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De deblurring lecture first



Is depth of field a blur?
• Depth of field is NOT a 

convolution of the image 
• The circle of confusion varies 

with depth  
• There are interesting occlusion 

effects 
• (If you really want a 

convolution, there is one, but 
in the light field...)

From Macro Photography



Fake depth of 
field



Challenge
• Shallow depth of field hard with small sensors
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• 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/


Wavefront 
coding



Hardware depth of field solution
✦ Stop down! (use smaller aperture)

✦ problem: noise

http://www.cdm-optics.com/site/publications.php  

http://www.cdm-optics.com/site/publications.php


Wavefront coding
• CDM-Optics, U of Colorado, Boulder 
• Improve depth of field using weird optics & deconvolution 
• http://www.cdm-optics.com/site/publications.php  

– The worst title ever: "A New Paradigm for Imaging Systems", Cathey and 
Dowski, Appl. Optics, 2002 

http://www.cdm-optics.com/site/publications.php


Wavefront coding
• Idea: deconvolution to deblur out of focus regions  
• Problem 1: depth of field blur is not shift-invariant 

–Depends on depth 
If depth of field is not a convolution, 

it's harder to use deconvolution ;-( 
• Problem 2: Depth of field blur "kills information" 

–Fourier transform of blurring kernel has low frequency 
response



Wavefront coding
• Idea: deconvolution to deblur out of focus regions  

–Problem 1: depth of field blur is not shift-invariant 
–Problem 2: Depth of field blur "kills information" 

• Solution: change optical system so that 
–Rays don't converge anymore 
–Image blur is the same for all depth 
–Blur spectrum is higher



Wavefront coding
• Idea: deconvolution to deblur out of focus regions  

–Problem 1: depth of field blur is not shift-invariant 
–Problem 2: Depth of field blur "kills information" 

• Solution: change optical system so that 
–Rays don't converge anymore 
–Image blur is the same for all depth 
–Blur spectrum is higher 

• How it's done 
–Phase plate (cubic lens z=y3+x3) 
–Will do things similar to spherical aberrations



Ray version



Image of a point source
• aka Point Spread Function (PSF), same as kernel

Normal lens

Wavefront coding

In focus Out of focus



Frequency response (MTF)
• Magnitude of the Fourier transform of the PSF 
• Higher is better (noise less amplified by deconvolution)



Results



Questions?



In General: 
Coded 
Imaging



Philosophy: Image capture
✦ A sensor placed alone in the 

middle of the visual world does 
not record an image



Image capture
✦ Pinhole 

allows you to 
select light 
rays



Image formation: optics
✦ Optics forms 

an image: 
selects and 
integrates light 
rays



✦ The combination of optics & computation forms the image: 
selects and combines rays

Image formation: computation

Generalized  
opticsComputation

Intermediate  
optical image

Final 
image



Computational imaging goals

Generalized  
opticsComputation

Intermediate  
optical image

Final 
image

✦ Better capture information 

✦ Form image as a post-process



Better capture information

Generalized  
opticsComputation

Intermediate  
optical image

Final 
image

✦ Same as communication theory:  
optics encodes , computation decodes

✦ Code seeks to minimize distortion



Form images as a post-process

Generalized  
opticsComputation

Intermediate  
optical image

Final 
image

✦ The computational part of formation can be done later and 
multiple times

✦ e.g., enable refocusing



Lattice focal 
lens



Levin et al. 09: assembly of subsquares with 
different focal powers 

       each element focuses on a different depth 

toy lattice-focal lens 
with 4 elements

New solution: The lattice-focal lens
32



Proof of concept 

• 12 subsquares cut from 
plano-convex spherical 
lenses 

• Attached to main lens 

	 	 extra focal power     	
needed very low 

•Modest DOF extension 
with only 12 subsquares

Hardware construction 36



input depth map

•Defocus kernels vary with depth 

•Depth estimation as for the coded aperture camera [Levin 
et al. 07]

Depth estimation

defocus kernels at 
different depths

37



Standard lens reference 
38



Lattice-focal lens 



Lattice focal lens

Online Submission ID: 0465

4D Frequency Analysis of Computational Cameras for Depth of Field Extension

Standard lens image Our lattice-focal lens: input Lattice-focal lens: all-focused output

Figure 1: Left: Image from a standard lens showing limited depth of field, with only the rightmost subject in focus. Center: Input from our
lattice-focal lens. The defocus kernel of this lens is designed to preserve high frequencies over a wide depth range. Right: An all-focused
image processed from the lattice-focal lens input. Since the defocus kernel preserves high frequencies, we achieve a good restoration over the
full depth range.

Abstract1

Depth of field (DOF), the range of scene depths that appear sharp2

in a photograph, poses a fundamental tradeoff in photography—3

wide apertures are important to reduce imaging noise, but they also4

increase defocus blur. Recent advances in computational imaging5

modify the acquisition process to extend the DOF through decon-6

volution. Because deconvolution quality is a tight function of the7

frequency power spectrum of the defocus kernel, designs with high8

spectra are desirable. In this paper we study how to design effective9

extended-DOF systems, and show an upper bound on the maximal10

power spectrum that can be achieved. We analyze defocus kernels11

in the 4D light field space and show that in the frequency domain,12

only a low-dimensional 3D manifold contributes to focus. Thus,13

to maximize the defocus spectrum, imaging systems should con-14

centrate their limited energy on this manifold. We review several15

computational imaging systems and show either that they spend en-16

ergy outside the focal manifold or do not achieve a high spectrum17

over the DOF. Guided by this analysis we introduce the lattice-focal18

lens, which concentrates energy at the low-dimensional focal man-19

ifold and achieves a higher power spectrum than previous designs.20

We have built a prototype lattice-focal lens and present extended21

depth of field results.22

Keywords: Computational camera, depth of field, Light field,23

Fourier analysis.24

1 Introduction25

Depth of field, the depth range over which objects in a photograph26

appear acceptably sharp, presents an important tradeoff. Lenses27

gather more light than a pinhole, which is critical to reduce noise,28

but this comes at the expense of defocus outside the focal plane.29

While some defocus can be removed computationally using decon-30

volution, the results depend heavily on the information preserved31

by the blur, as characterized by the frequency power spectrum32

of the defocus kernel. Recent advances in computational imag-33

ing [Dowski and Cathey 1995; Levin et al. 2007; Veeraraghavan34

et al. 2007; Hausler 1972; Nagahara et al. 2008] modify the image35

acquisition process to enable extended depth of field through such36

a deconvolution approach.37

Computational imaging systems can dramatically extend depth of38

field, but little is known about the maximal frequency magnitude39

response that can be achieved. In this paper, we use a standard40

computational photography tool, the light field, e.g. [Levoy and41

Hanrahan 1996; Ng 2005; Levin et al. 2008a], to address these is-42

sues. Using arguments of conservation of energy and taking into43

account the finite size of the aperture, we present bounds on the44

power spectrum of all defocus kernels.45

Furthermore, a dimensionality gap has been observed between the46

4D light field and the space of 2D images over the 1D set of depths47

[Gu et al. 1997; Ng 2005]. In the frequency domain, only a 3D48

manifold contributes to standard photographs, which corresponds49

to focal optical conditions. Given the above bounds, we show that50

it is desirable to avoid spending power in the other afocal regions51

of the light field spectrum. We review existing camera designs and52

find that some spend significant power in these afocal regions, while53

others do not achieve a high spectrum over the depth range.54

Our analysis leads to the development of the lattice-focal lens—a55

novel design which allows for improved image reconstruction. It56

is designed to concentrate energy at the focal manifold of the light57

field spectrum, and achieves defocus kernels with high spectra. The58

design is a simple arrangement of lens patches with different focal59

powers, but the patches’ size and powers are carefully derived. The60

defocus kernels of a lattice-focal lens are high over a wide depth61

range, but they are not depth invariant. This both requires and en-62

ables coarse depth estimation. We have constructed a prototype and63

demonstrate encouraging extended depth of field results.64

1.1 Depth of field evaluation65

Similar to previous work, we focus on Lambertian scenes and as-66

sume locally constant depth. The observed image B of an ob-67

ject at depth d is then described as a convolution B = φd ⊗ I+N,68

where I is the ideally sharp image, N is the imaging noise, and69

φd is the defocus kernel, commonly referred to as the point spread70

function (PSF). The defocus PSF φd is often analyzed in terms of71

its Fourier transform φ̂d , known as the optical transfer function72

(OTF). In the frequency domain, convolution is a multiplication73

B̂(ω) = φ̂d(ω)Î(ω)+ N̂(ω) where hats denote Fourier transforms.74

In a nutshell, deblurring divides every spatial frequency by the ker-75

nel spectrum, so the information preserved at a spatial frequency ω76

depends strongly on the kernel spectrum. If |φ̂d(ω)| is low, noise is77

amplified and image reconstruction is degraded. To capture scenes78

with a given depth range d ∈ [dmin,dmax], we want PSFs φd whose79
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Application: Refocusing from single captured image
44
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Application: Refocusing from single captured image
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Application: Refocusing from single captured image



Depth of field analysis

•How do different cameras compare?  
•What is the best that can be done?



Our new theoretical analysis
✦ http://www.wisdom.weizmann.ac.il/~levina/papers/lattice/

✦ In the 4D light fi
• Fourier analysis

✦ Shows that only a 3D subset of the 
4D spectrum is useful  
(dimensionality gap)

✦ Inspires new lens design: 
lattice-focal lens

Only a 3D subset of the 4D 
spectrum is useful

Previous designs spend energy 
outside the useful subset

http://www.wisdom.weizmann.ac.il/~levina/papers/lattice/


Comparison of different cameras

50



Comparing image reconstruction (simulation)

Object at in-focus depth

standard 
lens

coded 
aperture

focus 
sweep

wavefront  
coding

lattice-focal 
lens

< << < <

Object at extreme depth

35
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In cell phones

•e.g. Nokia E7 
•Also exploits chromatic aberrations to focus R, G & 

B at different depths 
•http://www.allaboutsymbian.com/features/item/

12789_EDoF_versus_Auto-focus_Underst.php 
•http://www.tessera.com/Pages/tessera.aspx 
•http://www.tessera.com/technologies/

imagingandoptics/Documents/OptiML_Focus.pdf

http://www.allaboutsymbian.com/features/item/12789_EDoF_versus_Auto-focus_Underst.php
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