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ABSTRACT 
Light dispersion is an optical phenomenon wherein 
lights are decomposed into monochromatic components 
and become colored such as in crystal stones and 
diamonds. This paper proposes to render light 
dispersion with a ray tracer based on a composite 
spectral model. This model decomposes any spectrum 
into a smooth component and spikes, and offers a 
convenient vehicle for describing monochromatic lights 
occurring in light dispersion. Our ray tracer based on 
the composite model is very easy to implement and the 
synthesized images for light dispersion match closely 
their corresponding photographs. 

Keywords: light dispersion, spectral model, color, 
ray tracing, image synthesis. 

 
 

1 INTRODUCTION 
When a beam of white light enters a transparent object 
from air, its components of various wavelengths are 
refracted into different directions and as a result the 
transmitted lights form a colored strip. This phenomenon 
is called light dispersion. A well-known demonstration 
of this phenomenon is a beam of white light passing 
through a prism. Rainbows are another example. 
Dispersive colors are also often observed on crystal 
stones and gemstones. These are illustrated in Fig. 1. 

To render light dispersion, it is important to 
distinguish between two cases. In the first case, 
dispersed lights fall upon diffuse surfaces such as in Fig. 
1(a). Ray tracing does not work well in this situation 
because of the difficulty of tracing from a diffuse surface 
back to a light source by way of a dispersive object (e.g. 
prism). One can simulate the optical flows and record the 
locations where dispersed lights impinge [4]. A general 
solution is particle or photon tracing [1], which has been 
shown effective to generate dispersive colors on diffuse 
surfaces [2]. In the second case, all involved surfaces are 
very smooth such as in Fig. 1(b). In this situation, we can 
extend a regular ray tracer [3] to render dispersive 
colors, i.e. by splitting conventional light rays for the 
whole visible range into monochromatic rays. Thomas 
[11] introduced spread rays, each for a wavelength range 
and with geometric information (start point, direction 
and spread angle). He proposed subdividing spread rays 

adaptively when the spread angles are too large, but did 
not consider the case of intersections between spread 
rays and object edges. Yuan et al. [13] extended the 
spread ray concept by modeling a ray’s start point and 
direction as functions of wavelength and proposed an 
algorithm for detecting intersections between spread rays 
and object edges, but their method was computationally 
expensive. Besides these approaches, Musgrave [8] 
rendered rainbows and recently Glassner [5, 6] rendered 
solar halos and sun dogs, which are effects of light 
dispersion.  

This paper focuses on the second case, i.e. entirely 
specular environments. Our goal is to eliminate the 
drawbacks of previous methods. Our new approach is 
based on a composite spectral model, which decomposes 
any spectrum into a smooth component and a collection 
of spikes, with the smooth component represented 
through sampling points and each spike through its 
location and height. This model provides a convenient 
basis for describing the monochromatic lights that are 
crucial to light dispersion. Based on this model, we 
extend a regular ray tracer by generating monochromatic 
dispersive rays in terms of spikes. We find that ray 
splitting only on the first entrance into a dispersive 
object suffices for the rendering quality and thus avoid 
the complexity of adaptive subdivisions of previous 
approaches. This makes our extended ray tracer very 
easy to implement. Our rendered dispersive objects 
closely match the photographs of their real-world 
counterparts. 

 
2 LIGHT DISPERSION 

Light dispersion is caused by the dependence of 
refractive indices on wavelength. The dispersive power 
of a material depends on the variation magnitude of its 
refractive index in the visible range. Consider a white 
ray entering from air into a transparent object of 
refractive index n(λ) with incident angle θi . The 
refractive angleθt(λ) depends on wavelength in terms of 
Snell’s law: 
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Let ∆n be the variation of n(λ) in the visible range. Since 
∆n is much smaller than n(λ), the corresponding spread 
angle can be derived from Eq. (1) as 
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Fig. 1: Photographs that illustrate light dispersion. (a) A narrow beam of white light passing through a prism and 
forming a colored strip on a diffusive screen (courtesy of Williamson and Cummins [12]). (b) Dispersive colors shown 
on a real crystal stone with a single light source behind the stone). 
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To estimate the extent of ∆θ, let us assume that n(λ) is 
1.4 (this value is close to or below the refractive indices 
of most materials). Then the maximum of θt(λ) for all 
incident angles is about 45 degree and tan[θt(λ)] is close 
to or below 1. This means that the extent of the spread 
angle ∆θ is determined by ∆n/n.  

In optics there are two ways to describe the 
dispersive power of a material (see page 210 in [9]). The 
first is through the V-number or Abbe number: 
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where nC, nD, and nF are the refractive indices at the C, D 
and F Fraunhofer lines, respectively (see Table 1). Note 
that a small V-number means a large dispersive power. 
The second way to describe a dispersive power is  

 ,DISP BG nn −=  (4) 

where nB and nG are the refractive indices at the B and G 
Fraunhofer lines (see Table 1). Table 2 displays typical 
data on dispersion for several common materials. (For 
more data and information refer to page 234 in [7] and 
references therein). 

Typically (except for abnormal materials), refractive 
indices decrease monotonically and very smoothly 
within the visible range, as displayed in Fig. 2. There are 
several empirical analytical expressions for refractive 
indices, as summarized by Musgrave [8]. For instance, 
refractive indices can be expressed in terms of the 
Cauchy formula 
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where Ai are constants. The important point here is that 

in practical applications refractive indices can be 
represented through a few parameters. 

 

Line Wavelength (nm) Origin 
B 687.0 O 
C 656.3 H 
D 589.3 Na (doublet center) 
F 486.1 H 
G 430.8 Fe 

 

Table 1: Fraunhofer lines.  

 
 

Material n_D V-number DISP 
Crystal quartz 1.54 39.89 0.016 
Crown glass 1.50 56.48 0.010 
Light flint glass 1.60 38.24 0.018 
Dense flint glass 1.75 25.60 0.034 
Diamond 2.42 37.17 0.044 

 

Table 2: Dispersion data of some common materials. 

 

Fig. 2: Refractive indices of some common materials. 
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3 COMPOSITE SPECTRAL MODEL 
The basic idea of the composite spectral model is to 
decompose a spectral function into a smooth component 
and a collection of spikes [10]. The smooth component 
can be represented through sampling and a spike through 
its location and weight (or height). Expressing this idea 
analytically, any spectral function S(λ) can be written as  
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where lm and wm are a spike’s location and weight.  

One advantage of this model is its linearity in 
computational performance. In spectrum-based image 
rendering, the overall performance efficiency is largely 
determined by the efficiency of spectral multiplication, 
because such a computation is associated with each 
reflection and transmission. Within the composite 
spectral model, we can obtain the product of two smooth 
spectral components by multiplying their corresponding 
functional values at the sampling points, with cost being 
linear in the number of sampling points. The product 
between a smooth component and a spike can be 
computed through a linear interpolation  
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where the spike’s location lm is within the sampling 
interval [λi , λi+ 1]. Obviously this computation is also 
linear in the number of sampling points. Another 
advantage of the composite spectral model, important in 
the present context, is that it offers a special capability in 
representing monochromatic lights; a monochromatic 
light’s spectrum can be described as a spike with no 
smooth component. Because dispersed lights are 
monochromatic, this model nicely provides an accurate 
theoretical basis for rendering light dispersion. 

 

4 DISPERSIVE RAY TRACER 
 

4.1 Basic Idea 
Light dispersion in an entirely specular environment can 
be rendered based on the same idea as regular ray 
tracing: we trace the light rays from the eye or camera 
and determine their shades by including contributions 
from light sources through consecutive specular 
reflections and transmissions. The new factor involved 
for light dispersion is the dependency of a ray direction 
on wavelength. In other words, a ray in a regular ray 
tracer should be split into dispersed rays, each with 
distinct path and monochromatic wavelength. 
 

 

Fig. 3: Schematic demonstration of ray tracing for 
rendering light dispersion. 
 
 

Fig. 3 schematically demonstrates how this idea 
works. The corresponding physical process is that lights 
emitted from a light source on the left side penetrate a 
transparent object and reach the eye or camera on the 
right side. In ray tracing, which reverses the physical 
process, rays start from the eye or camera, pass through 
the object, and shoot toward the light source, as shown in 
Fig. 3. Let us specifically examine the starting rays 
labeled with 1, 2 and 3, and their descendents. Ray 1 
splits inside the transparent object and, after passing 
through the object, becomes monochromatic rays 1r 
(red), 1g (green) and 1b (blue). (Note that the exact 
description is that the transmitted rays form a continuous 
strip from 1r to 1b. The diagram shows only 3 rays of the 
strip, but this suffices for explaining the process.) 
However, we must remember that the physical process 
for a distinct path is the reverse. Taking the path from 
ray 1 to 1r as an example, its physical interpretation is 
that a monochromatically red light comes in the reverse 
direction of ray 1r, passes through the object, and 
propagates in the reverse direction of ray 1. If the 
physical incident light is not monochromatically red but 
contains components of various wavelengths, then only 
the component of the monochromatically red (i.e. with 
the corresponding wavelength) will eventually propagate 
in the reverse direction of ray 1 and therefore contribute 
to the shade of ray 1. Based on this analysis, we can 
predict the colors of rays 1, 2, and 3. Because ray 1b is 
able to shoot onto the light source while rays 1r and 1g 
are not, the color of ray 1 will be blue. On the other 
hand, because ray 3r is able to shoot onto the light source 
while rays 3g and 3b are not, the color of ray 3 will be 
red. Interestingly, rays 2r, 2g and 2b are all able to shoot 
onto the source and therefore the color of ray 2 is white.  

In Fig. 1(b), we note that the crystal stone displays 
dispersive colors at both the red and blue ends, but in 
between it shows white instead of green. If we trace back 
from a point in the region of white color, we will find 
that this point is contributed to by lights of different 
wavelengths but originating from positions of the area 
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light source as shown in Fig. 3. Note that this property of 
dispersive colors is more often than not seen in reality, 
as most natural light sources have finite surfaces. 

 

4.2 Algorithm 
Based on the above analysis, to render light dispersion 
we extend a regular ray tracer (page 780 in [3]) by 
modifying or adding the following components: 
1. In a regular ray tracer, a ray contains only geometric 

information, i.e. the start point and direction. In the 
extended ray tracer for rendering light dispersion, a 
ray should also contain information about 
monochromaticity and the wavelength value if it is 
monochromatic. 

2. The extended ray tracer should provide a 
mechanism to spawn a series of dispersed rays when 
a ray enters a dispersive object. 

3. If a transparent object is dispersive, the relevant data 
for its refractive index should be stored for the 
object and retrieved when needed. 

4. As dispersed rays are monochromatic, computations 
should be provided for reflections and transmissions 
according to Eq. (7), as well as for the final 
conversions from spectra into colors. 

Fig. 4 defines the new data structure for rays. Fig. 5 
displays pseudocode for the extended dispersive ray 
tracer. It emphasizes the overall logical structure and 
tasks specifically dealing with light dispersion, but skips 
detailed steps that are common to a regular ray tracer (cf. 
page 780 in [3]).  

Before generating dispersed rays, it is important to 
check whether or not the incident ray is monochromatic. 
If it is not, we will sample wavelength uniformly, 
determine the refractive direction based on the object’s 
refractive index at each sampled wavelength, and 
construct the corresponding dispersed rays. Otherwise, 
we will not generate dispersed rays further. In other 
words, dispersed rays are generated only at the first time 
that a non-dispersed ray enters a dispersive object.   

There are a few reasons that we adopt the strategy of 
splitting rays only at their first entrance into dispersive 
objects. First, once a ray is dispersed, it is regarded as 
monochromatic. According to our analysis based on Fig. 
3, given a dispersed ray R, the descendents of R will 
finally contribute only their spectral power distribution 
(SPD) component at the wavelength of R. Therefore, 
there is no need to trace the descendents of R that have 
different wavelengths, as they do not contribute anyway. 
Second, the one-time splitting significantly reduces the 
computational demand; thus the cost is that for a regular 
ray tracer multiplied by the number of dispersive 
sampling. Finally, by generating a sufficient number of 
dispersed rays when rays are split, we are able to ensure 
accuracy while avoiding the complexity of adaptive 
subdivisions. This makes our extended ray tracer easy to 
understand and implement.  

 

struct  Ray { 
Point startPoint,    // ray start point 
UnitVector rayDir,   // ray direction 
bool  isMonochrom,  // true if monochromatic 
double  wavelength  // wavelength 

}; 
 
Fig. 4: Data structure of rays for the extended ray tracer. 
 
 
if  (a traced ray has an intersection with an object) 
{ 
 if  (the object is opaque) 
  proceed as a regular ray tracer; 
 if  (the object is transparent) 
 { 
  if  (the object is non-dispersive) 
   proceed as a regular ray tracer; 
  if  (the object is dispersive) 
  { 
   if  (the traced ray is monochromatic) 
    proceed as a regular ray tracer; 
   else // traced ray is not monochromatic 
    split the ray into monochromatic rays; 
  } 
 } 
} 
 
Fig. 5: Pseudocode for the structure of the extended ray 
tracer for rendering light dispersion. 
 
 

4.3 Dispersive Aliasing 
In the past two types of aliasing were known in computer 
graphics. The first is spatial sampling aliasing, which is 
caused by discrete rays or surface tessellation. Its 
consequences are non-smooth changes of object shades 
and boundaries in rendered images. The second type is 
spectral sampling aliasing, which is due to representing 
spectral functions through an insufficient number of 
sample points. Its consequences are inaccurate colors of 
objects. Now we have encountered a third type of 
aliasing – dispersive  sampling aliasing. This new type is 
caused by sampling dispersive rays and it involves both 
spatial and spectral information. An insufficient 
sampling of dispersive rays can result in both 
discontinuous shades and incorrect colors. 

In general, a reliable number for sampling dispersive 
rays should be not less than the number for sampling 
spectral functions. To see the reason for this, consider 
the extreme case that a ray passes through a transparent 
slab with zero incident angle and shoots onto another 
object. Because the incident angle is zero, the dispersed 
rays are still overlapping. Thus, summing the 
contributions from all dispersed rays is equivalent to 
sampling the spectral function of the target object with 
the number of sampled dispersive rays. 
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5 RESULTS AND DISCUSSION 
Images in Fig. 6 serve specifically for the purpose of 
testing the effects of dispersive sampling aliasing. The 
object is a transparent hexagonal pyramid (i.e., the 
bottom face is a regular hexagon). The camera points to 
the pyramid from its top, while a white surface light 
source is located below the pyramid. In image (a), we let 
the pyramid be non-dispersive and moderately diffusive 
to visualize its hexagonal structure. In images (b), (c) 
and (d), the object is dispersive and the corresponding 
number of dispersive sampling points are 3, 6 and 9, 
respectively. Obviously the result for 3 dispersive 
sampling points is not acceptable. For 6 sampling points, 
the discontinuities in the colored strips are still 
significant. However, the strips become quite smooth 
when 9 dispersive sampling points are used. (Note that in 
rendering these dispersive colors, we let the refractive 
index of the object having an extremely high dispersive 
power, with the V number of 2.37 and DISP of 0.24. 
Dispersive powers of natural materials are much below 
this.) Therefore, we recommend using at least 9 
dispersive sampling points for rendering light dispersion. 

Fig. 7 displays the rendered images of the real crystal 
stone shown in the photo image Fig. 1(b). The image in 
Fig. 7(a) is rendered using the same conditions under 
which the photo was taken, that is, only a white light 
source located behind the crystal stone, with one 
resulting highlight spot on the crystal stone. The 
refractive index used is the one for crystal quartz as 
shown in Fig. 2. As observed, the dispersive colors in 
7(a) are very close to those shown in the photo. In 
particular, the central region of the colored strip appears 
in white, which is a typical feature of light dispersion, as 
shown in Section 4.1. This result strongly indicates the 
success of our extended ray tracer for rendering light 
dispersion. (However, the rendered image does not have 
other minor structural patterns observable in the photo; 
we attribute the difference to the possibility of 
environmental reflections when the photo was taken.) 
Image 7(b) is rendered under the same conditions as for 
image 7(a) except that we let the object have a constant 
refractive index of 1.502. This rendered image shows a 
white highlight spot in the same section of the crystal 
stone, but the size has shrunk in comparison with the one 
with dispersion. Image 7(c) is generated by making the 
object opaque and putting light sources in front of it; it is 
used here simply for the purpose of showing the 
structure of the crystal stone.   

Finally, Fig. 8 presents a rendered image of a 
collection of crystal polyhedrons that demonstrate 
striking dispersive colors. The objects are on a mirror 
and are surrounded by several light sources. From left to 
right the polyhedrons are truncated tetrahedron, 
octahedron (top), truncated cube (bottom), icosahedron 
(top), hexagonal prism (bottom), octagonal pyramid, and 
truncated octahedron.  

  

6 CONCLUSIONS 
We have proposed a composite spectral model that 
accounts separately for the smooth component and 
spikes in a spectrum. This model offers an effective way 
to describe monochromatic lights occuring in light 
disperion. Based on this model, we extended the regular 
ray tracing scheme to render light dispersion. The 
rendered dispersive objects agree very well with their 
real-world counterparts. Our ray tracer extension is quite 
easy to implement and can be included in any rendering 
system for more capable computer image generation.  

As a future direction, it is possible to base on the 
extended ray tracer to generate more complex natural 
phenomena that involve both light dispersion and other 
optical effects such as volume absorption and Rayleigh 
scattering. It is also interesting to combine the composite 
spectral model with particle tracing to handle light 
dispersion on both specular and diffusive objects. 
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Fig. 6: Effects of dispersive sampling aliasing. The object is non-dispersive in image (a), and is dispersive with 3, 6 and 
9 dispersive sampling points in (b), (c) and (d), respectively. 
 
 

Fig. 7: Rendered light dispersion shown on the crystal stone corresponding to Fig. 1(b). 
 
 

 
Fig. 8: Striking dispersive colors on crystal polyhedrons and their mirror reflections.  


