NEW METHODS FOR SURFACE RECONSTRUCTION FROM RANGE IMAGES

A DISSERTATION SUBMITTED TO THE DEPARTMENT OF ELECTRICAL ENGINEERING AND THE COMMITTEE ON GRADUATE STUDIES OF STANFORD UNIVERSITY IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF DOCTOR OF PHILOSOPHY

Brian Lee Curless June, 1997

cfl Copyright 1997 by Brian Lee Curless

All Rights Reserved

I certify that I have read this dissertation and that in my opinion it is fully adequate, in scope and in quality, as a dissertation for the degree of Doctor of Philosophy.

Marc Levoy (Principal Adviser)

I certify that I have read this dissertation and that in my opinion it is fully adequate, in scope and in quality, as a dissertation for the degree of Doctor of Philosophy.

Pat Hanrahan

I certify that I have read this dissertation and that in my opinion it is fully adequate, in scope and in quality, as a dissertation for the degree of Doctor of Philosophy.

David Heeger

Approved for the University Committee on Graduate Studies:

iv

To Jelena vi

Abstract

The digitization and reconstruction of 3D shapes has numerous applications in areas that include manufacturing, virtual simulation, science, medicine, and consumer marketing. In this thesis, we address the problem of acquiring accurate range data through optical triangulation, and we present a method for reconstructing surfaces from sets of data known as range images.

The standard methods for extracting range data from optical triangulation scanners are accurate only for planar objects of uniform reŕectance. Using these methods, curved surfaces, discontinuous surfaces, and surfaces of varying reŕectance cause systematic distortions of the range data. We present a new ranging method based on analysis of the time evolution of the structured light reŕections. Using this spacetime analysis, we can correct for each of these artifacts, thereby attaining signiőcantly higher accuracy using existing technology. When using coherent illumination such as lasers, however, we show that laser speckle places a fundamental limit on accuracy for both traditional and spacetime triangulation.

The range data acquired by 3D digitizers such as optical triangulation scanners commonly consists of depths sampled on a regular grid, a sample set known as a range image. A number of techniques have been developed for reconstructing surfaces by integrating groups of aligned range images. A desirable set of properties for such algorithms includes: incremental updating, representation of directional uncertainty, the ability to őll gaps in the reconstruction, and robustness in the presence of outliers and distortions. Prior algorithms possess subsets of these properties. In this thesis, we present an efőcient volumetric method for merging range images that possesses all of these properties. Using this method, we are able to merge a large number of range images (as many as 70) yielding seamless, high-detail models of up to 2.6 million triangles.

viii

Acknowledgments

I would like to thank the many people who contributed in one way or another to this thesis. I owe a great debt to my adviser, Marc Levoy, who inspired me to enter the exciting arena of computer graphics. The road to a Ph.D. is usually a bumpy one, and mine was no exception. In the end, Marc’s unerring intuitions and infectious enthusiasm sent me down a very rewarding path. I would also thank the members of my reading committee, Pat Hanrahan and David Heeger, for their interest in this work. Early discussions with Pat while developing the ideas about space carving in Chapter 6 were especially helpful.

Next, I would like to thank my colleagues in the Stanford Computer Graphics Laboratory. As members of the 3D Fax Project, Greg Turk, Venkat Krishnamurthy, and Brian Freyburger have been particularly supportive. Brian developed the ideas for space carving with triangulation scanners (Section 6.4). In addition, discussions with Phil Lacroute were crucial to making the volumetric algorithm efőcient (Section 7.2). Homan Igehy wrote the fast rasterizer used for range image resampling (Section 7.2), and Matt Pharr wrote the accessibility shader used to create the rendering in Figure 8.6b. Bill Lorensen provided marching cubes tables and mesh decimation software and managed the production of the 3D hardcopy.

Special thanks go to Charlie Orgish and John Gerth for maintaining sanity among the machines (and therefore the students) in the graphics laboratory. Sarah Bezier and Ada Glucksman cheerfully shielded me from the inner-workings of University bureaucracy.

Cyberware Laboratories provided the scanner used to collect data in this thesis. I am particularly grateful to David Addleman and George Dabrowski at Cyberware for their assistance and encouragement. Funding for this work came from the National Science Foundation under contract CCR-9157767 and from Interval Research Corporation.

I would like to thank my parents, Richard and Diane, my brother, Chris, and my sisters,

Ann and Laura. With their support, I knew I would persevere through the years. Finally, my deepest gratitude goes to my wife, Jelena. She calmed me in moments of panic and had faith in me during times of doubt. I dedicate this thesis to her.

Contents v Abstract vii Acknowledgments ix 1 Introduction 1 1.1 Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 1.1.1 Reverse engineering . . . . . . . . . . . . . . . . . . . . . . . . . 2 1.1.2 Collaborative design . . . . . . . . . . . . . . . . . . . . . . . . . 2 1.1.3 Inspection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 1.1.4 Special effects, games, and virtual worlds . . . . . . . . . . . . . . 3 1.1.5 Dissemination of museum artifacts . . . . . . . . . . . . . . . . . . 3 1.1.6 Medicine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 1.1.7 Home shopping . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 1.2 Methods for 3D Digitization . . . . . . . . . . . . . . . . . . . . . . . . . 4 1.3 Surface reconstruction from range images . . . . . . . . . . . . . . . . . . 9 1.3.1 Range images . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 1.3.2 Surface reconstruction . . . . . . . . . . . . . . . . . . . . . . . . 10 1.4 The 3D Fax Project . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 1.5 Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 1.6 Organization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 2 Optical triangulation: limitations and prior work 18 2.1 Triangulation Conőgurations . . . . . . . . . . . . . . . . . . . . . . . . . 19 2.1.1 Structure of the illuminant . . . . . . . . . . . . . . . . . . . . . . 19

2.1.2 Type of illuminant . . . . . . . . . . . . . . . . . . . . . . . . . . 20 2.1.3 Sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 2.1.4 Scanning method . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 2.2 Limitations of traditional methods . . . . . . . . . . . . . . . . . . . . . . 21 2.2.1 Geometric intuition . . . . . . . . . . . . . . . . . . . . . . . . . . 22 2.2.2 Quantifying the error . . . . . . . . . . . . . . . . . . . . . . . . . 26 2.2.3 Focusing the beam . . . . . . . . . . . . . . . . . . . . . . . . . . 28 2.2.4 Inŕuence of laser speckle . . . . . . . . . . . . . . . . . . . . . . 30 2.3 Prior work on triangulation error . . . . . . . . . . . . . . . . . . . . . . . 36 3 Spacetime Analysis 38 3.1 Geometric intuition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 3.2 A complete derivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 3.3 Generalizing the geometry . . . . . . . . . . . . . . . . . . . . . . . . . . 44 3.4 Inŕuence of laser speckle . . . . . . . . . . . . . . . . . . . . . . . . . . . 46 3.5 A Signal Processing Perspective . . . . . . . . . . . . . . . . . . . . . . . 51 3.5.1 Ideal triangulation impulse response . . . . . . . . . . . . . . . . . 51 3.5.2 Filtering, noise, sampling, and reconstruction . . . . . . . . . . . . 53 3.5.3 The spacetime spectrum . . . . . . . . . . . . . . . . . . . . . . . 54 3.5.4 Widening the laser sheet . . . . . . . . . . . . . . . . . . . . . . . 56 3.5.5 Improving resolution . . . . . . . . . . . . . . . . . . . . . . . . . 58 4 Spacetime analysis: implementation and results 60 4.1 Hardware . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 4.2 The spacetime algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 4.2.1 Fast rotation of the spacetime image . . . . . . . . . . . . . . . . . 65 4.2.2 Interpolating the spacetime volume . . . . . . . . . . . . . . . . . 69 4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70 4.3.1 Reŕectance correction . . . . . . . . . . . . . . . . . . . . . . . . 70 4.3.2 Shape correction . . . . . . . . . . . . . . . . . . . . . . . . . . . 71 4.3.3 Speckle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 4.3.4 Complex objects . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.3.5 Remaining sources of error . . . . . . . . . . . . . . . . . . . . . . 77 5 Surface estimation from range images 78 5.1 Prior work in surface reconstruction from range data . . . . . . . . . . . . 79 5.1.1 Unorganized points: polygonal methods . . . . . . . . . . . . . . . 79 5.1.2 Unorganized points: implicit methods . . . . . . . . . . . . . . . . 79 5.1.3 Structured data: polygonal methods . . . . . . . . . . . . . . . . . 80 5.1.4 Structured data: implicit methods . . . . . . . . . . . . . . . . . . 80 5.1.5 Other related work . . . . . . . . . . . . . . . . . . . . . . . . . . 81 5.2 Range images, range surfaces, and uncertainty . . . . . . . . . . . . . . . 82 5.3 A probabilistic model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85 5.4 Maximum likelihood estimation . . . . . . . . . . . . . . . . . . . . . . . 86 5.5 Unifying the domain of integration . . . . . . . . . . . . . . . . . . . . . 89 5.6 Calculus of variations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95 5.7 A minimization solution . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 5.8 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100 6 A New Volumetric Approach 106 6.1 Merging observed surfaces . . . . . . . . . . . . . . . . . . . . . . . . . . 106 6.1.1 A one-dimensional Example . . . . . . . . . . . . . . . . . . . . . 108 6.1.2 Restriction to vicinity of surface . . . . . . . . . . . . . . . . . . . 110 6.1.3 Two and three dimensions . . . . . . . . . . . . . . . . . . . . . . 111 6.1.4 Choosing surface weights . . . . . . . . . . . . . . . . . . . . . . 114 6.2 Hole őlling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 6.2.1 A hole-őlling algorithm . . . . . . . . . . . . . . . . . . . . . . . 116 6.2.2 Carving from backdrops . . . . . . . . . . . . . . . . . . . . . . . 118 6.3 Sampling, conditioning, and őltering . . . . . . . . . . . . . . . . . . . . 121 6.3.1 Voxel resolution and tessellation criteria . . . . . . . . . . . . . . . 121 6.3.2 Conditioning the implicit function . . . . . . . . . . . . . . . . . . 126 6.3.3 Mesh őltering vs. anti-aliasing in hole őll regions . . . . . . . . . . 130 6.4 Limitations of the volumetric method . . . . . . . . . . . . . . . . . . . . 130 6.4.1 Thin surfaces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.4.2 Bridging sharp corners . . . . . . . . . . . . . . . . . . . . . . . . 133 6.4.3 Space carving . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134 7 Fast algorithms for the volumetric method 139 7.1 Run-length encoding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139 7.2 Fast volume updating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 7.2.1 Scanline alignment . . . . . . . . . . . . . . . . . . . . . . . . . . 141 7.2.2 Resampling the range image . . . . . . . . . . . . . . . . . . . . . 143 7.2.3 Updating the volume . . . . . . . . . . . . . . . . . . . . . . . . . 144 7.2.4 A shear-warp factorization . . . . . . . . . . . . . . . . . . . . . . 144 7.2.5 Binary depth trees . . . . . . . . . . . . . . . . . . . . . . . . . . 147 7.2.6 Efőcient RLE transposes . . . . . . . . . . . . . . . . . . . . . . . 148 7.3 Fast surface extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149 7.4 Asymptotic Complexity . . . . . . . . . . . . . . . . . . . . . . . . . . . 150 7.4.1 Storage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151 7.4.2 Computation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153 8 Results of the volumetric method 157 8.1 Hardware Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . 157 8.2 Aligning range images . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158 8.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159 9 Conclusion 168 9.1 Improved triangulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168 9.2 Volumetrically combining range images . . . . . . . . . . . . . . . . . . . 169 9.3 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169 9.3.1 Optimal triangulation . . . . . . . . . . . . . . . . . . . . . . . . . 170 9.3.2 Improvements for volumetric surface reconstruction . . . . . . . . 171 9.3.3 Open problems in surface digitization . . . . . . . . . . . . . . . . 172 A Proof of Theorem 5.1 175 B Stereolithography 178 Bibliography 182

List of Tables

3.1 Symbol deőnitions for spacetime analysis. . . . . . . . . . . . . . . . . . . 41 7.1 Symbol deőnitions for complexity analysis. . . . . . . . . . . . . . . . . . 150 8.1 Statistics for reconstructions. . . . . . . . . . . . . . . . . . . . . . . . . . 167

List of Figures

1.1 Taxonomy of active range acquisition methods. . . . . . . . . . . . . . . . 5 1.2 Optical triangulation and range imaging. . . . . . . . . . . . . . . . . . . . 9 1.3 Range images taken from multiple viewpoints . . . . . . . . . . . . . . . . 11 1.4 Data ŕow in 3D Fax Project . . . . . . . . . . . . . . . . . . . . . . . . . 13 1.5 Photograph of the Cyberware scanner. . . . . . . . . . . . . . . . . . . . . 14

2.1 Optical triangulation geometry . . . . . . . . . . . . . . . . . . . . . . . . 19 2.2 Range errors due to reŕectance discontinuities . . . . . . . . . . . . . . . . 23 2.3 Range errors due to shape variations . . . . . . . . . . . . . . . . . . . . . 23 2.4 Range error due to sensor occlusion . . . . . . . . . . . . . . . . . . . . . 24 2.5 Image of a rough object formed with coherent light. . . . . . . . . . . . . . 25 2.6 Inŕuence of laser speckle on traditional triangulation. . . . . . . . . . . . . 25 2.7 Plot of errors due to reŕectance discontinuities . . . . . . . . . . . . . . . . 26 2.8 Plot of errors due to corners . . . . . . . . . . . . . . . . . . . . . . . . . . 27 2.9 Gaussian beam optics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 2.10 Imaging geometry and coordinate systems . . . . . . . . . . . . . . . . . . 31 2.11 Speckle due to a diffraction through a lens . . . . . . . . . . . . . . . . . . 32

3.1 Spacetime mapping of a Gaussian illuminant . . . . . . . . . . . . . . . . 39 3.2 Triangulation scanner coordinate system. . . . . . . . . . . . . . . . . . . 40 3.3 Spacetime image of the Gaussian illuminant . . . . . . . . . . . . . . . . . 42 3.4 From geometry to spacetime image to range data . . . . . . . . . . . . . . 43 3.5 Inŕuence of laser speckle on spacetime triangulation. . . . . . . . . . . . . 48

3.6 Speckle contributions at the sensor due to a moving coherent illuminant with square cross-section. . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 3.7 Spacetime speckle error for a coherent illuminant with square cross-section. 50 3.8 Formation of the spacetime image. . . . . . . . . . . . . . . . . . . . . . . 52 3.9 The spacetime spectrum. . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 3.10 Spacetime spectrum for a line. . . . . . . . . . . . . . . . . . . . . . . . . 57

4.1 From range video to range image. . . . . . . . . . . . . . . . . . . . . . . 61 4.2 Method for optical triangulation range imaging with spacetime analysis . . 63 4.3 Run-length encoded spacetime scanline. . . . . . . . . . . . . . . . . . . . 65 4.4 Fast RLE rotation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 4.5 Reconstruction: send vs. gather. . . . . . . . . . . . . . . . . . . . . . . . 66 4.6 Building a rotated RLE scanline. . . . . . . . . . . . . . . . . . . . . . . . 68 4.7 Interpolation of spacetime image data . . . . . . . . . . . . . . . . . . . . 69 4.8 Measured error due to reŕectance step . . . . . . . . . . . . . . . . . . . . 70 4.9 Reŕectance card . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71 4.10 Measured error due to corner . . . . . . . . . . . . . . . . . . . . . . . . . 72 4.11 Depth discontinuities and edge curl . . . . . . . . . . . . . . . . . . . . . . 72 4.12 Shape ribbon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 4.13 Distribution of range errors over a planar target. . . . . . . . . . . . . . . . 74 4.14 Model tractor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75 4.15 Model alien . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5.1 From range image to range surfaces . . . . . . . . . . . . . . . . . . . . . 82 5.2 Range imaging frustums. . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 5.3 Range errors for traditional triangulation with two-dimensional imaging. . . 85 5.4 Range images and a candidate surface . . . . . . . . . . . . . . . . . . . . 87 5.5 Differential area relations for reparameterization. . . . . . . . . . . . . . . 90 5.6 Ray density and vector őelds in 2D . . . . . . . . . . . . . . . . . . . . . . 93 5.7 Aligned range images . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

6.1 Unweighted signed distance functions in 3D . . . . . . . . . . . . . . . . . 107

6.2 Signed distance and weight functions in one dimension . . . . . . . . . . . 108 6.3 Combination of signed distance and weight functions in two dimensions. . . 111 6.4 Pseudocode for volumetric integration . . . . . . . . . . . . . . . . . . . . 112 6.5 Sampling the range surface to update the volume . . . . . . . . . . . . . . 113 6.6 Discrete isosurface extraction . . . . . . . . . . . . . . . . . . . . . . . . . 113 6.7 Dependence of surface sampling rate on view direction. . . . . . . . . . . . 115 6.8 Tapering vertex weights for surface blending. . . . . . . . . . . . . . . . . 116 6.9 Volumetric grid with space carving and hole őlling . . . . . . . . . . . . . 117 6.10 A hole-őlling visualization. . . . . . . . . . . . . . . . . . . . . . . . . . . 119 6.11 Carving from backdrops . . . . . . . . . . . . . . . . . . . . . . . . . . . 120 6.12 Tessellation artifacts near a planar edge. . . . . . . . . . . . . . . . . . . . 127 6.13 Isosurface artifacts and conditioning functions. . . . . . . . . . . . . . . . 129 6.14 Limitation on thin surfaces. . . . . . . . . . . . . . . . . . . . . . . . . . . 131 6.15 Using the MIN() function to merge opposing distance ramps. . . . . . . . . 132 6.16 Limitations due to sharp corners. . . . . . . . . . . . . . . . . . . . . . . . 133 6.17 Intersections of viewing shafts for space carving. . . . . . . . . . . . . . . 134 6.18 Protrusion generated during space carving. . . . . . . . . . . . . . . . . . . 135 6.19 Errors in topological type due to space carving. . . . . . . . . . . . . . . . 135 6.20 Aggressive strategies for space carving using a range sensor with a single line of sight per sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136 6.21 Conservative strategy for space carving with a triangulation range sensor. . 138 6.22 Aggressive strategies for space carving with a triangulation range sensor. . 138

7.1 Overview of range image resampling and scanline order voxel updates . . . 140 7.2 Orthographic range image resampling. . . . . . . . . . . . . . . . . . . . . 141 7.3 Perspective range image resampling. . . . . . . . . . . . . . . . . . . . . . 142 7.4 Transposing the volume for scanline alignment. . . . . . . . . . . . . . . . 143 7.5 A shear warp method for parallel projection . . . . . . . . . . . . . . . . . 145 7.6 Correction factor for sheared distances. . . . . . . . . . . . . . . . . . . . 145 7.7 Shear-warp for perspective projection. . . . . . . . . . . . . . . . . . . . . 146 7.8 Binary depth tree . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

7.9 Fast transpose of a multi-valued RLE image. . . . . . . . . . . . . . . . . . 149 7.10 Carving from łdifőcultž surfaces. . . . . . . . . . . . . . . . . . . . . . . 152 7.11 Storage complexity with and without backdrops. . . . . . . . . . . . . . . . 153

8.1 Noise reduction by merging multiple scans. . . . . . . . . . . . . . . . . . 159 8.2 Merging range images of a drill bit . . . . . . . . . . . . . . . . . . . . . . 161 8.3 Reconstruction of a dragon ś Part I of II. . . . . . . . . . . . . . . . . . . . 162 8.4 Reconstruction of a dragon ś Part II of II. . . . . . . . . . . . . . . . . . . 163 8.5 From the original to a 3D hardcopy of the łHappy Buddhaž ś Part I of II. . 164 8.6 From the original to a 3D hardcopy of the łHappy Buddhaž ś Part II of II. . 165 8.7 Wireframe and shaded renderings of the Happy Buddha model. . . . . . . . 166

B.1 The stereolithography process. . . . . . . . . . . . . . . . . . . . . . . . . 179 B.2 Contouring due to layered manufacture. . . . . . . . . . . . . . . . . . . . 180 B.3 Supports for stereolithography manufacturing. . . . . . . . . . . . . . . . . 181 xx