Dynamically Coupled Particle Systems for Geometric Modeling, Reconstruction, and Animation

by

David Love Tonnesen

A thesis submitted in conformity with the requirements for the degree of Doctor of Philosophy Graduate Department of Computer Science University of Toronto

© Copyright by David Love Tonnesen 1998 ii

Abstract

This dissertation presents a new technique, based on dynamically coupled particle systems, for creating and manipulating complex three dimensional shapes in a fluid like manner. The most novel feature of this approach to shape representation is the use of self organizing primitive elements. In the simplest case, these primitive elements, or particles, each posses state variables of position and mass, and the system of elements interact through pairwise potential energy functions. More complex systems include additional state variables combined with simple heuristics to create application specific behavior. The ability of these systems to self organize provides a representation technique which exhibits dynamically changing structure, an attribute not found in popular spline and polygonally based representations. To illustrate the usefulness of this approach it is applied to the following problems: free form shape modeling, computer assisted animation, and surface reconstruction. For free-form modeling the approach supports smoothness constraints similar to those inherent in the deformation energies of popular, elastic surface models. Unlike spline patches or parameterized surface models, the model does not attempt to enforce analytical continuity conditions, such as tangent or curvature continuity over the surface. Applied to computer assisted animation the approach computes the movement and deformation of models mimicking, at a rudimentary level, the physical behavior of flexible solids and fluids. Applied to surface reconstruction, these systems can infer surface structure from sparse data sets, without a prior knowledge of the surface structure or the topological genus. In summary, dynamically coupled particle systems provide an useful alternative to traditional shape representation and manipulation techniques.

iv

Acknowledgments

I thank my advisors, Demetri Terzopoulos and Richard Szeliski, for their continued support and advice. I thank Bill Buxton, Eugene Fiume, Michiel van de Panne, and James Stewart, for participating as members of my Ph. D. committee and for their insights and advice. I thank Gavin Miller for fulfilling the role of external appraiser. I also thank the many members of the Dynamic Graphics Project for their support, friendship, and inspiration.

I thank the University of Toronto, Department of Computer Science and the Digital Equipment Corporation, Cambridge Research Lab for the financial support and the facilities used to pursue this research.

I thank my family and my friends who have given me moral support, counsel, and friendship. I thank Bob, Diane, Fabio, Felix, Goofina, Huleo, Jason, Jay, Kathleen, Litsa, Rakesh, Rania, Ray, Rebecca, the Sanchez family, Spider Dave, Steve, Tasso, and William. And in particular, I thank Jos, Melanie, Pam, Rakesh, Rod, and Sylvia.

vi

Contents

1 Introduction 1 1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1.2 Application Areas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 1.2.1 Shape Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . 2 1.2.2 Computer Assisted Animation . . . . . . . . . . . . . . . . . . 4 1.2.3 Surface Reconstruction . . . . . . . . . . . . . . . . . . . . . . 4 1.3 Challenges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 1.4 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 1.5 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 1.5.1 Dynamically Coupled Particle System . . . . . . . . . . . . . . 7 1.5.2 Free-form Modeling . . . . . . . . . . . . . . . . . . . . . . . . 8 1.5.3 Computer Assisted Animation . . . . . . . . . . . . . . . . . . 9 1.5.4 Surface Reconstruction . . . . . . . . . . . . . . . . . . . . . . 9 1.5.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 1.6 Thesis Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2 Background 13 2.1 Surface Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 2.1.1 Polygonal Meshes . . . . . . . . . . . . . . . . . . . . . . . . . 13 2.1.2 Parametric Representations . . . . . . . . . . . . . . . . . . . 14 2.1.3 Constructive Solid Geometry . . . . . . . . . . . . . . . . . . . 15 2.1.4 Implicit Representation . . . . . . . . . . . . . . . . . . . . . . 15 2.1.5 Geometric Deformations . . . . . . . . . . . . . . . . . . . . . 16 2.1.6 Variational Surfaces . . . . . . . . . . . . . . . . . . . . . . . . 16 2.1.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 2.2 Surface Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . 18 2.3 Physically Based Modeling . . . . . . . . . . . . . . . . . . . . . . . . 19 2.3.1 Deformable models . . . . . . . . . . . . . . . . . . . . . . . . 19 2.3.2 Fluid Models . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 2.4 Particle Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 2.4.1 Particle Systems in the Physical Sciences . . . . . . . . . . . . 21 2.4.2 Particle Systems in Computer Graphics . . . . . . . . . . . . . 22 2.4.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3 Particle Volumes 27 3.1 Particle Systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 3.1.1 Potential Energy . . . . . . . . . . . . . . . . . . . . . . . . . 28 3.1.2 Kinetic Energy . . . . . . . . . . . . . . . . . . . . . . . . . . 28 3.1.3 System Energy . . . . . . . . . . . . . . . . . . . . . . . . . . 29 3.2 Dynamic Coupling . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 3.2.1 Weighting Function . . . . . . . . . . . . . . . . . . . . . . . . 30 3.3 Creating Deformable Volumes . . . . . . . . . . . . . . . . . . . . . . 31 3.3.1 Lennard-Jones Potential . . . . . . . . . . . . . . . . . . . . . 31 3.3.2 Damping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33 3.3.3 Rheology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 3.4 Packings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 3.4.1 Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 3.5 External Forces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 3.5.1 Gravity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 3.5.2 Collisions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 3.6 Examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 3.6.1 Deformations . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4 Particle Surfaces 43 4.1 Oriented Particle Systems . . . . . . . . . . . . . . . . . . . . . . . . 43 4.1.1 The Oriented Particle . . . . . . . . . . . . . . . . . . . . . . 44 4.1.2 Equations of Motion . . . . . . . . . . . . . . . . . . . . . . . 45 4.1.3 Potential Energy . . . . . . . . . . . . . . . . . . . . . . . . . 45 4.1.4 Kinetic Energy . . . . . . . . . . . . . . . . . . . . . . . . . . 46 4.1.5 System Energy . . . . . . . . . . . . . . . . . . . . . . . . . . 46 4.1.6 Angular Damping . . . . . . . . . . . . . . . . . . . . . . . . . 47 4.1.7 Dynamic Coupling . . . . . . . . . . . . . . . . . . . . . . . . 47 4.1.8 Weighting Function . . . . . . . . . . . . . . . . . . . . . . . . 47 4.1.9 Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 4.2 Surface Potentials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 4.2.1 Co-planarity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 4.2.2 Co-normality . . . . . . . . . . . . . . . . . . . . . . . . . . . 50 4.2.3 Co-circularity . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 4.3 Geometric Interpretation in Local Coordinates . . . . . . . . . . . . . 52 4.4 Curvature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 4.4.1 Discrete Curvature . . . . . . . . . . . . . . . . . . . . . . . . 54 4.4.2 Minimizing Discrete Curvature . . . . . . . . . . . . . . . . . 55 4.4.3 Normal Curvature . . . . . . . . . . . . . . . . . . . . . . . . 56 4.4.4 Minimizing Torsion . . . . . . . . . . . . . . . . . . . . . . . . 57 4.4.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 4.5 Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59 4.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5 Continuous Descriptions 63 5.1 Surface Descriptions Based on Volume Samplings . . . . . . . . . . . 63 5.1.1 Implicit Representation . . . . . . . . . . . . . . . . . . . . . . 63 5.1.2 Explicit Representation . . . . . . . . . . . . . . . . . . . . . . 64 5.1.3 Direct Surface Sampling . . . . . . . . . . . . . . . . . . . . . 64 5.2 Surface Descriptions Based on Surface Samplings . . . . . . . . . . . 66 5.2.1 Local Structure . . . . . . . . . . . . . . . . . . . . . . . . . . 67 5.2.2 3D Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 5.2.3 Triangulation of Particles . . . . . . . . . . . . . . . . . . . . 70 5.2.4 Undesirable Triangulations . . . . . . . . . . . . . . . . . . . . 71 5.2.5 C^1 Continuity . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 5.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

6 Thermal Energy 77 6.1 The Heat Equation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 6.2 Discrete Heat Equation . . . . . . . . . . . . . . . . . . . . . . . . . . 78 6.3 States of Matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79 6.4 Thermal Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79 6.5 The Thermoelastic Lennard-Jones Function . . . . . . . . . . . . . . 80 6.6 Thermal Expansion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 6.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

7 Implementation Issues 87 7.1 Efficient Force Computations . . . . . . . . . . . . . . . . . . . . . . 87 7.1.1 Direct Pairwise Computation . . . . . . . . . . . . . . . . . . 87 7.1.2 Mesh Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 88 7.1.3 Combined Methods . . . . . . . . . . . . . . . . . . . . . . . . 88 7.1.4 Limited Force Range . . . . . . . . . . . . . . . . . . . . . . . 88 7.1.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89 7.2 Neighbor Computation . . . . . . . . . . . . . . . . . . . . . . . . . . 89 7.2.1 The Range Search Problem . . . . . . . . . . . . . . . . . . . 89 7.2.2 Hashing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 7.2.3 Fixed Grid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 7.2.4 Reduced Grid . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 7.2.5 Hierarchical Structures . . . . . . . . . . . . . . . . . . . . . . 94 7.2.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97 7.3 Numerical Integration . . . . . . . . . . . . . . . . . . . . . . . . . . 97 7.3.1 Equations of Motion . . . . . . . . . . . . . . . . . . . . . . . 98 7.3.2 Overview of Integration Methods . . . . . . . . . . . . . . . . 99 7.3.3 Integration . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100 7.3.4 Stability and Accuracy Analysis . . . . . . . . . . . . . . . . . 114 7.3.5 Timing Results . . . . . . . . . . . . . . . . . . . . . . . . . . 117 7.3.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118 7.4 Visualization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119 7.4.1 Rendering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

7.4.2 Visual Cues for Real-Time Use . . . . . . . . . . . . . . . . . 119 7.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

8 Applications 123 8.1 Computer Assisted Animation . . . . . . . . . . . . . . . . . . . . . . 123 8.2 Free Form Modeling of Surfaces . . . . . . . . . . . . . . . . . . . . . 123 8.2.1 Basic Modeling Operations . . . . . . . . . . . . . . . . . . . . 128 8.3 Surface Reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . 136 8.3.1 Surface Fitting . . . . . . . . . . . . . . . . . . . . . . . . . . 137 8.3.2 Principal Frames . . . . . . . . . . . . . . . . . . . . . . . . . 140 8.3.3 3D Volume Segmentation . . . . . . . . . . . . . . . . . . . . . 142 8.3.4 Surfaces From Silhouettes . . . . . . . . . . . . . . . . . . . . 142 8.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

9 Conclusions 147

A Differential Geometry 149 A.1 The Geometry of Curves . . . . . . . . . . . . . . . . . . . . . . . . . 149 A.1.1 Arc Length . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149 A.1.2 The Frenet Frame . . . . . . . . . . . . . . . . . . . . . . . . . 150 A.1.3 The Osculating Circle . . . . . . . . . . . . . . . . . . . . . . 150 A.1.4 The Frenet-Serret formulas . . . . . . . . . . . . . . . . . . . . 151 A.2 The Geometry of Surfaces in 3D . . . . . . . . . . . . . . . . . . . . . 151 A.2.1 The Arc Element . . . . . . . . . . . . . . . . . . . . . . . . . 152 A.2.2 Tangents and Normal . . . . . . . . . . . . . . . . . . . . . . . 152 A.2.3 The Second Fundamental Form . . . . . . . . . . . . . . . . . 153 A.2.4 Normal Curvature . . . . . . . . . . . . . . . . . . . . . . . . 153 A.2.5 More Curvature Measures . . . . . . . . . . . . . . . . . . . . 154

B Newtonian Dynamics 157 B.1 Rotation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157 B.2 Inertia Tensor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157 B.3 Velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158 B.4 Momentum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159 B.5 Force and Torque . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159 B.6 Potential Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

C Gradients of Potential 161 C.1 Gradient of Scalar Functions . . . . . . . . . . . . . . . . . . . . . . . 161 C.2 Gradient with Respect to Orientation . . . . . . . . . . . . . . . . . . 162 C.2.1 The Change in Normal . . . . . . . . . . . . . . . . . . . . . . 162 C.2.2 Gradient of a Scalar Function . . . . . . . . . . . . . . . . . . 163 C.2.3 Directional Derivatives . . . . . . . . . . . . . . . . . . . . . . 163 C.3 Gradient of the Euclidean Norm . . . . . . . . . . . . . . . . . . . . . 164 C.4 Variations of Scalar Products . . . . . . . . . . . . . . . . . . . . . . 166

C.5 Variation of the Weighting Function . . . . . . . . . . . . . . . . . . . 167 C.6 Forces and Torques from Weighted Potentials . . . . . . . . . . . . . 167

D Computation of internal forces 169 D.1 The Co-planarity Potential . . . . . . . . . . . . . . . . . . . . . . . . 169 D.2 The Co-normality Potential . . . . . . . . . . . . . . . . . . . . . . . 170 D.3 The Co-circularity Potential . . . . . . . . . . . . . . . . . . . . . . . 172 D.4 The Lennard-Jones Potential . . . . . . . . . . . . . . . . . . . . . . . 173

E Finite Element Analysis of Surface Energies 175

List of Figures

1.1 Free-form surface modeling . . . . . . . . . . . . . . . . . . . . . . . . 9 1.2 Computer assisted animation . . . . . . . . . . . . . . . . . . . . . . 10 1.3 Surface reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . 10

3.1 Potential weighting function. . . . . . . . . . . . . . . . . . . . . . . . 30 3.2 12-6 Lennard-Jones function . . . . . . . . . . . . . . . . . . . . . . . 32 3.3 Spring and Lennard-Jones compared. . . . . . . . . . . . . . . . . . . 34 3.4 Longitudinal deformation . . . . . . . . . . . . . . . . . . . . . . . . . 35 3.5 Hexagonal packing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 3.6 Flexible solid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 3.7 Rigid solid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 3.8 Beam colliding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.1 Oriented particles in global and local coordinate frames. . . . . . . . 44 4.2 Cross sectional view of a of surface . . . . . . . . . . . . . . . . . . . 48 4.3 Interaction due to co-planarity potential: ϕ_P = (n_i · r_{ij})^2 . . . . . . . 49 4.4 Interaction due to co-normality potential: ϕ_N = ‖n_i − n_j‖^2 . . . . . . 50 4.5 Interaction due to co-circularity potential: ϕ_C = ((n_i + n_j) · r_{ij})^2 . . . 51 4.6 The osculating circle in the local coordinate frame of particle i . . . . 52 4.7 Discrete curvature tangent vector . . . . . . . . . . . . . . . . . . . . 54 4.8 Inter-particle spacings h_1 and h_2. . . . . . . . . . . . . . . . . . . . . 56

5.1 Ray tracing particle iso-surfaces . . . . . . . . . . . . . . . . . . . . . 65 5.2 Voronoi diagram and Delaunay triangulation . . . . . . . . . . . . . . 67 5.3 Triangulation of points . . . . . . . . . . . . . . . . . . . . . . . . . . 72

6.1 Finite difference grid for the Laplacian . . . . . . . . . . . . . . . . . 79 6.2 Family of inter-particle potential functions. . . . . . . . . . . . . . . . 80 6.3 Neighborhood Interactions . . . . . . . . . . . . . . . . . . . . . . . . 83 6.4 Beam colliding and melting . . . . . . . . . . . . . . . . . . . . . . . 85

7.1 Storage of points in a grid. . . . . . . . . . . . . . . . . . . . . . . . . 94 7.2 Empirical results of modified Euler integration . . . . . . . . . . . . . 103 7.3 Empirical results of Leapfrog integration . . . . . . . . . . . . . . . . 104 7.4 Relative error in system energy . . . . . . . . . . . . . . . . . . . . . 105 7.5 Initial particle system configuration . . . . . . . . . . . . . . . . . . . 109 7.6 Integration with Δt = 2^{−7}. . . . . . . . . . . . . . . . . . . . . . . . . 110

7.7 Integration with Δt = 2^{−6}. . . . . . . . . . . . . . . . . . . . . . . . . 111 7.8 Integration with Δt = 2^{−5}. . . . . . . . . . . . . . . . . . . . . . . . . 112 7.9 Integration with Δt = 2^{−4}. . . . . . . . . . . . . . . . . . . . . . . . . 113 7.10 Visualization techniques . . . . . . . . . . . . . . . . . . . . . . . . . 120

8.1 Variable physical behavior . . . . . . . . . . . . . . . . . . . . . . . . 124 8.2 Draping cloth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125 8.3 Beam colliding and melting . . . . . . . . . . . . . . . . . . . . . . . 126 8.4 Flexible solid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127 8.5 Rigid solid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127 8.6 Self joining chain under gravity . . . . . . . . . . . . . . . . . . . . . 128 8.7 Welding two surfaces together. . . . . . . . . . . . . . . . . . . . . . . 129 8.8 Cutting a surface into two. . . . . . . . . . . . . . . . . . . . . . . . . 130 8.9 Putting a crease into a surface. . . . . . . . . . . . . . . . . . . . . . 131 8.10 Particle creation during stretching . . . . . . . . . . . . . . . . . . . . 133 8.11 Forming a complex object . . . . . . . . . . . . . . . . . . . . . . . . 134 8.12 Deformation of sphere to torus . . . . . . . . . . . . . . . . . . . . . . 135 8.13 Surface interpolation through 3D points . . . . . . . . . . . . . . . . 138 8.14 Interpolation through 3D points . . . . . . . . . . . . . . . . . . . . . 139 8.15 Interpolation with increased range . . . . . . . . . . . . . . . . . . . . 140 8.16 Lines of curvature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141 8.17 Reconstruction from CT volume data . . . . . . . . . . . . . . . . . . 143 8.18 Reconstruction from silhouettes . . . . . . . . . . . . . . . . . . . . . 145

A.1 The Frenet frame. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150 A.2 The osculating circle . . . . . . . . . . . . . . . . . . . . . . . . . . . 151 A.3 Surface x(u, v) with partial derivatives and normal. . . . . . . . . . . 153 A.4 Curve on sphere where m ≠ n. . . . . . . . . . . . . . . . . . . . . . 154 A.5 The normal section. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155 xiv