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Coordinate systems

We will use WORLD, CAMERA and Image Coordinate Systems.

Adapted from Octavia Camps
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Geometric Camera Models

Issue

— camera may not be at the origin, looking down the z-axis
extrinsic parameters

— one unit in camera coordinates may not be the same as one unit in
world coordinates

Intrinsic parameters

Intrinsic parameters
— Do not depend on the camera location
* Focal length, CCD dimensions, lens distortion
Extrinsic parameters

— Depend on the camera location
* Translation, and Rotation parameters
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Notions of Geometry

*Homogeneous coordinates
*Matrix representation of geometric transformations

*Extrinsic and intrinsic parameters that relate the
world and the camera coordinate frames
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Reminder

Dot product
u — I:EH[_._..._._?_.I'JHI

Cross product

hae

u = '::U]:uﬂ.-“flj'T
v = (v1,v2,V3)
[:u-i:jf — |“i|'_.[.|2|’1!|21'{bh2 A,
3 ay 2 . 9
v X v|” = |ul|*|v|"sin” 8
Forsyth & Ponce

WV = UV + ...+ UV,

wu - v —= HT“L‘-' — ’L"T’l[-

When u has unit norm u.v is sign length of
projection of v onto u

of w2ty — uav2

il

U X v = ot — U V5
Ve — U

u X v is orthogonal to these two
If u and v have same directionux v=20
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Homogeneous coordinates

e Add an extra
coordinate and use an
equivalence relation

e for 3D

— equivalence relation
k*(X.Y.Z,T) 1s the
same as
(X.Y.Z,T)

Adapted from David Forsyth, UC Berkeley

Motivation
— Possible to write the
action of a perspective
camera as a matrix
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Homogeneous coordinates

Homogenous/non-homogenous
transformations for a 3-d point

* From non-homogenous to homogenous
coordinates: add 1 as the 4" coordinate, ie

X

.
-1"
-1! %

1

\

* From homogenous to non-homogenous
coordinates: divide 1°' 3 coordinates by the

4th’ ie X N
N
_Z

v
Z
T

Adapted from Trevor Darrell, MIT
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Homogeneous coordinates

Homogenous/non-homogenous
transformations for a 2-d point

* From non-homogenous to homogenous
coordinates: add | as the 3" coordinate, ie

X
X
[ J% '1;
-1’,
| 1
* From homogenous to non-homogenous

coordinates: divide 1® 2 coordinates by the
3 je { ,

A
1 x
V|—>—
Z\Yy
- _

Adapted from Trevor Darrell, MIT

CS554 Computer Vision © Pinar Duygulu



Pinhole Camera Model

Optical axis X

Adapted from Octavia Camps
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Pinhole Camera Model

Adapted from Octavia Camps
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Perspective Matrix Equation

X
x= f—
fZ

Y
y-fZ

Adapted from Octavia Camps

Using homogeneous coordinates:

'

!

(N I e N O N I

0 0 0
0 £ 0 0
0 0 1 0
vzooyEs

Z Z

X

Y
/
1
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Perspective Matrix Equation

* Homogenous coordinates for 3D

— four coordinates for 3D point

— equivalence relation (XY.ZT) isthesameas (kX kY, kZkT)
* Turn previous expression into HC's

— HC's for 3D point are (X.Y.Z.T)

— HC's for point in image are (U,V,W)

X

7 )F If

! (U.V.W) HE. )= (u,v)
7 W W
I

W

Adapted from Gregory Hager, JHU
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Weak Perspective Model

x=1fX/Zo
y=1Y/Zo

. P
P
o _ -
“‘.“ L~

‘Object depth & <« Camera distance Zo
-Linear equations !l

Adapted from Octavia Camps, PennState
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Model for Weak Perspective Projection

= 38X

V= S}F‘

s=flZ*

(X))
U 1 0 0 0 HY
Vi={0 1 0 0 7
W 0 0 0 Z%/

f"'JL\T;J
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Orthographic Projection
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Forsyth & Ponce
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The projection matrix for orthographic projection
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| _f'X\
/U\/loooy
Vl=lo 1 0 0
w) lo 0o 0 1)%
\YY / \ T/

=| Y | >—
r\Y
1)

HC Non-HC

Adapted from David Forsyth, UC Berkeley
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Weak Perspective vs Ortographic Projection
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Weak perspective = Orthographic projection +
Isotropic Scaling

Adapted from Octavia Camps, PennState
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Camera parameters

* Intrinsic parameters
— Focal length, principal point, aspect ratio, angle between axes

* Extrinsic parameters

— Translation, and Rotation parameters

[

(U] I_Tiraﬁcrrmtlm 11 O O OlTrandarmeion [
: [T 1] : [

Iﬁ{ :eprewtlng G 1 O Ogmgoresating 0
94/ | rirﬁcpaarﬁergﬂ O 10 @(trirs'cparanete@j_lﬁ

Adapted from David Forsyth, UC Berkeley
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Intrinsic parameters

- -‘L\ Pinhole
—_— C ~

— /™ Normalized
- /
I e image plane

Forsyth&Ponce
X
Perspeclwe Proj ection U = f —
Z

v:fZ
z

Adapted from Trevor Darrell, MIT
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Intrinsic parameters — focal length

(vy (10 0 o

LV}Ul 0 0
w) {0 o /f 0
p=M,,.P

Adapted from Octavia Camps, PennState
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) =(1.v)
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Intrinsic parameters — aspect ratio
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— The CCD sensor is made of a rectangular grid
nxm of photosensors.

— Each photosensor generates an analog signal that
1s digitized by a frame grabber into an array of

NxM pixels.
X
U=0o—
Pixels may not be square Z
)
V=L~
Z

VS

int

<

||
o oe
SECES

Adapted from Octavia Camps, PennState

o O

o OO
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Intrinsic parameters - origin
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X
Wedon’tknowthe U=O —+ U,
origin of our camera Z
ixel coordinates
' v:ﬂ1+%
Z
o 0 uvo O
M. = 0 B vo O
0O 01/ 0
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Intrinsic parameters — angle between axes

¥

.Q‘ﬂ'

Pinhole

-
-
-
-

u
J Physical
retina

May be skew between X V
camera pixel axes U =0 ——U cot(d) =+ U,
Z

z
V= _’8 Yy
sin(@) z

CS554 Computer Vision © Pinar Duygulu



Intrinsic parameters
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T
~ T
. “ - - U=a>—« cnt(ﬁ)£+ U
— Physleal ' i !
retina V= - / }—+ vo
sin((?) z
Using homogenous coordinates, . N
. - . - X
we can write this as: /u\ 24 24 COt(é)) Uy 0
I y
vIi=—|0 L Vo
| z sin(&) 0 z
or': \ 1) | |
U 0 l A

p=- (& 0

Rl

Adapted from Trevor Darrell, MIT
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Extrinsic parameters
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Translation and rotation of camera frame

C C W C
P ZWR P+ OI-V Non-homogeneous
coordinates
(C ' N/ B B ‘ V4 W*X R
C, - SR - 0o, | W Homqgeneous
T , coordinates
C, - - | W,
1)\ 0O 0 O | N1
¢ O ¢ 'H-"P
P — 1'.*'3:?-' Ow Block matrix form
l 0 l 1

Adapted from Trevor Darrell, MIT
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3D Rotation of Coordinates Systems
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Rotation around the coordinate axes, clock-clockwise:

ZZ

<
X

Adapted from Octavia Camps

a0 0 [
R (0)= HO cosd - sind H
10 sing cosa [
Jdcosf 0 sinf [
R(G)=n O 1 0 ¢
&-sinf 0 cosfH
Ocosy -smy Of
R.(y)-= Hsiny cos/ OH

50 0 If
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3D Translation of Coordinate Systems

Translate by a vector t=(t,.1,.1,)":

Z
z 10 0 -t
L0 10 -
. 10 0 1 -¢[
/ y Yo go 0 0 1

Adathfrom Octavia Camps
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Combining Extrinsic and Intrinsic Parameters

ZwW

Adapted from Octavia Camps
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Combining Extrinsic and Intrinsic parameters
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15 :l (K 6) 15 Intrinsic

Z

(1P :;,H R v P—I—(WOH__, Extrinsic

Forsyth & Ponce
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Combining Extrinsic and Intrinsic parameters
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. where M=K(R 1), (E.IS]i

R = §,R is a rotation matrix, f = \Oy is a translation vector, and P = (Vx, Yy, ¥z, )8
denotes the Aomogeneous coordinate vegtor of P in the frame (W). |

A projection matrix can be written explicibly as a function of its five intrinsic parameters (¢,
B, ug, vy, and #) and its six extrinsic ones (the thfee angles defining ‘R and the three coordinates

of £), namely, ~— ~

Cz’r'if' — oot 9!“; =+ HD!‘E tl, — & Ccot Hf_r + Hn_f:

T T Iy, | - )
sing > + vory sing ¥ T ok ‘ (2.17)

I
.i"'; f;

M=

where r]r; r{ ,and r_: denote the three rows of the matrix R and r,, #,, and 7. are the coordinates of

the vector £,

Forsyth & Ponce
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Camera Calibration
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Compute the camera intrinsic and extrinsic parameters using only
observed camera data

Place a known object in the scene
— 1dentify correspondence between image and scene
— compute mapping from scene to image
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Camera Calibration
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g Mmoo M1
vi | = | mip M1
1| [ myo mog

mo2 MmMo3
mi2 Mi3

Moo M3

X;

Y,

(/

4

[/

mooX; + mo1Y; + mp2Z; + mo3

1 -

£
I

Moo X; + mo1Y; + mooZ; + mo3

m10X; + m11Y; + mioZ; + my3

Ui

Moo X; + mo1Y; + mooZ; + mo3

Adapted from Trevor Darrell
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Camera Calibration

wi(mooXi +marY; + mooZ; +moz) = mooX; + morY; + moaZ; +mo3
vi(mooX; + mo1Y; + mooZ; +mo3) = mygX; + m11Y; +mioZ; + my3

moo
mo1
mp2
mos
mio
0 —wX; —wY; —uwiZ; —u; || mqp | _ |0
1 —uX; —vY; -viZ; _vi] m12 _[ ]
mi3
moQ
mo1
Mmoo
| mo3 |

Adapted from Trevor Darrell
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Camera Calibration
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[ Mmoo
mo1
_ _ mo2
Xl Yl Zl 1 0 0 0 0 —ule —’LLlYl —ulzl —Uu1 mops3
0 0 0 0 Xl Yl Zl 1 —’Ule —U1Y1 —v1Z1 —U1 mio

: mi1

Xn Yn Zn 1 0 0 0 O —upnXn —unYn —unZnp, —un m1o
O O O O Xn Yn Zn 1 —upXn —vnpYn —vndn —un mi3

m20
m21

| 22 |

M has 12 entries
cach 1image point provides 2 equations
Can solve m.'s by Least Square Solution

Adapted from Trevor Darrell

o O
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