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Mobile imaging has 
changed the world.
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Pope Francis
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More than 2 billion photos shared on 
social media per day 

Reuters/CBS/TIME/KPCB 

Over 100 million are “selfies”

That’s 23,000 frames/sec

That’s 1,200 frames/sec



Why do we care?

Source: Statista



Source: Statista



1800s 1930s 1990s 2010s 2020s 

Old School Analog Digital Mobile/Computational
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Polaroid SX-70
1972



Instant Gratification

Circa 1978
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Invention of CMOS/Camera on a Chip

"Active Pixel Sensors: Are CCD's Dinosaurs?" Eric R. Fossum (1993), 
Proc. SPIE Vol. 1900, p. 2–14, in Charge-Coupled Devices and Solid 
State Optical Sensors III, Morley M. Blouke; Ed.

+ Cheaper, power efficient
- Noisier, rolling shutter readout

It would take another 10 years before CMOS systems would
enable mass production of affordable (mobile) cameras  



MOBILE PHOTOGRAPHY



Year1975       1980       1985       1990       1995       2000       2005       2010       2015       2019

First 
Commercial 

Digital Cameras

First Digital 
Camera

Prototype

Digital SLRs,
Compacts

1st Commercial 
Camera Phone

iPhone
CMOS



Displays
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1990 2010 2020

300dpi displays



Year1975       1980       1985       1990       1995       2000       2005       2010       2015       2019

First 
Commercial 

Digital Cameras

First Digital 
Camera

Prototype

Digital SLRs,
Compacts

1st Commercial 
Camera Phone

iPhone

4G Networks 

CMOS



Wireless Network Speed 

Source: Silika

Transmit a 2 Mpix image 
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COMPUTATIONAL PHOTOGRAPHY
2010 -

“The best camera is the one that’s with you.”



Can one be as good as the other?



4.7 mm2

Credit Yael Pritch

1360 mm2~ 300x = 

Can one be as good as the other?



Average point+shoot

Average Smartphone

Average DSLR

Full Frame (35mm equiv.)

Less light gets recorded



Compete with hardware!

1 camera 2 cameras 3 camera 4 cameras

Yet most of the improvements are due to software.
5 cameras



Modern Mobile Imaging: 
Burst Photography

Align Merge Enhance

Align: Reliable Optical Flow – Scene is never stationary

Exposure control

Merge: Artifact-free Fusion – Alignment failures, occlusion, ... 

Enhance: Denoise, Sharpen, Contrast, Dynamic Range 



Michael Brown

Classic Camera Image Processing Pipeline

Demosaic

“Merge”“Enhance”



Classic camera pipeline - demosaicing

Missing information

Two-thirds of your picture is made-up!
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Demosaicing
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Demosaicing …. Kills Details and Produces Artifacts



Instead ….. Replace demosaicing with multiple frames

28



? ?

? ? ? ?

? ?

? ? ? ?

? ?

? ?

? ?

? ?

? ? ? ?

? ?

? ? ? ?

? ?

? ? ? ?

? ? ? ?

? ? ? ?

? ? ? ?

? ?

? ?

? ?

? ?

Shift sensor right 1 pixel

Shift sensor down 1 pixel

Shift sensor down and right 1 pixel

How: 
“Pixel-shifting”
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Life is not so simple.
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Merge: Nonlinear Kernel Regression

Measurements
Kernel functions

Continuous interpolation
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We can also merge onto higher-res grid

2.0x1.5x1.0x

• This has its limits 
• depending on the pixel size / lens spot size tradeoff
• for typical mobile sensors, up to ~2x is possible



Source of motion in mobile imaging?
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Handheld burst capture
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(Natural) Physiological Tremor
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Measured in 100s of bursts



What if phone/camera is immobilized? 
Simulated “tremor”
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Motion : Phase Diversity

Super-resAliasing + Subpixel Motion

Aliasing + Phase diversity à Multi-frame Super-Res



The visual system appears to do super-resolution 
(via micro-saccades) 



Full picture (reference)
Hasinoff et al. [2016] Ours

Crops 



”The Pixel 3 is the first smartphone camera 
to truly challenge traditional cameras from an 
image quality standpoint, . . . rivaling cameras 
with Micro 4/3 sensors in [super-res] mode.”



Hasinoff et al. [2016]

Super-res 

[SIGGRAPH 2019]



Phone X

Pixel 3 Night Mode



Align Merge Enhance

Crop

Upscale

[Romano, Milanfar, Isidoro, Transactions on Computational Imaging, 2017]

Zoom Use Case 



Filter Learning
Low res 
images

least-squares 
solverpatches

High res 
images

filter

pixels



We can do even better
• Bucket similar patches together and train within buckets 

LR 
images

hashing to 
buckets

filter learninghash=0 
patches
hash=1 
patches
hash=2 
patches

hash=n
patches

filter learning

filter learning

filter learning

hash=0    
pixels

hash=1     
pixels

hash=2   
pixels

hash=n    
pixels

cheap 
upscaling

hashing to 
buckets

HR 
images

Learning per bucket

...
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No zoom
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(2x zoom)
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(2x zoom crop) Standard Digital Zoom 
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(2x zoom crop) 2017 Single-frame Super-res
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(2x zoom crop) 2018 Multi-frame Super-res
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85% of optical zoom resolution 
at 2x

“Best digital zoom on the market”



OTHER CHALLENGES IN 
COMPUTATIONAL IMAGING



Curation

[Talebi & Milanfar, IEEE Transactions on Image Processing 2018]

H. Talebi and P. Milanfar, "NIMA: Neural Image Assessment", In IEEE Transactions on Image Processing 2018.

https://arxiv.org/abs/1709.05424


NIMA: Neural Image Assessment
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H. Talebi and P. Milanfar, "NIMA: Neural Image Assessment", In IEEE Transactions on Image Processing 2018.

https://arxiv.org/abs/1709.05424


NIMA for Aesthetic Quality
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NIMA For Technical Quality
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Shot on Pixel 3
With Super-res
Night Sight mode




