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Abstract

The health of society and humans depend on the soil, and human activity has an influence on the lifespan
of the soil ecosystem. By taking social and cultural factors into account, a well-being perspective can
enhance knowledge of soil health, match with societal objectives, and enrich policy frameworks. This
paper presents an all-encompassing system for tracking environmental data economically that integrates
sensing, networking, and visualization layers. With the integration of Internet of Things (IoT) systems,
it makes possible strong statistical and mathematical models, which are essential for public health and
sustainable smart city development. To provide farmers reliable information, the decision support system
utilizes sensors, cloud computing, artificial intelligence (Al), and machine learning. In order to maximize
output and reduce fertilizer usage, it employs an loT-enabled algorithm to categorize soil nutrients
and recommend crops. Automation is employed for data storage, processing, and collecting. Through
encouraging cooperation, supporting data-driven decision-making, testing sensors, and educating users
through cutting-edge visualization tools, the digital twin supports a variety of stakeholders, including
farmers, agronomists, soil researchers, and law makers. Through integrating data and predictive models,
it addresses climate change concerns and promotes soil research. Utilizing organic farming practices,
beneficial fungus, and conservation tillage techniques to improve plant resistance, nutrient availability,
and water usage efficiency are all components of agricultural sustainability. A fuzzy classifier categorizes
real-time data from NPK sensors into sodium, potassium, and calcium parameters, enabling farmers to
monitor soil health and track plant growth, enhancing productivity and minimizing resource wastage
through an loT-enabled fuzzy system. The study investigates the utilization of unmanned aerial vehicles,
aerial imaging, and geographic information systems (GIS) for effective plant detection and enumeration
in response to growing demand for food.
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|. Introduction

In horticulture, soil nutrient assessment is essential; however, there are a number of barriers to consider,
such as soil characteristics, plant uptake, geographic variability, and farm components. Innovations in
technology can create economical, effective information systems that promote production, sustainability,
and resource management on horticultural farms [11. Analyzing and collecting data is complicated by the
time-consuming and costly nature of traditional soil quality assessments. Continuous real-time soil
monitoring provides up-to-date, first-hand information that facilitates decision-making and system
control [2. Agriculture is about to undergo a transformation as a result of the adoption of Internet of
Things (IoT) technology, which contributes to sustainability, efficiency, and conventional techniques [31.
To achieve food production growth, Agriculture Automation is essential, utilizing technologies like
artificial intelligence (AI), machine learning, and IoT. Soil Health Monitoring systems, facilitated by
automation, help ensure optimal crop-specific nutrient availability [4. By leveraging IoT technology, the
agriculture industry has the capacity to overcome constraints such as slow, labor-intensive procedures
and poor real-time data, eventually enhancing soil health and environmental conditions B1. ToT systems
transmit real-time data on soil, water, and air quality through a network of specialized devices to
environmental sensors. However, a thorough framework for dependability and cost-effectiveness has not
yet been explored [©l. Nutrient levels in the soil are crucial for farmers for improving agricultural
productivity. Remote monitoring systems powered by machine learning could enhance quality and
productivity by offering insightful crop recommendations (1. Through the implementation of an IoT-
enabled fuzzy system, farmers can monitor soil health and track plant growth, increasing productivity
while minimizing resource waste. A fuzzy classifier divides real-time data from NPK sensors into
sodium, potassium, and calcium parameter classifications [8l. The conventional approaches of assessing
soil health are being revolutionized by developments in wireless and soil sensor technology. This
facilitates for real-time, on-site monitoring in place of expensive, labor-intensive approaches [l
Emploting unmanned ariel vehicles (UAVs) to remotely monitor subsurface volumetric water by
developing a degradable Intelligent Radio Transmitting Sensor (DIRTS). Biodegradable materials are
used in the tiny resonating antenna sensor to enable automated deployment and scalable manufacture [10.
To determine poor growth, manage weeds, discover loam land, and evaluate productivity, crop counting
is significant. The processing durations and noise disruptions of traditional approaches are constraints.
For plant counting and detection in smart agriculture, UAVs and GIS are employed U], Figure 1 shows
how UAVs assists farmers with soil monitoring and assessing the crop and soil health for timely remedies
required for enhancing the efficiency and productivity.

2. Soil Health in the Digital Age: Leveraging loT Technology

The measurement of soil fertility is based on pH, water content, and nutrient levels. Considering a global
perspective, smart agriculture maximizes the utilization of available resources, sustainable land usage,
freshwater consumption, and pesticide application to boost crop production and farmers' revenue [121.
Applications of data science are transforming industries like IT, engineering, finance, retail, and
healthcare. In agriculture, it's also employed for weather forecasting, plant weather monitoring, and soil
temperature detection, among other purposes [3. Agronomic decision-making requires careful
observation of soil properties, meteorological trends, and water availability. Technological innovations
such as the IoT, cloud computing, and machine learning have radically transformed the farming process
by allowing farmers to analyze data, track development, spot diseases, measure crop maturity, and
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Figure 2. NPK sensor that can be deployed for soil health monitoring

harvest crops while receiving continuous support [14l. With real-time data on temperature, humidity, soil
moisture, UV index, and infrared levels, smart farming—which makes use of the loT—is transforming
conventional agricultural practices and empowering farmers to adopt innovative practices aimed at
boosting crop yields while maintaining resources 3], Leveraging cutting-edge IoT technology and
innovative sensor developments, smart environmental monitoring (SEM) is an essential tool for
sustainable development and societal health, efficiently monitoring and maintaining the environment [1¢],
Growing numbers of small and medium-sized farms are adopting digital technologies for food production
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and necessitating to be monitored for regulatory compliance. To incorporate prediction models and show
multi-sensor field data, a “digital twin” system is being established [!7]. Analyzing and organizing data is
made easier by the digital twin's integration of sensor data from diverse sources. It facilitates understanding
of ecosystem services and many other components of soil. Visualizing environmental implications, such
as changes in land use and climate, it is adaptable for scenario assessment [18]. Farmers can maximize
crop output by employing Wireless Sensor Network (WSN) technology to measure soil nutrient levels.
Preventing problems with crop productivity requires accurate documentation and monitoring of changes
in relevant variables [1°]. The behavior and spatial-temporal variability of soil must be understood in
order to effectively utilize it. Further research is made possible by the trustworthy insights gathered
through sensing technologies such as remote and proximal sensing, as well as laboratory spectroscopy
(201, With the objective of increasing soil organic matter and increasing yields while cutting costs and
improving yield dispersion, regenerative agriculture employs NPK (nitrogen, phosphorus, and potassium)
sensors to pinpoint problematic areas [?11. Farmers may monitor soil health and plant growth, increasing
productivity and reducing resource waste, by employing a fuzzy classifier to categorize real-time data
from NPK sensors into salt, potassium, and calcium attributes [?21. Figure 2 shows a kind of NPK sensor
that can be deployed for real-time soil health monitoring by the farmers.

In order to forecast soil health characteristics, adoption of vis-NIR and MIR spectroscopy, model
averaging techniques, and S-GEM algorithms. Four prediction models are evaluated as part of the

Figure 3. Handheld portable X-ray fluorescence spectrometry
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assessment: partial least square regression, convolutional neural network, memory-based learning, and
Cubist [2]. Understanding the behavior and variability of soil is necessary to comprehend its functions.
Sensing technologies that offer trustworthy insights into soil variability encompass remote sensing,
proximal sensing, and laboratory spectroscopy. With the assistance of these instruments, soil physical,
chemical, and biological characteristics can be precisely described, allowing for field-based
characterization and global, regional, and local soil monitoring ?4. Chemical sensors are becoming more
and more popular because of their affordability, sensitivity, and convenience for application in
environmental monitoring, especially for soil analysis. In order to improve soil quality and environmental
health, they evaluate soil factors such as plant nutrition, contaminants, pH levels, moisture content, salt,
and exhaled gases [*°]. The sensitivity, affordability, simplicity of setup, and real-time analytical
capabilities of chemical sensors have led to an increase in their application in soil analysis. They assess
many soil characteristics, including moisture, pH, salinity, nutrients, contaminants, and exhaled gases,
offering important information about the state of the soil and surrounding conditions [261. Without
requiring soil pretreatment, a soil nitrate sensor measures soil nitrate levels continuously and in real time
using an ion-selective electrode (ISE) and electrochemical impedance spectroscopy (EIS). Its
functionality and performance have been well-documented [?7]. Innovative sensing techniques such as
diffuse reflectance spectroscopy (DRS) and portable X-ray fluorescence spectrometry (PXRF) establish
empirical models for various soil types to generate soil spectral libraries, which provide the rapid analysis
of large samples in a relatively brief period of time [?8. A specimen of handheld portable X-ray
fluorescence spectrometry is shown in figure 3.

3. Recommendations

Based on the literature review of past and present soil health monitoring techniques employed by the
agriculture sector, we propose following recommendations.

e Some recommendations are to create on-site assessment tools, refine soil health indicators,
implement national monitoring protocols, and enhance the Soil Management Assessment
Framework (SMAF) and Comprehensive Assessment of Soil Health (CASH) evaluation tools.

e Sustainable growth through Smart Environment Monitoring (SEM) involves the implementation
of smart sensors, Al, and WSN, with enhanced awareness, regulatory agencies, and
environmentalists boosting effectiveness.

e An open-source structure built on cooperation and knowledge sharing must be put into place if
soil science is to move forward and disciplinary boundaries across sectors are to be bridged.

e A versatile framework for policy evaluation is offered by the cognitive soil digital twin, allowing
stakeholders to evaluate the effects of pollution reduction, land-use changes, and approaches for
climate adaption.

e Managing the massive amounts of data produced by sensors, IoT devices, and Earth observation
systems necessitates a strong data infrastructure that can handle sophisticated storage solutions,
efficient processing, and accurate management systems.

e Future IoT-based soil health monitoring systems will generate maps, assess soil properties, and
enhance agricultural production results utilizing sensor data, geolocation data, and machine
learning algorithms.

e JoT devices and sensor networks gather environmental data in real-time, which helps maintain
and update the cognitive digital twin.
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e Optimizing crop growth and health is the primary objective of the rapidly emerging discipline of
“smart agriculture,” a significant field of study that will likely see substantial future growth.

Conclusion

The health and sustainability of soil are influenced by human relationships and appreciation, which is
vital for human life and well-being. The understanding of natural ecosystems is enhanced by its diverse
values, which come from a range of social origins and impact collective societal viewpoints. Farmers
will be able to make better judgments, take preventative measures, and comprehend the requirements of
their land owing to sensor network technology, which will boost crop output while saving money, time,
and labor. The spread of plant diseases influences the efficacy of detection methods, with fluorescence
sensitivity and thermography reducing accuracy. To remove erroneous data, spectral information-based
techniques necessitate intricate analysis. This paper explores the constraints and potential applications of
the digital twin paradigm, emphasizing issues with data integration, privacy, model accuracy, and user
interaction in addition to potential advantages. For intensive crop production systems, soil health is
essential because it influences plant composition, productivity, and sustainability. Soil health is impacted
by variables like the diversity, quantity, and stability of microorganisms. Arbuscular mycorrhizal fungi
promote nutrient availability and water use efficiency.
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