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Pinhole Camera Trade-off

ÅSmall (ideal) pinhole
ÅSharp image

ÅLow signal-to-noise ratio

ÅLarge pinhole
ÅBlurry image

ÅHigh signal-to-noise ratio
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Lenses

ÅFocus light

ÅMagnify objects
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Nimrud lens ς 2700 years old



Lenses

ÅThese bend light in a specific way

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

ÅA piece of glass to have a specific shape
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Shape of lens surfaces

Aperture limiting the 
extent of the lens

Focal plane

Focal length



Anatomy of a Lens

ÅA piece of glass to have a specific shape
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Shape of lens surfaces

Aperture limiting the 
extent of the lens

Focal plane

Focal length is 
determined by the 

lens shape and 
material

Focal length



Camera Lenses
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Compound Lenses

ÅCarefully designed glass pieces arranged in a specific pattern to achieve the 
desired optical qualities
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Cross-section of Nikon 18-55 mm lens

The effective aperture size 
and focal length are  

ŘŜǘŜǊƳƛƴŜŘ ōȅ ǘƘŜ ƭŜƴǎŜǎΩ 
shape, material, and 
relative placement.



Thin Lens Model

ÅSimplified geometric optics for well-designed 
lenses

ÅAssumptions
ÅRays passing through the center of the lens remain 

unaffected

ÅParallel rays converge to a single point on the focal 
plane
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Focal length



Tracing Rays Through a Thin Lens

17

object distance S focal length f
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1. Trace rays through lens 
center.

2. For all other rays:
a. Trace their parallel 

through lens center.
b. Connect on focal 

plane.



18

Tracing Rays Through a Thin Lens

Faisal Qureshi - CSCI 3240U 

object distance S focal length f

Faisal Qureshi - CSCI 3240U 

1. Trace rays through lens 
center.

2. For all other rays:
a. Trace their parallel 

through lens center.
b. Connect on focal 

plane.



Tracing Rays Through a Thin Lens

19

object distance S focal length f

Faisal Qureshi - CSCI 3240U 

1. Trace rays through lens 
center.

2. For all other rays:
a. Trace their parallel 

through lens center.
b. Connect on focal 

plane.



Tracing Rays Through a Thin Lens

20

object distance S focal length f

Faisal Qureshi - CSCI 3240U 

1. Trace rays through lens 
center.

2. For all other rays:
a. Trace their parallel 

through lens center.
b. Connect on focal 

plane.



Tracing Rays Through a Thin Lens

21

object distance S focal length f

Faisal Qureshi - CSCI 3240U 

1. Trace rays through lens 
center.

2. For all other rays:
a. Trace their parallel 

through lens center.
b. Connect on focal 

plane.



Tracing Rays Through a Thin Lens

22

object distance S focal length f

Faisal Qureshi - CSCI 3240U 

1. Trace rays through lens 
center.

2. For all other rays:
a. Trace their parallel 

through lens center.
b. Connect on focal 

plane.



Tracing Rays Through a Thin Lens

23

object distance S focal length f

Faisal Qureshi - CSCI 3240U 

1. Trace rays through lens 
center.

2. For all other rays:
a. Trace their parallel 

through lens center.
b. Connect on focal 

plane.



Tracing Rays Through a Thin Lens

24

object distance S focal length f

Faisal Qureshi - CSCI 3240U 

1. Trace rays through lens 
center.

2. For all other rays:
a. Trace their parallel 

through lens center.
b. Connect on focal 

plane.



Tracing Rays Through a Thin Lens

25

object distance S focal length f

Faisal Qureshi - CSCI 3240U 

1. Trace rays through lens 
center.

2. For all other rays:
a. Trace their parallel 

through lens center.
b. Connect on focal 

plane.



Tracing Rays Through a Thin Lens

26

object distance S focal length f

Faisal Qureshi - CSCI 3240U 

1. Trace rays through lens 
center.

2. For all other rays:
a. Trace their parallel 

through lens center.
b. Connect on focal 

plane.



Tracing Rays Through a Thin Lens

27

1. Trace rays through lens 
center.

2. For all other rays:
a. Trace their parallel 

through lens center.
b. Connect on focal 

plane.



Tracing Rays Through a Thin Lens

28

object distance S focal length f

Faisal Qureshi - CSCI 3240U 

1. Trace rays through lens 
center.

2. For all other rays:
a. Trace their parallel 

through lens center.
b. Connect on focal 

plane.
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Tracing Rays Through a Thin Lens

30

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 focal length f
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Gaussian Lens Formula

ÅRelationship between scene-space (S,y) and image-space ({ΩΣȅΩύ ǉǳŀƴǘƛǘƛŜǎ
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object distance S focal length f

ǎŜƴǎƻǊ ŘƛǎǘŀƴŎŜ {Ω

object 
height y



ÅRelationship between scene-space (S,y) and image-space ({ΩΣȅΩύ ǉǳŀƴǘƛǘƛŜǎ

object distance S focal length f

ǎŜƴǎƻǊ ŘƛǎǘŀƴŎŜ {Ω

object 
height y

image 
ƘŜƛƎƘǘ ȅΩ

Gaussian Lens Formula

Faisal Qureshi - CSCI 3240U 34

Similar triangles

ώ

ώ

Ὓ

Ὓ



object distance Sfocal length f

ǎŜƴǎƻǊ ŘƛǎǘŀƴŎŜ {Ω

object 
height y

image 
height 
ȅΩ

ÅRelationship between scene-space (S,y) and image-space ({ΩΣȅΩύ ǉǳŀƴǘƛǘƛŜǎ

Gaussian Lens Formula

Faisal Qureshi - CSCI 3240U 35

Similar triangles

ώ

ώ

Ὓ Ὢ

Ὢ

ώ

ώ

Ὓ

Ὓ



object distance Sfocal length f

ǎŜƴǎƻǊ ŘƛǎǘŀƴŎŜ {Ω

object 
height y

image 
height 
ȅΩ

ÅRelationship between scene-space (S,y) and image-space ({ΩΣȅΩύ ǉǳŀƴǘƛǘƛŜǎ

Gaussian Lens Formula

Faisal Qureshi - CSCI 3240U 36

Similar triangles

ώ

ώ

Ὓ Ὢ

Ὢ

ώ

ώ

Ὓ

Ὓ
Ὓ

Ὓ

Ὓ Ὢ

Ὢ

ρ

Ὓ

Ὓ Ὢ

ὪὛ

ρ

Ὓ

ρ

Ὢ

ρ

Ὓ

╢ ╢ █

Gaussian Lens Formula

Gaussian Lens Formula 
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Gaussian Lens Formula 

ÅRelationship between scene-space (S,y) and image-space ({ΩΣȅΩύ ǉǳŀƴǘƛǘƛŜǎ

Faisal Qureshi - CSCI 3240U 37

object distance S focal length f
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Special Focus Distances
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Special Focus Distances
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Faisal Qureshi - CSCI 3240U 40

SΩ Ґ Ŧ

SΩ Ґ ŦΣ { Ґ Њ, m = 0 Ҧ ƛƴŦƛƴƛǘȅ ŦƻŎǳǎ όǇŀǊŀƭƭŜƭ Ǌŀȅǎύ

ρ

Ὓ

ρ

Ὓ

ρ

Ὢ

ά
Ὢ

Ὓ Ὢ

SΩ Ґ { Ґ н ŦΣ Ƴ Ґ м Ҧ ƻōƧŜŎǘ ƛǎ ǊŜǇǊƻŘǳŎŜŘ ƛƴ ǊŜŀƭ-life size
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Free Lunch?

ÅBy using a lens, we simultaneously achieve:
ÅSharp image; and

ÅHigh signal-to-noise ratio

ÅIs there any downside?
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Defocus

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

We get a blurry image.
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digital 
sensor

We get a blurry image.

This is called defocus, 
which never happens in 
an ideal pinhole camera.
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Defocus

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

We get a blurry image.

This is called defocus, 
which never happens in 
an ideal pinhole camera.

Move the sensor



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

Defocus
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point maps to area 
(blurry image)

point maps to point 
(sharp image)

where we need to move 
sensor for squirrel to be in 

focus 

digital 
sensor

We get a blurry image.

This is called defocus, 
which never happens in 
an ideal pinhole camera.

Two objects in the scene at different distances from the lens
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ÅWhat happens if we do not place the sensor at the focus distance?

Defocus
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We get a blurry image.

This is called defocus, 
which never happens in 
an ideal pinhole camera.

Unless our scene is just one plane, part of it will 
always be out of focus.

point maps to area 
(blurry image)

point maps to point 
(sharp image)

where we need to move 
sensor for squirrel to be in 

focus 

digital 
sensor



How Do We Control What is in Focus?
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Plane of 
focus
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Plane of 
focus

As lens moves away 
from the sensor the 
plane of focus moves 

closer 
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Plane of 
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How Do We Control What is in Focus?
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Focus ring: controls distance of lens from sensor



Changing Focus
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How do we deal 
with non-planar 

scenes?



Circle of Confusion

ÅWill the points focus at a distance smaller or larger than Ὓᴂ?
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sensor distance Ὓȭ

in-focus object distance Ὓ focal length Ὢ

actual object distance ὕ

aperture
 Ὀ



ÅWill the points focus at a distance smaller or larger than Ὓᴂ?

sensor distance Ὓȭ

in-focus object distance Ὓ focal length Ὢ

actual object distance ὕ

Circle of Confusion
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aperture
 Ὀ



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

sensor distance Ὓȭ

in-focus object distance Ὓ focal length Ὢ

actual object distance ὕ

circle of 
confusion ὧ

Circle of Confusion
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aperture
 Ὀ



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

Circle of Confusion
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sensor distance Ὓȭ

in-focus object distance Ὓ focal length Ὢ

actual object distance ὕ

circle of 
confusion ὧ

ώ

ώ

Ὀ
ς

ὕ Ὓ

ὕ

Similar triangles
aperture

 Ὀ

Ὀ
ς

ὕ Ὓ



ÅHow do we find the diameter of the circle of confusion?
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in-focus object distance Ὓ focal length Ὢ

actual object distance ὕ

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

Circle of Confusion
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sensor distance Ὓȭ

in-focus object distance Ὓ focal length Ὢ

actual object distance ὕ

circle of 
confusion ὧ

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

Circle of Confusion
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sensor distance Ὓȭ

in-focus object distance Ὓ focal length Ὢ

actual object distance ὕ

DOF

circle of confusion 
ὧ צ

ὧ ‐ᵼ

$/&
ς‐ὕ

άὈ

e.g., equal to 4-
5 pixels

Distance around the in-focus 
plane where objects are 

imaged within an acceptable 
level of blurriness

aperture
 Ὀ



Depth of Field (DOF)
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depth of field

scene

scene



Defocus Depends Upon Aperture Diameter
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ǎŜƴǎƻǊ ŘƛǎǘŀƴŎŜ {Ω
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actual object distance O
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Defocus Depends Upon Aperture Diameter
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Defocus Depends Upon Aperture Diameter
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circle of 
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ÅMost lenses have apertures of variable size.

Å¢ƘŜ ǎƛȊŜ ƻŦ ǘƘŜ ŀǇŜǊǘǳǊŜ ƛǎ ŜȄǇǊŜǎǎŜŘ ŀǎ ǘƘŜ άŦ-ƴǳƳōŜǊέΥ ¢ƘŜ ōƛƎƎŜǊ ǘƘƛǎ 
number, the smaller the aperture. 
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f / 1.4 f / 2.8 f / 4 f / 8 f / 16



Aperture Size

ÅAperture sizes are denoted as f-stops, i.e., ὪȾὔ, where Ὢ represent the 
focal length and ὔ is a number.  

ÅRepresents the ratio of the lens focal length to the diameter of the aperture

ÅAperture sizes shift at steps of one-half or one-third f-stops: 
ȟ
Ȣ
ȟȟ

Ȣ
, ȟ

Ȣ
ȟ, ȟ ȟ

ÅSmaller f-stops means larger aperture sizes

ÅLarger f-stops means smaller aperture sizes

ÅEach step lets in half as much light as the previous step, i.e., 
Ȣ

 lets in twice 

as much light as 
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Depth of Field

ÅForm of defocus is determined by the shape of the aperture
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Defocus Depends upon the Aperture Diameter

ÅSmall aperture diameter reduce defocus blur.  Should we always use 
smaller apertures?
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Defocus Depends upon the Aperture Diameter

ÅSmall aperture diameter reduce defocus blur.  Should we always use 
smaller apertures?
ÅNo.  Sharp depth of field, also known as bokeh, is often desirable and an artistic 

choice
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Iƻǿ ǘƻ 9ƴǎǳǊŜ ǘƘŀǘ ά9ǾŜǊȅǘƘƛƴƎέ ƛǎ ƛƴ CƻŎǳǎΚ
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point maps to area 
(blurry image)

point maps to point 
(sharp image)



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

point maps to point 
(sharp image)

Essentially becomes 
a pinhole camera



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

point maps to point 
(sharp image)

1. No defocus, everything is sharperegardless of its distance from the camera
2. Little light passes through the aperture resulting in a low signal-to-noise ratio

Essentially becomes 
a pinhole camera



Pinhole Cameras vs Lens Cameras
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Pinhole Camera

Lens Camera



Pinhole Cameras vs Lens Cameras
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Pinhole Camera

Lens Camera

We can derive properties and descriptions 
that hold for both camera models if:
ÅWe consider only central rays.
ÅWe assume that everything of interest 

in the scene is within the depth of field.



Pinhole Cameras vs Lens Cameras
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focal length Ὢ focal 
length Ὢ

sensor distance 
Ὓȭ

object distance 
Ὓ

In lens camera, focal 
length is the distance 
where parallel rays 

intersect

In pinhole camera, 
focal length is the 

distance of the sensor 
from the pinhole



Pinhole Cameras vs Lens Cameras
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Pinhole Camera

Lens Camera

We can derive properties and descriptions 
that hold for both camera models if:
ÅWe consider only central rays.
ÅWe assume that everything of interest 

in the scene is within the depth of field.
ÅWe assume that the focus distance of 

the lens camera is equal to the focal 
length of the pinhole camera.



Pinhole Cameras vs Lens Cameras
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Pinhole Camera

Lens Camera

Doubling the aperture diameter:
Å Increases light throughput by four times.
Å Increases circle of confusion for out-of-focus 

plane by two times.
Å Decreases depth of field by two times.

Doubling the aperture diameter:
Å Increases light throughput by four times.
Å Increases circle of confusion for all planes by two 

times.



Field-of-View (FOV)
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•

Angle of view

Part of the in-focus 
plane that is 

mapped to the 
sensor Sensor

Aperture
Pinhole or Lens



Field-of-View (FOV)
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•Angle of view

Part of the in-focus 
plane that is 

mapped to the 
sensor Sensor

Aperture
Pinhole or Lens

Part of the in-focus 
plane that is 

mapped to the 
sensor Sensor

Aperture
Pinhole or Lens•Angle of view

FOV decreases as we 
move aperture away 

from the sensor



Field-of-View (FOV)
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•Angle of view

Part of the in-focus 
plane that is 

mapped to the 
sensor Sensor

Aperture
Pinhole or Lens

Part of the in-focus 
plane that is 

mapped to the 
sensor Sensor

Aperture
Pinhole or Lens•Angle of view

FOV decreases as we 
move aperture away 

from the sensor

This also moves in-focus 
plane closer to the 

aperture



Field-of-View (FOV)

Faisal Qureshi - CSCI 3240U 90

•Angle of view

Part of the in-focus 
plane that is 

mapped to the 
sensor Sensor

Aperture
Pinhole or Lens

Part of the in-focus 
plane that is 

mapped to the 
sensor

•Angle of view

Sensor

Aperture
Pinhole or Lens

Reducing sensor size 
reduces FOV



Sensor Sizes
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Å άCǳƭƭ ŦǊŀƳŜέ ŎƻǊǊŜǎǇƻƴŘǎ ǘƻ ǎǘŀƴŘŀǊŘ 
film size.

Å Digital sensors come in smaller formats 
due to manufacturing limitations (now 
mostly overcome).

Å Lenses are often described in terms of 
field-of-view on film instead of focal 
length.
Å These descriptions are invalid when 

not using full-frame sensor.



Crop Factor
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How much field of view is 
cropped when using a sensor 

smaller than full frame.



Perspective
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The Ames Room Illusions
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The Ames Room Illusions
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The Arrow Illusions
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Prof. KokichiSugihara has many other 
amazing illusions involving 

perspective distortion, check them 
out on YouTube or on his website:

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

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


ÅZooming is achieved by changing the focal length

Zooming

Faisal Qureshi - CSCI 3240U 97

change the focal length

move sensor to keep 
focus at same 

distance

Focus distance



ÅZooming is achieved by changing the focal length

Zooming
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change the focal length

move sensor to keep 
focus at same 

distance

FOV decreases

Focus distance



ÅZooming is achieved by changing the focal length

Zooming
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change the focal length

move sensor to keep 
focus at same 

distance

FOV decreases

When focal length is increased, 
FOV is decreased (zoom in)

Focus distance



ÅZooming is achieved by changing the focal length

Zooming
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change the focal length

move sensor to keep 
focus at same 

distance

FOV decreases

When focal length is increased, 
FOV is decreased (zoom in)

Recall that FOV is decreased also 
when we focus closer, but this is 
very different from zooming in

Focus distance
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Field of View

ÅIncreasing the lens focal length is similar to 
cropping
ÅIs it identical cropping?
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f = 25 mm

f = 50 mm

f = 135 mm



Zoom Lenses
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Focus ring: controls distance of lens from sensor

Zoom ring: controls focal length of lens



Compound (Zoom) Lenses
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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.

Cross-section of Nikon 18-55 mm lens



Programmable Lenses
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Use different processes (electric, 
magnetic, acoustic) to change the 
shape of a liquid lens (e.g., water 

droplet).



Focusing vs. Zooming

ÅWhen you turn the focus ring to bring lens further-away from the sensor:
ÅThe in-focus distance decreases (you need to get closer to object).

ÅThe field of view decreases (you see a smaller part of the object).

ÅThe magnification increases (same part of the object is bigger on sensor).

ÅWhen you turn the zoom ring to decrease the focal length of the lens:
ÅThe in-focus distance increases (you need to move away from the object).

ÅThe field of view increases (you see a larger part of the object).

ÅThe magnification decreases (same part of the object is smaller on sensor).
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Focusing vs. Zooming

ÅWhen you turn the focus ring to bring lens further-away from the sensor:
ÅThe in-focus distance decreases (you need to get closer to object).

ÅThe field of view decreases (you see a smaller part of the object).

ÅThe magnification increases (same part of the object is bigger on sensor).

ÅWhen you turn the zoom ring to decrease the focal length of the lens:
ÅThe in-focus distance increases (you need to move away from the object).

ÅThe field of view increases (you see a larger part of the object).

ÅThe magnification decreases (same part of the object is smaller on sensor).
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Perspective Distortion
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focal lengthlong short



Perspective Distortion
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Vertigo Effect

ÅDolly Zoom ς bŀƳŜŘ ŀŦǘŜǊ !ƭŦǊŜŘ IƛǘŎƘŎƻŎƪΩǎ ƳƻǾƛŜ
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Lens Aberrations
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Lens Aberrations
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Deviation from ideal thin-lens leads to 
imperfect focus



Lens Aberrations
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Oblique aberrations that appear only 
as we move away from the center of 
the lens.  Examples are astigmatism 

and field curvature.


