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Visual CuesVisual Cues

ShadingShading

TextureTexture

FocusFocus

MotionMotion

Visual CuesVisual Cues

Others:Others:
•• HighlightsHighlights

•• ShadowsShadows

•• SilhouettesSilhouettes

•• InterInter--reflectionsreflections

•• SymmetrySymmetry

•• Light PolarizationLight Polarization

•• ......

ShadingShading

TextureTexture

FocusFocus

MotionMotion

Shape From XShape From X
•• X = shading, texture, focus, motion, ...X = shading, texture, focus, motion, ...
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Talk OutlineTalk Outline

Overview Leading ApproachesOverview Leading Approaches
1.1. Single view modelingSingle view modeling

2.2. Stereo reconstructionStereo reconstruction

3.3. Structure from motionStructure from motion

Single View ModelingSingle View Modeling
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How Do Humans Do This?How Do Humans Do This?

Good Guesswork Based on PriorsGood Guesswork Based on Priors
•• “these lines “these lines looklook parallel”parallel”

•• “this “this lookslooks like a cube”like a cube”

•• “this “this lookslooks like a shadow”like a shadow”

Computers Can Do This TooComputers Can Do This Too
•• Shape from shading  Shape from shading  [Horn 89][Horn 89]

•• UserUser--aided modelingaided modeling
>> “Tour into the Picture” [“Tour into the Picture” [Horry Horry 97]97]

>> “Facade” [“Facade” [Debevec Debevec 96] 96] 

>> “Single View Metrology” [“Single View Metrology” [CriminisiCriminisi 99]99]

•• Learning approachesLearning approaches
>> “Morphable Models” [“Morphable Models” [BlanzBlanz 99]99]

Perspective CuesPerspective Cues
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Perspective CuesPerspective Cues

Perspective CuesPerspective Cues
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Vanishing PointsVanishing Points

VanishingVanishing
PointPoint

Measuring HeightMeasuring Height
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3.3

Same Concepts EnableSame Concepts Enable
•• Reconstructing X, Y, and ZReconstructing X, Y, and Z

•• Computing camera projection matrixComputing camera projection matrix

•• Eliminating the rulerEliminating the ruler
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“Single View Metrology”  [“Single View Metrology”  [ CriminisiCriminisi 99]99]

“Single View Metrology”  [“Single View Metrology”  [ CriminisiCriminisi 99]99]

The Music Lesson, Jan Vermeer, 1662-65 
Royal Collection of Her Majesty Queen Elizabeth II
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“Morphable Models” [“Morphable Models” [ Blanz Blanz 99]99]

VideoVideo

Stereo ReconstructionStereo Reconstruction

The Stereo ProblemThe Stereo Problem
•• Shape from two (or more) imagesShape from two (or more) images

•• Biological motivationBiological motivation

knownknown
cameracamera

viewpointsviewpoints
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StereoStereo

scene pointscene point

focal pointfocal point

image planeimage plane

StereoStereo

Basic Principle:  TriangulationBasic Principle:  Triangulation
•• Gives reconstruction as intersection of two raysGives reconstruction as intersection of two rays
•• Requires Requires point correspondencepoint correspondence
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Stereo CorrespondenceStereo Correspondence

Determine Pixel CorrespondenceDetermine Pixel Correspondence
•• Pairs of points that correspond to same scene pointPairs of points that correspond to same scene point

Epipolar Epipolar ConstraintConstraint
•• Reduces correspondence problem to 1D search along Reduces correspondence problem to 1D search along 

conjugateconjugate epipolarepipolar lineslines

epipolarepipolar planeplane
epipolarepipolar linelineepipolarepipolar lineline

Stereo Matching AlgorithmsStereo Matching Algorithms

Match Pixels in ConjugateMatch Pixels in Conjugate EpipolarEpipolar LinesLines
•• Assume color of point does not changeAssume color of point does not change

•• PitfallsPitfalls
>> specularities specularities 

>> lowlow--contrast regionscontrast regions

>> occlusionsocclusions

>> image errorimage error

>> camera calibration errorcamera calibration error

•• Numerous approachesNumerous approaches
>> dynamic programming [Baker 81,dynamic programming [Baker 81,OhtaOhta 85]85]

>> smoothness smoothness functionalsfunctionals

>> more images (more images (trinoculartrinocular, N, N--ocular) [ocular) [OkutomiOkutomi 93]93]

>> graph cuts [graph cuts [BoykovBoykov 00]00]
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Structure from MotionStructure from Motion

Reconstruct Reconstruct 
•• Scene Scene geometrygeometry

•• Camera Camera motionmotion

UnknownUnknown
cameracamera

viewpointsviewpoints

Structure from MotionStructure from Motion

The SFM ProblemThe SFM Problem
•• Reconstruct scene Reconstruct scene geometrygeometry and camera and camera motionmotion from from 

two or more imagestwo or more images

Track
2D Features Estimate

3D Optimize
Fit Surfaces
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Structure from MotionStructure from Motion

Step 1:  Track FeaturesStep 1:  Track Features
•• Detect good featuresDetect good features

>> corners, line segmentscorners, line segments

•• Find correspondences between framesFind correspondences between frames
>> windowwindow--based correlationbased correlation

Structure from MotionStructure from Motion

Step 2:  Estimate Motion and StructureStep 2:  Estimate Motion and Structure
•• Orthographic projection, e.g.,  Orthographic projection, e.g.,  [[Tomasi Tomasi 92]92]

•• 2 or 3 views at a time  2 or 3 views at a time  [Hartley 00][Hartley 00]
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Structure from MotionStructure from Motion

Step 3:  Refine EstimatesStep 3:  Refine Estimates
•• Nonlinear optimization over cameras and pointsNonlinear optimization over cameras and points

>> [Hartley 94][Hartley 94]

•• “Bundle adjustment” in “Bundle adjustment” in photogrammetryphotogrammetry

Structure from MotionStructure from Motion

Step 4:  Recover SurfacesStep 4:  Recover Surfaces
•• ImageImage--based triangulation  based triangulation  [Morris 00,[Morris 00, BaillardBaillard 99]99]

•• Silhouettes  Silhouettes  [Fitzgibbon 98][Fitzgibbon 98]

•• Stereo  Stereo  [[Pollefeys Pollefeys 99]99]

Poor meshPoor mesh Good meshGood mesh
Morris and Morris and KanadeKanade, 2000, 2000
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ResourcesResources

Computer Vision Home PageComputer Vision Home Page
•• http://www.http://www.cscs..cmucmu..eduedu//afsafs//cscs/project//project/cilcil/ftp/html/vision.html/ftp/html/vision.html

Computer Vision TextbooksComputer Vision Textbooks
•• O. Faugeras, O. Faugeras, ThreeThree--Dimensional Computer VisionDimensional Computer Vision, MIT Press, 1993. , MIT Press, 1993. 

•• E.E. TruccoTrucco and A.and A. VerriVerri, , Introductory Techniques for 3Introductory Techniques for 3--D Computer VisionD Computer Vision, Prentice, Prentice--Hall, Hall, 
1998. 1998. 

•• V. S.V. S. NalwaNalwa, , A Guided Tour of Computer VisionA Guided Tour of Computer Vision, Addison, Addison--Wesley, 1993. Wesley, 1993. 

•• R.R. JainJain, R., R. KasturiKasturi and B. G.and B. G. SchunckSchunck, , Machine VisionMachine Vision, McGraw, McGraw--Hill, 1995. Hill, 1995. 

•• R.R. KletteKlette, K., K. SchlunsSchluns and A.and A. KoschanKoschan, , Computer Vision: ThreeComputer Vision: Three--Dimensional Data from Dimensional Data from 
ImagesImages, Springer, Springer--VerlagVerlag, 1998. , 1998. 

•• M.M. SonkaSonka, V., V. HlavacHlavac and R. Boyle, and R. Boyle, Image Processing, Analysis, and Machine VisionImage Processing, Analysis, and Machine Vision, , 
Brooks/Cole Publishing, 1999. Brooks/Cole Publishing, 1999. 

•• D. H. Ballard and C. M. Brown, D. H. Ballard and C. M. Brown, Computer VisionComputer Vision, Prentice, Prentice--Hall, 1982.Hall, 1982.

•• B. K. P. Horn, B. K. P. Horn, Robot VisionRobot Vision, McGraw, McGraw--Hill, 1986. Hill, 1986. 

•• J.J. KoenderinkKoenderink, , Solid ShapeSolid Shape, MIT Press, 1990. , MIT Press, 1990. 

•• D. Marr, D. Marr, VisionVision, Freeman, 1982. , Freeman, 1982. 

Single View ModelingSingle View Modeling
•• V.V. BlanzBlanz & T. Vetter, “A Morphable Model for the Synthesis of 3D Faces”,& T. Vetter, “A Morphable Model for the Synthesis of 3D Faces”, SIGGRAPH 99, SIGGRAPH 99, 

pp. 187pp. 187--194.194.

•• A.A. CriminisiCriminisi, I. Reid, & A., I. Reid, & A. ZissermanZisserman, “Single View Metrology”, ICCV 2000, pp. 434, “Single View Metrology”, ICCV 2000, pp. 434 --441.441.

•• B. K. P. Horn & M. Brooks, “Shape from Shading”, 1989, MIT PressB. K. P. Horn & M. Brooks, “Shape from Shading”, 1989, MIT Press , Cambridge, M.A., Cambridge, M.A.

•• Y. Y. HorryHorry, K. , K. AnjyoAnjyo, & K. Arai, “Tour into the Picture”, SIGGRAPH 97, pp. 225, & K. Arai, “Tour into the Picture”, SIGGRAPH 97, pp. 225 --232.232.

•• R. Zhang, PR. Zhang, P--S. Tsai, J. S. Tsai, J. CryerCryer, & M. Shah, “Shape from Shading:  A Survey”, IEEE Trans. , & M. Shah, “Shape from Shading:  A Survey”, IEEE Trans. 
on PAMI, 21(8), 1999.on PAMI, 21(8), 1999.

StereoStereo
•• Y.Y. BoykovBoykov, O., O. VekslerVeksler, & R., & R. ZabihZabih, “Fast Approximate Energy Minimization via Graph , “Fast Approximate Energy Minimization via Graph 

Cuts”, ICCV, 1999.Cuts”, ICCV, 1999.

•• Y. Y. OhtaOhta & T. & T. KanadeKanade, "Stereo by Intra, "Stereo by Intra-- and Interand Inter--ScanlineScanline Search Using Dynamic Search Using Dynamic 
Programming", IEEE Trans. on PAMI, 7(2), 1985, pp. 129Programming", IEEE Trans. on PAMI, 7(2), 1985, pp. 129--154.154.

•• M. M. OkutomiOkutomi & T. & T. KanadeKanade, ”A Multiple, ”A Multiple --Baseline Stereo", IEEE Trans. on Pattern Analysis Baseline Stereo", IEEE Trans. on Pattern Analysis 
and Machine Intelligence", 15(4), 1993, 353and Machine Intelligence", 15(4), 1993, 353 --363.363.
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Structure from MotionStructure from Motion
•• C. C. Baillard Baillard & A. & A. ZissermanZisserman, “Automatic Reconstruction of Planar Models from Multiple , “Automatic Reconstruction of Planar Models from Multiple 

Views”, CVPR 99, pp. 559Views”, CVPR 99, pp. 559 --565.565.
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