ &d & T & & IaLF AT IAAT & HeArdT g ofiT SAST ol ug= F = 7127
ATZEIST T3 98 @I SITdT gl §he &5 § HEiF Aqrd =6 g &l &d 9 eha T gl

o=t arg faar gror fofa STEe T =T Faer unmanned aerial vehicle #FT aEE
Htoa A8t 81 roofed plastic house T glasshouse STHT protected tomato cultivation &
S-a=q fH=TE % A7 visible 3T near-infrared ST 17 hyperspectral imaging
equipment & 9t % nitrogen content FT nondestructive AT 9%@T 74T (Hu et al.,
2025)| STA-a=9q TH=TE ST I ATSSIS 0 AT I@ & qIET TAT T e il G HHT
STeal TSl ST Hohel T | T e | I<(T qIeah analyzer T o ST § HHT (AT AT 3T
T T BHA ST TTeAT | Tg= dahatl 2| camera | =T T THT STATL f AT ST HT
AHTT BT 1T a7 =TS ol 3a¥a & [ UF-al fad 3T | 781, T (<371 ST 96T 2|

HET server 7 GIIE Tahel AT FI< Tl sl AT AT FATF g1 FH ARG AT FH fasrell are
edge Al TIT TinyML T HHTe|-fagie @di § R st et srafead it i1 @l e, Sat
TinyML a1 =T model g T aga &1 microcontroller 9% st F=1aT &1 g% 91< data
cloud T ST ITL A & FTT (FHUT G o Fle STHR H gl T 8l ITaT gl TL-ZX0H &
H network Z& AT Internet (e FT AT A ATl (AT 6 [oIT onsite closed Al sTfer
START €1 10T 3T machine learning STTEw aTer smart irrigation STTEETT TTATE (L FX
T2 ¢ I FH A0 sensor AT microcontroller & WT fH=TE 9 3T AT ST Tl §
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(Kathilkar et al., 2026)| ITFHIIT T FTHI T FHT ¢ AT AT AT TF IH FAT Hohel ATA
ARTT 3T HEIT TETH FT 2l

Tq | & 9T T sensor F TET THT & q7 T 5| T-aATT Ia4F o o Hgr §
T FEAT g, T U 79T biofilm sensor surface ¥ STHFT moisture 3T EC sensor it
sensitivity &< =eTd g1 =7 Drift Fgd g, SEH a1 997 & 979 G 719 & gedl JI1dl &
SlI¥ TATIAT & THT Al value T AId 918 ATeqrashal & w7 IT ATAF g AT 8| Fs TdT8
drift T TEHEST ST T TOTTAT g & AT THST | AT ITHT 3 T AT T 3@ Tl gl 36
T & o1 software & #93 calibration <= &<t virtual sensor 3T corrosion-resistant
nanomaterial sensor fa= T 3T ST 77 1 T8 YT THA-HWT UT el F97 F T
TSI 9[F & AT 7 g1 ATAT TaT T ST g

U sensor oA & #T gfafA e #3ar 8, a8 FeaaT & #7 g1 92 °q a1 fagrsq § W,
2IaT 81 U fag sensor 9 forsame veh IX @d &l HHTH TTHT & & T T27 S Jer aom
Tt =1 TR off T v2at 81 U g1 AT ¥ awarst & g &Y fiaw v gk Fir ot
[T TAT ZAT AT 8, T TF gt Tad gIe o 10T Uk sensor TATH Agl AT ST Tl
ZHT FTLUT unmanned aerial vehicle #T real-time multispectral image T spatial
interpolation FT ground sensor data & ST+ ATt multi-scale fusion SRTAT Tae Tl
THET AT STAT 2

STHTIT FET g1 & adoption I T ATETH Tl ararl ESP32 S/ components agd
e gU &, T g SIEAT ¥ farm & 1T model FT TT calibrate 3T =/ AITAT g1 [T
Tt F T d¥g AT screen ¥ H&AT Hi@d &1 AT aredias® adoption H AT a4 8l
TH <A1 & Fe & T intuitive mobile screen, Al chatbot fiT agHTHT voice
guidance TTY ST ATl ILTEA0 =9t T2 21 Al 7 Foa & 39 Hrae i a1 9 AT Figl
T BT Al gl

FA Tl STHT data 9% HET model 9T 7 3@t Rofar & S RET 81 % aot § 7 o2 THi
IT STATAH AT 2l Al A Id 92 222 model AT 3L & TFhdT gl TH LTI & T field
data TRITAT &% a5 update 219 ATAT online adaptive learning ffer #T stearg=r 1 @1
g |9Ter 3T T physiological response #T simulation %= atet DSSAT a1 AquaCrop ST
dynamic crop model STTE® 9% ITHT =T Si¥ IUsT Fqfard T@+ T multi-objective
optimization T 3T ST T 8| sensor 3T FEH Flagaar had € I9q g, T8 g
T AT ®F H AT ATAT HIEH 2T 2l

T IL9AT ATCAT TUMAT el RGTT A1 LT, Tfodh ATEqTah Gt T o AT JE< H I8l
TATIAT BIdT gl A= TLFAT AL control 24T 8, [SEH TH greenhouse plot T
T T & T qTHF a7 1 haet Al ¥ 0T F AT a6 3T TAT TTHT 68 JAdT 30l STt
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g1 T control ST g4 9% g1 farary afvfRata & Fodt 71 v srfersra @qt # srufera sied
AT AT 0T ST Tt T g1 Nebraska ST ATHAT il SHIMGETE HEATHE 2 TTHAT & (9471 7%
T 1k TR 7 Toreamer ioATs | Sfiadt 21

Soil-Plant-Atmosphere Continuum & |TTde |THT &7 AVTATE HTIH, o TTEAT FT
modeling, = machine learning model #T inference ¥ cloud decision TH-EL 9T
AEHT valve T AT a3 FLA AT Ueh ATQLT ad g1 AT ST I T=AT a0 (=07 7t
T Sensor i HEAT SlI¥ 3H Tg+ aTaT code FIAT gl STt gag a1 phone 9% g@dr
¢ T Tt ora v w9 e liter OT#lY 1917 ST et graph & SETHTET IRT 219 9¢ S
TEHT T § ST gl g% fH=Te | e &t et Yot & [ % 918 St #id aF
=TT &1 St 2|
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4.2

-9 3T I dAT fAaR0T 3R oren Uea=

qag AT a1 Ua refrigerated truck 291 % Zferoft AT § FH{T 3U logistics center
unloading bay ® aITdT g1 strawberry & 2 pallet box T¥ ATEH # THT FT electronic
data logger @I 8, &Y truck FT IXATAT GAd &I display FT AT [ZHIF & 916 & FAT 10
degree Celsius & I &, T F5 [Ae 913 Tamer & g ux dfie-efie S arar gl
ATIHTA T UHT g¥ Bl gaaTd strawberry FT T=T shelf life ateda & =em@r g1 & &
A& % a8 consumer refrigerator T Tg== % = temperature, humidity 3fiT gas
concentration sensor g¥ T F&dd T9T data FT AEE-T&TH F4d 5

a9 7 2 T satellite, drone 3fiT ground sensor ST&RT =1 ¥ data od g1 satellite 4 &
10 o & wa 1% 3HT orbit I e UF 79 # He hectare T@dT g1 drone Fad 39
e wroraT € ST 1S 39 IS F7 Aoy ¥, Afha gt Rraw gre & fi of gew aie
JdT g1 @ ¥ greenhouse & ground sensor T Hehe & ST I¥ fodT & H19 ad 2
AT ITHLUI 6 record TH-ZAL IT T I¥ 39 GHT 3T T & scale JT gid &,

THIT 3vg, U O =151 i dLE Aol T ST THaTl scale FT AT AT precision
agriculture ¥ yield forecast 3T disaster early warning % STZ-aTZ Ted B9 T HTLT 2|

industry =7 scale &I A=Y & ®TH T climate-smart agriculture, ITHT CSA, data
pipeline gt g1 satellite FT optical 3fiT multispectral image, drone T high-resolution
image T ground sensor ¥ real-time value FT THTT coordinate 3fi¥ time scale T¥
FATIA T9T FTfers &9 F 0T % a18 hybrid deep learning 3% Graph Neural Network
(GNN) 372 U= WaTg § Sed &, SEH GNN g2 &d &1 node ¥ 9716 % @d & €4 1 line
e aTeft mesh structure & #@dT g1 THAT 3T data 39 &= %I Tgel Tga1dT g STal
drought stress 7T pest and disease Fa= it FATAAT 8, {HT 3T I9 * weather scenario
# I9FH planting =T harvest time T4T expected yield fHaTerar 1

STINT H His[@ T model 3@ 9T T8 network T H3=-T q9AT 6T gl AMSTF, IT+T
Adaptive Multispectral Spatiotemporal Fusion model, 3w GNN #T Long Short-Term
Memory neural network (LSTM) & |TS STTE ATAT hybrid model 3TeRT 797 9T satellite
TAT drone & fA<T multispectral image #T ground weather 3fi¥ soil time series & &TT

=TT crop growth & spatial-temporal change 3 final yield T HEt® SIATT AT
21 XGBoost, CatBoost 3T LSTM 1= algorithm ST+ 31T fusion model temperature,
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rainfall 3T humidity ¥ weather time series, pesticide input T Normalized
Difference Vegetation Index (NDVI) & regression & #T&9H ¥ yield FT TTHTH FaT &l
Vision Transformer (ViT) aT&T T pipeline satellite, drone, ground sensor 3 field
worker ¥ smartphone camera & #T image T GI¢ patch # &=aT 8, self-attention &
IF TR Heel T HeredT HiEdr g 3 field-level crop diagnosis map T
climate-response prescription FHTdT g1 T model % T<1&79T § measured i< predicted
value ¥ &<t #T coefficient of determination TTaT=ad: 0.85 & 0.95 =T, 3T U report &
crop boundary FT AT zone # died & g% 9.8 & 12.3 Wiaerd spatial misclassification
rate TeHh¥ 5.4 I Bl 2| T HEATAT & UTe, FT scale aTo d14 sensor #f reading T
T GTT AT 9T L@ T Fio9 alignment work gl

self-attention ¢1s3 STTRT=d &1 ThaT &, AT classroom group project THHT TZS
QTG IAT gl TTRAT U g STE 8¥ student T &< o g@XT &l a1q ford=T &9 | g1 &
S - o= T 910 model T F2aT g  satellite image T #1< area drone
image % Y area 3T ground sensor reading & Fa=T ST 8, 7 Hael &l weight a1 &
3T final decision & weight FT STIRT FXAT g1 T8 TTEHF statistical model F T 8,
FAIR T8l § TST o aAT0 (979 721, afesw data model F1 Framar g o fore a2 st
T 2T &

U screen ¥ Ig STETHT & T A1aT 2 T overlay map ameatashar § & YT graT gl
farm manager ¥ tablet 9% TX1 @q ¥, Tier 3T AT 7 o =efiae map T 938 @t g,
AT red zone I & &I IATdT ¢ Sal satellite 7 water stress 9TT & drone &t
close-up image & T=T i<l 7 I&hT I T ground sensor HT 38 zone T soil
moisture threshold & == g1 T I F¥ qT model AqTaT <aT & T T a1 & T &
o pest AT disease FAT = B TFdT gl precision agriculture data pipeline FT
HTAEI |1 7g g % UH warning 9919 # o7 satellite, drone 3T ground sensor %
SHTOT T A1 T et =i

Tg pipeline satellite, drone T ground sensor = Yo % physical equipment 9%
I gl satellite Ft AT Sentinel-2 3T Landsat S multispectral satellite T a1 &
1,000 hectare ¥ &tfers farmland 3@d g ST Rafa =7 & NDVI, GNDVI 9T SAVI S#&
vegetation index =¥ soil moisture distribution fA=Terd 21 satellite sensor it AT 78
¢ I a9 a2 & Y fARTeT drone &t T & STAsT 20 Widerd § g STt 81 Tk A
drone e & &l Fgd ATeH Heqe & S[t=ar gl I pixel 5 centimeter & &7 ground
sampling distance 9% ag near-infrared i< red-edge band, FHT-F4T hyperspectral
image T &aT §, 3 AT €9 H LATT zone, @IIAATE & AY zone TAT Td & Hia¥
leaf morphology # @< &I U# map ¥ T&@dT | T map &I prescription map Fgd &, T
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X @ | FHIT AT & & T e o (Guid Ig hare &l hael daede 647" 97
AT HTAT § intervention ATaT 2l

7 9% greenhouse 3T G @d | % sensor temperature, humidity, carbon dioxide
concentration, soil moisture, Electrical Conductivity (EC), acidity (pH) 3fiT light =T
real time ® ATTd &1 T8 a7 40 9T * historical weather record, weekly forecast,
fine-grid agricultural weather data, soil survey data 3fi¥ 30,000 # =1t crop variety
a1l database #T cloud pipeline o SITET SITAT 8| de Ua& @d @l reading 3@+ aTel 90T
&t g1 | fRETT o1 nationwide weather map 3fiT variety trait table AT @ 39 @q
&1 3 Tq¥ T ThaT g1 farm machinery st 31 T g SITITE % UH HTHA ¢ 2! tea

plant trimming machine S¥ specialized farm equipment 9T machine control FT Erat

computer PLC, GPS 3fiT automatic steering sensor @< operation time, travel
distance, speed, working height T working width 3T+ 3T cloud T¥ 95 JTd 2|
Kawasaki Kiko, Ochiai Cutlery Manufacturing 3fiT Terada Seisakusho aT<l tea
plantation management project & operation record ST g+ 9 farms # work
characteristics 3fi¥ field condition #T 3{a¥ fa@Ts T =TI satellite 3T drone =TT &
= @ §, STt machinery record STHIE 9% G2 TEd &l GII&d 1@ g 3T 918 |
distribution history trace ¥ # #TH AT g

AT T TSty AT data U TATH 9% 3 F T8 IH SH1ET FIAT g=24T 21 satellite
image ¥ cloud cover & a9 gap ¥ sensor & T AT T4 | < value adaptive
Kalman filter ATH= statistical technique ¥ 9< SITd g ST noise g1aT STaT &1 fH¥ data
FT normalize % value 0 & 1 % &= ATT STd €, ¥ image FT rotate =T flip F%%
sample FETH TT training data &1 TF AT A & LA a1 augmentation FFIT STaT 7,
S| model § ST & Tgel T JATE 2T gt gl TS T T § FHA d@ #hl FgHT gl
harvest 2T box ¥ ST % &A1 & F&l logic ST target 9% @R g1dT gl 3fd¥ 78 & & o1F
TUTTEAT growth & T decay HTIT g 3 vegetation index a1 temperature @7
ethylene gas @t &, STaT T device & scale STEFT decision TF Tga &1 [HETd

THTT 24T gl

strawberry box 9% @ T data logger Fa< temperature HTIAT g1 commercial cold-chain
management box & 37 thermometer 3 a7 hygrometer, carbon dioxide sensor,
ethylene gas sensor =¥ freshness a1 # foIT T F&«= aTaT hydrophobic indicator
label ¥t 977 72 &1 I&T F1< f&HT sugar content =¥ acidity a7aT a1 near-infrared
spectrometer 79T surface damage @S ateT 3D vision camera HT T8 ITHIT 998 H
S[E U | =9 device FT ATAT aTq & % 9 surface T d AT THATT Agl Tgardl truck &
¥ strawberry tray FT box @Ter fHT sugar content, damage i< freshness 92t ST
TRl 2l
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=9 device ¥ signal FT T% decision | ST aTaT Y@ model cooperative-attention
convolutional recurrent network, Tt Co-ACRN, g1 =191 % Jiangnan University
rersRdaTal 7 2026 ® report AT fF model cold-chain transport & =T STHT
temperature, humidity, carbon dioxide TT ethylene time-series data 3fi¥
hydrophobic indicator label image | =dT g1 3R &T cooperative-attention module
image 3T sensor stream =i time axis [H@TaT 8, STaf* di= &7 self-attention module
aligned information T f%¥ 3@®¥ whole context T T FXAT g T surface T
THATE gty &7 fruit 9T vegetable T real-time freshness score 2dT 21 freshness
score 3+ #T formula HT4T g1 T8 total surface area ® defect aTer Sfaerd & T 100 & =erar
2| defect T 9 9% score 100 F UTH TgAT g AT ATLT GE g1 I¥ AT 50 T [rear 2

TH TTY FT multisensor fusion Jiangnan University & ATH @& HIT9dT 981 2
temperature, relative humidity, ethylene, carbon dioxide, box T f&T vibration,
location data, image feature 3fiT spectroscopy signal &t aTe(T fafat shelf-life
prediction model H ATHT=T BT T 5| industry assessment IT3: computer-vision
grading, loT &R cold-chain monitoring 3T shelf-life prediction T+ applications
T qehTel Lt adoption # 7T ITIk AT &1 camera ¥ sensor HISET logistics
facility &1 F7a<T foAT ST TS ST T 8, A cultivation method T&a | Fgl sTfar®
THT (AT 21 theory TATATAT 2T a9 HT technology FT pipe, refrigerator 3% truck St
29 hardware 9% T@HT 9247 &, SHT adoption T8 agf g1dT § Stal intervention
AT 2

8T cold-chain equipment company DeltaTrak = predictive shelf-life analytics T
cold-chain freshness management FT TET & ATl TS TATAT | THT
predictive shelf-life analysis YT=: refrigerated container #T sensor reading real time &
SETAT @ 3T shipper T retailer FT Tger arqTal & % g< box F store shelf T qg= &
gl ThaeT T80T 97 g1 Te[X S8 e, o1 Wiae il 2907 hae q1gY <@hY THAAT FHo &,
ST AT AT 5| ol & I[&T Teohd THA (A arer odor molecule & HATSTT &I
multichannel gas sensor & 9#¥ shelf life FT sIGATT < aTer machine learning model
H ST T SATARIET & T2 g1 T 3 G2d BT odor molecule @ HASH FrEdT &,
sl machine 38 (A< &I gas sensor # electrical signal pattern & &7 # TzdT g

grading ® fafert 1 U i "= fa@rs 3ar 81 ST * Niigata STd % Western pear
brand Le Lectier & forw GCBlock & &1 Mask R-CNN ATH% image segmentation
model ATeraTAT FT surface & defect 3T contaminated area T pixel ¥ T T FLAT
g Tl T contaminated area FT SIUTT el grade A&l a=aT, dfes T8 fuzzy logic
A fafer & orear g1 fuzzy logic T i 32 SIET AT |97 | T e aret fata s
#T computational method g1 3 W9 contamination &1 ¥F high grade 3T 30 Sfadera
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T ¥TY low grade FgHT AT &, AT o1 % AETL AT § human inspector #it 3@ =+
AT ST % grades @ probability T STTAT g1 YT value expert experience & fHahet
= aTer fuzzy inference system ¥ SITAT 8, ST final grade 379+ T <At €|

Sifaw grade =TT &30 | sed 8, AT Yg¥ AT qarg Aka-shu ¥ T £q< 41+ Ao-shu,
Tt Ryo 3T commercial product & &9 H Ff&a Mu-in @1 T8 @RT I¥ f&d g€
SATLTITAT T FHTHT T@d 3T stamp 0T 2, S camera 37 fuzzy rule T8 FTH F4d &1 87
T T TSI TR 219 & industry T HHTT model SEIATA dai ®edl| skin thickness,
color ¥ softening rate H =T mango, tomato < kiwifruit S& %t 97 DenseNet T2T
EfficientNet family model 9T ST &7 3fi¥ e ¥ ripeness 291 & grade faam
STTaT g1 ATerdTdT # surface defect, tomato ® color ¥ kiwifruit # firmness e
gl &, TATU criteria T F % A TTA 2|

T assessment model # test result IT3: FTHT &= B 8| accuracy, precision, recall
3T F1 score S classification performance indicator 318 95 & 99 Yiaerd & == gra
g, ¥ defect area fohat H=l d%8 segment AT T aqTH ATl MAP TT loU #T report
T ST g1 MAP &% threshold 9% model g1 fA<r defect location i< aafas® defect
location % overlap #T average 3T &, ST loU & &1 * overlapping area & 39
combined area & W <dT &, THMT 1 % 9T value T4 precise segmentation saTaT
| =TS ®9 ¥ machine FT score T &l AT visual sorting & aXTa< < & Tgo
AT Bl

Tg FEATH labor FeTH & AT STaT f&@dr g1 human inspector FT concentration Hag ¥
Z(IEL AT gIaT g, 3T ATL-ATT FHIH | a1 ATEd U gf 19T 7 grade 3T a1 H
JTET T T Tl gl camera 31T fuzzy rule TFd Tal sii¥ I fad T2T I season THI
standard T&@d g1 T AT a1gT & 3% fe@d 9% HIa< 937 © Hl TgaTd SIel a9l & AT
o AT G| GHA A machine T Tg T Tt AT A1, Tg THT I@AT B

grade &+ % a1 agricultural product T2 inventory T traceability management &
STTAT g1 @ AT greenhouse & harvest 3cTE basket IT steel rack & JqE™ (5 d &id &
3T ¥ unit 9% barcode, QR code 3T smart tag AT SITAT 81 Taiwan % Kaohsiung T

smart agriculture project THHT SI@ 3aTEU g1 project AT+l plastic basket 7T steel
rack I¥ tag T field-batch inventory #T real time ¥ database 9% 9STaT g i<
greenhouse environment alert &1 T¥T<T agricultural production and distribution

traceability system ¥ 379 a7 STr=aT gl multilevel cultivation rack sii¥ logistics
warehouse ¥ space utilization &%= T report 9T g1 g tag T box F source T
travel route =T TATIIT FTA T AT <dT gl
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incident 19 9% tracking function ITARM g1 g1 TaiwanICDF 7 2025 § UF HTHHT
FaraT fSed farm production data i< food ingredient supplier data =T 7=
commercial-area map platform ¥ STTET 14T 9T school meal # food safety problem
T AT system T trace AT g T S8 AT st 391 fore o o & & o off| e
ST farm T product T AT =T T3 school Tg=THHT TLa preventive action T ST
TRAT g1 T incident F TS cause TISH & daedh< 3% head & g related scope

TEATA sl A AT 2

produce batch number scan F¥= 9% box T &d, harvest date, 38 truck T logistics
warehouse screen 9% AT g1 Ted Wit book IT manufactured goods recall T ST
T &, e @ produce table T Tga & T8 ATTH Tl 14T ST GhdTl THT
traceability system T g incident & =& cleanup ¥ & =& aTq # ¢ & Hed ¥ 9go
72 incident T fha+T STedt B scope ¥ TahaT 2

Fad shelf-life prediction value sTeET ST g1 & TEH modular system |TH 37 78 &
STT shelf-life prediction, sTHTRT Food Safety Modernization Act &t traceability i<
carbon-emission accounting &I T# data foundation 9% T&d &, ATt producer, shipper
T retailer THTT screen 3@ Tah| F3 AT system H login FT FT TIT UF data
foundation T 9g= H F& T gl AT 2018 H predictive analytics Ff=a postharvest
management technology aTz # blockchain ¥ digital twin T 3T FET, STt
lightweight artificial intelligence TinyML #f¥ra faseft a1 communication infrastructure
FTel T 9T traceability T information disclosure T HgT=T <t g1 shelf life, history
3T carbon emission TF screen T¥ 39 & U &f box & foTT freshness deterioration
risk ST traceability gap T &t a9 fa@= =7 2|

logistics warehouse § YOLOV5 3T YOLOVS Si# deep-learning object-detection
model real time & STH-STT= aTer box [ g 3fIT result T I¥ warehouse i virtual
replica aTer digital twin & STT=d g1 office monitor % HTH= ST manager ¥t g¥ rack T
FAT A< ToRaAT T@T § 9T 369 zone T temperature IT humidity threshold & sTg< 8, TE

<@ Tl gl problem <& @1 manager T virtual model 9% intervention TT@®Y
Tf¥urT @8t 219 9¥ physical warehouse ® gl action o TFdT gl

digital twin logistics warehouse Ft aTEafa® TEEAT T ATAT virtual model 21
warehouse ¥ 34T g% 73T box 3T temperature =ITET 9@ aToT < rack real time &
virtual screen 9% fa@dr &, sl manager T+ 9T area #T zoom FT T=dT 8| physical
thermometer ¥ virtual screen T AT ST I &9 a7 g 3A¥ sensor failure 7T
communication delay FT Tshd gT ThaT gl T physical warehouse 3% virtual model
T T 97 <@T ST TohaT 5
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1T | 92 logistics center § ITAT temperature value 3idd: =H virtual screen 9% Fgl
T point AT g1 truck FT door GA- 9T ATET 3 FT spike AT HI BT A T5hdT &,
e digital twin 9% record Tg&< manager &l a1 < adT g o 39 a7 door fra«T
T GAT 3T temperature Y truck & ST I T&AT T Aai| et truck # STETHTT &9
o g pattern fa@ a7 record 39+ refrigeration equipment T ST T TdT 2
FT-TT reading # 7 fa@w aTaT pattern ST g9 9% ATHA ATdT 2

SITITH % Kochi ¥Td #T Internet of Plants (loP) SAWACHI cloud =& f&=T¥ & 9% & a&
HATAT gl g 1,600 7 =TT greenhouse FT environment data 3T 3,000 & Tt farms
FT shipping data SITTH % national agricultural data platform WAGRI & S{T=dT g i< 16
analytical model T &= % FT shipment T TATIATT T distribution schedule
FATAT | Tl g2 farm ST &1 %21 AT, 94 shipping information T% Kochi Tid T %ot
shipment IaT ¥ distribution schedule FATATSI XA aTAT data a9 747 g1 2¥ farm
FTRT 3Tl HHTE FT TIAT shipment SIHTT &RTT %l T AT 6l AT § Tg TLT I &
FT supply 3T demand AT T@HT IHT ATHATT HH TF FLA & ATeH e gl

= HATHAT | FTE-ATT A Tl T metrics FT AT § T@T ST Tl g1 =985 multilevel
cultivation rack 3fi¥ logistics warehouse Ta™T W1 g I8 AT ATAT space utilization
rate, problem 3= 9% producing farm 3fiT delivery destination T H% trace g ATHAT

T T 19 1T production and distribution traceability rate, T4 @&t prescription

T management ¥ pesticide 3T energy use ® FHT 1Y aTT reduction rate 9T AT
2| Kaohsiung # cultivation rack 3T Taiwan school-meal traceability case  result
I Zeal i § & Tt v et § aaer S §) g {edT stehe 1 el 9 gl @, AT
warehouse space Tl FT-aTT AT ATHF TETATA FIAT A incident FT 2 fad Tger
THREAT farm = F profit 9% 31 THTE ST &l

ATLTATAT, mango 3T strawberry & 1T 3eRT model Tfrfera AT =& &= it &y @
2| &9 ¥ St product IITH ATl production area &1 &€ H TerF model ST 3T 8T
season T data & Ye &l T TTATera Fe il ST&eq a2t gl At crops 3a= model
FHTT T@ ¥ update FA FT AT T=T 8, ¥ a2 distributor 3 SIITaT TEET company &
foTT cost AT FIEA BT AFHAT gl THTT research &2 fruits 9% e« aTAT U foundation
model FTH 3T Fae < fruit & final decision stage FT FRTATIT F il [E9T H STt
et 2

prediction, grading sii¥ traceability f3a «ft precise 2T, final decision T AT g
model Mu-in grade = aIT &1+ {1 & pest 4T disease e #T warning , field manager
&1 a7 Far g ok box %#FAT g AT control agent F& ¥ TET g1 data pipeline, grading
model 3T distribution traceability system 3S® decision ¥ 1T information Stear TT
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Tl dIqTT FLd g, ST el FL07 § 7 3T 78 AT 8, Tg ANRT a7 Hd ol technology =
judgment ¥ forT Iuersy AT FT quality 3 speed F=<T g, 9% judgment T3 human
responsibility gl

o9 % & case Taiwan, China, Japan 3fi¥ United States @& %<t g1 refrigerated truck,
cold storage facility 3T school cafeteria ® THTT problem e 9% 2T 39T 7 satellite
data, camera 3T gas sensor T ATST T SATITT § STEHT 3L a7 5| language 3T
government organization 3T g, AT temperature & # &T0T &l THEAT AT TF G
box % a7 Tgel GISHT 3T ATAT A&7 8| Fgl ST dahd T g o JHT 9712 $ft technology
AT f2erT # converging 21

TR ot 7 system U#-ga< | 9gsT HaTE Ae! w<d| Taiwan FT production and distribution
traceability system, Japan #T WAGRI =< std T Food Safety Modernization Act
T field 3T code system ¥ history &7 #Xd g1 TF a9 § 39T produce AT 91X foreh ar
T FT ledger % 19 record o ST ® o1+t AT 1T manual work =TT ST& @ AT
standard g% 39T ¥ TF batch number T HHTT 312 A1 <dT, cross-border traceability #
AT T final step a7 T i HATAAT 2

77 = orsft 7 751 81 8¥ T {37 # satellite observation, FHT-F9TT drone flight =¥ 2%
second ground-sensor record # scale FT 3fd¥ spatiotemporal interpolation =T
generative artificial intelligence aT=T high-resolution reconstruction research & T IZT
%8 & el g gl cold-chain box T 37fers humidity, lens 9% condensation #i¥ a&ad
gas concentration optical TJT gas sensor reading T €¥-41¥ faRTTEd €1 o 997 &
TS T 9T 7 f@ i 928 THT sensor FT STAT T target value &l Tz Agl il T8
T % oI software & value M9« 31T adjust FX AT calibration algorithm i< F#T
g ATAT surface material T ATRT

farm ETXT S[ETU data T owner FI9 &, 3T value TT trade F# BT 3 blockchain
falsification Trshd THF rule FFATH & rights & T=TT, T w7 technology # s1fars
institutional solution T &1 FAYT future task logistics warehouse # digital twin #
explainable artificial intelligence STTEHT &, AT machine field manager #T 9r&at § FraT
T T FRHT box & Mu-in grade T [T 1207 & foHT %@ grade 9T aToAT e
T &7 e 7 F@Ee [rer g1 9%aT g1 grading A9ST & machine T A ST a1
system T FATAT R T machine T FT 3@T #I¥ decision T F& Tg=T|

refrigerated truck = temperature logger #T data T= pipeline ¥ satellite image,

logistics warehouse # digital twin ¥ cafeteria #T traceability lookup screen & J=ar
2| =9 structure H T T stage FT missing T Ted record 1T stages & decision
FH accurate TATAT gl AT FTF gL 39T T ST traceability code system T TF FIAT 3T
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temperature, humidity T3 gas sensor ST moisture-sensitive equipment it
measurement error ITT |
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HegTsa it Fd FT o T AehT A7t TOITedT et 0 3 FT8e F [ored G077 F2 7930 9
e T STERT-ST@T VI | TN AT g 37T T Svg SIS Tcda 9re &1 -y Jiee
O AT FATAT 5| o 19 # gt Ueh oxf<h rar o W ae Aiegrse & gw0ar i /19
FAT AT, SH A Tl STHL U I H AT THAT o6 [o7T I FT aqT gl TEA 0 7
-y wieer 3 qafaator £ T fF 2T F a9t § 9gd a9 g2 81 a7 2026 H TR
st wrsSaT died 7 siaq iAo 977 6 fHAe 31 T § qerhe 1.58 THe Y
o1, St 3D Gaussian Splatting fafer & s & 6.39 A T THEHLT (T ITH 6|

A= @ otert &Y STt AT J19+ & 39 hH ol hiFiersy fasauor shgd &1 hiFiersy ag
%Y g fSaH oiST hl SR SRt 8 gy ute # $=ms, U=l & SR, o I Alers 3k
T & FA=rm St fasivarstt & w0 H fe@rs &t 8, 3R $hieiergy fasdwor g faiwars s
AU 3R &Sl e I O Ufehar @1 &ie HY deh I8 IRT hiH A hid g | UsT-ieh W thidl
TRITERY $T8 AU, i@ ¥ ufiat a1 31 &@d, IRT et 71+fiRar ant SHoft & ok spoft-apeft @ Tl
oh! IWTSHR dleld &1 AT & AT H I fa <l FRAT 3R da hl e dT & SrgaR Ffe an
Tehd! g, STdfch Yeh fohe o URIET0T § ESTRI & oiche &I goTR G MTA 8 Tehd &, 3afeig
T gfeg Srafe § I6 IR AR FoR @1 & 9 & AFCR & dT 8 916 7| TS &5 39
YT ohl Sie THY § ST AT, TR IY G hA ohl Iugerd A1e g! AT

T AL HE ATHFTAN], TATE ST FAT AT § FAAT| AL 37T FHL AT % €T
U UYL I /I 8, ATaiad AT ST 91 arel Tdie gai aAT Aagrsai § THET
TEAIY ST AATRAT JaTd 8, ST ST AT aeai<l § Trd | T&4T Bl il ST HLet gl T die
qeat i AT ATAT AR 3g-TaTg Fat hidrers o (High-Throughput Phenotyping)
FgATAT g ST =6 I HTP forar Srar g1 Jfs Ua =ik U f&F § 100 ¥l 71T Teha T g ar
HTP STsor a4 g1 8T § g9 A [aAT YU 37 foHT u<ft F1e 419 /a1 81 1
ST T AT H TG THATR gHAT AT, FA1h Aol (oheq A HT TgeAT Fad HerT AT
g T HTP =g &1/ 9efie &1 |iaar 2

HTP & 971 Fraid MHarsd i & § 3T 9T ATl il -3 THT §TaT a7 THh1er
TRTEde faraarst At faT efd 9= asft & 97 FAT o7 {6 T2 v UF gt § wearet §
TIAAT g STl SIIA, TATALT ST AL T TLEI BhAT Fd g1 T gl S1o7 STk qTT ared
ST T/ ITHT AT O H N d¥g | J2dl gl Il &9 had Siid & [Hgiid qg! grar, afes
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ST 3fIT TATa20T o HI<h THTE T TIOTH AT gl TSI o6 el &l S{Aarered, aaia
S FIFTEI=T & & ALl & GXEXP Fgd 8, ¥ HTP T8 hidlersd &l 93ar g, Sl
TH Gae T HTAH 3T SAATLTIOT €T H FHIST ATIA T e gl FIAETST S2T & a1 qaias
AT AT off aTeatas o § el g AT A, TH A= FT Fls IUTT A1 LTl

AT TR -t ST 7o e i = w9 F 37w et § § v 21 LIDAR S
BIEAT &, ATShIETHE | Tg HTIAT g o Tt TRt aeq & edarane dfed § foha«r a9 ol
g, 3 399 1 Fererar g, e et g v [Aser® o2 v ¥ &g e 9 & aed
AT T -t S 99T 81 =7 &gel & T3g # Tise F913 Fgd &, it fgid o
& T o1 sreed fegell ¥ =gy i 9@ 991 arel Al 4T g1 PhenoSpex #T
PlantEye F600 =S¥ FhA< &l THE I g A a1 =471 di5e FATIE aATdT 5 o &l
TTH-TTH & [ g3l & = Fae 0.1 Fefrdies i T w5l g1 39 STF H [HAehe-srawh oY
AT TRTIT T ILTAAT Uk T HTIH AT HHL o 8, TN Ag IJHT 07 -3 et
TST A o AT IAT o TATEST T Hohdl & ATAT ATHTATHA qT aeqtd gahism (NDVI)
HehTeraT g1 i A o T A STEEET U 00§ &1 e arer RGB-D Mg 8§97, &l
AT Srfereh T T TN o forea s & g Aawree arar €y e siw see Fon &
TEIY STTE a1t Multi-View Stereo (MVS) qATHATIT st 8T 3297 & TH #d &, L
farferst agea &t &1 ATEl | gL qHET & qLi Sl gl

Tt GISC FelSs & thex d HIH 370+ MY (Hahrerdr g [Siwg uget T 0\ & J1ud o ot hr
$aTs, Ut @ TRl &, Uit Sl <hlUT, d <hl AleTs 3R Yeh-gak WR T¢I ufial & o1 31mdH,
S8 Ugel 3TeT-3TelT 8T § JTUAT USdT T, 316 Ueh UISC IelSS h [A%AUT chich 9T H
fArenTet ST Tend 81 S 8= i Uoh g THY R gSTRT T AU STV af HoTedt Udes Ui i <
gfs e arer gfg ash 3= 3y 1<t 81 MEReH & agd 98 Wl A T el Whk gaf
el gid 3R SMeh1ST T i 3@ aTelt Yeh 37R 311 i Tagehdr U gl

SH A T AT AaLied gars argd, AT UAV, R9mar 81 @d & F9¢ w7 Sa1s 90
= arar g 20 e & srfers foesrer arar sif-sg-Rertegem G Fae i i, 2,
AT, red-edge TAT TAFa-3Ta<h T ATT-3TET Tl FHLA ATAT 5 THTET 9 € HT o [FqaeA
HHL T FAdT gl TAH 400 T 1000 SIS & TR Hl Fehlol sef | died ardl
ETEIEIaee HET ¥ qaqg & JTIHTT 1 W1 F @ arer ardrg §9< ot et S 996t 2l
I IT ATHTEIA: AT ST aTdT MicaSense T A Edded HHY 39 5 aT<sd St &l
TS A ATAT TTA TS TR g1 ITH TEANL IL & 6 aeq 1 Ara207 Aqa1a sie NDVI,
GNDVI AT SAVI SI€ a€q(d TAHH! § T&eAT STl 5| TR AT F@T Tt MHefe-aeh
TERTIT W TLTATAT FLAl g SATC AT TN T Seh & TALMUT Al Fldll, STaTTeh T go

TIRTT T FATLHS AT STHRTL FIEAT ST (Hehe-3Ta=h Fl 1T F Alerdr g, T e

TEITCEAT o T T AL qAT o TATES I U G § (@@ gl FF Hel aF HF HATs
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UT I ATAT UF TI9 AT gFEAT &5 Tohel ¥ Tl g, TACTT GARIF AT T FT
THAT g 3T &hT g2 g ATl syt &1 71 & =f2Aa 2 ahar 2

T AT TEAT 3T TS FATIT | TRIAT, B 3T FeA 3T et g1 Convolutional
Neural Network (CNN), Vision Transformer (ViT) 3fi¥ Graph Neural Network (GNN)
STH HIST Tg FF FLd 8, AT AT § & ! HIHT Tl T4 (OF O TgaTTHT T
T T THAT Al SEEH TNHEAT Fgd gl TH UF Hg, I I ATl g 1T SETeAT It 7
A-STT T ATAHL TgaTH AT =RAT el o T H THAT AT G | T TH THT
ST To0T T ST T s ToT AT TATR! O U ol 19 & I-a7< T oAl STt g af
T % GAT AT BAT o6 TR 0l T Hl THT o6 A1 @T ST Tl T &, AL 367 77 & T
AT, ATATHTE TAT ATAH ITST FT Tgol & FTHTH AT 14T g

= % AT T7d * U AT & | Tg Sq TRTHEIT qTheleh ATed e FHaTel & o9 9 Lol
2| afedl ATAT Aaied T atgd (UGV) WFT il a1l & a1 i Fe1dr g A arae
T TS AT FHE | TAT ST Thel AT gl ITTE HT THT TA-T FaAdl g T FIC i
il = o qET Al Tl 8, AT AACT o (o7 | Al ST [T Hiod grar gl Tt
FTAT 1T CornYOLO AiEe geh YOLO11n =IZet "eds &l backbone FTAT g ¥
afT & 9T ST =9 & fS@Ts 3 arer sl ' @i & ¢ frame reconstruction
module (FRM) STTEdT g1 T T 9% mean average precision, ITr mAP, 91.5
STaeTd T TgAT, ST At § & 75 Rt % G276 g1 TSIe & @ H7 TFH T A 6 2
ST AT IT T T HeAT oY AT srae 3T qTiersht H (Sl STt &, S¥ I qTrerehl 39
H [ IO 6 =TI AT LT ST aAal gl

HET ST T % B A o T Al (AT | AT UHT &7 &t T8 Al g1 9 | off 72
FATHT T4 97 YOLOV5 =7 Vision Transformer @RITE 9% TUMTAT T2 a4TH aTel HET F
T OTRH T IUTEATT T [oue ot &r 3 STaeTsti # ST Xl g, o o7l |l 7
ST, B ST LF AT 31T G [T ST &1 T T THo a7 e AR
FATAT g ST SqTaT & Foh T27 O o [T s1aeam § ¢, 3% SHd |l o7 &1 980T 36 40
TN T AT H Tl BIS STALNA T AT ST HhaT @ s oW1 Fg fad § v ae o |
TATL AT F AR Hld A| TSITF o (o0 BT 3T AT THT Tg T HLdT g (9 (ohel G907 T
TEEIT GROT TRAT STUAT, 3fiY Fael 39 FAIET Fl (-5 T At a7 | Hheor TreT1
& THAAT T T&A TRl T gl

g€ @d % 919 CornYOLO ST 39w #iee fashfad e & AT4F qal aid, THeU U
Hh-S1d ST AT ATI-A71 AT g1 1 & g s ot STSAare ®ish 9T 9adT &l
PlantCV v2 T&1¥l & U<ft % 37 37T AT T FAGWOT Fe T THAT Tger | foraehe oo
FTAT Hh-SHTd FIAFH &, ST FA TEATL ol T IAT &R, FeA AT SATAAT AL T T&eAT T
AT Tq 3T FAaTerar 81 kmSeg AT K-means Tae e & W1 &l & dHgi §
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FiehT qTe 3T T FT ST FdT g, STtk Phenolmage aFTIToher ZTRT 1T AT
T T oot feaTe aTelt S8t A7 il FAHT TEA1L FETET HLATl gl TF STRLU &
HITHT sree= aote ATt fErafEemas yamremert oft a5t Fufaat & e @
rTETEd fAEeor T HoHRdT 2|

THETSH § AT AT I U2 FA ATAT €9 T T AT a9 el o1 LemnaTec,
PhenoSpex ¥ Field Scanalyzer ST FafaaIt o IUHTOT AAETSH AT B ATel TLEAT &3
H T Y 9T FAT @ ST T THT UL FSAT THAT AT TEET &l Thel T & A= AT 3T o AT
2| Tefte AT EIT U5l | I FH ¥ 997 9T GF-11a A 8, Ty F I THA Hl
qag 3 T 31 Iral airedtadt § T 77T Fhdl g ST aMage 12 ar off| 9T g1 ¥ =9
IETT T T A1 FT qhaT, ST TTATT Teh g1 G2 T T ST HI07 3{T THT9T H T
AT AT BT T 7 THT Y sraedhar grav 2l

MAETSH F AT 92 3% fa=T = arer @ai it aRfRafagt srerr gidt 81 e o o= *
T Sga F=T g1 o FIEOT ATEdtas R st Rt e, At 2 §Efe & w9 T
e areft RTK-GPS faem-fAgera yoreft & & 19 $i¥ eoefia Taie ag qiveT Fam €)
I FUT | ST &5 Thel HTdT § ST TIAT LTS FATIT 6 = F 918 A6 qST T 39T 2,
TH IE HIH qlea? o T (aAl § golTel a2t arel T TSI TLEA0 T T 07 FHL oA 2|
T ST it R g U e Yorrett § TgA o H0r FUY F S gy forar
TAT 2T T8 § {1 | W1 FIT oI 70 227 9% @7 AT 96T 2|

HHTHT STHRLIT FsTe a7l T o (o7 FH AW 6 (ashed st 794 37 g1 MVS-Pheno T
LITERAL S/ 3929 79T Arduino AT 3 T FH § o gle oreed o
-t QAT T T g1 ST 0l Hd SATTATA Trel STHLIT il hIHq 6 T Traard
A BT 7, T ofF o BIET RIS AT & o T foheft S[@e &l &0 7 o oI 937 g
TS Hedl ITHIIT o TaAT AT ez e o Far ST a&har &

S T FATY T FHT ITHTIT STHIA 6 U< f@re 3 arer [Geqt 7 9r9d g1 et § 3o @
% FHILOT T8 T T8 AT THET T&d Hdl 8, A MultipleX-Lab TT RhizoPot ST
STHTIT Tl T TS T H TR ST AT 6 ST T HSTHL SIS 0l ST i
TEA Y AT THHT AT X | ST IATE o7 fF TOTedt 87 & 979 q-aTT T FT
it g o oRaet g 72 fore T & 9T oY fohaeit rgers a T2, SAU I8 9@l 9gd
AT STE HLAAT % TS99 | agd STAR(T g1 T ITH0T AT BF & a8 AHHT STed &
ST ST 3 9T % Ol T qE<) | gl (0ol Tahd |

T TohaeT off 8T 21, TR 8§ gl Fhe, @Iadary i ST STET 90 T8aT gl 789
T2 & 9ol 90T H W-2ATF TEdd g EXG 3T CVI S A&l & gL GTer T areht e
H ST FA g ST AT H J-3ATFIT T SATHLIT FHLA ATAT STGTATTSThe (oheed AT gl T1ee
FATIE | T ATHF &g g 3 (6 g & O g T § Ivg, AFTAAT ST &, TATAU
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Plant-denoising-net (PDN), STT 9Tg-fafere en< gem™T H@ar g, ¥ self-organizing map
down-sampling (SOM Down-sampling), STT TeIgell &1 T8 €9 | FF FHdT g, S0
AT il AT T T TSI 5| ST FL0T § Faol YTl T TTH AR TS Fled o (o7
THET % 3T 7 ST el FMAT TF Tl g1 ATF gl T AT 7 21 Al A T3 FATIE §
BRI IEE IR G E AR R ]

Multi-View Stereo TATHHTIT TRTITEH T HHTA & SATer Hoaaeierdr & Tg=1a ara
Vision Transformer, Edge_ MVS-Former, &< |TF &l 5 G&a141 & Tcdeh GTer T
st s qafeEa e & forg arer e wed 81 98 BH-smaret "ies TrackPlant3D
STH TEEH TNHEE <X dedeh | oAl &, ST aai i Tl 0 ST ek 301 o T
SR FIAT g| THEAT T a0l AT [ TR § ST1 TEd 1< TA9E o 3T T 2T
Br-smamft gieet a1+ § #2 e o a9, i e goe Fg # g7 o geel diFersy
THAT T T F T o1 g7 a8t 7 fiee e W & 1 #71 997 3% 3 21|

Neural Radiance Field, ITt NeRF, 7 Tfd T =& THEAT % THTLT FT Hd <371 NeRF
SIT-3TET VI & AT TS F A =LA e H STAdT g AT Aeah il Tg ATHTT AT
foraTar g o B-smamst v & et oft &g 1 foreft oft o & 3@ 9w agt 4 3w Jarer
T ATAAT FAT G| 7T Aedeh TEAILL & o149 o GTeAT [gedl ] TATHET & § AT g,
e A | T o1 70 oy A oiHe g, 3T T F Fgl SArerd TATHATE S (A-SATHT 397
FATaT g1 T T SR ux g¥ &g aTd 89T TOITedT &l = dead § FoNT-3e T TET T2d1
o7, TATT & 0T T 30 (AT &7 T a2 4T 97 147 99 2026 § Tewrforg BHr-smarfy
TFTSST HIEH o TH &T0 [ S T3 [QAT| 3TeTeh G TSATAAT %0l TST JIAT Al TEAI 9T
Tl | HEET 3T 70 9T T eI A 9T 3T G Tl [T TEIHTA Fleh HISA 7 AR il
HEHAT 3T FIAIRTZT AT FATT T@d g0 SH6d A0 9677 6 e 31 Fhe & Tera?
1.58 e FY =

T F=T et U w7 fafer 3D Gaussian Splatting, It 3DGS, g1 Sigf NeRF & 8¢
TUET H 7 o o7 =2 deas o T@AT 92dT 8, dgi 3DGS i #T Adg Fl Tgl of aATal
BIe o o steareasfT fUet % =9 # #iee F¥ar & i TN g0 &< & WIei 6l a4 qal
T |79 Thid O¥ e g T Far g1 T (o 6t fufq, T i gaamae omT g
ST 2 A& AT HTE =2 deae i TEare TedT & faaT Hrer YT FT Tt 2l
Instant-NGP =¥ Nerfacto & |72 qedTcHa® e § 3DGS 7 9i ¥ 6.39 e ITH
o, 3w = oo F -t =TT #7 FF I deas | UHT T ST S 7 o

SR RO RS

T HA | AT TS TEAILT § T A GT Tl AT € o T § TgaATTAT 3T 1 FHiSd w1 gl
PlantSegNeRF, Neural Radiance Field FiT ag-39a TN H Ta gl 3T & (AT i
TTRAT & SIS & T gid IT Tgol ®9T 7 <@l T3 e SSITid [Had 9% AT H-smamdt
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T(EE FATIE I M-S STl 6 FTATE (AT FH2AT gl ATHITT o e Hl Tg T8 T
FA TR AT TATAT 8 o ST FI-97 07 Ha¥ AT 7 AR <7, e SSL-NBV
T-FAATE A F TATe Tl ZT AT AIST o THaer o ToHT Sreft FHer i A+ <ar 2l
TG AT ST ATl GA-EqLT TS FATIE I T FIA o [oIT 5 FL0M AT TR AT
YT 1 TS 2, ST T T, e 32 I8 &7 3721 foraree, F2 &g 92 wariua
LA ATAT Tawer qAwTor, feget F S v To A ai o7 3 d § hiaersT o

T T FAdT 8l

< fafet &t e i ToT FT arer eqaq | ofte J19e rw) a9 2026 # Frontiers in
Plant Science 7 @9 #it TRRafaat & qiEe Frse swatha B-smardt woe firere i
STEAAAT T TATTCHE THTEAT THTTAT i, AT T It T80T Sensors 7 T -t
AT TeheTeh O Weh AHTEAT THRTIAT T | AT THILATHAT F T Hgdl STHLOT 9¥ 747 Tg
H ZeaT e HH AN aTel FHT &l a7 AIFEAAL F AT STIEA T TG [QErs)

=4 fAteat it STagTad STATHAT T TAHH! § STI=[ STl 1 mean average precision,
T MAP, Ig JT9T & T SOTTett g IT 9t St A Tohat dgl g areidl &, STarh
intersection over union, I loU, T8 FaTaT g o TSI a=it &l AT aredias S =7 &
fehaeT et @Y 21 root mean square error (RMSE) forefitfiex  sarar g 3 o9 am &9
H 7 -3t Jied 3T T80 | /1Y ST § Fohar sia? g, T eI 9T el Hgel
U JEAIE Fohas T80T | GE1ad F2aT 8 3iT I Tehe ot aediy §9Terar g, S99 aadr
FAAT & o TOTTelt aTeatas a7 § 9 Tl g AT Aol | TEAIT | ATATAT T AT SATS
seeT AT 99 & oAt 51 @it g, =H et qorid et g, s w5 qeaaei |
=T 0.75 & STTer ST 7 THI &l FTGd F7 3@T & (o S ATI AT Heqo T
T o FHAT g1 B AT ! STEeAT T TAT Z00 ST HEAT & a1 a3 | IS ST ATl IO T
ST € F1-Score 3T confusion matrix & HTeTH H JeA T hAT SITdT g

FHL 3T VAT gL [T ST T 3T AR 0l TEALL, Tiee FATIE TAT HESATHE SeT a1
2, THTCTT STTerha el hi 22T |TEAT A * (o0 T ¥ sAaiead Faw Fri2ul == A=y &1
o 24T FAIR Rr&Td 2| SeT @i a7 (Findable), Tg= I (Accessible), ST
FIAHHAT 6 o= I G141 (Interoperable) ¥ aT8 # : TR I77 (Reusable)
EET AR FAIR T AT & & [T gl 62 eI, TETEd &-AATHT aige F13¢,
TEAIT A o THT AT T AT FTAH BT AT digd g€ ST & 919 Tg FdT arar
TS SITST STTAT & {3 #7407, FiF Si¥ Figl &1 gal, ¥ [he Faah! Hx 17 ST | A (eod
[ERIESIEIE]

PHIS, fSr&eT I21 AT Phenotyping Hybrid Information System &, = frgiai & 314
TUTTSAT & F& T 3&T80 gl PHIS AT ersaraet Plant Ontology (PO) TR F¥dT g 3T
THETSH a7 &q il L TN &, HHL AT TSAT &l 3TeNT TgaTT i€ <dT gl et T8 &
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THETSH % UF AT | O AT of ST, I I GeaT (@1 3T TIIH H6T HT 7T THT
wrrft fafere Te= URI & = = &, 2aforg &2 o qere aifveror ToT ) qoT 78 78 %
ST | THTH FHET I T ST Thc T | TE TEATH TUTAT TLIE0 22T o =< 9¢ FAIR g1
TR I¥ETY AT 3T I ITANT T qTHTT FLAT 3

PHIS % AT &TH &2 a1aT OpenSILEX TF HAiFeda? aTeqahal g ST eR[-3TeRT TTH1 9T
Ty FIFTeT=T 22T 3T 378 TaTed e ATl aa HAT3l &l FT9H g1 F Sedl gl AqTETET
SAFRTEHE THETT  HIAEISd T TS0 Hld THT GIITT Tl ST ATAT FATH SR
o 97 #i¥ g, T MIAPPE (Minimum Information About a Plant Phenotyping
Experiment) T €T, qteqr fafer, @t &7 feurfa qo aro= f&ofer o9 avg &t Fe 6if
AT AT 8, STath PHIS 3T OpenSILEX ST STorTerat T8 et sees(d §=-r |
STOATAT g1 T TEEA & TN, FTT FH AT ST HEH ST Al FHed arar [CASA
Version 2.0 AT T THT 3297 & TH FLaT gl T HTAF T <90 < faafa=mert #i
SRITITTEATSA o TS ATHT &0 Uk FT1A7 99T § F8d g

TH T AGEAT BIAIETT ST A 22T H [ U< ATer oFaTd gl JIraT gl
CropGS-Hub =¥ PHENOPSIS DB S 22Tad SHTH ST 47 Sg-TaT1g HiFesT
ST T T T X T@d g, aTis Genomic Selection ATE SRT-3TT HI @ISl faAT Hrer
SEHT ITHT ITANT FT qeh| AT DHIAICTST SeTd AT AT T ITAT F FH< ql aTgl 9T
HTIH 3T SO &4 aTe(T deheiien oot ITeq oY fAfFeer sraaroft, Sas ST 22 #:i
STHTH S2T & STTEAT % F &f S| sd gl S[Tus|

PhenoSpex # PlantEye T 3T F¥A ATl Uk YIHEISH H T g¥ [ad Ival 9l
ITH & I[SEAT & S FATd 7 FATS, I SRS TAT T 6 ST R ok afeesh qTT SArdr
STTAT g1 T AT SAT o AT g2 & ATATHT AAgrsd, AT Digital Twin, § Tiafer & SiTa
& ST Thid U2 ATEd e ATAEISH o A1 TEdT TaT YTHSISH aTd gl Tl TATLN SATATEHT
GTEr Sl AT 3T T qcd i AT ehal i ol AT F e areata® fiqagsy |
T HTe &l AT ATl aTed i e 3 Thd|T AT AT 9& FLAT §, Tg a7 FAT gl qrem
T AT o ST I o {07 3T FATIT AT § TaeATd | AT R Tohe F2aT gl

AT ST e TAaRTelT g ATl IS G707 &d | U S Hoeeuaed §a¢ 3T LIDAR
TAT T I2AT gl FeTdT SHaATe 3T Tt W7 il STl &l 3= AT o |1 T H AT
U G H ST AT ST ST SHH WIS ATSS S &l HhT qeis AqATT T S
TFHAT gl FeTs & THT FACC (AT TEAT § TH-gA< I A0 AT T BIerq1 I HF T
AT [T 8, S TS5 9T SETSHL e § Tgol hadl Uk S qedi< & & 3T &l

HATAAT AT T B THAT 2

BT 3T HARTL FeAT T HTH FLed a1 A2 ATE HEAT T ST HEW & Tae & o
OpenSILEX 3T PHIS AT AR #¥d 5| % &7 ST g9 aTe(t a8 gsi1e i T
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r-smardtT aEe, ared i 9T % 49 979 3{Y TS o it SHAersy STawt uw
STt § THeT gIdT &, 3T Plant Ontology T ATl Wael ST 2TTe THaT F1T ST TH
T ST ATH & %l IAAT THTH il | ST GIoT A ATAT FLA H GHT e I Tl

T Al ISTHT AISA &l 3T ST § SIS o 3Tl 90 T ST Hh 8| AThw0 ¥93 THHET

IO AE1 <aT, ATehd T 3H § o979 a1l 07T T9€ &9 F =F27dT 2

2 U & FATas]e Ho AW 7T gt &1 e Jg 3R hArdt g+t g1 IR SuR <l
afvat 2 & G, thet 3R T & A I &b ot 8, 3T STt & FWR hdel Tap HHRT AT
o Th=R I@ dTett Y e =it oh 701 & &1 el Tl | 37T STTRITST+eh AT Richy
JAdte 3R S T STT-3HT IV hl TR et STISAT AT SMYUTY bl ST-epRT  ft 3R gof
1 g8 ufial ol WA dTell U1Se Rf1Se YAATT 0T GURAT §1 JER 8 G aRg e Ul &l
JTehR G R wAter1 31a i i 8, ifeh & o fasivg Ard ¢ fob srganfaa 7 oft Ser
g1 O gl 31fdeh Iuaht

ST &1 AR AT 78T 21 0.1 FeArHTes Reffegea arar qize F13S AT HFet aaT<sd arefl
ETEITEIFed el Ui gfar w2 ArreTee T 98T Tl §, TET & % {hA1¥ T@T grer
FET I ATEATaT THT H GHTAT Tl HT ITaT| ST ST T T Ao FiA o (70 H5
farfert |ror-ame steae § €, 598 &g 7 #3 a1t down-sampling, T8 = deds &l
T SIS A2 | of 1 areit Knowledge Distillation 3T 39#<T # neural processing
unit (NPU) ®Ter @R fRaT SIT9 T« hardware acceleration omTiier €1 Swehor fora=m
ZohT T, IAAT af ©d & S qid 3L & TohaT, THICTT T T AT T 6T Tg IS AN
ot = T FATIAT 2

T HrEH AT FEH FIGHAT Tl FTFAL T FHLAT g1 T ST T | IAT 6T A8 Tha
FHEFAT & AT T HT ATHRTE GT SATAT &, TAT U S I FT ZL TEANL H ST ST hT
Tt §, ST aTeet oI F F0E To-U qaeAd T g af [egelt ae1¥ & Hiar 7iee Rl §
S T 5| T Jahrer e gar arer WiFesd # Hiar Afed g °d § #lel of 19 9%
T Igd HelshdT @l adT g, Sli¥ 39 7T w1 Domain Shift F2d &1 Fafaer #1ew T gamer
oot &1 0w =7 7 foemse fAerr <7 a2™@T1 91 Domain Adaptation & ATES &I 71
ATATA & oI T AT eaT =6 q9eaT 7 Aved it g fAteat g1 saa:
STATEITAT o ATEY Toreehl HelawdT HeATad Aal g5, VAT HISH Had A[Hgrsd § HTH Fidd
FTAT STEIT TOTH T Tg Tl gl

AT T TATS, AT THT TheTeh STHIA o 9L TAT S FAT T Hfed 8, TN UF &I
TR | SITARTT =T 67 AT 3o X ATt Uehiehd e IeTe T (SEr ST 1 g1 THE ary
Explainable Al (XAl) St ST, TTh T HH Toh {2 TUTSAT 7 HIF-HT TEAT TGFHT
ToRET 9Ter a7 TARIEA AT SATee IS ol GATAAT ATt 471 71971 Grad-CAM 3T SHAP St
Tehet [oh HOT ofd AT <A Aedeh ZIT 19 QU T A & [ heat map # @t g,
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S UHT 397 THTOT [ 92 gF S 7efie & [0 9% AX0ET Feh 3ol G0l ST a1
THAT g1 ITvel TOIT ST 6 F18 T, AEA1L Aal, diod ATl (Haeri J19 i Iq4 Harer 0
T | T4 5| ATAT HIAF o AT AT AT g 9T T T19 Tz AFgSal & el &l g
39T T T TARTLITAT % ST 8 SIS Tohd g | q& TSI GeATall & STi= qad T g T et farem
ST FTeT ste et e & & 9 am
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FEA TS 1 L&A HiATered 949 § g5, orad i &d # ST Fad (Q@rs a7 arel
TOTOraTsti o e % 3T qrer AT AT| 97 H WS o AT Fawy o aferhr
qTAT-ToaT 6T Fata o TG40 6T TOET ST T2, i S o et e = 1 e
FATEHRT Togd 0T 9o ° Fied ardr Marker-Assisted Selection (MAS) FATod g3l 28
e X S | el 38 g9 =t it U |97 9g+ a1 Genomic Selection (GS)
T, e = 1 GErRar a@t ST U HEl IITH Al q Tg= 1 a6 =721 Ig fafer
ST &1 Tl & 0T TohAT g1 a8 AT il o ST aarav g (o (et # ST 7 a7 7147 it
JEHY Feha«l 3T @ HhdT &, 3T =8 Genomic Estimated Breeding Value (GEBV) #gd
S| T A TcF AT Al ATTATIAH SATHHTLT & [HRTAT AT TATTH B

HHEIT TS ST O | AT A 317 SO A7 0 F3d 81 TS AT T T S Uah-ar
SO & @ g1 aTel 0T o Taid SIS &1 TATT ATl ARt AT g1l ST i 9eeq R
H AT &, 3T U of ST o8 &d | ST TAT 8, T8 ATHIE Tg AT ToRT &9 oIl gl Tt
ohes @ 9q H @0 ST 9= 9 a7 @ § =T TR HT Gl gl S Sl T 1@< &
TH I T9T9 FT Genotype by Environment Interaction (GXE) #gd &, i shaet
Genomic Selection & T T2 &7 & HAC #f T7€ HAT AT T 79 H TA1E SAfa®
ST AT, ST STATH S AT % J79 Gl o G0 0l ST ST IT0ET H ST

2l

TATE STersh T4 i ThT¥ o 22T, Genomics, Phenomics 3% Enviromics, &1 T &1
FAT FhgAT qiea & AT STAAT 51 Genomics ST FT AT STIATAF TR 2,
Phenomics T T9% aTeqa | fa@e aTet S=Ts, =il &7 4T 3 39 ¢, 3 Enviromics
3E ©q T ATTHE, TUT AT THET & T[0T & STl A 31| SAT-3(AT <@ 9 F AT (et
TAATE g, AR A LA Fead i Fs g2l o AR 372 U Latent Space & T@Tm
STTT, STl ST STRTE & SeT i HUISd HT qHTH (HaeTie 9T T Sl ST qeh, qT 3 dae
ATHA AT | ATEATA ATST A F Tgel HYeT § @I SATdT g 1o HIA-AT S{Arerey hg aq #

FHT TR FT| AT Ha Thld il T S@HT STE F9T T T &, F119h Tg T

1] e & T & T T 2

STAATY TAA & FET ST (e THT @+ 92 T Qo axiezor # A o 2 aret
TREAT 3T Tgel | AT ST T sl T H1d a4 T4T g1 TH 3297 | a7 Integrated
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Genomic-Enviromic Prediction (iIGEP) @ fieel HI&H 22T, wiasT & WiaH qaiqar,
THET % T 3T ¥ ST 0 SO % Single Nucleotide Polymorphism (SNP)
HTA= % AT Tg-Fa1T 73 "ea® § Taal g, orad SNP ag afiada g gt AR %
ST ST T ol Ueh (&7 3TN gIal @l ATerd @t & i STaarg 9&t %1 Target
Population of Environments (TPE) & 7 § H¥{gd T SITaT &, S¥ [T AT AT
STt & T 39 99E @ a1 37 armaT SEt 7R Rt o 9% FiE st rersd haer
TEohaTT ST Fohait SUST <9IT| &q | T s Teid SareT o oET off o9 $2 g3 a6 o9
AT g Toh hIA-HT Fohed sTer a9 Y 9T 9 9rui

T TOTTTAT e ol GIT ALLHAT T ATHLI Fded ATAT 1o Al ST STredt g1 APSIM
T DSSAT SI¥ w8 gfeg AISA RITaeh! TAT TATAT & THIHLOI & [G@Td g o T,
ATIHT 3 9T o a¥g TRl 3T well § 929 &, ST g AISd ol SIS qargam
giee & SIS aTaT genomic-crop model (CGM-G2P) 3+ srieferamemss THFaTsi &1
SATHLIT FLAT g (ST Tl AT ST Siad: SIS il TATTAT FHAT gl haol HEATH & i
Tqeaae fa@T arer QO AT T & [@uid I8 aLHl I8 8 FLd gU qaidam
AT g T S99 o Aia< armead § #7947 F2aT g, ST TSI L0 T 3em
FLOT-ZL-FALIT FHA FohaT 5

= T TS AT T AR TN TATTHTATHSE TSI T ST S ATl ST =l qae fo=etr
q¥d ¥4 S 21 Next-generation sequencing (NGS) 3T U 9T% # [T €T @€ Tz
FTeAT FrET ET T sequencing T & TXT SO TR 9z Single Nucleotide
Polymorphism, insertion 3fiT deletion (InDel), 79T Tt F7&T HL=AT a&a aTel Structural
Variant (SV) @St STd &1 U Fed 7 U S| A= 9978 Jgi 997 S7dT, S0 F
FI o ST TH-ga¥ 9¥ T@HT Pangenome ATATE | a9TT ${i¥ STANT 70 ST 21
THT F g1 TAF S (17 1 Afsr=at=k T 7= = a1 Transcriptomics, ST it

w7 ST areT Proteomics, A= 3cdT@ fe@T™ ataT Metabolomics 3T Se A

Faof o7 ST T<E a& arar Epigenetics S2T St T3d-32-9%d =T &l

Gq | &A1 AT Enviromics S2T HT agd H99 g1 @d # @ Internet of Things 47,
<At R AT FHfT wraw 2T, AR siafeer usiHr T NASA POWER 399g 227 3%
gt % T a1 soil survey database fHe#T TTATaT #T =qAqH 3fiT SATeHTH qTIHT,
| qTIHTA, AT 6T w1 aarT arar Vapor Pressure Deficit (VPD), gt #it 7t @
ATT2TSIA, FICRITE ST TETATHT T FiodT 0T FH § THT Fd g1 AT HEITAT AT 90 6
STTERATSA T Tg ST ATT ITTRT FHXAT &1 Al Tgel ITET (HeAT ARG U ST 22T o Giofel
I+ (Findable), Tg= T (Accessible), Y FEFHAT & TZEIT a1+ (Interoperable)
S q: ITANT I (Reusable) g9 % 91¥ FAIR @I 22T Y94H FT ATFF a9 U &
TSI 22T o ATGTH-T&TT &1 Aq1=A7 faf==er BrAPI (Plant Breeding API) ST %8« @t 22T
FT AT ICASA STOHTT ST & ST 7 HEATH FAIAT 1= ST AT &9 § e Thd 2|
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TH YY U7 =27 Breedbase, OpenSILEX 3T CropGS-Hub St THiFd H41 9 T@HT
U AT SATeT H AGTeAq AT SITaT § STl SO, HIAersd oY Ta1aor &l U Shid &
GISIT STT Heh| QT TT S [T ST qrecentatt | fer@r A1 o2& A8l w8 STl
PlantConnectome ST aT-faaw FEW FigAar ST g2 ATe T <T@l 8, Hid-ar
ST 38T 0T & [T ST AT § T (9 T @ISTT &, 3 S Saeli Hf f6gsl a9r Tanst
aTer Knowledge Graph # Sa®9d Tl gl Ih! Tgol QAT Sl sl Tedahl § a1
T forelt wen feoaofy off srar v @ier | ATt ST w2

ST ST AT 39 WAL ITANT Ted TgaTd ST & THIT Tol gl LEIAAT S TATTAT
T GBLUP (Genomic Best Linear Unbiased Prediction) 3T RKHS (Reproducing
Kernel Hilbert Space) ST& HTTehT A Fxd A IAT Tied THIFHIIT g HLh ATHT
T 3 o 2ot gee ot & scdes ToReT o1 § fofae Fmrer 2ar &, o6 | Jnme=
ST ToheT 9Ter T STUTerd Ta9ie MahTad g1 Fs ToI1 il ATars 91y 3T SITHd Fed
areT Random Forest, e FH9T: et T@IHATT T 91T Extreme Gradient
Boosting (XGBoost), Support Vector Machine (SVM) it LASSO regression Si#T
machine learning T e S[E T TATLATT T AT F&T| I i@ ¥ machine
learning e oISt St IEAT X Al § aTeqd § Hgwd Ul Fg |1 1 I AT AT Fl
9TTY | geTd § STANIT 2|

Fifems wiedi & a1g deep neural network 3T FATT T5T== | T SoyDNGP

ST STt T -3t aedie it 938 gt three-dimensional convolutional
neural network (3D CNN) ¥ I[SITZAT g 31T U, FaTs T THT TAT o 3T TTET i qT=T
FT TATTHTT HLAT gl s THTL % omics ST &l AT o« a1 DNNGP, €19, HaT, F1H 3T
TSI T faeae o fereraarstt a2 a@r 1 CropARNet, convolutional neural network
&1 Self-Attention & ST aTaT Cropformer, STgl TUET &% 7 HXdl g [ =A9e & e
AT T ST AT &AT &, S ST TAT BIAIEIET & e -1 Fael F9Te ara
DPCformer F#H3I: HTH 3T ¥ TATIHTT Y90 F&dT ATl T Aisa Epistasis TATT T
g, ForH ST Us-ga< &l TaTd 7T 9T 8| Tg HT9 Fae &l AT A ST o6 TATT SIS & qgl
fereram

AutoGP 3T T | &% (UM & T el aTel MtCro STH T Hal, o1 3% g STHl o
T & ST STHT ATAT BHFAT I AN U 5 AT T gl TUAT H IqST, TRT TTALTe TAT IT Al
TUTEAT 3 81 TLd T 219 9T "Hied F Overfitting # = it 9791 92t 2, e a8
sforeqor TeT Y FrET fAATATT TF AT FT AT & ST TEEA T2 I AT UL ATEATSF o |
TAT T FLAT 81 TH Ul o [oIT 7T Aedeh ATS] il ATgI=aF & H a& FLd ATAT
Dropout ¥ ST AT &1 agd a7 2 & s arett L2 regularization STt @& 4 47127
TART ZIAT &1 T TGSl 3 AT TAT Fa ol FEhaT adT T Taoshy Tg NaIE F7d it AT 98
ol & T Tgar w91 9 3@ T =dqi § weeiH fohadr ffuw w=ar gl
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STETH 9 aretl FEW Figaar 7 S(A & nucleotide sequence FT AST &l AT STET
TTHAT 9% ek T S Fad a2l AgroNT (Agro-Nucleotide Transformer) T
FloraBERT =T gene expression A a &¥d aTel S & 31T &iT 9= % noncoding &=,
T promoter 3T enhancer, AqHA T fadT SH¥-aterer Tt Self-Supervised
Learning & uget Tferfera foham Strar &1 Tevervr & a1 "iee gt wfT 7 @l TS 9re T
T SATHA H LA gene expression Ft AT X regulatory region it AGHIAT Tg=TT
AT gl PlantCaduceus = 3T 1T g&< 5 Ha Aol A angiosperm TSITIaAT
ST |1 € Y supervised learning HIS & TTerd Gar aardT o &le ST SIqame oo
feerTasne ® 7 gefera =@l

F T FEmaT AT & IR gghe Sher v "@ter gurfad we & ot o 12 g1 e 7o
FTT 9t  forT staeY 938 &1 ugar sqraT 17 OpenCRISPR-1, CRISPR-Cas gene
editing TOTTeAT #T F-3IETHT SE=ATS #l¥ nucleotide sequence & A< HIS[ET SaT |
Haar g @i T ager w91 7 7 AU cleavage enzyme TT guide RNA (gRNA) &3
FTaT 7, SEH gRNA =0 T Sf=2d ®I19 TF o ST aTdT Sl ATafaF I 2|
TTEHfda cleavage enzyme T STT &1 T SETHTA L I TAAT | AT TATH FHled qTod
Off-target TEIATA =T HHAT 7 ALIE HT T gl ST HATEA H 31 i=ad ST &l Hled]
AT g, THT TgT TTehdl THATT AT fReTdT aF FLdT gl

= Tt q@ATTAT i RS ewarstt & Sfre= aren e Breeding Foundation Model
T i FohaT ST ¥t 81 AeT it AT9T {91 large language model #T a%g
breeding foundation model «t Scaling Law T 9Ta F%aT g, fSra# Atee &7 3,
STTTEAT 22T Si¥ ITUHT AT FT& I TET FATATAT AT § LT g1 SR T HHT G0
T ¥ Emergent Abilities Y& ZIdT & 3T TS SMaTH® o FHTH FHLd aR[AT g ST Tgof Agl
T THAT AT| A HTHT T ITL M, TG Tgol Al SITAT ST Tha Tl THRT Teh IZTZL00
Chain-of-Thought &HaT &, ST &% S{I|I & Ta |12 HUTET & AT T T FHA T TATT
FLO-ZL-AL A=t gl T ot a2 "= Hallucination & 7<% 951 8, e o fersaa=a
T FATAT I T AL SATHITATH & 2 8, THT 3L F Tgel AT TS ST GIoid
areiT Retrieval-Augmented Generation (RAG) @& ieh ST |1 TN gt gl I Hiea
T 0% 7 TR Tforfera v o TSI % 0T AT a6l qHTATST Fe a1t Low-Rank
Adaptation (LORA) T&1a | Heil Ha< & [aAT fohefl [ el s &= % o oferr
TEHTOT FATAT ST T 2

TTATErT Jiee T aredas QAT J19 & ! AT Hie qI¥ 92 &7 A0 | 981 81 98l
offline =T & SHHH, FIFTE=T 3T Enviromics & fEeme €<k <7 d&e! a7 geiit GPU
a1l server cluster H teT SITAT &, 37T HIT9T hardware 9% 2 HISH HT TTAA H9F 4T
& T memory waste =T ATt ZeRO optimization T three-dimensional
parallelization & WIS I T HHTg TIATLT AT STTAT 5| TTAAT IIT F1= 9T 7= online
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FLOT | SATAT g AT AT A T T T TR EATE J1aT AT AT F9rf 3 SO Jre=T
ST ATETT &1 o HITH TGeT oaT gl T T oY Hahaor §ATSAT 6 T &l Hge? §
gl | STSHTE a1t In-silico Cross Screening T g @ehe | IIT 81 SITAT g1 Thid 9% Hefl
FERT ST T Aehe T TUET AT O AL I S T TR g1 ST 3L T8l °d §
FTHT T FET I a1 Herar o, 3 o i w1 g § v § gzt Foges § e S
2l

T QATTHTHT shT ATEq e a2 % SeATsl & S=1 ATl g1 ATeatass yaoie 3fiT
qied g7 9gef & TAahTel |19 o AT-H7 T& i {17 aa1 aret prediction accuracy
FT &7 0.70 7 0.85 & &= T@T SATAT gl T T i< | AiSe T THATY AT AT FHl
FerTe a1t coefficient of determination % 1T 0.75 & 0.90 T 7T forAT STAT 81 39,
ATAT et T AT 3fiT T il SATS & HeATeHe 01 %l mean absolute error (MAE),
FTHT QAT 3 AT & S i<, TAT root mean square error (RMSE), AT 3 ${azf
= AN o SEd o g, | T =T 77 g1 TORET Iid ] Jal IgaTa il s7a7dr
precision, ITHT T FATS T TRAAT H aTeaa § TRIT Il &1 $q97d, recall, I+ it
FTEqras TN It § HiSd g (Het IR0 & SIq97d, i< A1 & [Har arer F1 score
o 94T ST g, STat gene editing tool 7 Sf=ad T fohaeT @It #TeT, =9 on-target

efficiency ¥ T AT FTew aTal Off-target SIATA | STERT-STERT AT STAT &l

TSI U ORI FEIET 9T ATAF 79 < gl a8 FRIET adrdl g o =7 qetedl | aredia
foher el oS & FeT gl rate of genetic gain FgaT= ATAT A HIH selection
intensity, prediction accuracy 3 T[0T # FI=T genetic variation T IO F¥ah 37 e T
ET & SETAT T T AT THT AR g ettt Srar g1 Tt siaarer fSraar w9 i
TATTHATT TSTaHT Hal R, SAAT af Tater § s T sl ATAT a1 A& g
Heritability = €72 3@ STAT &, ST I 0T a2 | S [ [GeaT aqrar &, A7 Jg tora-r
STTEreh GINTT, TATAXT il TAdT § T &1 S AT STrersh et sl a1 =4 o7 T97d
TEAT| T HISAT T &HAT T T¥@ % v SeedBench & AT=AT benchmark ot a9 g,
TIFH ATARIHd FHIET T2 TAAT 2l ST T g 1o HIF-7 Fied gene search, phenotype
interpretation 3fiT cross design & == 2|

T VTS | Tq | ATEAT gad1d F7 32180 Consultative Group on International
Agricultural Research (CGIAR) & International Maize and Wheat Improvement
Center (CIMMYT) & fHaaT 81 TAT STRTT ST AT STHTREHT & Tl TAT Tg TSI HIahH |
H I S % marker data, FTHa¥igd f@HTT & AT9 multispectral index sl §1EH T4
fate e ATt predictive breeding YorTett @M 9 ¥ G@ #iX 37 aT9HH H 3T
TAT T TgATATT T TATHTT TAF AT Tied o AT 15 Tiaerd & 25 giaerd
STfere TETh ot ot TENeA Ul o Y@ FE ST HHTT | SRTeAT Gl T AT THT FITAT
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SATET T TAT| STIRTHT | SATEF T a1 ST DAl T H TZl T A0 [T 5t 39 F900
FT BT THA & ST [ Tl

AT 59 § SoyDNGP T8t & HTasTa% web service & 9 | =T YT 8| ToIAF
ToRET deT T ST 22T IS F:aT g dl three-dimensional convolutional neural

network IS, el THT TAT I 3T ATET it AT vt goraarefie qrar-foar
HATSIH 39 T FAAT g1 T, &7 37T Tg & 17 CropGS-Hub TJT AutoGP w4 T =HT
TG STHTeT=T 3T HIFIeTsT S2T &l web database H STTE & i< el it eTtershal &l qg=
<Y virtual cross simulation FATH I &1 T TTRTATAT FIT Fs q0T § STHT 22T AT 6
AL AT T HEATH T AT TEqHTA FT HhaT 2|

Syngenta 3T InstaDeep 7 a1 fas o AgroNT T 319 9ter SSITfaat & regulatory
sequence TT TR T Y ST a0 fa=T uger & wHeg FohaT & we-a1 Stie ag &
qfEd & YT FohaT Teaefiter g g a9Tiad regulatory region T ATT U G720
T Irgid STaary dgaeiier fohed 9T & o0 srarea= Srorfers £q< FT SATem JAqTY
e st safRe i S0 giewr sufaat i arary 947 w98 99 g & 78 T
TARTETAT | ATEY fHahelsh? SATAHTIRT ISTH T 974 a9 BT 81 37 g HT Hged 3T
g, T Tg Fae 9Tel I § Al Lgl dfed arediash Joa+ pipeline H T@T 4T gl

OpenCRISPR-1 3T 99T gene editing tool & FHET & T@T TTarer ST T T &
for RrETe ST &1 Jée |91 A 9o ° f&@mr & srHfas cleavage enzyme
1 TaHT T&er TETHTA FTA 1 JAAT H SATATg ST T THATS FT GETLOH FH gaATl TF 1o
& S | 31 sfad dith 3T TeA¥ A ETAT e THTEAT § R0 g THT0rT
T 99 AT &1 TAETITET F 918E @d | T TR0y & NiZai aF a=1 T a7 781,
THHT (2T T ST Wl /9w [ % 918 R

ST o Kochi i@ § SAWACHI A1 cloud platform 1,600 # stfers Az sl &t
T 22T 3% 3,000 @At T IcqTad S TP FW big-data network WAGRI &
STEaT 8, T gig T U7 1 q@aiqaT 3 a1 Al §ied 9T T SAt=dr g
STHIEATE TIA J97 ATEATA % & & AhA ohae gl SHI 297 & Aichi ¥Td & carnation f&Fer
T % {10 STERT Toh1T AT FHH FrgA@T TN ST g1 ATEHhal 39 epigenetic =eAT &l
TIY X ¢ [oTEH 190 IT propagation THAT carnation & gene expression &t
TEART GGET HT TN TIAAT 8, ¥ 6 =6 A & h=ad T arell 92 Foheq Térawar F 44
2| BT AARTSHI T ST SITSAT 3T U TGS T ohl ATTATIH TThAT o0l TELTS § ST
TR H T 5, T¥ T Ua ot predictive breeding &= # 97 9o g

SUATSHAT T § ST ATAAT GHEATU T 9% &1 AT AT FHge? & virtual
environment § STRrferd Aiee wefi-Fsft Tger FHT T AT 3287 FAT AT FF TaHaarsy %
|TT T2 aTel compound environment ¥ TATTATT &9dT 9gd @l ad & virtual space 3T
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FTEq (A ©d * 7 q¥ & Sim-to-Real Gap F&d g, 3f¥ T &1L Domain Shift g
Sres wforeqor § 7 fyeft fRafa s ow Aot sfRae g1 Smar 81 30 Je & forw srfare fEferer
TN T ST ANTATL SATSAT 3 T | AT qTA ST § HISA ol T3 AT HLed areAt
online adaptive learning YUITAT STHT 39T 2

HISA o &l I FI [T, Tg 7 GHAT IET AT T G947 21 deep neural network Tfa
TERAT oo gu AT FReT oo |eheor vt it [RRTer 7 F10T S5+ il T80 3 a7
Stfere YT § A aar qehar| o T 39 I agEd F AR T F HwTr UEr aied
Black-box FZaTaT gl =0 fSsd &l @i & JamEl #§ SHAP =¥ Grad-CAM SiT =ameat
e Teh 79T Knowledge Graph SIS QaTHTT TRUTH T f@Ts & aTel Sifash Hreo

T | SIS a7l TeTAT ATHA | ST qF THI A & 7 (&6, AATAT Tt qieo At
SATAT TSI T I AT HiSATS F qT0s|

TUMET AT ST STeIT 9T g1 AZa1 parameters T breeding foundation model &t
terfera S o= % forw w23 GPU server ATEU, THIGT UH ITFHTUT 7 GG Hhe AT
BT TARTLTATSA Y e TSI ST [oIT TH Tl ok dof TgaT HT FiST g1 T0ET 71T
T F integer TN T T A gl A ATl Quantization 3T a2 A=A FT Hi@T
HTE IS gied | of AT areit Knowledge Distillation ST dsfeieht &7 =0 T1HT T =21 %
o0 st 81 %@ 21 cloud ¥ server R & foram ST @avdT &, ST steeh sai=at sraeT
breeding data a8t server &I Hiaq & Z=HdT &1 TF server it AR IST HFHAT A THAH
TSI el 1% qo Tgd I died aTel U Sl ¥@r a9 2l &l

ST T AT ATIT AT gl I FAH FlaAar algorithm FHTe F G727 molecular
genetics 3T field agronomy ZAT T A AT AgawAT AU o f oA &, TAAT
SATEITAT T TROTH Freatas @ § fFew gam 7 i ag=ar g1 F0Em giawr g
F9TE gene-edited FEAT T THTEAT ST TATHIA HE BT TAT ST AT HISA HT FATTHA (e
e, 7g T F AT FTA T GEATT e AT FoheA 16 ¥ T F qreg; g1 AT T Q@A i
TSI Tl e HaT Fohail ST AT gl, ITehT THTAT TAT PR o aTel AqeT 3

7| 7 21 Q1 & T T 7T a7 BT gl
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