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Key issues

• Physical
• what makes a pixel take its brightness values?

• Inference
• what can we recover from the world using those brightness values?

• Human
• What can people do?

• which suggests problems we might be able to solve
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Processes

• Cameras
• film: non-linear
• CCD: linear, with non-linearities made by electronics

• Light 
• is reflected from a surface
• got there from a source

• Many effects when light strikes a surface -- could be:
• absorbed; transmitted; reflected; scattered
• Simplify

• Assume that
• surfaces don’t fluoresce
• surfaces don’t emit light (i.e. are cool)
• all the light leaving a point is due to that arriving at that point





Diffuse reflection

• Light leaves the surface evenly in all directions
• cotton cloth, carpets, matte paper, matte paints, etc.
• most “rough” surfaces
• Parameter:   Albedo

• percentage of light arriving that leaves
• range 0-1

• practical range is smaller

• Test: 
• surface has same apparent brightness when viewed from different dir’ns



Specularities

• For some surfaces, reflection depends strongly on angle
• mirrors (special case)

• incoming direction, normal and outgoing direction are coplanar
• angle din, normal and angle dout, normal are the same

• specular surfaces
• light reflected in a “lobe” of directions
• eg slightly battered metal surface
• can see light sources specularly reflected

• specularities

N
din

dout



Flickr, by suzysputnik

• Specularities are relatively easy to detect
• small and bright (usually)

Flickr, by piratejohnny



• Many effects when light strikes a surface -- could be:
• absorbed; transmitted. reflected; scattered

• Assume that
• surfaces don’t fluoresce
• surfaces don’t emit light (i.e. are cool)
• all the light leaving a point is due to that arriving at that point

• Can model this situation with the Bidirectional 
Reflectance Distribution Function (BRDF)

• the ratio of the radiance in the outgoing direction to the 
incident irradiance

Surfaces and the BRDF



Point source at infinity

• E.g. the sun
• energy travels in parallel rays
• energy density received is proportional to cos theta

• Write:
• p for albedo
• S for source vector
• N for normal 
• I for image intensity

A B

Q QI(x) = �(x)S · N(x)



Shadows cast by a point source

• A point that can’t see the source is in shadow
• For point sources, the geometry is simple 



From Koenderink slides on image texture and the flow of light

Cues to shape - shadows



From Koenderink slides on image texture and the flow of light



Interreflections

• Issue:  
• local shading model is a poor description of physical processes that give 

rise to images
• because surfaces reflect light onto one another

• This is a major nuisance;  the distribution of light (in principle) depends on 
the configuration of every radiator;  big distant ones are as important as 
small nearby ones (solid angle)

• The effects are easy to model
• It appears to be hard to extract information from these models



Interreflections

From Koenderink slides on image texture and the flow of light



The color of objects

• Colored light arriving at the camera involves two effects
• The color of the light source
• The color of the surface
• Changes caused by different colored light sources can be large



Constancy

• You perceive objects in terms of their properties
• rather than what they look like in an image

• Examples:
• size constancy

• distant objects are small in pictures, nearby objects bigger
• but you don’t think of them as changing size

• lightness constancy
• dark things in bright rooms can be brighter than light objects in dark 

rooms
• but you perceive their lightness (=albedo)

• color constancy
• image color changes when lighting color changes

• but you perceive the surface color
• object constancy



Which fish is bigger?   



Films on surfaces

• eg water
• Assume:

• film is thin
• not much internal reflection

• You see:
• diffuse + specular reflection
• som

Water

Tar

Refraction

Illumination Specular
reflection

Diffuse (ish)
reflection



Interference effects

• Sometimes seen on films
• if the film is the right number of wavelengths thick

• waves will interfere destructively (resp constructively)
• can give rise to intense colors 

• oil films on water often do this







Refraction

• Light striking an interface changes direction
• between translucent surfaces with different speed-of-light 
• (refraction)

• At critical angle, total internal reflection



From Lynch and Livingstone, Color and Light in Nature
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Minnaert, Light and Color in the outdoors
Heiligenschein



Specular surfaces

• Another important class of surfaces is specular, or mirror-
like.
• radiation arriving along a direction leaves along the specular direction
• reflect about normal
• some fraction is absorbed, some reflected
• on real surfaces, energy usually goes into a lobe of directions
• can write a BRDF, but requires the use of funny functions



Scattering

• Fundamental mechanism of light/matter interactions
• Visually important for 

• slightly translucent materials (skin, milk, marble, etc.)
• participating media



Participating media

• for example, 
• smoke, 
• wet air (mist, fog)
• dusty air
• air at long scales

• Light leaves/enters a ray travelling through space
• leaves because it is scattered out
• enters because it is scattered in

• New visual effects



Light hits a small box of material

Scattering material

Incoming light

Scattered 
out of view

Forward scattered
(what we’re accustomed to)



A ray passing through scattering material

Incoming light

Scattered 
out of view

Forward scattered
(what we’re accustomed to)

In scattering 
from other elements



Airlight as a scattering effect

Eye

Air

Sunlight

Inscattered
light, mostly
sunlight

Outscattered
light





From Lynch and Livingstone, Color and Light in Nature
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Airlight yields a depth cue

• Assume that airlight is dominant 
• (i.e. most of light arriving at camera is airlight)
• then you can recover depth from a single image

• Disadvantages
• requires significant fog (but not too much) or large scales



Nayar and Narasimhan, 1999



Big (dust, smoke)

Air molecules

Water drops

From Lynch and Livingstone, Color and Light in Nature
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Minnaert, Light and Color in the outdoors

Notice flattened sun,
sparkles



etc.

Scattering material
(Milk, Skin, Marble, etc.)











subsurface scattering in skin (not rendered!)





Paints are films with colored scatterers

etc.

Translucent medium

Colorant particle



Glowing paint from specular refl’ns



Rain has multiple interesting effects

Blur from wet air

Color shifts

Puddles

Streaks

These are often quite strongly coupled to scene geometry



Rain - multiple extrinsic phenomena,
including smoothing, raindrops, loss of saturation,

glossy/wet surfaces, etc. etc.



Rain - phenomena

Garg and Nayar 07

Refraction causes each drop to contain a tiny image



Backscatter

• Refraction in drops causes backscatter of headlight light
• makes driving in rain at night harder

• Neat trick 
• (Tamburo et al 14)
• Do not illuminate raindrops by

• having headlights that are highly steerable (multiple micro mirrors)
• very fast exposure with usual illumination identifies raindrops

• too fast for driver to resolve
• now direct light between drops



Tamburo et al 14



Rain - phenomena

Drops move fast, and so create motion blur (streaks)

Garg and Nayar 07



Rain - phenomena
Shallow free space - individual rain streaks

Deep free space - more bulk, fog-like effects

Garg and Nayar 07



Rain - phenomena
Shallow free space - individual rain streaks

Deep free space - more bulk, fog-like effects

Hu et al 19



Deraining - strategies

• Essentially
• obtain images with/without rain (with rain by synthetic)
• train network to reproduce without rain image from with rain
• starts with Eigen et al 13

From Eigen et al. 13



Rainy windows

From Eigen et al. 13



Rain streaks

Li et al 16



Streaks

Wei et al 19



Single image dehazing

• Essentially
• obtain images with/without haze (with haze by synthetic)
• train network to reproduce without haze image from with haze

Shen et al 19



Both rain streaks and haze

Yang et al 17



Boeing Autonomy dataXXXXXX



Standard semantic segmenter



Special features: rich appearance variation



Special features: rich appearance variation



Intrinsic images

• (Originally) Maps of an image that explain pixel values
• Intrinsic properties:

• independent of viewing; “object” or “world” properties
• Extrinsic properties:

• depend on viewing circumstances

• (Later)  Albedo/Shading maps
• I=A x S
• Albedo (A) is a natural intrinsic
• Shading (S) is a natural extrinsic



No ground truth decompositions

• And there never will be
• rendering is do-able (but hard)
• modelling is hopeless

• Q:  how do you train an image decomposition method 
when you don’t know the right answer?

• Retinex provides clues - spatial statistics are the key



Albedo/shading and Retinex

• Spatial reasoning, Land (59, 59, 77); Land +McCann 71:
• Surface color changes either quickly or not at all
• Light color changes slowly
• Retinex

• large family of algorithms
• quite hard to know what Retinex does (Brainard+Wandell, 86)



Computer vision versions of Retinex

Horn, 73; 74
Brelstaff+Blake, 87;

multiple variants



Real data is hard to collect

• spraypaint, multiple images, etc…

Images from dataset of Gosse et al. 09



Retinex is really quite good
Ground truth

images from dataset of Gosse et al. 09
Implementation of Retinex 

due to Kevin Karsch



Human judgements are easier

Bell, Bala, Snavely, 2014



This gives an evaluation task

• WHDR=Weighted Human Disagreement Ratio
• compute lightness from intrinsic image representation at points
• predict

• A lighter than B
• B lighter than A
• Lightness match

• compute weighted estimate of accuracy
• weights low where human judgements are uncertain, high otherwise

• There are issues, but allows evaluation
• and competition



Modern strategies  - Optimization

• Apply the priors that
• albedo is piecewise constant
• there are “few” albedo values
• albedo and shading explain image

• Solve
• eg Bell 14, Nestmeyer 17, Bi 15



Modern strategies - Regression

• Regression of ground truth against image 
• use training set from WHDR data (Narihira et al 2015)

• and perhaps rendered data 
• surprisingly,  rendered data is very helpful 

• Li et al 18; Bi et al 18; Fan et al 18; etc

• Surprising because
• Albedo in renderings isn’t like albedo in the world
• Illumination in renderings *really* isn’t like illumination in the world



Recent history



WHDR is tricky - I
From Fan 18

Narihira et al 15



WHDR is tricky - II

• Predict by
• f(m1, m2) >t     ->  1 is lighter
• -t<f(m1, m2)<t   -> same
• f(m1, m2)<-t      -> 2 is lighter

• Issues:
• choice of f

• m1 - m2
• log(m1/m2)-1

• choice of m
• lightness potential
• predicted albedo

• choice of threshold
• interacts with scale



WHDR is tricky - III

Fan 18 - current SOTA WHDR of 14.45%



WHDR is tricky - IV

• Note: 
• odd colors
• “colored paper” effect
• “indecision”



One approach (local!)

Skip connections

Skip connections

Albedo

Shading

Image



Training - I

DAF 20



Training - II

Local
Adversary



Inference

• Network is trained on 128 x 128 tiles of image
• We want equivariance properties from albedo, shading

• eg translate, rotate, scale image 
• albedo for translated (etc) image should be translated albedo
• shading for translated (etc) image should be translated shading

• This doesn’t come naturally



Equivariance must be imposed



Imposing equivariance

• Translation:
• cover image with many, shifted, overlapping tiles
• for each, recover albedo, shading

• albedo at pixel is weighted average of all overlapping tiles

• Scale:
• rescale image up, down

• for each, recover albedo/shading using translation averaging
• then rescale back

• average results

• Rotation
• average estimates from above over 8 flips



Averaging very strongly suppresses error



Results







Smoothing is important



Paradigms beat graphics



Scale matters



Indecisiveness remains (aargh!)



Other Possible Intrinsics

• Surface relief and material properties
• and perhaps many of them

• Surface mechanical properties
• Surface glossiness
• Texture flow



Relief - intrinsic, because
small local shadows do not

move with illumination
(at least Koenderink+Van Doorn, 77) 



Relief - intrinsic, because
small local shadows do not

move with illumination
(at least Koenderink+Van Doorn, 77) 



Fur - intrinsic, because
small local shadows do not

move with illumination
(at least Koenderink+Van Doorn, 77) 



Relief - intrinsic (at least at this scale), 
because small local shadows do not

move with illumination
(at least Koenderink+Van Doorn, 77) 



??? - intrinsic, because
mostly not a property of viewing

circumstances (?)



Iridescence 
creating intrinsic gloss effects

 intrinsic because the color effects will be
there for almost all illumination



??? - intrinsic, the specularities
move but are always there



??? - intrinsic, the specularities
move but are always there



Other Possible Extrinsics

• Glossy reflected component
• Luminaires
• Lens flare
• Rain effects
• etc.



Gloss/specular - clearly extrinsic,
when the light moves, this moves



Lens flares -  clearly intrinsic,
product of viewing circumstances



Luminaires - 
extrinsic or intrinsic?

worth knowing about, anyhow



Rain - multiple extrinsic phenomena,
including smoothing, raindrops, loss of saturation,

glossy/wet surfaces, etc. etc.





No ground truth decompositions

• And there never will be
• rendering is do-able (but hard)
• modelling is hopeless

• Q:  how do you train an image decomposition method 
when you don’t know the right answer?

• Retinex provides clues - spatial statistics are the key


