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1. Introduction

Spectral Rendering is a recent trend in Computer Graphics that arose from
efforts to render scenes and images in a more physically based fashion. There
are phenomenons that exist in nature that cannot be rendered using the
conventional RGB representation of color. Therefore, if we try and recreate
physically accurate scenes, we need to render these images with their spectra
instead of an approximate RGB values. This paper will discuss the following
relevant topics: color theory, tone mapping (i.e., tone reproduction), mapping
spectra to color and vice versa, and spectral BRDFs.

When rendering images using Spectra instead of RGB values, we are still plagued
with the problem of converting spectra to RGB values when displaying out
images to a conventional display device (CRT, LCD, etc.). Color theory helps
inform us of our options for converting Spectra to color, covers well-known
standards, and why these standards are a good physical fit for various situations.
Tone mapping or Tone Reproduction helps take physically known or measured
spectral values and maps their attributes to display devices that evoke similar
responses expected in a natural environment. These techniques usually arise
from the limitations of software, hardware, and even human eyes can only
display low range values for spectra.

At times, situations arise when there is a need to proceed in reverse order and
reproduce unknown spectra from known RGB values. There are a couple of
techniques for doing this that are briefly discussed in section 4. The final topic
will focus on examples implementing the previously mentioned techniques for
rendering natural phenomenon such as florescence, dispersion, and interference
of light.

2. Color Theory

Color theory stems from the idea that light has various wave-like properties.
These wave-like properties allow us to categorize light by measurements made
on a gradient scale called the visual spectrum scale. Other scales exist that stem
from a relationship with the Human Visual System and color spectra. These
scales are often referred to as Tristimulus scales. For example, in 1931, a French
organization called Commission Internaionale de I'Eclairage developed a standard
scale called CIE XYZ that is based on the Tristimulus system. The Tristimulus



system relies on weighted values of completely Red, Green, and Blue spectral
curves to represent all colors.

The color we see in everyday objects results from a Dominant wavelength in that
object’s color spectrum. The Dominant wavelength is the part of the object’s
spectral curve that contributes the most to that wavelength. In other words, the
more a color exists in an object, the more that object will have that color. CIE
XYZ takes these properties and produces a mathematical representation of the
Spectra in the form of an Integral for each stimulus wavelength (RGB).

3. Tone mapping (Tone Reproduction)

Tone Mapping is a technique for scaling luminance values of a real world scene
into a range that is displayable on an output device (monitor, LCD, printer, etc.).
Whereas the human visual system ranges from 100 to 1 Candelas, the luminance
range for a real outdoor scene is 100 million to one. The goal of Tone mapping
is to mimic the perceptual qualities of a real world scene. Tone mapping can be
segregated into three types of techniques, Spatially Uniform (global), Spatially
Varying (local), and Time Variant. Spatially Uniform Tone Mapping attempts to
map the appropriate Luminance levels of a whole scene, where as Spatially
Varying Tone Mapping will to map Luminance levels of a local area, and Time
Variant Tone Mapping changes over time.

Spatially Uniform Tone Mapping techniques have been developed to incorporate
a wide variety of scale to measure, compare and contrast luminance values
throughout the scene. One technique for luminance mapping is called a linear
technique, where the highest luminance value in the scene is mapped directly to
the highest luminance value on the display device. Other techniques, such as low
curvature, log-log scales, and log-linear scales, use more sophisticated
algorithms for mapping luminance values. In a research paper by Kate Devlin
entitled “A review of tone reproduction techniques”, 2002, there is a table that
describes the various scales that have been developed for Spatially Uniform Tone
mapping (as well as Spatially Varying Tone Mapping, and Time Variant Tone

Mapping).

Spatially Varying Tone Mapping tries to match the luminance values from a small
area in a scene to a scale that is within the range of the output device. This
technique works well for scenes that normally have low luminance variation
except in a small region of the scene. Spatially Varying Tone Mapping techniques
incorporate various types of scales similar to that of Spatially Uniform Tone
Mapping such as simple linear, zone systems, and log type scales.

Time Variant Tone Mapping differs from Spatially Uniform and Varying Tone
Mapping by taking into account luminance values that change over a period of
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time. For example, our eyes adjust to a dark room when enter from a highly lit
area. The effect of our eyes adjusting to the contrast in luminance values can be
simulated in a virtual scene using Time Variant Tone mapping Techniques.

4. Mapping Spectra to Color and Vice Versa

Mapping Spectra to Color involves mapping Spectral Power Distribution of a light
source to 3D color values like RGB, CIE XYZ, etc. The technique for
accomplishing this task entails converting a continuous function that the light is
represented by to one or more discreet color values. A plethora of
representations for this conversion exist including direct sampling, and
Polynomial representation of the light function.

Direct sampling of the function that represents the light is by far the most
convenient way to convert Spectral Curves to color. To sample the Spectral
Curve, the range is usually limited to approximately 380-800nm because this is
the range of the Human Visual System. Then readings are taken at specified
intervals of wavelength, for instance every 10nm. In most cases, this technique
works well but at very small intervals in wavelength there is a huge spike in the
curve. This may result in misses of important features of the light because
sampling is done at sparse values.

The Polynomial technique uses a cubic piecewise polynomial to represent the
Spectral Curve of the light. This technique possesses several attractive attributes
such as being able to use polynomial reduction techniques when evaluating the
polynomial or any multiplication with other polynomials (light reflection). Also
this technique offers flexibility when orienting the points of the polynomial to
account for spike or other abnormalities of the Spectral curve of the light.

Mapping Color To Spectra involves the reverse of mapping Spectra to color. In
this case, each pure color has its own Spectral Curve, so all that is required is to
determine how much each color contributes to the pixel. An example of this is
having three spotlights shining at the same point and each spotlight possessed
an intensity knob that could be raised and lowered in intensity. All that would be
required is an adjustment of the knobs until for the desired match in color was
obtained. The rationale for converting back to a Spectral Curve when the RGB
values are know is that certain natural phenomena can only be rendered using
Spectral Rendering algorithms. These phenomenon include: Light interference
(Soap Bubbles, hummingbird wings, film coated objects).

5. Spectral BRDFs

Cliff Lindsay — CS563 Advance Computer Graphics, Spring 03 WPI 3



As mentioned in section 4,the need for Spectral Rendering (Spectral BRDFs)
arises in a number of natural phenomena including polarization, interference,
dispersion, and fluorescence.

For most purposes, it is sufficient to describe light as an electromagnetic wave of
a certain frequency that travels linearly through space as a discrete ray (or a set
of such rays). However, closer experimental examination reveals that such a
wavetrain also oscillates in a plane perpendicular to its propagation. The exact
description of this phenomenon requires more than just the notion of radiant
intensity, which the conventional representation of light provides. Examples of
this would be polarized filters, light reflection off of water in a body of water.

Most light interference effects observed in nature result from thin films or layers
of thickness below 1mm. Light interference can occur on both the reflection side
and the transmission side. This situation arises because the interfering lights
have different optical path lengths.

Dispersion can be seen when light hits a glass prism and is split into its spectral
components, resulting in a rainbow-like effect. This effect is due to the types of
materials used to split the light into its color components; these materials are
referred to as dielectric materials. This phenomenon is also seen in oil slicks on
top of water and in rainbows generated from light penetrating rain or mist falling
in the sky.

Fluorescence is caused by processes within the molecules that are responsible
for the color of an object. The key point is that reemission of photons that
interact with matter does not necessarily occur at the same energy level — which
corresponds to a certain frequency and ultimately color — at which they entered.

6. Conclusions and Future Direction

Spectral Rendering is gaining momentum in the graphics industry, especially as
people strive to create images that display real world phenomena as accurately
as possible. Even though the hardware capabilities are not capable of rendering
High Dynamic Range values (nor should they), we have algorithms and
techniques for mimicking these contrasts.

So in the future of photo-realistic rendering I would expect to see all the
techniques reviewed in this paper used in a wide variety of ways, all with the aim
to render images as physically accurate as possible.
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