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Perspective projection

B Definition: A is the projection of a 3D space onto a
2D space from a viewpoint

3D space
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VieWpOint 2D space
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Perspective projection

B All points from the viewed 3D space can be projected onto the 2D space

3D space
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VieWpOint 2D space
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Perspective projection

B All points from the viewed 3D space can be projected onto the 2D space

B Notation: The 2D space is called
3D space

o

®
Viewpoint
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Perspective projection

B All points from the viewed 3D space can be projected onto the

B Notation: The 2D space is called image plane

3D space

B Notation: 2D point on the image plane that correspond

to a 3D point is called (or )

Viewpoint Image plane
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Perspective projection computation

W Let (0, X, Y, Z,) the reference frame such as:

A

[
Viewpoint Image plane 3D space
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Perspective projection computation

W Let (0, X, Y, Z,) the reference frame such as:
B O is the viewpoint

A

Image plane 3D space

Computer Vision -7 /40



am JUNIVERSITE DE
y |

Photogrammetry / Definition & Principles E— TOULON

Perspective projection computation

W Let (0, X, Y, Z,) the reference frame such as:
B O is the viewpoint

B (0Z,.is normal to the image plane

Image plane 3D space
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Perspective projection computation

W Let (0, X, Y, Z,) the reference frame such as:
B O is the viewpoint

B (O0Z,is normal to the image plane

O 0—YC> points downwards with OYC> X OZC> =0

0/
Image plane 3D space
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Perspective projection computation

W Let (0, X, Y, Z,) the reference frame such as:
B O is the viewpoint

B (O0Z,is normal to the image plane

O O—YC> points downwards with OYC> X OZC> =0
B 0X_=0Y, x0Z,

0(
g Image plane 3D space
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Perspective projection computation

W Let (0, X, Y, Z,) the reference frame such as:
B O is the viewpoint

B (O0Z,is normal to the image plane

O O—YC> points downwards with OYC> X OZC> =0
B 0X,=0Y,xO0Z,

B [[oxc]| = [lov.|| = [[oZ]| = 1

0,
YCI<XC Image plane 3D space
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Perspective projection computation

B Définition: The of a 3D point (x,, v, z.) onto the
image plane located at a distance / of O is a point (xp,yp, Zp) such as:

(xCJ Ve ZC)

3D space
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Perspective projection computation

B Définition: The of a 3D point (x., y., Z.) onto the
image plane located at a distance f of O is a point (xp,yp,zp) such as:
(xc) Ve, Zc)

xC

X /f_

p Zc

Yp | = y

zp J -

ZC

MY

o

0,
YCI<XC Image plane 3D space
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Perspective projection computation

B Définition: The of a 3D point (x., y., Z.) onto the

image plane located at a distance f of O is a point (xp,yp,zp) such as:

X1 10 0 0[x (xc) Ve, Zc)

Yol 10 1 0  Of]y
“Iz,] 710 0 1 o]z

|1 0o 0 1/f OJL1.

Homogeneous .
projection matrix Olé """
Jlox Image plane 3D space
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Perspective projection computation

B Définition: The of a 3D point (x., y., Z.) onto the
image plane located at a distance f of O is a point (xp,yp,zp) such as:
X1 10 0 0][x C X, (xc) Ve, Zc)

vl (o 1 0 ofly| | v
“lzp| 710 0 1 offz|T| Z
11 10 0 1/f OJL1. Z./f

o

0
YC]<XC Image plane 3D space
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Perspective projection computation

B Définition: The of a 3D point (x., y., Z.) onto the
image plane located at a distance f of O is a point (xp,yp,zp) such as:
%] 10 0 OY[x] [ X 1  [fx./z e 7
aYp _10 1 0 O [¥e] _ | Ye _zc | fye/2c
zo| 710 0 1 of|z| |z |TF| f
11 10 0 1/f OJL1. Z./f 1

Vs

0,
YCI<XC Image plane 3D space

Computer Vision -16 /40



am JUNIVERSITE DE
y |

Photogrammetry / Definition & Principles E— TOULON

Perspective projection computation

B Définition: The of a 3D point (x., y., Z.) onto the
image plane located at a distance f of O is a point (xp,yp,zp) such as:
%] 10 0 OY[x] [ X 1  [fx./z e 7
Yo | _ 0 1 0 O1Yc _| Ve | _ fYC/Zc

Zp - 0O O 1 0 Z, o Zc o f
11 10 0 1/f OJL1. Z./f 1

Vs

0,
YCI<XC Image plane 3D space
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Perspective projection computation

B Définition: The of a 3D point (x., y., Z.) onto the
image plane located at a distance f of O is a point (xp,yp,zp) such as:

(xCJ Ve ZC)

(Xp | 1 0 0  O][x. [ Xc fx./z.]
o Yp — 0 1 0 0f]x — Ye _ Zc fyelz.
Zp 0 O 1 011z, Zc f f
1] [0 0 1/f ollL1] lz/f. 1
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f Zy Z. 0
\f/ L)X Image plane 3D space
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Pinhole Camera

B Definition: A is a device that project a 3D space towards a sensor
through a lens
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Pinhole Camera

B Definition: A is a device that project a 3D space towards a sensor
through a lens

2D space 3D space

©) ©

Focal point

Sensor Lens

Physical representation
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Pinhole Camera
B Definition: A is a device that project a 3D space towards a frame

through a lens

2D space 3D space 2D space 3D space

© e . © ©

Focal point

©

Focal point

Sensor Lens Sensor Lens

Physical representation Virtual representation
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Pinhole Camera

B A camera can be assimilated to a perspective projection system where:

Focal point
Oc
Sensor Lens X,
Ye
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Pinhole Camera

B A camera can be assimilated to a perspective projection system where:
B O is the focal point

Focal point
Oc
Sensor Lens X,
Ye

Computer Vision -23/40



UNIVERSITE DE

TOULON

Photogrammetry / Definition & Principles @ L | 5

Pinhole Camera

B A camera can be assimilated to a perspective projection system where:
B O is the focal point

B The sensor is located on the image plane

Focal point

IS
Zc
O,
Sensor Lens X,
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Pinhole Camera

B A camera can be assimilated to a perspective projection system where:
B O is the focal point

B The sensor is located on the image plane

B [ is the focal length

e SLULTTTTTTTTT] PR

f

O A‘"‘
Sensor Lens X,
Ye

Focal point
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Pinhole Camera

B A camera can be assimilated to a perspective projection system where:
B O is the focal point

B The sensor is located on the image plane

O f is the focal length How to express a projection (xp,yp,zp)
according to the sensor ?

e SLULTTTTTTTTT] PR

f

Focal point

Sensor Lens
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Pinhole Camera

B Definition: Let (O, X, Y., Z_) be the camera reference frame and let be s,
and s; the width and the length of the sensor. The
(0, X, Ys) is such that:
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Pinhole Camera

B Definition: Let (O, X, Y., Z_) be the camera reference frame and let be s,
and s; the width and the length of the sensor. The
(0, X, Ys) is such that:

B O, is the center of the sensor
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Pinhole Camera

B Definition: Let (O, X, Y., Z_) be the camera reference frame and let be s,
and s; the width and the length of the sensor. The
(0, X, Ys) is such that:

B O, is the center of the sensor

B O0.X;iscolinearto X,
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Pinhole Camera

B Definition: Let (O, X, Y., Z_) be the camera reference frame and let be s,
and s; the width and the length of the sensor. The
(0, X, Ys) is such that:

B O, is the center of the sensor
B O0.X; iscolinearto )Tg

_— . . —_—
B (0.Y. iscolinearto Y,
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Pinhole Camera

B Definition: Let (O, X, Y., Z_) be the camera reference frame and let be s,
and s; the width and the length of the sensor. The
(0, X, Ys) is such that:

B O, is the center of the sensor
B O0.X; iscolinearto )Tg

_— . . —_—
B (0.Y. iscolinearto Y,

m|ox=L
sAs|| = =
S . .
Y +=Normalization o,
_— 1
[] Osysl =S—
h Y.

—
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Pinhole Camera

B Definition: Let (O, X, Y., Z_) be the camera reference frame and let be s,
and s; the width and the length of the sensor. The
(0, X, Ys) is such that:

B O, is the center of the sensor

A

B O0.X;iscolinearto X,

B 0., iscolineartoY, et s 05 is not defined
. < b as the orthogonal
_— 1 g . .
B |0.X ‘ = — 0, projection of O,
Sw
_— 1 XC
O Osysl — s_ Y,
h
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Pinhole Camera

B Definition: Let (O, X, Y., Z_.) the camera reference frame. The orthogonal
projection of the focal point O, onto the sensor is called

and is denoted
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Pinhole Camera

B Definition: Let (O, X, Y., Z_.) the camera reference frame. The orthogonal
projection of the focal point O, onto the sensor is called

and is denoted

B Due to mechanical misalighment, C and O, may differ
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Pinhole Camera

B Let (xp,yp,zp) the projection of a 3D point (x., y,, Z.) onto the image
plane expressed within the camera reference frame. The coordinates of

(xp,yp, Zp) within the sensor reference frame, denoted , are such
that:
X
- 4 Cy
() =%
Vs i + ¢y
Sh
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Pinhole Camera

B Let (xp,yp,zp) the projection of a 3D point (x., y,, Z.) onto the image
plane expressed within the camera reference frame. The coordinates of

(xp,yp, Zp) within the sensor reference frame, denoted , are such

that:
X X \
— + Cy fxe T Cy

(xs) | Sw _ | Sw4c
Ys) -

~+c EEEa.
w0 \sw ")
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Pinhole Camera

B Digital cameras are producing raster images from their sensor

B Passing from points expressed within the sensor frame reference to pixels
of the produced images is obtained by reference frame change

S|
([ ]
ﬁ
Ys
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Pinhole Camera

B Definition: Let (O, X, Y; ) be the sensor reference frame. The
(0;,u, v ) is such that:
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Pinhole Camera

B Definition: Let (O, X, Y; ) be the sensor reference frame. The
(0;,u, v ) is such that:

B O; is the top left corner of the sensor
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Pinhole Camera

B Definition: Let (O, X, Y; ) be the sensor reference frame. The
(0;,u, v ) is such that:

B O; is the top left corner of the sensor

2 . . —
B O;uis colinear to X,
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Pinhole Camera

B Definition: Let (O, X, Y; ) be the sensor reference frame. The
(0;,u, v ) is such that:

B O; is the top left corner of the sensor

2 . . —
B O;uis colinear to X,

_— . . —
B O;viscolinearto Y
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Pinhole Camera

B Definition: Let (O, X, Y; ) be the sensor reference frame. The
(0;,u, v ) is such that:

B O; is the top left corner of the sensor

2 . . —
B O;uis colinear to X,

— — Oi gy
B O;vis colinear to Y 0,
sl 1
" [[owul| = [ow]| = 1px :
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Pinhole Camera

B Let (x, v, ) the projection of a 3D point (x., V., Z.) onto the sensor and let
i,, and i the width and the height of the produced image. The
coordinates of (xg, y; ) within the image reference frame, denoted )

are such that:

. 1 Oig
(u) lyXs + > lw 0 "
v . 1 : ] '
LhYs T E Lh Y,
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Pinhole Camera

B Let (x, v, ) the projection of a 3D point (x., V., Z.) onto the sensor and let
i,, and i the width and the height of the produced image. The
coordinates of (xg, y; ) within the image reference frame, denoted )

are such that:

. 1 Oig
(u) ~ lyXs + > lw 0 "
v/ 1 : ] '
LhYs T E Lh Y,

\ Coordinates of O, within (0;, u, v)
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Pinhole Camera

B Let (x, v, ) the projection of a 3D point (x., V., Z.) onto the sensor and let
i,, and i the width and the height of the produced image. The
coordinates of (xg, y; ) within the image reference frame, denoted )

are such that:

. 1 fxc 1
(u) bw s + = by w (SWZC + Cx) + Sl
v/ 1 1
lnVs + Elh .h <Sf);c + y> + ln
h4c
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Pinhole Camera

B Let (x, v, ) the projection of a 3D point (x., V., Z.) onto the sensor and let
i,, and i the width and the height of the produced image. The
coordinates of (xg, y; ) within the image reference frame, denoted )

are such that:

1 o fxe 1. iwf X 1
: =i +ex |+ == -
(u) ~ lyXs + > Ly ~ lw <Sch Cx) 5 lw | sz T 1y Cx + 5 lw
v/ 1| fy 1) | Sy 1
inys + =1 < —i ——+ + =i
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Pinhole Camera

B Let (x, v, ) the projection of a 3D point (x., V., Z.) onto the sensor and let
i,, and i the width and the height of the produced image. The
coordinates of (xg, y; ) within the image reference frame, denoted )

are such that:

1 . fxc 1 . iwf Xc ) 1 ) iwf Xc . 1

; i + + = — — —— 4+ + =

(u) - iwXs + 5 bw B lw <Sch Cx> 5w s 7 + i,Cy + 5 lw sz w | ex +5
v) = 1. | fy 1. | | infye 1 infy, 1
i + _l' " C _ I i + " _I_ _ I __C Il _

hYs 2 h lp (ShZ + Cy> + > ln Sh 7o thy 2 Ll — + ip Cy + >
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Pinhole Camera

B Let (x, v, ) the projection of a 3D point (x., V., Z.) onto the sensor and let
i,, and i the width and the height of the produced image. The
coordinates of (xg, y; ) within the image reference frame, denoted )

are such that:
infxc . ( 1)
— =iy (et

u\ | Sw Zc
(V) - ihfyc (Cy _|_1)

ML
h 2

Sh Z¢
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Pinhole Camera

B Let (x, v, ) the projection of a 3D point (x., V., Z.) onto the sensor and let
i,, and i the width and the height of the produced image. The
coordinates of (xg, y; ) within the image reference frame, denoted )

are such that:

Xe . 1
fu—Fiy|lcy+=
(u) _ Z 2

v ihfyc . 1
S Zc+lh(cy+2

With:
- fu =

Sw
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Pinhole Camera

B Let (x, v, ) the projection of a 3D point (x., V., Z.) onto the sensor and let
i,, and i the width and the height of the produced image. The
coordinates of (xg, y; ) within the image reference frame, denoted )

are such that:
Xe . 1
fuz_+ lw cx"'E
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Pinhole Camera

B Let (x, v, ) the projection of a 3D point (x., V., Z.) onto the sensor and let
i,, and i the width and the height of the produced image. The
coordinates of (xg, y; ) within the image reference frame, denoted )
are such that:
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Pinhole Camera

B Let (x, v, ) the projection of a 3D point (x., V., Z.) onto the sensor and let
i,, and i the width and the height of the produced image. The
coordinates of (xg, y; ) within the image reference frame, denoted )
are such that:

X
fu_+cu

uy _ Z,
) fo 2+,
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Pinhole Camera

B Definition: Let a camera made of a sensor with a width s,,, and a height s},
that produce an image with a width i,, and a height i},.
are such that:
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Pinhole Camera

B Definition: Let a camera made of a sensor with a width s,,, and a height s},
that produce an image with a width i,, and a height i},.
are such that:

B If the image ratio and the sensor ratio are the same:

Ly Sw

lh  Sh
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Pinhole Camera

B Definition: Let a camera made of a sensor with a width s,,, and a height s},
that produce an image with a width i,, and a height i},.
are such that:

B If the image ratio and the sensor ratio are the same:

iw Sw iwsh

ln  Sh I
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Pinhole Camera

B Definition: Let a camera made of a sensor with a width s,,, and a height s},
that produce an image with a width i,, and a height i},.
are such that:

B If the image ratio and the sensor ratio are the same:

iﬂ Sw iWSh ‘ Sw iWSh . Sh

— — —
— = — = — —

: ; D ) . = T =Dn
Lp Sh v Lh v Lw Lhlw Lp

Camera has square pixels
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Pinhole Camera

B Let the computation of image projection of a 3D point:

X¢ N
(u) B fu ZC cu
v/ y
fvz—: + ¢,
l
B Notation: f,, is called horizontal focal length with f,, = lf — L
SW pW
. . . . ln f
B Notation: f, is called vertical focal length with f, = —f = —
Sh Ph
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Pinhole Camera

B Homogeneous computation of (u, v)

1 0 0 0][x
uf“OC”OOl()Oy(C;
“’{zofvcv0001ozc

00 1 045 o 1 oll1.
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Pinhole Camera

B Homogeneous computation of (u, v)

(1 0 0 O][x.]

u fu 0 ¢, O 91 0 0 yz
a117=0 fo ¢ O 0 0 1 ollz
00 1 0fy o 1 oll1.

N

Normalized perspective projection
(project onto an image plane located at z = 1)

Computer Vision -59/40
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Pinhole Camera

B Homogeneous computation of (u, v)

1 0 0 0][x
uf”OC“OOIOOyC
alv) =10 f o Oy o 1 oll|z
1 0 0 1 0 ¢
0 0 1 oll1

N

Normalized perspective projection
(project onto an image plane located at z = 1)

Camera reference frame
to image reference frame

Computer Vision -60/40
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Pinhole Camera

B Homogeneous computation of (u, v)

_xc_ X,

uqucuOlooo fu 0 ¢, O
av:OchOlooyC=0fc0yc
1 Lo o 1 ol O 1 Off% 0o o 1 oll”

0 o 1 oll1] A

~ A

Normalized perspective projection
onto image plane
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Pinhole Camera

B Homogeneous computation of (u, v)

w] fe 0 o OpF Y D Ol i 0 e 01 e cuze
B 01 0 ofly] _ Vel
a V| = O fv Cv O - O fv CU O - fvyc + CvZC
1l lo o 1 ol 9 L 02l |y v 1 o™ z
0o o 1 oll1) Z, ¢

Changing to image reference frame
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Pinhole Camera

B Homogeneous computation of (u, v)

u fu 0 ¢ O
a [U] — [O fo  Cy 0] 7 0 f, ¢ O Z, = | fo¥e + Cvz.
1 0 0 1 0 f 0 0 1 0

o _
fu C+Cu /
1| %
foYe s Factorization
ZC

%
1

yg :[fu 0 ¢y 0] Y, fuxc+Cch

_ - O O
cocoo

==
=R
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Pinhole Camera

B Homogeneous computation of (u, v)

u fu 0 Cu 0 R fu 0 Cu 0 ’ fuxc+CuZC
av=0fcOOlOoyC=0chyC=fy+cz
1 v.r 0 0 1 0}z vy Zc vre vee
0O 0 1 0 oo 1 oll1 0O 0 1 O Z, Zc
fuxc C - Xc
— +
ZC + u 1 fuZC Cu
“e ZCC+ Y v Zc+ ’
1 1
N— A
Rewriting
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Pinhole Camera

B Homogeneous computation of (u, v)

u fu 0 Cu 0 R fu 0 Cu 0 ’ fuxc+CuZC
0 1 0 ofly|_ Vel
al|lv|=1]0 fv Cy 0 00 1 0]|z =10 fv Cy 0 Z, — fvyc-l'cvzc
1
O 0 1 O o o 1 oll1 O 0 1 O Z Zc
_fuxc+c_ _f&+c_ _f&+c_
Z. u . uZC u uZC u
Zc ch-l-Cv Zc vaC‘I'Cv vaC‘I'Cv
1 | : 1 I 1 1
\/‘
aX =X
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Pinhole Camera

B Homogeneous computation of (u, v)

u fu 0 ¢, O 100 01X f, 0 ¢, 01].° fuXc + cuz,
_ 0 1 0 Off|¥]|_ Yel| _
al|lv|=1]0 fv Cy 0 0 0 1 0llz =10 fv Cy 0 Z, — fvyc + CvZc
1
O 0 1 O o o 1 oll1 O 0 1 O Z Zc
fux T - X 1 1. X :
e ve|  [RZva] [AZ+e, Ye
Z, 117 2z Z, fu Z +cy (u)
=—| fu¥e =g Ye = Ve = -
— 4+ — + Y 1%
Zc z + cy, Ze | fo Z Cy fo Z Cy £, Z_C +c,
1 o1 1 Lo ‘

N A

Homogeneous to Euclidean
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Pinhole Camera

B Definition: The that enable to project a 3D
point (x,, y., Z.) expressed within the camera reference frame to a 2D
point (u, v) expressed within the image reference frame is the
homogeneous transformation such as:

1 0 0 O][x.]

u fu 0 ¢, O 01 0 0 yz
a117=0 fv ¢ O 0 0 1 ollz
00 1 0y o 1 oll1.
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Terrain

B The 3D space to be projected through a camera is not necessarily linked to
the camera's reference frame. Most of the time, the camera localization
and the 3D space are positioned in a global reference frame.
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Terrain

B The 3D space to be projected through a camera is not necessarily linked to
the camera's reference frame. Most of the time, the camera localization
and the 3D space are positioned in a global reference frame.

3D space

0
X, Image plane
Y
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Terrain

B Definition: The global reference frame within which the camera and 3D
space are represented is called the . And is
denoted

3D space

4

0 \
Sl Image plane
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Terrain

B Exists a composed homogeneous transformation that enables to transform
the terrain reference frame into the camera reference frame:

1 0 0 tx -S.X' 0 0 07 -7"11 12 13 0] y

0 1 0 ty 0 Sy 0 0 21 129 123 0

001 t|lo 0 s, O||rsy sy 753 O e
0 0 O O 0 0 11LO0 0 0 1.

&
Y
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Terrain

B Exists a composed homogeneous transformation that enables to transform
the terrain reference frame into the camera reference frame:

1 0 0 tq[s, 0 O O][r., r, rs O
O 1 O ty O Sy O O 21 29 7”23 0
0O 0 1 ¢]]0 0 s, 0|13 735 733 0
0 0 O 14 1
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Terrain

B Exists a composed homogeneous transformation that enables to transform
the terrain reference frame into the camera reference frame:

1 0 0 tf[s, 0 0 0
0 1 0 tf[o s, 0 0 .
0 0 1 ¢]l0 0 s, 0
0 0 0 0 0 0 1.

i
\
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Terrain

B Exists a composed homogeneous transformation that enables to transform
the terrain reference frame into the camera reference frame:

1 0 0 tf[s, 0 0 0
0 1 0 tf[o s, 0 0 .
0 0 1 ¢]l0 0 s, 0
0 0 0 0 0 0 1.

i
\
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Terrain

B Exists a composed homogeneous transformation that enables to transform
the terrain reference frame into the camera reference frame:
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Terrain

B Exists a composed homogeneous transformation that enables to transform
the terrain reference frame into the camera reference frame:

Matrix Product

1 0 0 ¢t Qs O O OJ[ryy 1y, 13 O

010 t,]/0 s, 0 0f|ry, 7y ms 0 ’

0 0 1 t,|]|0 0 s, O||rgy 73, 7133 O ) O,

0 0 0 o o o 1lLto o o0 1l f \
SN— A

Computer Vision -76 /40



UNIVERSITE DE

Photogrammetry / Definition & Principles TOULON

Terrain

B Exists a composed homogeneous transformation that enables to transform
the terrain reference frame into the camera reference frame:

1 0 0 ¢t,1[SxT11 SxT1i2 SxTiz O )

0 1 0 t,||sym21 Syra2 Syres O t
0 0 1 tZ SZT'31 SZT'32 SZT33 O , Ot
0 0 0 11L 0 0 0 1. f

&
Y
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Terrain

B Exists a composed homogeneous transformation that enables to transform
the terrain reference frame into the camera reference frame:

1 0 0 t,][SyT1  SxT1iz SxTiz O] )
0 1 0 t,||sym21 Syra2 Syres O t
0 0 1 tZ SZT'31 SZT'32 SZT33 O , Ot
0o o o 1iL 0 0 0 1. t
SN—— -

Matrix Product

&
Y
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B Exists a composed homogeneous transformation that enables to transform
the terrain reference frame into the camera reference frame:

SxT11
Sz131
0

SxT12
Sz132
0

SxT13
Sz133
0

Lx
ty

z
1]

Y

&
&
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Terrain

B Definition: The transformation that enables to transform the terrain
reference frame into the camera reference frame is called and is
represented by the homogeneous transformation:

SxT11  SxTiz  SxTiz  Cx] ‘

SyT21  Sylez  Sylez 1y ) O

Sz131  Szl32  Sz133 1y \
.0 0 0 1.
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Pinhole Camera

B Definition: The that enable to project a 3D point
(x¢, V¢, Z¢) expressed within the terrain reference frame to a 2D point (u, v)
expressed within the image reference frame is the homogeneous
transformation such as:

1 0 0 O0][SeT1i1  SxTiz  SxTiz b1 [Xt]

a;j _]:7)“‘ 0 ¢ 8 0 1 0 Of|syr Syrs Syfas b ||y
1 - 0 ]E)) Cf 0 0 0 1 0 Sz131 Sz132 Sz133 tz Zt
0 0 1 01t O 0 0 1111 ]
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Pinhole Camera

B Definition: The that enable to project a 3D point
(x¢, V¢, Z¢) expressed within the terrain reference frame to a 2D point (u, v)
expressed within the image reference frame is the homogeneous
transformation such as:

U £, 0 ¢, 0 1 0 0 O][SeriiXe + SyTioVe + SyeTi3Zp + t ]
ool = (1; u 0 0 1 0 Of]|syraXe+ STy + 5,132 + t,,
— fv €y 0 0 1 Ofs,r31x;+ .13, +5,1332 + t,,
1 0 0 1 olfy o 1 oll 4
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Pinhole Camera

B Definition: The that enable to project a 3D point
(x¢, V¢, Z¢) expressed within the terrain reference frame to a 2D point (u, v)
expressed within the image reference frame is the homogeneous
transformation such as:

u fu 0 ¢, O (SxT11Xe T SxT12Ye + SxT13Z¢ + Uy
alv| = (7; f Cu 0 SyT21X¢t + SyT22Vt + SyT23Z¢ + ty

1 y . SzT31Xe T Sz132Ye + Sz133Z¢ + 1,
X 0 1 0 L S;131 Xt T SzT32Y¢ + S;133Z¢ + L,
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Pinhole Camera

B Definition: The that enable to project a 3D point
(x¢, V¢, Z¢) expressed within the terrain reference frame to a 2D point (u, v)
expressed within the image reference frame is the homogeneous

transformation such as:

fu(SxT11Xe 4 SxT12Ve + SxT132 + ty) + Cu(Sz731%¢ + S,132YV¢ + Sz1332¢ + t5) ]

u
a l”] = fv(Sy""21xt t SyT22YVe + SyT23Z¢ + ty) + ¢y (SzT31X¢ + S5Vt + Sz1332Z¢ + t5)
SzT31X¢ + Sz132Yt + Sz133Z + {5
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Pinhole Camera

B Definition: The that enable to project a 3D point
(x¢, V¢, Z¢) expressed within the terrain reference frame to a 2D point (u, v)
expressed within the image reference frame is the homogeneous

transformation such as:

fu(SxTi1Xe + SxTiaYe + SyT32 + ty) iy
u
u 1 Sz131X¢t + Sz132Y¢ + S;1332: + 1,
a = S Ty Xs + SuT + SuToaZs + ¢
1| Sz"31Xt T SzT32Yt T Sz133Z¢ + 1, fo(syTarXe + SyTaaye + y723% + ty) +e,
SzT31X¢ + S;132YV¢ + Sp133Z¢ + L,
1
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Pinhole Camera

B Definition: The that enable to project a 3D point
(x¢, Ve, Z;) expressed within the terrain reference frame to a 2D point (u, v)
expressed within the image reference frame is the homogeneous

transformation such as:

(s, 1 X + S, T + 5,722 + t,.) T
JulSxTiaXe ¥ Sz F SxTasZe 4 by +cy fu(sxTi1Xe + SxT12Ye + SxT132¢ + ty) Lo
v ng31xt T S2Ts2Ye ¥ 52T T ) SzT31Xt T Sz132Y¢ + Sz1332: + L :
ANV = | f(SyT21Xs + SyTo2Ve + SyTe32 + =
. Jo\SyTa1Xe + SyTaa¥e + SyTasZe +ty) | . \ﬁ,(syrmxt + SyTpaYe + SyTa3Ze + 1) . /
S;T31 Xt + S, + S,133Z +t v
21318 T 52152 1 Zr3snt Sz131Xt T Sz132Ye T Sz133Z¢ T 1y
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Pinhole Camera

B Definition: The that enable to project a 3D point
(x¢, Ve, Z;) expressed within the terrain reference frame to a 2D point (u, v)
expressed within the image reference frame is the homogeneous
transformation such as:

fu(SxTi1Xe + SxTioVe + SyT32 + ty)

N N i +cy JuSxT11Xe + fuSxT12YVe + fuSxT13Ze + fulty + e
u S,T31Xt + S,T3, V¢ + S,133Z u
alvl = ZISITE T naisast ¢ menestt _ Sz131X¢ T SzT32Yt T Sz133%; T 1
1 ﬁz(syrmxt + Sy192Ye + SyTo3Z: + ty) te, 1 SoSyTaaXe + fuSyTa2Ve + fuSyTasze + foty, .
SzT31%e T SzT32)t T Sz733%t T tZ \ Sz131X¢t + Sz132)t + Sz133Z¢t + tz v/
1
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Camera

B Collinearity Equations (from matrix product)

11X + 1Y +113Z + L, N
= C
*rax+r3y+rzz+t,

21 Ty 123

121X + 132y + 13z + ¢, R = . . .
31 T32 7133

1 T2 7”13]

y " Cy
31X + 13,y + 1332 + €,

B 18 variables equations system
B 16 variables if projections are known
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Camera

B Collinearity Equations (from matrix product)

r1X + Ty +113Z + L, N
= C
Yrax 13y +rzz+t,

21 Ty 123

121X + 132y + 132 + 8, R = . . .
31 T32 7133

Cy

1 T2 7”13]

Y 131X + 13,V + 1332 + £,

B 18 variables equations system
B 16 variables if projections are known

B 13 variables if 3D positions are also known (x, y, z)
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Calibration

B Fixing variables within the equations

r1X + Ty +113Z + T,

u —
Yrax + 13,7 + 1332 + £,

+ c,

T21X T 122V + 132 + Ly,

V=]y Cy
31X + 13,V + 1332 + L,

B Howto?
B Taking images of an object with known points

B Determining the point position within the images

Computer Vision -90/40



am JUNIVERSITE DE
y |

Photogrammetry / Definition & Principles E— TOULON

Calibration

M Howto?
B Taking images of an object with known points

B Determining the point position within the images
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Physical camera

B Camera can be represented as a lens and a frame

@ - © &= © ©

center center
Frame Lens
Frame Lens
Physical representation Virtual representation
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Camera distortion

B Radial distortion
B Light rays bend near the edges of a lens

Optic
center

Frame
Lens Radial distorted image Original view
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Camera distortion
B Radial distortion
B Two main types
Barrel Distortion Pincushion Distortion
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Camera distortion

B Tangential distortion
B Occurs when the lens and the image plane are not parallel

Tangential distorted image Original view
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Camera distortion

B Brown’s distortion model
B Represents radial and tangential distortion with polynomials

xg =u(l+Kr? + Krt + -+ K,r?™) + (P, (r? + 2u?) + 2Puv)(1 + Pyr? + -+ + B, r2(m=2)

va =v(1 +Kr? + Kort 4 -+ K,r?™) + (Py(r? + 2v2) + 2P,uv)(1 + P3r? + -+ + B,r2(m=2))

Where:

* u, vare the coordinates of a point on the frame without any distortion
* K. are the radial distortion parameters

* P, are the tangential distortion parameters

* risthe distance of the (u, v) point from the frame center
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Camera distortion

B Brown’s distortion model
B Represents radial and tangential distortion with polynomials

xg =u(l+Kr? + Kt + - 4 K,r?™) + (P, (r? 4 2u?) 4 2P,uv)(1 + Pyr? + - + B,r2(m=2))

Vg = v(1 + K72 + Kor* + -+ Kr?™) + (P (12 + 2v2) 4 2P,uv) (1 + P3r? + +- + B, r2(m=2))
l ] | |

Radial distortion Tangential distortion

e
[
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Camera distortion

B Brown’s distortion model
B Most of the time, K and P parameters number are limited

xg = u(l+ K;7r? + Kor* + Kar®) + (Py(r? + 2u?) + 2P,uv)

yg = v(1 4+ Ki7% + Kor* + K31r®) + (Py(r? + 2v2) + 2P,uv)
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Camera distortion

B Complete representation

fx O CX
T{1X + Ty + T13Z + t, Camera Matrix = |0 f, ¢,
U=Jx Cx 0 0 1
31X + 13,y +133Z + L, ! 1
p o X + 1oy + 1537 + Ly, Distortion = [K; K, Kz P; Py]
v = C
V131X + 13,y + 1332+ ¢, 7

xg = u(l+ K% + K;r* + K3r®) + (Py(r? + 2u?) + 2P,uv)

yg = v(1+ K% + Kor* + K3r®) + (P (r? + 2v?) + 2P,uv)
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Camera distortion

B Exercise

From the website:

http://web.seinturier.fr/teaching/computer-vision

Perform the Practical Work:

PW 4P: Camera calibration with OpenCV/Python
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Image projection
B Let a camera defined by:
B Areferential R, = (0., X., Y., Z.)

B A projection plane P located at a distance f of oc along zc

B The projection matrix P of the camera is such that:

o O =k O
R

Y,

N

Xe

o O R
~ - O O
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L4z

Image projection M
. X fx/z Y = Y
B Let a camera defined by: iy, = <y> - (fy/z) i
B Areferential R, = (0., X., Y., Z,) ’ / 1 0 0 0]
01 0 0
B A projection plane P located at a distance f of oc along zc P=1o 0 1 o
0 0 1/f O
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Image projection

1 0 0 0 X
01 0 0 X y
P=1lg 0 1 o ¢=<y> =17
0 0 1/f O Z 1
Y
/,0
Xp] 1 0 0 07T [ X ] (fx/Z
_ (] _ 101 0 Of\yl_Y|_L|fy/z
[T o o0 1 ollz|T| 2 [T Y
1] 0o o 1/f ollil Lz/fI | 1 |
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Frame projection

1 0 0 cl[k, O O OJ[1 0 0 O] [ky O 0 ¢
K=0106yOkv000—100=0—kv0cy
o 01 o||l0 O O O[]0 O 1 O 0 0O 0 0
0 0 0 11L0o O 0 1110 O O 1f Lo 0 0 1.
o
ky 0 0 ¢ 1[fx/Z]
KWy’ — 0 —ky 0 o]l|fy/z|_
0 0 0 O f
L0 0 0 1 1
k, 0 0 c ;xﬁ k.fx/z+c,
K¢'=10 -k, 0 ¢ 3} = |—kyfy/z+¢c,
0 0 0 1 1 1
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[ X¢] 1 0 0 O0][xc] [ Xc | fxc/z) fxc/z.]
cle[=]0 L 0 Ofyef | Ye | _Ze|fye/zc| _ |fYe/ze %<’;’;ﬁ>=<§§>
Z 0 0 1 O0f|z Z fl f f e Z
1) o o o ollal lzsfl L3 1 / g
x] [1 0 0 0[x.] [ % fx./2;
Vel 101 0 O|we| | ¥ |_2z|fye/z
“lz.|710 0 1 oflz|" |z [TF| ¥
1] lo o 1/f oll1]l lz/f] 1
fxc\
Xp Zc
Yp | = fxc
Xp fxc/zc “p \ZC/
Yp | =\ fye/zc f
Zy f
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SxT11 T2 3 U]
21 Syl T3 1y
T T S,T t

1 0 0 t[sy O O O1[ry 7, 7s O o o o 1

O 1 O ty O Sy O O r21 7"22 1"23 O

0O 0 1 tZ 0 0 S, 0 31 T332 T33 0

0 0 O 0O 0 0 11LO0 0 0 1.

1 0 0 t,] [SeT11 SxTi2 SxTyz O]

0 1 0 ¢ty |Syre1 Syl Syraz O

0 0 1 ¢t,]]|s,131 Szr3, Syr33 O

0 0 O 1.

0 0 0

Z
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