学位论文中文题目： 
运用叶状结构稳定简洁地生成模型的 Reeb 图及四边形布局
学位论文作者中文姓名：
王少东
学位论文中文摘要：
Reeb 图与四边形布局都是图形学中重要的模型分析与处理工具，一直是近年来国际上研究的热点。 Reeb 图是由定义在曲面上的函数生成的形状描述子，它通过函数等值线的拓扑变化来反映模型本身的拓扑结构分块与分块间的邻接信息，在模型匹配、拓扑分析等方面应用广泛。四边形布局将模型划分成若干四边形分片，它可作为四边形化的基础产生在整体上具有块状结构的四边形网格，在偏微分方程计算、参数曲面拟合、多分辨率计算等领域都有重要作用。

生成结构简洁、稳定的 Reeb 图与四边形布局不仅有助于提高人们对三维形状的认知效率，也有助于提高后续应用的鲁棒性与计算效率。但已有方法生成的 Reeb 图或四边形布局中常常含有冗余分块，且分块的数量或结构不稳定，即便在经过复杂的后处理后仍不能很好符合相关应用的需求。为了解决这一问题，本文提出使用调和可测叶状结构在模型上提取结构简单、稳定的曲面分块，并在此基础上生成 Reeb 图与四边形布局。本文的主要贡献和创新点如下：
（1）提出了一种基于调和可测叶状结构生成 Reeb 图的方法。已有方法均基
于各类函数的等值线生成曲面分块与 Reeb 图，但由于函数的临界点数目多、鞍点不稳定等原因导致生成较多冗余分块，从而造成 Reeb 图结构复杂且不稳定。为此，本文提出使用调和可测叶状结构的叶子代替函数的等值线来提取曲面分块与 Reeb 图。本文基于已有方法在模型上定义三角形环路生成调和可测叶状结构，并论证了曲面分块的数目和邻接关系由三角形环路决定，因此本文方法能够保证生成 Reeb 图的简洁性与稳定性。本文提出了一系列新的算法来在模型上自动地生成三角形环路、抽取调和可测叶状结构的叶子并生成 Reeb 图。本文方法还可以让用户直观地通过三角形环路捕捉曲面分块，从而有效提高了 Reeb 图的形状表达能力，使其能够更加符合用户的需求、表达模型的对称结构并且抑制模型上的拓扑噪声。
（2）提出了一种基于调和可测叶状结构生成四边形布局的方法。目前，一些方法基于方向场生成四边形布局，但由于方向场奇点过多、流线错开等因素导致生成的四边形布局结构复杂；还有一些方法基于模型拓扑结构生成四边形布局，但因为拓扑分块的冗余与不稳定等原因同样造成四边形布局不够简洁。因为调和可测叶状结构可以在模型上简洁、稳定地生成曲面分块，所以本文提出在此基础上计算四边形布局。尽管已有工作提出使用调和可测叶状结构及其共轭生成共形参数化，并在此基础上提取四边形网格，但此类方法适用拓扑类型受限、计算数值误差较大并且得到的四边形网格质量较低。为此，本文提出首先使用调和可测叶状结构及其共轭生成模型上的 T-网格，再通过对 T-网格进行量化以计算模型上的整数无缝参数化，从而构建四边形布局与四边形网格。经过论证，本文算法不仅有效改进了上述基于共形参数化方法的缺点，同时可确保生成的四边形布局结构完全由算法输入控制，因此比已有方向场驱动及拓扑驱动方法生成的四边形布局的奇点、分片数目更少，结构更稳定。
（3）提出了一种基于多重网格法的调和可测叶状结构快速计算方法。本文研究主要依赖于模型上的调和可测叶状结构计算，已有算法因为涉及带约束的非线性优化问题，所以只能通过迭代法求解，计算速度缓慢，甚至在一些高精度模型上无法收敛。为此，本文提出使用多重网格法对调和可测叶状结构的计算进行加速。多重网格法是一种基于多分辨率模型的数值计算方法，它能够有效提高迭代算法的收敛速度。但是，已有三维模型上的多重网格求解器不能直接用来加速调和可测叶状结构的计算，因为这些求解器中的多分辨率网格不满足调和可测叶状结构的计算要求，且在不同网格层级间插值时会破坏调和可测叶状结构的约束条件。本文提出了一种新的多重网格求解器，不仅保证生成的多分辨率网格满足调和可测叶状结构计算对网格属性的要求，而且在插值时保持约束条件不被破坏。实验结果表明，在网格大小从数千到上百万的模型上，本文算法结果全部收敛，且极大加快了调和可测叶状结构的计算速度，最高超过两百倍以上。这一算法提升了本文研究结果在大规模三维模型上的实用性，使我们能够高效地生成高精度模型上的 Reeb 图与四边形布局。
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学位论文英文摘要：
In computer graphics, the Reeb graphs and quad layouts are both important tools in shape analysis and processing, and have been the focus of international research in recent years. The Reeb graphs are shape descriptors induced from functions defined on surfaces. They encode the topological information of the shape by examining the topological changes of the isolines of functions, which have been widely applied in many problems including shape matching and topological analysis. The quad layout is a partition of the surface into quadrilateral patches. By generating a quadrilateral mesh inside each patch, we can create a block-structured quad mesh, which is important for PDE solving, parametric surface fitting, and multi-resolution analysis, etc.
Generating structurally concise and stable Reeb graphs and quad layouts can not only help people analyze 3D shapes, but also promote the robustness and effectiveness of their applications. However, the Reeb graphs and quad layouts produced by existing approaches often include redundant components. Meanwhile, the number and structure of the components are often unstable. Even after complicated post-processing, they usually cannot meet the requirements of the applications. To this end, we propose to use harmonic measured foliations to stably and concisely extract the surface components, and generate high-quality Reeb graphs and quad layouts based on the extracted components. The main contributions and novelties of this paper are as follows:
(1) We propose a method to generate Reeb graphs based on harmonic measured foliations. Existing methods rely on the isolines of various types of functions to generate the surface components and the Reeb graphs. However, due to the high number of critical points and the instability of saddles, the Reeb graphs often contain redundant surface components, and cannot stably encode the neighboring relationships between the components. To address these issues, we propose to use the leaves of the harmonic measured foliations instead of the isolines of functions to extract the surface components and Reeb graphs. We use existing methods to generate harmonic measured foliations by defining triangular loops on surfaces. We prove that the number and neighboring relationships of the surface components are determined by the input loops. As a result, our method can produce Reeb graphs with guaranteed conciseness and stability. We propose various novel algorithms to automatically generate loops on surfaces and explicitly extract the leaves of the foliation in order to build the Reeb graphs. By allowing the user to conveniently capture the surface components using the input loops, our method effectively enhances the potential of the Reeb graphs in surface representations. In particular, our Reeb graphs can better fulfill the user’s intentions, encode the symmetries of the shapes, and avoid the topological noises in the models.
(2) We propose a method to generate quad layouts based on harmonic measured foliations. On one hand, some methods use vector fields to generate quad layouts. However, since the vector fields usually contain many singularities, and the separatrices of the singularities are often misaligned, the resulting quad layouts may become very complicated. On the other hand, some methods generate quad layouts based on the topological structures of the shapes. But due to the redundancy and instability of the topological segments, the induced quad layouts are not concise enough as well. Inspired by the effectiveness of the harmonic measured foliations in stably and concisely capturing the surface components, we propose to compute the quad layouts based on them. Although there exists methods that use the harmonic measured foliation and its conjugate counterpart to build a conformal parameterization and quad mesh. However, this approach has some shortcomings in terms of limited range of use, large numerical errors, and low quadrilateral quality. To this end, we propose to first compute the harmonic measured foliation and its conjugate to create a T-mesh on the surface. Then, we quantize the T-mesh in order to calculate an integral seamless parameterization, and extract the quad mesh from it. Our method not only overcomes the shortcomings of the conformal based approach, but also guarantees that the structures of the generated layouts are completely determined by the inputs. As a result, compared with the field-driven and topologicaldriven approaches, the quad layouts generated by our method contain fewer singularities and quadrilateral patches, and are more structurally stable.
(3) We propose a method to compute the harmonic measured foliations based on
the multigrid approach. The foundation of this thesis is the computation of harmonic measured foliations on surface meshes. In general, the problem is formulated as a constrained nonlinear program, so existing methods must rely on iterative algorithms to compute the foliation, which are slow and even cannot converge on some large meshes. Here, we propose to use the multigrid approach to accelerate the computation. The multigrid method is a numerical computation method based on the multi-resolution strategy, which can effectively improve the convergence speed of iterative solvers. However, existing multigrid solvers for surface meshes cannot be directly applied to compute the harmonic measured foliations, since their mesh hierarchy cannot fulfill the computational requirements, and their interpolation schemes will break the constraints. Therefore, we propose a novel multigrid solver to compute harmonic measured foliations, which not only meets the requirements of the mesh hierarchy, but also preserves the constraints during interpolation. Experimental results show that the algorithm greatly speeds up the computation of the harmonic measured foliations by up to more than two hundred times on models with mesh sizes ranging from thousands to millions, and converges in all experiments. This algorithm greatly improves the applicability of our research on large-scale meshes, and allows us to effectively generate Reeb graphs and quad layouts on very high-resolution meshes.
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