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The challenge caused by 
lighting variability

Same Person 
or 

Different People

CSE252A CSE252A

Same Person 
or 

Different People

CSE252A CSE252A

Same Person 
or 

Different People



2

CSE252A CSE252A

What is the set of images of an object 
under all possible lighting conditions?

In answering this question, we’ll 
arrive at a method for 

reconstructing surface shape w/ 
unknown lighting.
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Illumination & Image Set

• Lack of illumination invariants
[Chen, Jacobs, Belhumeur 98]

• Set of images of  Lambertian surface w/o shadowing is 
3-D linear subspace 

[Moses 93],  [Nayar, Murase 96], [Shashua 97]
• Empirical evidence that set of images of object is well-

approximated by a low-dimensional linear subspace 
[Hallinan 94], [Epstein, Hallinan, Yuille 95]

• Illumination cones 
[Belhumeur, Kriegman 98]

• Spherical harmonics lighting & images
[Basri, Jacobs 01], [Ramamoorthi, Hanrahan 01]

• Analytic PCA of image over lighting 
[Ramamoorthi 02]
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The Space of Images

• Consider an n-pixel image to be a point in an n-
dimensional space, x ∈ Rn.

• Each pixel value is a coordinate of x.
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• Many results will apply to linear transformations of 
image space (e.g. filtered images)

• Other image representations (e.g. Cayley-Klein 
spaces, See Koenderink’s “pixel  f#@king paper”)
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Lighting

Generally, arbitrary lighting can be viewed as 
a non-negative function on a 4-D space.

For any object and any 
image, there exists a 
lighting condition which 
could  have produced 
that image  

Typically make limiting 
assumptions

• Distant lighting (non-
negative function on 
sphere)
• Point light sources 

(delta function)
• Diffuse lighting 

(constant function)
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Assumptions

For discussion, we assume:
– Lambertian reflectance functions.
– Objects have convex shape.
– Light sources at infinity.
– Orthographic projection.

• Note: many of these can be relaxed….
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Lambertian Surface

At image location (u,v), the intensity of a pixel x(u,v) is:

x(u,v) = [a(u,v) n(u,v)]    [s0s ]
= b(u,v)   s

where
• a(u,v) is the albedo of the surface projecting to (u,v).
• n(u,v) is the direction of the surface normal.
• s0 is the light source intensity.
• s is the direction to the light source.
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Lambertian Assumption with shadowing:

x =
where 
• x  is an n-pixel image vector
• B is a matrix whose rows are unit normals scaled by the albedos
• s ∈ R3 is vector of  the light source direction scaled by intensity
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Model for Image Formation

max(B s, 0)           B  =   
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N-dimensional 
Image Space

x1

x2

3-D Linear subspace

The set of images of  a Lambertian surface with no 
shadowing is a subset of 3-D linear subspace.

[Moses 93], [Nayar, Murase 96], [Shashua 97]

xn

L = {x | x = Bs, ∀s ∈R3 }

where B is a n by 3 
matrix whose rows are 
product of the surface 
normal and Lambertian 
albedo
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