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Multi-Flash 3D Photography: 
 

Capturing the Shape and Appearance 
of 3D Objects  

#����� 
	�
��������

A new approach for reconstructing 3D objects 
using shadows cast by depth discontinuities, as 
detected by a multi-flash camera. Unlike existing 
stereo vision algorithms, this method works even 
with plain surfaces, including unpainted ceramics 
and architecture. 

Estimated Shape: 
3D Point Cloud 

Recovered 
Appearance: 
Phong BRDF Model 

Multi-Flash 
Turntable Sequence: 
Input Image 

Data Capture: A turntable and a digital camera 
are used to acquire data from 670 viewpoints. For 
each viewpoint, we capture a set of images using 
illumination from four different flashes. Future 
embodiments will include a small, inexpensive 
handheld multi-flash camera. 

Recovering a Smooth Surface 

�I�I�I�I�I�I�IIII�

The reconstructed point cloud can 
possess  errors, including gaps and 
noise. To minimize these effects, we find 
an implicit surface which interpolates the 
3D points. This method can be applied to 
any 3D point cloud, including those 
generated by laser scanners. 

�J�

Using the implicit surface, we can determine which points are visible 
from each viewpoint. To model the material properties of the surface, 
we fit a per-point Phong BRDF model to the set of visible reflectance 
observations (using a total of 67 viewpoints). 

Multi-Flash 3D Photography: Photometric Reconstruction 

Multi-Flash Turntable Sequence 
Images 

Phong (Specular) 

Phong (Diffuse) Estimated Phong Appearance Model 

Diffuse Specular Ambient 

�

3D Point 
Cloud

Implicit Surface 
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Schedule for this week and next 

�  Introduction to 3D Scanning  
�  The Mathematics of 3D Triangulation  
�  3D Scanning with Swept-Planes | Slit scanner  
�  Camera and Swept-Plane Light Source Calibration 



Lecture Notes and Additional Resources 

�  Download Course Notes from 
�  http://mesh.brown.edu/byo3d 
�  Or just Google search for BYO3D 

�  Courses on 3D Photography taught at Brown University 
�  http://mesh.brown.edu/3DP  

�  This Course 
�  http://mesh.brown.edu/3DP-FCEN-2013  
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Introduction to 3D Scanning 

 
 
 
 
 
 
 
 

 

 

 
3D Scanning 

Geometry 
Dynamics 

(Motion, Deformation, etc.) 
Rendering 

(Illumination Model) 



Applications of 3D Scanning: 
Entertainment and Consumer Applications 

Andreas Wenger et al. Performance Relighting and Reflectance Transformation 
with Time-Multiplexed Illumination. ACM SIGGRAPH, 2005 

�  Import sculptures into a 3D modeling/rendering pipeline 
�  Capture geometric (and photometric) properties for relighting 
�  Fit clothes, track 3D interaction, free-viewpoint video (3D TV), etc. 
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M. Waschbüsch et al. Scalable 3D Video of Dynamic Scenes. 
The Visual Computer, 2005.  
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Applications of 3D Scanning: 
Historical Preservation 

M. Levoy et al. The Digital Michelangelo Project: 3D Scanning 
of Large Statues. ACM SIGGRAPH, 2000  

�  Preserve/restore deteriorating works and unite dispersed collections 
�  Facilitate academic study (tooling, lighting, pentimenti, revision history) 
�  Replicate collections (souvenirs, retain repatriated works, etc.) 

L. Borgeat et al. Visualizing and Analyzing the Mona Lisa. IEEE 
Computer Graphics and Applications, 2007 

Applications of 3D Scanning: 
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Applications of 3D Scanning: 
Medical Imaging and Surgical Planning 

�  Medical imaging (X-ray, CT, MRI, etc.) and surgical planning 
�  Measuring dimensions (dental impressions and hip replacement surgery) 
�  Tele-surgery (augmented virtual reality, video see-through, etc.) 
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Applications of 3D Scanning: 
Robotics (Interaction and Navigation) 

�  Motion planning (manipulation, gripping, pushing/pulling, etc.) 
�  Simultaneous localization and mapping (SLAM) 
�  Autonomous navigation (DARPA Grand/Urban Challenge) 

Applications of 3D Scanning: 
Robotics (Interaction and Navigation) 

�  Motion planning (manipulation, gripping, pushing/pulling, etc.) 
�  Simultaneous localization and mapping (SLAM) 
�  Autonomous navigation (DARPA Grand/Urban Challenge) 



Applications of 3D Scanning: 
Inspection and Reverse Engineering 

�  Manufacturing and process control (tolerances and alignment) 
�  Reverse engineering (repairing antiques and replicating designs) 
�  Remote inspection (inaccessible or dangerous environments) 

Taxonomy of 3D Scanning: 
Direct Contact 

Contact 

Non-Contact 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Taxonomy adapted from Szymon Rusinkiewicz  
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Contact 

Non-Contact 

Active 

Passive 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Shape-from-X 
   (stereo/multi-view, silhouettes, focus/defocus, motion, texture, etc.) 

Taxonomy of 3D Scanning: 
Stereo/Multi-view Photography 
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Non-Contact 

Active 

Passive 
Shape-frm-X 
   (stereo/multi-view, silhouettes, focus/defocus, motion, texture, etc.) 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Taxonomy of 3D Scanning: 
Shape-from-Silhouettes 

Contact 

Non-Contact 

Active 

Passive Shape-from-X 
   (stereo/multi-view, silhouettes, focus/defocus, motion, texture, etc.) 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Taxonomy of 3D Scanning: 
Shape-from-Silhouettes 

J. Starck and A. Hilton. Surface Capture for Performance-Based  
Animation. IEEE Computer Graphics and Applications, 2007 
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Non-Contact 

Active 

Passive Shape-from-X 
   (stereo/multi-view, silhouettes, focus/defocus, motion, texture, etc.) 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Taxonomy of 3D Scanning: 
Shape-from-Focus/Defocus 

M. Watanabe and S. Nayar. Rational filters for passive depth 
from defocus. Intl. J. of Comp. Vision, 27(3):203-225, 1998  
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Taxonomy of 3D Scanning: 
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M. Watanabe and S. Nayar. Rational filters for passive depth 
from defocus. Intl. J. of Comp. Vision, 27(3):203-225, 1998  
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Non-Contact 

Active 

Passive Shape-from-X 
   (stereo/multi-view, silhouettes, focus/defocus, motion, texture, etc.) 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Taxonomy of 3D Scanning: 
Shape-from-Focus/Defocus 

M. Watanabe and S. Nayar. Rational filters for passive depth 
from defocus. Intl. J. of Comp. Vision, 27(3):203-225, 1998  

Parallel/Fan-beam Projections 

0 50 100 150 rotation angle (degrees) 

Contact 

Non-Contact 

Active 

Passive 

Transmissive 

Reflective 

Shape-from-X 
   (stereo/multi-view, silhouettes, focus/defocus, motion, texture, etc.) 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Computed Tomography (CT) 
Transmissive Ultrasound 

Taxonomy of 3D Scanning: 
Computed Tomography (CT) 



Contact 

Non-Contact 

Active 

Passive 

Transmissive 

Reflective 

Shape-from-X 
   (stereo/multi-view, silhouettes, focus/defocus, motion, texture, etc.) 

Computed Tomography (CT) 
Transmissive Ultrasound 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Non-optical Methods 
   (reflective ultrasound, radar, sonar, MRI) 

Taxonomy of 3D Scanning: 
Non-optical Active Methods 

Contact 

Non-Contact 

Active 

Passive 

Transmissive 

Reflective 

Shape-from-X 
   (stereo/multi-view, silhouettes, focus/defocus, motion, texture, etc.) 

Active Variants of Passive Methods 
   (stereo/focus/defocus using projected patterns)  

Computed Tomography (CT) 
Transmissive Ultrasound 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Non-optical Methods 
   (reflective ultrasound, radar, sonar, MRI) 

Taxonomy of 3D Scanning: 
Active Variants of Passive Methods 

M. Waschbüsch et al. Scalable 3D Video of Dynamic Scenes. 
The Visual Computer, pp. 629-638, 2005 



Contact 

Non-Contact 

Active 

Passive 

Transmissive 

Reflective 

Shape-from-X 
   (stereo/multi-view, silhouettes, focus/defocus, motion, texture, etc.) 

Active Variants of Passive Methods 
   (stereo/focus/defocus using projected patterns)  

Computed Tomography (CT) 
Transmissive Ultrasound 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Non-optical Methods 
   (reflective ultrasound, radar, sonar, MRI) 

Taxonomy of 3D Scanning: 
Active Variants of Passive Methods 

M. Watanabe and S. Nayar. Rational Filters for Passive Depth 
from Defocus. Intl. J. of Comp. Vision, 27(3):203-225, 1998  

Contact 

Non-Contact 

Active 

Passive 

Transmissive 

Reflective 

Shape-from-X 
   (stereo/multi-view, silhouettes, focus/defocus, motion, texture, etc.) 

Active Variants of Passive Methods 
   (stereo/focus/defocus using projected patterns)  
Time-of-Flight 

Computed Tomography (CT) 
Transmissive Ultrasound 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Non-optical Methods 
   (reflective ultrasound, radar, sonar, MRI) 

Taxonomy of 3D Scanning: 
Time-of-Flight 
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Contact 

Non-Contact 

Active 

Passive 

Transmissive 

Reflective 

Shape-from-X 
   (stereo/multi-view, silhouettes, focus/defocus, motion, texture, etc.) 

Active Variants of Passive Methods 
   (stereo/focus/defocus using projected patterns)  
Time-of-Flight 
Triangulation 
   (laser striping and structured lighting) 

Computed Tomography (CT) 
Transmissive Ultrasound 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Non-optical Methods 
   (reflective ultrasound, radar, sonar, MRI) 

Taxonomy of 3D Scanning: 
Triangulation with Laser Striping 

M. Levoy et al. The Digital Michelangelo Project: 3D Scanning 
of Large Statues. Proc. ACM SIGGRAPH, 2000  

Contact 

Non-Contact 

Active 

Passive 

Transmissive 

Reflective 

Shape-from-X 
   (stereo/multi-view, silhouettes, focus/defocus, motion, texture, etc.) 

Active Variants of Passive Methods 
   (stereo/focus/defocus using projected patterns)  
Time-of-Flight 
Triangulation 
   (laser striping and structured lighting) 

Computed Tomography (CT) 
Transmissive Ultrasound 

Direct Measurements 
   (rulers, calipers, pantographs, coordinate measuring machines (CMM), AFM) 

Non-optical Methods 
   (reflective ultrasound, radar, sonar, MRI) 

Taxonomy of 3D Scanning: 
Triangulation with Structured Lighting 



Challenges of Optical 3D Scanning 

�  Must be simultaneously illuminated and imaged (occlusion problems) 
�  Non-Lambertian BRDFs (transparency, reflections, subsurface scattering) 
�  Acquisition time (dynamic scenes), large (or small) features, etc. 

Challenges of Optical 3D Scanning 

Godin et al. An Assessment of Laser Range Measurement on Marble 
Surfaces. Intl. Conf. Optical 3D Measurement Techniques, 2001  

M. Levoy. Why is 3D scanning hard? 3DPVT, 2002 

�  Must be simultaneously illuminated and imaged (occlusion problems) 
�  Non-Lambertian BRDFs (transparency, reflections, subsurface scattering) 
�  Acquisition time (dynamic scenes), large (or small) features, etc. 



The 3D Scanning Pipeline 

Assign Texture 
(BRDF, etc.) 

Align 
3D Point Clouds 

Reconstruct  
3D Point Cloud(s)  Data Capture 

Extract Isosurface 
(Polyhedral Mesh) 

Commercial 3D Scanners 

Features, Limitations, and Benefits 
�  Most commercial scanners use laser striping + turntables/fiducials 
�  Cost varies (NextEngine ~$3,000 USD, others more expensive) 
�  Complete pipeline (including registration and isosurface extraction) 
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Do-It-Yourself (DIY) 3D Scanners 

Features, Limitations, and Benefits 
�  Most DIY scanners also use laser striping + turntables 
�  Relatively inexpensive (DAVID laser scanner ~$550 USD for starter kit) 
�  Incomplete pipeline (lacking registration and isosurface extraction) 
�  Most (but not all) lack proper camera and light source calibration 
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Do-It-Yourself (DIY) 3D Scanners 

Features, Limitations, and Benefits 
�  Most DIY scanners also use laser striping + turntables 
�  Relatively inexpensive (DAVID laser scanner ~$550 USD for starter kit) 
�  Incomplete pipeline (lacking registration and isosurface extraction) 
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Do-It-Yourself (DIY) 3D Scanners 

Features, Limitations, and Benefits 
�  Most DIY scanners also use laser striping + turntables 
�  Relatively inexpensive (DAVID laser scanner ~$550 USD for starter kit) 
�  Incomplete pipeline (lacking registration and isosurface extraction) 
�  Most (but not all) lack proper camera and light source calibration 

Topics/Scanners in this Course 

1) Scanning with Swept-Planes 

2) Structured Lighting using Projector-Camera Systems 

3) Post-processing Pipeline: Registration and Isosurfaces 



When not to Scan? 

�  Scanning is (usually) unnecessary when output is another image! 
�  Better to use image-based rendering (light fields, QTVR, etc.) 

Marc Levoy. Stanford Spherical Gantry. On-line, 2005 

Next Class 

�  Introduction to 3D Scanning  
�  The Mathematics of 3D Triangulation  
�  3D Scanning with Swept-Planes | Slit scanner  
�  Camera and Swept-Plane Light Source Calibration 
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What is a Camera ? 

What is a Camera ? 
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Representation of Lines and Rays 
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Representation of Planes 
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Approximate Line-Line Intersection 
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Perspective Projection (Pinhole Model) 
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Calibration: mapping from image points to rays  



The Ideal Pinhole Camera 
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The General Pinhole Model 
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The General Pinhole Model 
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Plane Defined by Image Line and Projection Center 
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Triangulation by Laser Striping 

M. J. Leotta, A. Vandergon, and G. Taubin. 3D Slit Scanning 
With Planar Constraints. Computer Graphics Forum, 2008 

�  Manually or mechanically translated laser stripe 
�  Per-pixel depth by ray-plane triangulation 
�  Requires accurate camera and laser plane calibration 
�  Popular solution for commercial and DIY 3D scanners 



3D Photography on Your Desk: 
Bouguet and Perona [ICCV 1998] 

J.-Y. Bouguet and P. Perona. 3D photography on your desk. 
Intl. Conf. Comp. Vision, 1998  

�  DIY scanner using only a camera, a halogen lamp, and a stick 
�  Per-pixel depth by ray-plane triangulation 
�  Requires accurate camera and shadow plane calibration 

3D Photography on Your Desk: 
Bouguet and Perona [ICCV 1998] 

J.-Y. Bouguet and P. Perona. 3D photography on your desk. 
Intl. Conf. Comp. Vision, 1998  



Assembling Your Own Scanner 

�  Parts: camera (QuickCam 9000), lamp, stick, two planar objects [~$100] 

�  Step 1: Build the calibration boards (include fiducials and chessboard) 
�  Step 2: Build the point light source (remove reflector and place in scene) 
�  Step 3: Arrange the camera, light source, and calibration boards 
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�  Step 3: Arrange the camera, light source, and calibration boards 
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Assembling Your Own Scanner 

�  Parts: camera (QuickCam 9000), lamp, stick, two planar objects [~$100] 

�  Step 1: Build the calibration boards (include fiducials and chessboard) 
�  Step 2: Build the point light source (remove reflector and place in scene) 
�  Step 3: Arrange the camera, light source, and calibration boards 



Swept-Plane Reconstruction Geometry 
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Video Processing: 
Spatial Shadow Edge Localization 

�  Select region of interest on each calibration plane (occlusion-free) 
�  Estimate zero-crossings to find leading and trailing shadow boundaries 
�  Fit a line to the set of points along each shadow boundary 
� Result: Best-fit 2D lines for each shadow edge (in image coordinates) 
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Course Schedule 

�  Introduction  
�  The Mathematics of 3D Triangulation  
�  3D Scanning with Swept-Planes  
� Camera and Swept-Plane Light Source Calibration 
�  Reconstruction and Visualization using Point Clouds 
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Course Schedule 

�  Introduction  
�  The Mathematics of 3D Triangulation  
�  3D Scanning with Swept-Planes  
� Camera and Swept-Plane Light Source Calibration 
�  Reconstruction and Visualization using Point Clouds 



Modeling Lens Distortion 

normalized image coordinates distorted image coordinates 

G. Bradski and A. Kaehler. Learning OpenCV. O�Reilly Media, 2008  

Without lens distortion distortion 

Modeling Lens Distortion 

normalized image coordinates distorted image coordinates 

G. Bradski and A. Kaehler. Learning OpenCV. O�Reilly Media, 2008  

Radial distortion 



Modeling Lens Distortion 

normalized image coordinates distorted image coordinates 

G. Bradski and A. Kaehler. Learning OpenCV. O�Reilly Media, 2008  

Tangencial distortion 

Modeling Lens Distortion 

normalized image coordinates distorted image coordinates 

G. Bradski and A. Kaehler. Learning OpenCV. O�Reilly Media, 2008  







OpenCV 

Demo: Camera Calibration in Matlab 

J.-Y. Bouguet. Camera Calibration Toolbox for Matlab. http://
www.vision.caltech.edu/bouguetj/calib_doc/ 





Demo: Mapping Pixels to Optical Rays 

CΧ 1
2

3

),( yxCΛ

p

)( TRPKp +=λ

P

n

�  How to map an image pixel to an optical ray? 
�  Solution: Invert the calibrated camera projection model 
�  But, also requires inversion of distortion model (which is non-linear) 
�  Mapping implemented in Camera Calibration Toolbox with normalize.m 
� Result: After calibration, pixels can be converted to optical rays 











Demo: Putting it All Together 



#VRML V2.0 utf8 
Shape { 
  geometry IndexedFaceSet { 
    coord Coordinate { 
      point [ 
         1.633 –0.943 –0.667 
         0.000  0.000  2.000 
        -1.633 –0.943 –0.667 
         0.000  1.886 –0.667 
      ] 
    } 
    coordIndex [ 
      0 1 2 –1 3 1 0 –1 2 1 3 –1 2 3 0 -1 
    ] 
  } 
} 

0 

1 

2 3 

VRML File Format 

Additional Reconstruction Examples 

J.-Y. Bouguet and P. Perona. 3D photography on 
your desk. Intl. Conf. Comp. Vision, 1998  

J. Kim and J. Wu. Scanning with Shadows. CSE 558 
Project Report (U. Washington), 2001 

P. Blaer, N. Hasan, C. Tripp, and L. Volchok. 3D Desktop 
Photography by Eclipse. Project Report (Columbia), 2001 

J. Kubicky. Home-Brew 3-D Photography. 
EE 149 Project Report (Caltech), 1998 



Course Schedule 

�  Introduction  
�  The Mathematics of 3D Triangulation  
�  3D Scanning with Swept-Planes  
�  Camera and Swept-Plane Light Source Calibration 
� Reconstruction and Visualization using Point Clouds 
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Course Schedule 

�  Introduction  
�  The Mathematics of 3D Triangulation  
�  3D Scanning with Swept-Planes  
�  Camera and Swept-Plane Light Source Calibration 
� Reconstruction and Visualization using Point Clouds 
� Combining Point Clouds Recovered from Multiple Views  



Visualizing Point Clouds: 
Point-based Rendering via Splatting 

*See the SIGGRAPH 2009 course: Point Based Graphics – State of the Art and Recent Advances by Markus Gross. 

�  Swept-plane scanner produces a colored point cloud: a set of 3D points 
�  Problem: how to render a point cloud to make it look like as a continuous 

surface? 
�  Splatting: render points as overlapping colored disks 
�  If normal vectors are measured as well, render points as shaded ellipses 

Visualizing Point Clouds: 
Point-based Rendering via Splatting 

*See the SIGGRAPH 2009 course: Point Based Graphics – State of the Art and Recent Advances by Markus Gross. 

�  Swept-plane scanner produces a colored point cloud: a set of 3D points 
�  Problem: how to render a point cloud to make it look like as a continuous 

surface? 
�  Splatting: render points as overlapping colored disks 
�  If normal vectors are measured as well, render points as shaded ellipses 



Visualizing Point Clouds: 
Splatting with normal vectors and colors 

Visualizing Point Clouds: 
File Formats 

�  No standard file format to store 
point clouds 

�  Point = (x,y,z) plus (R,G,B) and/or 
(Nx,Ny,Nz) 

�  It is easy to create an ad-hoc file 
format  

�  Scene graph based file format: 
VRML 

�  International standard: ISO/IEC 
14772-1:97 VRML�97 

�  PointSet node includes coordinates 
(x,y,z) and optional colors (R,G,B), 
but no normals 

PointSet { 
 coord Coordinate { 
  point [ 
    0 -1  2,     1  0  0,    
-2  3 -1 
  ] 
 } 
 color Color { 
  color [ 
   1 0 0,   0 1 0,    1 1 0 
  ] 
 } 
} 



Visualizing Point Clouds: 
File Formats 

�  IndexedFaceSet node designed to store 
a polygon mesh can be used to store 
point clouds with optional colors and/or 
normal vectors 

�  Store point coordinates as vertices 
�  Store point colors as colors per vertex 
�  Store point normal vectors as normals 

per vertex 
�  Degenerate polygon mesh with no faces 

is valid VRML syntax 

IndexedFaceSet { 
 coord Coordinate { 
  point [ 
    0 -1  2, 
    1  0  0, 
   -2  3 -1 
  ] 
 } 
 colorPerVertex TRUE 
 color Color { 
  color [ 
   1 0 0, 
   0 1 0, 
   1 1 0 
  ] 
 } 
 normalPerVertex TRUE 
 normal Normal { 
  vector [ 
   1 0 0, 
   0 1 0, 
   0 0 1 
  ] 
 } 
} 

Visualizing Point Clouds: 
BYO3D Java Viewer 



Visualizing Point Clouds: 
BYO3D Java Viewer 

Visualizing Point Clouds: 
BYO3D Java Viewer 



Visualizing Point Clouds: 
BYO3D Java Viewer 

Visualizing Point Clouds: 
BYO3D Java Viewer 



Visualizing Point Clouds: 
BYO3D Java Viewer 

Visualizing Point Clouds: 
Pointshop 3D [Zwicker et al. 2002] 

M. Zwicker, M. Pauly, O. Knoll, M. Gross. Pointshop 3D: An Interactive 
System for Point-Based Surface Editing. ACM SIGGRAPH, 2002 



Visualizing Point Clouds: 
MeshLab 



Course Schedule 

�  Introduction  
�  The Mathematics of 3D Triangulation  
�  3D Scanning with Swept-Planes  
�  Camera and Swept-Plane Light Source Calibration 
� Reconstruction and Visualization using Point Clouds 
� Combining Point Clouds Recovered from Multiple 

Views  





A densely sampled point cloud covering the 
whole surface of the object usually requires 

merging many scans 

Merging Point Cloud Scans 

http://www.research.ibm.com/pieta 

Shape 

Appearance 

Complex Models May Require 100s of Scans 



Merging Point Cloud Scans 

•  Incremental registration and merging 
•  Followed by global relaxation to remove accumulated errors 



Merging Point Cloud Scans 

•  Incremental registration and merging 
•  Followed by global relaxation to remove accumulated errors 





•  Given N pairs of corresponding 3D points                                   we 
are looking for a rotation matrix      and a translation vector      so that 

•  In general, solution does not exists: solve in the Least-Squares sense 
•  Now we are looking for the minimizer of the quadratic energy function 

•  This problem has a closed form solution 

•  Where 

•  And                      is the Singular Value Decomposition (SVD) of    

Computing the Matching Transformation 

(p1,q1),..., (pn,qn )
T

Rpj +T = qj j =1,...,n

R

E(R,T ) =
1

n
Rpj +T − qjj=1

n

∑
2

R =V tU , T = q − R p

p =
1

n
pjj=1

n

∑ q =
1

n
qjj=1

n

∑ M =
1

n
(pj − p)(qj − q )

t

j=1

n

∑

M =UΔV t M



Iterative Closest Point Algorithm (ICP) 

1.  Automatically select N points  
2.  Find closest corresponding points 
3.  Solve in close form for the matching rigid body transformation which 

minimizes the energy function 

4.  Repeat 1-3 while until convergence  

p1,..., pn
q1,...,qn

E(R,T ) =
1

n
Rpj +T − qjj=1

n

∑
2

•  Problem: find the point of the set                            closest to the 
point  

•  Naïve algorithm: sequential search O(N) 
•  Too expensive if the same computation must be performed for many 

points  
•  Efficient algorithm requires space partition data structure 

 Quadtree/Octree, BSP tree 

Finding Closest Points 

D = {p1,..., pn}

q1,...,qn

q
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Course Schedule 

� Structured Lighting 
�  Projector Calibration and Structured Light Reconstruction  



















Course Schedule 

�  Structured Lighting 
� Robust Pixel Classification 
�  Projector Calibration / Structured Light Reconstruction 
�  Surface Reconstruction from Point Clouds  
�  Elementary Mesh Processing 



Robust Pixel Classification 

•  Robust pixel classification for 3d modeling with structured light, by 
Yi Xu and Daniel G. Aliaga, in Proceedings of Graphics Interface 2007, 
GI ’07, pages 233–240, New York, NY, USA, 2007. ACM.  

•  Fast separation of direct and global components of a scene using 
high frequency illumination, by Shree K. Nayar, Gurunandan 
Krishnan, Michael D. Grossberg, and Ramesh Raskar, in ACM Trans. 
Graph., 25(3):935–944, July 2006. 

Robust Pixel Classification 

•  The intensity of a pixel can be decomposed into the direct 
component and indirect (or global) component. 

•  The direct component is due to light bouncing off the 
surface in a single reflection. 

•  The indirect component is due to multiple reflections (e.g. 
inter-reflections, subsurface, scattering etc.). 

•  where 0 ≤ α ≤ 1 is a fraction of activated source pixels. For 
example, for a random binary pattern α = 1 , and for a white 
pattern α = 1.  



Robust Pixel Classification 

•  Estimate direct and global components for each pixel using 
the method by Nayar 

•  Use two images of the scene, one with the scene lit with 
high-frequency illumination, and the other lit with the 
complementary illumination. 

 

Robust Pixel Classification 

•  Projecting the code pattern i and its inverse yields two 
values for each pixel. 

•  Classify p according to the rules  
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Course Schedule 

�  Structured Lighting 
�  Robust Pixel Classification 
� Projector Calibration / Structured Light Reconstruction  
�  Projector Calibration / Structured Light Reconstruction 
�  Surface Reconstruction from Point Clouds  
�  Elementary Mesh Processing 



Summary of Camera Calibration 

1 1 2 2 

3 

3 

4 

Camera Calibration Procedure 
�  Use the Camera Calibration Toolbox for Matlab or OpenCV 

Normalized Ray Distorted Ray (4th-order radial + tangential) Predicted Image-plane Projection 

Estimated Camera Lens Distortion Image Sequence for Camera Calibration 

Demo: Camera Calibration in OpenCV 

1 1 2 2 3 

3 

4 
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1 1 
1.5 1.5 
2 2 
2.5 2.5 
3 3 3.5 3.5 

Calibration Procedure 
�  Consider projector an inverse camera          

(maps intensities to 3D rays) 

Projector Calibration 
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camera coordinate 
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projector coordinate 
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Calibration Procedure 
�  Consider projector an inverse camera          

(maps intensities to 3D rays) 
�  Identify printed fiducials in each image 

Projector Calibration 
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Projector-Camera Calibration Results 
�  Implemented complete toolbox for projector-camera calibration 

 (available for Matlab and OpenCV) 
�  Sufficient accuracy for structured lighting applications 
�  Software and documentation available on the course website 



Demo: Projector Calibration in OpenCV 
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Structured Lighting Reconstruction Results 



Additional Reconstruction Examples 

Demo: Putting it All Together 



How to Get the Source Code 

http://mesh.brown.edu/byo3d 

For More Details 

http://mesh.brown.edu/byo3d 
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Course Schedule 

�  Structured Lighting 
�  Projector Camera Calibration 
� Surface Reconstruction from Point Clouds  
�  Elementary Mesh Processing 
�  Related Projects 
�  Conclusion / Q & A 



Surface Representations 

•  Surfaces in Mathematics 
•  Parametric 
•  Implicit                                                                        (level set) 

•  We can only operate on a surface representation 
•  A data structure defined by a finite number of parameters 
•  Efficient to perform certain geometric operations 

•  Point clouds (surfaces represented as sets of samples) 
•  Positions 
•  Optional properties: normals, colors, etc  

•  Polygon meshes (piecewise planar surfaces) 
•  vertices, edges, and faces 
•  Optional properties: normals, color, texture coordinates, etc. 

S = {p = x(u) :u = (u1,u2 )∈ R2}
S = {p : f (p) = 0} f :V→ R V ⊂ R3

Connectivity / Watertight Surfaces 

•  Most applications require connectivity information 
•  Efficient ways to find points in close proximity to each other 

•  Point clouds do not provide connectivity information 
•  Additional data structures are needed to efficiently find 

neighboring points 
•  Connectivity is explicit in polygon meshes: edges 
•  Triangulate the point cloud to get connectivity information 

•  Find an interpolating or approximating triangle mesh 
•  Many applications require watertight surfaces: continuous closed 

surfaces which partition 3D space into an inside and an outside 
•  Point clouds are not watertight 
•  Polygon meshes may be watertight 

•  Will the triangulation constructed from the point cloud be watertight ? 
 



Polygon Meshes 

•  Every regular Implicit surface is watertight 

•  An Isosurface  is a polygonal approximation of an implicit function 
associated with a volumetric grid 

 

Surface Reconstruction from Point Clouds 

S = {p : f (p) = 0}



Surface Reconstruction from Point Clouds 

•  Every regular Implicit surface is watertight 

•  An Isosurface  is a polygonal approximation of an implicit function 
associated with a volumetric grid 

•  Marching Cubes is an algorithm to compute an isosurface from an 
implicit surface evaluated on the vertices of a regular hexahedral grid 

W.E. Lorensen, H.E. Cline. Marching Cubes:A high resolution 3D surface reconstruction algorithm. 
Siggraph,1987 

S = {p : f (p) = 0}

Surface Reconstruction from Point Clouds 

•  Every regular Implicit surface is watertight 

•  An Isosurface  is a polygonal approximation of an implicit function 
associated with a volumetric grid 

•  Marching Cubes is an algorithm to compute an isosurface from an 
implicit surface evaluated on the vertices of a regular hexahedral grid 

•  Similar simple algorithms exists to generate isosurfaces from an 
implicit function evaluated on the vertices of a tetrahedral grid 

•  We will only discuss here approximation algorithms to fit implicit 
surfaces to point clouds 

•  Algorithms related to the Poisson Equation 

M. Kazhdan, M. Bolitho, H. Hoppe. Poisson Surface Reconstruction. 
European Symposium on Geometry Processing, 2006 

W.E. Lorensen, H.E. Cline. Marching Cubes:A high resolution 3D surface reconstruction algorithm. 
Siggraph,1987 

S = {p : f (p) = 0}



Curve Reconstruction from Point Clouds 

•  Oriented points 
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•  Regular grid 
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resolves topology 



Curve Reconstruction from Point Clouds 

•  Oriented points 
•  Regular grid 
•  Implicit function 
•  Isocurve 
•  Grid too coarse: 

 Aliasing 
•  Finer grid 

resolves topology 
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Shadow 

Turntable 

Backdrop 

8 Megapixel 
Camera 

Multi-Flash 
Attachment 

Multi-Flash Camera 

5�������������8��9�����������������������
������)���/%�����	�������
���

�>���
#8$��5��>�A
�2
�5�4>�6
 �$,5�T>�U9
��
���)>�*
� 
��L��4-*��""PN�



�M�

�����+�

 ���������

5������
�

:�)���
�(���
�������

)���/%�����
08��������

)���/%������������

Multi-Flash 3D Photography: 
 

Capturing the Shape and Appearance 
of 3D Objects  

 ���������
��������

A new approach for reconstructing 3D objects 
using shadows cast by depth discontinuities, as 
detected by a multi-flash camera. Unlike existing 
stereo vision algorithms, this method works even 
with plain surfaces, including unpainted ceramics 
and architecture. 

Estimated Shape: 
3D Point Cloud 

Recovered 
Appearance: 
Phong BRDF Model 

Multi-Flash 
Turntable Sequence: 
Input Image 

Data Capture: A turntable and a digital camera 
are used to acquire data from 670 viewpoints. For 
each viewpoint, we capture a set of images using 
illumination from four different flashes. Future 
embodiments will include a small, inexpensive 
handheld multi-flash camera. 

Recovering a Smooth Surface 

�M�M�M�M���M�

The reconstructed point cloud can 
possess  errors, including gaps and 
noise. To minimize these effects, we find 
an implicit surface which interpolates the 
3D points. This method can be applied to 
any 3D point cloud, including those 
generated by laser scanners. 
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Course Schedule 

�  Structured Lighting 
�  Projector-Camera Calibration 
�  Surface Reconstruction from Point Clouds  
� Elementary Mesh Processing 
�  Related Projects 
�  Conclusion / Q & A 
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Course Schedule 

�  Structured Lighting 
�  Projector Calibration / Structured Light Reconstruction  
�  Combining Point Clouds Recovered from Multiple Views  
�  Surface Reconstruction from Point Clouds  
� Elementary Mesh Processing 
�  Related Projects 
�  Conclusion / Q & A 



Elementary Mesh Processing 

•  We will talk about a few simple algorithms which can be 
applied interactively 

•  Polygon mesh smoothing / denoising 
•  Polygon mesh simplification 

•  j3DPGP (Java 3D Photography and Geometry Processing) 





Polygon Mesh Smoothing / Denoising 

Laplacian Smoothing 

Low Pass Filter 

N=10 N=40 N=240 

G. Taubin. A Signal Processing Approach To Fair Surface Design. 
Siggraph, 1995 

•  Laplacian smoothing is the simplest smoothing/denoising algorithm 
•  Fix to shrinkage problem: toggle parameter sign at each iteration ! 

Poligon Mesh Simplification / Decimation 

•  Algorithms to reduce the number of vertices and faces while 
preserving geometric approximation to original shape 

•  Vertex clustering (Rossignac & Borrel, 1993) 
•  Edge Collapse (Garand Heckbert 1997; many others) 



Vertex Clustering 

•  Quantize coordinates with respect to a bounding box 
•  Identify vertices with same coordinates 
•  Remove empty triangles 

Vertex Clustering Algorithm 

•  Quantize coordinates with respect to bounding box 
•  Assign a new vertex index to each occupied cell 
•  Determine coordinates of new vertices 
•  Construct new vertex index look-up table  
•  Replace vertex indices in faces  
•  Remove empty triangles from list of faces 



Vertex Clustering 

•  Advantages 
– Simple to implement 
– Works on large scenes with multiple objects 

•  No manifold restriction 
•  Disadvantages 

– Produces non-manifold meshes 
– Quality of simplified model is often not very good 

Edge Collapse 

•  Identify endpoints 
•  Determine vertex position 
•  Remove incident triangles 
•  Which edges to collapse ? 
•  In which order ?  

Non-existing edges 



Basic Edge Collapse Algorithm 

•  Put all collapsible edges in a priority queue according to 
removal error 

•  While queue is not empty 
– Delete minimum edge from queue 
– Collapse edge 
–  Identify vertices 
– Remove all incident edges from the queue, determine if 

collapsible, recompute removal error, re-insert in queue 
•  Need dynamic data structures 







Course Schedule 

Session II 
�  Structured Lighting 
�  Projector Calibration / Structured Light Reconstruction  
�  Combining Point Clouds Recovered from Multiple Views  
�  Surface Reconstruction from Point Clouds  
�  Elementary Mesh Processing 
� Related Projects 
�  Conclusion / Q&A 
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Assisted Data Acquisition, Algorithmic Reconstruction, Integrated multi-format analysis 
 
 

REVEAL Archaeological Data Acquisition 
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Typical Activity Sequence 
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