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Fig. 1. Spectral rendering of isotropic and anisotropic materials acquired from real-world samples using our method; insets show corresponding reflectance
spectra. We measured these BRDFs using a motorized gonio-photometer, leveraging our novel adaptive parameterization to simultaneously handle BRDF
acquisition, storage, and efficient Monte Carlo sample generation during rendering. Our representation requires 16 KiB of storage per spectral sample for
isotropic materials and 544 KiB per spectral sample for anisotropic specimens.

One of the key ingredients of any physically based rendering system is a
detailed specification characterizing the interaction of light and matter of
all materials present in a scene, typically via the Bidirectional Reflectance
Distribution Function (BRDF). Despite their utility, access to real-world BRDF
datasets remains limited: this is because measurements involve scanning
a four-dimensional domain at sufficient resolution, a tedious and often
infeasibly time-consuming process.

We propose a new parameterization that automatically adapts to the
behavior of a material, warping the underlying 4D domain so that most
of the volume maps to regions where the BRDF takes on non-negligible
values, while irrelevant regions are strongly compressed. This adaptation
only requires a brief 1D or 2D measurement of the material’s retro-reflective
properties. Our parameterization is unified in the sense that it combines
several steps that previously required intermediate data conversions: the
same mapping can simultaneously be used for BRDF acquisition, storage,
and it supports efficient Monte Carlo sample generation.
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We observe that the above desiderata are satisfied by a core operation
present in modern rendering systems, which maps uniform variates to direc-
tion samples that are proportional to an analytic BRDF. Based on this insight,
we define our adaptive parameterization as an invertible, retro-reflectively
driven mapping between the parametric and directional domains. We are
able to create noise-free renderings of existing BRDF datasets after conver-
sion into our representation with the added benefit that the warped data is
significantly more compact, requiring 16KiB and 544KiB per spectral channel
for isotropic and anisotropic specimens, respectively.

Finally, we show how to modify an existing gonio-photometer to provide
the needed retro-reflection measurements. Acquisition then proceeds within
a 4D space that is warped by our parameterization. We demonstrate the
efficacy of this scheme by acquiring the first set of spectral BRDFs of surfaces
exhibiting arbitrary roughness, including anisotropy.
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1 INTRODUCTION

Physically based rendering algorithms simulate real-world appear-
ance by means of an intricate simulation of the interaction of light
and matter. Scattering by surfaces denotes the most important type
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of interaction, and the physics of this process are typically encoded
in a quantity known as the bidirectional reflectance distribution func-
tion (BRDF). High-fidelity BRDF models thus constitute a crucial
ingredient to any type of realistic rendering. In this work, we pro-
pose a practical BRDF representation that simultaneously serves as
a mechanism for its acquisition, storage and manipulation within
rendering software.

BRDF Acquisition. Given a unit amount of incident illumination
arriving from a specific direction, the BRDF specifies the directional
profile of light scattered by a surface. This definition implies a
conceptually straightforward mechanism for BRDF acquisition from
real-world measurements that entails illuminating the surface with
parallel illumination and measuring the scattered radiance traveling
into a dense set of outgoing directions. The availability of such
measurements is important not only because they improve realism,
but also because they serve as validation against theoretical models
that help advance our understanding of light-material interactions.
For instance, the MERL database [Matusik et al. 2003a] has served as
inspiration and validation of numerous ray- and wave-optics BRDF
models over the last fifteen years [Ashikhmin and Premoze 2007;
Bagher et al. 2012; Dupuy et al. 2015; Holzschuch and Pacanowski
2017; Low et al. 2012; Ngan et al. 2005].

Challenges in Acquisition. Unfortunately, obtaining rich sets of
BRDF measurements is challenging for several reasons:

e High dimensionality. The BRDF is typically a function of two
directions and wavelength, i.e., a five-dimensional quantity.
Any type of measurement or computation involving such
high-dimensional data is invariably costly by nature due to
the curse of dimensionality.

Arbitrary frequency. A BRDF can contain abrupt changes
in both the directional and spectral domains, and it is diffi-
cult to infer the (5D) locations of where such changes occur
without performing dense sets of measurements. Due to the
five-dimensional domain, this is generally not feasible.
Physical constraints. Performing measurements with a phys-
ical instrument carries its own set of practical challenges:
beam occlusion and stretching at grazing angles, mechani-
cally impossible angular configurations, high dynamic range,
exposure times, etc. Any practical acquisition scheme must
confront these realities and develop mechanisms to efficiently
explore the 5D domain and fill in missing data at reasonable
time budgets.

Because of these difficulties, existing measurements have been lim-
ited to coarse resolutions in either or both the directional and spec-
tral domains: To our knowledge, high resolution spectral BRDF mea-
surements do not exist at all, while RGB measurements of anisotrop-
ically rough surfaces are limited to low-frequency specimens.

Contributions and Outline. In this work, we provide a new set of
all-frequency spectral BRDF measurements from surfaces of arbi-
trary roughness, i.e., possibly anisotropic. Our BRDF measurements
rely on a novel directionally adaptive BRDF parameterization, which
allows us to infer the location of the most representative samples for
arbitrary BRDF measurements and sample them at low resolution.
More specifically, our contributions are
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e In Section 3, we show to build an efficient BRDF parameteri-
zation for acquisition based on microfacet theory.

o In Section 4, we describe our pipeline for material acquisition
that leverages this parameterization.

e In Section 5, we compare our method against related BRDF
representations. Following this, we introduce a new spectral
BRDF database alongside validation, analysis and renderings.

2 RELATED WORK

BRDF Parameterizations. As for any other type of signal, the ac-
quisition of a BRDF relies on a parameterization that determines
where the measurements should be taken. Since the Whittaker-
Nyquist-Kotelnikov-Shannon sampling theorem bounds the lowest
measurement resolution to twice a signal’s maximum frequency,
any practical BRDF parameterization should ensure that the BRDF’s
maximum frequency is the lowest possible in parametric space.
To this end, various parameterizations have been proposed and/or
compared [Barla et al. 2015; Guarnera et al. 2016; Low et al. 2012;
Matusik et al. 2003b; Nielsen et al. 2015; Rusinkiewicz 1998; Simonot
and Obein 2007; Stark et al. 2005]. The fundamental limitation of
these parameterizations is that they are independent of the material
under measurement. As such, they can only be expected to work for
a certain category of materials. For instance, parameterizations built
around the half-angle [Barla et al. 2015; Low et al. 2012; Rusinkiewicz
1998; Simonot and Obein 2007; Stark et al. 2005] can only capture
high-frequency materials accurately at high sampling rates, while
those obtained from optimizations through datasets [Matusik et al.
2003b; Nielsen et al. 2015] are restricted to materials similar to those
in the dataset. In this work, we avoid such limitations by procedu-
rally generating a parameterization for each material we acquire
using a small 2D subset of BRDF measurements, which we perform
at the beginning of our acquisition process.

Microfacet Theory. Our parameterization builds upon microfacet
theory. Microfacet theory is a geometric optics model, which rep-
resents a material as an arrangement of microscopic specular facts
that deviate incident light. Note that this idea is quite old: it dates
back to the work of Bouguer [1760] according to Trowbridge and
Reitz [1975]. In the computer graphics literature, microfacet theory
was first introduced by Blinn [1977] and has undergone considerable
development ever since [Belcour and Barla 2017; Dupuy et al. 2016,
2013, 2015; Heitz 2014; Heitz and d’Eon 2014; Heitz et al. 2016; Jakob
et al. 2014; Walter et al. 2007]. What makes this theory especially
relevant here is its efficiency at reproducing the behavior of a wide
range of real-world materials [Ashikhmin and Premoze 2007; Bagher
et al. 2012; Dupuy et al. 2015; Holzschuch and Pacanowski 2017;
Low et al. 2012; Ngan et al. 2005; Torrance and Sparrow 1967]. Based
on this observation, we build our parameterization with the expec-
tation that it inherits this versatility in two steps, which effectively
define our parameterization. First, we adapt the inversion mecha-
nism of Dupuy et al. [2015] to compute a compatible microfacet
configuration from retroreflective measurements. Second, we use
this configuration in an importance sampling scheme based on the
approach of Heitz and d’Eon [2014] to automatically and adaptively
measure the material on the full (4D) directional domain.
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BRDF Measurement Devices. Once the measurement schedule has
been set, the acquisition process requires an opto-mechanical device
to automate the large number of measurements that must be taken.
Various designs with different accuracy and cost trade-offs exist—we
refer the reader to a survey by Guarnera et al. [2016] and limit our
discussion to the two most common types:

- Gonio-photometers/reflectometers [Nicodemus et al. 1977;
White et al. 1998] use up to four motorized axes to illumi-
nate and observe the sample from arbitrary directions on
the sphere. Alternatively, the light source or sensor can be
fixed, while the sample rotates. These devices achieve excel-
lent measurement characteristics, but the need to advance
the motorized axes for each sample can lead to impracticably
long acquisition times if dense 4D measurements are desired.

- Image-based devices [Ghosh et al. 2007; Marschner et al. 2000,
1999; Mattison et al. 1998; Ngan et al. 2005; Ren and Zhao
2010; Ward 1992] use CCD or CMOS cameras to acquire many
BRDF samples at once, which greatly accelerates the acqui-
sition process. However, such devices have more stringent
limitations on their precision on the observable angle com-
binations [Ward 1992], or they impose a specific sample ge-
ometry (typically nonplanar), which impedes measurement
of anisotropic samples [Marschner et al. 2000, 1999]. Optical
aberrations present additional challenges in image-based de-
vices: for instance, Karamata and Andersen [2013] observe
that parallel catadioptric gonio-photometers are fundamen-
tally flawed due to severe aberrations inherent in this design.

Our acquisition pipeline relies on a modified PAB pglI [2018] gonio-
photometer, which acquires spectral BRDF samples at a rate of
approximately 0.5-1Hz. In conjunction with our adaptive param-
eterization, this leads to measurement times of approximately 2.5
hours for isotropic samples and 2-3 days for anisotropic samples.

BRDF Databases. Several reflectance measurement databases have
been created over the last two decades [Apian-Bennewitz 2013; Dana
et al. 1999; Filip and Vavra 2014; Filip et al. 2014; Low et al. 2012;
Marschner et al. 1999; Matusik et al. 2003a; Ngan et al. 2005]. Of
these, only the MERL [Matusik et al. 2003a] and UTIA databases [Filip
and Vavra 2014; Filip et al. 2014] provide sufficient directional res-
olution to be used straightforwardly for either material modeling
and/or rendering. Unfortunately, the former is limited to isotropic
materials, while the latter is limited to low-frequency specimens.
In addition, both specify RGB values, which require an awkward
heuristic conversion from RGB to spectra to be usable in spectral
renderers. Burley [2012] points out a number of measurement arti-
facts present in the MERL database, including optical aberrations,
discontinuities, and extrapolation artifacts for angles below 75 de-
grees; Section 5 and the supplemental material show slices of the
MERL database warped through our parameterization, which clearly
reveals these problems. A higher-level issue of this dataset is the lack
of information on what parts of the data are “real”, and what parts
are extrapolated or post-processed. In this work, we provide all-
frequency spectral BRDF measurements of isotropic and anisotropic
materials. Due to the use of large (>20 X 20cm) flat samples, grazing
angle configurations are feasible up to an angle of 85 degrees. Thus
far, we have measured 32 isotropic and 4 anisotropic materials using

the techniques described in the paper and will release this material
database to the community. Whenever data was post-processed (e.g.,
to fill in unreachable angle configurations), we also retained the
raw measurements and will provide them along with the processed
data. We plan to extend our dataset over time so that the database
becomes a comprehensive repository of all major material classes.

BRDF fitting and compression. A large body of work has investi-
gated analytic and semi-analytic models [Bagher et al. 2016, 2012;
Holzschuch and Pacanowski 2017; Léw et al. 2012; Ngan et al. 2005]
that can be fit to measured data using numerical optimization. These
techniques produce succinct approximations of reflectance data that
are potentially orders of magnitude more compact than what is
proposed in this article. A major limitation common to all of these
methods in our context of BRDF acquisition is that the underlying
optimization procedures assume that sufficiently dense BRDF mea-
surements are already available. In contrast, our method directly
stores the measurement without any further optimization but does
so at carefully chosen locations. In order to validate the accuracy
of our approach, we devise a virtual acquisition experiment based
on the MERL database, where we effectively mimic the process of a
fitting algorithm; Section 5 discusses the results of this experiment.

3 OUR BRDF PARAMETERIZATION

In this section, we introduce our adaptive parameterization. We
begin by observing a fundamental connection between the concepts
of BRDF importance sampling and BRDF parameterization (Sec-
tion 3.1). Motivated by this insight, we build our parameterization
from a parametric importance sampling method driven by a mea-
surement of the material’s retro-reflective properties (Section 3.2).
This initial parameterization is only adaptive in the outgoing direc-
tion argument, and so we finally introduce further adaptation on
the incident domain (Section 3.3).

3.1 Motivation

The BRDF from a Rendering Perspective. The main objective of the
BRDF in a rendering context is the evaluation of spherical illumina-
tion integrals of the form

Mo = [ fH@non D ii@odan )
where L; is the incident radiance, A is the wavelength of light, and

frJ_(wth’A) = fr((l)i, (l’o,)') cos 90 (2)

is the cosine-weighted BRDF; note that this weighted quantity is
the one that is typically measured by a gonio-photometer. In the
following derivations, we will omit the wavelength parameter A for
readability. To efficiently solve Equation (1), state-of-the-art render-
ing systems importance sample the spherical domain. Intuitively,
importance sampling provides directions w, that characterize the
most important features of the BRDF, which is illustrated in the left
part of Figure 2. As we will show, importance sampling is also a
desirable tool in the context of BRDF acquisition.

Importance Sampling a BRDF. An importance sampling strategy
is a mapping g—typically a diffeomorphism g : U? — S?, where
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parametric domain

directional domain

(Jacobian applied)

parametric domain

Fig. 2. Fundamental link between parameterization and importance sampling: If a mapping g that takes parametric space to a space of interest (here, the

directional domain) constitutes an efficient importance sampling mechanism, then its inverse g~! constitutes an efficient parameterization of the space of

interest, and vice-versa.

U? is the unit square—that is used to perform a change of variables
W, = g(u) in Equation (1) so that it takes on the form

I(wi) = / fiH (@i, g(w) Li(9(w)) | J(w)|| du, ®3)
(L{Z
where J; is the Jacobian of g:

9g(u)
u ©

A “good” strategy makes the integrand nearly constant so that
low-variance estimates can be obtained at low sample counts. In a
general rendering context, a perfect strategy typically does not exist,
because L; is not known a priori. High-quality sampling strategies
therefore focus on the remaining terms and attempt to make || J(u)]|
inversely proportional to the cosine-weighted BRDF f:*. A direct
mathematical consequence of this choice is that the Jacobian of the
inverse of g, denoted g™, satisfies

g1 (@0)ll o fi(i, @o). ®)

Figure 2 illustrates some implications of Equation (5): By construc-
tion, the inverse mapping g~! warps the BRDF to U? in such a way
that regions with negligibly small values are strongly compressed,
while most space maps to regions where f- is large; further weight-
ing the BRDF in this U? space turns it into a near-constant signal.

Jg(u) =

Summary. We remark on the appealing characteristics of this
construction: if used for acquisition, a suitably chosen forward map
g can be used to focus the measurement on salient parts of the
domain, dramatically shortening measurement time. On the other
hand, re-parameterizing existing BRDF data via the inverse map g !
and weighting them by the inverse Jacobian yields low-frequency
functions that can be stored at coarse resolutions.

To summarize, we have shown that there is a close relationship
between importance sampling and parameterization of BRDFs that
can be leveraged for acquisition and storage of measured data.

3.2 Microfacet-Based Parameterization

Microfacet-Based Parameterization. In an acquisition context, we
lack a-priori knowledge about the BRDF f;- to be measured, hence
we seek a parametric strategy that is sufficiently flexible to handle a
vast range of behaviors through its set of parameters. To this end, we
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assume that the material’s scattering behavior is in reasonably good
agreement with microfacet theory, which models reflection from an
arrangement of infinitesimally small specular facets; Figures 3 (1, 2)
illustrate this intuition. Note that materials in violation of this prop-
erty can still be measured, although they will be less smooth in our
parameterization and hence require a higher resolution.

The Microfacet NDF and VNDF. The statistical orientation of the
facets is described by a 2D directional distribution D known as
the microfacet normal distribution function (NDF). The NDF is de-
fined such that D(wn,) dw, gives the surface area of facets ori-
ented towards the directions associated with the solid angle element
dw;y,. In addition, the NDF tells how much facet area is visible from
any observation direction w; via the distribution of visible normals
(VNDF) [Heitz and d’Eon 2014]

(@m - ®;) D(wm)
o(w;)

Dyis(@m, w;) = s (6)
where the notation (a - b) = max{0,a - b} denotes a clamped dot
product, and o denotes the projected area of the facets, which also
acts as a normalization constant for the VNDF

7@ = [ wn @) Do) don. o)

Figure 3 (3) illustrates the concept of microfacet projected area.
The VNDF serves as predictor of the BRDF to be acquired, thus we
rewrite Equation (5) as

dw
”Jg*l(wo)” = Dvis(wma (Di) d_m
Wo
D(wm) Wi + Wy
= N w =, 8
10@) " flwi + ool ®

which corresponds to Heitz and D’Eon’s [2014] importance sampling
scheme (see Figure 4). In order to instantiate such an importance
sampling scheme, we need to find a microfacet NDF that faithfully
describes the behavior of the material under measurement; the rest
of the subsection is dedicated to this problem.

Retrieving the Microfacet NDF. In the retro-reflective domain, we
have w; = w, = w, so that only microfacets oriented towards the
incident direction contribute to the retro-reflection; Figure 3 (4)
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Fig. 3. Geometric configuration and illustration of (1) the BRDF. In microfacet theory, the BRDF emanates from (2) the interactions of light rays and specular
facets, whose directional distribution is given by the NDF. The BRDF is derived from the NDF and (3) the projected area of the facets. In this work, we invert

the BRDF from (4) backscattering configurations.

illustrates this property. From Equations (5) and (8), we have
D(w)
40(w)’

which, using Equation (7), can be rewritten as a Fredholm equation
of the second kind [Polyanin and Manzhirov 2012]

fi (@, @) « )

D(w) o< / K(w, om) D(wm) dwm, (10)
S2
where K denotes the kernel of the equation:

K@, om) = fi (@, 0) (@ - ©m). (11)

Equation (10) provides a mechanism for retrieving a material’s NDF
from its retro-reflective response. This is especially convenient in
the context of acquisition since retro-reflection is a low-dimensional
material property that can be acquired relatively cheaply—it is two-
dimensional for anisotropic materials and only one-dimensional for
isotropic ones. Since we lack a priori knowledge of the shape of the
kernel, we solve Equation (10) numerically. Let wy denote the k-th
weight of an arbitrary quadrature rule (we use uniform weights).
We obtain the new relation

N
D(@)) = )" wi K@), @) D), (i=1,....,N) (12)
k=1
wp are the quadrature nodes. Now, let v denote the
,D(wn))T, and K the matrix

where w1, -,
vector v = (D(w1), - - -

w1 K(w1, ®1) wn K(w1, oN)
K= : : , (13)

w1 K(on, 01) wN K(on, ®N)

Equation (12) becomes an eigenvalue problem
v Kv. (14)

To retrieve the microfacet NDF from retro-reflective measurements,
we must thus find a non-negative eigenvector of the kernel matrix K.
We use the method of Dupuy et al. [2015] to robustly obtain the
NDF from the largest eigenvalue’s eigenvector via power iterations;
Algorithm 1 provides pseudocode for this step.

NDF

133
130

LIl

o -
OO0

VNDF

Fig. 4. Our parameterization builds upon a state-of-the-art sampling
scheme by Heitz and D’Eon [2014]. Originally proposed to reduce vari-
ance in renderings, this approach also significantly improves the quality
of interpolants produced by our method. (top) Discretization of a ideal
Lambertian BRDF using classic NDF sampling. The leftmost column cor-
responds to perpendicular incidence (6; = 0).Note the large red regions,
which are parts of the parameter domain that produce directions below
the horizon. (bottom) Visible normal sampling considerably reduces this
“wasted” space and produces overall smoother interpolants.

Algorithm 1 NDF Extraction from retro-reflective responses

1. function EXTRACTNDF(fit, N)

2 for each j, k € [1,N] do > Build kernel matrix
3 K[j, k] — w; fi*(w), @)) (@i - o)

4 end for

5 vel > Create a vector of size N
6 for0 <i< Mdo > Power iterations (we use M = 4)
7 v «—Kv

8 end for

9: returnv

10: end function

3.3 Parameterization of the Qutgoing Domain

Once we have computed the microfacet NDF, we turn to the problem
of importance sampling its associated VNDF. We achieve this via a
composition of several invertible mappings, which are illustrated in
Figure 5. In practice, we evaluate the mappings in a forward sense
during acquisition and sampling, and in an inverse sense during
BRDF evaluation.

Data-driven warps. We heavily rely on warping schemes that
transform uniform variates on the unit square U2 into samples that
are distributed according to an arbitrary bilinear interpolant (also

ACM Transactions on Graphics, Vol. 37, No. 6, Article 1. Publication date: November 2018.



1:6 + Jonathan Dupuy and Wenzel Jakob

WARP 2 WARP 3 CAPTURE WEIGHT
= W=
&
2 92
Q
< e
Regular grid
WARP 2 WARP 3 WARP 4 INTEGRATE

o (0i.i)

g3

SAMPLE

To

03
Uniform samples (u1,u2)

INVERSE WARP 3

g

(u1,uz)

o5 (51,52)

EVALUATE

360nm 1000nm

Fig. 5. lllustration of three central operations—acquisition, sampling, and evaluation—performed using the proposed parameterization. (top) For a fixed
incident direction (0;, ¢;), we warp a regular grid so that its local density matches the material’s visible normal distribution (VNDF) in local coordinates. We
then transform these coordinates into normal directions and compute corresponding outgoing directions. The gonio-photometer measures each configuration,
resulting in a BRDF slice that is finally weighted by the Jacobian of the parameterization. Red pixels indicate invalid directions that lie below the horizon.
(middle) To importance sample the BRDF, we first warp uniform variates on [0, 1]? so that their density is proportional to the luminance of the associated
BRDF slice. The resulting samples pass through the same sequence of transformations used during acquisition. (bottom) To evaluate the BRDF or its sampling
density, we apply the inverse of these transformations in reverse order: for a given pair of angles, we compute the half-direction vector and map it to local
coordinates. An inverse warp by the NDF yields the “random numbers” (s1, s2) that would have generated the given outgoing direction. Finally, we use the
five-tuple (6;, @i, s1, s2, A) to perform a lookup into a spectral 5-tensor storing the measurement and weight the linearly interpolated value by the inverse
Jacobian of the mapping.

defined on U?). There are a number of ways in which such a scheme
can be constructed, but we have found that not all of them work
equally well for our application. In Figure 6, we show several options
we experimented with: (a) hierarchical sample warping [Clarberg
et al. 2005] introduces discontinuities that are problematic for inter-
polation. Another common approach involves sampling from the
marginal followed by the conditional distribution, in both cases us-
ing the inversion method. (b) A naive implementation that samples
the row and column followed by the fractional position within the
chosen bilinear patch produces the correct density, but the resulting
mapping is not smooth enough. (c) A “rigorous” implementation
that directly samples continuous versions of the marginal and condi-
tional distributions results in a smooth warping scheme and visibly
improved results. Note that this approach easily generalizes to den-
sity functions f(u1, u2|p1, . . ., pn) that are conditional on additional
parameters p1, . . ., pn as all steps are linear.

@ (b) (©) (d)
Fig. 6. BRDF slices of an anisotropic GGX microfacet conductor
(aty = 0.05, ap, = 0.3, 0; =0, ¢p; = 0) generated using multiple warping
schemes. (a) Hierarchical. (b) Naive marginal-conditional. (c) Rigorous
marginal-conditional. (d) Slice from (c) with inverse Jacobian weighting
term applied.

ACM Transactions on Graphics, Vol. 37, No. 6, Article 1. Publication date: November 2018.

Warp 1: VNDEF. The first invertible mapping g1 : U? — U?
applies a marginal-conditional warp to transform uniformly dis-
tributed samples (s1,s2) € U2 into ones that are distributed ac-
cording to the VNDF Dy;is(@m, @;). The normal direction w,, is
represented in local coordinates discussed next.

Warp 2: normal parameterization. We use the following function
to map from U? to the space of microfacet normals in spherical
coordinates.

_ %uz -1 _ %em
g2(u1,uz) = [27ru2 ! ”] 95 Om.¢m) = [%(ﬁbm A, (15)

This function was designed to concentrate samples around the nor-
mal direction, which facilitates storage of highly specular NDFs
with few samples. Note that the sample placement is not uniform
on the sphere, hence a Jacobian correction factor of 4/8730,, sin 0,
must be applied to interpolants used for sample generation.

We also rely on the mapping g during the retro-reflection mea-
surement. Here, we simply map a regular grid through g, and mea-
sure the amount of retro-reflection for each direction.

Warp 3: Specular reflection. The third mapping g3 determines the
outgoing direction w, by specular reflection of the incident direction
w; over the microfacet normal w;,

wij + Wo
lw; + woll”

(16)

93(0m) =2 (0m - @;) Om — iy g5 (@)=
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For completeness, conversion from spherical to Cartesian coordi-
nates involves the mapping

sin 0, cos ¢,
SOm, dm) = | sinbmsing, |, S om) = [

c0s Oy, atan2 (ym, xm)

cos™! Zm ]

Acquisition. Figure 3.3 (top) illustrates the mappings we employ
during acquisition: starting from positions u; € U? arranged on a
regular grid, we retrieve outgoing directions as:

o) = 3(g2(g1(uj: 7).
We subsequently scale the measured values f;- by the inverse Jaco-
bian of the mapping and commit to disk. By construction, Monte
Carlo sampling of our model is possible by simply replacing u; by a
uniform variate £ € U? in the above expression, which produces
the density (8).

Warp 4: Luminance warp. In the context of rendering, the sam-
pling scheme with density (8) is problematic when the discretized
BRDF is very non-uniform in our parameterization; this happens
when the behavior of the measured BRDF is markedly different
from a microfacet BRDF. Therefore, we introduce an optional fourth
mapping, which we use to reduce variance in such a case. We pre-
compute a 4D tensor storing the luminance of captured spectral
data and use it to perform another marginal-conditional warp gy4;
Figure 5 (second row) illustrates this strategy. The improved Monte
Carlo sampler then uses the sequence

@o = g3(92(91(94(€); w;))).

to importance sample the BRDF proportional to its luminance.

3.4 Parameterization of the Incident Domain

So far, we introduced the mapping from U? to outgoing directions,
given an incident direction. We also adapt to the material behavior
in the incident direction domain, leveraging additional insights from
microfacet theory.

Incident elevation parameterization. For the incident elevation
angle, we apply the inversion method to the projected area term o
from Equation (7). We thus effectively warp the elevation between a
uniform and cosine-weighted angular distribution (specular materi-
als tend toward cosine-like distributions, while diffuse materials are
more uniform). This has the effect of concentrating more samples
at low elevation angles to capture Fresnel-related grazing angle
variation found in specular materials.

Incident azimuth parameterization. When dealing with analytic
microfacet distributions such as GGX or Beckmann, the VNDF
scheme involves a warping that is applied to the microfacet normals-
and its dual-to the incident direction. We found a way to mimic
this behavior on a tabulated NDF by applying the following trans-
formation:

) = 2agrC ) =, 6710 =97 9= w17

where w; = (0, 0, 1); Figure 7 illustrates the distribution of azimuthal
angles we obtain for a highly anisotropic material. Notice how the
distribution concentrates in a dual form with respect to that of the
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Fig. 7. Our method relies on an adaptive parameterization to discretize the
BRDF over incident directions. The black dots in this figure represent sample
locations for an anisotropic GGX conductor with roughness parameter
a = (0.05, .2).

0

anisotropy. We found azimuthal adaptivity to be essential to acquire
anisotropic materials at low resolution.

Optimization for isotropic materials. Due to their rotational sym-
metry, isotropic materials do not require a full measurement of the
4D domain. Note that this symmetry also manifests in the NDF—
we therefore reduce the dimension of both acquisition steps for
isotropic samples.

4 EXPERIMENTAL SETUP

In this section, we show how to leverage the theory from Section 3
to adaptively measure BRDFs using a motorized gonio-photometer.
We discuss our experimental setup and the modifications we made
to the gonio-photometer, which were required by our method.

Gonio-photometer. Our acquisition pipeline relies on a modified
PAB pgll [2018] gonio-photometer; Figure 8 shows an overview of
the setup including modifications for retro-reflective measurements.
This device illuminates a flat vertically mounted sample from a light
source that is mounted one of two stationary rails (we use both for
the two phases of our pipeline). Changing the incident light direction
entails rotating the motorized sample mount around the vertical axis
and the normal direction of the sample. A sensor head mounted on a
motorized two-axis arm measures the illumination that is scattered
from the sample. The machine has two “dead spots” that cannot
be measured with the combination of sensor arm and light source:
first, the sensor arm cannot view the sample from straight below,
as this space is occupied by the pedestal holding the sample mount.
This is usually not a problem, since the BRDF scatters little light
in these directions, which can easily be reconstructed from nearby
samples. Second, shadowing becomes unavoidable when the sensor
is within approximately 3 degrees of the beam. This is problematic
since it makes any kind of retro-reflection measurement impossible.
Instead of using the sensor arm, we therefore rotate it out of the
way and measure the retro-reflection using a sensor that is directly
mounted on the light rail (this is feasible since the retro-reflection
measurement is only two dimensional, hence the two motorized axes
of the sensor arm are not needed). We then fill in all missing regions
by solving a Poisson problem on the four-dimensional domain.
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Fig. 8. Our measurement setup relies on a pgll gonio-photometer with a customized lighting setup for retro-reflective measurements. During the first
measurement phase, a laser (mounted on the left light rail) illuminates a vertically mounted sample in a separate room partition. On the way to the sample,
the laser beam passes through a beamsplitter, which redirects retro-reflectively scattered light onto a silicon photodiode. A broadband light source illuminates
the sample from the right rail during the second measurement phase, and a spectrometer on the pgll’s main sensor head records scattered illumination in the
360-1000nm range. (left): schematic view. (middle), (right): photographs of the illumination path and motorized parts of the device.

4.1 Retro-Reflection Measurement

To acquire a materials’ retro-reflective properties, we illuminate
the sample with a 532nm 40mW diode-pumped solid-state laser.
This facilitates calibration, measurement of high-frequency retro-
reflection, and ensures that the intense unscattered beam is in perfect
alignment when it reaches the subsequent optical elements.

The beam is first reflected by a pair of kinematic mirror mounts,
which enable precise calibration of both offset and direction. Next, it
passes through a Faraday isolator, which shields the laser cavity from
destabilizing feedback caused by retro-reflected light. The beam is
then widened from 0.3 to 1.5cm using Galilean beam expander (5 X)
to reduce laser speckle, which would add unwanted noise to the
measured NDFs.

The laser passes through a polarization-insensitive 50:50 plate
beamsplitter, which reflects half of the energy into a beam dump (i.e.
an absorptive cavity) and transmits the other portion towards the
sample. Light that is retro-reflected from the sample travels back
into the beam splitter, which reflects ~50% of the light onto a lens
that focuses it onto the receptive area of a reverse-biased silicon
photodiode. The photodiode is used in photoconductive mode, i.e.
it produces a faint current on the order of a few nano-Amperes that
is linearly proportional to the received illumination. This current
is then amplified and digitized by a Picoammeter (Keithley 6485)
that is read out by a connected workstation. This process is very
sensitive to stray light, hence the retro-reflective beam path must
be shielded.

We noted that the choice of beamsplitter has a significant effect
on the feasibility of this setup. We initially used a cube beamsplitter,
whose optical cement leaked a large portion of the unscattered
laser light towards the photodiode. We had also initially mounted
the beam expander after the beamsplitter, which caused significant
retro-reflection from the expander’s two lens elements despite their
optical coating. Intrinsic retro-reflection from the measurement
setup is undesirable because it requires a large constant term to be
subtracted from the measurement, causing cancellation that reduces
measurement accuracy. The use of a plate beamsplitter with no
further optical elements downstream resolved this issue.
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Both the laser source and the white light source used in the
main measurement process are controlled via electronic shutters
that open and close in the respective measurement phases. We
found this preferable to controlling their AC power, as the light
sources (including the laser) are not stable enough to be used for
measurements before reaching their operating temperature.

For mirror-like materials (e.g. chm_orange in Figure 10), the tails
of the acquired NDF are many orders of magnitude below the peak
of the distribution and tend to be noisy. We apply a Gaussian filter
to the tails in a few such cases.

4.2 Measurements Over the 4D Domain

The main acquisition phase illuminates the sample with broadband
illumination produced by a xenon arc light source (Osram XBO
150W). A condenser lens concentrates the divergent beam onto a
pinhole, whose output is then focused onto the sample. We record
the illumination scattered from sample using a fiber-coupled Zeiss
MMS1 spectrometer installed on the gonio-photometer’s sensor
arm. This spectrometer uses a reflective grating to separate wave-
lengths onto a co-located NMOS photodiode array yielding a spec-
tral resolution of approximately 3.3 nanometers digitized at 16 bit
precision. The spectrometer can nominally record wavelengths be-
tween 310-1100nm, although the product of the emission spectrum
and spectrometer sensitivity restrict the usable range to roughly
360-1000nm (Figure 9).

400nm 600 NnmM 800 nm 1000 nm

Fig. 9. Relative spectral sensitivity of our measurement setup. Sharp peaks
are caused by the XBO light source emission spectrum and are removed
after calibration.
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Fig. 10. The stages of our acquisition pipeline for two different materials: starting from a set of retro-reflective measurements, we extract a compatible
microfacet NDF; dashed lines in the top left plot show that the fit is in good agreement with the acquired data. This NDF is then used to determine a
suitable sampling pattern for both incident (top right) and outgoing directions (second row). The measured data (third row) is weighted by the Jacobian of the
transformation (fourth row). The BRDF slices are still incomplete since some configurations are shadowed or cannot be reached by the gonio-photometer (blue
regions). We solve a Poisson problem to fill in the missing values. Finally, we are able to render the materials efficiently in a Monte Carlo path-tracer.

Like any light source that is based on stimulated emission, the
XBO spectrum contains many sharp peaks that must be accounted
for in calibration: we do so by measuring a Spectralon reference
target (SRS-99-020) with known reflectance curves before each mea-
surement and dividing all subsequent measurements by the resulting
correction factor. Specular materials require extra precautions due
to their severe dynamic range: we manually pick an upper exposure
time for all samples (typically 512 ms) and repeatedly halve the
exposure time of overexposed configurations until successful.

5 RESULTS
In this section, we present the measurements performed thus far,

along with validations against synthetic measurements.

Measured Data. Figure 10 shows each stage of our acquisition
pipeline for two materials with different reflectance properties: one

is highly specular (chm_orange), while the other is isotropic and
mostly diffuse (acrylic_felt_orange). These two different behav-
iors are already noticeable from the retro-reflective measurements,
which results in markedly different NDFs. Our adaptive parame-
terization therefore picks different locations for both the incident
elevation angles and outgoing directions. This results in smooth
data in parametric space, which is the key feature that allows us to
sample our materials at low resolutions.

Resolution and Memory. The spectrometer nominally samples
the 310-1100nm range using 256 approximately equi-spaced bins,
of which 193 covering the 360-1000nm range have sufficient sen-
sitivity to yield usable measurements. We decided to include the
near-infrared (NIR) range in our dataset due to renewed interest on
NIR imaging [Diimbgen et al. 2018]. Note that there is increased

ACM Transactions on Graphics, Vol. 37, No. 6, Article 1. Publication date: November 2018.
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(c)‘Incandescent

Fig. 11. Figure 1 rendered using several emission spectra and sensitivities
of a RGB camera without IR filter. All images were white-balanced.

noise in portions of the NIR where the sensitivity is comparably
low, hence this data will potentially require further processing.

We acquire isotropic materials with a retro-reflective scan of
128 angles at 532nm followed by spectral acquisition of 32 X 16
adaptively sampled outgoing directions per slice. The bottom half
of each slice is a mirror copy of the top and is inferred using the
bilateral symmetry of isotropic materials. We capture slices for 7
incident elevations, and extrapolate the eighth corresponding to
perpendicular incidence (8; = 90°).

For anisotropic materials, the preliminary retro-reflection acqui-
sition pass consists of 64 elevations and 64 azimuthal orientations,
and we spectrally measure 32 x 32 adaptively sampled outgoing
directions over 7 incident elevations and 16 azimuthal orientations.
We also tried to exploit symmetries—for instance, the behavior of
anisotropic microfacet BRDF can be fully reconstructed from mea-
surements on a reduced interval ¢; € [0, & ]. However, we found
that this property did not transfer to real-world materials and in-
troduced considerable error in measurements, hence we do not rely
on any symmetries in our representation of anisotropic materials.
Acquisition then consists of 128 + 3,584 measurements for isotropic
materials and 4096 + 114,688 for anisotropic ones.

Material database. Thus far, we acquired spectral BRDFs of 36
different materials, of which four are anisotropic. We plan to ex-
tend this dataset over time so that it covers all major material
classes. This database includes many materials that are outside of the
realm of classical microfacet theory including: materials with irides-
cent flakes, opalescent and color-changing paints, and anisotropic
cloth (Figure 12). Several material swatches (spray paint on foam
core) were provided by Industrial Light & Magic (ILM)-they are
interesting because they were made to imitate various materials
but behave subtly differently. For instance, i1m_13_37_metallic,
unlike actual metals, is oscillatory in the spectral domain.

Spectral rendering. All renderings were made in a custom full-
spectral renderer that integrates over a continuous spectral domain
using Monte Carlo sampling. Our BRDF plugin implements BRDF
evaluation, a density function, and importance sampling as required
by path tracing with multiple importance sampling. Such functions
are straightforward to implement using our parameterization and
only require a few lines of code. We will release an open source
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Fig. 12. Our parameterization also works with materials outside of the
scope of microfacet theory. This rendering shows a highly anisotropic silk
material with two differently-colored yarns.

reference implementation to enable integration of our captured
BRDFs in other rendering systems.

Our materials can be rendered with arbitrary illumination sources
including high-frequency fluorescent excitation spectra or even
near-infrared illumination (Figure 11).

Figure 1 and Figure 13 show path-traced renderings of the newly
acquired material. Thanks to our parameterization efficient impor-
tance sampling is available by construction. As a result, we are able
to render noise-free images using 1024 samples per pixel, which is
something that previous measured BRDF representations could only
achieve using additional data-structures and/or pre-computation.

5.1 Process Validation

Methodology. Before implementing our hardware-based acquisi-
tion scheme, we validated our numerical algorithms by performing
virtual acquisitions that resampled existing BRDF models according
to our parameterization. We experimented with two types of exist-
ing BRDF models, which we validated by comparing path-traced
renderings of both the input BRDF and our reconstruction.

Validation Against Microfacet BRDFs. First, we used microfacet
BRDF models. They represent an ideal scenario for our parame-
terization since the input BRDF exactly matches the assumptions
underlying our parameterization. Figure 16 shows a few compara-
tive renderings of our re-sampling experiments against GGX-based
microfacet BRDFs.

Comparison Against the MERL Parameterization. Figure 14 shows
an RMS error plot comparing the (non-adaptive) MERL discretiza-
tion to our method. The same number of samples used in both cases
(0, X 03 X pg = 16 X 16 X 28 = 7168 in the case of MERL.) While
both parameterizations perform equally well for rough materials,
the error of our parameterization remains relatively constant, while
the RMS error of MERL rapidly increases as the BRDF becomes more
directionally peaked, demonstrating the benefits of measurements
that adapt to the input material.

Validation Against Measured BRDFs. Second, we validated our
technique against measured BRDFs from both the MERL and UTIA
databases, shown in Figure 17. For this, we used the same resolution
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Fig. 13. Renderings of the materials we have acquired so far, using 1024 samples per pixel.
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Fig. 14. RMS error of a discretized GGX microfacet model, using our param-
eterization (blue) and the MERL parameterization (red). The MERL sampling
pattern is non-adaptive and produces a large error for low roughness values,
while adaptation in our method leaves the error approximately constant.
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Fig. 15. Mean delta-E difference image on the entire MERL database.

also used in the hardware-based acquisition. Since the original MERL
data is stored at 90 X 90 X 360 resolution, we effectively compress
it by two orders of magnitude with little to no loss in rendering
quality; our supplemental material provides an detailed analysis of
the database.

Burley et al. [2012] observed extrapolation and measurement
artifacts in a number of materials that are part of the MERL database.
Our experiments appear to confirm these observations: visualizing
slice plots using our parameterization reveals strong discontinuities,
color oscillation, and non-symmetries that violate isotropy. Figure 18
shows a few such slices taken from our supplemental material.

Comparison against fitting techniques. Our representation of the
MERL database yields a significant compression of the original data,
hence our method could also find application in situations where
fitting techniques have traditionally been used. We compare to the
state-of-the-art fitting method of Bagher et al [2016], which converts
BRDFs into a products of compact lower-dimensional factors.

Figure 15 compares the mean DEQO errors over the MERL data-
base, and the supplemental material contains renderings and error
plots for individual materials. These results show that our parameter-
ization introduces less bias, albeit with higher storage requirements
(approximately one order of magnitude). Bagher et al’s method will
thus be preferable in cases where an very low storage footprint is
desirable. That said, Bagher et al’s method incurs some errors due
to the assumption of factorizability, which will remain even in the
limit of an infinitely fine discretization. Our method also makes
assumptions on the material behavior but only uses them to warp a
regular sample grid, hence the error will tend to zero as the sampling
rate increases.
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6 CONCLUSION AND FUTURE WORK

We have presented the first adaptive BRDF parameterization that si-
multaneously targets acquisition, storage, and rendering. We demon-
strated the efficiency of our method by introducing the first set of
spectral BRDF measurements that contain both anisotropy and high
frequency behavior.

We find that the availability of spectral BRDF datasets is timely:
as of 2018, major industrial systems render in the spectral domain
(e.g. Maxwell, Weta’s Manuka renderer), and two major open source
renderers, PBRT and Mitsuba, are presently being redesigned for
full-spectral rendering [Pharr and Jakob 2017]. A number of recent
works [Dong et al. 2015; Léw et al. 2012; Werner et al. 2017] have also
proposed diffraction-based reflectance models with a dependence
on wavelength. Our dataset contains many materials with spectrally
interesting behavior (multiple types of iridescent, opalescent, and
color-changing paints). Other materials that initially appear well-
described by geometric optics exhibit oscillatory behavior in the
spectral domain, indicating wave-optical interference. We believe
that access to a comprehensive spectral dataset will enable future
advances in the area of material modeling.

Naturally, our parameterization is not free from limitations, which
leaves plenty of avenues for future work.

Layered materials. While experimenting with the MERL database,
we noticed that our parameterization was less efficient when mea-
suring materials with multi-lobed BRDFs. Such behaviors typically
arise in layered and/or composite materials such as acrylics and
plastics, which usually do not agree with the predictions of micro-
facet models. While we can still acquire such materials by increasing
the resolution, it would be interesting to improve the bijective map-
ping of our method based on an extension of microfacet theory that
supports layered structures.

Better outgoing directions. Our parameterization sometimes maps
points to invalid outgoing directions that lie below the horizon;
such regions are shown in red in our slice plots. Such situations
arise because our parameterization only accounts for a single scat-
tering event, and there always exists a set of microfacets oriented
so that they reflect incident directions downwards. An interesting
avenue for future work would be to derive a novel importance sam-
pling technique that accounts for multiple scattering within the
microfacets, which would effectively remove this effect.

BTDF and participating media acquisition. Because we restrict our
acquisition to that of BRDFs, we can not faithfully reproduce materi-
als that transmit light into the opposite hemisphere; our maple-leaf
material is an example where this would be desirable.
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