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Abstract

Rendering of objects that exhibit iridescence has previously been limited to simple lighting conditions generated
from a few point or directional lights. We extend this idea by modeling light interference as a Bidirectional Re-
flectance Distribution Function (BRDF) and precomputing the physically based surface response to hemisphere
lighting in terms of a low order spherical harmonic basis. Parameterizing by view direction, we can store the light
interference effect in a 2D texture map, where each entry contains a vector of spherical harmonic basis function
coefficients. Our technique achieves a full spectral representation of interference color by maintaining the spheri-
cal harmonic basisin terms of Spectral Power Distribution (SPD) instead of a color-based format such as RGB. In
addition, we demonstrate that our approach is amenable to current graphics hardware and can render at real-time

frame rates.

Categories and Subject Descriptors (according to ACM CCS): 1.3.7 [Computer Graphics]: Color, shading, shadow-

ing, texture, physically-based modeling

1. Introduction

It is no longer necessary to simulate physica redlity at
the expense of interactivity. Physically correct models for
wavel ength-dependent phenomena such as interference, dif-
fraction, dispersive reffraction and scattering are necessary
for redlistic image generation and require the full range
of spectral information in order to render [SFD99, AHO3].
There are many different solutions for simulating interfer-
ence and iridescent effects. The extent to which physical
representation of surface structures and optical properties of
light contribute to these solutions significantly vary. How-
ever, alimitation of these solutionsis the use of only simple
lighting scenarios [G00, SFC*99, D91, D94]. A more physi-
cally accurate model for lighting would be to utilize a hemi-
sphere surrounding a point. As described in this paper, we
use this technique to render interference.

Rendering interference effects for real-time applications
would benefit video games and virtual reality by adding ad-
ditiona realism to the experience. Little has been done to
render interference effects at interactive frame rate except
for [IMNO4] which focuses on simple lighting models and
deformable soap bubbles. Simulations of interference have

(© The Eurographics Association 2005.

been implemented primarily via non-realtime renderer such
asin aray tracer [D91, D94, GO0, SM90, L 96, GMN94].

Our approach differs by rendering surfaces in real-time
that exhibit interference effects with complex lighting en-
vironments. By, modeling interference as a BRDF, we can
accelerate rendering by precomputing the surface response
to hemisphere lighting using Spherical Harmonics (SH) ba-
sis functions. The interference calculations are done as a
preprocess, employing the Composite Model (CM) [SFD99]
representation for each of the SH basis color channels, thus
allowing for full spectral respresentation.

2. Related Work

Shading using spherical harmonics basis functions has been
proposed for offline and interactive rendering with afocuson
representing incident environment maps, BRDFs, and Radi-
ance Transfer. Ramamoorthi and Hanrahan [RHO1] repre-
sent diffuse reflection maps analyticaly in terms of SH ba-
sis. Westin et a [WAT92] represent physically based BRDFs
using a matrix of SH basis coefficients, where Ramamoor-
thi and Hanrahan [RHO2] represent isotropic BRDFs using
a Spherical Harmonic Reflection Map. Kautz et al [KSS02]
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approximate arbitrary BRDFs using a 2D table of SH ba-
sis indexed by view direction and combine interreflections
and self-shadowing. Sloan et al [SK02] represent radiance
transfer, glossy surfaces and account for interreflections and
self-shadowing using a transfer matrix and per vertex SH
basis coefficients. However, none of these methods include
wavelength dependent phenomena.

Wavelength dependent BRDF models have been devel-
oped for use in simulating phenomena that require spec-
tral representation. Gondek et al [GMN94], Agu [AHO3]
and Stam [Sta99] develop models that strives for accuracy
a the expense of interactivity. Where Granier and Heidrich
[GHO3] use asimple layered BRDF that represents color by
sampling the spectrum at 3 locations to ease conversion to
the RGB color space. Neither of these models are designed
to run at interactive frame rates. In addition our implemen-
tation employs the Composite Model [SFD99] to compactly
represent spectra for simulating wavelength dependent phe-
nomena instead of uniformly sampling the spectra at many
points.

Interference can be seen in many objects like butterfly
wings, soap bubbles and oil slicks and produce vivid col-
ors. Early work on interference fringes was done by Smits
and Meyer [SM90]. Dias [D91] developed a model for ren-
dering interference based on color bands. Glassner [GOQ]
derived an analytic model interference on clusters of soap
bubbles. Interference from multilayer films has been studied
by [HKY*01, GMN94, HKY*00]. These models for inter-
ference are too computationally intensive for real-time ren-
dering or have been designed to work with an offline render
such as aray tracer. This contrasts with our implementation,
which is designed to take advantage of GPU hardware and
run at real-time frame rates.

The rest of the paper is as follows. Section 3 gives a brief
background on the theory of spherical harmonics (SH). Sec-
tion 4 outlines an analytical interference function that we
shall then approximate using (SH). Section 5 presents our
approach including our offline pre-processing and online
rendering stages. Section 6 is our conclusion.

3. Background on Spherical Harmonics

Spherical Harmonics is an approach for approximating 2D
functions on a sphere and is the analog on the sphere to the
Fourier basis on the line or circle. A function parameterized
on the sphere may be represented by an infinite sum of scaled
spherical harmonics [Gla95]. A finite approximation of the
function is achieved by truncating thisinfinite sum. Below is
the general form for Spherical Harmonics:

V2K cos(mo)P™(cosB) whenm> 0
yI"(6,0) = ¢ V2Ksin(—mo)P™(cos®) whenm< 0
KPP (cos) whenm=0
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Kautz et al [KSS02] has shown that an arbitrary BRDF
defined over a sphere S (they also describe the BRDF prod-
uct function) can be approximated by projecting the BRDF
onto SH space. The coefficients from the projection are bi-
directional and therefore can be used to reconstruct the origi-
nal function with minimal loss of information from the orig-
inal function. This assumes that the original function is a
low frequency function and the number of bands used for
approximation is sufficient. For low frequency lighting and
reflections, this approximation can be accurate with as little
as 25 coefficients [KSS02].
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Instead of reconstructing the original equation for a set of
operations, the product of the lighting function and BRDF
can be approximated with the dot product of their coeffi-
cients. In other words, the conversion of incoming irradiance
to outgoing radiance is reduced to a product accumul ation of
the coefficients, where n? is the number of coefficients.

/E(s) f(s)ds= Y nLif; ©)
s i—0

4. Analytical Interference BRDF

We extend an analytical solution for reflected interference
intensity derived by Glassner [G00] to that of a BRDF. In
order to achieve this we need to convert Glassner’s closed
form solution for thin film to account for hemisphere light-
ing by discretizing the integral. Summing all the reflected
intensities from the hemisphere above a point can account
for the total lighting contribution and therefore give an accu-
rate representation of interference. The following equation
sums the reflected response over the sphere S.

f(sA) = Y 4R¢ (1, 1) sinz(%“mn cos6r) @)

Where Ry isthe Fresnel reflectivity, index of refraction is
1, and o is the thickness of the film. This function neglects
transmission from the equation and focuses primarily on re-
flection.

5. Our Approach

In this section we discuss our approach including the neces-
sary stepsfor precomputing the interference BRDF, parame-
terization, storage and rendering considerations.

5.1. Preprocess Steps

The following are the necessary steps for generating a sam-
pling of the interference BRDF for rendering. In general
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BRDFs are 5D functions <8;, ¢, 6o, 0o, A>, if we consider
wavelength as a parameter of the BRDF. The storage con-
siderations, assuming the wavelength varied would be a 5D
texture. Current graphics hardware only support textures of
3 dimensions. Thus, we must reduce the size of our BRDF
map by 2 degrees through reparameterization. Once we have
reduced the size of our map, we have to account for n? SH
coefficients instead of RGBa values. This essentially adds
an additional dimension to the map leaving us with a 3D
map. Spherical harmonicsisa 2 dimensiona orthogonal op-
erator that is defined over on a unit sphere. Low frequency
lighting and reflectance functions can be adequately be ap-
proximated by Spherical harmonic with relatively few num-
bers of coefficients (n = 5, 25 coefficients) [KSS02]. Func-
tions that require higher frequency sampling will become
band limited by the SH approximation if enough coefficients
are not used. Global illumination style lighting tends to be
amenable to smoothing with minimal degradation to the vi-
sual accuracy. Our pre-processing steps are:

1. Parameterize the reflectance map based on the view vec-
tor wo. We are storing coefficients, not color values so
that we can account for more than RGBo. in the map. This
can be done by using a 2D/3D map indexed by spherical
parameters of the out going view vector <6o, 0o>.

2. Sample hemisphere at different wavelengths

a. Sample the hemisphere and determine <6;, ¢;>

b. For each spherical parameter, <6;, ¢;>, <6, 00> cal-
culate the composite color vaues for the Fresnel re-
flectivity and interference by evaluating equation 4,
accumulating the results from all incoming light an-
gles.

3. Project color values to SH basis space (see equation 2)
storing them based on view vector <6, ¢o>.

5.2. Rendering

Our rendering agorithm is outlined below. This agorithm
assumes a tangent frame associated with each fragment.
Generating the texture coordinates requires defining the
view vector relative to the tangent space coordinate system.
Once the texture look up is complete, a dot product of the
lighting coefficient and the reflectance coefficientsis al that
is required per pixel. Most texture hardware can only store
values from [-1.0, +1.0] so an appropriate bias and scale of
the texture values is required. The rendering algorithm is as
follows:

1. The lighting coefficients must be rotated into the proper
frame for which rendering is occurring.

2. Then lighting coefficients are uploaded to the hardware or
software shader where the dot product will be performed.

3. Theappropriate vector to the framein which the dot prod-
uct will be calculated is rotated. In our case this will be
the view vector in the tangent frame.

(© The Eurographics Association 2005.

Figure 1: A car window showing interference rendered us-
ing our technique

Figure 2: Another screenshot showing a car window with
interference using our technique

4. The surface reflection coefficients are retrieved from the
interference texture map then scaled and abiasis applied.

5. The last step is to apply the dot product of the coeffi-
cients. If high dynamic range lighting coefficients are in
use, the illumination values may require tone mapping to
adisplayable range.

Rotation of lighting or reflectance coefficients is a non-
trivial task, and is best suited to be computed on the host
coefficients uploaded to the GPU as stated in rendering step
1. There are severa way to rotate the coefficients involving
Euclidian rotations. Refer to Kautz et al. [KSS02] for amore
comprehensive explanation of SH rotations. Figures 1 and 2
are sample images of our technique. Our performance mea-
surements show that we are able to render these images at
about 65 frames per second.

6. Conclusion and Future Work

We have presented a technique for rendering interference
that extends the limitation of few point or area lights. This
technique takes into account hemispherical lighting, models
interference as a BRDF and precomputes surface response
functions in terms of a low order spherical harmonic ba-
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sis. The physically based surface response is stored in maps
that make it amenable to rendering on a GPU. Our approach
takes advantage of afull spectral color representation by em-
ploying the Composite model. Our system achieves a full
spectral representation of interference color by maintaining
the spherical harmonic basisin terms of Spectral Power Dis-
tribution instead of a color-based format such as RGB. In
addition, we demonstrate that our system isamenable to cur-
rent graphics hardware and can render at real-time frame
rates.

Possible extensions to our techniques include using sur-
face microstructures to incorporate pigment materials and
multilayer films that would enhance the interference simu-
lation. Additional extensions of this technique would be to
apply it to other wavelength based effects such as disper-
sion, diffraction, polarization, and fluorescence. Our tech-
nique could be also be applied to other types of basis func-
tions such as wavelets.
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