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CAMERAS, MULTIPLE VIEWS,
AND MOTION



What I1s a camera?



Google # 0 &

Translate Tumn off instant translation o
French English ltalian Detect language - *%  English French ltalian ~
X

camera rnoom
<) B - gsoo0 | 0 D O < ’
Synonyms of camera Translations of camera
noun

vano, camera da letto noun _ _

4 more synonyms e rOOm camera, stanza, sala, ambiente, spazio, locale

== chamber camera, cavita, aula
See also = house casa, abitazione, edificio, dimora, camera, albergo
) . o = apartment appartamento, alloggio, camera, stanza

camera da letto, camera doppia, camera singola, servizio in camera, . . .
camera d'aria, camera oscura, camera libera, camera mortuaria, = lodging alloggio, alloggiamento, appartamento, camera

camera del bambini, camera con colazione

Google Translate for Business:  Translator Toolkit Website Translator Global Market Finder



Cameraobscura dark room

A Known during classical period in China and Greece
(e.g., MaTl, China, 470BC to 390BC)

T T et
fomirhiyoto

e W

[llustration of Camera Obscura Freestanding camera obscura at UNC Chapel Hill

Photo by Seth llys



Cameraobscurd lucidaused for tracing

Dowwn Ly C Nartoy for G OoNand ik he (ometio Lo

Fig, 434>

Lens Based CameraDbscura, 1568 Cameralucida
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_Tlms Vermeer

A Penn & Teller Film

Vermeer, The Music Lesson, 1665 Tim Jenison (Lightwave 3D, Video Toaster)
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First Photograph

Oldest surviving photograph

Photograph of the first photograph
I Took 8 hours on pewter plate

Joseph Niepce, 1826 Stored at UT Austin

Niepce later teamed up with Daguerre, who eventually created Daguerrotypes



Dimensionality Reduction Machine (3D to 2D)

3D world

[

Point of observation

=)

2D image

O

=

Figures © Stephen E. Palmer, 2002



LakeSgrvagsvatm Faroe Islands

100 metres above sea level



LakeSgrvagsvatm Faroe Islands

100 30 metres above sea level
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Parametric (global) transformations

Transformation T is a coordinatdhanging machine:
LIQT(p)

What does it mean that is global?
I Tis the same for any point p
Tcan be described by just a few numbers (parameters)

For linear transformations, we can represent T as a matrix
LIQTp

Xo__exo
&0 &Y



Common transformations

Original

Transformed

Perspective



Scaling

A Scalinga coordinate means multiplying each of its
components by a scalar

A Uniform scalingneans this scalar is the same for all

components:

)

—

32

N




Scaling

A Nornuniform scalingdifferent scalars per component:

i

Y3 0.5




Scaling

A Scaling operation:

X = ax
y'=by

scaling matrix S



2-D Rotation

Y 4




2-D Rotation

This is easy to capture in matrix form:
exg_écodq) - sing)eexe
&y'n &sing) codg) neyy

Y
R

Even though si) andcoqq) are nonlinear functions df,
i EQ A& I fAYSINI O2Y0AYyIlI A2y 2F E I\
i 8Q A& | fAYSIFENI O2Y0AYylLFGA2Yy 2F E I\
What is the inverse transformation?
I Rotation bycq
i For rotation matrices R'1=R'



Basic 2D transformations

gX g_ gSX Oge;Xg eX'g el a, zxg
'u_ 4 ~ u 2 |\ — é V-3
ey'u &0 Sy evu &'t &, 108y
Scale Shear
- . e s exg
eX'g_&O0N - siNQeoxg exig_¢el O Lgg
&'l &sinQ  cosQ peyy Syl 9 1 tyggla
Rotate Translate
. exg . .
&Xig @ b cg Affine is any combination of

V4

.8: gd e fl)éyu translation, scale, rotation, and shear

I <
"BLY

(DXD
<

Affine



Affine Transformations

e exXg
| | o eXig eéa b cgs |
Affine transformations are combinations of A 1= A LY <
A Linear transformations, and eylu uglg
A Translations
or

Properties of affine transformations: - . .
A Lines map to lines X'g ed b C 2exXg
A Parallel lines remain parallel ,y'H: gd e f £y3
A Ratios are preserved ‘A s oz S Za s
1y 60 0 Ipely

A Closed under composition



2D Image transformations (reference table)

translation
_—r

Euclidean aﬂme
N~ X

Name Matrix #D.O.F. | Preserves: Icon

translation [ I ‘ t ]2 ; 2 orientation + - - -

rigid (Euclidean) [ R ‘ t ]2 ; 3 lengths + - - - O

similarity [ sR | t ]2 \ 4 angles + - - - O

0!
afline [ A ]ng 6 parallelism + - - - E
projective [ H ]3){3 8 straight lines E| domographyo

Szeliski 2.1



Projective Transformations

Projective transformations are combos of éx-g _ gg b ?ﬁxﬁ
A Affine transformations, and 2y =5 ﬁ D3 Y%
A Projective warps @N'H 89 | H@VVH

Properties of projective transformations:

To Po Do Do To Ix

Lines map to lines

Parallel lines do not necessarily remain parallel
Ratios are not preserved

Closed under composition

Models change of basis

Projective matrix is defined up to a scale (8 DOF)



Cameras and World Geometry

B D i

How tall is this woman? = V‘.
' How high is the camera? |

S T al
94 What is the camera  @¥
‘3 rotation wrt. world?
: - L &S
N

-’

- o
C

Which ball is closer?




Photo Tourism
Exploring photo collections in 3D

Noah Snavely Steven M. Seitz Richard Szeliski
University of Washington Microsoft Research

SIGGRAPH 2006



[ $GQa RSaAday + Ol

ldea 1: Put a sensor In front of an object
Do we get a reasonable image?

clbject sensor

Slide source: Seitz



[ $GQa RSaAday + Ol

ldea 2: Add a barrier to block most rays
I Pinhole in barrier

I Only sense light from one direction.
AReduces blurring.

I In most cameras, thigperture can vary in size.

clject barrier sensor

Slide source: Seitz



Pinhole camera model

_

image
plane

N pinhole virtual Real

1mage object

f = Focal length
c = Optical center of the camera

Figure from Forsyth



Projection: world coordinate® image coordinates

\

Image
center
(Uos Vo)
-—-—-

p = distance from
image center

Camera
Center
(0, 0, 0) o,
U=-X*+ V=-y* L
/ /

What is the effect if f and Z are equal?



Projective Geometry

Length (and so area) is lost.

':i..‘“'."i.‘.‘:y ;\ll"\"ﬁ - . S ] N ’
% || Who is taller?

15 -l

H) = =,
: ‘_"0
=1
i 2
R = o
| ; - v
) %
n
~ ) e o .
) i =3 S ]
- 2
———
— ¥e
-4
: 1

Which is closer”

*




Length and area are not preserved

Figure by David Forsyth



Projective Geometry

Angles are lost.

Perpendicular”




Projective Geometry

What Is preserved?
A Straight lines are still straight.




Vanishing points and lines

Parallel lines in the world

intersect in the prOJected )
AYF3IS Fad | 40 yaa

Parallel lines on the same
plane in the world converge

to vanishing points on a A
GO YyAaKAY3 ftAYSED

E.G., the horizon.

Vanishing Point Vanishing Point

Vanishing Line




Vanishing points and lines

T Vertical vanishing
point
(at infinity)

Vanls_hlng Vanishing
point '
point

Slide from Efros, Photo from Criminisi



Pinhole camera model

_

image
plane

N pinhole virtual Real

1mage object

f = Focal length
c = Optical center of the camera

Forsyth



Projection: world coordinate® image coordinates

\

Image
center
(Uos Vo)
-—-—-

p = distance from
image center

Camera
Center
(0, 0, 0) o,
U=-X*+ V=-y* L
/ /

What is the effect if f and Z are equal?



Projective geometry

A 2D point incartesian= (x,y) coordinates
A 2D point in projective =x(y,w) coordinates

Projector

ldea from www.tomdalling.com



Projective geometry

A 2D point incartesian= (x,y) coordinates
A 2D point in projective =x(y,w) coordinates

Projector

ldea from www.tomdalling.com



Varying w

_ Projector
Projector -~

Projected image becomes smaller.



Projective geometry

A 2D point in projective =x(y,w) coordinates
I w defines the scale of the projected image.
I Eachx,ypoint becomes a ray!

Projector



Projective geometry

AIn 3D, pointX,y,2 becomesx,y,z,W

A Perspective is w varying with z:
I Objects far away are appear smaller

| |'ce
B




Homogeneous coordinates

Converting to homogeneous coordinates

€T
(z,y) = | vy
1

2D (image) coordinates

(z,y,2) =

N < 8

1

3D (scene) coordinates

Converting from homogeneous coordinates

y | = (z/w,y/w)

2D (image) coordinates

I

A
w

= (z/w, y/w, z/w)

3D (scene) coordinates



Homogeneous coordinates

Scale invariance In projection space

exg ekxg oy axg
é U_é. Uy Swd_E«
KaYo=ekyyY €= €,
£ N 4 N kw

evy ewy

Homogeneous Cartesian
Coordinates Coordinates

E.G., we can uniformly scale the projective space, and it will still
produce the same image -> scale ambiguity



Homogeneous coordinates

A Projective
A Point becomes a line

To homogeneous

¥ 3 f B T ]
/ (z,y) = | ¥y
ie
(3,6, 3) [ 1 _
[
/ 2 /{2.4.23 From homogeneous
]I’ - —_
X 2D Cartesian Space i
w=1
Wy y | = (z/w,y/w)
[ y w
-. L -

;/

Song Ho Ahn






By Suren Manvelyan, http://www.surenmanvelyan.com/gallery/7116
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Slide Credit: Savarese

Camera (projection) matrix

_ X: Image Coordinates: (u,v,1)
X = K [R t] X K: Intrinsic Matrix (3x3)
\

| R: Rotation (3x3)
\ t: Translation (3x1)
X: World Coordinates: (X,Y,Z,1)

Extrinsic Matrix



Projection matrix

Intrinsic Assumptions Extrinsic Assumptions

AUnit aspect ratio ANo rotation
AOptical center at (0,0) ACamera at (0,0,0)
ANo skew K

Slide Credit: Savarese



Projection: world coordinate® image coordinates

\

Image
center
(Uos Vo)
-—-—-

[ Camera
Center

* (0, 0, 0) —
o

p:
iy U:-X*% VR

p = distance from
image center



Remove assumption: known optical center

Intrinsic Assumptions Extrinsic Assumptions

AUnit aspect ratio ANo rotation
ANo skew ACamera at (0,0,0)



Remove assumption: equal aspect ratio

Intrinsic Assumptions Extrinsic Assumptions

ANo skew ANo rotation
ACamera at (0,0,0)

@Jg gfx 0 Uq Ogéyu

u_e€e I A

x=K[l o]X mvdi=c0 1 v og;
gly 60 _0__1 Opé q



Remove assumption: neskewed pixels

Intrinsic Assumptions Extrinsic Assumptions

ANo rotation
ACamera at (0,0,0)

Ho eho s Uy Oz
u_ I V4 N\
x=K[ O]X = wig=g0 1, v o

1P 0 0 1 Opg ¢
gy g0 0 I b, 0

Note: different books use different notation for parameters



Oriented and Translated Camera




Allow camera translation

Intrinsic Assumptions Extrinsic Assumptions
ANo rotation

g ef, suzélOOtggﬁ

X:K[I t]X m wil=50 f, % 1 0 t“ugyg

@g@OOlgg)Oltggl



Slide Credit: Saverese

3D Rotation of Points

¢ 0 0o
Rx(a):go cosa -sinag

&0 sina cosa |

Rotation around the coordinate axes, counter-clockwise:
é,cosb 0O sin bg
R(b)=¢ 0 1 0 ¢

pQ !‘
u

y P > . 3
. g sinb 0 cosby

ecosg - sing Og
R,(g)=gsing cosg 0
g 0 0 1y



Allow camera rotation

x=K[R t]X
4

alg é,fx S uo@rll o s 1,88 |

> U_é Y
ngu_éo fy Voueu?rzl PYERPY tueu

@19 éO 0 1@@31 EPREY tzHél;l



Slide Credit: Savarese

Camera (projection) matrix

R,t

t] X

}

/X:K[I;
| I

Extrinsic Matrix

Qg ef, s Ul
u_e

Weu=g0 Ty Vopdas
ey e0 0 lpgs,

X: Image Coordinates: (u,v,1)
K: Intrinsic Matrix (3x3)

R: Rotation (3x3)

t. Translation (3x1)

X: World Coordinates: (X,Y,Z,1)

exg
r13 tx?é u
r. t Ueyu
23 YUz
r33 tzgé U
ely



Democ KyleSimek

G5Aa4aSO0AYy3 G4KS [/ FYSN)Y al
Threepart blog series

A http://ksimek.qgithub.io/2012/08/14/decompose/

A http://ksimek.qgithub.io/2012/08/22/extrinsic/
A http://ksimek.qgithub.io/2013/08/13/intrinsic/

at SNALISOUAQBS G2e¢
A http://ksimek.qgithub.io/perspective _camera_toy.html



http://ksimek.github.io/2012/08/14/decompose/
http://ksimek.github.io/2012/08/22/extrinsic/
http://ksimek.github.io/2013/08/13/intrinsic/
http://ksimek.github.io/perspective_camera_toy.html

Orthographic Projection

A Special case of perspective projection

eXg
dig € 0 0 Og g
ittaz OFttSR aLIQYNI% Gt o LWie

iz KEi0a GKS LINE2Zpig 2y o MISEN
éla

Slide by Steve Seitz



Things to remember

Vanishing points and
vanishing lines

Pinhole camera model
and camera projection
matrix

Homogeneous
coordinates



















