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ABSTRACT

The global agricultural sector is undergoing a profound transformation driven by
digital technologies. This article comprehensively examines the status, impacts, and
future directions of digital transformation in agricultural economics. The analyze of
global trends and regional implementations revealed that digital technology adoption
significantly enhances agricultural productivity by 14-16 % in implementing regions
and substantially improves supply chain resilience. The integration of Internet of
Things (IoT), artificial intelligence (AI), big data analytics, and blockchain technologies
is revolutionizing traditional farming practices, market access, and food distribution
systems. Despite promising advancements, significant challenges persist, including
digital infrastructure gaps, literacy barriers among aging farmer populations, and re-
gional disparities in technology adoption. This research synthesizes evidence from
international case studies, empirical data, and market projections to provide stake-
holders with actionable insights for navigating the digital transition in agricultural
ecosystems. The findings underscore the critical need for coordinated policies, target-
ed investments, and knowledge-sharing initiatives to maximize the economic, social,
and environmental benefits of agricultural digitalization while ensuring equitable ac-
cess across diverse farming communities.

KEYWORDS: digital transformation, agricultural economics, precision agriculture, smart
farming, agricultural sustainability, supply chain resilience, economic impacts, digi-
talization
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INTRODUCTION

The convergence of digital technologies with agricultural systems represents a paradigm shift in how food is
produced, distributed, and consumed worldwide. Digital transformation in agriculture encompasses the inte-
gration of advanced technologies including IoT sensors, Al algorithms, blockchain platforms, and data analytics
into farming operations, supply chain management, and market access mechanisms [1]. This technological
revolution responds to mounting pressures on global food systems from population growth, climate change,
resource scarcity, and evolving consumer demands [5].

By 2050, the world population is projected to reach nearly 10 billion, requiring substantial increases in agricul-
tural output while minimizing environmental impacts [8]. The economic implications of this transformation are
profound. Research indicates that digital agriculture could boost the agricultural GDP of low- and middle-income
countries by more than $450 billion annually a 28 % increase from current levels [8]. The global smart agriculture
market is projected to grow from $15.9 billion in 2025 to $43.3 billion by 2034, reflecting a compound annual
growth rate of 11.8 % [7]. This growth trajectory underscores the significant economic potential embedded in
digital agricultural solutions, from precision farming technologies to digital market platforms.

This article provides a comprehensive analysis of digital transformation in agricultural economics through mul-
tiple dimensions. We examine the theoretical foundations underpinning this transition, assess current global
adoption patterns and regional implementations, quantify economic impacts and performance metrics, identify
persistent challenges and barriers, and propose evidence-based policy recommendations. By synthesizing re-
search from diverse geographical contexts including China, the European Union, Indonesia, and global market
trends this review offers valuable insights for researchers, policymakers, agricultural practitioners, and industry
stakeholders navigating the complex interplay between technology and agricultural economics.

THEORETICAL FOUNDATIONS AND KEY CONCEPTS

Defining the digital agriculture ecosystem the digital agriculture ecosystem comprises interconnected
technological platforms, data streams, and agricultural applications that collectively transform
traditional farming into a knowledge-intensive, precision-oriented sector

Digital Agriculture refers to the integration of digital technologies into all aspects of agricultural production, pro-
cessing, distribution, and consumption. At its core, this ecosystem leverages data as a strategic asset to optimize
decision-making, enhance resource efficiency, and create new value propositions across the agricultural value
chain [1]. Key components include sensing technologies for real-time monitoring, communication networks for
data transmission, analytical platforms for insight generation, and automation systems for precision operations.

The theoretical underpinnings of digital transformation in agriculture draw from several conceptual frameworks.
The Resource-Based View (RBV) explains how digital technologies create competitive advantages by enabling
farmers to optimize scarce resources through data-driven insights [3]. According to this perspective, digital tools
become valuable, rare, and difficult-to-imitate resources that generate sustainable economic returns. Comple-
mentarily, Innovation Diffusion Theory helps explain the varying adoption rates of digital technologies across
different farmer demographics, regions, and production systems [9]. Research indicates that technology adop-
tion follows distinct patterns influenced by perceived benefits, complexity, compatibility with existing practices,
and observability of results.

Key technological components and their economic functions

The digital transformation of agriculture is powered by a suite of interconnected technologies, each serving
distinct economic roles. Table 1 summarizes these core technologies, their primary applications, and their funda-
mental contributions to agricultural economics, illustrating how they translate technical capability into economic
value.
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Table 1
Core digital agriculture technologies and their primary economic functions

Primary economic functions Key applications Technology category
Input optimization, yield prediction, risk Soil monitoring, livestock tracking, IoT & Sensors
reduction climate monitoring
Decision support, efficiency gains, quality Predictive analytics, disease detection, AI & Machine Learning
improvement yield forecasting
Strategic planning, market intelligence, Market trend analysis, supply chain Big Data Analytics
waste reduction optimization
Transaction security, value transparency, Food traceability, smart contracts, certi- Blockchain
certification premium fication
Market access reduction, information asym- | Market linkages, knowledge sharing, Digital Platforms
metry, financial inclusion financial services

The Internet of Things (IoT) represents a foundational layer of digital agriculture, enabling continuous monitoring
of field conditions, crop health, and resource utilization through networked sensors and devices. These systems
generate real-time data that facilitates precise resource application, reducing input costs while minimizing
environmental impacts [1]. For instance, smart irrigation systems can reduce water consumption by 20-30 %
while maintaining crop yields, directly impacting production economics through lower operational costs and
improved resource sustainability.

Artificial Intelligence (AI) and machine learning algorithms transform raw agricultural data into actionable
insights, enabling predictive modeling and prescriptive recommendations. The agricultural Al market is projected
to grow from $1.7 billion in 2023 to $4.7 billion by 2028, reflecting rapid technology adoption and value creation
[8]. Al applications in agriculture span from computer vision for weed detection to natural language processing
for market analysis, collectively enhancing productivity and economic efficiency across the sector.

GLOBAL STATUS AND REGIONAL IMPLEMENTATIONS

Varied adoption patterns across economic regions

Digital transformation in agriculture manifests differently across global regions, reflecting varying levels of
technological infrastructure, policy support, and agricultural systems. Recent data reveals both significant
advancements and persistent disparities in technology adoption and implementation effectiveness. The European
Union demonstrates high adoption rates, with 93 % of farmers reporting use of at least one IT or software
tool, 79 % implementing crop-specific technologies, and 83 % utilizing livestock-specific digital tools [6]. This
widespread adoption reflects comprehensive policy support through mechanisms like the Common Agricultural
Policy (CAP), which explicitly promotes digital innovation for environmental sustainability [3].

In emerging economies, adoption patterns are more heterogeneous. China shows remarkable progress
in digitalizing agricultural product circulation, with significant regional variations in implementation
effectiveness. Research indicates that provinces such as Shaanxi (24.95 %), Sichuan (20.79 %), and Hubei
(19.75 %) exhibit higher contributions to digital transformation outcomes, attributed to varying technology
adoption rates, farm sizes, and production scales [9]. These disparities highlight the importance of region-
specific digital strategies that account for local infrastructure, agricultural systems, and socioeconomic
conditions.

Meanwhile, in developing agricultural economies like Indonesia, digital transformation focuses on foundational
applications with immediate impacts. Studies from Polewali Mandar Regency demonstrate that adoption of basic
digital tools including marketplace applications, weather prediction systems, and e-fishery platforms increased
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rice productivity by 14-16 % from a baseline of 4.98 tons/hectare [1]. Such implementations, while technologically
modest compared to advanced precision agriculture systems, deliver substantial economic benefits by addressing
critical constraints in market access and information availability.

Spatial dynamics and knowledge spillovers

The digital transformation of agriculture exhibits distinct spatial patterns characterized by knowledge spillovers
and technology diffusion across geographic boundaries. Research employing spatial error models reveals that
digitalization generates significant positive externalities, with technologically advanced regions stimulating
agricultural modernization in neighboring areas through demonstration effects, knowledge transfer, and
integrated supply chains [3]. These spillover effects amplify the economic returns on digital investments, creating
regional innovation clusters that transcend administrative boundaries. The significant variations in adoption
levels and economic outcomes across major global regions are summarized in Table 2.

Tahle 2
Regional variations in digital agriculture adoption and impacts

Primary economic impacts Key technologies Adoption level Region/Country
Economic benefits (76 % farmers), environmental | 10T, precision agriculture, farm High (93 % farmers European Union
gains (72 %), social benefits (67 %) management software use digital tools)
68 % variance in agricultural productivity ex- Digital circulation platforms, smart | Medium-High (re- China
plained, 73 % improvement in market access logistics, mobile applications gional variations)
14-16 % productivity increases, income rises of | Mobile marketplaces, weather Medium (developing | Indonesia
$2-3 million per month for adopters apps, digital payment systems infrastructure)
120 % profit increases for regenerative agricul- | Al automation, GPS technologies, | High (precision agri- | United States
ture adopters, significant input cost savings robotic systems culture focus)

The spatial dimension of digital agriculture has important implications for development policies and
investment priorities. Regions with advanced digital infrastructure and innovation ecosystems tend to generate
disproportionately high benefits from digital agriculture investments, while less-developed areas risk being left
behind. This dynamic necessitates targeted interventions to ensure equitable access to digital technologies
and prevent the emergence of “agricultural digital divides” that could exacerbate existing economic disparities
between and within countries.

ECONOMIC IMPACTS AND PERFORMANCE METRICS

Productivity, efficiency and value chain enhancements

Digital technologies generate substantial economic benefits across agricultural value chains, from production
to consumption. Empirical evidence demonstrates significant impacts on productivity, resource efficiency, and
market functionality. Research from China employing structural equation modeling (SEM) found that digital
technology adoption rates and agricultural infrastructure collectively explain 68 % of the variance in agricultural
productivity, which subsequently strengthens market access (73 % variance explained) and supply chain resilience
(62 % variance) [9]. These findings highlight the central role of digital technologies in enhancing the overall
performance and robustness of agricultural economic systems.

The digitalization of agricultural product circulation encompassing storage, transportation, marketing,
and trading deserves particular attention for its economic impacts. Studies developing a Digital Agriculture
Product Circulation Index (DAPCI) find strong correlations between digitalization levels and rural agricultural
modernization, particularly in technologically advanced regions [3]. The efficiency gains from digital circulation
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systems translate into reduced transaction costs, minimized food waste, and improved price realization for
producers. In fisheries sectors, digital technologies like e-platforms and digital cold chains have reduced post-
harvest losses from 27 to 18 %, representing significant economic preservation [1].

Farmer incomes and profitability implications

Perhaps the most compelling economic evidence for digital transformation comes from income effects at the
producer level. Field research from Indonesia demonstrates that farmers and fishers adopting digital technologies
experienced income increases of IDR 2-3 million per month (approximately $130-200) compared to conventional
counterparts [1]. This substantial income enhancement, representing 20-30 % increases for many smallholders,
underscores the potential of digital technologies to directly improve rural livelihoods and reduce agricultural
poverty.

At a more advanced implementation level, studies of regenerative agriculture combined with digital technologies
suggest even more dramatic profitability impacts. Research cited by the World Economic Forum indicates that
farmers adopting regenerative and precision agricultural methods may gain profit increases as high as 120 %
over time [8]. These extraordinary gains result from synergistic effects reduced input costs through precision
application, premium prices for sustainably produced goods, and improved ecosystem services that enhance
long-term productivity. The economic case becomes particularly compelling when considering that expanding
these sustainable practices to cover 40 % of the world’s farmland could play a crucial role in limiting climate
change while strengthening food system resilience.

Financial markets and investment flows

The economic significance of digital agricultural transformation extends to financial markets, where agricultural
technology companies have demonstrated remarkable performance. In 2025, major agricultural input and
technology companies have outperformed market expectations, with firms like Mosaic experiencing 43 % growth
in stock value and Nutrien achieving 13 % quarterly revenue growth [4].

This robust market performance reflects investor recognition of the strategic position these companies occupy
at the intersection of food security, technology innovation, and sustainability transition.

The financial market dynamics surrounding digital agriculture reveal shifting investment priorities and
valuation metrics. Companies focusing on agricultural technologies such as John Deere with its autonomous
tractors and precision sprayers maintain positive market outlooks despite fluctuations in conventional
equipment sales [4]. Simultaneously, major corporate restructuring through mergers and acquisitions (such
as Bunge with Viterra) creates integrated agricultural giants positioned to leverage digital technologies
across global supply chains. These market developments signal a structural transformation in how value
is created and captured in the agricultural sector, with digital capabilities becoming central to competitive
advantage.

CHALLENGES, BARRIERS AND FUTURE PATHWAYS

Structural and infrastructural constraints

Despite promising advancements, the digital transformation of agricultural economies faces significant
implementation barriers that vary across geographic and socioeconomic contexts. Infrastructure limitations
represent perhaps the most fundamental constraint, particularly in rural areas of developing countries. Limited
internet connectivity, unreliable electricity supplies, and inadequate digital service platforms impede technology
adoption even when farmers recognize potential benefits [1]. These infrastructure gaps create digital divides
that exclude vulnerable farming communities from technological opportunities, potentially exacerbating existing
economic inequalities.
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The economic accessibility of digital solutions presents another critical barrier, especially for smallholder farmers
with limited financial resources. High upfront costs for precision agriculture equipment, subscription fees for
digital services, and technical training requirements create adoption thresholds that marginalize resource-
constrained producers [3]. Without innovative financing mechanisms and business models tailored to smallholder
contexts, digital agriculture risks becoming a privilege of large-scale commercial operations, excluding the
majority of the world’s farmers from its benefits.

Human capital and institutional limitations

Beyond technological and economic constraints, human capital and institutional factors significantly
influence digital transformation trajectories. Digital literacy gaps, particularly among older farmers,
limit the effective utilization of available technologies even when physical access exists [1]. Research
indicates that technology adoption rates vary significantly across age groups, with younger farmers
demonstrating higher affinity for digital tools [9]. This generational dimension of the digital divide has
important implications for agricultural education and extension systems, which must evolve to address
emerging skill requirements.

Institutional and policy frameworks often lag behind technological possibilities, creating regulatory uncertainties
that inhibit investment and innovation. Issues of data governance, privacy, ownership, and interoperability
require coordinated solutions across multiple stakeholders [6]. The European Commission’s emphasis on
improving data digitalization and interoperability as “vital for reducing administrative burdens” highlights the
importance of institutional innovation alongside technological advancement [6]. Similarly, policy misalignments
and subsidy structures that favor conventional practices over sustainable digital innovations create disincentives
for transformation.

CONCLUSION

The digital transformation of agricultural economics represents a paradigm shift with far-reaching implications
for productivity, sustainability, and rural development. This comprehensive review demonstrates that digital
technologies significantly enhance agricultural productivity, strengthen supply chain resilience, improve market
access, and increase farmer incomes. Evidence from diverse international contexts confirms the transformative
potential of appropriately designed and implemented digital solutions across varied agricultural systems and
economic conditions.

However, realization of this potential faces significant challenges, including infrastructure limitations, digital
literacy gaps, economic accessibility constraints, and policy misalignments. The spatially heterogeneous nature
of digital transformation further risks exacerbating existing economic disparities between and within regions.
Addressing these challenges requires coordinated action across multiple stakeholders’ policymakers, technology
developers, agricultural producers, researchers, and civil society organizations.

Several key policy priorities emerge from this analysis. First, targeted investments in rural digital infrastructure
are prerequisite for inclusive transformation. Second, capacity building programs must enhance digital literacy
across diverse farmer demographics. Third, innovative financing mechanisms are needed to improve smallholder
access to digital technologies. Fourth, supportive regulatory frameworks should encourage experimentation
while safeguarding public interests. Fifth, knowledge sharing platforms can facilitate cross-learning between
regions at different stages of digital transformation.

As agricultural economies worldwide navigate the complex interplay between technological possibilities and
socioeconomic realities, this review provides stakeholders with evidence-based insights to inform strategic
decisions. By harnessing digital technologies while proactively addressing implementation challenges, the
agricultural sector can transition toward more productive, sustainable, and resilient economic systems capable
of meeting twenty-first-century food security and environmental challenges.
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IoT-AaHHbIX 1 CMYTHUKOBBIX AHHOTAU.MH

MHAEKCOB B Ce/IbCKOM xo3srcTBe.
Global Agricultural Research. 2026;1:2. | CoBpeMeHHble CUCTEMbI TOYHOIO 3eM/IeAe/ IS CTANKMBAKOTCA C MPO6AEMOiA MHTErpaumm
reTeporeHHbIX JaHHbIX: NokasaTtenel ¢ loT-4aTUMKOB, CNYTHUKOBBLIX MHAEKCOB pacTu-
TeNbHOCTU 1 METEOPOJIONMYECKMX apXMBOB. TPAANLIMOHHbBIE MOHOUTHbLIE apXMUTEKTYpbI
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HbIx ¢ gaTumkos (LoRaWAN), o6paboTku Sentinel-2-nso6paxennii (Google Earth Engine),
o06yueHVs Mogenei MawmnHHoro obydeHust (Python/Scikit-learn) n Busyanvsaumm (React
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MCMONb30BaTh M’MB6PUAHbIE AaHHbIE AN MPUHATUS peLleHni 6e3 3aBUCUMOCTY OT KOM-
MepyecKkmnx SaaS-peLLeHunia.

KNYEBLIE CJI0BA: MukpocepBrcHasa apxmntekTypa, obnavHas nanatpopma, IoT, Sentinel-2,
TouHoe 3eMmnegenve, REST API, Kubernetes

COPYRIGHT: © 2026 XpbIHuH 4.1,
LWnaes 4.B.

Cr.2 GLOBAL AGRICULTURAL RESEARCH | No 1/2026



GLOBAL AGRICULTURAL RESEARCH

Development of a cloud-based microservices platform
for integrating lol and satellite data in precision
agriculture systems

CORRESPONDENCE:
Daniil I. Khrynin
E-mail: daniilneznayu@mail.ru

FOR CITATION:

Khrynin D.I., Shlaev D.V.
Development of a cloud-based
microservices platform for
integrating IoT and satellite data in
precision agriculture systems. Global
Agricultural Research. 2026;1:2.

COPYRIGHT: © 2026 Khrynin D.I,
Shlaev D.V.

GLOBAL AGRICULTURAL RESEARCH | No 1/2026

Daniil I. Khrynin *, Dmitriy V. Shlaev

Stavropol State Agrarian University, Stavropol, Russia

ABSTRACT

Modern precision agriculture systems face challenges in integrating heterogeneous
data streams from IoT sensors, satellite vegetation indices, and weather archives. Tra-
ditional monolithic architectures lack the scalability, fault tolerance, and flexibility re-
quired by small- and medium-scale farms. This study presents a cloud-native platform
based on a microservices architecture, implemented using Docker, Kubernetes, and
RESTful APIs. The platform comprises independent services for: LoRaWAN sensor data
ingestion, Sentinel-2 image processing via Google Earth Engine, machine learning
model inference (Python/Scikit-learn), and interactive visualization (React + Leaflet).
Field testing on a 5-hectare plot in Stavropol Region (2024) demonstrated: recommen-
dation generation time reduced from 4 hours to 18 minutes, system uptime of 99.7 %,
and monthly deployment cost of approximately 12,000 RUB (Yandex Cloud). The pro-
posed solution enables regional farms to leverage hybrid data for decision-making
without reliance on proprietary SaaS platforms.

KEYWORDS: microservices architecture, cloud platform, IoT, Sentinel-2, precision agricul-
ture, REST API, Kubernetes
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O6nayHasa nnatdopma Ans aHanmsa [oT-AaHHbIX U CYTHUKOBbIX [.N. XpbIHWH,
MHAEKCOB B CE/IbCKOM X03ACTBE [.B. LLnaeB

BBEAEHUE

Lndpoas TpaHchopMaLmsa arponpoMbliieHHoro koMnaekca (AMK) Beillaa 3a pamMKu OTAeNbHbIX TEXHONOMU-
YeCcKMX pelleHn 1 nepeluna Ha ypoBeHb GpOPMUPOBAHNUSA UHTErpUPOBaHHbLIX LMPpoBbIX 3kocucTem. CoBpe-
MEHHOe Ce/IbCKOXO3AICTBEHHOE MpeanpuaTre, Aaxe Hebo/bLIOro mMacwTaba, cerogHs GYHKLUMOHMpPYeT Kak
MHOFOYPOBHEBbI UCTOYHUK AaHHbIX: AecaTKM [0T-AaTUnKOB GUKCMPYIOT NapaMeTpbl BAaXKHOCTU U Temrnepary-
pbl MOYBbLI C MHTepBasoM B 10-30 MUHYT; MeTeoCTaHLUMM NepesatoT MHGOPMALIMIO O CKOPOCTY BeTpa, ocagkax
N CONMHEYHOW pagmaunu; CnyTHUKOBbIe NaaTdopMbl, Takne Kak Sentinel-2 (c paspelleHviem 10 M 1 Neproany-
HOCTbIO CbEMKMU 5 AHelt) unn Landsat, obecrneynBatoT MyabTUCNEKTPabHbIE JaHHbIE O COCTOSIHUW PacTUTeNb-
HOro NokpoBa; 6ecnuIoTHbIe feTaTeNbHble annapathl (BIMJ1A) 4ONONHAT KapTUHY CBEPXBLICOKUM MPOCTPaH-
CTBEHHbIM paspeLleHnem (4o 2 cm/nukcenb) B kntodveBble $asbl Beretauun [1]. O6beM 1 pasHOPOAHOCTL 3TUX
MOTOKOB AaHHLIX (CTPYKTYPUPOBaHHbLIE CEHCOPHbLIE MOKA3aHWs, PacTPOBbLIE M306paXeHUs, BpeMeHHble psbl
MeTeornapaMeTpoB) MpeBpaLLatoT ynpaBneHne arpopoHOM B 3ajayy He CTO/IbKO arpoOHOMMYECKYH, CKObKO
NHXXeHepHO-NHGOPMaLMOHHYHO.

OfHaKo, HeCMOTPS Ha TEXHUYECKY AOCTYMHOCTb MCTOYHWKOB AaHHBIX, MX NpakTuveckas MHTerpauust B ean-
HYHO CUCTEeMY NMOAAEPXKN MPUHATUS PeLLeHnii 0CTaeTcsa cepbe3Hoi npobnemoit. MogasnstoLee 60bLUNHCTBO
CYLLECTBYHOLLNX arpOTEXHOIOMMYECKNX PeLleHWii, MpeACTaBNeHHbIX Ha POCCUIACKOM pbiHKe (Hanprmep, Cropio,
OneSoil, ArpoMuKc), MOCTPOEHbI Ha MOHONNTHOI apXMTEKTYpe, NMPY KOTOPOIA Norvka cbopa AaHHbIX, UX o6pa-
60TKW, aHanM3a 1 BM3yanmsaLMmn peanv3oBaHa B paMKax ejMHOro nporpamMMHoro mogyns [2]. Takoli noaxos
BNneyeT 3a cobol pajg dyHAaMeHTaNbHbIX HeJ0CTaTKoB. Bo-nepBbiX, HM3Kas MaclLTabupyeMocTb: yBenndeHme
ymMcna 4aTUMKOB UM HaCTOThbl CbEMOK TPpebyeT ropr30HTaNbHOrO AW BePTMKaNbHOMO MacLLUTabnpoBaHMs BCei
CUCTeMbI LieIMKOM, YTO TEXHNYECKN C/I0XKHO 1 3KOHOMMYECKN HeLenecoobpasHo 415 Manoro xo3salicTsa. Bo-sTo-
pbiX, BbICOKasi CTOMMOCTb MOAVGUKALMN: BHECEHNE N3MEHEHWNIA B OANH KOMMOHEHT (Hanpumep, 3aMeHa anro-
pVYTMa MpOrHo3a ypoxamHocTn) TpebyeT nepec6opky 1 pasBepTbIBaHUS BCEro MPUIOXKEHWs, YTO 3aMeansieT
BHeApeHne MHHOBaUWiA. B-TpeTbuX, KpUTMYeckas ysa3BMMOCTb: c60li B OAHOM Mogyne (Hanpumep, B cepBuce
06paboTKN CMYTHUKOBBLIX CHUMKOB) MPUBOANT K OCTAHOBKE BCEi CUCTEMbI, BKIHOYAs GYHKLMW, He CBSI3aHHble
C 3TVM Mogynem (HanpumMep, BU3yanu3aLumio JaHHbIX C 4aTYMKOB), YTO HEAOMYCTUMO B YC/IOBUSIX OMepaTUBHOIO
yrnpaBneHunsi NoJVBOM WAWN 3aLUMTOl pacTeHuii [2].

Ocobyto ocTpoTy 3Ta npobnema NpnobpeTaeT B permoHax ¢ AOMUHNPOBAHNEM MasbIX U CPEfHUX CeNbXO3MNpes-
NpuATUIA, Takmx Kak CTaBpOMNOAbCKMIA Kpail. [1s Takmx X039MCTB KOMMep4yeckme SaaS-nnaTtgopmbl, Kak NpaBu-
N0, MHAHCOBO HEAOCTYMHbI: CTOMMOCTb MOAMUCKM HaumnHaeTcs oT 25 000-50 000 py6/mecsau, YTo CONoCTaBMMO
C 3aTpaTaMu Ha cogepXaHue eauHNLbl TeXHUKK [3]. Kpome Toro, oHY ABAAIOTCSA 3aKpbITbIMU cucTeMamMu: dep-
Mep He MMeeT JOoCTyrna K WCXOAHOMY KOZy, He MOXET WHTErpupoBaTb COBCTBEHHbIE anropuTMbl (Hanpumep,
pa3paboTaHHble CTyAEHTaMU UV MECTHLIMU arpOHOMaMK) 1 TepsieT KOHTPOJIb Haj CBOUMU AaHHBIMU, KOTOPbIe
4YaCTO CTAHOBSATCH MHTENeKTyalbHON COBCTBEHHOCTBIO BEHA0PA. DTO CO3J4aeT TEXHONOMMYeCKyH 3aBUCMMOCTb
1 NPensaTCcTBYeT PasBUTUIO pervioHanbHOM undpoBol HesaBncumMocTy B AlK.

B TO Xe Bpemsa B Apyrnx oTpaciax - GMHAHCOBOM CEKTOPE, 3/IeKTPOHHOW KOMMepLMN, TeNeKOMMYHUKaUnaX -
yXe 6osiee ecsATV fieT ycneLwwHO NPUMeHseTcs MUKPOCEPBMCHasA apXUTeKTypa. DTOT NOAXOJ npegnonaraer je-
KOMMO3MLMI0 MPUIOXKEHVS Ha Habop cnabocBsi3aHHbIX, aBBTOHOMHbIX CEPBUCOB, KaXXAbl 13 KOTOPbIX OTBeYaeT
3a 0AHY 6u13Hec-dyHKUMIO (HanpumMep, c6op AaHHbIX, pacyeT NDVI, 06yueHvie mogenu ML, oTo6paxeHue KapTbl)
1 B3aVMOZENCTBYeT C ApYrMMU Yepes CTaHAapTM30BaHHble nHTepdencol — RESTful API nnmn ovepean coobuue-
HWin (Hanpumep, RabbitMQ, Kafka) [4]. MpenMyLiecTBa Takoro nNoaxoAa o4eBUAHbI: TMBKOCTb (Kaxablii cepBuC
MOXHO paspabaTbiBaTk, TECTUPOBATb, PA3BOPAYMBaTL Y MacLITabUpPOBaTb HE3ABUCKMO), OTKAa30yCTONUNBOCTL
(nageHve ogHoro cepBuca He 610KkMpyeT paboTy Apyrux), TEXHONOrMYeckasi He3aBUCUMOCTL (pasHble CepBUCHI
MOTYT 6bITb HaMMCaHbl Ha Pa3HbIX A3bIKaX U UCMOJL30BaTh pasHble 6a3bl AaHHBIX) 1 YNPOLLEHNE CONPOBOXAEe-
Hua [4].

HecmoTpsi Ha LUMPOKOe pacnpocTpaHeHe MUKPOCepBUCOB B T-MHAYCTPUY, UX MPUMeHeHe B arpocdepe ocTa-
eTCsl HeOCTAaTOYHO UCCNeL0BaHHbIM. AHAIN3 HayYHOU NUTepaTypbl MOKAa3bIBAeT, YTO 60/bLUMHCTBO My6anKa-
LA cocpeaoToyeHo 160 Ha Y3KOCNeLnan3npoBaHHbIX arpOHOMUNYECKUX MOAENSAX MALLMHHOMO 06yYeHNs 415
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MPOrHO3MPOBaHUA YPOXANHOCTN AW ANArHOCTUKN 6oe3Hel [5], 1Mbo Ha peLleHn OTAeNbHbIX TEXHNUECKNX
3aja4, TakMX Kak ONTMMU3aLMsa NMPOTOKONO0B nepefaun AaHHbIX € I0T-AaTYMKOB UAM MOBbILLEHWE TOYHOCTU
reonpuBA3KM CMYyTHUKOBLIX CHUMKOB [6]. CUCTeMHbIe MCCef0BaHNS, MOCBALLEHHbIE MPOeKTMPOBaHWUIO, pas-
paboTtke n BepudmKaLm LenoCTHOM 061a4HON NaaTPopMbl, 06 beANHAIOLEN BCe 3Tanbl XU3HEHHOro LuKIa
arpofiaHHbIX - OT cbopa A0 JOCTaBKM peKoMeHAALMIA, MPaKTUYeCcKn OTCyTCTBYHOT. IMEHHO 3TOT Hay4HbIi npo6ben
1 onpejensieT akTyaslbHOCTb HACTOsLLel paboTbl.

Llenbto rccnesoBaHua ABASETCS NMPOEKTUPOBaHMe, pa3paboTka 1 3KCNepuMeHTanbHas sBepuoukaums obnau-
Holi N1aT$opMbl Ha OCHOBE MUKPOCEPBUCHON apXUTEKTYPbI, MpeAHa3HauYeHHOM Ansi KOMIMIEKCHOTO yripaB/ieHns
arpodoHOM Ha OCHOBe MHTEerpaLummn gaHHbIx ¢ IoT-4aTUMKOB 1 CNYTHUKOBOV niatdopmbl Sentinel-2.

Ans [OCTVKEeHMA NOCTaBAEHHON Lienn bbinn onpejeneHbl CieaytoLume 3ajadn:

1) pa3paboTaTb KOHLENTYaNbHYH N TEXHUYECKYI apXMTeKTypy NaatdopMbl, Bbigenvs GyHKLMOHANbHbIE MU-
KpOCepBUChl 1 onpesenns nx B3anMogencreme yepes API;

2) peanv3oBaTb K/OUeBble CePBUCHI NNAaTGOPMBbI: CBOP U XpaHEHME AaHHbIX C AaTunKoB (SensorService), 06-
paboTka 1 pacyeT MHAEKCOB PacTUTENLHOCTM Mo AaHHbIM Sentinel-2 (SatelliteService), o6yyeHre 1 npume-
HeHne MoAeneli MalVHHOro 06yUYeHNs 419 reHepaummn arpopekoMeHaaumin (MLService), a Takxe Be6-uH-
Tepdeiic ans Busyanmsaumm (FrontendService);

3) pa3BepHyTb NAaTPopMy B NMPOMbILLIEHHOW 061aUHO NHPACTPYKTYpe 1 MPOBECTY KOMIM/IEKCHOE TeCTUPO-
BaHWe, BK/OYas OLLeHKY MPOU3BOAUTENIBHOCTM, OTKa30yCTONUMBOCTN N MacLLUTabmpyemMocTu nNpu pasnny-
HbIX Harpyskax;

4) oueHUTb 3KOHOMUYECKYH 3PDEKTUBHOCTL PELUeHUs U ero NpakTUYeckyl MPUMEHVMMOCTL A8 MasbiX
1 CPeAHMX cenbxo3npeanpusaTmin CTaBponoibCKOro Kpasi, CPaBHMB CTOMMOCTb BaAeHWsi C KOMMeEPYeCcKUMun
aHanoramu.

MATEPUAIIBI U METOJ,

Annapatnoe u nporpaMmHoe obecneyexue:

- loT-mHdpactpyktypa: gatumkm Decagon EC-5, wto3 Dragino LHT65, npotokon LoRaWAN;

- o6nadyHasa nnatdopma: Yandex Cloud (BupTyansHble MalwiHbl, Managed Kubernetes);

- KOHTeiHepu3saumsa: Docker 24.0, opkecTpauns — Kubernetes 1.27;

- A3bIkK 1 dpeirimBopkm: Python 3.11 (Flask, Scikit-learn), JavaScript (React, Leaflet), SQL (PostgreSQL).

Apxutextypa nnatrgopmbi:

Mnatpopma coCTOUT U3 5 MUKPOCEPBUCOB, KaXAbl B 0TAeNbHOM Docker-koHTelHepe:

1) SensorService - npuem AaHHbIx no MQTT, 3anuck B PostgreSQL;

SatelliteService - aBToMaTUeCKMIA 3aNpoc CHUMKOB Sentinel-2 uepes Google Earth Engine API, pacueT NDVI/NDWI;
MLService - 3arpyska npegobyyeHHor mogenn Random Forest, reHepaLns peKkoMeHZaLuuii Mo OPOLLEHMIO;
StorageService - ynpaBneHune 6a30ii AaHHbIX (BpeMeHHbIe psjbl, KapTbl MHAEKCOB);

) FrontendService - Be6-MHTepdeiic ¢ KapToli Nons N MHTEPAKTVBHbLIMU rpadrikamMu.

U b WN
= = —

Bce cepBuchl B3anmogelicTBytoT yepes RESTful API (HTTP/JSON). AyteHTudukauyma - JWT-TokeHbl. MoHUTO-
puHr - Prometheus + Grafana.

Meroanka TectupoBanusa:

Mnatpopma passepHyTa Ha knactepe Kubernetes (3 Hogpl, 4 VCPU, 8 b RAM). TecTpoBaHMe NpoBOANIOCH
B TedeHue 30 AHel Ha AaHHbIX C OMbITHOrO y4actka (5 ra, sposas nweHunya). OueHnBanuncs:

- Bpems oTkanka API (mc);

- uptime (%);

- CTOMMOCTb pasMmelleHus (py6/mec.);

- TOYHOCTb pekoMeHAaLWni (cpaBHEHVE C KOHTPOIbHOM 30HOI).

GLOBAL AGRICULTURAL RESEARCH | No 1/2026 Cr.2



O6nayHas nnatpopma Ans aHanmsa IoT-gaHHbIX U CMYTHUKOBbIX [.N. XpbIHWH,
MHAEKCOB B CE/IbCKOM X03ACTBE [.B. LLnaeB

PE3YJIbTATHI

PaCLLII/IPEHHOE TeCTnpoBaHMe I'Ipe#l,ﬂO)KeHHOVI I'II'IaT(I)OprI NMo3BONINNO MONYYUTb AeTa/ibHbl€ OLEHKN €€ NMPOon3-
BOANTE/IbHOCTIN, OTKaBOyCTOVIHMBOCTM 1 SKOHOMUYECKOW 3(|)C|)eKTVIBHOCTI/I.

Tabnuua 1 AeMOHCTPUpPYeT KNtoUeBble NapamMeTpbl MOHOIUTHOM apXUTeKTYpbl U pa3paboTaHHOro MMKpocep-
BMCHOTO peLLeHus.

Tabnvua 1
CpaBHeHne MOHOIMTHOM 1 MUKPOCEPBUCHOM apXmUTEKTYpbI

Table 1
Comparison of monolithic and microservice architectures

MokasaTenb MoHonunt* MukpocepBucHasa nnatdopma
Bpems reHepaumm pekoMeHgauuni 4y 18 MuH
Uptime (30 aHeiA) 92,1 % 99,7 %
MaclTabupyemMocTb Huzkasn Bblcokasi (ropu30HTaIbHOE MacLUTabupoBaHye)
CtoumocTb (Yandex Cloud) - 12 000 py6/mec.
OTKa3 oAHOro Moayns MosHas oCcTaHOBKa cUCTEMbI M3onsumsi c6osi, ocTanbHble cepBuUChHl paboTatoT

MoHONMTHasA cucTeMa NpeacTaBnseT cO60i pa3BepHyTLIA Ha cepBepe ML-Moaynb C MPSMbIM MNOAKYEHNEM
K 6ase JaHHbIX 1 pyYHOV 06paboTKON CMYTHMKOBBLIX M306paXxeHUiA.

TOYHOCTb pPeKOMeHZaLMii Mo OpoLUeHN0 cocTaBuna 91 % (CpaBHMMO C OPUTMHANBLHON MOAENbHO), YTO MoA-
TBEPXAAET KOPPEKTHOCTb MHTerpauum ML-koMnoHeHTh! [7]. Bonee AeTanbHbIi aHanM3 MeTPUK KayecTBa Moka-
3an cnegytoLyme pesynbTathl:

- F1-mepa: 0,89;
- nonHota (Recall): 0,87;
- ToyHocTb (Precision): 0,93

Ans oLeHKM NPOM3BOAUTENBHOCTU CUCTEMBI ObIIO MPOBEAEHO CTpecc-TeCTUpOBaHMe C UCMO/b30BaHWEM UH-
cTpyMeHTa Apache JMeter. Mpaduk Harpysku (Prometheus) nokasan, uto nNpu oAHOBPEMEHHOM 3anpoce 50
nosb3oBaTtenell cpegHee Bpemsi oTkavka API coctaBuno 210 mMc, 4To nNpuemaemo Ana Be6-npuaoxeHus. Mpu
yBennyeHun Harpyskm go 100 nonb3oBaTener BpemMs oTkAMKa Bo3pocso Ao 380 MC, HO cucTeMa ocTaBanacb
paboToCNOCO6HOM, Torga Kak MOHOIMTHAA peann3aumnsa npy aHaaorM4yHom Harpyske 4eMOHCTpYpoBana Bpems
oTKNnKa 6onee 5 cekyHs 1 nepuoanyeckne owmbkm 503 (Service Unavailable).

Tabnuua 2
Bpems oTkMKa cncTembl Mpy pasnnyvyHoON Harpyske

Table 2
System response time under different loads

KonunuecTBo ogHOBpeMeHHbIX Nnosib3oBaTenei MoHoNNTHas apxmMTeKTypa, Mc MuKpocepBMCHasi apXUTeKTypa, MC
10 180 150
50 2100 210
100 5300 (c owmbKamm) 380
150 HepoctyrnHo 620
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KntoueBbIM MpenMyLLEeCTBOM MpPeaoXKeHHO apXMTeKTypbl SABSETCS ee 0TKa30yCTOMYMBOCTL bnarogaps pea-

nv3aumun natrepHoB npoektuposaHus Circuit Breaker n Retries ¢ akcnoHeHUWanbHOM 3a4epXxkKoli. B xoge Te-

CTMPOBAaHNS BbINN NCKYCCTBEHHO CMOAENMPOBAaHbI 0TKa3bl OTAE/IbHbIX CEPBUCOB:

- npwu oTkase SatelliteService (06paboTka CMyTHUKOBBIX AAHHbIX) CUCTEMA UCMO/Ib30Baa KILUVMPOBaHHbIE JaH-
Hble MOC/eJHMX CHUMKOB 3a 3 [iHS, MPOA0MKasa NpefoCcTaBAATb PeKOMEeHAALMM C TOYHOCTBIO 83 %;

- npwu oTkase MLService nepexoj Ha pe3epBHYHO MOAe b MOHUXKEHWSA Pa3MEPHOCTI NO3BOJIAN COXPaHUTL 76 %
TOYHOCTW peKOMeHAaLmniA;

- rpwu oTkase SensorService cucTtema npogosikana paboTy C UCMOAb30BaHNEM MPOrHO3HbLIX 3HaYeHWI Ha OC-
HOBE CMYTHMKOBBIX AaHHbIX.

JKOHOMWYECKNIA pacyeT Nokasarsl, YTo npu CTOMMOCTK KoMMepUeckoro SaaS-pelueHuns oT 25 000 py6/mec. npea-
NoxeHHas nnatdopma No3BONSET COKPATUTb Pacxoabl Ha 52 %. Mpu 3ToM depmep coxpaHsieT MOHbINA KOHTPOJIb
HaJj CBOVMIMU JaHHbIMU, YTO COOTBETCTBYET COBPEMEHHbLIM TPE60BaHUAM K LidpOBOMY CyBepeHUTEeTY B arpobus-
Hece [8]. PacueTHas TCO (Total Cost of Ownership) 3a 3 roga MCNonbL30BaHVs COCTaBUNA:

- paspaboTka v BHegpeHue: 245 000 py6.;

- o6cnyxmneaHue (10 yacoB B Mecsil, x 1500 py6/u): 540 000 py6.;

- o6nauyHas nHopacTpykTypa (12 000 py6/mec. x 36 mec.): 432 000 py6.

- wuTtoro: 1217 000 py®6.

Yto npu ob6cnyxmBaHum 500 ra cenbxo3yroauii coctaensieT Bcero 811 py6/ra/rog, Toraa kak KomMmmMmepueckue
pelleHns o6xoasaTcsa B 1500-2000 py6/ra/roa,.

ApxuTekTypa nnatoopmsbl 6bina gononHeHa API Gateway (Ha 6a3e Kong API Gateway), o6ecrneunBatoLiM MapLu-
pyT13aLMIo 3aMnpocoB, ayTeHTUdMKaumo no JWT-TOKeHaM 1 orpaHnYeHie CKOpocTu 3anpocos (rate limiting).
3T0 M03BOINNO peann3oBaTb AnddepeHUMpPoBaHHbIR AocTyn: 6a308BbIi ypoBeHb - 100 3aNpoCcoB/MUH, NpeMn-
yM - 500 3anpocoB/MVH.

KnueHT API Auth
Gateway Service

Farm Sensor Service
Metadata

ML Cache Cache
Service Service Service

| | 1

POST /api/r(?commendations

1
1
|
1
|

I'Ipoéepka JWT-TokeHa

1 |
|

1
YcnelwHan ayTeHTugukaums

|
|

|
|
|
|
1
|
1
|
1
]
1
|
1
1
1
|
>
»
|
|
|
|

I
MonydedeHue akTyanbHbix AaHbixX

\ 4

|
I
1
1
1
I
I
1
I
I
i
I
I
I
I
I
I
I
I
I
1
I
| |
T "
| I
| I
) 1
1
|

|
¥ T
1 |

|

i
i

i MonyeHne aKkTyanbHbIX faHHbIE
g

MonyyeHwve recommernauui

1
1
1
1
1
|
1
|
1
1
|
1
1
1
1
1
|
|
1
1
1
™1
€

1
OT4eT ¢ pesaccnmaaumamMm

UBON c pekomeHaauuam (200 OK)

1
1
]
0
I
T
I
i
|
]
I
|
i
|
]
1
1
1
1
1
1
1
1
1
|
|
1
1
1
1
1
]
|
|
1
1
|
|
1
1
1
1
|
]
]
I
|
' |

|
|
1
|
1
1
|
|
|
|
1
1
|
1
1
|
1
1
1
|
1
1
1
1
|
|
1
|
|
|
|
1
|
|
|
1
|
|
1
1
1
|
'
|
1
|
'
'

B

I
i
I
i
i
|
I
i
¢
<
]

©

Pueynok 1
JvarpaMmmMa nocsieoBaTeIbHOCTY NPy 06paboTKe 3anmpoca Ha reHepaLmio peKoMeHAaLni Mo OpoLLEHNIO

Figure 1
Sequence diagram for processing an irrigation recommendation request

JONoNHNTEeNbHBIM NPenMYyLLLECTBOM MUKPOCEPBUCHON apXMTeKTYpbl CTana CKOPOCTb BHeAPEHUS OB6HOBEHUIA.
CpesHee BpeMs pa3BepTbiBaHWS HOBOW BEPCUM CepBUCa COCTaBMO 12 MUHYT NPOTUB 4 YacoB A/11 MOHOIUTHOW
cmcTeMbl. Mpy 3TOM BO3MOXHOCTb KaHapeeyHbIX Penn3oB (pasBepTbiBaHNE HOBOW BepcMW Ans 5 % Nonb3oBa-
Tenei) No3BoanAa MUHVMN3MPOBATb PUCKM NPY O6HOBNEHUN.
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Pe3ynbTaThbl 3KCMepMMeHTabHOM 3KCNAyaTaLnum NOATBEPXKAAT rMnoTesy O LienecoobpasHOCTY NPUMEHEHUs
MUKPOCEPBMCHOW apXUTEKTYPbl ANA MOCTPOEHUS TMOPUAHBIX CMCTeM MHTerpaummn loT-gaHHbIX U CAYTHUKOBBIX
N306paxkeHN B 3afadax TOYHOro 3emMesenns, oCoO6eHHO AN YCN0BUIA ManbiX U CpefHUX X03ancTB CTaBpo-
MOIbCKOrO Kpas, rae akTyas/ibHbl BOMPOChI TEXHONOMMYEeCKo aBTOHOMUM 1 aganTauun peLleHnii nog nokanb-
Hble arpo3akosiornyeckme ycnoeus [9-10].

SAKJIHO4EHUE

B xoge nccnegosaHma paspaboTtaHa 1 BepuduLMpoBaHa 06navHas naatpopma Ha MUKPOCEPBUCHON apxumTeK-
Type, obecneumBatoLas nHTerpayuio IoT-AaHHbIX U CMYTHUKOBBLIX MHAEKCOB C MokasatensMmu uptime 99,7 %,
cokpalleHnem BpeMeHr 06paboTku B 13 pa3 v SKOHOMMYeCKOl A0CTYMHOCTbIO B 12 ThiC. py6/Mec. MpakTuyeckas
3HaUYMMOCTb PaboTbl 3aK/OYAETCS B CO34aHUM OTKPbITOV Mi1aTGopMbl, MO3BOIAIOLLEN ManbiM CebX0o3npes-
NPUATUAM COXPaHATb KOHTPOb Haj AaHHbIMU 1 n3beratb 3aBUCUMOCTU OT KOMMepYeckux nponpureTapHbIX
pelleHWi. B nepcnekTnse naaHvpyeTca paclumpeHne GpyHKLUMOHaNA 3a CHeT HOBbIX MUKPOCEPBMNCOB, MOALEPX-
K MyNbTUKYAbTYPbI U BbINYCK NnaTPopMbl B GopmaTe open-source 419 pasBUTKA coobLLecTBa pa3paboTUmKoB
B arporvexe, YTO 0CO6EHHO BaXXHO B KOHTEKCTe KPUTUYECKOro OCMbICIEHUS MOAUTUK BNajeHWs arpojaHHbIMU
1 3TUKN LdpPOBU3aLIMN CeNbCKOro X03AMCTBa.
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KakK KOMMNbHTEPHOE 3peHne
v VW cnacatoT ypoxxait oT 6on1e3Heit | B ycnosusx pacTylieli NpoaoBoAbLCTBEHHON 6€30MacHOCTY Npo6aemMa paHHei amarHo-
Ha paHHnX CTaanax. GIOb"_/ . CTUKW 3a60N1eBaHNIi CeNbCKOX03AVCTBEHHbIX KybTYp OCTaeTcs akTyanbHON, 0HaKo
Agricultural Research. 2026;1:3. CyLLecTBYyOLLEe MeTO/bl YaCTO He MO3BO/IAIOT BbIABAATL NAaTOreHbl Ha AOKANHUYECKON
CTaAnn. 3aHMaeMblii Npoben 3aktoyaeTcs B OTCYTCTBUN HAAEXHbIX U JOCTYMHbIX pe-
LeHWI 4151 MaCcCOBOrO0 MOHUTOPWVHIA, afanTMPOBaHHbIX K paboTe B yC/IOBUSIX OrpaHun-
YeHHbIX AaHHbIX 1 U3MEHSHOLLXCS arpoKANMaTU4eckmX ycnoBuii. Lienb nccnegoBaHums:
pa3paboTaTb METOAMKI aBTOMATU3NPOBAHHOM ANArHoCTUKM GUTONaToONOriA Ha OCHOBe
rny6oKoro obyyeHnst 1 KOMMbIOTEPHOrO 3peHuns. B KauecTBe obbekTa 1Uccief0BaHNA
BbICTYMNUAN KyNbTYPbl 3aKPbITOro rpyHTa (Tomar, oryped), a nocieoBaTenbHOCTb pabo-
Thbl BK/HOYana c6op 1 ayrMeHTaLmio gataceta n3obpaxeHuii, obyyeHmne 1 BannaaLmio
CBEPTOYHOI HEMNPOHHOW CeTu, a Takxke MoneBble NCMbITaHWA c1ucTeMbl. B pesynbTate
6blna 4OCTUTHYTa TOYHOCTb Knaccndukaumm 98,7 % Ha TeCToBOW Bbi6OpKe, paspaboTaH
MPOTOTUM MOBUABLHOIO NPUNOXEHUSA C yHKLMeN odaiH-pacno3HaBaHWA 1 NPea/IoXeH
aNropuT™M NPOrHO3MPOBAHWUA PacnNpPoOCTpaHeHUs 60ne3Hell Ha OCHOBE MeTeOoaHHbIX.
MonyyeHHble pe3ynbTaThbl NO3BOMAIOT PEKOMEHAOBATb CUCTEMY A1 BHEAPEHUS B XO-
3ANCTBaX 3alMLLLEHHOrO IPYHTAa C LeNbio CHKEHUSA NeCTULMAHON Harpyskmn un npe-
JLOTBpaLLeHNs noTepb ypoxas. [epcnekTnBbl ccnefoBaHNSA CBS3aHbl C MHTerpauueii
rnepcnekTpasbHOro aHanusa v pa3paboTkoi 0TKa3oyCTOMYMBLIX Mogenel Ans paboThbl
B HEKOHTPONMPYEMbIX YCI0BUSAX.

KNHYEBDIE CJIOBA: koMNbIOTEPHOE 3PEHNE, MCKYCCTBEHHbIV HTENNeKT, 60N1e3HU pacTeHuiA,
TOYHOe 3eM/iefieNive, PpaHHSA ANarHoCTMKa, CBepPTOYHbIe HelipoHHbIe ceTw, EfficientNet,
MaLLMHHOe 0byuyeHne, duTonaTonorms, LmdpoBmnsaL s CenbCKoro Xo3ancTaa
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ABSTRACT

In the context of growing food insecurity, the problem of early diagnosis of crop dis-
eases remains relevant, however, existing methods often do not allow pathogens to
be detected at the preclinical stage. The gap is the lack of reliable and affordable solu-
tions for mass monitoring, adapted to work in conditions of limited data and changing
agro-climatic conditions. The aim of the research is to develop a methodology for au-
tomated diagnosis of phytopathologies based on deep learning and computer vision.
The object of the study was indoor crops (tomato, cucumber), and the sequence of
work included the collection and augmentation of an image dataset, training and vali-
dation of the EfficientNet-B3 convolutional neural network, as well as field tests of the
system. As a result, a classification accuracy of 98.7 % was achieved in the test sample,
a prototype of a mobile application with offline recognition function was developed,
and an algorithm for predicting the spread of diseases based on meteorological data
was proposed. The results obtained allow us to recommend a system for the intro-
duction of protected soil in farms in order to reduce the pesticide load and prevent
crop losses. The research prospects are related to the integration of hyperspectral
analysis and the development of fault-tolerant models for operation in uncontrolled
conditions.

KEYWORDS: computer vision, artificial intelligence, plant diseases, precision agriculture,
early diagnosis, convolutional neural networks, EfficientNet, machine learning, phyto-
pathology, digitalization of agriculture
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LinppoBoit arpoHOM: Kak KOMIMbIOTEPHOE 3peHue H.H. KoHgpaTbes,
1 VW cnacatoT ypoxkaii oT 60on1e3Hel Ha paHHUX CTaAnNaX C.B. AHnkyeB

BBEAEHUE

CoBpeMeHHOe ceflbCkoe X035NCTBO CTankmBaeTcs ¢ becnpeueeHTHbIMY BbI30BaMU, CBS3aHHbIMUW C HEOBX0AN-
MOCTbI0 06ecrneyeHns NPOLOBOILCTBEHHOM 6€30MacHOCTM PACTYLLLEro HaceIeHWs M1aHeTbl B YC1I0BUSIX OrpaHu-
UYEHHOCTW 3eMeJIbHbIX U BOAHbIX pecypcoB. OfHOW 13 KNHUYEBbIX Yrpo3 YCTOMYMBOMY NMPOU3BOACTBY NPOAYKLAN
pacTeHNeBOACTBA SIBNAIOTCA 3ab0NeBaHNsA CeIbCKOXO3ANCTBEHHbIX KYNbTYP, €XerofgHo NpuBoAdALLMe K notepe
40 40 % M1poBOro ypoxas. TpaAnLMOHHbIE METOAbI AMAarHOCTUKN, OCHOBaHHbIE Ha BU3YyaslsHOM OCMOTpe Mo-
CeBOB arpoHoMaMu, 061aakoT CyLLeCTBEHHbIMWU HeJoCTaTKaMu: Cy6beKTMBHOCTLIO, BbICOKOM TPYAOEMKOCThLHO
1, 4TO Hambonee KPUTUYHO, HEBO3MOXHOCTBLH MaCCOBOr0 1 ONepPaTUBHOIO BbISIBNEHWS MAaTOreHOB Ha PaHHUX,
YacTo AOKINMHUYECKUX CTaANsIX Pa3BUTUSA. MpeBeHTVBHas 06paboTka NOCeBOB NeCTULMAaMU, LUIMPOKO NpuMe-
HsieMasi 411 MUHUMM3aLMM PUCKOB, BEAET K 3HaUNTENbHbIM GLHAHCOBBLIM 3aTpaTaM, Pa3BUTUIO PE3UCTEHTHOCTU
y MaToreHoB 1 HaHOCUT yLLepb sKocMCcTeEMaM.

B 31Ol CBA3W pa3spaboTka 1 BHeApPEeHMe BbICOKOTOUHbIX, aBTOMATU3NPOBAHHbLIX CUCTEM MOHUTOPUHIA COCTOSHUS
pacTeHWNiA ABNSIeTCS CTpaTernyeckoil 3agaueii. bypHoe pasBuTVie TEXHOOTMIA NCKYCCTBEHHOTO MHTennekTa (W)
1 KOMMbBIOTEPHOIO 3PEHUS OTKPbIBAET HOBbIE BO3MOXHOCTU J/151 CO3ZaHNA TaKMX peLLeHnid. B nocneaHme roabl nos-
BWICS PSS HayUHbIX PpaboT 1 KOMMEPUECKMX MPUIOXKEHWI, EMOHCTPUPYHOLLMX MOTEHLMAaN CBEPTOUHbLIX HEAPOHHbIX
ceteli (CNN) ans knaccndurkaumm 3a6onesaHnii Mo N306paxkeHNaM IMcTbeB. OgHaKO 60/bLLVHCTBO CyLLIECTBYHOLLIMX
peLueHnin OPUEHTUNPOBAHbLI Ha PaboTy C ABHBLIMU CUMMITOMaMM, XOPOLLO Pas/inyMMbIMUA HEBOOPYXKEHHbLIM /1a30M,
N AEMOHCTPUPYHOT BbICOKYH 3GPEKTUBHOCTE MPENMYLLIECTBEHHO Ha CTaHAAPTU3MPOBAHHbIX 1a60PaTOPHbLIX CHUM-
kax. Mpobnemoi ocTaeTcs Mx aganTauunst K peasbHbIM MONEBbIM YCUIOBUSM, XapakTepUsyrLLMMCS U3MEHUYMBbIM
OCBELLEHMEM, CNIOKHBIMU pPakypcamul, HalvumeM YacTuuHbIx occlusions (nepekpbiThii) 1, 4To Hanbonee BaXHO,
HEOBXOAMMOCTBIO BbISIB/IEHMS CAMbIX HaYa/lbHbIX, C1ab0BbIPaXXeHHbIX MPU3HAKOB CcTpecca.

Takum 06pasom, Hay4Has nNpobaemMa 3aktoyaeTcss B HeOO6X0ANMOCTY pa3paboTkm robust-mogeneli kKomnbtoTep-
HOrO 3peHUs, CMOCOBHbIX OCYLLECTBAATb PAHHIOK 1 TOUHYIO AMarHOCTVKY 3a60/1eBaHNin PaCcTeHU B HEKOHTPO-
NIIpyeMbIX YCI0BUAX MPY OrPaHNYeHHOM ObbeMe pa3mMeyeHHbIX AaHHbIX 415 0byyveHus.

Llenbto faHHOro nccnefoBaHns ABASETCA pa3paboTka 1 Banngaums MeToOANKN aBTOMAaTU3NPOBaHHONM paHHel
ANarHOCTMKM 3abosieBaHWI ToMaTta 1 orypua 3alMLLEeHHOro rpyHTa Ha OCHOBe MOANGULIMPOBaHHOM apxmnTek-
Typbl CBEPTOUHOM HENPOHHOW CeTW, ONTUMU3NPOBAHHOM AN1A PaboTbl B YCI0BUAX, MPUGAMKEHHbBIX K peanbHO
arponpomMmbILLNEeHHON NpaKkTuKe.

[ANst fOCTUXKEHUS MOCTaBNEHHON Lenn 661 copMynnpoBaHbl CeaytoLne 3a4aun:

1. CdopmupoBaTh penpe3eHTaTMBHbIV AaTaceT N306paxeHnin INCTLEB TOMAaTa W OrypLa, BK/IOYatoLWmi Kak
3/10pOBble 06pasLbl, Tak 1 PaCcTEHUS Ha PasANYHbIX CTAAMSAX NMOPAXeHVs KtoueBbIMY 3a6oneBaHusaMu (pu-
TOHTOPO3, MyUHKCTas poca, cepasi THUIb), C y4ETOM Pa3HO06Pa3ns YCI0BUA CbEMKN.

2. TlpoBeCTU CPaBHUTENbHBLIM aHann3 3¢pPekTUBHOCTM coBpemeHHbIX apxutekTyp CNN (EfficientNet, ResNet,
Vision Transformer) ans 3agaun knaccndukaumm 3abonesaHuii n 060cHoBaTb Bbi6op 6a30B0I MoAen A/ist
AanbHenwen mogmndburkauun [1; 2].

3. PaspaboTaTb 1 peannsoBaTb METOAMKY ayrMeHTaunn faHHbIX N TPaHCGEepHOro obyyeHns, HarnpaBieHHY
Ha MnoBblLLeHVe 0606LLatoLLelt CMOCOBHOCTN MOJENN U ee YCTOMUYMBOCTY K apTedakTam nosieBbiX YCN0BUIA.

4. OUeHUTb TOYHOCTb, MONHOTY N HAaJEXHOCTb NPeA/IOXXKEeHHOM MOJen Ha TeCTOBOV BbI6OpKe, a Takxe anpobu-
poBaTb ee paboTy Ha N306paxeHNsX, MONyYEeHHbIX HEMOCPEACTBEHHO B YC/IOBUSIX TEMIMYHOIO KOMbHaTa.

5. TpoaHanm3npoBaTb BO3MOXHOCTb MHTEPNpeTaLmn peLleHnii Mogenn C MOMOLLIbI0 MeTOA0B BU3yanm3aumm
(Grad-CAM) ans Banvaaumm pesyibTaToB C arpoOHOMMYECKOM ToUKM 3peHus [3].

MATEPUAJIBI U METOAbI

[na pa3paboTky cncTeMbl paHHen ANarHoCTUKK 3aboneBaHNi pacTeHN’ NCNONb30BaNuCh ceaytoLe matepu-
anbl N MeToAbl. B KayecTBe 06BHEKTOB MUCCNEL0BaAHMSA BbICTYNannM pacTeHns ToMaTa 1 orypua Bo3pactoM 45-60
AHel, Haxogdawmecs B ¢a3e akTUBHOMO MIOAOHOLLEHMS B YCI0BUSAX 3aLLMLLEHHOr0 rpyHTa. MOHUTOPUWHI Npo-
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BOAWNCA ANs Tpex Hanbosiee S3KOHOMUYECKM 3HaUMMbIX 3a6oneBaHnii: putodpToposa (Phytophthora infestans),
MyUHMCTOM pockl (Oidium sp.) 1 cepoid rHuam (Botrytis cinerea).

C60p AaHHbIX OCYLLECTBAANCA C UCMOb30BaHeM 060pyaoBaHMs: dpoToannapata ¢ MakpoobbekTMBOM, cMapTho-
Ha. 3a nNepuoz ¢ ceHTAbpb Mo HOoA6pb 2025 roga 6110 cobpaHo 6000 n3obpaxkeHU, pacnpeseneHHbIX Mo KaTero-
puysiM: 350poBble pacteHus (1100 n3o6paxeHuii), dutodTopos (1200), MyuHmcTas poca (2000), cepast rHuAb (1700).

Ans 06paboTKM AaHHBIX 1 0ByYeHNs Mojeneli NCNob30Banack BbluMcIMTebHas MHGPACTPyKTypa Ha 6ase cep-
Bepa NVIDIA DGX Station ¢ nporpamMmHbImM obecriedeHriem Python 3.9, PyTorch 1.12, OpenCV 4.6 n 6ubnnotekoi
ayrmeHTauumn Albumentations 1.2. MpumeHsAca KOMMAEKC MeTOA0B ayrMeHTaunmM AaHHbIX, BKAOYAOLNA Cy-
YaliHble MOBOPOThI, OTPAXKEHUS, U3SMEHEHWNS APKOCTU 1N KOHTPACTa, LiBeToBble Mpeobpa3oBaHs B MPOCTPaHCTBE
HSV, pobasneHune Lyma 1 pasmblTuia, a Takxke meTog Cutout ANA NOBbILLEHNS YCTONUYNBOCTA MOAENN.

B nccnegoBaHnM cpaBHMBANWUCL TPU apXMUTEKTYpbl HelipoHHbIX ceTein: EfficientNet-B3, ResNet-50 n Vision
Transformer (ViT-Base). basoBas apxuTektypa EfficientNet-B3 6bina mogmouumposaHa nytem go6aeneHus
attention-mexaHusma SE (Squeeze-and-Excitation) B 610k MBConv, 3aMeHbl knaccupukaumoHHoro head Ha ABa
MOJIHOCBSA3HbIX c1051 € 1024 1 512 HelipoHamu 1 gobaeneHus cnos Dropout (p = 0,4). O6yyeHrie NPOBOAMIOCH
C NCNONb30BaHMeEM cTpaTernm TpaHcdepHoro obyyeHums, onTumMmrsaTopa AdamW c learning rate 1e-4 n dyHKUMN
notepb LabelSmoothingCrossEntropy.

Ana Banvgaumm Mogenn NpuMeHsCca NPoTOKON 5-KPaTHOM KPOCC-Banuaumm co CTpatudunLmMpoBaHHbIM pasge-
NeHVEM JaHHbIX Ha o6yyatoLyto (70 %), BanuaaumoHHyto (15 %) 1 TectoByto (15 %) BbIGopkM. OueHKa 3G pekTuB-
HOCTW NpOBOAMAacb No MeTpukam Accuracy, Precision, Recall, F1-score, Cohen’s Kappa n Matthews Correlation
Coefficient (MCC). CTaTcTMUeCcKas 3HaYMMOCTb Pe3y/bTaToB Onpesensaack C MOMOLLLIO NMapHOro t-Tecta ¢ no-
npaekoii boHpeppoHu (p < 0,01). Ana HTeprpeTauumn peLleHnii MoAen NCNonb30BaCs METOA BM3yanvsaumnm
Grad-CAM. MNoneBble NCNbITAHUSA CUCTEMbI MPOBOAUANCL B pPeanbHbIX YC/IOBUSAX TEMNINYHONO KOMOMHaTa B Te-
yeHue 30 agHel C exefHeBHbIM aHann3omM 200-300 pacTeHun.

NMPAKTUYECKOE MPUMEHEHUE

OcHoBy cuctembl «LlndpoBoro arpoHomMa» coctaBasieT rnyb6okoe MalunHHOe obyyeHne. HelpoHHasa ceTb oby4a-
eTCs Ha TbICAYax M306paXKeHUIA 340POBbIX Y BONbHBLIX PAaCTEHU, N3yYas MefibYaillne naTTepHbl U MPU3HaKN
3abonesaHuit. MNocne obyyeHns Takas cMcTemMa MOXET aHann3npoBaTe poTorpadum pacTeHn B peasibHOM Bpe-
MeHW, BbISBAATb Manelille N3MeHeHNs LiBeTa, TeKCTYpbl U ¢OpMbl NNCTbEB, ANPPepeHLMpPOoBaTL Pa3inNyHbie
TUNbI 3a60/1€BaHUIA C BbICOKON TOUHOCTBIO, @ TakXXe JaBaTb PeKOMeHAaLMW MO JIeYeHIo U NpoduiakTumKe.

B TenanuHbIX X034CTBaX c1cTeMa MOXeT paboTaTb B COCTaBe aBTOMATM3MPOBAaHHOMO KOMMeKca, eXXeAHeBHO CKa-
HVpYs Kaxzoe pacteHvie [4]. Mpy o6Hapy>eHUM Npo6ieM C1UCTeMa aBTOMATUYECKM CO3AAET KapTy PacnpoCTpaHeH st
3a60/1eBaHNS 11 PacCUMTBIBAET OMNTUMAbHYH CxeMy 06paboTkM. B noneBbIx yCNoBUAX TEXHONOTA MPUMEHSETCS C Mo-
MOLLIbIO APOHOB, OCHALLLEHHbIX MY/bTUCMEKTPaIbHbIMY KaMepamu. Bcero 3a oAvH NponeT MOXHO MPoaHann3MpoBaTh
COCTOsIHME PACTEHMIA Ha NAOLLAAN B HECKO/IbKO FeKTapoB, BbISBMB oYaru 3a60/1eBaHnii Ha paHHen ctagunm [5].

PaHHSAA AMarHOCTMKa MO3BOISET CyLLeCTBEHHO CHU3UTb LCMOAb30BaHMe necTnumaos, Ha 30-50 %, npeaoTBpaTUTh
noTtepto ypoxas 4o 40 %, CBOeBpeMeHHO NMPUMEHATb LWaasLime MeToAbl leYeHs 1 BeCTU TOUHbIA y4eT 3abone-
BaHWIA Ha TEPPUTOPUN XO3AKCTBA [6]. APKMM NPUMEPOM 3PEKTUBHOCTY TEXHONOTUM CIYXKUT OMbIT TEMJAUYHOIO
KOM6MHaTa Mo BblpaLLBaHMIO TOMATOB, r4e BHeAPeHNe CUCTeMbl KOMMbIOTEPHOrO 3peHMsi MO3BOINIO COKPATUTL
notepu ot ¢puTopToposa c 15 Ao 1,5 %. CucTtema obHapyxmBana 3aboneBaHue 3a 2-3 AHS 4O NOABNEHUS BUAW-
MbIX CUMMATOMOB, UTO A4aBasio BO3MOXHOCTb MPOBECTU TOUeUHYH 06paboTKy TOMILKO 3apaXKeHHbIX pacTeHnii [7].

nepCFIEKTI/IBbI Pa3BUTUA TEXHONIOIN CBA3aHbI C VIHTGFp3LI,I/I€I7I AONO/IHUTENbHbIX AaHHbIX: MPOrHO30B noroAbl 414
OLEHKWN PNCKOB pPacrpocTpaHeHns 3a60/1eBaHUN, I/IHq)OpMaLI,I/II/I O COCTOAHUN NOYBbI, JaHHbBIX O PaHee NPMEHAEMbIX
arpoxvMurkaTax 1 pesysibtatoB CryTHNKOBOIO MOHUTOPUHIa 601bLUNX Teppl/lTOpI/II7I. TakoW KOMIMNEKCHbIM noaxoa no-
3BONINT HGPEMTVI oT I'IpOCTOI7I ANarHoCTMkKu K Co3gaHnro I'IOJ'IHOLIIEHHOVI CNCTEMbI MPOrHO3NPOBaHUA N NpejoTBpaLLe-
HMA 3a601eBaHN paCTeHI/IIZ, YTO OTKPOET HOBbl€ BO3MOXHOCTU ANA yCTOI7IW/IBOF0 pPasBnTA CENBbCKOIro X03AKcTBa.
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PE3YJIbTATbI UCCJIEAOBAHUSA

B Hauane cucTemMa MCKYCCTBEHHOrO MHTeNNeKTa 1 nepBas Mojenb Co34aBanucb AN onpejeneHns 6onesHen
NI0A0BO-AroAHbIX KyAbTYp [8]. Ha 3ToM 3Tane 6bina 3apernctprpoaHa DBM. Ceituac npoekT NpoAo/IKaeT pas-
pabaTtbiBaTbCs Ha 6a3e Hay4YHOro LeHTpa MUPOBOro YPOBHSA «ArpouHxeHepusi byayLero» B HanpaBieHU Te-
nanupel Ha 6ase TenanyHoro KkoMmnnekca «ConHeuHbl gap» kKomnaHum 000 «AlMX 3ko-KynbTypa». B Tennvue
B pa3HbIx 6/10Kax 661 NpoBeAeH NepBblli TeCT NPOrpaMmel, rae Hamu 6o cdoTorpadrpoBaHbl 3apaxeHHble
pacTeHVst N N306paxeHs 3arpy>XeHbl B MPOrpaMmbl 415t ONpeAeneHns cocTosiHus pacteHus (PucyHok 1) [9].

[T —r——— - 8 x

e

Bepommvmers

Pueynok 1
Pe3ynbTaTbl 60/1bHOMO pacTeHus

Figure 1
Results of a diseased plant

Bbinv caenaHbl CHUMKW 340POBbIX 1 60bHBIX pacTeHW. M306paxeHns cpa3sy e 6bl1n 3arpy>XeHbl B MporpaMmmy
Ans 06paboTKK. 3aTeM NporpamMma C Pas3/iMyHON B MPOLEHTHOM COOTHOLLEHUM TOYHOCTBIO Bblfala BO3MOXHbIEe
60ne3HN pacTeHUs. A Ha 340poBOM GOTO pe3y/nbTaToM 06paboTKM CTanu Mokas’aHWst HebGOMbLUON HexBaTKu
B/Iarvi N NUTaTeNbHbIX 31eMeHTOB (PrcyHOK 2). Taknm 06pa3oMm, NepBblii MPOTOTUM NMPOrpPaMMbl NMPOLLEN anpo-
6aLnio B MONEBbIX YC/I0BUAX.

v

Ton-3 npeackasaoes

PucyHok 2
Pe3yanaTb| 340pPOBOro pacTteHnA

Figure 2
Results of a healthy plant
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LindpoBoit arpoHOM: Kak KOMIMbOTEPHOE 3peHue H.H. KoHgpatbes,
n W cnacatoT ypoxari oT 6o1e3Heln Ha paHHUX CTagnsax C.B. AHukyeB

SAKJIHO4EHUE

MpoBeAeHHOe NUCCNe0BaHVE MPOAEMOHCTPMPOBAO BbICOKYH 3bOEeKTVBHOCTb U3yUYeHNsi BO3MOXHOCTeR npu-
MEHEHWS TEXHOOMMIA KOMMbIOTEPHOTO 3PEHNS U UCKYCCTBEHHOIO MHTENIEKTA /1 PeLLeHs 3334 NPeLn3roH-
HOro 3eMaezenusi, B YacTHOCTU /11 CBOEBPEMEHHOTrO BbISiBIeHNS GUTONATONOIMMIA Ha AOKIVHUYECKUX CTaANSX
pasBuUTUS.

Mony4eHHble pes3ynbTaTbl MOKasanW, 4YTO pas3paboTaHHas Ha OCHOBe MOAUPULMPOBAHHON apXUTEKTYypbl
EfficientNet-B3 cucTtema cnocobHa He TONbKO KnaccnpuumpoBaTb 3a60neBaHNA € TOYHOCTBIO 98,7 %, HO U Bbli-
ABNSATb UX 3a 24-48 4acoB A0 MOSABAEHUS BMU3YalbHO PasinNyiMbIX CUMNTOMOB. DTO NMOATBEPXAAeT rnepcrek-
TUBHOCTb MCMONb30BaHWNS BHUMATE/IbHbIX MEXaHV3MOB B HEMPOHHbLIX CETAX A5 aHanmsa arpokynetyp. Mpo-
Be/leHHble MoJsieBble UCMbITaHNS A0Ka3anun NPakTUYeckyo 3Ha4MMOCTb MeTOAMKN, MoKa3as 96,4 % cosBnajeHve
AMNarHo30B C 3KCnepTammn-arpoHOMaMu Npy OAHOBPEMEHHOM CHUVXXEHUW PacxoAa NecTuumnioB Ha 35 %.

CnesyeT OTMETUTb ONpejesieHHble OrpaHnYeHns nccnefoBaHus. PazpaboTaHHasd Mogenb ONTUMU3MPOBaHa AJis
paboTbl B KOHTPOMPYEMbIX YCI0BMAX 3aLLMLLEHHOIO rpyHTa 1 TpebyeT AOMOAHUTENbHON Banuaaumm ana oT-
KpbITbIX Nosiei. Kpome TOro, TekyLlas Bepcust CUCTEeMbl OPUEHTVPOBAHA Ha OrpaHUYeHHbI nepeyeHb KynbTyp
1 3aboneBaHniA, YTO Cy>kaeT 061aCTb ee HenoCpPeACTBEHHOrO NPUMEHeHNS.

MepcrnekTVBHbIE HaNpaBAeHNA AalbHEeNLLNX NCCAef0BaHNIA BKIOYAKOT pacluvpeHmne GyHKLMOHaNbLHOCTA CucTe-
Mbl 3@ CYeT MHTerpaLumn runepcnekTpanbHoro aHanmsa Ans BbiBIEHWSt HeMHPEKLMOHHBIX 3a601eBaHNiA, aganTa-
LMo anropuTMOB /15t paboTbl B HEKOHTPOIMPYEMbIX YC/IOBUSIX OTKPBLITOrO FPYHTa, @ Takxke pa3paboTKy MeToZ0B
MPOrHO3MpPOBaHWA BCMbILLEK 3a601eBaHNA Ha OCHOBE KOMIMIEKCHOMO aHann3a My/bTUCNEeKTPanbHbIX AaHHbIX,
MeTeopoIorMyeckmx nokasaTenein 1 PUTOCaHUTAPHOIO COCTOSAHMA NOCEBOB. JlanbHeliLlee pa3BMUTUE TEXHOOMUN
npegnonaraeT cos3AaHve YH1BepcaabHo NaatGopmMbl Ans LMGPOBM3aLMI BCEro LMKIa arponpon3BOACTBa.
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CTaBpononbCKMiA rocyAapCTBEHHbIV arpapHbI yHuBepcuTeT, CTaBponosns, Poccus

AHHOTALLUA

AKTyanbHol npobnemoli LMppoBmn3aLMN arpornpoMbILLIEHHOrO KOMIIeKca sSIBASIeTCS
dparmeHTaLMs UHCTPYMEHTOB MOHUTOPUHTA, YTO He NMO3BOASIET arPOHOMaM OMepaTUBHO
nosy4yaTb LeNOCTHYH KapTUHY GUTOCAHNTAPHOrO COCTOSIHMS MOCEBOB Ha OCHOBE KOM-
NAeKCHOro aHanu3a AaHHbIX. Lienb nccnegoBaHus - pa3paboTaTb apxMTEKTYPHOE peLLeHme
1 co3aaTb PYHKLUMOHABbHBIM NPOTOTMN Be6-nAaThopMbl 415 NOAAEPXKKN NPUHATAS peLle-
HWI NPpY paHHeN AnarHoCTrKe 3a601eBaHNM pacTeHVIA NyTeM MHTErpaLmm pasHOPOAHbIX
JaHHbIX M MPOrHO30B MOZenel MallMHHOro obyyeHus. B xoge nccnegosaHmsa npuMeHs-
JINCb MeToAbl CUCTEMHOIO aHanM3a N 06bEKTHO-OPUEHTVPOBAHHOMO MPOEKTVIPOBAHUS.
B KayecTBe TexHonormyeckoro creka BoibpaHbl ASP.Net Core ana backend-paspaboTkum
1 Next.JS ansa co3gaHunsa ppoHTeHAa. O6BEKTOM MHTErpaumm BbICTYNatoT MOTOKMN AaHHbIX
OT My/NbTUCMEKTPaNbHbIX KaMep, AaTYMKOB MUKPOK/IMMAaTa 1 HelipoceTeBbIX Moaener
knaccmomkaumm. OCHOBHbIM pe3ynbTaToM SIBASETCS pa3paboTaHHas MOAy/IbHas MUKPO-
cepBUCHas apxMTeKTypa byayLei cucTtembl M NPOTOTUIM KNKOYEBOro nHTepdeiica, BKO-
YatoLLMii KapTorpadpuyeckmnin Moaynb 1 CxeMy BU3yanmsaumm BereTauMoHHbIX MHAEKCOB.
OnpegeneH 1 060CHOBAH MOJHbIA CTEK TEXHONOTUNIA ANS peanmnsaumn. YTBepXaeHHas
KOHLenuusi NnatopmMbl 3aKnajblBaeT OCHOBY AN CO3AAaHUS MHCTPYMEHTA, KOTOPbINA
noc/ne NosHoM peanvsaumm No3BOANUT NOBLICUTb IGPEKTMBHOCTE MOHUTOPMHTA 3a CHeT
arperauum AaHHbIX B e41HOM UHTepdelice. NMepcrnekTnBbl paboTbl CBA3aHbI C MO3TanHoOM
pa3paboTKol CepBU1COB, MHTerpauuein c ML-moAensiMu 1 NpoBeseHVeM HaTypPHbIX UCMbl-
TaHWIA B yCNOBUSAX TEMIMYHOIO KOMMJIeKca ANst Banuaaumm noaxoaa.

KJOYEBBIE C/IOBA: Be6-nnaTtdopma, MaLLMHHOE 06yYeHIe, AMarHoCT1Ka 3aboneBaHNii, cenb-
CKOe X035ACTBO, MNPELIM3MOHHOE 3eMAesenne, apxUTekTypa CUCTeMbI, MPOTOTMN
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Stavropol State Agrarian University, Stavropol, Russia

ABSTRACT

A pressing issue in the digitalization of the agro-industrial complex is the fragmenta-
tion of Diptych tools, which prevent agronomists from quickly obtaining a comprehen-
sive picture of the phytosanitary condition of crops based on comprehensive analysis
data. To the aim develop an architectural solution and create a functional prototype of
a web platform to support decision-making in the early diagnosis of plant diseases by
integrating heterogeneous data and machine learning model predictions. The study
utilized systems analysis and object-oriented design methods. ASP.Net Core was
chosen for backend development, while Next.JS was used for frontend development.
The data streams from multispectral cameras, microclimate sensors, and neural net-
work classification models were integrated. The main result is the developed modular
microservice architecture of the future system and a prototype of the key interface,
including a mapping module and a vegetation index visualization scheme. The full
technology stack for implementation has been defined and validated. The approved
platform concept lays the foundation for the creation of a tool that, once fully imple-
mented, will improve monitoring efficiency by aggregating data in a single interface.
Future work involves the phased development of services, integration with ML mod-
els, and field testing in a greenhouse complex to validate the approach.

KEYWORDS: web platform, machine learning, disease diagnostics, agriculture, precision
farming, system architecture, prototype
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MalLUVHHOe 06y4eHue B arpOHOMUN: CO3AaHNe apXUTEKTYpbI
Beb-nHTepdeiica ANa paHHero BbiBAeHNS 6one3Hel pacTeHnit A.A. CassiH

BBEAEHUE

rnobanbHble KNMMaTUyeckre N3MeHeHWs, NPOSBASIOLLMECA B YBENINUYEHNIN YaCTOTbl SKCTPEManbHbIX MOroAHbIX
ABNEHUIA, CABUre arpokIMMaTUYeCcKMX 30H 1 M3MEeHEeHUN NaToreHHoro GoHa, co3AatoT AONONHUTENbHbIE PUCKY
AN arponpoMBbILLNEHHOro KoMnnekca Poccun 1 Mypa B LienoM. B couyeTaHnm € npoueccammn MHTeHCU$UKaLmUm
MPOW3BOACTBA 3TO CNOCO6CTBYET PACMPOCTPAHEHNIO 1 YCUIEHWIO BPEAOHOCHOCTY 3ab01eBaHNi CeflbCKOX035iA-
CTBEHHBIX KyNbTYp, YTO HAHOCWUT 3HAYMNTENbHbIA 3KOHOMMYeckunid yulep6 [1]. Bopb6a ¢ 3TUMK Bbi3oBaMu Tpe-
byeT nepexoga OT peakTMBHbIX K MPeBEHTUBHbLIM CTpaTervsaM 3almuTbl pacTeHnn. Og4HaKo TpaAULMOHHbIE Me-
TOAb! ANArHOCTUKM, OCHOBaHHbIE Ha BM3yaJlbHOM OCMOTpPE MOCeBOB, ABNAIOTCA TPYAOEMKMMM, CYOBEKTNBHBLIMY
W, YTO KPUTUYHO, 3aMa3sbliBatoLLMY, He MO3BOSS CBOEBPEMEHHO NMPUMEHSATb 3aLLUTHbIE Mepbl.

CoBpeMeHHble TEXHOOMMW, B YAaCTHOCTM MallMHHOe obydeHre (MO) 1 MallVHHOe 3peHure, AEMOHCTPUPYHOT
BbICOKMIA MOTEHLMAN AN aBTOMAaTM3aLuMmM 3Toro npouecca [2; 3]. ViccnegoBaHms NokasblBakoT, UTO CBEPTOUHbIE
HelipoHHble ceTu (CNN) adpdekTMBHO KnaccnpuumpytoTt 3a6o1eBaHNs Mo N306PAXKEHMAM JINCTLEB C TOUHOCTLIO,
npesbiwatoLeli 95 % [4]. NMapannensHo pa3BMBaEeTCA HaMpaBneHWe KCNOb30BaHUA MYNbTUCNEKTPANLHOA
CbeMKW A/151 BbISIBNIEHUSI CTPecca pacTeHnin Ha AOKANHNYECKOW CTagnn NMyTeM aHann3a BeretalMoHHbIX MHAEK-
coe (NDVI, NDRE u ap.) [5].

CyLuecTBYIOT n3onmpoBaHHble ML-Mogenn ans knaccndurkaumm n3obpaxeHnii, nnatGopmbl A5 MOHUTOPUHTA
nosiei ¢ NOMOLLBLIO APOHOB U CUCTeMbl cbopa AaHHbIX C AaTUMKOB. OTCYTCTBME KOMMJIEKCHbIX PeLUeHUiA, NHTe-
TPUPYHOLLMX 3TU Pa3HOPOAHbIE JaHHbIE B eANHYH0 IOTUYECKYO Cpesy AN NOAAEPXKKN NPUHATUSA peLLeHWnii, co3-
AaeT «MHGOPMaLIMOHHbIN pa3pbiB» AN arpoHoMa. EMy npnxoamnTcs BpyUHYH COMOCTaBAATb JaHHbIe N3 Pa3HbIX
CUCTEM, YTO CHUXAaET onepaTUBHOCTL N 3$PEKTUBHOCTL pearnpoBaHus.

TakuM 06pa3om, HayuHas nNpobsieMa 3ak/1r4YaeTcs B OTCYTCTBUM METOAMKN NPOEKTUPOBAHUS 1N peasin30BaHHbIX
peLueHnn B 06/1aCTV LIeNIOCTHBIX Be6-HTepdencoB, KOTopble BbICTyNanu 6bl LLleHTPaabHbIM 3BEHOM B CUCTEME
TOYHOrO 3emsesenns, obecneyrBas He NMPOCTO CO60P, HO U CEMAHTUYECKYIO MHTerpaumio AaHHbIX 4ns Gpopmu-
pPOBaHMsi FOTOBbIX CLieHapueB AelicTBUIA.

OAHaKo aHanM3 NMTepaTypHbIX MCTOUHNKOB [6-8] BbISBNSIET CyLLeCTBEHHBbI Npo6es, 3akntovatoLmincs B ¢par-
MEHTapHOCTU Npejsiaraembix pelleHni. CylecTeytoLle pa3paboTky, Kak KoMMepyeckmne, Tak 1 HaydHble, 3a-
4acTyto GOKYCMPYHOTCA Ha peLUeHUN Y3KNX, 30AMPOBAHHBIX Mog3ajay (Takmx Kak UCKIYMTENbHO anroput-
MUYeckas Kknaccuomnkaums n3obpaxeHnii, cop TenemeTpun Uav Kaptorpapuyeckas Busyanmsaumsi), ocTaBss
6e3 BHMMaHWA 06LLYy0 KOMMNEKCHYIO 3aa4y - CO34aHue LenoCTHOM, CKBO3HOM 1 onepaLoHaibHOM CUCTEMBI
NoAAEPXKKN NpUHATUA pelueHnii (CMNMP) ana npeumnsmMoHHoro semnegenvs. dTa obLas 3ajaqva nojgpasymeBaeT
He NPOCTO NnapasnnenbHoe CyLLeCcTBOBaHME OTAe IbHbIX TEXHONOMMYECKNX KOMMOHEHTOB, a UX CMbIC/IOBYHO U NPO-
LLeCCHYI0 UHTEerpauuio B eAuHbIV KOHTYP: OT c60pa M KOHCONMAALMN PAa3HOPOAHbLIX AAHHBIX (AMCTaHLMOHHOE
30HAVPOBaHYe, MOKa3aHUs AAaTUMKOB, METEOAaHHbIE) Yepes X KOMMIEKCHY aHaINTYeckyto 06paboTky C 1c-
nonb3oBaHvem anroputmos UV fo npeactaBneHns MHTEPNPETUPOBAHHbLIX Pe3yNbTaToB B BUAE UHTYUTUBHO
MOHATHBIX MHCANTOB 1 MPEBEHTVBHbIX PeKOMeHAALMIA A1 KOHEYHOro noJib3oBaTtenifg-arpoHoMa. Takum obpa-
30M, BbISiBNEHHBbIV MPO6en HOCUT apXUTEKTYPHO-METOA0I0rMYeCKMIA XapakTep: OTCYTCTBYHOT FOTOBblE peLLeHNs
1 06LLIeNPUHATbIE METOANKN NPOEKTNPOBaHNSA, KOTopble bbl 0becneynBany nepexos oT Habopa paspo3HEHHbIX
WHCTPYMEHTOB K LLe/IOCTHON MHGOPMAaLMIOHHO-aHaNIUTUYECKO 3KocucTeme.

Llenbto HacTosLero ncciefoBaHnNs ABASETCA pa3paboTka KOHLEnuum, apxmtekTypbl N GYHKLNOHaNABHO-
ro npototuna Beb-nHTepdelica, NpegHa3HaYeHHOro ANA NOAAEPXKM MPUHATUS peLleHUi npu paHHemn
AMarHocTMke 3a6oseBaHWn pacTeHUA Ha OCHOBe arperaunm JaHHbIX U MPOrHO30B Mogener MalMHHOIo
obyyeHus.

Ana AOCTVXXEHNS Lienn nocTaBneHbl cnejytoLme 3ajaum:

1. TpoecTn aHanm3 npegMeTHON 061acTu 1 copMynmpoBaTb GYHKLMOHAbHbBIE U HEePYHKLIMOHANbHbIE Tpe-
60BaHMs K Beb-niaTtpopme.

2. Pa3paboTaTb MOAYNbHYI apXUTEKTypy CUCTEMbI, 06ecneunBatoLLyto NHTerpaLnio AaHHbIX C MynbTUCAeK-
TPanbHbIX KaMep, AaTUNKOB MUKPOKAMMaTa 1 ML-cepBucoB.
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3. BblbpaTb cTeku TexHonorui ansa peanvsaumm backend- n frontend-komnoHeHTOB.
Co3paTb NPOTOTMM K/IHOYEBbLIX 3/IeMEHTOB M0/1b30BaTeIbCKOro MHTepdelica, BKIKYas MHTePaKTUBHYIO Kap-
TY Y 31eMeHTbl BU3yanum3aunmy JaHHbIX.

5. Onpegenutb roadmap ganbHelwein pa3paboTky U UCAbITaHNA NAaTPopPMBbI.

KOHLLENLMA U APXUTEKTYPA CUCTEMBI

dopmMmpoBaHme TpebOBaHWI K CUCTeMe CTano MNepBbIM KPUTUYECKM BaXHbIM 3TarnoM MpPOeKTUPOBaHUS.
Ha ocHoBe rnybyHHOro aHanv3a pabo4ymx NMpoLLeccoB U MOTPEOHOCTEN KAOYeBbIX MOAb30BaTeNel — arpoHo-
MOB-MPaKTMKOB 1 Hay4YHbIX UcCCcnefoBaTenelr — 6bIM cucTeMaTusnpoBaHbl 1 GOpMann3oBaHbl GyHKLMOHaNb-
Hble 1 HedyHKLUMOHaNbHble TpeboBaHUsA. PyHKLUMOHaNbHbIE TPeBOBaHWSA ONpesenstoT KOHKPETHbIe AeliCcTBUS
1 BO3MOXHOCTU, KOTOpble CUCTEMA AO0/KHA NMPefoCcTaBAaTb Noab3oBaTento. Vx ¢opmMmpoBaHme nponcxoamno
yepes CUHTE3 CLieHaPMEB MCMOJb30BaHMs (user stories), BbIBNEHHbIX B XO/e NHTePBbIO 1 aHaNM3a NpeaMeTHON
obnactu. B pesynbrarte 6611 onpegeneH KaoYeBon Habop GyHKLMIA: LLIeHTPann30BaHHbIN CO0p 1 XpaHeHe rete-
POreHHbIX AaHHbIX (MybTUCNEKTPaibHbIE CHUMKK, MOKA3aHWA AaTUMKOB MUKPOKIMMATA, MeTajaHHbIe); aBTo-
MaTUYeCKNA pacyeT BereTaumoHHbIX nHaekcos (NDVI, NDRE 1 ap.) 419 OLEHKWN COCTOSIHUS 61oMacChl; HTerpa-
LS C cepBMCaMM MaLIMHHOMO 0by4veHust Ans nHdepeHca Mojenen ANarHoCTUKM 3aboneBaHWii; KOMMIeKCcHas
BU3yanm3aums U aHanUTVKa Ha NHTEPaKTUBHOM KapTe C NoAAep>KKON TennoBbIX KapT N rpadukoB AUHAMUKU;
a TaKXe CMCTeMa NPeBEeHTUBHbIX OMOBELLEHWA, akTUBMPYyeMasi MpY BbIXOAe KAOUeBbIX NapamMeTpoB 3a KpUTU-
yeckye noporn.

MapannenbHo 6bl1n cGopMynpoBaHbl HePyHKLMOHAbHbIE TPE6OBaHWSA, ONpesenstoLLe KauecTBeHHbIe aTpu-
ByTbl CMCTEMbI: MaCLUTabMpyeMoCTb A5 paboTbl € 60/1bLLINMN 06 beMaMU AaHHbIX ANCTAHLMOHHOIO 30HAVPOBA-
HUS, BbICOKas AOCTYMHOCTb 1 OT3bIBUMBOCTb MHTepdeica, 6e30MacHOCTb AaHHbIX, @ TakXe NIerkoCTb NoAAePXKKMN
1 pa3suTus. IMeHHO 3T TpeboBaHWA CTaan OCHOBOW AN BbI6Opa MUKPOCEPBUCHOW apXUTEKTYpbl, MpeAcTaBs-
NleHHoM Ha PucyHke 1. [laHHas apxuTekTypHasi napagurmMa no3BosseT AeKOMMO3MPOoBaTb CAOXHYK CUCTEMY
Ha Habop cn1abocBsi3aHHbIX, HE3aBNCMMO Pa3BePTbIBaEMbIX CEPBMUCOB, UTO HaNpsMyto oTBeYvaeT TpeboBaHVAM
rMGKOCTN N MacLLITabupyemocTu.

Docker

Grafana «——— Prometheus

PostgreSQL
CLIENT < BACKEND
S3
Metrika
ML Redis

Pueynok 1
MporpamMmmMHas apxmTekTypa npoekTa

Figure 1
Project software architecture
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AApo cepBepHOl YacTu, peanmsyemoe Ha C# C ncnonb3oBaHveM ¢perimsopka ASP.NET Core, cOCTOUT 13 He-
CKOJIbKNX CKOOPAMHVPOBaHHbIX cepBmcoB. APl Gateway BbICTynaeT B poauv eAvHON TOYKM BXOAd, obecreuu-
Bas MapLUpyTM3aLMIo 3anpocoB 1 6e3onacHocTb. Data Ingestion Service oTBeuaeT 3a MprveM 1 MEPBUYHYIO
BaNAaLMIO BXOAALLIMX MOTOKOB AaHHbIX C MOMEBbIX 4AaTUMKOB 1 Kamep. /111 pecypcoeMKunx 3a4ay BbluMCaeHns
BereTaLlMoHHbIX NHAEKCOB NpeAHa3HayveH Analytics Service, KoTopbI 6n1arogaps nHTerpaumm ¢ Python-6m6an-
otekamu (Rasterio, NumPy) a¢pdpekTrBHO paboTaeT ¢ pacTpoBLIMU AaHHBIMU. YTNpaBieHe yYeTHbIMU 3anncsiMm
1 ayTeHTUdMKaUMA nHkKancynmposaHbl B User & Auth Service. LleHTpanbHbIM 3/1eMeHTOM, ob6ecneyrBaroLLnM
WHTeNNeKTyaNbHbIA aHanu3, BASETCS BblAeNeHHbIn ML-Service. 9TOT cepBuC, MOCTPOEHHbIN Ha 6a3e PyTorch/
TensorFlow, ¢yHKLMOHMPYeT aBTOHOMHO M B3anMOZAEeNCTBYeT C OCHOBHOW MAaTGOpPMOi Yepe3 acMHXPOHHbIe
ouepeau (Redis/Celery), uto nossonsieT 3arpyxaTb, 0O6HOBASTL U BbIMOHATE C/IOXHbIE MOAENN MALLUMHHOIO
06yuyeHus], He HapyLlas paboTy OCHOBHOrO NpuioxeHus [9].

Monb30BaTeNbCKNA NHTEPdEIC pean3oBaH B BUAE OAHOCTPAHUYHOIO NpunoxeHus (SPA) ¢ ncnonb3oBaHuem
cteka TypeScript, React n Next.js. Takoi BbIbop obecneymBaeT CO3jaHle BbICOKONHTEPAKTUBHOMO U OT3bIBYM-
BOro Beb-nHTepderica. ns BU3yanmsaumm NnpoCcTpaHCTBEHHbIX JaHHbIX NprMeHsaeTca bubnmnoTeka Leaflet, a ana
NOCTPOeHUs aHannTnyecknx rpapukos - Chart.js. Frontend-npunoxeHne B3anMogerncTByeT ¢ 63keH/-cepBuca-
MU yepes eanHbIl REST APL

Bbibop TexHosornmyeckoro creka 6bis1 TwatesbHo ob6ocHoBaH. ASP.NET Core obecneymBaeT BbICOKYH MpOU3-
BOANTENbHOCTb 1 6oraTyto akocucTemy Ana backend-paspabotku. Next.js npefocTtaBnsieT nperMyLLLecTBa cep-
BEPHOro peHAepuHra ans ynydwieHns SEO n HavanbHOM 3arpysKkuy, YTO BaXHO ANt NYy6ANUHbIX Beb-niatdopm.
B KauecTBe HaZexXHOW cncTeMbl ynpaBneHns JaHHbIMK BelbpaHa CYB/, PostgreSQL ¢ paclumpeHuviem PostGIS ans
3¢ deKTMBHOM paboThbl C reonpocTpaHCTBeHHOM NHbopMaumeit X. Redis 1CMonb3yeTcst Kak BbICOKOMPOU3BOAM-
TeNbHbI 6poKep COOBLLEHWI 1 K3LL, YTO ONTUMM3MPYET 06paboTKy aCMHXPOHHbIX 3aja4y 1 MOBbILLAET 06LLYH
OT3bIBYMBOCTb CUCTEMBI. TaKMM 06pa3oM, KaXAbli KOMMOHEHT apXMTEeKTYpPbl 1 31eMeHT CTeka TEXHONIOTUIA Cy-
XXUT BbINOJIHEHUIO KOHKPETHbIX GYHKLMNOHANbHbIX TPeboBaHU 1 obecrneyeHmo TpebyeMbiX KavecTB CUCTEMbI.

MPOLLEAYPA UCCNEAOBAHUSA

B paMKkax AaHHOro nccnesoBaHUsi MPYIMEHAETCs UTepaTUBHas MeTOLOIOMMs PaspaboTKmM NPOrpamMmMHoOro obec-
neyeHus, NPy KOTOPOI MPOEKTMPOBaHMe, NPOTOTUMMPOBaHME N BaiUZaLns apXUTEKTYPHbIX PeLUeHNin ocy-
LLIeCTBASIIOTCA Moc/neAoBaTelbHO. Ha TekyleM 3Tane BbIMOJHEHA MOHAsA NMPOEeKTHO-KOHCTPYKTOPCKas YacTb
paboTbl, pe3y/bTaToM KOTOPOU SABNSETCSA rOTOBbIA K peannsauum NpoToTUm CUCTEMBI.

BbINonHEeHHbIe 3Tanbl paboTbl:

- AHanus TpeboBaHWU 1 NPOEKTUPOBaHME: NPOBeAEeH CUCTEMHbIN aHanns3 npegMeTHor 061acTu, Ha oCcHOBe
KOToporo chopMynmpoBaHbl AeTabHble GyHKLMOHANbHBIE (LLeHTPaN30BaHHbIA C60p AaHHbIX, UHTErpaLms
¢ ML-cepBUCaMu, NHTEPAKTUBHAs BU3yannsauus, CUCTeMa OMOBeLLEHWI) N HepyHKLMOHANbHbIe (MaclTa-
61PyeMOCTb, MOAY/IbHOCTL, MPOU3BOAUTENLHOCTL) Tpe6oBaHWA K naaTdopme.

- Pa3paboTka apxuMTeKTypbl: CPOEKTUPOBaHa U AOKYMEHTa/lbHO OpOpMIEHa MOZAY/bHAs MUKPOCEPBUCHAsA
apxuTekTypa (P1cyHoK 1), KoTopasi BKItOUaET Bblje/ieHre KYeBbIX CepBMCcoB: LWito3a API (API Gateway),
cepBuCa Npuema AaHHbIX, CepBuca aHanuTuku (Analytics Service), cepBrica MalLVHHOTO 06y4YeHUs 1 cepBurca
nonb3oBaTenei.

- Bblbop 1 060CHOBaHME TEXHONOMMYECKOro CTeKa: Ha OCHOBE CPaBHUTE/IbHOro aHanmsa Ansa backend-pas-
pa6oTku Bbi6paH ctek C# [ ASP.NET Core, anqa frontend - TypeScript / React / Next.js, B kadecTBe CYB/ -
PostgreSQL. Ansi cepBMCOB aHanUTUKN U MalWHHOIMO 0byyeHWss 0BOCHOBAHO MCMo/b3oBaHue Python
c bubnmnotekamm NumPy, Rasterio n PyTorch. Pa3paboTaHbl npegBaputenbHble cneundukaumm APL ans
MeXCepPBMCHOro B3aIMOZECTBUS.

B HacTosiLee BpemMsa paboTa cocpefoTOUeHa Ha peann3aLmn ocHOBHbIX backend-cepBucoB cornacHo paspa6o-
TaHHOW apXUTEKTYpPe U UX UHTErpaLm C CO34aHHBIM GPOHTEHA-NPOTOTUMNOM. KNtoueBoli Hay4YHO-TEXHNYECKOW
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3aj,ayvell JaHHOro 3Tana siBNgeTca obecrneyeHne KOPPEKTHOM, HAZEXHOM 1 MacLuTabnpyemMon nHTerpauum pas-
HOPOZAHbIX KOMMOHeHTOB (Be6-cepBuckl, CYB/, ouepean 3azay, ML-Mozenn) B efuHyt0 paboToCnoCO6HY0 Cu-
CTeMy, CrocobHyo o6pabaTbiBaTh 3HAUUTENbHbIE MOTOKW MY/bTUCMEKTPaIbHbIX AaHHbBIX B peaibHOM BPeMEHW.
JanbHenwne warn npesycMaTpyBaloT HamoJIHEHVE CUCTEeMbl KOHKPETHbIMU aaropuTMaMun aHaamMsa 1 npose-
AeHve BanuaaLmn BCero peLleHns B MoAeNnpyeMbIX M HaTYPHbIX YCI0BUSAX.

PE3YJILTATHI

OCHOBHbIM pe3y/bTaTOM MCCAeA0BaHVA ABASETCA feTasbHO npopaboTaHHas apxuTekTypa Beb-naaTdopmbl,
npeAcTaBneHHas Ha PucyHke 1. BeibpaHHas MUKpocepBmrcHas napagurma AeKomnosvpyeT cMcTemMy Ha He3aBu-
CMble, CNaboCBA3aHHbIE KOMMOHEHThI, YTO obecrneynBaeT MaclLTabrpyeMocTb, YA06CTBO NOAAEPXKKNA N BO3-
MOXHOCTb MapanfiefnbHolM paspaboTku. KawoueBbiM 3/1eMEHTOM [JaHHOW apXUTeKTypbl SBASETCA BblAeneHne
oTaenbsHoro ML-Service, 4UTo NO3BONSIET HE3aBUCMMO 0bOy4aTb, OOHOBAATE 1 pasBepTbiBaTb MOAENN MALLUVHHO-
ro obyyeHus, He 3aTparnsas OCHOBHYO BM3HEC-10rnKy NpUNoXKeHns. Takoe pasjefieHne 0CO6eHHO KPUTUYHO
B KOHTeKCTe 06paboTKM M306paxeHNn N faHHBIX ANCTAHLMOHHOIO 30HAMPOBAHNS, F4e MOAeNnn TpebytoT 3Ha-
UYNTENbHBIX BbIUNCANTENBHBIX PECYPCOB 1 YacTo J00BOYYeHNS Ha HOBbIX AaHHBbIX.

MpoBeseH CpaBHUTENbHbIN aHaNN3 COBPEMEHHbIX TeXHONOrni Ana Beb-pa3paboTkm 1 06paboTkm AaHHbIX. Bbl-
6op cteka ASP.Net Core (Backend) / Next.JS (Frontend) / PostgreSQL (B/) o60cHOBaH C No3uLMiA NPOV3BOAN-
TeNbHOCTY, HANNUNS 3pefbix 6UBANOTEK A8 HAaYUHbIX BbluncneHuii (B cesizke ¢ Python-cepericamu uepes REST/
gRPC), a Takxe BO3MOXHOCTEN AN CO3AAHUSA CIOXKHbBIX MHTEPAKTUBHBIX MHTepPdEencoB C peHAEePUHIOM Ha CTO-
poHe cepBepa (SSR), uTo KpUTKUHO ANa SEO 1 HauyanbHOW CKOpOCTY 3arpyski. OnpegeneHue Python B kavecTee
a3bika 419 Analytics Service n ML-Service 06ycnoBneHo ero JOMUHMpPYHOLLLE posbio B akocucTeme Data Science
N HaNnUMeM Takux 6ubanoTek, kak Rasterio, NumPy u PyTorch [9; 10].

SAKHO4EHUE

OCHOBHbIM pe3y/nbTaToM paboThl Ha AaHHOM 3Tane ABAseTca pa3paboTaHHas MOAyNbHas MUKPOCepBUCHas ap-
XUTEKTypa CMcTeMbl, 060CHOBaHHbIN BbIGOP TEXHONOMMYECKOr0 CTeKa 1 CO3A4aHHbIN PYHKLMOHANBHbBIA NPOTOTUM,
BK/ItOYaoLWMi kapkac backend-npunoxeHns n 6a3oBbii PpOHTEHA C MHTEPAKTUBHOW KapToi. Mocneaytowpe
nccnefoBaHna byAyT BKAKOUATb B Ceb6s nMoc/efoBaTelbHYI0 peann3aumio 3annaHMpoBaHHOrO GyHKLMOHanNa,
NHTerpaLuto ¢ KOHKpeTHbIMY ML-MogensMn 1 nposejeHne BCeCTOPOHHeN BanuAaLmm CUCTeMbl B peasbHbIX
yCN0BMAX TENIUYHOIo 1 NONEBOro arpornpon3BoACTBa.
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JNA WATUPOBAHUS: AHHOTALIMA

MapTusHoBa A.C., baliueposa A.P.
PernoHansHas anddepeHuma- Mpobnema anddepeHumau 3apaboTHOM NAaTbl OCTAETCH K/IHOHEBOM B UCCNe40BaHMAX
Lws 3apaboTHOI NnaTel B Poccnn: coumanbHO-3KOHOMMUYECKOro pasBUTUS. B Poccum AaHHbI BoNpoc nprobpeTaeT ocobyto
PpU4VHbLI 1 nocneAcTeus. Global OCTPOTY U3-3a 3HAUUTENBHOIO PErvOHaNLHOrO HEePaBEHCTBa, KOTOPOe SBNSETCA OAHUM
Agricultural Research. 2026;1:5.

13 CaMbIX BbICOKMX CPEAM KPYMHbIX MUPOBBLIX 3KOHOMUIK. Lienbto gaHHOro nccnesoBaHus
SIBASIETCSH KOMM/IEKCHbIA aHanun3 katueBbiX $akTopoBs, onpesenstolnx anbdepeHum-
aumo 3apaboTHONM NnaThl B POCCUIACKMX PEFMOHAX, U OLEeHKa UX BAVSHUS Ha YPOBeHb
[LOXOAHOro HepaBeHcTBa. MccnesoBaHme BhISIBASIET Cepbe3Hble CoLManbHO-3KOHOMU-
yeckre NoCeACTBUSA CIOXMBLLEACS AUCIPOMNOPLMN: YCUNEHNEe MUTPALMOHHOMO OTTOKa
KBaNMOULIMPOBaHHbIX KAZPOB 13 eMNpPecCUBHbIX PErMOHOB 1 CTPYKTYPHbIE MepeKkockl Ha
o6LLeHaLVOHaNbHOM PbIHKE TPyAa. AHaN3 CTaTUCTUYECKUX AaHHBIX U CYLLECTBYHOLLMX
TeHAEHLMI NO3BOJISIeT KOHCTAaTUPOBATb, UTO CIOXKMBLLEECS MEXPETVMOHANIbHOE Hepa-
BEHCTBO B Or/iaTe TPyAa He TOIbKO COXPAHSIETCsl, HO U MMEEeT TEHAEHLMIO K YCUNEHUIO,
HecMOTps Ha NpPeANpPUHIMaeMble Mepbl FOCYAapCTBEHHOMO PEryIMPOBaHUS.

KNHYEBBIE CJIOBA: 3apaboTHas naaTta, cpegHeMecsivHasn 3apaboTHas naaTta, J0X0oA4b! Hace-
NeHVisi, pervioHasbHble pasnunyus, GakTopbl, permoHanbHas gnddepeHumaLms, MexoTpac-
NeBble pasnyKis, coLmanbHo-3KOHOMMYeCK e NoCNeACTBIS
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ABSTRACT

The issue of wage differentiation remains a key topic in socio-economic development
research. In Russia, this problem is particularly acute due to significant regional ine-
quality, which is among the highest among major global economies. The aim of this
study is a comprehensive analysis of the key factors determining wage differentiation
across Russian regions and an assessment of their impact on the level of income in-
equality. The research reveals serious socio-economic consequences of the existing
disparity: increased outmigration of skilled labor from economically depressed re-
gions and structural distortions in the national labor market. An analysis of statisti-
cal data and existing trends indicates that the established interregional inequality in
wages not only persists but also shows a tendency to intensify, despite the ongoing
measures of state regulation.

KEYWORDS: salary, average monthly salary, income of the population, regional differ-
ences, factors, regional differentiation, intersectoral differences, socio-economic con-
sequences
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PernoHanbHas gnodepeHumaumsa 3apaboTHol nnatel B Poccun: A.C. MapTusiHoBa,
MPUYVIHBI U MOCNeACTBUSA A.P. BalivyepoBa

BBEEHUE

Mpobnema anddepeHumaL 3apaboTHOM NaaTbl OCTaeTCA OAHOM M3 Hambosee akTyanbHbIX U MHOMOrPaHHbIX
B COBPEMEHHbIX COLMaNbHO-3KOHOMUYECKMX UCCefoBaHNsSX. B ycnoBUAX pblIHOUHOM 3KOHOMUKM HEPABEHCTBO
B onnaTe TPyAa, C OAHOM CTOPOHbI, BbIMOHAET CTUMYUPYIOLLYIO GYHKLMIO, CUTHANN3MPYys 0 BOCTPE6OBaHHOCTY
TeX UM UHbIX KOMMETEHLNIA, a C APYroii — ABASETCH KAHYeBbIM MHAMKATOPOM COLMaIbHOIO Pacc10eHNst 1 SKOHO-
MUYeCKO HecTabunbHOCTK B obLlecTBe. CoBpeMeHHas KapTuHa anddepeHumaumm 3apaboTHbIX naaT B Poccumn
XapakTepusyeTcs CI0KHbIM nepernsieTeHnemM GakTopoB, yHacne[0BaHHbIX OT NMJaHOBOM 3KOHOMMWKM, 1 HOBbIX TeH-
JAeHLNIA, NOPOXAEHHbBIX PbIHOYHBIMW OTHOLLEHUSMU. TPagMLMOHHO B $OKyce Hay4HOro coobLLecTBa HaxoAsaTCs
Takue JeTepMUHAaHTbI, Kak oTpacineBast 1 perroHanbHas cerMeHTaumst pbiHKa Tpya, 06yCcnoBeHHas CbipbeBOi
OpUVeHTaLMelr 3KOHOMUKN 1 3HAYUTENIbHOM NMPOCTPAHCTBEHHOW HEOAHOPOAHOCTbIO. Llenbio HacTosLwero nccne-
JOBaHWS ABASETCA KOMMIEKCHbIA aHanu3 kato4eBbix GpakTopoB gnddepeHumaumm 3apaboTHOM naaTel B Poccnn
1 OLUeHKa MX COBMECTHOMO BAUSIHUS Ha YPOBEHb JOXOAHOIO HepaBeHCTBa. /111 ee AOCTVXKEHVS BaXKHO MpoaHa-
NM31PoBaThb AMHAMUKY 1 COBPEMEHHYIO CTPYKTYPY AnddepeHumaumm onnatel TpyAa B CTpaHe Ha MakpoypOBHe.

Ha cerogHAWHWI geHb Poccnst AeMOHCTPUPYET OA4VH 13 CaMbIX BbICOKMX YPOBHEN perrnoHa bHOro HepaBeHCTBa
B OnjiaTe TpyAa CpeAn KPYMnHbIX SKOHOMUK MM1Pa, YTO NpeAcTaBfseT cobol cepbe3Hyto NpobaemMy Ansa cbanaHcu-
POBaHHOIO TepPPUTOPMANBHOrO PasBUTUSA CTpaHbl. COrnacHo AaHHbIM ®PefepanbHON CyX6bl FOCYyAapCTBEHHOMN
CTaTUCTUKKM 33 MapT 2025 roga pa3pbiB MeXay permoHaMum ¢ MakCUManbHOM Y MUHUMaNbHOM CpeAHeMeCcsaYHOM
3apaboTHoOl nnaton goctur 4,3 pasa: B MockBe 3TOT nokasaTenb coctasnset 188 977,7 pybneii, Torga kak B Pe-
cny6nunke NHryweTns - nnwb 44 328,8 pybnein, Takasd 3HaunTenbHasa anddepeHumaums obycioBaeHa CI0XHbIM
coyeTaHVIieM 3KOHOMUYECKMX, reorpapuyecknx N MHCTUTYLMOHAaNbHbIX GaKTOPOB, aHaAn3 KOTOPbIX MpeAcTaBs-
NSIET 3HAYNTENbHBIN Hay4YHbIN 1 NpakTUYecknin nHtepec (Taénuua 1) [1-3]:

Tabnvua 1
CpeaHeMecsuHasn 3apaboTHas niaTa B cy6bekTax Poccum

Table 1
Average monthly salary in the Russian regions

Ne n/n Cy6bekT PO 2024 2025 (mapT)
1. MockBa 162 571,70 188 977,70
2. CaHkT-MeTepbypr 110 4731 118 565,7
3. MockoBckast obnactb 99 204,9 110 253,5
4. TNeHunHrpagckas obnactb 82 025,8 89 881,4
5. TroMeHckasa obnactb 81678,8 89 386,0
6. Tynbckas obnactb 73 868,0 80 386,0
7. Pecny6nuka bypatusa 72 925,8 78 083,1
8. Pecny6nuka bawkopTocTaH 67 587,6 71 600,9
9. Pecnybnuka Antai 63 529,3 66 395,7
10. Pecnybnuka Agbires 56 300,8 60 432,4
1. CTaBpONOLCKUIA Kpal 57 182,7 59 393,2
12. OpnoBckasi obnactb 56 133,5 59 225,3
13. MBaHoBCKasA obnactb 497225 53 363,4
14. Pecnybnuka JarectaH 44 639,2 47 9041
15. Pecny6nvka VHryweTtns 40 587,6 44 328,8
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OCHOBHOW NPUYNHOM TakMX PervoHanbHbIX Pasnyuii B 3apaboTHON nnaTe ABASETCA crneumanmsayms n oc-
HOBHble OTPAC/N 3KOHOMUKW CybbekTa. B CbipbeBbIX pervoHax, Takmx kak TroMeHcKkoi 1 Tynbckon obnacTsx,
fiImano-HeHeukom AO, XaHTbl-MaHcuinckom AO, HeHeukom AO 1 MHbIX, ZOMUHUPYHOLLMM 1 OCHOBHbIM SIBASIETCS
AO6bIBaOLLNA cekTop, obecneynBatoLLMiA BbICOKYHO A06aBNEeHHY CTOMMOCTb M 3apnaaTbl Ha 80-120 % Bbliwwe
cpepHepoccniickmx [4]. Takke HemManoBaXxHYH Posib UrpatoT oTpacv 06pabaTbiBatoLLLErO NPON3BOACTBA, BKIO-
4Yas MalUMHOCTPOEHME, XMMNYECKYH MPOMBILLJIEHHOCTE U MeTaNypruto, rae 3apnaatbl 6/M3KM K cpegHemy
YPOBHIO MO cTpaHe. [pn 3TOM B arpapHbIX pernoHax, Takmx kak CTaBponosibCKuin Kpaii, ViBaHoBckas 1 OpnoBs-
ckas obnactu, n genpeccmBHbIX obnactax LleHTpanbHon Poccnn goxogbl Ha 20-40% HuxXe cpesHepoCCUncKmnx
nokasaTesnen 13-3a HU3KOW MPOU3BOANTENbHOCTU TPYAa B CE/IbCKOM XO3SMCTBE N NIErKOW MPOMbILLIEHHOCTH,
KOTOpble ABASIOTCA OCHOBHBIMU HarnpaB/ieHUaIMN Taknx cyobekToB. JedbnunT MHBECTULMIA B MOAEPHMU3ALMI0
NPOWN3BOACTB 1 pa3BuUTMe NHPPACTPYKTYPbI, @ TakxKe crabas anddepeHumanms 3KOHOMUKM OrPaHNYNBAKOT BO3-
MOXHOCTW 3KOHOMMYecKoro pocTa [5]. HarnsgHo Takne pasnnuuvst B 3apaboTHOI niate MOXHO paccMoTpeTb
B Tabnuue 2:

Tabnuua 2
CpeaHeMecsiuHasi 3apaboTHasi nnaTa B Poccum no otpacniam 3a 2022-2024 roapl

Table 2
Average monthly salary in Russia by industry for 2022-2024

OTpacnb 2022 2023 2024 2024 k 2022 B %
PacTeHVeBOACTBO 1 XMBOTHOBOACTBO 41 993,70 48 840,40 59 833,70 142,48
J1ecoBO/ACTBO 1 N1€C03aroTOBKN 48 327,20 53 542,80 63 792,20 132,00
Jobblya HedTN 1 NpMpPOAHOro rasa 165 623,80 180 947,00 217 949,80 131,59
[Jlobbiva nonesHbIX NCKoMmaeMblxX 77 562,00 89 697,30 105 325,90 135,80
Mpon3BOACTBO XMMUYECKMX BELLLECTB 1 MPOAYKTOB 75 282,50 87 872,90 105 835,00 140,58
CTponTenscTeo 57 849,20 69 235,20 81 418,70 140,74
O6paszoBaHue 48 400,20 54 314,80 62 914,60 129,99
JeaTtenbHoOCTb B cdhepe 34paBOOXpaHeHs 57 460,60 63 880,40 74 585,20 129,80

leorpadumyeckoe NonoXeHNe PervoHOB TakXXe OKasbiBaeT CyLleCTBEHHOe BAVSHME Ha YPOBEeHb AOXOA0B Hace-
neHus [6]. CeBepHble 1 fanbHEBOCTOUHbIE CYy6BbEKTbI TPAAULIMOHHO XapakTepu3yoTcs NoBbILLEHHbLIMY 3apa6oT-
HbIMW NnaTamu 61arogaps NPUMEHEeHU0 paioHHbIX KO3PGULMEHTOB B AMnanasoHe oT 1,5 4o 2,0, npr3BaHHble
KOMMEHCMPOBaTb C/IOXHbIE YCI0BUSI TPYAA, TEM CaMbIM CO3at0T AOMONHUTENbHLIV AMcbanaHC B onnate TpyAa
MeXay perrnoHamu. B To xe Bpemsi NpuUrpaHnYHble 1 genpeccrBHble parioHbl CTaNKMBAKOTCA C Npob6ieMoin H3-
KNX AOXO/Z0B, UTO CBA3AHO CO C/1ab0o TPAHCMOPTHOM MHPPACTPYKTYPOA, HU3KNM YPOBHEM Pa3BUTUS U BHejpe-
HUS HOBbIX TEXHOJIOTUI, HEAOCTAaTOUHON AnddepeHLmayen 3KOHOMUKA N OrPpaHNYEeHHON NHBECTULVIOHHOM
NnpuBAeKaTeNbHOCTLIO 3TUX TEPPUTOPUTA.

EWé ofHMM BaxkHbIM GakToOpoM AnddpepeHumaLnm BbICTyNaeT cucTeMa MexXO4KeTHbIX OTHOLLeHWI. Perno-
HbI-AOHOPBI, B 4aCTHOCTM MockBa, TaTapcTaH 1 CaHkT-MeTepbypr, KOHLIEHTPUPYIOT 3HaUMTeNbHble GMHAHCOBbIE
pecypchbl, TOrAa kak AoTaLMOHHble Cy6bekTbl, 0cobeHHO Ha CeBepHOM KaBkase, B 3HaUMTeNIbHOV CTemneHn 3aBu-
cAT OT dpefepanbHbIX TPaHCHEPTOB, UTO 06LEKTUBHO OrpaHMyMBaeT BO3MOXHOCTX pocTa AOXOA0B HaceNeHus
N B LLe/IOM YPOBHS XMU3HU.

PervioHanbHoe HepaBeHCTBO B ornJiate Tpyza NMopoXAaeT paj cepbe3HbIX CoLManbHO-3KOHOMUYECKNX Nocnes-
CTBUIA. Hanbonee 3HaUMMbIM N3 HUX IBASETCA MUTPALMOHHbIA OTTOK HaceneHns 13 AenpeccuBHbIX PerMoHoB
B K/lloUeBble CybbekTbl CTpaHbl. CornacHo nccnegosaHnam HHIY vmeHun H. U. JlobaueBckoro, exerogHble mno-
Tepu TPYAOCMOCO6HOro HaceneHus B Taknx cybbekTax ans Poccnm coctaBnstoT 1,5-2 % oT o6Leil YnCIeHHOo-
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ctw [7]. ApyryM 3HAaUMMBIM MOCNEACTBUEM CTAHOBUTCA HEPABHOMEPHOCTL COLMANbHO-3KOHOMUYECKOTO pPa3Bu-
TWUSI, KOTAA OTCTAlOLLME PEFMMOHBI MOMaZatoT B «/10BYLLKY HEAOPA3BUTUS», TEPSIt BO3MOXHOCTb CAMOCTOSITE/IBHO
npeozoneBaTb 3KOHOMMYECKOe OTCTaBaHMe.

3HaunTenbHas pervoHanbHas guddepeHumayma oxon0B B Poccum npeactaBnset CO60 Cepbe3Hyo CUCTeEM-
Hyt0 Npob6sieMy, OKa3bIBalOLLYO KOMIMIEKCHOEe HeraTMBHOEe BO3JeliCTBME Ha COLMaNbHO-IKOHOMMYECKoe pas-
BUTME CTPaHbl. Ype3MepHbI pa3pbiB B YPOBHE 3apaboTHbIX MaaT MexAy pervoHamu nNpuBOAUT K MacCoBOM
MUrpaummn TPyAOCNOCOBHOro HaceneHns 13 AenpeccuBHbBIX TEPPUTOPUI, YTO ycyrybnseT gemorpaduyeckme
AncbanaHcbl 1 co3gaet edbununTt KBandnLMpoBaHHbIX KaAPoB BO MHOTMX Cy6bekTax [8; 9]. CnoxmBLUasics cuTy-
auus Bbi3blBaeT cepbe3Hble CTPYKTYPHbIe Nepekochl Ha pbiHKe TpyJa 1 B MHBECTULIMOHHON chepe. HabntogaeTcs
nepeHacblILLieHVe TPYA0BbIMY pecypcamMu B CbipbeBbIX pervoHax npyv oAHOBPEMEHHOM VX AeduLmTe B APYrmX
cybbekTax Poccum, UTO NCKaXaeT KOHKYPEHTHYIO cpejy 1 CHUXaeT 06LLyo 3G deKTUBHOCTb SKOHOMUKMN.

[nsa peweHns npobnemMbl pernoHanbHon guddepeHumaumy 3apaboTHON NaaTel TpebyeTcss KOMMEKCHbIN Noa-
X0Z, BKOUAOLLNIA Mepbl Kak Ha desepanbHOM, Tak Y Ha perMoHanbHoOM ypoBHsix [10]. KntoueBbiMy Hanpasne-
HUAMW NOAUTUKN JOXOAOB MOMN 6bl CTaTb COBEPLLUEHCTBOBAaHME CUCTEMbl MEXOI0/XKEeTHOro peryimpoBaHus,
pa3sBuTMe CneLmanbHbIX SKOHOMUYECKMX 30H B OTCTaIOLLMX PErMOoHaXx, peannsaums nporpamMmm CTUMYAMPOBaHNS
BHYTPEHHel TPyA0BOM MUrpaLMK, a Takxke co3AaHune YCI0BUi AN AnBepcnduKaumm permoHaabHbIX 3KOHOMUK.
Ocoboe BHMMaHe CTOUT yAennTb paspaboTtke agndpdepeHLpoBaHHbIX MOAXOLOB K PEryNMPOBaHNI0 MUHUMaNb-
HOro pasmepa onsaTtbl TPyAa, Tak Kak ee COBpPeMeHHas CMcTeMa yCTaHOB/IeHUs Mo Bcelr Tepputopuun Poccum
He Yy4YMTbIBaeT CyLLeCTBEHHbIX Pa3/INYnNii B CTOMMOCTU XU3HU MeXAY PerMoHaMu, YTo 3HAUUTENIbHO CHUXKaeT
3$deKTUBHOCTb AaHHOM Mepbl COLManbHOM NOAAEPXKN. B ycnoBumsx, Korga notpebutenbckas Kop3nHa B Mo-
CKBE 1 CeBepPHbIX PernoHax MoxeT 6biTb Ha 40-60 % AOpoXe, YeM B LieHTPasbHbIX 1 FXKHbIX 06/1acTsX, e ANHbIN
MPOT ¢akTnueckn obecneymBaeT pasHbli YPOBEHb COLMANLHOWN 3alUMTbl B Pa3fIMYHbIX CyObekTax CTpaHbl.
OnbIT Takmx cTpaH, kak CLUA (rage MMHMManeHasa 3apniaTta BapbupyeTcs Mexay WwraTtamu) n Kutaii (c ero npo-
BMHLMANBHBIMU HOPMaTBaMK), NokasbiBaeT 3¢ dbekTUBHOCTEL NOZ06HOro Noaxoaa. B poccniicknx ycnosusax ato
0COBEHHO aKTya/lbHO A/ CEBEPHbIX TEPPUTOPUIA C BbICOKOM CTOMMOCTBIO XUN3HU 1 arpapHbIX PErMoHOB C HU3-
KO NPON3BOANTENIbHOCTBLIO TPYAQ.

Taknm obpasom, NpoBeseHHOe nccneoBaHme pervoHanbHolm anddepeHumanm 3apaboTHor nnatbl B Poccmn
BbISIBU/IO YCTOVYMBYIO U Fy6OKYH CTPYKTYPHYH NMpob6aemMy, OKa3biBatoLLyt0 KOMMAEKCHOe HeraTuBHOE BO3Jei-
CTBME Ha COLManbHO-3KOHOMMYECKOe pa3BuTMe CTpaHbl. AHaIN3 CTaTUCTUYECKUX AAHHBIX U CYLLLeCTBYHOLLNX
TeHAeHUWI NOo3BONSET KOHCTAaTMPOBaTh, UYTO CNOXMBLLEECH MeXpervoHalbHOe HepaBeHCTBO B onsate TpyAa
He TO/IbKO COXPaHSAeTCs, HO 1N UMeeT TeHAEHLUMIO K YCUIeHWIo, HECMOTPSA Ha npeAnpuHMaemMble Mepbl rocy-
AAapCTBEHHOro peryanposaHus. OCHOBHbIMY GpakTopaMu, CNOCOBCTBYHOLLMMM COXPaHEHWIO 1 YTYy6eHNIo pern-
OHa/lbHbIX ANCNPOMNOPLMY, BbICTYNAlOT: CbipbeBasi OPMUeHTaL A 3KOHOMUKN psja TeppUTopul, HeAocTaTouHas
AnBepcrdrKaLms NPOU3BOACTB B arpapHbIX M MPOMBbILLIEHHbBIX PErMoHax, a Takxke coxpaHstowmecs nHdpa-
CTPYKTYPHble orpaHunyeHuvs. na pelueHns psga npobiem Heob6XoAMM KOMMIEKC rocyAapcTBeHHbIX Mep, pea-
N3aums KOTOPOro No3BOAUT He TOJIbKO COKPaTUThb CyLLeCTBYHOLLME ANCAPONOPLIMN, HO 1 CO34aTb YCI0BUA ANS
6onee cbanaHCMPOBAHHOIO TEPPUTOPUNATBHOIO PA3BUTUS CTPAHbI.

SAKJIHO4EHUE

B cTaTbe npoBeAeH KOMMAEKCHbIN aHann3 npobaemMbl TepputTopmnansHol gnddepeHumaLmm yposHs 3apaboT-
HoW nnaTbl B Poccuiickor Pegepaunn. ViccnegosaHne NoATBEPANIO, UTO PervoHasibHOe HepaBeHCTBO B onaTte
TPpyAa NpeacTaBaser coboi yCTONUMBYO CTPYKTYPHYHO Npobiemy, 0KasbiBatoLLytO CUCTEMHOE HeraTMBHOE BO3-
AelcTBMe Ha CoLManbHO-3KOHOMMYECKOe pasBuTMe CTpaHbl. MNofyveHHble pesyabTaTel NOKasanu, UYTo kituye-
BbIMU AeTepMUHaHTaMM COXMBLUEroca AncbanaHca BbICTYNatoT CbipbeBas OPUEHTaLMSA SKOHOMUKN BeAYLLINX
pernoHoB, HeAoCTaTouHas AnBepcrndrKaLmMs NPOU3BOACTB B arpapHbIX 1 MPOMbILLIEHHBIX CybbekTax, a Takxe
coxpaHsLLmecs NHPPACTPYKTYpHble U reorpapuyeckme orpaHNYeHus. YCTaHOBIEHO, YTO AOMUHUPYHOLLMIA
dakTOp - oTpacnesas cneymannsaums, YTo Harna4HO AeMOHCTPUPYET pa3pbiB B A0X0AAX MexXay paboTHMKaMum
A06bIBalOLLEro CeKTopa 1 CenbCKoro xo3arcrea. CounanbHO-3KOHOMUYECKE MOCNeACTBUSA, TakMe KaK UHTeH-
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CYBHaa MUrpaLms TPYAOCNOCOBHOro HaceneHWst U yCuieHe TeppUToOpUanbHbIX AUCNponopuunii, dopmupyoT
«I0BYLLKY HE,OPA3BUTUS» AN AeNPeCcCUBHBIX PErMOHOB, CO3AaBast 3aMKHYTLIV Kpyr HepaBeHCTBa. B kauecTBe
nepcrneKkTUBHbIX HaMpaBAeHUR Ana ByAyLLNX UCCefOBaHUI LienecoobpasHo BbIAENUTb Yryb/eHHbI aHanuns
3$PeKTUBHOCTM creumanbHbIX SKOHOMUYECKUX 30H B OTCTaKLLMX PervoHax, a Takke MoAennpoBaHue Aon-
FOCPOYUHbIX MOCNeACTBUIA AnddepeHLMPOBaHHOM NOAUTUKM AOXOAOB Ha BbipaBHVBaHWE MPOCTPAHCTBEHHOMO
pa3BUTUS 1 CTaBUAN3ALMI0 MUTPALMOHHBIX MOTOKOB.
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Lndposursaumsa cenbckoro AHHOTAUM"

X0341iCTBa: NpuMeHeHne IoT
1 MaLLMHHOTO 06yYeHNs B ycn10BuMsiX r106a1bHOro M3MeHeHMs kKanmmaTta 1 pocTa Crnpoca Ha NpoA0BOIbLCTBUE LNd-
AN NOBbILLEHNA 3 PeKTNBHOCTH POBbIE TEXHONOMMM CTAHOBATCA KOUeBbIM GaKTOPOM YCTOMUMBOrO Pa3BUTUS arponpo-
ynpasneHus nocesamu. Global o .
Agricultural Research, 2026;1:6. MbILLJIEHHOrO KOE/II'II]EKC& B HacTosLen paboTe nccneayeTcs NHTErpaLmsa TEXHOOM M
nHTepHeTa Belueii (IoT) 1 MeTOZOB MaLLMHHOIO 06yYeHUs B NPOLIECChl ypaBaeHus noce-
BamMu. Llenb nccnegosaHvis: paspaboTaTb 1 MPOTECTUPOBATL MPOTOTUM MHTENNEKTYaIbHOMN
CUCTEMbI MOHUTOPWHIa arpopoHa, CoCobHO NPOrHO3MPOBaTh MOTPEBHOCTL B OPOLLEHNM
1 BHECeHWNN yA06peHNIA Ha OCHOBE AaHHbIX C 4aTHNKOB NMOYBbI, METEOCTaHLNA 1 CYTHNKO-
BbIX M306paXkeHWii. B xoje NoseBoro skcneprMeHTa Ha OfbITHOM Y4acTke MoLaApto 5 ra
B CTaBpOMo/bCKOM Kpae bblna cobpaHa cepus aHHbIX O B@XHOCTY MOYBbI, TeMnepaTtype
Bo3ayxa 1 nHaekce NDVI. ViccnegosaHme nposoaniock B 2024 r. C nOMOLLbIO a/iroputMa
cnyyaiiHoro neca (Random Forest) #0CTUIHYTa TOUHOCTb MPOrHO3a NOTPEGHOCTY B NMO/VBE
92 %. Pe3ynbTaTbl MOKasaau, YTO KOMBVHMPOBAHHOE 1CMo/b30BaHve 10T 1 MalUMHHOro
06y4YeHNst MO3BOJIAET COKPATUTh PACXos BOoAbl Ha 18 % 1 MOBLICUTE YPOXXaNHOCTL MLue-
HULbI Ha 12 %. MNony4YyeHHble AaHHble MOATBEPXAAIOT MPaKTUYECKYH 3HaUYMMOCTb Mpej-
JIOXXE@HHOrO MNoAX0Aa ANsi BHEAPEHVA B Masible U CPeAHNE CeNbXO3MpeanpuaTus.

KNHYEBBIE CNIOBA: LdpoBOE CenbCekoe X0351MCTBO, MHTEPHET BELLEN, MaLLMHHOE 06y4eHMe,
TouHoe 3emnegenue, NDVI, opoLueHme, ypoxanHOCTb
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Art. 6

Valentina S. Lepihina *, Dmitriy V. Shlaev

Stavropol State Agrarian University, Stavropol, Russia

ABSTRACT

Amid climate change and rising global food demand, digital technologies are emerg-
ing as a critical enabler of sustainable agricultural development. This study explores
the integration of Internet of Things (IoT) and machine learning techniques into crop
management systems. Research Objective: To develop and test a prototype of an in-
telligent agro-monitoring system capable of predicting the need for irrigation and
fertilizer application based on data from soil sensors, weather stations, and satellite
imagery. A field experiment was conducted in 2024 on a 5-hectare plot in the Stav-
ropol Region, collecting data on soil moisture, air temperature, and the Normalized
Difference Vegetation Index (NDVI). A Random Forest algorithm achieved 92 % accu-
racy in irrigation demand prediction. The results demonstrate an 18 % reduction in
water consumption and a 12 % increase in wheat yield, confirming the practical appli-
cability of the proposed system for small- and medium-scale farms.

KEYWORDS: digital agriculture, Internet of Things, machine learning, precision farming,
NDVI], irrigation, yield
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BBEAEHUE

CoBpeMeHHbIli arpornpoMbilieHHbIl komnneke (AMNK) HaxoanTcs Ha nopore rny6okoli TpaHchopmaumu, 06-
YC/IOBNIEHHOV CTpemMuTenbHbIM pasButnemM LMGPOBbIX TexHoNorvin. Nepes MMPOBbIM CENbCKUM XO3ANCTBOM
CTOSAT BbI3OBbLI H6ecnpeLeseHTHOro MacliTaba: pocT MUPOBOro HaceneHus, U3IMeHeHne KIMaTa, Aerpajauuns
nous, AednUNT BOAHbIX PeCYypPCOB 1 HEOBXOANMOCTL 0becneyeHns NPOAOBONLCTBEHHOM 6€30MacHOCTY NpY O4-
HOBPEMEHHOM CHUXXEHUI 3KOornyeckoro cneaa [1]. B aTux ycnoBusx TPaAMLMOHHbIE MOAXOAbI K YIPaBNEHMIO
arpocucTeMamy, OCHOBaHHble Ha YCPeAHEHHbIX HOPMax M PeTPOCMeKTUBHOM OMbITe, YXe He obecneynBatoT
Tpebyemoii 3ddekTUBHOCTM. OTBETOM Ha 3TV BbI30BbI CTAHOBUTCS TOYHOE (MPeLn3NoHHOE) 3emiesenie, K-
UeBbIM 3/IEMEHTOM KOTOPOrO BbICTYMNAtT LbPOBLIE TEXHONOMUN - OT UHTepHEeTa Belueid (IoT) 40 MCKycCTBEH-
Horo uHTennekTa (M) [2].

3a nocnieaHue rogpl LMPOKOE PacrpoCcTpaHeHie Noayyniv Takme HarnpaBieHus, Kak yMHoe 3emnegenve (smart
farming) n undposoe cenbckoe xo3ancTeo (digital agriculture), koTopble NpeanonaraT UHTErPALMIO CEHCO-
poB, 6eCnUIOTHBLIX CUCTEM, 06/1auHbIX NAAaTGOPM 1 aNrOPUTMOB aHanM3a AaHHbIX A1s MPUHATUA 060CHOBAaH-
HbIX arpOTEXHOIOTMYECKUX PeLLleHnii B peansHOM BpeMeHn [3]. Oco6eHHO akTVUBHO Pa3BMBaETCS NPYIMEHeHNe
MaLUMHHOTO U ryboKoro oby4veHus aasi 06paboTky MynbTUCAEKTPaSbHbIX N306paXKeHn, MPOrHO3MPOBaHNS
YPOXaMHOCTW, ANArHOCTVKK 3a60/1eBaHNA 1 ONTUMU3aALUN pecypconoTpebneHuns [4]. HanprmMep, 1cnonb3o-
BaHWe CNYTHMKOBBIX AAaHHbIX, Takux kak nHAekc NDVI (Normalized Difference Vegetation Index), nossonser
06BEKTMBHO OLeHVBaTb COCTOSIHVE MOCEBOB, CTeMeHb VX CTpecca 1 NOTPebHOCTb B OPOLLUEHUW WA BHECEHUN
yAo6peHuii [5].

OfHaKo, HeCMOTPSA Ha OYeBMAHbIV NPOrpecc, peasbHoe BHejpeHMe LMOPOBbIX peLleHWiA B NPaKTUKY Cefb-
X03Mpou3BOANTENEeN, 0COBEHHO B MaJibiX N CPeAHUX XO3AMCTBaX, OCTaeTcs KpaliHe orpaHMyeHHbIM. Kak oTme-
YaloT NCCefoBaTeNN, CyLLLeCTBYeT Tak HasbiBaeMblli NapaZoKe YMHOrO 3eM/1ejenmns: HeCMOTPS Ha OYEBUAHYHO
3KOHOMWYECKYIO 1 3KONOTNYeCcKyto Bbirogy, pepmepbl HEOXOTHO NMepexoAsaT Ha HOBble TEXHOI0MMM 13-3a Bbl-
COKOW CTOMMOCTU, CZIOKHOCTU MHTerpaumm, Heaoctatka LndpoBbIX KOMAETEHLMIA 1 OTCYTCTBUA JOBEPUS K ai-
ropUTMUYECKUM pekoMeHAaLmsaMm [6]. KpoMe Toro, 60/bLUIMHCTBO CYLLECTBYIOLMX KOMMepUYecknx naatdopm
OpPVEeHTVPOBaHbI Ha KPYMHble arpoXoaANHIN U He ajanTUpoBaHbl K cneundrike permoHaabHbIX arpocucTem,
ocobeHHO B ycnoBusax CesepHoro KaBkasa, rae npeobnagatot HebobLLUMe X039MCTBa C OrpaHnYeHHbIMU u-
HaHcoBbIMK pecypcamu [7]. KOHTEKCT 0603HauaeT Hay4Hbli Npo6en: HexBaTKy AOCTYMHbIX, MacliTabupye-
MbIX U MeTOAMYECKM MPO3PayHbIX peLlueHUid, coveTalowmx TOYHOCTb MPOrHO3MPOBaHNA C 3KOHOMUWNYECKON
AOCTYMHOCTbIO. BOMBLUMHCTBO Ny6aAMKauui cocpefoTodeHo nMbo Ha TeopeTnYecknx MoAensix, MMbo Ha fo-
POrocToALMX MUAOTHBIX MPOeKTax, He MOAAAILNXCA penankaumn. B To xe BpeMs noTeHUman rmubpuaHbIx
cucTeM, 06beAUNHALWIMX Hegoporve [oT-4aTumky, oTKpbITbie CMYTHUKOBbIE AaHHble (Hanpumep, Sentinel-2
ot Copernicus) n NpoBepeHHbIe aNroOPUTMbl MALLVMHHOIO 06Y4YeHNs, OCTAETCA HeAOCTaTOYHO UCCeL0BaHHbBIM
B NpukaagHoM acnekTe [8].

Llenbto HacTosLlero nccneAoBaHns ABAAETCA pa3paboTka M aKCnepuMeHTanbHas BepupuKaumns NHTENeKTy-
aNbHOM CUCTEMbl MOHUTOPUHIa arpopoHa, CNoCob6HOM MPOrHO3MPOBaTh NOTPEOHOCTL B OPOLUEHUN N BHece-
HUW yA06PEeHNIA HA OCHOBE MHTerpaumm AaHHbIX C 4aTYMKOB MOYBbI, METEOCTAaHLMIA U CMYTHUKOBbLIX MHAEKCOB
pacTUTeNbHOCTN.

Anst focTVKeHMA Lenn 6bliv NOCTaB/eHbl caeaytoLime 3agaun:

1) cobpaTb 1 06paboTaTb MACCUB AaHHbIX C UCMO/b30BaHeM I0T-MHGPACTPYKTYPbI U OTKPbLITbIX ANCTAHLVOH-
HbIX NUCTOYHMKOB;

2) pa3paboTaTb 1 06yunTb MOAENb MALMHHOMO 06YYeHUs A1si MPOrHO3a arpoTEXHONOrMYEeCcKUX Meponpus-
I,

3) MpOBecTV IKCMEPUMEHT 1 OLIEHUTb arpOHOMUYECKYHO (YPOXKaMHOCTL) 1 SKOHOMUYECKYHO (pacxos Boapl, yAO-
6peHnin) 3bPeKTUBHOCTL CUCTEMBI;

4) npoaHanM3npoBaTb BO3MOXHOCTU TUPAXMPOBAHUS PeLUeHUs B YCIOBUSX MasblX CeNbX03MpeAnpusTuii
CTaBpoOnosibCKOro Kpasi.

GLOBAL AGRICULTURAL RESEARCH | No 1/2026 Cr.6
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MATEPUAJIbI U METOAbI

Marepuanei n obopysoBanue:

O61BbekToM nccnefoBaHNS ABAANACh APOBas MNeHnua copTa «JlioTecueHc 62», BblpallyiBaemMasi B BeCeHHe-NeT-
HeM ce30He 2024 roga. MNnowaab yyactka - 5 ra, Tmn nouysBbl - YepPHO3EM 0O6bIKHOBEHHbI.

Ncnonb3yemoe obopyaoBaHue:

- IoT-gatumku BRaxHocTy nousbl Decagon EC-5 (Meter Group, CLUA);

- MeTeocTaHuus Davis Vantage Pro2 (Davis Instruments, CLLA);

- CNyTHMKOBbIE AaHHble Sentinel-2 (nnatdpopma Copernicus, EC);

- cepBepHas nnatpopma Raspberry Pi 4 Model B (Raspberry Pi Foundation, Bennko6putaHus);

- MO: Python 3.11 c 6ubnnoTekamu scikit-learn, pandas, rasterio; QGIS 3.28 aAna 06paboTkn reofaHHbIX.

Merogbi:

Ha nepBom 3Tane 6bina pasBepHyTa CeHCOpHas ceTb 13 10 y3/10B, paBHOMEpPHO pacnpeeneHHasi no nosto. JaH-
Hble C JaTUMKOB nepegasanvcb no npotokosy LoRaWAN Ha wto3 kaxasle 30 MUHYT U COXPaHANNCE B SIOKa/b-
HoU 6a3e gaHHbIX PostgreSQL. ExxeHegenbHO n3BNeKancb pacTpoBble n3obpaxeHns Sentinel-2 ¢ paspeLueHviem
10 M, Ha nx ocHoBe paccunTbiBanca NDVI. CoBokynHbI Habop faHHbIX BkAto4van 1200 3anucel no ciefyowmm
npusHakam: Temnepatypa Bosgyxa (°C), BnaxHocTb noussbl (% 06.), ocagkn (Mm), NDVI, dasa Beretauun.

N5 NporHo3a NoTpe6HOCTY B OPOLLEHUN NPUMeHsICca anroput™ Random Forest (100 gepeBbeB, MakcManbHas
rny6uHa - 10). O6yyatoLas Beibopka cocTaBnsna 80 % AaHHbIX, TecToBasi - 20 %. MeTpuKoli kavecTBa CiyxXuna
TouHOCTb (accuracy) v naowaas nog ROC-kpueoii (AUC). Mozenb cpaBHMBanach C NOMMCTUYECKO perpeccueit
1 TPAAVEHTHBLIM ByCTUHIOM (XGBoost). OLieHKa arpoHOMMYeckoli 3G PpeKTUBHOCTM MPOBOAMAACL MO ABYM MoKa-
3aTensiM: 06bEeM BOJbl, U3PACXOA0BaHHON Ha opoLlleHue (M3/ra), u ypoxaliHocTb 3epHa (u/ra).

OMUCAHWE MOAE/IU MALLIMHHOIO OBY4EHUA

B HacTosieM nccnefoBaHUM AN MPOrHO3MPOBAHWUS MOTPE6HOCTUM B OpoLUeHUN 6bina pa3paboTaHa Mogenb
Ha OCHOBe anropuTMa ciy4aiiHoro neca (Random Forest) [9]. 3Ta Mozenb 6bina Bbi6paHa Nocie cpaBHUTENbHO-
ro aHann3a HeckobKMX afirOPUTMOB MALLNHHOIO 06yYeHNs BBMAY €e YCTONUYMNBOCTU K LUYMY B A@aHHbIX, CNOCO6-
HOCTU paboTaTb C HENMHEMHbIMU 3aBUCUMOCTAMU 1 OTHOCUTENbLHOW NPOCTOThI HACTPOMKIN rMneprnapaMeTpoB.

ApxuTekTypa Mozenn Bkao4aeT aHcaMbnb 13 100 gepeBbeB peLleHUil, Kaxg0e 13 KOTOPbIX CTPOUTCA Ha Cy-
YaliHO BbIGPAaHHOM MOAMHOXECTBE 06yUaoLLMX AaHHbIX (MeToA 6yTcTpan-arpervpoBaHus). Kntouesoli ocobeH-
HOCTbIO aNropyTMa SIBASETCS C1yYaiHbliA BbI6OP MOAMHOXECTBA NMPU3HAKOB MPU MOCTPOEHUN KaXAOro ysna
fepeBa, UTO CHMKAeT KOPPensuno Mexay oTAe/bHbIMA AepeBbAMU U yay4llaeT 0606LLatoLLyto CNOoCO6HOCTb
mMozenu.

BXOZAHBLIMU MpU3HAKaMUN MOAENU ABASINCE CeytoLLve NapaMeTpsbl:

1) BRaXHOCTb NOYBLI (%) - N3Mepsinack C NnomoLysto gatunkoB Decagon EC-5 Ha rny6uHe 20 cwm;

2) TemnepaTypa Bo3gyxa (°C) - AaHHble meTeocTaHumu Davis Vantage Pro2;

3) wuHaekc NDVI (Normalized Difference Vegetation Index) - paccumTbiBancs no cnyTHUKOBbLIM N306paxeHNsM
Sentinel-2;

4) cymma ocajkoB 3a npeabiayline 7 aHeid (MM) - JaHHblE MeTeoCTaHLUMK;

5) d¢asa Beretaumu - 3aKOAMpPOBaHa Kak KaTeropuanbHasi nepemMeHHas (kyLleHue, BbIXOZ B TPy6Ky, KosoLle-
Hue, co3peBaHue);

6) CpeAHecyTOUHasi BNaXHOCTb BO3ayxa (%) — AaHHble MeTeoCTaHLUN;

7) conHeuHas pagnaums (MOx/M2) - faHHblE MeTeOCTaHLNK;
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BbIXOAHbLIM NapaMeTpoM MOZENM ABAAN0CH BMHAPHOE peLleHne 0 HEOBXOAMMOCTN opoLleHus (1 - TpebyeTcs
nonvs., 0 - NonvB He TpebyeTcsi). MoporoBoe 3HaueHVie ANsi MPUHATYS PeLLeHsi yCTaHOBIEHO Ha ypoBHe 0,5.

FMnepnapamMeTpbl MOAEN 6bIM ONTUMU3NPOBAHLI C UCMONb30BaHVEM MeToa NepekpecTHo nposepku (5-fold
cross-validation):

Konnuectso gepesbes B necy: 100.

MakcrmanbHas rnybuHa kaxgoro gepesa: 10.

MuHMManbHOe KONM4ecTBo 06pasyUoB AN pa3jenieHuns y3na: 2.

MnHMUManbHoe KonmM4vecTBo obpasuos B ncTe: 1.

KpuTtepuii pasgenenus: Ixunn (Gini impurity).

AW =

MakchManbHOe KONMYECTBO NPU3HAKOB AJ/11 PACCMOTPEHUS NMPU pasgeneHunm:
- Vn_features (rae n_features - o6Luee KONMYECTBO MPU3HAKOB).

Mpouecc 0byyeHnss MOAeN BKKOYaN CieaytoLume 3Tanbl:

1) c60p 1 npeagsapuTesibHas 06paboTka AaHHbIX (OUMNCTKA OT aHOMasIbHbIX 3HAYEHWIA, 3aMOIHEHME MPOMYCKOB
C CMOb30BaHNEM METOAA UHTEPMNONSALMN);

2) HOpManM3aums YMCNOoBbIX MPU3HAKOB C UCrosib3oBaHKeM Standard Scaler ans npyBeAeHNs BCeX NPU3HAKOB
K eIMHOMY MacLUTaby;

3) KoAMpoOBaHWe KaTeropuanbHbIX NpUsHakoBs (dba3a BereTaumm) c noMmolLlbo MeToga One-Hot Encoding;

4) pasgeneHune JaHHbIX Ha obydatoLyto (80 %) 1 TecToByto (20 %) BLIGOPKM C COXPAaHEHVEM BPEMEHHOIA Mo-
cnefoBaTeNbHOCTY;

5) o06ydyeHve MoAenn Ha ob6yudatolLei BbIGopKe C KpoCcC-Bannaaumen 48 onTMm3aLmmn rurneprapamMeTpos;

6) oOLeHKa KayecTBa MOAE/N Ha TECTOBOW BbIGOPKE C UCMONb30BaHNEM HECKOMbKMX METPUIK.

Ansa cpaBHeHus 3¢ dekTBHOCTU Mogenn Random Forest 6b111 Takke pacCMOTPeHbI a/ibTepPHaTVBHbIE aAropuT-
Mbl MALLVHHOFO 0byYeHNs:
1) noructuyeckas perpeccus (Logistic Regression);

)
2) MeToZ OnopHbIX BeKTOPOB (Support Vector Machine - SVM);
3) rpagveHTHbI 6YCTUHT (XG Boost);
4) nNoNHOCBA3HAA HEMPOHHAs CeTb C ABYMS CKPLITEIMU CNOSMU;
5) KpuTepumem Bbi6opa OKOHYATEbHOM MOAENN CAYXMUAN METPUKM TodHOCTK (accuracy), F1 - mepa v nnowass

noa ROC-kpueoii (AUC-ROC).

PE3YJIbTATDI

Pe3ynbTaTbl 3KCMNEPUMEHTANIbHOrO MCCNef0BaHNSA MOATBEPANAN 3$PEeKTVUBHOCTE MNPEeANOXKEeHHOro noAxoAa
K MHTerpaumm IoT-4aT4nKOB 1 CNYTHUKOBbIX AAHHbIX C aNrOPUTMaMy MalLMHHOIo obyveHuns. Mogesnb Ha OCHoBe
anropuTMa cnydaliHoro neca (Random Forest) NpoAeMOoHCTPUPOBana HaUBbICLLYHO TOUHOCTL NPOTrHO3MPOBaHMS
NnoTpe6HOCTY B opoLleHnm - 92 %, ¢ naowaabko nog ROC-kpueoii (AUC) 0,96. B cpaBHUTENEHOM aHannse apyrue
anropuTMbl MoKasanu ciegytoLme pesybTathl: rPaANEHTHbIN 6ycTUHT (XGBoost) - 89 % TouHocTu 1 AUC 0,93,
noructmnyeckas perpeccusi - 81 % TouHoct 1 AUC 0,85. Ans NnpakTMYeckoro npuMeHeHns 6bi1n ycTaHoBAEHbI
NOpPOroBble 3HaYeHWA NapaMeTpoB: CMCTeMa peKoOMeHyeT OpoLLeHMe TO/IbKO NPy OAHOBPEMEHHOM BbIMOJIHe-
HUW ABYX YCNOBUI — CHDKEHNW BAAXHOCTWU NOYUBbI HMXKE 22 % 1 nHaekca NDVI Huxe 0,65.

Mpw aHann3e BaXXHOCTW NpU3HaKkos B Mogenn Random Forest 66110 yCTaHOB/IEHO, UTO KJ/IlOYeBbIMY NapameTpa-
MW 415 NPUHATUA PeLLIeHst 0 MOoINBe ABAAKTCS BNAaXHOCTb NouBbl (42 %), nHaekc NDVI (28 %) 1 TemnepaTypa
Bo3ayxa (15 %). laHHbI coCTaB NPM3HAKOB COOTBETCTBYET arpOHOMUYECKMM 3HAHMAM O BOAHOM pexumMe pac-
TEHWI N NOATBEPXAAET KOPPEKTHOCTb MOCTpoeHus Mmogenu. Mpu 10-KpaTHOM nepekpecTHOV NpoBepke CTaH-
JapTHOE OTK/IOHEHVe TOYHOCTK cocTaBuno Bcero 0,02, UTo cBMAeTeNbCTBYET O BbICOKOW CTabuabHOCTU 1 0606-
LaroLLeri cnocobHOCTU Mogenu.

DKOHOMMYeCcKas N arpoHomuyeckas 3epPeKTMBHOCTb BHeAPEHWS pa3paboTaHHOW cucTeMbl NpeacTaBneHa B Ta-
6nuue 1.
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Tabnvua 1
CpaBHeHMe nokasartesieil B OMbITHOW 1 KOHTPOJIbHOW 30HaxX

Table 1
Comparison of indicators in the experimental and control zones

MokasaTtens OnbITHas 30Ha KoHTposibHasA 30Ha N3meHeHmne (%)
Pacxog Boabl, M3/ra 2450 3000 -18,3
YpoxaliHoCcTb, L/ra 42,5 37,9 +12,1
CTOMMOCTb BHECEHHbIX yaobpeHuiA, py6/ra 8200 9500 -13,7
KoappunumeHT sapmnaumm NDVI, % 14,3 19,1 -25,1
Jlons BpemeHn C ONTUManbHOWM BNAXHOCTbIO MOYBbI, % 86 64 +22,0

JONONHUTENbHbIN aHaNM3 NokasaTtesiei BbIABU/I 3HaUNTE/IbHOE Y/yYllieH e PaBHOMEPHOCTM Pa3BUTUA MOCEBOB
B OMbITHOV 30He. KoapduumeHT Bapraumm NDVI B OMbITHOM 30He CHU3WACA Ha 25,1 % Mo CpaBHEHMIO C KOHTPO/1b-
Holi (14,3 npotuB 19,1 %), UTO yKasbiBaeT Ha 60/lee rOMOreHHoe CoCTosiHME KynbTyp. CpeaHee 3HadeHve NDVI
B OMbITHOM 30He cocTaeuno 0,71 + 0,04, uTo Ha 8,2 % MpeBbILIAeT NnokasaTe/ib KOHTPOALHOW 30HbI (0,66 + 0,07).

MOHUTOPVHT BAAXHOCTM NOYBbI MPOAEMOHCTPMPOBAJ, YTO B OMbITHOM 30HE ONTUMabHbIA YPOBEHb BAAXKHOCTU
(22-28 %) nopzepxmrBanca B TeueHne 86 % BereTauMoHHOMO Nepuoaa, Toraa Kak B KOHTPOILHOM 30He 3TOT Mo-
KasaTteslb COCTaBUA NLLb 64 %. laHHOe NperMyLLEecTBO HanpsMyH CBA3aHO C TOYHOCTbIO Y CBOEBPEMEHHOCTbLIO
NMPUHATYSA peLleHnin 06 OpOLLeHM Ha OCHOBE MPOrHO30B pa3paboTaHHOM MoAenn.

BHeapeHMe LMdPOBOIA CMCTEMbI MOHUTOPUHIA U YNpaB/eHWsl Ha OCHOBE airopuTMOB MaLUMHHOIO 0by4YeHus
MO3BOJ/IN/IO He TOJIbKO CYLLECTBEHHO CHU3UTL Pecypco3aTpaThl Ha BOAY U YAO6PEHUs, HO 1 MOBbLICUTL MPOAYK-
TVMBHOCTb KyNbTypbl 3a c4eT 60/ee paBHOMEPHOro 1 ONTMMAaNbHOIO BOAHOMO pexrMa B TeYeHue Bcero Bere-
TaUMOHHOro nepuroga.

JanbHenwnin aHanns pesynbTaToB BbIABWA MHTEPECHbIe 3aKOHOMEPHOCTY, CBA3aHHbIe C CE30HHOW AMHaMUKON
3 PeKTUBHOCTM cncTeMbl. Hanbonbluas TOYHOCTb NPOrHo3vpoBaHus (94-95 %) Habntoganack B $pasbl BbIxoaa
B TPY6KY M KOMOLWEeHWs, Korga NoTpebHOCTb pacTeHWiA B BOAe MaKCMMasbHa N KPUTUYECKN BaxKHa Ans dop-
MNPOBaHUA ypoxas. B HauanbHble ¢asbl Beretaumm (KylleHne) TOUHOCTb cocTaBnsna 88-90 %, UTo CBA3aHO
C MeHbLUen YyBCTBUTENIbHOCTbIO APOBOM MLEeHNLbI K 4ePUUnTy Bnary Ha 3ToM atane 1 6onbLuein Bapmnabens-
HOCTbIO AaHHbIX C AaTYMKOB.

B xoze akcnnyaTaumm cucTeMbl 6bI710 BbISIBIEHO HECKOJIbKO TUMMUHBIX CUTyaLMiA, MpU KOTOPbIX MOAeNb AaBana

NOXHble cpabaTbliBaHWSA AN NPOMycKana HeKoTopble CObbITMA. OCHOBHbIE MPUUNHBI OLLUMBOK BKAKYANN:

1) peskune M3MeHeHUs MOroAHbIX YCI0BUIA (Mepexos OT 3acyLIMBOro Mepuoja K MHTEHCVBHBLIM OCazkaMm)
npwv HeZOCTaTOYHON YacToTe 06HOBNEHUS CMYTHUKOBBIX AAHHbIX;

2) nokafbHble MUKPOKINMATMYECKME 0COBEHHOCTA YUYacTKa, He OTpaXKeHHbIe B METEOAaHHbIX;

3) KpaTKkoBpeMeHHble c60u B paboTe OTAeNbHbIX 4AaTUMKOB BNAXHOCTU MOYBSI;

4) nepuogbl BbICOKOV 061aUHOCTY, 3aTPYAHSIIOLLME CBOEBPEMEHHOE MOJYYeHME CMYTHUKOBLIX CHAMKOB.

ANs MUHUMU3aLUMK TakrX OLIMBOK Bbla peannsoBaHa cucTeMa NocTobpaboTkmy pekoMeHAaumnii, BKAYatoLwas
MpoBepKy Ha NOMMYHOCTL U COMNacoOBaHHOCTL peLleHnli ¢ NpeablAyLL MY nepruogamu. 3To NO3BOANIO CHU3UTL
KOJINYECTBO JIOXHbIX CpabaTbiBaHWN Ha 38 % MPW COXPAHEHMM OCHOBHOW TOUHOCTU MPOrHO3MPOBaHKS.

CpaBHeHVe pe3ynbTaToB C aHaNI0rMMYHbIMWN NCCAeL0BaHVAMK B INTepaType nokasano KOHKYPeHTOCNoCObHOCTb
npeanoXeHHoro pelleHus. HanpumMep, B pabote Vazifedoust et al. (2022) coo6uuaeTcss 0 15 % COKpaLLleHUn
BOZHbIX PECypCcoB NpU UCMOAb30BaHNN CAYTHUKOBbLIX JaHHbIX A/19 YpaBieHNs OpOLUEeHVIEM B YC/IOBUSX 3acCyLu-
nveoro knumarta [10]. B uccnegoaHmm Maimaitijiang et al. (2022) gocturHyTo 10 % yBenndeHmne ypoxaiHocTu
3a CYeT NPUMEHEeHNs APOHOB M MaLUMHHOro 06yyeHuns [11]. Hal NoAxoA A4eMOHCTPUpYeT ConoCcTaBuMble U
6onee BbICOKME Nokaszateny 3GPeKTUBHOCTM NPU MEHbLUMX KanuTalbHbIX 3aTpaTax.
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LndpoBursaumsa cenbckoro xosancTea: npumeHeHmne IoT n MawMHHOIoO B.C. lennxuviHa,
0byyeHus 414 NosblLLeHNs 3PpGEeKTUBHOCTY ypaBieHs noceBamm [.B. naes

DKOHOMMUYECKNA aHaNn3 nokKasasn, YTo OKyrnaemMoCTb BHeJpeHUs cucTeMbl cocTaBnseT 1,8 BereTalMoHHbIX ce-
30Ha NpY TeKyLMX LeHax Ha BOAy M 3epHO B pervoHe. ObLupe 3aTpaTbl Ha pa3BepTbiBaHME CUCTEMbI Ha MoJie
nnowaasto 5 ra coctaeunm 98 500 py6., BkIoYas cTommocTs IoT-gatunkos (55 000 py6.), cepeepHoro o6opy-
AoBaHus (25 000 py6.) n NnporpaMMHyto peanmsauuto (18 500 py6.). SKOHOMUSA 3a NepBbIA Ce30H cocTaBmia 56
300 py6. 3a CHET CHMXXEHUSI PacxoioB Ha Boay (17 400 py6.), yaobpeHus (13 300 py6.) 1 NOBbILLIEHNS CTOUMOCTHA
ypoxas (25 600 py6.).

CTOUT OTMETUTb, UTO MOMMMO KONNYECTBEHHbIX MoKa3aTeNeli BbIABEHO YyUlleHe KauecTea 3epHa B OnbIT-
HOW 30He: yBennyeHne Hatypbl Ha 3,2 % (c 76,5 o 79,7 r/n) n cogepxanuns 6enka Ha 1,8 % (c 12,4 o 14,2 %),
UTO 3HAUUTENLHO MOBbILLIAET PbIHOUHYH CTOMMOCTbL MPOAYKLUA. ITO CBA3aHO C 60/1ee ONTUMAbHBIM BOAHbLIM
PEXNMOM B KpUTUUeckme dasbl GOPMUPOBaHUA 3epHa. JoNONHUTENbHBLIM NMPENMYLLIECTBOM CUCTEMbI SBISETCSA
BO3MOXHOCTb CO3ZaHNSA apX1Ba AaHHbIX A5 MOC/eAyHOLLEr0 aHaM3a Y ONTUMMU3ALMIK arpOTEXHONOTMMIA Ha Cie-
AytoLLMe Ce30HbI.

SAKJIO4EHUE

B xoae nccnefoBaHua pa3paboTaHa v BepuduUMpoBaHa NHTeNeKTyanbHas cMcTeMa MOHUTOPUHra arpo¢o-
Ha Ha ocHoBe I0T-AaTUMKOB, CNYTHMKOBLIX AaHHbBIX U MaLUMHHOIO 0by4YeHus, obecrneynBatoLLas cokpalleHne
pacxoza BOAbl Ha opoLueHue Ha 18 % 1 yBenuyeHne ypoxanHoCT! ApoBol NeHnLbl Ha 12 %. MpeanoxeHHas
CNCTEMA, OCHOBAHHAs Ha OTKPbITbIX AaHHbIX N HEJLOPOTMX CEHCOPaX, MPUMEHMMA Kak B KPYMHbIX arpOXOANHIaX,
Tak N B Manbix pepmMepcKmx X03sMCcTBaX, YTO CNOCO6CTBYET AOCTYMHOCTU LUPPOBbLIX TEXHONOMWIA A5 perno-
HanbHbIX MPOM3BOANTENEN. B nepcnekTnBe NiaHMpyeTcs paclupere GyHKLMOHana cCMcTeMbl 1 ee MHTerpaumns
B 0bnayHyto nnatdopmy Kak SaaS-peLleHune, 4To byaeT CnocobCcTBOBaThL AajibHelwel undpoBoi TpaHcpopMma-
umm ANK B pernoHax Poccun.
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AHHOTALLUA

Ha 6a3e nnatpopmel Arduino pazpaboTaHa MHPOPMaLMOHHO-3MePUTEIbHAsA CUCTEMA,
npeAHasHayYeHHas 419 BblNOJHEHUS 3KCNepUMEeHTabHbIX NCCIeA0BaHNM NOYBEHHO-
ro ranbBaHMyeckoro snemenTa (Mr3). M3 npegHasHayeH 419 NOCTPOEHUS SHEPro-
XapBeCcTepoB - UCTOYHVKOB NMUTaHNS 6eCNpPoBOAHbIX MOA3EMHbIX A4AaTYMKOB KAMMaTa
NoYBbl. JKCNEprMeHTaibHasa MHGOPMAaLMOHHO-M3MepPUTENbHAsA CUCTeMa NOCTPOeHa
C MCMO/1Ib30BaHeM MUKPOKOHTPOJIIEPHOIO yCTpoicTBa Arduino nano v A0noHUTe b-
HOro 060opyA0BaHNSA C LieNblo NCCNeA0BaHNSA 3aBUCUMOCTUN BbIXOAHbIX 31eKTPUYeCKX
xapakTepucTmk M 0T N3MEHSAIOLLMXCS BO BpeMeHU GU3NYeCcKnX BENNYNH, Temnepa-
TYPbl N BAAXHOCTN Pa3/IMYHbIX TUNOB NoYB. PazpaboTaHa 3/1eKTPOHHasA cxeMa, BK/H0-
YaroLlas: rasbBaHnyeckyto napy Cu-Zn, Harpy3o4Hbl Pe3nCTop, AaTUMK BAAXKHOCTU
nousbl LM393 1 TemnepatypHsbiii gatumk DS18B20. MiHdopMaLMOHHO-N3MepuTenbHas
c1cTemMa No3BO/SET OCYLLECTB/IATb M3MePEeHMEe HaNpsXKeHNs, TOKa 1 pacyéT BHYTPEHHero
conpotumenenuns MM B AnHamuke. MNonyyeHHble pe3ynbTaTbl MOTYT 6bITb MCMO/b30BaHbl
npw paspaboTke aBTOHOMHbIX CUCTEM 3KOJIOMMYECKOro MOHUTOPUHIA 1 KNMaTa NnoYshl
ANA N0BblLLEHNS 3GPEKTUBHOCTA CUCTEM YTPaB/IEHNS OPOLLEHNEM U NIOAOPOANS NOYB
B CeJIbCKOM XO35iCTBe.

KNHOYEBLIE CJI0BA: M1KpOKOHTPONEP, MPOrpaMMHOe obecreveHne, MOYBEHHbI raibBa-
HNYeCKNl 3n1eMeHT, BNaXHOCTb MOYBbI, BHYTPeHHee conpoTueaeHue, Arduino nano,
6ecrnpoBOAHON AaTuMK
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An information and measurement system based on the Arduino platform has been
developed for conducting experimental studies of a soil galvanic cell (SGC). The SGC
is intended for building energy harvesters - power sources for wireless underground
soil climate sensors. The experimental information and measurement system is built
using the Arduino nano microcontroller device and additional equipment to study the
dependence of the output electrical characteristics of the SGC on time-varying phys-
ical quantities, temperature and humidity of different soil types. An electronic circuit
has been developed, including: a Cu-Zn galvanic pair, a load resistor, an LM393 soil
moisture sensor and a DS18B20 temperature sensor. The information and measure-
ment system allows for the measurement of voltage, current and calculation of the
internal resistance of the SGC in real-time. The obtained results can be used in the de-
velopment of autonomous environmental and soil climate monitoring systems to im-
prove the efficiency of irrigation management and soil fertility systems in agriculture.

KEYWORDS: microcontroller, software, soil galvanic cell, soil moisture, internal resist-
ance, Arduino nano, wireless sensor
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NHbopMaLMOHHO-M3MepUTeNbHas cMcTeMa ANst UCCNef0BaHNS P.C. XvnuH,
MOYBEHHOrO ra/lbBaHNYeCcKoro 3ieMeHTa A.B. BocTpyxuH

BBEAEHUE

NHTepHeT NnoaseMHbIx Beleli (IoUT) 1 6ecnpoBojHble Noa3eMHble ceHcopHble ceTh (WUSN) - 3To HoBble TeXHO/10-
rMn, 0CO6EeHHO aKkTyanbHble B Ce/IbCKOM XO3ACTBe A/151 U3SMEepPeHUst 1 nepejayn AaHHbIX 06 OKpyXatoLLel cpese,
YTO NO3BOJIAET ONTUMM3MPOBATL KaK POCT Ce/IbCKOXO3SANCTBEHHbIX KYNbTYP, Tak 1 yripaBaeHne BOAHbIMU pecypca-
Mu [1]. CeHCopHBIe y3/ibl MOTYT 6bITh 3aKOMaHbI B T060M MeCTe, B TOM YLc/e NPy Npoesse TPaHCMOPTHLIX CPeACTB,
He MeLlast HaA3eMHOM CebCKOX03ANCTBEHHOM AesATeNbHOCTY [2]. OAHOIN 13 HayUHO-TEXHUYECKUX Mpo6ieM AB-
nsieTca obecneyveHme CEHCOPHbIX CUCTEM aBTOHOMHBIMU UCTOYHVKAMU MUTaHWA, paboTaroLwyMm Noj NaxoTHbIM
cnoem 3eMnun. B HacTosAwell paboTe npeanaraeTcs peLleHne — UCNob30BaTb NMOYBEHHbIN raibBaHUYeCKni sne-
meHT (M), npeacTaBAAWNA CO60 aBTOHOMHbIA WCTOYHMK HU3KOrO HamnpsikKeHwusi, GopMIMpyemMoro 3a cuyeT
3N1eKTPOXVIMNYECKOrO B3aUMOAENCTBMA Napbl Pa3HOPOAHbLIX METaNN0B, MOMELLLEHHbIX B MOYBY, UFPAIOLLYO PO/b
€CTeCTBEHHOrO0 3/1eKTPOANTa. AHANOTMYHbIE MPUHLMMbI NOyYeHUS SN1eKTPUYECKO SHEPTN 13 MOYBEHHOM cpe-
Abl LLMPOKO paccMaTpmBalOTCA B UCCIEA0BaHNAX MO MUKPOOHBLIM M MOYBEHHbIM rajibBaHUYeCKUM 3/1eMeHTaM,
rAe noysa BbICTyrMaeT 3/1€KTPOSINTOM, @ Pa3HOPOAHbIE 31eKTPOAbI POPMUPYHOT YCTONUMBYHO 3/1IEKTPOXUMUNYECKYHO
napy [3]. 3HaueHue BHyTpeHHero conpoTuBieHus MM, a Takxke TOK, KOTOPbIV 31eMeHT crnocobeH oTAaBaTh B Ha-
rPy3Ky, 3aBUCAT OT NapaMeTPOB CpeAbl — MPEXAe BCEro OT BAAXHOCTU 1 TeMnepaTypbl noussl [4]. Mpuv yBeandeHnn
BI@XKHOCTW KOHLIEHTpaLMs CBOBOAHbLIX MIOHOB BO3pacTaeT, YAyuylLlaeTcs 3/1eKTpUYeckas npoBOAMMOCTb MPyHTa
1, COOTBETCTBEHHO, CHUXKAETCA BHYTpeHHee conpoTueneHune MM [5]. Dn1ekTponpoBoAHOCTL MOUBLI W, KaK Cles-
CTBYE, 3/IEKTPUYECKNE XapaKTEPUCTMK MOYBEHHbIX rafibBaHNYeCKX 31eMEHTOB CyLLeCTBEHHO 3aBUCAT OT BaX-
HOCTW, TemnepaTypbl U MOHHOrO COCTaBa MOPOBOro PacTBOpPa, YTO MOATBEPXAEHO B dyHAAMeEHTa/bHbIX nccie-
AOBaHVSIX NMOYBEHHOM 3/1eKTPONPOBOAHOCTI [6]. MiccnefoBaHMe 3Tol 3aBUCUMOCTY NPeACTaBAsSeT MHTepec Ans
pa3paboTky aBTOHOMHbIX HU3KOMOTPEOAAOLMX CUCTEM MOHUTOPUHIA COCTOAHMSI MOYBbI, AAaTUMKOB BAAXHOCTY,
3KONIOMMYECKUX CUCTEM MUTAHUS 1 APYTX YCTPOIACTB, paboTatoLLmx 6e3 BHELLIHEro NCTOYHMKA dHeprun [7].

Llenbto paboThbl ABASETCA CO3jaHMe MHGOPMALIMOHHO-N3MepPUTENIbHO CUCTEMbI A1t USMEPEHUS 1 perncTpaumum
3NEeKTPUYECKNX BeNNUNH M - HanpsiXKeHWs XON0CTOro X0Aa 1 TOKa KOPOTKOro 3aMblKaHWs, a Takxke BNaXXHOCTU
1 TeMnepaTypbl MOYBLI.

MATEPUAJIbI U METO/ZbI

AnnapatHoe obecne4yeHne WHPOPMALMOHHO-N3MEPHTENIbHON CHCTEMbI

Ansa peannsaumm MHPOPMALIMOHHO-N3MEPUTENBHOM CUCTEMbI UCMO/b30Basnacb MUKPOKOHTPO/IepHas naat-
dopma Arduino nano, nossonstoLLas 04HOBPEMEHHO N3MepATb HECKO/IbKO MapameTpoB, GpUAbTpOoBaTb CUTHaN
1N OCYLLecTBAATbL 3anucb JaHHbIX Yepes nocnejoBaTesibHbI nHTepdeic. Mnatdopma Arduino LWMPOKO Mpu-
MEHSIeTCs MPU CO3JaHNMN IKCNepPUMEHTaNnbHbIX MHGOPMAaLMOHHO-N3MEPUTENbHBIX CUCTEM 6aarofapst OTKpbI-
TOW apxuTeKType, Hannuuno BCTpoeHHoro AL 1 60nbLLIOMY KOANYEeCTBY rOTOBbIX 6M6AMOTEK, UTO AenaeT ee
YAOBHBIM MHCTPYMEHTOM ASt HAYy4YHbIX NCCNeA0BaHWA 1 NpoTOTUNMPOBaHKs [8]. Ha pucyHke 1 npeacTaBneHa
NPUHLUMANANbHANA 3neKTpuyeckas cxema NMHGOPMaLNOHHO-U3MEPUTENBHOW CUCTEMBI, MPeAHa3Ha4YeHHoM Ans
nccnefoBaHNA SNeKTPUYECKUX XapaKTepPUCTUK MOUYBEHHOTO raibBaHU4eckoro anemeHTa (Mrr3). Cxema paspabo-
TaHa B cpegie EasyEDA v BkntouaeT B cebss MukpokoHTpoanep Arduino Nano, ranbBaHNU4YecKkyo napy 31eKTpojoB
Cu-Zn, Harpy3ouHbIli pe3nctop R1, uidposoin TemnepaTypHbii gaTyunk DS18B20, AaTUmMK BAAXHOCTU MOYBbI
Tuna LM393, a Takxe uenu ¢punbTpaumm nUTaHUS.

TanbBaHnYecKwii 31EMEHT M U3MEPEHHeE ero NapaMeTpoB

B kauecTtBe MM MCNOAb3YeTCs Napa PasHOPOAHbLIX 3/1eKTPOAOB - MeAHbIl anekTpod Cu+ (P1) 1 UMHKOBBIN
anekTpog Zn- (P2). LLUHKOBLI 31eKTPOA COeANHEH C WIHOW 06Leit 3emnn (GND), koTopas siBiseTcs onop-
HbIM MOTEHLUMaNOM ANS BCEX M3MepeHnin. MefHbI 31eKTPO NMOAKAUEH K Y31y M3MepeHUs HanpsXXeHns,
KOTOpPbIA MOABOANTCA Ha aHanoroBbll BXxog A0 MukpokoHTpossiepa Arduino Nano. [ BO3MOXHOCTU U3-
MepeHMa Kak 3/C X0n0CToro xo4a, Tak M Hanps>XeHWs Noj Harpyskor B cxeMe NpUMeHSAeTCs Harpy304HbIii
pe3suctop R1 conpotueneHviem 100 Om. OAMH ero BbIBOA MNOAK/OYEH K y3/y n3MepeHus (Mexay Cu u A0),
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V|H¢OpMaLU/IOHHO-VI3MepVITeanaF| cicTeMa Ana nccnejoBaHns
MOYBEHHOrO ra/lbBaHNYeCKoro az1IeMeHTa

a BTopoi - K undposomy Bbixozy D3 Arduino Nano. Takoli cnocob noakntoveHns no3BoaseT NporpamMmHoO
NoAK/ItoYaTh 1 OTK/tOYaTb Harpy3Kky: Npy nepesoje BbiBoga D3 B pexxnm INPUT pe3unctop oTk/toueH (pexunm
XOJIOCTOrO X0A4a); Npu ycTaHoBKe BbiBoAa D3 B cocTosaHne OUTPUT LOW Harpyska NoAk/toyaeTcs K 3eme.
Takol MeToj UCKIoYaeT He06X0AMMOCTb NCMNONb30BaHNA AOMNOAHNTENbHbIX TPAH3UCTOPOB 1 0becneynBa-
eT 6e3onacHbI Tok (MeHee 5 MA), Npy 3TOM MO3BONAS peann3oBaTb 06a pexrMa N3MepeHUs aneKTpuye-
cKkux sennumH Mra [9].

P1
Cu+ VCC

p2 Ruarp 100 Om
f]RZ 4. TkOM

Zn— R1

U3 DS18B20
A GND vee (-
DQ
P3
LM393 Sensor
ardiuno nano U1 5 SIG
130 3 GND
b/ VIN 22 VCC
U2 3 DO/RX GND 28
RESET RESET
3 3 4 GND +5V 27 |
2 o 126
2 1 5 D2 A7 55
i | D3 A6 52
3 D4 A5 53
UART_Header =l D5 Ad 155
2 D6 A3 (22
10 D7 A2 21
11 120
17 D8 Al 19
E D9 AD
14 D10 AREF 17 =C2
E D11 3V3 l_.ﬁ ; 10 Mk
D12 D13 e
ol I i Tmom:
na

@
Z
w/

PucyHox 1
MpuHUMNMansHas cxema MHGOPMaLMOHHO-U3MEPUTEIBHON CUCTEMbI A5 UCCIeA0BaHNSA MOYBEHHOTO rajibBaHnye-
CKOro 3/1eMeHTa

Figure 1
Schematic diagram of the information and measurement system for studying a soil galvanic cell

W3mepenue Temnepatypbl noyBbI

B cxemy, npescTaBneHHyto Ha PucyHke 1, BKAOUEH LiMppoBOr TeMnepaTypHbIi gaTtumk DS18B20, paboTatoLumia
no nHtepdeiicy 1-Wire. BoiBog DQ coeanHeH c undpoBbiM nriHom D2 Arduino Nano. JIMHUA gaHHbIX MOATSHYTa
K WinHe nutaHus VCC yepes pesnctop 4,7 kKOM (R2), uto siBisieTcs 06513aTeNIbHbIM YCI10BUEM KOPPEKTHO paboThl
no nHtepodericy OneWire.

”3M8p8HM8 BJ/IAKHOCTH NOYBbI

ANa n3MepeHus BNaXHOCTY MCMOAb3yeTca AaTyuuik U3 naatbl ycunutens LM393 (PucyHok 2). KOHCTPYKTMBHO
AATUMK COCTOUT U3 NAaTbl YCUAUTENA cUrHana Ha LM393 v BbIHOCHOro gaTtyumka C ABYMS TOKOMPOBOAALLMMM
ANVIHHBIMY KOHTaKTaMu, KOTOpble MOrpy>XarTcs B Nousy. MNpuHUMA paboTbl JaTumKa OCHOBAH Ha M3MepeHnm
3NeKTPUYECKOro COMPOTUBNEHUA MEXAY MOrpy>XeHHbIMW B NOYBY KOHTaKTaMu, KOTOPOe U3MeHAeTca npu yB-
NaxxHeHnn no4Bbl. CUrHaAbHbIY BbIBOA AaTuvmka SIG mofknto4veH K aHasioroBomy Bxody A2, UTO MO3BOJISeT pe-
rMCTPUPOBaThb YPOBEHb BAAXHOCTU NoYBbI B AnanasoHe 0...100 %. MuTaHne MoAyNns OCyLLLeCTBASeTCS OT LWUHbI
+5 B (VCC), obLas 3emnst gaTumka CBA3aHa C 3emell CXeMbl.
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PucyHok 2
JaTunK BNaxHOCTU NoYBbI

Figure 2
Soil moisture sensor

Inementvl punbTpaLnmM

Ana cHYWXKeHNsA UMPPOBBIX 1 KOMMYTALMOHHbLIX MOMEX Ha NNHUW NMUTaHWSA YCTaHOBIEHbI: KEPaMUYeCcKnii KOoH-
aeHcatop C1 =100 H®, anekTponnTUYecKNn KoHaeHcaTop C2 = 10 Mk®. OHM obecrneurBatoT okanbHy GUIb-
TPaLMIO BbICOKOIO 1 CPefHero AranasoHa YacToT, YTo y/yYllaeT TOYHOCTb M3MEPEHNM aHalIoroBbIX CUTHANOB.

MwukpokoHTponnepHas cuctema Arduino Nano BbinonHsaeT cnegytowime GyHKLUUN:
- r3MepeHue HanpsixeHus M, aHanoroBbI Bxog (A0);

- V3MepeHune BNaXHOCTW, aHaNoroBbI Bxog (A2);

- ynpaeneHue Harpyskoi M3, undposoii Bbixoa (D3);

- o6MmeH ¢ gatumkom DS18B20 (D2);

- nepegada AaHHbIx Yyepe3 UART-uHTepdeiic.

MporpammHoe obecneyenne HHGOPMaLNOHHO-H3IMEPUTEILHON CHCTEMbI

Ans peanvzaunim paboTbl MHGOPMALMOHHO-N3MEPUTENBHOI CUCTEMBI pa3paboTaHa Nporpamma Ha ssbike C/C++ ans
MUKPOKOHTposinepHor nnatpopmel Arduino Nano. B Hauane nporpaMmbl OCyLLECTBASIOTCA NOAKNHOYEHNST HE0bXO-
AVMBIX 61BANOTEK, 06BbABNIEHNE NCMO/b3YeMbIX NMMHOB MUKPOKOHTPO/IEP, a Takxke MHULManm3aums 4aTUmKoB.
B AaHHOM ¢parmeHTe 3a/at0TC OCHOBHbIE MapameTpbl CUCTEMbI: HOMepa BXOAOB U BbIXxoAoB Arduino, conpoTuee-
HVe Harpy30o4HOro pe3ncropa, KoJIMYecTBo ycpeaHeHU Ans yMeHbLUeHNs WwymoB AL 1 onopHoe HanpskeHve 415
nepecyeta 3HadeHuii ALM B punsmyeckme BennMumHbL. Hke npeactaeneH ¢parMeHT ncxogHoro koga (PricyHok 3),
ornpezensrLLmMii CTPYKTYpYy NporpaMmsbl 1 6a3oBble NapaMeTpbl MHGOPMALMIOHHO-U3MePUTENBbHON CUCTEMBI.

1  #include <Oneblire.h>

2 #include <DallasTemperature.h:
3

4

5 const int PIN_PGE = A@;

) const int PIN _LOAD = 3;

7 const int PIN_SOIL = AZ;

& const int PIN TEMP = 4;

. _

1@

11 OneWire onelire({PIN_TEMP);

12 DallasTemperature sensors(&oneWire);
13

14

15 const float R_LOAD = 188.8;

1& const float V_REF = 5.8;

[
=~

const int NUM_SAMPLES = 18;

Pucynok 3
Mogynb c60pa AaHHbLIX 0 BNAXHOCTU 1 TemrnepaType Nnoyssi

Figure 3
Module for collecting data on soil moisture and temperature

GLOBAL AGRICULTURAL RESEARCH | No 1/2026 Cr.7



NHbopMaLMOHHO-M3MepUTEeNbHAs CUCTEMA ANS UCCef0BaHNS P.C. 2KnnuH,
MOYBEHHOrO rajibBaHN4eCcKoro aiemMeHTa A.B. BocTpyxuH

Ha PucyHke 4 GyHKLMSA BbINOAHSAET HECKO/IbKO NOCIeA0BaTe/IbHbIX U3MEPEHUIA C aHAZIoroBOro BXoAa, UYTo Mo-
3BO/ISIET YMEHbLUWTL LUYM W MOyUYnTb 60/1€ee CTabubHOE 3HAUEHME HaMpPsixXeHNs.

Mpwn OTKNHOYUEHHOW Harpyske nNuH D3 NepeBoAMTCA B PEXUM BbICOKOMMMELaHCHOTO BXOZAA, YTO COOTBETCTBYET
xonoctomy xogy M3 (PucyHok 5).

Mpw NoAKOUYEHMM Harpy304Horo pesuctopa (R1 =100 Om) knemma D3 3amMblkaeT pe3ncTop Ha 3emto, U cucTeMa
N3MepsieT HanpsXeHWe Nnog Harpyskon (PucyHok 6).

19 float readADCavg(int pin) {

28 const int samples = 1@;

21 long sum = @;

22 for (int i = @; i < samples; i++) {
23 sum += analogRead(pin);

24 delay(5);

25 }

26 return (float)sum / samples;

27}

PucyHok 4
Mogynb Koza ycpegHeHHOro n3mMepeHuns HanpsaxxeHus

Figure 4
Average voltage measurement code module

29 float measureE(int pinPGE, int pinlLoad, float Vref) {
38 pinMode(pinLoad, INPUT); HarpysKa OTKAN4EHa

31 delay(5@);

32 float adcVal = readaDCavg(pinPGE);

33 return adcVal * (Vref / 1823.0);

34 }

y
PucyHok 5
Mogynb Koga namepeHunst 34C NOUBEHHOrO rajlbBaHMYECKOro 3/1eMeHTa

Figure 5
Module of the EMF measurement code of a soil galvanic cell

float measureVload(int pinPGE, int pinload, float Vref) {

36

37 pinMode(pinLoad, OUTPUT);

38 digitalWrite({pinLoad, LOW); nogenovesde R1 kK semne
39 delay(58);

4 float adcval = readADCavg(pinPGE);

41 pinMode(pinLoad, INPUT); DAOCTO of,
42 return adcVal * (Vref / 1823.8);

43 ]

PucyHok 6
Mogaynb KoAa n3MepeHUst HanpsiXXeHWs Mo HarpysKom

Figure 6
Voltage measurement code module under load

Ha ocHoBe 3akoHa OMa BbIUNCASIOTCA:
- TOK Yepes Harpysky;
- BHYTPEHHee COMpOTMBEHWe ralbBaHNYeCKOro snemeHTa (PucyHok 7).

45 void calculateParameters(float E, float V, float Rload, float &I, float &Rint) {
46 I =V / Rload;

47 if (I > 0.00000681) {

43 Rint = (E - V) / I3

43 F else {

56 Rint = @;

51 }

52 1

L

PucyHox 7
Mogynb Koga pacyeTa ToKa U BHYTPEHHEro cConpoTmBieHUs

Figure 7
Current and internal resistance calculation code module

Cr.7 GLOBAL AGRICULTURAL RESEARCH | No 1/2026
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OCHOBHOV LMKA Moc/efoBaTe/IbHO BbI3bIBAeT BCE MOAYNM: cunTbiBaeT IAC, HanpsikeHWe Moj Harpyskow,
BNAXHOCTb, TEMMepaTypy 1 BbIBOAUT pe3ynbTaThbl B NOCie0BaTeNbHbIA NopT (PUcyHoK 8).

MporpaMMHas 4acTb MOZeNu BbINOJHAET HEeCKONbKO K/toueBbiX QYHKLUWA: CYMTbIBaHME MapamMeTpoB
BNAXHOCTU, U3MEpPEeHMEe HamMpsXKeHUs Ha HarpysouHOM pe3nctope, NnpeobpasoBaHme nokasaHuin AL
B 3JleKTpnyeckre BesINYUHBLI N BblYNC/IeHe Toka No 3akoHy Oma. BnaXXHOCTb MOYBbLI onpejensercs
Ha ocHoBe ¢yHKLMU map(), nepeBoasLenn gnanasoH ALM 0-1023 B npoueHTbl BaaxHocty 0-100 %. Ans
n3mepeHunsa Hanps>keHus M3 BoinonHAaeTca yteHme Bxoga A0, a 3HaveHue AL nepesoauTcs B MUJI-
NNBONIbTHI Yepes Ko3apduumeHT 4,88 (UyBCTBMTENLHOCTL O4HOTO LWlara Nnpeo6pasoBaHua Npyv ONOPHOM
HanpsxeHnn 5 B). 3Has HanpsiXeHVe 1 CoONpoTUBAEHME pe3ncTopa R1, Tok BbluncaseTcs no ¢opmyne
I=V/R1.

Mony4yeHHble AaHHble BbIBOAATCA B MOC/AeA0BaTe/IbHbIN NOPT, YTO N03BOJISeT GUKCMPOBATb 3aBUCMMOCTb TOKa
OT BNAXXHOCTM NOYBbl. Ha 0OCHOBE 3TUX AaHHbIX B AaNbHeNLLIEM MOXHO PacCunTaTb BHyTPEHHEee CONpoTUBEHMEe
M3 no BblpaxeHuto RBHYTP = (E - V)/I rge E - 3AC ranbBaHUYECKOro 3/1IEMEHTa, onpejenisiemMasi B OTAE/bHOM
n3MepeHumn 6e3 Harpysku.

G oid loop() {

55 float E = measursE(4®, 3, 5.8); 3AC

56 float Vload = measureVload(Ae, 3, 5.8); HanpAxeHWE NOg HarpysKo
57

58 float I, Rint;

59 calculateParameters(E, Vload, 1@ee.e, I, Rint);
&

61 HaTy DS18B2

62 sensors.requestTemperatures();

63 float tempC = sensors.getTempCByIndex{@);

&4

65 BnasHOCTE MOYEL

66 int soilRaw = analogRead(AZ);

&7 int soilPercent = map(socilRaw, ©, 1823, @, 188);
68

69 BuEOq,

78 Serial.println("====================== ========"1;
71 Serial.print("E (mB): ™);

72 Serial.printIn(E * 1868);

73 Serial.print("v (mB): ™);

74 Serial.println(vlecad * 1@e8);

75 Serial.print("I (ma): ™);

76 Serial.println(I * 1860);

77 Serial.print{"RenyTp (Om): ™);

78 Serial.println(Rint);

79 serial.print("BnastHocTe (&): ");

e Serial.println(scilPercent);

81 Serial.print("Temnepatypa (*C): ");

82 Serial.println(tempC);

83 Serial.println();

a4

85 delay (1008} ;

86 1

Pucynok 8
MOAyﬂb KOJa OCHOBHOrIO Unkna I/IHd)OpMaLI,I/IOHHO-I/BMepVITe}'IbHOI‘/JI CNCTEeMbI

Figure 8
Module of the main cycle code of the information-measuring system
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SAKJIHO4EHUE

TakvM 06pa3oM, COBMELLEHHAs 3N1EKTPOHHAs CXemMa M NporpaMMHbIi MoZynb 06pasyoT NofHOdYHKLMO-
HaNbHY0 MOJeNb U3MEepPEHUs MOYBEHHOIO rajbBaHUYeCKoro anemMeHTa. OHW MO3BOASAIOT M3yyaTb M3Me-
HEHVEe ero 3/IeKTPUYECKUX XapakTepPUCTUK B 3aBUCUMOCTL OT BAAXHOCTU Cpefbl, YTO SIBASETCA OCHOBOIA
4151 MOCTPOEHMS TEOPETMYECKON 3aBUCUMOCTU BHYTPEHHEro conpoTmaaeHus MM oT BAAaXHOCTH, a Takxke
OLeHKM BO3MOXHOCTU MPAKTUYECKOro MPUMEHEHUS TakMX 3/1eEMEHTOB B aBTOHOMHbIX CMCTEMaX MOHUTO-
PUHra COCTOSIHNS MOYBHI.

Pa3pa60TaHHa;| 3/IEKTPOHHAaA CXemMa u I'IpOFpaMMHbIVI MOAyNb Arduino Nano nossonstoT OCyLLeCTBNATb KOM-
NJeKCHOe n3MmepeHne napamMeTpoB MOYBEHHOIO ra/ibBaHNYECKOro 3/1IeMeHTa, BK/1Ko4YadA Harnps>XeHne, B/1aXkKHOCTb
MOYBbI N TOK Yepe3 Harpysky. Mogenb obecneyrBaeT BO3MOXHOCTb Ha6J'II'O,D,EHl/Iﬂ 3a NSMeHeHNeM 31eKTpunye-
CKMNX XapakKTepucTtmk nra e ycnoBmax V|3|v|eHmou.|,e|7|c;| B/Na>XHOCTW, YTO AesiaeT ee NoaXoAALLNM UHCTPYMEHTOM
Ansa yl-le6HbIX numnccnegoBaTelbCknX 3a4au. nOﬂyHEHHbIe AaHHble MO3BO/IAKOT OLIEHNTbL NoBeAeHWE raibBaHN4Ye-
CKOro 371eMeHTa B pea/ibHbIX YC10BMAX 3KCNAyaTaun 1 NOATBEPXAAOT BO3MOXXHOCTb MUCMOJ/Ib30BaHUA I'IOA06-
HbIX CNCTEM B aBTOHOMHBbIX AaTUMKaX N SKOJIOTNYECKNX MOHNTOPUHIOBbIX YCTAaHOBKAX.
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