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Lecture 2: Image Formation

( unless otherwise stated slides are taken or adopted fromm Bob Woodham, Jim Little and Fred Tung )



Menu for [ogay (January 7, 2025)

Topics:
— Image Formation — Projection
— Cameras and Lenses — Human Eye 27

— Today’s Lecture: Szeliski Chapter 2, Forsyth & Ponce (2nd ed.) 1.1.1 — 1.1.3
— Next Lecture: Forsyth & Ponce (2nd ed.) 4.1, 4.5

Reminders:

— Complete Assignment 0 (ungraded) by Tuesday, January 13
— Assignment 1 (graded) will be out Tuesday, January 13

— Please sign up for Piazza (if you have not done it)



Today’s “fun” Example



Today’s “fun” Example

reddit user Liammm

Photo cred



Today’s “fun” Example: Eye Sink lllusion

Photo credit: reddit user Liammm



Salvador Dali — Pareidolia




alvador Dall — Pareidolia




Lecture 2;: Goal

To understand how images are formeo

(and develop relevant mathematical
concepts and abstractions)



What is Computer Vision”

Compute vision, broadly speaking, is a research field aimed to enable computers
to process and interpret visual data, as sighted humans can.

Image (or video) Interpretation
= = 2 blue sky,
{rees,
fountains,
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What is Computer Vision”

Compute vision, broadly speaking, is a research field aimed to enable computers
to process and interpret visual data, as sighted humans can.

Sensing Device Interpreting Device

Image (or video)

\ Interpretation
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https://www.flickr.com/photos/flamephoenix1991/8376271918

What is Computer Vision”

Compute vision, broadly speaking, is a research field aimed to enable computers
to process and interpret visual data, as sighted humans can.

Sensing Device

Image (or video)



Overview: Image Formation, Cameras and Lenses

The image formation process that produces a particular image depends on
— Lightening condition

SOource
— Scene geometry
— Surface properties

— Camera optics and viewpoint

surface
element

Sensor (or eye) captures amount of light reflected from the object



Overview: Image Formation, Cameras and Lenses

The image formation process that produces a particular image depends on

— Lightening condition
SOUrce

surface
element

Sensor (or eye) captures amount of light reflected from the object



Light

Behaves like particles” Behaves as waves”
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Light

Behaves like particles” photons Behaves as waves”
.. .
“ ¢
® o A

Gas Liquid  Solid

Wave-particle Duality: light exhibit particle or wave properties
according to the experimental circumstances

Sir Isaac Newton Christiaan Huygens



Light and Color: A Short Preview

Wavelength

10~ nm -
10-5 nm -
1074 nm -

10-3 nm -
10-2 nm -
10-1 nm -
1 nm 4
10 nm -

100 nm -

10 nm=1um -

10 um -+

100 um

1000 um = 1T mm A
1O0mm =1 c¢cm -

10 ¢m

100cm =1 m -

10 m -

100 m

1000 m =1 km -
10 km -

100 km A

b—

 —
=
=
> —
b—
—

b—

-

>
E—
—

— Gamma
) rays

%l
1

\ N A

—

X r:

o

¥s

/ Ultraviolet
radiation

e

Visible light

\ Infrared

radiation

Microwaves

Radio waves

400 nm
Violet
Blue
Green
Yellow

Red
700 nm

Visible light is electromagnetic radiation in the
400nm-700nm band of wavelengths



Light and Color: A Short Preview
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— Sunlight is a spectrum of light



Light and Color: A Short Preview

Wavelength
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Source: Chong Kum Ying el. all, 2006; Focus Excel Science; Form 4; pg 170
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Light and Color: A Short Preview
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Spectral Power Distribution
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The spectral distribution of energy in a light ray determines its colour
— e.d., You can have pure yellow or mixture of red and green

Surface reflects light energy according to a spectral distribution as well

The combination of incident and reflectance spectra determines observed colour
| scratchapixel.com |



Spectral Power Distribution

Fluorescent

Sunlight

-

o0

o

100%

o T

400 S00 600 700
Wavelength (nanometres)

S

)

Intensity (arbitrary units) _,

The spectral distribution of energy in a light ray determines its colour
— e.d., You can have pure yellow or mixture of red and green

Surface reflects light energy according to a spectral distribution as well

The combination of incident and reflectance spectra determines observed colour
| scratchapixel.com |



Spectral Reflectance Example
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Overview: Image Formation, Cameras and Lenses

The image formation process that produces a particular image depends on
— Lightening condition

SOource
— Scene geometry
— Surface properties

— Camera optics and viewpoint

surface
element

Sensor (or eye) captures amount of light reflected from the object



Overview: Image Formation, Cameras and Lenses

The image formation process that produces a particular image depends on

SOource
— Scene geometry

— Surface properties

surface
element

Sensor (or eye) captures amount of light reflected from the object



(small) Graphics Review
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small) Graphics Review

SOUrce

SENSsOr

surface
element

specular



(small) Graphics Review

Surface reflection depends on both the viewing (6», ¢») and illumination (6;, ¢;)
direction, with Bidirectional Reflection Distribution Function: BRDF (6;, ¢;, 60,,, ¢.)

SOUrce

INn polar coordinates —

-

SENSOr

(6, @) — in polar coordinates

surface
element

Slide adopted from: loannis (Yannis) Gkioulekas (CMU)



(small) Graphics Review

Surface reflection depends on both the viewing (6», ¢») and illumination (6;, ¢;)
direction, with Bidirectional Reflection Distribution Function: BRDF (6;, ¢;, 60,,, ¢.)
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Lambertian surface:
surface
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constant, called albedo
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(small) Graphics Review

Surface reflection depends on both the viewing (6», ¢») and illumination (6;, ¢;)
direction, with Bidirectional Reflection Distribution Function: BRDF (6;, ¢;, 60,,, ¢.)

SOUrce

INn polar coordinates —

Lambertian surface:

surface
BRDF(0;, ¢;,0,, d,) = Pd element
(s

constant, called albedo

Matt Plaster Sculpture

Slide adopted from: loannis (Yannis) Gkioulekas (CMU)



(small) Graphics Review

Surface reflection depends on both the viewing (6», ¢») and illumination (6;, ¢;)
direction, with Bidirectional Reflection Distribution Function: BRDF (6;, ¢;, 60,,, ¢.)

Surface type Typical value

source Fresh asphalt 0.03 - 0.04
| Open ocean 0.06
Conifer forest 0.08 -0.15
(summer)
Worn asphalt 0.12

Deciduous trees 0.15-0.18
Sand 0.15-0.45

Tundra 0.18 -0.25

Agricultural crops 0.18-0.25

- . B il 0.17
Lambertian surface: Bare s
sSU rfaC e Green grass 0.20-0.25
p d elemen t | Dessert sand 0.30-0.40
BRDF(QZ, ¢Z7 9/07 ¢'U) — _Snow 0.40-0.90
[ | Ocean ice 0.50-0.70
constant, called albedo Fresh snow 080 - 0.90

Slide adopted from: loannis (Yannis) Gkioulekas (CMU)



(small) Graphics Review

Surface reflection depends on both the viewing (6, ¢»,) and illumination (6;, ¢;)
direction, with Bidirectional Reflection Distribution Function: BRDF (6;, ¢;, 60,,, ¢.)

SOUrce

-

Sensor
Lambertian surface:
surface
]3}{])]5‘((92.7 bi, 0y, @)) — % element | Lambert's Cosine Law
L="21G i)

Slide adopted from: loannis (Yannis) Gkioulekas (CMU)



(small) Graphics Review

Surface reflection depends on both the viewing (6», ¢») and illumination (6;, ¢;)
direction, with Bidirectional Reflection Distribution Function: BRDF (6;, ¢;, 60,,, ¢.)

To sum up: For a perfect lambertian surface reflected light Is
(1) amount and color of incident light — 1
(2) fraction of light being reflected (material) — Pd
(3) angle between the light and the surface (geometry) — (7 - 77)

1 \Vvy Wv)
Lambertian surface: %
surface
o Pd Lambert's Cosine Law

BRDF(6;, ¢;,0,, ¢,) = — element
(s

L="rim

T

Slide adopted from: loannis (Yannis) Gkioulekas (CMU)



(small) Graphics Review

Question: \What are the simplifying assumptions we are making here”

Source

-

Sensor
Lambertian surface:
surface
BRDF(Q“ ¢z’7 6’@7 ¢v) _ % element | Lambert's Cosine Law
L="1(i i)
-

Slide adopted from: loannis (Yannis) Gkioulekas (CMU)



(small) Graphics Review

Question: \What are the simplifying assumptions we are making here”

1. BRDF is the same everywhere (i.e., surface has
identical properties everywhere)

SOUrce

2. Light spectra is albbsorbed uniformly by the
surface (no change in color)

-

SENSOr

(0:, ¢4)

Lambertian surface:
surface

element Lambert's Cosine Law

BRDF(6;, b;,0,, ¢y) = 22
.

Slide adopted from: loannis (Yannis) Gkioulekas (CMU)



(small) Graphics Review

Surface reflection depends on both the viewing (6», ¢») and illumination (6;, ¢;)
direction, with Bidirectional Reflection Distribution Function: BRDF (6;, ¢;, 60,,, ¢.)

source reflection
(0r, D7)
(0:, ¢:) ’
normal sSensor
A
_ ~ (0, o)
Lambertian surface: =
* surface
Pd
BRDF(Hw ¢’L’7 9’07 ¢’U) — T 0d elerrlent
Q L=—1I(i-n)
T

Mirror surface: all incident light reflected in one directions (6, ®») = (6, ¢r)

Slide adopted from: loannis (Yannis) Gkioulekas (CMU)



(small) Graphics Review

Surface reflection depends on both the viewing (6», ¢») and illumination (6;, ¢;)
direction, with Bidirectional Reflection Distribution Function: BRDF (6;, ¢;, 60,,, ¢.)

source reflection

(07, &)
(0:, ¢4)

-

Sensor
= /’ ((9’07¢U)
Lambertian surface: * f
surface
e _ Pd element
BRDF(927¢27907¢U) N Pd +,~2
™ L="21@ )
Tr

Mirror surface: all incident light reflected in one directions (6, ®») = (6, ¢r)

Slide adopted from: loannis (Yannis) Gkioulekas (CMU)



Phong lllumination Model

Includes ambient, diffuse and specular reflection

I =k,iq + kgtgcosO + kgig cos™ @

Reflected Ray
@ Viewing Ray

Surface Normal

Light Source



Phong lllumination Model

Includes ambient, diffuse and specular reflection

Ambient Diffuse Specular




Phong lllumination Model

Motivating example that uses this reflection model

View + Light Control

Video from https://machinelearning.apple.com/research/neural-3d-relightable reproduced for educational purposes



https://machinelearning.apple.com/research/neural-3d-relightable

Phong lllumination Model

Motivating example that uses this reflection model

View + Light Control

Video from https://machinelearning.apple.com/research/neural-3d-relightable reproduced for educational purposes



https://machinelearning.apple.com/research/neural-3d-relightable

Overview: Image Formation, Cameras and Lenses

The image formation process that produces a particular image depends on
— Lightening condition

SOource
— Scene geometry
— Surface properties

— Camera optics and viewpoint

surface
element

Sensor (or eye) captures amount of light reflected from the object



Overview: Image Formation, Cameras and Lenses

The image formation process that produces a particular image depends on

SOUrce

— Camera optics and viewpoint

surface
element

Sensor (or eye) captures amount of light reflected from the object



Cameras

Old school film camera
Digital CCD/CMOS camera

\

oy utilize digital process

utilize purely chemical process



Cameras

Old school film camera
Digital CCD/CMOS camera




Cameras

Old school film camera
Digital CCD/CMOS camera

This is a stochastic process! Statistically, only a fraction of the photons are recorded,
a.k.a., quantum efficiency (e.g., on average modern sensors will capture 35% to 50%)



| et’s say we have a sensor ...

Digital CCD/CMOS camera

Slide Credit: loannis (Yannis) Gkioulekas (CMU)



| et’s say we have a sensor ...

Digital CCD/CMOS camera

Slide Credit: loannis (Yannis) Gkioulekas (CMU)



| et’s say we have a sensor ...

Digital CCD/CMOS camera

digital sensor
(CCD or
CMOS)

-
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-
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-
1
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-
1
-
1
1
-
-
-
-
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Slide Credit: loannis (Yannis) Gkioulekas (CMU)



... and the object we would like to photograph

What would an image taken like this look like”

digital sensor
CCD or
CMOS

real-world
object

Slide Credit: loannis (Yannis) Gkioulekas (CMU)



Bare-sensor imaging

digital sensor
CCD or
CMOS

real-world
object

Slide Credit: loannis (Yannis) Gkioulekas (CMU)



-sensor imaging
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Bare-sensor imaging

digital sensor
CCD or
CMOS

real-world
object

Slide Credit: loannis (Yannis) Gkioulekas (CMU)



-sensor imaging
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Bare-sensor imaging

All scene points contribute to all sensor pixels

Slide Credit: loannis (Yannis) Gkioulekas (CMU)



Pinhole Camera

barrier (diaphragm

pinhole C
aperture -
real-world f digital sensor
object CCD or
| CMOS

What would an image taken like this look like??

Slide Credit: loannis (Yannis) Gkioulekas (CMU)



Pinhole Camera

MOSt rays are
blocked

H digital sensor
H (CCD or
. CMOS

real-world
object

P A
*

. 0

‘

‘ - o AT
-l ‘1 0«‘4'_"

I [ ]1KE 0

through

Slide Credit: loannis (Yannis) Gkioulekas (CMU)



Pinhole Camera

H digital sensor
H (CCD or
. CMOS

real-world
object

Each scene point contributes to only one sensor pixel

Slide Credit: loannis (Yannis) Gkioulekas (CMU)



Pinhole Camera

real-world
object

Each scene point contributes to only one sensor pixel

Slide Credit: loannis (Yannis) Gkioulekas (CMU)



Camera Obscura (latin for “dark chamber”)

illum 1n tabula per radios Solis, quam in ceelo contin-
git:hoc eft,fi in ceelo fuperior pars dehiquiii patiatur,in
radiis apparebit inferior deficere,vt ratio exigit optica.
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Sic nos exaéte Anno .1544 . Louanii eclipfim Solis
obferuauimus , inuenimusg; deficere paulé plus § dex-

Reinerus Gemma-Frisius observed an eclipse of the sun at Louvain on January
24, 1544, He used this illustration in his book, “De Radio Astronomica et
Geometrica,” 1545. It is thought to be the first published illustration of a camera

obscura.

Credit: John H., Hammond, “Th Camera Obscure, A Chronicle”



Camera Obscura (latin for “dark chamber”)
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Reinerus Gemma-Frisius observed an eclipse of the sun at Louvain on January
24, 1544, He used this illustration in his book, “De Radio Astronomica et
Geometrica,” 1545. It is thought to be the first published illustration of a camera

obscura.

Credit: John H., Hammond, “Th Camera Obscure, A Chronicle”



-irst Photograph on Record

[ a table servie

Credit: Nicéphore Niepce, 1822



Pinhole Camera

A pinhole camera is a box with a small hall (aperture) in it

image
plane

I . J
pinhole .-~ virtual
- image

Forsyth & Ponce (2nd ed.) Figure 1.2



Pinhole Camera

A pinhole camera is a box with a small hall (aperture) in it

image
plane

I . J
pinhole .-~ virtual
- image

Forsyth & Ponce (2nd ed.) Figure 1.2



Image Formation

Forsyth & Ponce (2nd ed.) Figure 1.1

Credit: US Navy, Basic Optics and Optical Instruments. Dover, 1969



Accidental Pinhole Camera
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Pinhole Camera (Simplified 1D)

" 1s the focal length of the camera

image pinhole object
plane




Perspective Projection

3D object point

L /
P = | y | projectsto 2D image point P' = | *,

s



Pinhole Camera (Simplified 1D)

" 1s the focal length of the camera

.
|
Ay
f!
T A < A
image pinhole object
plane

Note: In a pinhole camera we can adjust the focal length, all this will do Is change the size of the resulting image



Pinhole Camera (Simplified 1D)

't Is convenient to think of the Image plane which is in from of the pinhole

Ay X
| / )f ‘
f f
T A ? A
image pinhole image object

plane plane



Focal Length

For a fixed sensor size, focal length determines the field of view (FoV)
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Focal Length

For a fixed sensor size, focal length determines the field of view (FoV)
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Exercise: What is the field of view of a full frame (35mm) camera with a
50mm lens? 100mm lens?

Focal length



Focal Length

For a fixed sensor size, focal length determines the field of view (FoV)
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Sensor size

Exercise: What is the field of view of a full frame (35mm) camera with a
50mm lens? 100mm lens?

Focal length



Focal Length
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Pinhole Camera (Simplified 1D)

't Is convenient to think of the Image plane which is in from of the pinhole

Ay X
| / )f ‘
f f
T A ? A
image pinhole image object

plane plane



Pinhole Camera (Simplified 1D)

't Is convenient to think of the Image plane which is in from of the pinhole

T

T, X
f \
|
f’ f
| ‘ ? |
image pinhole image object
plane plane

What happens if object moves towards the camera’” Away from the camera?



Perspective cffects

Forsyth & Ponce (2nd ed.) Figure 1.3a



Perspective cffects

Far objects appear smaller than close ones

Forsyth & Ponce (2nd ed.) Figure 1.3a



Perspective cffects

Far objects appear smaller than close ones

Forsyth & Ponce (2nd ed.) Figure 1.3a



Perspective cffects

Far objects appear smaller than close ones

Forsyth & Ponce (2nd ed.) Figure 1.3a

Relative size of objects that are equally far from camera is preserved
(e.g., A is half size of B, so a will be half the size of b in the image plane)



Perspective cffects

Far objects appear smaller than close ones

Forsyth & Ponce (2nd ed.) Figure 1.3a

Size 1S inversely proportions to distance



Perspective cffects

Far objects appear smaller than close ones

Forsyth & Ponce (2nd ed.) Figure 1.3a



Perspective cffects

Far objects appear smaller than close ones

Forsyth & Ponce (2nd ed.) Figure 1.3a

(e.g., C is half size of B and half closer, resulting in ¢ and b being same size in projection)



Perspective cffects
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Forsyth & Ponce (1st ed.) Figure 1.3b



Perspective cffects

Parallel lines meet at a point (vanishing point)
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Forsyth & Ponce (1st ed.) Figure 1.3b



Vanishing Points

Each set of parallel ines meet at a different point

— the point is called vanishing point



Vanishing Points

Each set of parallel ines meet at a different point

— the point is called vanishing point

Sets of parallel lines on the same plane lead to collinear vanishing points

— the line is called a horizon for that plane




Vanishing Points

Slide Credit: David Jacobs



Vanishing Points

Draw a horizon line.

Make a vanishing point.

Slide Credit: David Jacobs



Vanishing Points

Draw a horizon line.

Make a vanishing point.

Draw a square or rectangle.

Slide Credit: David Jacobs



Vanishing Points

Draw a horizon line.

Make a vanishing point.

Draw a square or rectangle.

Draw orthogonals
from shape corners
to vanishing point.

Slide Credit: David Jacobs



Vanishing Points

Draw a horizon line.

Make a vanishing point.

Draw a square or rectangle.

Draw orthogonals
from shape corners
to vanishing point.

Draw a horizontal
line to end your form.

Slide Credit: David Jacobs



Vanishing Points

Draw a horizon line.

Draw orthogonals
from shape corners
to vanishing point.

Draw a vertical
line to make
the form's side.

Draw a horizontal
line to end your form.

Slide Credit: David Jacobs



Vanishing Points

Draw a horizon line.

Draw orthogonals
from shape corners
to vanishing point.

Erase the orthogonals.

Draw a vertical
line to make
the form's side.

Draw a horizontal
line to end your form.

Slide Credit: David Jacobs



Vanishing Points

Draw a horizon line.

Draw orthogonals
from shape corners
to vanishing point.

Erase the orthogonals. Draw another form!

Draw a vertical
. line to make
Draw a horizontal the form's side.

line to end your form.

Slide Credit: David Jacobs



Vanishing Points

Draw a horizon line.

Draw a horizontal

line to end your form.

Erase the orthogonals.

Draw a vertical
line to make

the form's side.

Add windows and doors.

LJ L)

) | .

Draw orthogonals
from shape corners
to vanishing point.

Draw another form!

—

Slide Credit: David Jacobs



Vanishing Points

Each set of parallel ines meet at a different point

— the point is called vanishing point

Sets of parallel lines one the same plane lead to collinear vanishing points

— the line is called a horizon for that plane

Good way to spot fake images

— scale and perspective do not work

— vanishing points behave badly



Vanishing Points

Slide Credit: Efros (Berkeley), photo from Criminisi



Vanishing Points

Vanishing
point

Slide Credit: Efros (Berkeley), photo from Criminisi



Vanishing Points

Vanishing
point

Vanishing
point

Slide Credit: Efros (Berkeley), photo from Criminisi



Vanishing Points

Vertical vanishing

point
T (at infinity)

C
Vanishing Vanishing
point point

Slide Credit: Efros (Berkeley), photo from Criminisi



Vanishing Points

Iwo point perspective Vertical vanishing

point
T (at infinity)

Vanishing
point

Vanishing
point

Slide Credit: Efros (Berkeley), photo from Criminisi



Vanishing Points

Iwo point perspective Vertical vanishing
One point perspective point
T (at infinity)

Add windows and doors.

JoJu)
(I | . | .

C
Vanishing Vanishing
point point

Slide Credit: Efros (Berkeley), photo from Criminisi



Spotting fake images with Vanishing Points

Generated Image Shadow Errors Detected Shadow Errors Vanishing Point Errors  Detected Perspective Errors

[Sarkar et al., 2023, Image from https://projective-geometry.github.io/ reproduced for educational purposes.]


https://projective-geometry.github.io/

Perspective Aside
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Image credit: http://www.martinacecilia.com/place-vanishing-points/



Perspective Aside

Image credit: http://www.martinacecilia.com/place-vanishing-points/



Properties of Projection

— Points project to points
— Lines project to lines
— Planes project to the whole or half image

— Angles are not preserved



Properties of Projection

— Points project to points
— Lines project to lines
— Planes project to the whole or half image

— Angles are not preserved

Degenerate cases
— Line through focal point projects to a point

— Plane through focal point projects to a line



Projection lllusion




Projection lllusion




Perspective Projection

3D object point

L /
P = | y | projectsto 2D image point P = i,
. i i

Note: this assumes world coordinate frame at the optical center (pinhole) and aligned with the image plane, image
coordinate frame aligned with the camera coordinate frame



Perspective Projection: Proof

3D object point |
Forsyth & Ponce (1st ed.) Figure 1.4

XL B 2.
P=| v projects to 2D image point P’ = z, where
5 i _

Note: this assumes world coordinate frame at the optical center (pinhole) and aligned with the image plane, image
coordinate frame aligned with the camera coordinate frame



Aside: Camera Matrix

Homogeneous coordinates allow one to express vectors in N-dimensional
space in an N+1 dimensional space (i.e., 2D points in 3D and 3D points in 4D)

L
X
p=|" P'=|y
<
1
1 - -

— Each “real” point has infinitely many representations (e.g., P’ = wP’)

— Real point can be obtained by dividing all elements of homogeneous
vector by the last



Aside: Camera Matrix

Homogeneous coordinates allow one to express vectors in N-dimensional
space in an N+1 dimensional space (i.e., 2D points in 3D and 3D points in 4D)

L
L
p=|" P'=|y
<
1
1 - -

— Each “real” point has infinitely many representations (e.g., P’ = wP’)

— Real point can be obtained by dividing all elements of homogeneous
vector by the last

Why? allows for unified matrix math for geometric transformations (very

convent for computer graphics and vision)



Aside: Camera Matrix
Camera Matrix

0 0 0
C=| 0 f 0 0
0 0 1 0

3D object point |
Forsyth & Ponce (1st ed.) Figure 1.4

ZU/
projects to 2D image point P’ = | 4’ | where
1

Note: this assumes world coordinate frame at the optical center (pinhole) and aligned with the image plane, image
coordinate frame aligned with the camera coordinate frame

e
|
— N L &




Aside: Camera Matrix

Camera Matrix

®.

|
oo
o h o
— O O
O OO

projects to 2D image point P’ =

o
|
— N R B

ZE/

/

Y
1
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| X

f/
fl =



Camera Matrix

— N K

Aside: Camera Matrix

f’ 0 0

C=| 0 f 00

0 01 0
_f/ OO— T _f/aj
0 f 0 0 9| = 14
0 0 1 0 i s

projects to 2D image point P’ =

k\
|

f/

N X

fl =



Aside: Camera Matrix

Camera Matrix

— N L &

f/

0
0

~

f
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0
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o O O

Pixels are squared / lens is perfectly symmetric

Sensor and pinhole perfectly aligned

Coordinate system centered at the pinhole

projects to 2D image point P’ =

ZE/

/

Y
1



Aside: Camera Matrix

Camera Matrix

0 0 0
C=| 0 f 00
0 0 1 0

Sensor and pinhole perfectly aligned

Coordinate system centered at the pinhole

L
QU,
P = g projects to 2D image point P’ = | ¢’ | where
1
1



Aside: Camera Matrix

Camera Matrix

0 0 ¢y
C=1 0 f, 0 ¢
0 01 0

F NV V¥V VN7 N _V \ N N\
I AT TU \_/ \J V CAIIT\U \_/

Coordinate system centered at the pinhole

L
Q?/
P = z projects to 2D image point P’ = | ¢’ | where
1
1



Aside: Camera Matrix

Camera Matrix

0 0 ¢y
C=1 0 f, 0 ¢
0 01 0
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Aside: Camera Matrix

Camera Matrix

0 0 ¢y
0 0 1 0

Camera calibration is the process of estimating parameters of the

camera matrix based on set of 3D-2D correspondences
(usually requires a pattern whos structure and size is known)

$/
projects to 2D image point P’ = | 4’ | where
1

e
|
— N L &



Perspective Projection

3D object point

L /
P = | y | projectsto 2D image point P = i,
. i i

Note: this assumes world coordinate frame at the optical center (pinhole) and aligned with the image plane, image
coordinate frame aligned with the camera coordinate frame



Weak Perspective

Forsyth & Ponce (1st ed.) Figure 1.5

T

3D object point P = | vy | in IIy projects to 2D image point P’ =
2

/ . /

where | 5, — | and m = I

y = my 20




Weak Perspective

Forsyth & Ponce (1st ed.) Figure 1.5

When would this approximation be accurate”?
X -, -

3D object point P = | y | in IIy projects to 2D image point P’ = a:/
2z T
;) /
where | %, B " and m = f—
y = my 20



Weak Perspective

Forsyth & Ponce (1st ed.) Figure 1.5 How do we set m?

When would this approximation be accurate”?

X /
3D object point P = | y | in IIy projects to 2D image point P’ = a:/
Z 7
;) /
where | %, B " and m = f—
y = my 20



Orthographic Projection

Forsyth & Ponce (1st ed.) Figure 1.6

3D object point P =

L

Y
Z

projects to 2D image point P’ =

SE/

where /
Y

|
S




Summary of Projection Equations

L _
3D object point P = | y | projects to 2D image point P’ = .| where
- i

Perspective

Weak Perspective

Orthographic




Projection Models: Pros and Cons

Weak perspective (Including orthographic) has simpler mathematics
— accurate when object is small and/or distant

— useful for recognition
Perspective is more accurate for real scenes

When maximum accuracy Is required, It iIs necessary to model additional
detalls of a particular camera

— use perspective projection with additional parameters (e.g., lens distortion)



Why Not a Pinhole Camera?

2 mm Il mm

().6mm .35 mm

0.15 mm 0.07 mm

96 Image Credit: Credit: E. Hecht. “Optics,” Addison-Wesley, 1987



Why Not a Pinhole Camera?

— |f pinhole Is too big then many directions are
averaged, blurring the image

| mm

().6mm .35 mm

0.15 mm 0.07 mm

96 Image Credit: Credit: E. Hecht. “Optics,” Addison-Wesley, 1987



Why Not a Pinhole Camera?

— |f pinhole Is too big then many directions are
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| mm

— If pinhole Is too small then diffraction
becomes a factor, also blurring the image

().6mm .35 mm

0.15 mm 0.07 mm

96 Image Credit: Credit: E. Hecht. “Optics,” Addison-Wesley, 1987



Why Not a Pinhole Camera?

— |f pinhole Is too big then many directions are
averaged, blurring the image

| mm

— If pinhole Is too small then diffraction
becomes a factor, also blurring the image

— Generally, pinhole cameras are dark,
because only a very small set of rays from a
particular scene point hits the image plane

().6mm .35 mm
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Why Not a Pinhole Camera?

— |f pinhole Is too big then many directions are
averaged, blurring the image

| mm

— If pinhole Is too small then diffraction
becomes a factor, also blurring the image

— Generally, pinhole cameras are dark,
because only a very small set of rays from a
particular scene point hits the image plane

().6mm .35 mm

— PIinhole cameras are slow, because only a
very small amount of light from a particular
scene point hits the iImage plane per unit time

0.15 mm 0.07 mm

96 Image Credit: Credit: E. Hecht. “Optics,” Addison-Wesley, 1987



Reason for Lenses

A real camera must have a finite aperture to get enough light, but this causes
blur In the Image

circle of /I
confusion
(olur)

point —
IN focus

Solution: use a lens to focus light onto the image plane



Reason for Lenses

A real camera must have a finite aperture to get enough light, but this causes
blur In the Image

The role of a \en‘s‘is to capture more light while preserving, as much as
possible, the albstraction of an ideal plnho\e camera.

IN focus

Solution: use a lens to focus light onto the image plane



Snell’s Law

Reflection

M1 SIN vy = Mo SIN



Snell’s Law

M1 SIN vy = Mo SIN



Snell’s Law Exercise: Would it make sense to make the lens from
material who’s index of refraction equals to air? Why?

h

1

Index ot refraction

(1A SN (X1 — 19 S1n (Y9



FPinhole Model with Lens

A/ ‘
\
i’v
Z!
T A A
image lens object




General Lens

Ray of light

Normal

-

/

:):—-—-—— Light bent away from
the normal



Thin Lens
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https://phys.libretexts.org/Bookshelves/ University_Phys/ics/ Book%SA_Ur\1iversity_Physics_(OpenStax)/ Map%3A_University_Physics_Ill_-
_Optics_and_Modern_Physics_(OpenStax)/02%3A_Geometric_Optics_and_lmage_Formation/2.05%3A_Thin_Lenses




Thin Lens Equation

Forsyth & Ponce (1st ed.) Figure 1.9

2! z_f



Thin Lens Equation

Focal Length: Property of the lens (geometry and refraction index)

Forsyth & Ponce (1st ed.) Figure 1.9

2! z_?



Thin Lens Equation

Focal Length: Property of the lens (geometry and refraction index)

P
| Depth of the point
y (P) in the world

- ut

Forsyth & Ponce (1st ed.) Figure 1.9

I 1 1

2! z_?




Thin Lens Equation

Focal Length: Property of the lens (geometry and refraction index)

P
. | Depth of the point
S A T e
where the
projection of this -y’ ﬁ V
point (P) will be In >

P-
focus -7

=t

Forsyth & Ponce (1st ed.) Figure 1.9




Thin Lens Equation

Forsyth & Ponce (1st ed.) Figure 1.9

2! z_f



Thin Lens Equation

Forsyth & Ponce (1st ed.) Figure 1.9

2! z_f



Possible Uses of Thin Lens Abstraction
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Forsyth & Ponce (1st ed.) Figure 1.9




Possible Uses of Thin Lens Abstraction

Forsyth & Ponce (1st ed.) Figure 1.9




Possible Uses of Thin Lens Abstraction

Forsyth & Ponce (1st ed.) Figure 1.9




Lens Basics

A lens focuses parallel rays (from points at infinity) at focal length of the lens

Rays passing through the center of the lens are not bent

‘ from o0

N
To focus closer,
we have to move
the image plane back

J

\
,’

X

‘A




Lens Basics

Lenses focus all rays from a (parallel to lens) plane in the world

blur

In focus

Objects off the plane are blurred depending on the distance




Pinhole Camera with a Lens

Perspective Projection: [ocation in the image where a 3D world point projects

X’ f!

f/

y/

NN | X

Thin Lens Equation: depth of the imaging plane itself where this point will be Iin focus

11 1
2z f




Perspective Projection + Thin Lens Examples

Where would the focusing plane be for various positions of the object?

https://www.physicsclassroom.com/class/refrn/Lesson-5/Converging-Lenses-Object-lmage-Relations



Perspective Projection + Thin Lens Examples

Where would the focusing plane be for various positions of the object?

11 1 , 2 f
2z f 2+ f

https://www.physicsclassroom.com/class/refrn/Lesson-5/Converging-Lenses-Object-lmage-Relations



Perspective Projection + Thin Lens Examples

Where would the focusing plane be for various positions of the object?

11 1 o 2 f
2z f _z—|—f

- JF F FI|%1;
1 5

3 -
4

5

hd

https://www.physicsclassroom.com/class/refrn/Lesson-5/Converging-Lenses-Object-lmage-Relations



Perspective Projection + Thin Lens Examples

Where would the focusing plane be for various positions of the object?

1 1 1 ) 2 f
_— — A —
2z f 2+ f

e
1 2 3as —

- JF F FI|%I;
15

Objects further away than the
focal length

https://www.physicsclassroom.com/class/refrn/Lesson-5/Converging-Lenses-Object-lmage-Relations



Perspective Projection + Thin Lens Examples

Where would the focusing plane be for various positions of the object?

11 1 o 2f
_— — A —
2z f 2+ f
2f
— lim —

L’Hopital’s Rule

Objects further away than the
focal length

https://www.physicsclassroom.com/class/refrn/Lesson-5/Converging-Lenses-Object-lmage-Relations



Perspective Projection + Thin Lens Examples

Where would the focusing plane be for various positions of the object?

1 1 1 , 2 f
_— — A —
2z f z+ f

1 12

-2F -F

Objects at 2 x focal length

https://www.physicsclassroom.com/class/refrn/Lesson-5/Converging-Lenses-Object-lmage-Relations



Perspective Projection + Thin Lens Examples

Where would the focusing plane be for various positions of the object?

11 1 o 2 f
2z f _z—|—f
—2f2 252
1 2 3245 Y A
B -2F  -F

Objects at 2 x focal length

https://www.physicsclassroom.com/class/refrn/Lesson-5/Converging-Lenses-Object-lmage-Relations



Perspective Projection + Thin Lens Examples

Where would the focusing plane be for various positions of the object?

1 1 1 ) 2 f
_— — A —
2z f 2+ f

12 3as

- OF -F FI|%1;
1 5

3 -
4

Objects at the focal length

5

hd

https://www.physicsclassroom.com/class/refrn/Lesson-5/Converging-Lenses-Object-lmage-Relations



Perspective Projection + Thin Lens Examples

Where would the focusing plane be for various positions of the object?

11 1 o 2 f
2z f _z—|—f

Objects closer than the focal
length

https://www.physicsclassroom.com/class/refrn/Lesson-5/Converging-Lenses-Object-lmage-Relations



Perspective Projection + Thin Lens Examples

Where would the focusing plane be for various positions of the object?

11 1 o 2 f
2z f _z—|—f

1 2 345 IPhone 11 Camera Lens; 26mm

Objects closer than the focal
length

https://www.physicsclassroom.com/class/refrn/Lesson-5/Converging-Lenses-Object-lmage-Relations



Effect of Aperture Size

defocus___) ~ A*
- “ \

Smaller aperture = smaller blur, larger depth of field

sma
blL




Depth of Field

171000 /1.8 1730 £/10.0

Aperture size = f/N, = large N = small aperture



Real L enses

e Real Lenses have multiple stages of
positive and negative elements with
differing refractive indices

e [his can help deal with issues such as
chromatic aberration (different colours
bent by different amounts), vignetting
(light fall off at image edge) and sharp
Imaging across the zoom range




Spherical Aberration

d’

P’

Forsyth & Ponce (1st ed.) Figure 1.12a



Spherical Aberration

Image from lens with Spherical
Aberration

Un-aberrated 1image




Compound Lens Systems

A modern camera lens may
contain multiple components,
INcluding aspherical elements




Vignetting

Vignetting in a two-lens system

Forsyth & Ponce (2nd ed.) Figure 1.12

The shaded part of the beam never reaches the second lens



Vignetting

Image Credit: Cambridge in Colour



Chromatic Aberration

— Index of refraction depends on wavelength, A, of light
— Light of different colours follows different paths

— Therefore, not all colours can be In equal focus

White Light ;

Minimum Blur Spot

Image Credit: Trevor Darrell



Other (Possibly Significant) Lens Effects

Chromatic aberration
— Index of refraction depends on wavelength, A, of light
— Light of different colours follows different paths

— Therefore, not all colours can be In equal focus

Scattering at the lens surface

— Some light is reflected at each lens surface

There are other geometric phenomena/distortions
— pincushion distortion
— barrel distortion

— etc



| ens Distortion

Fish-eye Lens

Szeliski (1st ed.) Figure 2.13

Lines in the world are no longer lines on the image, they are curves!



Human tye

— The eye has an iris (like a camera)

— Focusing is done by changing
shape of lens

— When the eye is properly focused,
ight from an object outside the eye IS
imaged on the retina

— [he retina contains light receptors
called rods and cones

Conjunctiva ,
Vitreous humor

: Zonule fibers
Iris
Fovea
Cornea

—T
Visual axi§ ~ . I\/IIacula
I | utea
Aqueous Lens Optic axis / Disk
Optic nerve
Retina
Ciliary body Choroid

Sclera

pupil = pinhole / aperture

retina = film / digital sensor

Slide adopted from: Steve Seitz



Fun Aside

https://i09.gizmodo.com/does-your-brain-really-have-the-power-to-see-the-world-5905180
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— The eye has an iris (like a camera)
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shape of lens
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— [he retina contains light receptors
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Human tye

— The eye has an iris (like a camera)

— Focusing is done by changing
shape of lens

— When the eye is properly focused,
ight from an object outside the eye IS
imaged on the retina

— [he retina contains light receptors
called rods and cones

r

Cross-section of eye Cross section of retina

/

; epithelium

Bipolar cell layer

Receptor layer

© 1998 Sinauer Associates, Inc.

pupil = pinhole / aperture

retina = film / digital sensor

Slide adopted from: Steve Seitz




Two-types of Light Sensitive Receptors

Rods
75-150 million rod-shaped receptors
not involved in color vision, gray-scale vision only
operate at night

highly sensitive, can responding to a single photon
vield relatively poor spatial detall

Cones
o-/ million cone-shaped receptors
color vision
operate in high light
less sensitive
vield higher resolution

cone
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Slide adopted from: James Hays



Human keye

Density of rods and cones

Slide adopted from: James Hays



|_ecture Summary

— We discussed a “physics-based” approach to image formation. Basic
abstraction is the pinhole camera.

— Lenses overcome limitations of the pinhole model while trying to preserve
it as a useful abstraction

— Projection equations: perspective, weak perspective, orthographic
— Thin lens equation
— Some “aberrations and distortions” persist (e.g. spherical aberration, vignetting)

— [he human eye functions much like a camera



