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Computational Photography
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Announcements

• Assignment 3 is due Jan 31, 11:59 PM

• Assignment 4 will be released Jan 31

– Due Feb 7, 11:59 PM
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Computational imaging

• Coded photography

• Compressive imaging
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Coded aperture

Coded exposure



Coded photography

• Acquisition of images with known encoding

• Techniques

– Coded aperture

– Coded exposure
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Coded photography

• Coded aperture

– Mask of opaque material, 
blocking radiation in a known 
pattern to cast a coded 
shadow on the image plane

– Properties of the original 
radiation sources are 
reconstructed from the 
shadow
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Coded photography

• Image and depth from a conventional camera 
with a coded aperture

– Anat Levin, Rob Fergus, Fredo Durand, and 
William Freeman
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Single input image:

Output #1: Depth map



Single input image:

Output #1: Depth map

Output #2: All-focused image
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Lens and defocus
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Depth and defocus

Depth from defocus:

Infer depth by analyzing 

local scale of defocus blur

Out of focus

In focus



Challenges

• Hard to discriminate a smooth scene from defocus blur 

• Hard to undo defocus blur 

Input Ringing with conventional 

deblurring algorithm

Out of focus
?



Key ideas

• Exploit prior on natural images

       - Improve deconvolution

       - Improve depth discrimination 

• Coded aperture (mask inside lens)

       - make defocus patterns different from     

natural images and easier to discriminate

Natural Unnatural 
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Overview
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Correct scale 

Smaller scale 

Larger scale 
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Try deconvolving local input windows with different scaled filters:

Somehow: select best scale.
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Challenges

• Hard to identify 

correct scale:

• Hard to deconvolve even  

when kernel is known 

Input Ringing with the traditional 

Richardson-Lucy deconvolution 

algorithm

=   

?

? Correct scale 

Smaller scale 

? Larger scale 

=   

=   

• Hard to deconvolve even  

when kernel is known 



?

yxf =

=

Deconvolution is ill posed





Deconvolution is ill posed

? =

=?

Solution 1:

Solution 2:

yxf =







Idea 1: Natural images prior

Image

gradient

put a penalty on gradients 

Natural images have sparse gradients

Natural Unnatural

What makes images special?
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=   

?

?Correct scale 

Smaller scale 

?Larger scale 
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Try deconvolving local input windows with different scaled filters:

Recall: Overview

Challenge: smaller scale not so different than correct 

Somehow: select best scale.



Idea 2: Coded Aperture

• Mask (code) in aperture plane
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Idea 2: Coded Aperture
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Solution: lens with occluder
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Coded aperture reduces uncertainty in scale identification

Conventional Coded 

Correct scale 

Smaller scale 

Larger scale 



Convolution- frequency domain representation
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Coded aperture: Scale estimation and division by zero
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Filter Design

Sampled aperture patterns
Conventional 

aperture

More discrimination 

between scales

Score

Less discrimination 

between scales

Analytically search for a pattern maximizing discrimination 

between images at different defocus scales (KL-divergence)

Account for image prior and physical constraints 



Depth results



Input Local depth estimation Regularized depth

Regularizing depth estimation

_
2

+

Convolution error Derivatives prior

Try deblurring with 10 different aperture scales

Keep minimal error scale in each local window + regularization
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Input

Local depth estimation

Regularized depth

Regularizing depth estimation



All focused results



Input 



All-focused             

(deconvolved)



Original image

All-focus image

Close-up



Comparison- conventional aperture result

Ringing due to wrong scale estimation



Comparison- coded aperture result



Application: Digital refocusing from a single image



Application: Digital refocusing from a single image



Application: Digital refocusing from a single image



Image AND depth at a single shot

No loss of image resolution

Simple modification to lens

Depth is coarse

But depth is a pure bonus

Lose some light

But deconvolution increases depth of field 

Coded aperture: pros and cons

unable to get depth at untextured areas, 

might need manual corrections.
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Coded photography

• Coded exposure

– Reduces the effects 
of motion blur using 
the relationship 
between the photon 
exposure of the light 
sensor and the 
shutter code
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Coded photography

• Coded exposure photography: motion 
deblurring using fluttered shutter

– Ramesh Raskar, Amit Agrawal, and Jack Tumblin
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Input Image



Rectified Crop

Deblurred Result







Deblurred ResultInput Photo



Traditional Camera

Shutter is OPEN



Our Camera

Flutter Shutter



Shutter is OPEN 
and CLOSED



Comparison of Blurred Images



Implementation

Completely Portable



Lab Setup



Blurring 

==

Convolution

Traditional Camera: Box Filter

Sync Function



Flutter Shutter: Coded Filter

Preserves High 
Frequencies!!!



Comparison



Inverse Filter Unstable

Inverse Filter stable



Short Exposure Long Exposure Coded Exposure

Ground TruthMatlab Lucy

Our result



Are all codes “good”?

Alternate

All ones

Random

Our Code



License Plate Retrieval



License Plate Retrieval



Compressive imaging

• Compressive sensing of images

• Compressive sensing is also called compressed 
sensing, compressive sampling, or sparse 
sampling
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Compressive imaging

• Nyquist-Shannon sampling theorem

– Sample at twice the highest observed frequency

– You cannot compress and image until you have 
the image

• Compressive imaging

– Compress the image before it is digitized
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Compressive imaging

CSE 273, Winter 2024 103Illustration: Emily Cooper

Example



Compressive imaging

• Single pixel camera
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Compressive imaging

• Conditions for reconstructing the image
– Image is sparse in some domain

– Incoherence
• Easily satisfied by sparse images

• Applied using the (restricted) isometry property (RIP)

• Find solution to underdetermined linear 
system
– More unknowns than equations

– Multiple solutions
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Compressive imaging

• Single pixel camera

CSE 273, Winter 2024 106



Next lecture

• Camera and image motion

CSE 273, Winter 2024 107
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