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1 Mathematical operations required to clip a color.
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lights it was found that the following relationship holds
kL_, = kLl + kLg + ICL3 (4)

where k is a constant and L; is the intensity of the matching light i. This is a very
important result. It means there exists a linear dependence between the intensity of
the test sample and the intensities of the matching lights.

This linear dependence permits the conversion of a spectral energy distribution to
three values (tristimulus values) which correspond to the intensities of the matching
lights when light with the given spectral energy distribution is matched. This con-
version uses three matching functions which give the intensity of the matching lights
at each wavelength. To get the matching functions, we do the matching experiment
on monochromatic lights at intervals of one nanometer over the entire visible spec-
trum. Interpolating between wavelengths gives us a smooth. curve for each of the three
matching lights called my, (A), m,()), and mp,(A). If three monochromatic lights
with wavelength | = 444nm, m = 526nm, and A = 645nm are used, the matching
functions look like those in Figure 2. The the matching functions take on negative
values because they are unable to match a monochromatic light without adding one
or two of the lights to the sample which is represented as negative values for those
lights. Now for each wavelength of the sample light we can calculate the intensity of
each of the matching lights. At any wavelength, the matching light intensity is the
product of the intensity of the light, given by E(}), and the value of the matching
function, given by m()). The intensities of the three matching lights is found by
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Figure 4: CIE Chromaticity diagram showing the coordinates of the red, green, and
blue primaries for a color monitor and its gamut. (Williamson 1983).
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visual impression of a turbulent flow (Perlin 1985). This formula approximates how
each area of the oil slick spreads out at different rate. Further distortions could be
done to ¢ in order to model the effects of a sloped surface or other irregularities, but
this formula serves as a good representation for a basic oil slick. For some point on
the surface, the thickness ¢ is computed based on the distance from the center and the
value of the turbulence function at that point. The thickness ¢ is then changed based
on the angle between the viewer and the surface as in equation 23. The resulting ¢ is
used as an index into a precomputed table of colors and the color in RGB space is
finally determined for that point.

In order to get a good picture, the slick needs to lie on an appropriate surface.
The most familiar surface for an oil slick is pavement, but pavement is a very complex
surface because of all of its irregularities. Using functional textures from Perlin (1985),
a simple bumpy surface was first used. This surface did not do a good job of modeling
pavement because the bumps were all of the same magnitude and distance apart. To
get a more realistic effect, a surface that had an irregular scale of bumps and an
irregular amount of roughness to it had to be approximated. This was done by using
two separate calls to a noise function (see Appendix A) to determine the scale and
the roughness of the final texture. After doing this distortion, very fine bumps were

mapped over the result to make the surface appear even rougher (Figure 7).
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phenomena was a third mismatch, that between nature and the monitor. Interference
effects produce colors that are almost spectral and which lie outside of the gamut of
almost all reproduction devices.

In all of these gamut mismatches, adjustments need to be made to the the colors
that are out of the destination gamut. The color that is chosen as a replacement for
the out of gamut color must be in the destination gamut and should be as close as
possible to the original color. One potential solution is to clip the colors outside the
destination gamut to the boundary of the gamut. This involves finding a color on
the boundary of the gamut that is close to the original out of gamut color. Another
idea is to compress the input gamut and all colors in the image down to fit within
the destination gamut. This involves scaling the colors down by some amount that is

determined by the input gamut.

4.2 A Solution to Out of Gamut Colors

In a recent paper (Gentile 1989) thirteen different techniques for dealing with out
of gamut colors were compared. All but one of these techniques (the control) were
performed in the perceptually uniform L*u*v* space. The control was done in RGB
space and used the Euclidean distance formula to select the closest color to the out of
gamut color. Both clipping and compression techniques were tested, keeping various
subsets of lightness, saturation, and hue constant while performing the color adjust-

ment. Some of the compression techniques analyzed the ranges of colors in the image
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before deciding what to do. Considering only techniques which did no analysis on the
picture, the best techniques were clipping with a constant lightness, or clipping with
a constant lightness and hue. Only one of the image dependent techniques was rated
better than this. Image dependent techniques are usually not feasible because they
have to analyze the entire picture before they do anything to bring the out of gamut
colors back inside the gamut.

The problem with all of the techniques investigated in Gentile is that they operate
in L*u*v* space. L*u*v* space is not computatlionally efficient for large pictures
because of the non-linear transformation that is required for every color in the image.
As pictures get larger and people demand faster printing or display with better quality,
the problem will only become more acute.

What is needed is an algorithm which will work in XY Z space or the RG B space
of a particular monitor and still have the same properties as the constant lightness and
hue L*u*v* space algorithms. By holding lightness and hue constant, what is changing
is the saturation of the color. The color is being pulled in towards the neutral colors
that lie on the diagonal line between black and white in the color space. In XYZ
space lightness is a function of Y alone, so we could pull back in towards the neutral
diagonal while keeping Y constant (Figure 10). This will desaturate the color and
bring it within the gamut of the output device. In XY Z space, colors with constant
hue do not lie on a straight line from the neutral diagonal to the edge of the gamut,

but are curved somewhat (Cornsweet 1970). No linear transform will make the lines
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plane Y = y, is found, where Yp is the luminance Y of the color being clipped. The
vector from the input color to this grey point is used to find the point on the edge of
the gamut that is closest to the input color.

In RGB space, keeping the lightness constant is more difficult because lightness is
a function of all three values R, G, and B. Using the RGB to XY Z transformation
matrix (Meyer 1987), it is possible to find the Y value for the input point. If r, g,
and b are the coordinates in RG B space, the Y value is Y = Ar 4+ Bg + Cb where A,
B, and C are from the transformation matrix. With Y constant, this is the formula
for a plane. The neutral diagonal in RG B space is the line with r = g = b. Let w be
a point on this line, then Ar + B¢+ Cb=Y = Aw+ Bw+ Cw and w = A;—*fg’fgé.

The point with r = ¢ = b = w is the point on the grey line with the same lightness

as the out of gamut color.

4.3.3 Intersections

Once the direction along which to bring the out of gamut color back into the gamut is
found, it is necessary to find where on the edge of the gamut the point of intersection
lies. In the process of checking whether or not the input point was within the gamut,
the results told which planes the point could intersect as it is pulled back into the
gamut. There is a possibility of up to three intersections that need to be done. The
intersections are computed and the one furthest from the input point is the output

color. The furthest point is used because otherwise the point will still be outside at
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Section | comparisons [ +or-[*] /]

[Check if In or Out 3-6 0 0| 0
Finding Grey Point 0 5 41 0
Finding Intersections 2 4-6 [3]1-3

[ Totals | 5-7 1911 ]7]13]

Table 1: Mathematical operations required to clip a color.

picture contains the possibility of 1,000,000 colors. If it were composed of completely
out of gamut colors it could be transformed back into the new gamut in less than a
minute based on profiling techniques on a Sparc workstation. A picture where most
of the colors are within the gamut takes considerably less time. The number of math-
ematical operations that are needed to check and clip one out of gamut color using
the new algorithm is shown in Table 1. Note that if the color is within the gamut,
only the initial six comparisons need to be made. There is a range on the number
of operations because there is a possibility of one to three planes that need to have

intersection checks performed on them.
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5 Conclusion

A physically based approach to modeling the natural world gives good results for
interference effects as well as other natural phenomena. Three different examples
of interference effects were simulated. In the process, an efficient and perceptually
accurate algorithm for clipping out of gamut colors was developed. Because this
approach to modelling is consistent with the laws of physics, it provides a much
more flexible framework for simulations. By changing the synthesis process from an
inaccurate visual approximation to a physical simulation, the simulation can easily
be placed into a more complex simulation of nature and expanded to include the
interactions of the rest of the simulation with the interference phenomena. The
factors in the simulation that affect the surfaces that interference colors occur on can
be modelled directly by placing them into the physically based interference model.
The physically based approach generates spectral energy distributions instead
of tristimulus values for a specific type of display. Using these device independent
techniques to determine color allows for uniformity of color between display devices.

A device independent representation for color permits color to be used in design
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systems and simulations with the assurance that when a change of display device
or medium takes place, the color and therefore the simulation or model will remain
as accurate as possible. Without this uniformity, the simulation or design loses its
validity when it is transferred to another device or medium.

The obvious cost for this technique is an additional layer of complexity in the
modeling process because the colors are generated in wavelength space and must to
be transformed into RG B space. Another problem occurs because the colors that are
produced are not necessarily within the gamut of a particular display device. The
colors produced by single and multiple film interference phenomena are often close to

.spectral colors and therefore out of the gamut of all monitors. This problem of out of
gamut colors is important not only in the case of color monitors. Out of gamut colors
are a major problem in obtaining a satisfactory hardcopy of a picture displayed on a
color monitor because of the difference in color reproduction properties between the
monitor phosphors and the printing inks.

Out of gamut colors can be brought back very efficiently into the gamuts of color
monitors by desaturating the color until it enters the monitor parallelpiped. This
desaturation of the out of gamut color can be done with a variation of the Cohen-
Sutherland clipping algorithm. By performing the clipping in RGB or XY Z space
instead of the perceptually uniform L*u™v" space, the lightness can be held constant
and the color desaturated, but the hue will no longer remain constant. The changes

in the hue will not be large even in pathological cases. The advantage is that there are
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A Procedural Textures

Texture mapping is a way of adding complexity to surfaces. There are two main types
of texture mapping. One type takes a two dimensional set of data, such as a picture
of wood grain, and wraps it onto the surfaces of an object. This is analogous to
veneering or wall papering a surface. This method has problems when it is applied to
arbitrarily shaped objects. The second type is called procedural textures. Textures
defined this way take each point on the object and assign surface properties to the
point based on a function of the x, y, z coordinates of the point and generally a
random factor. This form of texture mapping sculpts the object out of the texture,
50 there are no problems with trying to wrap the texture onto an arbitrarily shaped
object. The surface parameters that can be changed include color, specular color,

surface normal, and incident ray.

The randomness of procedural textures often comes from a noise function. The
noise function used for the images in this thesis was taken from (Perlin 1985). It is
based on a three dimensional lattice of values ranging from zero to one. The lattice

defines a continuous field with a roughly regular frequency. In other words there is
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