[TANEI X THMIO

ITATPON ANOIKTA S S

Poumotika Zvotnuata

Evotnta 6: Avtiotoiyxion Etkovwy

Avtwvioc Tlec — Euayyeloc Aeppatag
2xoAn MoAutexvikn
Tunua HM&TY



2 KOTTOL €vVOTNTOLC

e JKOTIOC TNC EVOTNTOC £LvaL N mopouciacn Ko
e€olkelwaon e ta aakoAovBa otoxeia PndpLaknc
emeepyaoioc ELKOVAC:

" AvTloTOolYLoN ELKOVWV



[leplexopeva EVOTNTOLC

" AvTloTolYlon ELKOVWV



Avtiotolylon Etkovwv

Mnyn: Lectures on
Computer Vision by
Khurram Hassan Shafique,
Computer Vision Lab @
University of California
(USF), Spring 2003,
Available at:
http://www.cs.ucf.edu/co
urses/cap6411/cap5415/

Ewkova 1: Avtiotoiyxion lKOVwy


http://www.cs.ucf.edu/%7Ekhurram
http://www.cs.ucf.edu/courses/cap6411/cap5415/

Avtiotolylon Etkovwv

e Two broad approaches:

Mnyn: Lectures on Computer Vision by
Khurram Hassan Shafique, Computer
Vision Lab @ University of California
(USF), Spring 2003, Available at:
http://www.cs.ucf.edu/courses/cap64
11/cap5415/

Elkova 2: Avtiotoiylon wovwy - Npooeyyiloelg

— Direct (pixel-based)
alignment
e Search for alignment
where most pixels agree
— Feature-based
alignment

e Search for alignment
where extracted features
agree

e Can be verified using
pixel-based alignment


http://www.cs.ucf.edu/%7Ekhurram
http://www.cs.ucf.edu/courses/cap6411/cap5415/

Avtiotolyton Etkovwv pe mapepfoAn
(fitting)

e Alignment: fitting a model to a transformation between
pairs of features (matches) in two images

® _s © o Find transformation T
- - that minimizes

Z residual (T (x.), x/)

Ewkova 3: Avtiotoixlon elkovwy - MapepBoAn

Mnyn: Lectures on Computer Vision by Khurram
Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at:
http://www.cs.ucf.edu/courses/cap6411/cap5415/
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Avtiotolylon Etkovwyv Baolopevn os
XOLPOLKTNPLOTLKA

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/

Ewkova 4: Avtiotoixlon elkovwy — Feature matching (l)



http://www.cs.ucf.edu/%7Ekhurram
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Avtiotolylon Elkovwv Baclopevn o€
XOLPOLKTNPLOTLKAL

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/

Ewoéva 5: Avtlotoixlon £lKOVWY — Feature matching (I1) |
e  Extract features
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Avtiotolylon Etkovwyv Baolopevn os
XOLPOLKTNPLOTLKAL

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/

e  Extract features
e  Compute matches



http://www.cs.ucf.edu/%7Ekhurram
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Avtiotolylon Etkovwyv Baolopevn os
XOLPOLKTNPLOTLKAL

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/

e  Extract features
e  Compute putative matches

Loop:
— Hypothesize transformation T (small group of putative matches that are
related by T) 10
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Avtiotolylon Etkovwyv Baolopevn os
XOLPOLKTNPLOTLKAL

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/

. Extract features

o Compute putative matches

o Loop:

—  Hypothesize transformation T (small group of putative matches that are related by T)
—  Verify transformation (search for other matches consistent with 7)
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2D transformation models

e Similarity
(translation,
scale, rotation)

o Affine

e Projective
(homography)

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/
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Eltkova 9: Movtéla LETACXNUATLOOU
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Fitting an affine transformation

e Assume we know the correspondences, how do we get
the transformation? o

1
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Mnyn: Lectures on Computer Vision by Khurram ® (x'. VT)
Hassan Shafique, Computer Vision Lab @ i ®

University of California (USF), Spring 2003, e

Available at: @) O O
http://www.cs.ucf.edu/courses/cap6411/cap54
15/ ® o
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Eltkova 10: METAoXNUATIOUOC LE YVWOTEG ATIOKPLOELG
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What if we don’t know the
correspondences?

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/

Elkova 12: MeTaoXNUATIOUOC HE AYyVWOTEG amokpioelg (I)

14


http://www.cs.ucf.edu/%7Ekhurram
http://www.cs.ucf.edu/courses/cap6411/cap5415/

What if we don’t know the
correspondences?

—
?
feature feature
descriptor descriptor

Ewkova 13: MetaoxnUATIONOG e AYVWOTEC amokpioelg (I1)

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafigue, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/
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Feature descriptors

Assuming the patches are already normalized (i.e., the local effect of the geometric
transformation is factored out), how do we compute their similarity?

Want invariance to intensity changes, noise, perceptually insignificant changes of the

pixel pattern
R

A13awoan
A 3y

Mnyn: Lectures on Computer Vision by Khurram
Hassan Shafique, Computer Vision Lab @
University of California (USF), Spring 2003,

Available at:
http://www.cs.ucf.edu/courses/cap6411/cap5415/

Ewkova 13: 1616tnteg onpeiwv evdladEpovtog
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Feature descriptors

Simplest descriptor: vector of raw intensity values
How to compare two such vectors?
— Sum of squared differences (SSD)

SSD(u,v) = Z(ui —v,)

Not invariant to intensity change
Normalized correlation

2. (U )y, -V)
peorlzeor

Invariant to affine intensity change

pu,v) =

17



Feature matching

e Generating putative matches: for each patch in one image,
find a short list of patches in the other image that could
match it based solely on appearance

N - | _s"' | » . :

Ewkova 14: EmavaAapBavopevog eVTOMIOUOG OLOLWY OTOLXELWV

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/
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Feature matching

e Generating putative matches: for each patch in one image,
find a short list of patches in the other image that could
match it based solely on appearance

— Exhaustive search

e For each feature in one image, compute the distance to all
features in the other image and find the “closest” ones
(threshold or fixed number of top matches)

— Fast approximate nearest neighbor search
e Hierarchical spatial data structures (kd-trees, vocabulary trees)
e Hashing

19



Dealing with outliners

e The set of putative matches contains a very high
percentage of outliers

e Heuristics for feature-space outlier rejection
e Geometric fitting strategies:
— RANSAC

— Incremental alignment
— Hough transform
— Hashing

20



B w e

Strategy 1: RANSAC

RANSAC loop:

Randomly select a seed group of matches
Compute transformation from seed group
Find inliers to this transformation

If the number of inliers is sufficiently large, re-
compute least-squares estimate of transformation
on all of the inliers

Keep the transformation with the largest number
of inliers

21



RANSAC example: Translation

)I'V'

Putative matches

Ewkova 15: Xprion aAyopiBuouv RANSAC (I)

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafiqgue, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/
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RANSAC example: Translation

Select one match, count inliers

Ewkova 16: Xprion aAyopiBuou RANSAC (I1)

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/
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RANSAC example: Translation

Ji
[

iR B
™ L

Select translation with the most inliers

Ewkova 17: Xprion aAyopiBuouv RANSAC (I11)

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/
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Problem with RANSAC

e |[n many practical situations, the percentage of outliers
(incorrect putative matches) is often very high (90% or

above)

e Alternative strategy: restrict search space by using
strong locality constraints on seed groups and inliers

— Incremental alignment

25



Strategy 2: Incremental alighnment

e Take advantage of strong locality constraints: only pick
close-by matches to start with, and gradually add more
matches in the same neighborhood

S. Lazebnik, C. Schmid and J. Ponce, “Semi-local affine parts for object recognition,” BMVC
2004.

26


http://www-cvr.ai.uiuc.edu/ponce_grp/publication/paper/bmvc04.pdf

Strategy 2: Incremental alignment

e Take advantage of strong locality constraints—=> Only pick
close-by matches to start with, and gradually add more
matches in the same neighborhood

i

Ewkova 18: AAyoplBuoc Stadoxikwv evBuypappioswvy (I)

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafigue, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/
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Strategy 2: Incremental alignment

e Take advantage of strong locality constraints—=> Only pick
close-by matches to start with, and gradually add more
matches in the same neighborhood

B /N 5
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Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/
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Strategy 2: Incremental alignment

e Take advantage of strong locality constraints—=> Only pick
close-by matches to start with, and gradually add more
matches in the same neighborhood

e

3 { - 48 L b
Ewkova 20: AAyopBuoc Stadoxikwv evBuypappioswv (ll1)

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafigue, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/
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Strategy 2: Incremental alignment

e Take advantage of strong locality constraints—=> Only pick
close-by matches to start with, and gradually add more
matches in the same neighborhood

 veem g
EREC .
=

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafigue, Computer Vision Lab @ University

of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/
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[EWUETPLKN QVOKOTOLOKEUT XWPEOU

Odilon Redon, Cyclops, 1914
Elkova 22: 2xedlo tou KUkAwma

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/
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[ewpeTpLkn avakotaokeun 3D xwpou

e We will focus on perspective and motion

e \We need multi-view geometry because recovery of
structure from one image is inherently ambiguous

X?

[*

A

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/
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Visual Cues

Shading

Merle Norman Cosmetics, Los Angeles

Elkova 23: EVIOTILOUOC OTTTLKWY opoloTtATwY (1)

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafigue, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/
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Focus

Visual Cues
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From The Art of Photography, Canon

Elkova 24: EVIOTILOUOC OTTTIKWY opototATwv (I1)

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafigue, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/
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Visual Cues

Perspective

NATIONALGEOGRAPHIC

Elkova 25: EVTOTILOHOC omtTikwy opototATwy (l11)

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafigue, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/

Geographic Sociaty. All rights reserve
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Visual Cues

 Motion

Elkova 26: EVTIOTILOMOC OTTLKWY opototAtwy (1V)

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/
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Recovery of 3D structure

e We will focus on perspective and motion

e We need multi-view geometry because recovery of
structure from one image is inherently ambiguous

FFIT

e

—~ / A 3 N T
L\ 15 Ry
Ewkova 27: Emavadopa 3dwaotatng dounc (1)

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafigue, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/
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Recovery of 3D structure

Ewkova 28: Emavadopa 36taotatng doung (11)

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/
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Pinhole camera model

= 7
/} \
principal axis
camera

centre image plane

(X,Y.Z) = (fX/Z,fY]Z)

(X X\ [r 0-(X\
Y s ol ¥ X
717 JY = / 7

Z 1 0

(1) - 1)

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/
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Pinhole camera model

-
e X
7 *
\ z
principal axis
camera

centre image plane

) o )
x = PX P =diag(f, £,D|I|0]

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/
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camera
centre

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/

Camera coordinate system

//ﬂ/’
e X
Y —
5= -
" - X
N P Y
s o
//" * principal axis
S
-;(/ image plane

Principal axis: line from the camera
center perpendicular to the image plane

Normalized (camera) coordinate
system: camera center is at the origin
and the principal axis is the z-axis
Principal point (p): point where
principal axis intersects the image plane
(origin of normalized coordinate system)
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Principal point offset

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/

Yeam
Yo~ pe ——>= principal point: (px’ py)
Fi cam
[
x 10

e Camera coordinate system: origin is at the principal point

e Image coordinate system: origin is in the corner

42
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Principal point offset

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University

of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/

T Yeam

Xcam

R N < X

principal point: (px’ py)

fX+Zp,) [f p, O
= fY+Zp, |= f p, O
Z 1 0

~ N < X
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Principal point offset

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/

Yeam

P._h-—

Xcam

principal point: (px’ py)

X
f X +2Zp, f p, |11 0 y
fY+2Zp, (= f p, 1 0 .
Z 1 10
1
) librati
calibration
P, . P=K][1]0]
1 matrix
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Pixel coordinates

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/

1

Pixel size: X
m m

- = — 3 X y

Ewkova 29: Zuotolyia CCD Pndrlakng dwtoypadpikig

* m, pixels per meter in horizontal direction,
m,, pixels per meter in vertical direction

m, f | | p,
my py 0[y 'By
i 1| 1

pixels/m pixels
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Camera parameters

e |ntrinsic parameters
— Principal point coordinates

- FOcal Iength mx f px ax ﬂx
: cre K= m f p, = a, B
— Pixel magnification factors T N n
— Skew (non-rectangular pixels)
— Radial distortion
EE";&Y&&E@ZEEE"“’
radial distortion linear image
correction
—
Ewkova 30: Napadetypa S10pOwaong tng KUKALKAG Ttopapopdwaong
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Camera parameters

e |ntrinsic parameters
— Principal point coordinates
— Focal length
— Pixel magnification factors
— Skew (non-rectangular pixels)
— Radial distortion

e Extrinsic parameters
— Rotation and translation relative to world coordinate system

47



Camera calibration

e Given n points with known 3D coordinates X; and
known image projections x;, estimate the camera
parameters

X

/

/

Ewkova 31: BaBpovopnon Kapepog
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AX. =PX.

Camera calibration

Two linearly independent equations

_Xi_ PlT
I ﬂ“ yl = P; ><i
_1_ P3T
) ] - -
0 - X, yiX, /31\

X. xPX. =0
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Camera calibration

0" Xy —yX
X7 00 —xX{ [P

OT XT o ynX-rll- \ :)3/

n

X" o' —xX!

P has 11 degrees of freedom (12 parameters, but scale is arbitrary)
6 correspondences needed for a minimal solution
Homogeneous least squares

50



Epipolar Geometry

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/

Ewkova 32: EmumoAkn yewpetpia (1)

e Baseline — line connecting the
two camera centers

e Epipolar Plane — plane containing
baseline (1D family)

e Epipoles

= intersections of baseline
with image planes

= projections of the other
camera center

= vanishing points of camera
motion direction
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Example of Epipolar Geometry:

Converging Cameras

Vision by Khurram Hassan Shafique, Computer Vision Lab @ University

Mnyn: Lectures on Computer Vision rra as.
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/

Ewkova 33: EmumoAkn yewpetpia (1)
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Example of Epipolar Geometry: Motion
parallel to image plane

/
/
e at ;’/ // e at
infinity :: [ . _ : V infinity
& “

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/

Ewkova 34: EmumoAwkn yewpetpia (1) -
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Example of Epipolar Geometry:
Forward Motion

e Epipole has same
coordinates in both images.

e Points move along lines
radiating from e: “Focus of

expansion”

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/

Ewkova 35: EmumoAikn yewpetpia (1V)
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Epipolar Constraint

Mnyn: Lectures on Computer
Vision by Khurram Hassan

Lab @ University of
California (USF), Spring 2003,
Available at:
http://www.cs.ucf.edu/cour

S

* Potential matches for x have to lie on the corresponding
epipolar line I'.

* Potential matches for x’ have to lie on the corresponding
epipolar line .

Ewkova 36: EmumoAikn) yewpetpia (V)
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Epipolar Constraint: Example

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University
of California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/

Ewkova 37: EmutoAikn yewpetpia. MNoapadeiypota (1)
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Epipolar Constraint: Calibrated Case

Mnyn: Lectures on Computer Vision by
Khurram Hassan Shafique, Computer
Vision Lab @ University of California

(USF), Spring 2003, Available at:
http://www.cs.ucf.edu/courses/cap641

1/cap5415/

Elkova 38: EmumoAikn yewpetpia. Mapadeiypoata (1)

e Assume that the intrinsic and extrinsic parameters of the cameras are
known

e We can multiply the projection matrix of each camera (and the image
points) by the inverse of the calibration matrix to get normalized
image coordinates

e \We can also set the global coordinate system to the coordinate
system of the first camera
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Epipolar Constraint: Calibrated Case

X =RX’+t

Mnyn: L n Computer Vision by
Kh H C ute

am assan Shal ue
Vision La b @ Uni of Ca If
(USF), Spring 2003 A I ble y
X

http://www.cs.u fd/ es/cap641 X
1/cap5 15[

Ewkova 39: EmumoAkn yewpetpia. MNoapadsiypata (111)

Camera matrix: [1|0] Camera matrix: [RT| -RTt]
X=(u,v,w,1)T Vector x’ In second coord.
X=(u,v,w)’ system has coordinates

Rx’ In the first one

The vectors x, 1, and Rx’ are coplanar .
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Epipolar Constraint: Calibrated Case

Ewkova 40: EmtumoAkn yewpetpia. MNapadeiypata (1V)

x-[tx(Rx)]=0 =y x"Ex'=0 with E=[t]R

. 2

Essential Matrix
(Longuet-Higgins, 1981)

The vectors x, 1, and Rx’ are coplanar
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Epipolar Constraint: Calibrated Case

Ewkova 41: ErumoAikn yewpetpia. Napadeiypata (V)

P

niversi a
(USF) Spring 2003, Ava | ble at:
http://www.cs.ucf.edu/courses/cap641
[cap z

o’

X-[tx(Rx)]=0 ®Hy x Ex'=0 with E=[t]R

E x’ is the epipolar line associated with x’ (/ = E x”)
E'x is the epipolar line associated with x (I’ = E"x)
Ee’=0 and E'e=0

E is singular (rank two)

E has five degrees of freedom

The vectors x, [, and Rx’ are coplanar
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Epipolar Constraint: Uncalibrated Case

Ewkova 42: EmunoAkn yewpetpla. Mapadeiypata (VI)

X

a @ niversity of Califo
(USF), Spring 2003, Ava I ble at:
http://www.cs.ucf.edu/courses/cap641

1/ca 95415[

e The calibration matrices K and K’ of the two cameras are unknown

e We can write the epipolar constraint in terms of unknown normalized
coordinates:

STEX =0 Xx=KX, x =K¥
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Epipolar Constraint: Uncalibrated Case

Ewkova 43: ErutoAkn yewpetpia. Napadeiypota (VIN)

XEX'=0 mm) X'Fx'=0 with F=KTEK'?

, I~ Fundamental Matrix
X = K X (Faugeras and Luong, 1992)

X = KX
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Epipolar Constraint: Uncalibrated Case

Ewkova 44: EmunoAkn yewpetpia. Mapadeiypata (VINI)
fJ

a ni of Ca
(USF), Spring 2003, Ava | ble
http://www.cs.ucf.edu/courses/ca p641
1{ 95415[

XEX'=0 mm) X'Fx'=0 with F=KTEK'?

« F X is the epipolar line associated with x’ (I = F X’)
« FTx is the epipolar line associated with x (I' = FTX)
e Fe'=0 and F'e=0

e Fis singular (rank two)

* F has seven degrees of freedom
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The eight-point algorithm

X:(U1V1 1)T1 X,=(u,’v,’ 1)T Fig

!
Fi, Fy Fy u Fy
(w,v,1)| For Foy Fo || |=0 ‘ (ur, uv’, w, vu’, vv', v, 0 0" 1) | Fag | =0

F31 Fgg F33 1 Fog
Fy
F3
\ F33)
(ulujl ulvi Uy ’Ulu:] mvé o ujl ?J:I‘u ( Fi1\ (1) Minimize:
Uslly Ugly Uy Ually Ualh Uy uh Uy || Fig 1
usuy  usVy wy vsuy vy vy ws vy || Fig 1 N
Uy UgVy Uy Vguy vgvy vy wy vy || Fy | R ‘ Z (XT F X!)Z
usul  usvp us vsuh vsvl vy ug vh || Fae | 1 _ I !
Uglly  Ugls Ug Uglly UglUp Vg U Vg | | Fas 1 1=1
uzuL  ugvy Uy vpuh vpur v uh vh || Fy 1 under the constraint
\ugug ugvy Ug Uglly Ugly Vs Ug Ug) \ Fip) \ 1 |F|2 =1

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University of
California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/
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The eight-point algorithm

N
e Meaning of error Z(XiTFXi')ZZ
i-1

e Nonlinear approach: minimize

ZN:[dz(xi,in’)+d2(xi’,FTxi)]

1=1

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University of
California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/
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The eight-point algorithm - Problem

(ugu] wv] wy vy viey vy ouy vy [ Fin (1)
Uglly Ul Uy Volly Vel Uy Uy Uy || Fig 1
usun  Uzvy Uz Usus vsvs vy uy vy || Fig 1
uguy  ugUy uwg vguy vy vy owy vy [ Fy | |1
Usuy  UzUs Uz Usls UsUE U5 ug Us || Fao 1
Ugly Uglg Ug Vgl UVelg Vg Ug Vg | | Fag 1
UL, uvr  up vun vvr vp o un v || Fy 1

\ugug ugvy ug vsug vsvg vs uy vg) \ F32) \ 1)

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University of
California (USF), Spring 2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/
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The eight-point algorithm - Problem

(Fip) (1)
250906.36, 183269.57 921.81 200931.10 146766.13 738.21 272.19 198.81 F12 ]_
2692.28 131633.03 176.27 6196.73] 302975.59 405.71 15.27 746.79 F13 1
416374.23 §71684.30 935.47 408110.689 §54384.92 916.90 445.10 931.81
191133.60/ 171759.40 410.27 416435.62) 374125.90 §93.65 465,99 418.65 F21 . 1
48956.86| 30401.76 57.89| 295604.57 185309.58 352.87 846.22 525.15 F22 _ 1
164786, 04| 546559,67 813.17 1995, 37 6628.15 9,86 202.65 672.14 F23 1
116407.01 2727.75 138.89 16994].27 3982.21 202.77 838.12 19.64
135364, 58| 75411.13 198.72 411350.03| 229127.78 603,79 681.28 379,48 F31 ]‘
\ F33 ) \1)

Mnyn: Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @
University of California (USF), Spring 2003, Available at:
http://www.cs.ucf.edu/courses/cap6411/cap5415/

 Poor numerical conditioning
e Can be fixed by rescaling the data
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Ektipnon EEwtepkwyv Kol ECWTEPLKWV

X =

X =

C=

C’=

(u, v, w, 1)7
(u, v, w)T

[110]
[RT[-R™]

X=PX
P=KC

TTOLPOLLLETP WV KOLLEP WV

X FxX'=0 with F=K TEK'™?
E=[t]R=F =K [t JRK'™

|6LeC KAMEPEG:
T -1
F =K [t RK
_ . px _
fp,
1 1
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Ektiunon F: Motion segmentation

Ewkova 45: Katdtunon Baon kivhong
For each independent motion in the

seguence, there exists a
corresponding F-matrix, F, which
fulfills the epipolar constraint

x{ Fix5 =0

e F-matrix estimation for
consecutive keyframes
RANSAC =» labeling of
background and independent
moving objects

EUSIPCO 2006

mBackground
oMo




Exktipnon ©€onc otov 3D ywpo

Optouoi - 16iotnteg

e x=PX x'=P'X
C= [10] P=KC P'=K'C
C'=[RT|-RT{]
x=PX X=PX
P=KC EntiAvon:

X =P X



Teloc Evotntoc



Xpnuotodotnon

To apov ekmaldeUTLKO UALKO €XeL avarmtuxBel oto mAaiolo Tou
ekmaldeuTIKOU €pyou Tou dtdbdokovta.

To £pyo «Avoikta Akadnpaika Madipata oto MNaveniotipio Natpwvy

EXEL XpnUatodotAoEL povo tTnv avadlapopdwaon Tou eKTOLOEUTIKOU
UALKOU.

To £pyo vAomoleital oto rAaiolo Tou Emyelpnotakol Mpoypappatoc
«Ekmaiidevon kot Ata Blou Mabnon» kat cuyxpnuatodoteital oo tnv
Evpwmnaikni Evwon (Evpwraiko Kowvwviko Tapeio) kot oo BvVikoug
TTOPOUC.

EMIXEIPHEIAKO TMPOIPAMMA
G EKMAIAEYZH KAl AlA BIOY MAGHZH 5 EZI-IA
: : enévduen GTnv Uotvwvia TNe. YVwen
* o Kk EE=] < [ npdypopo yo v vl

YNOYPTEIO MAIAEIAL KAl BPHEKEYMATON

Evpwmnaikr 'Evwon EIAIKH YMHPEZIA AIAXEIPIZIHE

Evpwmaiké Koivwviko Tapeio . ; .
Me ) ouyxpnparodétnon tng EAAGdag kat tng Evpwmnaikig Evwong
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2 NUELWLOTOL



2NUelwpa lotopkou Ekbooewv Epyou

To tapov €pyo amoteAel tnv €kdoon 1.0
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>NUElwpo Avadopag

Copyright MNavernotiuwo MNatpwy, Avtwviog T(Eg, Evayyehoc Aspuatacg,
«Popurmotika Zuotipoata. Avtiotoixton Etkovwv». Ekdoon: 1.0. Natpa 2015.
AwaBgopo amno tn diktuakn dtevBuvon:
https://eclass.upatras.gr/courses/EE804/index.php
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>NUelwpa Adelodotnonc

To mapov VALKO SlatiBetal pe toucg opouc tng adetac xpnong Creative Commons Avadopa,
Noapopota Atavopun 4.0 [1] § petayeveotepn, AteBvnc Ekdoon. E€alpouvtal Ta auTtoTeAn £pya
Tpltwv T.Y. Ppwrtoypadieg, Staypappota K.A.1T., T OTtolo EUTIEPLEXOVTAL OE AUTO KOL TOL OTtoLaL
avadEpovtal pall He TOUC OPOUC XPRONCE TOUC 0TO «2npeiwpa Xpnong Epywv Tplitwvy.

@ 06

[1] http://creativecommons.org/licenses/by-sa/4.0/

J0udwva e avtiv thv adeta o Sikatouxog oo divel o dikaiwpa va:

Molpaoteite — avilypaPete kol ovaSLAVEUETE TO UALKO

Npoocapuoote — avapeifte, TPOMOMOLAOTE Kal SNULOUPYNOTE MAVW OTO UALKO yla KABe okomo
Y16 toug aakoAouBOoug 6poug:

Avadopad Anpovpyol — Oa MPEMEL va Kataxwploste avadopd oto dSnuloupyo , e cUVOECHO
NG adelag

Napopola Atavopl — Av avapeifete, TPOMOMOLNOETE, 1) SNULOUPYNOETE TIAVW OTO UALKO,
TPETIEL VAL OLOVELUETE TIG OLKEC o oLUVELODOPEC UTIO TNV dLla Adela OwE Kol TO TIPWTOTUTIO
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AloTtnpnon ZNUELWLATWY

Ornoladnmnote avamapoywyn N dSlookeun Tou UALKOU Ba TtpeETmel
va cupreplthapBavet:

" 10 2nueilwpa Avadopdc

" 10 2nuelwpa Adelodotnong

= N 6nAwon Alathpnong ZNUELWUATWY

" 10 2nueilwpa Xpriong Epywv Tpitwv (epooov utapyel)

nall pe Toug cuvodEVOUEVOUC UTIEPOUVOECUOUC.
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>nueiwpo Xpnonc Epywv Tpitwv (1/5)

To Epyo auTo KAVEL Xprion Twv aKOAOUBwV £pywv:

Ewkoveg/Zxnpata/Aaypappata/Pwrtoypadisg

OAEC OL ELKOVEG TNG EVOTNTOG MPOEPXOVTAL TTO TNV avtiotolyn mapouciaon tou kabnyntry Khurram Hassan Shafique. BA:

Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University of California (USF), Spring

2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/

Elkova 1: Avtiotoixion elkovwv

Elkova 2: Avtiotoixion elkOVwy - MNpooeyyloelg

Ewkova 3: Avtiotoixion elkovwy - MNapepBoAn

Ewkova 4: Avtiotoixion elkovwy — Feature matching (1)
Ewkova 5: Avtiotoixion elkovwy — Feature matching (1)
Elkova 6: Avtiotoixion elkovwy — Feature matching (111)
Elkova 7: Avtiotoixion ewkovwy — Feature matching (1V)
Elkova 8: Avtiotoiyion ewkovwy — Feature matching (V)
Elkova 9: MovtéAa HETAOXNUATLOHOU

Ewkova 10: MEeTaoXNUATIOUOC UE YVWOTEC ATOKPLOELG
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>nueiwpo Xpnonc Epywv Tplitwv (2/5)
Ewkoveg/Zxnpata/Aaypappata/Pwrtoypadisg

OAEC OL ELKOVEG TNG EVOTNTOG MPOEPXOVTAL TTO TNV avtiotolyn mapouciaon tou kabnyntry Khurram Hassan Shafique. BA:

Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University of California (USF), Spring
2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/

Ewkova 11: MeTaoXNUATIOUOG UE AYVWOTEC anokploelg (1)
Elkova 12: MeTaoXNUATIOUOG e AYVWOTeC amnokpioelc (1)
Ewkova 13: 160tnteg onuelwv evdladEpovtog

Ewkova 14: EmavalapPavopevog eVIOTMIOHOC OLOLWY OTOLXELWY
Ewkova 15: Xpryon aAyopiBuou RANSAC (1)

Ewkova 16: Xprion aAyopiBuou RANSAC (1)

Ewkova 17: Xprion aAyopiBpou RANSAC (III)

Ewkova 18: AAyopBuocg Stadoxikwy evBuypappioswy (I)
Ewkova 19: AAyopBuoc dtadoxikwy euBuypappioswy (I1)

Ewkova 20: AAyopiBuocg dtadoxikwy euBuypappioswy (I11)
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>nueiwpa Xpnonc Epywv Tpitwv (3/5)
Ewkoveg/Zxnpata/Aaypappata/Pwrtoypadisg

OAEC OL ELKOVEG TNG EVOTNTOG MPOEPXOVTAL TTO TNV avtiotolyn mapouciaon tou kabnyntry Khurram Hassan Shafique. BA:

Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University of California (USF), Spring
2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/

Ewkova 21: AAyopBpuog Stadoxikwy evBuypappioswy (1V)

Ewkova 22: 3x€610 tou KUkAwma , Anutoupyoc: Odilon Redon, 2014
Elkova 23: Evtomiopog omtikwy opototntwy (1)

Elkova 24: Evtomiopog omtikwy opototntwy (1)

Elkova 25: Evtomiopog omtikwy opototntwy (1)

Elkova 26: Evtomiopog ontikwy opototntwy (1V)

Ewkova 27: Emavadopa 36taotatng doung (1)

Ewkova 28: Emavadopa 36taotatng doung (I1)

Ewkova 29: Juototyia CCD Yndrakng pwtoypadikig

Ewkova 30: Napadetypa S10pBwonG TN KUKALKAC mapapopdwaons
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>nueiwpa Xpnonc Epywv Tpitwv (4/5)

To Epyo auTo KAVEL Xprion Twv aKOAOUBwV £pywv:

Ewkoveg/Zxnpata/Aaypappata/Pwrtoypadisg

OAEC OL ELKOVEG TNG EVOTNTOG MPOEPXOVTAL TTO TNV avtiotolyn mapouciaon tou kabnyntry Khurram Hassan Shafique. BA:

Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University of California (USF), Spring

2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/
Ewova 31:
Ewova 32:
Ewova 33:
Ewova 34:
Ewova 35:
Ewova 36:
Ewova 37:
Ewova 38:
Ewova 39:

Ewova 40:

BaBpovounon kapepag

ErtutoAwkn yewpetpia (1)

ErtutoAwkn yewpetpia (11)

ErtutoAwkn yewpetpia (1)

ErtumtoAwkn yewpetpia (1V)

ErtutoAwkn yewpetpia (V)

ErtuntoAwkn yewpetpia. MNapadelypata (1)
ErtutoAkn yewpetpia. Mapadeiypata (1)
ErtutoAwkn yewpetpia. Mapadeiypata (1)

ErtutoAwkn yewpetpia. MNapadeiypata (1V)
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>nueiwpa Xpnonc Epywv Tpitwv (5/5)
Ewkoveg/Zxnpata/Aaypappata/Pwrtoypadisg

OAEC OL ELKOVEG TNG EVOTNTOG MPOEPXOVTAL TTO TNV avtiotolyn mapouciaon tou kabnyntry Khurram Hassan Shafique. BA:

Lectures on Computer Vision by Khurram Hassan Shafique, Computer Vision Lab @ University of California (USF), Spring
2003, Available at: http://www.cs.ucf.edu/courses/cap6411/cap5415/

Ewkova 41: EmumoAwkn yewpetpia. Mapadeiypata (V)
Ewkova 42: EmuntoAkn yewpetpla. MNapadsiypata (VI)
Ewkova 43: EmunoAkn yewpetpla. MNapadsiypata (VII)
Ewkova 44: EmunoAwkn yewpetpia. Mapadeiypata (VIIN)

Ewkova 45: Katatpnon Baon kivnong
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