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ABSTRACT

Precision agriculture represents the modern farming methodology that seeks to enhance productivity,
efficiently use resources, and ensure sustainability. The tandem working of loT with machine learning
further revolutionizes the entire field of precision agriculture, enabling real-time monitoring, data-based
decision-making, and predictive analytics. This review investigates 10T and ML applications in precision
agriculture with specific changes in technology, applications, benefits, and challenges. The 0T integrates
smart farming by deploying networked sensing nodes, drones, and automated machinery to collect and
dispatch agricultural data. In contrast, machine learning software sifts through copious amounts of those
data to provide insights, forecasts, diagnoses diseases, and recommends optimization of irrigation and
fertilization. By lowering waste, increasing efficiency, and eventually lessening their impact on the
environment, these technologies support sustainable farming practices. Despite the enormous progress,
issues with data privacy, implementation costs, and the requirement for a robust ICT infrastructure in
rural areas remain. Additionally, this study highlights current research trends, real-world applications,
and potential future directions for loT and ML integration in precision agriculture. Improving smart
farming involves overcoming existing inefficiencies and implementing new technologies like edge
computing, blockchain, and 5G connectivity. In light of the most recent developments and challenges, this
paper seeks to provide useful insights to the policymaker, the farmer, and to researchers in furtherance of
the cause of sustainable precision agriculture.
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1. Introduction sufficient to address the challenges of

L climate change, resource limitation, and
1.1 Background and Significance food security. The advent of digital
The agricultural sector is undergoing a technology modes, such as the Internet of
technological ~ revolution.  Traditional Things (loT) and Machine Learning (ML),
methods of farming, mostly labour-intensive made it conducive for precision agriculture
and experience-based, are no longer to come into play. In general, digital
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technology provides real-time monitoring,
decisions based on data analytics for
intervention, and automation that enhances
productivity and sustainability (Navarro et
al., 2020). Precision agriculture rises to
increase productivity through optimizing
agricultural practice while reducing resource
wastage, diminishing the impact of
agriculture on the environment, and
providing higher agricultural yields. 10T aids
in smart farming, thus allowing soil
conditions, the weather forecast, and crop
health to be monitored and reported in real-
time through sensor networks connected to
UAVSs. This huge chain of data is mined
with machine learning algorithms to drive
prediction, automate irrigation  and
fertilization purposes, and help manage
disease attack in its initial phases. These
advances improve efficiency and sustain
agriculture as the market grows (Almalki et
al.,, 2021) (Soussi et al.,, 2024). Rapid
population growth and the impacts of
climate change push traditional agricultural
techniques towards efficient and sustainable
practices. Smart farming exploits loT
sensors, volunteer devices, and mobile
applications for real-time monitoring and
decision-making in crop management, soil
management, irrigation, disease detection,
and yield prediction(Navarro et al., 2020).
This paper examines the cutting-edge
developments of 10T and ML for precision
agriculture and their role in sustainable
farming.

1.2 Importance of the Integration between
Agriculture, 10T, and ML

Advanced practices might be incorporated with
IoT, ML, and agriculture for the solution of
challenges such as climate change, optimization
of natural resources, and food security(Ayoub
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Shaikh et al., 2022a). Traditional modes of
agricultural practices heavily depend on farm
labor along with the subjective agricultural
management practices leading to incorrect input
allocation and vyield estimation(Ronaghi &
Forouharfar, 2020).With this alignment of loT
and ML, precision agriculture aggregates real-
time data, predictive analytics, and thus
automates decision-making:

* Productivity: 10T monitoring systems
provide real-time data on soil conditions,
temperature, and humidity that help farmers
optimize irrigation, fertilization, and crop
management (Alwis et al., 2022).

e« Maximum Resource Efficiency:
Millisecond algorithms handle a vast data
set and give advice on water and fertilizer
application in a way that prevents wastage
and encourages sustainable  resource
utilization(Akhter & Sofi, 2022).

« Pre-emptive Pest and Disease Detection:
Sensor-based crop monitoring utilizing Al
image recognition-based techniques pre-
emptively detects plant diseases and pest
infestations prior to loss of yield(Kok et al.,
2021).

 Climate Adaptability: Al technology
handles climate data in such a way that
farmers can take the best decisions possible
regarding planting and harvesting periods
with  reduced risks of  uncertain
weather(Ayoub Shaikh et al., 2022a).

+ Farm Automation: Planting, harvesting,
and spraying pesticides are being done with
the help of robotics and drones powered by
Al that leads to massive reduction of human
labor and immediate efficiency(Torky &
Hassanein, 2020)

* Transparency in the Supply Chain:
Blockchain and 10T will ensure traceability
in food safety and reduce cases of fraud in
the chain (Torky & Hassanein, 2020).

It warns that farmers' transition to 10T and ML
will bring an age of data-based decision-making
as far as nourishing the world with guaranteed
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yields, costless agriculture, and environmental
conservation(Zhang et al., 2021).

2. Literature Review

In recent years, studies on the integration of 10T
and ML in precision agriculture have been
highly in consideration because of the potential
to enable efficiency, sustainability, and
productivity. The following section discusses the
brief description of relevant progress for local
areas.

2.1 Precision Agriculture through loT

Operational, data-driven decision-making and
real-time monitoring loT-based systems were at
the core of precision agriculture adoption. Edge
computing, wireless sensor networks (WSNS),
and unmanned aerial vehicles (UAVS) are the
primary elements of smart farming (Almalki et
al., 2021; Navarro et al., 2020)

Examples of applications of 10T are:

» lrrigation systems that use less water and
react to soil moisture (Soussi et al., 2024).

» Real-time monitoring of climatic and soil
conditions  through  remote  sensing
technology (Wang et al., 2024).

» Detection of productivity and animal well-
being(Demestichas et al., 2020).

2.2 Machine Learning in Precision
Agriculture

Machine learning algorithms serve to inform
decisions in agriculture by predictive modeling
and the automation of sophisticated datasets. In
recent studies, some of the machine learning
applications were demonstrated such as:

. Crop vyield prediction with the use of
Support Vector Machines (SVM) and Random
Forest models(Condran et al., 2022).

. Disease and pest detection using
Convolutional Neural Networks (CNNs) and
deep learning(Sharma et al., 2021).
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. Resource allocation optimization, for
instance, Reinforcement Learning
techniques(Demestichas et al., 2020).

Other than these applications, ML models are
also being applied to an ever-growing extent for
soil condition monitoring, detection of weeds,
and precision fertilizing. Predictive analytics
models driven by Al enable decision-making on
planting at the right time, crop rotation, and
sustainable soil practices (Gupta et al., 2020).

2.3 Overview of 10T and ML integration in
Precision Agriculture

A smart agriculture method uses ML and loT for
creating decision support systems that include
data gathering and smart analysis in real-time
too. The key developments are

*  Autonomous drones with the support of ML
have been developed for monitoring crop
health, nutrient deficiency, and intervention
areas(Soussi et al., 2024).

« 10T sensors and Al in smart greenhouses
for self-management of climate and
irrigation and pest control(Soussi et al.,
2024).

» Blockchain precision agriculture systems
offer data security and traceability in the
agricultural supply chain(Alwis et al.,
2022).

3. Research Objectives
The overall research goals are:

* To examine the application of IoT and ML for
precision agriculture and their contribution
towards contemporary farming.

* To critically discuss new developments in loT
and ML technologies to promote agricultural
productivity, sustainability, and efficiency of
resources.

* To consider actual case studies showing
practical application of IoT and ML to
agriculture.
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* To understand the principal challenges and
potential opportunities of loT and ML in
precision agriculture.

3.2 Scope of Work
This work covers:

» Infra-depth explanations of 10T technologies
such as smart sensors, UAVs, and edge
computing, and why they are suitable for
precision agriculture.

* ML methodologies for use in agricultural
decision support, including but not limited
to deep learning, reinforcement learning,
and predictive modelling.

» Case studies to elucidate the pros and cons
of real-time IoT and ML deployments in
practice.

* An overview of constraints and possibilities
for future research toward addressing
security, cost, and access challenges in smart
agriculture.

4. 10T and ML in Precision Agriculture

4.1 Comparison between Conventional and
Present Technology

A major increase in efficiency and productivity
in agriculture is attributed to the transition from
conventional practices to precision agriculture
through loT and ML. The following comparison
shows some of the main features of the
conventional and the current technologies in
agriculture.

4.2 Key Precision Agriculture Technologies

Some of the most important technologies that
help provide loT and ML deployment in
precision agriculture are:

*  Wireless Sensors Network: The network
can be deployed over fields, which will
gather data such as soil moisture,
temperature, humidity, and nutrients,
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allowing  real-time  monitoring  and
management of irrigation systems. The
networks prevent water loss and enhance
crop production by providing farmers with
precise, data-driven information (Akhter &
Sofi, 2022).

Unmanned Aerial Vehicles (UAVS):
Equipped with remote sensing technology,
UAVs collect high-resolution images for
crop health monitoring, disease detection,
and yield estimation. Multispectral and
hyperspectral imaging add strength to the
potential for vegetation health analysis and
the early detection of stress factors (Ayoub
Shaikh et al., 2022a).

Edge and Cloud Computing: This allows
real-time data analysis, storage, and
processing by farmers so they can make
decisions instantaneously based on real-time
scenarios. The Edge reduces time blockage
on information transit and enables farmers to
respond in time with respect to any variation
in climate and crop conditions, while the
Cloud supplies data security and scaling
abilities (Akhter & Sofi, 2022).

Artificial Intelligence (Al) and Machine
Learning (ML): Al and ML are employed
for predictive analytics, anomaly detection,
and machine-driven decision-making that
help farmers maximize yield and resource
utilization. ML models improve the
prediction so that farmers can anticipate
disease outbreaks, weather, and optimum
harvesting times (Ayoub Shaikh et al.,
2022a).

Blockchain Technology: Ensures secure
and transparent transactions in agricultural
supply chains by providing an immutable
record of farming data, improving
traceability and reducing fraud. It also
enhances food safety by tracking produce
from farm to consumer, ensuring
authenticity and quality (Torky &
Hassanein, 2020)
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Table 1 below gives a brief comparison between Conventional and Present Technology.

Table 1: Comparison between the Traditional and Current Technology

Aspect Traditional Current Technology References
Technology
Data Collection Manual  record-keeping | Sensors of Internet of Things for | (Alwis et al., 2022;

and observations

direct surveillance

Gaikwad et al., 2021)

Decision Making

Historical trends and

Predictive analytics with use of

(Ayoub Shaikh et al.,

farmer experience Artificial Intelligence and | 2022a; Akhter & Sofi,
Machine Learning technique 2022)
Resource Generalized application | Precision agriculture utilising | (Torky & Hassanein,
Management of fertilizers, water, and | Internet of Things and big data | 2020; Kok et al., 2021)
pesticides analysis
Livestock Farming Manual monitoring of | Health and activity monitoring | (Zhang et al., 2021)
livestock feeding and | with Internet of Things wearable
health devices
Supply Chain Paper-based tracking of | Immutable and  transparent | (Torky & Hassanein,

farm products

tracking powered by blockchain

2020)

Irrigation Systems

Fixed irrigation times

Smart irrigation systems

(Gamal et al,

Ragab et al., 2022)

2023;

Pest and Disease

Control

Reactive strategy with

general pesticides

Al detection and treatment of

diseases

(Ayoub Shaikh et al.,
2022h)

Sustainability &
Environmental

Impact

of

and

High

resources

wastage

environmental footprint

Resource optimization and low

environmental footprint.

(Ronaghi & Forouharfar,
2020; Akhter & Sofi,
2022)
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e Automated Irrigation Systems: Uses
loT sensors to optimize water usage,
reduce wastage, and enhance efficiency
by adjusting irrigation schedules based
on real-time soil conditions. Smart
irrigation  reduces dependency on
manual interventions and ensures plants
receive adequate hydration without
overuse of resources (Akhter & Sofi,
2022).

e Robotic Farming: Al-powered robots
perform planting, weeding, harvesting,
and sorting tasks, reducing human
labour dependency and increasing
precision in agricultural operations.
Robotics also contribute to efficiency by
operating 24/7 and performing repetitive
tasks with high accuracy(Ayoub Shaikh
et al., 2022a).

e Geographic Information  Systems
(GIS): Utilized for spatial analysis and
mapping of farmlands, assisting in
precision  farming by integrating
multiple data sources for better land use
planning. GIS helps in soil fertility
assessment, pest infestation tracking,
and optimizing land resources (Ragab et
al., 2022)

o Hyperspectral Imaging and Remote
Sensing: Helps in detecting nutrient
deficiencies, soil properties, and plant
stress  factors, allowing  timely
intervention for crop management.
These imaging technigues enable
precision agriculture by providing
insights into soil conditions and plant
health beyond what is visible to the
naked eye (Ayoub Shaikh et al., 2022a)

e Internet of Things (loT) Platforms:
Integrated with various agricultural tools
and machinery, enabling seamless
connectivity between sensors, drones,
robots, and farm management systems
for automated decision-making. loT-
based predictive maintenance systems
also help in monitoring the condition of
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farm equipment and reducing downtime
(Akhter & Sofi, 2022).

e Smart Greenhouse Systems:
Automated greenhouse systems leverage
IoT and Al to regulate temperature,
humidity, and lighting conditions to
optimize plant growth. These systems
enhance year-round crop production by
maintaining optimal growth conditions
regardless  of  external  weather
conditions (Gamal et al., 2023)

e Autonomous Vehicles and Tractors:
Al-driven tractors and farm vehicles
equipped with GPS and sensor
technology improve efficiency in
planting, ploughing, and harvesting
operations. Autonomous tractors reduce
human labour costs and improve
accuracy in field operations (Ronaghi &
Forouharfar, 2020).

5. Ethical Considerations

This study has adhered to ethical research by
making use of publicly available data and proper
citation of sources. No personal or sensitive data
were used in this research. With the gradual
establishment of PA within the spheres of loT
and ML, essential ethical considerations such as
data privacy and protection, along with
responsible Al usefulness, arise. Most ought to
guarantee data integrity, secure sensitive
information from farmers, and guarantee
transparency of decision-making guided by
algorithms (Akhter & Sofi, 2022). In another
dimension, ethical Al usage in PA can address
biased ML models, recommending
pragmatically to ensure justice or fairness while
hindering unintended discrimination against
gambled farming communities (Ayoub Shaikh et
al., 2022a). Data security is still a concern since
cyber-attacks targeting loT devices in smart
farming could impact critical Agri-activities.
Researchers state that further insistence is
provided for processing data encryption
advantages and blockchain solutions as aids to
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enhancing data security and tracking (Torky &
Hassanein, 2020), accountability in automated
decision-making is mammoth. The farmer
should be able to see comprehensible insights
from Al models, not black-box solutions.
Explain ability mechanisms must be a part of
any ethical Al frameworks so that decisions
made by predictive models can be interpreted
and acted upon by farmers (Ronaghi &
Forouharfar, 2020).This review surveys the
recent research conducted into 10T and ML's
applications in PA, conducting case studies on
diversified methodologies and implementations.
Studies were chosen with a criterion irrelevant
of win location, novelty, or contribution to smart
farming (Sharma et al., 2021; Wang et al.,
2024). Future research must put emphasis on
framing guidelines for ethical Al-aided
agriculture focused on fairness and sustainability
in farming.

6. Challenges

The 10T and ML for Precision Agriculture
Encounter Many Valuable Challenges. Although
the mixture of loT and ML gathers some
considerable interest via adoption in precision
agriculture, many aspects hold it back from
permeating into all possible fields. Firstly, one
of the most considerable barriers appears to be
that the 10T and ML technologies are expensive
to deploy. The massively capital-intensive
expense to deploy loT sensors, Al-propelled
machinery, and predictive models is enormous,
in which could be exceedingly difficult for a
small- or medium-scale farmer to adopt. Also,
this kind of(Javaid et al., 2022) technological
operation is generally complex, requiring some
specialized knowledge and technical expertise
that traditional farmers do not always possess
(Boursianis et al., 2022). With dependence on
connected smart farming systems growing, the
biggest threat is posed to data security and
privacy. Agricultural operations and supply
chain data are under threat from cyber incidents,
unauthorized access, and even misuse.
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Therefore, cybersecurity measures such as data
encryption and secure cloud storage for
maintaining the integrity of their farming
operations are crucial (Gupta et al., 2020). Many
cyber incidents work to disrupt certain l0oT-
based infrastructures in agriculture, other than
which are food security at the same risk
(Demestichas et al., 2020). When 10T and ML
converge into agriculture, scalability becomes
another problem in question. The efficiency of
the technologies would vary with the
geographical, climatic, and soil conditions. What
works for a farm in some region might not yield
any good in another, and thus should be intense
solutions of custom and adaptive nature(Terence
& Purushothaman, 2020). The custom nature
and brainless, concealability poses a baffling
task for Dboth developers and farmers.
Furthermore, typically the models based on ML
are very often black-box, rendering it very hard
for farmers to understand the recommendations
based on them. Hence, boosting XAl is very
important in establishing trust so that farmers
know how such decisions were arrived at based
on Al (Condran et al., 2022). The other big issue
has been the poor internet connection in remote
agricultural zones. A bunch of farm activities
have been conducted in such places with very
poor digital

7. Future Directions

Advancing technology in loT and ML in the
agricultural sector towards the future will aim to
eliminate these problems while enhancing
efficiency, sustainability, and accessibility. One
important focus will be to create tailored, cost-
effective, and scalable solutions for all types of
farming  environments, enabling  small-to-
medium-scale farmers to also benefit from these
innovations  (Terence &  Purushothaman,
2020)More attention should be devoted to
improving cybersecurity that could stand between
agricultural sensitive data and the risks posed by
increasing cyber nuisances. Enhanced internet
connectivity, particularly rural areas, via satellite-
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internet and long-range wireless networks
(LoRaWAN), will enable real-time monitoring
and decision-making even in remote locations
(Gupta et al., 2020)As XAl develops, ML models
will be even more transparent, which will boost
trust and therefore farmer uptake (Condran et al.,
2022)This, when combined with blockchain
technology, will therefore enhance the value
chain of precision agriculture with traceability
and security attributes to guarantee food safeties
while averting fraudulent activities(Torky &
Hassanein, 2020). Machined loT and advanced
robotics and automated systems will collaborate
to streamline farm operations while reducing
labour costs and increasing productivity.
Implementing Al-powered drones and automated
harvesting systems will thus allocate resources
more optimally while acting to minimize human
inputs (Boursianis et al., 2022). Finally, the
cooperation brought about between researchers,
policymakers, and any other related agricultural
stakeholders will be paramount to put in place
good frameworks for both the ethical and
practical deployment of these technologies
(Ayoub Shaikh et al., 2022a). By addressing
these focus areas, the loT and ML would
contribute tremendously in granting modern
agriculture a sneak look into that safer, protective
future.

8. Conclusion

Through integrating 10T and machine learning
with precision farming, productivity, efficiency,
and sustainability in agriculture have been
greatly improved. Through real-time data
collection, Al-driven analytics, and
automization, farmers have enough capacity to
base their decisions on data, which will elevate
the batch of resource utilization along with yield
guality (Condran et al., 2022)Since the
technology of Agriculture 4.0, which covers loT,
Al, and smart agriculture systems, is there in the
field, most challenges such as but not limited to
high-cost issues, selling or compromising of data
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security issues and further still non-scalable
aspects are obsolete (Ragab et al., 2022)

Overcoming these challenges with affordable
solutions, enhanced  connectivity, and
accessible Al models will be key to mass
adoption. Future advancements must also
address cybersecurity, incorporating
blockchain for supply chain visibility, and
using robotics for automation(Demestichas et
al., 2020).

The future of precision agriculture is in
leveraging these innovations to achieve higher
levels of food security, environmental
stewardship, and farm productivity on a global
basis. By developing interdisciplinary
partnerships between researchers,
policymakers, and business executives,
precision agriculture has the capacity to
convert conventional farming into a smarter,
more efficient, and more resilient system
(Ayoub Shaikh et al., 2022a)
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