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Shenlong Wang
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Some materials borrowed from Matthew O’Toole, Kris Kitani, Lana Lazebnik, Derek Hoeim, Sanja Fidler



Logistics

● Quiz-1 is due! 

● Thank you for sending out the survey!

● Group assignment will be out tonight / tomorrow morning. 

● Next Tue is multi-view geometry (SFM and MVS); 

● Next Thursday – role-play example run (Shenlong, Zhi-Hao and Albert)



Today’s Agenda

● Triangulation

● Epipolar Geometry

● Stereo Matching

● Structured Light Cameras



Recap

Image Plane

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

Image

<latexit sha1_base64="TdGNGSD4iCtJrtzeipJUFVRb3Nc=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVih6LXvRWwbWFdinZNGtDs9klmRXK0t/gxYMiXv1B3vw3pu0etPVB4OW9mWTmhakUBl332ymtrK6tb5Q3K1vbO7t71f2DB5NkmnGfJTLRnZAaLoXiPgqUvJNqTuNQ8nY4up767SeujUjUPY5THsT0UYlIMIpW8m/tlferNbfuzkCWiVeQGhRo9atfvUHCspgrZJIa0/XcFIOcahRM8kmllxmeUjayb3ctVTTmJshnw07IiVUGJEq0PQrJTP3dkdPYmHEc2sqY4tAselPxP6+bYXQZ5EKlGXLF5h9FmSSYkOnmZCA0ZyjHllCmhZ2VsCHVlKHNp2JD8BZXXiYPZ3WvUT+/a9SaV0UcZTiCYzgFDy6gCTfQAh8YCHiGV3hzlPPivDsf89KSU/Qcwh84nz+mWo6X</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

Camera

<latexit sha1_base64="FtyPPnIYHMzmxa+6nhWXZvtEEr0=">AAAB7XicbVBNSwMxEJ3Ur1q/qh69BIvgqexKRY/FXjxWsLXQLiWbZtvYbLIkWaEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqG5VqylpUCaU7ITFMcMlallvBOolmJA4FewjHjZn/8MS04Ure20nCgpgMJY84JdZJ7QaJmSb9csWrenPgVeLnpAI5mv3yV2+gaBozaakgxnR9L7FBRrTlVLBpqZcalhA6JkPWdVS6LSbI5tdO8ZlTBjhS2pW0eK7+nshIbMwkDl1nTOzILHsz8T+vm9roOsi4TFLLJF0silKBrcKz1/GAa0atmDhCqObuVkxHRBNqXUAlF4K//PIqaV9U/Vr18q5Wqd/kcRThBE7hHHy4gjrcQhNaQOERnuEV3pBCL+gdfSxaCyifOYY/QJ8/Z6+PBw==</latexit>



Motivation: Multiple Views give 3D!

Image credit: Yan Wang et al.

Image credit: Jianxiong Xiao



Big picture: 3 key components in 3D

Camera 
(Motion)Correspondences

3D Points 
(Structure)

Angjoo Kanazawa
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Big picture: 3 key components in 3D

Camera 
(Motion)Correspondences

3D Points 
(Structure)

Angjoo Kanazawa



Triangulation

image 2image 1

camera 1 with matrix camera 2 with matrix

Which 3D points map 
to x?



Triangulation

image 2image 1

Find 3D object point
Will the lines intersect?

camera 1 with matrix camera 2 with matrix



Given a set of (noisy) matched points

and camera matrices

Estimate the 3D point 

Triangulation



Linear algebra reminder: cross product

Vector (cross) product 
takes two vectors and returns a vector perpendicular to both

cross product of two vectors in 
the same direction is zero

vector

remember this!!!





Do the same after first 
expanding out the 

camera matrix and points



Do the same after first 
expanding out the 

camera matrix and points



Third line is a linear combination of the first and second lines.
 (x times the first line plus y times the second line)

One 2D to 3D point correspondence give you 2 equations

Using the fact that the cross product should be zero

image 1

Knowns and unknowns? 



Now we can make a system of linear equations 
(two lines for each 2D point correspondence)

Remove third row, and 
rearrange as system on 

unknowns



How do we solve homogeneous linear system?

Concatenate the 2D points from both images

sanity check! dimensions?

Two rows from camera 
one

Two rows from camera 
two



How do we solve homogeneous linear system?

Concatenate the 2D points from both images

S   V   D   ! (or Gaussian Elimination, QR, etc.…)



Triangulation

Input:
● Camera matrix
● A pair of correspondence of a point

Output:
● 3D location of the point



Today’s Agenda

● Triangulation

● Epipolar Geometry
● Stereo Matching

● Structured Light Cameras



Epipolar Geometry

image 2image 1

Given a 2D point location from image 1
Where the correspondence could be at image 2?

camera 1 with matrix camera 2 with matrix



Epipolar Geometry

image 2image 1

Given a 2D point location from image 1
Where the correspondence could be at image 2?

camera 1 with matrix camera 2 with matrix



Epipolar Geometry

image 2image 1

Given a 2D point location from image 1
Where the correspondence could be at image 2?

camera 1 with matrix camera 2 with matrix

Epipolar line



2D Line Equation

in vector form

If the point      is on the epipolar line     then



Epipolar Line

Image credit: Zisserman



Epipolar Geometry

Correspondence location 
in camera1 frame

Correspondence location in 
camera2 frame

[R|t]

<latexit sha1_base64="lsZDKNxEfcEp3EYWIs5NjXqwbwY=">AAACAnicbVDLSsNAFL3xWesr6krcDBbBVUmkosuiG5dV7APSUCbTSTt08mBmIpQY3Pgrblwo4tavcOffOGkjaOuBgTPn3Mu993gxZ1JZ1pexsLi0vLJaWiuvb2xubZs7uy0ZJYLQJol4JDoelpSzkDYVU5x2YkFx4HHa9kaXud++o0KyKLxV45i6AR6EzGcEKy31zH2nG2A19Pz0JkP36OejMrdnVqyqNQGaJ3ZBKlCg0TM/u/2IJAENFeFYSse2YuWmWChGOM3K3UTSGJMRHlBH0xAHVLrp5IQMHWmlj/xI6BcqNFF/d6Q4kHIceLoyX1HOern4n+ckyj93UxbGiaIhmQ7yE45UhPI8UJ8JShQfa4KJYHpXRIZYYKJ0amUdgj178jxpnVTtWvX0ulapXxRxlOAADuEYbDiDOlxBA5pA4AGe4AVejUfj2Xgz3qelC0bRswd/YHx8A2e3l3M=</latexit>



Epipolar Geometry

Correspondence location 
in camera1 frame

Correspondence location in 
camera2 frame

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

camera2
[R|t]

<latexit sha1_base64="lsZDKNxEfcEp3EYWIs5NjXqwbwY=">AAACAnicbVDLSsNAFL3xWesr6krcDBbBVUmkosuiG5dV7APSUCbTSTt08mBmIpQY3Pgrblwo4tavcOffOGkjaOuBgTPn3Mu993gxZ1JZ1pexsLi0vLJaWiuvb2xubZs7uy0ZJYLQJol4JDoelpSzkDYVU5x2YkFx4HHa9kaXud++o0KyKLxV45i6AR6EzGcEKy31zH2nG2A19Pz0JkP36OejMrdnVqyqNQGaJ3ZBKlCg0TM/u/2IJAENFeFYSse2YuWmWChGOM3K3UTSGJMRHlBH0xAHVLrp5IQMHWmlj/xI6BcqNFF/d6Q4kHIceLoyX1HOern4n+ckyj93UxbGiaIhmQ7yE45UhPI8UJ8JShQfa4KJYHpXRIZYYKJ0amUdgj178jxpnVTtWvX0ulapXxRxlOAADuEYbDiDOlxBA5pA4AGe4AVejUfj2Xgz3qelC0bRswd/YHx8A2e3l3M=</latexit>

Could you write this vector in 
camera 2 frame?



Epipolar Geometry

Correspondence location 
in camera1 frame

x0 = Rx+ t

<latexit sha1_base64="YfKOhVXuVUq/Pt7evlC9U69BZuQ=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0UQhJJIfWyEohuXVewD2lgm00k7dDIJMxOxhPyJG3/FjQtFxF3/xkkbX60HBs6ccy/33uOGjEplWSMjNze/sLiUXy6srK6tb5ibW3UZRAKTGg5YIJoukoRRTmqKKkaaoSDIdxlpuIOL1G/cESFpwG/UMCSOj3qcehQjpaWOedz2keq7Xnyf3LZDQX0Cz+CXdp3AHxsefH9U0jGLVskaA84SOyNFkKHaMT/a3QBHPuEKMyRly7ZC5cRIKIoZSQrtSJIQ4QHqkZamHPlEOvH4vgTuaaULvUDoxxUcq787YuRLOfRdXZluKKe9VPzPa0XKO3ViysNIEY4ng7yIQRXANCzYpYJgxYaaICyo3hXiPhIIKx1pQYdgT588S+qHJbtcOroqFyvnWRx5sAN2wT6wwQmogEtQBTWAwQN4Ai/g1Xg0no03431SmjOynm3wB8boE9yao3w=</latexit>

Correspondence location in 
camera2 frame

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

camera2
Camera 1 center at camera 2 frame



Epipolar Geometry

Correspondence location 
in camera1 frame

x0 = Rx+ t

<latexit sha1_base64="YfKOhVXuVUq/Pt7evlC9U69BZuQ=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0UQhJJIfWyEohuXVewD2lgm00k7dDIJMxOxhPyJG3/FjQtFxF3/xkkbX60HBs6ccy/33uOGjEplWSMjNze/sLiUXy6srK6tb5ibW3UZRAKTGg5YIJoukoRRTmqKKkaaoSDIdxlpuIOL1G/cESFpwG/UMCSOj3qcehQjpaWOedz2keq7Xnyf3LZDQX0Cz+CXdp3AHxsefH9U0jGLVskaA84SOyNFkKHaMT/a3QBHPuEKMyRly7ZC5cRIKIoZSQrtSJIQ4QHqkZamHPlEOvH4vgTuaaULvUDoxxUcq787YuRLOfRdXZluKKe9VPzPa0XKO3ViysNIEY4ng7yIQRXANCzYpYJgxYaaICyo3hXiPhIIKx1pQYdgT588S+qHJbtcOroqFyvnWRx5sAN2wT6wwQmogEtQBTWAwQN4Ai/g1Xg0no03431SmjOynm3wB8boE9yao3w=</latexit>

Correspondence location 
in camera2 frame

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

camera2

Projected point on image 1 in 
camera 2 frame

Rx+ t

<latexit sha1_base64="2X48f6Qi8CQV48SS/3e+uLDkgMg=">AAACC3icbVDLSsNAFL2pr1pfUZduBosgCCWRii6LblxWsQ9oQ5lMJ+3QyYOZiVhC9m78FTcuFHHrD7jzb5y0UbT1wMCZc+7l3nvciDOpLOvTKCwsLi2vFFdLa+sbm1vm9k5ThrEgtEFCHoq2iyXlLKANxRSn7UhQ7LucttzRRea3bqmQLAxu1Diijo8HAfMYwUpLPXO/62M1dL3kOkXf9C5FRz8flfbMslWxJkDzxM5JGXLUe+ZHtx+S2KeBIhxL2bGtSDkJFooRTtNSN5Y0wmSEB7SjaYB9Kp1kckuKDrTSR14o9AsUmqi/OxLsSzn2XV2ZbShnvUz8z+vEyjtzEhZEsaIBmQ7yYo5UiLJgUJ8JShQfa4KJYHpXRIZYYKJ0fCUdgj178jxpHlfsauXkqlqunedxFGEP9uEQbDiFGlxCHRpA4B4e4RlejAfjyXg13qalBSPv2YU/MN6/ACg3myI=</latexit>

Camera 1 center at camera 2 frame



Epipolar Geometry

Correspondence location 
in camera1 frame

x0 = Rx+ t

<latexit sha1_base64="YfKOhVXuVUq/Pt7evlC9U69BZuQ=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0UQhJJIfWyEohuXVewD2lgm00k7dDIJMxOxhPyJG3/FjQtFxF3/xkkbX60HBs6ccy/33uOGjEplWSMjNze/sLiUXy6srK6tb5ibW3UZRAKTGg5YIJoukoRRTmqKKkaaoSDIdxlpuIOL1G/cESFpwG/UMCSOj3qcehQjpaWOedz2keq7Xnyf3LZDQX0Cz+CXdp3AHxsefH9U0jGLVskaA84SOyNFkKHaMT/a3QBHPuEKMyRly7ZC5cRIKIoZSQrtSJIQ4QHqkZamHPlEOvH4vgTuaaULvUDoxxUcq787YuRLOfRdXZluKKe9VPzPa0XKO3ViysNIEY4ng7yIQRXANCzYpYJgxYaaICyo3hXiPhIIKx1pQYdgT588S+qHJbtcOroqFyvnWRx5sAN2wT6wwQmogEtQBTWAwQN4Ai/g1Xg0no03431SmjOynm3wB8boE9yao3w=</latexit>

Correspondence location 
in camera2 frame

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

camera2

Projected point on image 1 in 
camera 2 frame

Rx+ t

<latexit sha1_base64="2X48f6Qi8CQV48SS/3e+uLDkgMg=">AAACC3icbVDLSsNAFL2pr1pfUZduBosgCCWRii6LblxWsQ9oQ5lMJ+3QyYOZiVhC9m78FTcuFHHrD7jzb5y0UbT1wMCZc+7l3nvciDOpLOvTKCwsLi2vFFdLa+sbm1vm9k5ThrEgtEFCHoq2iyXlLKANxRSn7UhQ7LucttzRRea3bqmQLAxu1Diijo8HAfMYwUpLPXO/62M1dL3kOkXf9C5FRz8flfbMslWxJkDzxM5JGXLUe+ZHtx+S2KeBIhxL2bGtSDkJFooRTtNSN5Y0wmSEB7SjaYB9Kp1kckuKDrTSR14o9AsUmqi/OxLsSzn2XV2ZbShnvUz8z+vEyjtzEhZEsaIBmQ7yYo5UiLJgUJ8JShQfa4KJYHpXRIZYYKJ0fCUdgj178jxpHlfsauXkqlqunedxFGEP9uEQbDiFGlxCHRpA4B4e4RlejAfjyXg13qalBSPv2YU/MN6/ACg3myI=</latexit>

Camera 1 center at camera 2 frame



Epipolar Geometry
● Three vectors are coplanar:

Correspondence location 
in camera1 frame

x0 = Rx+ t

<latexit sha1_base64="YfKOhVXuVUq/Pt7evlC9U69BZuQ=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0UQhJJIfWyEohuXVewD2lgm00k7dDIJMxOxhPyJG3/FjQtFxF3/xkkbX60HBs6ccy/33uOGjEplWSMjNze/sLiUXy6srK6tb5ibW3UZRAKTGg5YIJoukoRRTmqKKkaaoSDIdxlpuIOL1G/cESFpwG/UMCSOj3qcehQjpaWOedz2keq7Xnyf3LZDQX0Cz+CXdp3AHxsefH9U0jGLVskaA84SOyNFkKHaMT/a3QBHPuEKMyRly7ZC5cRIKIoZSQrtSJIQ4QHqkZamHPlEOvH4vgTuaaULvUDoxxUcq787YuRLOfRdXZluKKe9VPzPa0XKO3ViysNIEY4ng7yIQRXANCzYpYJgxYaaICyo3hXiPhIIKx1pQYdgT588S+qHJbtcOroqFyvnWRx5sAN2wT6wwQmogEtQBTWAwQN4Ai/g1Xg0no03431SmjOynm3wB8boE9yao3w=</latexit>

Correspondence location 
in camera2 frame

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

camera2

Projected point on image 1 in 
camera 2 frame

Rx+ t

<latexit sha1_base64="2X48f6Qi8CQV48SS/3e+uLDkgMg=">AAACC3icbVDLSsNAFL2pr1pfUZduBosgCCWRii6LblxWsQ9oQ5lMJ+3QyYOZiVhC9m78FTcuFHHrD7jzb5y0UbT1wMCZc+7l3nvciDOpLOvTKCwsLi2vFFdLa+sbm1vm9k5ThrEgtEFCHoq2iyXlLKANxRSn7UhQ7LucttzRRea3bqmQLAxu1Diijo8HAfMYwUpLPXO/62M1dL3kOkXf9C5FRz8flfbMslWxJkDzxM5JGXLUe+ZHtx+S2KeBIhxL2bGtSDkJFooRTtNSN5Y0wmSEB7SjaYB9Kp1kckuKDrTSR14o9AsUmqi/OxLsSzn2XV2ZbShnvUz8z+vEyjtzEhZEsaIBmQ7yYo5UiLJgUJ8JShQfa4KJYHpXRIZYYKJ0fCUdgj178jxpHlfsauXkqlqunedxFGEP9uEQbDiFGlxCHRpA4B4e4RlejAfjyXg13qalBSPv2YU/MN6/ACg3myI=</latexit>

Camera 1 center at camera 2 frame

(t⇥ x0)T (Rx) = 0

<latexit sha1_base64="v7laYDgMzJNPPKRjyeGzA6KKu+U=">AAACKnicbVDLSgMxFM3UV62vUZdugkVoN2VGKroRqm5cVmlroVNLJs3Y0MyD5I5YhvkeN/6Kmy6U4tYPMX34qh4IHM65l5x73EhwBZY1MjILi0vLK9nV3Nr6xuaWub3TUGEsKavTUISy6RLFBA9YHTgI1owkI74r2I3bvxj7N/dMKh4GNRhErO2Tu4B7nBLQUsc8yxUcn0DP9RJIHeA+U/hTeEhvnUhqqXhb+5q6Tr/tIj7FVsfMWyVrAvyX2DOSRzNUO+bQ6YY09lkAVBClWrYVQTshEjgVLM05sWIRoX1yx1qaBkRnaieTU1N8oJUu9kKpXwB4ov7cSIiv1MB39eQ4ppr3xuJ/XisG76Sd8CCKgQV0+pEXCwwhHveGu1wyCmKgCaGS66yY9ogkFHS7OV2CPX/yX9I4LNnl0tFVOV85n9WRRXtoHxWQjY5RBV2iKqojih7RM3pBr8aTMTRGxtt0NGPMdnbRLxjvH+r5p4s=</latexit>



Skew Symmetric Matrix

transpose equals its negative



Essential Matrix

(t⇥ x0)T (Rx) = 0

<latexit sha1_base64="v7laYDgMzJNPPKRjyeGzA6KKu+U=">AAACKnicbVDLSgMxFM3UV62vUZdugkVoN2VGKroRqm5cVmlroVNLJs3Y0MyD5I5YhvkeN/6Kmy6U4tYPMX34qh4IHM65l5x73EhwBZY1MjILi0vLK9nV3Nr6xuaWub3TUGEsKavTUISy6RLFBA9YHTgI1owkI74r2I3bvxj7N/dMKh4GNRhErO2Tu4B7nBLQUsc8yxUcn0DP9RJIHeA+U/hTeEhvnUhqqXhb+5q6Tr/tIj7FVsfMWyVrAvyX2DOSRzNUO+bQ6YY09lkAVBClWrYVQTshEjgVLM05sWIRoX1yx1qaBkRnaieTU1N8oJUu9kKpXwB4ov7cSIiv1MB39eQ4ppr3xuJ/XisG76Sd8CCKgQV0+pEXCwwhHveGu1wyCmKgCaGS66yY9ogkFHS7OV2CPX/yX9I4LNnl0tFVOV85n9WRRXtoHxWQjY5RBV2iKqojih7RM3pBr8aTMTRGxtt0NGPMdnbRLxjvH+r5p4s=</latexit>

(x0)TEx = 0,E = [t]⇥R

<latexit sha1_base64="nPOVmo2ysGM943QiimM6Yr/3jsk="></latexit>

Epipolar lines



Essential Matrix

(t⇥ x0)T (Rx) = 0

<latexit sha1_base64="v7laYDgMzJNPPKRjyeGzA6KKu+U=">AAACKnicbVDLSgMxFM3UV62vUZdugkVoN2VGKroRqm5cVmlroVNLJs3Y0MyD5I5YhvkeN/6Kmy6U4tYPMX34qh4IHM65l5x73EhwBZY1MjILi0vLK9nV3Nr6xuaWub3TUGEsKavTUISy6RLFBA9YHTgI1owkI74r2I3bvxj7N/dMKh4GNRhErO2Tu4B7nBLQUsc8yxUcn0DP9RJIHeA+U/hTeEhvnUhqqXhb+5q6Tr/tIj7FVsfMWyVrAvyX2DOSRzNUO+bQ6YY09lkAVBClWrYVQTshEjgVLM05sWIRoX1yx1qaBkRnaieTU1N8oJUu9kKpXwB4ov7cSIiv1MB39eQ4ppr3xuJ/XisG76Sd8CCKgQV0+pEXCwwhHveGu1wyCmKgCaGS66yY9ogkFHS7OV2CPX/yX9I4LNnl0tFVOV85n9WRRXtoHxWQjY5RBV2iKqojih7RM3pBr8aTMTRGxtt0NGPMdnbRLxjvH+r5p4s=</latexit>

(x0)TEx = 0,E = [t]⇥R

<latexit sha1_base64="nPOVmo2ysGM943QiimM6Yr/3jsk="></latexit>

Epipolar lines

How many degree 
of freedom?



Essential Matrix

(t⇥ x0)T (Rx) = 0

<latexit sha1_base64="v7laYDgMzJNPPKRjyeGzA6KKu+U=">AAACKnicbVDLSgMxFM3UV62vUZdugkVoN2VGKroRqm5cVmlroVNLJs3Y0MyD5I5YhvkeN/6Kmy6U4tYPMX34qh4IHM65l5x73EhwBZY1MjILi0vLK9nV3Nr6xuaWub3TUGEsKavTUISy6RLFBA9YHTgI1owkI74r2I3bvxj7N/dMKh4GNRhErO2Tu4B7nBLQUsc8yxUcn0DP9RJIHeA+U/hTeEhvnUhqqXhb+5q6Tr/tIj7FVsfMWyVrAvyX2DOSRzNUO+bQ6YY09lkAVBClWrYVQTshEjgVLM05sWIRoX1yx1qaBkRnaieTU1N8oJUu9kKpXwB4ov7cSIiv1MB39eQ4ppr3xuJ/XisG76Sd8CCKgQV0+pEXCwwhHveGu1wyCmKgCaGS66yY9ogkFHS7OV2CPX/yX9I4LNnl0tFVOV85n9WRRXtoHxWQjY5RBV2iKqojih7RM3pBr8aTMTRGxtt0NGPMdnbRLxjvH+r5p4s=</latexit>

(x0)TEx = 0,E = [t]⇥R

<latexit sha1_base64="nPOVmo2ysGM943QiimM6Yr/3jsk="></latexit>

Epipolar lines

How many degree 
of freedom?

6 DOF rigid – 1 DOF scale ambiguity



Essential Matrix

(x0)TEx = 0,E = [t]⇥R

<latexit sha1_base64="nPOVmo2ysGM943QiimM6Yr/3jsk="></latexit>

Normalized camera coordinate: everything in camera coordinate but z is normalized to 1

The fundamental matrix song: http://danielwedge.com/fmatrix/



Fundamental Matrix

(x0)TEx = 0,E = [t]⇥R

<latexit sha1_base64="nPOVmo2ysGM943QiimM6Yr/3jsk="></latexit>

Normalized camera coordinate: everything in camera coordinate but z is normalized to 1

((K0)�1x0)TE(K�1x) = 0

<latexit sha1_base64="6ZsbJN+G8o8LhoYFN0m9bLS3lwA="></latexit>

Image coordinate

(x0)TFx = 0

<latexit sha1_base64="Wz7AtTL2O0HUecirjncss+Iv3uI=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0Wom5pIRTdCURCXFfqCJi2T6aQdOnkwMxFLyGe48VfcuFDEbXf+jZM2orYeuHA4517uvccJGRXSMD613NLyyupafr2wsbm1vaPv7jVFEHFMGjhgAW87SBBGfdKQVDLSDjlBnsNIyxldp37rnnBBA78uxyGxPTTwqUsxkkrq6Scly0Ny6LjxQ9K1Qk49ctytw2/xJoE/PryERk8vGmVjCrhIzIwUQYZaT59Y/QBHHvElZkiIjmmE0o4RlxQzkhSsSJAQ4REakI6iPvKIsOPpYwk8UkofugFX5Us4VX9PxMgTYuw5qjO9Usx7qfif14mke2HH1A8jSXw8W+RGDMoApinBPuUESzZWBGFO1a0QDxFHWKosCyoEc/7lRdI8LZuV8tldpVi9yuLIgwNwCErABOegCm5BDTQABo/gGbyCN+1Je9HetY9Za07LZvbBH2iTLzDQn9g=</latexit>

The fundamental matrix song: http://danielwedge.com/fmatrix/



Camera Models
A camera is a mapping from the 3D world to a 2D image

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

World

<latexit sha1_base64="K72Zt567b+s2UuGAsvSqIw3VRKw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkRY9FLx4rmLbQhrLZbNqlm92wuxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwpQzbVz32yltbG5t75R3K3v7B4dH1eOTjpaZItQnkkvVC7GmnAnqG2Y47aWK4iTktBtO7uZ+94kqzaR4NNOUBgkeCRYzgo2V/K5UPBpWa27dXQCtE68gNSjQHla/BpEkWUKFIRxr3ffc1AQ5VoYRTmeVQaZpiskEj2jfUoETqoN8cewMXVglQrFUtoRBC/X3RI4TradJaDsTbMZ61ZuL/3n9zMQ3Qc5EmhkqyHJRnHFkJJp/jiKmKDF8agkmitlbERljhYmx+VRsCN7qy+ukc1X3GvXmQ6PWui3iKMMZnMMleHANLbiHNvhAgMEzvMKbI5wX5935WLaWnGLmFP7A+fwB3tOOvA==</latexit>

3D object
Image Plane

xyz

<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>
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<latexit sha1_base64="2FsDgRyguJNFZAHPTMIwMZvpXO4=">AAAB7HicbVBNS8NAEJ3Urxq/qh69LBbBU0mkRY9FLx4rmLbQhrLZbtqlm03Y3Ygx9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5QcKZ0o7zbZXW1jc2t8rb9s7u3v5B5fCoreJUEuqRmMeyG2BFORPU00xz2k0kxVHAaSeY3Mz8zgOVisXiXmcJ9SM8EixkBGsjeY92Zj8NKlWn5syBVolbkCoUaA0qX/1hTNKICk04VqrnOon2cyw1I5xO7X6qaILJBI9oz1CBI6r8fH7sFJ0ZZYjCWJoSGs3V3xM5jpTKosB0RliP1bI3E//zeqkOr/yciSTVVJDFojDlSMdo9jkaMkmJ5pkhmEhmbkVkjCUm2uRjmxDc5ZdXSfui5tZrjbt6tXldxFGGEziFc3DhEppwCy3wgACDZ3iFN0tYL9a79bFoLVnFzDH8gfX5Aw4wjjM=</latexit>

Image

<latexit sha1_base64="TdGNGSD4iCtJrtzeipJUFVRb3Nc=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9mVih6LXvRWwbWFdinZNGtDs9klmRXK0t/gxYMiXv1B3vw3pu0etPVB4OW9mWTmhakUBl332ymtrK6tb5Q3K1vbO7t71f2DB5NkmnGfJTLRnZAaLoXiPgqUvJNqTuNQ8nY4up767SeujUjUPY5THsT0UYlIMIpW8m/tlferNbfuzkCWiVeQGhRo9atfvUHCspgrZJIa0/XcFIOcahRM8kmllxmeUjayb3ctVTTmJshnw07IiVUGJEq0PQrJTP3dkdPYmHEc2sqY4tAselPxP6+bYXQZ5EKlGXLF5h9FmSSYkOnmZCA0ZyjHllCmhZ2VsCHVlKHNp2JD8BZXXiYPZ3WvUT+/a9SaV0UcZTiCYzgFDy6gCTfQAh8YCHiGV3hzlPPivDsf89KSU/Qcwh84nz+mWo6X</latexit>

Camera Center

extrinsic 
parameters

intrinsic 
parameters



Epipolar Geometry

(x0)TEx = 0,E = [t]⇥R

<latexit sha1_base64="nPOVmo2ysGM943QiimM6Yr/3jsk="></latexit>



Today’s Agenda

● Triangulation

● Epipolar Geometry

● Stereo Matching

● Structured Light Cameras



If Cameras are Frontal Parallel..

Image credit: Sanja Fidler



If Cameras are Frontal Parallel..

Image credit: Sanja Fidler

Suppose pl = (xl, yl) and pr = (xr, yr), could you tell 
anything about yr?



If Cameras are Frontal Parallel..

What is the right pixel location pr, if the 3D 
point is infinitely far from the two cameras?

Can the projected point on right camera fall 
right of pl? (i.e. xr > xl?)

Image credit: Sanja Fidler

Suppose pl = (xl, yl) and pr = (xr, yr), could you tell 
anything about yr?

What is the relationship between the offset (xl 
– xr) and the distance to camera?



Binocular Vision

Image credit: wikiHow



Disparity vs Depth

z =
f · T

xl � xr

<latexit sha1_base64="sbQtS5Pibl6f0lcxIbkLfQgtfr8=">AAACCXicbVDLSsNAFJ34rPEVdelmsAhuLIlUdCMU3bis0Bc0IUwmk3boZBJmJtIaunXjr7hxoYhb/8Cdf+O0zUJbD1w4nHMv994TpIxKZdvfxtLyyuraemnD3Nza3tm19vZbMskEJk2csER0AiQJo5w0FVWMdFJBUBww0g4GNxO/fU+EpAlvqFFKvBj1OI0oRkpLvgXNB3gF3UggnEfQxWGiYGOcD30GT+HQF2PfKtsVewq4SJyClEGBum99uWGCs5hwhRmSsuvYqfJyJBTFjIxNN5MkRXiAeqSrKUcxkV4+/WQMj7USwigRuriCU/X3RI5iKUdxoDtjpPpy3puI/3ndTEWXXk55minC8WxRlDGoEjiJBYZUEKzYSBOEBdW3QtxHOhWlwzN1CM78y4ukdVZxqpXzu2q5dl3EUQKH4AicAAdcgBq4BXXQBBg8gmfwCt6MJ+PFeDc+Zq1LRjFzAP7A+PwBR1eY1Q==</latexit>

focal length

baseline

disparity
depth

What should I do if I want to see further?



Stereo Estimation

Image credit: KITTI



Correspondence Gives Disparity

Popular Methods: SSD, PatchMatch Stereo, SGM, etc. Tutorial: https://docs.opencv.org/master/dd/d53/tutorial_py_depthmap.html

What would be a good matching function?



Stereo Estimation

Luo et al. CVPR 16



Stereo Estimation

Duggal et al. DeepPruner, ICCV 19, Image produced by Yuan Shen

62ms



RGB Stereo Cameras

Stereolabs Zed2
PointGrey Bubblebee

Pros:
● Works for both indoor and outdoor
● High-resolution

Cons: 
● Less accurate for textureless region
● Not robust to specular reflected surface
● Cannot work in dark environment



Structured Light Camera

Intel Realsense

Microsoft Kinect



Structured Light Camera

Left: perceived near-infrared 
image

Right: structured light projector 
pattern

Depth



Structured Light Camera

KinectFusion 6DoF Pose EstimationArticulated Shape Estimation



Structured Light Camera
Pros:
● Works in low light conditions
● Does not rely on having textured objects
● Not confused by repeated scene textures
● Can tailor algorithm to produced pattern

Cons: 
● Does not work outside (influenced by sunlight)
● Interference to each other


