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2D to 2D Transform
(last session)



3D object .

3D to 2D Transform
(today)

2D to 2D Transform
(last session)



What can we do if we can estimate 3D pose”
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Camera Matrix
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3D object .

3D to 2D Transform
(today)

2D to 2D Transform
(last session)



A camera Is a mapping between
the 3D world
and

a 2D image



A camera is a mapping between
the 3D world and a 2D image

r—=PX

2D image camera 3D world
point matrix point

What do you think the dimensions are?



r—=PX

_ _ _ - x
X P1 P2 DP3 P4 v
Y | =1 ps ps DpPr D3 ~

Z P9 P10 P11 P12 _ 1

homogeneous Camera homogeneous
image matrix world point

3 X 1 3 x4 4 x 1



The pinhole camera

image plane

» 2

camera center principal axis

principal point

What is the equation for image coordinate x (in terms of X)?



What is the equation for image coordinate x (in terms of X)?

image plane




image plane

X v 2" s fx/z vz



Pinhole camera geometry

image plane

» 2

camera center principal axis

principal point

What is the camera matrix P for a pinhole camera model?

r—=—PX



Relationship from similar triangles...

X v 2T [fX/2 fv/z)T

generic camera model

B
P1 P2 P33 P4 v
Ps De DPr P8 7
P9 DPio P11 P12 1

N <
|

What does the pinhole camera model look like?

[ G G
P= |7 7 7 7
[ G G




Relationship from similar triangles...

X v 2T [fX/2 fv/z)T

generic camera model

B
P1 P2 P33 P4 v
Ps De DPr P8 7
P9 DPio P11 P12 1

N <
|

What does the pinhole camera model look like?
f 0 0 0

P — 0
0 1

0 0
— O O_



Camera origin and image origin might be different

image coordinate system



image coordinate system

f 0 py O
P=|0 f p, O
00 1 0

Accounts for different origins



Can be decomposed into two matrices

f 0 p, | [ 1 0 O

0 f py 0 1 O

0 0 1 1100 1

(3 x 3) (3x4)
P = K|[I|0]
_ .

calibration matrix



Assumes that the camera and world
share the same coordinate system

P =

Ye

Camera
coordinate
system

[ 0 p,
0 f by
0 0 1

o O =

S = O

— O O
o O O

What if they are different?

How do we align them?

o
> -

Yuw

World 2
coordinate
system



Assumes that the camera and world
share the same coordinate system

P =

Ye

Camera
coordinate
system

[ 0 p,
0 f by
0 0 1

o O =

S = O

— O O

What if they are different?

How do we align them?

3R rotation and translation to align axis

Yuw

oSO O

coordinate

system

Zw



Ye

A

Camera
coordinate
system

Yw

World
coordinate
system



Camera
coordinate
system

Coordinate of the
camera center in the
world coordinate frame

World
coordinate
system



Camera
coordinate
system

| World <
Coordinate of the coordinate °
camera center in the (X —C) system

world coordinate frame

(Xw o C)

Translate



Camera
coordinate
system

(X, - C)

Translate

Why arent

XC _____ v® the pO/ntS
———————————— a/’Qned?
................ |
|
s Xw
Lw
World )
coordinate
system



What happens to points after alignment?

Rotate Xc o

Ye
A

Camera
coordinate )
system | T

World 2w
coordinate
system

R(X, — C)

Rotate Translate



In INhomogeneous coordinates:
X.=R(X,—C)

In homogeneous coordinates:

X Xy
Y. | [R —RC]| Y,
Ze | 10 1 || Z

General mapping of a pinhole camera

P — KR[I| — C]



General mapping of a pinhole camera
P = KR[I| — C]

(translate first then rotate)

Another way to write the mapping

P — K[R|t]

where

t = —RC

(rotate first then translate)



Quiz

The camera matrix relates what two quantities”



Quiz

The camera matrix relates what two quantities”

r—=—PX



Quiz

The camera matrix relates what two quantities”

r—=—PX

3D points to 2D image points

The camera matrix can be decomposed into”?

P - K[R|t

Intrinsic and extrinsic parameters
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Quiz

The camera matrix relates what two quantities”

r—=—PX

3D points to 2D image points

The camera matrix can be decomposed into”?

P - K[R|t

Intrinsic and extrinsic parameters



Generalized pinhole camera model

P - K[R|t

0 pe | [ o2 st
P = 0 f Dy rq4 T5 T¢ t2
0 0 1 || rr rg 19 g ]
intrinsic parameters extrinsic parameters
Ty T T3 b
R = T4 T5 T¢ t = tg
- T7 TS T9 i3

3D rotation 3D translation




There are many types of camera models (projections)

(a) 3D view

7

-

AN

(b) orthography

(e) perspective

(c) scaled orthography

A

&

(f) object-centered

%

(d) para-perspective



CCD camera

o O
Q
N
=
N

) 1

) 0

0
0
1

o~ O O

(assuming that axes are aligned)

How many degrees of freedom?



CCD camera

Oé:l’) O pa’; ] I ]. O
)y Py ) 1
’ O 1 | [0 O

0
0
1

o~ O O

(assuming that axes are aligned)

How many degrees of freedom?

10 DOF



~INite projective camera

ar, S ps | [ 1 0 0 0
P = 0 «, bp, 0O 1 0 O
0 0 1 |][0O0 1 0

(assuming that axes are aligned)

How many degrees of freedom?



~INite projective camera

ar, S ps | [ 1 0 0 0
P = 0 «, bp, 0O 1 0 O
0 0 1 |][0O0 1 0

(assuming that axes are aligned)

How many degrees of freedom?

11 DOF



Orthographic camera

(parallel projection)




Orthographic camera

(parallel projection)

Affine camera




Weak Perspective Camera

Y A
/ Object
Scaling 0 E
%hocraph IC
Projection

Center of
Projection

I 0 0 O
P=K|0 1 0 0
00 0 Z
(assuming that aligned)



Weak Perspective Camera

Y A
/ Object
Scaling 9 i
%hooraphur
Projection

Center of
Projection

Affine camera

(assuming that axes are aligned)



Perspective vs Weak Perspective Projection

Weak perspective

Perspective




close to object
small focal length

far from object

large focal length
perspective weak perspective

increasing focal length -

increasing distance from camera




