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Course announcements

ÅHomework 1 is out.
- Due September 14th. 
- Make sure to sign up for a camera if you need one.
- Drop by YannisΩ ƻŦŦƛŎŜ ǘƻ ǇƛŎƪ ǳǇ ŎŀƳŜǊŀǎ ŀƴȅ ǘƛƳŜΦ

ÅOffice hours for the semester:
- Alankar: Tuesdays 5-7 pm, Smith 220.
- Yannis: Fridays 5-7 pm, Smith 225.

ÅThose on the waitlist: Class is currently capped, but some seats will likely become available 
after the drop deadline.



hǾŜǊǾƛŜǿ ƻŦ ǘƻŘŀȅΩǎ ƭŜŎǘǳǊŜ

ÅLeftover from lecture 2: thoughts on the image processing pipeline.
ÅSome motivational imaging experiments.
ÅPinhole camera.
ÅAccidental pinholes.
ÅThe thin lens model.
ÅLens camera and pinhole camera.
ÅPerspective.
ÅField of view.
ÅOrthographic camera and telecentric lenses.



Slide credits

Many of these slides were adapted from:

ÅKris Kitani(15-463, Fall 2016).

ÅFredoDurand (MIT).

ÅGordon Wetzstein(Stanford).



The modern photography pipeline

post-capture processing 
(lectures 5-10)

optics and 
optical controls

(lectures 2-3, 11-20)

sensor, analog 
front-end, and 

color filter array

(lectures 2, 23)

in-camera image 
processing 
pipeline

(lecture 2)



Some motivational imaging experiments



[ŜǘΩǎ ǎŀȅ ǿŜ ƘŀǾŜ ŀ ǎŜƴǎƻǊΧ

digital sensor 
(CCD or CMOS)



Χ ŀƴŘ ŀƴ ƻōƧŜŎǘ ǿŜ ƭƛƪŜ ǘƻ ǇƘƻǘƻƎǊŀǇƘ

digital sensor 
(CCD or CMOS)

real-world 
object

What would an image taken like this look like?



Bare-sensor imaging
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Bare-sensor imaging

digital sensor 
(CCD or CMOS)

real-world 
object

All scene points contribute to all sensor pixels
What does the 
image on the 

sensor look like?



Bare-sensor imaging

All scene points contribute to all sensor pixels



What can we do to make our image look better?

digital sensor 
(CCD or CMOS)

real-world 
object



[ŜǘΩǎ ŀŘŘ ǎƻƳŜǘƘƛƴƎ ǘƻ ǘƘƛǎ ǎŎŜƴŜ

digital sensor 
(CCD or CMOS)

real-world 
object

barrier (diaphragm)

pinhole 
(aperture)

What would an image taken like this look like?



Pinhole imaging

digital sensor 
(CCD or CMOS)

real-world 
object

most rays 
are blocked

one makes 
it through



Pinhole imaging

digital sensor 
(CCD or CMOS)

real-world 
object

most rays 
are blocked

one makes 
it through



Pinhole imaging

digital sensor 
(CCD or CMOS)

real-world 
object

Each scene point contributes to only one sensor pixel
What does the 
image on the 

sensor look like?



Pinhole imaging

real-world 
object

copy of real-world object 
(inverted and scaled)



Pinhole camera



Pinhole camera a.k.a. camera obscura



Chinese philosopher Mozi 
(470 to 390 BC)

CƛǊǎǘ ƳŜƴǘƛƻƴ Χ CƛǊǎǘ ŎŀƳŜǊŀ Χ

Greek philosopher Aristotle
(384 to 322 BC)

Pinhole camera a.k.a. camera obscura



Pinhole camera terms

digital sensor 
(CCD or CMOS)

real-world 
object

barrier (diaphragm)

pinhole 
(aperture)



Pinhole camera terms

digital sensor 
(CCD or CMOS)

real-world 
object

barrier (diaphragm)

pinhole 
(aperture)

image plane

camera center 
(center of projection)



Focal length

real-world 
object

focal length f



Focal length

real-world 
object

focal length 0.5 f

What happens as we change the focal length?
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Focal length

real-world 
object

focal length 0.5 f

What happens as we change the focal length? object projection is half the size



Pinhole size

real-world 
object

pinhole 
diameter

Ideal pinhole has infinitesimally small size
Å In practice that is impossible.



Pinhole size

real-world 
object

pinhole 
diameter

What happens as we change the pinhole diameter?



Pinhole size
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Pinhole size

real-world 
object

What happens as we change the pinhole diameter?



Pinhole size

real-world 
object

What happens as we change the pinhole diameter? object projection becomes blurrier



Pinhole size

real-world 
object

What happens as we change the pinhole diameter?

Will the image keep getting sharper the smaller we make the pinhole?

pinhole 
diameter



Diffraction limit
A consequence of the wave nature of light

What do geometric optics 
predict will happen?

What do wave optics 
predict will happen?
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Diffraction limit
A consequence of the wave nature of light

What do geometric optics 
predict will happen?

What do wave optics 
predict will happen?



Diffraction limit
Diffraction pattern = Fourier transform of the pinhole.
ÅSmaller pinhole means bigger Fourier spectrum.
ÅSmaller pinhole means more diffraction.

small pinhole

wide 
diffraction 

pattern

narrow 
diffraction 

pattern

large pinhole



What about light efficiency?

real-world 
object

pinhole 
diameter

focal length fÅWhat is the effect of doubling the pinhole diameter? 
ÅWhat is the effect of doubling the focal length?



What about light efficiency?

real-world 
object

pinhole 
diameter

focal length fÅнȄ ǇƛƴƘƻƭŜ ŘƛŀƳŜǘŜǊ Ҧ пȄ ƭƛƎƘǘ
ÅнȄ ŦƻŎŀƭ ƭŜƴƎǘƘ Ҧ ѻȄ ƭƛƎƘǘ



Some terminology notes

real-world 
object

pinhole 
diameter

focal length f
¢ƘŜ άŦ-ƴǳƳōŜǊέ ƛǎ ǘƘŜ ǊŀǘƛƻΥ ŦƻŎŀƭ ƭŜƴƎǘƘ κ ǇƛƴƘƻƭŜ ŘƛŀƳŜǘŜǊ

! άǎǘƻǇέ ƛǎ ŀ ŎƘŀƴƎŜ ƛƴ ŎŀƳŜǊŀ ǎŜǘǘƛƴƎǎ ǘƘŀǘ ŎƘŀƴƎŜǎ ŀƳƻǳƴǘ ƻŦ ƭƛƎƘǘ ōȅ ŀ ŦŀŎǘƻǊ ƻŦ н



Accidental pinholes







What does this image say about the world outside?



Accidental pinhole camera



Accidental pinhole camera

window is an 
aperture

projected pattern on the wall window with smaller gap

upside down view outside window



Accidental pinspeckcamera



Pinhole camera trade-off

Small (ideal) pinhole:
1. Image is sharp.
2. Signal-to-noise ratio is low.



Pinhole camera trade-off

Large pinhole: 
1. Image is blurry.
2. Signal-to-noise ratio is high.

Can we get best of both worlds?



Almost, by using lenses

How does this mapping work exactly?
[ŜƴǎŜǎ ƳŀǇ άōǳƴŘƭŜǎέ ƻŦ Ǌŀȅǎ ŦǊƻƳ 
points on the scene to the sensor.



The thin lens model



Thin lens model
Simplification of geometric optics for well-designedlenses.

Two assumptions: 
1. Rays passing through lens center are unaffected.
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Tracing rays through a thin lens

object distance D

Consider an object emitting a bundle of rays. How do they propagate through the lens?

focal length f
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object distance D focal length f

Consider an object emitting a bundle of rays. How do they propagate through the lens?

1. Trace rays through 
lens center.
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Consider an object emitting a bundle of rays. How do they propagate through the lens?

1. Trace rays through 
lens center.

2. For all other rays:
a. Trace their 

parallel through 
lens center.
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Tracing rays through a thin lens

object distance D focal length f

Consider an object emitting a bundle of rays. How do they propagate through the lens?

1. Trace rays through 
lens center.

2. For all other rays:
a. Trace their 

parallel through 
lens center.

b. Connect on 
focal plane.

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



Tracing rays through a thin lens

object distance D focal length f

Consider an object emitting a bundle of rays. How do they propagate through the lens?

1. Trace rays through 
lens center.

2. For all other rays:
a. Trace their 

parallel through 
lens center.

b. Connect on 
focal plane.

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.



Thin lens formula

object distance D focal length f

How can we relate scene-ǎǇŀŎŜ ό5Σ ȅύ ŀƴŘ ƛƳŀƎŜ ǎǇŀŎŜ ό5ΩΣ ȅΩύ ǉǳŀƴǘƛǘƛŜǎΚ

ŦƻŎǳǎ ŘƛǎǘŀƴŎŜ 5Ω

object 
height y

image 
ƘŜƛƎƘǘ ȅΩ
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Special focus distances
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Special focus distances
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Special focus distances

ρ

Ὀ

ρ

Ὀ

ρ

Ὢ

ά
Ὢ

Ὀ Ὢ

5Ω Ґ ŦΣ 5 Ґ Њ, m = ЊҦ ƛƴŦƛƴƛǘȅ ŦƻŎǳǎ όǇŀǊŀƭƭŜƭ Ǌŀȅǎύ

5Ω Ґ Ŧ

5Ω Ґ 5 Ґ н ŦΣ Ƴ Ґ м Ҧ ƻōƧŜŎǘ ƛǎ ǊŜǇǊƻŘǳŎŜŘ ƛƴ ǊŜŀƭ-life size

5Ω Ґ н ŦD = 2 f



Free lunch?

Do we lose anything by using a lens?
By using a lens we simultaneously achieve: 
1. Image is sharp.
2. Signal-to-noise ratio is high.



Defocus



Defocus

objects at a one depth are in focus

objects at all other depths are out of focus



Defocus

objects at one depth are in focus

objects at all other depths are out of focus

circle of confusion(i.e., blur kernel)

Is the circle of confusion constant?



Defocus

objects at one depth are in focus

objects at all other depths are out of focus

circle of confusion(i.e., blur kernel)

How do we change the depth where objects are in focus?



Change of focus for different depths



Lens camera and pinhole camera



The lens camera


