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学位论文中文摘要：三维人体姿态估计是计算机视觉和图形学领域的研究热点之一，相关技术广泛应用于影视游戏制作、机器人、自动驾驶等方向。目前，三维人体姿态估计方案有基于定位点的光学动作捕捉系统、基于深度相机的动捕方案、基于惯性测量单元的动捕方案，以及基于彩色图像的无定位点式动捕方案。其中，基于定位点的光学动捕系统是一种高精度的商业方案，但是成本高且部署复杂，应用范围有限。基于深度相机和惯性测量单元的方案降低了动捕成本，但是信号噪声大，精度有待提高。由于RGB相机价格低廉且使用范围广，基于彩色图像的无定位点式动捕方案具有很高的应用价值。

在彩色图像无定位点式动捕方案的实现方法中，传统特征工程方法受复杂的人体外观、非刚性运动等因素影响，很难获得准确的三维姿态估计结果。

近年来，深度学习技术已广泛应用于计算机视觉等领域的各类任务中，并取得了瞩目的成就。深度学习方法也在三维人体姿态估计任务中取得了跨越式的性能提升，并成为该任务的研究主流。然而，深度学习方法也面临着许多新的挑战，包括如何保持深度特征的鲁棒性和可解释性、如何构建高效的姿态学习模型、如何解决数据标注依赖问题等。本文围绕基于深度学习技术的三维人体姿态估计，针对这些挑战开展深入研究，主要研究工作和贡献如下：

（1）提出一种空域双向展开的网格表征，为人体姿态提供更高效的表达。
现有工作通常将骨架姿态表示为图结构，然而这种结构对运动知识表达不充分，对高阶邻居关节点的感知能力弱。本文提出了一种新的网格表征，将姿态的空间拓扑结构沿水平和垂直方向展开。并设计了对应的语义网格变换，融入关节铰链信息和新的运动先验。针对语义网格变换，本文提供了手动和可学习的两种变换实现方式。基于网格表征的结构特征，本文提出了平凡网格卷积算子和动态网格卷积算子，构建了一个网格姿态提升模型。公开数据集上的大量实验验证了该模型的先进性能（关节坐标误差为43.7mm）和跨数据集泛化能力。

（2）提出一种多级显式残差下降框架，改善二维到三维姿态提升的性能。
信号循环反馈是计算机视觉领域中一种非常有效的优化机制，在人脸识别、物体关键点定位、手部姿态估计等任务中能够有效改善模型分类和回归性能。受此启发，本文设计了一种基于反馈机制的姿态优化框架。该框架使用现有姿态提升模型的输出作为初始估计值，并投影至二维空间中构建二维输入和三维输出的重构特征。然后提出轻量级残差回归网络，根据重构特征预测初始估计值相对于Ground Truth的显式残差，通过多轮迭代修正三维姿态估计结果，最终实现对现有模型的性能改善。在公开基准上的实验验证了该框架对多个基线模型的优化效果，误差降幅可达3mm以上。 

（3）提出一种影子作为辅助信息的弱监督训练方法，降低对高质量数据标注的依赖。

三维人体数据的标注难度大，业界可用的三维数据集数量少，导致在多样的真实场景中深度学习模型的训练需求难以得到满足。本文提出一种弱监督训练方法，利用影子的几何信息建立人体姿态的对齐度量，指导模型在无标注的场景下进行学习。首先提出一种可导投影算子建模影子的投影过程，基于该算子构建人体模型（SMPL估计网络的输出结果）与影子的一致性度量。在训练阶段，引入含有人体影子的大量图像，使用该一致性度量微调训练模型以提升性能；在测试阶段，对于无影子的图像，微调后的模型直接输出更优的结果，对于有影子的图像，该度量进一步优化SMPL输出结果。在合成数据集和真实数据集上的实验验证了该弱监督方法对基线模型的改善。在公开数据集上，经过该方法微调优化后的模型取得了5mm左右的误差降幅。

总得来说，本文针对姿态表征构建，网络框架改进，训练方法设计等三个方面，对基于深度学习的三维人体姿态估计进行了深入研究。最后，本文开发了一个基于单目RGB摄像头的动作捕捉系统，融入了本文研究成果，为数字人应用提供实践基础。系统包含五个组件：多目标二维姿态检测组件、三维姿态提升组件、时域滤波器、轨迹定位组件以及渲染和交互组件。实现的特性包括无定位点的动捕、多人场景、实时、可驱动虚拟化身、支持环境交互。在单块显卡的PC平台上，得到了稳定无延迟的动捕结果和28 FPS的实时运行速度。该系统为数字人研究提供了一个有益的工程实践基础和实验平台，具有很强的实用价值。
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学位论文英文摘要：3D human pose estimation has been a research hotspot in computer vision and graphics. The technology is widely used in production of film & video game, robotics, autopilot, etc. At present, 3D human pose estimation solutions include marker-based optical motion capture (mocap) system, depth sensor-based mocap system, inertial measurement units-based (IMU-based) mocap system, and RGB-based markerless mocap system.  Among them, marker-based optical mocap system is a high-performance solution for commercial applications, but expenses a lot and has complicated setups, leading to a small application scope. Solutions based on depth sensor and IMU reduce the cost of human mocap, but the signal is quite noisy and the performance has to be improved. Since RGB cameras are inexpensive and widely used, RGB-based markerless mocap system has great application value.

Among the implementation methods of RGB-based markerless mocap system, traditional feature engineering methods are difficult to obtain accurate 3D pose results due to complex human body appearance, non-rigid motion, and some other factors. In recent years, deep learning techniques have been widely used in various tasks in computer vision and other fields, and have achieved remarkable success. In 3D human pose estimation task, deep learning-based methods have also shown significant performance enhancements and have become the mainstream of related research. However, deep learning methods also face many new challenges, including how to maintain robustness and interpretability of deep features, how to build effective pose estimation models, and how to address the massive demands for data annotation. In this thesis, we focus on deep learning-based 3D human pose estimation and address these challenges. The main work and contributions are as follows:

 (1) A grid representation unfolded along spatial bi-directions is proposed for a more effective human pose representation.

Existing works treat skeleton pose as graph representation, which is insufficient in encoding motion knowledge and weak in perceiving high-order neighbor joints. We propose a novel grid representation, unfolding pose topological structure along vertical and horizontal directions, and design semantic grid transformation (SGT), incorporating joint kinematic relations and extra motion priors into grid structure. We provide two implementations for SGT, namely handcrafted SGT and learnable SGT. Based on the structural properties of grid representation, we propose vanilla grid convolution operator and dynamic grid convolution operator and further construct a grid-based pose lifting network. Extensive experiments conducted on two public benchmarks validate the advanced performance of grid lifting network (joint position error at 43.7mm) and generalization ability transferred to a new dataset.

(2) A multi-stage Explicit Residual Descent (ERD) framework is proposed for improving 2D-to-3D pose lifting performance.

In computer vision, signal feedback in a loop is a very effective optimization mechanism for improving model performance of classification and regression tasks such as face recognition, object keypoint localization, and hand pose estimation. Inspired by this, we design a feedback-based framework for 3D human pose optimization. The framework first uses the output of an existing lifting model as the initial estimate and then projects it into 2D space to build the reconstructed features of 2D input and 3D output. Then, lightweight residual regression networks are proposed to predict the explicit residuals of the initial estimate from Ground Truth by taking reconstructed feature as input. Explicit residuals correct initial 3D estimates in multiple iterations and finally enhance the performance of existing models. Experiments on public benchmarks validate the optimization results of ERD on multiple baseline models with an error reduction of more than 3mm.

(3) A weakly supervised learning method with shadow assistance is proposed for addressing the dependency issue on high-quality annotations.

Due to the difficulty of constructing a 3D human dataset, few 3D datasets are available and thus cannot support the training requirements of deep models for diverse real-world scenarios. We proposes a weakly supervised learning method, introducing geometric information of shadow to establish a pose alignment measurement and to guide model learning without annotation. We first propose a differentiable projection operator (DPO) to build shadow casting process. Then, based on DPO, we construct a consistency measurement between human model (output of SMPL estimation network) and shadow. During training phase, we introduce a large number of images containing human shadow for fine-tuning the model by using the consistency measurement to boost performance. During evaluation phase, fine-tuned model directly output a better result for images without shadow, and the measurement further optimizes SMPL result for image with shadow. Experiments on synthetic and real datasets validate the improvements on baseline models by using our weakly supervised approach. On the public dataset, fine-tuned model obtains error reductions of around 5mm.

In summary, this thesis presents an in-depth research of 3D human pose estimation based on deep learning by tackling three challenges: pose representation construction, model framework reform, and training strategy design. Finally, we develop a motion capture system based on monocular RGB camera, incorporating research results of our works. The system consists of five components: multi-instance 2D pose detection module, 3D pose lifting module, temporal filter, trajectory location module, and rendering & interaction interface. Features implemented include markerless mocap, multi-person scene, drivable avatars, and support for environment interaction. The system is developed on a PC machine with a single GPU, achieving stable and lag-free motion capture results, and a real-time running speed of 28FPS. The system provides a useful engineering practice foundation and experimental platform for digital human research, which has strong practical value.
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