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Pinhole Camera Traabdf

\}(}ﬁ
O
S ASmall (ideal) pinhole ALarge pinhole
&
Q ASharp image ABlurry image

A Low signato-noise ratio AHigh signato-noise ratio
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. enses

AFocus light
AMagnify objects

Nimrud lens; 2700 years old
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. enses

AThese bend light in a specific way

AThe Principle of Refraction: the light changes its direction as it passes froi
one medium to another
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Anatomy of a Lens

AA piece of glass to have a specific shape

T Shape of lens surface&

Aperture limiting the
extent of the lens

Focal plane
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Anatomy of a Lens

AA piece of glass to have a specific shape

T Shape of lens surface&

Aperture limiting the
extent of the lens

Focal plane

Focal length is
determined by the
lens shape and
material
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Camera Lenses

L

wwee Nikon VR ...
- -
AFSNIKKOR 18-55mm 1:3.5-56C8

T

Y-
et B BT T R
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Compound Lenses

ACarefully designed glass pieces arranged in a specific pattern to achieve
desired optical qualities

The effective aperture size

and focal length are
HW“. RSGSNNAYSR 068 G(KS

shape, material, and
relative placement.
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<
Q)¢
(0p))
Q)¢

Crosssection of Nikon 1.%5 mm lens



Thin Lens Model

ASimplified geometric optics favell-designed
lenses

AAssumptions

ARays passing through the center of the lens remain
unaffected
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Thin Lens Model

Assumption 1
ASimplified geometric optics favell-designed !
lenses i

AAssumptions

ARays passing through the center of the lens remain
unaffected

APIaraIIeI rays converge to a single point on the focal Assumption 2
plane | |

le—!
Focal length
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Thin Lens Model

Assumption 1
ASimplified geometric optics favell-designed !
lenses ’

AAssumptions
ARays passing through the center of the lens remain :
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Thin Lens Model

Assumption 1
ASimplified geometric optics favell-designed !
lenses ’

AAssumptions

ARays passing through the center of the lens remain
unaffected

AParallel rays converge to a single point on the focal
plane

Assumption 2

T
i
|
<>
Focal length

%
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Tracing Rays Through a Thin Lens

1. Trace rays through lens
center.
2. For all other rays:
a. Trace their parallel
through lens center.
b. Connect on focal
plane.

pommm e ————

object distance S

Faisal QureshiCSCI 3240U
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Tracing Rays Through a Thin Lens

1. Trace rays through lens
center.
2. For all other rays:
a. Trace their parallel
through lens center.
b. Connect on focal
plane.

Ao ————

>I< >!

object distance S focal length f




Tracing Rays Through a Thin Lens

1. Trace rays through lens
center.
2. For all other rays:
a. Trace their parallel
through lens center.
b. Connect on focal
plane.

i

object distance S

>I<

focal length f

| A



Tracing Rays Through a Thin Lens

1. Trace rays through lens
center.
2. For all other rays:
a. Trace their parallel
through lens center.
b. Connect on focal
plane.

— L] —
L

object distance S

]
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focal length f



Tracing Rays Through a Thin Lens

1. Trace rays through lens
center.
2. For all other rays:
a. Trace their parallel
through lens center.
b. Connect on focal
plane.

— L] —
L |

object distance S
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Tracing Rays Through a Thin Lens

1. Trace rays through lens

|
center. - _
2. For all other rays: I T~ N\
a. Trace their parallel I T~ - o
through lens center. |
b. Connect on focal |
plane. |
I
|
I
'¢ >l >
object distance S focal length f
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Tracing Rays Through a Thin Lens

1. Trace rays through lens

I
I I
I I
< _ I
center. | T~ |
2. For all other rays: I T~ I
a. Trace their parallel | T~o I
through lens center. | |
b. Connect on focal | I
plane. |
I
I
I
| I
<€ > € >
object distance S focal length f
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Tracing Rays Through a Thin Lens

1. Trace rays through lens
center.
2. For all other rays:
a. Trace their parallel
through lens center.
b. Connect on focal
plane.

Y Y A
/

>
object distance S focal length f
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Tracing Rays Through a Thin Lens

1. Trace rays through lens
center.
2. For all other rays:
a. Trace their parallel
through lens center.
b. Connect on focal
plane.

po——m—mmmmm e — -

object distance S focal length f
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Tracing Rays Through a Thin Lens

1. Trace rays through lens
center.
2. For all other rays:
a. Trace their parallel
through lens center.
b. Connect on focal
plane.

Am———————————-
/

object distance S focal length f
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Tracing Rays Through a Thin Lens

1. Trace rays through lens
center.
2. For all other rays:
a. Trace their parallel
through lens center.
b. Connect on focal
plane.

/

Amm e ————
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Tracing Rays Through a Thin Lens

1. Trace rays through lens
center.
2. For all other rays:
a. Trace their parallel
through lens center.
b. Connect on focal
plane.

Amm e ————

object distance S
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Tracing Rays Through a Thin Lens

1. Trace rays through lens
center.
2. For all other rays:
a. Trace their parallel
through lens center.
b. Connect on focal
plane.

Amm e ————

object distance S focal length f
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Tracing Rays Through a Thin Lens

Focusing property:

1. Rays emitted from a point on one
side converge to a point on the
other side.

2. Bundles emitted from a plane
parallel to the lens converge on a
common plane.

<€
object distance S

Faisal QureshiCSCI 3240U

focal length f
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Gaussian Lens Formula

ARelationship between scerspace 8,y and imagespace{ @BDE |j dzl V

L___

|
|
|
|
|
I
|
|
|

| |

object I |
height y | |
| |

| I | |

<€ > > :

object distance S focal length f ,

<€ I

DNy

aSyaz2zNJ RAadlyoS {Q
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Gaussian Lens Formula

ARelationship between scerspace 8,y and imagespace{ @BDE |j dzl V

| I | |
' A Similar triangles
| | :
image , o
: ///// : KSAIKG 20 w X
w Y
| | |
object | | |
heighty | | | |
| |
| I I |
<€ >Ne > ,
object distance S focal length f :
<€ >

aSyaz2zN) RAadalyoS {Q
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Gaussian Lens Formula

ARelationship between scerspace 8,y and imagespace{ @BDE |j dzl V

I A . . . .
image Similar triangles
height w Y
v €Q @ ““Y )
w Y Q
W Q

g

<€ <€ >
object distance Jocal length f

€= ' , . A
2SyazN) RAAGIYOS {0
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Gaussian Lens Formula

ARelationship between scerspace 8,y and imagespace{ @BDE |j dzl V

CEUESEQRRCHENROIIVIE  Similar triangles

w Y
GV

w Y Q
W Q

Gaussian Lens Formula
or
{ QThin Lens Equation
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Gaussian Lens Forml(ra — —)

ARelationship between scerspace 8,y and imagespace{ @BDE |j dzl V

object distance S focal length f

_ ., wee
' Magnification—> a4  —
| W
|
S Y Q
I I a ———
| | Q
| | .
| | , Q
| | Y N0
|
|

- —>1 .
a8Sya2Nl RAaidryOsS {Q
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Special Focus Distances
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Special Focus Distances

_——-— —— = - —

2 T
«—>

D I FE=FHh Ay FTAYyAlE T2 O0d:
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D I FE=FHh Ay FTAYyAlE T2 O0d:
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Special Focus Distances

2 T
«—>

D I FE=FHh Ay FTAYyAlE T2 O0d:
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Free Lunch?

ABy using a lens, we simultaneously achieve:
ASharp image; and
AHigh signato-noise ratio

Als there any downside?

Faisal QureshiCSCI 3240U
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Defocus

AWhat happens if we do not place the sensor at the focus distance?

digital
sensor

Faisal QureshiCSCI 3240U
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Defocus

AWhat happens if we do not place the sensor at the focus distance?

We get a blurry image.

sensor

Faisal QureshiCSCI 3240U
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Defocus

AWhat happens if we do not place the sensor at the focus distance?

We get a blurry image.

This is calledefocus
which never happens in
an ideal pinhole camera.

digital
sensor
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Defocus

AWhat happens if we do not place the sensor at the focus distance?

We get a blurry image.

This is calledefocus
which never happens in
an ideal pinhole camera.

digital
sensor
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Defocus

AWhat happens if we do not place the sensor at the focus distance?
Move the senso—>

We get a blurry image.

This is calledefocus
which never happens in
an ideal pinhole camera.

digital

sensor
Voila We moved the-
sensofr and the tree is 1N
focus
B aisal Qureshicscl 32400 )



Defocus

AWhat happens if we do not place the sensor at the focus distance?

We get a blurry image.

This is calledlefocus
which never happens in
an ideal pinhole camera.

point maps to area
(blurry image)

v

X

XX

N/

point maps to point
/ (sharp image)

Two objects in the scene at different distances from the lens digital
Faisal QureshiCSCIl 3240U sSensor
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Defocus

AWhat happens if we do not place the sensor at the focus distance?

We get a blurry image.

This is calledlefocus
which never happens in
an ideal pinhole camera.

aps to area
y image)

\/

’ \ g T
; \\\ ; oint maps to point
X N / (sharp image)

digital

Two objects in the scene at different distances from the lens
Faisal QureshiCSCI 3240U sSensor
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Defocus

AWhat happens if we do not place the sensor at the focus distance?

where we need to move

We get a blurry image. sensor forfsglljslrrel to be in
This is callediefocus g &

which never happens in

an ideal pinhole camera. point maps to area

(blurry image)

v

X

XX

N/

point maps to point

/ (sharp image)

Ti" digital
. Faisal QureshiCSCIl 3240U sensor 50
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Focus

1S IN

How Do We Control What

51
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ow Do We Control What is In Focus?

A z
| ' E
> «—

Plane of

focus Faisal QureshiCSCI 3240U
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How Do We Control What I1s in Focus?

As lens moves away
from the sensor the
1 plane of focus moves
0 closer

[
> <€

Plane of

focus Faisal QureshiCSCI 3240U 53



How Do We Control What Is iIn Focus?2

As lens moves away
from the sensor the
1 plane of focus moves
0 closer

l
> <€

Plane of

focus Faisal QureshiCSCI 3240U 54



How Do We Control What I1s in Focus?

Focus ring: controls distance of lens from sensor

L

L
Nikon DX i
= A
FPNIKKOR 18-55mm 1:3.5:89%
®

Faisal QureshiCSCI 3240U
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Changing Focus

How do we deal
with non-planar
scenes?

Faisal QureshiCSCI 3240U 56



Circle of Confusion

AWill the points focus at a distance smaller or larger théze

I aperture
A O

_ _ _ >I< >
in-focus object distancéY focal length'Q

<€ > € >

actual object distancé sensor distancéyo

o
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Circle of Confusion

AWill the points focus at a distance smaller or larger théze

I aperture |
O

J—
———

S

'< — sl
in-focus object distancéY focal length'Q
<€ — - > € —>
actual object distance sensor distanceY o

Faisal QureshiCSCI 3240U
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Circle of Confusion

AHow do we find the diameter of the circle of confusion?

I aperture
O

J—
———

S

circle of
confusionw

'< — sl
in-focus object distancéY focal length'Q
<€ — - > € —>
actual object distance sensor distanceY o

Faisal QureshiCSCI 3240U
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Circle of Confusion

AHow do we find the diameter of the circle of confusion?

aperture
A

I ,
| A ©
|
| (@)

c

W

w oY
C) 3

circle of
confusionw

IV
> € >

in-focus object distancéY focal length'Q

<€ > €

actual object distancé sensor distancéyo

A

\4

_____________
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Circle of Confusion

AHow do we find the diameter of the circle of confusion?

W

I aperture
A O

S

<€ >I< >

\ 4

in-focus object distancéY focal length'Q

<€ > €

actual object distancé

sensor distancé&y o

Faisal QureshiCSCI 3240U
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v

| © )
circle of~ W ,
confusionw | 77—~
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Circle of Confusion

AHow do we find the diameter of the circle of confusion?

W

I aperture
A O

S

<€ >I< >

\ 4

in-focus object distancéY focal length'Q

<€ > €

actual object distancé

sensor distancé&y o

Faisal QureshiCSCI 3240U
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circle of
confusionw

W 0 7Y
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Circle of Confusion

AHow do we find the diameter of the circle of confusion?
Depth-of-Field

I I I ape,rture I I
| | A O |
| | | | r
W 0)
I I (@) | | O | - Y
I W S I : ( q) v
I circle of W ,
I I I confusionw (—a')—) a \
| | — | | <, o1
w A "
| | | | 0
I I N7 I I
| '< >l |
I in-focus object distancéY focal length'Q I
| |
<€ — - > € —>
actual object distance sensor distanceY o
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Circle of Confusion

AHow do we find the diameter of the circle of confusion?

DOE I aperture | I e.g., equato 4-
1€ A O I 5 pixels
1
<<\ N | : | |
O > 1 I | O -
O & I | .
A S L I circle of confusion c-0
N @ ~
N N | I w X $/ & —
i S I ! a O
L 9 | | |
N | |
¢ D 1
K Q | |
O XX | | |
S @ , I | |
DY | <€ > € > : .
in-focus object distancdY  focal length'Q | Distance around the Hocus
! <€ > < >I | plane vvhe_re objects are
actual object distancé sensor distancéYd imaged within an acceptable

level of blurriness
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Depth of Field (DOF)

depth of field -

scene

65
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Defocus Depends Upon Aperture Diameter

| |

1 1/

I aperture

O

- .

| ~ |

I I I

| l | |
€ > € >* |
in-focus object distance S focal length f |

> € - —>1

actual object distance O aSyazNl RAAdl

i/

Faisal QureshiCSCI 3240U
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Defocus Depends Upon Aperture Diameter

| | | |
| | | | _ |U Y
I I I I W a4 O0——
| | ape’(r)ture | | } U
| ! — | | G-V
|t >< circe of PATT
[ i confusion c
I | o | I
| | | |
I I I I
| | | |
l '€ >Te > l
I in-focus object distance S  focal length f I
l¢ > <€ - —>!
actual object distance O aSyazN RAaul yosS {Q
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Defocus Depends Upon Aperture Diameter

DOF A aperture I
: : w l I W & O——
T B — : c-0
I = s circle of $/ & 3
I | ' confusionc
I I I — I
| l | — I
b ” | |
L I’V ! !
| le— > "€ > I
| in-focus object distance S focal length f |
l€ : : > € — —_—

actual object distance O aSyazNl RAaul yoSsS {Q
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Defocus Depends Upon Aperture Diameter

DOF I |
1€ > | | 5 Y
| ' | | l O & O——
I I I aperture | I U
| | | o O I I c-U
I I I — A . $/ & —

- I+ circle of a
: :-€I — ; }.: confusion ¢
! | | R | |
I | | | |
I | I | |
I | | | |
I '€ - > € > I
I in-focus object distance S focal length f I
R- > <€ - —>1
actual object distance O aSyazNl RAaulyosS {Q

Faisal QureshiCSCI 3240U 69



AMost lenses have apertures of variable size.

ACKS aAaAl S 2F GKS
number, the smaller the aperture.

fl1.4 f/2.8

fl4

I LISWIzd2aNSE NB X

Faisal QureshiCSCI 3240U
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Aperture Size

AAperture sizes are denoted astbps, i.e.;YU , where"Qrepresent the
focal length and) is a number.

ARepresents the ratio of the lens focal length to the diameter of the apertur
AAperture sizes shift at steps of omalf or onethird f-stops:
- F - R B, — R F
ASmaller fstops means larger aperture sizes
ALarger fstops means smaller aperture sizes

AEach step lets in half as much light as the previous step,—8'r.tets In twice
as much light as






Depth of Field

AForm of defocus is determined by the shape of the aperture

Faisal QureshiCSCI 3240U 74



Defocus Depends upon the Aperture Diameter

ASmall aperture diameter reduce defocus blur. Should we always use
smaller apertures?



Defocus Depends upon the Aperture Diameter

ASmall aperture diameter reduce defocus blur. Should we always use
smaller apertures?

ANo. Sharp depth of field, also known as bokeh, is often desirable and an artistic
choice

Faisal QureshiCSCI 3240U 76
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point maps to area
(blurry image)

point maps to point
(sharp image)
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How to Increase the Depth of Field?

Faisal QureshiCSCI 3240U
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point maps to point
(sharp image)

point maps to point
(sharp image)
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How to Increase the Depth of Field?

Faisal QureshiCSCI 3240U
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point maps to point
(sharp image)

point maps to point
(sharp image)
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How to Increase the Depth of Field?

point maps to point
(sharp image)

L T 1T T 1T T 1T 1T 7 17 7T 7T 7 1T 7T 07 07 1

point maps to point
(sharp image)
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How to Increase the Depth of Field?

| point maps to point
(sharp image)

| point maps to point
(sharp image)

=

era
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Pinhole Cameras vs Lens Cameras

Pinhole Camera

Lens Camera

Faisal QureshiCSCI 3240U
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Pinhole Cameras vs Lens Cameras

Pinhole Camera

We can derive properties and descriptions
that hold for both camera models if:

A We consider only central rays.

Lens Camera A We assume that everything of interest

! in the scene is within the depth of field.

Faisal QureshiCSCI 3240U 83



Pinhole Cameras vs Lens Cameras

I
<€ > —
focal length'Q object d istance  focal
Y length™Q

sensor distance
| YO

e

In pinhole camera,
focal length is the
distance of the sensor
from the pinhole

Faisal QureshiCSCI 3240U
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Pinhole Cameras vs Lens Cameras

Pinhole Camera

We can derive properties and descriptions

that hold for both camera models if:

A We consider only central rays.

A We assume that everything of interest
In the scene Is within the depth of field.

Lens Camera

Faisal QureshiCSCI 3240U 85



Pinhole Cameras vs Lens Cameras

Pinhole Camera

Doubling the aperture diameter:

A Increases light throughput by four times.

A Increases circle of confusion for all planes by two
times.

Faisal QureshiCSCI 3240U 86



Fieldof-View (FOV)

Angle of view

Aperture
Pinhole or Lens

Part of the infocus
plane thatis
mapped to the
sensor

Sensor

Faisal QureshiCSCI 3240U
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Fieldof-View (FOV)

Angle of view®

Aperture
Pinhole or Lens

Part of the infocus
plane thatis
mapped to the
sensor

Sensor

Angle of view®

Part of the infocus
plane thatis
mapped to the
sensor

Faisal QureshiCSCI 3240U

Aperture
Pinhole or Lens

— Sensor

FOV decreases as we
move aperture away
from the sensor
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Fieldof-View (FOV)

Angle of view®

Aperture
Pinhole or Lens

Part of the infocus
plane thatis
mapped to the
sensor

Sensor

Angle of view®

Part of the infocus
plane that is
mapped to the
sensor

Faisal QureshiCSCI 3240U

Aperture
Pinhole or Lens

PI— Sensor

FOV decreases as we
move aperture away
from the sensor
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Fieldof-View (FOV)

Angle of view®

Aperture
Pinhole or Lens

Part of the infocus
plane thatis
mapped to the
sensor

Sensor

Angle of view®

Aperture
Pinhole or Lensl

Part of the infocus
plane thatis
mapped to the
sensor

Faisal QureshiCSCI 3240U

SensoT

Reducing sensor size
reduces FOV
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Sensor Sizes

Medium format (Kodak KAF 39000 sensor)

A GCdz t FTNIYYSE O2NNEKE:
35 mm "full frame" film size.

due to manufacturing limitations (now

mostly overcome).

A Digital sensors come in smaller formats
APS-H (Canon) I

APS-C (Nikon DX A Lenses are often described in terms of

<—— Pentax, Sony) field-of-view on film instead of focal
" : [ AlEEe ), I?g'tl'hﬁese descriptions are invalid when
L (5ony, Nikon) D Foveon (Sigma) not using qufEame sensor.
. | Four Thirds |
<« 2/3
l«—1/1.8"
<«<—1/2.5"

Faisal QureshiCSCI 3240U 91



Crop Factor

Medium format (Kodak KAF 39000 sensor)

35 mm "full frame"

APS-H (Canon) /

1" (Sony, Nikon)| |

Sy

l«—1/1.8"
<«<—1/2.5"

/

APS-C (Nikon DX,
Pentax, Sony)

<4———— APS-C (Canon)

Foveon (Sigma)
Four Thirds

Faisal QureshiCSCI 3240U

UJI1 RVP

35 F
H N NN NENN.

=
-
»
AS&B.’;
)

N

g < IR T

e s
e o
v rZon

© KenRockwell.com

How much field of view is
cropped when using a sensor
smaller than full frame.
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Perspective

g3
i

5

g

4

o~

-

-
'.
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The Ames Room lllusions

Faisal QureshiCSCI 3240U
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The Ames Room lllusions

Actual position of

Person A
: \
\
l‘ I.l
\ 3
A .
1‘I '\
[ 1
Apparent position ,/9 """""
of person A A Actual and
A apparent position
R of person B
: 1] 1
! Yo
! ‘\ In
1 1 1
| Lo
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The Arrow lllusions

Prof.KokichiSugihara has many other
amazing illusions involving
perspective distortion, check them
out on YouTube or on his website:

http://www.isc.melji.ac.jp/~kokichis/

@physicsfun
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Zooming

AZooming is achieved by changing the focal length

move sensor to keep
focus at same
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Zooming

AZooming is achieved by changing the focal length

move sensor to keep
focus at same
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Zooming

AZooming is achieved by changing the focal length

move sensor to keep
focus at same
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Zooming

AZooming is achieved by changing the focal length

move sensor to keep
focus at same

| change the focal length distance
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1000 mm 2.5%
500 mm 5?2
350 mm T:H°
250 mm | 10°
135 mm 18°
85 mm 29°
50 mm 432
35 mm G3?
28 mm 79°
8 mm 180°
CENE=T— e,
"\_____’—'
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Field of View

Alncreasing the lens focal length is similar to f =25 mm
cropping

Als itidenticalcropping?

Faisal QureshiCSCI 3240U 102



Z00m Lenses

Focus ring: controls distance of lens from sensor

L = e A 3¢
L gl | [seean = e
A 2 .
AF-p NIKKOR 18-55mm 113-5'5'66

Zoom ring: controls focal length of lens
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Compound (Zoom) Lenses

I L

Crosssection of Nikon 185 mm lens

We can change the effective focal
length of the overall compound
lens by changing the relative
placement of the individual lenses
Inside the lens tube.



Programmable Lensgs— = o w
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Focusing vs. Zooming

AWhen you turn th€ocusring to bring lens furtheaway from the sensor:
AThe infocus distance decreases (you need to get closer to object).
AThe field of view decreases (you see a smaller part of the object).
AThe magnification increases (same part of the object is bigger on sensor).

AWhen you turn thezoomring to decrease the focal length of the lens:
AThe infocus distance increases (you need to move away from the object).
AThe field of view increases (you see a larger part of the object).

AThe magnification decreases (same part of the object is smaller on sensor).



Focusing vs. Zooming

AWhen you turn th€ocusring to bring lens furtheaway from the sensor:
AThe infocus distance decreases (you need to get closer to object).
AThe field of view decreases (you see a smaller part of the object).
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AWhen you turn thezoomring to decrease the focal length of the lens:
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Perspective Distortion

long focal length short
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Perspective Distortion
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Vertigo Effect
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Lens Aberrations

I Chromatic aberration

Flint
/

Achromatic doublet
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Lens Aberrations

Spherical aberration

Deviation from ideal thidens leads to
imperfect focus
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Lens Aberrations

Oblique aberrations that appear only

as we move away from the center of

the lens. Examples are astigmatism
and field curvature.

Image

A
NP,

Coma
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