International Journal of Research Publication and Reviews, Vol (6), Issue (5), May (2025) Page — 18501-18509

International Journal of Research Publication and Reviews

Journal homepage: www.ijrpr.com ISSN 2582-7421

WWW.IJRPR.COM

Integration of IOT and Al for Precision Irrigation and Sustainable
Water Resource Management

Sagar Choudhary!, Mansi Sharma?

1 Assistant Professor, Department of Computer Science and Technology, Quantum University, Roorkee, India
2 BTech Student, Department of Computer Science and Technology, Quantum University, Roorkee, India

ABSTRACT :

The world's agriculture is under intense pressure from the twofold challenges of growing food demand and shrinking availability of freshwater. Conventional
methods of irrigation tend to waste water and do not respond dynamically to fluctuating environmental factors. Precision irrigation—a method that delivers the
right quantity of water to the crop at the optimal time—is a sustainable approach, and especially when augmented by cutting-edge technologies, it becomes a
compelling solution. This article examines the convergence of Internet of Things (10T) and Artificial Intelligence (Al) technologies for effective irrigation and
integrated water resource management. loT sensors, such as soil moisture sensors, weather monitors, and far-end cameras, generate minute-by-minute, real-time
data on the state of fields. Such data streams are fed to Al engines that incorporate machine learning, deep learning, and predictive analytics to derive insights,
predict irrigation requirements, and make decisions autonomously. The combination of IoT and Al allows closed-loop irrigation systems to be adaptive, responsive,
and economical. The paper discusses the existing technological environment, the major architectural elements of integrated sy stems, and examines field-level case
studies from countries like India, Israel, and the U.S. Outcomes of these deployments include substantial water-use efficiency gains (30-50% reduction), enhanced
crop yields, and lower environmental impact. In addition, the paper discusses issues like cost, scalability, data privacy, and the digital divide in agriculture. It ends
with a call for scalable, modular system design and future research directions in edge Al, low-power devices, and inclusive technology deployment for smallholder
farmers.
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1. Introduction

The population of the world is expected to exceed 9.7 billion by the year 2050, well above the current demand for food production [1]. Agriculture, which
currently utilizes around 70% of the freshwater withdrawn globally, has to meet this demand while dealing with reduced water resources as a result of
climate change, urbanization, and overextraction. Traditional irrigation systems, often based on fixed schedules or manual decision-making, are inefficient
and unable to account for real-time environmental variability, leading to considerable water wastage and suboptimal crop vyields.
The past decade has witnessed precision irrigation rise as a revolution towards providing water exactly where and when it is required, thus achieving
maximum water use efficiency (WUE) and yield potential [2]. Precision irrigation, however, calls for a level of data collection, analysis, and reaction that
cannot be achieved manually or by human efforts alone. This has spurred interest in using Internet of Things (IoT) and Artificial Intelligence (Al)
technologies within farm systems.

loT consists of a chain of networked devices and sensors that can sense different environmental parameters like soil moisture, temperature, humidity,
solar irradiance, and crop health. The sensors continuously collect data and transfer it through wireless networks to edge or centralized computing systems.
Access to low-cost sensors and reliable communication protocols such as LoRaWAN, ZigBee, and NB-10T has made 10T accessible to farmers at different
scales of operation [3].

10T is supported by Al through the processing of large volumes of sensor data to uncover patterns, predict behaviour, and automate responses. Using
techniques like machine learning (ML), deep learning (DL), and reinforcement learning (RL), Al systems can forecast the water needs of crops, identify
potential irrigation inefficiencies, and control irrigation facilities autonomously. Such integration enables the creation of closed-loop irrigation systems
that self-adjust to real-time field conditions dynamically and minimize human interference [4].

Although they hold promise, large-scale use of loT-Al systems has a number of challenges, ranging from limited infrastructure in rural locations to high
initial costs, farmers' limited digital literacy, and data privacy issues. Standardization and compatibility among hardware and software platforms are also
required [5].

This paper seeks to examine the convergence of 10T and Al towards precision irrigation and sustainable water resource management. It will
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particularly:

* Discuss existing technological frameworks and elements utilized in smart irrigation systems.

* Provide real-life case studies that identify advantages and limitations of such systems.

* Suggest an integrated system framework for precision irrigation.

* Identify future research directions and opportunities to further develop this technology.

Through the discussion of both the technological and practical sides of this integration, the article adds to the debate on climate-resilient and resource-
efficient agriculture.

Table 1: Comparison of Traditional Irrigation vs 10T-Al Precision Irrigation

Parameter Traditional Irrigation 10T-Al Precision Irrigation

\Water Usage High, often wasteful Optimized, up to 50% savings
Decision Basis Manual/Schedule-based Data-driven and predictive
Monitoring Manual, infrequent Real-time via sensors and analytics
Labor Requirement  [High Low (automated systems)

Crop Yield Moderate Improved due to optimal water supply
Environmental Impact|{High (runoff, overwatering)|Low (targeted irrigation)

2. Literature Review

The convergence of digital agriculture, smart sensing technologies, and advanced computational methods has sparked considerable academic and
industrial interest in optimizing irrigation practices. This section synthesizes recent literature on the role of 10T and Al in modern water resource
management, outlining both foundational developments and emerging trends [6][7][8]-

2.1 Internet of Things (1oT) in Agriculture

The Internet of Things (1oT) has transformed data collection in agriculture by allowing environmental and crop-related parameters to be monitored
remotely, automatically, and in real-time. For irrigation, 10T sensors are placed across the field to gather multidimensional information, including:

* Soil moisture and temperature across multiple depths

* Ambient air temperature and relative humidity

» Water level and flow in canals and tanks

* Crop health metrics through multispectral imaging or NDVI sensors

These sensors are usually linked through wireless communication protocols such as LoRaWAN, Zigbee, Bluetooth Low Energy (BLE), and NB-10T so
that the data can be transferred to edge devices or cloud platforms for processing [9][10].

Table 2: Key 10T Sensors and Their Functions in Precision Irrigation

Sensor Type Function Example Data Collected

Soil Moisture Sensor Measures soil water content Volumetric water content (%)
Temperature Sensor Monitors ambient and soil temperature °C

Humidity Sensor Tracks atmospheric humidity Relative Humidity (%)
Rainfall Sensor Records precipitation levels mm of rainfall
NDVI/Multispectral CameralAssesses crop health using spectral imaging|Vegetation index (NDVI)
Flow Meter Measures irrigation water volume Liters/minute

Critical research work:

* [Li et al., 2022] designed an IoT-based intelligent irrigation controller using capacitive soil sensors and weather prediction APIs. The system optimized
irrigation cycles and saved 42% of water usage [11].

* [Patel et al., 2020] presented a wireless sensor network combined with a mobile application for real-time irrigation notification in far-flung farms and
reported feasibility in low-connectivity areas [12].

But hindrances like short battery life, sensor calibration, and maintenance in rugged field conditions are concerns in extensive deployments.
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2.2 Artificial Intelligence (Al) in Water Management

Al, and more specifically ML and DL methods, provides robust capabilities for converting raw loT data into useful knowledge. The central Al activities
in irrigation systems are:

* Prediction of soil moisture from weather forecast and past history

« Estimation of crop water requirement from evapotranspiration models

* Decision-making for irrigation scheduling automatically

« Fault or leakage detection in the irrigation system or water leakage by anomaly detection

Some of the most popular algorithms are:

* Support Vector Machines (SVM) and Random Forests for soil/crop state classification

* Long Short-Term Memory (LSTM) networks for time series forecasting of soil moisture

* Convolutional Neural Networks (CNNSs) for visual inspection of crop stress based on drone imagery

* Reinforcement Learning (RL) for adaptive irrigation scheduling in dynamic environments [13][14][15].

Table 3: Al Techniques Used in Irrigation Management

Al Technique Application Example Algorithms

Machine Learning Predicting soil moisture and irrigation needs|Random Forest, SVM

Deep Learning Image-based crop health analysis CNN, LSTM

Reinforcement Learning|Adaptive irrigation decision-making Q-learning, Deep Q-Networks (DQN)
Anomaly Detection Leak/fault detection in irrigation systems Isolation Forest, Autoencoders

Key studies:

* [Singh & Jain, 2021] used an LSTM model that precisely forecasted daily irrigation requirements with a mean absolute error (MAE) of below 5% [16].
* [Zhou et al., 2023] blended a CNN with drone images to identify precursor signs of water stress in vineyards for early precautionary irrigation and yield
stabilization [17].
Data quality, interpretability of models, and localizing Al models to a crop and climate are all areas of ongoing research even with high accuracy.

2.3 Integrated loT-Al Frameworks

The combination of loT sensing platforms with Al analytics provides the base for autonomous precision irrigation systems. Within these systems, loT
offers data granularity and real-time timeliness, whereas Al provides data intelligence and contextual responsiveness.
Some commercial and pilot systems have proven this synergy:

. IBM Watson Decision Platform for Agriculture integrates weather information, 10T sensors, and Al models to predict irrigation [18].

. Precision Hawk employs drone imagery and Al-driven analytics to inform irrigation and fertilizer management [19].

. Al4Water, a research project, brings together Al and low-cost sensors to benefit small farmers in India [20].
Yet, most current systems are either high-cost and proprietary or not entirely scalable between various agricultural regions, necessitating open-source,
modular, and flexible solutions.

2.4 Gaps and Research Opportunities

Although 10T and Al integration in irrigation holds promise, literature mentions some gaps in research:

. Standardization and interoperability: Most 10T devices and platforms do not have standardized protocols, making integration difficult [21].

. Edge computing opportunities: There are limited studies on Al computation at the edge, which is important for low-latency irrigation control

[22].

. Small-scale farm adaptability: Solutions are developed for industrial-scale agriculture without focusing on the smallholder reality [23].

. Socio-economic issues: There is limited focus on farmer training, digital literacy, and affordability across most technical research [24].
Increasingly, calls are emerging for multidisciplinary research combining agronomy, computer science, and environmental studies to produce holistic,
context-aware solutions [25].

3. System Architecture for 10T-Al Integrated Precision Irrigation

A good precision irrigation system that combines IoT and Al usually has five main layers:
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1. Sensing Layer

This layer consists of 10T sensors that capture soil moisture, temperature, humidity, weather data, and crop health. Sensors gather real-time information
from the field to trace environmental variability[26].

2. Communication Layer

Sensor data is transmitted through wireless protocols like LoRaWAN, Zigbee, or NB- Uger Inteifsce Laysr
10T to edge devices or cloud platforms. This layer enables dependable and low-power N s

transmission of data[27].

3. Data Processing and Al Layer . <
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Figure 1: Architecture of ToT-AI Integrated Precision
4. Case Studies and Applications Irrigation System

Precision irrigation leveraging 10T and Al has been successfully applied in various agricultural settings globally. The following case studies illustrate
practical uses, advantages, and experiences gained [27].

4.1 Israel: Smart Irrigation with Advanced Technology in Water-Sensitive Environments

Israel has historically experienced extreme water shortage in its agricultural industry, which prompted the development of water-conserving technologies.
There is widespread application of 10T -based drip irrigation systems fitted with soil moisture sensors and weather stations throughout the country. The
equipment continually monitors soil and weather conditions and sends inputs into Al-based decision support systems that change irrigation timing and
volume dynamically [30].

Impact:

* 50% or less water use compared to conventional irrigation [31].

» Enhanced crop yields by efficiently optimized water supply in sync with crop phenology [32].

» Minimized fertilizer runoff and environmental degradation because of precise nutrient application integrated into irrigation [33].

Israel's experience proves that high-tech 1oT-Al integration can increase productivity reliably in challenging water conditions but needs reliable
infrastructure and know-how [34].

4.2 United States: Drone-Based Precision Agriculture with Al Analytics

In America, firms such as Precision Hawk use drones mounted with multispectral and thermal imaging sensors along with Al algorithms for monitoring
crop health. The drones provide high-resolution data of water stress zones and pest infestations that cannot be seen by the human eye[28].

Application:

* Al interprets images to create NDVI (Normalized Difference Vegetation Index) maps.

* Farmers are provided with detailed variable-rate irrigation and fertilizer prescriptions.

* Pre-emptive irrigation adjustments upon early water stress detection increase water efficiency.

Results:

+ Up to 35% water savings in large-scale farms.
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* Improved crop quality and consistency of yields.
« Efficient resource utilization and lower operational expenses.
This solution emphasizes the use of aerial 10T data together with Al in assisting ground sensors in large-scale precision irrigation[29].

4.3 India: Empowering Smallholder Farmers with Low-Cost 10T-Al Systems

Indian smallholder farmers are confronted with infrastructural and financial constraints that bar them from accessing cutting-edge technologies[27]. New
pilot projects have integrated low-cost 10T soil moisture sensors with smartphone-supported Al platforms providing irrigation recommendations
optimized for local crops and weather conditions[29].

Features:

*Low-power wireless sensor networks for collecting data.

*Real-time irrigation advice from Al algorithms deployed in mobile applications.

*Digital literacy for farmers is enhanced through training programs.

Results:

*Demonstrated water savings of around 30%.

+10-20% increase in crop yields due to optimized irrigation.

Greater farmer acceptance and confidence in technology-based agriculture.

Such projects indicate that low-cost 10T-Al systems can be repurposed for resource-poor settings at affordable prices, crossing the digital divide for
agriculture[30][31].

Table 4: Summary of Case Studies in 1oT-Al Based Irrigation
Country|Key Technologies Used Results Achieved

Israel  [IoT drip systems + Al decision support [50% less water, increased yields

USA Drones + Al analytics + NDVI mapping [35% water savings, better crop health

India  |Low-cost sensors + mobile Al platforms({30% water savings, 10-20% yield increase

5. 10T and Al Integration Benefits of Precision Irrigation

The convergence of Internet of Things (10T) technologies with Artificial Intelligence (Al) presents groundbreaking benefits to irrigation management,
improving water use efficiency, crop yields, and sustainability [31]. The following are the major benefits elaborated in detail:

5.1 Massive Water Conservation

« Real-Time Monitoring: 10T sensors continuously monitor soil moisture, weather, and crop water stress, irrigating only when and where water is
actually needed. This avoids overwatering, a typical situation in traditional irrigation[31][32].

» Dynamic Scheduling: Machine learning algorithms study sensor inputs and weather data to real-time adjust irrigation schedules and quantity. This
responsiveness saves water through reduction in rain or humidity-induced wastage[30][31].

» Water Footprint Reduction: Field tests and research indicate water savings of 30% to 50% and reduces the pressure on freshwater resources—critical
in water-scarce regions.

5.2 Enhanced Crop Yield and Quality

* Enhanced Water Supply: Soil moisture maintained at optimal levels specific to crop type and growth stage increases photosynthesis and nutrient
uptake to yield healthier crops[32].

« Stress Monitoring: Analysis of multispectral imagery and sensor data using artificial intelligence can identify water stress or nutrient deficiency in
early stages, allowing timely corrective action.

« Uniform Growth Conditions: Under-irrigation and over-irrigation are avoided, hence the crops undergo reduced stress, resulting in better yields,
quality fruit, and losses to pests or diseases[32].

5.3 Increased Labor Efficiency and Cost Savings

« Irrigation Automation: Automation in integration eliminates man power requirements for monitoring and regulating irrigation equipment.

* Remote Control: Farmers and agronomists monitor and control irrigation systems remotely through web pages or mobile applications, saving time and
travel.» Resource Optimization: Precision application of water saves energy on pumping and for fertilizers and therefore lowers the cost of operation[33].

5.4 Environmental Sustainability

» Reduced Runoff and Leaching: Precision irrigation minimizes excessive water application, reducing nutrient runoffs into neighbouring water courses
and hence lowering eutrophication[32].

+ Soil Conservation: Maintenance of optimum moisture content prevents erosion and salinization and preserves soil fertility in the long run[33].

» Reduced Carbon Footprint: Water and energy efficiency minimize greenhouse gas emissions from irrigation.

5.5 Data-Driven Decision Making and Risk Management

* Predictive Analytics: Machine learning models forecast future water needs from weather forecasts, crop growth stages, and past patterns to plan
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irrigation in advance.

» Fault/Leak Detection: Machine-based fault detection in irrigation systems or leakage allows for early intervention and minimization of water
loss[33][34].

» Enhanced Resilience: Through the adjustment of irrigation to instantaneous environmental fluctuation, farms become more resilient to droughts,
heatwaves, and other climate risks[34].

5.6 Scalability and Tailoring

» Modular Systems: Al and loT systems may be scaled from smallholder operations to big commercial farms through addition or subtraction of sensor
nodes and tuning of Al models.

« Crop and Region Specific: Al algorithms can be trained for localized crops and climatic regions to make locally optimized irrigation plans[28][29].

« Integration with Other Smart Farming Technologies: The systems can be integrated with fertilization and pest control modules for integrated farm
management.

Table 5: Benefits of 1oT-Al Integration in Irrigation

Benefit Area Description
Water Conservation Real-time monitoring and smart scheduling reduce waste
Crop Yield and Quality Optimized water supply promotes uniform growth and stress reduction

Labor and Cost Efficiency  |[Automation reduces manual effort and energy/fertilizer costs

Environmental Sustainability|Reduced leaching and erosion, lower carbon footprint

Risk and Decision Support  |Predictive analytics improve resilience to climate variability

Scalability Modular systems adaptable to various farm sizes and crops

Overall, 10T and Al integration in precision irrigation enables effective use of water, improves crop health, minimizes environmental footprint, and
enables data-driven, scalable farming practices[31].

6. Challenges

In spite of the great potential of merging 10T and Al in precision irrigation, numerous technical, socioeconomic, and operational issues exist that restrict
its large-scale implementation and efficiency[32].

6.1 Skyrocketing Upfront Price and Financial Barriers

« Installation and Acquisition Price: The price of purchasing and installing 10T sensors, communication modules, data processing units, and artificial
intelligence software can be astronomical, especially for smallholder and poverty-stricken farmers.

» Upgrades and Maintenance: Ongoing system maintenance, sensor replacement, software upgrade, and debugging are periodic costs that contribute to
the expense.

» Return on Investment Uncertainty: Some others might not invest because they are uncertain about the time it will take to make money through
enhanced returns or water savings.

6.2 Connectivity and Infrastructure Limitations

« Limited Network Coverage: Agricultural rural areas usually have no consistent cellular or internet coverage, which inhibits instant data transfer
necessary for timely irrigation decisions.

» Power Supply Constraints: In the majority of agricultural areas, there is an unreliable electricity supply, thus making sensors and communications
equipment remain powered at all times[23][24]. Battery- or solar-powered solutions make the issue more convenient but entail additional cost and
maintenance issues[23].

» Latency and Data Loss: Frequent connectivity can result in latency or loss of data transfer, decreasing the efficiency and responsiveness of Al -based
irrigation systems.

6.3 Data Management, Privacy, and Security

+» Big Data Challenges: Precision irrigation systems create big data from numerous sensors that need efficient storage, processing, and analyzing facilities.
Storage of such data efficiently demands giant computing power and expertise[32].

» Privacy of Data: Farmers can be hesitant to provide personal farm data because of the fear of abuse or unauthorized use, affecting data availability and
system performance.

« Security Vulnerabilities: Networked devices are susceptible to hacking and cyber-attacks resulting in data exposure or tampering of irrigation controls,
destroying the crops and resources.

6.4 Sensor Accuracy, Reliability, and Maintenance

« Calibration Needs: Soil moisture and ambient sensors require regular calibration to maintain precision, which is labour intensive and costly.

« Weather Exposure: Field-installed sensors are exposed to harsh weather, insects, dust, and mechanical stress, resulting in recurrent failures.

*Repairs and Replacement: Early detection and replacement of faulty sensors are significant but increasingly challenging in big or far-flung farms[33].
6.5 Farmer Awareness, Training, and Acceptance

» Limited Technical Knowledge: Most farmers, particularly in developing countries, do not have technical expertise about 10T and Al technologies,
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hindering adoption and operational effectiveness.

+ Resistance to Change: Conservatism in established farming practices and reluctance toward new technology can delay acceptance.

* Training Programs Needed: Ongoing training and on-the-job training are needed to equip farmers with the capabilities to utilize and interpret smart
irrigation systems effectively.

6.6 Conformity to Current Farming Patterns and Local Environment

* Deployment Requirements: Al algorithms and 10T infrastructures need to be adjusted to certain crop varieties, soil types, and climatic regions, and
therefore, become more challenging to deploy[28].

« Social and Cultural Dimensions: Farming choices are usually dictated by local traditions, economic climate, and social circles, which must be respected
and incorporated by technology-based solutions.

« Interoperability Issues: Inadequate or no standardized protocols and support among devices and platforms of multiple vendors may introduce
impedance to seamless integration and scalability.

Solution of these complex problems through multi-disciplinary research, technological advancements, policy assistance, and stakeholder interactions is
necessary to realize the potential of 10T and Al for precision irrigation[29][30].

7. Future Directions

To overcome current challenges and realize the full potential of 10T and Al for precision irrigation and sustainable water resource management, a number
of key areas of research, development, and policy attention are crucial[30][31].

7.1 Development of Low-Cost, Robust Sensor Technologies

* Developing low-cost, long-lasting, and energy-efficient sensors will be critical to bring precision irrigation to smallholder farmers worldwide.

» Flexible electronics, biodegradable sensors, and self-sustaining devices (e.g., solar or energy harvesting) can minimize maintenance requirements and
environmental footprint.

7.2 Edge Computing and Al for Offline and Real-Time Analytics

* Incorporating Al processing near sensor nodes (edge computing) minimizes dependency on constant internet connectivity and facilitates real-time
decision-making.

* This methodology can reduce latency, data transmission expenses, and risks associated with remote farming areas' connectivity issues[33].

7.3 Multimodal Data Integration

« Integrating weather, soil moisture, crop health (using drones or satellite), nutrient content, and pests within integrated Al models will give a holistic
view of the water requirements of the crops.

» Multi-sensor fusion will enhance precision irrigation and enable an integrated approach to farm management practices[34].

7.4 Standardization and Interoperability

* Developing open communication protocols and interoperability standards will allow for integration of devices and platforms across different
manufacturers.

* Enablement of developing scalable and flexible systems that can be supported in various farm sizes, crops, and geographies.

7.5 More Effective Farmer Education and Capacity Building

* Developing easy-to-use interfaces and mobile applications per different literacy levels and languages will improve adoption.

» Extension services and extension training must be scaled up to endow farmers with the capacity to apply, maintain, and interpret 10T-Al systems
appropriately[35].

7.6 Policy Support and Financial Incentives

« Institutional and government agencies must implement policies to promote precision irrigation technology uptake, including subsidies, low-interest
loans, and public-private partnerships.

» Laws that protect against data privacy, security, and ethical Al use will build farmer trust and system dependability[32][33][34].

7.7 Climate-Resilient and Adaptive Systems

*The future systems will need to factor in anticipated climate change to optimize water utilization under increasingly more variable and extreme weather.
*Al models will need to learn adaptively from emerging environmental patterns in order to sustain crop yield and water conservation[33].

While creating these technologies, 10T and Al-based precision irrigation can be an affordable, mainstream, and sustainable solution for agricultural water
resource management globally[34].

8. Conclusion

The fusion of Artificial Intelligence (Al) and Internet of Things (10T) in precision irrigation represents a paradigm change towards water sustainability
in agricultural water resource management [35]. Leverage on real-time data acquisition with 10T sensors and sophisticated data analysis with Al
algorithms, precision irrigation systems improve the accuracy, responsiveness, and water application efficiency to deliver targeted crop and environmental
requirements. This synergy not only saves huge amounts of water—occasionally cutting consumption in half by 30% to 50%—but also increases the
health and productivity of plants by keeping the soil at its proper level of moisture and lowering plant stress.

Additionally, 10T and Al-based irrigation minimize labour requirements and operational costs through remote monitoring and automation and establish
economic advantages coupled with environmental sustainability. The reduction of nutrient runoff and soil erosion contributes to healthier environments,
and predictive analytics enhance farm resilience to climate variability and weather disasters[36].

However, this path to scale-up is met with numerous make-or-break challenges. Staggering installation and maintenance costs, lack of connectivity in
rural areas, data management complications, and limited farmer education and training make constraint easier, particularly on the part of smallholder
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farmers. Addressing these challenges requires multi-disciplinary effort to produce low-cost, high-degrees-of-freedom sensors, decentralized Al
computation (edge computing), interoperable platforms, and user-friendly interfaces adapted to different agricultural environments.

Policy infrastructures and economic incentives are also crucial to stimulate adoption, provide data privacy, and provide inclusive access. In addition,
continued innovation in adaptive Al models and multi-modal sensing will enable irrigation systems to respond with changing environmental and crop
requirements, with further precision and sustainability.

In summary, integration of 10T and Al has the possibility of revolutionizing irrigation systems worldwide. Utilized effectively, the technologies can
potentially enhance water conservation in the world to a large extent, increase agricultural output, and safeguard the environment, ultimately contributing
to food security and the attainment of sustainable development goals. Research, innovation, and collaboration between stakeholders will be key drivers
in realizing this vision, with precision irrigation being a critical component of smart and sustainable agriculture in the future[37].
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