
Basic Radiance Theory

The laws of geometric optics and radiance transforms

Presenter
Presentation Notes
This builds the basic mathematical model that we will be using.



Ray Transforms

The main laws of geometric optics

Presenter
Presentation Notes
The lightfield (or radiance) is a density function in ray space. Radiance capture, radiance transforms, and projections of the 4D radiance onto a 2D plane to render an image, are the three main building blocks of lightfield photography.

Understanding ray transforms is the first step towards understanding radiance transforms. 






Phase Space
 This is the (q, p) space of rays. It is a 4D vector 

space with zero vector the optical axis.

 Each ray is a 4D point (a vector) in that space.

 Any optical device, like a microscope or a telescope, 
is a matrix that transforms an incoming ray into an 
outgoing ray. 

 This matrix can be computed as a product of the 
optical elements that make up the device.



Summary: Two Primary Optical Transforms

Transport Lens

Presenter
Presentation Notes
Summary about the two elements. The approach was first introduced by Gauss. The amazing discovery that he made was that all optics can be expressed with combinations of these two elements. 

In other words, in Gaussian optics (linear ray optics) there is nothing else! Just knowledge of these two elements and matrix multiplication can give us all optics!

All facts from lightfield theory can be expressed in such terms and this greatly simplifies the treatment. 



Transformations in Phase Space

Space transport

Lens refraction

Presenter
Presentation Notes
If we consider a number of points in (q, p) and actually perform the multiplications with lens and space transport matrices, we can build the following picture. It shows how “point clouds” or “bundles of rays” are transformed by the two types of optical elements. 

Note that this is always a shear transform. We will also see that the transform preserves volume, as if the cloud is incompressible fluid. This will be important part of our future considerations in this course.



Example:  Traditional Camera

Presenter
Presentation Notes
Let’s derive a particular system – a camera.
We have a main lens – a distance a  in front and a distance  b  behind.
The composite transformation is the product of translation by  a,  lens, and translation by b.



Traditional Camera

How do we focus?

Make top-right 
element to be zero

Presenter
Presentation Notes
By making the top right element 0, we require that all rays coming from a given point [but different angles] converge to a single image point. 
Convergence does not depend on initial angle. This is called focusing. The above condition is met by appropriate values of  a  and b.



Traditional Camera

We enforce this
condition by:



Traditional Camera

We have derived the lens equation:

Presenter
Presentation Notes
This was a derivation of the lens equation, starting from matrix optics. 
We never assumed the lens equation!

The lens equation is equivalent to the condition that the image depends on position, and not on angle. That condition is called focusing. 



Radiance

Definition and main mathematical properties



Conservation of Volume
 For the 2 transforms, the 4D box changes shape,
but volume remains the same (shear)
 Volume is conserved for any optical transform!

Presenter
Presentation Notes
Det =1 means transformations preserve volume.

Here we are considering surface area (2D volume). In the real world the box defines 4D volume in optical phase space (“light field space”).

Ref:
GERRARD A., BURCH J. M.: Introduction to matrix methods in optics.
GUILLEMIN V., STERNBERG S.: Symplectic techniques in physics.




Conservation of Radiance 

 Radiance is energy density in 4D ray-space

 Energy is conserved; volume is conserved
 Radiance = (energy) / ( volume)
 Radiance is also conserved!

Presenter
Presentation Notes
There is another important physical property having to do with radiance itself.
Namely, radiance is energy density.
We know that energy is conserved.
And since the volume is conserved, radiance is conserved!



Radiance Transforms

 Radiance before optical transform

 Radiance after optical transform 

Presenter
Presentation Notes
This lets us describe how radiance is transformed by optical elements.
So far we have only been talking about how rays are transformed.
But knowing how rays are transformed and knowing that radiance is conserved, we can describe how radiance is transformed
in terms of how the rays are transformed.

Radiance r’(x) is same as the radiance  r  at the ray that is mapped to x.  This is simply radiance conservation!



Radiance Transforms

Due to radiance conservation,

Since      is arbitrary, we can replace it by 

Presenter
Presentation Notes
It doesn’t matter if a variable is denoted x  or x’  as long as it is the same everywhere in the equation.



Capturing Radiance with Cameras



Pinhole Camera
Rays from different directions spread apart inside 
camera and are captured at different positions on the 
sensor

 Switches direction and position
 Captures angular distribution of radiance @pinhole

Presenter
Presentation Notes
The pinhole camera is the simplest way to separate rays from different directions



“2F” Camera
 This is the lens generalization of the pinhole camera
 Three optical elements:  space, lens, space

Scene

Presenter
Presentation Notes
The lens improvement of the pinhole camera. This analysis can be used to understand space multiplexing in Lippmann’s (or Plenoptic) camera. It contains an array of 2F cameras at the image plane.



Ives’ Camera (based on the pinhole camera)      

At the image plane:

Multiplexing:

Each pinhole image captures
angular distribution of radiance.
All images together describe
the complete 4D radiance.

Presenter
Presentation Notes
Each pinhole microcamera captures pure angular information about the radiance at the image plane.
The location of the pinhole is used as the spatial information.

http://www.google.com/patents?id=ouBYAAAAEBAJ&printsec=abstract&zoom=4&dq=ives+patents+725,567#v=onepage&q=&f=false




Lippmann’s Camera (based on 2F)
 Multiplexing 
 Lenses instead of pinholes 
 2F cameras replaces the pinhole camera

Presenter
Presentation Notes
Note the relation to the Plenoptic camera.

Analysis based on 2F camera. Each microlens captures pure angular information.
The location of the microlens is used as the spatial information.


Ref:
http://www.tgeorgiev.net/IntegralView.pdf
http://www.tgeorgiev.net/Radiance/




Camera Arrays

 The most popular lightfield
camera is simply an array 
of conventional cameras, 
like the Stanford array.

 Alternatively, an array 
of lenses/prisms with a 
common sensor, like the 
Adobe array.

Presenter
Presentation Notes
Ref:
http://graphics.stanford.edu/papers/CameraArray/
http://www.tgeorgiev.net/Spatioangular.pdf




Adobe Array of Lenses and Prisms

Presenter
Presentation Notes
It’s clear that different cameras or different lenses provide different points of view.

Ref:
http://www.tgeorgiev.net/Spatioangular.pdf





Adobe Array of Lenses and Prisms

Presenter
Presentation Notes
It’s clear that different cameras or different lenses provide different points of view.

Ref:
http://www.tgeorgiev.net/Spatioangular.pdf





Arrays of Lenses and Prisms

Prism transform

Shifted lens

Lens + prism

Shifting cameras from the optical axis means: We need to 
extend the vector space treatment to affine space treatment. 

Presenter
Presentation Notes
Shifting the camera is equivalent to adding a prism.

Lightfield/plenoptic cameras are based on this principle. Gaussian optics is extended to affine optics by adding shifts/prisms. This increases our power to full 3D capture!

http://www.tgeorgiev.net/Spatioangular.pdf




Refocusing with the Adobe camera

Presenter
Presentation Notes
It is trivial that when you shift the camera, the image (or view) shifts. We will show the example of refocusing. Created with mixing different views.



Refocusing with the Adobe camera

Presenter
Presentation Notes
Refocusing. Created with mixing different views.
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