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Abstract

Automation is one of the key systems in modern agriculture, providing potential solutions to the challenges related to the growing world
population, demographic shifts, and economic situation. The present article aims to highlight the importance of precision agriculture (PA) and
smart agriculture (SA) in increasing agricultural production and the importance of environmental protection in increasing production and
reducing traditional production. For this purpose, different types of automation systems in the field of agricultural operations are discussed, as
well as smart agriculture technologies including the Internet of Things (IoT), artificial intelligence (Al), machine learning (ML), big data analysis, in
addition to agricultural robots, and finally, the economic transformations resulting from automation. SA uses technology and data-driven
agriculture to increase resource utilization, reduce waste, and minimize environmental impact. Automation in tractors, harvesters, and various
agricultural equipment is revolutionizing traditional agriculture, increasing productivity and efficiency, and reducing reliance on human labor. PA
and SA emphasize environmentally friendly practices and reduce the inputs required to create ecosystems to protect the environment and
mitigate the effects of climate change. This shows how PA and SA can help in the future of the agricultural sector.
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Introduction

Technological developments have occurred throughout his-
tory to increase agricultural productivity with limited resources.
However, population growth, climate change, labor shortages,
and rising labor costs due to an aging population create a con-
tinuing tension between food supply and demand. The world
population is expected to reach 9 billion in 2050, The FAO
estimates that agricultural production should increase by
50%—60%!2!. Due to various constraints such as temperature,
terrain, soil, water quality, etc., only a small area of land is suita-
ble for agriculture. In addition, agricultural land is shrinking due
to economic and political factors such as population growth,
climate, land use, and rapid urbanizationl. While urbanization,
soil erosion, and land degradation reduce the area of agricul-
tural land, water scarcity, and inadequate irrigation systems
also hinder healthy growth and production. Pests, diseases, and
pathogens also significantly affect plant health®. In this con-
text, 'Smart agriculture' has become a paradigm shift strategy
that uses technological advances to transform agriculture.

Smart Agriculture (SA) aims to provide solutions that reduce
dependence on human energy and increase the efficiency of
agricultural operations. Traditional agriculture faces constraints
due to a lack of resources and environmental concerns. Inten-
sive agricultural practices cause excessive use of fertilizers and
pesticides that cause soil pollution and increase greenhouse
gas emissionsPl. However, SA uses efficient agricultural
methods that rely on technology and knowledge to ensure the
best use of resources. Thanks to real-time data from high-reso-
lution sensors and satellite images, farmers can use resources
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more efficiently, significantly reducing waste and environmen-
tal impact!®l,

Traditional agricultural practices have been replaced by
tractors, harvesters, and autonomous weeders using
microtechnology!”l. These smart machines perform simple and
highly efficient tasks. Farmers benefit from increased produc-
tion and reduced labor, creating positive impacts on agricul-
ture. Environmental protection is an important aspect of sus-
tainable agriculture. These goals are combined with agricul-
tural technology aimed at protecting the environment. SM
improves ecosystems by reducing the need for chemicals to
support sustainable agriculturel®9l, This review article aims to
reveal the importance of precision agriculture in increasing
agricultural production and the importance of environmental
protection in increasing production and reducing traditional
production.

Development in agriculture

'Industry 4.0' is a term adopted during the Fourth Industrial
Revolution, defining the limits of technological advancement.
Agricultural development can be linked to various industrial
revolutions and has developed gradually'% (Fig. 1).

This period represents a major change, from Agriculture 1.0,
which represents the era of traditional agriculture from
1784-1870, characterized by early agricultural methods based
on manual labor using hand tools and animal power, crop rota-
tion practices, polyculture, limited use of chemical fertilizers
and pesticides, and reliance on local knowledge and practices.
The issue of this stage was low operational efficiency, to
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Fig.1 Trends in agricultural development'",

Agriculture 4.0, the era of smart agriculture, which began in
2017, transforming the agricultural sector into digital techno-
logy by integrating Internet of Things (loT) devices for real-time
monitoring, using Artificial Intelligence (Al) and Machine
Learning (ML) for predictive analytics, automating agricultural
operations, and focusing on sustainability and reducing envi-
ronmental impact. Agriculture 2.0 represents the mechanized
agricultural era of the 20th century. This process began with the
introduction of agricultural machinery and machines to increa-
se productivity and reduce manual labor, including inefficient
use of resources. Later, Agriculture 3.0, the era of rapid develop-
ment of mechanized agriculture from 1992 to 2017, also known
as Precision Agriculture (PA), introduced advances in compu-
ters and electronics based on global positioning system (GPS),
geographic information system (GIS), sensors, loT devices, data
collection and analysis for informed decision-making, and
remote sensing (RS), which led to increased productivity and
efficiency in agricultural systems. One of the issues of this stage
is the low level of intelligencel2-141,

Agriculture 5.0 means integrating new technologies and alter-
native energy sources into agricultural practices. Real-time wea-
ther updates, remote monitoring, access to affordable financial
services and smart farms will solve the energy problems of the
future by combining these technologies with green energy
sources. Implementing Agriculture 5.0 using green energy
sources have the potential to create a lower-cost, more effi-
cient, and more sustainable energy modell's],

Precision Agriculture (PA)

The development of wireless sensor networks (WSNs) is a
major contribution to the development of AP (AG 3.0), an
advanced technology aimed at increasing crop productivity('¢l,
WSNs and agriculture can reduce risks in the production pro-
cess and help farmers make decisions by placing low-power,
multifunctional sensors on farmlands!'’. RS, GIS, and GPS are a
set of modern information technologies mainly used in AP,
In PA, Al, and various types of data (such as GPS, GIS, and RS
data) propose crop production management to understand the
crop growth process and specialized decision-making systems.
Personal experiences form the basis of traditional agricultural
production management methods!'3l.

The use of PA reduces fuel consumption, agricultural inputs,
labor time, human errors, and effort!’®. Among these processes
are management techniques to reduce input use, fuel
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consumption2%, and soil erosion and compaction by reducing
tillage resistancel?'l. When it comes to capturing and using
technology, both methods are applied simultaneously to
reduce the use of agricultural products. Logging technology
that uses sensors to provide specific information about insects,
soil, water, and plant nutrients. Therefore, Collaborative Tech-
nology uses this geographic data to determine how agricul-
tural inputs vary by region. Several studies have evaluated the
reduction in agricultural inputs when targeting nutrients, espe-
cially fertilizers, using near and far sensors. These minerals
absorb radiation that plants do not use. By plant standards, the
best plants show a lot of yellow-green color. Current literature
ranks fertilizer use between 1.6%—82% using proximity
sensors?Z, and in the case of remote sensors, these numbers
range between 6%—50%[231,

Life cycle assessment (LCA) is now a widely used method to
quantify the potential impact of new agricultural systems and
technologies!?4. It has been used in some studies to evaluate
the environmental impacts of genetic modification technology
in crop production, especially in the use of pesticides and fer-
tilizers. Gasso et al.2! conducted a life cycle evaluation of
Controlled Traffic Farming (CTF) in Denmark and gave good
results due to a significant reduction in self-management,
resulting in a reduction in the use of fertilizers and pesticides.
Medel-Jiménez et al.l2d] studied the environmental impacts of
using an optical crop sensor for variable rate nitrogen applica-
tion (VRNA). The study findings showed an 8.6% reduction in
global warming based on the sensor under good conditions. Li
et al.27! performed LCA on VRNA via plant sensors. The results
of the experiment showed a decrease in global warming, acidi-
fication potential, and eutrophication potential due to reduced
nitrogen fertilization.

Precision Agricultural Systems

Traditional agricultural systems (conventional schemes)
depend on old methods of managing agricultural operations,
and it is assumed that the use of digital technology in this
system does not exist. Among the AP systems are:

Automatic steering system scheme

Automated guidance is a hands-free navigation technology
that uses the Global Navigation Satellite System (GNSS), allo-
wing drivers to follow the path needed to navigate with high
accuracy. These systems are used to improve geological infor-
mation using Real-Time Kinematics (RTK) signals and GNSS
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signals(?8l, An automatic steering system can reduce excessive
errors associated with manual steering. In this way, diesel con-
sumption is kept to a minimum(29., Medel-Jiménez et al.[28]
conducted a study on reducing the rate of diesel consumption
during the use of disc harrows, heavy agricultural machinery,
precision seeders, and spraying. It was concluded that the
reduction in the use of fertilizers, seeds, and pesticides
compared to the consumption of diesel is equal.

Automatic section control scheme

The Automated Control System (ASC) combines steering and
reaction technologies. The ASC uses both GNSS and RTK to
record 2 cm accurate geolocation datal??l. This technology aims
to automatically deactivate the seeding machine or spraying
machine, so that when it passes over the same site, spraying or
seeding is stopped, thus preventing excessive use of fertilizers,
pesticides, and seeds[3%l, This system also helps reduce diesel
consumption, because the ASC usually works in conjunction
with automatic steering systems.

Proximal sensors scheme

Sensors installed near crops serve as a technology for recor-
ding purposes as they measure the plant vegetation index by
measuring the reflected radiation that is not absorbed by the
plant's VRNAB', These sensors can function as portable
devices, ground stations, or installed on agricultural machinery.
Based on vegetation data obtained from sensors, a producti-
vity variation map can be created32.

Prescription maps scheme

Remote sensors measure the vegetation index based on
images taken from drones or satellites!?8l, Specific programs are
used to analyze and process these images for the purpose of
creating crop contrast maps. Variability maps are used by
variable rate techniques to measure nutrient input rates based
on crop needs in the field.

To compare traditional systems and AP systems in terms of
their impact on the ecosystem, Fig. 2 shows the improvement
per cultivated hectare and the potential reductions.

Based on the results in Fig. 2, it is clear that the highest
reductions in climate change were in the sensor scheme,
followed by the prescription map, the ASC scheme, and the
Autosteer scheme. Based on these results, it can be concluded
that there is the possibility of using various AP techniques for

47,938.61
45,254.26 44.941.13
45,000.00
40,000.00
35,000.00
30,000.00
25,000.00
8 =S S N
20,000.00 S < o
< ] = Q
A 1 ~ <
15,000.00 = — =) =3
10,000.00 [Se) ) A< en
—~ o o ~ow oo I
500000 Bz ccol BExgo-l BoRscol B
<tent-AN <+ <t~ < <t AN~ N <t
0.00
Conventional  Autosteer scheme ASC scheme

scheme

Technology in
Agronomy

the purpose of reducing environmental impacts on agricultural
crop productivity.

Smart Agriculture (SA)

SA has played a major role in initiating a digital transforma-
tion in the agricultural sector. Today, Agriculture 4.0 represents
a new revolution that involves the integration of digital tech-
nologies into agricultural operations as well as the impact of
Industry 4.0 across various sectors. This combination of indus-
trial revolution and agricultural development underscores the
importance of using agriculture to shape the future of crop
production and solve the problems that threaten modern
agriculturel’3], Looking to the future, a significant increase in
the use of robotics and automation technologies in the agricul-
tural sector is expected. It has been proven that solar-powered
machines can operate without interruption for a long period
oftime. Therefore, these robots and automation technologies
contribute to opening new ways to increase the efficiency and
productivity of agricultural activities and reduce fuel and
energy consumption while protecting ecosystems. Advances in
robotics have also led to the development of flying micro-
robots inspired by insect mechanicsi33l. The scientific and tech-
nical importance of robots in agriculture is evident from their
ability to increase productivity, develop knowledge, and solve
agricultural problems. In addition, the integration of cutting-
edge technology such as optoelectronics and sensors facili-
tates the robot's ability to increase work efficiency!34.,

Some key technologies of particular relevance to Agriculture
4.0, along with their capabilities and impacts on sustainable
farm management, are summarized in the following
subsections.

Internet of Things (loT)

Agricultural IoT networks, an important technology for smart
agriculture, enabling measuring environmental factors, crop
growth, and production processes through automatic proces-
sing, analysis, and access®sl. As shown in Fig. 3, the loT archi-
tecture consists of perception, transmission, and application
layers. The perception layer uses different sensors to obtain
information about crop growth and field environment and
determines the environmental condition3¢l. The transmission
layer includes network communication protocols that enable
the data collected by the detection layer to be transmitted to
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Fig.2 Comparison between traditional and AP systems per cultivated hectarel?®],
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the application layer based on these protocols. The extensive
outdoor environments in PA are not suitable for using tech-
nologies with low transmission range (e.g., Wi-Fi and Thread)
and high power consumption (e.g., Wi-Fi). In addition, low data
rate technologies (e.g., Z-Wave, LoRa, and 2G(GSM)) are not
suitable for some technologies that provide high-throughput
data transmission. One such technology is the Plant Phenotype
Information System. The application layer is critical for both
cloud systems (e.g., multi-server) and local systems (e.g., gate-
way-based edge computing). The application layer includes the
following functions:

« Data storage, such as cloud platforms and Hadoop
distributed file systemsB37};

- Data management, such as supervisory control and data
acquisition (SCADA) for real-time data monitoring8};

- Data analytics, such as decision-making systems, plant
instructions, and production models for automated control of
agricultural production(39;

- Data commercialization, such as data visualization, owner-
ship, privacy, and new business models for agricultural
productstol,

Resource management and monitoring of agricultural condi-
tions, the use of wireless sensor networks (WSNs) for data trans-
mission, and the use of decision support systems for analysis
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are the focal points of agricultural loT applications“'l. Using
technologies such as Radio Frequency Identification (RFID), loT
applications can track animal growth and health and maintain
environmental stability by monitoring indoor and outdoor
conditionst*Z, However, it enhances plant growth by monito-
ring and controlling the growth environment such as light,
humidity, and temperaturel*3l, 0T for smart irrigation and live-
stock focuses on smart irrigation systems and livestock
management systems that optimize water usage through real-
time data required(*4,

Artificial Intelligence (Al) and Machine Learning (ML)

Agriculture faces many problems such as seed planting,
pesticide control, weed management, crop disease, lack of irri-
gation and drainage systems or even lack of storage manage-
ment. Al and ML applications provide intelligent software appli-
cations and systems that incorporate cognitive work processes
to reduce prediction costs in decision-making, increase agricul-
tural accuracy and productivity, and finally increase agricul-
tural accuracy and productivity[#546], Since agricultural environ-
ments contain a wealth of information, different levels of data
abstraction and feature selection techniques such as classifica-
tion and clustering must be used to capture the full contextual
value of heterogeneous data. In multi-sensory environments,
data fusion classification techniques in particular can be widely
used to integrate and aggregate data from multiple, heteroge-
neous, distributed sensors (such as sensors used in agricultural
fields) to achieve higher reliability and lower probability of
detection errort748], Moreover, using ML techniques, financial
management systems can be transformed into true Al systems
and provide more advanced recommendations and insights for
subsequent decisions and actions. This is aimed at increasing
agricultural production. Therefore, shortly, practical tools
compatible with the Agriculture 4.0 guidelines will enable the
expansion of the integration of ML models into forest manage-
ment systems through automatic data recording, data analysis,
application of ML, and decision-making or support for the inte-
gration of agricultural product quality and production®9l,

One of the applications of Al and ML models are smart robots
that perform tasks such as planting and harvesting more effi-
ciently than traditional methods®%. Additionally, crop and soil
monitoring analyzes data on crop growth and soil health using
ML and Al, allowing farmers to make informed decisions about
resource management and crop care. ML models help farmers
plan for and mitigate risks associated with climate variability.
They anticipate the impact of climate change on crop yields.
At the same time, Al can improve operational efficiency and
productivity by processing and analyzing large amounts of
agricultural datal*®l, Al systems based on data analytics help
farmers make better decisions about irrigation, planting, and
pest management. Al algorithms analyze data and images to
detect plant diseases early, enabling rapid intervention and
reducing crop loss®'l,

Big data and analytics

Recent advances in loT technology, which wirelessly con-
nects all types of objects and devices at all stages of the cyber-
physical management cycle, has helped generate a wealth of
real-time data about the entire agricultural supply chain and
operations. In this case, processes and transactions are an
important source of process-mediated data. In addition, social
media is a major source of sensory devices and robots that
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generate non-traditional data such as images, videos, and other
machine-generated data. As a result, a vast amount of hetero-
geneous data is being accessed with a level of visibility and
decision-making capability that was not possible before. Big
data and analytics are essential components for successfully
creating value from this data. By changing the scope and orga-
nization of agricultural operations, big data can be used to
drive real-time operational decisions, redesign processes, and
provide insightsi2l, Big data applications will address impor-
tant issues such as food safety and security, sustainability, effi-
ciency improvements, and climate change. The aims of big data
applications are therefore not limited to agriculture; Agricul-
ture 4.0 standards cover all requirements in the supply chain,
such as sensor deployment, measurement, predictive mode-
ling, and risk management(>3l,

Agricultural robotics

There are currently several ways to classify and describe agri-
cultural robots. As shown in Table 1, agricultural robot techno-
logy has been widely studied and used in poultry farming, agri-
culture, and aquaculture. Crop robots can be used for virtual
modeling®®¥, monitoring and mapping, plant management,
environmental control, and other purposes. Similarly, agricul-
tural robots can perform virtual modeling!>3], monitoring and
management, environmental control, and other tasks in live-
stock, poultry, and aquaculture. In crop farming, the research
and development of agricultural robots involves a variety of
tasks, including plowing, grafting, planting, fertilizing, pollina-
tion, spraying, harvesting, grading, fertilizing, semi-closed
greenhouses, and fully closed plant factories. There are also
airborne, ground, and aquatic robotic solutions!>¢l. Agricultural
robots can be divided into two categories: non-selective work
robots and selective work robots. These categories are deter-
mined by the application method of operation and technical
levels. Non-selective work robots do not distinguish the target

Table 1. Classification of agricultural robot systems®),

Aspect Type

Crop farming, livestock and poultry farming,
aquaculture

Phenotyping, monitoring, mapping, object
handling, environment cleaning, health
protection, etc.

Remote-control, man-robot collaboration, full
autonomous

Type of industry

Function

Intelligent level

Working mode Selective, non-selective
Mobility Stationary, mobile
Space Aerial, ground, aquiclude

Technology in
Agronomy

person during work. Selective work robots identify, locate, and
diagnose specific agricultural targets using sensing technolo-
gies such as machine vision.

In short, SA applications contribute significantly to environ-
mental sustainability by enhancing resource efficiency, redu-
cing the use of chemicals, conserving biodiversity, and enhan-
cing climate resilience. As these technologies continue to
evolve and become more widely adopted, they hold the
promise of creating a more sustainable agricultural system that
meets the needs of a growing global population while protec-
ting the environment.

Economic transformations caused by
automation

Figure 4 shows different agricultural practices made possible
by technological innovations. Technology diffusion is a mecha-
nism that leads to increased agricultural productivity and thus
increased profits. In addition, it enables more efficient use of
water, pesticides, and fertilizers, making agricultural operations
more profitable. This benefit helps increase local production in
addition to the benefit to farmers. Moreover, if these applica-
tions and methods become more widespread, they could
create new industries or increase the impact on domestic out-
put by boosting existing industries, such as technology compa-
nies specializing in drones or smart devices8l.

The use of modern technology in agriculture represents a
major change in this sector and promises increased production
and profits. These innovations are not just incremental, this
represents a leap forward in farming methods. Figure 5 summa-
rizes the expected economic impacts of introducing these tech-
nologies into global agriculture in 2050. The figure is based on
a study conducted to estimate the potential benefits that tech-
nology development will bring. Statistics show an interesting
trend in value growth in different areas of agricultural techno-
logy, from precision agriculture to moisture management, and
strong growth potential in this sector>9,

Integrating modern precision technologies into agricultural
operations contributes 70% to increasing productivity. In 2015,
crop productivity in the world reached USD$1.2 trillion. This
increase in productivity represents an economic value of
USD$800 billion in 2050 if we rely on technology. If precision
fertilizer is implemented, this method increases sales by 18%,
giving the market a value of USD$65 billion. The use of small
tractors can reduce soil erosion and compaction, increasing
productivity by 15%—-20%. This alone represents a USD$45
billion market opportunity based on an expected growth rate

Estimated range of potential new global GDP value, USD$ billion

115
il "
A
85 - 60 60
70 A Py
50 )
40
Smart crop Drone farming Smart livestock Autonomous Smart building
monitoring monitoring farming machinery and equipment
management

Fig.4 Projected impact of technology on global growth in agriculture®!,
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technologies on the expected value of global crop production®.,

of 13%. Modern irrigation systems that use water accurately
increase production by 10% and also reduce water waste by up
to 50%. These systems are used in a USD$35 billion market. The
agricultural technology market, which is expected to grow by
13%, is USD$45 billion. Production can be increased by 4% by
improving the use of pesticides and insecticides. After carefully
evaluating this, this provides an acceptable market value of
USD$15 billion. These figures underscore the economic power
of large-scale integration of existing technologies. Increasing
crop production by 70% could have a negative impact and
increase energy consumption, which is expected to rise by
2050. Overall, this technology promises to increase crop
productivity demonstrating the economic strength of modern
agriculturel?l,

Conclusions

This review article underscores the transformative potential
of automation and precision agriculture in modern farming. It
highlights that Smart Agriculture (SA) is pivotal in addressing
challenges such as shrinking agricultural land, climate change,
and resource scarcity. By integrating advanced technologies
like loT, robotics, and data analytics, farmers can optimize
resource use, enhance productivity, and minimize environmen-
tal impacts. The findings suggest that these innovations not
only improve crop yields but also promote sustainable prac-
tices by reducing reliance on harmful chemicals and excessive
resource consumption. Furthermore, the article emphasizes the
importance of real-time data and high-resolution sensors in
making informed decisions for efficient farm management. It
concludes that the adoption of these technologies is essential
for the agricultural sector to thrive in the face of growing global
demands. Ultimately, the article advocates for a paradigm shift
towards technology-driven agriculture to ensure food security
and environmental sustainability in the future.
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