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JucepTariiiina poOoTa MpUCBIYEHAa KOMIIEKCHOMY PO3B'SI3aHHIO aKTYyaJIbHOTO
HAYKOBO-TEXHIYHOTO 3aBJaHHS CTBOPEHHS MAaTEMaTHYHOTO Ta MPOTPAMHOTO
3a0e3MnedeHH sl 111 aBTOMAaTU30BaHOTO 300py, 1IHTErpailii, aHaaizy Ta IpOrHO3yBaHHS
YpPOKaHOCT1 36pHOBUX KYJBTYP 13 BUKOPUCTAHHIM Te0iH(GOPMAIITHIUX TEXHOJIOT1H.
VY cydacHUX yMOBax PO3BHUTKY CUIBCHKOT'O TOCIIOJIAPCTBA BAXKJIMBOIO TCHIICHITIEIO €
nepexiyy 10 Npeuu3ifHOro 3emMiepoOCcTBa, /e GOopMyBaHHS arpoOTEXHIYHUX PIlIEHb
3aJIeKUTh Bl MOXIIMBOCTI CBOEYACHO OTPUMYBATH TOBHI, JIOCTOBIPHI Ta
CTPYKTYpOBaHi BiJOMOCTI PO CTaH MOCIBIB Ta iX MPOAYKTUBHICTb. 3pOCTaHHS 00CSTIB
pizHOpiaHOi iHpopMmarlii Bix BITJIA, mosiBa HOBUX THIIIB CEHCOPHUX JaHUX Ta aKTUBHE
BUKOPUCTAHHS HHQPPOBUX 1AeHTU(IKATOPIB 3YMOBIIOIOTH ITIABUINEHI BUMOTH 0
1HGOPMAIIIITHUX CUCTEM arpopoOMHUCIOBOT'0 KOMILIEKCY.

AKTyallpHICTh JOCIIJDKEHHS OOyMOBJIEHAa HHU3KOK (PakTopiB, IMpUTAMaHHHX
CydyacHOMYy  arpapHoMy  BUpoOHHITBY.  IlepemycimM,  3HayHa  YacTWHA
CUTBCHKOTOCIIOAAPCHKHUX MIAMPUEMCTB TMPAIOE B YMOBaX (PparMeHTOBAHOCTI JaHUX
MOHITOPHUHTY, M0 30€pIrafoThCs Y BUMIISIII PO3PI3HEHUX JIOKATBHUX 0a3, 30BHIMIHIX
peno3uTapiiB Ta pe3yNbTaTiB JUCTAHIIIMHOTO 30HAyBaHHs. BiICcyTHICTh YHI(pIKOBaHUX
dbopMaTiB maHMX YCKIAIHIOE iX IHTETpaIlil0 Ta MiJBUINYE PHU3UKH HETOYHOTO
nporHo3yBaHHs. Cyd4acHi CHUCTEMH MOHITOPUHTY YpPO)KaHOCTI, HOMPH BHUCOKUHN
PiBEHb PO3BUTKY TEXHOJIOT1H, 371€01TBIIIOT0 OPIEHTOBAHI Ha 30MpaHHs Ta Bi3yali3allito
JaHUX 1 HE MPONOHYIOTh MAaTEeMAaTUYHO OOIPYHTOBAaHMX MEXaHI3MIB aJalTUBHOTO
MPOrHO3YBaHHSI.

VY po60Ti 0OTPYHTOBAHO, IO TPAAUIIIMHI METOAM MOJCTIOBAHHS ypPOXKAMHOCTI

noTpeOyIOTh 3HAUYHUX ICTOPUYHUX MACUBIB JaHUX Ta MAalOTh CTATUYHUI XapakTep,



TOA1 SIK Cy4acH1 moTpeOu nependavaroTh 3aCTOCYBAHHS aJJallTUBHUX CUCTEM, 3JaTHUX
MparoBaTd 3 HEMOBHUMH, 3allyMJICHUMH Ta HEPIBHOMIPDHUMHU JTaHWMH,
3a0e31euyouy MOCTIMHE Ta aJalTUBHE MPOTHO3YBAaHHS 13 TOYHICTIO, Y3TOJKEHOIO 13
PIBHSIMU MOXMOOK BXIHOI iH(popMaIlii.

VY nepmioMmy po3aini gucepTailii 3M1MCHEHO KOMILUIEKCHUN aHami3 MpoOsieMu
MOHITOPUHTY YpOXKalHHOCT1 36pHOBUX KYJbTYP 13 BUKOPUCTAHHSAM I'€0iHPOpMaLITHUX
TEXHOJIOT1{, 10 MIATBEPJAUB ii I100adbHY 3HAUYYIIICTh Ta BUSBHUB KIIOYOBY POJIb
TOYHOTO 3eMJIepoOCTBAa Yy TIJABUINECHHI 3arajlibHOi yposkaitHocTi. IIpoBemeHo
KiIacu@ikalio ICHyIOUMX METOIB MOJIETIOBAHHS YpOKailHOCT1 3epHOBUX KYJIbTYp Ta
BiJI3HAYEHO HEJOJIKU CydacHUX MmiaxoiiB. [loka3zaHO KpUTHYHY BaXXJIUBICTh aHATI3Y
apxiTeKTyp TPOrPaMHOTO 3a0e3IMeUYCHHS IS MOJICIIOBAHHS YPOXKaWHOCTI Ta
BUSBIICHHS  JIOKaIlii  1i  HApOIICHHsS, OCKUIBKM  apXiTeKTypa  BH3HA4Jae
MacITaboBaHICTh, MBUAKICTE OOPOOKH JaHUX Ta MOKJIIUBICTD 1IHTErpallil pI3HOPIAHUX
TDKEpEUL.

Hpyruif po3fiil MPUCBAYEHO PO3POOIl aJaNTUBHOTO METOAY MPOTHO3YBAHHS
JTMHAMIKW BETeTallifHUX 1HJIEKCIB Ta MapaMeTpiB PO3BUTKY POCIWH Ha 0a3i Mopeni
Momno. IlpencraBieHo MeToa MOOYMOBH IHTEPIOJALINHOT MOJENi BereTariiHuX
1HIEKCIB Ha OCHOBI CHCTeMH aHQepeHIliaJbHUX pPiBHIHR MOHO Ta METOay iX
inenTudikaii, SKul TPYHTYEThCS Ha HAONMDKEHHX OIIHKAX TapaMeTpiB Mojeli 13
HACTYITHUM YTOYHEHHSIM 3a JIOMOMOTrOI0 TpajieHTHOTO Merony JleBenOepra-
Mapxkpapara. Po3po06ieHo anroputMmivyae 3a0e3nedeHHs IS peai3allii aganTHBHOTO
METOy IPOTHO3yBaHHS JUHAMIKH BETETAllIMHUX 1HJEKCIB.

Y TperboMy pO3IUII MPEACTABICHO MAaTeMaTHYHI MOl JUHAMIKA
YpOKaHOCTI Ta BHUABICHHS JIOKaIlii 11 HapomeHHs. Ha ocHOBI cucremu
nudepeHIliaTbHIX PIBHSIHR MOHO 3alpolOHOBAHO HENIHIHY MOJENh BUCOT
CUTBCHKOTOCIIOTAPCHKUX KYJIBTYp 3aJIEKHO B HIUTBHOCTI TPYHTY, IO JO3BOJISE 32
YCEpEeIHEHOI0 BHCOTOI0 POCIWH TMPOTHO3YBATH IIUILHOCTI TPYHTIB Ta BUSBISATU
TUISTHKY 1X yIIUIbHEHBb. Po3po0seHo amanTuBHY Mojelb aHCcaMOJieBOi JUCKPETHOI

JWHAMIKK BETreTalliiHUX 1HJAEKCIB 110 YacOBUX BIKHAaX ajamnTailli, JOMOBHEHY



anpoKCUMAIIITHO MOoIeJUTt0 MOHO ISl NPOTHO3YBAaHHS IMHAMIKY B JOBUIbHIN TOYIII
MIPOTHO3HOTO 1HTEPBANY 13 3aJ0BIJILHOIO TOYHICTIO.

UeTtBepTuii po3ail omucye po3poOKy MPOTrpaMHOro 3a0€3MEUEHHsS] CUCTEMU
MOJICJIIOBaHHS JUHAMIKK ypoKaHOCTI. CTBOpEHO apXITEeKTypHI pIlIEHHS Ta
peanizoBaHO MPOrpaMHy IHTETpallil0  po3poOJICHOr0 KOMILUIEKCY METOAIB 1
MaTeMaTUYHUX MoJenel y reoiHpopMmaliiiny cucremy. Po3poOieHo MonaynibHY
apXiTeKTypy TMporpaMHOro 3a0e3mnedeHHs, 0 3abe3neuye MaciTaboBaHICTb,
THYYKICTh 1 BIIKPHUTICTH JUJISl 1HTEerpauii 3 1HIIMMHU 1HQOPMALIHHUMU CHUCTEMAaMHU.
Cucrema BriOyae miacucreMu 3HATTS 1HQopMmauii Big BIUIA, noOynosu
opToOTIJIaHIB TOJIB, 30HYBaHHS, CTBOPEHHS KapT BereTaliifHUX 1HJIEKCIB,
MO/ICITFOBaHHS YPOXKAHOCTI Ta POpPMYBaHHS arpOTeXHIYHIX PEKOMEHIAITii.

[IpakTriaHe 3HA4YEHHS POOOTH TOJATAE Yy CTBOPEHHI MOBHO(MYHKIIOHAIBHOT
CUCTEMH MOHITOPHUHTY ypOKallHOCTi, sKa MOXXe OyTH BHKOpPHCTaHa B
CUTbCBKOTOCTIOAAPCHKUX — MIANPUEMCTBAX Il MIABUINEGHHS  €(EKTHBHOCTI
3emMJIepo0CTBa, ONTHUMI3aIlii BUKOPUCTAaHHS JOOPWUB Ta BUSBICHHS MPOOJIEMHHUX
TUITHOK TI0NTiB. Po3po0iieHi MaTeMaTW4yHI Ta TpOrpaMHi pIlIeHHs 3a0e3MeuyoTh
CepeliHl BITHOCHI MOXUOKH MPOTHO3YBaHHS Ha PiBHI 5% Ta CTBOPIOIOTH MEPEIYyMOBHU

U1 €DEKTUBHOTO (PYHKITIOHAHHS CHCTEM TOYHOTO 3eMJIEpOOCTBa HOBOTO TTOKOIIHHS.

Kiarw4oBi cjioBa: ciibchbke TOCIOAAPCTBO, TOYHE 3emiiepoOcTBO, BIIJIA,
reoindopmalliiiHa cuctema, reoinopMariiiiii TEXHOJIOT1i, €KOJIOTTYHUNM MOHITOPHHT,
MOHITOPUHT YPOKaHOCTI, 3€pHOBI KYJIbTYpH, BETeTaIliiHI IHJEKCH, BEIWKI MIaHi,
MaTeMaTUYHEe MOJICIIOBAHHS, INTYYHUW 1HTEJNEKT, MAIIMHHE HABYaHHS, aJalTHBHI
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MoHo, nmapameTpuyHa iAeHTU(IKAIS, ONTUMI3AIlis, CUCTEMHU MIATPUMKA MPUHHATTS
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peKOMeHaIli, apxiTeKTypa MpOTpaMHOTO 3a0e3MEeUeHHs, MporpaMHa apXiTeKTypa,

MIKpOCEpPBICHA apXiTeKTypa, MPOrpaMHEe CEPEAOBHIIE, diarpaMma KIacis.
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ANOTATION

Maculyak M. V. Mathematical and Software Tools for Crop Yield Monitoring
Using Geoinformation Technologies. — Qualifying scientific work on the rights of a
manuscript. Dissertation for the degree of Doctor of Philosophy in Specialty 121

«Software Engineering». — West Ukrainian National University, Ternopil, 2026.
The dissertation is dedicated to the comprehensive solution of the current scientific and
technical problem of creating mathematical and software tools for automated
collection, integration, analysis, and forecasting of cereal crop vyields using
geoinformation technologies. In modern agricultural development conditions, an
important trend is the transition to precision farming, where the formation of
agrotechnical decisions depends on the ability to timely obtain complete, reliable, and
structured information about crop conditions and their productivity. The growth of
heterogeneous information volumes from UAVSs, the emergence of new types of sensor
data, and the active use of digital identifiers create increased requirements for
agricultural information systems.

The research relevance is determined by a number of factors inherent in modern
agricultural production. Primarily, a significant portion of agricultural enterprises
operates under conditions of fragmented monitoring data stored as scattered local
databases, external repositories, and remote sensing results. The absence of unified data
formats complicates their integration and increases the risks of inaccurate forecasting.
Modern yield monitoring systems, despite the high level of technology development,
are mainly focused on data collection and visualization and do not offer mathematically
substantiated mechanisms for adaptive forecasting.

The work substantiates that traditional yield modeling methods require
significant historical data arrays and have a static nature, while modern needs involve
the application of adaptive systems capable of working with incomplete, noisy, and
uneven data, providing continuous and adaptive forecasting with accuracy consistent
with the error levels of input information.

The first chapter of the dissertation provides a comprehensive analysis of the

problem of cereal crop yield monitoring using geoinformation technologies,
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confirming its global significance and revealing the key role of precision agriculture in
increasing overall productivity. A classification of existing methods for cereal crop
yield modeling is conducted, and deficiencies of modern approaches are noted. The
critical importance of analyzing software architectures for yield modeling and
identification of yield enhancement locations is shown, as architecture determines
scalability, data processing speed, and the ability to integrate heterogeneous sources.

The second chapter is devoted to developing an adaptive method for forecasting
vegetation index dynamics and plant development parameters based on the Monod
model. A method for constructing an interpolation model of vegetation indices based
on the Monod differential equation system and their identification method is presented,
which is based on approximate parameter estimates with subsequent refinement using
the Levenberg-Marquardt gradient method. Algorithmic support for implementing the
adaptive method for forecasting vegetation index dynamics is developed.

The third chapter presents mathematical models of yield dynamics and
identification of yield enhancement locations. Based on the Monod differential
equation system, a nonlinear model of agricultural crop heights depending on soil
density is proposed, which allows forecasting soil densities and detecting areas of soil
compaction based on average plant heights. An adaptive model of ensemble discrete
dynamics of vegetation indices over temporal adaptation windows is developed,
supplemented by a Monod approximation model for forecasting dynamics at arbitrary
points in the forecast interval with satisfactory accuracy.

The fourth chapter describes the development of software for the yield dynamics
modeling system. Architectural solutions are created and software integration of the
developed complex of methods and mathematical models into a geoinformation system
Is implemented. A modular software architecture is developed that ensures scalability,
flexibility, and openness for integration with other information systems. The system
includes subsystems for UAV information acquisition, field orthophoto plan
construction, zoning, vegetation index map creation, yield modeling, and agrotechnical

recommendation formation.



The practical significance of the work lies in creating a full-functional yield
monitoring system that can be used in agricultural enterprises to increase farming
efficiency, optimize fertilizer use, and identify problematic field areas. The developed
mathematical and software solutions provide average relative forecasting errors at the
5% level and create prerequisites for the effective functioning of next-generation
precision farming systems.

Keywords: agriculture, precision agriculture, UAV, geographic information
system, geoinformation technologies, environmental monitoring, yield monitoring,
grain crops, vegetation indices, Big Data, mathematical modeling, artificial
intelligence, machine learning, adaptive models, algorithms, dynamics forecasting,
Monod system of differential equations, parametric identification, optimization,
decision support systems, algebra of finite predicates, fuzzy logic, knowledge base,
agrotechnical recommendations, software architecture, microservices architecture,

software environment, class diagram.
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