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Course announcements

Å Homework 2 is out.
- Due September 27th. 
- Requires camera andtripod.
- Start early! Substantiallylarger programming and imaging components than in Homework 1.
- Generous bonus component, up to 50% extra credit.
- No really: start early!



hǾŜǊǾƛŜǿ ƻŦ ǘƻŘŀȅΩǎ ƭŜŎǘǳǊŜ

ÅLeftover from lecture 7.

ÅBack to tonemapping.

ÅEdge-aware filtering and bilateral filtering.

ÅNon-local means.

ÅFlash/no-flash photography.

ÅJoint bilateral filtering.



Slide credits

Many of these slides were inspired or adapted from:

ÅJames Hays (Georgia Tech).
ÅFredoDurand (MIT).
ÅGordon Wetzstein(Stanford).
ÅSylvain Paris (MIT).
ÅSam Hasinoff(Google).



Back to tonemapping



Dealing with color

If we tonemapall channels the same, colors are washed out

Can you think of a way to deal with this?



Intensity-only tonemapping

tonemap
intensity

How would you implement this?

leave color 
the same



Comparison

Color now OK, but some details are washed out due to loss of contrast

Can you think of a way to deal with this?



Low-frequency intensity-only tonemapping

tonemaplow-frequency 
intensity component

How would you implement this?

leave color the same

leave high-frequency 
intensity component 

the same



Comparison

²Ŝ Ǝƻǘ ƴƛŎŜ ŎƻƭƻǊ ŀƴŘ ŎƻƴǘǊŀǎǘΣ ōǳǘ ƴƻǿ ǿŜΩǾŜ Ǌǳƴ ƛƴǘƻ ǘƘŜ Ƙŀƭƻ ǇƭŀƎǳŜ

Can you think of a way to deal with this?



Tonemappingwith bilateral filtering



Comparison

We fixed the halos without losing contrast





Edge-aware filtering and bilateral filtering



Motivational example

[ŜǘΩǎ ǎŀȅ L ǿŀƴǘ ǘƻ ǊŜŘǳŎŜ ǘƘŜ ŀƳƻǳƴǘ ƻŦ ŘŜǘŀƛƭ ƛƴ ǘƘƛǎ ǇƛŎǘǳǊŜΦ ²Ƙŀǘ Ŏŀƴ L ŘƻΚ

original



Motivational example

What is the problem here?

original Gaussian filtering



Motivational example

original Gaussian filtering

Howto smooth out the detailsin the image without losing the important edges?



Motivational example

original Gaussian filtering bilateral filtering



The problem with Gaussian filtering

input

Gaussiankernel

*

*

*

output

Why is the output so blurry?



The problem with Gaussian filtering

input

Gaussiankernel

*

*

*

output

Blur kernel averages across edges



The bilateral filtering solution

input

bilateral filter kernel

*

*

*

output

Do not blur if there is an edge! How does it do that?



Bilateral filtering



Bilateral filtering

Spatial weighting

1) ƛǘΩǎ ƴŜŀǊōȅAssign a pixel a large weight if:



Bilateral filtering

Intensity range weighting

2) it looks like meand

Spatial weighting

1) ƛǘΩǎ ƴŜŀǊōȅAssign a pixel a large weight if:



Bilateral filtering

Normalization factor Intensity range weighting

2) it looks like meand

Spatial weighting

1) ƛǘΩǎ ƴŜŀǊōȅAssign a pixel a large weight if:



Bilateral filtering vs Gaussian filtering

Which is which?



Bilateral filtering vs Gaussian filtering

Gaussian filtering

Bilateral filtering



Bilateral filtering vs Gaussian filtering

Gaussian filtering

Bilateral filtering
Spatial weighting: 
favor nearbypixels



Bilateral filtering vs Gaussian filtering

Gaussian filtering

Bilateral filtering
Spatial weighting: 
favor nearbypixels

Intensity range weighting: 
favor similarpixels



Bilateral filtering vs Gaussian filtering

Gaussian filtering

Bilateral filtering
Spatial weighting: 
favor nearbypixels

Normalization factor

Intensity range weighting: 
favor similarpixels



Bilateral filtering vs Gaussian filtering

Gaussian filtering

Bilateral filtering

Smooths everything nearby (even edges)
Only depends on spatialdistance

{ƳƻƻǘƘǎ ΨŎƭƻǎŜΩ ǇƛȄŜƭǎ ƛƴ ǎǇŀŎŜ ŀƴŘ ƛƴǘŜƴǎƛǘȅ
Depends on spatialand intensitydistance



Gaussian filtering visualization

Output GaussianFilter Input



Bilateral filtering visualization

Output Bilateral Filter Input

Spatial range Intensity range



Exploring the bilateral filter parameter space

input

ss= 2

ss= 6

ss = 18

sr = 0.1 sr = 0.25
sr = ¤

(Gaussian blur)



Does the bilateral filter respect all edges?

input

bilateral filter kernel

*

*

*

output



Does the bilateral filter respect all edges?

input

bilateral filter kernel

*

*

output

Bilateral filter crosses (and blurs) thin edges.



Denoising

noisy input bilateral filtering median filtering



Contrast enhancement

input sharpening based on 
bilateral filtering

sharpening based on 
Gaussian filtering

How would you use Gaussian or bilateral filtering for sharpening?



Photo retouching



Photo retouching

original digital pore removal (aka bilateral filtering)



Before



After



Close-up comparison

original digital pore removal (aka bilateral filtering)



Cartoonization

input cartoon rendition



Cartoonization

How would you create this effect?



Cartoonization

edges from bilaterally filteredimage bilaterally filteredimage

+ =

cartoon rendition

Note: image cartoonizationand abstraction are very active research areas.



Is the bilateral filter:

Shift-invariant?

Linear?



Is the bilateral filter:

Shift-invariant?

Linear?

ÅNo.

ÅNo.

Does this have any bad implications?



The bilateral grid

Data structure for fast edge-
aware image processing.



Modern edge-aware filtering: local Laplacian pyramids



Modern edge-aware filtering: local Laplacian pyramids



Modern edge-aware filtering: local Laplacian pyramids

input

texture 
decrease

texture 
increase

large texture 
increase



Tonemappingwith edge-aware filtering



Tonemappingwith edge-aware filtering

bilateral filterlocal Laplacian pyramids



Non-local means



Redundancy in natural images



Non-local means
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No need to stop at neighborhood. Instead search everywherein the image.



Non-local means vs bilateral filtering

Non-local means filtering

Bilateral filtering

Spatial weighting: 
favor nearbypixels

Intensity range weighting: 
favor similarpixels (patches 
in case of non-local means)



Everything put together

Gaussian filtering

Bilateral filtering

Smooths everything nearby (even edges)
Only depends on spatialdistance

{ƳƻƻǘƘǎ ΨŎƭƻǎŜΩ ǇƛȄŜƭǎ ƛƴ ǎǇŀŎŜ ŀƴŘ ƛƴǘŜƴǎƛǘȅ
Depends on spatialand intensitydistance

Non-local means

Smooths similar patches no matter how far away
Only depends on intensitydistance



Denoisingexample

bilateral filteringGaussian filteringnoisy input non-local means



±ŜǊȅ ƎŜƴŜǊŀƭ ŦƻǊƳǎ ƻŦ άǎǘǊǳŎǘǳǊŀƭέ ŦƛƭǘŜǊƛƴƎ

We will see more in later lectures.



Is non-local means:

Shift-invariant?

Linear?



Is non-local means:

Shift-invariant?

Linear?

ÅNo.

ÅNo.

Non-local means is not a convolution, and is generally very verychallenging to implement 
efficiently. 

Efficient algorithms for non-local means are an active research area.



Flash/no-flash photography



Red Eye



Unflattering Lighting



Motion Blur



Noise



A lot of Noise



Ruined Ambiance



No-FlashFlash

+ Low Noise
+ Sharp
- Artificial Light
- Jarring Look

- High Noise
- Lacks Detail
+ Ambient Light
+ Natural Look



Image acquisition

Lock Focus
& Aperture

1

time



Image acquisition

1/30 s
ISO 3200

No-Flash ImageLock Focus
& Aperture

21

time



Image acquisition

1/30 s
ISO 3200

1/125 s
ISO 200

No-Flash ImageLock Focus
& Aperture

Flash Image

2 31

time



Denoising Result


