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Abstract

Microfacet shading models in film and game production have long used a simple approximation to the Fresnel equations,
published by Schlick in 1994. Recently a growing number of film studios have transitioned to using the full Fresnel reflectance
equations in lieu of Schlick’s approximation. This transition has been facilitated by Gulbrandsen’s 2014 parameterization

which uses reflectance and edge tint instead of eta and kappa.

Our recent investigations have found some unexpected drawbacks to this approach. In this presentation, we will show that in
the context of RGB rendering (still by far the most common modality in film production), the Fresnel equations are actually less
physically principled than Schlick’s approximation. In addition, they are less robust in practice and less amenable to authoring.
Most surprisingly, as commonly used the Fresnel equations result in less accurate matches to measured materials, compared

to Schlick’s approximation.

The presentation primarily discusses metal reflectance, since our investigations so far have focused on metals.

Categories and Subject Descriptors (according to ACM CCS): 1.3.3 [Computer Graphics]: Rendering—Reflectance modeling

1. Introduction

Schlick’s Fresnel approximation [Sch94] has long been the most
commonly used Fresnel shading term in film and game produc-
tion [BHS04,Che08,Mar10,Burl2,Smil2,Karl3,LdR14]. More re-
cently, formulations based directly on the Fresnel reflectance equa-
tions [Fre23] have been increasing in popularity, used either as a
direct replacement for Schlick’s approximation [Lan14, XL.17] or
as an optional model [And13,HL17,KC17].

The first such formulations were parameterized with RGB val-
ues for 1 and x (eta and kappa, the real and imaginary parts of the
complex index of refraction). Currently an alternate parameteriza-
tion [Gul14] is typically used, with reflectivity and edge tint RGB
parameters which are effectively a “user interface” over n and x
(they are used to compute RGB 1 and x values which are then ap-
plied to the Fresnel equations).

Various motivations may drive the use of Fresnel equations in
rendering: physical correctness in principle, robustness in produc-
tion use, accurate modeling of real-world substances, or artistic
control of edge behavior. Similar motivations led us to explore this
approach for our own potential future shading models. However,
during those investigations we discovered that in the common case
of RGB rendering, these expected improvements either do not ma-
terialize, or can be better achieved via other models.
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2. Schlick’s Fresnel Approximation

In 1994, Schlick [Sch94] introduced the following approximation
of the Fresnel equations:

F(0) ~r+ (1 —r)(1—cosh)’ (1)

Where 0 is the angle of incidence and r is the Fresnel reflectance
at normal incidence (8 = 0°). In practice, Equation 1 is applied in
RGB rendering, with RGB values for F(60) and r.

To evaluate the accuracy of this approximation, we must first
carefully define the ground truth it should be compared to. The
ground truth for RGB Fresnel computation for a given angle 6
is the spectral evaluation of the Fresnel equations at that angle,
using spectral values for | and k (for example, measured values
which are available for various metals). This results in a spectral
reflectance curve, which is then multiplied by the spectral power
distribution of a neutral white illuminant (e.g., D60) as appropri-
ate to the color space used. This yields the spectral power dis-
tribution of the reflected radiance, which directly corresponds to
the stimulus perceived by an observer viewing the reflected light.
This spectral stimulus is converted to an RGB triple using standard
methods: convolution with color-matching curves and multiplica-
tion by a 3x3 matrix, with an additional chromatic adaptation step
in the case where the color space white point has a different chro-
maticity than the reference illuminant, e.g., as in the ACEScg color
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space [Acal4]. This process is shown below the dotted red line in
Figure 1.

Overall Schlick’s approximation is quite accurate; for the major-
ity of metals the average error is under 2 dE (CIE2000 delta E).
The full presentation includes detailed tables, plots, renderings and
difference images showing the error of Schlick’s approximation for
various metals.

However, the accuracy of Schlick’s approximation is not
perfect—if possible, would it not be preferable to use the origi-
nal equations instead? The rest of the presentation will go over
the hoped-for advantages from using the Fresnel equations over
Schlick’s approximation: physical correctness in principle, robust-
ness in production use, accurate modeling of real-world substances,
and artistic control of edge behavior—and show that in practice,
they do not materialize as expected.

3. Physical Correctness in Principle

It would seem that using the original Fresnel equations would inar-
guably be more correct than any approximation, from a theoretical
standpoint at least. But the problem is that the Fresnel equations
are intended to be used on individual spectral samples of 1 and «,
as in the ground-truth example earlier. And to derive RGB Fres-
nel values, the rather involved procedure shown in the bottom part
(below the dotted red line) of Figure 1 must be applied. However,
that is not how the Fresnel equations are used in practice. RGB
rendering is still ubiquitous in production rendering—so far, only
Weta Digital has adopted spectral rendering in a significant way
for film production [Han17]. When RGB production renderers use
the Fresnel equations, it is in the manner shown in the upper part
(above the dotted red line) of Figure 1. RGB values for n and k
are derived from the spectral curves (a process with no physical
meaning, for which there is no a priori correct method), and the
Fresnel equations are applied directly to these values to produce
an RGB result. At this point any claim to physical correctness has
been forfeited—using the Fresnel equations in this way is just an-
other approximation, like Schlick’s.

But there is an important sense in which this approximation
is less physically principled than Schlick’s. RGB values are only
meaningful for expressing perceptual quantities. And the Fresnel
equations work on physical quantities, which need to be expressed
spectrally.

The only physical rendering quantity which is also a perceptual
one is radiance, which is directly processed as a stimulus by the
human visual system and thus can be meaningfully expressed as
an RGB color. RGB can also be meaningfully used for reflectance
colors, which (as in the ground truth example) are defined indi-
rectly as the reflected radiance from the white reference illumi-
nant. This definition enables us to perform RGB reflectance cal-
culations by multiplying the RGB color of the incoming light with
RGB reflectance values. In the case of white (reference illuminant)
light reflected directly from a surface, this method produces ex-
act results. In most other cases, the results are at least visually
plausible, if not exactly correct. Some issues do occur: the re-
sults vary between different working color spaces [Agl14] and in
certain scenarios (e.g., multiple-bounce diffuse illumination with

highly saturated surfaces) RGB rendering can produce significant
errors [MSHD15]. However, in practice, these errors are minor or
rare, and (as mentioned above) RGB rendering is by far the most
common type of production rendering.

RGB rendering tends to work fairly well as long as the RGB op-
erations are linear. Typically, most nonlinear operations in shaders
are applied to non-color data, for example evaluating specular dis-
tribution lobes with roughness values. Schlick’s approximation fits
into this framework; while its angle-dependent part is highly non-
linear, all RGB computations are simple adds and multiplies. The
dependence of the resulting reflectance value on the parameter r is
strictly linear, which is a highly desirable property. Since r can be
defined as both a physical and a perceptual quantity, its expression
as an RGB color in rendering equations is meaningful.

In contrast, when the full Fresnel equations are used in an RGB
renderer, highly nonlinear operations are performed on RGB quan-
tities. The Gulbrandsen (r, g) parameterization does not change this
because it does not change the underlying equations.

Unlike the reflectance r parameter, the 1 and k quantities in the
full Fresnel equations (as well as the Gulbrandsen g parameter)
have no perceptual analog. Their relationship to final rendered col-
ors (perceptual stimuli) is very indirect and highly nonlinear. There
is no principled way to compute RGB values for 1 and «, and they
are not amenable to painting. Gulbrandsen’s (r, g) parameterization
attempts to fix this issue, but fails. While r is a meaningful color,
the edge tint parameter g is not (though it superficially appears to
be one). Like M and «x, the value of g does not correspond to any
perceptual quantity.

To summarize, in the context of RGB rendering the Fresnel equa-
tions are as much an approximation as Schlick’s approximation.
Schlick’s is actually a more principled RGB approximation since it
works on quantities that are both perceptually and physically mean-
ingful.

4. Robustness in Production Use

The presentation will show that for RGB rendering, the Fresnel
equations are less numerically robust than Schlick’s approxima-
tion. Two cases will be shown: converting parameter values to a
new color space, and blending of parameter values. Both are im-
portant operations for production rendering, and in both cases the
Fresnel equations introduce significant errors when the operation is
performed—errors which are not present (or significantly reduced)
if Schlick’s approximation is used.

5. Accurate Modeling of Real-world Substances

In the presentation, we will cover two cases: computing parame-
ter values from measured data, and painting parameter values from
photographic reference. For painting from photographic reference
(which is the most common case in production), Schlick’s approx-
imation will be shown to result in more accurate material models
than the Fresnel equations. Gulbrandsen’s g parameter is not well-
suited for matching by eye since it does not correspond to the re-
flected color at any angle. It also does not have a reasonable default
value, and there is no straightforward way to "opt out" of using it.

(© 2019 The Author(s)
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Figure 1: The Fresnel equations were derived for use on spectral values of M and X, producing a spectral reflectance curve. To convert
this to an RGB Fresnel value, this curve is first multiplied by the SPD of a reference illuminant to produce the “reflected white light” SPD.
This SPD corresponds to a perceptual stimulus that can be converted to RGB tristimulus values in the standard way, including convolution
with color-matching functions, possibly chromatic adaptation, and then multiplication by a 3 X 3 matrix. This is shown under the dotted red
line. Above the line we see the way in which the Fresnel equations are actually used in production RGB rendering. RGB values for n and
are—somehow—derived from the spectral curves, and then the Fresnel equations are applied directly to these RGB values.

The case of computing values from measured data is more com-
plex. It is possible to achieve highly accurate results with the Fres-
nel equations, but only when taking great care when computing pa-
rameter values. The methods which are currently in common pro-
duction use (e.g., spectral point sampling) introduce errors which
are as large or larger than those resulting from Schlick’s approxi-
mation. The most accurate results are achieved via black-box nu-
merical fitting, which is to my knowledge not currently used by
any production studio. This is not surprising since the process of
computing RGB values for 1, K, or Gulbrandsen’s g parameter is
physically meaningless, and there is no principled method for doing
SO.

6. Artist-driven Control of Edge Appearance

The fact that Gulbrandsen’s g parameter does not correspond to
the reflected color at any angle not only makes it difficult to match
photographic reference, it also poses difficulties for creative look
development. When painting a novel material, there is no simple
way for an artist to predict the resulting appearance based on the
value of g. The presentation will also show that the g parameter
lacks two properties that are important for artist-driven control of
material appearance: decoupling from other parameters, and per-
ceptually uniform behavior over the valid range of values.

© 2019 The Author(s)

7. Complexity

Besides the flaws detailed so far, the Fresnel equations also have
greatly increased computational complexity over Schlick’s approx-
imation. This increased cost may be a concern for offline render-
ing times, and it is prohibitive for real-time applications. Having
a shared shading model for offline and real-time rendering can
be highly beneficial for multiple-use assets [CL16], and using the
Fresnel equations makes this difficult.

8. An Alternative Model

In many cases Schlick’s approximation is likely to be the best
choice for Fresnel RGB evaluation. However, some applications
may require higher accuracy or artistic control over edge falloff.
To address these cases, we have developed a reparameterization of
Lazanyi’s model [LSKO5]. This model extends Schlick’s approxi-
mation with an additional term, designed to compensate for most
of its error:

F(0) &~ r+(1—r)(1—cosB)’ —acos®(1 —cos®)*  (2)

We fix the value of the o parameter at 6, which puts the maxi-

mum of the absolute error term at Omax = arccos (%) . This angle is
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close to the peak of the actual Schlick error term for the metals we
investigated.

We also introduce a new parameter s, which maps to the a pa-
rameter thus:

_r+(1-r)1 — 08 Bmax)° — h

3)
€08 Omax (1 — cos Gmax)6
After substituting (cos Omax = %) we get:
823543 49

The value of the /& parameter is equal to the Fresnel reflectance
at Omax, which is a well-defined color quantity.

In the presentation, we compare this model to Schlick’s approx-
imation as well as Fresnel’s equations. We show that the reparam-
eterized Lazanyi model has lower error than Schlick’s approxima-
tion, allows for well-behaved artist control over edge behavior, and
does not exhibit the nonlinearity issues of Fresnel’s equations.

9. Conclusions

The use of the Fresnel equations (facilitated by Gulbrandsen’s pa-
rameterization) seems at first to be an improvement over Schlick’s
approximation, but further analysis shows it to be worse on every
important axis. In most cases Schlick’s approximation is likely the
best choice for RGB renderers. For cases where additional accu-
racy or control are needed, we present an alternative model based
on Lazanyi’s error term.
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