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Abstract. Visual scene recognition is predominantly based on visual
textures representing an object’s material properties. However, the sin-
gle material texture varies in scale and illumination angles due to map-
ping an object’s shape. We present an anisotropy criterion of bidirec-
tional reflectance distribution function (BRDF), which allows deciding if
a simpler isotropic BRDF model can be used or if it is necessary to use
a more complex anisotropic BRDF model. The criterion simultaneously
shows dominant angular orientations for the anisotropic materials. The
anisotropic criterion is tested on several isotropic and anisotropic surface
materials, with BRDF computed from the measured seven-dimensional
Bidirectional Texture Function.

Keywords: BRDF modeling · Anisotropy criterion · Hyperspectral
BRDF

1 Introduction

A human observer recognizes a visual scene using shape and material attributes.
Unfortunately, the surface material’s appearance changes under variable observa-
tion conditions [10,19], negatively affecting its automatic and reliable recognition
in numerous artificial intelligence applications. As a consequence, most material
recognition attempts apply unnaturally restricted observation conditions [2,6,24].

An ideal model for representing and classifying materials should be capa-
ble of capturing fundamental perceptual materials’ properties. A multidimen-
sional visual texture is an appropriate paradigm for such a surface reflectance
function model. The best measurable representation is the seven-dimensional
Bidirectional Texture Function (BTF) [7]. BTF can be simultaneously measured
and modeled, even if it is not a trivial task, using state-of-the-art measurement
devices and computers and the most advanced visual data multidimensional
mathematical models. Features derived from such multidimensional data mod-
els are information preserving because they can synthesize data spaces closely
resembling the original measurement data space.

However, such an enormous amount of visual BTF data, in the range of
terabytes, measured on a single material sample, inevitably requires state-of-
the-art storage, compression, modeling, visualization, and quality verification.
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Storage technology is still the weak part of computer technology, which lags
behind recent data sensing technologies; thus, even for virtual reality correct
materials modeling, it is infeasible to use BTF measurements directly, and often
they are replaced with simplified BRDF model approximations.

The Bidirectional Reflectance Distribution function (BRDF) [7–9] is a simpli-
fied model which describes a material reflectance dependence on illumination and
viewing angles while neglecting their spatial dependency, among others. However,
this compromise allows improving realism in various graphics applications while
it is far less computationally and memory demanding than the state-of-the-art
Bidirectional Texture Function (BTF) representation. Various analytic BRDF
models [1,3–5,11–18,20–23,25] were published primarily for isotropic materi-
als, i.e., whose refection does not depend on the surface’s orientation (rotation
invariant). The modeling quality for anisotropic materials is usually significantly
worse.

This paper’s contribution is a novel anisotropy criterion, which allows decid-
ing if a simpler isotropic BRDF model can be used or is necessary to use
an anisotropic BRDF model. The criterion simultaneously shows dominant
azimuthal orientations for the anisotropic materials. We present a comparative
analysis with several isotropic and anisotropic materials from our extensive BTF
database. For this analysis, we take advantage of the unique UTIA BTF visual
material measurements [9].

2 Bidirectional Reflectance Distribution Function

A physically plausible BRDF must be non-negative (1), and it obeys the sym-
metry (2), and energy conservation properties (3):

BRDF (λ, θi, ϕi, θv, ϕv) > 0, (1)
BRDF (λ, θi, ϕi, θv, ϕv) = BRDF (λ, θv, ϕv, θi, ϕi), (2)∫

Ω

BRDF (λ, θi, ϕi, θv, ϕv) cos θidωi ≤ 1, (3)

where θi, θv are illumination and viewing elevation angles, ϕi, ϕv are illumi-
nation and viewing azimuthal angles, ωi = [θi, ϕi], and λ is the spectral index.
A BRDF can be isotropic or anisotropic. The anisotropic BRDF model depends
on five variables

Y BRDF = BRDF (λ, θi, ϕi, θv, ϕv), (4)

while the isotropic, i.e., when the reflected light does not depend on surface
orientation, only on four variables

Y BRDF = BRDF (λ, θi, |ϕi − ϕv|, θv). (5)
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The BRDF models are mostly divided into two components - diffuse and specu-
lar. The diffuse component models equal light distribution into all angles, while
the specular component assumes highly reflective blobs randomly distributed on
the surface and influenced by the surface shape.

Numerous non-linear BRDF models were published, such as Binn model [3],
Cook-Torrance model [4], Edwards model [5], Hapke - Lommel - Seeliger model
[11], Lafortune model [12], Lewis model [13], Minnaert model [14], Oren-Nayar
model [15,17], Phong model [18], Schlick model [20,21], stretched Phong model
[16]. Other BRDF models are based on the microfacet theory Ashikhmin-Shirley
[1], Torrance-Sparrow [22], Trowbridge-Reitz [23] and several others. Most BRDF
models are restricted to isotropic materials and few models (e.g., [5,20,21,25]
are capable to model anisotropic materials.

Fig. 1. Two tested isotropic materials and their corresponding BRDF.

3 Anisotropy Criterion

The suggested anisotropy criterion ε (11) depends on the selected range of
BRDF measurements and can be applied to any number of spectral bands with
a straightforward modification of the Eq. (11).
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ε(k) =
1

n(k)

∑
∀θi

∑
∀θv

α(θi, θv, k), (6)

ε =
1
nk

∑
∀k

ε(k) =
1
nk

∑
∀k

1
n(k)

∑
∀θi

∑
∀θv

α(θi, θv, k), (7)

α(θi, θv, k) = |fBRDF (θi, θv, φi, φv) − μBRDF (θi, θv, k)|, (8)

μBRDF (θi, θv, k) =
1

nθi,θv
(k)

∑
∀�φ=k

fBRDF (θi, θv, k), (9)

k = |φi − φv|, (10)

ε = |ε| =
√∑

∀λ

ε2λ, (11)

ε =
√

ε2R + ε2G + ε2B , (12)

where n(k) is the number of all angular combinations for a specific k, nk

is the number of all possible differences k (i.e., nk = 226 for 81 × 81
angular format), μBRDF (θi, θv, k) (9). The anisotropy criterion for usual RGB
color representation is (12). Spectral curves f(α(λ, θi, θv, k)) denote anisotropy
directions.

4 Experimental Textures

We tested the anisotropy criterion on our extensive UTIA BTF database [9]
(Fig. 1), composed of material images under varying illumination and viewing
directions. The anisotropy wood materials (Figs. 2, 3) were tested on the Wood
UTIA BTF Database. All BRDF tables (Figs. 1, 2, 3 - bottom) were computed
from the BTF measurements.

4.1 Wood UTIA BTF Database

The Wood UTIA BTF database contains veneers from sixty-five varied Euro-
pean, African, and American wood species. Among the European wood species
are elm, fir, pear, pine, plum, birches, ash trees, cherry trees, larch, limba, lin-
den, olive tree, spruces, beeches, oaks, walnuts, and maple trees. The others are
various African and American wood species.

The UTIA BTF database1 was measured using the high precision robotic
gonioreflectometer [8], which consists of independently controlled arms with a
camera and light. Its parameters, such as angular precision of 0.03◦, the spatial
resolution of 1000 DPI, or selective spatial measurement, classify this goniore-
flectometer as a state-of-the-art device. The typical resolution of the area of

1 http://btf.utia.cas.cz/.

http://btf.utia.cas.cz/
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Fig. 2. Tested wood anisotropic materials and their corresponding BRDF.

Fig. 3. Tested wood anisotropic materials and their corresponding BRDF.
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Fig. 4. Anisotropy criterion dependence on illumination and viewing elevation angles
for limba and spruce anisotropic BRDF. The horizontal axis shows illumination (Ix θi)
and viewing (_Vx θv) elevation angle combinations.

interest is around 2000× 2000 pixels, sample size 7× 7 [cm]. We measured each
material sample in 81 viewing positions times 81 illumination positions resulting
in 6561 images per sample, 4 TB of data. The images uniformly represent the
space of possible illumination and viewing directions.
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Fig. 5. Anisotropy criterion dependence on illumination and viewing elevation angles
for wenge and alder anisotropic BRDF.

5 Results

Figures 1, 2, 3 - upper rows show presented materials for viewing and illumination
angles approximately collinear with the surface normal. The visual evaluation
suggests azimuthal independence for isotropic glass and stone materials on Fig. 1
while strong dependence on azimuthal angles for anisotropic limba and spruce
wood on Fig. 2. The remaining three anisotropic wood materials (alder, ayouz,
and wenge) also depend on azimuthal angles but not so noticeably.
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Fig. 6. α(θi, θv, k) curve for the B spectral channel and anisotropy criterion dependence
on illumination and viewing elevation angles for ayouz anisotropic BRDF.

Table 1 summarizing anisotropy criterion values ε (7), ε (11) for all pre-
sented isotropic and anisotropic materials confirms the above visual observation.
The largest criterion value, 30, has the most anisotropic spruce wood, while the
isotropic stone and green glass values are only 1.76 and 5.48, respectively. The
more considerable criterion value for glass is due to its specular reflections, which
do not exist in diffuse stone material (Fig. 1). Smaller criterion values are for less
highlighted anisotropy for wenge, ayouz (Fig. 3), and alder (Fig. 2 - middle) than
for accentuated anisotropy for limba and spruce wood. Single spectral compo-
nents ελ are very similar for related material. The materials ordering for our
seven materials based on the criterion (stone, glass, wenge, ayouz, alder, limba,
spruce) is identical using any spectral band λ in ελ or ε. Their standard deviation
over the criterion spectral components is in the range 〈0.05; 1.85〉. The smaller
the ε value, the smaller the modeling error can be expected from an isotropic
BRDF model.
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Fig. 7. Anisotropy criterion dependence on illumination and viewing elevation angles
for glass01 and stone01 isotropic BRDF.

Anisotropy criterion graphical dependence on illumination and viewing ele-
vation angles (horizontal axis) on Figs. 4, 5, 6 and 7 illustrates the above obser-
vation. The isotropic materials (Fig. 7) have small values in the range of tens,
whereas the anisotropic wood materials (Figs. 4, 5 and 6) have these values in
the range of hundreds.
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Table 1. Anisotropy criterion

glass01 stone0 wood05
ayouz

wood35
limba

wood45
alder

wood57
spruce

wood65
wenge

ε 2.96 1.08 7.76 12.71 8.25 15.06 5.62
3.19 0.99 7.83 13.99 9.73 17.31 5.39
3.60 0.97 8.36 15.30 10.02 19.06 5.33

ε 5.48 1.76 13.84 24.32 16.22 30.18 9.44
std 0.32 0.05 0.27 1.06 0.78 1.85 0.13

6 Conclusion

The anisotropy criterion of bidirectional reflectance distribution function allows
deciding if a simpler isotropic BRDF model will provide sufficient quality mod-
eling or if it is necessary to use a more complex anisotropic BRDF model. The
criterion simultaneously shows dominant angular orientations for the anisotropic
materials.

The presented results indicate that the anisotropic criterion can reliably dif-
ferentiate between isotropic and anisotropic materials and thus can be used to
select the appropriate class of BRDF nonlinear models. The criterion can be eas-
ily used for high-dynamic or hyperspectral measurements with a straightforward
modification to any number of spectral bands.
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