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中  文  摘  要

	随着三维扫描和相关技术的进步，三维数字几何模型已成为一种新兴的数字媒体，并取得了日益广泛的应用。针对这类数据进行高效的处理，也成为计算机图形学的研究热点。数字几何模型通常由网格或点云表示，但是构成数字几何的单元(三角形面片或者点)并不是同等重要的，其中，特征是几何模型的重要组成部分。这里，特征包括尖边、光滑的边缘、脊、谷、刺、桥等等。特征对于精确表达几何以及模型的理解与分析等方面都具有特别重要的作用，但是特征区域往往具有较大的噪声，因而有必要采用鲁棒的方法对特征进行有效的处理和分析。正是基于特征对于数字几何处理的重要性，以及特征的处理固有的困难，本文以特征为基本出发点，提出特征敏感度量、特征尺度自适应的积分不变量及特征敏感参数化等基本数学方法，并分析其几何性质。在此基础上，提出了解决数字几何处理关键问题的一系列算法。本文的工作大致包括如下几方面：基于特征敏感度量的几何处理，模型的高效分割以及基于度量设计的曲面对称方向场计算。

1. 基于特征敏感度量的几何处理
基于特征区域曲面上单位法向通常会较快地发生变化这一观察，我们提出了特征敏感度量，设曲面
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上一点处的单位法向量为
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，可以将曲面上任意一点
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映射到六维空间
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中的一个点
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，其中
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是一个非负的权重，
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越大，则法向所起的作用越大，特征敏感的程度也越强。特征敏感度量下，曲面上两个点之间的距离，定义为它们在该映射下的六维空间中的欧氏测地距离。我们进一步研究了特征敏感度量在网格上的实现，以及特征敏感度量的几何性质。由于大多数图形学算法都或多或少依赖于度量，特征敏感度量的引入，为特征相关的几何处理提供了一种一般的解决框架。

基于特征敏感度量，提出了一种特征敏感三角网格重剖算法，在平坦区域以规则正三角形进行采样，在特征区域自适应地提高采样率，得到一种新的各向异性三角网格重剖。由于通过局部参数化和带约束的Delaunay三角化方法进行计算，从而可以处理任意拓扑的模型。该方法可用于三角网格模型的高效表示，并可用于提高特征敏感几何处理的效率。可微曲面上局部一点处的几何性质，可以由两个主曲率及相应的主方向刻画，四边网格相比较传统的三角网格，可以用更自然的方式表示这种主曲率的结构，并且有助于减少法向噪声。为了达到这些目的，四边网格的边应当尽可能与特征方向相一致。在特征敏感三角网格重剖的基础上，进一步研究了特征敏感四边网格重剖。基本思想是利用一系列简单的局部松弛操作，把网格的顶点沿切向进行移动，从而使网格的边与主曲率方向相一致。网格顶点在表面的滑动与网格局部连接的更新(边收缩，边分裂以及边翻转)交替进行，从而避免连接关系的退化情况。

利用特征敏感度量的几何性质，提出了鲁棒的特征提取、分类与编辑的算法。这里提取的特征对应具有至少一个较大的主曲率的区域。采用映射主变形和积分不变量思想，提高了提取的特征区域的鲁棒性。利用提取特征区域的特性，将其鲁棒地分为脊、谷、刺等类型。利用特征分析提取的特征信息，为无结构的网格添加了一定的结构化信息，结合网格的变形可以实现特征区域的交互或自动增强，包括脊、谷的锐化、平滑，刺的变大、变小等。通过特征分析，可以实现低层次的基于语义的编辑，相对于信号处理，基于结构信息的变形只影响识别的区域，并使需要的用户交互得到最大程度的减少。

我们研究使用基于主分量分析(PCA)的积分不变量方法鲁棒地估计不同尺度下曲面上各点的主曲率大小及方向。积分不变量通常需要用户指定使用的尺度半径大小，当物体本身包含不同尺度的内容时，基于单一尺度的特征分析不足以得到理想的结果。我们进一步将尺度半径视作曲面上位置的函数，将这个工具推广到使其能自适应不同尺度的特征，采用迭代更新的方法，使用估计的曲率信息来引导尺度半径的调整。不需要用户给定计算的尺度，并且对于复杂模型可以获得更可靠的结果。

我们进一步研究了特征敏感度量在网格样条拟合中的应用。基于特征敏感的参数化，特别是将特征敏感度量和极小化伸缩的参数化相结合，将网格映射到平面矩形区域上，特征区域在参数域内占据较多的面积。将特征敏感参数化和均匀节点向量的B-样条曲面拟合相结合，可以在使用相同数量控制顶点的情况下，降低拟合误差，尤其能提高特征区域的拟合效果。将其与基于迭代的方法结合，可以使用单片B-样条曲面较好地拟合包含复杂特征的曲面。
进一步的研究工作展示了几何处理与图像处理的内在联系，我们把特征敏感几何参数化的思想引入图像处理中，针对商业软件中广泛支持的梯度网格这一矢量图形表示方法，利用图像流形、参数化与曲面拟合的思想，首次提出了完全自动的梯度网格生成算法，能够处理任意拓扑结构的图像对象，并且在算法运行效率上较传统方法提高了10倍以上。

这方面的工作发表在代表国际图形学最高水平的ACM SIGGRAPH 2009会议(收录于ACM Transactions on Graphics，IF 3.338)，以及IEEE Transactions on Visualization and Computer Graphics，Computer-Aided Design(一篇已发表，一篇已录用)，ACM Solid and Physical Modeling Symposium, Eurographics Symposium on Geometry Processing等本领域最重要的会议和期刊上，相关工作被ACM Transactions on Graphics，IEEE Transactions on Visualization and Computer Graphics，Computer-Aided Design，Computer Aided Geometric Design，Computer Graphics Forum等重要国际期刊引用26次。

2. 模型的高效分割
三角网格模型通常缺乏高层次语义结构，而对模型进行分析和理解有助于提供智能的、符合用户习惯的工具。但是模型理解又是一个困难的问题。模型分割是模型理解的重要步骤，它把模型分成一组不相交的区域，它们的整体与输入网格一致。理想情况下，模型分割应符合人对于合理性的认识，根据心理学的有关结论，几何特征是模型分割的重要依据。我们提出了两种进行曲面上模型分割的方法：基于特征敏感度量的积分与统计方法首先使用特征敏感网格重剖计算一组多层次的网格重剖。在此基础上，在对网格进行分割时，使用最适当的网格层次。因而，该方法能处理之前的k-均值聚类难以处理的模型，尤其适合对模型进行多层次的分割。此外，通过基于积分不变量的统计量，算法对小尺度噪声更鲁棒，并且可以利用局部特征在大尺度上的变化，或者曲面几何纹理的变化来进行网格分割，这类分割区域之间往往没有明显的边界。另一种方法利用提取的几何特征与随机漫步方法相结合，提出了一种高效的算法，与传统的基于k-均值的方法相比，在获得质量相近的结果的条件下，显著提高了算法的时间与空间效率，并可应用于交互式网格分割，或应用于大规模的数据集上。这方面的工作发表在几何处理的重要期刊Computer Aided Geometric Design和ACM Solid and Physical Modeling Symposium国际会议上，被ACM Transactions on Graphics，IEEE Transactions on Visualization and Computer Graphics，International Journal of Computer Vision，Computer Aided Geometric Design，Computer Graphics Forum等重要国际期刊引用13次。

3. 基于度量设计的曲面对称方向场计算

我们研究了网格上N-旋转对称(N-RoSy)方向场的编辑与构造。方向场对于曲面上的纹理合成、非真实感绘制等都具有重要作用，方向场的构造往往希望与主曲率方向等反映曲面局部性质的方向相一致，从而有效地反映几何的固有特征。我们提出了在一般流形曲面上进行旋转对称方向场设计的新方法。在这个方法中， holonomy(特别是其旋转分量)起到了关键的作用，它是指切向量沿着闭路径的累计旋转角度。Holonomy 反映了曲面的整体对称性。沿着弯曲表面上的闭路径的平行移动和holonomy是十分复杂的，这也从某种意义上决定了N-RoSy方向场设计的困难。我们利用度量设计的思想，通过基于Ricci流的方法构造具有指定圆锥奇异点的平坦度量，该度量几乎处处平坦，除了指定的奇异点之外(奇异点的必要性由Gauss-Bonnet定理决定)。在圆锥平坦度量下，同伦的闭路径就具有相同的holonomy，从而将holonomy的维度转换为有限维。通过构造一个离散调和1-形式，描述对应顶点处的旋转角度，使其与holonomy相互抵消，从而对任意拓扑的曲面，可以得到光滑的N-RoSy方向场。通过严格、实用的算法来构造N-RoSy方向场，对于一般的曲面，奇异点完全可由用户控制，而不会产生任何额外的奇异点,从而保证了获得的方向场的质量。算法本身可自动完成，并允许用户交互式地对获得的方向场进行编辑，这种编辑可以快速响应，并且不会引入新的奇异点。通过度量补偿可进一步实现曲面的规则重剖。这个工作可以生成仅包含一个奇异点的方向场，或者具有混合对称性的方向场等富有挑战性的结果。N-RoSy方向场的工作应用于模型的非真实感绘制、网格重剖以及规则凯尔特绳结的生成等。该工作已经发表在国际期刊IEEE Transactions on Visualization and Computer Graphics上（http://doi.ieeecomputersociety.org/10.1109/TVCG.2009.59）。

本文从特征出发，研究特征敏感度量和尺度自适应的积分不变量等基本工具，并将它们与特定的数字几何处理的需要相结合，提出了一系列解决相关数字几何处理问题的新算法。
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Feature Sensitive Geometry Processing
Yu-Kun Lai
ABSTRACT
	With the development of 3D scanning and related techniques, 3D models are now widely available and considered as an emerging type of media. Techniques for processing 3D geometry data have also become an active research topic in computer graphics. Digital geometric models are usually represented as meshes or point clouds; however, the constituent elements of geometric models (i.e. triangles or points) are not of the same importance. Among such elements, features are the crucial components. Here, features refer to sharp edges, smooth edges, ridges, valleys, bridges etc. Features are essential for accurate representation of geometry, as well as model understanding and analysis. However, feature regions tend to be noisier. It’s thus demanding to propose robust techniques to handle features effectively. Especially from the viewpoint of the importance of features regarding geometry processing, and the fundamental difficulty of processing features, in this thesis, we study fundamental mathematical methods, including feature sensitive metric, feature adapted integral invariants and feature sensitive parameterization, analyze the geometric properties and propose novel algorithms to solve various key applications. The works in this thesis can generally be categorized into the following: geometric processing based on feature sensitive analysis; efficient segmentation of geometric models and rotational symmetry vector field computation using metric design.

1. Geometric processing based on feature sensitive analysis

Based on the observation that unit normals tend to change more rapidly in feature regions, we propose feature sensitive metric. Assume a point 
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 in 6-dimensional space
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is a non-negative weight. Larger
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leads to increased feature sensitivity. In feature sensitive metric, the distance between two points on the surface is defined as the Euclidean geodesic distance of their corresponding images in
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. We further study the implementation of feature sensitive metric on the most popular mesh representation, and the geometric properties of the metric. Since most graphics algorithms more or less depend on some metric, the introduction of feature sensitive metric provides a general framework to various feature-related geometry processing problems.

Based on the feature sensitive metric, we propose an algorithm for feature sensitive triangular remeshing. The method produces almost regular isotropic triangles in flat regions, while in feature regions, the sampling rate is well adapted to ensure that features are well preserved. The algorithm utilizes local parameterization and constrained Delaunay triangulation techniques, and is capable of dealing with models of arbitrary genus. The method provides the advantages of both high-quality representation of models and improved efficiency of further feature sensitive processing. It is well known that the local geometric properties at a point of smooth surfaces, can be described by two orthogonal principal curvatures and their directions. Thus, quad-dominant meshes can represent such principal curvature structures in a more natural way, and may help to reduce the normal noise, compared to the most widely used triangular meshes. To achieve such aims, edges of quad-dominant meshes should be well aligned with geometric features. Built upon the feature sensitive triangular remeshing, we further study feature sensitive quad-dominant remeshing. The basic idea is to use a set of local relaxation operators to move the positions of vertices in the tangential space, such that the edges are aligned with principal directions. Sliding of vertices over the given models are interweaved with updates of local mesh connectivity (edge collapse, edge split and edge flip), to avoid the occurrence of degeneracy.

Using the geometric properties of the feature sensitive metric, we propose a robust algorithm for feature extraction, classification and editing. Features are defined here as regions with at least one large principal curvature. Based on mapping principal distortions and the concepts of integral invariants, our method improves the robustness of feature extraction. The algorithm then automatically and robustly classifies each region into a few types: ridges, valleys, prongs etc. Feature information obtained with feature analysis provides certain structural information to the original, unstructured triangular meshes; such information together with appropriate mesh deformation techniques automatically or interactively enhance the feature regions, including sharpening or smoothing of ridges and valleys, expansion or erosion of prongs etc. Feature analysis makes it possible of certain low-level semantic editing. Compared with signal processing, deformation driven by structural information only affects the recognized regions, and meanwhile reduces the amount of user interaction to a minimum.

We proposed principal component analysis (PCA) based integral invariants, as a robust approach to estimating principal curvatures and principal directions over general surfaces under different scale radii. However, in case that the object itself contains contents of different scales, feature analysis with a single scale is not sufficient to work well. We further treat scale radius as a function defined on the surface, thus allow scales to automatically adapt to the local features. This is achieved by some iterative update scheme, using estimated principal curvature information to drive the adjustment of scale radii. As a result, the method does not need the user to give the scale radii, and leads to improved results for more complicated models.
We further study the applications of feature sensitive metric in mesh to spline conversion. Using feature sensitive parameterization, particularly the combination of feature sensitive metric and stretch minimization parameterization, we can map the mesh to some planar rectangular domain. Feature regions will naturally take up more space in the domain. Such feature sensitive parameterization together with B-spline surface fitting with uniform knot vectors, can reduce the fitting error with the same number of control points, and in particular improve the fitting quality near geometric features. Such method, combined with iterative improvement, makes it possible to represent surface regions with complicated geometric features using a single B-spline patch.

A further study reveals the relationship between geometry processing and image processing. We introduce the feature sensitive geometric parameterization to the field of image processing, in particular, the gradient mesh vector graphics representation widely supported by major commercial software. Based on a novel use of image manifold, geometric parameterization and surface fitting, we for the first time propose a fully automatic algorithm for gradient mesh generation, capable of dealing with image regions with arbitrary holes and complicated boundaries. The algorithm is also empirically more than 10 times faster than previous, semi-automatic methods.

These works are published in ACM SIGGRAPH 2009, the top conference of computer graphics (published in a special issue of ACM Transactions on Graphics), and IEEE Transactions on Visualization and Computer Graphics , Computer-Aided Design (one published, and another accepted), ACM Solid and Physical Modeling Symposium and Eurographics Symposium on Geometry Processing; all of them are major international conferences and journals. These papers have been cited 26 times by articles in major international journals, including ACM Transactions on Graphics, IEEE Transactions on Visualization and Computer Graphics, Computer-Aided Design, Computer Aided Geometric Design, Computer Graphics Forum etc.

2.  Efficient segmentation of geometric models
Triangular meshes usually lack of high-level semantic structures. Model analysis and understanding may be of help to invent intelligent, user-friendly tools. However, model understanding is itself a difficult topic. As a key step in model understanding, model segmentation splits a model into a set of disjoint regions; their union corresponds to the input model. Ideally, model segmentation should coincide with human perception. Based on the study of psychologists, geometric features are considered as fundamental hints to model segmentation. We propose two approaches for model segmentation: The first approach is based on feature sensitive metric, and the integration and statistics. We first compute some feature sensitive mesh hierarchy. When the mesh is segmented, the most suitable level of details will be used. This can be used to handle large-scale problem that is usually challenging for k-means clustering, particularly suitable for segmenting models into a few levels. Furthermore, the statistics and integral invariants are used, such that the method is not sensitive to small-scale fluctuations and can measure the variance of local features and segment regions of different geometric textures. Such method may segment regions without clear boundaries of features. The latter approach uses both geometric features and the random walks paradigm, to give an efficient algorithm. Compared with k-means clustering, the performance of both time and storage can be significantly improved, while obtaining segmentation results of comparable quality. Due to its efficiency, the method can be used for interactive mesh segmentation, or segmentation of large datasets. The work has published in international journal Computer Aided Geometric Design and international conference ACM Solid and Physical Modeling Symposium. Published papers have been cited 13 times by major international journals, including ACM Transactions on Graphics, IEEE Transactions on Visualization and Computer Graphics, International Journal of Computer Vision, Computer Aided Geometric Design, Computer Graphics Forum etc.

3. Rotational symmetry vector field computation using metric design
We study the construction of N-RoSy (rotational symmetry) fields over triangular meshes. Vector fields are important for texture synthesis over surfaces, non-photorealistic rendering etc. The construction of vector fields is usually expected to be well aligned with principal directions and other geometric features. We propose a new method to generate N-RoSy fields on general manifold surfaces. In this method, holonomy (or its rotational component) plays the central role, which refers to the accumulated rotation angle of the tangent vector along some closed path. Holonomy reflects the global symmetry of the surface. The parallel transport and holonomy along some curved surfaces may rather complicated, which leads to the difficulty of constructing N-RoSy fields in some sense. Based on the idea of metric design, our method constructs flat cone metric using the Ricci flow method. The derived metric is flat almost everywhere, except for a few specified singularities. (Singularities are usually required, due to Gauss-Bonnet theorem). In the flat cone metric, homotopic closed loops have the same holonomy, thus reduces the holonomy to finite dimension. By constructing a discrete harmonic 1-form, corresponding to the rotation angle at each vertex, holonomy is then canceled out. Thus smooth N-Rosy fields can be obtained on surfaces of arbitrary topology. We use the rigorous, practical algorithm to generate N-RoSy vector fields. For general surfaces, singularities are well controlled, and no extra singularities will be generated. This ensures the quality of the output fields. The overall algorithm is automatic, and allows users to interactively edit the generated vector fields. The editing process is responded quickly and no singularities will be introduced further. Metric compensation can further achieve regular tessellation or meshing. The method can be used to generate N-RoSy fields with single singularities or mixed RoSy fields; they are challenging for previous methods. As examples, N-RoSy vector fields are applied to non-photorealistic rendering, remeshing and regular Celtic knot generation. The work has been accepted for publication by well-known international journal IEEE Transactions on Visualization and Computer Graphics (http://doi.ieeecomputersociety.org/10.1109/TVCG.2009.59). 

In summary, based on features, this thesis studies the fundamental tools (e.g. feature sensitive metric and feature adapted integral invariants) and apply them to the particular situations of various geometric processing problems, and propose novel algorithms to solve the problems raised in different geometry processing applications.



Key words:  digital geometry processing; features sensitivity; remeshing; model understanding and analysis; vector field design; gradient mesh generation
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