MiBUIIICHHSIM BUMOT JI0 KiOepOe3meku Ta HeoOXiJHICTI0 CUCTEMHOI ONTHUMI3allii omnepariiiHux BU-
TpaT Ha yrpuMaHHsa ¢izudHoi IT-iHGpacTpykrypu. [IpakTuuHe 3HaYEHHS OTPUMAHUX PE3YJIbTaTIB
MOJISITae 'y MOXKIIMBOCTI ajanTaii Oi3Hec-cTpaTeriii 10 MiHJIMBUX YMOB PUHKY Ta IiIBUIIEHHI e(ek-
TUBHOCTI MPUUHSTTS YIPABTIHCHKHUX PIIIEHB 100 1HBECTYBaHHS B IU(PpOBI akTUBH. BapTo Bpaxo-
BYBaTH, 110 CKJIAJHUI XapakTep MpOIECiB BUMArae rmocTiiHOro MOHITOPUHTY Ta MOEIHAHHS iTepa-
IMHUX METOJIB OOYMCIICHD 13 MIIX0JaMU TPOTHO3YBAHHS JJISI OTPUMAHHS OLIBII TOYHUX OI[IHOK Y
JIOBFOCTPOKOBIH MEPCIIEKTUBI.

Abstract. The article investigates the dynamics of cloud computing implementation in Ukrainian enterprises using
the numerical dichotomy method. A mathematical model in the form of a third-degree polynomial was constructed to
identify critical efficiency points in the digitalization process. The study determined that the 20 % market penetration
threshold was reached in mid-2022 (x = 5,458), with a fivefold intensification of growth rates observed over the ana-
lyzed period. The results demonstrate the high precision of iterative computational methods for forecasting digital eco-
nomy indicators and optimizing IT infrastructure costs. The proposed approach provides a reliable basis for strategic
decision-making in the context of global digital transformation.

Keywords: calculation methods, dichotomy method, cloud technologies, digital transformation.
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3ACTOCYBAHHS YACEJIBbHUX METO/IB ONTUMI3AILIIL
JJIsI HABYAHHSA MOJAEJIEM IITYYHOI'O IHTEJIEKTY

A. O. lllesuyk, P. M. babakos

Anomayia. Y cTaTTi TOCHIIKEHO POJIb YUCENFHIX METOIB ONTHUMI3allii Y PO3BHTKY CHCTEM HITYYHOTO iHTEJIEKTY.
[IpoBeneHo MoOpIBHAUIBHUI aHai3 TPrOX HaOLTRII momupeHux meroniB: SGD, AdamW Tta mL-BFGS. Hdocmimkeno
MaTeMaTUYHHUH anapar KOXHOTOo alropuTMy, MPUHIMIIHA POOOTH 3 TPaJieHTaMH MEPIIOro Ta APYroro MopsKiB, a TAaKOX
ctparerii agantuBHocTi. OcoONuBY yBary HpHIiIeHO MexaHi3maMm crabimizanii anpokcumariii marpuii ['ecce B ymoBax
CTOXaCTUYHOTO IyMy. HaBezieHi pe3ysibTaTy TeCTYBaHHS HiATBEPXKYIOTh e()eKTUBHICTh METOIB IPYroro MOPSAKY JJIst
MIPUCKOPEHHS 301)KHOCTI MOJIeTIeH.

Knouosi croea: uncenpHa onTuMizailis, rpagieHTHui ciyck, AdamW, mL-BFGS, 30ikHICTS.

Beryn. EdexTuBHICT HaBYaHHS Cy4acHMX MOJIEJEH IITYYHOTO 1HTENEeKTy Oe3MmocepeHbo 3a-
JIeKUTH BiJl BUOOPY Ta 3aCTOCYBaHHs YMCENbHUX METOAIB onTuMizamii [1]. Jlane mocnimkeHHs 30ce-
peKeHe Ha aHalli31 iTepaliiiHiuX mpoueciB MiHiMi3alil GyHKIT BTpaT — MaTeMaTUYHOI MIpH TTOMUJI-
KM, 110 BijoOpaxxae po301XHICTh Mi’K IPOTHO30M MOJIENI Ta peaJbHUMHU JaHUMU. B ymoBax po6oTu
3 BeTMKUMU MacuBaMu JaHux (Big Data) Bunukae notpeda y MeToaax, siki 31aTHI €(peKTHUBHO MaHEB-
pyBaTu y 6araTOBUMIpHUX JIaHAMIAPTAaX MapaMeTpiB, YHUKAIOUU CI/UIOBHUX TOYOK Ta JIOKAJBHHUX Mi-
HIMYMIB.

JlocTiKeHHsT OXOIUTIOE €BOJTIOLII0 AITOPUTMIB BiJl 0a30BUX TPAJIEHTHUX MIAXOJIB J0 CKIA-
HUX KBa31-HBIOTOHIBCHKHUX CTPYKTYp. OCHOBHHI aKIIEHT 3p00JICHO HA BUPIIIEHHI MPOOJIEeMHU CTOXac-
TUYHOTO HIyMY, SIKUM BUHHUKA€E MiJ 4ac OOYMCIICHHS TPaTI€EHTIB HA MAJIMX BUIAJKOBUX BHOIpKax
nanux. e morpebye BpoBaKeHHSI MEXaH13MiB cTa01Ti3alli1, SIK-OT MOMEHTH Ta eMIIpyBaHHS, JIs
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3a0e3neueHHst CTiiKoi 301KHOCTI — MPOLECy MOCTYMOBOIO HAOIMKEHHS TapaMeTpiB MOJEINi A0 OI-
TUMaJIbHOTO CTaHy.

AHaJi3 OCTaHHIX JOCTIIKEeHb [2; 3] CBIIUUTH, IO BEIHMKE MAIIMHHE HAaBYAHHSI € OCOOJUBHM
CepeIOBHINEM, JIe TPAIUIIIMHI METOAM HETIHIHHOT ONTHUMI3AIlli 9acTO MOCTYNAIOThCA CTOXaCTUYHUM
MiX0AaM uepe3 BEeIMUYe3Hl OOCSATH JaHUX Ta HEOOXIiMHICTh MBHUAKOI iTepariii. BogHoyac akTyans-
HOIO 3aJIMIIAETHCS MpodjeMa po3poOKH METOMAIB, sKi O BpaxOByBaJlM KPUBH3HY ITOBEPXHI BTpaT
(Ipyruit nopsiioK) 6e3 HaAMIPHUX BUTPAT ITaM SITi.

MeTo10 cTaTTi € MaTeMaTHYHE OOTPYHTYBaHHS Ta MOPIBHsUIBHHMM aHami3 epektuBHocTi SGD,
AdamW ta mL-BFGS y 3aiauax HaB4aHHsS HEUPOMEPEKEBUX MOJICIICH.

OcHoBHa yactuHa. CtoxacTuyHui rpanieHTHHIA cnyck SGD € gyHIaMEeHTaIbHUM METO/IO0M,
10 alPOKCUMYE TPpaIi€eHT (HAMPsSMOK 3pOCTaHHS OMMJIKH) HAa OCHOBI BHUIAaIKOBHUX 3pa3kiB. [Iporec
OHOBJICHHS MapaMeTpiB O ONMUCYETHCS PIBHSAHHAM:

Otr1 = 0: —1 - Vo] (0 xi5 V1),

Jie ) — mBHAKICTh HaBYaHHA (learning rate);

Vg — BEKTOp YaCTMHHUX MOX1THHX.

HesBakaroun Ha mpoctoTy, SGD 3anumaeTscs cTabiIbHAM METOJIOM, OCOOHMBO 32 YMOBH BH-
KOPHUCTAaHHS HAaKOIMMYEHOTO MOMEHTY, SIKMU Joromarae 30epiraTH HampsIMOK pyXy B 00JacTsaX 13
3alIyMJIGHUMH TpajgieHTamu. [IpoTe 0CHOBHOIO MPOOIEMOI0 METOIY 3AJIMIIAETHCS HOTO YyTIUBICTD
JI0 BUOOPY 7) Ta HEOOX1AHICTh TPUBAJIOTO YaCy HaBYAHHS IS JOCSITHEHHS BUCOKOT TOYHOCTI.

Meton Adam (Adaptive Moment Estimation) cTaB momyJsisipHUM 4epe3 34aTHICTh CaAMOCTIHHO
pEryioBaTH KPOK JJIsi KOXKHOTO OKPEMOTro mapaMeTrpa. AJNTOPUTM BIACTEXKY€E MEPIIMA MOMEHT 1M,
(cepenHe 3HaYCHHS TPAAIE€HTIB) Ta IPYTHd MOMEHT V; (OLIiHKA AucHepcii).

JlocnmipKeHHs MOoKa3anu, 10 KJIacuyHa peanizauis L,-perymispuszanii [5] B Adam npu3BoauTh
JI0 TOTO, 110 ITpad 3a BEJIMKI Baru MOTPAILIs€ B pyXOMi cepeiHl rpaaieHTiB. Lle BUKpHBIIsiE cTaTHC-
TUKY 1 HE JIa€ perysipu3alii npaioBaTi B HaJeXHUH cnoci6. Y momudikanii AdamW Oyno Brpo-
BaJDKEHO Po3’enHaHe 3aTyxaHHs Bar (decoupled weight decay), ne mrpad 3acTocoByeThest Oe3mnoce-
penHBO 70 MapaMeTpiB Micis OOUUCIICHHS aJallTUBHOTO KPOKY:

A~

my
M7=
\/v_t +e€
ne A — KoediIieHT 3aTyXaHHs Bar.
Takmit miaxia 3abe3nedye CTaOUIBHICTH pEryJisapu3aiii Ta Ja€ 3MOTry aJalTHUBHUM METOJaM
KOHKYpPYBaTH 31 cTabunpHicTIO KitacuaHoro SGD Ha 3amadax knacudikariii 300paxeHs.
KBa3i-HproTOHIBCBKI MeToaH, IK-0T L-BFGS, HamararoThcs moOyayBaTH anmpoKCUMaIlito ooep-
HeHoi Matpuui ['ecce, BUKOPHUCTOBYIOUH iCTOPIIO MOTEPEIHIX OHOBJICHb. Y CTaHIApTHOMY BUTIISAI
BOHHM BKpail YyTJIMBI JI0 IyMY, SIKAl BHHUKAE T11]1 YaCc HABUAHHS HA MaJIUX MAKeTax JaHHX.
Monudikarmis mL-BFGS (Momentum-based L-BFGS) [4] Bupimye mro mpobiemy 3a JT0moMo-
rOI0 JBOX KJTFOYOBHX MEXaHI3MiB: cTaO1mi3amii MOMEHTY Ta ajantuBHoro aemmndysBanHs. [lo-mepire,
3aMiCTh BHKOPHCTAaHHS MHUTTEBHX 3MiH MapaMmeTpiB alJTOPUTM OOYHMCIIOE EKCIMOHEHIaNbHO 3TJIa-
JDKEH1 CepeJIHi 3Ha4eHb napameTpiB Mg ; Ta rpafienTis My

Mg, = .BMH,t—l + (1 -6,
Mg,t = .BMg,t—l + A - B)ge
ne xoedimieHT [ 3a3Buyaii qopisHIoe 0.999.
e mae 3mMory GiIbTpyBaTH CTOXaCTUYHUH IITyM Tiepe]; oHoBleHHsM icTopii L-BFGS.

ITo-npyre, 3acTocoByeThCs TeXHIKa AeMipyBaHHs (damping), sika KOpUTye BEKTOP 3MiHH I'pai-
€HTa Pj !

Orr1 =0 — —nAb,,

Ik = Y + (1 —1)s.
Ile rapanTye, O ammPOKCUMOBAHA MATPHIIS KPUBU3HH 3aJTHINAETHCS TOJATHO BU3HAYCHOIO, IO
€ HeOoOXiJHOI YMOBOIO IJIsl CTaOULIbHOT 301KHOCTI B He omykiux 3amadax. [lo Toro x mL-BFGS
BUKOPHCTOBYE OJIOYHO-TIarOHAILHUHN MiaXid, A¢ MaTpuis ['ecce ampoKCHMYETBCS OKPEMO TS Pi3-
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HUX IIapiB MEpexi, 10 3HAYHO 3HIKYE BUTPATHU MaM’STi Ta Ja€ 3MOTY PO3MOAUIATH OOUMCIICHHS
MIDK PI3HHMH BYy3J1aMHU CUCTEMHU.

Tabauys 1
OCHOBHI XapaKTePUCTUKHU YU CEJTbHUX METOAIB ONTUMI3alil
Kpurepiii SGD (3 momeHTOM) Adam / AdamW L-BFGS / mL-BFGS
ITopsiiok MeTo Ty [eprmii IMepmmii (amantuBauii) | [pyrui# (kBa3i-HpIOTOHIBCHKHIA)
ITam’sATB O(d) 0(24d) O(md)
UyTIUBICTH 10 IIYMY Cepennst Huzbka Bucoxka (Merma y mL-BFGS)
IBuaxicTh 301KHOCTI [NoBinpHA [IBuKa HA TOYATKY Jyxe mBuaka 61711 MiHIMyMY

EdextuBHICTh METOAIB OyJI0 mepeBipeHo Mia yac HaBYaHHs apxitekrypu ResNet-18 Ha Habopi
nanux CIFAR-10 [6]. Pe3ynbpTati 1€MOHCTPYIOTh CYTTEBY PI3HHIIIO Y HIBHJIKOCTI 301)KHOCTI Ta cTa-
O0impHOCTI 3Ha4YeHb GyHKIi BTpat (Loss).

0.40

— SGD
—— ADAM
—— mLBFGS

0.35

0.30 A

0.25 A

0.20

®PyHKUIA BTpaT

0.15 4

0.10

0.05 A

0.00 T

5K 10K 15K 20K 25K 30K

ITepauii

Puc. 1. lunamika minimizauii ¢pyHkuii Brpat s ontumizatopis SGD, ADAM ta mL-BFGS

Ha rpagiky npencraBieHa 3ajIeXHICTh 3HaU€HHS (DYHKIII BTpaT BiJ KIJIbKOCTI 1Tepaliii HaB4aH-
Hs (10 30 000). Kpusa SGD (cuHilt KoJIip) 1EMOHCTPY€E HAOUIBII MOBUIbHE 3HIKEHHSI TOMUJIKH 3
BEJIMKOI0 aMILTITYI0I0 KOJIUBaHb, IO MiATBEPKYETHCSA MTUPOKOIO 3aTiIHEHOI 00JACTIO AWCIIEPCii.
Onrtumizatop ADAM (dioneToBuii Komip) Mpaioe 3Ha4HO cTabiIbHIIIE, 3a0€3MeYy0UH IIBUIKUN
CITyCK Ha MOYaTKOBHX eTamax. Haioinbiry edextuBHicTh nemoHcTpye Metoa mL-BFGS (uepBonwmii
KOJIIp), AKUH 3a0e3neuye HAWIIBUAILIE TAaiHHA (QYHKIT BTpaT Ta HaWHIWKYY (PiHAIBHY MOXHOKY.
Byxe na moznauni 15 000 itepaniit mL-BFGS nocsrae piBas nomuiiku, sikoro SGD nocsrae mume
micis 25 000-30 000 irepaniii. Takoxx momiTHO, 1m0 0o6macth aucnepcii y mL-BFGS e HaiiByx4oto,
10 CBITYUTH PO BHUCOKY CTAOUTBHICTD aliPOKCHUMAaIlii KpUBU3HHU.

Ha puc. 2 BinoOpakeHO TUHAMIKY 3HMKEHHS MOMUJIKM HaBYaHHS 3aJI€KHO BiJ] peaibHOTO Yacy
pobotu nertpanbHoro mporecopa (CPU Time) B cekynmax. Lle# rpadik gae 3Mory OLIHUTH MPOIY-
KTHBHICTb aJITOPUTMIB, BpaXOBYHOYH O0UYHMCIIIOBAILHY CKIQJIHICTh KOXKHOT iTepartii.

SGD (cuHs niHIA) JEMOHCTPY€ HaWHIKYY €(EeKTUBHICTh Y YaCOBOMY BHMIpi; HaBiTh MicCIs
300 cexyH/ HaBYaHHS MOMUIKA 3aIUMIAcThCA Ha piBHi Buie 1071, Adam (uepBoHa ninis) 3a6e3me-
4yye MIBUAKUN MOYATKOBUH Mporpec mpoTsaroM nepimux 50 ceKyH, MpoTe 3r010M BUXOIUTH Ha TUIa-
TO Ha piBHi momMmwiku 1072, Haiikpami pesynsratu nemonctpye L-BFGS (4opHa niHis), skuii mpo-
tarom 250 cekyHz pocarae piBHsS nomunku Huwkde 1073, Lle migTepmskye, IO HONpM OilbLIy
00YHCITIOBAJIBHY BapTICTh OJIHIET 1TEpaIlii, METOH APYTOTro MOPSIKY 3aBISKH TOUHIIIOMY KPOKY 3a-
6e3neuyroTh 3HauHO mBUALTY wall-clock-301kHICTb 10 TTHOOKUX MiHIMYMIB.
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Puc. 2. [lopiBHSAHHS WBUAKOCTI 3HIKEHHs oMKy HaBuaHHs (Training Error)
3aJIe)KHO BiJ] pealibHOTO Yacy podotu nmporecopa (CPU Time)

V3arajbHeHHs1 pe3yJbTaTiB MOPIBHAJBLHOIO aHAJi3y. Pe3ynbTaT MOPIBHSAIBLHOTO aHAJi3y
CBiZIUaTh MPO CYTTEBY IEpeBary METOJIiB JPyroro mopaaxy, 3okpema L-BFGS, y mBuakocTti Ta Tou-
HOCTI MiHiIMi3amii PyHKIT BTpar. Xoua anroput™ SGD € HaiiMEHIII BUMOTJIMBUM JI0 OOYHCITIOBATb-
HUX pECypciB mam’ATi, BiH IEMOHCTPYE HAHHMKYY HIBHJKICTh 301KHOCTI Ta BUCOKY aMILIITYay KO-
nuBaHb noMwiku. OntuMmizatop Adam 3abe3neuye cTabiibHE 3HMIKEHHS MOXUOKHM HA TTOYAaTKOBHX
eTarnax, IpoTe AeMOHCTPYE CXMIBHICTh JI0 IepeAYacHOT0 BUXO/y Ha IIaTo.

HaiiBumny eeKTUBHICTh 3a PeaIbHMM YacoM poOOTH mporiecopa aeMoHcTpye meton L-BFGS,
SIKUI JTOCATA€E 3HAYHO TIMOIINX MiHIMYMIB, TIOPIBHSHO 3 aHAJIOTaMU TIEPIIIOT0 MOPSAKY. | 0JIOBHOIO
MepeBaror0 1bOro MiAX0Ay € 34aTHICTh TOYHO alpOKCUMYBAaTH KPUBH3HY MOBEPXHI BTPAT, 110 MiHi-
Mi3ye€ KUTBKICTh HEOOXITHUX iTepailiii. BogHOYac OCHOBHUM OOMEXYIOUUM (PaKTOPOM JJIsl METOJIIB
JIPYTOTO TOPSIKY 3aJUIIAEThCS MiABUINCHA OOYHMCIIIOBAaIbHA CKIAIHICTh OJHIET iTepallii Ta oOcsr
BUKOPUCTOBYBaHOI maM’sTi. Y mifcymKy, BukopuctanHs L-BFGS e nHaiibinpm BUnpaBganum Juis
3aja4, Je MPIOPUTETOM € JOCATHEHHS MaKCHMallbHOT TOYHOCTI HaBUaHHS 3a MiHIMaJIbHUN 4acOBUM
1HTEepBAaI.

IlepcnekTHBHI HaANMpPsIMU PO3BUTKY YHCeJAbHOI onTumizamii. CyJacHi JOCTII)KCHHS BKa3y-
I0Th Ha TIOSIBY HOBHX METOJIB, IO PO3BHBAIOTH iJIei aIallTUBHOCTI Ta JPYTrOro MOPSAKY. AJITOPUTM
Sophia BUKOPUCTOBYE TOJICTIIICHY JiarOHabHY OIIHKY I'ecciaHa i JEMOHCTpy€ MPUCKOPEHHS Ha-
BYAHHS MOBHHX MoJienel y 2 pasu, nopiBHsiHO 3 AdamW. Merox Lion BUKOpHUCTOBYE JInIIe onepa-
1ii B3ATTS 3HAKa TPaJi€HTa, 10 Ja€ 3MOTYy CyTTeBO eKOoHOMHUTH mam’ath GPU Ta mpuckoproBaTu
iTepallii B po3MoIiJIeHNX CUCTeMaX. TakoX TPUBAIOTh JOCITIKEHHS 010 3aCTOCYBaHHS KBAHTOBUX
ontumizaropiB (Hampukian, COBYLA), siki MOXyTh OyTH €(heKTUBHIIIUMH JIS CHIEIU(IYHAX THITIB
00YHCITIOBAIBHUX aPXITEKTYp Y MaiOyTHBOMY.

BucHoBKkH. AHami3 YMCETFHUX METOIB ONTHUMI3AIlli a€ 3MOTY MiJICYMyBaTH pe3ybTaTH J0-
CITDKeHHS. BUKOpHCTaHHS METOJIB MEPIIOro MOPSIKY 3aJHINA€ThCS BUIIPABAAHUM IS 3ajad i3
HU3BKUMH OOYMCITIOBAJILHUMH pecypcaMu, MpoTe sl MacluTaOHUX MoJienel iX 301KHICTh € HeJo-
cTaTHbO10. HaykoBa HOBU3HA poOOTH mondrae B OOIpyHTYBaHHI €(pEKTUBHOCTI MEXaHi3MYy MOMEHTY
JUIst cTabimi3alii KBa3i-HbIOTOHIBChKUX MeTomiB (mL-BFGS), mo monmomarae BUKOpHCTOBYBATH 1H-
dbopMallito Ipyroro mopsiKy B CTOXaCTUYHHX yMOBax 0e3 BTpaTu CTiiikocTi. [IpakThyHa MiHHICTH
PE3yIbTaTIB MOJISTaE B MOKIMBOCTI CKOpOUYEHHS yacy HaB4YaHHs Mozenei 11 BaBivi y pasi mepexo-
Iy Bin amantuBHUX MeToniB 70 mL-BFGS, mo niarBeppkeHo ekcriepuMeHTanbHUMH AaHuMHA. [1o-
JaJbII JOCTIKEHHsT OyAyTh 30CEpeKeHI Ha BHBYCHHI BIUIMBY aBTOMATHYHOTO HAIAIITYyBaHHS
rinepnapameTpiB JeMIQyBaHHSI Ha CTa0UIbHICTh HABYAHHS B yMOBaX 3MIHHOTO PO3Mipy Oarya.
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Abstract. This article explores the role of numerical optimization methods in the development of artificial intelli-
gence systems. A comparative analysis of three widely used methods — SGD, AdamW, and mL-BFGS — is conducted.
The paper examines the mathematical framework of each algorithm, the principles of working with first- and second-
order gradients, and adaptability strategies. Particular attention is paid to stabilization mechanisms for approximating the
Hessian matrix under stochastic noise conditions. The presented testing results confirm the effectiveness of second-order
methods in accelerating model convergence.

Keywords: Numerical optimization, gradient descent, AdamW, mL-BFGS, Hessian matrix, convergence, neural
networks.
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SPATIOTEMPORAL DYNAMICS OF KNDVI IN VINNYTSIA CITY
DURING THE VEGETATION GROWING SEASON: TREND ANALYSIS FOR 1990-2021

A. O. Chernenko, A. M. Mischenko

Summary. This study examines the spatiotemporal dynamics of urban vegetation in Vinnytsia over a 32-year period
(1990-2021) using the Kernel Normalized Difference Vegetation Index (KNDVI) derived from Landsat satellite
imagery within the Google Earth Engine (GEE) environment. Annual composite KNDVI maps were generated for the
vegetation growing season (May—September) and analysed using pixel-wise linear regression to quantify interannual
trends. To capture potential shifts in vegetation dynamics, the analysis was conducted separately for two sub-periods:
1990-2005 and 2005-2021. The results indicate a substantial increase in the proportion of statistically significant
positive trends in the latter period, with the dominant pattern shifting from mixed (34.435 negative, 66.575 positive) to
strongly positive (11.705 negative, 88.305 positive), suggesting pronounced urban greening. The fully scripted
Python/GEE workflow provides a reproducible and scalable alternative to conventional desktop GIS approaches for
long-term urban vegetation monitoring.

Keywords: KNDVI, urban vegetation, spatiotemporal analysis, Google Earth Engine, Vinnytsia.

Introduction. Urban vegetation provides a wide range of ecosystem services, including
mitigation of the urban heat island effect, regulation of stormwater runoff, carbon sequestration,
improvement of air quality, and support of biodiversity and human well-being [1; 2]. As urban areas
continue to expand, the ability to monitor vegetation extent and condition at high spatial and
temporal resolution becomes increasingly important for evidence-based urban planning and
environmental management.

Remote sensing offers a cost-effective and spatially explicit approach for assessing vegetation
dynamics over large areas and extended time periods [3]. Vegetation indices derived from multi-
spectral satellite imagery—most notably the Normalized Difference Vegetation Index (NDVI)-have
been widely used to monitor phenological dynamics, detect land-cover change, and quantify
vegetation responses to climatic variability [4; 3]. However, NDVI is known to saturate in dense
canopies and to be sensitive to soil background reflectance, which can limit its performance in
heterogeneous urban landscapes [3; 5].

The Kernel Normalized Difference Vegetation Index (KNDVI), introduced by Camps-Valls et
al. [5], addresses these limitations by embedding NDVI within a radial basis function kernel. This
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