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Abstract

Modern agriculture is shifting toward precision-based methodologies to mitigate food security challenges and
ecological degradation. In the Indian subcontinent, traditional broad-spectrum agrochemical application in rice
cultivation causes excessive runoff, financial waste, and soil toxicity. This research proposes an autonomous
“Smart Doctor” system for real-time, leaf-level diagnostics and precision actuation.

A critical bottleneck in current systems is the reliance on cloud-centralized Al, which is crippled by high latency
and inconsistent network coverage in rural topographies. To circumvent these limitations, our framework intro-
duces a decentralized Edge-Al paradigm.

The core computational engine integrates a YOLOv8-Nano deep learning model, specifically optimized via INTS
quantization and TensorRT acceleration for deployment on ARM-based edge devices such as the Raspberry Pi 4.
This optimization facilitates high-fidelity disease detection in indigenous rice varieties—specifically Swarna and
Mahamaya—achieving a Mean Average Precision (mAP@0.5) of 88.4%.

By shifting the inference load to the localized edge layer, the system maintains end-to-end processing latency of
less than 100 ms. This responsiveness is vital for synchronizing detection with variable-rate application (VRA)
nozzles during continuous vehicle transit at speeds up to 1.5 m/s.

Experimental results demonstrate that this targeted approach reduces pesticide consumption by 45-55%, translat-
ing to an estimated seasonal saving of 3,500—5,000 INR per hectare for smallholder farmers.

Ultimately, this research provides a scalable technical blueprint for bridging the digital divide in precision agri-
culture through hardware-aware Al and localized computing infrastructure.
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1. Introduction

The global agricultural sector is at a critical crossroads, facing the simultaneous challenges of an increasing pop-
ulation and a decreasing available landmass for cultivation. In the context of the Indian subcontinent, rice
(Oryza sativa) stands as a foundational pillar of both food security and the rural economy.

However, the current methodology for crop health management is dominated by “broad-spectrum” spraying—a
practice where agrochemicals are applied uniformly across entire fields regardless of the actual spatial distribu-

tion of pests or diseases.
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The Problem Statement

Traditional spraying techniques are inefficient and ecologically damaging. Approximately 60% to 70% of ap-
plied pesticides fail to reach the target site, instead leaching into the groundwater or causing soil toxicity.
Furthermore, the modern push toward “Smart Farming” often relies on cloud-based Al In rural topographies,
inconsistent 4G/5G network coverage introduces high latency, rendering cloud-dependent autonomous vehicles
incapable of real-time actuation.

The “Smart Doctor” Solution

This research introduces the “Smart Doctor” framework: an autonomous ground vehicle (AGV) equipped with
localized Edge-Al.

By moving the “brain” of the system from the cloud to the field, we eliminate dependency on internet connectivity
and reduce decision-making latency to sub-100 ms levels.

This is specifically tuned for indigenous rice varieties like Swarna and Mahamaya, which are prevalent in central
India.

System Workflow

Below is the system workflow representing the end-to-end hardware-software interaction based on the proposed

framework.

Technical and Socio-Economic Metrics
The following tables outline the hardware constraints and the projected economic benefits of transitioning from
traditional methods to the proposed Edge-Al system.

Table 1: Comparison of Traditional vs. Proposed Methodology
Traditional Method

Feature Proposed “Smart Doctor”
Variable Rate Application (VRA)

85% —95%

Broad-spectrum (Uniform)

30% — 40%

Application Type

Chemical Efficiency

Decision Latency Manual / N/A <100 ms (Real-time)
Connectivity Requirement None Localized (Offline Capable)
Soil Impact High Residual Toxicity Minimal / Targeted

Table 2: Hardware Specification and Edge Optimization

Component Specification Role in System

Processor Quad-core Cortex-A72 (ARM v8) Model Inference & Logic
Neural Model YOLOvVS8-Nano (Optimized) Object Detection/Localization
Optimization INTS8 Quantization Precision Reduction for Speed
Inference Time ~ 82 ms Real-time Image Processing
Power Draw SW—-12W Battery-operated Efficiency
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Performance Analysis

While a visual graph is typically generated in post-processing, the underlying data for the Accuracy vs. Latency
trade-off for different YOLO versions on the Raspberry Pi 4 is presented below.

Analysis:

As shown in the data, the YOLOv8-Nano provides the optimal balance for an AGV moving at 1.5 m/s. While
larger models offer slightly higher precision, their high latency would result in the vehicle moving past the dis-
eased leaf before the sprayer could actuate.

Table 3: Model Performance

Model mAP (%) Latency (ms) FPS
YOLOv8-M 92.1 450 2.2
YOLOvV8-S 90.5 190 52
YOLOvV8-N 88.4 82 12.1

Research Objectives
e To develop a localized dataset for Swarna and Mahamaya rice diseases (Blast, Brown Spot).
e To optimize the YOLOVS architecture for low-power ARM architectures.

e To validate the chemical saving potential through field-testing simulations.

2. Methodology
The proposed research implements a modular, high-performance framework designed for real-time operation in
unstructured agricultural environments.
The methodology is partitioned into four critical technical phases:
e Hardware Co-design
e Edge-Al Optimization
e Integrated Control Logic
e Variable Rate Actuation
Autonomous Platform and Mechatronic Design
The “Smart Doctor” utilizes a ground-based autonomous vehicle (UGV) chassis specifically engineered for the
mud-paddy topographies of Chhattisgarh.
Unlike UAVs, which suffer from limited flight times (20—-30 minutes) and aerodynamic turbulence (prop-wash),
the UGV provides a stable, close-proximity platform for the optical sensors.
The physical system comprises:
Locomotion:
A four-wheel drive system utilizing 12V 30 RPM high-torque Johnson Geared DC motors powered by an L298N

motor driver.
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Perception:

A Raspberry Pi Camera Module V2 (8-megapixel) mounted at a fixed nadir angle to maintain a consistent field
of view (FOV) of 30—50 cm above the crop canopy.

Environmental Telemetry:
Integration of BME280 sensors to monitor meteorological parameters such as temperature, humidity, and atmos-

pheric pressure.

Edge-Al Pipeline: YOLOv8-Nano Optimization
The intelligence layer centers on the YOLOv8-Nano (yolov8n) architecture.
This model was selected for its anchor-free detection head, which reduces computational complexity during Non-

Maximum Suppression (NMS), making it ideal for edge devices like the Raspberry Pi 4B.

Control Logic and Sensor-Based VRT
The system employs “on-the-go” Variable Rate Technology (VRT).

The software control loop follows a deterministic cycle:

[

Frame Capture — Optical data buffered at 30 FPS

2. Inference — YOLOvS8n predicts bounding boxes

3. Coordinate Extraction — Identify centroid (X, y)

4. Actuation Trigger — If confidence score ¢ > 0.75, GPIO interrupt triggered

Dataset Preparation and Localized Training
A custom dataset of 5,000 annotated images was curated, focusing on indigenous rice varieties such as Swarna
and Mahamaya.
The dataset targets three classes:
e Healthy foliage
o Fungal pathogens (Leaf Blast, Brown Spot)
e Pest infestation (Dead Heart, White Ear from Yellow Stem Borer)

Targeted Chemical Actuation System

The actuation layer converts digital detection into physical spraying.

A 12V DC diaphragm pump pressurizes a 5-liter chemical reservoir.

A solenoid valve controlled through a 5V relay module manages delivery.

To ensure synchronization between detection and spraying, the system calculates a velocity-compensated delay.
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3. Results and Discussion
Detection and Inference Performance
The YOLOvS8-Nano model achieved 88.4% mAP@0.5 with 82 ms inference latency (12.1 FPS) on Raspberry Pi
4B.
This enables real-time actuation at vehicle speeds up to 1.5 m/s.
Resource Efficiency and Economic Impact
Simulations show the system reduces agrochemical consumption by 45-55%.
In Chhattisgarh, where paddy cultivation costs Rs.31,808.40 per hectare, VRT significantly reduces fertilizer and
pesticide usage.
Projected 40% increase in net seasonal returns.
Environmental Sustainability
Targeted spraying reduces chemical runoff and protects nitrogen-fixing cyanobacteria such as:
e Anabaena
e Nostoc
These organisms contribute 20—25 kg/ha nitrogen to soil fertility.

Nitrate leaching reduced by 22%, protecting the Mahanadi river basin ecosystem.

4. Conclusion
The research presented an intelligent edge-computing framework for autonomous crop health monitoring and
targeted chemical actuation. By decentralizing Al through an Edge-AloT paradigm, the system overcomes the
diagnostic latency issues of cloud-based agriculture systems. The optimized YOLOv8-Nano model achieved 88.4%
mAP@0.5 with 82 ms inference latency, enabling real-time Variable Rate Application at speeds of 1.5 m/s.
The framework reduces agrochemical consumption by 45-55%, with savings up to 90.6% during low pest pres-
sure. For smallholder farmers cultivating Swarna and Mahamaya rice, the technology can save 3,500-5,000 INR
per acre per season.
Future research will integrate:

e Solar-powered AGV systems

¢ LoRaWAN-enabled robotic swarm agriculture

This research provides a scalable blueprint for hardware-aware localized Al in precision agriculture.
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