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Abstract
This paper presents a novel method for estimating specular roughness and tangent vectors, per surface point, from
polarized second order spherical gradient illumination patterns. We demonstrate that for isotropic BRDFs, only
three second order spherical gradients are sufficient to robustly estimate spatially varying specular roughness.
For anisotropic BRDFs, an additional two measurements yield specular roughness and tangent vectors per surface
point. We verify our approach with different illumination configurations which project both discrete and continuous
fields of gradient illumination. Our technique provides a direct estimate of the per-pixel specular roughness and
thus does not require off-line numerical optimization that is typical for the measure-and-fit approach to classical
BRDF modeling.

Categories and Subject Descriptors (according to ACM CCS): Computer Graphics [I.3.7]: Three-Dimensional
Graphics and Realism—

1. Introduction

Measuring the appearance of real materials is an active re-
search area in computer graphics. Often the appearance is
described by the bidirectional reflectance distribution func-
tion (BRDF) [NRH∗77], a 4D function that relates the ra-
tio of reflectance between the incident and outgoing direc-
tions for a single surface point. Usually these BRDF mod-
els depend on a sparse set of non-linear parameters that
roughly correspond to albedo, specular roughness, surface
normal, and tangent directions. Measuring and fitting these
parameters for a particular material model often requires a
dense sampling of incident and outgoing lighting directions.
In many cases fitting the parameters of an a-priori chosen
BRDF model to the observed measurements relies on com-
plex fragile non-linear optimization procedures.

Recently a number of methods have been proposed that
estimate fundamental parameters of appearance, such as nor-
mal direction and albedo, without assuming an a-priori mate-
rial model. Instead they rely on general properties shared by
many physical materials such as symmetry [ZBK02, AK07,
MHP∗07, AZK08, HLHZ08]. The work presented here is
most related to [MHP∗07], where it is shown that the first
order spherical statistics of the reflectance under distant il-

lumination correspond to the normal and reflection vector
for diffuse and specular materials respectively. Furthermore,
Ma et al. [MHP∗07] demonstrate that the first order statis-
tics can be efficiently measured using linear gradient illumi-
nation conditions. In this work, we build upon Ma et al.’s
work to estimate a per-pixel specular roughness using polar-
ized second order spherical gradients that provide measure-
ments of the variance about the mean (i.e., reflection vector).
We demonstrate that for isotropic BRDFs, only three addi-
tional axis-aligned second order spherical gradient illumina-
tion patterns are sufficient for a robust estimate of per pixel
specular roughness (Figure 1). We also demonstrate that by
using the five second order spherical harmonics, related to
the second order spherical gradient illumination patterns, re-
liable estimates of the specular roughness and tangent di-
rections of general anisotropic BRDFs are possible. Using a
lookup table, these estimated high order statistics can then
be directly translated to the parameters of any BRDF model
of choice.

An example of a direct application of our method is the
estimation of spatially varying reflectance parameters of ar-
bitrary objects. Furthermore, since the proposed method re-
lies on only up to nine distinct illumination conditions with
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(a) specular normals (b) specular albedo (c) specular roughness (d) rendering (e) photograph

Figure 1: Specular reflectance properties ((a)-(c)) of a plastic orange estimated using polarized second order spherical gradient illumination
conditions. The estimated specular roughness map (c) is used as the per-pixel distribution for a Torrance-Sparrow BRDF to create a rendering
(d) that closely matches the validation photograph (e).

minimal capture time, it is amenable to capturing per-surface
point roughness parameters of human subjects.

2. Related Work

A large body of work covers the representation and acqui-
sition of the appearance of physical materials and objects.
We focus this discussion on reflectance modeling and related
surface properties that influence the appearance of a material
or an object (e.g., surface normal and tangent directions). We
can broadly classify prior work in two categories: analytical
BRDF-based methods, and non-parametric and photometric
methods.

Analytical BRDF-based Methods: In the past few decades
a large number of analytical material representation models
have been developed. Each of these BRDF models are de-
signed with certain goals in mind, such as physical accu-
racy [TS67, HTSG91], facilitating rendering [APS00], and
versatility and flexibility in approximating physical materi-
als [Ash06, LFTG97, War92].

Numerous methods have been proposed that capture the
spatially varying appearance, based on the above analyti-
cal BRDF models, to recreate complete digital copies of ex-
isting real world objects (e.g., [GTHD03, Geo03, GCHS05,
LGK∗01,LKG∗03,Mar98]). Each of these methods requires
either a special acquisition device or an acquisition scheme
tailored towards a particular prefixed analytical material
model, and often sacrifice spatial variation for angular varia-
tion to reduce the total acquisition time. However, the choice
of BRDF model can impact the quality of appearance re-
production significantly [NDM05]. Furthermore, fitting the
model-specific parameters is often a complicated and ill-
conditioned process due to the non-linear nature of the pa-
rameters and the presence of measurement noise. In many
cases it only becomes clear after attempting to fit the mea-
sured data that the choice of material model may be subopti-
mal. Switching to a better suited BRDF model after the fact
is often difficult due to the inherent reliance of the acquisi-
tion setup/scheme of these methods on a particular model.

Our method in contrast enables the acquisition of general
appearance statistics per surface point without prior knowl-

edge of the object geometry and without assuming a pre-
selected BRDF model. The acquisition scheme is fast and
optimized to capture these general statistics, which can then
be subsequently mapped to most analytical BRDF parameter
spaces.

Non-parametric and Photometric Techniques: Classi-
cal photometric stereo [Woo78] estimates surface normals
by assuming an underlying Lambertian material, and using
a small set of fixed viewpoint observations under point light-
ing. However, most materials are not purely Lambertian, and
thus an inaccurate surface normal is estimated. As a result
photometric stereo has been extended to non-Lambertian
materials (e.g., [Geo03,GCHS05]). While these methods can
handle a wider range of material types, they still rely on
(mostly isotropic) analytical BRDF models that limit their
generality.

To overcome this limitation, a number of techniques have
been proposed that avoid using parametric BRDF models.
Mallick et al. [MZKB05] reduce a general material to Lam-
bertian by removing the specular “component”, and subse-
quently apply traditional photometric stereo. Hertzmann and
Seitz [HS03] estimate surface normals using a reference ob-
ject with known shape and similar material properties as the
target object. While this method does not rely on parametric
appearance models, it requires a reference object which is
not always available.

Another class of methods exploit general properties of
surface reflectance to infer surface statistics. A common
assumption is that the maximum reflectance is observed
when the halfway vector coincides with the surface normal
(e.g., [FCM∗08]). Various forms of symmetry constitute an-
other property that has been exploited extensively. Zickler
et al. [ZBK02] exploit the Helmholtz reciprocity to recover
depth and normal directions. Alldrin and Kriegman [AK07]
exploit the symmetry about the view-normal plane in case
of isotropic BRDFs. Ma et al. [MHP∗07] assume symme-
try about the mean vector of a BRDF observed from a fixed
viewpoint. They show that for Lambertian reflections the
mean corresponds to the surface normal, and for specular
reflections to the reflected direction. Both can be efficiently
and directly measured by using polarized spherical gradi-
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ent illumination. Holroyd et al. [HLHZ08] assume a similar
type of symmetry, but use a dense sampling to resolve both
the normal direction as well as tangent vectors per surface
point.

While these methods do not rely on a parametric model,
they do not provide complete information regarding the sur-
face reflectance. Lawrence et al. [LBAD∗06] used inverse
shade trees and an optimization scheme coined ACLS to de-
compose the spatially varying material properties of planar
samples from dense hemispherical samplings in a collec-
tion of 1D curves and 2D textures. Alldrin et al. [AZK08]
also employ ACLS to compute bivariate representations of
isotropic surface appearances, including surface normals. Fi-
nally, Zickler et al. [ZREB06] share reflectance informa-
tion from different surface points to create a dense non-
parametric reconstruction of appearance.

All of the above methods either require a dense sampling
of the lighting directions, integrate information over multiple
surface points, or deliver incomplete appearance informa-
tion. The method proposed in this work extends [MHP∗07]
to capture the second order statistics of surface reflection in-
dependently per surface point. We show that these second
order statistics correspond to specular roughness and the tan-
gent vectors for specular reflections. These statistics can be
readily captured by extending the linear spherical gradients
of Ma et al. with second order spherical gradients. As such it
requires only a few observations, while delivering statistics
suitable for creating complete appearance descriptions.

3. Theoretical Background

In this section, we introduce the necessary notations and
definitions that we need to infer specular roughness and
anisotropy from second order gradient illumination. We first
recap the definitions of moments on general 1D functions,
which are then extended to a spherical domain. Armed with
these definitions, we then show how these moments can
be used to infer specular roughness. Finally, we show the
connection between spherical harmonics and spherical mo-
ments, and how they can be used to measure and infer rough-
ness and anisotropy.

0th, 1st, and 2nd Moments In statistics the zeroth, first and
second moments of a general 1D function f(x) correspond to
the total energy α , mean µ , and variance σ2 of that function.
These moments can be directly computed from the inner-
products of the function f(x) and a constant function (g(x) =
1), linear gradient (g(x) = x), and quadratic function (g(x) =
x2), denoted by L0, L1, and L2 respectively:

α =
�

f(x)dx,

= L0, (1)

µ =
�

x
f(x)
α

dx,

=
1
α
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x f(x)dx,

=
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, (2)

σ2 =
�

(x−µ)2 f(x)
α
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−

L2
1
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0
. (3)

0th, 1st, and 2nd Spherical Moments We can extend these
moments to the spherical domain by redefining L0, L1, and
L2 on the sphere Ω. This can be compactly denoted using the
following vector notation:

L0 =
�

Ω
f(�ω)d�ω, (4)

L1 =
�

Ω
�ω f(�ω)d�ω, (5)

L2 =
�

Ω
�ω�ωT f(�ω)d�ω, (6)

where �ω = [ωx,ωy,ωz] ∈Ω, and each integration is with re-
spect to solid angle. Thus: ω2

x +ω2
y +ω2

z = 1. Note that �ω�ωT

is the generalization of the quadratic function x2 to the spher-
ical domain, and is a symmetric 3× 3 matrix. Furthermore
L0 is a scalar, L1 is a vector of length 3, and L2 is a 3× 3
symmetric matrix. Applying these to Equations (1), (2), and
(3), yield the 0th, 1st, and 2nd order spherical moments. The
three linear spherical gradient of Ma et al. [MHP∗07] cor-
respond to �ω . Likewise, �ω�ωT defines six new second order
spherical gradients. On the diagonal of this matrix are the
quadratic gradients ω2

x , ω2
y , and ω2

z . On the off-diagonal ele-
ments are the mixed linear gradients: ωxωy, ωxωz, and ωyωz.

Specular Roughness Ma et al. [MHP∗07] demonstrated
that for specular reflections, the zeroth and first order mo-
ments correspond to the specular albedo and reflection vec-
tor. In this work, we argue that the second moment un-
der specular reflections is directly proportional to specular
roughness. Note that this “specular roughness” is indepen-
dent of a chosen analytical BRDF model. While the exact
relation to a particular BRDF model’s specular parameters
is highly model dependent, it is still instructive to verify the
correlations of the 2nd moment and the specular parame-
ters of an analytical model. For example, consider the Ward
BRDF [War92]:

R(�h) = c · e
�

hx
hzσx

�2
+

�
hy

hzσy

�2

, (7)

where c is a normalization constant, �h = (hx,hy,hz) is the
halfway vector between incident �ωi and outgoing �ωo di-
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rections, and σx and σy are the anisotropic specular rough-
ness parameters. By definition, R is normalized, and con-
sequently α = 1. For simplicity, lets assume that the local
shading frame (reflected direction + tangent directions) are
known, and the spherical gradients are defined in this frame
(this can be accomplished by an appropriate rotation such
that the reflection direction is aligned with [0,0,1]). Then,
µ = [0,0,1]. In this case Equation (3) simplifies to σ2 = L2,
and:

L2 =
�

Ω
�ω�ωT R(�ω)d�ω ∼




σ2

x 0 0
0 σ2

y 0
0 0 σ2

z



 . (8)

Intuitively, Equation (7) closely resembles a normal distri-
bution for which the 2nd moment corresponds to the vari-
ance (the diagonal elements). The off-diagonal element in
L2 are zero because the gradients are axis aligned. Note
that σ2

z depends on the values of σ2
x and σ2

y . The exact
value of σ2

z does not have a direct physical meaning, hence
we will ignore this value. Practically, the above states that
the observed radiance is proportional to the specular rough-
ness, when illuminating a surface point with shading frame
aligned quadratic gradients ω2

x and ω2
y .

2nd Order Spherical Harmonics The above discussion
assumes that the gradients are aligned with the local shading
frame. However, this shading frame is most likely not known
beforehand. Furthermore, every surface point has a poten-
tially different shading frame orientation. Additionally, the
six second order spherical gradients do not form an orthog-
onal spherical basis, and as such are not optimal in terms
of number of patterns. Ideally, we would like to capture the
responses under some optimal (i.e., orthogonal) canonical
spherical basis illumination, from which the responses of
gradients aligned with the local shading frame can be com-
puted during processing for each surface point.

A well known set of orthogonal spherical basis func-
tions are spherical harmonics. Spherical harmonics can be
thought of as the spherical generalization of Fourier func-
tions [SKS02]. An interesting property of spherical harmon-
ics is that they are invariant under rotation, similar to how
Fourier functions are invariant under translation. While the
first order spherical gradients correspond exactly to the first
order spherical harmonics [MHP∗07], second order spheri-
cal gradient do not correspond exactly to the second order
spherical gradients (i.e., there are six second order spherical
gradients, but only five second order spherical harmonics).
However, there is some overlap, in particular, the second or-
der spherical harmonic that only depends on the azimuthal
angle corresponds exactly to ω2

z (up to a scale factor, and
assuming that the azimuthal angle is defined with respect to
the ωz = 1 axis). Due to the rotation invariance, rotations of
spherical harmonics are just linear combinations of the same
functions [SKS02]. Thus, ωz can be aligned to any axis us-
ing only rotations, and as a result, any second order spherical

gradient (including ω2
x and ω2

y ) can be expressed using sec-
ond order spherical harmonics only.

Practically, this implies that by capturing the response of
a surface point under second order spherical harmonic il-
lumination, we can compute what the response of that sur-
face point would be under any second order spherical gra-
dient due to linearity of light transport. Furthermore, the
rotation from world coordinates to shading frame is solely
determined by the reflected direction and the tangent direc-
tions. As shown by Ma et al. [MHP∗07], the reflected direc-
tion corresponds to the first moment (acquired using linear
spherical gradients). The tangent directions are then defined
as the other two principal vectors of the specular lobe. Let
the reflected vector correspond to the Z axis of some rotated
frame with arbitrary orthogonal X and Y axes. It is unlikely
that the tangent directions will exactly correspond to these
arbitrary X and Y axes. However, we can still compute the
responses of the second order spherical gradients ω2

x and ω2
y

in this frame. Furthermore, computing the response under
ωxωy allows us to create a 2×2 covariance matrix. Comput-
ing the principal vectors of this covariance matrix yields the
tangent directions. The magnitude of these principal vectors
correspond to σ2

x and σ2
y .

If the underlying material is isotropic, then the exact ori-
entation of the tangent vectors does not matter, and σx = σy.
In this case, any rotated frame (with Z corresponding to
the reflected direction) is sufficient to compute the specu-
lar roughness, and thus we only need to compute ω2

x for
an arbitrary X axis orthogonal to Z. This allows us to cap-
ture the specular roughness using a subset of just three sec-
ond order spherical harmonics. These are the spherical har-
monics that are proportional to Z2, XZ and X2 −Y 2 (i.e.,
m = {0,−2,+2}), omitting the spherical harmonics propor-
tional to XY and Y Z (i.e., m = {+1,−1}). We can then ro-
tate the spherical harmonics frame such that the Z axis is
perpendicular to the reflected direction. The computed re-
sponse of this rotated Z2 spherical harmonics corresponds to
the isotropic specular roughness.

The above analysis ignores the effects of Fresnel reflec-
tions, masking and shadowing, foreshortening, and albedo.
As in Ma et al. [MHP∗07], we will assume that foreshort-
ening varies little over the specular lobe, and thus can be
considered a constant scale factor. The effects of the albedo
can be easily compensated by dividing by the zeroth moment
(i.e., albedo). Note that unless special precautions are taken,
the Fresnel effects will be “baked” into the zeroth moment,
and thus a division by the zeroth moment will also compen-
sate for the Fresnel effects on the second moment. Masking
and shadowing will be “baked” into the second moment as
well.

4. Error Analysis

In this section, we analyze the accuracy and limits of our
proposed technique for estimating specular roughness and

c� 2009 The Author(s)
Journal compilation c� 2009 The Eurographics Association and Blackwell Publishing Ltd.



Ghosh et al. / Estimating Specular Roughness and Anisotropy from Second Order Spherical Gradient Illumination

(a) Ward model (b) Ashikhmin model

Figure 2: Simulation of estimated specular roughness using sec-
ond order spherical gradient illumination for various roughness
parameters. As seen in the plots, the estimates are accurate up to
roughness parameter σ = 0.1, beyond which the roughness param-
eter is overestimated.

(a) spec. normals (b) spec. albedo (c) spec. roughness

Figure 3: Viewpoint independence of the estimated specular
roughness for a glossy ornament. The division by the albedo re-
moves any Fresnel effects at grazing angles.

anisotropy. We also analyze the effects of Fresnel reflectance
and cosine factors in the estimation of specular roughness.
For this purpose, we carried out simulations of the effects
of second order spherical gradient illumination on analytic
BRDFs (Ward and Ashikhmin) with various roughness pa-
rameters. Figure 2, (a) demonstrates that the roughness es-
timation for the Ward BRDF model is indeed linearly pro-
portional as predicted by Equation (8), and is accurate up
to roughness σ = 0.1, beyond which the method overesti-
mates the computed roughness due to the finite resolution
of the simulation. For highly specular BRDFs, there is very
little difference in the computed integrals over the specular
lobe for the first and second order spherical gradients which
impacts the precision of the estimate. Figure 2, (b) shows
a similar plot for the Ashikhmin BRDF model with Fresnel
reflectance F0 = 0.1, demonstrating that the division by the
zeroth term removes any Fresnel effects from the specular
roughness estimation. This is also seen in real acquired data
in Figure 3, which illustrates the view independence of the
estimated roughness parameters. Our simulations also found
the cosine factor to not have any significant effect on the
roughness estimate. Finally, the recovery of the tangents of
an anisotropic BRDF is also demonstrated in Figure 4.

5. Measurement and Analysis

In this section we apply the theory derived in Section 3 to the
measurement of specular roughness (and tangent vectors) of
physical objects. We first discuss the different measurement
setups and the required calibration. Next, we describe the al-

(a) true tangent (b) estimated

Figure 4: Simulation of tangent frame estimation for a flat
anisotropic disk with rotating tangent frame. The simulation uses an
anisotropic Ward BRDF with roughness parameters σx = 0.3 and
σy = 0.1.

gorithms for computing the roughness and tangent vectors.
Finally, an analysis on the required lighting resolution of the
measurement setups is discussed before presenting the re-
sults of several acquired objects in Section 6.

5.1. Measurement Setup and Calibration

We employ three different measurement setups to illustrate
the effectiveness our method. Using each of the three devices
we illuminate an object using the zeroth (i.e., constant), first
(i.e., linear), and second order spherical gradients. Depend-
ing whether or not the target object only contains isotropic
reflections, we just emit 3 or all 5 second-order spherical gra-
dients. This yields a total of 7 and 9 illumination conditions
respectively.

The first setup consists of an LED sphere with approx-
imately 150 individually controllable lights. Each light is
covered with a linear polarizer in the pattern of [MHP∗07].
We observe the object placed at the center of the sphere
through a polarized camera placed outside the sphere. We
record the effects of the gradient illumination patterns on the
object under both cross and parallel polarization conditions
in order to separate the diffuse and specular reflections.

The second setup uses an LCD monitor as a controllable
light source. The object of interest is placed at a small dis-
tance from the LCD screen, aimed such that all reflections
observed through the camera from the object see the LCD
screen. Because the monitor covers only a small part of the
full sphere of incident directions, we need to carefully cali-
brate the exact mapping from LCD pixel to incident lighting
direction on the object. This is achieved by placing a mir-
rored sphere at the location of the object, and computing
a one-to-one correspondence between pixels on the sphere
(i.e., directions) and pixels on the LCD. Even though the
LCD monitor does not cover the full sphere of incident di-
rections, and thus the spherical illumination patterns are not
completely emitted onto the object, a correct estimate of
the second order statistics can still be made as long as the
solid angle extended by the specular reflection from a sur-
face point is completely included in the projected solid angle
of the LCD monitor seen from the respective surface point.
In such a case the observed radiance is the result of illu-
mination incident from the extended solid angle, and thus
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from a portion of the LCD monitor. Any illumination or lack
thereof outside this extended solid angle does not influence
the observed radiance for that surface point. Due to the lim-
ited angular support of specular BRDFs, this condition can
be easily met by restricting the normal directions for which
roughness parameters can be estimated. Diffuse and specu-
lar reflection can be separated, by exploiting the linear po-
larization of the LCD screen, and capturing the effects of
each gradient pattern under a large set of (camera) polar-
ization orientations. The maximum and minimum observed
(per-pixel) intensities over the different polarization orienta-
tions correspond to the parallel and cross polarized observa-
tions, respectively.

The third setup is a rough specular hemisphere similar
to [PHD06]. The object is placed near the center of the hemi-
sphere, next to a projector equipped with a fish-eye lens. The
object is observed through a hole in the apex of the hemi-
sphere. Light emitted by the projector is reflected by the
hemisphere onto the object, and subsequently observed by
the camera. A similar geometric calibration as above is per-
formed to ensure we have a one-to-one mapping between di-
rections and projector pixels. We do not separate diffuse and
specular reflections using this setup, and restrict the objects
placed in this setup to ones exhibiting specular reflections
only.

The first setup has the advantage that it covers the full
sphere of incident lighting directions, and thus can deal with
objects of any geometry. The second setup is the most re-
strictive in this case, and is mostly suited for planar surfaces.
In terms of separating the diffuse from the specular reflec-
tions, the first device is by far the easiest (only two pho-
tographs per lighting pattern are needed), followed by the
second device. Due to the limited sampling density of the
first device, it is only suited for objects with materials ex-
hibiting rough specular reflections. The other two devices
have a very dense sampling, and can deal with almost any
type of specular reflection.

5.2. Practical Methodology

We first discuss how we compute specular roughness and
tangent vectors from measurements in the various setups de-
scribed above. For isotropic materials, in principle we only
require measurements under 7 illumination conditions. This
assumes we can steer the first and second order spherical
gradients to the appropriate directions as discussed in Sec-
tion 3. However, in practice this may not be possible de-
pending upon the measurement setup. In our case, the LCD
panel setup and the reflective dome do not cover the entire
sphere of directions and hence are not suited for spherical
harmonics based rotations. For such setups we approximate
the specular roughness as the magnitude of the roughness
measured along the orthogonal X and Y directions:

σ2 =� σ2
x +σ2

y �, (9)

where the reflection vector is aligned with the Z direction.
This is a reasonable approximation for surfaces that are
mostly flat. In order to enforce symmetry on the above ap-
proximation, we measure both the X and Y aligned first or-
der gradients and the corresponding reverse gradients. The
second order X and Y spherical gradients are symmetric,
by definition, about these axes. This still leads to a total
of 7 illumination conditions for such measurement setups.
When computing the specular roughness according to Equa-
tion 3 with these measurements, we simply choose between
the first order gradients and the reverse gradients depending
upon the orientation of the reflection vector.

Measurements with the LED sphere setup, on the other
hand, allow us to take advantage of the spherical harmonic
rotations to compute the specular roughness more accu-
rately according to the procedure discussed in Section 3. For
anisotropic materials, in order to recover the tangent vectors
in practice, we simply search for the local X and Y orienta-
tions with the largest anisotropy ( σx

σy
).

To relate the estimated model-independent roughness pa-
rameter to a particular model specific parameter, we follow
one of the the following two strategies. For model specific
parameters that are linearly dependent on the variance, we
precompute the corresponding scale factor. For non-linear
dependencies (e.g., the sharpness parameter for the Blinn-
Phong BRDF), one could tabulate the non-linear mapping
function, and perform a look-up (with interpolation) to find
the corresponding roughness parameters.

5.3. Lighting Resolution Analysis

Before presenting some acquisition results in Section 6, we
analyze the effects of the discrete lighting resolution of the
employed LED sphere on the specular roughness estimation.
Given that the employed LED sphere has 20 lights around
the equator, it can resolve spherical harmonic frequencies
of up to order 10 in the limit (Nyquist frequency). From
the frequency space analysis of Ramamoorthi and Hanra-
han [RH02], we know that the number of spherical harmonic
frequencies F is related to the lobe width s of a Phong BRDF
as F ≈

√
s, or to the width of a microfacet lobe as F ≈ 1/σ .

Given that a BRDF is defined over a hemisphere, the fre-
quency F equals 5 in our case. Hence we obtain s ≈ 25, or
σ ≈ 0.2 to be the limit of the specular roughness (around the
reflection direction) that can be resolved by such a lighting
apparatus.

Alternatively, one can also determine the limit of specu-
lar roughness through simulation of such discrete lighting
on BRDFs with varying roughness parameters. For our sim-
ulations, we rendered a sphere with a Ward BRDF model
with spatially uniform specular roughness under the various
second order spherical gradient illumination conditions as
represented on the LED sphere. Figure 5 presents the accu-
racy in terms of spatial variation in the estimated roughness
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Figure 5: Spatial variation in the estimated specular roughness as
a function of decreasing roughness value (σ ) with the simulated dis-
crete lighting resolution of the LED sphere with 18◦ light spacing.
As seen, the estimate is not reliable for very specular materials.

under such discrete lighting. As can be seen, the estimate is
stable up to a specular roughness value of around 0.2, be-
yond which the error in the estimate increases dramatically
due to the discrete nature of the lighting. Thus, we can accu-
rately measure roughness of relatively broad specular lobes
with such a setup.

6. Results and Discussion

In this section, we present the results of estimated spatially
varying specular roughness parameters of real objects cap-
tured with second order spherical gradient illumination. For
anisotropic samples, we also recover the local tangent vec-
tors. The recovered reflectance parameters are then used
with several commonly used BRDF models to demonstrate
the generality of the approach. For validation, we present
comparisons of renderings with the estimated parameters to
photographs under distant point lighting conditions. We gen-
erate our renderings using the hybrid normal map rendering
technique of Ma et al. [MHP∗07].

Figure 1 presents the various specular reflectance parame-
ters recovered for an isotropic material, in this case a plastic
orange, with the presented technique. The reflectance prop-
erties of the plastic orange were measured with 7 cross and
parallel polarized spherical gradient illumination condition
using the LED sphere setup described in Section 5.1. The
image (d) shows a rendering of the synthetic orange with the
recovered specular (and diffuse) reflectance properties un-
der a point lighting condition that is a close match to a pho-
tograph (e) of the object under similar illumination. Here,
we employ the recovered specular roughness parameters in
a Torrance-Sparrow BRDF model while assuming Lamber-
tian diffuse reflection for generating the rendering.

Figure 6 shows results of specular reflectance parameter
estimation on two anisotropic samples: a red necktie (top-
row), and a red satin pouch (bottom-row). Here, we em-
ploy all the first 9 spherical harmonic illumination condi-
tions (i.e., 0th, 1st, and 2nd order) under both polarization
states to recover the various specular reflectance parame-
ters (a)-(c), as well as the local tangent (d) and bitangent

vectors (e) according to the procedure discussed in Sec-
tion 5.2. Note how the local surface and tangent orientations
of such samples can be reliably estimated using only 9 il-
lumination patterns using our technique, which is a signifi-
cant improvement over previous techniques. We employ the
recovered anisotropic reflectance parameters for the mildly
anisotropic tie to a Ward BRDF model (top-row), and the
Ashikhmin BRDF model for the satin pouch exhibiting sig-
nificant anisotropy. The renderings of these objects with the
recovered anisotropic parameters are again a close match to
the validation photographs. The main differences between
the renderings and the reference photographs are because
the diffuse BRDF is most likely not Lambertian, and that
the highlights are slightly broader due to the limited lighting
resolution of the employed LED sphere.

Figure 7 presents more results for various spatially vary-
ing isotropic BRDFs captured in the various measurement
setups discussed in Section 5.1. These include a female sub-
ject (top-row) and a wax candle (second-row) measured in
the LED sphere setup, a flat spatially varying BRDF sam-
ple measured using an LCD panel as an emitter, and a (dark)
specular object, an Obsidian sculpture, measured using a re-
flective hemispherical dome. The recovered reflectance pa-
rameters are applied to a Torrance-Sparrow BRDF model to
generate the renderings (d) that are a close match to the cor-
responding photographs (e). Note that the validation pho-
tographs are under illumination from the frontal direction
(top two examples) as well as from the side (bottom two
examples). We are able to reliably recover spatially varying
specular reflectance properties for a live subject using our
technique due to the small number of required photographs,
taken in just 5 seconds. The estimated roughness parame-
ters in different regions of the face correspond well to those
reported in the literature for faces [WMP∗06].

There are slight mismatches in the renderings with the re-
covered parameters and the corresponding photographs. For
example, the wax candle has a very smooth surface and its
specular roughness is slightly overestimated in some regions
due to the limited lighting resolution of the LED sphere. On
the other hand, some mismatches on the flat spatially vary-
ing BRDF sample (third row) can be attributed to slight in-
accuracies in the estimated surface normals with the limited
angular extent of the illumination from the LCD panel, and
slight errors in diffuse-specular separation due the discrete
sampling of the polarizer orientations in front of the camera.

As predicted from simulations, our technique overesti-
mates the specular roughness of a very specular object such
as the Obsidian sculpture. Note that the reflective hemi-
spherical setup does not allow for polarization based diffuse-
specular separation. Hence, currently we are limited to ob-
jects with minimal diffuse reflectance when using this setup
for specular roughness estimation.

Finally, although the second order gradient illumination
conditions have a global spherical support, occlusions do
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Figure 6: Anisotropic specular reflectance properties ((a)-(c)) estimated using polarized second order spherical gradient illumination con-
ditions. The estimated roughness anisotropy factor (c), and local tangent (d) and bitangent (e) orientations are applied to anisotropic BRDF
models to create renderings (f) that closely matches the validation photographs (g). Top-row: a red necktie rendered with a Ward BRDF.
Bottom-row: a red satin pouch rendered with an Ashikhmin BRDF.

not affect the roughness and anisotropy estimation much,
unlike the estimation of normals from diffuse reflections as
in [MHP∗07]. While the diffuse BRDF has a global angular
support, specular BRDFs only have a very limited angular
support. This reduces the effects of occlusions to an (almost)
binary function. Either the mirror direction is occluded, or
not. Note that even methods that rely on exhaustive sampling
of all incident lighting directions do not yield reliable results
when the mirror direction is occluded. For rough specular
BRDFs, however, occlusions do affect the estimates. In such
a case, part of the lobe is occluded, and thus a lower variance
is reported (i.e., the estimated BRDF will be more specular).

7. Conclusion and Future Work

This work introduces higher order statistics in order to mea-
sure the appearance properties of a spatially varying mate-
rial sample. We demonstrate that per-surface point specular
roughness and anisotropy can be accurately estimated us-
ing second order spherical gradient illumination for glossy
to moderately specular materials. We examine the limits of
the proposed technique using simulations and demonstrate
practical acquisition results with various measurement se-
tups. Using this technique, we are able to obtain a more com-
plete material BRDF information with fewer measurements
compared to previous work.

We believe this technique can be very useful for even tra-
ditional BRDF fitting approaches as the obtained roughness
estimates can serve as the starting point for any off-line nu-
merical optimization. The obtained roughness map can also

be used to factor out the view dependent Fresnel effects from
the albedo map. Note that we assume the BRDF to be sym-
metric about the mean direction in this work. Higher order
gradients would be required to measure asymmetries such as
off-specular peaks in the BRDF. The available lighting reso-
lution would become even more critical in order to reliably
measure such statistics in practice.
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(a) specular normals (b) specular albedo (c) specular roughness (d) rendering (e) photograph

Figure 7: Specular reflectance properties ((a)-(c)) estimated using second order spherical gradient illumination conditions. The estimated
specular roughness map (c) is used as the per pixel distribution for a Torrance-Sparrow BRDF to create renderings (d) that closely matches
the validation photographs (e) with illumination from the front (top two rows), as well as from the side (bottom two rows). Top-row: a female
subject. Second-row: a wax candle. Third row: a flat spatially varying BRDF sample measured using an LCD monitor as emitter. Bottom row:
a specular Obsidian sculpture measured using a reflective hemisphere.
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