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    Abstract
Studying how neural circuits orchestrate limbed behaviors requires the precise measurement of pose—the positions of each appendage—in 3-dimensional (3D) space. Recent advances in computer vision and machine learning have made it possible to use deep neural networks to estimate 2-dimensional (2D) pose in freely behaving and tethered animals. However, the unique challenges associated with transforming these measurements into reliable and precise 3D poses have not been addressed for small animals including the fly, Drosophila melanogaster. Here we present DeepFly3D, a computational pipeline for inferring the 3D pose of tethered, adult Drosophila using multiple camera images. First, we introduce an approach for multiple-camera calibration using the animal itself rather than the typical checkerboard or similar external apparatus. Second, we present an iterative approach that robustly infers 3D pose using graphical models and deep-learning based 2D predictions from multiple cameras. False predictions are rejected using an optimization scheme based on dynamic programming and belief propagation. To close the loop, the corrected poses are used to retrain the 2D pose deep estimation network and to improve 3D pose estimation. Finally, we provide a graphical user interface (GUI) and active learning policy for interacting with, annotating, and correcting 3D pose data. Emphasizing the importance of our tool, we demonstrate that unsupervised behavioral embedding of 3D joint angles yields more accurate behavioral maps than those generated with 2D pose data because the latter are highly perspective-dependent. We provide our DeepFly3D deep network and weights, training data, computational pipeline, and nearly one million images of tethered, behaving flies along with corresponding 3D joint positions1. These tools make it possible to acquire high-fidelity behavioral measurements at an unprecedented level of precision and resolution for a variety of biological applications.

Footnotes
	
https://github.com/NeLy-EPFL/DeepFly3D


	
https://drive.google.com/file/d/15nGQRgrjY4dyGh0GFr5eZrRQuOR6Z4fK/view?usp=sharing


	
https://drive.google.com/file/d/1YY98bo2ZbjLotyiTHdViey5zfhKow4Jx/view?usp=sharing


	
https://drive.google.com/file/d/1_QBgt7P6DhR9hHkNArQIOyNaZALTQumk/view?usp=sharing


	
https://drive.google.com/file/d/1OoIwMCSyZFyJ6TQ6sTlcJIaMCT69JKH2/view?usp=sharing


	
https://drive.google.com/file/d/1H-R1PmcusV55Yw7c_4dKVFaGtJM-FG9M/view?usp=sharing


	
https://drive.google.com/file/d/1f7TaF8FTWNwuvpdK9hV0IX7tt6f2QjXo/view?usp=sharing


	
https://drive.google.com/file/d/1Q6ONxGLMIg2O2glwP0uw1mzP8lkAwOgk/view?usp=sharing


	↵1 https://github.com/NeLy-EPFL/DeepFly3
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