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INTRODUCTION

 Limited Data Collection Period Due to Seasonal Constraints
* Risk of Fruit Damage During Real-World Robotic Experiments

Fruit Position and Pose in a Digital Orchard Environment

METHODOLOGY

@ Digital Farm Simulation Environment

» Constructed a Multi-Axis Apple Tree Structure in a Digital Simulation
» Created 3D Models of Trees, Branches, Fruits, and Leaves (Unity & Blender)
* Implemented Partial Occlusion Scenarios with Leaves and Neighboring Fruits

» Simulated Dynamic Harvesting Conditions with High Visual Uncertainty
Modeling & Texture Refine Scanning & Mesh Optimize Apple Tree Structure
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Fig 1. Build Apple Digital Farm

@ Simulation-Based Dataset Generation

* Applied YOLO-Pose for Landmark Detection on Fruit Boundaries
- Automated Annotation Process Using Unity-Based Labeling System
» Built Large-Scale Dataset with Various Fruit Pos., Rot., and Backgrounds

(® Harvesting Robot Testbed in Simulation

* Desighed Test Environment Based on Real Orchard Data
» Applied Physics Engine for Gravity, Collision, and Motion Simulation(Unity)

Data Generation
i Unity:

Farm Sample

Fig 2. Data Generation & Collection Fig 3.App|e Digital Farm

EXPERIMENTAL RESULTS & CONCLUSION

4 Recognition and Pose Estimation Performance

* Achieved mAP50 of 0.995 in Virtual Test Environment

* Mean Pose Error Under Occlusion: 2.417°

* Mean Pose Error After Region Restoration: 2.33°

» Tested with 50 Labeled RGB Images from a Real Orchard

» Maintained Over 0.875 mAP50 Accuracy in Real-World Conditions

MAP50-95
0.772
0.778

Recall
0.805
0.805

Precision
0.900
0.900

 Active Research on Harvest Automation Using Al and Robotics in Agriculture

* Proposed a Framework for Simulating Harvest Operations by Estimating

Simulation-Based Apple Harvesting Perception Framework
Using Synthetic Data from a Digital Farm
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@ Occlusion-Aware Pose Estimation

» Tackled Recognition of Fruits Hidden by Leaves or Other Fruits
» Used RGB and Depth Data for Precise Pose Estimation

* Reconstructed Occluded Areas via Landmark Detection

» Estimated Cutting Direction from 3D Position and Rotation

Pose-Based
Motion Planning

Pose Estimation
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Fig 4. Recognition Framework

® ROS-Based Robot Integration and Testing

* Integrated Unity and ROS2 for Real-Time Data Exchange

» Estimated Fruit Position and Pose Using YOLO-Pose Outputs

- Validated Recognition Performance from Robot's Camera View
During Navigation and Stationary Harvesting

Train & Validation
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Fig b. Simulation-to-Robot Pipeline

d Key Contributions

* Proposed a Simulation-Based Hybrid Testbed for Apple Harvesting

» Unity-Based Digital Orchard Closely Mimics Real-World Farms

* Real-Time 3D Position and Pose Estimation from Landmark Data

* Practical Platform for Robotic Harvesting Algorithm Design & Testing
- Demonstrates Potential for Deployment in Agricultural Automation

Fig 6. Inference Robot Camera
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