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Course announcements

ÅHomework 3 is out.
- Due October 12th.
- Any questions?

ÅTwo extra late days for everyone. Can be used for this or subsequent homeworks.

ÅProject logistics on the course website.

ÅAdditional guest lecture next Monday: Anat[ŜǾƛƴΣ ά/ƻŘŜŘ ǇƘƻǘƻƎǊŀǇƘȅΦέ



hǾŜǊǾƛŜǿ ƻŦ ǘƻŘŀȅΩǎ ƭŜŎǘǳǊŜ
ÅLeftover from last lecture: efficiently solving the Poisson equation

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
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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?
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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

apertureŬ

focus  f

Aperture-Focus Image of pixel p



AFI model fitting

focus hypothesis
(equi-blur regions)

AFI

best model
fit to AFI

absolute difference

RMS error

Key idea: When a point is in 
focus, its color and intensity 
remain the same for all apertures.
ÅThis property is called confocal 

constancy.
ÅWe can find correct depth by 

checking intensity variation 
across apertures for each focus 
setting.



Lightfield



Measuring rays

We can capture the same set of rays by using a pinhole camera from multiple viewpoints
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Measuring rays
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Measuring rays
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Measuring rays

We can capture the same set of rays by using a pinhole camera from multiple viewpoints



Measuring rays

We can capture the same set of rays by using a pinhole camera from multiple viewpoints



Measuring rays

We can capture the same set of rays by using a pinhole camera from multiple viewpoints
ÅHow would you merge these images into a lens, defocused image?



Lightfield: all rays in a scene

Parameterize every ray based on its intersections with two planes.

What is the dimension of the lightfield?

aperture planereference plane

[Levoyet al. SIGGRAPH 1996, Gortleret al. SIGGRAPH 1996]



Lightfield: all rays in a scene

4-dimensional function L(u, v, s, t)

aperture plane (u, v)reference plane (s, t)

Parameterize every ray based on its intersections with two planes.



Lightfield: all rays in a scene

4-dimensional function L(u, v, s, t) 
(conjugate of scene-based function)

aperture plane (u, v)reference plane (s, t) sensor plane (s, t)

Parameterize every ray based on its intersections with two planes.



Lightfieldslices

4-dimensional function L(u, v, s, t) 
(conjugate of scene-based function)

aperture plane (u, v) sensor plane (s, t)

What does L(u = uo, v = vo, s, t) look like?



Lightfieldslices
aperture plane (u, v) sensor plane (s, t)

What does L(u = uo, v = vo, s, t) look like?
Åa pinhole image from a certain viewpoint

4-dimensional function L(u, v, s, t) 
(conjugate of scene-based function)



Lightfieldslices
aperture plane (u, v) sensor plane (s, t)

Lightfieldslice L(u = uo, v = vo, s, t)

aperture 
coordinates 
u = uo, v = vo

reference plane (s, t)



Lightfieldslices
aperture plane (u, v) sensor plane (s, t)

What does L(u, v, s = so, t = to) look like?

What does L(u = uo, v = vo, s, t) look like?
Åa pinhole image from a certain viewpoint

4-dimensional function L(u, v, s, t) 
(conjugate of scene-based function)



Lightfieldslices
aperture plane (u, v) sensor plane (s, t)

What does L(u, v, s = so, t = to) look like?
Å radiance emitted by a certain (in-focus) 

point at various directions

What does L(u = uo, v = vo, s, t) look like?
Åa pinhole image from a certain viewpoint

4-dimensional function L(u, v, s, t) 
(conjugate of scene-based function)



Lightfieldslices
aperture plane (u, v) sensor plane (s, t)reference plane (s, t)

reference/sensor 
coordinates 
s = so, t = to

Lightfieldslice L(u, v, s = so, t = to)

reference/sensor 
coordinates 
s = so, t = to



Lightfieldslices
aperture plane (u, v) sensor plane (s, t)

What does L(u, v, s = so, t = to) look like?
Å radiance emitted by a certain (in-focus) 

point in various directions

What does L(u = uo, v = vo, s, t) look like?
Åa pinhole image from a certain viewpoint

4-dimensional function L(u, v, s, t) 
(conjugate of scene-based function)



Lightfieldvisualization

L(u, v, s = so, t = to) is the radiance 
emitted by a certain (in-focus) 

point at various directions

L(u = uo, v = vo, s, t) is a pinhole 
image from a certain viewpoint

Demo: 
http://lightfield.stanford.edu/lfs.html

http://lightfield.stanford.edu/lfs.html


Lightfield: all rays in a scene

How can you capture the lightfieldof a scene?

4-dimensional function L(u, v, s, t) 
(conjugate of scene-based function)

aperture plane (u, v)reference plane (s, t) sensor plane (s, t)



Measuring lightfields



How to capture a lightfield?

How can you do this?



Option 1: use multiple cameras

όάǎȅƴǘƘŜǘƛŎ ŀǇŜǊǘǳǊŜέύ

Stanford camera array

[Willburnet al., SIGGRAPH 2005]



Option 1: use multiple cameras

Stanford camera array

What kind of lens would 
you use for this?

[Willburnet al., SIGGRAPH 2005]
όάǎȅƴǘƘŜǘƛŎ ŀǇŜǊǘǳǊŜέύ





Option 2: take multiple images with one camera

Single camera mounted on LEGO motor. Demo: 
http://lightfield.stanford.edu/aperture.swf?lightfield=data/self_
portrait_lf/preview.zip&zoom=1

How would you move the camera?

http://lightfield.stanford.edu/aperture.swf?lightfield=data/self_portrait_lf/preview.zip&zoom=1


Plenopticcamera



Option 3: use a plenopticcamera

plenoptic= plenusό[ŀǘƛƴ ŦƻǊ άŦǳƭƭέύ Ҍ ƻǇǘƛŎ όDǊŜŜƪ ŦƻǊ άǎŜŜƛƴƎέΣ ƛƴ ǘƘƛǎ ŎŀǎŜύ



Making a plenopticcamera
aperture plane (u, v) sensor plane (s, t)reference plane (s, t)

reference/sensor 
coordinates 
s = so, t = to

Lightfieldslice L(u, v, s = so, t = to)

reference/sensor 
coordinates 
s = so, t = to



Making a plenopticcamera
aperture plane (u, v) sensor plane (s, t)reference plane (s, t)

Lightfieldslice L(u, v, s = so, t = to)

each pixel 
measures ray 

L(u, v, s = so, t = to) 
for different (u, v)

reference/sensor 
coordinates 
s = so, t = to

reference/sensor 
coordinates 
s = so, t = to



Making a plenopticcamera
aperture plane (u, v) sensor plane (s, t)reference plane (s, t)

LightfieldL(u, v, s, t)

each pixel 
measures a ray 

L(u, v, s, t)

each pinhole 
corresponds to a slice  

L(u, v, s = so, t = to)

How can we make this more light efficient?



Making a plenopticcamera
aperture plane (u, v) sensor plane (s, t)reference plane (s, t)

LightfieldL(u, v, s, t)

each pixel 
measures a ray 

L(u, v, s, t)

each pinhole 
corresponds to a slice  

L(u, v, s = so, t = to)

How can we make this more light efficient?
Å replace pinholes with lenslets



History of the plenopticcamera

First conceptualized by Gabriel 
Lippmann, who called it integral 
photography. 
ÅOriginal article appeared in 

French journal three years 
earlier, what is shown here is 
an American re-print.



History of the plenopticcamera

First conceptualized by Gabriel 
Lippmann, who called it integral 
photography. 
ÅOriginal article appeared in 

French journal three years 
earlier, what is shown here is 
an American re-print.

Notice the date: more 
than a century ago.



History of the plenopticcamera

Reappeared under different forms and names throughout the century.
ÅThe left paper is from 1930, the right one from 1970.



History of the plenopticcamera

Re-introduced to 
computer vision and 
graphics in 1992, 
which was also when 
the term plenoptic
camerawas coined.



History of the plenopticcamera

Figure from the 1992 paper, which shows the 
version of the plenopticcamera with pinholes 
instead of lensletson the image plane.



History of the plenopticcamera

Re-re-introduced to computer 
vision and graphics in 2005, 
when the term light field 
photographywas also coined.



Prototype plenopticcamera

[Ng et al., Stanford Technical Report 2005]



Commercial plenopticcamera



Commercial plenopticcamera

lensletarray



Commercial plenopticcamera

newer version with 
higher resolution



Industrial plenopticcameras

ÅMuch higher resolution, both spatial and angular, than commercial cameras.
ÅSupport interchangeable lenses.
ÅCan do video.
ÅVeryexpensive.

Plenopticcameras have become quite popular in lab and industrial settings.



Shack-Hartmann wavefrontsensors

ÅCompletely different use: measuring how close a wavefrontis to being planar
ÅExactlythe sameopticsasaplenopticcamera.
ÅCommoninstrumentin opticslabsandmedicalimaging.



Question

Given that the plenopticcamera design was known since 1908, why did it take a century for 
such a camera to be made commercially available?



Question

Given that the plenopticcamera design was known since 1908, why did it take a century for 
such a camera to be made commercially available?

ÅDifficult to manufacture good lensletarrays at high resolution (unless attached to sensors).

ÅDigital sensors did not have sufficiently high resolution.

ÅNo known good use for them besides depth sensing.
- Theintroductionof the handheld plenopticcamera was strongly influenced by the 
1996 lightfieldpapers, which demonstrated all of the useful photographic operations 
one could replicate by having access to the entire lightfield.

ÅAnd ofcourse,nobody thought of commercializing them.



Making a plenopticcamera

Is it possible to make a plenopticcamera using an array of pinholes?



Making a plenopticcamera

Is it possible to make a plenopticcamera using an array of pinholes?
ÅYes, under certain conditions on the images being captured.

Need to be able to 
separate different rays 
falling on same pixel.

[Georgiev, ECCV 2008]



Images from lightfields



A plenopticάƛƳŀƎŜέ

What are these circles?


