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Abstract:

This paper studies how sensor fusion methods can fit into IoT-based precision agriculture, a game-changing way to run farms
today. By bringing together data from different sensors like those for soil wetness, temperature, and how well crops are doing,
growers are able to get a full look at what's happening in their fields, letting them make better calls and handle resources more
wisely. This paper looks at different ways to use sensor fusion, how they're used in precision agriculture, and shows examples of
how well they work. It also looks at problems like high costs, keeping data safe, and staying connected, while also pointing out
where future studies and work should go. The results show that sensor fusion could really help make farming more productive
and sustainable, which will help feed the world.

Keywords: sensor fusion, precision agriculture, internet of things (IoT), smart farming, farm automation, watching crops.
Introduction:

Precision agriculture uses tech to keep an eye on and take care of crops in an easy way, making the most of what's available and
growing more food [1]. The Internet of Things (IoT) is very important because it hooks up sensors that gather live info on soil,
weather, and crop health [2]. Sensor fusion, which is mixing data from different sensors, makes the data more correct and reliable,
which leads to smarter choices [3]. The goal of this paper is to examine sensor fusion methods, how they're used in IoT precision
agriculture, and how they could change farming for the better.

Sensor fusion can be broken down into three types: data-level, feature-level, and decision-level. Data-level fusion puts together
raw sensor data, feature-level fusion mixes features that have been taken out, and decision-level fusion combines choices made
by single sensors [3]. These methods are very important in farming, where different data sources like soil wetness and weather
sensors, have to be put together to deal with changes in the field. Combining IoT with sensor fusion allows for live watching and
automation, like changing watering schedules based on combined soil and weather data [4].

1. Applications of Sensor Fusion in Precision Agriculture:

Sensor fusion is used in many ways to improve precision agriculture, which helps farmers water, fertilize, control pests, and watch
their crops in a more efficient way. Below are some main uses, backed up by case studies.

1.1. Smarter Watering and Water Handling:

By mixing data from sensors that measure soil wetness, temperature, and weather, farmers can figure out exactly how much water
is needed. A study by (author?) [6] showed how using many soil sensors can mark out areas of water holding, which makes
watering more efficient. [oT smart watering systems that use these sensors have been shown to save 30—50% on water and make
water use 60% more efficient when paired with Al [2].

1.2. Checking Crop Health and Predicting Illness:

Sensor fusion combines data from crop health sensors (like cameras that see different light wavelengths) and environmental
sensors to guess when diseases might break out and see how stressed plants are. (author?) [5], for example, used multi-sensor data
fusion to make maps of management areas for potato production, which changed planting rates to fit field conditions. This way,
they grew more potatoes and made 2.34-27.21% more money compared to planting at the same rate everywhere.

1.3. Automatic Farm Machines:

Sensor fusion makes it possible to automate farm machines like drones and tractors by adding data from GPS, LiDAR, and
cameras. A study by (author?) [7] used data fusion ways to mix satellite and drone photos for watching vineyards, using the
Normalized Difference Vegetation Index (NDVI) to check plant strength and make growing better.

1.4. Handling Soil Nutrients:

Mixing data from soil nutrient sensors and hyperspectral imaging helps farmers put fertilizers on the ground in a precise way. [8]
made an IoT system that hooks up many sensor data to find out soil nutrient levels, which cuts down on fertilizer waste and
environmental damage.
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Table 1: Examples of Sensor Fusion Applications in Precision Agriculture Application
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| Fig-1.2: Schematic of Sensor Fusion in Precision Agriculture |

This diagram illustrates the sensor fusion process, showing sensors (e.g., soil moisture, temperature, pH) connected to an loT
network. Data is collected, processed using fusion algorithms, and used for decisions like irrigation control and pest
management[9].
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Fig-2: Comparison of Crop Yields

The diagram provided illustrates the application of sensor fusion within an Internet of Things (IoT) framework for
agricultural management. A variety of sensors, including those measuring soil moisture, temperature, and pH levels,
are integrated into an IoT network. These sensors collect raw environmental data, which is then processed using
intricate fusion algorithms. The result of this data processing informs critical farm management decisions, such as
when to irrigate crops and how to manage pest populations [10].

To provide context, it's important to define farm sizes based on gross earnings. Small family farms are defined as
those reporting earnings less than 329,05,000. Midsize family farms have earnings ranging from %29,05,000 to
28,29,99,000, while large-scale family farms generate 8,30,00,000 or more [11]. Nonfamily farms are those in which
the farm operators and their relatives do not own a majority stake in the business. Data regarding yield monitors, soil
maps, auto-steering systems, variable rate technologies, and drone usage are based on farms that have harvested
cropland. The data relating to robotic milking pertains to dairy farms, and the data regarding wearable livestock
technologies only includes farms with sales of livestock like cattle, hogs, dairy, poultry, and other livestock. It's
important to note that the Agricultural Resource Management Survey (ARMS) excludes farms located in Alaska,
Hawaii, and Native American reservations [12].

The accompanying bar graph offers a comparison of average crop yields, measured in tons per hectare, between
traditional farming methods and precision agriculture practices that the use of sensor fusion. The graph indicates
notable yield improvements when implementing precision agriculture techniques using the data from multiple
research studies [13].

Conclusion:

Sensor fusion techniques represent a fundamental component of IoT-enabled precision agriculture. They give precise
and reliable data, which is essential for informed farm management. By consolidating data from diverse sensors,
farmers can better refine the allotment of resources, increase crop output, and decrease environmental harm. Even so,
the implementation of these technologies confronts a few difficult situations [14]. One major problem is the high initial
investment costs, with soil moisture sensors priced between 4,150 and 324,900 and drones ranging from 83,000 to
%20,75,000. Data security is also a point of concern, as is the limited connectivity in certain rural areas. Resolving these
problems by promoting technological advances and beneficial policy will be needed for sensor fusion to be adopted
on a wider level [15].

Future Scope:

There are several advancing patterns in sensor fusion:

Edge Computing: Processing sensor data on-site to lower bandwidth use and response times. This approach reduces
reliance on remote servers and improves real-time decision-making.
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5G Integration: Expanding connectivity through 5G networks to allow data transmission in the countryside more
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efficiently. Improved connectivity supports timely monitoring and control.

Advanced Al Algorithms: Increasing analytic abilities for complicated datasets derived from various sources. Evolved
algorithms can find subtle patterns and correlations, allowing for more farming strategies to be improved.

Standard IoT Protocols: Improving how sensors and IoT platforms communicate. Standard protocols will encourage
interoperability and make it easier to set up and manage precision agriculture systems.

Earth-Friendly Ways: Using sensor fusion to lower the use of synthetic substances in agriculture and sustain
biodiversity. This contributes to more environmentally friendly and lasting farming practices.

These improvements will both broaden the availability and expand the benefits of sensor fusion, paving the way for
approaches that are based on sustainability in agriculture.
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