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Figure 1: Example of three BRDFs on sphere having their anisotropic appearance scaled from isotropy (left) to full anisotropy (right) in ten
steps. Images corresponding to threshold of perceived anisotropy estimated by the proposed anisotropy measure Ay, are framed.

Abstract

The majority of the materials we encounter in the real-world have
variable reflectance when rotated along a surface normal. This
view and illumination azimuthally-variable behavior is known as
visual anisotropy. Such behavior can be represented by a four-
dimensional anisotropic BRDF that characterizes the anisotropic
appearance of homogeneous materials. Unfortunately, most past
research has been devoted to simplistic three dimensional isotropic
BRDFs. In this paper, we analyze and categorize basic types of
BRDF anisotropy, use a psychophysical study to assess at which
conditions can isotropic appearance be used without loss of details
in material appearance. To this end, we tested the human impres-
sion of material anisotropy on various shapes and under two illumi-
nations. We conclude that subjects sensitivity to anisotropy declines
with increasing complexity of 3D geometry and increasing unifor-
mity of illumination environment. Finally, we derive and perceptu-
ally validate a computationally efficient measure of material visual
anisotropy.
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1 Introduction

Anisotropic materials are, due to their atypical light-transport prop-
erties, often used in achieving an eye-catching look of many man-
made products as shown in Fig. 2. Fabrics for fancy apparel are
probably the most typical example; however, intrigue metallic gift
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wrapping papers or greetings cards also often exhibit anisotropic
behavior. The anisotropic finishing of plastics or metals is often
used to create an expensive look in personal items or electronics.
Genuine wooden materials are also very popular due to their spe-
cific anisotropic behavior.

Figure 2: Real-wold examples of anisotropic appearance of ma-
terials: fabric, machined plastic, and polished wood. Anisotropy
is caused by the orientation of different threads of fibers, paral-
lel grooves (causing highlight perpendicular to their direction),
and wooden fibers (exhibiting both specular (left) and anisotropic
(right) highlights), respectively.

In general, anisotropy is the property of being directionally depen-
dent, as opposed to isotropy, which implies identical properties in
all directions. It is most often observed in chemistry and physics in
evaluating a material’s optical and structural properties [Wenk and
Houtte 2004]. In computer vision related applications, isotropy and
anisotropy are used in the analysis of directionally-dependent ma-
terial’s appearance and capabilities of the related methods. When
material’s reflectance is constant for fixed view and illumination
irrespective to the rotation of the material around its normal, the
material is considered isotropic. In contrast, materials whose re-
flectance is not constant are considered anisotropic. This also ex-
tends to measurement and modeling methods, as they can be cat-
egorized into two groups depending on their ability to measure or
model anisotropic behavior.

Based on final application requirements, material appearance can
be represented either by reflectance using BRDF [Nicodemus et al.
1977], by directionally-varying texture using BTF [Dana et al.
1999] or SVBRDF, or by more complex light transport functions,
e.g., BSSRDF [Nicodemus et al. 1977]. Some of these representa-
tions can preserve most of the important visual aspects of a mate-



rial appearance (e.g., shadowing, masking, inter-reflections, sub-
surface scattering) albeit at the cost of high storage and acqui-
sition. In contrast BRDF assumes homogeneous materials, i.e.,
omits any texture information, and is based on simplifying as-
sumptions of opaque and flat materials. In our work, we focus on
BRDF (Bidirectional Reflectance Distribution Function) [Nicode-
mus et al. 1977] describing the ratio of energy reflected by the
material for certain combinations of incoming and outgoing direc-
tions. When we assume separate processing of color channels, the
anisotropic BRDF is a four-dimensional function B(6;, @, 04, ©v)
as shown in Fig. 3-b. The BRDF can be further reduced to a three-
dimensional isotropic function by omitting material anisotropy, i.e.,
B(0;,0,, p; — o). Incoming and outgoing directions are specified
by 0 elevation and ¢ azimuthal angles. Moreover, a bilateral sym-
metry of BRDF [Romeiro et al. 2008], valid for the majority of
materials, allows additional folding of azimuthal subspace into in-
terval (0, 7) resulting in B(6;, 6, |¢; — ¢o|) as shown in Fig. 3-a.
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Figure 3: A comparison of (a) isotropic and (b) anisotropic BRDF
parameterization.

Fig. 4 compares isotropic and anisotropic materials and their
BRDFs. Note that BRDFs unfolded into 2D are, due to illumination
and view reciprocity, symmetric matrices with rows and columns
representing illumination and view directions circling from the pole
to the bottom of the hemisphere above the described material.

Because of its inner micro-structure made from elements almost
always to a certain extent directional, visual anisotropy is natural
for the majority of both natural and man-made materials. However,
many BRDF measurement and modeling approaches cut their pro-
cessing costs by omitting anisotropic behavior; therefore our work
focuses on an analysis of conditions allowing this simplification
without having an impact on perceived details in a materials ap-
pearance. Although the directionally-dependent visual anisotropy
of materials is a well-established notion [Ward 1992], [Lu et al.
2000], to date its interaction with shape and illumination conditions
relative to human perception has not been adequately studied.

Furthermore, we use an anisotropic BRDF dataset to psychophysi-
cally analyze perceptual effects of material anisotropy and propose
a relevant measure of anisotropy. We ascertain that the computa-
tional analysis of perceptual anisotropic effects would be benefi-
cial especially for making applications of material measurement,
design, or visualization more efficient, yet without compromising
perceived fidelity. Such Inquiry can also be used to predict whether
materials exhibit anisotropic behavior and consequently in deter-
mining between isotropic or full anisotropic BRDF measurement
approaches. An efficient material anisotropy measure would al-
low for a fast identification of the degree of anisotropy for un-
known materials; therefore, enabling a designer to select an ap-
propriate BRDF from a database, or tune accordingly parameters
of anisotropic model. The proposed measure can also be utilized
to evaluate the anisotropic visual effects of new surfaces at the de-
sign stage, i.e., prior to manufacturing. Another application could
be material retrieval according to the required intensity or type of
anisotropic behavior.
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Figure 4: (a) Comparison of appearance of isotropic (left) and
anisotropic (right) material rendering. (b) Their corresponding 4D
BRDFs unfolded to 2D image. Each square block depicts illumi-
nation and view azimuth-dependent reflectance for fixed elevation
angles (p; [ pv). The blocks are ordered horizontally/vertically with
increasing view/illumination elevation angle (0; /6, ).

Major contributions of this paper are:

e an analysis and categorization of individual types of
anisotropy we encountered

e a psychophysical analysis evaluating perceived anisotropy of
over two hundreds of anisotropic BRDFs, three shapes, and
two illumination conditions

e introduction of two computational measures of directionally
dependent anisotropy,

e a comparison of results obtained from the psychophysical
study and the proposed computational measures

The paper initially looks at anisotropy related research in Sec-
tion 2, and test data in Section 3. Then, different types of material
anisotropy are presented in Section 4 and the human perception of
anisotropy is analyzed in Section 5. Section 6 proposes new compu-
tational measures of anisotropy relative to results of the experiment,
while Section 7 concludes the paper.

2 Prior Work

Most of the work relating to anisotropy in computer vision deals
with textural information. Past research studies psychophysical
aspects of visual anisotropy [Hansen et al. 2008], [Ons et al.
2011] and creates statistical models describing the relationship be-
tween perceived and computational textural anisotropy [Roli 1996],
[Wenk and Houtte 2004], [Ons et al. 2011] or directionality [Shah
et al. 2008]. Anisotropy has been also used as a metric for image
fidelity and quality assessment [Gabarda and Cristébal 2007].

To date, also several analytical BRDF models capable of represen-
tation of anisotropic reflections appeared [Ward 1992], [Lafortune
et al. 1997], [Ashikhmin and Shirley 2000], [Kurt et al. 2010]. They



are able to reproduce certain anisotropic effects, however, their de-
manding fitting requires sufficient number of directional samples
and relies on setting of proper initial conditions. Therefore, fitting
becomes practically intractable for more that two lobes.

Prediction of anisotropic highlights locations was already studied
[Lu et al. 2000] and recently further extended to arbitrary geometry
with interactive tangents editing [Raymond et al. 2014]. Simplified
method of anisotropic highlight detection for purpose of anisotropic
materials adaptive measurement was shown in [Filip and Vavra
2015]. Despite the research community being well aware of diffi-
culties connected with the reproduction of directionally dependent
anisotropic behavior, due to the lack of anisotropic data, there has
been neither any psychophysical study evaluating to which extent
the anisotropic appearance is perceptually salient, nor any computa-
tional measure that could simulate human judgment available. Ini-
tial perceptual study of BTF [Dana et al. 1999] comprising also
analysis of directional anisotropy [Filip and Haindl 2012] has not
been very conclusive. Apart from this, we are not aware of any
research evaluating the extent of perceived anisotropy for different
shapes and illuminations.

Our work analyzes perceptual effects of anisotropic behavior of
spatially homogeneous materials, i.e., without texture information,
based purely on their illumination- and view-dependent directional
behavior represented by BRDFs. We propose and perceptually vali-
date a computationally efficient measure of anisotropy and its easy-
to-acquire approximation, that shows a high correlation with the
perceived anisotropy.

3 Test Dataset

Due to its simplicity, most BRDF related research is, only fo-
cused on isotropic BRDF related materials. A comprehensive pub-
lic BRDF database of isotropic measurements was introduced in
[Matusik et al. 2003] and additional BRDFs in [Giinther et al.
2005] and [Marschner et al. 2000]. In regard to anisotropic mea-
surements, four detailed datasets are available [Ngan et al. 2005],
three probes of fabric materials [Filip et al. 2014], and additional
150 in a recently published UTIA BRDF database [Filip and Vavra
2014]. For the purposes of this paper we used this comprehensive
database, which we enlarged by including an additional 67 BRDFs
obtained by the averaging of spatially-varying materials. The re-
sulting dataset comprises 217 BRDFs and covers a wide range of
reflectance behavior from samples of fabric, leather, wood, etc. to
unusual materials like retro-reflective tape and lenticular card. A
collection of all BRDFs and their renderings is shown in the sup-
plementary material. The elevation angular resolution of the BRDF
is 15 and azimuthal resolution is 7.5° resulting into 288 illumina-
tion x 288 viewing directions. Although the resolution might seem
rather low, we believe that it is sufficient as most of the samples
do not exhibit highly specular behavior and thus the highlights are
recorded correctly.

4 Categorization of Anisotropy Types

Based on types of anisotropic behavior found in our test dataset, we
can roughly categorize the measured BRDFs into four basic groups.
For each group we show in Fig. 5 an example of BRDF subset being
a function of azimuthal angles ; and ¢, for fixed elevation angles
0; = 0, = 75° (shown in Fig. 4-b) and its rendering on a sphere.

e Group A — no or very faint anisotropy (given by random
structure of surface features). This is the case for paint, pa-
per, most upholstery fabric and leather materials.

Group A

upholstery fabric leather

Group B

cushion fa ric fir wood
P

Group C

cushion fabric two-color cushion fabric

Group D

upholstery fabric

upholstery fabric

Figure 5: Examples of four anisotropy types typically present in
real-world materials. BRDF subspace for elevations 0;/0., (left)
and its rendering on sphere (right).

e Group B — one anisotropic highlight of variable width (usu-
ally of color similar to specular highlight). This is the case for
all measured wood samples and many fabric. All wood mate-
rials have a distinct sharp anisotropic highlight and overall, a
very similar BRDF.

e Group C - rtwo anisotropic highlights.  This type of
anisotropy appears in fabric materials consisting of threads
of fibers interwoven in different directions. Based on the col-
ors of the threads these anisotropic highlights have either the
same or different colors. Their mutual overlap can reveal in-
formation about the weaving style of the fabric.

e Group D - These materials have only a very faint anisotropic
highlight; however, they have a variable intensity/location of
specular highlight. This behavior is specific for BRDFs ob-
tained by integration over a macroscopic geometry and/or ori-
entation of velvet-like patches in the material. While the be-
havior of the first three categories of materials can be repro-
duced by analytic BRDF models, the behavior exhibited by
this group of materials cannot be recreated in this way due
to an azimuthally dependent intensity and shape of specular
highlights.

A distribution of materials from the tested database into individual
groups, based on our subjective visual analysis of their BRDFs, is
shown in the first row of Tab. 1 and in detail, in the supplementary
material. The table includes for groups B,C,D the sizes of subsets
exhibiting strong anisotropy.

Table 1: A distribution of the tested BRDFs into the four anisotropy
categories.

group  anisotropy normal strong | all
A no or very faint 44 - 44
B one anisotropic highlight 18 26 44
C two anisotropic highlights 20 14 34
D variable specular highlight 92 3 95
All 174 43 217




5 Visual Perception of Anisotropy

In contrast to isotropic BRDFs, anisotropic ones require additional
processing prior to perceptual analysis. Therefore, first we describe
methods of anisotropic highlight alignment and computation of ref-
erence isotropic BRDFs.

5.1 Anisotropy Alignment

Contrary to analysis of isotropic BRDFs, where locations of spec-
ular highlights can be predicted, the analysis of anisotropic ones is
more challenging. The number and location of anisotropic high-
lights in angular space is unknown and thus depends entirely on
the initial orientation of the measured material and its optical prop-
erties. Although we could preserve original orientations of major
anisotropy axes, the location of anisotropic highlights on the ob-
ject would be arbitrary. This would impact consistency of our psy-
chophysical study. Therefore, before different anisotropic BRDFs
can be compared, first they must be aligned according to the main
anisotropic axis.

We use the procedure proposed in [Filip and Vavra 2014]. It pro-
cesses BRDF subspace for fixed elevation angles independently
(see Fig. 6). Because the subspace is circularly symmetrical, its
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Figure 6: Example subspace anisotropy alignment using the pre-
defined template.

circular shift in diagonal direction will have the same effect as the
change of initial rotation of the measured sample prior to the mea-
surement. After each shift we evaluate the distance between the
shifted variant and the template represented by highly anisotropic
material of the desired alignment. We select such a shift for the fi-
nal alignment that produces the lowest difference from the template
material.

5.2 Isotropy Enforcement

A main difference between isotropic and anisotropic BRDFs is
presence of anisotropic highlights as we can see in Fig. 4. Isotropic
BRDF has only specular highlights, shown as diagonal bright lines,
near the angular locations where |@; — ¢, | = 7. On the other hand,
anisotropic materials exhibit highlights whose position in angular
space depends on both azimuthal and elevation angles.

As we analyze perceptual importance of BRDF visual anisotropy in
this paper, we need some kind of reference isotropic variant of the
measured anisotropic BRDF. For this reason we propose an isotropy
enforcement method that substitutes all values for fixed |p; — @u|
by its median value. We tested also using mean value; however,
in this a case the higher intensity highlights shifted the color hue
of the entire BRDF. Note that although different isotropy enforce-
ment methods exist, they all produce isotropic BRDF with possibly
different color and/or luminance shifts. Fig. 7 shows BRDFs of
highly anisotropic material with its isotropy enforced variant. This
approach allows us to achieve the appearance of anisotropic mate-
rial as if it was represented by an isotropic BRDF model.

Although, this method does not conserve energy in BRDF by at-
tenuation of anisotropic highlight, the results are convenient for our

(a) (b) (© (@
Figure 7: Rendering of an anisotropic material (a) and its version
after enforcing isotropy (b). Original BRDF (c) and isotropy en-
forced BRDF (d).

further experiments as the color of the background and intensity of
specular reflection remain the same.

5.3 A Psychophysical Experiment

The quantification of human perception of anisotropy is difficult
as directionally-dependent anisotropy is not as graspable a concept
for subjects as e.g., specularity or roughness. Therefore, user stud-
ies requiring subjects to evaluate anisotropy intensity on some scale
tend to produce unreliable data [Filip and Haindl 2012]. To avoid
this problem we reduce the problem to 2AFC decision task requir-
ing the user to decide whether two visuals are the same or different,
i.e., material is isotropic (result 0) or anisotropic (result 1).

Experimental Stimuli — Proposed is an experiment analyzing
the ability of human subjects to detect anisotropic behavior of
N = 217 BRDFs. Out of these BRDFs, 67% exhibit some sort
of anisotropy. We prepared experimental stimuli consisting of two
objects as shown in Fig. 8. One of them is rendered using origi-
nal BRDEF, while the other uses BRDF with enforced isotropy (see
Sec. 5.2). Their order is random. The background of the point-
light illuminated stimuli and the remaining space on the screen was
set to dark gray. Note that the main axis of anisotropy has been
aligned as described in Sec. 5.1. Although Vangorp et al. [2007]
suggest a sphere has an inappropriate geometry for the visual com-
parison of BRDFs, because of its low curvature not visually mask-
ing possible differences and its overall simplicity we used it as our
baseline shape. Additionally, we used a more complex blob (as
recommended in [Vangorp et al. 2007]) and tablecloth shapes. For
the point-light illuminated stimuli, the light was positioned slightly
above the viewing direction. Tangent vectors for shapes sphere and
blob correspond to parallels, while for fable are parallel with edges
of the tablecloth. Finally, we also included a sphere in the grace !
illumination environment in order to assess a subjects sensitivity
to anisotropy under different illuminations. The environment maps
were approximated by a set of 64 discrete point-lights. We chose
to test the sphere under different types of illumination because its
geometry provides a wide range of illumination and viewing com-
binations without introducing the distracting effects of higher cur-
vatures. Example stimuli images for BRDF of wood are shown in
Fig. 8. All together we have four sets of stimuli each containing
217 images, i.e., a total 868 trials.

Participants and Experimental Procedure — Six volunteer sub-
jects (author and five naive observers) performed the experiment in
four sessions. All subjects had normal or corrected to normal vision
and all but the author were naive with respect to the purpose and de-
sign of the experiment. Subjects had to decide whether there was
any visible difference (caused by BRDF anisotropy) between the
spheres or not. There was no strict time limit for answers but they
were instructed to complete each stimulus image within few sec-
onds in order to avoid a pixel-wise comparison. All stimuli were
presented on a calibrated 24” HP LP2475w display (60Hz, resolu-
tion 1920x 1200, color temperature 6500K, gamma 2.2, luminance
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Figure 8: Example of stimuli images for material wood and all
three shapes tested (sphere, blob, table) and illuminations (point-
light, grace) used in four sessions of our psychophysical study.

120 cd/m?) under dim room environment. Participants viewed the
screen at a distance of 0.5m, so that each object in a pair subtended
an approximately 12° of visual angle. There was a pause of 0.5 s
between stimuli presentations, and, over four sessions, participants
took on average 40 minutes to perform the whole experiment.

In complement to the controlled study, we also performed a web-
based experiment with the goal to validate the reliability of con-
clusions by a greater number of subjects. In total, 27 subjects per-
formed a session with the sphere illuminated by a point light. A cor-
relation between averaged results of the controlled and web-based
studies was 0.8777 (pva1=0.00001), therefore supporting the con-
sistency of results obtained in the controlled experiment.

Results — The averaged binary responses of all six subjects are
shown in Fig. 12. As expected, the obtained perceived anisotropy
is, due to a binary decision task, often saturated. Similarly, on
a psychophysical note, we used 50% as a threshold of notice-

able anisotropy (i.e., tx = 0.5 shown as a red line in Fig. 12),
i.e., 50% of subjects identified the difference between the isotropic
and anisotropic sphere. Fig. 9 shows a total of ng materials that
were above this threshold and thus are considered as perceptually
anisotropic in individual sessions. In the first three bars we ob-
served a decreasing sensitivity of subjects in accordance with the
increasing complexity of rendered objects. The complexity of the
objects approximated by a standard deviation of difference of their
normalized vertices from the object’s center of gravity oy is shown
in the second column of Fig. 10. The second column provides dura-
tions of trials in individual experiment sessions averaged across all
BRDFs and subjects. It depicts increasing difficulty in identifying
anisotropy with greater scene complexity.

Perceived anisotropic materials
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Figure 9: Overall number of
perceived anisotropic mate-
rials across different shapes
and illuminations.

Figure 10: Tested shapes curvature
approximated by a standard devia-
tion of difference of its vertices from
the object’s center of gravity.

An even more significant drop of perceptual sensitivity to
anisotropy was observed when environment illumination was used
instead of a point-light (see last bar of Fig. 9). This suggests the
more uniform the illumination, the less important is the perceived
anisotropy of an illuminated surface.

Finally, Fig. 11 shows subjects responses for individual categories
of anisotropy as a function of (a) shapes and (b) illumination type.
One can see that these results follow the observations above. The
only exception in Fig. 11-a is an increased number of responses
for the shape table in groups A and C. As this shape is the most
complex of all tested, we assume that its high curvature afforded
to subjects a wider range of illumination and view directions and
thus allowed for an easier distinguishing of BRDFs with two faint
anisotropic highlights (group C) than in the case of a more simpli-
fied blob surface. All types of anisotropy mark an approximately
two-thirds decrease of perceived sensitivity when the grace illumi-
nation environment was used (see Fig. 11-b).

5.4 Discussion

Our results show, similar to conclusions of Kozlowski et al. [2007],
that more complicated shapes (with a sufficiently complicated sec-
ond derivative) effectively mask the visibility of BRDF rendering
imperfections. In our case, the imperfections can translate into a
shift from anisotropic to isotropic materials. We conclude, again
in accordance with [Kozlowski and Kautz 2007], that anisotropy is
less apparent for more diffuse illuminations. We assume the more
uniform the illumination, the less apparent the anisotropic behavior
of the illuminated surface. Thus, illumination representing several
bright light sources will allow for an easier detection of anisotropy
than many equally distributed lights of a similar intensity. Note that
our conclusions are based on static stimuli, and we assume that for
dynamic stimuli the anisotropic appearance will become more ap-
parent. More details on subjects’ performance over different shapes
and on strong anisotropic materials only are shown in the supple-
mentary material.
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Figure 11: Results of the controlled psychophysical study — overall
number of perceived anisotropic materials across different shapes

and illuminations, distributed into four types of anisotropy as a
function of shape (a), and illumination (b).

6 Proposed Anisotropy Measures

Our goal is to develop a perceptually related measure of visual
anisotropy. As the principle of anisotropy detection lies in capturing
differences in reflectance for fixed illumination and view directions
with regard to the rotation of a material sample around its normal,
we derive our measure similarly.

6.1 Global Anisotropy Measure

First we define a vector of reflectance values Vy, g, o recorded
during sample rotations around its normal, where 6; and 6, are il-
lumination and view elevation angles, and o = |p; — @y is the
difference between illumination and view azimuthal angles. Let
™y, .0,,c be a median value of Vy, g, . Note that, if values in
the vector V are substituted by its median value m for all combi-
nations of 6;, 6, c, an isotropic enforced variant of the material is
obtained and used for stimuli preparation. Using median instead
of mean value avoids increasing overall material brightness, by the
contribution of values along anisotropic highlights.
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Figure 12: Results of the estimated perceived anisotropy based on
user study across all tested materials rendered on sphere.

Finally, the anisotropy measure is defined as the mean average dif-
ference between vector V and its median value m as
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where w = [0.213,0.723, 0.072] are RGB perceptual weights, and
C is the normalization coefficient representing the mean BRDF

value. The normalization by C' allows comparable measure re-
sponses regardless the BRDFs of different dynamic range.
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Figure 13: Results of the proposed anisotropy measure computed
(a) from entire BRDF data A, (b) from a single BRDF slice A1s.
The blue dots marks the BRDF's identified as anisotropic in the ex-
periment (sphere under point-light).

Results of the proposed measure (1) computed across all materi-
als are shown in Fig. 13-(a). Note that (1) gives equal weight to
each BRDF sample, and thus implements an integration weighted
by cos 8; - cos 0,,. Although other sampling methods can be used,
they were not tested.

6.2 Approximate Local Anisotropy Measure

The global measure A computes anisotropy using the entire BRDF
data; however, such information is rarely available for an unknown
material. Hence, its approximation using a very limited, and easy to
measure, BRDF subset is needed. Similarly, to measure A we com-
pute the difference between reflectance and its median value, for
a single combination of angles 6;, 6, «. Although one can select
arbitrary combination of elevation angles we use 6; = 75°,6, =
75°, a = 15°, because the anisotropic behavior is most distinct
for grazing angles and small difference between illumination and
viewing azimuths. The approximate measure Ag is defined as

3
Ap = o izlwzwe Oua — Mo;.00.0 2)

where w are the RGB perceptual weights and C7, is the nor-
malization coefficient representing the mean measured reflectance
value. Results of the Ay measure (2) computed across all mate-
rials as shown in Fig. 13-(b) illustrate reasonable likeness to the
global measure A. The findings of both proposed measures A
and Ay have a very high mutual correlation across all materials
pa—a; = 0.81.

6.3 Perceptual Validation of the Measures

This section compares results of the proposed measures with those
of the psychophysical experiment. For the sake of automatic ma-
terial’s anisotropy analysis, the human subjects ought to be substi-
tuted by the proposed computational measure. Similarly, for the
experimental data threshold tg, it is necessary to find the corre-
sponding threshold that defines whether the material is considered
anisotropic or not. Therefore, we suggest deriving this computa-
tional threshold ¢5s as a median value of the anisotropy measure



across all materials from our dataset. We obtained value ¢,, = 0.97
for measure A and t,, = 1.66 for measure A, shown as a red hor-
izontal outlines in Fig. 13-a,b. Although, these values are based on
a limited collection of material behavior represented by our BRDF
dataset, we believe that since it covers a wide variability of possi-
ble angularly-dependent behavior. Therefore, we do not expect this
value would vary too much with the inclusion of additional BRDFs.
Materials identified as anisotropic by both the experiment and com-
putational measures are marked by blue dots in Fig. 13.

Using the threshold ¢,,, we estimate the number of anisotropic ma-
terials n,,,, and given the intersection with psychophysically labeled
anisotropic materials n; = n. N n.,, we can compute precision P
and recall R retrieval rates

pP— N C _ 4 R N C &
N c+ N, F Nm

" Noe+Nu  ne’

(3)

where N¢, Ny, N are numbers of correctly detected, missed, and
falsely detected anisotropic materials, respectively. Overall correla-
tions of the measures with data of the psychophysical study as well
as retrieval results are shown for individual types of anisotropy in
Fig. 14. We observe the drop of precision P with increasing object
complexity (Fig. 14-b). This drop is even more significant for en-
vironment illumination, while correlation with the psychophysical
data and recall R rates are the highest here (Fig. 14-a,c). This im-
plies that with the increasing complexity of shape and illumination,
our measures tend to generate increasing numbers of false-positive
matches, while the number of false-negatives decreases. In other
words, our measures detect successfully the majority of anisotropic
BRDFs identified in the psychophysical experiment; however, it
overestimates perceived anisotropy with the increasing complexity
of shape/illumination.

Correlation of experiment with the measures
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Figure 14: Performance assessment of the proposed measures: (a)
correlation with the results of the psychophysical study, (b) preci-
sion P, and (c) recall R rates.

Fig. 15 compares numbers of BRDFs denoted as anisotropic by
the psychophysical study with their prediction using the proposed
global (A) and approximative (Ar) metrics across different cate-
gories of anisotropy (described in Section 4). The psychophysi-
cal results are averaged across all shapes and illuminations. One
can observe that our measures are reasonably good especially for
groups exhibiting distinct anisotropic highlights (groups B and C).
On the other hand, detection of less visually apparent anisotropy
caused very faint anisotropy (group A) or by integration over rough
surface structures (group D), is less accurate as it tends to introduce
false positive matches.

Finally, we evaluate performance of the proposed anisotropy mea-
sures over five materials having their anisotropy scaled from
isotropy to full anisotropy in ten steps as shown in Fig. 1. We

Predicted anisotropic materials for groups

I AVG perceived
[ Imeasure A
I measure A

anisotropic materials

GroupA GroupB GroupC GroupD

Figure 15: A comparison between results of the psychophysical
study and proposed global (A) and approximative ( Ay ) measures,
showing overall number materials indicated by anisotropic by both
the study (the blue bars) and the measures.

used method similar to isotropy enforcement. Images the closest to
the predicted perceived anisotropy Ay, are denoted by green frame.
More examples with numerical values are shown in a supplemental
material.

6.4 Discussion and Limitations

The proposed approximative measure has several advantages. The
first of them is computational speed which is 0.6 ms per sin-
gle BRDF, while for the global measure it is 0.3 s. The second
advantage is the convenient measurement of samples needed for
anisotropy evaluation; because it only requires either the rotation of
a mutually fixed light and camera around the sample, or rotation of
the sample below the light and camera. In other words, the required
values can be obtained practically by scanning unknown material
using a camera with attached light rotating full circle around a ma-
terial’s surface normal. Therefore, no lengthy BRDF measurement
is required to assess the degree of a material’s anisotropy.

Deviation between the results of the psychophysical experiment and
the measures can be caused by shapes used in stimuli showing just
a subset of all BRDF directions. The A7, measure could potentially
fail for unlikely materials exhibiting anisotropy only at lower ele-
vation angles.

Although we have not encountered material with more than two
anisotropic highlights, we believe that in general the proposed
metric would work. The performance on materials having two
anisotropic highlights (group C) is encouraging as shown in Fig. 15.
Consistent with human perception (see examples in group C),
if more anisotropic highlights are present in a single material,
the measure reflects the weighted contribution of both anisotropic
directions. The measure thus integrates the contribution of all
anisotropic directions; therefore, its result is the same for a material
with a single anisotropic highlight as for a material with two twice
weaker anisotropy highlights. The proposed measure was applied
to entire an BRDF where the distribution of different elevation an-
gles was uniform. However, this is a rare case due to the variable
distribution of surface elevations on the 3D object’s geometry and
its orientation to light and/or observer. As a future improvement, we
see weighting measures’ responses according to the known distri-
bution of illumination and viewing directions present in the specific
rendering of a 3D object, i.e., for a given illumination and viewing
directions.

7 Conclusions

This paper presents the first perceptual analysis of a material’s
anisotropy as based purely on directional behavior, i.e., without
textural information. First we categorized BRDFs into four main
groups based on types of anisotropy. Then we ran a psychophys-
ical study with 6 subjects analyzing the perceptual anisotropy of



217 materials represented by anisotropic BRDFs. We studied three
different shapes and two illuminations, and successfully validated
our results for a baseline shape by means of a web-based study over
another 27 subjects.

With increasing shape complexity, we observed a decrease in sub-
jects’ sensitivity to perceived anisotropy detection. This decline
was even more apparent when environment illumination was used
instead of a point-light. This implies that scene and illumination
complexity effectively visually masks perceived BRDF anisotropy.
In other words, a simplistic isotropic appearance can be more safely
used in static scenes containing complex meshes lit by a homoge-
neous illumination environment.

Next, we proposed two anisotropy measures; while the first one is
based on entire BRDF information, the second one requires only a
sparse subset of reflectance values. Both measures have a similar
performance on the tested dataset, and we have shown a positive
correlation with results of the psychophysical study. For each mea-
sure, we also have suggested the computational threshold approx-
imating the psychophysical results. The achieved results demon-
strate that the proposed anisotropy measures can be considered as a
promising approximation of human perception of real-world visual
anisotropy.

In future we plan to extend our analysis towards interactions
between angularly-dependent and texturally-dependent types of
anisotropy. Additionally, we would like to analyze the perception
of anisotropic appearance in dynamic lighting and viewing environ-
ments.
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