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Como modelamos una camara?
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Model

PrOjeCtiOn (Source: Wikipedia)
The"pinhole” camera (French: sténopé):

» |deal model with an aperture reduced to a single point.

» No account for blur of out of focus objects, nor for the lens
geometric distortion.



Central projection in camera coordinate frame

>

>

Rays from C are the same: Cx = ACX

In the camera coordinate frame CXYZ:
X X
yl =AY
f Z
Thus A = f/Z and Co—

In pixel coordinates:

u\  (ax+c\  [(af)X/Z + c

v) \ay+c¢ /) \(af)Y/Z+ ¢
af: focal length in pixels, (cx, c,): position of principal point
P in pixels.
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Calibration matrix

» Let us get back to the projection equation:

u\ _ (IX/Z+c\ 1 (X +cZ
v) \fY/Z+c¢,) Z\fY+c¢Z
(replacing af by f)
» We rewrite:

u f Cx X
Zlv]|  =x= f ¢ Y
1 1 Z

» The 3D point being expressed in another orthonormal
coordinate frame:

f Cx
X = f ¢ (R T)
1

=N < X

World
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Calibration matrix

» Let us get back to the projection equation:

() =(vzis

(replacing af by f)
» We rewrite:

u
Z|lv] =
1

» The 3D point being expressed in another orthonormal

coordinate frame:

X =

X =

Cx
f ¢y
1
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Cx
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1

(R T)
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tY +c¢,Z
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» The projection matrix (3 x 4) is:

fix

Cx

f ¢y

1

P=K(R T)

S

fy

» The (internal) calibration matrix (3 x 3) is:

» If pixels are trapezoids, we can generalize K:

Cx

Cy
1

(with s = —£, cotan 0)



Function Documentation

« calibrateCamera() r1/2

double cv::calibrateCamera ( InputArrayOfArrays
InputArrayOfArrays
Size
InputOutputArray
InputOutputArray
OutputArrayOfArrays
OutputArrayOfArrays
OutputArray
OutputArray
OutputArray
int

TermCriteria

Python:

objectPoints,
imagePoints,
imageSize,
cameraMatrix,
distCoeffs,

rvecs,

tvecs,
stdDeviationsIntrinsics,
stdDeviationsExtrinsics,
perViewErrors,

flags= 0,

criteria = TermCriteria(TermCriteria::COUNT+TermCriteria::EPS, 30, DBL_EPSILON)

cv.calibrateCamera( objectPoints, imagePoints, imageSize, cameraMatrix, distCoeffs[, rvecs|, tvecs|, flags|, criteria]]]]

Parameters

objectPoints

imagePoints

imageSize

cameraMatrix

In the new interface it is a vector of vectors of calibration pattern points in th
many elements as the number of pattern views. If the same calibration patte
partially occluded patterns or even different patterns in different views. Then
plane (thus 0 in the Z-coordinate), if the used calibration pattern is a planar r

In the new interface it is a vector of vectors of the projections of calibration p
imagePoints][i].size() and objectPoints][i].size() for each i, must be-eaual, res

Size of the image used only to initialize the camera intiinsic matrix.

Input/output 3x3 floating-point camera intrinsic miitrix A =

i 0
0 f,
0 0

Cx

Cy

1




Coémo podemos extraer
informacion 3D usando cimaras?



Camera
sensor

ALARRRN
A590000
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TALAAN0
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Image of Image of Image of
surface (a) surface (b) surface (c)

[1] Di Martino, J. Matias, Qiang Qiu, and Guillermo Sapiro. "Rethinking shape from shading for spoofing detection.” IEEE Transactions on Image Processing 30 (2020): 1086-1099.



Left view Right view



Stereo Rectification

Reproject left & right
image planes onto a
common plane
parallel to the line
between camera
centers

1. Reprojection matrices
calculated based on
keypoints

2. Depth map can then be
calculated by comparing
pixels / blocks & calculating
their disparity

AR App Development: Google ARCore Depth Maps | 2020 | Andreas Jakl | FH 5t. Polten  Based on Computer Vision / Epipolar Geometry, Kris Kitani, Carnegie Mellon University 8






Triangulation

Fundamental principle of stereo vision
C

B C”

_ Z 4, H
h htl B/H | Z — d ?
f focal length.
H distance optical center-ground.
B distance between optical centers

(baseline).

Goal

Given two rectified images, point correspondences and computation
of their apparent shift (disparity) gives information about relative
depth of the scene.



Triangulation

Fundamental principle of stereo vision

C B C’

Goal

z z = d”ﬂ.
B/H’ f
f focal length.
H distance optical center-ground.
B distance between optical centers

(baseline).

h «

Given two rectified images, point correspondences and computation
of their apparent shift (disparity) gives information about relative

depth of the scene.

Let us write again the binocular formulae:
MXx=K(RX+T) NxX =KX
Write YT = (X7 X X):

KR —x 03\, _ (KT
K' 03 —x ~ \ 03

(6 equations<+»5 unknowns+1 epipolar constraint)

We can then recover X.
Special case: R=1Id, T = Be;
We get:
z(x — KK ~1x') = (Bf 0 O)T

If also K = K’,
z=1B/[(x —x")-e]=1B/d

d is the disparity



| ocal search

» At each pixel, we consider a context window and we look for
the motion of this window.

Disparity map

Bq

‘ B ZZF I T
% d M

...................... Depth z is inversely proportional to disparity d

» Distance between windows:

I S (apparent motion, in pixels).
S o . : 2

» Disparity map: At each pixel, its apparent motion between left d(q) = arg min Z(/(q +p) — I'(g + der + p))
and right images. peF

» We already know disparity at feature points, this gives an idea » Variants to be more robust to illumination changes:
about min and max motion, which makes the search for 1. Translate intensities by the mean over the window.
matching points less ambiguous and faster.

I(g+p) = 1(q+p)— Y I(q+r)/#F

reF

2. Normalize by mean and variance over window.



Left image

Right image
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Resumiendo



Modela una camaray cuales son los parametros mas criticos.

Pinhole model, matrix de proyeccion, parametros intrinsecos y
extrinsecos.

Calibracion de una camara.

Limites de vision monocular.

Vision stereo puede usarse para obtener informacion 3D.
Geometria epipolar.

Disparidad entre imagenes epistolares contiene informacion de la
profundidad.

Desafios asociados con la estimation de correspondencias (crucial para la
calibracion y para la estimacion de correspondencias.



MATERIAL ADICIONAL

Multiple View
Geometry

In computer vision

Richard Hartley and Andrew Zisserman




MATERIAL ADICIONAL

IPOL Journal - Image Processing On Line
HOME - ABOUT - ARTICLES - PREPRINTS - WORKSHOPS - NEWS - SEARCH

IPOL is a research journal of image processing and image analysis which emphasizes the role
of mathematics as a source for algorithm design and the reproducibility of the research. Each
article contains a text on an algorithm and its source code, with an online demonstration facility
and an archive of experiments. Text and source code are peer-reviewed and the demonstration
is controlled. IPOL is an Open Science and Reproducible Research journal.

4 Editorial Policy & Editorial Board '« Submit an Article =1 % L Follow IPOL

Index - Articles 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 -
Preprints - News - Citation score

Latest Articles

e Bilateral K-Means for Superpixel Computation (the SLIC e CNN-based Method for Segmenting Tree Bark Surface
Method) Singularites
2022-04-21 - Robin Gay, Jérémie Lecoutre, Nicolas Menouret, Arthur Morillon, 2022-01-01 - Florian Delconte, Phuc Ngo, Bertrand Kerautret, Isabelle Debled-
Pascal Monasse Rennesson, Van-Tho Nguyen, Thiery Constant
e A Parallel, O(n) Algorithm for an Unbiased, Thin Watershed e Center/Surround Retinex: Analysis and Implementation
2022-04-08 - Théodore Chabardés, Petr Dokladal, Matthieu Faessel, Michel 2021-12-19 - Jose-Luis Lisani, Ana-Belén Petro, Catalina Sbert
Bilodeau e ZERO: a Local JPEG Grid Origin Detector Based on the Number
e Automatic RANSAC by Likelihood Maximization of DCT Zeros and its Applicati "t - .
2022-03-28 - Clément Riu, Vincent Nozick, Pascal Monasse 2021-12-16 - Tina Nikoukhah, Jérém, ®3D
Morel, Rafael Grompone von Gioi % Point Clouds
@ Stereovision
Series and SPECial Issues e The Polar Epipolar Rectification
' 2021-03-02 - Frangois Darmon, Pascal Monasse
> Special Issue on Discrete Geometry (DGCI 201 1) e The Production of Ground Truths for Evaluating Highly
) Accurate Stereovision Algorithms
# SIIMS Companion Papers 2018-01-02 - Tristan Dagobert
% Special Issue SARS-CoV-2 e Fundamental Matrix of a Stereo Pair, with A Contrario
Elimination of Outliers
. 2016-05-17 - Lionel Moisan, Pierre Moulon, Pascal Monasse
T0P|C5 e Bilaterally Weighted Patches for Disparity Map Computation
2015-03-11 - Laura Fernandez Julia, Pascal Monasse
® Enhancement & Restoration @ Features & Edges & Se' ¢ Integral Images for Block Matching

2014-12-16 - Gabriele Facciolo, Nicolas Limare, Enric Meinhardt-Llopis

QD i D
Imagmg ) T?Xtu re ) e Stereo Disparity through Cost Aggregation with Guided Filter
» Interpolatlon g Slg nal PI"OCESSII’]g 2014-10-23 - Pauline Tan, Pascal Monasse
=3 Registration 2 \ideo e Kolmogorov and Zabih’s Graph Cuts Stereo Matching
Algorithm
2 PDE » 3 D 2014-10-15 - Vladimir Kolmogorov, Pascal Monasse, Pauline Tan
? Learning e Quasi-Euclidean Epipolar Rectification

2011-09-13 - Pascal Monasse



MATERIAL ADICIONAL

N

IPOL Journal - Image Processing On Line
HOME - ABOUT - ARTICLES - PREPRINTS - WORKSHOPS - NEWS - SEARCH

IPOL is a research journal of image processing and image analysis which emphasizes the role
of mathematics as a source for algorithm design and the reproducibility of the research. Each
article contains a text on an algorithm and its source code, with an online demonstration facility
and an archive of experiments. Text and source code are peer-reviewed and the demonstration
is controlled. IPOL is an Open Science and Reproducible Research journal.

A Editorial Policy & Editorial Board

«" Submit an Article =1 % L Follow IPOL

Index - Articles 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 -

Latest Articles

e Bilateral K-Means for Superpixel Computation (the SLIC

Method)
2022-04-21 - Robin Gay, Jérémie Lecoutre, Nicolas Menouret, Arthur Morillon,
Pascal Monasse

e A Parallel, O(n) Algorithm for an Unbiased, Thin Watershed
2022-04-08 - Théodore Chabardés, Petr Dokladal, Matthieu Faessel, Michel
Bilodeau

e Automatic RANSAC by Likelihood Maximization
2022-03-28 - Clément Riu, Vincent Nozick, Pascal Monasse

Series and Special Issues

@ Special Issue on Discrete Geometry (DGCI 2011)
®SIIMS Companion Papers
% Special Issue SARS-CoV-2

Topics

® Enhancement & Restoration
% Imaging

% Interpolation

? Registration

®PDE

?® Learning

Preprints - News - Citation score

e CNN-based Method for Segmenting Tree Bark Surface

Singularites
2022-01-01 - Florian Delconte, Phuc Ngo, Bertrand Kerautret, Isabelle Debled-
Rennesson, Van-Tho Nguyen, Thiery Constant

e Center/Surround Retinex: Analysis and Implementation
2021-12-19 - Jose-Luis Lisani, Ana-Belén Petro, Catalina Sbert

e ZERO: a Local JPEG Grid Origin Detector Based on the Number

of DCT Zeros and its Applications in Image Forensics
2021-12-16 - Tina Nikoukhah, Jérémy Anger, Miguel Colom, Jean-Michel
Morel, Rafael Grompone von Gioi

?® Features & Edges & Segmentation
? Texture

% Signal Processing

?Video

®3D



MATERIAL ADICIONAL

IPOL Journal - Image Processing On Line
HOME - ABOUT - ARTICLES : PREPRINTS - WORKSHOPS - NEWS - SEARCH

Quasi-Euclidean Epipolar Rectification
Pascal Monasse

| article || demo | | archive |

published -+ 2011-09-13
reference -+ PascaL Monasse, Quasi-Euclidean Epipolar Rectification, Image Processing On Line, 1 (2011), pp. 187-199.
https://doi.org/10.5201/ipol.2011.m_qger

BibTeX info

Communicated by Luis Alvarez
Demo edited by Agustin Salgado

Abstract

The standard setup in reconstructing the three-dimensional geometry of a scene from a pair of stereo images is to have them rectified, in which
case the apparent motion of points is horizontal. With pinhole cameras, it is always possible to find two homographies that rectify the images.
The method of Fusiello and Irsara assumes that both cameras are the same with principal point at the center, but keeps the focal length as an
unknown. The virtual rotations of the two cameras are then evaluated to minimize the vertical motion of points.
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® source code: | | TAR/GZ |SWHID info <>

Preview

Loading takes a few seconds. Images and graphics are degraded here for faster rendering. See the downloadable PDF documents for original high-quality versions.

LOW RESOLUTION PDF: Images may show compression artifacts. A full resolution PDF is available at www.ipol.im.

N

Published in Image Processing On Line on 2011-09-13.
Submitted on 2011-00-00, accepted on 2011-00-00.

I P 0 I ISSN 2105-1232 (©) 2011 IPOL & the authors CC-BY-NC-SA
This article is available online with supplementary materials,
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Quasi-Euclidean Epipolar Rectification
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OpenCV |4.5.5-dev v

Open Source Computer Vision

O
O

Main Page | Related Pages ' Modules ‘ Namespaces v i Classes ~ ' Files ~ | Examples |

Camera Calibration and 3D Reconstruction

é Omar Padierna [F e
Jan 2,2019 - 10 minread - @ Listen
nO OpenCV ] ] ]
Open Source Computer Vison Tutorial: Stereo 3D reconstruction with OpenCV

Main Page ‘ Related Pages | Modules | Namespaces ¥ | Classes v | Files ~ ’ Examples ] Java documentation Q- Search

- ]
OpenCV-Python Tutorials / Camera Calibration and 3D Reconstruction / us‘ ng an I Phone camera Paﬂ I I I
|| |

Depth Map from Stereo Images

Welcome to the third and final part of this 3 part tutorial on stereo

Goal
In this session. reconstruction.
+ We will learn to create a depth map from stereo images.
Basi A\ )
asics L A quick recap:

In the last session, we saw basic concepts like epipolar constraints and other related terms. We also saw that if we have two images of same scene, we can
get depth information from that in an intuitive way. Below is an image and some simple mathematical formulas which prove that intuition. (Image Courtesy :

X During the first part we covered a brief mention on the steps required for stereo

3D reconstruction and the gist of how stereo reconstruction works.

X O

O Baseline O’
B

image

The above diagram contains equivalent triangles. Writing their equivalent equations will yield us following result:

B
disparity = x — x' = 7f




Muchas gracias,
Preguntas?

Gracias a Pascal Monasse por dejarme usar su material!



