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Figure 1: Photographs compared to rendered microfacet GGX and smooth-surface (SSA) GHS predictions from measured surface geometry.
Surface patches measured using atomic force microscopy (AFM) and profilometer scans are shown as on the right and the top, respectively.

Abstract

Surface scattering models are typically validated by fitting measured reflectance data. However, predictive rendering requires
deriving appearance directly from surface geometry. We test the predictive accuracy of Microfacet and Generalized Harvey-
Shack (GHS) theories by comparing renderings derived strictly from measured surface profiles (AFM/profilometry) against
photographs of metal samples. We demonstrate that no current model succeeds across all angles; specifically, Microfacet
theory fails at grazing angles where optical roughness vanishes. Additionally, we analytically link the Trowbridge-Reitz (GGX)
distribution to the K-correlation PSD. This suggests that the popular "GGX look" arises from wave-optical effects on Gaussian
(i.e. Beckmann NDF) surfaces, rather than suggesting an underlying non-Gaussian geometry.
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1 Introduction

Predicting the optical appearance of surfaces has been a funda-
mental problem in rendering and optics. Over the years, differ-
ent surface-scattering theories have emerged that use statistical de-
scriptions of surface profiles to predict material appearance via the
bidirectional reflectance distribution function (BRDF). Different
applications employ such theories for reproducing and rendering
the visual appearance of a modelled surface, or the inverse task
where the surface profile is predicted from its visual appearance
(i.e., material acquisition). These applications often depend upon
the underlying scattering model’s accuracy: its ability to connect
the appearance—the BRDF—to the surface profile.

Microfacet theory has gained popularity, especially so in com-
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puter graphics. This theory understands surfaces as a distribution of
oriented independent mirror-like facets, and explains scattering via
a geometric-optics process where light rays are reflected by these
facets. Popular wave optics-based theories that have emerged in op-
tical literature include the small surface perturbation (SPM) mod-
els, which are often limited to the 1st order due to computational
difficulties, and the related Harvey-Shack model, which has also
found its way into computer graphics. Many other models exist,
but are either computationally intractable—do not admit closed-
form expressions for the BRDF—more restricted in the surfaces
they are able to simulate, or less accurate.

In this paper, we analyze the ability of these scattering theories
to correctly predict the appearance of the common surfaces that we
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encounter in real life, and wish to render or capture their appear-
ance. We take accurate, high-resolution scans of several metallic
surfaces—varying in roughness from almost mirror-like smooth,
to very rough—analyze their surface profile statistics, and study
and compare the appearance predicted by scattering theories to
their measured real-world appearance. Our primary contribution is
showcasing that modern surface scattering theories are only able to
accurately predict appearance in very narrow domains (e.g., only
for a very limited roughness range), far more limited compared
with the typical ranges of surfaces properties that arises in real life
and we often wish to model and render.

We also make a novel analytic connection between the K-
correlation model and the Trowbridge—Reitz microfacet model.
This connection explains why both models predict a similar,
perceptually-realistic, optical response; however, they model very
different physics, and, as we show, only perform well in opposing
roughness domains.

1.1 Related Work Dong et al. [DWMGI16] use surface profiles
acquired via an optical profilometer scans to study the appearance
reproduction of the microfacet BRDF and the Kirchoff scattering
theory, but limited their analysis to only very rough surfaces. The
Kirchoff integral better predicted the appearance of the surfaces,
while the microfacet model overestimated the scattering, consistent
with our results. However, the Kirchoff integral admits no closed-
form solution, and is not practical for most applications; no com-
parison to a practical wave-optical scattering model was performed.

Full-wave surface scattering solvers has been proposed
[YXW 23] but are only computationally feasible for tiny sur-
face patches and work on explicit surface profiles. The Yu et al.
[YXW 23] solver was unable to simulate BRDFs for our 93 x 93
um AFM scans (shown in Fig. 1) due to memory constraints on a
modern workstation computer (they use 24 x 24 um patches); and
yet our AFM scans are still not large enough to fully capture the
samples’ surface statistics, hence we complement them with stylus
scans. In this work, we analyze statistical surface scattering models
that give rise to BRDFs that can be used in practice for rendering.

2 Background
2.1 Scalar Diffraction Theory

The Generalized Harvey Shack (GHS) theory [Kry06] is a modern,
non-paraxial formulation of wave scattering from statistical rough
surfaces. Scattering is driven by phase variations induced by the
optical path differences caused by light reflecting by the surface
heightfield—modelled as a random process—and the scattering be-
haviour is fully determined by the surface’s second-order statistics.

Let h(x) be a zero-mean, wide-sense stationary random process
describing the surface height at a lateral position x € R. The height
variance is defined as 57 = (h(x)?), with (-) denoting the ensem-
ble average. The random process’s autocovariance (ACV), defined
as C(r) = (h(x) h(x +r)), describes how surface heights are corre-
lated as a function of spatial separation r, and the important power
spectral density (PSD) is the Fourier transform of the ACV:
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Extension to a two-dimensional surface is trivial.

K-Correlation PSD Real surfaces admit a variety of statistics. In
practice, many rough surfaces of interest exhibit fractal (self-affine)
statistics, with features spanning multiple spatial scales as a result
of successive grinding and polishing processes. These kind of sur-
faces are well described by the popular K-correlation (KC) PSD
model [Kry06] (for a 2D surface with isotropic statistics):
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L is the low-frequency roll-off length and g is the fractal (Hurst)
exponent quantifying the fractal PSD’s falloff, i.e. its log-log slope.
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BRDF Under the GHS formulation [Kry06], the BRDF is defined

as the Fourier transform of the surface transfer function:
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R is the reflectance;x;y are surface spatial coordinates, with respect
to which the Fourier transform F is taken; i and  are the incident
and outgoing directions; and, given a (macro) surface normal i,
g; =i-f and g, = - are the directional cosines. The variable g
plays the role of a roughness indicator, and depends on the surface
properties, and the radiation and observation setting. k and I are the
light’s wavenumber and wavelength, respectively. Similar to Stam
[Sta99], the above can be rewritten as an exponential series:
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where Z = k(6 +1) can be understood as the wave-optics analogue
of the geometric half vector, andZ? denotes its projection onto the
surface plane. Applying the convolution theorem and simplifying
yields a Poisson-weighted self-convolutions of the PSD:
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The notation P”" is the m-fold self convolutions of the PSD P. The
m = 0 term yields a Dirac delta, i.e. the specular reflection lobe.

Smooth Surface Approximation For sufficiently smooth sur-
faces, where S;, is much smaller than wavelength and thus g < 1,
the m > 1 terms become negligible, giving rise to the more common
form of the GHS BRDYF, its smooth surface approximation (SSA):
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This is a two lobe BRDF with specular (delta) and scattered com-
ponents weighted by A = e &, with § being the specular direction.

2.2 Microfacet Theory

Recall the well known isotropic GGX (Trowbridge-Reitz) model
[WMLTO7], with its normal distribution function (NDF), and cor-
responding microfacet BRDF defined as:
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