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Figure 1: Polarization imaging reflectometry in the wild. Reflectance maps (a,c) obtained using commodity photography equipment (fig. 3),
by exploiting multiple observations of the sample under sky illumination. Specifically, we recover diffuse ((a,c) top left) and specular ((a,c)
top right) albedos, surface normals ((a,c) bottom left) and specular roughness ((a,c) bottom right). These can then be used to render the

objects captured in new lighting conditions (b,d)

Abstract

We present a novel approach for on-site acquisition of surface re-
flectance for planar, spatially varying, isotropic materials in uncon-
trolled outdoor environments. Our method exploits the naturally
occuring linear polarization of incident illumination: by rotating a
linear polarizing filter in front of a camera at 3 different orienta-
tions, we measure the linear polarization reflected off the sample
and combine this information with multiview analysis and inverse
rendering in order to recover per-pixel, high resolution reflectance
maps. We exploit polarization both for diffuse/specular separation
and surface normals estimation by combining polarization measure-
ments from at least two near orthogonal views close to Brewster
angle of incidence. We then use our estimates of surface normals
and albedos in an inverse rendering framework to recover specu-
lar roughness. To the best of our knowledge, our method is the first
to successfully extract a complete set of reflectance parameters with
passive capture in completely uncontrolled outdoor environments.

CR Categories: 1.3.3 [Computer Graphics]: Three-Dimensional
Graphics and Realism—Polarization 1.3.7 [Computer Graphics]:
Three-Dimensional Graphics and Realism—Reflectometry;
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1 Introduction

Accurately reproducing the appearance of physical objects plays an
important role in domains such as visual effects for movies or video
games, virtual and augmented reality, cutural heritage preservation,
etc. as it helps create a more believable and immersive virtual envi-
ronment for the end user. While many techniques for image based
reflectometry have been developed over the past 20 years, they gen-
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erally require dark room conditions which can only be achieved in-
side a laboratory, thus limiting the scope of measurements.

In this paper, we propose a novel image-based acquisition system
for the full measurement of reflectance maps for spatially vary-
ing planar surfaces commonly found outdoors, exhibiting isotropic
BRDFs. We limit the amount of data needed for reflectometry by
fusing observations of the polarization state of light reflected off
the surface from up to 3 views. We motivate our approach of using
polarization cues by the following observations:

e Open sky is strongly linearly polarized due to single scattering
of light by molecules in the atmosphere [Strutt 1871].

e Light from overcast skies tends to be unpolarized due to mul-
tiple scattering events in the clouds. However, light gets
partially polarized upon reflection, with strong polarization
achieved near Brewster angle, as predicted by Fresnel equa-
tions.

Our approach only requires standard photography equipment of-
ten used on-site for image based lighting measurements [Debevec
1998]: a DSLR camera, a linear polarizing filter, a calibration target
and a mirror ball (fig. 3).

The principal contributions of this work are:

e Practical method for passive acquisition of surface reflectance
with a few measurements under hemispherical uncontrolled
outdoor illlumination, using commodity photography equip-
ment.

e Novel combination of polarization imaging with multiview
analysis and inverse rendering for estimating detailed re-
flectance maps of planar surfaces.

e Novel analysis of the intensity profile observed through a lin-
ear polarizer applied to reflectometry under partially lienarly
polarized incident illumination.



2 Related work

Reflectance measurement generally requires very complex set-ups
in laboratory-like environments, thus limiting their accessibility to
non-expert users. However, in the past few years, the advances
in Computer Vision and Pervasive Computing have given rise to
a new body of research in reflectance acquisition that seeks to de-
velop off-the-shelf, easy to use solutions for creative people based
on commodity hardware, that can work outside of a laboratory en-
vironment.

2.1 Commodity hardware

Most prior work on reflectometry based on commodity hardware is
designed around a camera-light source pair, where a typical light
source can be a point or linear light source. Linear light sources are
generally preferred as they help reduce the amount of data required
in measurements. [Gardner et al. 2003] estimated spatially varying
BRDF of planar surfaces by translating a linear light source with
a gantry over the sample, while keeping the camera static. This
design was later modified by [Ren et al. 2011] for portability and
[Chen et al. 2014] to allow the measurement of anisotropic BRDFs.

An alternative to linear light sources to help further reduce the
amount of data and time spent in measurements, is to use an LCD
panel as an extended source of illumination. [Ghosh et al. 2009]
proposed to project spherical gradient illumination patterns from
an LCD screen to estimate per-pixel, spatially varying reflectance
maps of planar samples. [Aittala et al. 2013] later proposed a setup
to capture high resolution surface reflectance maps by measuring
the sample’s response to band-limited illumination patterns in the
frequency domain.

More recently, the advances in mobile technology have given rise to
more compact and portable designs for reflectance measurements.
[Aittala et al. 2015] proposed a design for reflectance measurement
of specular stationary materials based on a mobile device. They use
a pair of flash-no flash observations of the sample and statistical
analysis tools to extract the reflectance maps in general office room
lighting. [Riviere et al. 2015] have also recently proposed two se-
tups for the acquisition of spatially varying planar surfaces in gen-
eral office room lighting, based on a mobile device. Their first setup
is targetted at rough specular samples and relies on a hand-held
dense sampling of the BRDF in the back-scattering direction. Their
second setup is used to resolve highly specular material by project-
ing second order spherical gradient illumination patterns from the
device’s screen, similar to [Ghosh et al. 2009].

None of these approaches can be exploited in general lighting con-
ditions, and especially not outdoors, as they rely on active illumi-
nation that would likely be dominated by the ambient lighting.

2.1.1  Uncontrolled environment

Reflectometry in uncontrolled and/or unknown lighting environ-
ments is a very challenging problem that has recently attracted at-
tention in the Vision and Graphics community. [Romeiro et al.
2008] proposed an image-based method for passive reflectometry
of an homogeneous curved object under known but uncontrolled
lighting, such that each pixel of the image provide a linear con-
straint on the BRDF. Their goal is then to find the BRDF function
that best fits those constraints. Two years later, the same authors
proposed a method for reflectometry under unknown illumination
for homogeneous curved objects that leverages the statisics of real-
world illumination. [Glencross et al. 2008] proposed a depth hallu-
cination method for diffuse textured surfaces. They require only
two observations of a sample under diffuse outdoors lighting in

overcast conditions and flash lighting to recover shape and diffuse
shading. [Hauagge et al. 2014] also assume a lambertian image
formation model and a model of outdor illumination to recover per-
pixel albedo. Closer in spirit to ours is the work of [Dong et al.
2014] on Appearance from Motion. In their work, Dong et al. re-
cover spatially varying isotropic reflectance from a video of a rotat-
ing object under unknown lighting, by alternatively estimating for
reflectance and lighting in an iterative process.

In our work paper, we further push the limits of reflectometry to
general outdoors lighting conditions by designing a portable solu-
tion that does not require active illumination. We do so by taking
advantage of the inherent polarization of natural lighting and po-
larization from reflection to provide cues for albedo and normals
estimation.

2.2 Polarization

Polarization has been extensively studied in both Computer Vision
and Computer Graphics, but mainly in strictly controlled environ-
ments where the polarization state of the incident light can be fine
tuned by an operator. It has proved to be a useful channel of infor-
mation for shape estimation, material classification and reflectance
components separation. The vast majority of previous work on po-
larization has been interested in studying the polarization resulting
from reflection under unpolarized incident light. Two notable ex-
ceptions are [Koshikawa 1992] who use circularly polarized illumi-
nation to recover surface orientation and [Ghosh et al. 2010] who
also use cicularly polarised incident lighting for reflectometry.

2.2.1 Surface normals estimation

Shape from Polarization has been extensively studied in Computer
Vision, under the restriction that the incident illumination comes
from an unpolarized, uniform source. In such conditions, the angle
of polarization determines the direction perpendicular to the plane
of incidence, which is the plane that goes through the incident di-
rection, normal to the surface and view direction. Two strategies
are then typically used to infer orientation from polarization.

The first approach relies on the degree of polarization and inverting
the Fresnel equations. Most prior work has focused on shape from
specular reflection, and solving the ambiguity in azimuth angle due
to the degree of polarization reaching an extremum at Brewster an-
gle [Thilak et al. 2007; Saito et al. 1999; Guarnera et al. 2012].
Unlike those previous methods, [Atkinson et al. 2006] measure the
degree of polarization due to diffuse reflection for shape estimation.

A second approach consists in observing the sample through differ-
ent polarized cameras [Wolff 1989; Rahmann and Canterakis 2001;
Miyazaki et al. 2003a; Sadjadiz and Sadjadi 2007]. The key idea is
then that one view constrains the surface normal to one plane and
in theory only one additional view (and at most 2 [Wolff 1989])
is necessary to fully determine the normal to the surface. The ad-
vantage over the previous method is that no ambiguity exists in the
determination of surface normal, at the cost that careful camera cali-
bration has to be obtained in order to get per-pixel correspondences
for each view. In this paper, we follow a multiview polarization
approach and show its successfull application under partially polar-
ized outdoor illumination.

Recently, [Kadambi et al. 2015] proposed a method to enhance
coarse depth maps by fusing Shape from Polarization cues with the
output of a depth sensor (Microsoft Kinect or 3D scanner). They
follow the unpolarized world assumption to get estimate the zenith
angle and use the coarse 3D geometry to resolve the azimuthal am-
biguity in polarization normals.



2.2.2 Reflectance separation

Appearance modeling methods strongly rely on the accurate sep-
aration of surface reflectance into its diffuse and specular compo-
nent. Most existing methods therefore either rely on color-space
heuristics [Lee et al. 2006; Mallick et al. 2006], polarization [Wolff
and Boult 1991; Miiller 1995; Ma et al. 2007; Ghosh et al. 2010]
or a combination of both [Nayar et al. 1997b; Umeyama and Godin
2004] for diffuse-specular separation. For the purpose of this paper,
we will limit our discussion to polarization-based methods.

These methods all exploit the fact that diffuse reflection tends to de-
polarize light due to multiple subsurface scattering events happen-
ing within the material, while specular reflection preserves the po-
larization state of light. [Ma et al. 2007] exploit polarisation for the
separation of diffuse and specular reflection, which they combine
with spherical gradient illumination to obtain high resolution dif-
fuse and specular normal maps. [Ghosh et al. 2010] later proposed
amethod where they measure the full Stokes parameters of reflected
circularly polarized illumination to recover detailed reflectance pa-
rameters including index of refraction and specular roughness. In
this work, we aim to extend such reflectometry using polarization
imaging to completely uncontrolled outdoor environments.

3 Overview

In this paper, we propose a novel method for passive reflectom-
etry applied under uncontrolled outdoors lighting conditions. We
combine multiple observations of the polarization state of light re-
flected off an object at different vantage points and inverse render-
ing to estimate high resolution reflectance maps of the sample un-
der consideration. We start our discussion by giving an overview
of polarization and Mueller calculus that defines the notations used
in the remainder of the paper (section 4). We then develop our
method in section 5 by first deriving the theory needed for polariza-
tion measurements in the wild (section 5.1), from which we derive
our measurement protocol (section 5.3). Finally, we describe our
data analysis pipeline in section 5.4, before discussing results and
limitations in section 6.

We propose a three-step pipeline for the extraction of reflectance
maps from the measured data. We start by separating the reflec-
tion into its diffuse and specular components from which we de-
rive a per-pixel diffuse albedo (pq) and index of refraction (n) (sec-
tion 5.5). We then estimate a per surface point normal map in a
multi-view Shape from Polarization framework, by combining po-
larization measurements from two near orthogonal views close to
Brewster angle of incidence (section 5.6). Finally, we combine our
estimates of albedo, index of refraction and normals in an inverse
rendering framework to estimate specular roughness throughout the
surface (section 5.7).

4 Background - Polarization

4.1 Mueller calculus

Before we get to describing our method, we will give a brief
overview of the necessary background in polarization and Mueller
calculus. The polarization state of light can be described in vec-

tor form by the 4-element Stokes vector s = [so S1 82 53] T,
where sg is the power of the incident beam, s; and s2 respectively
the power of 0° and +45° linear polarization and s3 the power of
right circular polarization. Upon reflection off a surface, the po-
larization state of light can be expressed as a linear transformation,
according to Mueller calculus (assume for now that there is no dif-

fuse component):

s = C(¢)Myey(n; 053 6;7)C(—)s (1)

where L;(w;) is the incoming radiance along a ray incident at
G = (0,1). C(8)Myey(n; 0:36;7)C(—9) is the aggregate
transformation resulting from a reflecting element rotated at an an-
gle ¢ from a canonical frame of reference [Collett 2005]. The
Mueller matrix for rotation, C'(¢) is defined as:
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where pht provides a cue to constrain the azimuth of the surface
normal to the plane of incidence, defined as the plane containing
the exitant direction w,, the incident direction w; and the surface
normal.

M (n; ;3 §; 1) is the concatenation of the Mueller matrices of a lin-
ear diattenuator, also referred to as Mueller reflection matrix in pre-
vious work, and a linear retarder of phase 9:
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Light being a transverse electromagnetic wave, its electric field
can be decomposed in an orthonormal basis spanned by two com-
ponents respectively parallel (p-polarized) and perpendicular (s-
polarized) to the plane of incidence. In eq. (3), R, and R repre-
sent the relative amounts of reflected s-polarized (resp. p-polarized)
light as predicted by Fresnel equations. ¢ is the relative phase be-
tween the s- and p-polarized components of light. In particular, for
dielectric materials, § = 180° for any angle of incidence before
Brewster angle (f5) and 0° after. While that is strictly true only for
dielectric materials, we have found in our experiments that some
metallic surfaces found outdoors (see fig. 6, specular drain cover)
exhibit dielectric-like behaviour due to oxidation.

Finally, the Mueller matrix for a linear polarizer rotated at an angle
Ppor With respect to the observation’s coordinate system is defined
as:
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To image the polarization state of light, a common method is to
rotate a linear polarizer in front of a camera at 3 or more different
orientations of 1,,,;. In particular, orienting the polarizer at 0°, 45°
and 90° (referred to as Py, Ps5 and Pyo in the remainder of the
paper), allows to compute the 3 first elements of the Stokes vector
of reflected light:

so = Po + Pao
s1 = Po— Pao ©)
sh = 2% Pys — s4

Equation (1) holds for pure specular reflection only, which does
not generally correspond to how real world materials reflect light.



Indeed, most real world materials are rough to some extent. It is
however possible to account for rough specular reflections by mod-
eling the surface with a microfacted BRDF where each microfacet
behaves as per eq. (1). The resulting Stokes vector can then be
computed as:

o) = [ (”—“+ 5. a;n;@,@)S'(n;@)) Li(wh) (i Vhere
Q

s

Equation (6) is our complete image formation model with both dif-
fuse and rough specular reflection, where f,(ii;0;n;J;,w,) we
model as a Cook-Torrance microfacet BRDF [Cook and Torrance
1982] with a GGX distribution [Walter et al. 2007]. Our goal is
to recover all 4 of diffuse albedo (pq), real index of refraction (n),
surface normal (1) and specular roughness (o) from observations
of 87,1 (W) under natural outdoors illumination.

5 Polarization reflectometry in the wild

Polarization has been extensively employed either for shape esti-
mation [Miyazaki et al. 2012; Guarnera et al. 2012; Kadambi et al.
2015] or reflectance estimation [Ghosh et al. 2010] but rarely for
both, with the exception of [Miyazaki et al. 2003b] who recover dif-
fuse and specular albedos, surface normals and illumination from a
single view. These approaches, however, rely heavily on the inci-
dent illumination to be either unpolarized ([Miyazaki et al. 2012;
Guarnera et al. 2012; Kadambi et al. 2015]) or circularly polarized
([Ghosh et al. 2010; Guarnera et al. 2012]). While the latter case
cannot be found naturally, outdoors illumination is known to be un-
polarized in overcast conditions, and partially linearly polarized in
open sky conditions. The latter case being more general, we will
derive our theory for incident light that is partially linearly polar-
ized.

5.1 Partially linearly polarized light

In this section, we will only be interested in the linear components
of the reflected Stokes vector. Therefore, Mueller matrices reduce
to 3x3 matrices and Stokes vectors to a 3-element vector. It can be
shown that partially linearly polarized light is the superposition of
an unpolarized beam and a purely polarized beam [Collett 2005],
where the contribution of the latter is mitigated by the degree of
linear polarization (DOLP) of the light. For light incident from the
sky, we can therefore express its Stokes vector as:

Splp = [1 Picos2;  P;sin Qwi}T (@)

where P; is the degree of linear polarization (DOLP) and 1); the
angle of polarization of the incident ray. Note that if P; = 0, eq. (7)
expresses the Stokes vector for unpolarized light.

We obtain the reflected Stokes vector by applying eq. (1) to eq. (7):

Bt By p BB cos (a6 - )

R, — R
S;le = %COS 20+ P x A

R, —

R
Lsin2¢ +P; + B

2L T o2 20+ /R1R|sin 2¢cos6> cos 2v;

Ri+R
n ( + V/RLR) cos 6) cos 2¢ sin 2¢ sin 21);
R R
B= ( S — +/RLRcos 5) cos 2¢ sin 2¢ cos 21);
Ry
+ < | sin? 20 + \/RLR‘COS 2¢c085> sin 2¢;

®)

It is interesting to note the differences that exist with the expres-
sions found in the literature for incident unpolarized illumination
[Guarnera et al. 2012] and circularly polarized incident illumina-
tion [Ghosh et al. 2010].

1. The reflected intensity component séyplp depends on the po-
larization state of the incident illumination. It is therefore im-
portant that we recover not only the intensity L;(w;) of the
incident light but also its polarization properties for inverse
rendering (see section 5.7).

2. Unlike in previous work [Wolff 1989; Guarnera et al. 2012],
it is not possible to estimate ¢ directly from the linear compo-
nents s1,p1p and sz p1p as they depend on the incident polariza-
tion as well. We must therefore find another way of estimating
¢ to obtain cues for surface normal estimation.

In the following section, we will describe our approach to recover
the angle ¢.
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Figure 2: The intensity profile through a linear polarizer has the
form of phase-shifted sinusoid of phase ¢po1, which can be mea-
sured with only three measurements (red lines) at 0, 45, 90°
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Figure 3: Our measurement apparatus, composed only of com-
modity photography equipment often used for image-based mea-
surements.

5.2 Transmitted Radiance Sinusoid

A common method for Shape from Polarization is to consider the
intensity profile of reflected light passing through a linear polar-
izer, which has the form of a phase-shifted sinusoid of phase ¢y,
with minimum and maximum amplitues denoted as In,in and Ipaz
respectively (fig. 2):

Id Imaz 4+ Imin Imaz — Ims
[(1/]1)01) - 5“!‘ 2 + 2

where I accounts for diffusely reflected light

©)

In previous work [Kadambi et al. 2015; Huynh et al. 2010;
Miyazaki et al. 2012], the phase ¢p; of the Transmitted Radiance
Sinusoid has been shown to be directly related to the azimuth of the

surface normal ¢ as ¢ = ¢Ppor + g We found however that this

holds true only when the incident illumination has no linear polar-
ization component. Under partially linearly polarized light, ¢,0; is
related to the azimuth of the surface normal ¢ only when observ-
ing the sample at Brewster angle (fig. 5). We will thus develop our
method around oblique views close to Brewster angle of incidence
section 5.3. We will later show in section 6 that finding the exact
Brewster angle is not important and that it is sufficient to be within
a 10° window around Brewster angle, which is easily judged visu-
ally, to obtain good qualitative and quantitatie results.

5.3 Acquisition setup

In light of the analysis performed in the previous section, we pro-
pose a simple method for reflectometry in general outdoor con-
ditions. Our measurement apparatus is composed only of stan-
dard equipment often used on-site for image based measurements
(fig. 3):

e A Canon EOS 650D, 18 Megapixel DSLR camera, to which
we have attached a 18-55 mm zoom lens. The camera sits on
a heavy duty tripod so as to make the camera stable during
measurements.

e A linear polarizer onto which we have marked the 0, 45 and
90 degrees orientations to make measurements of reflected

" cos (2(¢pot — Ppot))

Normal incidence

Oblique views

Figure 4: Our method typically requires two sets of linear Stokes
measurement close to Brewster angle of incidence taken at orthog-
onal directions and one near normal incidence for registration.

Stokes parameters.

e A stainless steel mirror ball placed next to our sample during
the capture process to record the incoming light.

e An X-rite color checker chart also placed flat next to the sam-
ple for white balancing and radiometric calibration.

Our measurement process typically goes as follows ( fig. 4): Once
the scene is set up, we start by imaging the reflected intensity close
to normal incidence to have a canonical view of reference. While
it would be possible to simply image that view without the polar-
izer mounted, we found it tedious to have to unmount and remount
the polarizer between views. We then proceed to the measurement
of Stokes paramaters for two roughly orthogonal oblique views of
the sample close to Brewster angle of incidence, to maximize the
strength of the polarization signal and to be in the conditions where
eq. (9) holds. While in theory eq. (9) is valid only at Brewster an-
gle, we found that in practice it suffices to be close to Brewster
angle (see section 6.2 for an in-depth analysis).

Each set of photographs close to Brewster angle consists of 9 im-
ages: 3 different exposure level images for each of the 3 different
orientations of the polarizing filter. These shots are then combine
to produce linear SRGB HDR images for all three polarization fil-
ter orientations using pfstools[Mantiuk et al. 2007] which we sub-
sequently process to estimate the linear Stokes parameters of the
captured reflected light by applying eq. (5) per-pixel. We complete
our radiometric calibration by scaling the observed intensity of the
white square of the color chart to match its sSRGB value ([.9.9.9])
for each view.

We further require camera pose estimation to recover surface nor-
mals from multi-view Shape from Polarization section 5.6 and for
the estimation of specular roughness through inverse rendering sec-
tion 5.7. For this purpose, we use VisualSfM [Wu 2011], a gui-
based software for Structure from Motion.

5.4 Reflectance extraction

In the following section, we will describe our method for extract-
ing high resolution reflectance maps from data captured as per the
protocol described in section 5.3. Recall that we took two sets of
polarization measurements close to Brewster angle, by sampling the
intensity through a linear polarizer at v, = 0, 45 and 90 degrees.
From those observations, it is possible to fit a sinusoid as defined
by eq. (9) to obtain the three unknowns Imqz, Imin and ¢. This
could be done using any non linear least-squares fitting algorithm.
However, this can be highly computationally expensive as we need



0.08 0.1 0.4
— 0.06
_O 0.04 0.04 0.04 di 55
o a.04 0.04 0.05 0.2
*a. 0.02 ————ou—1 0.02 0.02
0.02 0.02 0.1
0 0 0 0 0 0 0
0 100 0 100 0 100 0 100 0 100 0 100 0 100
| | | | B | B I B |

0.04 0.06 0.08

0.4
0.3
0.2
0.1

0

—_— . . z L 4 01R o
ol x ! XTHKS 0.04 0061 A ;
O oz \ 0.04 o5

§ 0.01 "‘S‘\ \g “0 0.02 g y -

- 0 - 0 : 0 : 0 - <

0 100 0 100 0 100 0 100
9i=10 9i=30 9i=40 9i=

100

9i=80

100

100

98-5 9i=98 9i=98+5

—¢=0—¢=15__ ¢,=30 —¢.=45 — =60
1 1 1 1 1

¥ =75 — =90 — =105 — ¢, =120

=135 =150 —4 =165

1,;-i=130‘

T
Figure 5: Simulated TRS for a glass material (n = 1.5) oriented at an azimuth ¢ = —. First row: Simulation under unpolarized incident

illumination - the maximum of the TRS is found at 1,0, = 0° as expected for any angle of incidence 0;. Second row: Simulation under
partially linearly polarized illumination with a DOP of 80%. The different curves represent different angles of polarization ;. Unlike under
unpolarized incident illumination, the maximum of the TRS is not always located at 1po1 = 0°. Instead, the maximum is shifted depending
on the incident angle of polarization 1; and angle of incidence 0;. The behaviour observed under unpolarized illumination can be observed

again at Brewster angle.

to fit a sinusoid for each of our 18 millions of pixel. Instead, we fol-
low an approach akin to that of [Nayar et al. 1997a]. By rewriting
eq. (9) as:

I’maz + I’mzn
2
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1, — I
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(10)
the problem becomes a linear problem of the form Az = b

which can be solved for very efficiently using Single Value De-
composition. The intermediate result to this linear problem, £ =

(€1 @2 1‘3]T can then be exploited to obtain the three un-
knowns:
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5.5 Diffuse specular separation

Diffuse albedo (fig. 6,a)

From eq. (9), it is clear that the diffuse component of reflection is

observed at the minimum of the TRS, when ©po; = ¢ + g:
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where the integral can be simplified because of the radiometric cal-
ibration step of section 5.3. In most of our experiments, we have
found that any of the two oblique views could be used to extract the
diffuse albedo, except for the “specular drain cover” dataset (see
fig. 6). In that case, we picked the view with the most diffuse-like
appearance overall.

Reflectance at normal incidence (fig. 6,b)

By subtracting the diffuse albedo to I,,q, obtained from the same
view point as that used to estimate pq, we obtain a diffuse-free im-
age that encodes R up to a scale factor that depends on the polar-
ization state of incident light (eq. (9)). Without knowledge of the
latter, finding the specular albedo is thus an ill-posed problem. To
overcome this, we propose a template based approach, where we
use the specular response of the color chart as our template. The
key idea is that because our samples are mainly planar, they are
subject to the same incident illumination as the color chart.

Moreover, because the color chart is made of plastic, we assume
its index of refraction 7cnqrt+ to be uniform and equal to 1.46 and
compute its perpendicular reflection coefficient at Brewster angle



under uniform spherical illumination, R req;. We then compute
the scale factor between its measured diffuse subtracted maximum
intensity and R rcqi. The same scaling factor is then applied to
the sample’s diffuse subtracted maximum intensity to obtain an es-
timate of R, . We finally apply a method akin to that of [Ghosh
et al. 2010] to estimate a per-pixel index of refraction:

o= 1+ Ri(98))
(1—-+/Ri(98))

From 7, we can then compute the reflectance at normal incidence as
(n—1)°
(n+1)%
Either form (n or Rp) can then be used with their corresponding
equations to model Fresnel effects, depending on the accuracy vs
computation time trade-off.

13)

used in Schlick’s approximation [Schlick 1994] as Ry =

5.6 Surface normals estimation (fig. 6,c)

We formulate our normal estimation as a multi-view Shape from
Polarization framework, akin to the work of [Miyazaki et al. 2012].

Let us consider the vector b = [cos(@pot)sin(épot )0)] " This vec-
tor is orthogonal to the surface normal 77 which means that the dot

product (l_;ﬁ) is 0. Essentially, the knowledge of b contrains the
surface normal to lie in the plane of incidence. Therefore, by com-
bining 2 or more observations at different viewing directions it is
possible to fully resolve the normal to the surface.

Given two views close to Brewster angle, whose camera rotations
in world coordinate are define as 1 and R2 and the observation
of by and b2, the surface normal can be estimated by solving the
following linear system of equations:

RT61] [ne 0
RTby | |ny| = |0 (14)
0 Ny 0

While the above problem may easily be solved in closed-form for
two views by writing the equations of the two planes of reflection
for each view and intersecting them, we decided to follow the same
approach as [Miyazaki et al. 2012] using SVD decompostion as
it is more easily extendable to a scenario where more views are
available.

5.7 Specular roughness (fig. 6,d)

We formulate our specular roughness estimation as a least squares
problem. Given a set of observations of a sample under natural il-
lumination sg ;,4 € [0, 2], we compute s ;" using eq. (6), where
pd, 7, we estimated from the previous sections, leaving only o
as an unknown. We thus solve for the o that minimizes the resid-
ual between our rendered images s6,;" and photos sg ; in the least
squares sense:

1
mainz 5”50,1-736,1'(0)“2 (15)

This can be efficiently solved using a Levenberg-Marquardt (LM)
non-linear optimizer. In our work, we chose to use the implemen-
tation of LM implemented in dlib [King 2009].

Furthermore, in our inverse rendering implementation, we did not
account for the polarization of the incident illumination as is pre-
dicted by eq. (8) because this requires that we invert the Mueller
matrix of the mirror ball in order to recover the incident polariza-
tion which is very challenging to do for metals. Instead, we simply
assumed the incident illumination to be unpolarized (as is often the
case in Computer Graphics) and modeled the Fresnel term of the
BRDF with a simple Schlick’s approximation which we found to
give satistying results (see section 6). It would be interesting how-
ever to study how factoring the incident polarization in the inverse
rendering would change the end results, as future work.

6 Results and discussion

6.1 Results

To validate our approach, we measured different objects found out-
doors under various illumination conditions. Figure 6 shows the
reflectance maps estimated from the method presented in section 5
for four exemplar datasets, namely the “specular drain cover”,
“red bricks”, garden pavement” and “red book”. We chose those
datasets as they show a wide variety of reflectance properties and
were captured in drastically different lighting conditions.

It is clear from fig. 6 that our method is agnostic to the incident
illumination and is able to produce good qualitative results in very
challenging conditions.

Specular drain cover (figs. 6 and 7, first row).Despite our as-
sumption that all our samples are dielectrics, which is not strictly
accurate for the specular drain cover, we obtain good results with
our method. We attribute those results to two main factors:

1. The drain cover is actually made of a composite material
which can be explained by a high, real index of refraction.

2. Surfaces outdoors tend to rust because of humidity, which in
turn results in a dielectric-like behavior in reflectance.

This example also shows that our method is robust to cluttered en-
vironments as can be found in city centers.

Red bricks (figs. 6 and 7, second row) This sample was captured
an early afternoon on a rather clear day, which hints for strongly lin-
early polarized incident illumination. Because we are taking mea-
surements close to Brewster angle, we are able to accurately extract
high-resolution reflectance maps.

Garden pavement (figs. 6 and 7, third row) In this example, we
can see that our method is also well-suited to cloudy conditions
where the illumination from the sky tends to be depolarized due to
multiple scattering in the clouds. Furthermore, both this sample and
the red bricks are largely diffuse-dominant, to which our method is
robust.

Red book (figs. 6 and 7), fourth row demonstrates the robustness
of our method to conditions where the sky is neither overcast nor
open. In such conditions, the incident illumination is not only par-
tially polarized but also has gradients in intensity.

Overall, our proposed method is able to estimate high quality re-
flectance maps fig. 6 under various lighting conditions and for dif-
ferent types of materials, from diffuse-dominated rocks and bricks
to highly specular metallic surfaces. These maps can then be
plugged into any rendering system to produce photorealistic ren-
derings (fig. 7,d) that closely match reality (fig. 7, b-c).
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Figure 6: Reflectance maps ((a)-(d)) estimated from two views of the same scene taken close to Brewster angle of incidence, under outdoors
natural illumination ((e)). Our method is agnostic to the incident illumination and robust to changes in illumination during capture.

6.2 Discussion

The main assumption for our method to work is that measurements
should be made at Brewster angle of incidence. While in principle
finding the exact Brewster angle is challenging outside of a labora-
tory setup, we found that being “close to” Brewster angle suffices
to produce good results.

Normal estimation Figure 5, second row, shows plots of the TRS
for different angles of incidence 6;, angles of polarization v; for
a beam of light linearly polarized at 80%. We chose 80% as the
degree of polarization as that is the maximum DOP predicted by
Rayleigh sky model. When 6; = 60p, the maximum of the TRS
correctly predicts the azimuth of the surface normal. Furthermore,
within a 10° window around Brewster angle, it can be observed that
the maximum of the TRS is always within a small window of the
true azimuth. We calculated the mean error in azimuth estimation
to be around 3 to 4° when within 10° of Brewster angle. The latter
is an easy condition to fulfill when making measurements: in all
our measurements, we only subjectively picked directions that we

judged close to Brewster angle, and found no problem processing
the measured data.

Diffuse-specular separation

One added benefit of making measurements close to Brewster an-
gle is that the component of light polarized parallel to the place of
incidence is completely transmitted at Brewster angle. It follows
that at Brewster angle, when the polarizing filter’s axis is parallel
to the plane of incidence, the s-polarized component is completely
blocked while the diffuse and p-polarized component are allowed
through the polarizer. The p-polarized component being 0, only the
diffuse is left thus providing a means for diffuse-specular separa-
tion.

6.3 Limitations

Our method currently models all types of materials as dielectrics
in polarization analysis. While this works well for many dielectric-
metal composites and metallic surfaces commonly found in outdoor
environments, it certainly is not accurate for highly metallic sur-
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Figure 7: Comparisons of the scene photographs (b) taken under the illumination conditions shown in (a) with renderings (c) in the same
conditions. Here we also show renderings in the Pisa environment (d). Notice how corresponding renderings are matching real photographs

well.

faces exhibiting a complex index of refraction. We currently rely
on VisualSFM to provide us with multiview correspondence for
surface normal computation. While this works well for many sur-
faces in the real world, this can potentially fail for some texture less
highly specular surfaces. Our inverse rendering step currently does
not model the incident polarization of the environmental illumina-
tion. While this has worked well enough for specular roughness
estimation under the illumination conditions in which we made our
measurements, there could certainly be conditions (e.g., clear sunny
sky) where the illumination can be more strongly polarized which
can lead to errors in reflectance estimation (under or over) with our
current approach.

7 Conclusion

We have presented a novel approach for passive reflectometry of
planar surfaces in completely uncontrolled outdoor environments
using a combination of (linear) polarization imaging, multiview ac-
quisition and inverse rendering. We demonstrate high quality es-
timation of spatially varying diffuse and specular albedo, index of
refraction, surface normals and specular roughness for a wide vari-
ety of planar real world materials ranging from diffuse dominated
brick and stone surfaces to very specular metallic surfaces. To the
best of our knowledge, we are the first to apply polarization based
reflectometry in such complex and completely uncontrolled outdoor
environments including busy urban settings. Unlike previous work
on polarization based shape/reflectance analysis which has assumed
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Figure 8: Additional result: Book cover with small-scale features, captured in the same conditions as the red book

unpolarized or circularly polarized illumination, we take into ac-
count the potential partial linear polarization of outdoor illumina-
tion and propose steps to mitigate the effect of such incident polar-
ization in our reflectance acquisition and analysis. We would like to
more completely address this issue in future work by incorporating
the incident polarization in our inverse rendering step for specular
roughness estimation and also extend our analysis more accurately
for truly metallic surfaces exhibiting a complex index of refraction.
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