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1 Introduction

Advances in workstation design have made color much more important in computer 

graphics. The price of color workstations has dropped significantly and their capa­

bilities have increased dramatically in the last ten years. This means that computers 

with color displays will be used to do more than design, simulate, and display the ge­

ometrical properties of objects. As the reproduction of object surface characteristics 

continues to advance, new image synthesis techniques will allow surface properties 

such cis color and texture to become a part of the creative process. Early design 

tools and simulations displayed simple line drawings of the objects being modelled. 

As computer technology improves and becomes more readily available, these design 

tools will allow a much more accurate simulation of the final product.

A problem that occurs when incorporating color into the simulation or design 

process is that much of the use of color is not physically correct. Color is often 

chosen in a haphazard manner because exact specification of color is not readily 

available. Part of this problem is that color is specified for display devices in a manner 

different from the way it is represented in nature. Color devices generally produce 
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color as a mixture of three primary colors whereas in nature, color is produced by 

light interacting on a wavelength by wavelength basis with the surfaces it strikes. 

When light interacts with a surface, the energy at each wavelength can be reflected, 

transmitted, scattered, or absorbed. The color of the object is determined by what 

effect the surface of the object has on the wavelengths of light that strike it. One way 

of modeling various types of surfaces is to use the physical properties of the object to 

determine how it actually affects light, convert the light that gets transmitted to the 

viewer into the form used by the color device, and display it on the device. In this 

way as accurate a representation of the color can be used as possible.

When color was first used in computer graphics, the color selection process in­

volved choosing red, green, and blue values that produced a color close to the desired 

color. No care was taken in making sure that this was the actual color of the object in 

the desired lighting conditions. The technique of using the actual surface properties 

of the object and the physical properties of the light is fairly new. Robert Cook was 

one of the first to do this wavelength based approach. He used the surface properties 

of the object to determine the characteristics of the fight being reflected back to the 

viewer (Cook 1981). The interactions between the light and the surface were modeled 

and the results were used to determine the color. The color was then converted from 

a description of the physical makeup of the light into the red, green, and blue values 

that a color monitor uses (Meyer 1986).

There are many different ways in which the physical properties of surfaces can 
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affect light. The various ways that nature produces color are just beginning to be 

explored and modeled in computer graphics. Each new technique for modeling natural 

phenomena expands the set of natural phenomena that can be reproduced in computer 

graphics. This allows a more complete understanding of how light interacts with the 

environment. It also allows more accurate simulations of our world. Computer graphic 

examples of modelling the mechanisms in nature which produce color include the 

colors of the sky (Klassen 1987), and the colors produced by the refractive properties 

of gemstones (Thomas 1986), and rainbows (Musgrave 1989).

One of the ways nature produces color that has not yet been modelled in computer 

graphics is through interference phenomena. Interference phenomena cause the colors 

seen on soap bubbles and oil films. The sequence of colors produced by this type of 

interference is called Newton’s colors as he was the first to study them. Other types of 

interference produce iridescence which is responsible for the colors found on peacock 

feathers, opals, and some insect wings. The colors produced by interference are a 

result of very thin films which selectively reflect or transmit each of the wavelengths 

of light that strikes it. This is the sort of natural phenomena that can not be modeled 

accurately without looking at the physical properties of light and surfaces. A visual 

simulation of interference phenomena leads to a better understanding of the properties 

of fight and what happens to light as it interacts with surfaces.

In the process of modeling the physical interactions between light and surfaces 

and the colors that are produced, another problem occurs. When some colors are 
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converted into the form used by a color device, they are found to lie outside the range 

or gamut of colors that the device can produce. Something needs to be done with 

these colors, called “out of gamut color”, in order to represent the image as accurately 

as possible. This problem of out of gamut colors can occur anytime a color image is 

transferred from one device or medium to another.

Each color device uses a different representation for color, based on the physical 

characteristics of the device. Suppose color is used in the design process of an object 

on a color computer. When it comes time for printing a color picture of the final 

design, it is important that the color printer produces a picture that is as close as 

possible to the picture on the color monitor. Because these devices are different, 

it is very likely that it will be impossible to reproduce the colors exactly with the 

color printer. It is very important, however, to get a picture that will look as close 

as possible to the image that was designed on the computer, otherwise the use of 

color in the design process is pointless. Also, if the exact specification of the color 

is known on the color workstation or elsewhere, it can be converted into a more 

standard representation so that when the part is manufactured, the correct color for 

the manufacturing process will already be specified during the design process.

This thesis will present a physically based computer graphics simulation of inter­

ference phenomena and a technique for dealing with the problems that come from 

representing interference colors on display devices. First there is a section on color 

theory which gives the background for physically based simulations of color phenom­
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ena. The next section will describe two different types of interference phenomena and 

how they can be reproduced in computer graphics. Then an efficient solution to out 

of gamut colors will be presented.
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2 Color Theory

2.1 Introduction

Color theory is the study of light and how the eye perceives it as color. It is also 

the study of various representations of color and the benefits and disadvantages of 

the different representations. By studying what color is and how it is perceived 

by the observer, much more realistic and accurate simulations of the natural world 

can be achieved in computer graphics. The principles of color theory are used to 

take a physical representation of color that comes from modeling the interactions 

between light and surfaces and convert it into a form that can be used on a color 

monitor or some other color device. Color theory provides an important background 

for understanding how to model natural phenomena in computer graphics and for 

understanding the problems that can arise.

2.2 Light

Light is similar to radar, x-rays, gamma rays, and radio waves in that these are all 

forms of electromagnetic radiation. Electromagnetic radiation travels at a speed of
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3 .0 x 108 m/s in bundles of energy called quanta. Electromagnetic radiation also 

behaves like a wave, and the wavelength of the quanta is what we use to distinguish 

the various forms electromagnetic radiation. Wavelengths between 380 nm and 780 

nm stimulate a response in the eye. This range of wavelengths is called the visible 

spectrum of light. Light of different wavelengths stimulate the eyes in different ways. 

When light composed mainly of shorter wavelengths enters the eye, it is perceived as 

a bluish color. The eye perceives light with medium range wavelengths as greenish 

and that with longer range wavelengths as reddish.

Most of the light that enters the eye usually contains light of all wavelengths in the 

visible spectrum. If light is all of one wavelength it is called monochromatic. Lasers 

produce monochromatic light, but most natural sources of light are not monochro­

matic. The intensity of the light at each wavelength in the visible spectrum determines 

how the eye perceives the light. Therefore, it is necessary to have a representation of 

the intensity of light at each wavelength. This representation is called a spectral en­

ergy distribution denoted E(X) where E^X) is the intensity of the light at wavelength 

X. (Figure 1). The total energy P of the radiation of a spectral energy distribution 

is defined to be
/•780

P = E(X)dX. (1)
J380

This quantity is called the radiant flux.

The fight that enters the eye after hitting a surface is based on the spectral energy 

distribution of the light source and the surface properties of the object. The surface of
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Figure 1: Spectral energy distribution for grass in sunlight (Cornsweet 1970).

an object acts like a filter, screening out certain amounts of light at each wavelength 

and reflecting the rest away from the object. This property of a surface is called its 

specular reflectance (Cornsweet 1970) and is denoted p(A). A mirror has a reflectance 

of about 100% at every wavelength (p(A) = 1) since it filters out almost none of 

the light. A jet black surface has a reflectance of close to 0% at all wavelengths 

(p(A) = 0) since the surface filters out almost all light. A reddish surface would have 

a higher reflectance at long wavelengths than at short since longer wavelengths will 

be perceived as red. The intensity or radiant flux reflecting off of a surface is defined 

to be
/■780

P., = / EWp(X)dX. (2)
J380
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where E^X) is the spectral energy distribution of the light source.

2.3 Color Matching

When light enters the eye, it triggers a response that is based on the wavelengths that 

make up the light and the intensity of light at each wavelength. In other words, the 

spectral energy distribution of the light determines what color the eye sees (as long 

as the surround and other factors are constant). In order to reproduce a color, it is 

necessary to create a response in the visual system of the viewer that matches the 

response created by the original light. This does not necessarily mean reproducing the 

spectral energy distribution of the original sample. Two colors are said to match if an 

observer looking at both colors on the same backgrounds with the same surrounding 

light cannot tell the difference between the colors.

A color matching experiment generally takes the following form. A test sample of 

light of some arbitrary color is projected onto a neutral grey background. Projected 

next to the test sample is another light or blend of lights over which the subject has 

control of the intensity. The subject attempts to match as closely as possible the test 

sample by adjusting the intensity of the other light or lights.

Through various color matching experiments, it has been found that if the sub­

ject can control the mixture of three lights, almost every test sample can be matched. 

Problems occurred when the sample light was monochromatic or nearly so. In this 

case, the only time a monochromatic light could be matched was if it was the same 
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wavelength as one of the matching lights. If the subject can shine one of the lights 

onto the the test sample thereby changing the appearance of the test sample, every 

test sample, including monochromatic lights, can be matched. This was strong evi­

dence for the theory that there are three different types of receptors in the eye, each 

stimulated differently by light of different wavelengths. (Cornsweet 1970). In order 

for three lights to be sufficient, it must be impossible for one of the lights that the 

subject has control over to be matched using the other two. In other words, none 

of the three lights the subject has control over can be a mixture of the other two. 

Mathematically, the following holds

La = Li + L2 + ¿3 (3)

where Li / Lj + Lk if i 7^ j k, and L is the intensity of one of the lights. Shining 

a light on the test sample is represented by using negative values for Li even though 

it is physically impossible to have a light with a negative intensity.

The trichromatic nature of the visual system is important because it means that 

a color can be reproduced without reproducing its spectral energy distribution. It 

makes color reproduction economically feasible because it means only three pieces of 

information need to be stored, not the entire spectral energy distribution. If the entire 

spectral energy distribution was needed at each point on a television or monitor, color 

devices would be infeasible.

Now we look at matching a sample of monochromatic light. By varying the 

intensity of the monochromatic sample and recording the intensities of the matching
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lights it was found that the following relationship holds

kL3 — kL\ + kL2 + kL^ (4)

where k is a constant and Li 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 m^^X), m^^X), and m£3(A). If three monochromatic lights 

with wavelength I = 444nm, m = 526nm, and h = 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(A), and the value of the matching 

function, given by m(A). The intensities of the three matching lights is found by

11



Figure 2: Matching functions for three monochromatic lights with wavelengths 444 
nm, 526 nm, and 645 nm.
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integrating over the visible spectrum. For light reflecting off of a surface with specu­

lar reflectance p(A) illuminated by a light source with a spectral energy distribution 

the following formulae are used

A = / £(A)p(A)mL1(A)dA.
J380

I2 = / E(A)p(A)mL2(A)dA. 
J380

A E(A)p(A)mL3(A)dA.

(5)

(6)

(7)

where is the matching function for the ith matching light and Z, is the intensity of 

the ith matching light. Each choice of matching lights gives a different set of matching 

functions.

2.4 Color Spaces

The tristimulus values given by the matching functions form a space with three di­

mensions called a color space. Because of the linear dependence of the matching 

process, this space is a vector space. This is important because it means that the 

color space can be transformed to new color spaces with new matching functions using 

linear transforms. The new matching functions are determined by applying the linear 

transform to the three values of the set of matching functions at each wavelength as 

follows _ _ r ,
mL1(A)

mL2(A)

mL3(A)
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Figure 3: CIE XYZ matching functions.

where is the ith matching function, m'Li(X) is the ith new matching function, 

and T is a linear transform. By choosing the correct linear transform, it is possi­

ble to get matching functions that are all positive. The Commission Internationale 

d’Eclairage (CIE) in 1931 adopted a set of matching functions that is positive for all 

wavelengths (Figure 3). These new matching functions define the XYZ color space. 

Also, these matching functions have the property that white or achromatic light 

(light having the same intensity at all wavelengths) gives equal values for X, Y, and 

Z. The X, Y, and Z primaries are defined mathematically and cannot be represented 

by physical lights. If they could, they would be able to match any monochromatic 

light with only positive intensities and this is impossible. The XYZ color space has 
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the additional property that the Y value is a measure of the luminance of the color.

The result of mixing colors together becomes easy to calculate in these linear color 

spaces. Given these color spaces are vector spaces, mixing two colors in a color space 

is equivalent to vector addition. Because of the properties of vector spaces, two lights 

with variable intensities can produce a range of colors that lie in a plane formed by 

the coordinates of the two colors being mixed and the origin. The range of colors is 

limited to the region between the two vectors that define the component colors since 

negative intensities of colors are physically impossible.

When colors are specified in XY Z space, the magnitude of X, Y, and Z is often 

not as important as the proportions between them. Two colors with the same propor­

tions of XX. and Z differ only in brightness. Because of this, it is useful to define a 

pair of numbers, x and y, called chromaticity coordinates (Williamson). Chromaticity 

coordinates for a color represented by tristimulus values in XY Z space are defined 

as follows

x - x- v = Y (9)x X+Y+Z V X+Y+Z' v '

These formulae are actually just a projection of the color onto the plane X + Y + Z = 

1. An achromatic or colorless (grey) color has X = Y = Z so the chromaticity 

coordinates are x = 1/3 and y = 1/3. The spectral or monochromatic colors form a 

horseshoe-shaped curve (Figure 4). Note that having the brightness Y and the x and 

y chromaticity coordinates, it is possible to get the original XYZ tristimulus values 

back.
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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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Mixing colors on a chromaticity diagram forms colors that lie on a line between the 

two points. This result can be seen by considering how colors mix in the XYZ color 

space. Mixing two colors in the XYZ color space forms colors that be in a plane and 

that plane goes through the origin. Transforming to chromaticity coordinates limits 

the colors to the plane X + Y + Z — 1. The range of colors on the chromaticity 

diagram is limited to the projection of the first plane onto the X + Y + Z — 1 plane, 

which forms a line. The fact that the colors cannot have negative intensities implies 

that the range of colors lies between the two points of the colors being mixed. If three 

colors are used, the range of mixtures lies in the triangle formed by the three points. 

This can be seen by mixing two of the colors first, and then mixing the third color 

with the mixture of the first two.

For reproducing color on a monitor, three primaries must be chosen. One of these 

primaries is made up of the longer wavelengths and is designated R for red. The 

second is composed of mid-range wavelengths and is designated G for green. The last 

is composed of the short wavelength and is designated B for blue. This color space 

is generally called the RGB color space, even though the R, G, and B primaries may 

be different from device to device. These RGB primaries are vectors in the XYZ 

color space and define a parallelpiped in the space since each of the primaries has a 

maximum intensity. This parallelpiped is the subspace of colors or gamut that these 

primaries can reproduce. The gamut defined by any three primaries will always be a 

subset of the total color space since every color in the gamut is in the color space, but 
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there exist colors outside of the gamut and within the color space. This is easy to see 

on a chromaticity diagram (Figure 4). The three primaries are points on the diagram 

and form a triangle. Mixing various amounts of the primaries allows any color within 

the triangle to be reproduced, but colors outside the triangle always exist and are 

outside of the gamut of the primaries. The problem of reproducing out of gamut 

colors will be discussed in section 4.

Looking at a pair of points, it would be convenient to have a metric that tells us 

how different these colors appear to the viewer. The simplest of these would be to 

use Euclidean distance in the XYZ or other linear color space. After checking a few 

pairs of points, however, it becomes apparent that two colors in one area of the color 

space appear distinctly different, while two colors in another area of the color space 

differing by the same Euclidean distance appear the same. It would be nice to have 

a color space in which an equal distance in the space resulted in an equal perceptual 

change. It is generally assumed that no linear transform will give a perceptually 

uniform color space. To date all perceptually uniform color spaces require non-linear 

transforms. The CIE has adopted a uniform color space called L'u*v* space. The 

following transform (CIE 1978) takes XYZ colors to L*u*v*

L* = 116(£)s - 16 £>0.01

«• = 13L’(u'- <) <10)

V* = 13T*(v' — v'n)

18



with:

u' = 4% - 97X+15Z+3Z u — X+15r+3Z
(11) 

n/ = ----- — _______________________9Yn______
n Xn+15rn+3Zn Un — Xn+15rn+3Zn

where Xn,Yn, and Zn are the coordinates of the white point, the point designated as 

white by the person doing the transform. This color space has the property that L* 

measures perceived brightness rather than the intensity of the light. It also has the 

property that all achromatic colors have u* = v* = 0.

There are several ways of comparing the differences between two colors in L*u*v* 

space. The color difference AE is measured by the Euclidean distance

AE = [(AL*)2 + (Au*)2 + (Av*)2]? (12)

This measures total difference in color between two colors. Another measurable prop­

erty of color is hue. The hue corresponds to the name we give to colors, such as red, 

orange, yellow, etc. Saturation is also a measurable property of color. It is a measure 

of how different a color is from neutral or grey. Red and pink are about the same 

hue, but red is much more saturated than pink. Monochromatic colors are saturated 

whereas achromatic colors are unsaturated. The difference in hue AH between two 

colors Liujv’ and is given by the formula

AH = [(A#)2 - (AT*)2 - ((«J2 + - (u;2 + v2*2)?)2]?. (13)

The difference in saturation (AS) between two colors is given by the formula

(14)
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3 Interference Phenomena

3.1 Introduction

Interference phenomena are found in many places. Perhaps the most common example 

is the colors produced on the surface of oil slicks and soap bubbles. Interference effects 

can also be seen on old vases, metal, and peacock feathers. Structural engineers 

analyze stress by viewing interference patterns in plastic models. In most cases, these 

interference effects are caused by very thin films which determine the amount of light 

at each wavelength that is reflected back to the viewer. As the thickness of the film 

varies, the spectral composition of the light and therefore the color that gets reflected 

back to the viewer changes as well. Interference effects have not been modeled in 

computer graphics so this work enlarges the set of natural phenomena that have been 

simulated in computer graphics. They are another example of using the physical 

properties of light and the way it interacts with surfaces to more accurately model 

natural phenomena.

20



3.2 The Physics of Interference Phenomena

Interference phenomena are the result of the wave-like properties of light. According 

to the superposition principle, when two waves meet the amplitude at a point of the 

resultant wave is the sum of the amplitudes of the two component waves at that point. 

Suppose two waves with the same wavelength and amplitude merge together. If the 

crest of both waves match up exactly, perfect constructive interference occurs and the 

resulting wave has twice the amplitude of the two original waves. These two waves 

are said to have a phase difference of 0. If the crest of one wave matches up with the 

trough of another, perfect destructive interference results and the waves cancel each 

other completely. The phase difference in this case is equal to tt. Given thé phase 

difference 8 of two waves with amplitude A, the resulting amplitude A' is given by

, ( 8\
A=2Acos - (15)

Because light has wave-like properties, it obeys this rule, and if two light waves 

merge, they will affect each other (Tipler 1976). Interference phenomena produce 

phase differences that work to cancel out certain ranges of light waves and strengthen 

others, changing the color of the light we see.

Interference phenomena are affected by the speed of the light waves through the 

medium in which they are travelling. Each medium, such as water, air, glass, or oil, 

has what is called an index of refraction labeled n which is the ratio of the speed of 
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light in a vacuum, c, to the speed of light in the medium, v given by

c
n = ~ (16)

A vacuum has an index of refraction n = 1 and air can be assumed to have the same 

index for most calculations. Water, however, has an index of refraction n = 1.33 

showing that light travels at only seventy-five percent of its usual speed through water. 

The relationship between the speed v of a wave, its wavelength A, and frequency f is 

given by

(17)

When a wave enters a new medium, its speed changes. This means that the wave­

length must change because, for a given wave, the frequency is fixed. The new 

wavelength A' in the new medium is given by

A' = A. (18)
n

The index of refraction also determines how the wave is reflected back from the 

boundary. If, at the boundary of two different mediums, the new medium has a higher 

index of refraction than the old one, when the wave bounces off of the boundary, it 

will be inverted (6 = tt), every trough becoming a crest and every crest a trough. 

A wave will not be inverted if it reflects off a boundary with a medium having a 

lower index of refraction. This is important because it makes two different kinds of 

interference effects possible, one with a phase change, and one without.

When light with wavelength A strikes a thin film, such as a soap bubble or an
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Figure 5: Interference occurs between light wave that has reflected off the bottom of 
the film and light wave that has reflected off the top.

oil film on water, it is reflected back at both surfaces of the film. If the film has an 

index of refraction greater than the surrounding medium, the wave will be inverted 

when it is reflected off of the back face of the film. When the ray reflected from the 

top surface meets the ray reflected from the bottom surface, they interfere with one 

another (Figure 5). Assume that the light waves travel perpendicular to the surface 

and for the moment, neglect the inversion of the wave. Then the extra distance or 

path difference that the light rays travel is equal to two times the thickness t of the 

film. There are 2t/A' waves within the film where A' is the wavelength of the light 

modified by the index of refraction of the surface. If the film has a thickness of t — 0, 

then there are 2 * 0/A' = 0 waves within the film and the phase difference is 0. If 
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the film has a thickness of t = X'/A then there are (2 * X'/^/X' = 1/2 waves within 

the film and the phase difference is tt. Because of the phase change that happens to 

the fight reflecting off of the back boundary, we need to add a constant of it to these 

numbers. From these relations, the phase difference of light reflecting off of a thin 

film is

Ó = 2tF ( — 1 + 7F 
\ A /

(19)

and the amplitude AT of the resulting wave is

Ar = 2 A cos
_ t (2irtn 7T= 2Acos -- ;---- F — kA 2 (20)

where A is the amplitude of the wave of light reflected off of each surface (Tipler 

1976). For a film with thickness t of about 0, the resulting amplitude is close to 0 

for all wavelengths of light. This causes the top of a soap bubble to appear black, 

because this is where the bubble is thinnest. This shows that the waves are inverted 

when they reflect off of the back face and cancel out almost all of the light reflecting 

off of the front face.

Given this information we can calculate the spectral energy distribution of the 

light reflecting off of a thin film. The intensity of the wave is equal to the square of 

its amplitude I = A2. We define the reflectance p(A) of a film with thickness t and 

index of refraction n to be

(2irtn 7r\12
p(A) = [A cos \ —— + -J]2 (21)

where K is a constant that measures how much light is reflected at each boundary of
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the film.

Some interference phenomena are caused by a film with air on one side and some 

other medium with a higher index of refraction than the film on the other side. In 

this case, the light waves are not inverted when they are reflected off of either the 

back boundary or the front boundary. The constant tf that was added to the previous 

equation for a film with mediums of lower refractive index on each side should not be 

used for this case. For this type of interference phenomena, the reflectance p(A) for a 

film with thickness t is defined to be

p(A) = [Zi cos f (22)
\ A J

where K again is a measure of how much light is reflected at each boundary of the 

film.

In both of these types of interference phenomena, the path difference is affected 

by the angle at which the viewer is looking at the film. When light strikes a film at 

an angle, the exit point of the part of the wave that enters the film is different from 

the entrance point. At the exit point, the wave interferes with a different wave that 

strikes the film surface at this point and reflects off. The light travels farther through 

the film than before but the path difference ends up being less. This is because the 

light wave that the exiting ray interferes with has also traveled farther. The light 

wave that enters the film travels a distance of c before the corresponding point on 

the other waver reaches the film. The path difference between the two waves is a 4- b 

(Nassau 1983) which is equal to 2fcos0 (Figure 6). For a perpendicular wave, the
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Figure 6: Angle of view causes to a difference in path length a + b that is equal to 
2t cos 0.

path difference is twice the thickness. So the the effective thickness t' of the film that 

gets used in equation 22, the formula for light striking perpendicular to the film is

t1 = t cos 0. (23)

3.3 Calculating Newton’s Colors

In order for interference effects to be used in computer graphics, it is necessary to 

determine the spectral energy distribution of the light reflected from the film and to 

convert the spectral energy distribution to the proper point in the RGB color space 

of a color television monitor. (A previous attempt to model interference phenomena 

(Watt 1989) incorrectly performed the calculations directly in terms of the RGB 
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monitor primaries.) Given the spectral energy distribution E(X) of the light source, 

and the expression for p(A) given in equation 22, the spectral energy distribution can 

be expressed as a function of t the thickness and n the index of refraction of the film 

as well as A the wavelength. Using the matching functions x(A), ?/(A), and ^(A) for 

XYZ space, we can convert this spectral energy distribution into XYZ tristimulus 

values and then into into the RGB space of the monitor (Meyer 1987).

For some ranges of interference colors, the RGB tristimulus values become nega­

tive. This occurs where the film is relatively thin because in some cases, only very nar­

row bands of wavelengths have a high intensity. These ranges are closer to monochro­

matic colors and cannot be displayed on a monitor. The process of deciding what 

color to display for these out of gamut colors will be covered in Chapter 4.

A table of RGB values for interference effects with a phase change and one for 

effects without the phase change is precomputed and is indexed by the thickness of 

the film. This is done so that the expensive processes of calculating the color need 

only be done once for each thickness. Note that the table can be precomputed for 

an index of refraction of 1 (Nassau 1983). When a film with thickness t and index of 

refraction n seen at an angle 9 the functional thickness t' is

t' = tn cos 9 (24)

Once the final thickness t' is determined, the color for that thickness is looked up in 

the table. This makes the rendering much more efficient.
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3.4 Multiple Film Interference

Another interference phenomena occurs when light strikes a surface that is composed 

of multiple uniform layers of a transparent substance. This multiple film interference 

phenomenon causes iridescence, the bright colors on the feathers of peacocks and 

some other birds, as well as the bright colors on some insect wings and opals. Each 

film of the surface tends to reinforce certain ranges of wavelengths more than others. 

The more films that are present, the narrower and brighter the range of reflected light. 

This repeated reinforcement of limited ranges of wavelengths causes the very bright 

and almost spectral colors that are found in multiple film interference phenomena. 

The intensity I at each wavelength A of light is

sin2?r(Z + 1)£/A 
sin 27rf/A (25)

where K is the amplitude of the light striking the film, I is the number of layers, and 

t is the thickness of a layer (Anderson 1942). One of the properties of iridescence is 

that the colors change as the angle of incidence changes. The effective thickness is a 

function of 9 and n, the index of refraction. The derivation of the change with angle is 

much more complicated for multiple film interference than for single film interference 

because of the interaction between films. The effective thickness tg is

tg = i(n2 — sind)2. (26)

Often in nature the results do not follow these formulae exactly because the films may 

not be uniform or the films are composed of interlaced layers of different materials.
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3.5 Modeling Oil

When a drop of oil falls onto a surface it often forms a pattern of concentric circles. 

On a completely smooth and level surface the oil would spread slowly out over the 

surface, staying thicker in the middle and becoming very thin at the edges. It forms 

a mound on the surface with the thickness of the oil being a function of distance from 

the center. Based on these observations and an illustration from (Minnaert 1954), 

the thickness was modeled as an exponential function of the square of the distance 

from the center point. For an oil spill centered at the origin, this formula is

t = e-fci^+j/2), (27)

which is a normal distribution with k^ a constant that determines how quickly the oil 

diminishes to a negligible thickness.

This method is a good approximation to an oil slick on a perfectly smooth surface. 

Oil, however, is most commonly seen on pavement and does not spread out evenly due 

to the roughness and slope of this surface. Using a turbulence function from Perlin 

(1985) (see Appendix A), the distance from the center can be randomly perturbed at 

each point in a way that keeps the oil slick roughly concentric. The resulting formula 

is as follows

j _ e-*1 (r24V+*2turb[x,y]) (2g)

where k2 is a constant that affects how irregular the spreading of the oil is. The 

turbulence function returns a self*similar pattern of perturbation which gives a good 
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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 t 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 t is computed based on the distance from the center and the 

value of the turbulence function at that point. The thickness t is then changed based 

on the angle between the viewer and the surface as in equation 23. The resulting t 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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Figure 7: Picture of oil slick generated with physically based modelling techniques.

3.6 Modeling Soap Films

A soap film is another example of interference phenomena. The bright colors that 

reflect off of a soap bubble are caused by the very thin film of the bubble. As with 

the oil slick, the light changes phase when it strikes the back face of the film.

Soap films are affected by gravity. The water in the film is being pulled down 

by gravity and up by the surface tension in the film. In still air the film is thicker 

near the bottom than the top, and therefore the color at each point on the film is a 

function of its height. This relationship causes bands of color to appear on a soap 

film after it has stabilized. In modeling soap bubbles, height was normalized to a 

zero to one range, the result from a call to the turbulence function was added to the
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Figure 8: Picture of soap bubbles generated with physically based modelling tech­
niques.

height, and the thickness was taken as being directly proportional to the height. The 

turbulence approximates the effects of air currents and other irregularities that affect 

the thickness of the film. Using a simple linear function for the thickness is probably 

incorrect, but because of the large amounts of turbulence that are added, it is not 

noticeable (Figure 8).

3.7 Modeling the Morpho Butterfly

Iridescent effects are found on the wings of Morpho butterflies. The vanes of this but­

terfly’s wings have twelve horizontal mullions which create a multiple film interference 

effect. The spacing of these mullions was found to be about 155nm (Anderson 1954).
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Figure 9: Image of a Morpho butterfly showing the iridescence of the wings.

The mullions have some thickness as well, which accounts for the perceived specular 

maximum at approximately 400nm, implying a thickness of 200nm. Because of the 

thickness of the mullions, the effective thickness ttheta of the film is a function of the 

angle between the incident ray and the surface normal, 0, the spacing between the 

mullions dj, the thickness of the mullions ¿2, and the refractive index of the mullions, 

n (Anderson 1954)

td = di cos0 + d2{n2 - sin20)L (29)

A table referenced by angle was generated for di = 150 and d2 = 50. This table was 

used to determine the color at each point on the butterfly’s wings. The surface was 

made slightly bumpy to keep the wings from appearing perfectly smooth (Figure 9).
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The mullions are not always the same thickness, they vary somewhat between 50 nm 

and 150 nm, so the actual colors reflected from the wings of the butterfly are a blend 

of multiple film interference colors resulting from the variations in the thicknesses of 

the mullions (Anderson 1954).
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4 Out of Gamut Colors

4.1 Introduction

The gamut of a color device is the set of colors that it can produce. The primaries 

used in the device determine the gamut and when the primaries of two devices differ, 

the gamuts do not match up exactly. This gamut mismatch problem causes ranges of 

color on one device that can not be reproduced on the other. These colors are called 

out of gamut colors.

Gamut mismatch occurs in several different circumstances. One of the situations 

in which gamut mismatch is a major problem is between color monitors and color 

printers. The vivid, highly saturated colors that a monitor can display well are 

impossible to reproduce using a color printer, because color printers use different 

primaries and a different process for creating color. This problem makes the final 

printed results look much different than the display on the monitor. Gamut mismatch 

also occurs between monitors, causing dissimilarity between the same picture seen on 

different monitors. This is because the red, green, and blue phosphors vary slightly 

between monitors. The gamut mismatch that resulted from modeling interference 
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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. LW space is not computationally 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 XYZ space or the RGB space 

of a particular monitor and still have the same properties as the constant lightness and 

hue L’^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 XYZ 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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of constant hue straight. Because the constant hue Unes are curved, the hue will not 

remain constant as the out of gamut color is brought back in towards the neutral 

diagonal. The change in hue, however, should not be significant enough to cause 

problems.

The gamut that will be used as the destination gamut is the RGB space of color 

television monitor. The input gamut is the calculated interference colors and the 

spectrum, but it could just as easily be an input device such as a scanner, or the 

RGB space of a different monitor. Some ranges of single film interference phenomena 

and most ranges of multiple film interference phenomena are almost spectral and 

therefore lie outside of the RGB gamut. The worst case for testing out of gamut 

colors is the spectrum, because every color in the spectrum lies at the edge of the 

range of visible colors. The techniques used here to deal with out of gamut colors 

should be applicable to any type of gamut mismatch. The following algorithm is 

designed to work on a gamut that has the shape of a parallelpiped an example of 

which is an RGB monitor gamut in XYZ space.

4.3 The Clipping Algorithm

The clipping algorithm is composed of three steps. Given a color to be reproduced, 

it first checks to see if the color needs to be clipped. Next it determines the direction 

of the neutral or achromatic color with the same lightness as the input color. Then 

the intersection with the monitor parallelpiped must be found for a ray from the 
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color to the neutral color. Most of the work in this algorithm is done in finding 

the direction to bring the ray into the gamut and doing the intersections with the 

gamut boundaries. If the color already exists in the RGB space of the destination, 

but the values are either too large or negative, a very similar but faster algorithm 

with identical properties will work. Both of these algorithms are variations on the 

Cohen-Sutherland clipping algorithm for line segments.

4,3.1 Checking Whether In or Out of the Gamut

The first step involves checking to see if the color lies within the output gamut. The 

monitor parallelpiped is defined by six planes, three of which pass through the origin, 

and three of which are parallel to the first three. For each pair of planes, the point 

can either be above both of them, between them, or below both of them. If the point 

is between them, it could lie in the gamut. If the point lies outside of the planes it 

is outside the gamut and it can only intersect the plane that lies between it and the 

gamut (Figure 10). If for each pair of planes the point lies between the planes, the 

point must be within the gamut and the color does not need to be clipped.

The symmetry of the gamut makes the comparisons more efficient. The plane 

equations for the plane through the origin and the plane opposite it are Ax+By+Cz = 

0 and Ax + By + Cz = D respectively. Because the planes are parallel, A, B, and 

C are the same for each plane. Checking to see which side of the planes the point is 

on requires putting the coordinates of the point into the plane equation and checking 
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if the result is less than zero. If the result is greater than zero and less than D for 

all pairs of planes, the point is within the gamut and nothing needs to be done with 

it. Otherwise the point of intersection will need to be found for the planes where the 

result is less than zero or greater than D.

In RGB space, this entire process is made much simpler by the fact that the gamut 

forms a cube with sides parallel to the axes. This means that the plane equations for 

the sides have the form, x = 0 or x = D with similar equations for the other four 

sides. Instead of putting the point into a plane equation with three variables, all that 

is necessary is to check each coordinate of the point against 0 and then against the 

maximum value for the gamut. The results of the comparisons are stored so that only 

the necessary intersections will be done.

4.3.2 Finding the Neutral Color

The out of gamut color must be pulled back towards the center of the gamut defined 

by the neutral diagonal running from black through grey to white. The grey point 

lies on the line from white to black and has the same lightness as the point being 

clipped. In XYZ space, keeping lightness constant is easy because lightness is just a 

function of Y. The neutral diagonal, however, is not the line defined by x = y = z 

since this is not always white in the output gamut. The white point is the location 

in XYZ space produced when R, G, and B are at maximum intensity. Given the 

white point of the output gamut, the intersection of the neutral diagonal with the 
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plane Y yp 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 XYZ 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 RGB space, the Y value is Y = Ar + 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 RGB space is the line with r = g = b. Let w be 

a point on this line, then Ar + Bg + Cb = Y = Aw + Bw + Cw and w = —6 • 

The point with r = g = 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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least one pair of planes. The intersections done in RGB space are a little simpler 

because the space is a cube and the planes are parallel to the axes.

4.3.4 Analysis

These algorithms need to be analyzed in terms of both speed and accuracy. Both the 

XYZ and RGB space algorithms give the same point in the output gamut but it is 

easier to convert from XYZ space to L*u*v* space and hence easier to analyze the 

accuracy of the XYZ space algorithm. I tested the clipping algorithms on the spectral 

colors. This is the worst case since every color in the spectrum is monochromatic and 

as far out of the gamut of the monitor as possible. Numerically, the lightness remains 

fixed for all colors that get clipped. In general, the saturation of the clipped colors 

goes down, and the hue changes only a little. For some ranges of colors, however, the 

hue changes are more severe. These ranges correspond to regions where the plane 

defining a gamut edge is closer to parallel with the plane of constant lightness. This 

fact makes sense because in these regions, the color will travel farther towards the 

grey line before it intersects the gamut. In most practical situations, however, the 

input colors will not be monochromatic to the extent that the spectrum is. Visually, 

the spectrum looks better when clipped so that lightness remains constant and hue 

changes as little as possible (Figure 11). .

The XYZ space and RGB space clipping algorithms are more efficient than con­

verting a point into clipping, and then converting back. A 1,000 by 1,000
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Figure 11: The spectrum clipped three ways (from top to bottom): discarding nega­
tive values, keeping hue and lightness constant, and keeping only hue constant.
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Table 1: Mathematical operations required to clip a color.

Section comparisons + or - * /
Check if In or Out 3 - 6 0 0 0
Finding Grey Point 0 5 4 0
Finding Intersections 2 4 - 6 3 1-3
Totals 5 - 7 9-11 7 1-3

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 numbei 

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 RGB 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 XYZ 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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no expensive transformations into L’’u"‘v* space followed by a complicated clipping 

technique and then the inverse transformation back into RGB or XYZ space. Hard­

ware implementations of clipping algorithms are also becoming very common and it 

would be a simple modification to place this out of gamut clipping algorithm into 

hardware as well. Using an algorithm which keeps lightness constant and minimizes 

hue distortion is an acceptable compromise between accuracy and efficiency.
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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, 

so 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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a maximum number of oscillations between high and low values between any two 

adjacent points on the lattice. The value t = noise(z, y, z) at any point (x,y,z) is 

found by using a cubic interpolation from the values of the lattice at the sixty-four 

integer points surrounding it. The gradient of this noise function gives a continuous 

vector field which can also be used to alter the surface characteristics. The gradient 

of the noise function is called dnoise. For example, a bumpy surface can be simulated 

by adding some fraction of the vector returned by dnoise to the surface normal at 

each point.

For some uses, it is convenient to have a function which has 1// or fractal-like 

properties. This function is called turbulence since its results have some of the qual­

ities of a turbulent flow. The value t = turb(x,y,z) is a summation

6 ]
t = 57 —noise(2'z,2‘y,2‘z). (30)

•=o

The contribution of each term in the summation is scaled by one over the scaling 

factor for the point. Turbulence can be used in a variety of ways to simulate such 

effects as clouds and marble.
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