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ABSTRACT 

Global agricultural production faces severe hydro-climatic volatility, demanding 

a transition from conventional irrigation to automated Smart Irrigation Systems 

(SIS) to optimize Water-Use Efficiency (WUE). However, high-precision 

predictive irrigation models remain heavily dependent on data-intensive 

infrastructures, creating an operational bottleneck in developing, data-scarce arid 

zones. This systematic review establishes a multi-dimensional taxonomy of 

breakthrough smart irrigation studies up to 2026. It critically evaluates embedded 

hardware topologies, algorithmic frameworks, and cloud-edge software 

interfaces. A systematic screening of literature from Scopus, Web of Science, and 

ScienceDirect was conducted following PRISMA guidelines. Methodologies 

were classified into four discrete generations: deterministic threshold automata, 

bio-agrometeorological crop models (e.g., AquaCrop), data-driven stochastic 

AIoT networks (LSTM/XGBoost), and cyber-physical digital twins integrated 
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with numerical solvers (HYDRUS). The critical analysis reveals a profound 

"Data-Scarcity vs. Algorithmic Overhead" paradox: state-of-the-art predictive 

architectures achieve 35%–50% water savings but require dense field-level 

sensor networks and continuous cloud computing infrastructure. To bridge this 

division, this paper presents a decentralized conceptual blueprint tailored for arid, 

data-scarce regions like Uzbekistan. By proposing the integration of macro-level, 

open-access satellite telemetry (ESA Copernicus) via Transfer Learning and 

Unsupervised Domain Adaptation onto low-power edge units 

(ESP32/LoRaWAN), this study establishes a scalable pathway for sustainable 

water management in data-sparse landscapes. 

 

Keywords: Smart Irrigation, Internet of Things (IoT), Artificial Intelligence of 

Things (AIoT), Transfer Learning, Data Scarcity, Sustainable Water 

Management, Arid Regions, Uzbekistan. 

 

1. INTRODUCTION 

Global agricultural production is confronting an unprecedented crisis driven by 

accelerating climate volatility, localized groundwater depletion, and structural 

cross-sectoral water competition. Over 40% of the world’s continental landmass 

is classified as arid or semi-arid zone, where irrigated agriculture accounts for 

more than 70% to 80% of total freshwater withdrawals. Conventional broad-acre 

irrigation practices—such as continuous flooding and non-optimized furrow 

systems—exhibit systemic hydraulic inefficiencies, leading to massive water 

losses via deep percolation, surface runoff, and rapid macro-evaporative fluxes. 

In the hyper-arid and continentally isolated basins of Central Asia, most notably 

within Uzbekistan, these challenges are compounded by the ecological legacy of 

the Aral Sea basin degradation and acute vulnerability to transboundary water 

allocation uncertainties. Consequently, optimizing agricultural Water-Use 
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Efficiency (WUE) through precision digital frameworks has transitioned from an 

eco-efficiency preference to an absolute national security mandate. 

Over the past decade, the convergence of the Internet of Things (IoT), 

decentralized edge computing, and artificial intelligence has catalyzed the 

emergence of Smart Irrigation Systems (SIS). Modern smart irrigation 

engineering continuously monitors soil-water-crop dynamics in real time, 

executing closed-loop autonomous control over water delivery via automated 

valve manifolds. Contemporary literature demonstrates systematic water savings 

ranging from 15% to over 50%. 

However, a critical evaluation exposes a profound operational paradox: high-

precision proactive smart irrigation frameworks documented in literature are 

radically data-intensive. They rely on deep time-series Long Short-Term Memory 

(LSTM) arrays, ensemble models, and numerical solvers (e.g., HYDRUS) that 

require uninterrupted high-density sensor networks, long-term regional historical 

profiles, and substantial cloud-computing infrastructure. 

Conversely, developing agricultural territories and arid zones, such as the major 

irrigation blocks in Uzbekistan, operate under severe localized data scarcity (the 

"Small Data" bottleneck). These regions lack open-access digital soil moisture 

databases, unmapped hydraulic conductivity profiles, restricted rural cellular 

network coverage, and strict capital limitations. Existing literature remains 

heavily bifurcated: low-cost installations remain bound to primitive, reactive 

rule-engines that cannot predict imminent weather events, while intelligent 

architectures remain structurally and financially unfeasible for data-scarce zones. 

The primary objectives of this study are threefold: 

To critically categorize the algorithmic and architectural configurations of 

contemporary smart irrigation frameworks, defining their explicit computational 

and data overheads. 

To map the technical limitations and structural vulnerabilities that cause smart 

networks to fail under real-world open-field stress. 
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To systematically outline an alternative conceptual blueprint for data-efficient, 

decentralized Edge-AI irrigation systems designed specifically to navigate the 

hydro-climatic and infrastructural realities of data-scarce, arid agricultural 

regions such as Uzbekistan. 

 

2. METHODS 

This study implements a systematic literature review following the PRISMA 

(Preferred Reporting Items for Systematic Reviews and Meta-Analyses) 

guidelines to ensure reproducibility and scientific rigor. 

 

2.1. Information Sources and Literature Search Strategy 

An electronic search was executed across three primary bibliometric indexes: 

Scopus (Elsevier), ScienceDirect, and Web of Science (Clarivate Analytics). The 

search window was strictly bounded to capture innovations up to 2026. A unified 

Boolean search string was constructed combining three core thematic clusters: 

(TITLE-ABS-KEY("smart irrigation" OR "precision farming" OR "automated 

irrigation" OR "AIoT") AND TITLE-ABS-KEY("embedded hardware" OR 

"ESP32" OR "microcontroller" OR "edge AI" OR "software architecture") AND 

TITLE-ABS-KEY("transfer learning" OR "domain adaptation" OR "data 

scarcity" OR "small data" OR "arid zone" OR "Uzbekistan")) 

In addition, a manual backward-snowballing search was performed on reference 

lists of key foundational review papers. 

 

2.2. Inclusion and Exclusion Criteria 

Eligibility boundaries were established using the following criteria: 

Inclusion Criteria (IC): Peer-reviewed journals/conferences in English (IC1); 

studies detailing the complete smart irrigation chain from sensing to actuation 

(IC2); novel mathematical or ML models improving WUE (IC3); frameworks 

addressing local data scarcity or applicable to arid agricultural regions (IC4). 
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Exclusion Criteria (EC): Gray literature or dissertations without peer-reviewed 

data (EC1); macro-economic or purely socio-economic studies without 

architecture details (EC2); hydroponics, indoor greenhouse, or vertical farming 

studies (EC3); duplicate incremental studies (EC4). 

 

2.3. Screening Process and Data Extraction 

The filtration process proceeded in four phases: 

Identification Phase: 1,420 raw documents retrieved; 412 duplicate entries 

removed. 

Screening Phase: 1,008 titles/abstracts evaluated; 696 non-automation or 

descriptive articles excluded. 

Eligibility Phase: 312 full-text papers examined; 238 rejected due to reliance on 

high-speed internet, lack of algorithmic clarity, or unrealistic field sensor costs. 

Inclusion Phase: 89 core studies retained, with 37 primary papers extracted into 

a multi-tiered comparative matrix assessing hardware, telemetry, algorithmic 

taxonomy, and operational bottlenecks. 

 
 

3. RESULTS 

3.1. Temporal Evolution and Annual Publication Dynamics 

Publication output indexed in Scopus from 2020 to 2025 demonstrates an 

exponential upward trajectory: 
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Baseline Period (2020–2022): Volumes expanded moderately from 81 to 118 

publications/year, dominated by localized threshold-driven loops and basic IoT 

Wi-Fi/GSM relays. 

ML Integration Inflection (2023–2024): Publications grew to 225 in 2024, driven 

by the integration of data-driven machine learning algorithms (Random Forest, 

SVR, early LSTM). 

Advanced AIoT Acceleration (2025): Annual output reached an apex of 425 

publications (+424.6% vs. 2020 baseline). This surge correlates with 

containerized Edge-AI runtimes, cyber-physical digital twins (HYDRUS), and 

the strategic application of Transfer Learning. 

 
 

3.2. Core Publication Venues 

The bibliographic dataset reveals strong thematic clustering across high-impact 

international journals: 

Agricultural Water Management: 88 publications (Focus: Hydro-agronomy, crop 

transpiration & WUE) 
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Agronomy: 40 publications (Focus: Agronomic practices & soil-water dynamics) 

Water (Switzerland): 34 publications (Focus: Multi-depth telemetry & water 

resources) 

Computers and Electronics in Agriculture: 28 publications (Focus: Cyber-

physical systems & edge computing) 

Smart Agricultural Technology: 27 publications (Focus: Microservices & 

automated field schedulers) 

Agriculture (Switzerland): 23 publications (Focus: Applied field-level smart 

farming setups) 

Sustainability (Switzerland): 21 publications (Focus: Resource conservation & 

ecological impact) 

IEEE Access: 19 publications (Focus: Wireless sensor networks & hardware 

communication) 

Frontiers in Plant Science: 15 publications (Focus: Plant physiology & stress 

response monitoring) 

Sensors: 14 publications (Focus: Hardware blueprints & IoT sensor validation) 

 

SCOPUS SOURCE TITLE NUMBER 

Agricultural Water Management 88 

Agronomy 40 

Water Switzerland 34 

Computers and Electronics in Agriculture 28 

Smart Agricultural Technology 27 

Agriculture Switzerland 23 

Sustainability Switzerland 21 

IEEE Access 19 

Frontiers in Plant Science 15 

Sensors 14 
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3.3. Prominent Authors and Institutional Leadership 

Scientific output is led by prominent scholars, including L.S. Pereira (6 papers; 

FAO-56 evapotranspiration modeling), E. Bwambale, H. Li, Z. Wang (6 papers 

each; neural networks and time-series predictive modeling), and M.S.Z. Abidin 

(5 papers; low-power embedded hardware and LoRaWAN protocols). 

Geographically, institutional leadership is dominated by Chinese state-directed 

research bodies and agricultural universities, such as the Ministry of Agriculture 

of PRC (30 papers), Jiangsu University (29 papers), Northwest A&F University 

(27 papers), Ministry of Education (25 papers), and China Agricultural University 

(24 papers). Crucially, specialized institutions located in hyper-arid zones—such 

as Shihezi University (11 papers) and UC Davis (10 papers)—provide essential 

calibrations for extreme water-scarce field realities. 
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3.4. Global Geographical Distribution 

At a global level, publication density is heavily concentrated in China (284 

publications) and India (283 publications), followed by the United States (100 

publications). Secondary dense clusters exist across arid/semi-arid regions 

including Italy (68), Spain (42), Malaysia (42), Saudi Arabia (32), Pakistan (30), 

Indonesia (29), and Morocco (28). This distribution confirms that smart irrigation 

architecture is fundamentally driven by severe regional hydro-climatic stress. 

 
 

4. DISCUSSION 

4.1. The "Data-Scarcity vs. Algorithmic Overhead" Paradox 

The synthesis of the literature highlights a critical rift: 

High-Precision Models (LSTM, Digital Twins): Achieve impressive 35%–50% 

water savings but require uninterrupted cloud connectivity, long-term historical 

weather data, and expensive, high-density field sensors. In data-scarce, resource-

constrained environments like Uzbekistan, these architectures fail due to network 

dropped sockets, data gaps, and hardware maintenance costs. 
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Reactive Threshold Rules: Economically feasible for smallholders but lack 

predictive capabilities, leaving crops vulnerable to unpredicted heatwaves or 

over-watering ahead of rain events. 

 

4.2. Conceptual Blueprint for Arid, Data-Sparse Landscapes 

To resolve this structural paradox, this paper outlines a novel, decentralized Edge-

AI conceptual framework specifically tailored for data-scarce regions like 

Uzbekistan: 

Macro-Scale Remote Sensing Integration: Utilizing open-access global satellite 

telemetry (e.g., ESA Copernicus Sentinel-2 multispectral data) to capture broad 

moisture and vegetation trends (NDVI/NDWI). 

Transfer Learning & Unsupervised Domain Adaptation: Transferring pre-trained 

deep learning models from data-rich regions and adapting them to local soil 

conditions using minimal ground-truth data, eliminating the need for dense sensor 

grids. 

Low-Power Edge Deployment: Deploying lightweight, quantized models directly 

onto affordable, battery/solar-powered microcontrollers (e.g., ESP32 connected 

via LoRaWAN). This guarantees operational autonomy even during rural internet 

outages or power fluctuations. 

 

5. CONCLUSION 

This systematic review synthesizes global smart irrigation literature up to 2026, 

mapping its temporal, institutional, and algorithmic trajectories. It highlights the 

persistent divide between high-overhead cloud architectures and reactive low-

cost systems. To overcome the "Small Data" bottleneck in arid regions such as 

Uzbekistan, future deployments must shift toward hybrid Edge-AI frameworks 

that integrate open satellite telemetry with Transfer Learning on low-cost 

hardware. This blueprint provides a realistic, scalable path toward sustainable 

agricultural water management in resource-constrained environments worldwide. 
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