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Course announcements

ÅHomework 3 is out.
- Due October 11th.
- Covers bilateral filtering and gradient-domain processing for flash/no-flash.
- Any questions?

ÅAny comments on homework 2?



hǾŜǊǾƛŜǿ ƻŦ ǘƻŘŀȅΩǎ ƭŜŎǘǳǊŜ
ÅLeftover from last lecture.

ÅQuick reminder: pinhole vs lens cameras.

ÅFocal stack.

ÅConfocal stereo.

ÅLightfield.

ÅMeasuring lightfields.

ÅPlenopticcamera.

Å Images from lightfields.

ÅSome notes on (auto-)focusing.



Slide credits

Many of these slides were adapted from:

ÅFredoDurand (MIT).
ÅGordon Wetzstein(Stanford).
ÅMarc Levoy(Stanford).



Pinhole vs lens cameras



Pinhole camera

Å Everything is in focus.
Å Very light inefficient.



Lens camera

Å Only one plane is in focus.
Å Very light efficient.

How can we get an all in-focus image?

focus plane



Focal stack



Focal stack

Å Capture images focused at multiple planes.
Å Merge them into a single all in-focus image.

Analogous to what we did in HDR
ÅFocal stack instead of exposure stack.



Homework 5: focal stack imaging



Focal stack imaging
1. Capture a focal stack

2. Merge into an all in-focus image



Focal stack imaging
1. Capture a focal stack

2. Merge into an all in-focus image



How do you capture a focal stack?

Which of these parameters would you change (and how)?

lens-ǎŜƴǎƻǊ ŘƛǎǘŀƴŎŜ 5Ωlens-object distance D

lens aperture 
f/#

lens focal 
length f



How do you capture a focal stack?

Which of these parameters would you change (and how would you achieve that)?

lens-ǎŜƴǎƻǊ ŘƛǎǘŀƴŎŜ 5Ωlens-object distance D

lens aperture 
f/#

lens focal 
length f rotate lens focus ring 

(not zoom!)



How do you capture a focal stack?

Which of these parameters would you change (and how would you achieve that)?

lens-ǎŜƴǎƻǊ ŘƛǎǘŀƴŎŜ 5Ωlens-object distance D

lens aperture 
f/#

lens focal 
length f



Capturing a focal stack

In-focus plane in each stack image



Focal stack imaging
1. Capture a focal stack

2. Merge into an all in-focus image



How do you merge a focal stack?



How do you merge a focal stack?
1. Align images
2. Assign per-ǇƛȄŜƭ ǿŜƛƎƘǘǎ ǊŜǇǊŜǎŜƴǘƛƴƎ άƛƴ-ŦƻŎǳǎέ-ness
3. Compute image average



How do you merge a focal stack?
1. Align images
2. Assign per-ǇƛȄŜƭ ǿŜƛƎƘǘǎ ǊŜǇǊŜǎŜƴǘƛƴƎ άƛƴ-ŦƻŎǳǎέ-ness
3. Compute image average



Image alignment
Why do we need to align the images?



Image alignment
Why do we need to align the images?
ÅWhen we change focus distance, we also change field of view (magnification).
ÅAlso, scene may not be static (but we will be ignoring this for now).

change in 
magnification

change in focus



Image alignment



Image alignment



Image alignment
Why do we need to align the images?
ÅWhen we change focus distance, we also change field of view (magnification).
ÅAlso, scene may not be static (but we will be ignoring this for now).

change in 
magnification

change in focus

Å!ǎǎǳƳŜ ǿŜ ƪƴƻǿ Ŧ ŀƴŘ ŀƭƭ 5Ω ǾŀƭǳŜǎΦ 
ÅHow do can we align the images?



Image alignment
Why do we need to align the images?
ÅWhen we change focus distance, we also change field of view (magnification).
ÅAlso, scene may not be static (but we will be ignoring this for now).

change in 
magnification

change in focus

Å!ǎǎǳƳŜ ǿŜ ƪƴƻǿ Ŧ ŀƴŘ ŀƭƭ 5Ω ǾŀƭǳŜǎΦ 
ÅHow do can we align the images?

ά
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resize using these 
equations



How do you merge a focal stack?
1. Align images
2. Assign per-ǇƛȄŜƭ ǿŜƛƎƘǘǎ ǊŜǇǊŜǎŜƴǘƛƴƎ άƛƴ-ŦƻŎǳǎέ-ness
3. Compute image average



Weight assignment
Iƻǿ Řƻ ǿŜ ƳŜŀǎǳǊŜ Ƙƻǿ ƳǳŎƘ άƛƴ-ŦƻŎǳǎέ ŜŀŎƘ ǇƛȄŜƭ ƛǎΚ



Weight assignment
Iƻǿ Řƻ ǿŜ ƳŜŀǎǳǊŜ Ƙƻǿ ƳǳŎƘ άƛƴ-ŦƻŎǳǎέ ŜŀŎƘ ǇƛȄŜƭ ƛǎΚ
ÅMeasure local sharpness.
ÅThis is also how auto-focus works.

How do we measure local sharpness?



Weight assignment
Iƻǿ Řƻ ǿŜ ƳŜŀǎǳǊŜ Ƙƻǿ ƳǳŎƘ άƛƴ-ŦƻŎǳǎέ ŜŀŎƘ ǇƛȄŜƭ ƛǎΚ
ÅMeasure local sharpness.
ÅThis is also how auto-focus works.

run Laplacian operator do some Gaussian blurring (why?)



Weight assignment
Iƻǿ Řƻ ǿŜ ƳŜŀǎǳǊŜ Ƙƻǿ ƳǳŎƘ άƛƴ-ŦƻŎǳǎέ ŜŀŎƘ ǇƛȄŜƭ ƛǎΚ
ÅMeasure local sharpness.
ÅThis is also how auto-focus works.

run Laplacian operator do some Gaussian blurring (so that nearby 
pixels have similar weights)

Just one example, many alternatives possible.



How do you merge a focal stack?
1. Align images
2. Assign per-ǇƛȄŜƭ ǿŜƛƎƘǘǎ ǊŜǇǊŜǎŜƴǘƛƴƎ άƛƴ-ŦƻŎǳǎέ-ness
3. Compute image average



Focal stack merging



Some results

example image from stack all in-focus image



Another example
Focal stacking is very useful in macrophotography, where depths of field are very shallow



Another example

middle image from stack all in-focus image



Another look at the mixing weights

What do the mixing 
weights look like?



Another look at the mixing weights

Depth from defocus = 
determining sharpest 

pixel in focal stack



Depth from defocus on a mobile phone

Use focal stack from autofocus

[Suwajanakornet al., CVPR 2015]



Another look at the mixing weights

What is a problem of 
these depth maps?



Another look at the mixing weights

What is a problem of 
these depth maps?
ÅBlurry because we to 

process entire 
neighborhoods to 
compute sharpness.

ÅCan we use any extra 
information to get 
per-pixeldepth? 



Confocal stereo



Confocal stereo
ÅCapture a 2D stack by varying both focus and aperture
Å!ƴŀƭȅȊŜ ŜŀŎƘ ǇƛȄŜƭΩǎ ŦƻŎǳǎ-aperture image to find true depth  

[Hassinofand Kutulakos, ECCV 2006]



aperture  h

focus  f 

( aperture  h i , focus  fj )

pixel p

aperture�.

focus  f

Aperture-Focus Image of pixel p


