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The Crisis: When Climate Becomes the Enemy

Solapur's Perfect Storm

The Solapur region of Maharashtra faces a unique
agricultural catastrophe known locally as "Ola
Dushkal"—a wet drought where unseasonal rains
trigger explosive fungal proliferation. Crops that
stood healthy at dawn are decimated within 48
hours.

Yet this isn't just a climate story. It's a story of
reactive farming systems that detect disease after
symptoms appear—when physiological damage is
already irreversible. Farmers lose not just yield, but
their economic livelihood.

The Challenge: Traditional disease management waits for visible symptoms. By then, intervention is too late—damage is done, yield is lost, and markets

have moved.
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The Solution: A Central Operating System for

Agriculture
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Apollo AgriVerse isn't another |oT sensor platform. It's the central nervous system for autonomous farming—a unified, full-stack operating system that

closes the loop between biological sensing and physical intervention.

Sense

Multi-modal environmental data streams

Decide

Market-aware optimization algorithms

Predict

Pre-symptomatic stress detection via Al

4

Act

Robotic field execution

This isn't about data dashboards—it's about autonomous decision-making that saves crops before they show symptoms, optimizes resource usage in real-

time, and aligns farming operations with market economics.
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System Architecture: A Layered
Cyber-Physical Framework

Apollo operates as a System-of-Systems, not a monolithic device. This modular
architecture scales from a single greenhouse rover to a fleet of autonomous field agents
coordinating across hundreds of acres.
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Plane Physical Physical Plane Edge Computing Plane
TimescaleDB Plane
Actaturs Differential-drive rovers with stereo NVIDIA Jetson Nano running ROS2
J vision, multispectral sensors, and middleware with Docker
variable-rate spray nozzles containerization for OTA updates

Cloud Intelligence Plane

TimescaleDB for longitudinal soil health analysis and historical pattern recognition

Figure 1: The hierarchical architecture separates real-time actuation from long-term

intelligence, ensuring both responsiveness and strategic insight.
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The Cognitive Shield: Preventive Intelligence Through
Ensemble Learning

Why Ensembles Matter

Agricultural robotics faces brutal reality: lighting varies from harsh noon sun to cloudy monsoon
afternoons. A single Al model trained on one condition fails when conditions change.

Our Cognitive Shield runs three lightweight models in parallel—MobileNetV3, EfficientNet-B0, and a |
custom shallow CNN. Each votes on the prediction, weighted by validation reliability. = ' i
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Where P, is the softmax probability of model m, and w,, is a reliability weight learned during
validation.

[ Multi-Task Learning: The network shares a backbone feature extractor but splits into three heads—Pest Classification, Disease Severity

Regression, and Nutrient Deficiency Detection. This forces robust feature learning rather than pest-specific overfitting.
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The Digital Spine: Edge Computing for Real-Time
Autonomy

ROS2 Middleware Docker Containerization <60ms Latency

Data Distribution Service (DDS) enables real- Isolated containers for navigation (Nav2) and Edge inference on Jetson Nano reduces
time, fault-tolerant communication between vision (PyTorch) ensure stability. OTA model round-trip latency from 250ms (cloud) to
nodes. Unlike ROS1, ROS2 handles node updates won't crash the rover if the Al model 48ms. Critical for moving rovers—higher
failures gracefully without system crashes. has a memory leak. speeds without missing targets.

The Edge-First Philosophy: Bandwidth-constrained rural environments demand local computation. Apollo processes everything onboard, syncing only

summaries to the cloud for long-term analysis.
Made with GRRMIMA
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The Kinetic Hand: Multi-Robot Execution Layer

Autonomous Field Operations

The rover chassis is built for black cotton soil—
differential drive with a 2-DOF manipulator arm
mounting a solenoid-controlled variable-rate spray
nozzle.

Stereo vision (ZED 2i) provides depth perception.
Multispectral arrays capture NDVI for plant vigor
mapping. The manipulator positions the nozzle
within centimeters for targeted spot-spraying.

ROS2 nodes orchestrate the entire workflow:
navigation avoids obstacles, perception identifies
stress zones, planning optimizes spray patterns,
and execution applies precise interventions.
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[ Spot-Spraying vs. Blanket Spraying: By targeting only affected plants, Apollo reduces pesticide usage by 30%—lowering costs and mitigating

chemical runoff into groundwater.
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Market-Aware Intelligence:

Optimizing Economics, Not Just
Biology

Smart farming isn't just about saving crops—it's about maximizing economic return.
Apollo integrates yield prediction with real-time market price data to answer the farmer's
true question: When do | harvest, and what do | grow next?

] Week 1-4

Pre-symptomatic stress detection via ensemble models

2 Week 5-8

Yield prediction models adjust based on intervention efficacy

3 Week 9-12

Market price forecasts guide harvest timing decisions

4 Post-Harvest

Soil health analysis recommends crop rotation for next season

The system doesn't just react to disease—it anticipates market windows, balancing

biological health with economic opportunity. This is autonomous agriculture aligned with
farmer economics.
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Sim-to-Real Validation: Digital Twins Before Field
Deployment

Risk-Free Testing

Deploying untested code on physical hardware
carries high financial risk. Apollo employs a Sim-
to-Real pipeline using Gazebo physics engine to
create a Digital Twin of the Solapur farm plot.

We introduced virtual chaos—mud physics, wheel
slippage, sudden obstacles—to train
Reinforcement Learning navigation agents. The
rover learned obstacle avoidance in thousands of
virtual episodes before touching real soil.

Figure 2: The simulation environment models terrain dynamics, sensor noise, and actuator failures—allowing the Al to fail safely in simulation before risking
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Impact: From Lab to Field—Results That Transform
Farming

Field trials on a 1.5-acre pomegranate orchard in Solapur demonstrated Apollo's ability to bridge the gap between advanced Al and practical agriculture.

93.2% 48MS 30%

Detection Accuracy End-to-End Latency Pesticide Reduction
Ensemble model outperformed single Edge computing reduced round-trip time from Spot-spraying vs. blanket methods lowered input
MobileNetV2 baseline (72.4%) with particular 250ms (cloud) enabling higher rover speeds costs while maintaining crop health
resilience in low-light conditions without missed targets
The Vision

Apollo AgriVerse demonstrates that Industry 4.0 technologies—containerization, edge Al, and robotics—can be effectively adapted for smallholder
agriculture. By bridging the Digital Spine (software) and Kinetic Hand (hardware), we provide a scalable blueprint for farming in climate-stressed regions

worldwide.

Future Work: Swarm coordination allowing multiple Apollo units to collaborate on larger fields, expanding from single rovers to autonomous fleets.
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