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Light fields 
and plenoptic 
cameras



• Each pixel is the integral of many light rays 
across the aperture 

• Which rays are integrated at which pixel 
changes the focus 

• Idea: capture rays, not pixels

Focusing and defocus

lens focal  
plane



Plenoptic/light field cameras
• Different goals 

- reproduce 3D impression
- enable refocusing
- do computer vision



Plenoptic/light field cameras

• Lipmann 1908 
–"Window to the world" 

• Adelson and Wang, 1992 
–Depth computation 

• Revisited by Ng et al. for refocusing 
–turned into Lytro



Light fields



• Capture all rays reaching the lens 
• 4D:  

- 2D for lens aperture
- 2D for focal plane (or any other plane)

For a camera

lens focal  
plane



• Same on the image side 
• 4D:  

- 2D for lens aperture
- 2D for sensor

For a camera: conjugate

lens focal  
plane



Two-plane parameterization
• Line parameterized by intersection with 2 planes 

–Careful, there are different "isotopes" of such 
parameterization (slightly different meaning of stuv)



• 2D slices 
- constant u, v: regular pinhole images from 

different aperture points
- constant x, y: aperture view

- how much the color of a point on the focal 
plane varies with angle (but depends on 

Understanding 4D

lens focal  
plane

u,v s, t (or y, x)

lens focal  
plane

u,v s, t (or y, x)





Cool visualization

From Gortler et al. 



Demo light field viewer
• http://lightfield.stanford.edu/lfs.html

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


Light field 
cameras



Plenoptic/light field cameras
✦ [Lipmann 1908, Adelson and Wang, 1992, Ng et al. 06]

✦ Record 4D set of rays 
• using microlens array in front of sensor

Main lens
microlenses

aperture
sub-image



Lippmann 1908
• http://people.csail.mit.edu/fredo/PUBLI/Lippmann.pdf  
• http://www.tgeorgiev.net/RadianceCameras/EpreuvesReversibles.pdf 

http://people.csail.mit.edu/fredo/PUBLI/Lippmann.pdf
http://www.tgeorgiev.net/RadianceCameras/EpreuvesReversibles.pdf


Plenoptic camera
• For depth extraction 
• Adelson & Wang 92   

http://www-bcs.mit.edu/people/jyawang/demos/plenoptic/plenoptic.html



Camera array
• Willburn et al. http://graphics.stanford.edu/papers/CameraArray/

http://graphics.stanford.edu/papers/CameraArray/


Camera arrays
• http://graphics.stanford.edu/projects/array/





MIT version
• Jason Yang



Bullet time
• Time splice http://www.ruffy.com/frameset.htm



Robotic Camera

Image Leonard McMillan
Image Levoy et al. 



Legos	
• http://lightfield.stanford.edu/aperture.swf?lightfield=data/

self_portrait_lf/preview.zip&zoom=1

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


Flatbed scanner camera
• By Jason Yang



Hand-Held Light Field Camera

Medium format digital camera Camera in-use

16 megapixel sensor Microlens array
Slide by Ren Ng. 



New version: Lytro
• http://www.lytro.com/ 
• hexagonal microlens array

http://www.lytro.com/




Plenoptic 
camera 
refocusing



Conventional Photograph

Slide by Ren Ng. 



Light Field Photography

• Capture the light field inside the camera body

Slide by Ren Ng. 



Hand-Held Light Field Camera

Medium format digital camera Camera in-use

16 megapixel sensor Microlens array
Slide by Ren Ng. 





New version: Lytro
• http://www.lytro.com/ 
• hexagonal microlens array

http://www.lytro.com/


Light Field in a Single Exposure

Slide by Ren Ng. 



Light Field in a Single Exposure

Slide by Ren Ng. 



Light Field Inside the Camera Body

Slide by Ren Ng. 



Recap & Questions?

✦ Record 4D set of rays 
• using microlens array in front of sensor

Main lens
microlenses

aperture
sub-image



Reconstructing a normal image

✦ Just integrate all the pixels in an aperture sub-image

Main lens
microlenses

aperture
sub-image



Stopping down the lens

✦ Just integrate the pixels only in the center of an aperture sub-
image

Main lens
microlenses

aperture
sub-image



Digitally stopping-down

stopping down  =  summing only the central portion of 
each microlens

 

 

Σ

Σ



Changing the viewpoint
• Just take one given pixel in each aperture sub-image 

–Viewpoint limited to the lens aperture



Digital Refocusing by Ray-Tracing

Lens Sensor

u x

Slide by Ren Ng. 

We have all the light rays 
We can generate any virtual view



Digital Refocusing by Ray-Tracing

Lens original  
Sensor

u

new virtual  
sensor

x

 

Slide by Ren Ng. 



Digital Refocusing by Ray-Tracing

Lens

u x

 

Slide by Ren Ng. 

original  
Sensor

new virtual  
sensor

For each pixel of the new view 
Integrate light rays  
from different original  
aperture images



Digital Refocusing by Ray-Tracing

 

Lens Sensor

u x

Imaginary film

Slide by Ren Ng. 



Digital Refocusing by Ray-Tracing

 

Lens Sensor

u x

Imaginary film

Slide by Ren Ng. 



Digital Refocusing

Slide by Ren Ng. 



Digital Refocusing

Slide by Ren Ng. 



Web demo
• http://lytro.com/gallery/

http://lytro.com/gallery/


Light Field 
Refocusing in 
Practice



lens

recorded



Digital Refocusing by Ray-Tracing
Let’s see where different aperture locations get reprojected

Lens

u x

original  
Sensor

new virtual  
sensor



Digital Refocusing by Ray-Tracing
Let’s see where different aperture locations get reprojected 
Similar triangles: 

The rays from u1 are shifted with respect to the rays from u0 by the 
same amount 
This amount is proportional to ||u1u0||

Lens

u x

original  
Sensor

new virtual  
sensor

d

d

u1

u0



Algorithm
• For all aperture locations u, v in [-1, 1] 

–translate image along y, x by ku, kv 
–add to final image 

• Note: we ignore a scale factor (recall, field of view changes 
with refocusing)

Lens

u x

original  
Sensor

new virtual  
sensor

d

d

u1

u0



Input light field
• Yes, the focal stack was synthetic!



Input light field



Input light field
Aperture images are 
square because it’s 
captured with a a 

robotics rig



Epipolar slices
• y, v = constant



Results



Results



Results



Results



Results



Results



More results



More results



Epipolar slice



More results



More results



More results



More results



More results



Focal stack & plenoptic camera
Light Field Photography with a Hand-Held Plenoptic Camera, Ren Ng, 
Marc Levoy, Mathieu Brédif, Gene Duval, Mark Horowitz, Pat Hanrahan 

• See next time 
• Capture light field 

• Refocus to create focal stack 

• Use photomontage to  
generate all-focus image

Stanford Tech Report CTSR 2005-02

Figure 14: Refocusing after a single exposure of the light field camera. Top
is the photo that would have resulted from a conventional camera, focused
on the clasped fingers. The remaining images are photographs refocused
at different depths: middle row is focused on first and second figures; last
row is focused on third and last figures. Compare especially middle left and
bottom right for full effective depth of field.

Figure 15: Left: Extended depth of field computed from a stack of pho-
tographs focused at different depths. Right: A single sub-aperture image,
which has equal depth of field but is noisier.

Figure 16: Refocusing of a portrait. Left shows what the conventional
photo would have looked like (autofocus mis-focused by only 10 cm on the
girl’s hair). Right shows the refocused photograph.

Figure 17: Light field photograph of water splashing out of of a broken
wine glass, refocused at different depths.

Figure 18: Moving the observer in the macrophotography regime (1:1 mag-
nification), computed after a single light field camera exposure. Top row
shows movement of the observer laterally within the lens plane, to pro-
duce changes in parallax. Bottom row illustrates changes in perspective
by moving along the optical axis, away from the scene to produce a near-
orthographic rendering (left) and towards the scene to produce a medium
wide angle (right). In the bottom row, missing rays were filled with closest
available (see Figure 7).
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Figure 13: A complete light field captured by our prototype. Careful examination (zoom in on electronic version, or use magnifying glass in print) reveals
292×292 microlens images, each approximately 0.5 mm wide in print. Note the corner-to-corner clarity and detail of microlens images across the light
field, which illustrates the quality of our microlens focusing. (a), (b) and (c) show magnified views of regions outlined on the key in (d). These close-ups are
representative of three types of edges that can be found througout the image. (a) illustrates microlenses at depths closer than the focal plane. In these right-side
up microlens images, the woman’s cheek appears on the left, as it appears in the macroscopic image. In contrast, (b) illustrates microlenses at depths further
than the focal plane. In these inverted microlens images, the man’s cheek appears on the right, opposite the macroscopic world. This effect is due to inversion
of the microlens’ rays as they pass through the world focal plane before arriving at the main lens. Finally, (c) illustrates microlenses on edges at the focal plane
(the fingers that are clasped together). The microlenses at this depth are constant in color because all the rays arriving at the microlens originate from the same
point on the fingers, which reflect light diffusely.
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(the fingers that are clasped together). The microlenses at this depth are constant in color because all the rays arriving at the microlens originate from the same
point on the fingers, which reflect light diffusely.
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Figure 14: Refocusing after a single exposure of the light field camera. Top
is the photo that would have resulted from a conventional camera, focused
on the clasped fingers. The remaining images are photographs refocused
at different depths: middle row is focused on first and second figures; last
row is focused on third and last figures. Compare especially middle left and
bottom right for full effective depth of field.

Figure 15: Left: Extended depth of field computed from a stack of pho-
tographs focused at different depths. Right: A single sub-aperture image,
which has equal depth of field but is noisier.

Figure 16: Refocusing of a portrait. Left shows what the conventional
photo would have looked like (autofocus mis-focused by only 10 cm on the
girl’s hair). Right shows the refocused photograph.

Figure 17: Light field photograph of water splashing out of of a broken
wine glass, refocused at different depths.

Figure 18: Moving the observer in the macrophotography regime (1:1 mag-
nification), computed after a single light field camera exposure. Top row
shows movement of the observer laterally within the lens plane, to pro-
duce changes in parallax. Bottom row illustrates changes in perspective
by moving along the optical axis, away from the scene to produce a near-
orthographic rendering (left) and towards the scene to produce a medium
wide angle (right). In the bottom row, missing rays were filled with closest
available (see Figure 7).
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http://graphics.stanford.edu/%7Erenng/
http://graphics.stanford.edu/%7Elevoy/
http://www-vlsi.stanford.edu/%7Ehorowitz
http://graphics.stanford.edu/%7Ehanrahan/


Focal stack & plenoptic camera

Stanford Tech Report CTSR 2005-02

Figure 14: Refocusing after a single exposure of the light field camera. Top
is the photo that would have resulted from a conventional camera, focused
on the clasped fingers. The remaining images are photographs refocused
at different depths: middle row is focused on first and second figures; last
row is focused on third and last figures. Compare especially middle left and
bottom right for full effective depth of field.

Figure 15: Left: Extended depth of field computed from a stack of pho-
tographs focused at different depths. Right: A single sub-aperture image,
which has equal depth of field but is noisier.

Figure 16: Refocusing of a portrait. Left shows what the conventional
photo would have looked like (autofocus mis-focused by only 10 cm on the
girl’s hair). Right shows the refocused photograph.

Figure 17: Light field photograph of water splashing out of of a broken
wine glass, refocused at different depths.

Figure 18: Moving the observer in the macrophotography regime (1:1 mag-
nification), computed after a single light field camera exposure. Top row
shows movement of the observer laterally within the lens plane, to pro-
duce changes in parallax. Bottom row illustrates changes in perspective
by moving along the optical axis, away from the scene to produce a near-
orthographic rendering (left) and towards the scene to produce a medium
wide angle (right). In the bottom row, missing rays were filled with closest
available (see Figure 7).
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From Ng et al. http://
graphics.stanford.edu/
papers/lfcamera/

http://graphics.stanford.edu/papers/lfcamera/
http://graphics.stanford.edu/papers/lfcamera/
http://graphics.stanford.edu/papers/lfcamera/


Autofocus



Phase detection focusing 
• Used e.g. in SLRs

From The Manual of Photography From the Canon red book



Phase detection focusing 
• Stereo vision from two portions of the lens on the periphery 
• Not at the equivalent  

film plane but farther 
 can distinguish  
too far and too close 

• Look at the phase  
difference between  
the two images

From The Manual of Photography 

In focus

Too close

Too far

Detector

phase



On-sensor phase autofocus
• https://research.googleblog.com/2017/10/portrait-mode-on-

pixel-2-and-pixel-2-xl.html



Optical 
aberration 
correction



• The less known (and possibly most important) chapter in Ren 
Ng’s thesis.  

• https://stanford.edu/class/ee367/reading/Ren%20Ng-
thesis%20Lytro.pdf 

• https://www.spiedigitallibrary.org/conference-proceedings-of-
spie/6342/63421E/Digital-correction-of-lens-aberrations-in-light-
field-photography/10.1117/12.692290.full 

•

https://stanford.edu/class/ee367/reading/Ren%20Ng-thesis%20Lytro.pdf
https://stanford.edu/class/ee367/reading/Ren%20Ng-thesis%20Lytro.pdf
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/6342/63421E/Digital-correction-of-lens-aberrations-in-light-field-photography/10.1117/12.692290.full
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/6342/63421E/Digital-correction-of-lens-aberrations-in-light-field-photography/10.1117/12.692290.full
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/6342/63421E/Digital-correction-of-lens-aberrations-in-light-field-photography/10.1117/12.692290.full








Related work
• https://

www.nature.com/
articles/
s41586-022-05306-8 

https://www.nature.com/articles/s41586-022-05306-8
https://www.nature.com/articles/s41586-022-05306-8
https://www.nature.com/articles/s41586-022-05306-8
https://www.nature.com/articles/s41586-022-05306-8


Fredo’s vision



Practical 
matters



Do you lose all that resolution?
• It’s complicated



Can you do video
• Bandwidth is the challenge



Is it practical?
• Full frame sensor with cell phone density 

• 24x36mm ->  
• Sony a7riii has 4.5micron pitch 
• Bandwidth of phantom high speed camera: 6,600 fps at 2048 x 

1920 4MPixel. -> 660 at 40MPixels -> 30fps at 40*4.5*4.5 [they 
say 26GPixels/sec] 12 bits  

• XQD: 400MB/s -> budget of 1/8bit per pixel at full burst 
• JPEG vs RAW: 70MB vs 7MB; 1 to 10 -> gets us still 1 order of 

magnitude short 
• Big challenge: quick, local light field compression. Can 

dimensionality gap help? Steer DCT? 
• Alternative: 2 microns, factor of 4 obviously, 10MPixels with 

4.5x4.5 



Diaphragm (or lack thereof)

Main lens
microlenses

aperture
sub-image



Fake depth of field 
for cell phones  
(no light field)



Challenge
• Shallow depth of field hard with small sensors

sensor

lenssensor

Point in focus

Object with texture

lens

Point in focus

Object with texture



Challenge
• Shallow depth of field hard with small sensors

sensor

lenssensor

Point in focus

Object with texture

lens

Point in focus

Object with texture



• https://people.csail.mit.edu/soonmin/dof/



Portrait mode
• https://research.google/blog/portrait-mode-on-the-pixel-2-

and-pixel-2-xl-smartphones/ 
• https://arxiv.org/pdf/1806.04171

https://research.google/blog/portrait-mode-on-the-pixel-2-and-pixel-2-xl-smartphones/
https://research.google/blog/portrait-mode-on-the-pixel-2-and-pixel-2-xl-smartphones/
https://arxiv.org/pdf/1806.04171


• Machine learning-based 
foreground-background 
segmentation 

• Use dual pixels to get a 
depth map 
(or analyze local 
defocus) 

• Predict desired per-
pixel blur radius 

• Render with non-linear 
blur  
(more later)





Challenge with defocus blur
• Remember, not a convolution! 
• Blur radius depends on input scene depth,  

not output pixel location 
• Plus occlusion matters



*

lenssensor

Point in focus





Occlusion
• Divide the image into k (=5) depth layers with opacity 

values 
• Process each layer independently 
• Composite back to front (with “over” operator)







Challenges
• Masks are hard, especially around hair! 
• Need notion of sub-pixel coverage 
•



Some more recent work
• https://arxiv.org/abs/1904.05822 
• https://imaging.cs.cmu.edu/dual_pixels/ 

https://arxiv.org/abs/1904.05822
https://imaging.cs.cmu.edu/dual_pixels/

