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Figure 1: Renders showcasing spectral rendering of light dispersion, thin-film iridescence, and microfacet materials.

ABSTRACT

In this project, we write a ray tracer that includes spectral in-
formation about rays within the light field. A traditional ray
tracer tracks RGB intensities along the ray and propagates
the ray using RGB information about scene elements. In real-
ity, light is distributed by wavelength in a continuous space,
with visible light occupying the range approximately from

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies
are not made or distributed for profit or commercial advantage and that
copies bear this notice and the full citation on the first page. Copyrights
for components of this work owned by others than the author(s) must
be honored. Abstracting with credit is permitted. To copy otherwise, or
republish, to post on servers or to redistribute to lists, requires prior specific
permission and/or a fee. Request permissions from permissions@acm.org.
CS 284A: Final Project, Spring 2024, UC Berkeley, CA, USA

© 2024 Copyright held by the owner/author(s). Publication rights licensed
to ACM.

400 nm to 700 nm. Optical phenomena arise from wavelength-
dependent interactions, including dispersion, iridescence,
and reflection probability. In this project, we refactor the ray
tracer we wrote in Homework 3 to incorporate wavelength
dependence by adding a layer of wavelength sampling. We
also implement scene elements that leverage this feature,
including glass materials, mirror surfaces, microfacet sur-
faces, thin films, and black body emitters. With these, we can
create striking photorealistic scenes accessible only through
spectral information.
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1 INTRODUCTION

In an RGB ray tracer, the spectrum of light is tracked as a
three-vector corresponding to red, green, and blue intensity.
In reality, light is an infinite-dimensional spectrum of wave-
lengths. A more physical rendering equation would consider
the entire spectrum of light emitted and consider absorp-
tion, reflection, and refraction of the spectrum. A spectral
ray tracer keeps track of the wavelength and the intensity
of each. This is an important problem to capture disper-
sion of light, the phenomenon that the index of refraction is
wavelength-dependent. This is what leads to a prism splitting
light into the constitutive components. It is a challenging
problem since we change a three-dimensional intensity into
an infinite-dimensional one. The solution for addressing this
challenge is to sample from the spectrum of wavelengths.
Then, after collecting all the rays, we then can convert the
distribution of wavelengths to red, green, and blue intensities
for rendering on a computer screen.

Past projects implement some of the following features,
such as iridescence and black body radiation [4, 5]. Our work
is inspired by these previous works and seeks to extend
these features to an entire spectral-based ray tracer rather
than sampling wavelengths at the BSDF level. In addition,
we create a mechanism for general implementation of any
wavelength-dependent material or light source.

2 FROM RGB TO SPECTRAL RAY TRACER
2.1 Spectral Rays

To refactor the ray tracer for spectral information, we added
an inner loop of sampling in raytrace_pixel(). For each
ray, we also sample wavelengths and store this information
in the ray object, which is passed into BSDF : : sample_f ().
The rendering equation is unchanged, but now includes a
wavelength dependence, as
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where the light intensities are now scalar intensities (rather
than RGB vectors). In the implementation, each BSDF now re-
turns a scalar quantity representing spectral intensity, which
is summed to estimate the global illumination. We will dis-
cuss the changes made to the old non-spectral BSDFs in
Section 2.2 and the implementation of spectral BSDFs in
Section 3.

We can think of the intensity parameterized by wave-
length as an infinite-dimensional vector, where each wave-
length has an associated intensity. We can downsample to
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RGB values using the spectral response functions as
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where (j is the spectral response function for color§ and I'(_)
is the intensity as a function of wavelength. Here, we use
an analytical approximation to the CIE 1931 color matching
functions, presented in Equation 4 of [10] to convert to XYZ
and compose this with the CIE 1931 conversion from XYZ
to RGB [8].

We compute this integral by sampling uniformly in the
wavelength space. One option is to take independent random
samples, but we instead use hero sampling, which chooses the
first sample uniformly at random and places the remaining
= — 1 samples at equispaced positions relative to the first
sample. This method is unbiased and is empirically shown
to reduce the color noise [9]. In our implementation, we find
using 5 samples sufficient for convergence.

2.2 Spectral Upsampling

The RGB BSDFs from HW 3-1 and 3-2 use a stored RGB
albedo to return the color of the surface, but after the above
modifications, they need to return the spectral intensity of
the corresponding wavelength that hit the surface. To ac-
complish this, we implement spectral upsampling using the
spectral primaries basis, {B; Bs B1 }, computed by Mallet and
Yuksel [6], which we store as 81 reflectivity values corre-
sponding to equidistant wavelengths between 380 and 780
nm. Given an RGB albedo, we compute the spectral inten-
sity at the ray’s wavelength using linear interpolation of the
stored basis values.
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For every BSDF that originally returns an RGB, we convert
that to an intensity using Eq. 3.

Following these modifications, we can already see differ-
ences in our renders, even though we haven’t introduced
wavelength-dependent interactions. Figure 2 is an example
render using the existing scene files with no wavelength-
dependent light transport, shown using the RGB ray tracer
and the spectral sampling method. Both should be the same in
expectation, but we see that the nature of the noise changes.
Colorful noise is introduced in the spectral ray tracer due to
randomness in sampling wavelengths.

3 SPECTRAL BSDF

To prepare the code for the glass prism and other spectral ma-
terials, reflective, refractive, and microfacet materials were
implemented according to the specifications of HW 3-2. The
next steps were to make wavelength dependent versions of
these functions.



Spectral Ray Tracing

Figure 2: On the left, RGB ray tracer render. On the
right, spectral sampling ray tracer render. Below shows
magnifications of the observed noise (grayscale in RGB
rendering, colorful in spectral sampling).

3.1 Dispersive Glass

We make a simple modification to GlassBSDF so that the
index of refraction is a function of the wavelength, given by
Cauchy’s approximation:
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where and are parameters [3]. In addition, we use the
dielectric Fresnel reflectance instead of Schlick’s approxima-
tion. With this BSDF, we can see chromatic aberrations on
the surface and dispersion effects in the shadows, as shown
in the renders of the bunny in Figure 3.

Figure 3: Top, bunny rendered with non-dispersive
glass( =145 = 0). Bottom, bunny rendered with
dispersive glass ( =145 =50 000).
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3.2 Spectral Microfacet

The modification to microfacet materials is similar, and solely
inside the computation of the Fresnel reflectance, , in the
following;:
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In the RGB version, the BSDF stores the refractive index [
and extinction coefficient  at 614 nm (red), 549 nm (green)
and 466 nm (blue) and returns the corresponding reflec-
tive intensity for these particular wavelengths. The spec-
tral version stores = arbitrarily spaced wavelength samples
(3y¥8 =1 =) between 380 nm and 780 nm (inclusive) and
the corresponding [3 and 7 at those wavelengths. Given the
incoming ray’s wavelength, we use a linear interpolation
to compute [(_) and ~(_), which is used to compute the
Fresnel reflectance. 5 now returns the reflective intensity
corresponding to the individually sampled wavelength. In
Figure 4, we can see that this subtly affects the color of the
material, as expected since we sample more of the visible
spectrum. The RGB version may appear more “saturated”
because it only samples the three primary wavelengths.
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Figure 4: CBdragon with copper surface, U = 0 15. On
the left, RGB up-sampled microfacet BSDF. On the
right, spectral microfacet BSDF.

3.3 Dielectric Thin-film Interference

We extend the spectral microfacet BSDF to additionally model
a thin dielectric film on top of a dielectric or conductor base.
In this BSDF, we again modify the Fresnel reflectance to ac-
count for the bounces between the dielectric film and base
(Figure 5). For clarity, we will call the thin-film reflectance
the Airy reflectance, ”, which we use to replace in Eq. 5.
The following formula are based from those reproduced in
Belcour and Barla [1], which were originally given in Born
and Wolf (Section 14.4) [2]. Assuming equal distribution of
polarized to non-polarized light, the reflectance ” is defined
as:
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